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I  N T R O D U C T I O N

Coronary angiography is currently the standard modality for the assessment of 
coronary artery disease. However, this technique is restricted to a two-dimensional 
representation of the lumen silhouette without providing information about the 
vessel wall which is the substrate of atherosclerosis. Th is limitation led to the 
development of new intracoronary techniques able to image directly the athero-
sclerotic plaque. Th e introduction of intravascular ultrasound (IVUS) allowed a 
much more detailed evaluation of coronary atherosclerosis, but its limited resolu-
tion (axial 150–200 μm) precluded the visualization of certain microstructures. 
Optical Coherence Tomography (OCT) is a light-based imaging modality that 
can provide in vivo high-resolution images of the coronary artery with a level of 
resolution (axial 10-20 μm) ten times higher than IVUS but with a penetration 
depth limited to 1.5-2 mm. Th e technique uses low-coherent near infrared light 
to create high-resolution cross sectional images of the vessel. OCT, originally 
described in the early 1990s, was fi rst applied in the fi eld of ophthalmology. Th e 
vascular application, initiated in the mid 90s demonstrated the potential of the 
technique to identify clinically relevant coronary artery morphology with a level 
of resolution never reached before in vivo.

Th e aims of this thesis were to asses the value of OCT to provide novel in vivo 
information about coronary atherosclerosis and to evaluate the vessel responses 
after local treatment of atherosclerotic coronary plaques with stents.

Th e clinical use of OCT was initially limited by the need of removing the 
blood during image acquisition (due to the multiple light scattering and substan-
tial signal attenuation caused by red blood cells). Th e technical development and 
the simplifi cation of the acquisition method achieved in the last years in order to 
increase the procedure safety and spread the clinical applicability of the technique 
are discussed in chapters 1 and 2.

Chapter 3 evaluates the accuracy and reproducibility of OCT for the quantita-
tive analysis of several coronary structures.

Regarding atherosclerosis assessment, we have explored the value of the tech-
nique for plaque characterization and the possible sources of error in comparison 
with histology and with other intracoronary imaging techniques (chapter 4). OCT 
is also one of the most promising tools for the detection of plaques at high risk of 
rupture due to its ability to provide information about several features related to 
plaque “vulnerability” such as plaque composition, presence of macrophages and 
thickness of the fi brous cap covering the necrotic core. Th e complementary use of 
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OCT and other imaging techniques (such as IVUS-radiofrequency data analysis) 
for the detection of high risk plaques is also discussed in this thesis (chapter 5).

Chapter 6 focuses in the use of OCT for the assessment of the acute and 
long-term eff ects of stent implantation on the vessel wall. During stenting, OCT 
allows a detailed evaluation of stent apposition and it is able to detect diff erent 
types of vessel injury caused by stent implantation. At follow-up, the technique 
can image the tissue coverage of individual struts even when this consist of tiny 
layers of tissue as it happens frequently with drug-eluting stents. Th is unique 
capability has raised an increasing interest as the absence of struts coverage has 
been related to stent thrombosis in pathological studies. Th is thesis shows also the 
possible infl uence of the clinical scenario in which the stent is implanted in struts 
apposition and coverage by tissue at follow up. Th e new information about stent 
restenosis provided by OCT is discussed in chapter 6.

We assessed the value of OCT for the evaluation of new generation devices 
(fully absorbable stents) developed in order to overcome the risks and limitations 
of conventional metallic stenting (i.e. stent thrombosis) (chapter 7).

Th e number of patients with previous procedures (surgical or percutaneous) 
that are admitted for new catheterization continues to increase worldwide. Chap-
ter 8 aims to illustrate the potential of OCT for the evaluation of these patients. 
Apart from its ability to assess previously implanted stents and identify causes of 
stent failure, OCT can also provide new information about coronary venous or 
arterial grafts.

Th e fi nal chapter of the thesis is dedicated to the new generation of OCT 
systems (Fourier Domain, FD-OCT) and their reproducibility for plaque charac-
terization and stent assessment in the clinical practice (chapter 9).
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Basic principles of OCT
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Optical coherence tomography

Regar E, Gonzalo N, van Soest G, Serruys PW. In 
Mukherjee D, Bates E, Roffi   M, Moliterno DF editors: 
Cardiac Catheterization, Coronary and Peripheral 
Angiography and Interventional Procedures.

Informa Healthcare. In press.
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Optical coherence tomography

INTRODUCTION

Optical coherence tomography (OCT) is a light based imaging modality showing 
tremendous potential in the coronary circulation. Compared to traditional intra-
vascular ultrasound (IVUS), OCT has a ten-fold higher image resolution given 
the use of light rather than sound. Th is advantage has seen OCT successfully 
applied to the assessment of atherosclerotic plaque, stent apposition and tissue 
coverage, introducing a new era in intravascular coronary imaging.

Th e origins of OCT date back to 1990. David Huang was in his fourth year of 
an M.D.-Ph.D. program at Massachusetts Institute of Technology (MIT). He had 
been studying Optical Coherence Domain Refl ectometry (OCDR) to perform 
ranging measurements in the eye. Th e OCDR project was an off shoot of fem-
tosecond ranging projects that had been ongoing in Professor James Fujimoto’s 
laboratory. Th e retinal OCDR scans however were very hard to interpret. Th e 
thought occurred to Dr. Huang that by adding transverse scanning to OCDR 
graphs one would create an image that would be much easier for a human to 
interpret than a set of OCDR waveforms. All that was required was to add a 
translation stage and a software package to convert a data matrix into an image.

Th e central problem in making tomographic images using light was to develop 
a technique that would permit refl ections from various depths to be measured 
and recorded in a fashion analogous to ultrasonic imaging. In the case of sound, 
electronic circuits are fast enough to separate the echoes from structures that are 
within the resolution cell of the ultrasonic transducer. In the case of light, an 
interferometer has to be employed to overcome measurement diffi  culties caused 
by the speed of light that is much faster than the speed of sound. By using an 
interferometer, for the fi rst to it was possible to record refl ections from various 
depths in a biological tissue.

Since 1990, OCT technology has generated over 5000 articles in academic 
journals. Th e fi rst manuscript from MIT, published in 1991, describes the basic 
concept of an OCT imaging system and discusses its possible applications in both 
retinal and arterial imaging [1]. In 1996 a second manuscript was published, that 
dealt specifi cally with the possibility of imaging coronary arteries with an OCT 
device [2].

It became clear early on that OCT could contribute to the diagnosis of ocular 
diseases. It was believed that the new technology had the potential to serve as 
an in vivo microscope that could obtain non-excisional biopsy information from 
locations at which a conventional biopsy was either impossible or impractical to 
perform. A second research thrust from the MIT group was to push the resolu-
tion of the technology to increasingly higher levels using wider bandwidth optical 
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sources. With suffi  ciently wide bandwidth sources, one may be able to resolve 
subcellular structures and measure the ratio of the nuclear volume to the total cell 
volume in a manner similar to what a pathologist does when diagnosing cancer. 
In the days since the initial discussions in Professor Fujimoto’s offi  ce, several 
members of the MIT OCT team have gone on to start academic OCT research 
programs throughout the United States.

Compared to an OCT microscope, used in ophthalmology and in most ex-
perimental settings, the application of OCT within the human vascular system, 
particularly within coronary arteries, represents a specifi c challenge, as a number 
of principal problems need to be overcome. Th erefore, the intracoronary applica-
tion of OCT has relatively slowly, but steadily increased over the last decade, with 
a commercially available system for clinical use (Lightlab Imaging Inc, Westord, 
MA) being currently approved in Europe and Japan. Today, the technology devel-
opment from “time-domain OCT” to “Fourier-domain OCT” has the potential 
to dramatically changing the research landscape allowing for a widespread clinical 
intracoronary application in research and patient care. Th e chapter will discuss 
these technical principles of intracoronary OCT, will summarize the preclinical 
and clinical research, discuss potential clinical applications and explain the practi-
cal performance in the catheterization laboratory. Diff erences in time-domain 
versus Fourier-domain OCT will be pointed out whenever relevant.

ANATOMIC CONSIDERATIONS

Principally, all epicardial coronary arteries, venous or arterial grafts accessible by a 
guiding catheter, are eligible for OCT imaging.

Considerations regarding anatomy and patient characteristics arise from the 
fact (a) that OCT imaging requires a blood-free environment and (b) from OCT 
catheter design. As the imaging procedure demands temporary blood removal and 
fl ush (e.g. lactated ringers or X-ray contrast medium), it should not be performed 
in patients with severely impaired left ventricular function or those presenting 
with hemodynamic compromise. Further, OCT should be used with caution 
in patients with single remaining vessel or those with markedly impaired renal 
function. Lesions that are ostially or proximally located cannot be adequately im-
aged using proximal balloon occlusion and thus, a non-occlusive technique may 
be preferred in these circumstances. Large caliber vessels or very tortuous vessels 
often preclude complete circumferential imaging as a result of a non-central, non-
coaxial position of the OCT imaging probe within the vessel.
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Th ese anatomic limitations seem to be signifi cantly attenuated in Fourier-
domain OCT, as the pullback speed is much higher and as a result, the duration 
of ischemia and the amount of potentially nephrotoxic fl ush is much lower. 
Increased penetration depth and scanning range allow imaging of the complete 
circumference of large and tortuous vessels. Th e design as short monorail catheter 
enables to negotiate even complex lesions by selecting an appropriate standard 
guide wire. As there is no proximal balloon occlusion necessary, also ostial lesions, 
bifurcations and large vessels can be visualized.

FUNDAMENTALS

Th e principle is analogous to pulse-echo ultrasound imaging, however light is 
used rather than sound to create the image. Whereas ultrasound produces images 
from backscattered sound “echoes,” OCT uses infrared light waves that refl ect 
off  the internal microstructure within the biological tissues. Th e use of light al-
lows for a 10 fold higher image resolution, however this is at the expense of a 
reduced penetration depth and the need to create a blood-free environment for 
imaging. In coronary arteries blood (namely red blood cells) represents a non-
transparent tissue causing multiple scattering and substantial signal attenuation. 
As a consequence, blood must be displaced during OCT imaging. Th is procedure 
is potentially causing ischemia in the territory of the artery under study. Th e need 
for balloon occlusion and intra-coronary fl ush are at the forefront of emerging de-
velopments to simplify the OCT image acquisition process. Automated catheter 
pullbacks at very high speed are currently under development in OCT systems 
using optical Fourier-domain imaging. Faster pullback speeds off er the potential 
to scan an entire stent within a matter of 5-6 seconds.

OCT Principles

OCT utilizes a near infrared light source (approx 1300nm wavelength) in combi-
nation with advanced fi bre-optics to create a dataset of the coronary artery. Both 
the bandwidth of the infrared light used and the wave velocity are orders of mag-
nitude higher than in medical ultrasound. Th e resulting resolution depends pri-
marily on the ratio of these parameters, and is one order of magnitude larger than 
that of IVUS: the axial resolution of OCT is about 15 μm. Th e lateral resolution is 
mainly determined by the imaging optics in the catheter and is approximately 25 
μm. Th e imaging depth of approximately 1.0-1.5mm within the coronary artery 
wall is limited by the attenuation of light in the tissue [TABLE 1]. Analogous to 
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ultrasound imaging, the echo time delay of the emitted light is used to generate 
spatial image information, the intensity of the received (refl ected or scattered) 
light is translated into a (false) colour scale. As the speed of light is much faster 
than that of sound, an interferometer is required to measure the backscattered 
light [3]. Th e interferometer splits the light source into two “arms” – a reference 
arm and a sample arm, which is directed into the tissue. Th e light from both 
arms is recombined at a detector, which registers the so-called interferogram, the 
sum of reference and sample arm fi elds. Because of the large source bandwidth, 
the interferogram is non-zero only if the sample and reference arms are of equal 
length, within a small window equal to the coherence length of the light source 
[4, 5].

Time-Domain OCT

In time-domain (TD-) OCT, the length of the reference arm is scanned over a 
distance of typically a few millimetres, by moving a mirror. Th e point from which 
intensity is collected from the sample arm is moved through the tissue accord-
ingly, and the amplitude of the recorded interferogram in a scan corresponds to 
the refl ectivity of the tissue along the direction of the sample beam. By scanning 
the beam along the tissue, in a rotary fashion for intravascular imaging, an image 
is built up out of neighbouring lines. Figure 1 shows the currently commercially 
available TD-OCT system (Lightlab Imaging, Westford, MA, USA)

Table 1: Comparison OCT and IVUS
OCT IVUS

Axial Resolution 10-20 μm 100-150 μm

Penetration depth 1.5-2 mm 4-8 mm

Probe size 0.4 mm 1.1 mm

Pullback speed 0.5 mm/s Up to 40 mm/s

Blood removal needed Yes No

Plaque characterization Yes Yes

Fibrous cap measurement Yes No

Vessel remodelling No Yes
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Fourier-Domain OCT

A new generation of OCT systems operates in the frequency (rather than time-) 
domain, also called Fourier domain. Th e interferogram is detected as a func-
tion of wavelength, either by using a broadband source as in the time domain 
systems, and spectrally resolved detection, or alternatively by incorporating a 
novel wavelength-swept laser source [6] [7] [TABLE 2]. Th is latter technique is 
also called “swept-source OCT”, or optical frequency domain imaging (OFDI), 
and capitalizes most eff ectively on the higher sensitivity and signal-to-noise ratio 
off ered by Fourier domain detection. Th is development has led to faster image 
acquisition speeds, with greater penetration depth, without loss of vital detail or 
resolution, and represents a great advancement on current conventional OCT 
systems. From the signal received in one wavelength sweep, the depth profi le can 
be constructed by the Fourier transform operation that is performed electronically 
in the data processing unit. All other components of a Fourier-domain system (the 
interferometer, the catheter, including the imaging optics, display) are comparable 
in principle to those in a time-domain OCT system.

Th e scan speed, or line rate, in a time-domain-OCT system are limited by 
the achievable mechanical scan speed of the reference arm mirror, and by the 

 

optical -optic lens/mirror 

A C 

B 

D

Figure 1 Th e currently commercially available TD-OCT system (Lightlab Imaging, Westford, MA, 
USA). A)Th e OCT imaging wire with an outer diameter of 0.019 inch B) Magnifi cation of the distal 
catheter tip C) Magnifi cation of the 0.006 inch rotating single-mode fi bre-optic core, located within 
the distal sleeve of the imaging wire D) Imaging console with pullback deivce allowing for real-time 
image display and data storage.
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sensitivity of the signal detection [8]. Th e source wavelength in Fourier-domain 
OCT can be swept at a much higher rate than the position scan of the reference 
arm mirror in a time-domain OCT system. In addition, Fourier-domain OCT 
has a higher sensitivity than time-domain OCT at large line rates and scan depths 
[9-11]. Th ese features can be put to good use in larger scan speeds, of the order 
of 105 lines per second. In a Fourier domain OCT system, the wavelength range 
of the sweep determines the resolution of the image, while the imaging depth is 
inversely related to the instantaneous spectral width of the source.

Th e increased sensitivity of Fourier-domain OCT also allows for larger imaging 
depths. Th e attenuation of light by the tissue is the same for time-domain and for 
Fourier-domain OCT, but the lower noise of the latter makes it possible to discern 
weaker signals that would be indistinguishable from the background in time-
domain OCT. Th e depth range from which useful anatomical information can be 
extracted is extended by a factor of about 3 [12]. Clinically, this advantage enables 
the assessment of coronary micro-structures well beyond the arterial-lumen border.

Fourier domain OCT systems produce images much faster than standard 
video-rate, so recorded data has to be replayed for inspection by the operator. 
Currently, OCT systems scan 200-500 angles per revolution (frame), and 5-10 
images per mm in a pullback. If these parameters are maintained with high-speed 

Table 2: Characteristics of time domain OCT (TD-OCT) and Fourier domain OCT (FD-OCT). 
Characteristics of TD–OCT are given for the commercially avalaible Lightlab Imaging (Westford, 
MA, USA) system, characteristics of FD–OCT are based on non/commercially available prototypes.

TD-OCT FD-OCT

fi xed light source and
variable reference mirror

light source with variable wavelenght
and fi xed reference mirror

Axial Resolution 10-20 μm Up to 7 μm

Penetration depth 1.5-2 mm 1.5-2 mm

Optical core ImageWire Integrated in catheter

Maximum pullback 
speed

3 mm/s Up to 40 mm/s

Scan diameter 7 mm >10 mm

Blood removal 
needed

Yes Yes
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systems, 20 mm/s (or higher) pullback speeds are possible at the same sampling 
density as conventional OCT data. Figure 2 shows diff erent FD-OCT prototypes 
as used at the Th oraxcenter in 2008. Figure 3 illustrates FD-OCT images as 
obtained in in-vivo in normal porcine coronary arteries.

Th e high scan speeds have been employed for real-time volumetric imaging 
of dynamic phenomena including fast pullbacks for intra-coronary imaging with 
minimal ischaemia, [12] and retinal scans with minimal motion artefacts. [13] 
Imaging of dynamic phenomena in time, or rather removing motion artefacts, are 
the prime applications of high-speed OCT. 3-Dimensional rendering of volumes 
becomes possible if motion during the scan is limited. Th e high data rate of novel 
OCT technologies could also be used to increase sampling density, either in the 
longitudinal (pullback) or angular direction. A smaller spacing between frames in 
a pullback would lead to a better sampling of small scale features in the arterial 
or stent geometry that would be missed at 100 μm inter-frame distance. Denser 
sampling in the angular direction would facilitate speckle fi ltering in OCT images. 
Speckle is a major obstacle for the development of parametric and quantitative 
imaging techniques. Th ese possibilities are still largely unexplored.

Terumo 

A B C D

 

Figure 2 Diff erent FD-OCT prototypes as used at the Th oraxcenter in 2008 A) M4 system, Lightlab 
Imaging, Westford, MA, USA , B) Terumo OCT C) Volcano OCT D) MGH OFDI system (G. 
Tearney and B. Bouma, Wellman Center for Photomedicine, MGH, Boston, MA, USA)
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INDICATIONS

To date, there is no established indication for the clinical use of OCT in patient 
care. However, there are a variety of research applications, where OCT is clearly 
accepted as the “golden standard”. We summarize the accepted research applica-
tions and illustrate the potential clinical implications of OCT fi ndings.

The Role of OCT in Stent Imaging

Coronary artery lesions and results following percutaneous coronary intervention 
(PCI) are usually assessed angiographically. Th is luminogram technique provides 
a unique overview of the coronary tree, information regarding anatomy and 
topography and can confi rm the presence of atherosclerosis with high specifi c-
ity. Th e prognostic relevance for subsequent cardiac events, such as myocardial 
infarction, however, is limited. Furthermore, stent implantation and optimisation 
undertaken using angiographic guidance alone has been shown to result in more 
frequent incomplete stent expansion and an increased future risk of target vessel 
revascularisation when compared to guidance with IVUS.

Assessment of acute stent apposition

For the past two decades, IVUS has been used to assess the acute result follow-
ing stenting, giving valuable information on stent expansion, strut apposition 
and signs of vessel trauma including dissections and tissue prolapse. IVUS stud-
ies [14, 15] suggested that stent strut malapposition is a relatively uncommon 
fi nding, observed in approx 7% of cases, and that strut malapposition does not 

 A B C

Figure 3 FD-OCT images as obtained in in-vivo in normal porcine coronary artery. Th e coronary 
vessel wall shows a three layer appearance and an intimal dissection is visible in 4 o clock position. A) 
M4 prototype, Lightlab Imaging, Westford, MA, USA , B) Terumo OCT C) MGH OFDI system 
(G. Tearney and B. Bouma, Wellman Center for Photomedicine, MGH, Boston, MA, USA)

Gonzalo.indd   24Gonzalo.indd   24 06-Jan-10   11:49:33 AM06-Jan-10   11:49:33 AM



25

Optical coherence tomography

increase the risk of subsequent major adverse cardiac events. In contrast, OCT 
can visualize the complex coronary arterial wall structure after stenting in much 
greater detail [16]. As a result, OCT studies in the acute post stent setting [17] 
have demonstrated a relatively high proportion of stent struts, not completely 
apposed to the vessel wall contact, even after high pressure post-dilatation with 
this phenomenon being particularly evident in regions of stent overlap. In an 
evaluation of OCT fi ndings following stent implantation to complex coronary 
lesions, Tanigawa et al [18] examined a total of 6,402 struts from 23 patients (25 
lesions) and found 9.1±7.4% of all struts in each lesion treated were malapposed. 
Univariate predictors of malapposition on multilevel logistic regression analysis 
were the implantation of a sirolimus-eluting stent (likely due to its increased strut 
thickness and closed cell design) together with the presence of overlapping stents, 
a longer stent length and a type C lesion. Likely mechanical explanations for stent 
malapposition include strut thickness, closed cell design or acute stent recoil [19]. 
While these fi ndings are impressive and helpful for the improvement of future 
stent designs, today the clinical relevance and potentially long-term sequeale of 
malapposed struts as detected by OCT are unknown. Figure 4 illustrates OCT 
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Figure 4 OCT fi ndings before and immediately after stent implantation in a patient presenting with 
acute myocardial infarction (M4 prototype FD OCT system, Lightlab Imaging, Westford, MA, 
USA). A) Coronary angiography revealed a subtotal occlusion of the left anterior descending artery. 
Th e black arrow indicates the vessel segment imaged by OCT B-E) pre-interventional OCT showing 
the distal reference (B), the lesion with mural thrombus (C), the minimal lumen area (D) and the 
proximal reference (E): F-I) postinterventional OCT: corresponding images can be easily identifi ed 
using anatomical landmark such as side branches (SB) or calcium nodules. Metallic stent struts 
appear as bright structures with dorsal shadowing. Th e distal reference (F) and the lesion site that can 
be easily identifi ed using the small calcium nodule as a landmark (G) the site of the original minimal 
lumen area shows tissue protrusion in 6 o clock position (H) , the proximal reference (I).
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fi ndings before and immediately after stent implantation in a patient presenting 
with acute myocardial infarction, Figure 5 illustrates incomplete stent strut ap-
position as frequently seen by OCT immediately after stenting.

Assessment of long-term outcome

Visualization and quantifi cation of stent strut tissue coverage
OCT can reliably detect early and very thin layers of tissue coverage on stent struts. 
Figure 6 illustrates the typical OCT appearance of neointima in bare metal stents 
and in drug/eluting stents. Several small studies have recently been published 
highlighting the application of OCT in the detection of stent tissue coverage at 
follow-up. Importantly, OCT permits the quantifi cation of tissue coverage with 
high reliability [20]. Matsumoto et al [21] studied 34 patients following sirolimus 
eluting stent (SES) implantation. Th e mean neointima thickness was 52.5 microns, 

A 

B

C

Figure 5 Incomplete stent strut apposition immediately after stenting (Volcano OCT prototype). 
A) Coronary angiogram of the right coronary artery after stent implantation. B) OCT image of the 
proximal stent edge showing malapposition of stent struts C) Magnifi cation clearly illustrating that 
individual stent struts do not have contact to the vessel wall.
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and the prevalence of struts covered by thin neointima undetectable by IVUS was 
64%. Th e average rate of neointima-covered struts in an individual SES was 89%. 
Nine SES (16%) showed full coverage by neointima, whereas the remaining stents 
had partially uncovered struts. Similarly, Takano et al [22] studied 21 patients 
(4,516 struts) 3 months following SES implantation. Rates of exposed struts and 
exposed struts with malapposition were 15% and 6%, respectively. Th ese were 
more frequent in patients with acute coronary syndrome (ACS) than in those 
with non-ACS (18% vs 13%, p <0.001; 8% vs 5%, p <0.005, respectively). Th e 
same group have recently reported 2 year follow-up OCT fi ndings [23] with the 
thickness of neointimal tissue at 2-years being greater than that at 3-months (71 
±93 μm vs. 29 ± 41 μm, respectively; p<0.001). Frequency of uncovered struts was 
found to be lower in the 2-year group compared to the 3-month group (5% vs. 
15%, respectively; p<0.001). Conversely, prevalence of patients with uncovered 
struts did not diff er between the 3-month and the 2-year follow-up study (95% 
vs. 81%, respectively) highlighting that exposed struts continued to persist at 
long-term follow-up. Chen et al [24] recently used OCT to image SES and bare 
metal stents (BMS) at diff erent time points following implantation. Of the 10 
SES and 13 BMS imaged, the authors identifi ed a signifi cantly higher number 
of incompletely apposed and uncovered stent struts in patients receiving SES 
compared to BMS. Figure 7 illustrates OCT fi nding at long/term follow up after 
DES implantation.

A  B

Figure 6 In vivo OCT of human coronaries at 6 months follow up. Th is fi gure illustrates the 
diff erent degree of neointima coverage typically seen in bare metal stents as compared to drug eluting 
stents. A) bare metal stent B) drug eluting stent (TD OCT system, Lightlab Imaging, Westford, MA, 
USA).
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Assessment of structural details of tissue coverage
OCT also permits the characterization of neointimal tissue in a qualitative way 
[25]. Th is is a great advantage as such information has not been available in-vivo 
until now. Th e limited resolution together with artifacts induced by metallic stent 
struts does not allow the characterisation of such details by IVUS. With OCT, 
neotinimal tissue can show a variety of morphologies ranging from homogenous, 
bright, uniform tissue to optically heterogeneous tissue or eccentric tissue of vari-
ous thicknesses. Furthermore, structural details within the tissue can be observed 
such as intimal neovascularization [26] or a layered appearance [27], typically 
observed in restenotic regions. Variations in the appearance of strut coverage can 
be seen within an individual patient, within an individual stent or within stents 
of diff erent design.

OCT fi ndings, such as dark, signal-poor halos around stent struts may refl ect 
fi brin deposition and incomplete healing, as described in pathologic and animal 
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C

D

D

LM 

*

B
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Figure 7 OCT fi ndings at longterm follow up after DES implantation in the LEADERS OCT 
substudy. A) Coronary angiogram of the left coronary artery. Overlapping stents were implanted 
in the proximal left anterior descending artery and in the left main stem B) Th e application of the 
non-occlusive imaging acquisition technique allowed to image the stent in the left main stem as 
well as the proximal left anterior descending artery C,D. C) eccentric stent struts with very thin 
coverage visible, an individual strut in 11 o clock position is malapposed D) stent struts showing 
malapposition and tissue coverage with irregular borders, possible indicating thrombus formation. 
(TD OCT system, Lightlab Imaging, Westford, MA, USA).
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experimental series [28]. However, there is paucity of data demonstrating directly 
the OCT appearance of diff erent components in neointimal tissue as defi ned by 
histology. Post-mortem imaging of DES in human coronaries is diffi  cult and might 
be limited by the fact that the optical tissue properties show variations with tem-
perature and fi xation [29]. Long-term animal OCT observations in DES are scarce.

OCT assessment of innovative stent designs and materials

OCT is also becoming an integral tool to assess emerging stent technologies that 
are increasingly becoming more sophisticated (e.g. bioabsorbable polymers and 
stents, biodegradable magnesium alloy stents) and thus demanding highly de-
tailed assessments both in the initial animal testing phases but also in the clinical 
trial setting. Morphologic changes of the absorbable, polylactic acid stent struts 
and the vessel wall during follow-up have been recently described and show the 
unique capabilities of this in-vivo imaging modality [30]. Th e ABSORB trial 
recently published, showed the feasibility of implantation of the bioabsorbable 
everolimus-eluting coronary stent (BVS: Abbott Laboratories, IL, USA), composed 
of a poly-L-lactic acid backbone, coated with a degradable polymer /everolimus 
matrix. OCT allowed not only a precise characterization of the stent apposition 
and coverage but also demonstrated structural changes in the bioabsorbable DES 
over time. At present OCT appears as the best available tool for the assessment of 
the absorption of the stent struts.

LAD RD

distal carina proximal 

Figure 8 Clinical OCT after bifurcation stenting of the ramus descendens anterior and the ramus 
diagonalis in crush technique. A) OCT pullback is started distally in the diagonal branch. Th e stent 
is well expanded and all struts are apposed against the vessel wall B) OCT at the carina shows the 
lumen of the ramus descendens anterior in 9 o clock position wide open. Note the double layer of 
stent struts separating the ostium of the diagonal branch from the ramus descendens anterior. C) 
proximal stent portion in the ramus descendens anterior. In 12 to 6 o clock position, three layer of 
struts originating from the proximal, crushed diagonal branch stent and from the stent in the ramus 
descendens arterior can be observed. (TD OCT system, Lightlab Imaging, Westford, MA, USA).
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Another fi eld of innovation consists in the treatment of bifurcation lesions 
with a variety of dedicated stents under clinical investigation. Key issues in bifur-
cation stenting include the ability of a stent to cover diff erent vessel calibers at the 
proximal lesion site, the carina and the distal lesion site and to provide maximal 
expansion of the carina on both sides, the main vessel and the side branch. OCT 
can be a very useful tool to study the stent – vessel wall interaction as well as 
patency of the carina in this more complex anatomy. Clinical and experimental 
examples of OCT fi ndings in bifurcation stenting are given in Figures 8–10.

Atherosclerotic plaque assessment

Optical coherence tomography is highly sensitive and specifi c for the characteriza-
tion of plaques when compared to histological examination.

Recently, pathophysiology and coronary morphology in patients with acute 
coronary symptoms (ACS) are getting more and more attention. One reason for 
this interest is the fact that acute coronary syndromes caused by the rupture of 
a coronary plaque are common initial and often fatal manifestations of coronary 

dist 

GW 

carina

GW 

GW

prox 

GW GW

dist carina prox

Figure 9 Clinical OCT after bifurcation stenting of the ramus descendens anterior and the ramus 
diagonalis with a dedicated bifurcation stent (Nile croco stent) A) OCT pullback is started distally in 
the ramus descendens anterior. Th e stent is well expanded and all struts are apposed against the vessel 
wall B) OCT at the carina shows the lumen of the carina wide open, no struts are obstructing the 
access to the diagonal branch C) proximal stent portion in the ramus descendens anterior. Despite 
a rather good stent expansion is some strut malapposition visible in 11 to 1 o clock position. GW= 
guide wire. (M4 prototype FD OCT prototype, Lightlab Imaging, Westford, MA, USA).
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atherosclerosis in otherwise healthy subjects. Th e detection of the lesions with 
high risk of rupture (the so called “vulnerable plaques”) would be of main im-
portance for the prevention of future ACS. In the last years there has been a 
growing interest in this fi eld and a lot of diff erent techniques have been developed 
to evaluate diverse aspects involved in plaque vulnerability. Among them, OCT 
has emerged as one of the most promising due to its ability to provide unique 
information about the plaque composition, the thickness of the fi brous cap, the 
presence of macrophages and tissue collagen composition.

Plaque composition

Th e propensity of atherosclerotic lesions to destabilize and rupture is highly depen-
dent on their composition. In comparison with histology OCT, has demonstrated 
to be highly sensitive and specifi c for characterizing diff erent types of atheroscle-
rotic plaques [TABLE 3, Figure 11]. Yabushita et al [31] performed an in-vitro 
study of more than 300 human atherosclerotic artery segments. When compared 
to histological examination, OCT had a sensitivity and specifi city of 71-79% and 

 Dist Prox Dist Prox Carin

A) 

B) FUP 

C D E 

Figure 10 Bifurcation stent implantation in normal pigs. Serial, in vivo OCT A) immediately after 
stenting and B) at 7 day follow up. Tissue coverage is visible in various degrees from C) very thin 
coverage to more pronounced, irregular coverage in D) Furthermore, a persistent dissection fl ap can 
be observed at the proximal reference segment E) (TD OCT system, Lightlab Imaging, Westford, 
MA, USA).
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Table 3. OCT image criteria for plaque type.
Fibrous plaque Fibrocalcifi c plaque Lipid-rich plaque

Homogeneous signal-rich region Well-delineated, signal-poor region with 
sharp borders

Signal-poor region with diff use
borders

 
  

 
        

 

calcium

thrombus

A 

B C 

Figure 11 In vivo intravascular imaging of a calcifi ed coronary plaque. A) Intravascular ultrasound 
shows an eccentric, calcifi ed plaque as echodense structure with typical dorsal shadowing, while 
180 degree of vessel wall show normal, three layer appearance B) Intravascular OCT of the same 
plaque. By OCT, calcium appears signal poor (dark) with sharp, well delineated borders. C) Th e 
magnifi cation reveals a small mural thrombus. Note, that the calcium nodule is covered towards the 
lumen by a thin layer and is not in direct contact to the lumen as seen by IVUS.
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97-98% for fi brous plaques, 95-96% and 97% for fi brocalcifi c plaques, and 90-
94.5% and 90-92% for lipid-rich plaques, respectively. Further, the inter-observer 
and intra-observer reproducibility of OCT measurements were high ( values of 
0.88 and 0.91 respectively). Ex-vivo validations have also shown that OCT is 
superior to conventional and integrated backscatter IVUS for the characteriza-
tion of coronary atherosclerotic plaque composition [32-35]. In vivo, OCT is 
able to identify most of the architectural features identifi ed by IVUS and may be 
superior for the identifi cation of lipid pools [36]. Several authors have evaluated 
the OCT appearance of coronary plaques in diff erent groups of patients reporting 
higher prevalence of lipid-rich plaques in ACS than in patients with stable angina 
[37] and no diff erences in the culprit plaque imaged by OCT between diabetics 
and non-diabetics patients [38] and men or women with ACS[39]. According to 
histological and IVUS examinations, the percentage of lipid-rich plaque by OCT 
has been found to be higher in plaques with expansive remodelling [40].

Thickness of the fi brous cap

Autopsy studies of sudden cardiac death victims have shown that the most 
frequent cause of the coronary occlusion is rupture of a thin-cap fi broatheroma 
(TCFA) plaque. Such lesions are characterized by a large necrotic core with a thin 
fi brous cap usually < 65 microns in thickness. While conventional intracoronary 
imaging techniques such as IVUS-VH do not have enough resolution to evaluate 
in detail the fi brous cap, OCT has demonstrated in correlation with histological 
examinations that it is able to provide accurate measurements of the thickness 
of the fi brous cap[41, 42]. Th erefore, it could be useful for the in vivo detection 
of TCFA. In the study with IVUS, OCT and angioscopy in acute myocardial 
infarction patients by Kubo et al., the incidence of TCFA was 83% and only OCT 
was able to estimate the fi brous cap thickness (mean 49±21μm). Two studies have 
reported that the plaque colour by angioscopy is related to the thickness of the 
fi brous cap as measured by OCT with yellow plaques often presenting thin caps 
[43, 44].

Assessment of collagen composition

A fi brous cap is predominantly composed of collagen, synthesized by intimal 
smooth muscle cells, which together impart mechanical integrity. Mechanisms 
that weaken the cap and potentially lead to plaque instability include collagen 
proteolysis and impeded collagen synthesis, resulting in a net reduction in 
collagen content, thinning and disorganization of collagen fi ber orientation. 
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Polarization-sensitive (PS) imaging enhances OCT by measuring tissue birefrin-
gence, a property that is elevated in biological tissues containing proteins with 
an ordered structure, such as organized collagen [45-47]. PS-OCT imaging can 
provide both, conventional greyscale OCT as well as PS-OCT images, in one 
single pullback through the coronary. When light traverses birefringent tissue, 
light polarized along directions parallel and perpendicular to the fi ber orientation 
of the tissue travels at diff erent velocities, incurring relative phase retardation. 
Th e accumulated phase retardation is then displayed with respect to the tissue 
surface as a greyscale image with black corresponding to 0º and white to 180º. PS-
OFDI birefringence has been demonstrated to be highly related to total collagen 
content in atherosclerotic plaques as well as in fi brous plaques in vitro. It has been 
suggested that the ability of OCT to measure changes in the fi brous cap thick-
ness could be useful to assess the eff ect of statins in plaque stabilization [48, 49]. 
Furthermore, recent data suggest that polarization-sensitive OCT could be able to 
assess the collagen content and smooth muscle cell density in the fi brous cap [50]. 
Th is could provide very valuable information about the mechanical stability of the 
fi brous cap enabling the identifi cation of lesions at high risk of rupture.

Plaque rupture and intracoronary thrombosis

Plaque rupture with subsequent thrombosis is the most frequent cause of ACS. 
OCT can identify intracoronary thrombus and plaque rupture with high accu-
racy [51]. Recently, Kubo et al evaluated the ability of OCT for the assessment 
of the culprit lesion morphology in acute myocardial infarction in comparison 
with IVUS and angioscopy. Th ey found an incidence of plaque rupture by OCT 
of 73%, signifi cantly higher than that detected by both angioscopy (47%, p= 
0.035) and IVUS (40%, p =0.009). Intracoronary thrombus was observed in all 
cases by OCT and angioscopy but was identifi ed only in 33% of patients by 
IVUS [52]. Furthermore, Kume et al. demonstrated that OCT might be able to 
distinguish between white and red thrombus. Red thrombus appears in OCT as 
high-backscattering structure with signal-free shadowing while white thrombus 
does not produce shadowing [53]. OCT could be helpful to identify the culprit 
lesion in ACS and might provide additional information about the underlying 
cause that lead to the plaque rupture (Figure 12).

Visualization of macrophage accumulation

Intense infi ltration by macrophages of the fi brous cap is another of the features 
of the vulnerable plaques. An ex-vivo study by Tearney et al., demonstrated that 
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Figure 12 OCT fi ndings in a 74 year old femail patient presenting with acute coronary syndrome, 
Braunwald class IIIC with positive Trop T (0.57μg/l) and CK (181 U/l) at the time of admission 
to the cathlab. A) Coronary angiography showed a moderate narrowing of the mid left descending 
anterior artery with TIMI III antegrade fl ow, the other epicardial arteries were normal. Intracoronary 
OCT confi rmed a moderate leiosn with approx 50% area stenosis B) proximal reference lumen area 
6.82mm2 C) minimal lumen area 2.81mm2 D) distal lumen area 4.49mm2. Detailed inspection of 
the OCT images revealed E) an eccentric plaque that showed a very thin endothelial lining (<30 μm) 
F) a site with plaque rupture/ulceration and G) a fi ne fi ssure on the surface of the plaque. Plaque 
erosion, rupture/ulceration and fi ssure have been associated with coronary thrombosis in pathology 
series and could be the possible pathophysiologic substrate for the clinical syndrome observed in our 
patient, (TD OCT system, Lightlab Imaging, Westford, MA, USA).

Gonzalo.indd   35Gonzalo.indd   35 06-Jan-10   11:51:23 AM06-Jan-10   11:51:23 AM



Chapter 1.1

36

OCT could be able to quantify macrophage within the fi brous cap [54]. In vivo, 
it has been demonstrated that unstable patients present a signifi cantly higher 
macrophage density detected by OCT in the culprit lesion than stable patients. 
Furthermore, in the same population, the sites of plaque rupture demonstrated a 
greater macrophage density than non-ruptured sites [55]. Raff el et al. reported that 
macrophage density in the fi brous cap detected by OCT correlated with the white 
blood cell count, and both parameters could be useful to predict the presence of 
TCFA [56]. Figure 13 illustrates detailed OCT based tissue characterization over 
a long coronary segment including the distribution of macrophages, calcium and 
lipid rich tissue.

EQUIPMENT

Th e equipment for intracoronary OCT generally consists in an OCT imaging 
catheter, a motorized pullback device and an imaging console, that contains the 
light source, signal processing units, data storage and display [57]. Th e imaging 
catheter is part of the sample arm of the interferometer described above. Th e opti-
cal signal is transmitted by a single-mode fi ber, which is fi tted with an integrated 
lens micro-prism assembly to focus the beam and direct it towards the tissue. 
Th e focus is approximately 1mm outside the catheter. In order to scan the vessel 

Figure 13 Longitudinal cut view of an in vivo FD OCT pullback through a coronary artery. At 
the distal end, a coronary stent is visible. Diff erent components of the vessel wall are represented 
in a color coded way. MGH OFDI system (G. Tearney and B. Bouma, Wellman Center for 
Photomedicine, MGH, Boston, MA, USA)
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lengthwise, the catheter-imaging tip is pulled back while rotating, usually inside a 
transparent sheath, allowing to collect a three dimensional dataset of the coronary 
artery. Both rotary and pullback motion are driven proximally by a motor outside 
the patient. We will describe the currently commercially available equipment for 
time-domain OCT and the imaging procedure in detail.

Equipment Time-Domain OCT

Th e mobile M2/M2x OCT System cart (LightLab Imaging Inc., Westford, MA, 
USA) contains the optical imaging engine and the computer. Th e mouse, key-
board, two monitors, two storage drawers, and the patient interface unit (PIU) are 
all mounted on top of the cart [58] (Figure 1).

The ImageWire
Th e imaging probe (ImageWire™ LightLab Imaging Inc., Westford, MA, USA) has 
a maximum outer diameter of 0.019” (with a standard 0.014” radiolucent coiled 
tip) and contains a single-mode fi ber optic core within a translucent sheath. Th e 
image wire is connected at its proximal end to the imaging console that permitted 
real-time data processing and two-dimensional representation of the backscat-
tered light in a cross-sectional plane. Since the imaging wire is not torquable, it 
can be advanced distal to the region of interest using the over-the-wire occlusion 
balloon (for the occlusive technique, see below) or a simple microcatheter for 
the non-occlusive technique (see below, e.g. Transit, Cordis Johnson &Johnson, 
USA or ProGreat, Terumo Japan, with inner lumens >0.020”). Unlike an IVUS 
transducer, the optical sensor of the ImageWire is invisible under fl uoroscopy 
and therefore one must estimate the correct position, using the distal 15mm radi-
opaque tip of the ImageWire. When fully advanced, the sensor is located 6-7mm 
proximal to the radiopaque part and is easily confi rmed by direct observation of 
the red light emitted when the wire is handled out of the body. As there are no di-
rect radiopaque markers for the infrared sensor, it is possible to inadvertently miss 
imaging an area of interest resulting in incomplete distal lesion edge assessment. 
Imaging after stent implantation facilitates positioning because it is suffi  cient to 
advance the proximal end of the radiopaque wire tip at least 1cm distal to the 
stent struts to image the entire stented segment. For imaging prior to treatment, 
it is important to note that the occlusion balloon is too bulky to cross severe 
stenoses before pre-dilatation and that the imaging wire should be advanced distal 
to the lesion to ensure that the segment of interest is fully visualised. In such 
circumstances, the non-occlusive technique is advantageous.
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Occlusive imaging technique: Proximal balloon occlusion and fl ush delivery
Th e proximal occlusion balloon catheter (Helios, Goodman Co, Japan) is an over-
the-wire 4.4Fr catheter (inner diameter 0.025”), compatible with 6Fr guiding 
catheters (inner lumen diameter ≥0.071”), which is advanced distal to region of 
interest using a conventional angioplasty guide wire (0.014’’). Th e guide wire is 
then replaced by the OCT ImageWire™ (0.019’’ maximum diameter), and the 
occlusion balloon catheter is withdrawn proximal to the segment to be assessed 
leaving the imaging wire in distal position. During imaging acquisition, coronary 
blood fl ow is removed by continuous fl ush of Ringer’s lactate solution via the 
end-hole of the occlusion balloon catheter at a fl ow rate of 0.5-0.7ml/sec during 
simultaneous balloon infl ation (0.5-0.7atm). Th e vessel occlusion time is limited 

Figure 14 Occlusive image acquisition technique (TD OCT imaging LIghtlab Imaging, Westford, 
MA, USA). Th e imaging catheter directs the infrared light into the tissue and returns the refl ected 
light back to the optical engine. During imaging, blood fl ow is limited by a dedicated, over the wire, 
low pressure (0.4 atm) occlusion balloon catheter (Helios, Goodman, Japan), that is positioned 
proximally in the artery. Th e central lumen of the balloon occlusion catheter allows for distal fl ush 
deliver during imaging of the target segment with autromated pullback. Th e proximal end of the 
catheter has a chamber the captures the imaging core and allows it to move along the catheter axis to 
perform an “automated pullback”. Th e outside of the imaging catheter is stationary with respect to 
the vessel wall. Th e imaging core is rotated and translated inside of the external catheter sheath.
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to a maximum of 30sec to avoid haemodynamic instability or arrhythmias. A 
1.0 mm/sec pullback permits the assessment of an up to 30mm long coronary 
segment with a frame rate of 15.4 frames/sec [59] (Figure 14).

Non-occlusive imaging technique
With improvements in the acquisition speeds of OCT data (currently in the 
vicinity of 3.0mm/sec), blood can be evacuated by continuous fl ush through 
the guiding catheter, thus doing away with the cumbersome proximal balloon 
occlusion and thereby simplifying the acquisition process [60]. Here, the OCT 
ImageWire is advanced carefully distal to the region of interest. As the fragile wire 
does not have the properties of a guide wire, it needs to be directed distally using a 
single lumen micro-catheter (e.g. Transit, Cordis, Johnson & Johnson, ProGreat, 
Terumo, Japan). With the wire in position, viscous iso-osmolar contrast (Iodixa-
nol 370, Visipaque™, GE Health Care, Ireland) at 37° Celsius is used to clear the 
artery from blood and connected to the standard Y-piece of the guiding catheter. 
Th e contrast is either injected manually through the Y-piece or automatically us-
ing an injection pump. During continous contrast injection, the automated OCT 
pullback is performed at 3.0mm/sec. Th e pullback is stopped after visualization 
of the region of interest or in case of signifi cant signs of ischemia, arrhythmia or 
patient intolerance. Cross sectional images are acquired at 20 frames/sec.

After completion of the OCT study, the image wire is removed, and intra-
coronary nitrates are usually administered according to local standards and an 
angiogram should be taken. Th e procedure should be terminated if there is any 
hemodynamic compromise during the infusion and OCT acquisition.

Equipment Fourier-Domain OCT

In the new generation of OCT systems the optical probe is integrated in a short 
monorail catheter that can be advanced in the coronary artery over any conven-
tional 0.014” guide wire. Th e catheter profi le varies from 2.4Fr to 3.2Fr and is 
compatible with 6F guiding catheters. Th e usable length is around 140 cm. Th e 
position and number of the radiopaque markers varies for the diff erent systems. 
During the pullback the optic fi ber probe is pulled along the catheter sheath. Th e 
dramatically faster pullback speed allows imaging of long coronary segments with 
2-3 seconds pullback during injection of fl ush (x-ray contrast or diluted x-ray 
contrast) trough the guiding catheter without vessel occlusion.
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CLINICAL ASPECTS

Th e interest in the long-term stent strut vessel wall interaction is manifold and 
includes the assessment of the stability of the acute result, the visualization of 
complex anatomy that is not accessible by angiography or IVUS and the clearer 
understanding of reasons for stent failures, when they do occur.

DES failure

Reasons for DES failure are poorly understood. With the reduction of in-stent 
hyperplasia, other mechanisms of restenosis due to mechanical stent failure have 
become apparent. Of the two established fi rst generation DES, the sirolimus-
eluting stent (Cordis, J&J, Miami, Florida, US) has been particularly linked to 
cases of stent fracture, likely as a result of its closed cell design compared with 
other DES employing an open cell system [61]. Th e higher imaging resolution of 
OCT compared to IVUS permits a detailed assessment in such cases, as demon-
strated recently by Shite et al.

Incomplete strut apposition
Stent strut malapposition remains another important consideration. Postulated 
causes for stent strut malapposition are various and include incomplete stent ex-
pansion, stent recoil or fracture, late outward vessel remodelling or the dissolution 
of thrombus that was compressed during PCI between the stent strut and the 
vessel wall. Regardless of the pathophysiologic mechanism, the major concern in 
stent malapposition remains in the assumption that areas of strut malapposition 
cause non-laminar and turbulent blood fl ow characteristics, which in turn can 
trigger platelet activation and thrombosis. Here, prospective, serial OCT observa-
tions immediately and at longer term follow-up after stenting may improve our 
understanding of these complex mechanisms and shed light on the likely clinical 
signifi cance of this phenomenon.

Stent strut tissue coverage and thrombosis
Late stent thrombosis is poorly understood. It appears that this condition is 
multi-factorial with premature discontinuation of dual anti-platelet therapy, stent 
under-expansion, hypersensitivity and lack of endothelial tissue coverage all being 
implicated. Th e results of small observational OCT studies as described above are 
compatible with evidence from animal and human post-mortem series showing 
that DES cause impairment in arterial healing, some with suggested incomplete 
re-endothelialisation and persistence of fi brin(oid) possible triggering late stent 
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thrombosis [62, 63]. Pathological data in human suggests that neointimal cover-
age of stent struts could be used as a surrogate marker of endothelialization due 
to the good correlation between strut coverage and endothelialization. However, 
OCT observations need to be interpreted with caution. OCT is limited by its 
resolution of 15 micron which is lower than the thickness of an individual layer of 
endothelial cells. Th erefore, coverage that is not visible by OCT does not exclude 
the presence of an endothelial layer. Second, the presence of tissue coverage does 
not necessarily imply the presence of a functionally intact endothelium. Early 
experimental stent data showed that endothelial function can vary considerably 
and show evidence of damage when subjected to the Evan’s blue dye exclusion 
test, even in the presence of a well structured neointimal layer [64].

However, OCT is the only imaging modality to date that off ers – within the 
discussed limits- the possibility to understand tissue coverage and neointima 
formation in DES over time [65]. Clearly, larger stent trials with OCT at dif-
ferent time periods are needed to obtain a representative assessment of the true 
time course of endothelial stent coverage of these stents. Recent improvements in 
OCT technology, with frequency-domain OCT, will allow for a simple imaging 
procedure and off er the potential for large scale, prospective studies, indispensable 
to address vexing clinical questions such as the relationship of drug-eluting stent 
deployment, vascular healing, the true time course of endothelial stent coverage 
and late stent thrombosis. Th is may also better guide the optimal duration of dual 
anti-platelet therapy that currently remains unclear and rather empiric.

DES restenosis
OCT can be very useful in the evaluation of the causes that contribute to reste-
nosis after DES implantation such as incomplete coverage lesion or gaps between 
stents.

Stent fracture (with subsequent defect of local drug delivery) has also been re-
lated to restenosis in DES and could be visualized with OCT [66]. Non-uniform 
distribution of stent struts can aff ect the drug concentration within the arterial 
wall and therefore have an infl uence in restenosis in DES [67]. Th is has been con-
fi rmed in pre-clinical and IVUS studies. Th e maximum interstrut angle has been 
identifi ed in IVUS as predictor of intimal hyperplasia cross-sectional area. OCT 
allows the assessment of strut distribution in vivo with high accuracy. A study 
with phantom models showed how the strut distribution of SES and paclitaxel 
eluting stents (PES) assessed by OCT were signifi cantly diff erent, suggesting that 
SES maintained a more regular strut distribution despite expansion [68].
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OCT safety
Th e applied energies in intravascular OCT are relatively low (output power in the 
range of 5.0–8.0 mW) and are not considered to cause functional or structural 
damage to the tissue. Safety issues thus seem mainly dependent on the need of 
blood displacement for image acquisition. One recently published study evalu-
ated the safety and feasibility of OCT in 76 patients in the clinical setting us-
ing the occlusive technique. Vessel occlusion time was 48.3 ±13.5 seconds. Th e 
most frequent complication was the presence of transient events, such as chest 
discomfort, brady or tachycardia, and ST-T changes on electrocardiogram, all of 
which resolved immediately after the procedure. Th ere were no major complica-
tions, including myocardial infarction, emergency revascularization, or death. 
Th e authors reported that acute procedural complications such as acute vessel 
occlusion, dissection, thrombus formation, embolism, or vasospasm along the 
procedure-related artery, were not observed [70]. Comparison of the occlusive 
versus the non occlusive imaging method in a small patient cohort (n=40) did 
not show major complications and confi rmed superiority of the non-occlusive 
method in ostial lesion assessment [71]. In our experience, the introduction of the 
non-occlusive technique in clinical practice has led to an important reduction in 
the procedural time and in the incidence of chest pain and ECG changes during 
image acquisition. Th ese side eff ects are expected to be further reduced by the 
introduction of Fourier domain OCT. In Fourier domain OCT, high pullback 
speeds of up to 40mm/s allow data acquisition of a long coronary segment within 
in few seconds and thus without introducing relevant ischemia.

LIMITATIONS

Generally, the main limitations of intracoronary OCT as compared to the estab-
lished intravascular ultrasound technology consist fi rstly in the fact, that light 
can not penetrate blood. Th us, OCT requires clearing of the artery from blood 
as additional step during the imaging procedure. Secondly, the high resolution 
of OCT is at the expense of penetration depth. More specifi c issues can impede 
intracoronary OCT quality and interpretation in clinical intracoronary OCT 
application. Th e most important practical limitations originating from coronary 
anatomy and artifacts are summarized below [59].
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Vessel tourtuosity

Within the human body, peripheral arteries (the vascular access sites) as well as 
the coronary arteries (imaging target) represent more or less tortuous structures. 
Th is requires high fl exibility and steerability from the imaging device. Th is is not 
trivial given the fact that light transmission requires easily breakable fi bre-optics. 
Another consequence is on the image geometry. In the majority of cases, the imag-
ing device will not be in a co-axial and centred position within the target artery, 
which may aff ect penetration depth, brightness and resolution of the imaged 
structure (Figure 15).

Figure 15 In-vivo intracoronary OCT of an artery with concentric intimal thickening. Th e imaging 
catheter is in a non co-axial, non-centred position. In consequence, the vessel wall segment close to 
the OCT catheter in 6 o´clock position appears brighter and shows a fi ner structure as the opposite 
vessel wall segment in 12 o´clock position.
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Coronary caliber

Coronary arteries represent relatively small structures for in-vivo imaging; they 
are however relatively big structures compared to experimental OCT applica-
tions that often focus on much smaller sample volumes. Epicardial arteries have 
a maximal lumen diameter of approx 4-5mm in their proximal portion and taper 
distally. Typically, arteries with a lumen diameter down to approx. 1.0 mm are 
considered clinically relevant and accessible to standard imaging equipment, such 
as coronary angiography and intravascular ultrasound. Ideally, the penetration 
depth of intravascular OCT should be able to cover the complete calibre range 
(Figure 16).

Figure 16 In-vivo intracoronary OCT of an artery with eccentric atherosclerotic plaque. A normal 
vessel wall sector with typical three-layer appearance is visible in 6 to 9 o’clock position, while the 
remaining vessel circumference shows thick plaque formation. Despite a centered position of the 
OCT imaging probe within the lumen, the eccentric plaque can not be completely penetrated and 
thus, the adventitial layer is not visible from 12 to 5 o’clock position.
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Plaque geometry

Atherosclerotic coronary arteries contain a highly variable degree of plaque depo-
sition within the artery wall. Atherosclerotic plaque can form a concentric ring 
encroaching the lumen, but will be eccentric with a normal vessel wall sector or 
with relatively big diff erences in vessel wall thickness in the majority of cases [72]. 
Intravascular OCT is hampered to penetrate advanced, thick plaque, irrespective 
of the position of the OCT imaging device within the lumen.

Plaque composition

Th e limited penetration depth into the vessel wall can reduce the sensitivity of 
OCT for diff erent plaque components. An in-vitro study comparing OCT to 
histopathology reported misclassifi cation in 41% of lesions predominantly due to 
a combination of incomplete penetration depth into the vessel wall and a resulting 
diffi  culty to distinguish calcium deposits from lipid pools[73]. Calcium deposits 
as well as lipidic tissues appear signal-poor by OCT. Th ese two tissue types can 
be discriminated by the tissue borders, calcium typically shows very sharp, well 
delineated borders, whereas lipid shows poorly defi ned borders with diff use transi-
tion to the surrounding tissue.

Motion during heart cycle

Epicardial arteries experience signifi cant three-dimensional motion during heart 
cycle. Th is aff ects (a) the vascular dimensions (with a variability of lumen area of 
approx 8% between systole and diastole [74]) (b) the OCT device position within 
the artery (transversal and longitudinal motion) and (c) the image acquisition 
time (Figure 17).

In coronary stents, typical stent imaging artifacts can be observed (Figure 18)

Shadowing behind stent struts

Th e light source used for OCT is unable to penetrate metal resulting in dorsal 
shadowing behind the stent strut. When interpreting OCT images, the thick-
ness of the whole stent strut (including metal and polymer) must be taken into 
consideration rather than only the visible endo-luminal strut surface. Shadow-
ing also limits the interpretation of structures behind the stent strut and this 
remains a limitation of OCT, particularly also given its poor tissue penetration (< 
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Figure 17 In-vivo intracoronary OCT. A) Illustrates the motion artefact during heart cycle in the 
cross sectional view, causing a “seamline” B) illustrates the motion artefact caused in the longitudinal 
view. Note the irregular lumen contour caused by three-dimensional motion of the artery relative to 
the OCT imaging catheter.

 

Figure 18 OCT artefacts in stent imaging. A) Circumferential stent struts are shown covered by a 
thin layer of tissue. Dorsal shadowing is evident behind the stent struts (S) with only the luminal 
surface of the strut visible with OCT. B) demonstrates circumferential stent struts with shadowing 
and bright refl ections caused by saturation of the detector registering the inferogram (arrow) C) 
Arrow indicates a double refl ection between stent and catheter. Th is can occur if a stent strut is 
imaged face-on, and refl ects the OCT beam specularly. Shadows of other stent struts are marked by 
s; stent struts that do not show up as the typical bright dot, but do cast a shadow, are imaged under 
an oblique angle. * is a guide wire artefact. White bar is 1 mm.
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1.5mm). Furthermore, the OCT imaging plane rarely intersects the stent struts 
perpendicularly thereby resulting in shadows much larger than the actual width 
of the stent strut.

Bright refl ections saturating an entire line (spikes)

If the imaging beam hits a strut perpendicularly, it refl ects a very large fraction of 
the beam back towards the catheter. Th is strong signal may saturate the detector 
registering the interferogram, producing a readily recognisable artefact of bright 
radial streaks centered on struts.

Multiple refl ections (stent – catheter – stent)

In a similar geometry, near specular refl ection, light may bounce back between 
catheter and strut more than once. Th e optical catheter itself refl ects part of the 
received lightback into the tissue. Strong refl ectors, such as struts, may produce 
an appreciable signal in the second refl ection. Th e optical path length of light in 
the secondary refl ections doubles that of the primary feature. Hence, a double 
refl ection will show up as anapparent second strut appearing behind the fi rst at 
twice the distance from the catheter.

SPECIAL ISSUES / CONSIDERATIONS / CONTRADICTIONS

Th e unique high-resolution OCT imaging modality permits the analysis of 
coronary structures in great detail. Th e sharp contrast between the lumen during 
fl ushing and the vessel wall allows for a relatively easy image interpretation. It is 
noteworthy that indeed OCT has a high accuracy when compared to histomor-
phometry as discussed earlier, but it also has a remarkably high reproducibility in 
the clinical setting.

Th e measurement accuracy of intracoronary OCT has been established in 
post-mortem human coronary arteries and showed good correlation to histo-
morphometry [75]. However, compared to ex-vivo imaging, quantitative analysis 
of in-vivo intracoronary imaging is more complicated due to the presence of 
blood and motion artifacts during cardiac cycle. Furthermore, the OCT dataset 
acquired during motoized pullback in-vivo is much larger than local imaging of 
selected cross sections as performed in post mortem studies. A pullback through 
the region of interest (ROI) is necessary in order to visualize the three-dimensional 
morphology of the coronary artery. We recently reported on standardized auto-
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mated quantifi cation processes for intracoronary OCT pullback data [20]. Th e 
inter-observer variability for lumen dimensions as measured by computer-assisted 
QOCT was extremely low and in a similar range for both, in-vitro as well for 
in-vivo studies, despite the occurrence of motion induced artefacts during the 
acquisition in-vivo. Similarly, inter-observer variability in complex vessel anatomy 
as represented by chronic coronary stents was very low: the absolute and relative 
diff erence between lumen area measurements derived from 2 observers was low 
(0.02±0.10mm2; 0.3±0.5% respectively) with excellent correlation confi rmed by 
linear regression analysis (R2 0.99; p<0.001). Similarly, in-vivo measurements 
demonstrated a high correlation with the main source of inter-observer variation 
occurring as a result of coronary dissection and motion artefact. Th e absolute and 
relative diff erence between measurements were 0.11±0.33mm2 (1.57±0.05%) for 
lumen area (R2 0.98; p<0.001), 0.17±0.68mm2 (1.44±0.08%) for stent area (R2 
0.94; p<0.001) and 0.26±0.72mm2 (14.08±0.37%) for neointima area (R2 0.78; 
p<0.001).

CONCLUSIONS

OCT has caused intense interest in interventional cardiology. Its application to 
the assessment of coronary stents has been greeted with strong enthusiasm and is 
now also being incorporated into large multi-centre randomised stent trials aimed 
at complementing angiographic and clinical endpoints. Such applications are cur-
rently unique to OCT and, despite the recent progress of non-invasive techniques 
such as 64 multi-slice computed tomography (MSCT), conventional stents still 
represent a challenge to distinguish lumen and intimal hyperplasia within the 
stent. Reports showing that reconstruction of MSCT images using specifi c kernels 
off er good correlation with angiography are encouraging but unlikely to make this 
technique a reliable alternative at the present time.

Th e ability to provide high-resolution imaging in-vivo is the most signifi cant 
concept circumventing the limitations of other imaging modalities such as IVUS 
or the need for multiple animal studies. Refi nements in acquisition speeds with 
OFDI will also make the technique less procedurally demanding and thus able to 
be applied to many more centres, thereby remaining a key tool in the armamen-
tarium of researchers and interventional cardiologists alike.
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Abstract
Aims: Optical coherence tomography (OCT) is increasingly being applied to the coronary arteries. However,

the risks associated with the imaging procedure are not yet well defined. The purpose of the present

multicentre registry was to assess the acute complications associated with the clinical use of intra-coronary

OCT in a large number of patients.

Methods and results: Consecutive patients from six centres who had OCT examination were retrospectively

included. All adverse events and complications, even if transient, were noted. Risks were categorised into:

1) self-limiting 2) major complications including major adverse cardiac events (MACE) and 3) mechanical

device failure. A total of 468 patients underwent OCT examination for evaluation of: plaque (40.0%),

percutaneous coronary intervention (28.2%) or follow-up stent tissue coverage (31.8%). OCT was performed

using a non-occlusive flush technique in 45.3% with a mean contrast volume of 36.6±9.4ml. Transient chest

pain and QRS widening/ST-depression/elevation were observed in 47.6% and 45.5% respectively. Major

complications included five (1.1%) cases of ventricular fibrillation due to balloon occlusion and/or deep

guide catheter intubation, 3 (0.6%) cases of air embolism and one case of vessel dissection (0.2%). There

were no cases of coronary spasm or MACE during or within the 24 hour period following OCT examination.

Conclusions: OCT is a specialised technique with a relatively steep learning curve. Major complications are

uncommon and can be minimised with careful procedural planning and having an awareness of the

potential contributory risks, especially deep guide catheter intubation during contrast flushing. Upcoming

developments will make OCT more practical and less procedurally demanding, also potentially conserving

contrast volume considerably.
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safety, coronary

arteries
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Introduction
Optical coherence tomography (OCT) is an intracoronary imaging

technique using near infrared light with a much higher spatial

resolution than intravascular ultrasound (IVUS). The 15 micron

resolution permits detailed characterisation of the vessel wall giving

new insights into the in vivo characterisation of atherosclerotic

plaque and tissue responses following stent implantation. Unlike

IVUS however, the technique requires flushing of the coronary

artery to allow light transmission with the first generation OCT

system also mandating proximal vessel balloon occlusion. Whilst

the imaging resolution benefits of OCT are clear, the need for a flush

system increases the complexity of the technique, and the risks

associated with this have not been evaluated. The purpose of the

present multicentre registry was, for the first time, to assess the

acute complications associated with the clinical use of intracoronary

OCT in a large number of patients.

Methods

Study population and OCT procedure
We conducted a multicentre registry to evaluate the safety of OCT.

Data from patients undergoing OCT examination in six centres were

reviewed. Consecutive patients who had OCT examination performed

before January 31, 2008 were retrospectively included. Weight

adjusted heparin was administered as standard prior to OCT imaging.

All OCT examinations were carried out using a dedicated optical wire

(ImageWire, LightLab Imaging Inc., Westford, MA, USA) connected to

either the M2 or M3 OCT console (LightLab Imaging Inc., Westford,

MA, USA). All participating centres completed the demographic,

clinical and procedural case information using a uniform data sheet

that was centrally analysed. The indications to perform OCT were

categorised into evaluation of: A), lesion/plaque; B), percutaneous

coronary intervention PCI) (stent apposition); or C), stent tissue

coverage at follow-up. The number of vessels imaged, together with

the OCT flushing strategy (with or without proximal vessel balloon

occlusion, see below) were recorded. OCT exclusion criteria applied

by operators/centres included impaired left ventricular ejection

fraction (<30%), renal impairment (serum creatinine >1.5 mg/dL),

single remaining or tortuous vessel. When the non-occlusive

technique was used, the additional contrast load required to permit

imaging in a blood-free environment was documented.

Flush strategy
Infra-red light is unable to penetrate blood, thus imaging must be

accompanied by transient clearance of the field of view from blood.

In clinical intracoronary OCT, two methods have been established:

1), using a proximal occlusion balloon with flushing of crystalloid

solution through the end hole of the balloon catheter using a power

injector or 2), a non-occlusive approach with contrast flush injection

via the guiding catheter.1

Balloon occlusion method
A low-pressure, short over-the-wire balloon (Helios, Goodman Inc,

Nagoya, Japan) with large inner lumen is advanced over a

conventional guidewire distal to the region of interest. The

guidewire is then replaced with the dedicated OCT imaging wire

and the balloon catheter is positioned in the proximal part of the

vessel. Inflation of the balloon is performed using a dedicated

indeflator to 0.5-0.7 atm during which coronary blood flow is

replaced by continuous infusion of Ringer’s lactate or physiological

saline at a rate of 0.5-1.2 ml/sec using a power injector (e.g. Mark-

V ProVis, Medrad, Inc. Indianola, PA, USA).1-3 A motorised pullback of

the image wire is then commenced at a rate of 1.0 mm/sec to acquire

images.

Non-occlusive technique

As the handling of the OCT image wire is limited by the fact that it

contains an optical fibre and is not comparable to a standard

guidewire with respect to steerability, pushability and torqueability,

its safe passage distal to the region of interest can be facilitated by

use of an over-the-wire catheter (e.g., the single lumen Transit,

Cordis, Johnson & Johnson, Miami, FL, USA or the double lumen

0.023” TwinPass, Vascular Solutions Inc, Minneapolis, Minnesota,

USA). The automated pullback (at 3.0 mm/sec) is then commenced

during simultaneous flushing of viscous iso-osmolar contrast (e.g.

Iodixanol 320, Visipaque™, GE Health Care, Cork, Ireland) through

the guiding catheter. This can be achieved either manually or by

use of an automated power injector (e.g. Mark-V ProVis, Medrad,

Inc. Indianola, PA, USA).1-3

OCT risks

Any complication judged by the operators to have occurred during

or within the immediate 24-hour period following OCT examination

was included, even if transient and with no clinical sequelae.

Risks were categorised into:

1) Self-limiting events

2) Major complications (arrhythmia, embolisation, coronary

dissection or spasm) including major adverse cardiac events

(defined as MI, emergency revascularisation – including percutaneous

or surgical – and death).

3) Mechanical device failure

Furthermore, all risks were classified based on their eventual

outcome as: A), Immediate correction with no specific action

required; B), transient, but requiring specific treatment with

resolution before the patient left the catheterisation laboratory; or C),

required treatment/surveillance following discharge from 

the catheterisation laboratory (including lengthening patient’s

hospitalisation).

Study centres

The six participating centres were located in the Netherlands (one

centre), United Kingdom (two centres), Italy (one centre), Germany

(two centres). The number of OCT studies contributed by each

centre was: Thoraxcenter (Rotterdam, the Netherlands n= 162,

34.6%); Royal Brompton Hospital (London, United Kingdom, n=91

19.4%); St. Giovanni Hospital (Italy, n=85, 18.2%); Helios Heart

Centre (Siegburg, Germany, n=64, 13.7%). Medizinische Poliklinik,

University of Munich (Munich, Germany, n=36, 7.7%) and

Harefield Hospital (Middlesex, United Kingdom, n=30, 6.4%).
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Statistical analysis
Descriptive analyses were used. Results are quoted as percentages

for categorical data or as mean ± standard deviation for continuous

variables. Continuous and categorical variables were compared with

the t-test and the chi-square/Fisher's exact test as appropriate. A

p value of <0.05 was considered significant.

Results

Baseline clinical and procedural characteristics

A total number of 468 OCT examinations were recorded between

June 2004–November 2007. Table 1 shows the baseline clinical

and procedural characteristics. OCT was performed for

plaque/lesion evaluation in 187 (40.0%), PCI evaluation in 132

(28.2%) and for the assessment of stent tissue coverage at follow-

up in 149 (31.8%) of patients. A total of 510 vessels were imaged

(1.1±0.3/patient). The LAD and RCA were the most frequently

imaged vessels. A small proportion of patients had OCT imaging of

the left main coronary artery (1.2%) and a bypass graft (1.0%).

Of the 468 patients, 256 (54.7%) had images acquired during

proximal balloon occlusion while the remaining 212 (45.3%) had

OCT using a non-occlusive technique. In these patients, the

additional mean contrast load used for flushing during OCT imaging

was 36.6±9.4ml.

Risks of OCT

All observed complications are summarised in Table 2. The eventual

outcome of the adverse events and complications encountered is

depicted in Table 3.

1) Self-limiting events
As expected, the most frequent observation was transient chest

pain during OCT image acquisition (47.6%). In all cases this settled

following cessation of imaging and was significantly more frequent

in patients imaged using the occlusive compared to non-occlusive

technique (69.9% vs. 20.8%, p<0.001). In association, transient

electrocardiographic changes were also observed with widening of

the QRS complex or ST-segment depression in 41.0% and ST-

elevation in 4.5%, almost exclusively in those imaged using

proximal vessel balloon occlusion. Sinus brady and tachycardia was

Table 1. Baseline clinical and procedural characteristics.

n=468

Age (yrs) 63.7±9.1

Males 367 (78.4)

Hypertension 264 (56.4)

Diabetes Mellitus 94 (20.1)

Dyslipidaemia 279 (59.6)

Baseline LVEF (%) 61.5±11.2

Prior myocardial infarction 138 (29.5)

Prior coronary artery bypass grafting 23 (4.9)

Prior PCI 247 (52.7)

Clinical presentation
Stable angina 248 (53.0)
Unstable angina 121 (25.9)
ACS/STEMI 99 (21.1)

Indication for OCT
Plaque/lesion assessment 187 (40.0)
PCI assessment (stent apposition) 132 (28.2)
Follow-up stent tissue coverage 149 (31.8)

Target vessel n=510
Number of vessels imaged/patient 1.1±0.3
Left main 6 (1.2)
Left anterior descending 222 (43.5)
Diagonal 14 (2.7)
Right 163 (32.0)
Left circumflex 83 (16.3)
Obtuse marginal 17 (3.3)
Graft 5 (1.0)

OCT System used
M2 323 (69.0)
M3 145 (31.0)

OCT flushing technique
Proximal balloon occlusion technique 256 (54.7)
Non-occlusive technique 212 (45.3)

Mean contrast volume (non-occlusive technique, ml) 36.6±9.4

LVEF-left ventricular ejection fraction; PCI-percutaneous coronary intervention;
ACS-acute coronary syndrome; STEMI-ST elevation myocardial infarction; 
OCT-optical coherence tomography

Table 3. Outcome of adverse events/complications.

Immediate resolution 96.7%
Required specific treatment but resolved 
before leaving the catheterisation laboratory 3.1%
Persisting beyond discharge from catheterisation laboratory 
(including requiring ongoing clinical surveillance) 0.2%

Table 2. Risks of OCT.

All Occlusive Non-occlusive p-value
(n=468) technique technique

(n=256)(n=212)

Self-limiting events
Chest pain 223 (47.6) 179 (69.9) 44 (20.8) <0.001
Widening QRS/ST
depression 192 (41.0) 139 (54.3) 53 (25) <0.001
ST elevation 21 (4.5) 17 (6.6) 4 (1.9) 0.01
Sinus bradycardia 14 (3.0) 11 (4.3) 3 (1.4) 0.07
Sinus tachycardia 10 (2.1) 7 (2.7) 3 (1.4) 0.33
Atrioventricular block 2 (0.4) 2 (0.8) 0 0.19

Major complications

Arrhythmias
Atrial fibrillation 0 0 0 –
Ventricular tachycardia 0 0 0 –
Ventricular fibrillation 5 (1.1) 3 (1.2) 2 (0.9) 0.81

Coronary spasm 0 0 0 –

Dissection 1 (0.2) 1 (0.4) 0 0.36

Perforation 0 0 0 –

Thrombus 0 0 0 –

Air embolism 3 (0.6) 2 (0.8) 1 (0.5) 0.68

Mechanical device failure
Wire tip fracture 1 (0.2) 0 1 (0.5) 0.45

Major adverse cardiac 
events during the procedure 0 0 0 –
or in the 24 hour period post
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infrequently observed and settled promptly following cessation of

imaging. There were two (0.4%) cases of transient atrioventricular

block that spontaneously resolved following deflation of the proximal

occlusion balloon and withdrawal of the catheter.

2) Major complications
Ventricular fibrillation
Ventricular fibrillation (VF) occurred in five (1.1%) patients. In all cases,

sinus rhythm was promptly restored following cessation of OCT imaging

and external defibrillation. Three of the five cases occurred during

proximal balloon occlusion. The two cases seen with the non-occlusive

technique were in the context of deep guide catheter intubation of the

left coronary artery during simultaneous contrast injection.

Air embolism
There were three (0.6%) cases of air embolisation. In one case, this

occurred early on in the procedure, when introducing the guiding

catheter specifically with the intention to perform OCT. Two other

cases occurred during flushing of the crystalloid solution with air

inadvertently introduced during connection of the flush lines. All

cases responded promptly to air aspiration, treatment with nitrates

and in one case, nitroprusside administration.

Coronary dissection
A minor type-A coronary dissection was observed in one (0.4%)

patient as a result of the imaging wire. Coronary blood flow was not

impaired and further treatment was not indicated.

Coronary spasm
There were no cases of coronary spasm observed during OCT imaging.

MACE
There were no MACE observed during or in the 24 hour period

following OCT imaging. In one patient, stenosis was observed at the

site of previous balloon occlusion four months following OCT

evaluation of the LCx. Due to the presence of multivessel coronary

disease with angina, the patient was referred for CABG.

3) Mechanical device failure
Although there was no adverse clinical outcome observed, in one

(0.2%) patient having OCT nine months following stent implantation,

the imaging wire became entrapped amongst stent struts in the LAD

with subsequent fracture at the distal tip. In this case, an over-the-

wire catheter was initially used to advance the wire distally however,

once positioned, was found to be too proximal and within the stent.

Attempts to advance the wire forward resulted in wire entrapment.

Four month follow-up was uneventful with control angiography

showing patent vessel without flow abnormalities.

Discussion
This is the first registry to demonstrate the acute risks related to OCT

imaging in a large number of patients. The high-resolution, together

with advantages over other imaging modalities such as IVUS, have

made OCT very popular for the detailed assessment of

atherosclerotic plaque and coronary stents. As a result, this study

provides essential safety information that will see OCT performed in

a more informed manner, both for operators and patients alike.

Several groups have reported their clinical experience with OCT over

the last few years.2-11 Nevertheless, only limited information about

acute complications of this procedure is available. Recently,

Yamaguchi et al12 examined the feasibility of OCT and IVUS imaging

in 76 patients. Although transient chest pain and electrocardiographic

changes caused by imaging were not considered as part of their

study, there were no adverse events reported following both IVUS and

OCT, with the latter being performed exclusively using the occlusive

method. In contrast, the present study included a large number of

consecutive patients undergoing OCT examination, and recorded all

potential adverse events, even if transient and benign. We believe this

permits a more informed assessment and is therefore representative

of the ‘real world’ application and safety of OCT imaging.

The present study also assessed patients having OCT imaging using

the non-occlusive technique that will, because of its simpler

procedural requirements, become the mainstay method for OCT

image acquisition, eliminating the cumbersome proximal balloon

occlusion requirements. Such developments will be realised in the

not too distant future, with the introduction into clinical practice of

faster image acquisition speeds thanks to optical frequency-domain

technologies.13 Therefore, the expected rise in OCT use is another

reason why comprehensively reporting the safety profile of the

technique remains of paramount clinical importance.

The spectrum of adverse events observed in relation to OCT

imaging in our study was broad. The majority of events recorded

were minor and transient, with chest pain being the most frequent.

This is not surprising as, in a significant proportion of patients

(54.7%), images were obtained during proximal balloon vessel

occlusion. In all cases, the chest pain resolved following cessation

of imaging or deflation of the occlusion balloon. The mechanisms

purporting to link balloon coronary occlusion and chest pain are

complex and include the triggering of several neural responses

stimulating coronary mechanoceptors and vagal/sympathetic

cardiac afferent fibres.14,15

Electrocardiographic changes were observed in almost half the

patients. Such changes are also frequently observed during angioplasty

and stent implantation and are likely reflective of underlying ischaemia.

In addition to ST-segment changes, transient prolongation of the QRS

interval was seen. Although this study was not designed to measure the

QRS interval, prolongation was judged visually during OCT imaging.

This remains a highly sensitive marker of ischaemia during

percutaneous coronary intervention (PCI), even more so than ST-

segment changes and chest pain which is highly subjective.16

Furthermore, coronary occlusion, particularly of proximal or middle

artery segments is directly linked to observations of QRS prolongation.16

The knowledge that almost half of all patients are likely to experience

some level of chest discomfort and/or electrocardiographic changes of

ischaemia during OCT imaging should serve to inform patients prior to

the procedure and, where indicated, encourage the use of pre-

medication, such as short acting analgesics.

The frequency of arrhythmias observed, particularly life-threatening VF

that occurred in five (1.1%) of patients, warrants further analysis.

Several studies have shown the incidence of VF during coronary angio-

plasty is about 1.5%,17,18 with the rate dropping down to around 0.6%

for diagnostic procedures.19,20 In addition to ischaemia, other mecha-

nisms have also been identified including reperfusion, electrolyte

imbalances, coronary instrumentation, osmolarity and electrolyte com-

position of contrast agents and intra-coronary thrombus.21-27
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Iodixanol (Visipaque™, GE Health Care, Cork, Ireland) is the

contrast agent that is preferentially used for flushing during the non-

occlusive method. The advantage lies in its higher viscosity relative

to other agents, which permits optimal blood clearance for OCT

imaging at the given flush volumes through the guiding catheter.

This agent has also been shown to have a lower propensity to cause

VF given its lower osmolality, higher viscosity and higher

concentration of sodium and calcium chloride molecules compared

to other non-ionic media.28-31

In the two cases in which VF occurred during contrast flush, the

operators reported deeply intubating the guide into the left coronary

artery in an attempt to optimally deliver the contrast flush. In

hindsight, this is thought to potentiate the risk of VF with prior

reports showing that the combination of a wedged catheter and

contrast flush is a high-risk situation for inducing VF.25,32,33 Given

that VF also occurred in the patients during the occlusive technique

with flush of crystalloid solution and, therefore no contrast, it is

obvious that other mechanisms are at play, with ischaemia still a

major contributor. Nevertheless, reporting of such events

encourages further work in developing alternative, non-contrast

based flushing solutions that are bio-compatible while eliminating

the potential unwanted effects of contrast agents.

In our experience, the additional contrast volume used for flushing

does not translate into adverse nephrotoxic events. However,

patients with renal impairment are not subjected to OCT imaging. In

such patients, an occlusive technique could be used however

acknowledging its inherent limitations such as an inability to

visualise ostial or very proximal coronary segments. Refinements in

OCT technology with optical frequency domain imaging (OFDI)

permit pullback speeds up to 20 mm/sec hence, a single pullback

could be accomplished within a matter of a few seconds thereby

dramatically reducing the contrast volume needed.13

Other complications, such as dissection and air embolisation are not

specific to OCT and can be observed at any stage of an invasive proce-

dure. Recently Kim et al34 reported a single case of thrombus formation

during elective OCT interrogation of LAD stents at seven months follow-

up. Although this is a potential complication with any arterial instrumen-

tation, we did not observe any such cases in our cohort of patients, all

treated with weight adjusted heparin prior to OCT assessment.

Compared to IVUS, the present study did not identify cases of vessel

spasm with dissection seen in one patient and device related failure in

one patient. Prior IVUS studies found an incidence of 3% of coronary

spasm, in some, also resulting in abrupt vessel occlusion.35 This was

irrespective of the size of the IVUS catheter used.35 Technical failure

of the IVUS system was observed in 0.4% including guide wire

winding or breakage of the catheter.35 Such complications are

fortunately uncommon, but are inherent with invasive procedures

requiring intracoronary catheter manipulation and instrumentation.

The incidence of complications encountered in relation to the OCT

procedure is consistent with safety data from coronary angioscopy.

Similarly, angioscopy requires balloon occlusion during image

acquisition although balloon-related vessel injury has not been shown

to be a problem six months following angioscopic examination.36 The

general trend for OCT image acquisition is to eliminate this aspect,

thereby simplifying the procedure considerably.

Angioscopic technology has also remained rather stagnant over the

years, causing it to be used only by a select few specialised centres

worldwide. In contrast, OCT has rapidly evolved from the initial use

of angioplasty balloons and catheters to dedicated, low profile

materials, all contributing to a safer procedure. Further, OCT

permits the accurate quantification of both plaque and tissue strut

coverage and is also compatible with 6 Fr guiding catheters.

Limitations
This study was a retrospective analysis, however included a large

number of consecutive patients undergoing OCT at different centres.

Also, as OCT is a relative ‘new comer’ to the field of intravascular

imaging, cases from the early phase of OCT technology development

were included in this study meaning that complication rates were

also inclusive of this early experience and might reflect to a certain

degree the learning curve of the technique. Nevertheless, to allow an

informed assessment about the safety profile, all potential adverse

events were included, even if transient and benign.

Conclusions
OCT technology has moved at a rapid pace with greater refinements in

materials and technique already contributing to increased clinical

uptake. Future developments such as optical frequency domain

imaging will see OCT use simplified and therefore become conducive

to more centres and operators worldwide. Nevertheless, OCT is a

specialised technique with a relatively steep learning curve and

therefore, requires adequate proctorship. Major complications are

uncommon and can be minimised with careful procedural planning

and being aware of the potential contributory risks, especially deep

guide catheter intubation during contrast flushing and minimising the

duration of image acquisition in preference for more frequent but

shorter imaging runs. Developments will also make OCT more

practical and less procedurally demanding, also potentially conserving

contrast volume considerably. The benefits in relation to a greater

understanding of coronary artery disease and responses following

stent implantation are enormous, meaning that light-based imaging

will continue to develop well beyond the <current, predominantly

research based applications. Knowledge of the procedural safety

profile is therefore essential to help inform patients and operators.
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Introduction and objectives. The relationship between 

the lumen dimensions obtained in human coronary arteries 

using intravascular ultrasound (IVUS) and those obtained 

using optical coherence tomography (OCT) is not well 

understood. The objectives were to compare the lumen 

measurement obtained ex vivo in human coronary arteries 

using IVUS, OCT, and histomorphometry, and in vivo in 

patients using IVUS and OCT with and without balloon 

occlusion. 

Methods. Ex vivo study: the lumen areas of matched 

anatomical sections of human coronary arteries were 

measured using IVUS, OCT, and histology. In vivo study: 

the lumen areas in matched sections were measured using 

IVUS and OCT with and without occlusion. 

Results. Ex vivo: in the 8 specimens studied, the lumen 

area obtained using OCT and IVUS was larger than that 

obtained using histomorphometry: mean difference 0.8 (1) 

mm² (28%) for OCT and 1.3 (1.1) mm² (40%) for IVUS. In 

vivo: in the 5 vessels analyzed, the lumen area obtained 

using IVUS was larger than that obtained using OCT: mean 

difference 1.67 (0.54) mm² (33.7%) for IVUS relative to OCT 

with occlusion and 1.11 (0.53) mm² (21.5%) relative to OCT 

without occlusion. The lumen area obtained using OCT 

without occlusion was larger than that obtained using OCT 

with occlusion: mean difference 0.61 (0.23) mm² (13%). 

Conclusions. In fixed human coronary arteries, both 

IVUS and OCT overestimated the lumen area compared 

with histomorphometry. In vivo the lumen dimensions 

obtained using IVUS were larger than those obtained 

using OCT, with or without occlusion. Moreover, the OCT 

image acquisition technique (ie, with or without occlusion) 

also had an impact on lumen measurement. 

Key words: Optical coherence tomography. Intravascular 

ultrasound. Lumen dimensions. Ex vivo. In vivo. 

Intracoronary imaging.

Comparación cuantitativa ex vivo e in vivo de las 
dimensiones del lumen medidas por tomografía 
de coherencia óptica y ecográfica intravascular 
en arterias humanas

Introducción y objetivos. La relación entre las 

dimensiones del lumen medidas por ecografía intravascular 

(IVUS) y tomografía de coherencia óptica (OCT) en arterias 

coronarias humanas no es bien conocida. Los objetivos 

son comparar las dimensiones del lumen en IVUS, OCT 

e histología en arterias coronarias humanas ex vivo, y 

comparar in vivo las dimensiones del lumen obtenidas 

en pacientes con IVUS, OCT con oclusión y OCT sin 

oclusión.

Métodos. Estudio ex vivo: el área luminal se midió en 

secciones anatómicas correspondientes en IVUS, OCT 

e histología en arterias coronarias humanas. Estudio in 

vivo: el área luminal se midió en regiones correspondien-

tes en IVUS y OCT con y sin oclusión.

Resultados. Ex vivo: en las 8 muestras estudiadas, el 

área del lumen fue más grande en IVUS y OCT que en 

histología —diferencia media, 0,8 ± 1 mm2 (28%) para 

OCT y 1,3 ± 1,1 mm2 (40%) para IVUS—. In vivo: en los 

cinco vasos analizados las dimensiones del lumen fue-

ron más grandes en IVUS que en OCT —diferencia área 

media del lumen, 1,67 ± 0.54 mm2 (33,7%) para IVUS y 

OCT con oclusión y 1,11 ± 0.53 mm2 (21,5%) para IVUS 

y OCT sin oclusión—. Las dimensiones del lumen fueron 

más grandes en OCT sin oclusión que en OCT con oclu-

sión —diferencia media, 0,61 ± 0,23 mm2 (13%).

Conclusiones. En arterias coronarias humanas fijadas, 

IVUS y  OCT sobrestimaron el área del lumen en com-

paración con la histología. In vivo, las dimensiones del 

lumen fueron más grandes en IVUS que en OCT con o 

sin oclusión. La técnica de adquisición de OCT (con o sin 

oclusión) influye en las dimensiones del lumen. 

Palabras clave: Tomografía de coherencia óptica. IVUS. 

Dimensiones del lumen. Ex vivo. In vivo. Imagen intraco-

ronaria.

SEE EDITORIAL ON PAGES 599-602
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formaldehyde. Standard 6 F coronary sheaths 
(Arrow, Reading, PA, USA) were introduced and 
fixed at the distal and proximal ends of the arteries.

Intracoronary Imaging 

For intracoronary imaging, the specimens were 
immersed in a saline bath at room temperature 
and perfused with saline at physiologic pressure. 
IVUS data were acquired using the Atlantis™ 
40 MHz catheter with an automated motorized 
pullback device at a constant speed of 0.5 mm/s. 
OCT data were acquired using a commercially 
available system for intracoronary imaging and a 
0.019” ImageWire™ (LightLab Imaging, Westford, 
MA, USA) with automated pullback at 1 mm/s. 
Lumen measurements in both IVUS and OCT were 
performed with the same dedicated coronary vessel 
analysis software (CURAD, Wijk bij Duurstede, 
Netherlands).4-6 

Histology Preparation and Analysis

Following the intracoronary imaging procedures, 
the specimens were sectioned for histological 
analysis. The distal side of the bifurcation of the 
LAD to the LCX was used as the starting point for 
the first histology section. From this point to the 
distal and proximal side, histology sections were 
taken at 5-mm intervals to the end of the specimen.7

Matching Procedure 

The OCT and IVUS pullbacks were matched 
by vessel analysis software (CURAD), which can 
synchronize image data acquired with different 
modalities onto a single computer screen. 
The proximal and distal sheaths were used as 
longitudinal landmarks. After histology tissue 
processing, the sections (eg, microscopic images) 
were used to identify the corresponding location in 
the OCT image data set based on the similar visual 
appearance of the lumen morphology. Following 
this identification process, the visualization software 
synchronized the OCT and the IVUS image data 
sets and identified the corresponding IVUS image8 
(Figure 1). To avoid the Dotter effect, only cross-
sections where the IVUS catheter was moving freely 
in the lumen were selected. 

In Vivo Human Coronary Arteries 

Study Population

Patients who were undergoing OCT examination 
of 1 coronary artery were included in the study. 
The medical ethics committee of the Erasmus MC 

INTRODUCTION

Optical coherence tomography (OCT) is a new 
intracoronary imaging modality that provides in 
vivo high-resolution images of the coronary artery.1 
The OCT imaging technique is, in general, similar to 
that of intravascular ultrasound (IVUS), but whereas 
IVUS works by applying radiofrequency radiation, 
OCT uses light radiation. In both techniques the 
imaging probe is automatically pulled back through 
the coronary segment of interest. In contrast to 
IVUS, in OCT acquisition the coronary vessel needs 
to be cleared of blood. This is necessary since red 
blood cells are non-transparent causing multiple 
light scattering and substantial signal attenuation. 
This was achieved in the first commercially available 
OCT system by proximal occlusion of the vessel with 
a dedicated low-pressure balloon and simultaneous 
distal flush delivery (occlusive technique) during 
OCT probe pullback.2 However, the recent increase 
in pullback speed (from 1 mm/s to 3 mm/s) enabled 
OCT pullback while displacing blood by continuous 
flush (x-ray contrast medium) delivery through the 
guide catheter without the need for vessel occlusion 
(non-occlusive technique).3 The impact of these 2 
different acquisition techniques on lumen dimension 
when measured by OCT has not yet been reported. 

The present study had 2 aims: to compare lumen 
size when measured by IVUS, OCT and histology 
in human coronary arteries ex vivo; to compare, 
in vivo, intracoronary lumen size when measured 
in patients by OCT with balloon occlusion, OCT 
without balloon occlusion, and IVUS.

METHODS

Ex Vivo Human Coronary Arteries

Specimens

Ten left anterior descending coronary artery 
(LAD) segments were excised within 24 h post-
mortem, 1 cm proximal to the bifurcation with 
the left circumflex artery (LCX) and fixed in 4% 

ABBREVIATIONS

IVUS: intravascular ultrasound
LAD: left anterior descending coronary artery 
LCX: left circumflex artery
MLA: minimum lumen area
OCT: optical coherence tomography
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Non-occlusive technique: the ImageWire was 
placed in the artery using a double lumen catheter 
(Twin Pass catheter, Vascular Solutions). 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. In this case, the 
automated pullback rate was 3 mm/s. 

The lumen measurements were performed with 
proprietary software for offline analysis (LightLab 
Imaging, Westford, MA, USA). For all OCT studies, 
the settings for the refraction index were adjusted to 
the flush solution used (saline, Ringer's lactate, and 
x-ray contrast, respectively).

Matching of OCT and IVUS Pullbacks 

The region of interest was matched in the 3 
pullbacks (occlusive OCT, non-occlusive OCT, and 
IVUS) using landmarks such as side branches (Figure 
2). Differences in pullback speed were adjusted to 
appropriately compare the 2 OCT pullbacks per 
frame. 

Statistical Analysis

Statistical analysis was performed using SPSS 
12.0.1 for Windows (SPSS, Chicago, IL, USA). 
Continuous variables are expressed as mean 
(standard deviation) and categorical variables are 
expressed as percentages. The absolute and relative 
differences between measurements obtained with 
the different techniques were calculated. The relative 
difference was defined as the absolute difference 
divided by the average. Data are also expressed in 

approved the study and all patients gave written 
informed consent.

IVUS Acquisition and Analysis

IVUS was acquired after intracoronary nitro-
glycerine administration using the Eagle Eye 20 
MHz catheter (Volcano, Rancho Cordova, USA) 
with automatic continuous pullback at 0.5 mm/s. 
Before analysis, the IVUS data were retrospectively 
processed with an image-based gating system 
(Intelligate).9 The lumen was measured with 
the dedicated quantitative analysis software 
(CURAD).4,5

OCT Acquisition and Analysis

Optical coherence tomography acquisition was 
performed using the same system as described for 
the ex vivo study. Firstly, pullback was performed 
with proximal balloon occlusion and distal flush 
delivery, after which pullback was performed in the 
same segment without occlusion.

Occlusive technique: the occlusion balloon (Helios, 
Goodman, Japan) was advanced distal to the region 
of interest over a conventional angioplasty guidewire 
(0.014’’). The conventional guidewire was then 
replaced by the OCT ImageWire and the occlusion 
balloon catheter was positioned proximal to the 
segment of interest. Pullback of the ImageWire was 
performed during inflation of the proximal occlusion 
balloon catheter at low pressure (0.4 atm) with 
simultaneous distal flush delivery (lactated Ringer's 
solution at 37oC; flow rate 0.8 mL/s). Images were 
acquired during pullback at 1 mm/s.

Figure 1. Matching of IVUS, OCT, and 
histology ex vivo. The distal side of 
the bifurcation of the LAD to the LCX 
(*) was used as the starting point for 
the first histology section. From this 
point to the distal and proximal side, 
histology sections were taken at 5-mm 
intervals to the end of the specimen 
(A). The histology sections (B) were 
used to identify the corresponding 
location in the OCT image data set (C) 
based on the similar visual appearance 
of the lumen morphology. Following 
this identification, the visualization 
software synchronized the OCT and 
IVUS image data sets and identified 
the corresponding IVUS image (D).

Distal LAD Main Stem Proximal

LCX

5 mm 5 mm 5 mm 5 mm 5 mm
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was obtained in 35 frames. Overall, the mean 
lumen, plaque and vessel area when measured by 
histomorphometry were 2.5 (1.7) mm2, 3.7 (1.9) mm2, 
and 7.6 (3.2) mm2, respectively. The mean percentage 
of stenosis was 59% (18%).

Bland-Altman and regression analyses were 
performed on the lumen area measurements between 
the 3 imaging modalities (Figure 3). The average 
relative differences of the lumen measurements were 
28% between OCT and histology, 40% between 
IVUS and histology, and 11% between IVUS and 
OCT. 

In Vivo Human Coronary Arteries

Clinical and Procedural Characteristics

Five patients (5 vessels) were included in the 
study. The average age was 61.2 (8.9) years and 4/5 
were male. Three out of 5 had hypertension, 1 of 5 
had diabetes, 4 of 5 had hyperlipidemia, and none 
were smokers. The imaged vessel was the LAD in 
1 case and the LCX in the other 4 cases. Only 1 
patient presented chest pain and ST depression 
during acquisition with balloon occlusion, which 
disappeared immediately after balloon deflation.

Comparison Lumen Measurements With OCT 
and IVUS

Overall, the mean lumen, plaque, and vessel area 
measured by IVUS were 6.3 (1.0) mm2, 6.9 (1.4) 
mm2, and 13.3 (1.7) mm2, and mean cross-sectional 
area stenosis was 52% (6%). 

Comparison IVUS and OCT With Occlusion

The mean relative difference for the mean lumen 
area was 33.7%, and the mean absolute difference 
for the mean lumen area was 1.67 (0.54) mm2, with 
limits of agreement of 0.62-2.73 mm2 (Table 1). The 
mean relative difference for the minimum lumen 
area (MLA) between IVUS and OCT with occlusion 
was 55.5%, and the mean absolute difference was 
1.90 (0.37) mm2, with limits of agreement of 1.17-
2.63 mm2.

Comparison IVUS and OCT Without Occlusion

The average relative difference for the mean lumen 
area was 21.5%, and the absolute difference was 1.11 
(0.53) mm2, with limits of agreement of 0.05-2.14 
mm2 (Table 2). The average relative difference for 
MLA was 29%, and the average absolute difference 
was 1.10 (0.37) mm2, with limits of agreement 0.37-
1.83 mm2.

Bland-Altman plots showing the absolute difference 
between corresponding lumen measurements for 
both techniques (y-axis) versus the average of both 
techniques (x-axis). The limits of agreement were 
calculated as the mean difference (+2SD). 

RESULTS

Ex Vivo Human Coronary Arteries

Intravascular ultrasound and OCT were 
successfully performed in 8 out of 10 specimens. 
Intracoronary imaging was not possible in 2 cases 
due to the lumen being totally occluded. A good 
match between OCT, IVUS, and histology images 

Figure. 2. Selection of the region of interest in OCT pullbacks acquired 
with and without occlusion. PB1 and PB2 show the longitudinal view of 
the pullbacks acquired with and without occlusion, respectively. The white 
arrows indicate the side branches (SBA and SBB) used for matching of the 
region of interest. 1A and 2A show corresponding cross-sections of SBA 
with and without occlusion. 1B and 2B show corresponding cross-sections 
of the SBB with and without occlusion.
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TABLE 1. Differences in the Mean and Minimum Lumen Area (MLA) Between IVUS and OCT Pullbacks Acquired 

With the Occlusive technique

Vessel Mean Lumen  Mean Lumen Absolute Difference MLA IVUS, MLA OCT Absolute % 
 Area IVUS,  Area OCT Difference, %  mm2 Occlusion, Difference, Difference 
 mm2 Occlusion, mm2 mm2   mm2 mm2 

1 5.57 (0.93) 3.40 (0.89) 2.17 48.50 4.04 1.89 2.15 72.51
2 6.76 (0.73) 5.53 (0.75) 1.23 20.02 5.33 3.74 1.59 35.06
3 7.81 (0.74) 6.58 (0.95) 1.23 17.09 6.35 4.91 1.44 25.58
4 5.21 (0.53) 2.87 (0.55) 2.34 57.77 4.10 1.78 2.32 78.91
5 6.19 (2.32) 4.81 (2.29) 1.38 25.06 4.06 2.05 2.01 65.79

Values are expressed as mean (SD).

Figure 3. Lumen measurements in ex vivo coronary arteries. Bland-Altman plots showing the differences in lumen measurements between OCT and 
histology (A), IVUS and histology (B), and OCT and IVUS (C). Correlation for lumen measurements between OCT and histology (A’), IVUS and histology (B’), and 
OCT and IVUS (C’).
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(P=.96). Bland-Altman and regression analyses 
were also performed for these measurements 
(Figure 5). 

The mean absolute and relative differences for 
mean lumen area were 0.61 (0.23) mm2 (13%) (limits 
of agreement, 0.15-1.07 mm2). The mean absolute 
and relative differences for MLA were 0.80 (0.21) 
mm2 (28%) (limits of agreement, 0.37-1.23 mm2) 
(Tables 3 and 4).

Comparison of the Lumen Measurements 
by OCT With and Without Occlusion

For the comparison of lumen dimensions 
when measured by OCT, 373 matched frames 
obtained with and without occlusion were 
analyzed (Figure 4). The mean length of the 
region analyzed was 11.34 (3.87) mm with 
occlusion and 11.23 (3.86) mm without occlusion 

TABLE 2. Differences in the Mean and Minimum Lumen Area (MLA) Between IVUS and OCT Pullbacks Acquired 

With the Non-occlusive Technique

Vessel Mean Lumen  Mean Lumen Absolute % MLA IVUS, MLA OCT Absolute % 
 Area IVUS, mm2 Area OCT  Difference, Difference mm2 Non-occlusion, Difference, Difference 
  Non-occlusion, mm2 mm2    mm2 mm2  

1 5.57 (0.93) 3.83 (0.72) 1.74 37.04 4.04 2.76 1.28 37.65
2 6.76 (0.73) 5.90 (0.63) 0.86 13.59 5.33 4.16 1.17 24.66
3 7.81 (0.74) 7.39 (1.01) 0.42 5.52 6.35 5.86 0.49 8.03
4 5.21 (0.53) 3.68 (0.55) 1.53 34.47 4.10 2.61 1.49 44.41
5 6.19 (2.32) 5.24 (2.08) 0.95 16.70 4.06 2.99 1.07 30.35

Values are expressed as mean (SD).

Figure 4. Example of differences in lumen measurements between OCT with and without occlusion. The figure shows corresponding images acquired with 
occlusion (A, B, and C) and without occlusion (A’, B’, and C’). The white arrows indicate the landmarks used for matching of the pullbacks (side branches in A 
and C and calcium spot in B). In all the examples, the lumen dimensions are smaller in the pullback acquired with occlusion.

Lumen Area 6.43 mm2 Lumen Area 5.70 mm2 Lumen Area 7.66 mm2

Lumen Area 8.87 mm2Lumen Area 6.12 mm2Lumen Area 6.75 mm2
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Figure 5. Comparison of lumen 
measurements with optical coherence 
tomography (OCT) with and without 
occlusion. Bland-Altman plot showing 
the differences between lumen 
measurements in OCT pullbacks 
acquired with the occlusive and non-
occlusive technique (A). Correlation 
between the lumen measurements in 
the OCT pullbacks acquired with and 
without occlusion (B).

TABLE 3. Differences in the Mean Lumen Area Between OCT Pullbacks Acquired With the Occlusive and  

Non-Occlusive Technique

Vessel Mean Lumen Area Occlusive, mm2 Mean Lumen Area Non-occlusive, mm2 Absolute Difference, mm2 % Difference

1 3.40 (0.89) 3.83 (0.72) 0.43 12.00
2 5.73 (0.89) 6.20 (0.95) 0.47 7.87
3 6.58 (0.95) 7.39 (1.01) 0.81 11.58
4 3.10 (0.78) 4.02 (0.91) 0.92 25.90
5 4.81 (2.29) 5.24 (2.08) 0.42 8.45
Average 4.72 (1.49) 5.34 (1.49) 0.61 (0.23 13.16

Values are expressed as mean (SD).

TABLE 4. Differences in the Minimum Lumen Area (MLA) Between OCT Pullbacks Acquired With the Occlusive 

Non-occlusive Technique

Vessel MLA occlusive, mm2 MLA Non-Occlusive, mm2 Absolute Difference, mm2 % Difference

1 1.89 2.76 0.87 37.42
2 3.74 4.16 0.42 10.63
3 4.91 5.86 0.95 17.64
4 1.78 2.61 0.83 37.81
5 2.05 2.99 0.94 37.30
Average 2.87 (1.39) 3.67 (1.36) 0.80 (0.21) 28.16

Values are expressed as mean (SD).
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lumen measurements obtained by OCT and 
compared to quantitative IVUS has not yet been 
reported. The present study showed the following: 
a) in fixed human coronary arteries, both OCT and 
IVUS overestimated the lumen area compared to 
histology; b) lumen dimensions when measured by 
IVUS are larger than those when measured by OCT 
with or without occlusion in vivo; and c) the OCT 
acquisition technique (occlusive or non-occlusive) 
has an impact on lumen dimension measurements. 

Differences in Lumen Measurements Between 
IVUS, OCT, and Histology

In the present study, the lumen areas when 
measured by IVUS and OCT were larger than 
those measured by histology in fixed human 
coronary arteries. The mean differences with 
histomorphometry were 0.8 mm2 (28%) for OCT and 
1.3 mm2 (40%) for IVUS. These results are in line 
with a previous study in stented porcine coronary 
arteries that showed that lumen area was largest 
when measured by IVUS, followed by OCT, and was 
smallest when measured by histology.21 However, it 
should be borne in mind that the ex vivo processing 
of the specimen for histology analysis may have had 
an influence on lumen size. It is well established that 

The mean lumen volumes were 55 (29.5) and 60.4 
(30.4) mL3 with and without occlusion, respectively, 
with a relative difference of 11.7%. The mean 
absolute difference was 5.4 (2.7) mL3 and the limits 
of agreement were 0.0-10.7 mm3. 

DISCUSSION

Optical coherence tomography is emerging as 
one of the most promising intracoronary imaging 
modalities due to its capacity to provide very 
high-resolution images of the coronary vessel 
wall. It enables the very detailed assessment of 
atherosclerotic plaque and the interaction between 
implanted coronary stents and the vessel wall.10,11 
In recent years, there has been continuous technical 
development that has led to changes in the OCT 
acquisition technique (changing from the need to 
occlude the vessel to a non-occlusive procedure) 
which have simplified the use of the technology 
and reduced patient discomfort.12,13 However, even 
though the non-occlusive technique is currently 
gradually replacing the occlusive technique in many 
centers, it remains “off-label.” Furthermore, many 
of the recently published OCT data were obtained 
by using the occlusive technique.14-20 The impact of 
the acquisition technique in relation to quantitative 
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Figure 6.  Intracoronary pressure 
recorded during saline or contrast 
injection. The figure shows the ECG 
(red) and intracoronary pressure 
(blue) records obtained in a left 
anterior descending coronary artery 
during injection of saline or contrast 
medium (Iodixanol 370). The distal 
intracoronary pressure was registered 
using the RADI pressure wire. The 
saline injection at 3 mL/s did not 
significantly modify intracoronary 
pressure (A). However, an increase 
in intracoronary pressure can be 
observed during contrast injection at 3 
mL/s, (B). *Ventricular extrasystole.
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implications if OCT is going to be used to define 
lesion severity. An MLA <4 mm2 has been associated 
with myocardial ischemia and has been considered a 
criterion for coronary lesion revascularization. In the 
present study, whereas all the patients had an MLA 
>4 mm2 when measured by IVUS, 4 out of 5 patients 
had an MLA <4 mm2 when measured by OCT with 
occlusion. All the patients were asymptomatic and 
were not treated. This reinforces the idea that IVUS 
criteria cannot be directly translated to OCT and 
emphasizes the need for new specific cut-off points 
to define lesion severity by OCT. 

Impact of OCT Acquisition Technique  
on Lumen Measurements

The present report consistently shows that the 
mean and minimum lumen areas were smaller when 
OCT was performed with balloon occlusion than 
acquisitions without occlusion. These differences 
could be related to the decrease of intracoronary 
pressure due to the vessel occlusion that is not 
completely compensated by continuous flush 
injection. Furthermore, the injection of contrast 
medium during the non-occlusive procedure 
increases intracoronary pressure (Figure 6). These 
phenomena are likely to be more accentuated in 
healthy arteries and in coronary segments not treated 
with bare-metal stents (as in this study). The relative 
differences were higher in smaller vessels, suggesting 
that they may have a greater tendency to collapse 
after occlusion. 

Limitations

Even though a complex matching process was 
used, the difference in slice thickness between 
IVUS, OCT, and histology cross-sections may have 
influenced the results of the ex vivo study. The main 
limitations of the in vivo study are the small sample 
size and the limited type of coronary segments 
that could be analyzed. More data are needed to 
evaluate the quantitative differences between OCT 
pullbacks acquired with different techniques and 
IVUS in human coronary arteries treated with bare-
metal stents. Further studies with a larger sample 
size and using different types of coronary segments 
are warranted before definite conclusions can be 
drawn. 

CONCLUSION

In fixed human coronary arteries, both OCT 
and IVUS overestimated lumen areas compared to 
histomorphometry. Lumen dimensions measured by 
IVUS are larger than those measured by OCT with 
or without occlusion in vivo. The OCT acquisition 

tissue shrinkage occurs in different phases when 
preparing specimens for histology.22

Regarding the comparison of IVUS and OCT, 
our in vivo data are in agreement with the ex 
vivo findings. In our study, the lumen dimensions 
measured by IVUS in living patients were always 
higher than those measured by OCT with or without 
balloon occlusion. There are several studies in the 
literature comparing lumen dimensions measured 
by IVUS and OCT with occlusion that show 
contrasting results. Kawase et al, performed IVUS 
and OCT with occlusion in vivo in 6 coronary 
arteries in pigs and reported no differences in lumen 
areas and volumes between IVUS and OCT with 
occlusion.23 However, another study in pigs with a 
larger sample size reported an absolute difference 
of 0.49 mm2 between mean lumen area by IVUS 
and OCT acquired with the occlusive technique in 
stented segments.21 Yamaguchi et al evaluated in 
vivo differences in humans and found that the MLA 
was significantly smaller when measured by OCT 
with occlusion than when measured with IVUS 
(mean difference, 0.4 mm2). The greater differences 
found in our data could be explained by the fact that 
we did not include coronary segments treated with 
bare-metal stents. Bare-metal stents are probably 
less affected by variations in intracoronary pressure 
caused by proximal vessel occlusion as they have 
considerable radial strength. 

To our knowledge, no published studies have 
reported differences in measurements between IVUS 
and OCT acquired with the non-occlusive technique. 
In the present study, the lumen dimensions were even 
larger by IVUS, but the differences, as expected, 
were smaller than with occlusion. 

The greater overestimation of lumen dimensions 
when measured by IVUS compared to OCT could be 
related to the difficulty in differentiating the lumen 
border by IVUS due to blood speckle or presence of 
artefacts.24 OCT shows the lumen-intima interface as a 
sharply defined border, clearly visible in most cases.25 
IVUS also overestimates the lumen area compared 
to quantitative angiography measurements (both by 
videodensitometry and edge detection).26-28 In our 
study, the differences between lumen measurements 
by IVUS and OCT were higher in vivo than ex vivo. 
This could be related to the frame selection for in 
vivo analysis. The IVUS pullback obtained in vivo 
was processed with a gating system that selects end-
diastolic frames (the moment in the cardiac cycle 
when the vessel is biggest), whereas OCT pullback is 
not gated and therefore the frames could correspond 
to any moment in the cardiac cycle. Previous IVUS 
studies have suggested a variation in lumen area 
during the cardiac cycle in the range of 8%.29 

The differences found between lumen size when 
measured by IVUS and OCT may have clinical 
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technique (occlusive or non-occlusive) has an impact 
on quantitative lumen dimension measurements. 
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Abstract
Aims: To assess the inter- and intra- observer reproducibility for strut count, strut apposition and strut tissue

coverage measurements with optical coherence tomography (OCT).

Methods and results: Ten drug-eluting stents (244 frames, 1712 struts) imaged with OCT nine months after

implantation were analysed by two independent analysts. One of the analysts repeated the analysis of five

stents (120 frames, 795 struts) one week later. Offline analysis was performed with the proprietary LightLab

Imaging software. The number of struts was counted and lumen and stent area contours were traced.

Tissue coverage thickness was measured at 360 degrees of vessel circumference and in front of every

individual strut. The number of malapposed struts was determined. There was good agreement for strut

number count (Kendall’s Tau-b 0.90 for inter- and 0.94 for intra- observer variability). The relative

difference for lumen area, stent area and tissue coverage measurements was around 1%. There was

complete inter- and intra- observer agreement for malapposed struts classification (4 out of 1708 struts,

Kappa=1).

Conclusions: In a Corelab setting, the inter- and intra- observer reproducibility for strut count, strut

apposition and strut tissue coverage measurements with OCT is excellent. This emphasises the value of

OCT as a tool for the clinical long-term assessment of stents.
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Introduction
Optical Coherence Tomography (OCT) is a light-based imaging

modality that can provide in vivo high-resolution images of the

coronary artery1. This technique offers the possibility of identifying

coronary stents and individual stent struts2. Further, it is able to

provide detailed information about struts apposition and tissue

coverage. This is of special interest in drug-eluting stents (DES) in

which the neointimal proliferation is inhibited to such an extent that

it might not be visualised with conventional intravascular ultrasound

(IVUS)3. Animal studies demonstrated good correlation between

intracoronary OCT and pathology for neointimal thickness

measurements4,5. However, no criteria have been established for

the quantitative analysis of stents on a per strut level with OCT. The

objective of the present study was to assess the inter- and intra-

observer reproducibility for strut count, strut apposition and strut

tissue coverage measurements with OCT.

Methods

Study population

Ten stents (244 frames, 1712 struts) were analysed in eight

asymptomatic patients undergoing an intracoronary OCT study nine

months after sirolimus (Cypher Select, Cordis, Johnson & Johnson,

Miami, FL, USA; 40%) or biolimus-eluting (Biomatrix III,

Biosensors, Morges, Switserland; 60%) stent implantation. The

target vessel was the LAD in 50%, the LCX in 20% and the RCA in

the 30% of the cases. 

OCT acquisition

The OCT acquisition was performed using a commercially available

system for intracoronary imaging (LightLab Imaging Inc, Westford,

MA, USA). The ImageWire (LightLab Imaging Inc, Westford, MA,

USA) consists of an optical fibre core (125 μm) covered by a

protective sheath with a maximum outer diameter of 0.019”. It was

positioned distal to the region of interest using a double lumen

catheter (Twin Pass catheter, Vascular Solutions Inc, Minneapolis,

MN, USA) that had been previously placed in the artery over a

conventional guidewire. The automated pullback was performed at

3 mm/s while the blood was removed by the continuous injection of

iso-osmolar contrast (Iodixanol 370, Visipaque™, GE Health Care,

Ireland) at 3 ml/s through the guiding catheter. The data was stored

on CD for offline analysis.

OCT quantitative analysis

The analysis was performed with the proprietary LightLab software

for off-line analysis (LightLab Imaging, Westford, MA, USA). The

data was imported in the workstation using the LightLab database

format. 

Z-OFFSET CORRECTION
The Z-Offset was adjusted in the catheterisation laboratory before

image acquisition while holding the ImageWire between two fingers.

The Z-Offset is set properly when the ImageWire sheath is aligned with

the yellow fiducials in the OCT image. During image acquisition, the

optical fibres can stretch, especially at the beginning of the pullback.

This may produce changes in the size of the Z-Offset along the

pullback that can affect the accuracy of the measurements. Therefore,

the Z-Offset was checked and modified if necessary in all the pullbacks

before performing any measurement. To correct the Z-offset in saved

pullbacks, a frame in which the ImageWire sheath was in direct

contact with the vessel wall was selected. In this frame the Z-Offset was

corrected aligning the ImageWire sheath and the vessel wall with the

yellow fiducials. This value of the Z-Offset was applied at the beginning

of the pullback. If needed, the Z-Offset was recalibrated again along

the pullback. The corrected Z-Offset was the same for both analysts. 

DEFINITION OF THE REGION OF INTEREST AND
FRAME SELECTION
The region of interest (ROI) comprised the stented region and the

reference segments. The ROI was systematically analysed in 1 mm

longitudinal intervals throughout the pullback. The stented region

was defined as the region comprised between the first and the last

frame with circumferentially visible struts. The reference segments

were defined as the 5 mm proximal and distal to the stent. Frames

were excluded when more than 45° of the lumen border was not

visible and when they presented severe artefacts such as

incomplete blood clearance or non-uniform rotation distortion.

When a frame was not analysable an alternative frame located

within the two proximal or distal frames was selected for analysis.

No overlapping stent segments were included in the analysis.

LUMEN ANALYSIS
The lumen contour was obtained with an automated detection

algorithm available in the LightLab proprietary software and

additional manual corrections were performed if necessary. 

STENT ANALYSIS
Strut definitions

stent struts can show different appearances in OCT. In the present study

structures were considered struts according to the following definitions.

a) Highly reflective surfaces (metal) with cast dorsal, radial shadows.

b)Highly reflective surfaces without dorsal shadowing.

c) Sector shaped shadows with sharp defined borders radial to the lumen. 

Stent area
The stent contour was traced using a multiple point detection

function. A support point for the contour was set in the middle of the

endoluminal border of each stent strut. A semi-automated contour

was then applied linking the points.

STRUTS COVERAGE DEFINITIONS AND MEASUREMENTS
The tissue coverage area was calculated as stent area minus lumen

area. Assessment of tissue coverage thickness was performed using a

new function of the software which provides 360 degrees

measurements, at 1 degree incremental, around the circumference

of a given cross sectional image, developed in collaboration by

Cardialysis-Cleveland, Cardialysis-Rotterdam and Lightlab (Figure 1).

Abbreviations and acronyms
OCT: optical coherence tomography

DES: drug-eluting stent

ROI: region of interest
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This also permits the measurement of the tissue located in front of

every strut that was defined as strut coverage. The mean, maximum

and minimum tissue coverage per strut were calculated.

MALAPPOSITION DEFINITIONS AND MEASUREMENTS
Malapposition was defined as separation of at least one stent strut

from the vessel wall. To evaluate apposition by OCT, especially with

DES, some considerations must be taken into account. Most DES

are constituted by a metal body covered by a polymer. Since OCT

can show only the endoluminal surface of the strut due to limited

penetration through the metal, strut and polymer thickness must be

considered in assessing apposition for each type of stent design.

For the present study, a strut was considered malapposed if the

distance from its endoluminal surface to the vessel wall was higher

than the sum of the metal and polymer thickness (Figure 2). 

Reproducibility design

The reproducibility for the struts count and the malapposition

and tissue coverage thickness measurements were tested

independently. 

STRUT COUNT REPRODUCIBILITY
In order to assess the inter-observer variability for the struts count,

two experienced observers analysed independently 100 cross

sections and counted the number of struts in each one. To test the

intra-observer variability one of the two observers repeated the

analysis of 50 randomly selected cross sections one week later.

STRUT APPOSITION AND TISSUE COVERAGE
REPRODUCIBILITY
Two experienced observers analysed independently 10 stents in order

assess the inter-observer variability for the struts apposition and tissue

coverage measurements. One of the observers repeated the analysis in

five of the cases one week later to evaluate the intra-observer variability.

Statistical analysis
The agreement of the number of struts counted in the same frame

was estimated by calculating the Kendall’s Tau-b rank correlation

coefficient with its 95% confidence interval. 

The inter and intra-observer reproducibility for lumen, stent and

tissue coverage measurements were tested at three levels: per

stent, per frame and per strut.

On a per stent level the mean and minimum lumen and stent area

and the mean lumen and stent diameters were compared. The

mean tissue coverage area and the mean, minimum and maximum

tissue coverage thickness and strut coverage were also compared.

The lumen, stent and tissue coverage volume were calculated by

the Trapezoidal rule. In the proximal and distal reference, the mean

luminal area, diameter and volume were compared. 

On a per frame level, the luminal and stent areas and diameters

were compared as well as the tissue coverage area and the mean,

minimum and maximum tissue coverage thickness and strut

coverage. In the frames corresponding to the proximal and distal

edge, the mean luminal area and diameter were compared. 

On a per strut level, the mean, minimum and maximum tissue

coverage in front of every strut were compared. 

The reproducibility was calculated by estimating the residual

standard deviation in an ANOVA model. The true value is expected

to be within 1.96 times the calculated reproducibility of the single

measurement for 95% of the observations. In addition the

agreement between both observations has been expressed in

Bland-Altman plots. The Bland-Altman plot depicts the differences

of each pair of observations versus their mean values with reference

lines for the mean difference of all paired observations and its 95%

confidence limits, the so-called limits of agreement. 

The Kappa coefficient for the agreement between observers for

struts classification as incompletely apposed was tested for being

not equal to zero.

Results
A total of 244 frames and 1,712 struts were evaluated for the inter-

observer reproducibility and 120 frames, 795 struts were evaluated

for the intra-observer variability. The mean stent length and diameter

of the analysed stents were 17.8 mm and 2.8 mm2 respectively. 

Figure 1. Tissue coverage measurement. A. Sirolimus eluting stent

9 months after stent implantation. B. The figure shows the lumen

contour (white) and the stent contour (green). The tissue coverage area

was calculated as stent area minus lumen area. The tissue coverage

thickness was measured in 360 points (represented by the white

chords). C. Magnification of 2 struts showing all the measurements

(white chords) of the tissue coverage in front of every strut. For every

strut the minimum, maximum and mean strut coverage was calculated.

Figure 2. Malapposition. A. Example of a malapposed strut in a sirolimus

eluting stent at 9 months follow up. B. Magnification of the malapposed

strut. The yellow line represents the lumen contour and the white line

corresponds to the stent contour. The distance from the endoluminal

surface of the strut to the vessel wall (red arrow) was 440 μm (higher

than the sum of the metal and polymer thickness for this type of stent). 
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INTEROBSERVER VARIABILITY
There was complete agreement in the number of struts between the

two observers in 55% of the cross sections, difference of one strut in

31%, difference of two struts in 9% and difference of more than two

struts in only 5% of the cross sections. The correlation between

both observers was high, i.e. Kendall’s Tau-b was 0.90 (95%

confidence interval 0.85 – 0.94).

INTRA-OBSERVER VARIABILITY
There was complete agreement in the number of struts in 72% of

the cross sections, difference of one strut in 24% and difference of

two struts in 4% of the cross sections. The correlation between both

observations was very high, i.e. Kendall’s Tau-b was 0.94 (95%

confidence interval 0.91 – 0.97).

Lumen, stent and tissue coverage
measurements reproducibility

STENT LEVEL
The results for the inter and intra-observer reproducibility at the

stent level are summarised in Tables 1 and 2 respectively. 

FRAME LEVEL
The results for the inter- and intra- observer reproducibility at the

frame level are summarised in Tables 3 and 4 respectively.

Figures 3 and 4 show the results for the lumen, stent and tissue

coverage area and mean neointimal thickness for inter- and intra-

observer reproducibility respectively.

STRUT LEVEL
Tables 5 and 6 show the inter (A) and intra-observer (B)

reproducibility for the measurements at the strut level. Figure 5

shows the variability for the mean strut coverage. 

Malapposition classification reproducibility

The observers had complete agreement for the classification of

malapposed struts (four out of 1,712 struts malapposed, Kappa

coefficient 1). The intra-observer analysis show the same result

(four out of 795 struts malapposed, Kappa coefficient 1).

Discussion
Due to its high resolution, OCT can be a very valuable tool for the

evaluation of the acute and long-term impact of stent implantation.

OCT offers the possibility to assess stent apposition in great detail

and allows the visualisation and measurement of the tissue covering

the struts, even if this consists of tiny layers as it is frequently

observed in DES3. As the use of OCT is increasing rapidly,

standardisation of the methodology to measure and report stent

apposition and tissue coverage is needed, as well as data about the

reproducibility of these measurements. Our results show that the

methodology described in the present study allows analysis of

stents by experienced analysts in a highly reproducible way.

Table 1. Inter-observer reproducibility** at stent level. 

Difference Limits of agreement*
Observer 1 Observer 2 Absolute Relative Reprodu- Lower Upper

(Obs1/Obs2) cibility**

Stent Mean stent area (mm²) 5.44±1.6 5.47±1.5 –0.02±0.2 1.0 0.1043 –0.32 0.28
Mean luminal area (mm²) 4.71±1.5 4.70±1.5 0.00±0.0 1.0 0.0173 –0.05 0.05
Mean tissue coverage area (mm²) 0.60±0.5 0.63±0.5 –0.03±0.1 0.9 0.0780 –0.25 0.20
Min stent area (mm²) 3.89±1.2 3.84±1.1 0.05±0.2 1.0 0.1549 –0.39 0.49
Min luminal area (mm²) 3.24±1.1 3.26±1.1 –0.01±0.0 1.0 0.0158 –0.05 0.02
Mean tissue coverage thickness (mm) 0.08±0.1 0.08±0.1 0.00±0.0 0.9 0.0100 –0.03 0.02
Min tissue coverage thickness (mm) 0.00±0.0 0.00±0.0 0.00±0.0 0.0000 0.00 0.00
Max tissue coverage thickness (mm) 0.33±0.1 0.33±0.1 0.01±0.0 1.1 0.0179 –0.04 0.06
Mean strut coverage (mm) 0.08±0.1 0.09±0.1 –0.01±0.0 0.9 0.0066 –0.02 0.01
Min strut coverage (mm) 0.00±0.0 0.00±0.0 0.00±0.0 0.0 0.0067 –0.02 0.02
Max strut coverage (mm) 0.31±0.1 0.32±0.1 0.00±0.0 1.0 0.0158 –0.05 0.04
Mean stent diameter (mm) 2.60±0.4 2.61±0.4 –0.01±0.0 1.0 0.0253 –0.08 0.07
Mean luminal diameter (mm) 2.41±0.4 2.41±0.4 0.00±0.0 1.0 0.0038 –0.01 0.01
Stent volume (mm³) 101.58±48.2 102.15±48.3 –0.58±2.7 1.0 1.8894 –5.97 4.81
Luminal volume (mm³) 91.76±48.0 91.67±47.9 0.09±0.5 1.0 0.3347 –0.87 1.05
Tissue coverage volume (mm³) 13.49±11.6 14.13±10.3 –0.65±2.5 0.9 1.7454 –5.57 4.27
In–stent obstruction volume (%) 13.73±10.3 14.46±9.0 –0.73±2.2 0.9 1.5341 –4.95 3.49

Distal Mean luminal area (mm²) 4.13±1.5 4.14±1.4 0.00±0.0 1.0 0.0085 –0.03 0.02
reference Mean luminal diameter (mm) 2.20±0.3 2.20±0.3 0.00±0.0 1.0 0.0067 –0.02 0.02

Luminal volume (mm³) 18.39±11.1 18.40±11.1 –0.02±0.1 1.0 0.0492 –0.16 0.12

Proximal Mean luminal area (mm²) 5.33±2.4 5.27±2.3 0.06±0.1 1.0 0.1051 –0.23 0.35
reference Mean luminal diameter (mm) 2.55±0.6 2.54±0.6 0.01±0.0 1.0 0.0198 –0.04 0.07

Luminal volume (mm³) 23.05±8.6 22.87±8.5 0.17±0.4 1.0 0.3030 –0.67 1.01

N: 10 stents; Min: minimum; Max: maximum; Obs1: observer 1; Obs2: observer 2; * Bland-Altman limits of agreement defined as mean±1.96 SD of absolute
difference; ** Reproducibility defined as residual standard deviation.
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Table 2. Intra-observer reproducibility** at stent level. 

Difference Limits of agreement*
Observation 1 Observation 2 Absolute Relative Reprodu- Lower Upper

(Obs1/Obs2) cibility**
Stent Mean stent area (mm²) 5.95±1.7 5.90±1.6 0.05±0.1 1.0 0.0621 –0.11 0.21

Mean luminal area (mm²) 4.97±1.6 4.98±1.6 –0.01±0.0 1.0 0.0186 –0.06 0.05

Mean tissue coverage area (mm²) 0.80±0.7 0.76±0.8 0.04±0.1 1.1 0.0518 –0.09 0.17

Min stent area (mm²) 4.01±1.0 3.88±0.9 0.13±0.2 1.0 0.1487 –0.24 0.49

Min luminal area (mm²) 3.14±0.6 3.14±0.6 0.00±0.0 1.0 0.0077 –0.02 0.02

Mean tissue coverage thickness (mm) 0.10±0.1 0.09±0.1 0.00±0.0 1.1 0.0060 –0.01 0.02

Min tissue coverage thickness (mm) 0.00±0.0 0.00±0.0 0.00±0.0 0.0000 0.00 0.00

Max tissue coverage thickness (mm) 0.37±0.1 0.35±0.2 0.02±0.0 1.1 0.0161 –0.02 0.05

Mean strut coverage (mm) 0.11±0.1 0.11±0.1 0.00±0.0 1.1 0.0029 –0.01 0.01

Min strut coverage (mm) 0.00±0.0 0.00±0.0 0.00±0.0 0.0000 0.00 0.00

Max strut coverage (mm) 0.35±0.2 0.34±0.2 0.01±0.0 1.1 0.0122 –0.01 0.04

Mean stent diameter (mm) 2.72±0.4 2.71±0.4 0.01±0.0 1.0 0.0138 –0.02 0.05

Mean luminal diameter (mm) 2.48±0.4 2.48±0.4 0.00±0.0 1.0 0.0043 –0.01 0.01

Stent volume (mm³) 112.26±58.0 111.37±57.3 0.89±1.5 1.0 1.1265 –2.00 3.78

Luminal volume (mm³) 98.63±58.2 98.74±58.3 –0.11±0.5 1.0 0.3502 –1.17 0.94

Tissue coverage volume (mm³) 18.05±15.2 17.03±16.0 1.02±1.6 1.1 1.2617 –2.18 4.23

In-stent obstruction volume (%) 16.81±13.8 16.07±13.9 0.74±1.1 1.1 0.8790 –1.44 2.93

Distal Mean luminal area (mm²) 3.93±1.4 3.93±1.4 0.00±0.0 1.0 0.0039 –0.01 0.01

reference Mean luminal diameter (mm) 2.19±0.3 2.19±0.3 0.00±0.0 1.0 0.0023 –0.01 0.01

Luminal volume (mm³) 17.14±8.6 17.14±8.6 –0.01±0.0 1.0 0.0239 –0.08 0.07

Proximal Mean luminal area (mm²) 5.86±4.9 5.79±4.8 0.07±0.1 1.0 0.0628 –0.07 0.21

reference Mean luminal diameter (mm) 2.60±1.2 2.58±1.2 0.02±0.0 1.0 0.0121 –0.01 0.04

Luminal volume (mm³) 18.61±14.4 18.38±14.2 0.23±0.3 1.0 0.2035 –0.27 0.72

N: 5 stents; Min: minimum; Max: maximum; Obs1: observation 1; Obs2: observation 2; * Bland-Altman limits of agreement defined as mean±1.96 SD of
absolute difference; ** Reproducibility defined as residual standard deviation.

Table 3. Inter-observer reproducibility** at frame level.

Difference Limits of agreement*
Observer 1 Observer2 Absolute Relative Reprodu- Lower Upper

(Obs1/Obs2) cibility**

Stent Stent area (mm²) 5.67 ± 1.7 5.71 ± 1.7 -0.03 ± 0.2 1.0 0.1694 -0.50 0.44

Luminal area (mm²) 4.95 ± 1.7 4.95 ± 1.7 0.00 ± 0.1 1.0 0.0380 -0.10 0.11

Tissue coverage area (mm²) 0.56 ± 0.7 0.59 ± 0.6 -0.03 ± 0.2 0.9 0.1400 -0.41 0.36

Mean tissue coverage thickness (mm) 0.07 ± 0.1 0.07 ± 0.1 0.00 ± 0.0 0.9 0.0177 -0.05 0.05

Min tissue coverage thickness (mm) 0.02 ± 0.0 0.02 ± 0.0 0.00 ± 0.0 0.4 0.0132 -0.04 0.03

Max tissue coverage thickness (mm) 0.15 ± 0.1 0.15 ± 0.1 0.00 ± 0.0 1.0 0.0207 -0.06 0.06

Mean strut coverage (mm) 0.08 ± 0.1 0.08 ± 0.1 -0.01 ± 0.0 0.9 0.0099 -0.03 0.02

Min strut coverage (mm) 0.03 ± 0.1 0.04 ± 0.1 -0.01 ± 0.0 0.6 0.0125 -0.04 0.03

Max strut coverage (mm) 0.14 ± 0.1 0.14 ± 0.1 0.00 ± 0.0 1.0 0.0141 -0.04 0.04

Stent diameter (mm) 2.66 ± 0.4 2.66 ± 0.4 -0.01 ± 0.1 1.0 0.0409 -0.12 0.10

Luminal diameter (mm) 2.47 ± 0.4 2.47 ± 0.4 0.00 ± 0.0 1.0 0.0090 -0.02 0.03

Distal Luminal area (mm²) 4.34 ± 1.6 4.35 ± 1.6 -0.01 ± 0.0 1.0 0.0148 -0.05 0.03

reference Luminal diameter (mm) 2.28 ± 0.4 2.28 ± 0.4 0.00 ± 0.0 1.0 0.0077 -0.02 0.02

Proximal Luminal area (mm²) 5.25 ± 2.1 5.20 ± 2.0 0.05 ± 0.1 1.0 0.0944 -0.21 0.30

reference Luminal diameter (mm) 2.54 ± 0.5 2.53 ± 0.5 0.01 ± 0.0 1.0 0.0180 -0.04 0.06

N=244 frames; Min: minimum; Max: maximum; Obs1: observer 1; Obs2: observer 2; * Bland-Altman limits of agreement defined as mean±1.96 SD of absolute
difference; ** Reproducibility defined as residual standard deviation.
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Stent struts can have different appearances by OCT. The most

common appearance is a highly reflective surface with cast dorsal,

radial shadow. However, very often only the shadow is observed

(probably when the borders of the stent cells are imaged). In our

study, shadows were considered struts only when they were sector

shaped with sharp defined borders radial to the lumen and the

presence of metal (high reflective surface) could be confirmed in the

two contiguous distal or proximal frames. The reproducibility of struts

count has not been previously reported. Our data suggests that the

inter- and intra- observer variability for strut count is low when

applying strict strut definitions. For the intra-observer variability, only

in 4% of the cases the difference between the two observations was

more than one single strut, while for the inter-observer in only 5% of

the cases the difference was higher than two struts. 

High accuracy and precision for diameters measurement in vitro

using proprietary software from LightLab has been reported6.

Table 4. Intra-observer reproducibility at frame level. 

Difference Limits of agreement*
Observation 1 Observation 2 Absolute Relative Reprodu- Lower Upper

(Obs1/Obs2) cibility**
Stent Stent area (mm²) 6.28±1.7 6.23±1.7 0.05±0.2 1.0 0.1224 –0.27 0.38

Luminal area (mm²) 5.33±1.8 5.34±1.8 –0.01±0.1 1.0 0.0596 –0.17 0.16

Tissue coverage area (mm²) 0.75±0.9 0.70±0.9 0.05±0.1 1.6 0.1021 –0.22 0.32

Mean tissue coverage thickness (mm) 0.09±0.1 0.08±0.1 0.00±0.0 1.2 0.0117 –0.03 0.04

Min tissue coverage thickness (mm) 0.03±0.1 0.03±0.1 0.00±0.0 1.1 0.0197 –0.06 0.05

Max tissue coverage thickness (mm) 0.17±0.2 0.17±0.2 0.00±0.0 1.1 0.0168 –0.04 0.05

Mean strut coverage (mm) 0.10±0.1 0.10±0.1 0.00±0.0 1.1 0.0083 –0.02 0.02

Min strut coverage (mm) 0.05±0.1 0.05±0.1 0.00±0.0 1.1 0.0181 –0.05 0.05

Max strut coverage (mm) 0.17±0.2 0.16±0.2 0.00±0.0 1.1 0.0125 –0.03 0.04

Stent diameter (mm) 2.80±0.4 2.79±0.4 0.01±0.0 1.0 0.0272 –0.06 0.08

Luminal diameter (mm) 2.57±0.4 2.57±0.4 0.00±0.0 1.0 0.0131 –0.04 0.04

Distal Luminal area (mm²) 3.98±1.6 3.98±1.6 0.00±0.0 1.0 0.0109 –0.03 0.03

reference Luminal diameter (mm) 2.20±0.4 2.20±0.4 0.00±0.0 1.0 0.0041 –0.01 0.01

Proximal Luminal area (mm²) 5.86±3.8 5.79±3.7 0.07±0.1 1.0 0.0826 –0.12 0.27

reference Luminal diameter (mm) 2.60±0.9 2.58±0.9 0.02±0.0 1.0 0.0164 –0.02 0.05

N=120 frames; Min: minimum; Max: maximum; Obs1: observation 1; Obs2: observation 2; * Bland-Altman limits of agreement defined as mean±1.96 SD of
absolute difference; ** Reproducibility defined as residual standard deviation.

Figure 4. Intra-observer reproducibility. Bland-Altman plots for intra-

observer variability for mean lumen (A), stent (B) and tissue coverage

area (C) and mean tissue coverage thickness (D).
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Figure 3. Inter-observer reproducibility. Bland-Altman plots for the

inter-observer variability for mean lumen (A), stent (B) and tissue

coverage area (C) and mean tissue coverage thickness (D).
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Tanimoto et al showed a low inter-observer variability for lumen and

stent area measurements with OCT using dedicated computer-

assisted contour analysis7. However, no specific study to assess the

reproducibility of strut apposition and strut tissue coverage

measurements by OCT has been reported.

Recently several OCT studies evaluating the struts apposition and

tissue coverage in DES in humans at different time intervals using

proprietary off-line software provided by LightLab Imaging have

been published8-11.

In most of these studies, the operator manually traced the stent and

lumen area, to derive the tissue coverage area. Stent struts

apposition and tissue coverage are usually individually measured at

1-mm intervals. However, the way of reporting the tissue coverage

varies between studies. Some authors report just tissue coverage

thickness without detailed methodology8,12. Other studies report the

minimum, maximum or average tissue coverage but the selection

method, the number of measurements and calculations method

was not specified9,10. The methodology used in the present study

provides 360 data points for tissue coverage thickness for each

cross section. Further the mean, the minimum and the maximum

tissue coverage is reported for each individual strut. The mean

tissue coverage per strut is derived from all the measurements at

equidistal intervals along the strut. 

Prati et al reported high inter- and intra- observer reproducibility for

neointima thickness measurements with OCT in carotid rabbit

model (r2 0.88 and 0.90 respectively)4. Another study in humans

comparing tissue coverage between SES and BMS reported

6±8 μm and 8±8 μm intra- and inter- observer variability for the

measurement of tissue coverage8. However, the authors did not

specify if the measurements correspond to mean, minimum or

maximum tissue coverage, how many measurements were

performed per strut or in which part of the strut measurements

were taken. In the present study we observed absolute differences

around 10 μm for the maximum and minimum strut coverage in

repeated measurements. Those differences are in the limit of

resolution of the technique. The absolute differences for tissue

coverage area were 0.04±-0.1 mm2 and 0.03±0.1 mm2 for the

intra- and inter- observer variability respectively. Similar results

were found when comparing stent and lumen area. A very good

reproducibility for lumen measurement was expected as the

automatic contour detection was used and not modified by the

analyst in the majority of cases. The differences found in the

present study are smaller than the ones reported previously by Xie

et al for area measurements with OCT (0.3±0.5 mm2 and

0.2±0.4 mm2 for the intra- and inter- observer variability

respectively). There are no reports on the reproducibility of lumen,

stent and tissue coverage volumes derived from OCT. We found

absolute differences around 1 mm³ for the intra and 0.65 mm³ for

the interobserver variability for tissue coverage volume. Similar

values (0.89 and 0.58 mm³ for the intra and interobserver

respectively) were obtained for the stent volume. As expected, the

lumen volume variability was even lower (around 0.10 mm³) as it

was derived from automatic contour detection. 

The higher resolution of OCT makes this technique superior to IVUS

for the detection and measurement of tissue covering the stent struts.

Table 5. Inter-observer reproducibility at strut level. 

Difference Limits of agreement*
Observer 1 Observer 2 Absolute Relative Reprodu- Lower Upper

(Obs1/Obs2) cibility**

Min coverage strut (mm) 0.09±0.1 0.10±0.1 –0.01±0.0 0.9 0.0179 –0.05 0.04

Mean coverage strut (mm) 0.10±0.1 0.11±0.1 –0.01±0.0 0.9 0.0174 –0.05 0.04

Max coverage strut (mm) 0.11±0.1 0.11±0.1 –0.01±0.0 0.9 0.0175 –0.05 0.04

N=1712 struts; Min: minimum; Max: maximum; Obs1: observer 1; Obs2: observer 2; * Bland-Altman limits of agreement defined as mean±1.96 SD of absolute
difference; ** Reproducibility defined as residual standard deviation.

Table 6. Intra-observer reproducibility at strut level. 

Difference Limits of agreement*
Observation 1 Observation 2 Absolute Relative Reprodu- Lower Upper

(Obs1/Obs2) cibility**

Min coverage strut (mm) 0.13±0.1 0.13±0.1 0.00±0.0 1.1 0.0161 –0.04 0.05

Mean coverage strut (mm) 0.14±0.1 0.13±0.1 0.00±0.0 1.1 0.0153 –0.04 0.04

Max coverage strut  (mm) 0.14±0.1 0.14±0.1 0.00±0.0 1.0 0.0154 –0.04 0.04

N=795 struts; Min: minimum; Max: maximum; Obs1: observation 1; Obs2: observation 2; * Bland-Altman limits of agreement defined as mean±1.96 SD of
absolute difference; ** Reproducibility defined as residual standard deviation.

Figure 5. Strut coverage measurement reproducibility. Bland-Altman

plots for the inter (A) and intra-observer (B) reproducibility for mean

strut coverage measurements.
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An IVUS study reported 62% of inter-observer agreement for the

presence of neointimal tissue with discrepancy between observers in

very thin neointimal layers and when the neointimal area was <2 mm2

13. In the present study evaluating DES, a very good agreement was

found between observers for the measurement of tissue coverage,

even when the mean tissue coverage area was less than 1 mm2. An

increased variability in the classification of individual struts was

observed when the tissue coverage was below 50 μm. This may be

related to the image resolution, but also to software limitations.

Automatic algorithms for detecting stent coverage from OCT datasets

are under development14. This could help eliminating the remaining

small observer-related variability found in our study. 

Kubo et al reported a good intra- and inter- observer agreement

(Kappa=0.90 and 0.75 respectively) for malapposed struts

classification in sirolimus eluting stents15. Those results are in line with

our study in which the agreement between observers for malapposed

struts was excellent (kappa=1), even when applying customised cut-

off points for each stent. However, our results are limited by the small

number of malapposed struts found in our population.

Clinical implications

The evaluation of strut apposition is essential in the evaluation of

new stents designs as IVUS data have suggested a possible relation

between apposition and the risk of stent thrombosis in DES16,17.

However, interpretation of malapposition as assessed by OCT

requires caution. Due to the high image resolution, malapposition of

stent struts is a relatively common finding by OCT8, but its clinical

implications remain poorly understood. Incomplete endothelial

struts coverage has been identified in pathology as the most

powerful histological predictor of stent thrombosis18,19. Pathological

data in humans suggest that neointimal coverage of stent struts

could be used as a surrogate marker of endothelialisation due to the

good correlation between strut coverage and endothelialisation.

Animal data suggest good correlation between mean neointimal

thickness measured by histology and OCT4. The present study

confirms that the tissue covering the strut can be measured with

high reproducibility. However, the clinical relevance of uncovered

struts as detected by OCT is not clear as some studies have

reported presence of uncovered struts at follow-up not associated to

clinical events15. Further investigation and studies with longer

follow-up are needed in this field.

Although OCT has proved to be a highly informative imaging

technique in assessing stents, standardisation of the analysis of

such images is not yet in place. In addition, OCT is a rapidly evolving

imaging technology and there is lack of large stent trials with long-

term clinical follow-up linking OCT findings and clinical events.

Thereby this methodology of analysis is prone to changes in the

future in order to adjust to the new clinical needs. 

Conclusions
In a Corelab setting, the inter- and intra- observer reproducibility for

strut count, strut apposition and strut tissue coverage measurements

with OCT is excellent. This finding emphasises the value of OCT as a

tool for the clinical long-term assessment of stents. 
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Basic Science

Fully Automatic Three-Dimensional Quantitative
Analysis of Intracoronary Optical

Coherence Tomography: Method and Validation

Kenji Sihan,1,2 BSc, Charl Botha,2 PhD, Frits Post,2 PhD, Sebastiaan de Winter,2 BSc,
Nieves Gonzalo,1 MD, Evelyn Regar,1 MD, PhD, Patrick J.W.C. Serruys,1 MD, PhD,

Ronald Hamers,1 PhD, and Nico Bruining,1* PhD

Objectives and background: Quantitative analysis of intracoronary optical coherence
tomography (OCT) image data (QOCT) is currently performed by a time-consuming
manual contour tracing process in individual OCT images acquired during a pullback
procedure (frame-based method). To get an efficient quantitative analysis process, we
developed a fully automatic three-dimensional (3D) lumen contour detection method
and evaluated the results against those derived by expert human observers. Methods:
The method was developed using Matlab (The Mathworks, Natick, MA). It incorporates
a graphical user interface for contour display and, in the selected cases where this
might be necessary, editing. OCT image data of 20 randomly selected patients,
acquired with a commercially available system (Lightlab imaging, Westford, MA), were
pulled from our OCT database for validation. Results: A total of 4,137 OCT images
were analyzed. There was no statistically significant difference in mean lumen areas
between the two methods (5.03 6 2.16 vs. 5.02 6 2.21 mm2; P 5 0.6, human vs. auto-
mated). Regression analysis showed a good correlation with an r value of 0.99. The
method requires an average 2–5 sec calculation time per OCT image. In 3% of the
detected contours an observer correction was necessary. Conclusion: Fully automatic
lumen contour detection in OCT images is feasible with only a select few contours
showing an artifact (3%) that can be easily corrected. This QOCT method may be a valua-
ble tool for future coronary imaging studies incorporating OCT. VC 2009 Wiley-Liss, Inc.

Key words: angiography; coronary; diagnostic cardiac catheterization; quantitative
vascular angiography

INTRODUCTION

Optical coherence tomography (OCT) has been rap-
idly accepted as an additional invasive coronary imaging
tool [1]. It allows highly detailed imaging of the coro-
nary lumen and vessel wall morphology at resolutions of
10 times higher than what current intracoronary ultra-
sound (ICUS) can offer. The details shown within OCT
images are close to histopathology, allowing accurate
evaluation of by example apposition of stent struts
and––in longitudinal studies––tissue-coverage of drug-
eluting stents (DES) [2]. This advantage has resulted in
an increasing use of OCT in studies evaluating new ther-
apeutic treatments, in addition to ICUS, the current de
facto reference method for intravascular imaging [3,4].
To apply an imaging method in studies, accurate

quantitative analysis tools are required, as has been

proven by quantitative angiography (QCA) [5] and
quantitative ICUS (QCU) [6,7]. Recently, results of
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computer-assisted quantitative OCT (QOCT) have been
reported showing good results for coronary lumen
measurements [8]. However, because an OCT examina-
tion contains hundreds of individual images, such anal-
ysis can, despite the use of computer-assisted tools, be
a tedious and time-consuming process [8]. However,
because the lumen-intima interface is so clearly visual-
ized in OCT, far better than in ICUS, a fully automatic
lumen contour detection approach could be feasible.
This article reports on a novel in-house developed fully

automatic three-dimensional (3D) OCT lumen contour
detection approach and its validation using expert human
observer computer-assisted analysis as a reference.

MATERIALS AND METHODS

OCT Imaging System

OCT imaging was performed with a commercially
available system (Lightlab imaging, Westford, MA). This
system uses a 1,310-nm broadband light-source generated
by a super luminescent diode with an output power in the
range of 8.0 mW. The average tissue penetration depth is
approximately 1.5 mm with an axial and lateral resolution
of 15 and 25 lm, respectively. The imaging probe has the
size of a guide-wire with a maximum outer diameter of
0.019 inch (ImagewireTM, LightLab Imaging). The wire
contains a single-mode fiber optic core within a translu-
cent sheath. The imaging-wire is connected to an imaging
console, similar as ICUS, which performs the real-time
image data processing, visualization, and image storage.
Systematic imaging of a coronary segment is also ana-
logue to ICUS by an automatic continuous speed pullback
(between 1 and 3 mm/sec) of the imaging wire [6]. OCT
images are generated at a rate of 10–20/sec (cf. ICUS 30
frames/sec). The accuracy of OCT for dimensional meas-
urements––determined using a phantom––has been
recently reported to be excellent (mean difference in meas-
ured length of �0.03 mm with 0.02 mm precision) [8].

Patients and OCT Image Acquisition

For validation of the automated method, we made a
random selection of 20 OCT cases from our database
of patients participating in different studies. In all cases
a standard femoral approach with 7F guiding catheters
was used. Before imaging, all patients received weight-
adjusted heparin intravenously to maintain an activated
clotting time of >300 sec as well as intravenous anal-
gesics. To be able to see the coronary vessel wall, the
coronary artery must be cleared of blood by replacing
it with lactated Ringer’s solution. This procedure is
performed by occlusion of the artery with a dedicated
occlusion catheter (Helios, Goodman, Japan) including
a short balloon (6.0 mm length) that can be inflated by

a low pressure (0.3 atm). The Ringer’s is infused
distally from the balloon at a rate of 0.5 ml/sec at a
temperature of 37�C). Sufficient occlusion of the coro-
nary is checked by contrast injection via the guiding
catheter and the balloon pressure is increased (at 0.5
atm increments) when necessary. The images were dig-
itally stored in the AVI file format on DVD’s and were
translated later into the DICOM medical imaging
standard by in-house developed software.

Automated Quantitative OCT Method

The automated OCT lumen contour detection method
was developed in the Matlab environment (The Math-
works, Natick, MA). The method has five stages:
Preprocessing. Each individual OCT frame is prepro-

cessed to remove speckle noise and gaps and to adapt
the contrast for proper image normalization. Prepocessing
consists of the application of a Gaussian filter and using
different relative thresholds (Fig. 1B). The relative
thresholds are applied on the pixel values to remove
extreme values and to improve image normalization.
Edge detection. A Canny [9] filter is applied to

detect edges in the OCT image. The final lumen con-
tour is the result of appropriately selected edges, which
are positioned on the lumen-intima border only.
Straightforward application of the standard Canny filter
to the OCT images leads to many false and/or missed
contours. Therefore, we iteratively apply the Canny fil-
ter to match the constraints necessary for OCT images
(percentage of image pixels classified as true edges).
This percentage is based on a test-set where it is set in
such a way that the lumen contour is detected while
detecting as little noise as possible. Within this proce-
dure, the threshold of the Canny filter is optimized
using a binary search algorithm.
Lumen edge selection. The result of the Canny

edge detection stage includes some edges that do not
belong to the lumen-intima interface, for example radi-
ally behind bright areas (Fig. 1C). These false edges
are mostly due to noise caused by the catheter and by
speckle noise which was not be removed by the pre-
processing step without significantly impairing image
details. The majority of these false edges are identified
by two constraints:

1. The angle between the gradient orthogonal to the
line segment and the line connecting it to the cathe-
ter center should be smaller than a certain threshold.

2. The length of the edge should be longer than a cer-
tain threshold (Fig. 1).

Lumen edge linking. The final lumen contour is the
optimal combination of the resulting true edges. This is
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performed using a quality score determined by the re-
sultant lumen area, length (relative to the area), and
gaps in the contour (relative to the length). For all pos-
sible combinations of edge selections, the quality score
is calculated and the combination with the highest
score results in the final lumen contour.

Postprocessing. Postprocessing is applied to over-
come possible errors introduced by the pre-processing
and those inherent to the nature of OCT imaging itself
(such as large side-branches, gaps caused by guide-
wire artifacts, etc.). The postprocessing is divided into
several subprocesses:
Contour correction and smoothing. The iterative

application of the Canny filter does not select the edges
with local maximum gradient. In a postprocessing step,
the maximum gradient search is automatically per-
formed within a 5 pixel radius from the initially found
contour. Subsequently, the contour is smoothed, weigh-
ing neighbor coordinates with the gradient magnitude
in a normal distribution.
Side-branch gaps and out-of-range borders. The

resulting luminal contours may still have gaps, which
are mostly caused by side-branches and/or guide-wire
artifacts. Furthermore, often in OCT images the lumen
border is out of range, in large vessels, or is not pro-
nounced enough to produce an edge (Fig. 2). To close

these gaps and omissions, a mathematical circular cor-
rection model is applied (Fig. 2).
Replacement of falsely detected contours (3D analy-

sis). In the case of large side-branches, heavy noise or
large parts of missing visible lumen data within the
OCT images (Fig. 3), it is still possible that the auto-
mated contour detection does not result in the desired
contour. For each consecutive image, the enclosed area
of the lumen contour is calculated. Frames showing a
relatively large deviation in areas compared to their
neighbors are labeled as incorrect. A search and substi-
tute algorithm replaces these contours by the closest
available correct contour in the longitudinal direction.
Final approval and correction. It is very difficult, or

even impossible, to develop a 100% accurate fully auto-
matic detection method in medical image processing. The
large differences found in coronary morphology will
always result in unexpected images that could not have
been foreseen during development. Therefore, the results
must be validated by an expert. To facilitate this, a user
interface was developed, similar to that used for QCU [10].

Validation

For validation of the automated method, the quanti-
tative results were compared against those derived by
application of a computer-assisted lumen detection

Fig. 1. This figure shows the results of the different process-
ing steps. (A) An original OCT image is presented. (B) The
image after the application of a Gaussian filter. (C) The
detected edges as a result of the iteratively applied Canny fil-
ter. (D) The remaining edges after application of the angle con-

straint. Short edges are removed after application of a length
threshold (E). The postprocessed and smoothed final contour
is presented in (F). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Fig. 2. To close the remaining gaps, the straight line at the right-hand side (A), a circular arc
interpolation is performed automatically using the center of gravity of the contour as the cen-
ter of the circle (B). For the radius, linear interpolation is used from r1 to r2. The repaired
contour is presented in (C).

Fig. 3. This figure presents a few different lumen morpholo-
gies which are difficult to detect correctly fully-automated. (A)
A large side-branch can be appreciated (indicated by SB). (A’)
The detected automated contour, which has been corrected by
the human observer (A00). (B) In addition to a side-branch also a
case were part of the lumen is out of range for the OCT cathe-
ter. The automated contour detection applied the automated

circular correction (B’) and the human observer corrected for
the large side-branch artifact (B00). Finally, in (C) a guide-wire
artifact is presented (C, GA). This relatively small gap is auto-
matically repaired by the correction algorithms (C’). Again, also
in this example the observer corrected for the large side-
branch (C00). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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method (CURAD vessel analysis, CURAD BV, Wijk
bij Duurstede, The Netherlands) [8]. The expert (N.G.)
was blinded for the automated results.

Statistical Analysis

Quantitative data are presented as mean � standard
deviation (SD). Comparison between the methods was
performed by the two-tailed paired Student’s t-test. A
P value < 0.05 was considered statistically significant.
In addition, regression analysis and the method as pro-
posed by Bland and Altman [11] was performed.

RESULTS

In the 20 OCT cases a total of 4,167 frames were
analyzed (208 � 92 frames on average per patient). In
each case, the OCT images were analyzed consecu-
tively, without intervals (Fig. 4). Although the human
analysis time was not measured, it is well known that
this is usually a lengthy process. The automated
method required on average approximately 2–5 sec of
calculation time per frame. In 125 OCT frames (3%),
the automatic results had to be corrected.
The computer-assisted manual analysis showed a

mean lumen area of 5.0 � 2.2 mm2 versus 5.1 �

Fig. 4. A typical analysis example is presented. In (A) an indi-
vidual cross-sectional image is shown and in (A’) the longitudi-
nal reconstruction of the pullback examination. In (B and B’),
the same images are presented with the automated contour
detected result superimposed. It can be appreciated that the
cross-sectional OCT images present a lot of details of the

lumen-intima morphology. (C) The regression analyses of the
area measurements of all frames with the manual results on
the x-axis and the automated results on the y-axis. Finally in
(D), all the area measurements are presented of both methods.
[Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]
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2.2 mm2 for the fully automatic method, with no statisti-
cal significant difference (P ¼ 0.26). The relative differ-
ence was 0.4% � 1.8%. Regression analysis yielded r ¼
0.999 (Fig. 5).
Bland and Altman analysis revealed a single outlier

(Fig. 6). All other cases were within an interval of
�2%. Inspection of the outlier showed a deviated con-
tour detection by the expert observer, which resulted in
a relative difference of 6%. If this outlier is disre-

garded, the results are 5.1 � 2.2 mm2 (expert) versus
5.1 � 2.2 mm2 (automated), P ¼ 0.52; relative differ-
ence 0.02% � 1.1%.

DISCUSSION

This study shows that fully automatic 3D lumen
contour detection for quantitative OCT analysis is

Fig. 5. The linear regression analysis for the 20 OCT cases analysed computer-assisted
(e.g., manual) versus fully automatic. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Fig. 6. The relative differences according to the method as proposed by Bland and Altman
[11]. [Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.]
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feasible. The quantitative results are similar to those
derived manually by an expert.
To evaluate new interventional therapies, quantita-

tive imaging tools are mandatory, such as QCA [5]
and QCU [6,10]. Although a computer-assisted method
for QOCT has been presented showing excellent results
[8], the advantages of fully automatic contour detection
are obvious. It does not consume the valuable time of
an expert neither does it suffer from possible interob-
server- and intraobserver-related deviations. Further-
more, as the outlier case in this report shows, contours
which are not precisely positioned on the lumen border
can result in a relatively large deviation (in this case
6%). The human expert will most likely be more moti-
vated to analyze all images in a pullback (and not a
limited subset of images selected at by example 1 mm
intervals, e.g. every 15th frame) if the majority of the
contours are already correctly detected and the human
effort required is purely for inspection and a limited
number of corrections (Fig. 3).
OCT is a relatively new coronary imaging technique,

but it has gained considerable enthusiasm in a very
short period. It can reveal much more information of
the region around the lumen border than is achievable
with the current available ICUS technology. However,
on the down-side, the penetration depth into the coro-
nary vessel wall and present plaques is still limited (1–
2 mm). Therefore, at this moment an automated outer
vessel contour detector cannot be developed. Further-
more, because OCT cannot be used to perform coro-
nary plaque measurements, the advantages and disad-
vantages of OCT in several different clinical scenarios
have been described recently [8].
At present, several different commercial OCT systems

are available. For this study the system of Lightlab was
used [12,13]. This system has an integrated quantitative
analysis tool that is limited to single frames. Further-
more, to our knowledge the method has not been pub-
lished. This single frame approach requires a time con-
suming and operator dependent manual frame selection
at 1 mm intervals. It has been reported that depending on
the length of the analyzed region it can take up 2–4 hr to
complete an analysis [8].
Independent third party quantitative software tools

are, to our knowledge, not yet reported, except for one
study presented by Tanimoto et al. [8]. In this article, a
computer-assisted dedicated OCT analysis tool was
reported, showing good inter and intraobserver quantita-
tive results (1.57% � 0.05% for lumen areas). However,
only well-visualized OCT images were included. Images
suffering from motion-induced artifacts, dissections, and
side-branches––hampering analysis––were excluded
(9%). In this study, all available imaging data (real world
data) was analyzed and no exclusions were made. To our

knowledge, to date, no other reports have been published
concerning fully automatic QOCT methods.

Limitations

Unfortunately, because of the nature of OCT, the
penetration depth is currently to low to be able to visu-
alize the coronary vessel wall in diseased segments and
therefore only the coronary lumen could be quantified
in this study. Developments of newer OCT methods,
such as OFDI, and application of other light sources,
could possibly enhance the penetration depth making it
hopefully possible to visualize advanced coronary
plaques in the near future.
The number of cases included in this study is lim-

ited, a larger number of cases must reveal if the excel-
lent score of fully automatic detection in 97% of the
images can be maintained for larger populations. How-
ever, we evaluated almost 4,200 individual OCT
images of very different lumen morphology, because
of the high spatial resolution.

Future Developments

This full-automated approach to quantify the coronary
lumen by OCT is the first step towards further develop-
ments of highly anticipated additional quantification
tools. On the requirements list are currently: detection of
stent struts, protrusion of plaque contents through stent
struts, in-stent thrombi, fibrous caps (detection and thick-
ness measurements), and plaque composition. If these
requirements could be detected automatically remains
topic for further research and developments. However,
measurements of in-stent intima hyperplasia, lumen-ec-
centricity and -remodeling (if base-line and follow-up
OCT measurements are available) are already possible
using the automated approach (for lumen) in combination
by computer-assisted tools (for stent contouring) [8].
The described method has been developed in a

generic mathematical research environment on a nor-
mal desktop personal computer running Microsoft Win-
dows. The processing time of 2–5 sec could most
likely be reduced in the near future if the software
were to be ported to a dedicated QOCT environment.
Many of the OCT images suffer from motion artifacts,

which are caused by the low temporal resolution of cur-
rent OCT systems as compared to the relatively rapid
motion of the heart. The heart motion also causes the
saw-tooth shaped appearance of the coronary vessel wall
in the longitudinal reconstructions (Fig. 4). These motion-
related artifacts could probably be overcome by the appli-
cation of optical frequency domain imaging (OFDI) to
coronary vessel imaging. However, these systems are still
in the research phase and not commercially available yet.
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CONCLUSION

This study shows that fully automatic lumen contour
detection in OCT images is feasible with only a few
contours showing an artifact (3%) that can be easily
corrected. This QOCT method may be a valuable tool
for future coronary imaging studies incorporating OCT.

REFERENCES

1. Regar E, Schaar JA, Mont E, Virmani R, Serruys PW. Optical

coherence tomography. Cardiovasc Radiat Med 2003;4:198–

204.

2. Prati F, Zimarino M, Stabile E, Pizzicannella G, Fouad T,

Rabozzi R, Filippini A, Pizzicannella J, Cera M, De Caterina R.

Does optical coherence tomography identify arterial healing

after stenting? An in vivo comparison with histology, in a rabbit

carotid model. Heart 2008;94:217–221.

3. Guagliumi G, Sirbu V. Optical coherence tomography: High

resolution intravascular imaging to evaluate vascular healing after

coronary stenting. Catheter Cardiovasc Interv 2008;72:237–247.

4. Ormiston JA, Serruys PW, Regar E, Dudek D, Thuesen L,

Webster MW, Onuma Y, Garcia-Garcia HM, McGreevy R,

Veldhof S. A bioabsorbable everolimus-eluting coronary stent

system for patients with single de-novo coronary artery lesions

(ABSORB): A prospective open-label trial. Lancet 2008;371:

899–907.

5. Haase J, Escaned J, van Swijndregt EM, Ozaki Y, Gronenschild

E, Slager CJ, Serruys PW. Experimental validation of geometric

and densitometric coronary measurements on the new genera-

tion Cardiovascular Angiography Analysis System (CAAS II).

Cathet Cardiovasc Diagn 1993;30:104–114.

6. Mintz GS, Nissen SE, Anderson WD, Bailey SR, Erbel R, et al.

American College of Cardiology Clinical Expert Consensus

Document on Standards for Acquisition, Measurement and

Reporting of Intravascular Ultrasound Studies (IVUS). A report

of the American College of Cardiology Task Force on Clinical

Expert Consensus Documents. J Am Coll Cardiol 2001;37:

1478–1492.

7. von Birgelen C, Mintz GS, Nicosia A, Foley DP, van der Gies-

sen WJ, Bruining N, Airiian SG, Roelandt JRTC, de Feyter PJ,

Serruys PW. Electrocardiogram-gated intravascular ultrasound

image acquisition after coronary stent deployment facilitates on-

line three-dimensional reconstruction and automated lumen

quantification. J Am Coll Cardiol 1997;30:436–443.

8. Tanimoto S, Rodriguez-Granillo G, Barlis P, de Winter S,

Bruining N, Hamers R, Knappen M, Verheye S, Serruys PW,

Regar E. A novel approach for quantitative analysis of intra-

coronary optical coherence tomography: High inter-observer

agreement with computer-assisted contour detection. Catheter

Cardiovasc Interv 2008;72:228–235.

9. Canny J. A computational approach to edge detection. IEEE

Trans Pattern Anal Mach Intel 1986;8:679–714.

10. Hamers R, Bruining N, Knook M, Sabate M, Roelandt JRTC. A

novel approach to quantitative analysis of intravascular ultra-

sound images. Comput Cardiol 2001:589–592.

11. Bland JM, Altman DG. Statistical methods for assessing agree-

ment between two methods of clinical measurement. Lancet

1986;1:307–310.

12. Matsumoto D, Shite J, Shinke T, Otake H, Tanino Y,

Ogasawara D, Sawada T, Paredes OL, Hirata K, Yokoyama M.

Neointimal coverage of sirolimus-eluting stents at 6-month fol-

low-up: Evaluated by optical coherence tomography. Eur Heart

J 2007;28:961–967.

13. Takano M, Inami S, Jang IK, Yamamoto M, Murakami D,

Seimiya K, Ohba T, Mizuno K. Evaluation by optical coherence

tomography of neointimal coverage of sirolimus-eluting stent

three months after implantation. Am J Cardiol 2007;99:1033–

1038.

Gonzalo.indd   100Gonzalo.indd   100 06-Jan-10   11:53:40 AM06-Jan-10   11:53:40 AM



C H A P T E R  4

Atherosclerotic coronary plaque 
characterization with OCT

Gonzalo.indd   101Gonzalo.indd   101 06-Jan-10   11:53:51 AM06-Jan-10   11:53:51 AM



Gonzalo.indd   102Gonzalo.indd   102 06-Jan-10   11:54:02 AM06-Jan-10   11:54:02 AM



4  . 1

Combined OCT and intravascular 
ultrasound radio frequency data 
analysis for plaque characterization. 
Classifi cation accuracy of human 
coronary plaques in vitro related to 
image artifacts

Goderie T, van Soest G, Garcia-Garcia HM, Gonzalo 
N, Koljenovic S, van Leenders A, Mastik F, Regar E, 
Oosterhuis JW, Serruys PW, van der Steen AFW.

Submitted.

Gonzalo.indd   103Gonzalo.indd   103 06-Jan-10   11:54:08 AM06-Jan-10   11:54:08 AM



Chapter 4.1

104

ABSTRACT

Objectives: Th e purpose of this study was to characterize coronary plaque types, 
with special interest in misclassifi cation in both optical coherence tomography 
(OCT) and in intravascular ultrasound (IVUS) radiofrequency (RF) data analysis, 
and to investigate the possibility of error reduction by combining both techniques.
Background: Intracoronary imaging methods have greatly enhanced our under-
standing of the atherosclerotic disease process and have revolutionized the diag-
nostic capabilities for the detection of high-risk atherosclerotic plaques. IVUS RF 
data analysis and OCT are two techniques focusing on plaque morphology and 
composition.
Methods: Regions of interest were selected and imaged with OCT in 50 cross-
sections and IVUS in 36 cross-sections, from 14 human coronary arteries, 
sectioned post-mortem from 14 hearts of patients dying of non-cardiovascular 
causes. Plaques were classifi ed based on IVUS RF data analysis (VH-IVUSTM), 
OCT and the combination of those. Histology was the benchmark.
Results: OCT was able to correctly classifi ed 32 out of 50 cross-sections; VH-IVUS 
correctly classifi ed 26 out of 36 cross-sections. VH-IVUS and OCT combined 
were able to correctly classify 28 out of 36 cross-sections. Systematic misclassifi ca-
tions in OCT were intimal thickening (IT) classifi ed as fi broatheroma (FA) in 
7 cross-sections and IT classifi ed as thin-cap fi bro-atheroma (TCFA) in 3 cross-
sections. Misclassifi cations in VH-IVUS were mainly IT as FA in 3 cross-sections 
and IT as calcifi ed fi bro-atheroma in 3 cross-sections.
Conclusions: Typical image artifacts, both new ones and previously identifi ed, were 
found to aff ect the interpretation of OCT data, misclassifying intimal thickening 
as fi bro-atheroma or thin cap fi bro-atheroma. Adding VH-IVUS to OCT reduced 
the error rate.
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BACKGROUND

Pathology studies have demonstrated that most of acute coronary syndromes 
originate from vulnerable plaques.1-5 Th ese plaques have a mechanically weak cap, 
consisting of a thin fi brotic layer that is infi ltrated by macrophages, overlying 
a lipid-rich necrotic core.2, 6-9 Th e current challenge is to specifi cally identify in 
vivo plaques that exhibit these characteristics and thus are likely to cause acute 
coronary syndrome10. Clinical diagnosis may benefi t from complementary infor-
mation gathered by diff erent imaging technologies, as they may be sensitive to 
specifi c aspects of the anatomy.6, 11-16

Grayscale Intravascular Ultrasound (IVUS) has since long been a standard 
diagnostic tool in cath labs worldwide, and intravascular Optical Coherence To-
mography (OCT) looks set to rapidly become one as well.14, 17-20 Radio frequency 
(RF) data analysis adds plaque composition information to grayscale IVUS, which 
may help to distinguish high-risk lipid-rich necrotic plaques from other types of 
plaques.21-23 IVUS RF data analysis (commercially available as VH-IVUS™; Vol-
cano, Rancho Cordova, CA) aims to provide quantitative information on plaque 
composition classifying plaque as fi brotic, fi bro-fatty, necrotic core or dense 
calcium, based on spectral analysis of the RF signal.12 Although criteria have been 
formulated for VH-IVUS to detect TCFA, as a standalone technique it is not able 
to recognize this type of lesion because of its limited resolution (> 250 m).16, 24-26 
In this article, we will refer to IVUS RF data analysis as VH-IVUS, since we used 
that technology specifi cally.

Optical coherence tomography (OCT) generates real time tomographic im-
ages from backscattered infrared light with a high resolution (10-15 μm axial).14, 27 
Its resolution allows direct imaging of a thin fi brotic cap, in principle. Main 
disadvantages are the limited depth of penetration (approximately 1.5 mm) and 
the need to fl ush blood from the imaged artery.14 Th is latter issue is relieved by the 
advent of high-speed intracoronary imaging systems that allow full imaging of a 
coronary artery with only short fl ush.17

Th e relatively small penetration depth of OCT limits the reliability of dif-
ferentiation of heterogeneous plaques.28 Misinterpretations of calcifi ed tissue as 
lipid in OCT have been reported, leading to misclassifi ed OCT-derived TCFA.16

Th e cause of misclassifi cation of a lesion may be an interpretation error by 
the image reader, or image artifacts inherent to the technique. As confound-
ers are likely to be specifi c to a certain technique, studies using the combined 
strengths of multiple modalities, for instance OCT and VH-IVUS, could lead to 
a better classifi cation of plaques than interpretation of the techniques’ imagery 
separately.
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Th e aim of this study was to compare the ability of OCT and VH-IVUS to 
classify plaque and to assess the performance of a combination of the two mo-
dalities to identify diff erent plaque types. While a few in-vivo studies have been 
published, 16, 29 in this work we present the fi rst comparison between VH-IVUS 
and OCT, using histology as a benchmark.

METHODS

Study population

Between June 2007 and January 2008, 14 coronary arteries have been collected 
from 14 human hearts acquired during autopsy (57% men, 12 left anterior de-
scending arteries, 2 right coronary arteries, mean age 64) at the Department of 
Pathology of the Erasmus MC. All patients died of non-coronary causes. Permis-
sion to use autopsy material for scientifi c study was obtained from the relatives. 
Th is study was approved by the local institutional review board.

Tissue preparation and data acquisition

Atherosclerotic human coronary artery segments were excised from the heart and 
imaged within 36 hours postmortem. During the excision all side branches were 
closed with sutures. Th e arteries were mounted between 2 sheaths in a water tank 
fi lled with physiological saline. A water column system, also containing physi-
ological saline solution, was connected to the proximal sheath, to pressure-load the 
vessel. Th e vessels were pressurized to 100 mmHg to close up remaining leakages.

Th e vessels were imaged with OCT (M2-CV and ImageWire 2 catheters; 
Lightlab Imaging, Westford, MA) and IVUS (In-vision Gold; Eagle-EyeTM 20 
MHz catheters; Volcano, Rancho Cordova, CA). Regions of interest (ROIs) were 
selected based on the presence of plaque and plaque size. ROIs were marked with 
a needle.12 After imaging the needle was replaced by a suture.

ROIs were fi rst imaged with the IVUS-system, followed by OCT. Th e vessels 
were pressurized to 100 mmHg for imaging. For IVUS, the vessels were kept at 
room temperature 20±2 ºC; OCT was performed at 37ºC.30, 31

After imaging, the artery sections were pressure fi xed at 100 mmHg in form-
aldehyde for 24h at room temperature, and subsequently stored in formaldehyde 
at 4ºC for further processing. Vessels were partially decalcifi ed for 24 hours in 
formic acid.32 After fi xation and decalcifi cation, sutures marking the imaged 
cross-sections were replaced by ink dots. Th e tissue was embedded in paraffi  n and 
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serially sectioned for histological staining. Each imaged cross-section was stained 
with Hematoxylin-Eosin (H&E), Picrosirius red, Elastic van Gieson (EvG) and 
immunohistochemical stain CD68.

Data classifi cation

Plaques were characterized in the images acquired with the two modalities, as 
well as in histology. As histological tissue slices are much thinner (5 μm) than the 
thickness sampled by OCT (25 μm) or IVUS (~200 μm) 33, 34 there is an unavoid-
able sampling error. Imaged cross-sections that were obviously mismatched with 
histology, based on anatomical features, were removed from the data set before 
analysis.

VH-IVUS
VH-IVUS constructs tissue maps that classify plaque into four major components 
(fi brous – green, fi brofatty – light green, NC – red, and dense calcium – white).35 
Data were acquired, and B-mode images were reconstructed from the RF data by 
customized software (pcVH 2.2, Volcano Corporation), which allows a semiau-
tomatic detection of the lumen and the media-adventitia borders and provides 
the compositional parameters. VH cross-sections were quantitatively measured 
and were classifi ed as one of the categories described in table 1 by an experienced 
analyst that was blind for pathological and OCT fi ndings.36-38

Table 1 Criteria for plaque characterization
Lesion type Brief description in VH 36-38 Brief description in OCT 14, 36, 37, 39

Intimal thickening Plaque with <10% of NC and <10% of calcifi ed tissue Homogeneous signal-rich region

Fibro-atheroma plaque with >10% of confl uent NC Heterogeneous signal poor regions poorly 
delineated

Fibrocalcifi c plaque >10% of confl uent DC with <10% of confl uent NC Homogeneous sharply delineated signal poor 
regions

Calcifi ed FA FA containing >10% of confl uent DC Areas of heterogeneous signal poor regions mixed 
with sharply defi ned signal poor regions

TCFA >10% Confl uent NC in contact with the lumen FA with a cap <65 μm measured at the thinnest 
point

CaTCFA TCFA containing >10% of confl uent DC Same as CaFA but the NC is covered by a cap <65 
μm

NC = necrotic core, DC = dense calcium, FA = fi bro-atheroma, CaFA = calcifi ed fi bro-atheroma, 
TCFA = thin-cap fi bro-atheroma, CaTCFA = calcifi ed TCFA.

OCT
Classifi cation of OCT was based on characteristics as mentioned in table 1 by an 
experienced OCT reader.14, 36, 37, 39 Because of the limited depth of imaging and the 
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limited penetration in OCT, tissue types could not be expressed as percentages of 
the intima like in VH-IVUS, but had to be based on the visible part of the OCT 
image. In cross-sections with no visible cap, defi ned by a transition of signal from 
homogeneous signal rich to otherwise, the cross-section was classifi ed as intimal 
thickening. In presence of a cap the dominant tissue type behind the cap was used 
to assess lesion type.

Combined OCT and VH
After independent analysis of each technique, side-by-side visual assessment of 
VH-IVUS and OCT cross-sections allowed us to evaluate the plaque types in a 
combined fashion. Th e criteria in Table 1 were applied for both techniques. If 
the classifi cations diverged between VH-IVUS and OCT, signal rich regions in 
OCT overruled VH-IVUS tissue characterization. In signal poor regions in OCT, 
VH-IVUS overruled OCT. Th is choice was made because a loss of OCT signal 
can occur due to artifacts, whereas artifacts are unlikely to cause a gain in image 
intensity.

Histology
Histological cross-sections were characterized by two observers blinded for the 
VH-IVUS and OCT results. Characterization was done by making a map of 
all the cross-sections, with color coding for diff erent types of tissue, separating 
fi brotic tissue, lipid pool, necrotic core and dense calcium. In case of disagreement 
between the two pathologists, pathologist 1 and pathologist 2 re-evaluated the 
slides and reached a consensus diagnosis. Classifi cation of cross-sections was done 
using the modifi ed American Heart Association (AHA) classifi cation.37

RESULTS

OCT imaging, with positively matched histology, succeeded in 50 cross-sections 
of 14 vessels. Of these, 36 cross-sections of 9 vessels also had VH-IVUS data. 
Table 2 lists the results of the comparison between histology and OCT, VH and 
the combination of VH and OCT for 36 cross-sections. Table 3 lists the results of 
the comparison between histology and OCT for 50 cross-sections. Figure 1 shows 
misclassifi cations and directions of misclassifi cations. Only repetitive misclassifi -
cations are included.
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DISCUSSION

Th e results in Tables 2 and 3 demonstrate that the classifi cations by both OCT 
and VH-IVUS agree with histology in most cases. Figure 2 illustrates a representa-
tive example, where both OCT and VH detect a calcifi ed fi bro-atheroma, which 
is in accordance with the histological classifi cation.

Table 2 Classifi cation and misclassifi cation by OCT, VH-IVUS and OCT/VH-IVUS combined, 
using histology as a benchmark, in 36 cross-sections.

OCT+ OCT- VH+ VH- OCT/VH+ OCT/VH- Histology

IT+ 19 10 25 4 26 3 29

IT- 2 5 6 1 5 2 7

FC+ 1 0 0 1 0 1 1

FC- 1 34 1 34 1 34 35

FA+ 1 1 0 2 0 2 2

FA- 5 29 3 31 1 33 35

CaFA+ 3 1 1 3 2 2 4

CaFA- 1 31 0 32 0 32 32

TCFA+ 0 0 0 0 0 0 0

TCFA- 3 33 0 36 1 35 36

CaTCFA+ 0 0 0 0 0 0 0

CaTCFA- 0 36 0 36 0 36 36

IT = intimal thickening, FC = fi brocalcifi c, FA = fi bro-atheroma, CaFA = calcifi ed fi broatheroma, 
TCFA = thin-cap fi bro=atheroma, CaTCFA = calcifi ed thin-cap fi bro-atheroma, OCT = optical 
coherence tomography, VH = VH-IVUS.

Table 3 Classifi cation and misclassifi cation by OCT in 50 cross-sections.
OCT+ OCT- Histology

IT+ 21 12 33

IT- 2 15 17

FC+ 2 2 4

FC- 3 43 46

FA+ 3 3 6

FA- 7 37 44

CaFA+ 6 1 7

CaFA- 2 41 43

TCFA+ 0 0 0

TCFA- 3 47 50

CaTCFA+ 0 0 0

CaTCFA- 1 49 50

IT = intimal thickening, FC = fi brocalcifi c, FA = fi bro-atheroma, CaFA = calcifi ed fi broatheroma, 
TCFA = thin-cap fi bro=atheroma, CaTCFA = calcifi ed thin-cap fi bro-atheroma, OCT = optical 
coherence tomography.
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Manfrini et al. were the fi rst to apply the American Heart Association criteria 
to lesion classifi cation with OCT.28 Classifi cation was done in four groups using 
the AHA criteria of 1995.36 In this study we used a modifi ed version of the AHA 
criteria, including the extra categories, calcifi ed fi bro-atheroma, TCFA and calci-
fi ed TCFA.37 Th e study of Manfrini showed a sensitivity of 45% for FA, 68% for 
calcifi ed lesions and 86% for fi brotic lesions. Similar results in our study were seen 
in the detection of FA (3/6 correctly classifi ed). Our study used three categories for 
calcifi ed plaque FC, CaFA, and CaTCFA, having the following results; 2/4, 6/7 
and 0/0 classifi ed correctly, respectively. Subclassifi cation of calcifi ed plaque did 

50 36 

IT

FA

FC 

FA 

TCFA 

IT 

FA 

CaFA 

7 

2 

3 
3

3

2

FA
2 

IT 
2

36 

OCT VH 

OCT  
+ VH 

Figure 1. Chart of misclassifi cations. Only misclassifi cations occurring ≥2 are included in the 
fi gure. Misclassifi cations are derived from 36 cross-sections in VH-IVUS and OCT and VH-IVUS 
combined, misclassifi cations in OCT are derived from 50 cross-sections. Yellow = histology, green = 
VH-IVUS, orange = OCT, OCT/VH-IVUS = red. IT = intimal thickening, FC = fi brocalcifi c, FA 
= fi bro-atheroma, CaFA = calcifi ed fi broatheroma, TCFA = thin-cap fi bro-atheroma. For example: 
of the lesions that were identifi ed as IT in histology, 7 were classifi ed as FA in OCT, 3 as FA in VH-
IVUS, and 2 as FA in OCT and VH-IVUS combined.

A B CA B C

Figure 2. (A) Histology of a calcifi ed fi broatheroma. (B) Corresponding VH-IVUS classifi ed 
as calcifi ed fi broatheroma. (C) Corresponding OCT classifi ed as calcifi ed fi broatheroma. Th e 
needle used to mark the site can be seen in the bright feature at 6 o’clock in OCT, as well as in the 
appearance of dense calcium in that location in VH-IVUS.
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not aff ect the results, compared to the Manfrini study. Fibrotic plaque, categorised 
in our study as intimal thickening, showed slightly diff erent results compared to 
the Manfrini study (21/33 correctly classifi ed).

Th e sample size in our study was suffi  cient to detect repetitive misclassifi ca-
tions and provide an explanation of those misclassifi cations based on the image 
data. Th ese systematic misinterpretations of the data also suggest future possibili-
ties how combining intravascular imaging techniques could help reduce errors in 
classifi cation. Th e limited size of our study did not permit reliable calculation of 
sensitivities and specifi cities, however.

Recent studies in OCT showed diffi  culties detecting TCFA in OCT and in 
characterizing plaques with OCT.16, 28 Misclassifi cations were reported as a result 
of limited penetration depth, problems in distinguishing lipid pool from calcifi ca-
tions and vice versa, or heterogeneity of necrotic cores, consisting of necrotic 
debris and calcifi cations.14-16, 28, 29

In our data we have encountered the same confounders. In addition, we ob-
served the following features, compromising the classifi cation of lesions based 
on OCT. Dense infi ltration of macrophages in the intima or the outer layers of 
a fi brotic plaque led to high scattering of OCT signal, causing the underlying 
collagen/glycoprotein matrix to appear as a (thin-cap) FA. Figure 3 shows an 
example. In such sections, signal-poor regions were seen, with poorly delineated 
borders, which is the exact defi nition of lipid pool.14, 39 Th e possibility of detecting 
macrophages with OCT has been reported earlier, but their potential to confound 
lesion classifi cation was not noted at that time.40, 41 In four cross-sections, scat-
tering caused by dense macrophage infi ltration led to misclassifi cation in which 
two times an IT in pathology was called a FA in OCT and in two times an IT in 
pathology was called a TCFA in OCT.

A B CA B C

Figure 3 (A) CD68 stained cross-section. Th e intima consisting of a collagen/glycoprotein matrix 
is densely infi ltrated by macrophages. (B) Magnifi cation of selected region in A. (C) Corresponding 
OCT image. Th e region infi ltrated by macrophages appears as a thin-cap fi bro-atheroma. Th e bar 
indicates 1 mm.
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Catheter position may also interfere with image features and defi nition. Th e 
published image classifi cation schemes are based on features that are routinely ob-
served with a catheter that is well centered in the lumen. Light from an eccentric 
catheter, or one that is even touching the vessel wall, may be incident on the tissue 
under a glancing angle. Th e light path through tissue to a certain radial depth 
in the vessel wall is longer in such an imaging geometry than in one where the 
imaging beam strikes the interface perpendicularly. Th e limited penetration depth 
or large attenuation occurring over a limited radial distance, leads to fi brotic areas 
misinterpreted as FA or TCFA. Th is situation is illustrated in Figure 4.

A BA B

Figure 4. (A) Hematoxylin-eosin stained cross-section. (B) Intimal thickening is misinterpreted as 
thin-cap fi bro-atheroma (TCFA) in optical coherence tomtography (OCT). Th e large arrow points at 
the spot interpreted as a thin-cap. Th e four small arrows indicate the OCT beams and are all of the 
same length. Th e loss of signal due to tissue penetration is similar for each arrow. Because of eccentric 
catheter position this cross-section, classifi ed as intimal thickening in histology, appears as a thin-cap 
fi bro-atheroma (TCFA) in OCT. Th e bar indicates 1 mm.

A B

Figure 5. (A) H&E stained cross-section with (B) the corresponding optical coherence tomography 
(OCT). Th e arrow indicates a collagenous region in histology mistaken for a lipid region in OCT. 
Reduced optical effi  ciency of the catheter in this image section creates a dark sector, making mild 
intimal thickening appear as a fi bro-atheroma. Th e bar indicates 1 mm.
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Finally, we observed that the effi  ciency of the optical catheter to emit or re-
ceive the imaging light beam may vary with rotation scan angle in some catheter 
specimens. Th is leads to darker sectors in the image, and these regions can appear 
as signal poor regions like FAs, see Figure 5. A possible cause for this observation 
is optical impurities sticking to the outside of the catheter. Th ese can be picked 
up on insertion of the catheter, for example. While the in vitro setting, in absence 
of fl ow, may aggravate this problem compared to clinical use, it is diffi  cult to 
ascertain intra-procedurally that the image quality is constant across the rotation.

In VH-IVUS incorrect drawing of lumen and media borders may have led 
to misclassifi cation in 3 cross-sections. Incorrect drawing of borders was seen in 
two typical situations: lumen borders at sites where the catheter was against the 
lumen wall, and media borders at sites where the adventitia was invisible due to 
acoustic shadowing. Drawing borders with knowledge of histology retrospectively 
corrected the misclassifi cations in 2 out of 3 cross-sections.

Cross-sections were imaged in a static situation, not performing a pullback. 
In this situation a plaque can not be seen in the context of its surrounding which 
complicates identifi cation of correct borders. Also, excised specimens do not 
always have suffi  cient adventitia to help diff erentiate the media border from its 
surroundings.

Qualifi cation of plaques in VH-IVUS is straight-forward and the lesion type 
could often easily be assessed by the bare eye. Plaques with confl uent NC or Ca 
around 10% might fall in one or the other classifi cation group, and hence may be 
sensitive to misclassifi cation.

In VH-IVUS, classifi cation is an automatic process, giving less inter-observer 
variability, but also giving no explanation of errors in VH-IVUS compared to 
histology. Misclassifi cation that could not be explained was seen in fi ve cross-
sections. In three cross-sections it involved classifi cation as FA while there was 
in histology little NC (2x) or no NC (1x) at all. In two cross-sections it involved 
histological FA classifi ed as IT in VH-IVUS.

Overall, VH-IVUS classifi ed plaque correctly 26 out of 36 cross-sections. 
Detection of IT (25/29 correctly identifi ed) corresponds to the sensitivity as 
reported by Dietrich et al (89%).38 However, detection of FA (sensitivity = 54,1% 
by Diethrich et al) did not correspond to our data (0/2 correctly identifi ed).38 
Our sample size is to small to draw defi nitive conclusions out of these numbers 
however our results are in line with previous fi ndings of Granada who reported 
lower sensitivities and specifi cities.12, 35, 42, 43 Misclassifi cation in VH-IVUS alone 
typically also led to misclassifi cation in OCT and VH-IVUS combined. VH-IVUS 
could positively infl uence OCT in cases where OCT misclassifi ed plaques as FA, 
that were IT according to histology. Th e artifacts mentioned above led to a high 
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false-positive number of FAs in OCT. FA or TCFA in OCT, which was classifi ed 
as IT in VH-IVUS, meant in 6 out of 7 times it was indeed an IT in histology. In 
three out of six it involved plaques classifi ed as TCFAs by OCT.

A recent study describes the low incidence of histology-derived TCFA and FA 
(1.5% and 10.5% of advanced lesions, respectively).44 Our data show a relatively 
high false-positive rate for TCFA or FA: IT in histology was classifi ed in OCT 
as TCFA or FA in 10 cross-sections.37 Given the incidence of FA and especially 
of TCFA, the positive predictive value of OCT, an important parameter in rare 
incidence, could be small for these clinically signifi cant plaque types. Since the 
group of non-TCFAs appears to be 98.5% in advanced lesions, the fi nding of 
a TCFA in OCT must be regarded with caution, and corroborated with other 
evidence if possible. An in vivo study by Sawada et al. combined VH-IVUS and 
OCT for detection of TCFA. Only lesions classifi ed as TCFA both in OCT and 
in VH-IVUS were considered real TCFAs.16 Th is defi nition is indeed a sensible 
one, as the resolution of VH-IVUS is insuffi  cient per se to identify thin caps, and 
OCT is seen to suff er from many false positives.

In conclusion, adding VH-IVUS to OCT could help reduce misclassifi cation by 
OCT of FAs and TCFAs. In vitro studies with larger sample sizes are needed to 
assess the full potential of the added value of OCT and VH-IVUS combined. 
Criteria for classifying VH-IVUS combined with OCT have not been optimally 
validated and could possibly be improved using larger datasets.
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Abstract

Optical Coherence Tomography (OCT) is rapidly becoming the method of choice for assessing arterial

wall pathology in vivo. Atherosclerotic plaques can be diagnosed with high accuracy, including measure-

ment of the thickness of fibrous caps, permitting an assessment of the risk of rupture. While the OCT image

presents morphological information in highly resolved detail, it relies on interpretation of the images by

trained readers for the identification of vessel wall components and tissue type. We present a framework to

enable systematic and automatic classification of atherosclerotic plaque constituents, based on the optical

attenuation coefficient μt of the tissue. OCT images of 65 coronary artery segments in vitro, obtained from

14 vessels harvested at autopsy, were analyzed and correlated with histology. Vessel wall components can

be distinguished based on their optical properties: necrotic core and macrophage infiltration exhibit strong

attenuation, μt ≥ 10 mm−1, while calcific and fibrous tissue have a lower μt ≈ 2–5 mm−1. The algorithm

is successfully applied to OCT patient data, demonstrating that the analysis can be used in a clinical setting

and assist diagnostics of vessel wall pathology.

∗Corresponding author; email: g.vansoest@erasmusmc.nl
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I. INTRODUCTION

It is generally accepted that the majority of acute coronary events is precipitated by the rup-

ture of a vulnerable atherosclerotic plaque in the coronary system, and subsequent thrombogenesis

[1–3]. The thin-cap fibroatheroma is currently hypothesized to be the most likely class of arterial

wall pathology to constitute a vulnerable plaque [4, 5]. The key to plaque vulnerability is still

elusive [6], even though recent technological advances in intravascular imaging technology have

enabled the collection a wealth of data on unstable atherosclerosis in all its stages of development

[7], both in clinical and in ex vivo settings. It appears very likely that combined information on

physiological, anatomical, chemical, and mechanical parameters [8–10] is needed for a reliable

assessment of the proneness of a specific lesion to rupture. Some of these parameters may be

accessible through intravascular imaging methods [11–19]. In addition, plaque type and morphol-

ogy prior to intervention influence the long-term procedure outcome significantly [20]. Among the

parameters that influence plaque vulnerability are, the thickness of the fibrous cap overlying the

necrotic core, inflammation, intraplaque haemorrhage, and composition [9, 21]. Data on plaque

composition and stability, complementing the image, may inform the decision, if and how to treat

a particular section of coronary artery.

The advent of optical coherence tomography (OCT) for cardiovascular applications has boosted

the resolving power of intravascular imaging to a level where imaging the thin cap of a vulnerable

plaque is possible [22]. Insight into the physiology of a plaque is complementary to the structural

information offered by the OCT grayscale image.

In intravascular ultrasound (IVUS) imaging, parametric imaging techniques have been devel-

oped that quantify properties of the underlying tissue in the image. Examples of this approach are

IVUS elastography, characterizing local elasticity [11, 12, 23, 24], and spectral analysis methods

for tissue identification [25–27]. In intravascular OCT, published research into parametric imaging

methods has been very limited to date. One obvious cause for this is the high quality of OCT data,

making visual interpretation easier than in IVUS.

Recent publications have highlighted the possibility of tissue identification in OCT imagery.

Yabushita et al. [28] published a qualitative image classification scheme, which has become the

de facto standard, distinguishing fibrous, calcified and lipid-rich tissues. A comparison with later

work by Kume et al. [29] reveals, however, that the interpretation of OCT images based on

qualitative criteria can be ambiguous in some cases. In this study, we attempt to resolve some of
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the ambiguity associated with qualitative OCT tissue classification, by developing a parametric

imaging technique that images the optical extinction coefficient (sum of scattering and absorption:

μt = μs + μa) in atherosclerotic plaques in situ.

A few studies were published over the past years [30–32] that targeted the optical attenuation

coefficient for arterial tissue identification with OCT. All these studies used benchtop, scanning-

stage-based OCT setups, and hence required longitudinal dissection of the arteries. We used an

intracoronary, catheter-based OCT system, allowing us to image the optical attenuation in situ and

even in vivo. Xu et al. [33] published a study in which both the backscatter coefficient μb and the

extinction coefficient μt were measured on intact human coronaries ex vivo, using a microscope

type OCT setup. The latter study can be interpreted as a quantitative basis for the qualitative

scheme of Yabushita et al. [28].

The expectation value of the detected OCT signal intensity 〈Id(r)〉 can be modeled using a

single scattering model, that incorporates the axial point spread function due to the coupling of

the emitted and backscattered intensity to the Gaussian mode profile of a single mode fiber (SMF)

[34].

〈Id (r)〉= I0 T (r)exp(−μtr) ; T (r) =

[(
r− z0

zR

)2

+1

]− 1
2

(1)

In this equation, the intensity is modeled by a Lambert-Beer exponential decay curve, multiplied

by the coupling factor. The expectation value operator 〈·〉 denotes the ensemble average over

many realizations of the speckle generated by the beam in the tissue. T (r) is the longitudinal point

spread function (PSF) for an SMF-based OCT system, governed by the position of the beam waist

z0 and the Rayleigh length zR. We are interested in the attenuation coefficient μt, appearing in the

exponent of this relation. The scale factor I0 is the locally available intensity multiplied by the

backscattering coefficient μb, I0 = μb(r)I′(r). The backscatter efficiency is a tissue property that

can be measured independently in homogeneous media [33]. This local intensity is equal to the

source intensity incident upon the vessel wall, Iin, diminished by the attenuation along the path

from the lumen border to the imaged depth, I′(r) = Iin
∫ r
0 exp(−μtr′)dr′. As the OCT image traces

provide only one intensity measurement of for every depth, it is not possible, in practice, to extract

two depth-dependent parameters, μb(r) and μt(r), from the analysis.

Equation (1) describes the OCT signal in a homogeneous medium. The vessel wall, and bio-

logical tissue in general, are heterogeneous structures. An OCT A-line Id(r) usually samples more

than one tissue type. Hence, the signal intensity has to be fitted in windows, of a length that is
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unknown a priori [31]. Here, variations in μb(r) may confound the analysis of μt(r). In addition,

the presence of speckle means that the contrast-to-noise ratio (CNR) in the image is inherently

low [35, 36], and several frames will have to be averaged in order to reduce speckle. Averaging is

complicated by artifacts due to cardiac motion, and by non-uniform catheter rotation, which can

usually be corrected [37, 38].

In this paper, we present a method for intracoronary imaging of the optical extinction coefficient

μt. The principle is demonstrated in human coronary arteries ex vivo. The optical attenuation maps

are compared with histopathology, in order to identify the correspondence between tissue type and

extinction coefficient. After validation, we recorded suitable intracoronary OCTmovies in patients

and applied the algorithm to the data. Analysis was successful and the resulting optical attenuation

maps both corroborated and complemented the qualitative interpretations of plaque type.

II. MATERIALS AND METHODS

A. Specimens

We examined 14 human coronary arteries, acquired during autopsy at the Department of Pathol-

ogy of the Erasmus MC, from 14 human hearts (57% men, 12 left anterior descending arteries,

2 right coronary arteries, mean age 64). Inclusion criteria were age > 40 years and non-cardiac

death. Permission to use autopsy material for scientific study was obtained from the relatives; this

study was approved by the Ethics Committee of the Erasmus MC.

The length of the artery segments varied between 5 and 9 cm. In these vessels, 65 sites were

identified (up to 5 per segment) for imaging and further histologic processing. All vessels except

one were observed to be atherosclerotic based on gross pathology. During excision of the arteries,

side branches were closed with sutures. OCT imaging was performed within 24h post mortem.

B. Imaging protocol in vitro

OCT imaging was performed with a M2CV time-domain OCT system, and ImageWire 200

catheters (Lightlab Imaging Inc., Westford, MA) . A vessel cross-section is imaged by an infrared

light beam, central wavelength 1310 nm, that is swept along the vessel wall by the rotating fiber

inside the catheter sheath. The OCT system had an axial resolution of 14 μm, and a tangential

resolution of 25 μm in the focus. The imaging depth was 3.3 mm. Each frame consisted of

Gonzalo.indd   124Gonzalo.indd   124 06-Jan-10   11:54:53 AM06-Jan-10   11:54:53 AM



125

Atherosclerotic tissue characterization by OCT

312 lines×752 pixels, corresponding to 4.5 μm per pixel. Imaging was performed at a rate of 10

frames per second (fps).

The artery under investigation was excised from the heart and placed in a water bath filled

with saline solution at 37◦C [32]. Both ends were mounted on plastic sheaths, and the vessel

was pressurized to 100 mmHg using a water column system filled with saline. The vessel was

inspected longitudinally by moving the imaging catheter along the lumen. During imaging, these

sites were marked with a needle, visible in the OCT images. After removal from the water tank,

the needle was replaced by a color coded suture. At sites of interest, a stationary movie of 40–50

frames was recorded and stored in polar coordinates in stacked TIFF format.

C. Histopathology

After imaging, the artery sections were pressure fixed at 100 mmHg in formaldehyde for 24h

at room temperature, and subsequently stored in formaldehyde at 4◦C for further processing. Ves-

sels were partially decalcified for 24 hours in formic acid [39]. After fixation and decalcification,

sutures marking the imaged cross-sections were replaced by ink dots. The tissue was embed-

ded in paraffin and serially sectioned for histological staining. Each imaged cross-section was

stained with Hematoxylin-Eosin (H&E), Picrosirius red, Elastic van Gieson (EvG) and immuno-

histochemical stain CD68.

Histological cross-sections were characterized by two observers blinded for the OCT results.

Characterization was done by making a map of all the cross-sections, called cartoon histology, with

color coding for different types of tissue. We distinguished fibrous tissue and smooth muscle cells

(SMC), lipid pool, necrotic core in early or advanced stage, haemorrhage, and dense calcium.

In case of disagreement, the two pathologists re-evaluated the slides and reached a consensus

diagnosis. A summary of the used color coding is displayed in Table I.

D. Imaging protocol in vivo

Quantitative analysis of intracoronary OCT imagery is complicated by motion and other arti-

facts, resulting from catheter eccentricity or blood remnants in the lumen. The influence of cardiac

motion can be mitigated by increasing the imaging speed. The diastolic filling phase, where coro-

nary motion is minimal, lasts about 0.2 s, measured from the end of the T-wave in the ECG to the

Gonzalo.indd   125Gonzalo.indd   125 06-Jan-10   11:54:53 AM06-Jan-10   11:54:53 AM



Chapter 4.2

126

beginning of atrial systole, marked by the start of the P-wave. At a frame rate of 100 fps, each

heart cycle will have 15–20 frames in which the effects of cardiac motion are limited, and allow

averaging of those frames.

In vivo imaging was performed in the catheterization laboratory of the Thorax Center of the

Erasmus MC (Rotterdam, The Netherlands) using an optical frequency domain imaging (OFDI)

system [40, 41], built at the Wellman Center for Photomedicine (Boston, MA). This swept-source

system has a center wavelength of 1310 nm and an axial resolution of 10 μm. It images the

coronary at a frame rate of 105 fps, using 512 lines per frame. The ranging depth in tissue is about

4.7 mm.

Patients undergoing percutaneous coronary intervention (PCI) were enrolled in this study, hav-

ing given informed consent. In the OFDI pullback and X-ray angiography, lesions of interest are

identified for optical extinction imaging. The catheter imaging tip is then positioned at such a

site, and a stationary (i.e. no pullback) movie is recorded. The blood is cleared from the artery

by flushing with 100% Iodixanol 370 (VisipaqueTM, GE Healthcare, Cork, Ireland) at 37◦C using

an injection pump (Mark-V Pro Vis, Medrad Inc., Indianola, PA). Recording was started as soon

as clearing was achieved, and stopped after about 5 heart cycles; flushing was also stopped at this

time. ECG is recorded synchronously with the OCT acquisition at a sampling rate equal to the

A-line frequency (54 kHz). In the acquired data, we select the frames corresponding to the cardiac

phase between the T- and P-waves for further analysis. The imaged plaques are classified [28] by

two experienced OCT readers for comparison with the assessment based on optical attenuation.

E. Catheter characterization

Individual catheters of the type used in this study may have non-identical focal length z0 and

Rayleigh length zR. It is necessary to characterize the catheters before attempting to analyze the

received OCT signal. Catheter beam parameters were determined by recording the OCT signal in

a series of Intralipid (Fresenius Kabi, ’s-Hertogenbosch, The Netherlands) dilutions (base solution

20% w/w; diluted 1:4 to 1:128) in water. Every recording consisted of about 15000 A-lines. These

are averaged to reduce speckle. An r-dependent (catheter-independent) intensity offset Ioffset was

determined by recording and averaging the OCT signal in water, with negligible attenuation and

backscattering. This offset was subtracted from the averaged OCT traces.

To reduce the dynamic range of the fitted signal and reduce sensitivity to noise, we linearized
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Eq. (1) by logarithmic compression:

log [Id(r)− Ioffset(r)]+ log [T (r;z0,zR)] = log(I0)−μt r . (2)

The second term in Eq. (2), representing the catheter-specific PSF, is calculated using several

combinations of z0 and zR, and added to the offset-corrected intensity profile. The range of values

included in the fit is limited to the area where noise and catheter artefacts are negligible. The root

mean square (rms) difference between measured data and the fitted line, is calculated for a matrix

of (z0,zR) combinations, with 0.7 ≤ z0 ≤ 1.7 mm, and 0.2 ≤ zR ≤ 1.2 mm, both with 0.01 mm

increments. All catheters yielded a unique, paraboloid minimum. The values of z0 and zR at the

minimum of the cost function represent the best estimate of the beam parameters.

F. Data analysis

All data analysis was performed in MATLAB R2007b (The Mathworks, Natick, MA). Frames

from the OCT movies were aligned using our nonlinear rotation correction algorithm [37, 38], and

then averaged for speckle reduction. This mean OCT image is used as the basis for analysis of the

optical attenuation coefficients. If there is evidence of remaining motion artifacts (e.g. blurring in

the averaged frame) in the corrected sequence, the data is discarded.

The intensity traces are linearized in the manner of Eq. (2), using the beam parameters specific

for the catheter that was used for imaging the vessel. Starting at the lumen boundary, the log-

compressed data is least-squares fitted with a linear model

Ĩ(r) = log(I0)−μtr , (3)

in a window of variable length L. With a linear optimization, there is a unique optimum for each

set of data, and results are independent of the initial guess needed for an iterative nonlinear model.

Speed is another advantage.

A schematic representing the data flow in the fitting procedure is shown in Fig. 1. Using

an adaptive threshold criterion, the lumen boundary is determined in the mean image. A linear

least-squares fit is performed in a window of minimum length Lmin = 200 μm, corresponding to

w = 44 pixels. Results with μt < 0 are discarded. The cost function is defined as the root of mean

square (rms) difference between the averaged measured OCT trace 〈Id〉 and the model Ĩ, divided

by the window length: δ =
√[〈Id〉− Ĩ

]2
/L. This normalization biases the cost function to larger

windows and so reduces the sensitivity to changes in intensity that occur at inhomogeneities.
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Now the window is iteratively extended with s = 0.1w pixels at a time until a decrease in fit

quality is detected. The optimum values (for smallest δ ) are stored. This method automatically

searches for the longest homogeneous region to fit: the window is extended until an inhomogeneity

is encountered that degrades the result. Once the window has been extended to its maximum length

the window is moved forward. This procedure is repeated until the window reaches the end of the

A-line. All parameters in the fitting procedure have been optimized in a simulation study [42].

This fitting procedure results in an estimate for μt(r) for every A-line. The extinction coeffi-

cients are color coded and plotted in the regular grayscale OCT image as an overlay or side-by-

side. The in vitro data are then compared with the tissue type maps based on histology to identify a

correspondence between tissue type and μt. As histological tissue slices are much thinner (5 μm)

than the accuracy of the needle marker (≈ 0.5mm) there is an unavoidable sampling error [43–

45]. Imaged cross-sections that were obviously mismatched with histology, based on anatomical

features, were removed from the data set before analysis.

III. RESULTS

A. In vitro imaging

We analyzed OCT data of 39 lesions. Other sites had too much catheter motion, preventing the

averaging of the data, or the match between the OCT data and histology was inaccurate. Results

for different lesion types are shown in Figs. 2, 3, and 4. Figure 2 displays data for a lesion

containing a large calcification and an advanced necrotic core. Low attenuation is found in areas

with fibrous tissue and calcification. The necrotic core exhibits higher attenuation It stands out

much more clearly in the attenuation image than in the grayscale OCT. The adventitia also has

a high attenuation, but can be distinguished from pathological features by its morphology and

location: the high attenuation occurs outside the media and is circumferential. A concentric fibrous

lesion shows up as a homogenous, circumferential, low attenuation region in Fig. 3. Again, the

attenuation coefficient rises in the adventitial region.

A more complex plaque type is analyzed in Fig. 4. The OCT image is very heterogeneous,

and this is reflected by the morphology in the histology. The cartoon histology shows intraplaque

haemorrhage and necrotic core, embedded in a mostly fibrous matrix. The green and orange boxes

highlight areas with high attenuation coefficient. The green box contains some necrotic core,
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which is in accordance with the example in Fig. 2. The orange box, however, is only fibrous tis-

sue and SMC. The CD68 stain reveals strong topical macrophage infiltration in both these areas.

Macrophages, being strong optical scatterers, attenuate the OCT beam. An example intimal xan-

thoma is shown in Fig. 5. Macrophages in a lesion that is mostly fibrous otherwise cause strong

attenuation.

The limited size of our data set does not permit a definitive formulation of a quantitative clas-

sification scheme for automatic identification of necrotic core and macrophages, or plaque type in

general. We can, however, formulate tentative criteria based on the appearance of certain patholo-

gies in our in vitro optical attenuation data. The characteristics we observed are summarized in

Table II.

B. In vivo imaging

Stationary OCT movies with ECG registration were obtained from 6 plaques in 3 patients. Of

these, 5 plaques had OFDI data with small enough catheter motion that the residual shifts could

be corrected and frames could be averaged in at least one heart cycle. Of these plaques, 3 were

classified as fibroatheroma, and 2 were fibrous lesions. Figure 6 presents an example of the optical

attenuation of an atherosclerotic lesion in vivo. We show data from three consecutive heart cycles,

demonstrating the reproducibility of the algorithm.

The characteristics noted in Table II were also observed in vivo; plaque identification by ap-

plication of these criteria agreed with the interpretation by two OCT readers for 4 out of 5 cases;

interpretation of the fifth one was complicated by the presence of the guidewire shadow. A con-

spicuous difference with the in vitro data is that the optical attenuation coefficients in areas classi-

fied as necrotic core were found to be lower by 2–3 mm−1 in the patient data.

IV. DISCUSSION

A. Results of this study

In this study, we have compared the optical attenuation coefficient, measured by OCT, with

the composition of atherosclerotic lesions, based on histology. High optical attenuation—

μt � 10 mm−1—is associated with two important markers of atherosclerotic plaque vulnerability:

necrotic core and macrophage infiltration. Other common plaque tissue types, fibrous and calcific,
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were found to have a low attenuation coefficient—μt ≈ 2–4 mm−1. The in vitro measurements

were done on intact excised human coronary arteries, with a commercially available, clinically

approved OCT system and catheters.

We have demonstrated that the analysis can be performed, with similar results, to patient data.

Application in interventional procedures is easy, quick, and does not cause any patient discomfort.

It requires the recording of a stationary movie of about 5 heart cycles at a spot of interest, and

about 25 ml of extra flush medium for clearing. Automated, real-time attenuation analysis should

be possible. The only steps that presently require user attention are the selection of end-diastolic

frames for processing, and a check if the lumen contour detection did not produce any errors. Data

processing is computationally light: analysis of cross-section takes about 1 s in Matlab without

any optimizations.

This study is the first to report in-situ tissue typing of atherosclerotic lesions in intact human

coronary arteries by means of the optical attenuation coefficient. It is also the first to demonstrate

the in vivo feasibility of such an approach, and to assess the diagnostic potential of this parameter

for plaque type in a clinical setting.

The analyzed attenuation coefficients in necrotic tissue are lower in vivo than in vitro by about

2–3 mm−1. Given the variation in necrotic core optical properties, and the small number of in vivo

cases in this study, there is a significant uncertainty in this estimate, but we do see a systematic

difference, that is also apparent in Fig. 6. Slight changes in the tissue optical properties after death

or after excision may be the cause of this observation.

B. Comparison with literature

Our results are in general agreement with those presented by Xu et al. [33]. Using a bench-

top OCT system, they measured low μt for fibrous and calcific tissue, and high μt for necrotic

core. Macrophage infiltration was not identified in this study. The scale is also comparable, tak-

ing uncertainty margins into account and reading the “lipid” category of Ref. 33 as our category

“necrotic”: necrotic core has μt > 10 mm−1. Xu et al. report a value of the fibrous and calcific,

μt ≈ 6 mm−1, that is slightly larger than the one we find (μt ≈ 2–5 mm−1). This may be a result

of the fixation procedure applied in Ref. 33.

Other literature reports both higher [30] and lower [31] values for necrotic core attenuation.

Our data do confirm the observation [33] that lipid-rich tissue attenuates more strongly than other
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atherosclerotic tissue types, or healthy vascular tissue.

C. Image artifacts and study limitations

We were not able to determine the backscatter coefficient μb from our data, because of the

heterogeneities encountered in every A-line, and the lack of an intensity calibration (Iin on page 3)

that is constant for all lines and frames. We have put in a large effort to reduce the sensitivity of

the fitting algorithm to sudden steps in intensity, that result from a drop in μb at a sharp interface

between different tissues. Evidence of artifacts, resulting from changes in μb being interpreted as

large μt, is still present in the data, however. An example may be seen in Fig. 2, where fibrous and

calcified tissue are adjacent. Both fibrous and calcified tissue have a low μt, but the transition from

high to low μb produces a spot of high fitted μt near 3 o’clock. This illustrates that the attenuation

display should always be interpreted in conjunction with the grayscale OCT image.

The model we used for analysis is a single-scattering model, assuming straight light paths to

and from the scattering site where backreflection occurs, and not incorporating interfaces between

different tissues. In reality, there is evidence of multiple scattering, especially where the tissue

is close to the catheter. Multiple scattering leads to a higher signal than predicted by the model,

given a set of optical parameters, and hence an artificially high attenuation as the multiple scat-

tering weakens farther away from the catheter. Likewise, interface reflections at the boundary

between different tissues—with differing refractive indices [32]—may produce a strong signal lo-

cally, which cannot be accounted for by Eq. (1). More sophisticated optical modeling [46] could

reduce these artifacts, but will substantially complicate the analysis and increase dependence on

parameter guesses.

Two aspects of the comparison with histology merit discussion. The first is image registration:

the histologic processing inevitably deforms the tissue. This complicates automated correlation

between tissue type and optical attenuation. For this reason we had to resort to visual inspec-

tion. Second, density variations are apparent in the histology slides, particularly in fibrous tissue.

Certain areas seem to be more tightly packed than others. While this may be an artifact due to his-

tologic processing in some cases, these regions can often be identified in the OCT images. They

will undoubtedly reflect in the attenuation coefficient. Our standard—tissue type, color coded in

the cartoon histology—does not represent these density variations. This is a source of μt variation

that our analysis cannot account for.
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V. CONCLUSIONS

We have developed a framework for imaging of the optical attenuation coefficient μt in human

coronary arteries using intravascular OCT. In vitro studies demonstrate that μt is a suitable pa-

rameter to distinguish between different tissue types in atherosclerotic lesions. Two markers of

plaque vulnerability, the presence of necrotic core and macrophage infiltration, can be identified

as areas of high attenuation (μt � 10 mm−1). Fibrous and calcified tissue have μt ≈ 2–5 mm−1.

The analysis was successfully applied to OCT images acquired in patients. Optical-attenuation

based plaque classification, using the criteria developed with the in vitro analysis, corroborated

the plaque classification based on the grayscale OCT.
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FIG. 1: Flow diagram of the fitting process. Several intermediate steps enable the algorithm to handle

discontinuities and noise. Full description in the text.

*
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FIG. 2: A: OCT image of a coronary atheroclerotic lesion ex vivo. indicates the needle used for marking

the imaged site. B: Corresponding histology, H&E stain. C: Cartoon histology, overlayed on the original

histology slide. It indicates an advanced necrotic core (red) behind a calcification (gray), and a slight

fibrotic (green) circumferential intimal thickening. D: OCT-derived attenuation coefficient μt, plotted on a

continuous color scale from 0 mm−1 to 15 mm−1. The area corresponding to the necrotic core exhibits a

higher attenuation coefficient (8–10 mm−1 than the calcification next to it or the surrounding fibrous tissue

(2–3 mm−1).
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A

*

C D

*

B

FIG. 3: A: OCT image of a circumferential homogeneous intimal thickening case. B: Corresponding histol-

ogy, EvG stain. C: Cartoon histology, confirming a fibrous thickened intima. D: The attenuation coefficient

μt is uniform and low, 2–4 mm−1, in the area corresponding to the fibrous lesion. The color scale runs from

0–15 mm−1.

C D E

*A B *

FIG. 4: A complex lesion containing necrotic core, haemorrhage, and macrophages. A: OCT image. B:

Attenuation coefficient; scale from 0–15 mm−1. C: Histology, H&E stain. D: Cartoon, indicating an

early stage necrotic lesion, with a thin fibrous cap, and intraplaque haemorrhage. E: CD68 stain, showing

macrophage infiltration. The green and orange boxes are magnified above, and correspond to the indicated

areas in B. Both areas show high attenuation coefficient (10–12 mm−1), coinciding with the presence of

necrotic core (green box) and macrophages (green and orange boxes).
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μt

FIG. 5: An intimal xanthoma case. High attenuation (color scale 0–15 mm−1 as before) in a fibrous lesion

occurs due to macrophage infiltration, as evidenced by the CD68 stain in the inset.

A B1 B2 B3

* * * *

FIG. 6: Optical attenuation imaging in vivo. A: OFDI image of a coronary fibroatheroma (12–3 o’clock);

marks the guidewire shadow. B1–3: Optical attenuation coefficient of three consecutive heart cycles, B1

corresponding to the data shown in A. The color scale runs from 0–12 mm−1.
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TABLE I: Color coding used for tissue type in the cartoon histology.

Fibrous and smooth muscle cells

Early necrotic core

Advanced necrotic core

Calcification

Haemorrhage

TABLE II: Appearance of vessel wall condition in the attenuation image.

Condition Appearance Typical μt

Healthy vessel wall
Thin (< 300 μm) circumferential layer of low attenuation,

adjacent to the lumen;

2–5 mm−1

enveloped by a circumferential high-attenuation layer > 12 mm−1

Intimal thickening Circumferential layer of low attenuation adjacent to the

lumen; thickness ≥ 500 μm

2–5 mm−1

Necrotic core Area of high attenuation � 10 mm−1

Macrophage infiltration Layer of high attenuation, usually missing data behind it > 12 mm−1
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Abstract

Background: The risk of rupture and subsequent thrombosis of the atherosclerotic coronary plaques is related to the presence of necrotic core
with high lipid content.
We conducted an exploratory pilot trial to compare the capability for lipid tissue detection using four intra-coronary diagnostic techniques:

greyscale intravascular ultrasound (GS IVUS), IVUS radiofrequency data (IVUS RFD) analysis, optical coherence tomography (OCT) and
intravascular magnetic resonance spectroscopy (IVMR).
Methods: Twenty-four matched target plaques were analyzed with the 4 techniques in non-culprit lesions in five patients with stable angina.
Following IVUS pullback, OCT and IVMR was performed. Plaque composition was assessed using established criteria of each technology.
Results: Atherosclerotic plaques classified as soft by GS IVUS were mainly composed by fibro-fatty (80%) or necrotic core (20%) by IVUS
RFD. These soft plaques were classified as “lipid-rich” by OCT in the majority of cases (80%). IVMR confirmed the presence of lipid with a
lipid fraction index ranging between 36 and 79 in these soft plaques. Besides this good agreement for soft plaques, GS IVUS, IVUS RFD and
OCT had 100% agreement in the identification of calcified plaques.
Conclusion: The present study explored multi-modality imaging of atherosclerotic plaque in-vivo. Assessing specifically lipid-rich plaques,
there was generally good agreement for plaque components identified as soft by traditional GS IVUS with RFD and OCT whereas IVMR
showed a varying amount of lipid in these regions. Nevertheless there continues to remain inherent variation, namely as a result of the
different imaging resolutions and the lack of common nomenclature and classification.
© 2008 Elsevier Ireland Ltd. All rights reserved.

Keywords: Intra-coronary imaging; Atherosclerotic plaque characterization; IVUS RFD analysis; Optical coherence tomography; Intravascular magnetic
resonance spectroscopy

1. Introduction

Acute coronary syndromes (ACS) are common initial
manifestations of coronary atherosclerosis. The propensity
of atherosclerotic lesions to destabilize is highly dependent
on their composition, with autopsy studies of sudden cardiac
death victims showing that the most frequent cause of the
coronary occlusion is rupture of a thin cap fibroatheroma
(TCFA) plaque [1]. Such lesions are characterized by a large
necrotic core (tissue with lipid-rich necrotic areas containing
remnants of foam cells, lymphocytes, cholesterol clefts and
microcalcification) with a thin, fibrous cap, usually b65 μm

Abbreviations: ACS, acute coronary syndromes; TCFA, thin cap
fibroatheroma; IVUS, intravascular ultrasound; GS, greyscale; RFD, radio-
frequency data; NC, necrotic core; OCT, optical coherence tomography;
IVMR, intravascular magnetic resonance spectroscopy; LFI, lipid fraction
index; PCI, percutaneous coronary intervention; QCA, quantitative coronary
angiography; FOV, field of view.
☆ All authors have approved the final manuscript, which has not been
published and is not under consideration elsewhere. We declare that there is
no conflict of interest for any author. Dr Gonzalo has received a Research
Grant from the Spanish Society of Cardiology.
⁎ Corresponding author. Thoraxcenter, Bd 585,'s-Gravendijkwal 230,
3015 CE Rotterdam, The Netherlands. Tel.: +31 10 70 35729; fax: +31 10 70
32357.

E-mail address: e.regar@erasmusmc.nl (E. Regar).
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in thickness [2]. Since the necrotic core is a tissue with
high lipid content, discrimination of lipid-rich tissue may
have an important impact on the detection of lesions prone to
rupture.
Greyscale (GS) intravascular ultrasound (IVUS) is the

most often employed diagnostic technique for the evaluation
of extent and distribution of coronary atherosclerotic plaque
[3], however, its specificity and sensitivity for tissue
identification are limited [4,5]. Spectral analysis of IVUS
radiofrequency data (RFD) is a tool developed in the last few
years for more reliable analysis of plaque composition [6].
Optical coherence tomography (OCT) is a high-resolution
imaging modality that uses reflected near-infrared light to
visualize vascular microstructures and it has been success-
fully applied for the characterization of coronary athero-
sclerotic plaques in-vivo [7]. Intravascular magnetic
resonance spectroscopy (IVMR) is a new technique devel-
oped to identify specifically the lipid component of plaques
based on the self-diffusion of water molecules that is
translated into a lipid fraction index (LFI) [8].
These four imaging modalities have in common the ability

to give a detailed assessment of the composition of athero-
sclerotic plaques but do differ in the means of achieving
this. Currently, it is unclear to what extent these techniques,
with different physical properties and varying resolution,
are able to give comparable results. We conducted this ex-
ploratory pilot trial to compare the capability for lipid tissue
detection using these four intra-coronary diagnostic mod-
alities (GS IVUS, IVUS RFD analysis, OCT and IVMR)
while comparing these findings to each other and to GS
IVUS, the most widely used and standardized method for
plaque characterization.

2. Methods

2.1. Study population

Patients with stable angina undergoing percutaneous coro-
nary intervention (PCI) were included in this pilot study.
Following treatment of the culprit vessel, an IVUS pullback
was performed in a non-culprit vessel containing a non-flow
limiting stenosis (defined as less than 50% diameter stenosis
by online quantitative coronary angiography, QCA). Follow-
ing the IVUS pullback, OCT and IVMR acquisitions were
performed. Heavily calcified and tortuous vessels and those
with a minimal lumen diameter b2 mm were excluded.
Patients with depressed left ventricular function, coronary
chronic total occlusions and impaired renal function were
also excluded. The study protocol was approved by the Ethics
Committee of our Institution and all patients gave written
informed consent.

2.2. Coronary angiography

All angiograms were evaluated after intra-coronary admin-
istration of nitrates using commercially available software

for QCA [Cardiovascular Angiography Analysis System II
(CAAS II), Pie Medical, Maastricht, The Netherlands].

2.3. IVUS and RFD acquisition and analysis

IVUS was performed using the Eagle Eye 20MHz catheter
(Volcano Corporation, Rancho Cordova, USA) with an auto-
matic continuous pullback at a rate of 0.5 mm/s. The 20 MHz
catheter was used because it allows GS and RFD acquisition
during the same pullback [6]. GS IVUS plaque analysis was
performed by visual assessment and consensus of two
experienced observers. Plaque type was classified according
to the Consensus Document of the American College of
Cardiology [9] as: normal vessel wall, soft plaque (echogeni-
city lower than the adventitia), fibrous plaque (intermediate
echogenicity), and calcified plaque (echogenicity higher than
the adventitia with acoustic shadowing).
The RFD analysis was performed offline with pcVH soft-

ware (Volcano Corporation Rancho Cordova, USA) that per-
mits semi-automated contour detection and provides the
compositional structure of the vessel. The IVUS RFD analysis
remains observer independent, using spectral analysis to
classify the four different components of the atherosclerotic
plaque and gives a colour-coded map distinguishing between
fibrous tissue (green), fibro-lipid tissue (light green), necrotic
core (red) and dense calcium (white).

2.4. OCT acquisition and analysis

The OCT acquisition was performed using a commercially
available system for intra-coronary imaging (LightLab
Imaging, Westford, Massachusetts, US). It operates at a
wavelength of 1310 nm and has an axial resolution of 10 μm
and a lateral resolution of 20 μm.We used a 0.019” ImageWire
(LightLab Imaging, Westford, Massachusetts) in combination
with a proximal, low pressure (0.4 atm) occlusion balloon
(Helios, Goodman Inc, Japan) with simultaneous distal flush
delivery (lactated ringers at 37 °C; flow rate 0.5 ml/s). Images
were acquired during a pullback rate of 1.0 mm/s.
Plaque components were assessed by two experienced

observers and classified according to previously published
data as: normal vessel wall, fibrous plaque (homogeneous,
signal-rich regions), lipid-rich plaque (signal-poor regions
with diffuse borders) and fibro-calcific plaque (well-
delineated, signal-poor regions with sharp borders) [7].

2.5. IVMR acquisition and analysis

The IVMR system consisted of a self-contained 5.2 F over-
the-wire IVMR catheter, without external magnets or coils, a
patient interface unit and a console. A pullback through the
region of interest was performed using a dedicated device
allowing controlling stepwise rotation (120°) and withdrawal
(1.6 mm) of the catheter. To eliminate motion artefacts, and to
improve image resolution, the IVMR catheter was stabilized
against the arterial wall by inflation of a partially occlusive,
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low-pressure balloon (1 atm). The time required for each
acquisition was 51 s. The magnetic fields generated by the
probe located at the tip of the catheter, created a sector shaped
(60°), field of view (FOV) looking sideways into the artery
wall. Acquired data was displayed as colour-code sectors of
the LFI for the FOV.Blue indicated no lipid; grey corresponded
to intermediate lipid content and yellow indicated high lipid
content.
The characteristics of the four intra-coronary diagnostic

techniques used in this study are summarized in Table 1.

2.6. Matching of the different diagnostic pullbacks to the
target plaque

Due to the different resolution and pullback speed of the
systems used (0.5 mm/s for IVUS and IVUSRFD, 1mm/s for
OCT) a very strict matching process was needed. Documen-
tation of all catheter positions was made using angiographic
landmarks. The localization of the IVUS, OCT and IVMR
probes in the vessel were filmed using bi-plane angiography
both pre and post-acquisition. Biplane angiography served to
determine the target segment and for orientation of the
catheter position in a longitudinal (IVUS, OCT, IVMR) and
cross-sectional (IVMR) plane. The longitudinal orientation
of the probes was determined by angiographically visible side
branches (Fig. 1). The cross-sectional orientation of the probe
was determined by the presence of side branches visible in
the longitudinal and cross-sectional views of IVUS [10]
and OCT and the specifically designed, radiopaque rotation
markers for IVMR. Acquisitions, in which rotation of the
probe could not be clearly confirmed by the marker, were
excluded from the analysis.
Matched samples from all 4 diagnostic modalities were

analyzed in 1.6 mm longitudinal intervals (corresponding
to the withdrawal of the IVMR catheter in each rotation).
The target plaques were defined as 60° sectors of the vessel

wall in accordance to the acquired IVMR datasets (Fig. 2A
and B).

2.7. Statistical analysis

Data are expressed as mean±standard deviation for con-
tinuous variables and as percentages for categorical vari-
ables. The different terminologies and number of categories
in the classifications used for the different techniques did not
allow the use of statistical test to compare concordance.

3. Results

3.1. Patient and procedural characteristics

Twenty-four matched target plaques were collected from
five patients. The intra-coronary diagnostic devices were
successfully advanced to the area of interest in all the patients.
There were no cases of coronary spasm, dissection, acute
closure or perforation. During OCT and IVMR pullbacks
transient signs of ischemia with ST segment changes were
documented. Following the procedure, all patients remained
symptom-free with no detected elevation in the creatinine
kinase-MB or Troponin-T enzymes.
GS IVUS, IVUS VH and OCT imaging were successfully

performed in all target lesions. IVMR pullbacks contained
6 acquisition cycles in 3 patients and 4 in the remaining
2 patients due to chest pain or transient ECG changes that
completely resolved immediately after balloon deflation. 2
IVMR acquisitions were excluded, as complete, 120-degree
rotation could not be judged definitively.

3.2. Target plaque characteristics

The interrogated artery was the proximal LAD in 80% of
the cases, and the proximal RCA in 20%. The reference vessel
diameter, minimal lumen diameter and percent diameter
stenosis by QCA were 3.2±0.2 mm, 2.2±0.4 mm and 34±
11%, respectively. By IVUS, the vessel area was 14.3±
4.9 mm2, the mean luminal area was 8.3±3.2 mm2 and the
mean plaque burden was 41±22% in the imaged vessel.

3.3. Characteristics of the target plaques by the different
techniques

We analyzed 24 matched target plaques using the four
techniques.

3.3.1. Plaque morphology by GS IVUS
GS IVUS identified normal vessel wall, soft plaque,

fibrous plaque and calcific plaque in 62.5%, 20.8%, 8.3% and
8.3% of cases respectively.

3.3.2. Plaque composition by IVUS RF analysis
Using IVUS RF, the analyzed target plaque was defined

as normal vessel wall in 62.5% of the cases. The remainder

Table 1
Characteristics of the different intra-coronary imaging techniques used.

GS IVUS IVUS RFD OCT IVMR

Axial resolution (μm) 100–150 100–150 10–20 200
Probe size (mm) 1.1 1.1 0.4 1.8
Penetration depth 4–8 mm 4–8 mm 1.5–2 mm 200 μm
Vessel occlusion No No Yes a Yes
Morphological information Yes Yes Yes No
Lipid identification + +++ ++ +++
Thin cap detection + + +++ −
Remodelling +++ +++ + −
Inflammation − − + −

GS IVUS: greyscale intravascular ultrasound, IVUS RFD: IVUS radio-
frequency data, OCT: optical coherence tomography IVMR: intravascular
magnetic resonance spectroscopy.
a In the moment of the study balloon occlusion was required for OCT
acquisition. At present with the increase in the pullback speed in the new
OCT systems the pullback can be performed during injection of contrast
without the need for balloon occlusion.
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were necrotic core (4.2%), fibro-fatty (16.7%) and fibrous
(8.3%), dense calcium was the main component in 8.3% of
the cases.

3.3.3. Plaque morphology by OCT
The evaluated target plaque was considered normal by

OCT in 54.2% of the cases, lipid-rich plaque in 20.8%, fibrous

plaque in 16.7% of the cases, and fibro-calcific plaque in 8.3%
of the cases.

3.3.4. Plaque composition by IVMR
The result of the IVMR was yellow (high LFI) in 16.7%,

grey (intermediate LFI) in 25% and blue (indicating low LFI)
in 45.8% of the analyzed target plaques. In 12.5% the result

Fig. 1. Matching of the OCT and IVUS pullbacks. The position of the IVUS, optical coherence tomography (OCT) and intravascular magnetic resonance
spectroscopy (IVMR) probe along the vessel was filmed before and after each acquisition (A). The “matching” of the region of interest in the IVUS (B) and OCT
(C) pullback was based on the presence of anatomical landmarks (e.g. side branches visible in the longitudinal and cross-sectional views). To determine the
longitudinal position of the IVMR probe in the vessel, a side branch was used as a marker. From the landmark to the proximal part of the vessel one frame every
1.6 mm was selected. D1: first diagonal, D2: second diagonal, SB: septal branch, LAD: left anterior descendent coronary artery. CS: cross section.
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was black, which indicates signal void. The minimum LFI
was 0 and the maximum was 80, with a mean of 30±48. The
mean LFI was 73±3.9 in the yellow regions, 42±1.5 in the
grey regions and 17.2±2.8 in the blue regions.

3.4. Comparison of GS IVUS findings with other techniques

3.4.1. Comparison GS IVUS and IVUS RFD analysis
When the vessel was defined as normal by GS IVUS, it

was normal by IVUS RF analysis in 100% (15/15) of the
segments (Table 2). When the plaque was defined as soft by
GS IVUS, it was predominantly composed of fibro-fatty
tissue by RF analysis in 80% (4/5) of the cases and necrotic
core in 20% (1/5) of cases. The fibrous plaques by GS IVUS
where also (2/2) fibrous in the RFD analysis. When the
plaque was calcified by GS IVUS, it was composed pre-
dominantly of dense calcium in all the RFD analysis (2/2)
matched plaques.

3.4.2. Comparison IVUS GS and OCT findings
When the vessel was normal by GS IVUS, it was normal

by OCT in 80% (12/15) of the cases, but in 20% (3/15) of the
matched sectors considered normal by GS IVUS examina-
tion, it was possible to identify fibrous plaques with OCT.
When the plaque was defined as soft by GS IVUS it was
mainly “lipid-rich” by OCT (80% of the cases 4/5). The

fibrous plaques by GS were fibrous by OCT in 50% of the
cases (1/2) and normal vessel wall in another 50% (1/2). As
with RFD analysis, all the calcified plaques by GS IVUS
were also fibro-calcific plaques by OCT (2/2).

3.4.3. Comparison IVUS GS and IVMR findings
When the analyzed segment was normal by GS IVUS, it

was blue by IVMR in 66% of cases (10/15). The normal vessel
wall was identified as grey by IVMR in 20% (3/15) and as
yellow in 6% (1/15). In 6% (1/15) of the normal vessel wall
sectors the result of the IVMR was black. When the target
plaque was described as soft by GS IVUS assessment, it was
grey by IVMR in 60% (3/5) of the cases and yellow in 40% (2/
5) of the cases. Of the two target plaques identified as fibrous by
GS IVUS, one was classified as blue by the IVMR and the
other as yellow. The calcified target plaques by GS IVUS were
classified in 100% (2/2) of the cases as black (signal void) in the
IVMR.ThemeanLFIwas 52±17 in the soft plaques, 46±36 in
the fibrous and 25±21 in the normal vessel wall.

4. Discussion

A body of various clinical, post-mortem and experimental
observations suggest that the composition of atherosclerotic
plaque is an important determinant for subsequent clinical
outcome. This knowledge triggered the development of a
variety of new technological approaches for the analysis of
plaque structure and chemical composition. It is however
challenging to estimate the accuracy of a given diagnostic
method in vivo due to the fact that no ‘gold standard’method
is available. A pragmatic way to get an indication for the
plausibility of the information acquired in the clinical setting
can be the cross correlation of different techniques. In the
present study, the ability of four different intra-coronary
diagnostic modalities to detect the lipid components of
atherosclerotic plaque was tested. The atherosclerotic plaques
classified as soft by GS IVUS were mainly composed by
fibro-fatty or necrotic core in the RFD analysis. These soft
plaques were classified as “lipid-rich” by OCT in most of the
cases while IVMR always classified as intermediate or high
lipid content the plaques identified as soft by GS IVUS. The 3
techniques of GS IVUS, IVUS RFD and OCT had a 100%
agreement in the identification of calcified plaques. All these
plaques were displayed as signal void by IVMR.
The detection of plaque components by IVUS is based on

visual assessment of GS images and is highly influenced
by the observer's experience and interpretation. It has been
reported that soft (hypo-echoic) plaques usually have a high
lipid content [11,12], but histological correlations have
shown that GS IVUS, has low sensitivity (46%) for lipid
detection [5,13]. In the present study, when compared with

Table 2
Results of the interrogated 24 matched target plaques with the four
techniques.

IVUS GS

Normal Soft Fibrous Calcified Total

IVUS RFD Normal 15 0 0 0 15
NC 0 1 0 0 1
Fibro-fatty 0 4 0 0 4
Fibrous 0 0 2 0 2
DC 0 0 0 2 2
Total 15 5 2 2 24

OCT Normal 12 1 0 0 13
Lipid-rich 0 4 1 0 5
Fibrous 3 0 1 0 4
Fibro-calcific 0 0 0 2 2
Total 15 5 2 2 24

IVMR Blue 10 0 1 0 11
Grey 3 3 0 0 6
Yellow 1 2 1 0 4
Black 1 0 0 2 3
Total 15 5 2 2 24

DC: dense calcium; IVMR: intravascular magnetic resonance spectroscopy;
IVUS: intravascular ultrasound; NC: necrotic core; OCT: optical coherence
tomography; RFD: radiofrequency data.

Fig. 2. Analysis of the target matched plaques. A) Matching of the cross sections in a) greyscale IVUS b) IVUS radiofrequency data analysis and c) optical
coherence tomography pullbacks. B) Analysis screen. After matching corresponding cross sections based on their longitudinal orientation, the region of interest
is defined according to the orientation of the intravascular magnetic resonance probe towards the vessel wall. The figure illustrates the results of the six target
matched plaques (60° sector) analyzed in one patient with the four techniques. Prox: proximal Dist: distal.
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the findings of the IVUS RFD, all plaques classified as soft
by GS IVUS were composed of fibro-fatty or necrotic tissue.
The spectral analysis of IVUS RFD has been validated with
histopathology ex-vivo [14] and in vivo [15], demonstrating
high predictive accuracy. This technique has the advantage of
being observer independent and importantly, permits the
identification of necrotic core. However, histological compar-
isons have shown some misclassification due to overlap be-
tween tissues in the RFD spectrum [14]. GS IVUS and IVUS
RFD analysis allow the detection of positive vessel remodel-
ling, another feature associated with plaque rupture and high
risk plaques [16,17]. Furthermore, vessel remodeling is related
to plaque composition, as it has been demonstrated that lesions
with positive remodelling have a significantly larger lipid core
than lesions with negative remodeling [18].
The use of OCT and GS IVUS showed good correlation

for the detection of soft and lipid-rich plaques respectively.
For lipid-rich plaques, in comparison with histology, OCT
has shown better sensitivity and specificity (95% and 98%
respectively) than GS and integrated backscatter IVUS [19].
Despite its high resolution, one drawback of current OCT
systems is the limited penetration depth (1.5–2.0 mm) that
does not allow the detection of lipid pools or calcium behind
thick fibrous caps. Further, the tissue characterization by
OCT is observer dependent. An incorrect classification be-
tween calcium and lipid deposits by OCT has been described
in comparisons with histology [20] and this may explain this
phenomenon in a study by Jang et al. where there was no
difference in lipid-rich plaques defined by OCT criteria in
ACS and stable angina patients [21]. In the present study, we
found concordance between the techniques for calcified and
“lipid-rich” plaques with all plaques identified as fibro-
calcific by OCT also found to be calcified by GS IVUS and
RFD analysis and were displayed as black (“signal void”) by
the IVMR system. Inflammation with macrophages infiltra-
tion is one of the characteristics of high risk plaques. Among
all the techniques used in this study, OCT is the only one that
may potentially give insights into the inflammatory state of
the plaque as it has been reported that it could be able to
identify macrophages [22].
IVMR is a technique specifically developed to identify the

lipid composition of plaque. It has demonstrated a strong
correlationwith histology in lipid-rich tissue detection in both
the aorta and coronary arteries of patients suspected of dying
of cardiovascular causes [23]. In the present study, plaques
classified as soft by GS IVUS were identified as regions with
intermediate to high LFI by IVMR. However there were 4
plaques that had intermediate or high lipid content by IVMR
but were classified as normal vessel wall by GS IVUS and
one fibrous plaque by IVUS showed high LFI in the IVMR
analysis. This may reflect higher sensitivity of IVMR for lipid
detection compared to IVUS. One of the main advantages of
IVMR is that it is observer independent and that it allows the
quantification of the lipid component. A previous ex vivo
study suggested that IVMR could identify TCFA [23,24].
However this application is not possible at present in the

in vivo scenario where the scan area is restricted to 60°
sectors of the vessel wall. The small sample volume, the lack
of structural information and the complex definition of the
location of the probe in the arterial wall are the main limita-
tions of the IVMR system at this point in time.
Presently, a number of imaging modalities are vying to

accomplish plaque characterization and detection. Our study
demonstrates the feasibility of assessing different physical
aspects of atherosclerotic plaques in-vivo by multi-modality
imaging. However, such an approach is complicated by
a rather cumbersome matching process originating from
varying sample volumes, resolutions and accuracies and,
secondly, different terminologies, thresholds and cut-off
values for the different technologies. Obviously, the “gold
standard” for lipid detection is histopathology, but the
reported classifications are qualitative and difficult to apply
homogenously to the findings of all these in-vivo techniques.
This may be aided by defining histological plaque composi-
tion based on quantitative and uniformly applied criteria
[25]. Currently, findings gained from different diagnostic
modalities cannot be considered equivalent. This should be
considered when interpreting and designing clinical trials
involving plaque detection and characterization.

5. Limitations

The main limitations of the present study are: 1) the small
sample size 2) lack of histological correlation 3) the locali-
zation of the sector scanned by IVMRwas difficult to precisely
assess due to the simplified spatial representation associated
with the technique; however specifically designed rotation
markers, meticulous inspection and exclusion of doubtful
rotations were used to optimize data analysis. The multi-
modality plaque characterization described in this study is at
present limited by the need of advancing different relatively
bulky imaging devices inside the coronary artery some of them
requiring vessel occlusion. The development of integrated
systems that could acquire different information with only one
catheter would be basic for the applicability of this strategy.

6. Conclusions

The present study explored multi-modality imaging of
atherosclerotic plaque in-vivo. Assessing specifically lipid-rich
plaques, there was generally good agreement for plaque
components identified as soft by traditional GS IVUS with
RFDandOCTwhereas IVMRshowed a varying amount of lipid
in these regions. Nevertheless there continues to remain inherent
variation, namely as a result of the different imaging resolutions
and the lack of common nomenclature and classification.
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Thin-capped fibroatheroma is the morphology that most resembles plaque rupture. Detection
of these vulnerable plaques in vivo is essential to being able to study their natural history and
evaluate potential treatment modalities and, therefore, may ultimately have an important
impact on the prevention of acute myocardial infarction and death. Currently, conventional
grayscale intravascular ultrasound, virtual histology and palpography data are being collected
with the same catheter during the same pullback. A combination of this catheter with either
thermography capability or additional imaging, such as optical coherence tomography or
spectroscopy, would be an exciting development. Intravascular magnetic resonance imaging
also holds much promise. To date, none of the techniques described above have been
sufficiently validated and, most importantly, their predictive value for adverse cardiac events
remains elusive. Very rigorous and well-designed studies are compelling for defining the role of
each diagnostic modality. Until we are able to detect in vivo vulnerable plaques accurately, no
specific treatment is warranted.

KEYWORDS: acute coronary syndrome • atherosclerosis • plaque rupture • thin-capped fibroatheroma

Unheralded acute coronary syndromes (ACS)
are common initial manifestations of coronary
atherosclerosis and are frequently caused by
plaque ruptures [1]. Histopathological studies
have identified several plaque morphologies
associated with ACS and sudden cardiac death,
such as calcified nodule, plaque erosion and
thin-capped fibroatheroma (TCFA). The
plaques that are at increased risk of thrombosis
and rapid progression of lumen encroachment
are referred to as high-risk or vulnerable lesions
[2]. However, the natural history of these lesions
remains unknown and the limited knowledge
about their eventual prognosis is provided by
retrospective histopathological studies [3].
Detection of these vulnerable plaques in vivo is
essential to study their natural history and to
evaluate potential treatment modalities and,
therefore, may ultimately have an important
impact on the prevention of acute myocardial
infarction (AMI) and death. Coronary angio-
graphy offers valuable information on the long-
term behavior of the complex lesions. Goldstein
et al. reported that patients with ST-segment
elevation myocardial infarction (STEMI) and
multiple complex lesions during the year after
STEMI had an increased incidence of recurrent
ACS compared with patients with single com-
plex lesions (19.0 vs 2.6%; p < 0.001, respec-
tively) and repeated angioplasty, particularly of

noninfarct-related lesions (32.0 vs 12.4%;
p < 0.001) [4]. However, angiography is limited
to fully evaluate the vessel wall. Therefore, there
are currently several diagnostic invasive imaging
techniques aiming at specifically evaluating indi-
cators of plaque vulnerability [5]. These tech-
niques can provide information on the vessel,
lumen and wall size, tissue composition, and the
status of inflammation. This article aims to
review the current histopathological definitions,
state-of-the-art of invasive imaging techniques
and treatment of coronary vulnerable plaques,
with focus on TCFAs.

Histopathological vulnerable 
plaque definitions
The ‘classical’, most described phenotype of a vul-
nerable plaque is a TCFA [6], which has a large
necrotic core with an overlying thin cap infiltrated
by macrophages. Smooth muscle cells in the cap
are absent or few. The thickness of the fibrous cap
near the rupture site measures 23 ± 19 μm, with
95% of the caps measuring less than 65 μm [1,7].
Rupture of a TCFA with exposure of the throm-
bogenic necrotic core to circulating platelets could
be responsible for 60% of all ACS [1]. Macro-
phage infiltration of the thin cap with release of
matrix metalloproteinases and local inflamma-
tion can cause extracellular matrix degradation
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and subsequent plaque rupture [8,9]. Excessive mechanical strain,
particularly at the junction of the TCFA and the normal vessel wall
is another factor contributing to rupture [10,11].

Chevuru et al. reported new pathological evidence on TCFA
characterization [12]. The prevalence of TCFA and ruptured
TCFA is low (0.46 ± 0.95 and 0.38 ± 0.70 per heart, respec-
tively), focal and located in the proximal segments of the coronar-
ies. In earlier studies, up to three TCFA were found per heart [13].
Necrotic core size was relatively small for both, TCFA (1.6 ± 1.8
mm2; length: 2.7 ± 2.0 mm) and ruptured plaques (2.2 ±
1.9 mm2; length: 1.9 ± 3.6 mm). In previous studies, the size of
necrotic core in TCFAs was 1.7 ± 1.1 mm2 with a length of
8 mm (range: 2–17 mm), and in ruptured plaques 3.8 ±
5.5 mm2, with a length of 9 mm (range: 2.5–22 mm) [14]. 

The second recognized phenotype of vulnerable plaque,
accounting for approximately 40% of coronary thromboses in
pathology series, is plaque erosion in lesions consisting of either
pathological intimal thickening or thick-capped fibroatheroma [15].
These lesions typically have a high smooth muscle cell content, are
rich in proteoglycans and are more common in young women and
smokers, but are not associated with other conventional risk
factors, such as hypercholesterolemia [1,16]. 

Third, there are calcified nodules, which may protrude into
the vessel lumen and comprise up to 5% of lesions in patholog-
ical series. These lesions are characterized by an absence of
endothelium and inflammatory cells [1]. In addition, intra-
plaque hemorrhage secondary to leakage from the vasa vasorum
may also play a role [17].

Imaging of vulnerable plaques
Coronary angiography
Although coronary angiography repre-
sents the standard modality for visualiza-
tion of the coronary artery disease, there
is a clear discrepancy between the
appearance of the opacified vascular
lumen and the actual extent of athero-
sclerosis (FIGURE 1). Additionally, the per-
centage diameter stenosis of a lesion does
not provide reliable information con-
cerning the risk for myocardial infarc-
tion and death [18,19]. Large randomized
lipid-lowering trials using both angio-
graphic and clinical assessment have
shown minimal or no improvement of
angiographic lumen diameter but a
much more impressive reduction in clin-
ical endpoints, including myocardial inf-
arction [20]. In fact, the ‘luminogram’ is
unable to provide information on the
composition of the artery wall and is
therefore unable to distinguish between
stable and high-risk, vulnerable plaques. 

Angioscopy
Intracoronary angioscopy (CAS) is a well-established technique
that allows direct visualization of the plaque surface and intralumi-
nal structures. It enables assessment of the plaque color (white, red
or yellow), and can illuminate plaque complications, such as rup-
ture, intimal tears and thrombosis with a higher sensitivity than
angiography [21–24]. Angioscopically, normal artery segments
appear as glistening white, whereas atherosclerotic plaques can be
categorized based on their angioscopic color as yellow or white.
Platelet-rich thrombus at the site of plaque rupture is characterized
as white granular material and fibrin/erythrocyte-rich thrombus as
an irregular, red structure protruding into the lumen. Yellow
plaques are associated with ACS and thrombosis [25,26]. They have
also been correlated with other features of vulnerability, such as
positive remodeling and increased distensibility [27].

The major limitation of angioscopy is that it requires a blood-
free field during image acquisition, which can be obtained either
by complete vessel occlusion or by continuous saline flushing in
front of the angioscope. Specifically, nowadays, CAS (Vecmova®,
Clinical Supply Co., Gifu, Japan) can be made while blood is
cleared away from view by the injection of 5–10 ml saline. Further-
more, only a limited part of the coronary tree can be investigated
(i.e., vessels > 2 mm in diameter) and assessment of stenotic lesions
may prove difficult. Finally, angioscopy only images the luminal
surface and, although changes in the vessel wall are reflected on the
surface, this might not be sufficiently sensitive to detect subtle
alterations in plaque composition or plaque burden in the presence
of positive remodeling [28].

Figure 1. (A, B & C) show three consecutive intravascular ultrasound images of the 
proximal left anterior descending (D), which is disease-free angiographically. Note that 
the intravascular ultrasound images show a plaque burden of 50%.

A B C

D
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Kubo et al. reported the ability of optical coherence tomography
(OCT) for assessment of the culprit lesion morphology in AMI in
comparison with intravascular ultrasound (IVUS) and CAS [24].
The incidence of plaque rupture observed by OCT was 73%, 47%
by CAS (p = 0.035) and 40% by IVUS, (p = 0.009). Furthermore,
OCT (23%) was superior to CAS (3%; p = 0.022) and IVUS (0%;
p = 0.005) in the detection of fibrous cap erosion. The intracoro-
nary thrombus was observed in all cases by OCT and CAS, but it
was identified in 33% by IVUS (vs OCT; p < 0.001). 

Intravascular ultrasound
Currently, the gold standard for intracoronary imaging is
IVUS. Positive vessel remodeling can readily be evaluated with
IVUS [29–31]. In addition to the lumen and vessel borders, IVUS
examination can provide real-time, high-resolution images of the
plaque (FIGURE 2). Visual assessment of plaque echogenicity pro-
vides semiquantitative tissue characterization [32]. Calcification
can be identified with a sensitivity and specificity of approxi-
mately 90%, as bright echo signals with acoustic shadowing [33].
Lipid deposits, visualized as echolucent zones, can be detected
with high sensitivity (78–95%), but low specificity (30%) [34,35].
Moreover, the axial resolution of IVUS is in the range of
100–150 μm, whereas the fibrous cap of a TCFA is thinner than

65 μm and, therefore, cannot be visualized by IVUS. Despite
these limitations, large eccentric plaques containing an echo-
lucent zone by IVUS were associated with the development of
ACS in a prospective study [36]. Microbubble contrast-
enhanced IVUS can measure activity and inflammation within
atherosclerotic plaques by imaging vasa vasorum density, which
is increasingly considered as a strong marker for plaque vulnera-
bility [37]. A few limitations of IVUS can be improved by analyz-
ing the backscattered ultrasound signal using more sophisticated
techniques for tissue characterization [38].

Intravascular ultrasound radiofrequency analysis: 
virtual histology
IVUS gray-scale imaging is formed by the envelope (amplitude)
of the radiofrequency signal, discarding a considerable amount
of information lying beneath and between the peaks of the sig-
nal. The frequency and power of the signal commonly differ
between tissues, regardless of similarities in the amplitude.
IVUS-virtual histology (IVUS-VH, Volcano Corp., Rancho
Cordoba, USA) involves spectral analysis of the data and evalu-
ates different spectral parameters (e.g., Y-intercept, minimum
power, maximum power, mid-band power, frequency at mini-
mum power, frequency at maximum power, slope) to construct

Figure 2. IVUS plaque types. These IVUS images, taken from distal to proximal in the same vessel (A–F), represent different IVUS gray 
scale plaque types. (A) shows a soft plaque, large plaque burden and positive remodeling. On the contrary, (B) shows a fibrotic plaque 
(similar echogenicity to adventitia). (C) Depicts a superficial calcified plaque (see shadowing). (D–F), a plaque rupture is illustrated; a 
large empty cavity (red oval, [D]) with the remnant of fibrous cap is overhanging the lumen (arrow, [E]). 

A B C

D E F
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tissue maps that classify plaque into four major components
(fibrous, fibrolipidic, necrotic core and calcium). Different
plaque components are assigned different color codes: calcified
(white), fibrous (green), fibrolipidic (greenish–yellow) and
necrotic core (red) [39]. Although this classification was initially
evaluated in vitro, more recently IVUS-VH pre- and post-pro-
cedure has also been correlated with pathological specimens
obtained by atherectomy with good correlation for all four tis-
sue types [40]. As assessed by IVUS-VH, the sensitivity and spe-
cificity for fibrous tissue was 86 and 90.5%, fibrofatty 79.3 and
100%, necrotic core 67.3 and 92.9%, and dense calcium 50
and 98.9%, respectively.

IVUS-VH data are currently acquired using a commercially
available 64-element phased-array catheter (Eagle Eye™
20 MHz catheter, Volcano Corporation, Rancho Cordova,
USA). Using an automated pullback device, the transducer is
withdrawn at a continuous speed of 0.5 mm/s up to the
ostium. IVUS-VH acquisition is ECG-gated at the R-wave
peaks using a dedicated console.

IVUS B-mode images are reconstructed by customized soft-
ware and contour detection is performed using cross-sectional
views with semi-automatic contour detection software to pro-
vide quantitative geometrical and compositional measure-
ments. Due to the unreliability of manual calibration, the
radiofrequency data is normalized using a technique known as
‘blind deconvolution’, an iterative algorithm that deconvolves
the catheter transfer function from the backscatter, thus
accounting for catheter-to-catheter variability [41–43].

It has been our observation that in the near field an excessive
amount of necrotic core was present. The developers have
accounted for this and a proper correction was introduced in
the current version of classification tree.

Our group recently evaluated the incidence of IVUS-derived
TCFA (IDTCFA) using IVUS-VH [44]. Two independent
IVUS analysts defined IDTCFA as a lesion fulfilling the fol-
lowing criteria in at least three consecutive cross-sectional areas
(CSAs): necrotic core of 10% or more without evident over-
lying fibrous tissue, and lumen obstruction greater than or
equal to 40%. In this study, 62% of patients had at least one
IDTCFA in the interrogated vessels. ACS patients had a signif-
icantly higher incidence of IDTCFA than stable patients (3.0
[interquartile range: 0.0–5.0] IDTCFA/coronary vs 1.0 [inter-
quartile range: 0.0–2.8] IDTCFA/coronary; p = 0.018)
Finally, a clear clustering pattern was seen along the coronaries,
with 66.7% of all IDTCFAs located in the first 20 mm,
whereas further along the vessels the incidence was signifi-
cantly lower (33.3%; p = 0.008). This distribution of IDTC-
FAs is consistent with previous ex vivo and clinical studies,
with a clear clustering pattern from the ostium demonstrating
a nonuniform distribution of vulnerable plaques along the cor-
onary tree [45]. Patients presenting with ACS had a signifi-
cantly higher prevalence of IDTCFA even in nonculprit ves-
sels, supporting the concept of a multifocal process [46]. Of
note, the lesion percent area stenosis and the mean necrotic

core areas of the IDTCFAs detected by IVUS-VH were also
similar to previously reported histopathological data (55.9 vs
59.6% and 19 vs 23%, respectively) [14].

It is worth mentioning that, although the most accepted
threshold to define a cap as ‘thin’ has previously been set at less
than 65 μm, this was based on postmortem studies that looked
at ruptured plaques [7]. Extrapolation of such criteria to in vivo
studies requires caution. It is well established that tissue shrink-
age occurs during tissue fixation [47]. Shrinkage (particularly of
collagen tissue, the main component of fibrous caps) of up to 60,
15 and 80% can occur during critical-point-drying, free-drying
and air-drying, respectively [48]. Furthermore, postmortem con-
traction of arteries is an additional confounding factor [49,50].
Since the axial resolution of IVUS-VH is 246 μm, we assumed
that the absence of visible fibrous tissue overlying a necrotic
core suggested a cap thickness of below 246 μm and used the
absence of such tissue to define a thin fibrous cap [51].

We have recently developed software to quantify the amount
of necrotic core in contact with the lumen, enabling refinement
of our analysis. Our current definition of an IVUS-derived
TCFA (IDTCFA) is a lesion fulfilling the following criteria in
at least three consecutive CSAs: 

• Plaque burden greater than or equal to 40%; 

• Confluent necrotic core of 10% or more in direct contact with the
lumen (i.e., no visible overlying tissue) in the investigated CSA;

• All consecutive CSAs having the same morphologic characteristics
are considered as part of the same IDTCFA lesion [53]. 

In a recent study, using this refined definition of TCFA as
assessed by IVUS-VH, in patients with ACS underwent IVUS
of all three epicardial coronaries, on average, there were two
IDTCFA per patient with half of them showing outward
remodeling [52] (FIGURE 3). 

The potential value of IVUS-VH in the prediction of adverse
coronary events is currently under evaluation in two international
multicenter prospective studies (the PROSPECT study and the
Integrated Biomarker and Imaging Study [IBIS] II trial).

Intravascular ultrasound radiofrequency 
analysis: palpography
This technique allows the assessment of local mechanical tissue
properties. For a defined pressure difference, soft tissue (e.g.,
lipid-rich) components will deform more than hard tissue com-
ponents (e.g., fibrous, calcified) [53,54]. Radiofrequency data
obtained at different pressure levels are compared to determine
the local tissue deformation.

Each palpogram represents the strain information for a cer-
tain cross section over the full cardiac cycle. The longitudinal
resolution of the acquisitions depends on heart rate and pull-
back speed. With a heart rate of 60 bpm and a pullback speed
of 1.0 mm/s, the longitudinal resolution is 1.0 mm. Palpo-
grams are acquired using a 20-MHz phased array IVUS cathe-
ter (Eagle Eye). Digital radiofrequency data are acquired using a
custom-designed workstation. 
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The local strain is calculated from the gated radiofrequency
traces using cross-correlation analysis and displayed, color-
coded, from blue (for 0% strain) to red to yellow (for 2%
strain) [55]. Plaque strain values are assigned a Rotterdam classi-
fication (ROC) score ranging from I–IV (ROC I = 0 to <0.6%;
ROC II = 0.6 to <0.9%; ROC III = 0.9 to <1.2%; ROC IV >
1.2%) (FIGURE 4) [56]. A region is defined as a high-strain spot
when it has a ROC III–IV that spans an arc of at least 12° at
the surface of a plaque (identified on the IVUS recording) adja-
cent to low-strain regions (<0.5%). Our group has demon-
strated that palpography has a high sensitivity (88%) and spe-
cificity (89%) to detect vulnerable plaques in vitro [53].
Postmortem coronary arteries were investigated with intra-
vascular elastography and subsequently processed for histology.
There was a positive correlation between the presence of high
strain and the amount of macrophages (p < 0.006) and an
inverse relation between the amount of smooth muscle cells
and strain (p < 0.0001). Vulnerable plaques identified by pal-
pography had a thinner cap than nonvulnerable plaques
(p < 0.0001). In a subsequent study, 55 patients with stable
angina, unstable angina or AMI were analyzed. Among patients
with stable angina, the prevalence of deformable plaques per
vessel was significantly fewer (0.6 ± 0.6) than in unstable
angina patients (1.6 ± 0.7; p = 0.0019) or AMI patients (2.0 ±
0.7; p < 0.0001). In IBIS I study, on palpography, both the
absolute number of high-strain spots (grade 3/4) in the ROI (p
= 0.009) and their density per centimeter (p = 0.012) decreased

significantly between baseline and follow-up. This decrease in
the overall population was largely driven by changes in the sub-
group of patients with STEMI; this group had both the highest
number of high-strain spots at baseline and the most marked
relative decrease during follow-up, compared with patients
with other clinical presentations. At 6-month follow-up, the
density of high-strain spots (1.2 ± 1.4/cm) was comparable
among clinical subgroups [57]. 

Optical coherence tomography
Optical coherence tomography (OCT) is an optical analogue of
ultrasound; however, it uses light instead of sound to create an
image [58,59]. For OCT imaging, low coherence, near infrared
(NIR) light with a wavelength around 1300 nm is used since it
minimizes the energy absorption in the light beam caused by
protein, water, hemoglobin and lipids. The light waves are
reflected by the internal microstructures within biological tis-
sues as a result of their differing optical indices.

This technique provides a resolution of 10–20μm in vivo;
this level of detail is well beyond the level of resolution of IVUS
(100–150 μm) [60,61]. OCT has been demonstrated to be highly
sensitive and specific for characterizing atherosclerotic plaques
in vitro when compared with histological analysis [62–64] with a
sensitivity and specificity of 71–79% and 97–98% for fibrous
plaques, 95–96% and 97% for fibrocalcific plaques, and
90–94% and 90–92% for lipid-rich plaques, respectively. In
addition, the interobserver and intraobserver reliabilities of

Figure 3. Intravascular ultrasound (IVUS) gray-scale frames and their corresponding virtual histology frames of an 
IVUS-derived thin-cap fibroatheroma (four central frames) and the proximal and distal reference segment in which the 
remodeling index was calculated. 
MLA: Minimum luminal area; PB: Plaque burden; VCSA: Vessel cross-sectional area.
Virtual histology color code: green is fibrous, greenish is fibrofatty, red is necrotic core and white is dense calcium.
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OCT assessment were high (κ values of 0.88 and 0.91, respec-
tively) [64]. In vitro comparison of OCT with IVUS demon-
strated superior delineation by OCT of structural details such
as thin caps, lipid pools or tissue proliferation [65]. An in vitro
comparison of OCT, integrated backscatter IVUS (similar
methodology to IVUS-VH) and conventional IVUS found that
OCT had the best potential for tissue characterization of coro-
nary plaques, with higher sensitivity and specificity compared
with the other imaging modalities [66]. However, a recent study
comparing OCT with histopathology reported a lower sensitiv-
ity for plaque components. Misclassification occurred in 41%
of lesions, predominantly due to a combination of incomplete
penetration depth into the vessel wall and the inability to
distinguish calcium deposits from lipid pools [67].

In a pilot clinical study, our group performed in vivo OCT
analysis of the coronary arterial wall in patients who were
undergoing percutaneous coronary interventions. Imaging was
possible in all patients and the entire vessel circumference was
visualized at all times. A wide spectrum of different plaque
morphologies was observed. OCT allowed for differentiation of
the normal artery wall and inhomogeneous, mixed plaques, as
well as TCFAs with inhomogeneous, low-reflecting necrotic
cores, covered by highly reflecting thin fibrous caps [61]. 

As a result of its high axial resolution,
there is no doubt that OCT is the in vivo
gold standard for identifying and measur-
ing the thickness of the fibrous cap
(FIGURE 5); an in vivo study found a signifi-
cant difference in minimal cap thickness
between AMI and stable angina patients,
with median (interquartile range) values of
47.0 μm (25.3–184.30) and 102.6 μm
(22.0–291.1), respectively (p = 0.02) [68].
On top of its reliability as a tool to measure
the thickness of the cap in vivo, recent
postmortem and in vivo studies have
shown that OCT is capable of evaluating
the macrophage content of infiltrated
fibrous caps [69,70].

Kubo et al. evaluated the ability of
intracoronary OCT to assess culprit
lesions during primary PCI in patients
with AMI. The thickness of the rem-
nants of the fibrous cap after sympto-
matic rupture measured in vivo was 49 ±
21 μm [24].

The main limitation of OCT is the
shallow penetration depth (2 mm) into
the tissue, which hampers imaging of the
entire vessel wall in large vessels and
light absorbance by blood that currently
needs to be overcome by saline infusion
and balloon occlusion, thereby preclud-
ing interrogation of long and proximal

segments of the coronary tree, which may limit the clinical
applications of this technique.

Thermography
Atherosclerosis is accompanied by inflammation, and vulnerable
plaques have been associated with increased macrophage activity,
metabolism and inflammation [71]. Activated macrophages pro-
duce thermal energy, which might be detected on the surface of
these atherosclerotic lesions using specially designed catheters
equipped with thermistor sensors at the distal tip [72]. A rise in tem-
perature can be found in atherosclerotic plaques compared with
disease-free coronary segments. Temperature differences between
an atherosclerotic plaque and normal vessel wall increase progres-
sively from patients with stable angina to patients with AMI with a
maximum temperature difference to the background temperature
of 1.5 ± 0.7°C [73]. In a prospective study, the same investigators
reported an association between temperature heterogeneity and the
incidence of adverse events at follow-up in patients with coronary
artery disease undergoing a successful percutaneous intervention
[74]. In addition, treatment with statins seems to affect the thermo-
graphic results: in nonculprit lesions the temperature difference
was lower in the group treated with statins compared with the
untreated group (0.06 ± 0.05°C vs 0.11 ± 0.10°C; p = 0.05) [75].

Figure 4. IVUS palpography. The local strain is calculated from the gated 
radiofrequency traces using cross-correlation analysis and displayed, color-coded, from 
blue (for 0% strain) to red to yellow (for 2% strain). 
Plaque strain values are assigned a Rotterdam Classification (ROC) score ranging from 
1 to 4 (ROC I= 0 to <0.6%; ROC II= 0.6 to <0.9%; ROC III= 0.9 to <1.2%; ROC IV 
>1.2%).
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However, there are several different aspects that deserve fur-
ther investigation. The prevalence and distribution of inflam-
matory cells in stable and unstable atherosclerotic plaque is
unclear, and the predictive value of ‘warm’ lesions remains elu-
sive. Furthermore, the impact of different coronary flow condi-
tions on plaque temperature (‘cooling effect’) is still not com-
pletely understood [76,77]. Simulations have revealed that the
correct interpretation of intravascular thermographic measure-
ments requires data on the flow and on the morphologic
characteristics of the atherosclerotic plaque [78].

There are a few limitations to the routine use of thermography
in the catheterization laboratory: 

• Most of the catheters used still comprise over-the-wire systems;

• Accurate temperature assessment requires direct contact of
the thermistors with the vessel wall, with the associated
potential risk of endothelial damage;

• Since the temperature within the vessel changes rapidly with
fluid application, any intracoronary injection of contrast dye,
flush or medication has to be avoided before and during
measurements [79].

Intravascular magnetic resonance
Magnetic resonance (MR) is a nonionizing diagnostic tool
exploiting the spins of the nuclear protons in a strong magnetic

field. For intravascular diagnosis, two dif-
ferent approaches have been introduced. 

The first, conventional approach visual-
izes the anatomical structure by using a
coil placed in a catheter or wire in combi-
nation with an external magnet (MR
imaging [MRI]). While this approach has
been (10 years ago) [80] principally shown
to be able to provide detailed information
on structure and composition of the arte-
rial wall and plaque, the procedure has yet
to be performed in a MR magnet, not in a
cardiac catheterization laboratory. The
accuracy for MRI differentiation of
plaque components has been validated in
vitro and feasibility demonstrated in vivo
[81]. The 0.030-inch intravascular (IV)-
MRI coil had a sensitivity and specificity
of 73 and 85%, respectively, for lipid, 83
and 81%, respectively, for fibrous tissue
and 100 and 97%, respectively, for calcifi-
cation. Subsequently, the same system
was applied in human iliac arteries in vivo
using a 1.5-T magnet with a resolution of
312 μm. Complete vessel wall analysis
was possible in all 25 patients and
required 20 min for an arterial segment of
20 mm length. Compared to IVUS, mean
lumen diameters were similar, but the

outer wall area was overestimated by IVMRI (mean 116.4 ± 4.7
mm2 vs 86.6 ± 5.8 mm2; p = 0.0001). However, interobserver
agreements for IVMRI were much higher (κ: 0.68–0.79) than
for IVUS (κ: 0.21). 

The other, novel approach analyses the chemical composition
by placing both, the coils and miniaturized magnets on the tip
of a catheter, without the need of external magnets (MR spec-
troscopy) and can be performed in the cardiac catheterization
laboratory [82]. 

MR spectroscopy can identify fibrous and lipid-rich tissue by
measuring differential water diffusion in a field of view.
Acquired data are displayed as color-code sectors based on the
lipid fraction index for each zone of the field of view. Blue indi-
cates no lipid, gray corresponds to intermediate lipid content
and yellow indicates high lipid content (FIGURE 6). Clinical fesi-
bility of cather-based, self-contained IV MR spectroscopy has
been demonstrated recently in patients scheduled for coronary
catheterization [83]. 

Preclinical trials employing this technology demonstrated
its capability to differentiate plaque composition of human
aortas, coronary and carotid arteries in vitro. IVMR spectros-
copy could accurately detect different components (fibrous
cap, smooth muscle cells, organizing thrombus, fresh throm-
bus, edema, lipid and calcium) with sensitivities and specifici-
ties ranging from 84 to 100%. Agreement with histology for

Figure 5. OCT and standard coronary angiography correlation. Angiography 
shows a complex lesion in the mid left anterior descending. The optical coherence 
tomography image shows a ruptured plaque with thrombus at that site (white arrow). 
Proximally and distally to the culprit lesion, thin-capped fibroatheroma lesions are 
present ([B] and [A] respectively).
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grading the extent of intraplaque lipid accumulation was 74%
for grading of intimal thickness 80%. Further analysis revealed
high correlation to histological analysis of a wide spectrum of
plaque types in 15 of 16 (94%) aortic lesions and 16 of 18
(89%) coronary lesions (sensitivity: 100%; specificity: 89%),
including one plaque rupture, three TCFAs, seven thick cap
fibrous atheromas, four fibrocalcific plaques, two intimal
xanthomas and one adaptive intimal thickening [84]. 

Current limitations include the limited field of view, the size
of the catheter, the need for direct vessel wall contact and the
time required for acquisition. In the past, the use of an auto-
perfusion balloon during data acquisition has been proposed to
limit ischemia [85].

Clearly, IVMR diagnostics remain an exciting area still under
development. Catheter-based systems will further increase the
user friendliness, their sample volume and allow for scanning of
longer arterial segments. Upcoming developments include the
improvement MR plaque differentiation by the use of contrast
agents, such as paramagnetic gadolinium-based contrast or
supraparamagnetic contrast agents (iron oxide nanoparticles),
that can accumulate in macrophages [86,87]. There are still a few
unanswered questions, including the effect of the thermal
energy generated on small arteries and on coronary artery
stents, although conventional MRI appears safe in this setting
[88]. In addition, the presence of a permanent pacemaker is a
contra-indication for any MRI imaging
due to reports of arrhythmias and death. 

Raman & near-infrared spectroscopy
A number of spectroscopic intravascular
imaging techniques have been developed
recently and are still under investigation
[89]. Spectroscopy can provide qualitative
and quantitative information about
chemical plaque composition. The
Raman effect is created when incident
laser light (typically 750–850 nm wave-
length) excites molecules in a tissue sam-
ple, which scatter light at a different
wavelength. This change in wavelength,
called the Raman effect is dependent on
the chemical components of the tissue
sample [90,91] and can therefore provide
quantitative information about molecu-
lar composition [92–94]. Raman spectros-
copy has shown acceptable correlation
compared with histology (r = 0.68 for
cholesterol and r = 0.71 calcification)
and with IVUS in vitro [94,95].

Alternatively, NIR molecular vibrational
transitions can be measured in the NIR
region (750–2500 nm) and laser spectro-
scopy using wavelengths of 360–510 nm
has been evaluated in vitro [95,96]. 

In near-infrared spectroscopy, it is observed how different sub-
stances absorb and scatter NIR light to different degrees at vari-
ous wavelengths. An NIR spectrometer emits light into a sam-
ple and measures the proportion of light that is returned over a
wide range of optical wavelengths. The return signal is then
plotted as a graph of absorbance (y-axis) at different wave-
lengths (x-axis) called a spectrum.

In aortic and coronary artery autopsy, specimens have
confirmed the ability of the technique to identify lipid-rich
TCFAs through blood [97]. A catheter-based system has been
developed to address the challenges of access to the coronary
artery, blood, motion and the need to scan, which must be
overcome for use in patients. Initial clinical experience in six
patients with stable angina demonstrates that high-quality
NIR spectra can be safely obtained [89]. Additional studies
are planned to validate the ability of the technique to iden-
tify lipid-rich coronary artery plaques and ultimately link
chemical characterization with subsequent occurrence of an
ACS (FIGURE 7) [98,99]. 

Treatment
Treatment of asymptomatic, nonobstructive coronary lesions may
be a desirable pursuit, but the pre-emptive strike may be a risky,
time-consuming and expensive proposition. Assumptions include:

Figure 6. Intravascular magnetic resonance. The magnetic fields generated by the 
probe located at the tip of the catheter, create a FOV with a sector shape, looking 
sideways into the artery wall. The FOV has a lateral resolution of 60º, a longitudinal 
length of 2 mm and a depth of 200 μm. It makes the analysis for the area comprised 
between 50 and 200 μm from the lumen.
Acquired data is displayed as color-code sectors based of the lipid fraction index for each 
zone of the FOV. Blue indicates no lipid, gray correspond to intermediate lipid content 
and yellow indicates high lipid content.
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• Accepting that the specific pathology can be defined in living
subjects

• Presuming that this particular pathology is responsible for
future clinical events

• The ‘fingerprint’ of this pathology can be reliably detected

• These findings are predictive of future adverse clinical events [3]

Based on these assumptions, initial risk stratification of
asymptomatic patients drawn from the general population will
be required, probably using an early screening method able to
detect nonobstructive suspicious lesions. Then, patients will
have to be further stratified based on noninvasive/invasive
imaging (‘regional stratification tool’). Once a suspect lesion is
identified, focal treatment will be based on a prediction model
to prove both safety and efficacy, assuming the endovascular
detection modality was correct. Among symptomatic patients
(non-obstructive, non-culprit lesion in the setting of an ACS),
a regional stratification strategy may be sufficient to justify
therapy in the future. The main question still remains as if the
therapy should focus on the entire segment containing the
lesion or the ‘focal’ area in which the TCFA is identified. 

Segmental therapy
Treating all three major coronary arteries or their proximal parts
requires a technology capable of delivering the therapeutic effect
across long segments without the need for multiple interventions
or guidance to a particular lesion. Current stenting technology is
simply not up to the task to consider so-called ‘full-metal-jacket’
stenting of an entire vessel [100]. Until further improvements in
vascular prosthesis are made, the industry is seeking methods for
passivating at-risk vessels through therapeutic applications of
drugs and energy. The merge between targeted nanoparticles and
local drug delivery are of special interest as potential therapeutic
alternatives capable of treating large vascular territories [101]. 

Sonotherapy directs energy in the form of ultrasonic vibrations
to the lesion and vessel wall and has been shown to decrease cell
proliferation and smooth muscle cell migration in vitro, but very
little clinical experience exists. Cryotherapy involves the thera-
peutic application of heat removal or
hyperthermia in a segment to induce a pas-
sivation effect on the intima to halt disease
progression [102,103]. Photodynamic ther-
apy utilizes pharmaceutical compounds,
which are activated locally to reduce dam-
age outside of the treatment zone [104]. A
more selective approach to photo-angi-
oplasty is a cell targeting technique known
as selective photothermolysis, which targets
particular cells (e.g., macrophages) for
apoptosis using nanomarkers, limiting
damage to nearby structures. The other
directed energy techniques are still in early
stage research and there are not available
data on their safety and efficacy.

Focal therapy
Myocardial infarctions are typically the result of focal complex or
vulnerable lesions, and it is quite reasonable that many interven-
tionalists have suggested treating high-risk plaques with the same
tools currently employed for these symptomatic lesions (bare
metal stents or drug-eluting stents). Balloon-expandable metallic
scaffoldings provide substantial radial forces for dilating hard,
obstructive plaques leading to the unavoidable and uncontrollable
disruption of the vascular structures intended to treat. Restenosis
after treating a lesion with a bare metal stent has been curbed by
slow-release antiproliferative drug coatings applied directly to the
stent. Unfortunately, recent clinical evidence points to increased
risk of late thrombosis as a result of the drug and its affect on
endothelial cell functioning and vascular healing, especially in the
setting of ACS [105] Based on these risks, these devices, in their cur-
rent form, do not appear to be a proper approach to pre-emptive
treatment of vulnerable or at-risk plaques. 

It is clear that current practices and available technologies in
focal treatment are primarily focused on improving luminal
diameter in occlusive plaques and are not well suited for treat-
ment of vulnerable plaques. More focus is needed on achieving
the main objectives of focal therapy: mechanical stabilization,
promotion of vascular healing and reduction of inflammation. If
mechanical stabilization is the objective, the proposed device
must find a point of equilibrium its intrinsic expansive force
radial force and its capability to induce excessive vascular injury.
Computational finite element and fluid structure interaction
models are critical in the development of these devices. Recently,
it has been shown that geometrical changes in the shape of the
lumen may affect unfavorably or favorably the distribution of
local stress, either leading to plaque rupture or reinforcing of the
thin fibrous cap [106,107]. Preliminary data using self-expandable
nitinol-based devices designed with the objective of inducing
reinforcement of the cap and necrotic core compression but not
cap rupture have been published [108,109]. Conceptually, these
devices must reinforce the fibrous cap, reshape the necrotic core
and mechanically stabilize the lesion at risk of disruption. Another
important aspect of device development is the possibility of in situ

Figure 7. Near infra-red spectroscopy. Demonstration of spectral findings in the left 
anterior descending coronary artery of an autopsy specimen (unpublished data, on file 
InfraReDx, Inc., Burlington, Massachusetts). The panel shows the results of the scan, 
with distance along the lumen on the x-axis and arc of rotation on the y-axis. As 
indicated by the yellow signal, the scan successfully detected lipid necrotic core rich areas.
Image courtesy of James E Muller.
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promoting tissue regeneration. Specifically, the regeneration of
the endothelium and recovery of its functionality by means of
passive or active endothelial cell attraction is also under devel-
opment [110]. Ideally, drug elution specifically targeting the
inflammatory components of the plaque must be required to
mitigate inflammation with the use of these devices. Although
still early for human application, several technologies specifi-
cally designed to passivate vulnerable plaques are under valida-
tion phases in animal models. Their potential as therapeutic
alternatives will probably depend on the development of accu-
rate risk stratification strategies and the validation of device
safety in the appropriate clinical setting. 

Conclusion
Several invasive imaging techniques are currently under devel-
opment to detect vulnerable coronary plaques in human coro-
nary arteries in vivo. To date, none of the techniques described
previously have been sufficiently validated and, most impor-
tantly, their predictive value for adverse cardiac events remains
elusive. Intravascular palpography and virtual histology, based
on conventional IVUS catheters, appear to be very promising
and their predictive role is presently under investigation in a
large international trial.

Very rigorous and well-designed studies are compelling for
defining the role of each imaging modality. Noninvasive tech-
niques and the assessment of humoral and genetic factors com-
prise complementary and important tools in this direction.

At present, the main purpose of all these evolving techniques is
to improve our understanding of atherosclerotic disease and to
define its natural history. Ultimately, the aims are to identify
patients at high risk for future cardiovascular events and to evaluate
the benefit from either local or systemic therapeutic interventions. 

Expert commentary & five-year view
Unheralded ACS are common initial manifestations of coro-
nary atherosclerosis and are frequently caused by plaque rup-

tures. TCFA is the morphology that
most resembles plaque rupture. How-
ever, the natural history of these high-
risk or vulnerable lesions remains
unknown and the limited knowledge
about their eventual prognosis is pro-
vided by retrospective histopathological
studies. Detection of these vulnerable
plaques in vivo is essential to study their
natural history and to evaluate potential
treatment modalities and, therefore, may
ultimately have an important impact on
the prevention of AMI and death. Sev-
eral invasive imaging techniques are cur-
rently under development to detect vul-

nerable coronary plaques in human coronary arteries in vivo.
The optimal device for imaging vulnerable plaque would
combine several techniques, overcoming the deficiencies of
each and providing information on different aspects of vul-
nerability. Currently, conventional grayscale IVUS, IVUS-VH
and palpography are imaged with the same catheter during
the same pullback. A combination of this catheter with either
thermography capability or alternative imaging such as OCT
or spectroscopy would be an exciting development. IVMRI
also holds much promise. To date, none of the techniques
described previously have been sufficiently validated and,
most importantly, their predictive value for adverse cardiac
events remains elusive. Very rigorous and well-designed stud-
ies are compelling for defining the role of each imaging
modality. Noninvasive techniques and the assessment of bio-
humoral and genetic factors comprise complementary and
important tools in this direction. 
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Key issues

• The natural history of the so-called vulnerable plaque 
is unknown.

• There is not a single imaging technique able to fully 
characterize vulnerable plaques.

• Combination of some of these techniques may improve 
accuracy on vulnerable plaque detection.

• Ongoing studies using these techniques would provide better 
understanding of this intrincate process.

Figure 8. Treatment of coronary vulnerable plaques.
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In Vivo Assessment of High-Risk
Coronary Plaques at Bifurcations With
Combined Intravascular Ultrasound and
Optical Coherence Tomography

Nieves Gonzalo, MD, Hector M. Garcia-Garcia, MD, MSC, Evelyn Regar, MD, PHD,
Peter Barlis, MBBS, MPH, Jolanda Wentzel, PHD, Yoshinobu Onuma, MD,
Jurgen Ligthart, BSC, Patrick W. Serruys, MD, PHD

Rotterdam, the Netherlands

O B J E C T I V E S This study sought to evaluate the in vivo frequency and distribution of high-risk
plaques (i.e., necrotic core rich) at bifurcations using a combined plaque assessment with intravascular
ultrasound–virtual histology (IVUS-VH) and optical coherence tomography (OCT).

B A C K G R O U N D Pathological examinations have shown that atherosclerotic plaque rich in necrotic
core is prone to develop at bifurcations. High-risk plaque detection could be improved by the combined
use of a technique able to detect necrotic core (IVUS-VH) and a high-resolution technique that allows the
measurement of the fibrous cap thickness (OCT).

M E T H O D S From 30 patients imaged with IVUS-VH and OCT, 103 bifurcations were selected. The
main branch was analyzed at the proximal rim of the ostium of the side branch, at the in-bifurcation
segment and at the distal rim of the ostium of the side branch. Plaques with more than 10% confluent
necrotic core by IVUS-VH were selected and classified as fibroatheroma (FA) or thin-cap fibroatheroma
(TCFA) depending on the thickness of the fibrous cap by OCT (�65 or �65 �m for FA and TCFA,
respectively).

R E S U L T S Twenty-seven FA (26.2%) and 18 TCFA (17.4%) were found out of the 103 lesions studied.
Overall the percentage of necrotic core decreases from proximal to distal rim (16.8% vs. 13.5%
respectively, p � 0.01), whereas the cap thickness showed an inverse tendency (130 � 105 �m vs. 151
� 68 �m for proximal and distal rim, respectively, p � 0.05). The thin caps were more often located in
the proximal rim (15 of 34, 44.1%), followed by the in-bifurcation segment (14 of 34, 41.2%), and were
less frequent in the distal rim (5 of 34, 14.7%).

C O N C L U S I O N S The proximal rim of the ostium of the side branch has been identified as a region
more likely to contain thin fibrous cap and a greater proportion of necrotic core. (J Am Coll Cardiol Img
2009;2:473–82) © 2009 by the American College of Cardiology Foundation

From the Thoraxcenter, Erasmus Medical Center, Rotterdam, the Netherlands.

Manuscript received September 30, 2008; revised manuscript received November 10, 2008, accepted November 16, 2008.
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H
igh-risk atherosclerotic plaques (i.e., rich in
necrotic core) are prone to develop at bifur-
cations because of the specific shear stress
conditions present in these regions (1,2).

Stented bifurcations lesions represent a complex lesion
subset at high risk of restenosis and thrombosis (3,4).
These phenomena may reflect certain procedural as-
pects such as incomplete stent apposition, underex-
pansion, or gap regions (5,6), but may also be asso-

See page 483

ciated with specific compositional and morpholog-
ical plaque features in these regions. Thin-cap

fibroatheroma (TCFA) has been described
as the plaque with an increased risk of
rupture (7). Such lesions are characterized
by a large necrotic core with a thin fibrous
cap, usually �65 �m in thickness (8).
Recently, it has been reported that TCFA
detection could be improved by the com-
bined use of intravascular ultrasound–
virtual histology (IVUS-VH) and optical
coherence tomography (OCT) (9).

IVUS-VH uses spectral analysis of
IVUS radiofrequency data to identify 4
tissue types in the atherosclerotic plaque,
among them necrotic core (10). Optical
coherence tomography is a high-resolution
imaging modality that uses reflected near-
infrared light, allowing a very precise vi-
sualization and measurement of vascular
microstructures such as the fibrous cap
(11). To our knowledge, in vivo character-
ization of necrotic core rich plaques at
bifurcation regions has not been explored.
The objective of the present study was
therefore to evaluate in vivo the frequency
and distribution of high-risk plaques at

bifurcation lesions using a combined plaque assess-
ment with IVUS-VH and OCT.

M E T H O D S

Study population. All of the patients admitted to
our hospital between January 2005 and March 2008
in whom IVUS-VH and OCT were performed in
the same vessel were investigated for bifurcations
adequately visualized by both imaging techniques.
The indication for the IVUS-VH and OCT was
the assessment of intermediate, nonflow-limiting
lesions by angiography or post stent implantation
assessment. Only regions located more than 5 mm

beyond the stent were included. All patients gave
written informed consent.
IVUS-VH acquisition. The IVUS was performed us-
ing the Eagle Eye 20 MHz catheter (Volcano
Corp., Rancho Cordova, California) with an auto-
matic 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 processing was performed offline
with pcVH 2.1 software (Volcano Corp.) that
permits semiautomated contour detection and pro-
vides the compositional structure of the vessel. The
IVUS-VH uses spectral analysis to classify the 4
different components of the atherosclerotic plaque
and gives a color-coded map distinguishing be-
tween fibrous tissue (green), fibrofatty tissue (light
green), necrotic core (red), and dense calcium (white).
OCT acquisition. The OCT acquisition was per-
formed using a commercially available system for
intracoronary imaging and a 0.019-inch ImageWire
(LightLab Imaging, Westford, Massachusetts).
Red blood cells represent a nontransparent tissue
causing multiple light scattering and substantial
signal attenuation. Therefore, for adequate OCT
image acquisition blood must be temporarily re-
moved from the vessel. In 77% of the cases this was
achieved with the occlusion technique in which a
proximal, low-pressure (0.4 atm) occlusion balloon
(Helios, Goodman Inc., Nagoya, Japan) is inflated
with simultaneous distal flush delivery (lactated
Ringer solution; flow rate 0.8 ml/s) to remove blood
from the vessel lumen. Images were acquired during
a pullback rate of 1.0 mm/s. The possibility to
increase the pullback speed up to 3 mm/s in the new
OCT system permitted 23% of the cases to be
acquired exclusively using a nonocclusive technique
in which the blood was removed by the continuous
injection of contrast (Iodixanol 370, Visipaque, GE
Health Care, Cork, Ireland) through the guiding
catheter. The nonocclusive technique reduces the
procedural time and the incidence of chest pain and
electrocardiographic changes during image acquisi-
tion without affecting the image quality (12).
Bifurcation selection and analysis. Simultaneous vi-
sual assessment of IVUS-VH and OCT pullbacks,
in 2 contiguous screens, allowed the selection of all
bifurcations that could be identified with both
techniques (13). To ensure proper matching be-
tween 2 imaging modalities that have different
lateral resolutions (20 �m for OCT and 300 �m for
IVUS) and depth penetration, a strict selection of
the frames was followed. Only the main branch was
analyzed. The lesion analysis included: 1) proximal

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

A N D A C R O N Y M S

ACS � acute coronary syndrome

AIT � adaptative intimal

thickening

CaFA � calcified fibroatheroma

CaTCFA � calcified thin-cap

fibroatheroma

FA � fibroatheroma

IVUS-VH � intravascular

ultrasound–virtual histology

LAD � left anterior descending

artery

LCX � left circumflex artery

MMP � matrix

metalloproteinase

NC � necrotic core

OCT � optical coherence

tomography

PIT � pathological intimal

thickening

RCA � right coronary artery

TCFA � thin-cap fibroatheroma
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rim of the ostium of the side branch cross-section
(first frame proximal to the take-off of the side
branch); 2) in-bifurcation cross-section (frame with
the larger ostial diameter of the side branch); and
3) distal rim of the ostium of the side branch
cross-section (first frame distal to the take off of
the side branch) (Fig. 1). In each bifurcation the
plaque location in relation to the flow divider was
analyzed (Fig. 2).

Plaque type classification. Two experienced observ-
ers jointly analyzed the IVUS-VH data and the
OCT measurements in the selected frames to char-
acterize the plaque type according to the following
hierarchical classification (7,14,15) (Figs. 3 to 5):

1. Adaptive intimal thickening (AIT): intimal
thickening of �600 �m for �20% of the
circumference.

Figure 1. Bifurcation Selection and Analysis

Bifurcations that could be identified in both intravascular ultrasound-virtual histology (IVUS-VH) and optical coherence tomography (OCT)
pullbacks were included. A strict selection of the analyzed cross-sections (CS) was followed to ensure correct matching between the 2
techniques. Plaques were analyzed only in the main branch. The lesion analysis included: 1) proximal rim of the ostium of the side
branch (SB) CS (first frame proximal to the take-off of the SB); 2) in-bifurcation CS (frame with the larger ostial diameter of the SB); and
3) distal rim of the ostium of the SB CS (first frame distal to the take off of the SB).

Figure 2. Location of the Plaque in Relation to the Flow Divider

To describe the plaque location in relation to the flow divider, the vessel cross-section was divided in 4 quadrants according to the posi-
tion of the side branch. Quadrants 1 and 4 correspond to the ostium of the side branch, whereas quadrants 2 and 3 correspond to the
part of the vessel wall located in front of the ostium of the side branch. (A) Grayscale IVUS. (B) Virtual histology. (C) OCT. Abbreviations
as in Figure 1.
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Figure 3. Plaque Classification Algorithm

AIT � adaptive intimal thickening; CaFA � calcified fibroatheroma; CaTCFA � calcified thin-cap fibroatheroma; CNC � confluent necrotic
core; DC � dense calcium; FA � fibroatheroma; FC � fibrocalcic; FF � fibrofatty; FT � fibrotic; OCT � optical coherence tomography;
PIT � pathological intimal thickening; TCFA � thin-cap fibroatheroma; VH � virtual histology.

Figure 4. Low-Risk Plaques

Matched images of grayscale IVUS (A), virtual histology (B), and OCT (C) for the 4 types of plaques considered at low risk. 1: adaptive
intimal thickening, 2: pathological intimal thickening, 3: fibrocalcific plaque, 4: fibrotic plaque. Abbreviations as in Figure 1.
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2. Pathological intimal thickening (PIT): intimal
thickening �600 �m for more than 20% of the
circumference with more than 15% of fibrofatty
tissue, and no confluent necrotic core or dense
calcium.

3. Fibrotic plaque: plaque constituted predomi-
nantly by fibrous tissue without confluent ne-
crotic core (NC) or dense calcium.

4. Fibrocalcific plaque: more than 10% of conflu-
ent dense calcium without confluent NC.

5. Fibroatheroma (FA): plaque characterized by
the presence of more than 10% confluent NC
covered by a fibrous cap thicker than 65 �m.

6. Calcified fibroatheroma (CaFA): fibroatheroma
that contains more than 10% of confluent dense
calcium.

7. IVUS/OCT-derived thin-capped fibroathe-
roma (TCFA): defined as the presence of more
than 10% confluent NC at the lumen covered
by a thin fibrous cap (�65 �m).

8. IVUS/OCT-derived calcified thin-capped fi-
broatheroma (CaTCFA): TCFA that contains
more than 10% of confluent dense-calcium.

FAs and TCFAs are considered high-risk plaques
in American Heart Association and Virmani classifi-
cations (7,16). The necrotic core was considered

confluent when it was forming a major pool. This
definition was used to avoid misclassification as high-
risk plaques of lesions with isolated islets or individual
pixels of necrotic core, which can be artifacts. The
presence of confluent NC �10% at the lumen was
measured using dedicated in house developed software
(MATLAB MathWorks, Natick, Massachusetts) (9).
A validation with pathology of a similar algorithm was
reported in the CAPITAL (Carotid Artery Plaque
Virtual Histology Evaluation) study (14). The diag-
nostic accuracy of IVUS-VH compared with histology
in different carotid plaque types was 99.4% for TCFA,
96.1% for CaTCFA, 85.9% in FA, 85.5% for fibro-
calcific, 83.4% in PIT, and 72.4% for CaFA. To
overcome the limitations of IVUS-VH in the fibrous
cap evaluation, the classification used in our study
combines the information about plaque composition
provided by IVUS-VH and the measurements of
fibrous cap as assessed by OCT (9). The thinnest part
of the fibrous cap was measured by OCT in all the
plaques that contain more than 10% of confluent NC
to distinguish between FA and TCFA. The fibrous
cap measurement by OCT was guided by the
IVUS-VH to avoid misclassification between lipid
pools and calcium. The cap was measured in the area
where the NC was closer to the lumen. The repro-

Figure 5. High-Risk Plaques

Matched images of grayscale IVUS (A), virtual histology (B), and OCT (C) for the 4 types of plaques considered at high risk of rupture.
1: fibroatheroma, 2: calcified fibroatheroma, 3: thin-cap fibroatheroma, 4: calcified thin-cap fibroatheroma. Abbreviations as in Figure 1.
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ducibility of fibrous cap measurements has previously
been reported (12). If different morphologies were
present along the lesion, the highest degree plaque was
established as the definite plaque type.
Statistical analysis. Statistical analyses were per-
formed using SPSS 12.0.1 for Windows (SPSS
Inc., Chicago, Illinois). Continuous variables are
expressed as mean � SD. Categorical variables are
expressed as percentages. The bifurcation (lesion)
was the unit of analysis without corrections for
correlated observations in the same subjects. To
compare continuous variables between lesions, t test
or analysis of variance was used. To compare
continuous variables between different segments of
the bifurcation, paired samples t test or Wilcoxon
signed ranks test for 2 dependent samples was used.
Comparison among groups for categorical variables
was made with the chi-square method.

R E S U L T S

Clinical and procedural characteristics. One hundred
and three bifurcations were selected in 32 pullbacks
performed in 30 patients. The mean age was 60 �
7 years, and 73% were male. Regarding cardiac risk
factors, 48.3%, 6.9%, and 72.4% had hypertension,
diabetes mellitus, and hyperlipidemia, respectively,
and 27.6% were smokers. Seven percent had prior
myocardial infarction, and 43.3% had undergone a
prior percutaneous coronary intervention. The clin-
ical presentation was stable angina in 86.7%, unsta-
ble angina in 10%, and acute myocardial infarction
in 3.3%. The investigated vessel was the left ante-
rior descending artery (LAD) in 34%, left circum-
flex artery (LCX) in 33% and right coronary artery
(RCA) in 33% of the cases. The type of bifurcations
studied were LAD/diagonal, LAD/septal branch,
LCX/marginal, and RCA/right ventricular branch
in 21.4%, 12.6%, 33%, and 33% of the cases,
respectively. The indication for IVUS-VH and
OCT was assessment of intermediate, non–flow
limiting lesions by angiography in 40% of the cases
and post-stent implantation assessment in the re-
maining 60% of cases. All studied lesions were
considered nonsignificant by angiographic criteria
and had a lumen area �4 mm2 by IVUS. Overall
the mean vessel and lumen area and plaque burden
were 13.9 � 3.7 mm2, 7.7 � 2.2 mm2, and 43.2 �
13%, respectively. Table 1 shows the number of
quadrants containing plaque and the location of the
thickest part of the plaque in relation to the side
branch.

Frequency of plaque type. The plaque type was
analyzed in 103 lesions and 293 cross-sections.
Eight distal and 8 proximal rims could not be
analyzed because of artifacts. Overall, the frequency
of each plaque type per lesion was: AIT 20 (19.4%),
PIT 16 (15.5%), fibrocalcific 15 (14.6%), fibrotic 7
(6.8%), FA 8 (7.8%), CaFA 19 (18.4%), TCFA 10
(9.7%), and CaTCFA 8 (7.8%). In the analyzed
cross-sections the distribution was as follows: AIT
76 (25.9%), PIT 53 (18.1%), fibrocalcific 42
(14.3%), fibrotic 28 (9.6%), FA 18 (6.1%), CaFA
42 (14.3%), TCFA 21 (7.2%), and CaTCFA 13
(4.4%).
NC and cap thickness distribution. The NC and cap
thickness distribution in the proximal rim, in-
bifurcation, and distal rim cross-sections are shown
in Figure 6. Overall, the mean NC area and mean
percentage of NC decreased from proximal to
distal, whereas the mean cap thickness showed an
inverse tendency.
High-risk plaque distribution and compositional and
geometrical analysis. The distribution of the differ-
ent plaque types in relation to the location is shown
in Table 2. Figure 7 shows the number of cross-
sections with high-risk plaque morphology in the
proximal rim, in-bifurcation, and distal rim. The
thin caps were more often located in the proximal
rim (15 of 34, 44.1%), followed by the in-
bifurcation (14 of 34, 41.2%), and were less fre-
quent in the distal rim (5 of 34, 14.7%). The
location of the thin cap in the 18 lesions classified as
TCFAs was as follows: In 4 cases the thinning of
the cap extended from the proximal rim into the
distal rim, in 7 cases the thin cap was located in
the proximal rim and in the in-bifurcation; in 3
TCFAs the thinning of the cap was located only in
the in-bifurcation and, in 3 cases only in the
proximal rim; there was 1 TCFA that presented the
thin cap at both rims whereas the cap at the

Table 1. Number of Quadrants Containing Plaque and
Location of the Thickest Part of the Plaque in Relation to the
Flow Divider

Number of quadrants containing plaque

1 25/103 (24.3%)

2 33/103 (32.0%)

3 29/103 (28.2%)

4 16/103 (15.5%)

Location of the thickest part of the plaque

Quadrant 1 28/103 (27.2%)

Quadrant 2 18/103 (17.5%)

Quadrant 3 26/103 (25.2%)

Quadrant 4 31/103 (30.1%)
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in-bifurcation frame was thicker. There were no
cases in which the thin cap was located only in the
distal rim. The mean cap thickness in proximal rim,

in-bifurcation, and distal rim in TCFAs is shown in
Figure 8.

The vessel area and the plaque burden was
significantly greater in the subgroup of lesions
considered high risk (FA, CaFA, TCFA, and
CaTCFA) than in the rest of lesions (16.5 � 3
mm2 vs. 14.1 � 3 mm2, p � 0.002 and 55 � 9% vs.
42 � 12%, p � 0.001 for vessel area and plaque
burden, respectively), whereas the lumen area was
not significantly different (6.8 � 2 mm2 vs. 7.1 � 2
mm2, p � 0.39). Table 3 shows the plaque burden,
NC percentage, and cap thickness in FA, CaFA,
TCFA, and CaTCFA.
Plaque type in relation to the clinical presentation. As
exploratory analysis, patients with acute coronary
syndromes (ACS) had a significant higher propor-
tion of lesions with high-risk morphology plaques
than stable patients (17 of 23 [73.9%] vs. 28 of 80
[35%], p � 0.002). Specifically the number of
lesions with TCFA morphology was 6 of 23
(26.1%) vs. 12 of 80 (15%), p � 0.2, for ACS and
stable patients respectively, and the number of
lesions with FA morphology was 11 of 23 (47.8%)
vs. 16 of 80 (20%), p � 0.01, for ACS and stable
patients respectively.

D I S C U S S I O N

To our knowledge this is the first in-vivo study
evaluating the frequency and distribution of high-
risk plaques at bifurcations in coronary arteries
using a combined plaque assessment with IVUS-VH
and OCT. The main finding is that the thinning of
the fibrous cap occurs more often in the proximal
rim of the ostium of the side branch. The NC
shows also a differential distribution along the
bifurcation being higher at the proximal rim.
Multi-modality plaque assessment. The detection of
plaques at potentially high risk of rupture could
prevent future occurrence of ACS. At present,
multiple techniques are available that evaluate
different aspects of the atherosclerotic plaque,
such as its structure, composition, or mechanical
properties (17). The combined information pro-

Table 2. Distribution of the Different Plaque Types in the Proximal Rim of the Ostium of the Side Branch, In-Bifurcation, and Distal Rim Cross Sections

AIT PIT FC FT FA CaFA TCFA CaTCFA Total

Proximal rim 21 (22.1%) 19 (20%) 13 (13.7%) 5 (5.3%) 8 (8.4%) 14 (14.7%) 10 (10.5%) 5 (5.3%) 95

In-bifurcation 24 (23.3%) 18 (17.5%) 15 (14.6%) 12 (11.7%) 5 (4.9%) 15 (14.6%) 8 (7.8%) 6 (5.8%) 103

Distal rim 31 (32.6%) 16 (16.8%) 14 (14.7%) 11 (11.6%) 5 (5.3%) 13 (13.7%) 3 (3.2%) 2 (2.1%) 95

N � 293 cross-sections.
AIT � adaptative intimal thickening; CaFA � calcified fibroatheroma; CaTCFA � calcified thin-cap fibroatheroma; FA � fibroatheroma; FC � fibrocalcic; FT � fibrotic; PIT � pathological intimal
thickening; TCFA � thin-cap fibroatheroma.
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Figure 6. Necrotic Core and Cap Thickness Distribution

Necrotic core (NC) area (A), necrotic core percentage (B), and
cap thickness (C) distribution in the proximal rim of the ostium
of the side branch, in-bifurcation, and distal rim cross-sections.
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vided by the different methods is essential for
better identification of high-risk coronary lesions.
In this study, a combined approach with IVUS-VH
and OCT was used. The IVUS-VH allows the
detection and quantification of NC, one of the main
components of high-risk plaques. However, the
limited axial resolution of IVUS (approximately 200
�m) does not permit an accurate evaluation of the
fibrous cap. On the contrary, OCT has a very high
resolution (10 to 20 �m), allowing a very precise
measurement of the fibrous cap. Sawada et al. (9)
recently reported that the combined use of
IVUS-VH and OCT improved the accuracy for
TCFA detection. They studied 126 plaques in 56
patients with angina. Of the 61 plaques diagnosed
as TCFA by IVUS-VH criteria, only 28 had a thin
fibrous cap, as measured by OCT. In addition, 8

OCT-derived TCFA did not have NC in the VH
analysis, mainly because of the misinterpretation in
the OCT analysis caused by dense calcium. This
source of error in plaque characterization by OCT
has previously been described and indicates the
difficulty in identifying TCFAs using only OCT
(18). To avoid this misclassification in our study,
the measurement of the fibrous cap in OCT was
guided by IVUS-VH. At the present stage neither
modality independently is sufficient for detecting
the highest risk plaques; the combined approach
seems to be mandatory for the accurate diagnosis of
TCFA in vivo.
High-risk plaque frequency, distribution, composition,
and geometrical analysis. The in vivo frequency of
TCFAs at bifurcations is not known. In our study, in
which a highly selected population was included, 18 of
103 bifurcations presented TCFAs (17%). Consider-
ing that the number of bifurcations in the complete
coronary tree is approximately 15 (19), the frequency
of TCFAs per heart would be approximately 2.5. This
is in agreement with reported pathological data (1).
The bifurcation left main/LAD has been studied with
IVUS-VH showing that the plaque burden and the
amount of necrotic core are higher in the LAD than
in the left main artery. However, plaque morphology
in the different segments of other bifurcations has not
been previously evaluated in vivo. The present study,
which extended the assessment of bifurcation lesions
beyond the left main artery, showed that the amount
of necrotic core is higher at the proximal rim of the
ostium of the side branch with a thin fibrous cap more
often identified in the proximal rim. The fibrous cap
thickness is determined by the balance between matrix
synthesis by the smooth muscle cells and matrix
degradation by metalloproteinases (MMP) produced
by macrophages (20). It has been shown that the
distribution of inflammatory cells in atherosclerotic
plaques relates to the direction of the flow with higher
concentration of macrophages and MMP activity in
the upstream or proximal part (21). One of the
mechanisms that have been proposed for the differ-
ential distribution of the high-risk plaques along the
artery is the influence of endothelial shear stress.
Bifurcations are geometrically irregular regions in
which disturbed laminar flow occurs, generating ab-
normal endothelial shear stress patterns that may play
a role in plaque destabilization. Previous studies
showed that atherosclerosis develops preferentially at
low shear stress locations such as the outer wall of
bifurcations (2). However, in our data the thickest part
of the plaque did not show a preferential location for
this region.
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Different pathological and IVUS studies have
confirmed that plaque rupture occurs usually at sites
of significant plaque accumulation associated with
positive remodeling (2,22). This is in agreement
with our data showing that the vessel area and the
plaque burden were higher in high-risk plaques
compared with stable lesions. In line with patho-
logical series, TCFAs in our study were located in
areas with nonsignificant lumen compromise, with
a mean luminal area of 6.8 � 2 mm2 (8). Similarly,
NC in TCFAs in this population is concordant
with previously published pathological findings (8).
High-risk plaques in relation to clinical presentation.
Although the comparison between ACS and stable
patients in this study was exploratory, patients with
unstable clinical presentation showed a high-risk
profile of plaque types at bifurcations with a higher
proportion of TCFAs and FA. This is in agreement
with previous data regarding TCFA detection with
IVUS-VH showing that ACS patients present a
significantly higher prevalence of IVUS-derived
TCFA than stable patients (10).
Study limitations. Currently VH-derived necrotic
core rich plaques can only be considered as allegedly
high-risk lesions because it has not been shown

whether they are associated with a higher incidence
of clinical events at follow-up. In the present study,
OCT and VH were restricted to 1 or 2 vessels;
therefore, and unlike pathological studies, this does
not allow us to draw conclusions on the incidence of
TCFA in bifurcations within the complete coronary
tree. No comparison with nonbifurcation lesions
was performed. Still the detailed plaque assessment
combining 2 imaging modalities has given the first
insight into the distribution of these allegedly high-
risk lesions at bifurcations.

C O N C L U S I O N S

This study has given unique, in vivo data on the
localization of plaque occurring at bifurcation le-
sions. Further, the proximal rim of the ostium of
the side branch has been identified as a region more
likely to contain thin fibrous cap and a greater
proportion of necrotic core.

Reprint requests and correspondence: Prof. Patrick W.
Serruys, Thoraxcenter, Ba583a, Gravendijkwal 230, 3015
CE Rotterdam, the Netherlands. E-mail: p.w.j.c.serruys@
erasmusmc.nl.
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Assessment of Culprit and Remote Coronary Narrowings Using
Optical Coherence Tomography With Long-Term Outcomes

Peter Barlis, MBBS, MPH, Patrick W. Serruys, MD, PhD, Nieves Gonzalo, MD,
Willem J. van der Giessen, MD, PhD, Peter J. de Jaegere, MD, PhD, and Evelyn Regar, MD, PhD*

Much currently known information about vulnerable plaque stems from postmortem
studies that identified several characteristics making them prone to rupture, including the
presence of a thin fibrous cap and a large lipid core. This study used optical coherence
tomography (OCT) to assess culprit and remote coronary narrowings and investigate
whether intracoronary OCT in living patients was able to visualize morphologic features
associated with vulnerable plaque in postmortem studies. Twenty-three patients success-
fully underwent OCT before percutaneous coronary intervention. The culprit lesion and
mild to moderate coronary narrowings remote from the target stenosis were investigated.
Using OCT, the culprit lesion was found to be fibrous in 39.1%, fibrocalcific in 34.4%, and
lipid rich in 26.1% of cases. Two patients met criteria for thin-cap fibroatheroma (TCFA;
defined as the presence of a signal-rich fibrous cap covering a signal-poor lipid/necrotic core
with cap thickness <0.2 mm). Most plaques at remote segments were proximal to the
culprit lesion (73.9%) and predominantly fibrous and lipid rich. OCT identified 7 TCFA
lesions in 6 patients with a mean cap thickness of 0.19 � 0.05 mm, extending for 103° �
49° of the total vessel circumference. At 24 months of clinical follow-up, the only event
occurred in a patient with in-stent restenosis who underwent repeated percutaneous revas-
cularization. There were no clinically apparent plaque rupture–related events in the 6 patients
found to have remote TCFA. This study showed that OCT can be safely applied to image
beyond the culprit lesion and can detect in vivo morphologic features associated with
plaque vulnerability using retrospective pathologic examination. In conclusion, detection of
TCFA, particularly in stable patients, is desirable and may principally allow for early
intervention and prevention of adverse events. © 2008 Elsevier Inc. All rights reserved.
(Am J Cardiol 2008;102:391–395)

Acute coronary syndromes (ACSs), including myocardial
infarction (MI), are leading causes of death in industrialized
countries, often caused by rupture of vulnerable plaque
(VP). Detection of VP in the early phase of coronary artery
disease therefore is essential to limit morbidity and mortal-
ity while helping target specific therapeutic interventions.
Using retrospective postmortem studies, several character-
istics of plaques that are prone to rupture were identified,
including the presence of a thin fibrous cap (�65 �m thick),
large lipid core, and activated macrophages near the cap.
However, the limitation of such studies was their inability to
provide crucial detail regarding the natural history and pro-
gression of VP and therefore the prognosis. Several imaging
modalities have been used to assess and identify VP, in-
cluding coronary angioscopy, intravascular ultrasound, and
magnetic resonance imaging.1–3 Recently, there has been
significant interest in the field of VP detection using optical
coherence tomography (OCT)1,4–13 because it permits high-
resolution (10 to 20 �m) imaging, principally suited to
detect and quantify the thickness of a thin cap fibroatheroma

(TCFA) and estimate macrophage distribution.9,14,15 In this
study, we investigated whether intracoronary OCT in living
patients was able to visualize morphologic features associ-
ated with VP in postmortem studies.

Methods

From February to August 2004, this single-center observa-
tional pilot study examined patients with coronary artery
disease. Twenty-three patients scheduled for coronary stent
implantation underwent OCT before angioplasty. The cul-
prit lesion and mild to moderate coronary lesions remote
from the target stenosis were investigated. Patients were
selected based on the presence of stable or unstable angina
pectoris with objective evidence of ischemia. Clinical ex-
clusion criteria were poor renal function (serum creatinine
�1.5 mg/dl), left ventricular ejection fraction �30%, and
hemodynamic instability. Angiographic exclusion criteria
were lumen diameter proximal to the lesion �2.5 or �4.0
mm using visual estimate, ostial lesion, and chronic total
occlusion. All patients were pretreated with aspirin and
clopidogrel (600-mg loading dose) and both were continued
for 1 year. Heparin was used to maintain an activated
clotting time �250 seconds. All patients provided written
informed consent before the procedure. Clinical follow-up
was performed using regular outpatient visit and telephone
interview up to 2 years.

Thoraxcenter, Erasmus Medical Center, Rotterdam, The Netherlands.
Manuscript received February 10, 2008; revised manuscript received and
accepted March 24, 2008.

*Corresponding author: Tel: �31-10-703-5729; fax: �31-10-703-2357.
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The OCT system used in this study (LightLab Imaging
Inc., Westford, Massachusetts) has been described previ-
ously.1,16 Briefly, an OCT balloon catheter (Helios; Good-
man, Nagoya, Japan) was advanced distal to the lesion over
a conventional coronary guidewire, which was then re-
placed with the OCT imaging wire (ImageWire, LightLab
Imaging Inc., Westford, Massachusetts). The OCT catheter
was then withdrawn proximally, and the lesion and seg-
ments distal and proximal to the lesion were visualized
using an automated pullback system at 1.0 mm/s. During
image acquisition, coronary blood flow was replaced by
continuous infusion of Ringer’s lactate at 0.8 ml/s using a
power injector (Mark V ProVis; Medrad Inc., Indianola,
Pennsylvania). The highly compliant occlusion balloon re-
mained inflated proximal to the lesion at 0.5 or 0.7 atm for
a maximum of 30 seconds. Cross-sectional images were
acquired at 15.6 frames/s.

Analysis of contiguous cross sections was performed at
1-mm intervals. In each selected cross section, plaque char-
acterization was according to the established OCT criteria
of (1) fibrous, (2) fibrocalcific, and (3) lipid rich.17 Capped
fibroatheroma was defined as the presence of a signal-rich
fibrous cap covering a signal-poor lipid/necrotic core with a
cap thickness �0.2mm and extending for �1 quadrant of
the vessel circumference. The plaque had to be visualized in
�5 consecutive frames.

After OCT examination, coronary interventions were
performed according to standard practice with stent implan-
tation. Stent optimization was accomplished using conven-
tional angiographic guidance aiming at a residual diameter
stenosis �20% using on-line quantitative coronary angiog-
raphy. Statistical analyses were performed using SPSS, ver-
sion 12.0.1 (SPSS Inc., Chicago, Illinois) for Windows
(Microsoft Corp., Redmond, Washington). Data were ex-
pressed as mean � SD for continuous variables or median
and interquartile range, if appropriate, and as percentages
for categorical variables. To evaluate interobserver agree-
ment for plaque characterization, a subset of plaques was
classified by a second observer and the � statistic was
calculated. To assess the reproducibility of cap thickness, a
set of fibrous caps was also measured by a second indepen-
dent observer, and the absolute mean difference between 2
observers’ measurements and its SD were calculated.

Results

Baseline clinical and lesion characteristics are listed in Ta-
ble 1. There was 1 case of transient atrioventricular block
during OCT pullback in a 72-year-old man with single-
vessel disease. The rest of his clinical course was unevent-
ful, and he was discharged as planned the next day.

OCT analysis of the coronary artery wall was possible in
all patients. Mean OCT pullback length was 28.8 � 12.2
mm. Quantitative measurements at the culprit site showed a
mean minimal lumen area and mean minimal lumen diam-
eter of 2.38 � 0.93 mm2 and 1.45 � 0.33 mm, respectively.
A wide spectrum of plaque morphologic characteristics was
seen both at the culprit lesion and in remote segments.

Culprit-lesion OCT characteristics were also listed in
Table 1. Agreement between observers for determining
plaque type was good (� � 0.85). Two patients met criteria

for TCFA. A 58-year-old woman with type 1 diabetes mel-
litus and hypertension presented with non–ST elevation MI.
Coronary angiography showed single-vessel disease in the
left anterior descending artery. OCT showed a tight lesion
with a minimal lumen area of 0.68 mm2, irregular lumen
contours, signs of plaque fissure/rupture, and mural throm-
bus. The other patient was a 62-year-old man with a history
of MI presenting with angina (Canadian Cardiovascular
Society [CCS] III). Angiographically, 3-vessel disease was
present with a culprit lesion in the left anterior descending
artery. OCT visualized a nonruptured TCFA with a cap
thickness of 180 �m and circumferential extent of 100°
with a minimal lumen area of 3.42 mm2. Both patients
underwent uneventful coronary stent implantation.

Most plaques (73.9%) at remote segments were found to
be proximal to the culprit lesion. Fibrous and lipid-rich
plaques were more common, whereas 1 patient had a fibro-
calcific plaque distal to the culprit lesion in the right coro-
nary artery (Figure 1). OCT identified 7 TCFA lesions in 6
patients. One patient presented with stable angina, 3 pre-
sented with unstable angina, and 2 patients had a recent
history of ACS. These latter patients had undergone primary
percutaneous coronary intervention for acute MI caused by
thrombotic occlusion in another vessel 2 weeks before and
were rescheduled for elective percutaneous coronary inter-
vention to a residual lesion in a non–infarct-related artery.
Mean cap thickness was 0.19 � 0.05 mm, extending for
103° � 49° of the total vessel circumference. Three of these
TFCA lesions showed an irregular inner lumen contour with
evidence of mural thrombi in 2 lesions (Figure 2). The
reproducibility of fibrous cap measurements showed an ab-
solute mean difference between 2 observers of 0.010 �

Table 1
Baseline clinical and lesion characteristics

Variable n � 23

Age (yrs) 61 � 11
Men 18 (78%)
Diabetes mellitus 2 (9%)
Hypertension 13 (57%)
Dyslipidemia* 11 (48%)
Current smoker 5 (22%)
Previous myocardial infarction 6 (26%)
No. of coronary arteries narrowed �50%

1 14 (61%)
2 5 (22%)
3 4 (17%)

Clinical presentation
Silent myocardial ischemia 1 (4%)
Stable angina pectoris 18 (78%)
Unstable angina pectoris 4 (17%)

Target vessel
Left anterior descending artery 14 (61%)
Left circumflex artery 3 (13%)
Right coronary artery 6 (26%)

Culprit lesion morphologic characteristics assessed
using OCT

n � 23 lesions

Fibrous 9 (39%)
Fibrocalcific 8 (35%)
Lipid-rich 6 (26%)

* Total cholesterol �5.0 mmol/L or treatment with a lipid-lowering drug.
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0.016 mm, with limits of agreement (i.e., 1.96 SD of mean
difference) of 0.043 to �0.023.

Two-year clinical follow-up was available for all pa-
tients. There were no deaths or MIs. There was 1 case of
target-lesion revascularization caused by in-stent restenosis
in a 65-year-old man 8 months after the index procedure.
The patient was successfully treated with repeated percuta-
neous coronary intervention. There were no adverse events
in patients with TCFA at remote segments during 24 months
of follow-up, with most patients classified as CCS 1 angina
pectoris. All patients were on treatment with statins.

Discussion

The main findings of this study were that (1) OCT could be
safely used in vivo to show the heterogeneity of coronary
plaques at culprit and remote sites, (2) intravascular OCT
could detect in vivo morphologic features associated with
plaque vulnerability using retrospective pathologic exami-
nation, and (3) the lack of long-term clinical events in our
patients with TCFA gave unique antemortem insight into
such lesions, although the sample size was small.

The recent introduction of OCT has proved to be an
innovative contribution to the in vivo detection of VP and
TCFA. Its unique image resolution in the range of 10 to 15
�m is in the magnitude of 10 times higher than that of
intravascular ultrasound and permitted superior visualiza-
tion of plaque morphologic characteristics.18 Although OCT
has an inherent lack of tissue penetration (�2 mm), it is
ideally served to examine the arterial lumen and lumen–
vessel interface. Yabushita et al17 performed an in vitro
study of �300 human atherosclerotic artery segments.
Compared with histologic examination, OCT had sensitivity
and specificity of 71% to 79% and 97% to 98% for fibrous
plaques, 95% to 96% and 97% for fibrocalcific plaques, and
90% to 94.5% and 90% to 92% for lipid-rich plaques,
respectively. In addition, inter- and intraobserver variabili-
ties of OCT measurements were high (� � 0.88 and 0.91,
respectively).

The use of OCT to assess culprit lesions in vivo has
shown favorable results. In 57 patients, Jang et al8 found
lipid-rich plaques in 90%, 75%, and 59% of patients pre-
senting with recent acute MI, ACS, and stable angina, re-
spectively. Frequencies of TCFA (defined as lipid-rich
plaque with cap thickness �65 �m) were 72%, 50%, and
20% in patients with acute MI, ACS, and stable patients,
respectively (p � 0.012). Our study showing TCFA pre-

Figure 2. TCFA assessed using OCT overlying a large lipid-rich plaque (2
to 5 o’clock position). The bright highly reflective fibrous cap measured 30
to 80 �m.

Figure 1. Angiography shows a calcific midvessel lesion. An additional calcific plaque with sharp and well-delineated margins was also observed using OCT
remote and distal to the culprit lesion with attached mural thrombus.
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dominantly in patients with a recent history of ACS seems
to be in line with these observation.

Of note, the study by Jang et al8 did not use a motorized
pullback for OCT image acquisition. The investigators po-
sitioned the OCT wire at the level of the tightest stenosis,
judged angiographically. This had several limitations, par-
ticularly the inability to detect continuous cross sections of
the coronary artery. Our study used an automated pullback
at 1.0 mm/s with a relatively long pullback of the coronary
artery permitting visualization of additional plaques, both
proximal and distal to the culprit lesion. We judged the
severity of the culprit lesion using OCT rather than angiog-
raphy, which was associated with its inherent limitations,
namely, its low resolution and inability to accurately dis-
criminate between plaques.

Recently, Kubo et al4 used OCT with intravascular ul-
trasound and angioscopy to assess culprit plaque character-
istics in 30 patients presenting with acute MI. The imaging
devices were consecutively used after the initial mechanical
thrombectomy. The incidence of plaque rupture using OCT
was 73%, significantly higher than that detected using both
angioscopy (47%; p � 0.035) and intravascular ultrasound
(40%; p � 0.009). The incidence of TCFA was 83% in this
patient population, and only OCT was able to estimate
fibrous cap thickness (mean 49 � 21 �m). In addition,
intracoronary thrombus was observed in all patients using
OCT and angioscopy, but was identified in only 33% of
patients using intravascular ultrasound (p �0.001). The
different patient populations evaluated likely explained the
lower frequency of thrombi in our study compared with that
of Kubo et al.4 We did not recruit patients with acute MI
because of the relatively prolonged OCT imaging required
to visualize both culprit and remote segments. Moreover,
compared with the study by Kubo et al,4 our study extended
OCT imaging beyond the culprit lesion, thereby giving a
more representative indication about the presence of TCFA
in nonculprit segments.

The presence of TCFA in regions remote to the culprit
lesion in 26% of patients in our study was an interesting
observation not shown previously using OCT. One possible
explanation related to the widely accepted understanding
that atherosclerosis is a systemic disease with focal mani-
festations. In a study using multislice computed tomogra-
phy, Kunimasa et al19 assessed 21 patients with ACS and 53
patients with non-ACS. The presence of computed tomo-
graphic low-density plaques (defined as computed tomo-
graphic density �68 Hounsfield units) was more frequent in
the ACS group than the non-ACS group (81% vs 43%; p �
0.03). In addition, computed tomographic density of the
nonculprit lesion was significantly lower in patients with
ACS than those with non-ACS. Although the presence of
�1 unstable plaque was a relatively common occurrence in
patients with ACS and acute MI,19,20 this did not provide a
comprehensive explanation of our findings, particularly
given that patients with acute MI were excluded and most
patients had presented with stable angina pectoris.

Localization of TCFA in proximal coronary segments
was not previously reported using in vivo OCT. Such a
finding had been confirmed in postmortem studies with a
low incidence of TCFA in patients who died of sudden
cardiac death (1.3 � 1.4 TCFA/heart), of which most were

clustered in the proximal segment of the artery, particularly
the left anterior descending artery.21,22 It is believed that
focal areas of low shear stress in proximal segments con-
tributed to this phenomenon, resulting in migration of lipids
and monocytes into the vessel wall, accelerating the athero-
sclerotic process.23–25

The incidence of TCFA was dependent on the OCT
criteria applied to make the diagnosis. We used conservative
criteria requiring a relatively extensive lipid/necrotic core
occupying �1 quadrant of the vessel circumference. This
approach was chosen to exclude the chance for confusion
with calcification, a potential limitation described in a pa-
thology series.26 We applied a relatively high cut-off value
of �200 �m for cap thickness, possibly overestimating the
incidence of true TCFA. However, it was difficult to trans-
late a cut-off value defined using pathologic criteria into the
clinical setting. Although the most accepted threshold to
define a cap as “thin” had been set as �65 �m, this was
based on postmortem studies.27 Extrapolation to in vivo
studies required caution. It was well established that aniso-
tropic tissue shrinkage occurs during tissue fixation.28

Shrinkage (particularly of collagen tissue, the main compo-
nent of fibrous cap) of up to 60%, 15%, and 80% can occur
during critical-point drying, free drying, and air drying,
respectively.29 Furthermore, postmortem contraction of ar-
teries was an additional confounding factor.30 It was there-
fore likely that the threshold used to define a thin cap in vivo
should be �65 �m. Finally, a number of important ex vivo
studies used a higher (�200 �m) threshold.31–33 One of
these studies identified a mean cap thickness of 260 and 360
�m for VP and nonvulnerable plaque, respectively.33

The present study was not randomized and included a
relatively small sample size. In addition, OCT was restricted
to a relatively short coronary artery segment, and therefore,
unlike pathologic studies, does not allow us to draw con-
clusions about the incidence of TCFA within the complete
coronary tree. Also, the study did not involve routine an-
giographic and OCT follow-up. Still, its prospective design
and use of a sensitive imaging device gave the first insight
into the potential time course of such lesions. Obviously,
larger studies, possible using multimodal imaging that al-
lows the assessment of macrophage accumulation and col-
lagen composition, will help make the pathogenesis and
natural history of such VP clearer, with a tremendous po-
tential to reduce the burden of cardiovascular disease.
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SUMMARY

Acute myocardial infarction is primarily caused by atherosclerotic plaque rupture 
within coronary arteries accompanied by intraluminal thrombus formation, sud-
den vessel occlusion, and impaired oxygen supply to the myocardium. However, 
study of plaque rupture has been previously limited to histologic analysis of 
autopsy specimens, animal experiments, and in silico modeling. Using a high-
resolution imaging technique, called intracoronary optical frequency domain 
imaging (OFDI), we have directly observed the microstructural detail of human 
coronary plaque rupture in vivo at multiple time points. Th is case of a dynamic 
observation in a patient provides evidence to support hypotheses about coronary 
plaque rupture and is illustrative of our current model of the pathogenesis of acute 
coronary syndromes.
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INTRODUCTION

Acute myocardial infarction, characterized by coronary atherosclerotic plaque 
rupture, thrombus formation, and loss of blood fl ow and oxygen supply to 
downstream myocardium, remains a leading cause of death worldwide. Autopsy 
studies of patients who have died of a heart attack have shown that the majority of 
plaques found at the culprit site are comprised of a thin (< 65 μm) collagen layer 
termed a cap, overlying a lipid-rich necrotic, core 1. Th ese plaques, called thin cap 
fi broat heromas (TCFA), are commonly infl amed, containing infl ammatory cells 
(macrophages) that produce colla genases that can weaken the cap.

Th e picture we have from autopsy data is static, however, a two-dimensional 
snapshot of the artery, often long after rupture has occurred. Information on the 
time course of human plaque rupture and clot forma tion and the microstructural 
changes that take place during these events has been heretofore unattainable. 
Likewise, the mechanisms and time course of vascular healing after such an event 
are poorly understood from post mortem observations. In this report, we present 
a case of coronary plaque rupture that was observed by high-resolution optical 
imaging at multiple time points during the interventional procedure.

METHODS

Th e patient underwent standard coronary catheterization using femoral access, 
6F sheath and guiding catheters. Periprocedural medication included heparin iv 
(activated clotting time > 300s), and NTG ic before coronary instrumentation. 
Intracoronary imaging was performed using optical frequency domain imaging 
(OFDI),2 a high-speed form of optical coherence tomography (OCT), that enables 
the detailed interrogation of the artery wall at a resolution of ~10 μm, suffi  cient 
to identify many microstructural plaque features in vivo such as lipid cores,3 thin 
caps,4 macrophages,5 and thrombus.6

Th e OFDI imaging system and catheter, described in a prior publication,7 
were fabricated at the Massachusetts General Hospital (MGH) and approved for 
human use by the Th oraxcenter/Erasmus Medical Center’s Medical Ethics Com-
mittee (MEC). OFDI was performed as part of a test-retest study to demonstrate 
reproducibility, pre and post intervention. Helical imaging of the coronary artery 
was performed at 100 frames per second with a 2.0 cm/s pullback rate. Imaging 
was conducted during displacement of blood via a brief, non-occlusive fl ush with 
radiocontrast medium (Iodixanol 370, Visipaque™, GE Health Care, Ireland) 
through the guide catheter.
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Following pullback image acquisition, cross-sectional images for the diff erent 
imaging time points were registered using side branch landmarks and the known 
pullback speed. In order to create three-dimensional image representations, im-
ages were individually segmented for artery wall, stent, thrombus, lipid, calcium, 
and macrophages, and volume rendered.7

CASE REPORT

On December 9, 2008, a 60 year-old diabetic male presented to the Th oraxcenter-
Erasmus Medical Center hospital with chest pain during exertion (stable angina 
pectoris). A coronary angiogram showed a complex, fl ow-limiting lesion in the 
medial left anterior descending coronary artery (LAD) (Fig. 1A), with irregular 

Figure 1: Angiogram obtained at presentation (A) showed a fl ow limiting, culprit lesion (white 
arrow) with irregular lumen contour in the mid LAD (white arrowhead) and a remote, moderate 
lesion proximally (yellow arrow). Angiogram following stent placement (B) shows good result of 
the PCI at the culprit lesion, while the remote lesion is unchanged. LAD = left anterior descending 
artery, LCX = left circumfl ex artery.
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lumen contours.. Th e medial culprit lesion was treated using a stent with good 
angiographic result (Fig. 1B). Several centimeters proximal to the culprit lesion, a 
separate, moderate coronary plaque was identifi ed on the angiogram (Fig. 1A and 
1B). We imaged this non-fl ow limiting remote plaque during OFDI7 pullback 
before the stent was placed (baseline), and at roughly 15-minute intervals thereaf-
ter. Th e patient remained asymptomatic after the procedure without elevation of 
myocardial necrosis markers.

Cross-sectional images of the remote plaque at baseline showed features dis-
tinctive of TCFA, including an infl amed thin fi brous cap (min. thickness: 64 ± 5 
μm) overlying an eccentric lipid core (Fig. 2A, E). After fi fteen minutes and fol-
lowing culprit lesion stent placement, the cap of the remote plaque was disrupted 
and exposed lipid could be seen in direct communication with the lumen (Fig. 
2B, F). Th ree minutes later, the rupture crater was devoid of lipid and larger 
(0.06 vs. 0.11 mm3) (Fig. 2C, G). At forty-two minutes from baseline, a platelet-
rich thrombus could be seen, adjoining the two arterial intimal fl aps and nearly 
completely fi lling the rupture defect (Fig. 2D, H).

Longitudinal reconstruction through the plaque’s center at baseline showed 
that the macrophage-rich thin cap covered the upstream (proximal) side of the 
lesion (Fig. 3A). Th e plaque ruptured at its apex, where the distal margin of the 
thin cap and core abutted a fi brotic portion of the lesion (shoulder) (Fig. 3A). A 
three-dimensional OFDI image reconstruction of the plaque revealed that while it 
involved a large portion of the artery wall, the lipid core surfaced focally, covered 
by a macrophage-laden cap (Fig. 3A). Plaque rupture occurred at the distal por-
tion of the TCFA, forming clumps of retracted intima at the edges of the rupture 
site (Fig. 3B and 3C).

Th is witnessed coronary plaque rupture is informative because it links results 
and hypotheses generated by animal and autopsy studies to the living patient. 
Infl amed TCFA rupture seen here is consistent with pathologic fi ndings in cadav-
ers 1. Th e upstream portion of this patient’s plaque demonstrated morphologic 
features of instability (thin cap and high macrophage content), which may be 
induced by high shear stress 8. Biomechanical modeling has indicated that peak 
cap strain, and therefore rupture, should occur at longitudinal shoulders and 
apices of necrotic core plaques 9. Because images were obtained serially in the 
same patient, these results also provide a data point on the sequence and timing 
of human plaque rupture and resolution, including lipid communication with 
the lumen, lipid core evacuation, and closure with a platelet plug, all taking place 
within ~40 minutes of the initial insult.

Other than its morphology, we do not know why this plaque ruptured; there 
were no abnormalities recorded during the procedure that would bring about such 
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an event. It was probably not caused by the intracoronary devices themselves, as 
close inspection of two- and three-dimensional reconstructions of the OFDI data 
did not demonstrate any superfi cial defects near the rupture site. Th e rupture 
did occur after stenting another, more distal lesion in the same artery. A study 
conducted in rabbit aortas10 has shown that stenting increases arterial compliance 

Figure 2: Cross-sectional OFDI images (A-D) and 3x zoomed regions (E-H) of the remote coronary 
plaque, obtained from this patient at diff erent time points: A, E – baseline, B, F – 15 minutes, C, G 
– 18 minutes, D, H – 42 minutes. Red arrow in (A) – infl amed, thin fi brous cap; yellow arrow in (B) 
– lipid core in communication with lumen; white arrow in (C) evacuated rupture site; purple arrow 
in (D) thrombus, fi lling rupture defect. Tick marks, 500 μm. * denotes guide wire shadow artifact.

Gonzalo.indd   194Gonzalo.indd   194 06-Jan-10   11:58:04 AM06-Jan-10   11:58:04 AM



195

Witnessed coronary plaque rupture

proximally, off ering a possible explanation for what was observed here. Images were 
obtained while the patient was anticoagulated and during radiocontrast fl ushing 
to remove blood from the fi eld of view. Th ese results should be interpreted in this 
pharmacologic and procedural context.

We thank Mireille Rosenberg, Milen Shishkov for their invaluable assistance in 
this study.

Th is study was funded in part by the NIH contract 5R01HL076398 and by gifts 
from Terumo Corporation and Merck Research Laboratories. Terumo Corpora-
tion sponsors non-clinical OFDI research in the laboratory of (GT and BB) and 
has a patent-licensing arrangement with Massachusetts General Hospital.

Figure 3: Image reconstructions. A, B. Longitudinal reconstructions of OFDI data acquired before 
rupture (A) and 18 minutes after baseline (B). C. 3D reconstruction of OFDI image data obtained 
18 minutes following baseline. Green line in (A) – leading edge with a thin cap and superfi cial 
macrophages; red arrowhead in (A) – apex of lesion; blue arrowhead in (B) rupture site. Dotted 
region in (C) – thin fi brous cap; P – proximal; D – distal; Color scale for (C): red-artery wall, green-
macrophages, white-calcium, yellow-lipid.
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DES evaluation with OCT

Optical coherence tomography: 
clinical applications and the evaluation of DES 

N. GONZALO, P. W. SERRUYS, E. REGAR 

Thoraxcenter, Erasmus Medical Center
Rotterdam, The Netherlands

Optical coherencet tomography (OCT) is a light-
based imaging modality that can provide in vivo
high-resolution images of the coronary artery. In
the last years there has been a continuous tech-
nical development that has improved the image
quality and has simplified the acquisition pro-
cedure in order to spread the clinical applicabi-
lity of this technique. Due to its high resolution
OCT, can be a very valuable tool for the evaluation
of the coronary vessel wall, the acute and long-
term impact of catheter-based intervention on
plaque structure and vessel architecture and the
assessment of stents. During stenting, OCT offers
the possibility to evaluate stent apposition in
great detail and can identify the presence of ves-
sel injury due to stent implantation. At follow-up,
the tissue coverage of individual struts can be
imaged with OCT. This is of increasing interest in
drug-eluting stents in which the neointimal pro-
liferation is inhibited to such extent that it might
not be visualized with conventional intracoro-
nary imaging techniques such as IVUS. Regarding
the analysis of the coronary vessel wall, OCT
holds promise for the identification of thin cap
fibroatheroma due to its ability to provide infor-
mation about plaque composition, presence of
macrophages and thickness of the fibrous cap. 
Key words: Tomography, optical coherence -
Drug-eluting stents - Coronary artery disease.

Coronary angiography is the standard
modality for assessment of atheroscle-

rotic plaques, but it is restricted to a two-

dimensional representation of the lumen
without providing information about the
vessel wall. This limitation led to the deve-
lopment of new techniques able to image
directly the atherosclerotic plaque. The intro-
duction of intravascular ultrasound (IVUS)
allowed a much more detailed evaluation
of coronary atherosclerosis, but its limited
resolution (axial 150-200 μm, radial 200-400
μm) precluded the visualization of certain
microstructures (such as the thin fibrous
cap).1, 2 Optical coherence tomography
(OCT) is a light-based imaging modality can
be used to study tissues in vivo with near-
histologic, ultrahigh resolution.3-5 This has
provided new insights into the interaction
between the stent and the vessel wall and
has allowed a more precise characterization
of coronary atherosclerosis. 

History

OCT technology was first described in the
early 1990s 6 and its clinical application was
initiated in the field of ophthalmology, whe-
re it soon became an established method for
the assessment of epiretinal and macula
pathology.7, 8 Later it extended to other fields

Corresponding author: E. Regar, MD, PhD, Thoraxcenter, Bd
585, Dr.Molewaterplein 40, 3015-GD Rotterdam, The
Netherlands. E-mail:e.regar@erasmusmc.nl
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demonstrating its potential for the detection
of neoplastic changes in different anatomic
locations and skin diseases.9-11 The vascular
application of OCT started in the mid 1990s
with the imaging of coronary arteries ex
vivo.12, 13 Preclinical studies demonstrated that
in vivo OCT imaging of normal coronary arte-
ries, intimal dissections, and deployed stents
was feasible, and that intracoronary OCT
allows high-resolution identification of clini-
cally relevant coronary artery morphology,14,

15 These findings were confirmed by in-vivo
intravascular OCT in patients undergoing car-
diac catheterization.16 

Technical principles of OCT

While IVUS uses backscattered ultrasound,
OCT uses reflected light to create high-reso-
lution cross sectional images of the vessel.
Since the speed of light is much faster than
that of sound, an interferometer is required to
measure the backscattered light. The inter-
ferometer splits the light source into two
“arms” – a reference arm and a sample arm,
which is directed into the tissue. When the
back-reflected optical intensity of the two
arms (interference signal) is measured and
compared, the optical properties of the tissue
can be deduced. The intensity of the back-
reflected light can be measured and repre-
sented as greyscale values, enabling the crea-
tion of a digital image.

Current clinically available OCT systems
use time-domain technology (TD-OCT) whi-
le newer systems that are currently under
development for clinical application, are
based on swept source (also called frequency
domain or spectral domain) technology. Both,
TD-OCT and swept source (SS) OCT, use
low-coherent near-infrared light. A wave-
length around 1 300 nm is selected because
it minimizes the energy absorption in the
light beam caused by protein, water, hemo-
globin and lipids. In TD-OCT, The reference
arm contains a moving mirror. The imaging
depth of TD-OCT is approximately 1.5-2.0
mm with an axial and lateral resolution of
15 m and 25 m, respectively. The maximum
pullback speed is 3 mm/s. Such system is

commercially available (Lightlab M3CV
system).

SS-OCT uses a swept frequency laser as
light source. The echo-time delay and ampli-
tude of light reflected from the tissue micro-
structure at different depths are determined
by processing the interference between the
tissue sample and a fixed reference mirror
to create the OCT images.17, 18 These new
technology allow a dramatically faster image
acquisition (up to 40 mm/s), have a higher
axial resolution (up to 7 m) and an increased
scan diameter. The SS-OCT systems will be
soon available for clinical practice.

Techniques for image acquisition

Red blood cells represent a non-transpa-
rent tissue causing multiple light scattering
and substantial signal attenuation.
Therefore, for an adequate OCT image
acquisition blood must be removed from
the vessel. With the first available commer-
cial OCT system (Lightlab M2CV system)
this was achieved with proximal occlusion
of the vessel with a low-pressure balloon
(0.5 atm) and simultaneous, distal flush deli-
very (occlusive technique) during pullback
of a dedicated, thin (0.019 inch) OCT ima-
ging probe (ImageWire™ LightLab Imaging
Inc., Westford, MA, USA).19 However, recen-
tly the increase in the pullback speed (from
1 mm/s to 3 mm/s) has made possible
acquiring an OCT pullback while the blood
is removed by continuous flush (X-ray con-
trast) delivery trough the guiding catheter
without the need of occluding the vessel
(non-occlusive technique).20-22

In the new generation swept-source
systems, the optical probe is integrated in a
catheter that can be placed in the coronary
artery over any conventional 0.014”gui-
dewire in monorail technique. The high
pullback speed (up to 40 mm/s) allows ima-
ging of long coronary segments within a
few seconds while the blood is temporally
removed from the vessel by the injection
of x-ray contrast trough the guiding cathe-
ter, very similar to the acquisition of a coro-
nary angiogram.  
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changes during image acquisition. These side
effects are expected to be further reduced
by the introduction of SS OCT. In SS OCT,
high pullback speeds allow data acquisition
of a long coronary segment within in few
seconds and thus without introducing rele-
vant ischemia.

Clinical application

Stent evaluation

Due to its high resolution OCT can be a
very valuable tool for the evaluation of the
acute and long-term impact of catheter-based
intervention on plaque structure and vessel
architecture.24 This is of increasing interest
in drug-eluting and new-generation coronary
stents. Drug-eluting stents (DES) have been
shown to significantly limit neointimal growth
to such extent that the neointima tissue might
consist of only a few cell layers that cannot
be accurately visualised with IVUS.25 OCT
offers the possibility to easily identify coro-
nary stents and individual stent struts as
highly reflective surfaces that cast shadows on
the underlying vessel wall, to assess stent
apposition and the delicate interaction

Safety of intravascular OCT

The applied energies in intravascular OCT
are relatively low (output power in the ran-
ge of 5.0-8.0 mW) and are not considered to
cause functional or structural damage to the
tissue. Safety issues thus seem mainly depen-
dent on the need of blood displacement for
image acquisition. One recently published
study evaluated the safety and feasibility of
OCT in 76 patients in the clinical setting using
the occlusive technique. Vessel occlusion
time was 48.3±13.5 seconds. The most fre-
quent complication was the presence of tran-
sient events, such as chest discomfort, brady
or tachycardia, and ST-T changes on elec-
trocardiogram, all of which resolved imme-
diately after the procedure. There were no
major complications, including myocardial
infarction, emergency revascularization, or
death. The authors reported that acute pro-
cedural complications such as acute vessel
occlusion, dissection, thrombus formation,
embolism, or vasospasm along the procedu-
re-related artery, were not observed.23 In our
experience, the introduction of the non-occlu-
sive technique in clinical practice has led to
an important reduction in the procedural time
and in the incidence of chest pain and ECG

Figure 1.—OCT assessment of stent apposition. A) Stent struts can be identified by OCT as highly reflective surfaces that
casts shadows on the underlying vessel wall (*). Since OCT can show only the endoluminal surface of the strut due to
limited penetration through the metal, strut and polymer thickness must be considered in assessing apposition for
each type of drug eluting stent. Only if the distance from the endo-luminal surface of the strut to the vessel wall is higher
than the sum of the metal and polymer thickness (arrow), it can be considered that the strut is incomplete apposed. B.OCT
after stent implantation showing incomplete strut apposition.

A B
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between vessel wall and stent strut as well as
neointima growth patterns.26

OCT DURING STENTING

Stent apposition.—Incomplete stent appo-
sition is defined as separation of at least one
stent strut from the vessel wall. OCT has
demonstrated to be more accurate than IVUS
for the detection of incomplete strut apposi-
tion to the vessel wall. In a study in porcine
coronary arteries in vivo, microanatomic rela-
tionships between stents and the vessel wall
could be clearly identified only by OCT.14

Bouma et al. imaged 42 stents in 39 patients
showing that incomplete stent apposition
was more often observed with OCT than with
IVUS.27 However, to avoid misclassification of
struts as malapposed some considerations
should be taken into account. Most DES are
constituted by a metal body covered by a
polymer. Since OCT can show only the endo-
luminal surface of the strut due to limited
penetration through the metal, strut and poly-
mer thickness must be considered in asses-
sing apposition for each type of DES desi-
gn. Only if the distance from the endo-lumi-
nal surface of the strut to the vessel wall is
higher than the sum of the metal and polymer
thickness, it can be considered that the strut
is malapposed (Figure 1). The thickness of the
metal and polymer differs for each stent type.
Therefore the cut-off point to establish malap-
position must take into account the type of
stent. Table I provides the strut thickness for
the most commonly used DES. OCT has
demonstrated its value to assess malapposi-
tion in the clinical practice.28 Tanigawa et al.
reported that in overlapping segments in DES
40% of struts were malappposed despite high
pressure dilatation with appropriate size bal-
loons.28 The authors hypothesized that this
could be related with the reported delayed

endothelization and increased risk of stent
thrombosis in those segments. The same
group evaluated the usefulness of OCT to
assess the struts apposition in heavily calci-
fied lesions showing malapposition even after
high pressure ballon dilatation and rotational
atherectomy.29

Recently published IVUS observations sug-
gest a possible relation between incomplete
DES apposition and subsequent stent throm-
bosis.30-32 The clinical significance of incom-
plete stent strut apposition as detected by
OCT, however is poorly understood. In fact,
incomplete apposition of stent struts is a rela-
tively common finding by OCT,33 while the
vast majority of the patients do not expe-
rience clinical events in the long-term. The
presence of struts not attached to the vessel
wall in certain locations such as side branches
is derived from the vessel anatomy and its
clinical relevance is unknown. In addition,
not all patients that experience DES throm-
bosis show strut malapposition.34, 35

Stent expansion.—OCT could be useful
for the in vivo assessment of acute stent recoil
one of the features identified as a contributor
to inadequate stent expansion. Our group
reported OCT findings during stepwise post-
dilatation of a Cypher stent showing a chan-
ge in stent diameter from 3.5 at 22 atm to
2.94 at 5 atm.36 This could be clinically rele-
vant as final stent area is known to be an
important predictor for restenosis and sub-
sequent clinical events. Stent asymmetry,
another of the features related with stent
thrombosis in IVUS studies, can also be asses-
sed with OCT. 

Identification of vessel injury after sten-
ting.—OCT has a higher sensitivity to detect
acute complications after stent implantation
such as edge dissection and tissue prolapse
as compared to IVUS.27 Edge dissection can

TABLE I.—Strut thickness for the most commonly used drug-eluting stents (modified from Tanigawa et al.28).

Stent Drug Metal Polymer Total thickness

Cypher Select™ (Cordis) Sirolimus 140 μm 7 μm 154 μm
Taxus Liberte™ (Boston Scientific) Paclitaxel 97 μm 15 μm 127 μm
Xience V™ (Abbot) Everolimus 81 μm 8 μm 89 μm
Endeavor™ (Medtronic) Zotarolimus 91 μm 8 μm 107 μm
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troversial. Pathological examinations have
associated stent thrombosis with the prolapse
of necrotic core between stent struts.44

However an IVUS study in diabetic patients
undergoing PCI did not show higher inci-
dence of stent thrombosis in patients with
plaque prolapse.45 This might be related with
the resolution of IVUS that is not able to
detect small amount of tissue protruding
between the stent struts. In this scenario a
high resolution technique as OCT could pro-
vide valuable information for a better under-
standing of the clinical implications of this
phenomenon. 

OCT FOR STENT FOLLOW-UP

Stent apposition.—Stent apposition at fol-
low up can be assessed with OCT using the
same criteria previously exposed for evalua-
tion of apposition at baseline. The incom-
plete stent apposition at follow-up can be
persistent or acquired (not present after stent
implantation). To distinguish between these
two types, imaging of the stent after implan-
tation is required. Several mechanisms have
been proposed as cause of late acquired
incomplete stent apposition: 1) expansive
vessel remodelling; 2) chronic stent recoil;

be easily identified by OCT as a disruption in
the vessel continuity with a visible flap (Figure
2). OCT can help to better understand the
impact of edge dissections on clinical outco-
me. While high-pressure stenting techniques
have proved to be useful for stent optimiza-
tion, this stent deployment strategy can often
create a certain degree of vessel damage in
the stent edges.37 The clinical importance of
minor edge dissections is poorly understood.
Although animal and post-mortem informa-
tion correlated vessel injury and in-stent reste-
nosis,38, 39 some IVUS studies have shown
that non-flow-limiting edge dissections are
not necessarily associated with an increase in
acute or long-term events or the develop-
ment of restenosis.40, 41 However other data
suggested that intracoronary imaging may be
helpful to assess which of these residual dis-
sections could be more prone to acute vessel
occlusion. Nishida et al. reported that the
area stenosis by IVUS at the site of the dis-
section was predictor for the incidence of in-
hospital major cardiac adverse events.42

Tissue prolapse can be identified in OCT as
protrusion of tissue between the struts 43

(Figure 3). The clinical relevance of the detec-
tion of this feature after stenting remains con-

Figure 2-–Stent edge dissection. The OCT performed imme-
diately after stent implantation shows a disruption in the
vessel continuity with a visible flap (white arrows) in the
region of the proximal stent edge.

Figure 3.–Tissue prolapse. OCT performed after stent
implantation shows protrusion of tissue between the stent
struts (white arrows).
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3) dissolution of thrombus jailed between
the stent and the vessel wall in patients under-
going primary PCI for acute myocardial infarc-
tion.31 The resolution of an intramural hema-
toma created by vessel dissection during PCI
has been also postulated as the origin of late
incomplete stent apposition.46. OCT can
assess stent apposition at follow up with
higher accuracy than IVUS (even when the
struts are covered with tissue Figure 4) and
could be able to provide new insights into its
causes. It has been reported that the preva-
lence of incompletely apposed struts by OCT
is higher in sirolimus-eluting stent (SES) than
in bare metal stents (BMS).33, 47 In another
study that evaluated 57 SES at 6 months fol-
low up, 79 out of the 6 840 struts visualized
by OCT showed incomplete apposition and
were more often located in areas of SES over-
lap.48

Struts coverage following DES implanta-
tion.—Endothelial struts coverage has been
identified in pathology as the most powerful
histological predictor of stent thrombosis.49, 50

Finn et al. reported that a stent with a ratio of
uncovered to total stent struts per section
>30% has an odds ratio for thrombus of 9
(95% CI, 3.5 to 22).49 Angioscopic studies
have shown a correlation between the neoin-

timal coverage and the presence of thrombi.51,
52 DES inhibits neointimal proliferation to
such extent that it may not be detectable by
IVUS.53-55 The higher resolution of OCT
allows the visualization and measurement of
tiny layers of tissue covering the stent struts
(Figure 5).56, 57 A study in carotid rabbit model
evaluated the usefulness of OCT to identify
struts coverage after stenting. No differences
in the mean neointimal thickness measured
by histology and OCT were found. Further
the intra and interobserver reproducibility of
neointimal thickness measurements by OCT
was excellent (R2=0.90 and 0.88 respecti-
vely).58, 59 Recently several OCT studies eva-
luating the struts coverage in DES in humans
at different time intervals have been publi-
shed. Xie et al. compared the neointimal
coverage at 3 months follow-up in 16 patients
treated with BMS and 24 patients that
underwent SES implantation. The neointimal
thickness per strut and the percentage of
neontimal thickness area per cross section
were higher in the BMS group than in the
SES group (351±248 vs 31±39 μm; P<0.0001;
45.0±14% vs 10.0±4%; P<0.0001, respecti-
vely). The frequency of uncovered struts was
higher in the SES group than the BMS group
(15% vs 0.1%; P<0.0001 and 15% vs 1.1%
P<0.0001 respectively). There was no signi-

Figure 4.—A) Stent struts not apposed to the vessel wall but covered by tissue (arrows); B) The figure shows a strut cove-
red by tissue but not apposed to the vessel wall due to the presence of a side branch (*). 
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ring the struts from 42±28 μm at 6 months to
88±32 μm at 12 months.60 Takano et al. eva-
luated the long-term follow up of SES in 21
patients. Overall the frequency of uncove-
red struts was 5% and 81% of the patients
presented uncovered struts at 2 years follow-
up. The presence of uncovered struts was
more frequent at side branches and at over-
lapping segments. They observed 3 patients
with thrombi by OCT examination but no
clinical stent thrombosis was observed.61

Some data suggest that OCT might be able
to provide details on the characteristics of
the neointimal tissue such as the presence
of neovessels.62 Neovascularization adjacent
to stent struts is a common finding in expe-
rimental animal models but the incidence
and significance in human is unknown. 

Some considerations must be taken into
account when studying struts coverage by
OCT. Current OCT can not well distinguish
the tissue type covering the struts, e.g. a
neointimal layer from fibrin. Furthermore,
different types of neointimal tissue can be
present and may have different functiona-

ficant difference in the incidence of in-stent
thrombus between the 2 groups (14% vs 0%;
P=0.23).33 These results were confirmed in
another study that compared BMS at short
and long term follow up with SES. The per-
centage of uncovered struts in SES was signi-
ficantly higher than in BMS while the neoin-
timal thickness was lower in SES than in
BMS.47 Matsumoto et al. studied 34 patients
(57 SES) with IVUS and OCT at 6 months fol-
low-up. The authors reported that 64% of the
struts were covered by thin tissue undetec-
table by IVUS (median tissue thickness 52.5
μm, 25th and 75th percentiles 28 and 147.6
μm respectively). Overall 89% of the struts
were covered by tissue but only in 16% of the
stents all the struts were covered.48 A recen-
tly published study evaluated the struts cove-
rage in SES at 6 and 12 months follow-up.
Forty-six SES (6 561 struts) were studied in 36
patients. The authors reported that only 4
SES at 6 months (18.2%) and 10 SES at 12
months (41.7%) were fully covered by tis-
sue. The analysis showed a significant increa-
se in the average thickness of the tissue cove-

Figure 5.—Different pattern of strut coverage at follow-up in sirolimus-eluting
stents. A) A thin layer of strut coverage is visible in some, but not all (indica-
ted by white arrows) struts within the vessel circumference; B) All struts are
covered by a thin layer of tissue; C) All the struts are covered by a thick layer
of tissue that is homogenous and highly reflective; D) The majority of struts are
covered by heterogeneous, low reflective tissue while one individual strut
(white arrow) does not show coverage at 9 months follow-up. 
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lity.63, 64 The presence of tissue covering the
strut does not automatically imply that normal
endothelial function is restored. In the futu-
re, higher image resolution or quantitative
tissue characterization might help to better
characterize tissue coverage clinically.

Assessment of restenosis.–OCT can be use-
ful in the evaluation of the causes that con-
tribute to restenosis after DES implantation
such as incomplete lesion coverage or gaps
between stents.65

Stent fracture (with subsequent defect of
local drug delivery) has also been related to
restenosis in DES and could be visualized
with OCT.66 Non-uniform distribution of stent
struts could affect the drug delivery and the-
refore have an influence in restenosis in DES.
This has been confirmed in preclinical 67 and
IVUS studies. The maximum interstrut angle
has been identified in IVUS as predictor of
intimal hyperplasia cross-sectional area.68

OCT allows the assessment of strut distribu-
tion in vivo with high accuracy. A OCT study
in phantoms demonstrated significant diffe-
rences in the strut distribution of SES and
paclitaxel eluting stents (PES) suggesting that
SES maintained a more regular strut distri-
bution despite expansion.69

Another field of clinical use for OCT
might be the assessment of the performan-
ce of DES in complex coronary interven-
tions such as bifurcations. Buellesfeld et al
reported the 9 month OCT follow-up in a
case of crush-stenting with PES. Crush sten-
ting results in three layers of metal in the
segment of the main vessel proximal to the
stented side branch. There has been con-
cern that this could release a higher dose of
drug locally with the potential adverse effect
of delayed endothelization. In this report,
OCT imaging showed the overlapping struts
layers in the crushed segment completely
covered by tissue. Furthermore, OCT
allowed clear visualization of the struts loca-
ted in the ostium demonstrating a non-
uniform distribution and different patterns
of tissue coverage.70 The effect of overlap-
ping stents eluting different drugs in the
development of endothelial coverage might
also be studied with OCT. 

Evaluation of new generation DES.—Fully
biodegradable stents have emerged as one
of the most promising future stent techno-
logies because they may avoid the potential
long-term complications of metallic DES
such as late and very late stent thrombosis
and the need for prolonged dual anti pla-
telet therapy. The ABSORB trial recently
published, showed the feasibility of implan-
tation of the bioabsorbable everolimus-elu-
ting coronary stent (BVS: Abbott Labora-
tories, IL, USA), composed of a poly-L-lac-
tic acid backbone, coated with a degradable
polymer /everolimus matrix. In a subset of
13 patients, OCT was performed after stent
implantation and at 6 months follow up. In
that scenario OCT allowed not only a very
precise characterization of the stent appo-
sition and coverage but also demonstrated
structural changes in the bioabsorbable DES
along time. At baseline 738 struts were
visualized while at follow up only 671 could
be identified. Furthermore, the appearance
of the struts changed from baseline to fol-
low up reflecting a change in the optical
properties probably related with the absorp-
tion process.71 At present OCT appears as
the best available tool for the in-vivo visua-
lization of the morphological changes of
the stent and within the vessel wall during
the absorption process. 

Plaque characterization

Acute coronary syndromes caused by the
rupture of a coronary plaque are common
initial manifestations of coronary athero-
sclerosis. The detection of the lesions with
high risk of rupture (the so called “vulne-
rable plaques”) would be of main impor-
tance for the prevention of future ACS.
Over the last years, there has been a
growing interest in this field and a lot of dif-
ferent techniques have been developed to
evaluate diverse aspects involved in pla-
que vulnerability.72, 73. Among them, OCT
has emerged as one of the most promising
due to its ability to provide information
about the plaque composition, the presen-
ce of macrophages and the thickness of
the fibrous cap. 
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between diabetics and non-diabetics patients
80 and men or women with ACS.81 According
to histological and IVUS examinations, the
percentage of lipid-rich plaque by OCT has
been found to be higher in plaques with
expansive remodelling.82

PLAQUE RUPTURE AND INTRACORONARY THROMBUS

IDENTIFICATION

Plaque rupture with subsequent thrombo-
sis is the most frequent cause of ACS. OCT
can identify plaque rupture and intracoro-
nary thrombus with high accuracy.83, 84

Recently, Kubo et al. evaluated the ability of
OCT for the assessment of the culprit lesion
morphology in acute myocardial infarction
in comparison with IVUS and angioscopy.
They found an incidence of plaque rupture
by OCT of 73%, significantly higher than that
detected by both angioscopy (47%, P=0.035)
and IVUS (40%, P=0.009). Intracoronary
thrombus was observed in all cases by OCT
and angioscopy but was identified only in
33% of patients by IVUS.85 Furthermore,
Kume et al. demonstrated that OCT might
be able to distinguish between white and red
thrombus. Red thrombus appears in OCT as
high-backscattering structure with signal-free
shadowing (Figure 7) while white thrombus
appears as a low-backscattering structure86.
OCT could be helpful to identify the culprit

PLAQUE COMPOSITION

The propensity of atherosclerotic lesions to
destabilize and rupture is highly dependent
on their composition. In comparison with
histology OCT has demonstrated to be highly
sensitive and specific for characterizing dif-
ferent types of atherosclerotic plaques.
Yabushita et al analyzed 357 diseased caro-
tid and coronary segments ex vivo and clas-
sified them as fibrous, fibrocalcific and lipid-
rich plaques. The criteria for each plaque
type are listed in Figure 6. The comparison
with histology showed a sensitivity and spe-
cificity ranging from 71-79% and 97-98% for
fibrous plaques, 95-96% and 97% for fibro-
calcific plaques, and 90-94% and 90-92% for
lipid-rich plaques.74 Ex-vivo validations have
also shown that OCT is superior to conven-
tional and integrated backscatter IVUS for
the characterization of coronary atheroscle-
rotic plaque composition.75-78 In vivo, OCT
is able to identify most of the architectural
features identified by IVUS and may be supe-
rior for the identification of lipid pools and
intimal hyperplasia.16 Several authors have
evaluated the OCT appearance of coronary
plaques in different groups of patients repor-
ting higher prevalence of lipid-rich plaques in
ACS and acute myocardial infarction than in
patients with stable angina 79 and no diffe-
rences in the culprit plaque imaged by OCT

Fibrous plaque

Homogeneous signal-rich region

Fibrocalcific plaque

Well-delineated, signal-poor region
with sharp borders

Lipid-rich plaque

Signal-poor region
with diffuse borders

Figure 6.—OCT image criteria for plaque type.
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lesion in ACS and might provide additional
information about the underlying cause that
lead to the plaque rupture. 

ASSESSMENT OF THE FIBROUS CAP

Autopsy studies of sudden cardiac death
victims have shown that the most frequent
cause of the coronary occlusion is rupture of
a thin-cap fibroatheroma (TCFA) plaque. Such
lesions are characterized by a large necrotic
core with a thin fibrous cap usually <65
microns in thickness. While conventional intra-
coronary imaging techniques such as IVUS do
not have enough resolution to evaluate in detail
the fibrous cap, OCT has demonstrated in cor-
relation with histological examinations that it is
able to provide accurate measurements of the
thickness of the fibrous cap.87, 88 Therefore it
could be useful for the in vivo detection of
TCFA  (Figure 8).89 Kubo et al. reported in a
study with IVUS, OCT and angioscopy in acu-
te myocardial infarction patients an incidence
of TCFA as high as 83%. OCT was the only
imaging technology able to estimate the fibrous
cap thickness in these patients (mean 49±21
μm). Two studies have reported that the pla-
que colour by angioscopy is related to the
thickness of the fibrous cap as measured by
OCT with yellow plaques often presenting thin

caps.90, 91 It has been suggested that the ability
of OCT to measure changes in the fibrous cap
thickness could be useful to assess the effect of
statins in plaque stabilization.92, 93 Furthermore,
recent data suggest that new OCT technology
(such as polarization-sensitive OCT) could be
able to assess the collagen content and smooth
muscle cell density in the fibrous cap.94 This
could provide very valuable information about
the mechanical stability of the fibrous cap ena-
bling the identification of lesions at high risk of
rupture. 

MACROPHAGES DETECTION

Intense fibrous cap infiltration by
macrophages is another of the features of
the vulnerable plaques. An ex-vivo study by
Tearney et al. demonstrated OCT could be
able to quantify macrophage within the
fibrous cap.95 In vivo, it has been demon-
strated that unstable patients present a signi-
ficantly higher macrophage density detected
by OCT in the culprit lesion than stable
patients. Furthermore, in the same popula-
tion, the sites of plaque rupture demonstra-
ted a greater macrophage density than non-
ruptured sites.96

Raffel et al. reported that macrophage den-

Figure 7.—OCT identification of intracoronary thrombus. A) Red thrombus (*) appears in OCT as a high-backscattering
structure with shadowing; B) OCT performed after ballon dilatation in a patient with an acute myocardial infarction.
Abundant thrombotic material can be observed in the lumen.
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died. Of the sixty-one plaques diagnosed
initially as TCFA by IVUS RFD analysis cri-
teria only 28 had a thin fibrous cap as mea-
sured by OCT, so they were definite TCFAs.
In addition, eight OCT-derived TCFA did not
have necrotic core in the IVUS RFD analysis
mainly due to the misreading in OCT caused
by dense calcium.99 This data suggests that
the combination of the information provi-
ded by different methods could be essen-
tial for better identification of high-risk coro-
nary lesions.

Conclusions

The high resolution images provided by
OCT open new possibilities into the evalua-
tion of stents and coronary atherosclerosis.
During stenting, OCT offers the possibility
to assess stent apposition in great detail and
can identify the presence of vessel injury due
to stent implantation. At follow-up, the tissue
coverage of individual struts can be imaged
with OCT. Regarding plaque characterization
this imaging technique holds promise for the
identification of thin cap fibroatheroma due
to its ability to provide information about
plaque composition, presence of macropha-
ges and thickness of the fibrous cap.

Riassunto

Tomografia a coerenza ottica: applicazioni cliniche
e valutazione degli stent a rilascio di farmaci

La tomografia di coerenza ottica (OCT) è una
modalità di imaging basata sulla luce in grado di for-
nire immagini in vivo ad alta risoluzione delle arterie
coronarie. Negli ultimi anni, vi è stato un continuo svi-
luppo tecnologico che ha migliorato la qualità del-
l’immagine ed ha semplificato la procedura di acqui-
sizione, allo scopo di ottenere l’applicazione diffusa
di questa tecnica in ambito clinico. Per la sua eleva-
ta risoluzione, la OCT può rappresentare uno stru-
mento di elevato valore per la valutazione della pare-
te arteriosa coronarica, l’impatto acuto ed a lungo
termine degli interventi percutanei sulla struttura del-
la placca e l’architettura del vaso e la valutazione
degli stent. Durante l’applicazione dei stent, la OCT
offre la possibilità di valutare il posizionamento del-
lo stent in elevato dettaglio e può identificare la pre-
senza di danni vascolari dovuti all’impianto dello

sity in the fibrous cap detected by OCT cor-
related with the white blood cell count, and
both parameters could be useful to predict the
presence of TCFA.97

COMBINED PLAQUE ASSESSMENT

OCT can provide information for the
detection of high-risk plaques in vivo espe-
cially by visualizing directly the fibrous cap.
However due to its limited penetration OCT
can not provide a full analysis of large pla-
ques up to the adventitia. Further, histolo-
gical examinations have demonstrated that
OCT readers may have difficulties to distin-
guish lipid pools from calcium deposits.98

On the contrary, other techniques such as
IVUS and IVUS radiofrequency data (RFD)
analysis can image the complete plaque
thickness and can identify the presence of
necrotic core but their limited axial resolu-
tion does not allow the evaluation of the
fibrous cap. Recently, Sawada et al. reported
how the combined use of IVUS RFD analy-
sis and OCT improved the accuracy for TCFA
detection. One hundred and twenty-six pla-
ques in 56 patients with angina were stu-

Figure 8.—Assessment of fibrous cap thickness by OCT.
The figure shows a lipid-rich plaque (low-signal with dif-
fuse borders) covered by a thin fibrous cap (white arrow).
By OCT the fibrous cap measures 60 μm. (*) side branch.
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stent stesso. Al follow-up, la OCT consente di verifi-
care la copertura tissutale delle varie parti del dispo-
sitivo. Questo aspetto è di particolare interesse per gli
stent a rilascio di farmaci, in cui la proliferazione
neointimale è inibita al punto tale che non può esse-
re visualizzata con tecniche di imaging intracorona-
rico convenzionali quali la sonografia intravascolare.
In riferimento all’analisi della parete vascolare, la
OCT promette la possibilità di identificare la presen-
za di fibroateromi dotati di capsula sottile, vista la
capacità di fornire informazioni sulla composizione
della placca, la presenza di macrofagi e lo spessore
della capsula fibrosa.

Parole chiave: Tomografia a coerenza ottica - Stent
medicati - Malattia coronarica. 
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Incomplete stent apposition and delayed healing in STEMI

Incomplete Stent Apposition and Delayed Tissue
Coverage Are More Frequent in Drug-Eluting
Stents Implanted During Primary Percutaneous
Coronary Intervention for ST-Segment Elevation
Myocardial Infarction Than in Drug-Eluting Stents
Implanted for Stable/Unstable Angina
Insights From Optical Coherence Tomography

Nieves Gonzalo, MD, Peter Barlis, MBBS, MPH, Patrick W. Serruys, MD, PHD,
Hector M. Garcia-Garcia, MD, MSC, Yoshinobu Onuma, MD, Jurgen Ligthart, BSC,
Evelyn Regar, MD, PHD

Rotterdam, the Netherlands

Objectives The aim of this study was to compare the frequency of incomplete stent apposition
(ISA) and struts not covered by tissue at long-term follow-up (as assessed by optical coherence to-
mography [OCT]) in drug-eluting stents (DES) implanted during primary percutaneous coronary in-
tervention (PCI) for ST-segment elevation myocardial infarction (STEMI) versus DES implanted for
unstable and stable angina.

Background Incomplete stent apposition and the absence of strut endothelialization might be
linked to stent thrombosis. DES implanted for STEMI might have a higher risk of thrombosis.

Methods Consecutive patients in whom OCT was performed at least 6 months after DES implanta-
tion were included in the study. Stent struts were classified on the basis of the presence or absence
of ISA and tissue coverage.

Results Forty-seven lesions in 43 patients (1,356 frames, 10,140 struts) were analyzed (49% stable
angina, 17% unstable angina, 34% STEMI). Median follow-up time was 9 (range 7 to 72) months.
Drug-eluting stents implanted during primary PCI presented ISA more often than DES implanted in
stable/unstable angina patients (75% vs. 25.8%, p � 0.001). The frequency of uncovered struts was
also higher in the STEMI group (93.8% vs. 67.7%, p � 0.048). On multivariate analysis, DES implanta-
tion in STEMI was the only independent predictor of ISA (odds ratio: 9.8, 95% confidence interval:
2.4 to 40.4, p � 0.002) and the presence of uncovered struts at follow-up (odds ratio: 9.5, 95% con-
fidence interval: 1.0 to 90.3, p � 0.049).

Conclusions DES implanted for STEMI had a higher frequency of incompletely apposed struts and un-
covered struts as assessed by OCT at follow-up. DES implantation during primary PCI in STEMI was an
independent predictor of ISA and the presence of uncovered struts at follow-up. (J Am Coll Cardiol Intv
2009;2:445–52) © 2009 by the American College of Cardiology Foundation

From the Thoraxcenter, Erasmus Medical Center, Rotterdam, the Netherlands.
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Primary percutaneous coronary intervention (PCI) is the rec-
ommended treatment for ST-segment elevation myocardial
infarction (STEMI) (1). Stent implantation during primary
PCI presents some challenges, namely the presence of abun-
dant thrombotic material that can potentially contribute to
suboptimal stent deployment. The use of drug-eluting stents
(DES) in this setting is under debate due to the concerns about
a potentially higher risk of stent thrombosis in this population
(2). Recent intravascular ultrasound (IVUS) studies suggest
that the presence of incomplete stent apposition (ISA) is
potentially linked to late stent thrombosis (3). Gradual absorp-
tion of the thrombus that was present during primary PCI
has been postulated to contribute to late acquired stent mal-
apposition (4). Endothelial strut coverage has been identified
in pathological series as the most powerful histological predic-
tor of stent thrombosis (5). DES inhibit neointimal prolifera-
tion to such an extent that it might not be visualized with
conventional intracoronary imaging techniques such as IVUS.
Optical coherence tomography (OCT) is a high-resolution

light-based imaging modality that
can provide a very detailed assess-
ment of stent apposition and tis-
sue strut coverage.

The objective of the present
study was to compare the fre-
quency of ISA and uncovered
struts (as assessed by OCT) at
long-term follow-up in DES im-
planted during primary PCI for
STEMI versus DES implanted
for stable or unstable (IB/IIB/IIIB
Braunwald classification) angina.

Methods

Patient sample. All consecutive patients between January
2007 and May 2008 in whom OCT was performed for
follow-up of a DES implanted at least 6 months prior were
included in the study. Exclusion criteria were repeated
revascularization in the target vessel, depressed left ventric-
ular function, coronary chronic total occlusions, and im-
paired renal function. All patients gave written informed
consent.
OCT acquisition. The OCT acquisition was performed with
a commercially available system for intracoronary imaging
(LightLab Imaging, Westford, Massachusetts). The Im-
ageWire (LightLab Imaging) was positioned distal to the
region of interest with a double lumen catheter (Twin Pass
catheter, Vascular Solutions Inc., Minneapolis, Minnesota)
that had been placed in the artery over a conventional guide-
wire. The automated pullback was performed at 3 mm/s
while the blood was removed by the continuous injection of
iso-osmolar contrast (Iodixanol 320, Visipaque; GE Health
Care, Carrigtohill, County Cork, Ireland) at 37°C through

the guiding catheter. The data were digitally stored for
offline analysis.
OCT analysis. Offline analysis was performed with the pro-
prietary LightLab software (LightLab Imaging). The ana-
lysts (Cardialysis BV, Rotterdam, the Netherlands) were
blinded to clinical and procedural characteristics. The
stented region was defined as the region between the first
and the last frame with circumferentially visible struts. For
this region 1 frame was selected every millimeter, and the
lumen and stent area contours were drawn. Stent longitu-
dinal symmetry ratio was defined as minimum stent area/
maximum stent area.
INCOMPLETE STENT APPOSITION DEFINITIONS AND MEA-

SUREMENTS. Incomplete stent apposition was defined as
separation of at least 1 stent strut from the vessel wall not
related to a side branch (Fig. 1). A strut was considered
incompletely apposed if the distance from the endoluminal
surface of the strut to the vessel wall was higher than the
sum of the metal and polymer thickness. The cutoff points
used for each stent type were: paclitaxel-eluting stent
(Taxus, Boston Scientific Corp., Natick, Massachusetts)
130 �m, sirolimus-eluting stent (Cypher Select, Cordis,
Johnson & Johnson, Miami, Florida) 160 �m, everolimus-
eluting stent (Xience V, Abbot Vascular, Santa Clara,
California) 90 �m, and biolimus-eluting stent (Biomatrix

Figure 1. Incomplete Stent Apposition and Uncovered Struts

Optical coherence tomography cross section corresponding to a patient
treated with drug-eluting stent implantation during primary percutaneous cor-
onary intervention in the right coronary artery for an inferior ST-segment ele-
vation myocardial infarction 9 months before. The red arrows indicate
incomplete stent apposition, whereas the white arrows show some struts not
covered by tissue. From 12 to 5 an irregular material suggestive of organized
thrombus can be observed behind the struts. *Guidewire artefact.

Abbreviations
and Acronyms

BMS � bare metal stent(s)

DES � drug-eluting stent(s)

ISA � incomplete stent
apposition

IVUS � intravascular
ultrasound

OCT � optical coherence
tomography

PCI � percutaneous
coronary intervention

STEMI � ST-segment
elevation myocardial
infarction
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III, Biosensors, Morges, Switzerland) 120 �m. The number
of malapposed struts, the maximal incomplete stent appo-
sition length (maximum distance from the endoluminal
surface of the strut to the vessel wall), and the incomplete
stent apposition area were measured. Calcification could not
be accurately evaluated due to the shadow caused by stent
struts in OCT.
STRUT COVERAGE DEFINITIONS AND MEASUREMENTS.

The struts were classified as uncovered when a tissue layer
on the endoluminal surface was not visible. In the covered
struts, the tissue coverage thickness was measured per strut
as the distance from the central aspect of the endoluminal
surface of the strut to the lumen. The total tissue coverage
area was calculated as: stent area � lumen area. The
percentage of tissue coverage area was calculated as: tissue
coverage area/stent area � 100. The tissue coverage volume
was calculated as: tissue coverage area � stent length. The
percentage of tissue coverage volume area was calculated as:
tissue coverage volume/stent volume � 100. The tissue
coverage symmetry per frame was analyzed with the follow-
ing ratio: (maximum tissue coverage thickness per frame –
minimum tissue coverage thickness per frame)/maximum
tissue coverage thickness per frame. This ratio can have
values between 0 and 1. The closer the ratio is to 1 the
higher is the asymmetry of the tissue coverage (Fig. 2). To
evaluate the distribution of the uncovered struts along the

stent we calculated the percentage of frames with at least 1
uncovered strut in the lesions that showed uncovered struts.
Statistical analysis. Statistical analysis was performed with
SPSS 12.0.1 for Windows (SPSS Inc., Chicago, Illinois).
Categorical variables are expressed as percentages and con-
tinuous variables are expressed as mean � SD, median and
(range), or median and (interquartile range). The ISA and
strut coverage comparisons were performed per lesion.
Chi-square was used for the comparisons of categorical
variables between groups. For the comparisons of continu-
ous variables, the Student t test or nonparametric (Mann-
Whitney) test was used according to their distribution.
Multiple logistic regression analysis was performed to assess
independent predictors of ISA and uncovered struts. Vari-
ables considered clinically relevant and with p � 0.15 in the
univariate analysis were included in the models.

Results

Clinical and procedural characteristics. Fifty patients fol-
lowed up with OCT after DES implantation were initially
enrolled in the study. Seven patients were excluded for
image quality not appropriate for analysis. Finally, 43
patients (47 vessels, 47 lesions) were included (16 STEMI,
27 stable/unstable angina).

Figure 2. Tissue Coverage Symmetry Patterns

(A and B) Asymmetric tissue coverage with uncovered struts: whereas some struts are covered by a thick layer of tissue, other struts (from 2 to 5) are covered
by a very thin layer, and there is even 1 uncovered strut (indicated by the white arrow). (C and D) Asymmetric tissue coverage without uncovered struts: all the
struts are covered by tissue that shows very different thickness along the vessel circumference. (E and F) Symmetric tissue coverage: all the struts are covered
by tissue that shows similar thickness along the vessel circumference.
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The mean age was 64.5 � 11.7 years, and 63.8% were
men. Regarding cardiac risk factors, 47.8%, 21.3%, and
70.2% had hypertension, diabetes mellitus, and hyperlipid-
emia, respectively, and 19.1% were smokers. The studied
vessel was the left anterior descending in 57%, the circum-
flex in 19%, and the right coronary artery in 24% of the
lesions. The indication for stent implantation was stable
angina in 47% (20 of 43), unstable angina in 16% (7 of 43)
and STEMI in 37% (16 of 43). The stent implanted was
Taxus in 10.6%, Cypher Select in 55.3%, Xience V in 2.1%,
and Biomatrix III in 32%. The median time to follow-up
angiography and OCT examination was 9 (7 to 72) months.
The mean stent diameter, stent number, and stent imaged
length were 2.9 � 0.3 mm, 1.8 � 0.8, and 28 � 15 mm,
respectively.
OCT quantitative analysis. A total of 10,140 struts from
1,356 frames were analyzed. The mean lumen area, mean
stent area, and mean neointimal area were 6.42 � 2.11
mm2, 7.11 � 2.06 mm2, and 0.67 � 0.47 mm2, respectively.
The stent symmetry ratio was 0.63 � 0.16.
ISA frequency by OCT. The frequency of incompletely ap-
posed struts was 68 of 10,140 (0.6%). Forty-five of the 68
incompletely apposed struts (66.1%) were not covered by
tissue. Forty of 1,356 frames (2.9%) had at least 1 incom-
pletely apposed strut. In 20 of 47 lesions (42.6%), incom-
plete stent apposition of at least 1 strut was found. In the
lesions with ISA, the mean percentage of frames with ISA
was 9.3 � 7.1%.
Strut coverage by OCT. The frequency of uncovered struts in
the total sample was 6.1% (624 of 10,140). Twenty-one
percent (285 of 1,356) of all the frames analyzed presented
at least 1 uncovered strut. In 36 of 47 lesions (76.6%), at
least 1 uncovered strut was visualized. The mean neointima
symmetry ratio was 0.73 � 0.13. Twenty-six struts of the

10,140 (0.2%) were covered by an irregular material sugges-
tive of organized thrombus (Fig. 3).
STEMI patients. Sixteen of the 47 lesions studied were
treated with DES implantation during primary PCI for
STEMI. Table 1 shows the baseline characteristics of the
STEMI patients in comparison with the rest of the sample.
The time to follow-up was 11.5 months (range 7 to 59

Figure 3. Struts Covered by Organized Thrombus

Optical coherence tomography cross-sections corresponding to a drug-eluting stent implanted in the left anterior descending coronary artery more than 4 years
ago due to an anterior ST-segment elevation myocardial infarction. (A and B) The blue arrows indicate the presence of an irregular, highly reflective material
(suggestive of organized thrombus) covering some struts. (C) Represents a cross section more proximal where some uncovered struts can be observed (white
arrows).

Table 1. Baseline Characteristics in STEMI and Stable/Unstable
Angina Patients

STEMI Stable/Unstable Angina p Value

Age (yrs) 64 � 12 64 � 11 0.85

Male (%) 50.0 71.0 0.13

Hypertension (%) 50.0 46.7 0.53

DM (%) 31.3 16.1 0.2

Dyslipidemia (%) 75.0 67.7 0.43

Smoker (%) 31.3 12.9 0.13

Family history (%) 62.5 67.7 0.48

Vessel (%) 0.46

LAD 68.8 51.6

LCX 18.7 19.4

RCA 12.5 29.0

Stent type (%) 0.48

Taxus 13.3 9.7

Cypher 53.3 54.8

Xience 6.7 0.0

Biomatrix 26.7 35.5

Number of stents 1.53 � 0.52 2.03 � 0.94 0.08

Stent-imaged length (mm) 24.9 � 10.5 29.9 � 17.6 0.3

Age, gender, and cardiovascular risk factors are compared per patient (ST-segment elevation

myocardial infarction [STEMI] � 16 stable/unstable angina � 27). The rest of the variables are

compared per lesion (STEMI � 16 stable/unstable angina � 31).

DM � diabetes mellitus; LAD � left anterior descending coronary artery; LCX � left circumflex

artery; RCA � right coronary artery.
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months) for the STEMI group and 9 months (range 9 to 72
months) for the rest of the patients. There were no
significant differences in lumen area (6.5 � 2.0 vs. 6.4 � 2
for STEMI and stable/unstable angina, respectively, p �
0.86), stent area (7.2 � 2.0 vs. 7.0 � 2.0 for STEMI and
stable/unstable angina, respectively, p � 0.78), or stent
symmetry ratio (0.58 � 0.17 vs. 0.65 � 0.15 for STEMI
and stable/unstable angina, respectively, p � 0.13).
ISA in STEMI patients. Figure 4 represents the frequency of
ISA in lesions treated with DES implantation for STEMI
and the rest of the lesions. Table 2 shows the differences in
the number of incompletely apposed struts (covered and not
covered), maximum ISA length, and ISA area in lesions
treated for STEMI and lesions treated for stable/unstable
angina.

Uncovered struts in STEMI patients. Figure 5 shows the
difference in frequency of uncovered struts between lesions
treated for STEMI and lesions treated for stable/unstable
angina. The number of uncovered struts; the mean tissue
coverage thickness, area, and volume; and the tissue cover-
age symmetry ratio in both groups are indicated in Table 3.
Predictors of ISA. Multiple logistic regression analysis was
performed to determine the independent predictors of ISA.
The following variables were included in the model: age,
follow-up time, stent length, stent symmetry ratio, and stent
implantation during primary PCI. The only independent
predictor of ISA was DES implantation during primary
PCI for STEMI (odds ratio: 9.8, 95% confidence interval:
2.4 to 40.4, p � 0.002).

Figure 4. Difference in ISA Frequency Between STEMI and Stable/Unstable Angina Patients

Incomplete stent apposition (ISA) frequency is shown per lesion (number of lesions with at least 1 incompletely apposed strut/total number of lesions), per
frame (number of frames with at least 1 incompletely apposed strut/total number of frames), and. per strut (number of incompletely apposed struts/total num-
ber of struts). STEMI � ST-segment elevation myocardial infarction.

Table 2. Differences in ISA Between Lesions Treated With Drug-Eluting Stent Implantation for STEMI and for Stable/Unstable Angina

STEMI
(n � 16)

Stable/Unstable Angina
(n � 31) p Value

Number of incompletely apposed struts 2 (0–13) 0 (0–5) 0.001

Number of incompletely apposed uncovered struts 1 (0–13) 0 (0–4) �0.001

Number of incompletely apposed covered struts 0.5 (0–3) 0 (0–5) 0.02

ISA area (mm2) 0.28 (0.17–0.67) 0.35 (0.23–0.44) 0.5

Maximum ISA length (�m) 235 (162–297) 250 (230–600) 0.4

Number of struts is expressed as median and range. Incomplete stent apposition (ISA) area and maximum ISA length are expressed as median (interquartile range).

STEMI � ST-segment elevation myocardial infarction.
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Predictors of uncovered struts. In the multivariate model
for uncovered struts predictors, the following variables
were included: age, follow-up time, stent length, stent
area, and stent implantation during primary PCI. Drug-
eluting stent implantation during primary PCI for STEMI
was the only independent predictor of uncovered struts at
follow-up (odds ratio: 9.5, 95% confidence interval: 1.0 to
90.3, p � 0.049).

Discussion

To our knowledge this is the first such study to use the
high-resolution capabilities of intracoronary OCT to
examine stent strut apposition and tissue coverage at
follow-up in patients with STEMI treated with primary
PCI. The main findings are: 1) DES implanted for
STEMI had a higher frequency of incompletely apposed

and uncovered struts as assessed by OCT at follow-up,
and 2) DES implantation during primary PCI in STEMI
is an independent predictor of both ISA and the presence
of uncovered struts at follow-up.

Drug-eluting stents have consistently demonstrated a
reduction in restenosis rates when compared with bare-
metal stents (BMS) in different clinical settings, including
primary PCI for the treatment of STEMI (6). However,
concerns have been raised about a potentially higher risk of
stent thrombosis after DES implantation during primary
PCI (7). Furthermore, ISA and lack of complete stent
endothelialization have been identified as factors related to
stent thrombosis (4,5).
ISA. Overall the frequency of incompletely apposed struts
was very low (0.6%). In our study patients with STEMI
treated with DES implantation during primary PCI had a
higher frequency of ISA. Our results are in concordance
with IVUS studies that have identified a higher incidence of
late ISA in STEMI patients, especially when treated with
DES. Hong et al. (8) reported an incidence of late ISA after
primary PCI in STEMI of 11.5% after BMS implantation
and 31.8% after DES implantation. In our sample, 75% of
the lesions treated with DES during primary PCI showed
evidence of ISA. The higher frequency of ISA observed in
the present study can be explained by the higher resolution
of OCT in comparison with IVUS (9). The results of the
present study are also in line with a recent OCT study that
identified a higher incidence of ISA in sirolimus-eluting
stents implanted in unstable versus stable angina patients
(33% vs. 4%) (10).

The dissolution of thrombus jailed after stent implanta-
tion during primary PCI has been postulated as 1 of the
possible causes of the higher incidence of late ISA in

Figure 5. Difference in Uncovered Strut Frequency Between STEMI and Stable/Unstable Angina Patients

Data are shown per lesion (lesions with at least 1 uncovered strut/total number of lesions), per frame (frames with at least 1 uncovered strut/total number of
frames), and per strut (number of uncovered struts/total number of struts). STEMI � ST-segment elevation myocardial infarction.

Table 3. Differences in Strut Coverage Between Lesions Treated With
Drug-Eluting Stent Implantation for STEMI and for Stable/Unstable
Angina

STEMI
(n � 16)

Stable/Unstable
Angina

(n � 31) p Value

Number of uncovered struts 26.8 � 20.8 6.2 � 7.5 0.001

Uncovered strut distribution (%) 40.7 � 25.2 16.4 � 19.8 0.001

Mean tissue coverage area (mm2) 0.72 � 0.63 0.65 � 0.37 0.68

% tissue coverage area 12.4 � 9.9 11.0 � 6.9 0.58

Tissue coverage volume (mm3) 17.7 � 21.6 21.9 � 22.04 0.54

% tissue coverage volume 10.0 � 9.4 10.3 � 6.7 0.91

Tissue coverage thickness (�m) 110 � 48 90 � 53 0.22

Tissue coverage symmetry ratio 0.79 � 0.23 0.70 � 0.13 0.02

STEMI � ST-segment elevation myocardial infarction.
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STEMI patients (4). Plaque rupture (characterized by a
necrotic core with an overlying thin-ruptured cap infiltrated
by macrophages and with paucity of smooth muscle cells) is
the most frequent underlying substrate in STEMI. Stent
implantation over a ruptured plaque with strut penetration
into necrotic core has also been related to ISA in acute
coronary syndromes (11). The clinical implications of ISA
are controversial. Several studies have reported that the
presence of ISA after DES implantation is not associated
with adverse events at long-term follow-up (8,12,13). How-
ever, recently published IVUS observations suggest a pos-
sible relation between incomplete DES apposition and
subsequent stent thrombosis (3,4). The clinical significance
of ISA as detected by OCT is poorly understood. In fact,
incomplete apposition of stent struts is a relatively common
finding by OCT, although the vast majority of the patients
do not experience clinical events in the long term (14). In
addition, not all patients that experience DES thrombosis
show strut malapposition (15,16). In the present study none
of the patients with ISA as assessed by OCT presented with
adverse clinical events.
Strut coverage. DES inhibits neointimal proliferation to
such an extent that it might not be detectable by IVUS (17).
The high resolution of OCT allows the visualization and
measurement of tiny layers of tissue covering the stent struts
(18). In the present study, the global frequency of uncovered
individual struts was 6.1%, and a high proportion of lesions
(36 of 47) presented uncovered struts. This is in agreement
with different OCT studies recently published reporting
strut coverage in DES at follow-up (14,19). A long-term
follow-up with OCT in a group of patients treated with
sirolimus-eluting stents revealed that 81% of the patients
presented uncovered struts at 2 years’ follow-up (20). In the
present study 8 of the 9 lesions with more than 2 years’
follow-up demonstrated uncovered struts by OCT, and
interestingly, in 6 of those 8 lesions the DES were im-
planted during primary PCI. The frequency of struts with
no visible coverage was significantly higher in STEMI
patients treated during primary PCI (15 of 16 lesions).
Likewise, the distribution of uncovered struts within the
stent was more spread in STEMI patients (reflected in a
higher proportion of frames with uncovered struts). The
mean neointimal thickness did not differ between STEMI
and stable/unstable angina patients, but the neointima
showed a more asymmetric distribution in STEMI patients.
Our findings are in agreement with pathological studies
showing delayed endothelization at the culprit site in acute
myocardial infarction patients treated with DES compared
with the culprit site in patients receiving DES for stable
angina (21). A recent study, reporting a lower incidence of
full tissue coverage in unstable angina than in stable angina,
is also in line with our observations (10). Pathological data
suggest a relation between arterial healing and underlying
plaque morphology. In an autopsy study, Nakazawa et al.

(21) found a higher percentage of uncovered struts in
patients with stents implanted in plaques with high-risk
features (such as plaque rupture and thin cap fibroatheroma)
as compared with those with stable plaque morphology.
Despite a lack of OCT assessment during the primary PCI
procedure in our study, it is accepted that plaque rupture is
the most frequent underlying event leading to STEMI (22).
The stent contact with an avascular tissue such as necrotic
core and the different drug distribution due to the presence
of thrombus are some of the factors that could explain the
delayed coverage of struts in unstable patients (21,23). The
more asymmetric distribution in the cross section of the
tissue covering the struts found in STEMI patients might
also be related with the eccentricity and composition of the
plaque underlying the stent implantation (24). Endothelial
struts coverage has been identified in pathological series as
the most powerful histological predictor of stent thrombosis
(5). Pathological data in humans suggest that neointimal
coverage of stent struts might be a surrogate marker of
endothelialization (25). However, Kubo et al. (10) reported
that the presence of a higher incidence of uncovered struts
by OCT in unstable patients was not associated with
adverse outcomes at 9 months. In the present study no
adverse events occurred at follow-up even when the fre-
quency of uncovered struts was high. The clinical signifi-
cance of the presence of uncovered struts as assessed by
OCT remains unknown and would require specific long-
term follow-up studies. Despite the high resolution of the
technique, coverage of the strut with an individual cell layer
cannot be excluded. Currently, OCT cannot adequately
distinguish the tissue type covering the struts (e.g., a
neointimal layer from fibrin). Furthermore, different types
of neointimal tissue with different optical properties can be
observed and might have different functionality (26). The
development of quantitative tissue characterization by OCT
might be helpful to better understand the clinical implica-
tions of strut tissue coverage.
Study limitations. The present study is observational and
nonrandomized. No formal sample size calculation was
performed. Another limitation is the lack of serial OCT
assessments with OCT only performed at long-term follow-
up. Therefore, it was not possible to distinguish between
persistent and late-acquired ISA. The presence of positive
remodeling as a cause of late ISA (as demonstrated previ-
ously in IVUS) cannot be excluded. Likewise, no informa-
tion was available about the underlying plaque in which the
stent was implanted. Only DES were included in the study.
Therefore we cannot exclude that BMS would not have
behaved similarly when implanted in the setting of STEMI.

Conclusions

DES implanted for STEMI had a higher frequency of
incompletely apposed struts and uncovered struts as assessed
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by OCT at follow-up. Drug-eluting stent implantation
during primary PCI in STEMI was an independent pre-
dictor of ISA and the presence of uncovered struts at
follow-up. Whether these findings have a causal link to the
heightened rate of stent thrombosis in STEMI patients
remains to be confirmed by larger studies.

Reprint requests and correspondence: Dr. Evelyn Regar, Tho-
raxcenter, Bd 585, Dr. Molewaterplein 40, 3015-GD Rotterdam,
the Netherlands. E-mail: e.regar@erasmusmc.nl.
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Optical coherence tomography patterns of
stent restenosis
Nieves Gonzalo, MD, Patrick W. Serruys, MD, PhD, Takayuki Okamura, MD, PhD, Heleen M. van Beusekom, MD, PhD,
Hector M. Garcia-Garcia, MD, MSc, Gijs van Soest, PhD, Wim van der Giessen, MD, PhD, and Evelyn Regar, MD, PhD
Rotterdam, The Netherlands

Background Stent restenosis is an infrequent but poorly understood clinical problem in the drug-eluting stent era. The aim
of the study was to evaluate the morphologic characteristics of stent restenosis by optical coherence tomography (OCT).

Methods Patients (n = 24, 25 vessels) presenting with angiographically documented stent restenosis were included.
Quantitative OCT analysis consisted of lumen and stent area measurement and calculation of restenotic tissue area and burden.
Qualitative restenotic tissue analysis included assessment of tissue structure, backscattering and symmetry, visible microvessels,
lumen shape, and presence of intraluminal material.

Results By angiography, restenosis was classified as diffuse, focal, and at the margins in 9, 11, and 5 vessels,
respectively. By OCT, restenotic tissue structure was layered in 52%, homogeneous in 28%, and heterogeneous in 20%. The
predominant backscatter was high in 72%. Microvessels were visible in 12%. Lumen shape was irregular in 28% and there was
intraluminal material in 20%. The mean restenotic tissue symmetry ratio was 0.58 ± 0.19. Heterogeneous and low scattering
restenotic tissue was more frequent in focal (45.5% and 54.5%, respectively) than in diffuse (0 and 11.1%) and margin
restenosis (0 and 0%) (P = .005 for heterogeneous, P = .03 for low scattering). Restenosis patients with unstable angina
symptoms presented more frequently irregular lumen shape (60 vs 6.7%, P = .007). Stents implanted ≤12 months ago had
more frequently restenotic tissue with layered appearance (84.6% vs 16.7%, P = .003).

Conclusions We demonstrate the ability of OCT to identify differential patterns of restenotic tissue after stenting. This
information could help in understanding the mechanism of stent restenosis. (Am Heart J 2009;158:284-93.)

Restenosis caused by exaggerated neointimal prolifera-
tion was the main limitation for the long-term success of
bare metal stents (BMSs).1-3 The introduction of drug-
eluting stents (DESs) dramatically reduced the incidence
of restenosis to levels around 10%.4 However, restenosis
still exits in the DES era, its pathophysiology is poorly
understood, and its treatment remains challenging.5

Angiographic restenosis patterns have been shown to
carry prognostic value with diffuse restenosis showing a
higher incidence of events at 1 year.6 Intravascular
ultrasound (IVUS) is a useful technique to evaluate the
extent and distribution of the neointima tissue within the
stented segment but is limited to visualize its complex
tissue structure as can be documented by histopathol-
ogy.6-8 Optical coherence tomography (OCT) is a new
intracoronary imaging modality that can produce in vivo

high-resolution images of the coronary artery, providing
new insights into the characteristics of the tissue covering
the stent struts at follow-up.9-11 The objective of the
present study was to evaluate the morphologic character-
istics of stent restenosis by OCT.

Methods
Study population
Between January 2007 and October 2008, all consecutive

patients with OCT pullback performed in a vessel with
angiographically documented restenosis (defined as diameter
stenosis ≥50% in the vessel segment within the stent or within
5 mm proximal or distal to the stent) were included in the study.

Quantitative angiography analysis
All angiograms were evaluated after intracoronary adminis-

tration of nitrates using commercially available software for
quantitative coronary angiography (Cardiovascular Angiography
Analysis System II [CAAS II], Pie Medical, Maastricht, the
Netherlands). The length of the stenotic segment, the
minimum luminal diameter, and the percentage of diameter
stenosis were measured.
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Qualitative angiography analysis
Restenotic lesion type by angiography was classified as

suggested by Mehran et al6: (a) diffuse restenosis >10 mm
length; (b) focal intrastent restenosis <10 mm length; (c) margin
restenosis: focal restenosis located in the proximal, distal margin
or both.

Optical coherence tomography acquisition
Optical coherence tomography acquisition was performed

using a commercially available system for intracoronary imaging
and a 0.019-in ImageWire (LightLab Imaging, Westford, MA). The
artery was cleared from blood during imaging, applying
continuous flush delivery as described in detail previously.12

Flush consisted of iodixanol 370 (Visipaque, GE Health Care,
Cork, Ireland) at a flow rate of 3.0 mL/s.

Optical coherence tomography quantitative analysis
Offline analysis was performed with the proprietary LightLab

software (LightLab Imaging). The region of interest comprised
the stent region and the stent margins defined as the vessel
segment 5 mm proximal and distal to the stent. Lumen and stent
area were measured at 1 mm longitudinal steps throughout the
pullback. The restenotic tissue area was defined as stent area
minus lumen area. Restenotic tissue burden was defined as mean
restenotic tissue area/mean stent area ×100. The cross section
containing the minimum luminal area (MLA) was used to

Figure 1

Stent restenosis qualitative OCT assessment.
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determine the maximum and the minimum restenotic tissue
thickness and to calculate the restenotic tissue symmetry ratio
(maximum restenotic tissue thickness − minimum restenotic
tissue thickness/maximum restenotic tissue thickness).10

Optical coherence tomography qualitative analysis
To describe the morphologic appearance of the restenotic

tissue, the parameters defined in Figure 1 (restenotic tissue
structure, restenotic tissue backscatter, presence of microves-
sels, lumen shape, and presence of intraluminal material) were
analyzed and classified in the region of maximal lumen
narrowing by agreement of 2 observers.7,13 The 2 observers
were blinded for the clinical and procedural characteristics.
To test the interobserver variability of the qualitative OCT

assessment, 60 cross sections within the restenotic lesions were
selected and analyzed independently by 2 observers not involved
in the primary data analysis. One of the observers repeated the
analysis 1 week later to assess the intraobserver variability.

Statistical analysis
As this represents an observational, exploratory study, no

formal sample size calculation was performed. Continuous
variables are expressed as mean ± SD or median and interquartile
range. Categorical variables are expressed as percentages.
Comparisons between groups were performed with χ2 for
categorical variables and with Student t test or analysis of
variance for continuous variables. Because of the performance of
multiple univariate comparisons, P values presented in this article
are exploratory only and should therefore be interpreted with
caution. κ test was used to asses the inter- and intraobserver
variability for qualitative OCT assessment.

Sources of funding
This study was supported in part by Siemens Healthcare. The

authors are solely responsible for the design and conduct of this
study, all study analyses, the drafting and editing of the paper and
its final contents.

Results
Clinical and procedural characteristics
In the study period, 148 percutaneous coronary

interventions were performed in our center in patients
with stent restenosis (Table I). Sixteen percent of those
cases (24 patients, 25 vessels) were imaged with OCT
and included in the study. The inclusion in the study
depended mainly in the operator experience with the
OCT system and the consent of the patient to participate.
Patients with depressed left ventricular function and
impaired renal function were excluded. The median time
from stent implantation was 12 months (interquartile
range, 4-42 months). The stents were implanted origin-
ally for stable angina in 11 (44%), unstable angina in 10
(40%), and ST-elevation myocardial infarction in 4 (16%)
of the cases. At the time of study inclusion, restenosis
was considered the culprit lesion and responsible for
clinical symptoms in 20 of 24 patients. The mean

acquisition time and volume of contrast used were 8.8
± 3 seconds and 20.7 ± 8 mL, respectively.

Angiographic analysis
The restenosis type by angiography was diffuse in 9

vessels (36%), focal in 11 vessels (44%), proximal edge in 1
vessel (4%), distal edge in 3 vessels (12%), and proximal
and distal edge in 1 vessel (4%). The minimum lumen
diameter was 1.0 ± 0.3, 0.92 ± 0.4, and 0.96 ± 0.4 mm in
diffuse, focal, and margin restenosis, respectively (P = .7).
The percentage of diameter stenosis was 54.7% ± 6.2% for
diffuse, 67.8% ± 10.5% for focal, and 62.8% ± 9.6% for
margin restenosis (P = .01)

Optical coherence tomography analysis
The mean imaged stent length was 27.7 ± 9 mm. The

restenotic tissue structure was layered in 13 (52%) cases,
homogeneous in 7 (28%), and heterogeneous in 5 (20%).
The predominant backscatter was high in 18 cases (72%)
and low in 7 cases (28%). Microvessels were visible in
3 cases (12%) (Figure 2). The lumen presented irregular
shape in 7 cases (28%), and there was evidence of
intraluminal material in 5 cases (20%). The mean
restenotic tissue symmetry ratio was 0.58 ± 0.19. There
were no differences in demographics or cardiovascular
risk factors between the different patterns of restenosis
by OCT.

Table I. Baseline characteristics

Demographics
Age (y) 58.4 ± 8
Male (%) 18 (75)
HT (%) 9 (37.5)
Dyslipidemia (%) 17 (70.8)
Diabetes mellitus(% ) 7 (29.2)
Smoker (%) 4 (16.7)

Family history (%) 11 (45.8)
Cardiac history
Previous MI (%) 11 (45.8)
CABG (%) 2 (8.3)

Clinical presentation at time of study inclusion
Asymptomatic (%) 4 (16)
Stable angina (%) 11 (44)
Unstable angina (%) 9 (36)
STEMI (%) 1 (4)

Vessel
LAD (%) 8 (32)
LCX (%) 5 (20)
RCA (%) 11 (44)
Saphenous vein graft (%) 1 (4)

Stent type
BMS (%) 4 (16)
Paclitaxel-eluting stent (%) 8 (32)
Sirolimus-eluting stent (%) 2 (8)
Everolimus-eluting stent (%) 3 (12)
Biolimus-eluting stent (%) 2 (8)
Tacrolimus-eluting stent (%) 6 (24)

HT, Hypertension; CABG, coronary artery by-pass surgery; STEMI, ST-elevation
myocardial infarction. BMS: bare-metal stent.
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Relation between restenosis morphology by OCT
and angiographic classification. Optical coherence
tomography analysis in the different angiographic rest-
enosis types are shown in Table II (Figure 3).

Relation between restenosis morphology by OCT
and clinical presentation. The OCT morphology was
compared in patients with stable versus unstable clinical
presentation at the time of inclusion in the study

Figure 2

Microvessels: A1, A2, and A3 represent consecutive OCT cross sections showing a stent restenosis with presence of microvessels. One of them
(indicated by the white arrow) shows a trajectory in the vessel (A1 and A2) and ends in the lumen (A3). B1, B2, and B3 show corresponding IVUS
cross sections in the same region in which the microvessels are not visible.

Table II. Relation between restenosis morphology by OCT and angiographic classification

Angiographic restenosis pattern

PDiffuse (n = 9) Focal (n = 11) Margin (n = 5)

OCT qualitative assessment
Tissue coverage structure
Layered 7 (77.8%) 5 (45.5%) 1 (20%) .005
Homogeneous 2 (22.2%) 1 (9.1%) 4 (80%)
Heterogenous 0 5 (45.5%) 0

Backscatter
High 8 (88.9%) 5 (45.5%) 5 (100%) .03
Low 1 (11.1%) 6 (54.5%) 0

Neointima symmetry ratio 0.52 ± 0.16 0.63 ± 0.23 0.57 ± 0.10 .4
Irregular lumen shape 1 (11.1%) 5 (45.5%) 1 (20%) .2
Intraluminal material 1 (11.1%) 3 (27.3%) 1 (20%) .6
Microvessels 1 (11.1%) 2 (18.2%) 0 .5

OCT quantitative assessment
Mean lumen area (mm2) 3.7 ± 1.0 5.2 ± 1.9 4.9 ± 1.4 .1
MLA (mm2) 1.5 ± 0.5 1.4 ± 0.8 1.79 ± 1.2 .7
Mean stent area (mm2) 6.5 ± 1.8 7.8 ± 3.2 6.2 ± 1.6 .4
Mean restenotic tissue area (mm2) 3.4 ± 1.3 2.8 ± 2.1 1.97 ± 2.2 .4
Restenotic tissue burden (%) 50.9 ± 10.8 35.7 ± 15.6 30.4 ± 30.2 .08
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(clinical presentation of the restenosis) (Table III)
(Figure 4).
Regarding the original indication for stent implantation,

there were no significant differences in restenotic tissue
structure between stents implanted for unstable angina or
acute myocardial infarction and stents implanted for stable
angina. The restenosis pattern in stents implanted for
unstable syndromes showed more often irregular lumen
shape (6/14 [42.9%] vs 1/11[ 9.1%]), but the difference did
not reach statistical significance (P = .07).The restenotic
tissue showed also a tendency to be more asymmetric in

stents implanted for unstable angina or acute myocardial
infarction (0.63 ± 0.18) than in stents implanted for stable
angina (0.50 ± 0.19) (P = .09).
Relation between restenosis morphology by OCT

and time from stent implantation. Optical coherence
tomography findings were compared depending on the
time from stent implantation ( ≤12 vs >12 months)
(Table IV). A layered structure of the restenotic tissue was
more frequent in stents implanted ≤12 months before the
OCT examination (84.6% vs 16.7%, P = .003). There were
no differences in any other qualitative parameter.

Table III. Relation between restenosis morphology by OCT and clinical presentation at the time of inclusion in the study

Clinical presentation at time of inclusion in the study

Stable (n = 15) Unstable (n = 10) P

OCT qualitative assessment
Tissue coverage appearance
Layered 10 (66.7%) 3 (30%) .08
Homogeneous 4 (26.7%) 3 (30%)
Heterogenous 1 (6.7%) 4 (40%)

Backscatter
High 11 (73.3%) 7 (70%) .6
Low 4 (26.7%) 3 (30%)

Neontima symmetry ratio 0.51 ± 0.19 0.68 ± 0.16 .04
Irregular lumen shape 1 (6.7%) 6 (60%) .007
Intraluminal material 1 (6.7%) 4 (40%) .12
Microvessels 2 (13.3%) 1(10%) .6

OCT quantitative assessment
Stent imaged length (mm) 27.4 ± 11.1 26.6 ± 9.8 .8
Restenosis length (mm) 15.7 ± 11.6 5.8 ± 5.1 .009
Mean lumen area (mm2) 4.5 ± 1.9 4.70 ± 1.2 .7
MLA (mm2) 1.7 ± 0.8 1.24 ± 0.7 .1
Mean stent area (mm2) 7.3 ± 2.5 6.5 ± 2.3 .4
Mean restenotic tissue area (mm2) 3.2 ± 1.8 2.4 ± 1.9 .3
Restenotic tissue burden (%) 43.2 ± 16.9 35.6 ± 22.1 .3

Figure 4

Lumen shape and intraluminal material: OCT images obtained in a patient referred for coronary angiography for unstable angina. A stent restenosis
lesion showing irregular lumen shape (A) and presence of intraluminal material (white arrow in B) was visualized.
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Regarding the quantitative analysis, the mean lumen area
showed a tendency to be smaller in stents with <12
months follow-up (3.9 ± 1.3 vs 5.3 ± 1.7 mm2, P = .03). No
differences were found in the restenosis length, restenotic
tissue area, or restenotic tissue burden.
Reproducibility of qualitative OCT assessment.

Interobserver variability for the qualitative OCT assess-
ment was as follows: restenotic tissue structure κ = 0.92,
restenotic tissue backscatter κ = 0.57, lumen shape κ =
0.85, intraluminal material presence κ = 0.83, and
microvessels κ = 0.79. The intraobserver variability
showed the following results: restenotic tissue structure
κ = 0.94, restenotic tissue backscatter κ = 0.93, lumen
shape κ = 0.85, intraluminal material presence κ = 1, and
microvessels κ = 0.92.

Discussion
Optical coherence tomography for the assessment of
stent restenosis
Stent restenosis is an infrequent but poorly understood

clinical problem in the drug-eluting stent era and its
treatment is challenging. Experimental and clinical studies
have identified excessive neointimal hyperplasia as
leading cause of stent restenosis.14-16 Novel means of
interrogating the tissue growth causing stent restenosis
would be of great interest to improve our understanding
about the mechanisms and impact of this important
clinical entity. The present study assessed the ability of
OCT to provide information about the restenotic tissue.

This high-resolution imaging technique was able to
evaluate the hyperplastic tissue in great detail. Interest-
ingly, the tissue showed variation in structure, backscatter,
and composition that were widely missed by IVUS in the
past.17 In our study population, OCTwas able to visualize
details of the lumen shape and content and a wide range of
components with different optical properties in the
restenotic tissue. Figure 5 illustrates the difference in
information gained by IVUS and by OCT in corresponding
cross sections in one of our patients.
We applied a systematic approach to describe the OCT

findings in stent restenosis. The introduction of relatively
simple categories allowed for a consistent reporting of
complex findings. The restenotic tissue structure, lumen
shape, and the presence of microvessels and intraluminal
material were assessed by in vivo OCTwith low inter- and
intraobserver variability. The evaluation of restenotic
tissue backscatter showed a somewhat higher interobser-
ver variability. The qualitative definition of tissue back-
scatter used in our study has important limitations, and the
results regarding this parameter should be taken with
caution. First, tissue backscatter is strongly influenced by
the position of the OCT catheter relative to the vessel
wall.18,19 Second, different areas with low and high
backscatter are very often observed in the same vessel
and sometimes it is difficult to determine the predominant
pattern.20 Furthermore, the interobserver reproducibility
for tissue backscatter classification was low. Those
limitations highlight the need of quantitative methods
for tissue backscatter assessment to improve the accuracy
and reduce the observer variability.
In our series, an important proportion of stents

showed the presence of neointimal materials with
different optical properties, suggesting that “restenosis”
might be composed of different tissues. Pathologic
examinations of human atherectomy specimens have
demonstrated that restenosis in DES can consist of
heterogeneous components including proteoglycan-rich
tissue, organized thrombus, atheroma, inflammation, and
fibrinoid.21 Although we do not have the direct
correlation of histopathology and OCT appearance, it
could be hypothesized that those tissue types might
show different optical properties resulting in a hetero-
geneous or layered pattern on OCT. Furthermore,
pathologic examinations have demonstrated that the
density and orientation of smooth muscle cells vary
within restenotic tissue.22 At the inner luminal border,
the smooth muscle cells are more compact and show a
homogeneous concentric orientation, whereas the den-
sity of cells decreases and the orientation becomes more
heterogeneous in the tissue located far from the lumen.
Around the stent struts, smooth muscle cells are usually
oriented in a longitudinal fashion; and atheromatous
material, organized thrombus and inflammatory cells can
be frequently observed.22 This variation in tissue
composition, cell density, and orientation along the

Table IV. Relation between restenosis morphology by OCT and
time from stent implantation

Time from stent
implantation

P
≤12 m
(n = 13)

>12 m
(n = 12)

OCT qualitative assessment
Tissue coverage appearance
Layered 11 (84.6%) 2 (16.7%) .003
Homogeneous 1 (7.7%) 6 (50%)
Heterogenous 1 (7.7%) 4 (33.3%)

Backscatter
High 9 (69.2%) 9 (75%) .7
Low 4 (30.8%) 3 (25%)

Neontima symmetry ratio 0.52 ± 0.17 0.64 ± 0.20 .1
Irregular lumen shape 3 (23.1%) 4 (33.3%) .6
Intraluminal material 3 (23.1%) 2 (16.7%) .6
Microvessels 2 (15.4%) 1 (8.3%) .6

OCT quantitative assessment
Restenosis length (mm) 13.2 ± 9.7 10.16 ± 11.7 .4
Mean lumen area (mm2) 3.9 ± 1.3 5.3 ± 1.7 .03
MLA (mm2) 1.33 ± 0.7 1.77 ± 0.8 .1
Mean stent area (mm2) 6.4 ± 1.8 7.6 ± 3.0 .2
Mean restenotic tissue area (mm2) 2.9 ± 1.5 2.8 ± 2.2 .9
Restenotic tissue burden (%) 43.9 ± 17.7 35.9 ± 20.4 .3
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radial axis of the neointima might cause the layered
appearance observed by OCT. The presence of organized
thrombus in the inner neointimal layer and fibrinoid
deposition around the struts might also play a role.7,13

However, currently, there are no OCT criteria validated
with histology for the identification of these tissue types.
It could be argued that the layered appearance is an
artefact, simply reflecting the progressive attenuation of

Figure 5

Comparison of OCT and IVUS findings in a restenosis lesion. A, Angiographic image showing a paclitaxel-eluting stent restenosis affecting the
proximal and distal part of the stent. 1 indicates the distal stent part, 2 indicates the bifurcation left circumflex (LCX)–obtuse marginal (OM), and 3
indicates the proximal stent part. B, Longitudinal OCT view showing the restenosis in the distal part of the stent (1), the bifurcation (2), and the
proximal part of the stent (3). Corresponding OCT cross sections are shown. C1, Restenosis in the distal part of the stent showing layered
appearance with 2 concentric layers (one inner high scattering and one outer low scattering layer). C2, Bifurcation LCX-OM. C3, Restenosis affecting
the proximal part of the stent that also shows layered appearance. D shows the corresponding IVUS images of the distal part of the stent (D1),
bifurcation (D2), and proximal stent (D3). The clear layered appearance of the restenotic tissue visible by OCT cannot be distinguished by IVUS.
Asterisk in C2 and D2 indicates the LCX.
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the light by traveling through the tissue. However, in the
present study, the maximum tissue coverage thickness
was not different in the cases with and without layered
appearance (1.1 ± 0.3 vs 0.9 ± 0.5 mm, respectively, P =
.4). Furthermore, the presence in some cases of a clearly
visible border between the 2 layers suggests that the
change in backscatter is related to the presence of a
different tissue with different optical properties.
In 3 cases, OCT was able to identify structures

suggestive of microvessels in the restenosis. This finding
is in line with postmortem histology data where the
presence of neovascularization in DES restenosis has been
described.21,23,24 Until now, we had not had the
opportunity to analyze the role of microvessels in
restenotic tissue behavior in vivo. Our data illustrate the
potential of OCT to clarify this question.

Relation between restenosis morphology by OCT and
clinical and angiographic characteristics
As our sample size was small, no formal multivariate

analysis was possible. However, exploratory univariate
analysis suggests a potential association of OCT character-
istics to the angiographic appearance, the clinical
presentation, and the time from stent implantation.
Regarding angiographic appearance, there were no

differences in the lumen, stent or restenotic tissue area,
and restenotic tissue burden between the 3 types of
restenosis. This is in agreement with previous IVUS data
that showed no significant differences in MLA, stent area,
and intimal hyperplasia cross-sectional area between
different angiographic types of restenosis.6 However,
the qualitative assessment revealed a higher incidence of
heterogeneous material in focal restenosis than in diffuse
and margin restenosis, possibly reflecting a more hetero-
geneous tissue composition.
In the present study, restenosis presenting with unstable

angina symptoms was more frequently associated with
irregular lumen shape and intraluminal material, sugges-
tive of the presence of thrombus. The possible contribu-
tion of thrombus as assessed by OCT to restenosis has
been described in a previous case report.25 Pathologic
studies have demonstrated that organized thrombus can
be a component of restenosis in both BMS and DES.21,24,26

Similarly, the restenotic tissue showed a tendency to be
more asymmetric in patients with unstable clinical
presentation at the time of inclusion in the study.
Intravascular ultrasound studies have demonstrated that
plaques causing acute coronary syndromes are more
asymmetric than stable plaques.27 However, the observa-
tion of an apparent relation between restenotic tissue
symmetry and clinical presentation has not been pre-
viously reported. Pathologic data have demonstrated that
strut tissue coverage is decreased when struts have been
implanted over necrotic core-rich areas.28 It could be
hypothesized that the eccentricity and composition of the

underlying plaque could influence the amount and
symmetry of the tissue covering the stent struts. Recently,
we have reported that stents implanted for ST-elevation
myocardial infarction show a more asymmetric distribu-
tion of the tissue covering the struts at follow-up than
stents implanted for stable or unstable angina.10

Interestingly, the restenosis appearance by OCT varied
with the time from stent implantation. The presence of
restenotic tissue with layered appearance was more
frequent in stents implanted ≤12 months before the
OCTexamination. This might be related to the presence of
inflammation and or fibrinoid tissue around the struts that
might hypothetically decrease over time.23 No signs of
stent fracture, a cause of stent restenosis that can be
recognized by OCT, were observed.29

Our observational study makes fundamental structural
observations, reported for the first time from a reasonable
number of patients that might prove useful in restenosis
studies in the future.

Limitations
Because of the retrospective character, the limited

sample size, and selected nature of the population, and the
multiple comparisons performed, the study should be
considered primarily hypothesis generating and P values
presented should be interpreted cautiously. The main
limitation is the lack of histologic data to validate the OCT
findings. We acknowledge that the mechanisms leading to
restenosis are very different for BMS and DES. However,
no comparison between BMS and DES could be
performed due to the limited number of patients with
BMS. No systematic comparison to IVUS was performed.
Intravascular ultrasound was not part of the study
protocol but was allowed at the discretion of the operator
when considered clinically indicated.

Conclusions
The present study demonstrates the ability of OCT to

identify differential patterns of restenotic tissue after
stenting. This information could be helpful in under-
standing the mechanisms of stent restenosis and it might
prove useful in restenosis studies in the future. The
clinical implications and the possible prognostic value of
these findings remain unknown and will require further
investigation.

References
1. Serruys PW, de Jaegere P, Kiemeneij F, et al. A comparison of

balloon-expandable-stent implantation with balloon angioplasty in
patients with coronary artery disease. Benestent Study Group. N Engl J
Med 1994;331:489-95.

2. Dussaillant GR, Mintz GS, Pichard AD, et al. Small stent size and
intimal hyperplasia contribute to restenosis: a volumetric intravascular
ultrasound analysis. J Am Coll Cardiol 1995;26:720-4.

Gonzalo.indd   237Gonzalo.indd   237 06-Jan-10   11:59:21 AM06-Jan-10   11:59:21 AM



Chapter 6.3

238

3. Serruys PW, Kutryk MJ, Ong AT. Coronary-artery stents. N Engl J Med
2006;354:483-95.

4. Morice MC, Serruys PW, Sousa JE, et al. A randomized comparison of
a sirolimus-eluting stent with a standard stent for coronary revascu-
larization. N Engl J Med 2002;346:1773-80.

5. Radke PW, Kaiser A, Frost C, et al. Outcome after treatment of
coronary in-stent restenosis; results from a systematic review using
meta-analysis techniques. Eur Heart J 2003;24:266-73.

6. Mehran R, Dangas G, Abizaid AS, et al. Angiographic patterns of in-
stent restenosis: classification and implications for long-term outcome.
Circulation 1999;100:1872-8.

7. Tanimoto SAJ, Serruys PW, Regar E. Paclitaxel-eluting stent restenosis
shows three-layer appearance by optical coherence tomography.
Eurointervention 2006;1:484.

8. Ohlmann P, Mintz GS, Kim SW, et al. Intravascular ultrasound
findings in patients with restenosis of sirolimus- and paclitaxel-eluting
stents. Int J Cardiol 2008;125:11-5.

9. Gonzalo N, Serruys PW, Regar E. Optical coherence tomography:
clinical applications and the evaluation of DES. Minerva Cardioangiol
2008;56:511-25.

10. Gonzalo N, Barlis P, Serruys PW, et al. Incomplete stent apposition
and delayed tissue coverage are more frequent in drug eluting stents
implanted during primary percutaneous coronary intervention for ST
elevation myocardial infarction than in drug eluting stents implanted
for stable/unstable angina. Insights from optical coherence tomo-
graphy. J Am Coll Cardiol Intv 2009;2:445-52.

11. Meissner OA, Reiber J, Babaryka G, et al. Intravascular optical
coherence tomography: differentiation of atherosclerotic plaques and
quantification of vessel dimensions in crural arterial specimens. ROFO
2006;178:214-20.

12. Gonzalo N, Garcia-Garcia HM, Regar E, et al. In vivo assessment of
high-risk coronary plaques at bifurcations with combined intravas-
cular ultrasound virtual histology and optical coherence tomography.
J Am Coll Cardiol Img 2009;2:473-82.

13. Takano M, Xie Y, Murakami D, et al. Various optical coherence
tomographic findings in restenotic lesions after sirolimus-eluting stent
implantation. Int J Cardiol 2008.

14. Hoffmann R, Mintz GS, Dussaillant GR, et al. Patterns and mechanisms
of in-stent restenosis. A serial intravascular ultrasound study.
Circulation 1996;94:1247-54.

15. Nakatani M, Takeyama Y, Shibata M, et al. Mechanisms of restenosis
after coronary intervention: difference between plain old balloon
angioplasty and stenting. Cardiovasc Pathol 2003;12:40-8.

16. Farb A, Sangiorgi G, Carter AJ, et al. Pathology of acute and chronic
coronary stenting in humans. Circulation 1999;99:44-52.

17. Saia F, Lemos PA, Sianos G, et al. Effectiveness of sirolimus-eluting
stent implantation for recurrent in-stent restenosis after brachytherapy.
Am J Cardiol 2003;92:200-3.

18. Van Leeuwen TG, Faber DJ, Aalders MC. Measurement of the axial
point spread function in scattering media using single-mode fiber-
based optical coherence tomography. IEEE J Sel Top Quantum
Electron 2003;9:227-33.

19. Thrane L, Frosz MH, Jorgensen TM, et al. Extraction of optical
scattering parameters and attenuation compensation in optical
coherence tomography images of multilayered tissue structures. Opt
Lett 2004;29:1641-3.

20. Yabushita H, Bouma BE, Houser SL, et al. Characterization of human
atherosclerosis by optical coherence tomography. Circulation 2002;
106:1640-5.

21. van Beusekom HM, Saia F, Zindler JD, et al. Drug-eluting stents show
delayed healing: paclitaxel more pronounced than sirolimus. Eur
Heart J 2007;28:974-9.

22. van Beusekom HM, van der Giessen WJ, van Suylen R, et al. Histology
after stenting of human saphenous vein bypass grafts: observations
from surgically excised grafts 3 to 320 days after stent implantation.
J Am Coll Cardiol 1993;21:45-54.

23. Schwartz RS, Chronos NA, Virmani R. Preclinical restenosis models
and drug-eluting stents: still important, still much to learn. J Am Coll
Cardiol 2004;44:1373-85.

24. Komatsu R, Ueda M, Naruko T, et al. Neointimal tissue response
at sites of coronary stenting in humans: macroscopic, histological,
and immunohistochemical analyses. Circulation 1998;98:224-33.

25. Fujii K, Masutani M, Ohyanagi M. Contribution of organized
thrombus to in-stent restenosis after sirolimus-eluting stent implanta-
tion: optical coherence tomography findings. Eur Heart J 2008;29:
1385.

26. Glover C, Ma X, Chen YX, et al. Human in-stent restenosis tissue
obtained by means of coronary atherectomy consists of an
abundant proteoglycan matrix with a paucity of cell proliferation.
Am Heart J 2002;144:702-9.

27. Sano K, Kawasaki M, Ishihara Y, et al. Assessment of vulnerable
plaques causing acute coronary syndrome using integrated back-
scatter intravascular ultrasound. J Am Coll Cardiol 2006;47:
734-41.

28. Finn AV, Nakazawa G, Ladich E, et al. Does underlying plaque
morphology play a role in vessel healing after drug eluting stent
implantation? J Am Coll Cardiol Img 2008;1:485-8.

29. Barlis P, Sianos G, Ferrante G, et al. The use of intra-coronary optical
coherence tomography for the assessment of sirolimus-eluting stent
fracture. Int J Cardiol 2008.

Gonzalo.indd   238Gonzalo.indd   238 06-Jan-10   11:59:21 AM06-Jan-10   11:59:21 AM



6  . 4

Optical Coherence Tomography 
Assessment Of The Acute Eff ects Of 
Stent Implantation On The Vessel 
Wall. A Systematic Quantitative 
Approach.

Gonzalo N, Serruys PW, Okamura T, Shen ZJ, Onuma 
Y, Garcia-Garcia HM, Sarno G, Schultz C, van Geuns RJ, 
Ligthart J, Regar E.

Heart. 2009 Dec; 95(23): 1913-1919. Epub 2009 Aug 10

Gonzalo.indd   239Gonzalo.indd   239 06-Jan-10   11:59:26 AM06-Jan-10   11:59:26 AM



Gonzalo.indd   240Gonzalo.indd   240 06-Jan-10   11:59:35 AM06-Jan-10   11:59:35 AM



241

Acute eff ects of stent implantation as assessed by OCT

Optical coherence tomography assessment of the
acute effects of stent implantation on the vessel wall:
a systematic quantitative approach

N Gonzalo, P W Serruys, T Okamura, Z J Shen, Y Onuma, H M Garcia-Garcia, G Sarno,
C Schultz, R J van Geuns, J Ligthart, E Regar

See Editorial, p 1895

Thoraxcenter, Erasmus MC,
Erasmus University, Rotterdam,
The Netherlands

Correspondence to:
Dr E Regar, Thoraxcenter,
Erasmus MC, Bd 585,
‘s-Gravendijkwal 230, 3015-CE
Rotterdam, The Netherlands;
e.regar@erasmusmc.nl

Accepted 28 July 2009
Published Online First
10 August 2009

ABSTRACT
Objective: To observe and characterise vessel injury after
stenting using optical coherence tomography (OCT), to
propose a systematic OCT classification for periprocedural
vessel trauma, to evaluate its frequency in stable versus
unstable patients and to assess its clinical impact during
the hospitalisation period.
Setting: Stenting causes vessel injury.
Design and interventions: All consecutive patients in
whom OCT was performed after stent implantation were
included in the study. Qualitative and quantitative
assessment of tissue prolapse, intra-stent dissection and
edge dissection were performed.
Results: Seventy-three patients (80 vessels) were
analysed. Tissue prolapse within the stented segment
was visible in 78/80 vessels (97.5%). Median number of
tissue prolapse sites was 8 (IQR 4–19), mean (SD) area
1.04 (0.9) mm2. Intra-stent dissection flaps were visible in
69/80 vessels (86.3%) (median number 3 (IQR 1.25–6),
maximum flap length 450 (220) mm). Fifty-five out of 80
vessels (68.8%) showed dissection cavities (median
number 2 (IQR 0–4.75), maximum depth 340 (170) mm).
Edge dissection was visible in 20 vessels (mean (SD)
length flap 744 (439) mm). The frequency of tissue
prolapse or intra-stent dissection was similar in stable and
unstable patients (95.6% vs 100%, p= 0.5 for tissue
prolapse; 91.1% vs 82.9%, p= 0.3 for intra-stent
dissection). There were no events during the hospitali-
sation period.
Conclusions: OCT allows a detailed visualisation of
vessel injury after stent implantation and enables a
systematic classification and quantification in vivo. In this
study, frequency of tissue prolapse or intra-stent
dissections after stenting was high, irrespective of the
clinical presentation of the patients, and was not
associated with clinical events during hospitalisation.

Coronary stent implantation generally creates a
certain degree of injury on the vessel wall.
Pathological studies have demonstrated plaque
compression by the stent and penetration of the
struts into the underlying plaque.1 High-pressure
stenting techniques have proved to be useful for an
optimal stent implantation in order to reduce the
risk of restenosis and subacute thrombosis.
However, this stent deployment strategy may also
increase the risk of vessel damage in the stented
segment or at the edges.2

Optical coherence tomography (OCT) is a high-
resolution imaging technique which allows a
detailed assessment of the anatomical relation
between the stent and the vessel wall.3 4 As a

consequence, various degrees of vessel injury after
stent implantation are frequently detected with
this technique even when they are not visible by
cine-angiography or intravascular ultrasound. The
different types of acute vessel damage caused by
stenting that can be seen by OCT and their
frequency in different clinical scenarios have not
been described yet. Furthermore, the clinical
implications of these OCT findings are not well
established.
The objectives of this study were to observe and

characterise vessel injury after stenting using OCT,
to propose a systematic OCT classification for
periprocedural vessel trauma, to evaluate its
incidence in stable versus unstable (unstable
angina IB/IIB/IIIB Braunwald classification and
ST elevation myocardial infarction (MI)) patients
and to assess its clinical impact during the
hospitalisation period.

PATIENTS AND METHODS

Study population
All consecutive patients in whom OCT was
performed after stent implantation between
January 2007 and December 2008 were included
in the study. All patients gave informed consent.

OCT acquisition
The OCT acquisition was performed using a
commercially available system for intracoronary
imaging (LightLab Imaging, Westford,
Massachusetts, USA). The ImageWire (LightLab
Imaging) consists of an optical fibre core (125 mm)
covered by a protective sheath with a maximum
outer diameter of 0.0190. The acquisition technique
has been previously described.5 6 In seven cases the
occlusive technique was used, in which a proximal,
low-pressure (0.4 atm) occlusion balloon (Helios,
Goodman, Nagoya, Japan) is inflated with simul-
taneous distal flush delivery (lactated ringer; flow
rate 0.8 ml/s) to remove blood from the vessel
lumen. Images were acquired during a pullback
rate of 1.0 mm/s. In 73 cases OCT was acquired
with the non-occlusive technique. In this case, the
ImageWire was positioned distal to the region of
interest using a double lumen catheter (Twin Pass
catheter; Vascular Solutions, Minneapolis, USA)
that had been previously placed in the artery over a
conventional guide wire. The automated pullback
was performed at 3 mm/s while the blood was
removed by the continuous injection of iso-
osmolar contrast (Iodixanol 370; VisipaqueGE
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Health Care, Ireland) at 37u C through the guiding catheter. The
data was stored on CD for offline analysis.

Definitions of acute effects of stent implantation in OCT
Analysis encompassed the intra-stent segment, defined by the
first and the last cross section with a visible strut, and the

adjacent vessel segments 5 mm proximal and distal to the stent
(edge segments).
c Tissue prolapse: convex-shaped, protrusion of tissue between

adjacent stent struts towards the lumen, without disruption
of the continuity of the luminal vessel surface7 (fig 1).
Protrusion of tissue between struts was considered tissue
prolapse only if the distance from the arc connecting
adjacent stent struts to the greatest extent of protrusion
was .50 mm.

c Intra-stent dissection: disruption of the luminal vessel surface
in the stent segment. It can appear in two forms: (a)
dissection: the vessel surface is disrupted and a dissection
flap is visible; (b) cavity: the vessel surface is disrupted and
an empty cavity can be seen (fig 2).

c Edge dissection: disruption of the luminal vessel surface in the
edge segments (within 5 mm proximal and distal to the
stent, no struts are visible) (fig 3).

c Thrombus: irregular mass with dorsal shadowing protruding
in the lumen (mural thrombus) or a luminal mass with
dorsal shadowing that is not connected to the vessel wall
(fig 4).

Quantitative OCT analysis of the acute effects of stent
implantation
The analysed region comprised the intra-stent and edge
segments. The lumen and stent area were measured in 1 mm
intervals along the pullbacks. In the proximal and distal edge
segments, the lumen area was measured. In cases of tissue
prolapse the number of sites with tissue prolapse was counted.
Tissue prolapse length was defined as the distance from the arc
connecting adjacent stent struts to the greatest extent of
protrusion (the maximum and average tissue prolapse length
were calculated). The area of tissue protruding between the
stent struts was also measured (tissue prolapse area) (fig 1).
When there were signs of intra-stent dissection the number of
dissection flaps or cavities was counted and the length of the
flap (from its tip to the joint point with the vessel wall) or the
maximum depth of the cavity (from the lumen to the deepest
cavity point inside the vessel wall) was measured (fig 2). When
edge dissection was present the length of the dissection flap (in
a similar way as described for intra-stent dissection flap) was

Figure 1 Tissue prolapse: defined as convex shaped, protrusion of
tissue between adjacent stent struts towards the lumen without
disruption of the continuity of the luminal vessel surface. The figure
shows a cross section in which tissue prolapse is visible. The amplified
image shows two areas of tissue prolapse. For each tissue prolapse
region the maximum length and the area were measured.

Figure 2 Intra-stent dissection: defined as a disruption of the vessel luminal surface in the stent segment. This entity can appear with two forms: (A)
dissection: the vessel surface is disrupted and a dissection flap is visible. The length of the flap (red arrow) was measured as the distance from its tip to
the joint point with the vessel wall; (B) cavity: the vessel surface is disrupted and an empty cavity can be seen. The maximum depth of the cavity (red
arrow) was measured from the lumen to the deepest cavity point inside the vessel wall.
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measured. The presence of thrombus was qualitatively assessed
and the number of frames with visible thrombus was recorded.
When incomplete stent apposition (defined as separation of at
least one stent strut from the vessel wall not related with a side
branch) was visible, the maximum distance from the endo-
luminal surface of the strut to the vessel wall was measured
(maximum incomplete stent apposition length) To take into
account differences in the stent length, the number of tissue
prolapse sites, number of dissection flaps and number of cavities
were normalised by the stent length and expressed per mm.
The analysts were blinded to the clinical and procedural

characteristics.

Clinical follow-up
The presence of events (death, MI, target lesion revascularisa-
tion, target vessel revascularisation and stent thrombosis)
during the hospitalisation period following stent implantation
was registered. MI included reinfarction (defined as recurrence
of symptoms together with ST elevation or new left bundle

branch block and an increase in cardiac enzymes following
stable or decreasing values) or spontaneous MI (diagnosed by a
rise in creatine kinase-MB fraction of three times the upper limit
of normal together with symptoms and either new ST elevation
or left bundle branch block).

Statistical analysis
Continuous variables are expressed as mean (SD) or median and
interquartile range. Categorical variables are expressed as
percentages. Comparisons between groups were performed
with x2 for categorical variables. Continuous variables were
compared with the Student t test when they had a normal
distribution and with a non-parametric test (Mann–Whitney)
when their distribution was not normal.

RESULTS

Clinical and procedural characteristics
Seventy-three patients, 80 vessels were included in the study.
Table 1 shows the clinical and procedural characteristics.

Acute effects of stent implantation assessed by OCT
The mean (SD) lumen area measured by OCT was 7.16
(1.7) mm2. The minimum lumen area in-stent was 5.65
(1.7) mm2. The mean and minimum stent areas were 7.40
(1.9) and 5.70 (1.76) mm2, respectively.
Fifty-one out of the 80 vessels (63.8%) showed at least one

malapposed strut and the average maximum incomplete stent
apposition length was 281 (145) mm. Findings suggestive of
thrombus were visible in 36/80 vessels (45%). The median
number of frames with visible thrombus was 0 (IQR 0–1) and
the median number of frames with thrombus normalised by the
stent length was 0 (IQR 0–0.06).

Tissue prolapse
Table 2 shows the frequency and quantitative assessment of
tissue prolapse as assessed by OCT.

Intra-stent dissection
Table 2 presents the frequency and quantitative measurements
of intra-stent dissection as assessed by OCT.

Figure 3 Edge dissection: defined as a disruption of the vessel luminal
surface in the edge region (5 mm proximal and distal to the stented
region, no struts are visible).

Figure 4 Thrombus: defined as an irregular mass with dorsal shadowing protruding in the lumen (mural thrombus) (white arrow in A) or a luminal
mass with dorsal shadowing that is not connected to the vessel wall (white arrow in B).
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Edge dissection
In four cases edge regions were not visible. Twenty vessels out
of 76 showed edge dissection. Four vessels showed both
proximal and distal edge dissection. The mean (SD) length of
the dissection flap was 744 (439) mm.

Acute effects of stent implantation as assessed by OCT in
relation to the clinical presentation
The effects of stent implantation in the vessel as assessed by
OCT were compared in stable versus unstable (unstable angina
IB/IIB/IIIB Braunwald classification and ST elevation MI)
patients. Table 3 shows the baseline clinical and procedural
characteristics of the two groups.
The frequency of incomplete stent apposition was not

different between groups (27/45 (60%) for stable vs 24/34
(70.6%) for unstable p=0.3). The maximum incomplete stent
apposition length was 280 (74) mm for stable and 283 (198) mm
for unstable patients (p=0.9). Structures suggestive of throm-
bus were visible in 20/45 (44.4%) stable patients vs 16/35

(45.7%) unstable patients (p=0.9). There were also no
significant differences in the median number of frames with
visible thrombus between stable 0 (IQR 0–1) and unstable 0
(IQR 0–2) patients (p=0.9). The median number of frames
with visible thrombus normalised by the stent length was 0
(IQR 0–0.05) for stable and 0 (IQR 0–0.08) for unstable
(p=0.7). Table 4 shows the frequency and quantitative
assessment of tissue prolapse, intra-stent dissections and edge
dissections in patients with stable versus unstable clinical
presentation.

In-hospital events
There were no events (death, MI, target lesion revascularisation,
target vessel revascularisation or stent thrombosis) during the
hospitalisation period.

DISCUSSION
This study proposes a systematic classification and quantifica-
tion of a variety of acute effects of stent implantation on the
vessel wall, as visible by OCT. The main findings are: (a) OCT
allows for a detailed visualisation of periprocedural vessel wall
trauma in coronary stenting and enables a systematic classifica-
tion and quantification in vivo; (b) a very high proportion of
patients, irrespective of their clinical presentation, showed
tissue prolapse or intra-stent dissections visible by OCT after
stent implantation, but this finding was not associated with
clinical events during hospitalisation.

OCT for the detection of vessel injury after stenting
OCT is a light-based technique which can provide in vivo
imaging of the coronary artery with near-histological resolution.
This technique has opened new possibilities for the evaluation
of stents at follow-up, allowing a very detailed assessment of
strut apposition and tissue coverage.8–12 This study demon-
strates its ability to detect and distinguish different types of

Table 1 Baseline clinical and procedural characteristics

Clinical characteristics (n=73 patients)

Demographics

Age (years), mean (SD) 62 (10)

Male (%) 57 (78.1)

HT (%) 44 (60.3)

DM (%) 14 (19.2)

Dyslipidaemia (%) 46 (63)

Smoker (%) 22 (30.1)

Family history (%) 25 (34.2)

Cardiac history

Previous MI (%) 28 (38.4)

Previous CABG (%) 2 (2.7)

Previous PCI (%) 27 (37)

Clinical presentation

Stable angina (%) 41 (56.2)

Unstable angina (%) 22 (30.1)

STEMI (%) 10 (13.7)

Procedural characteristics (n= 80 vessels)

Vessel

LAD (%) 41 (51.3)

LCX (%) 12 (15)

RCA (%) 27 (33.8)

Stent type

BMS (%) 14 (17.5)

Paclitaxel-eluting stent (%) 5 (6.3)

Sirolimus-eluting stent (%) 4 (5)

Everolimus-eluting stent (%) 44 (55)

Zotarolimus-eluting stent (%) 12 (15)

Tacrolimus-eluting stent (%) 1 (1.3)

Other data

Number of stents, mean (SD) 1.6 (0.8)

Stent diameter, mean (SD) 3.0 (0.4)

Stent length, mean (SD) 33 (17)

Implantation pressure, mean (SD) 16.8 (3)

Predilatation 39 (48.8)

Postdilatation 34 (42.5)

Rotational atherectomy 1 (1.3)

Thrombectomy 5 (6.3)

Results are shown as number (%) unless stated otherwise.
BMS, bare metal stent; CABG, coronary artery bypass graft surgery;
DM, diabetes mellitus; HT, hypertension; LAD, left anterior descending
coronary artery; LCX, left circumflex artery; MI, myocardial infarction;
PCI, percutaneous coronary intervention; RCA, right coronary artery;
STEMI, ST elevation myocardial infarction.

Table 2 Tissue prolapse, intra-stent dissection, edge dissection
frequency and quantitative optical coherence tomography assessment

Tissue prolapse

Tissue prolapse visible, n (%) 78 (97.5)

Number of sites of tissue prolapse, median (IQR) 8 (4–19)

Number of sites of tissue prolapse per mm, median (IQR) 0.3 (0.17–0.69)

Tissue prolapse area (mm2), mean (SD) 1.04 (0.9)

Tissue prolapse area per mm (mm2), mean (SD) 0.03 (0.03)

Tissue prolapse average length (mm), mean (SD) 151 (42)

Tissue prolapse maximum length (mm), mean (SD) 254 (90)

Intra-stent dissection

Intra-stent dissection visible, n (%) 70 (87.5)

Intra-stent dissection flap

Intra-stent dissection flap visible, n (%) 69 (86.3)

Number intra-stent dissection flaps, median (IQR) 3 (1.25–6)

Number intra-stent dissection flaps per mm, median (IQR) 0.10 (0.05–0.22)

Intra-stent dissection flap average length (mm), mean (SD) 300 (130)

Intra-stent dissection flap maximum length (mm), mean (SD) 450 (220)

Intra-stent dissection cavity

Intra-stent dissection cavity visible, n (%) 55 (68.8)

Number cavities, median (IQR) 2 (0–4.75)

Number cavities per mm, median (IQR) 0.07 (0–0.16)

Maximum depth cavity (mm), mean (SD) 340 (170)

Edge dissection

Edge dissection visible, n (%) 20/76 (26.3)

Length edge dissection flap, mean (SD) 744 (439)
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vessel injury during stent implantation. Furthermore, OCT
allows not only qualitative but also quantitative evaluation of
the acute effects of stenting in vivo. Previous reports have
shown that OCT can also visualise vascular effects of other
coronary devices such as balloon-induced dissections and cuts
made by the blades of a cutting balloon.13 Furthermore, OCT
has proved to be useful for the evaluation of strut symmetry or
the presence of intracoronary thrombus after stenting.14–16

Tissue prolapse after stenting
In a postmortem study, compression of the coronary plaque
after stent implantation with protrusion of tissue between the
struts was seen in 94% of the patients.1 This is in agreement
with our study in which tissue prolapse between the struts was
visible in the vast majority of patients. It is in contrast to
intravascular ultrasound (IVUS) studies, which have reported a
relatively low plaque prolapse incidence ranging from 18% to
35%.17 The higher sensitivity of OCT in comparison with IVUS
for the detection of this phenomenon has been previously
published.7 18 The clinical impact of the presence of tissue
prolapse after stenting, however, is not well established. An
IVUS study demonstrated a correlation between creatine
kinase-MB elevation post-procedure and the extent of plaque
prolapse.17 However, IVUS has failed to show differences in the

rate of stent thrombosis or stent restenosis between patients
with and without plaque prolapse.19 20 In our study, even when
almost all patients had visible tissue prolapse by OCT, no
clinical events during hospitalisation occurred. Therefore, non-
flow-limiting tissue prolapse as visualised by OCT in our study
appears to be a benign phenomenon in the short term that
might not require further treatment.

Intra-stent and edge dissections
OCT allows the visualisation of the disruption of the
endoluminal vessel wall continuity in the intra-stent segment
and it can distinguish between the presence of a flap or a region
with loss of material (cavity). IVUS (with an axial resolution of
around 150 mm) is hampered in distinguishing intra-stent
dissections from plaque prolapse. However, by OCT those
two entities can be clearly differentiated and might have
different clinical implications. In our series, despite a high
frequency of visible intra-stent dissections by OCT, no in-
hospital events were registered. However, the long-term impact
of the presence of vessel wall disruption in the stent segment in
the incidence of restenosis or stent thrombosis is not known.
The endothelial integrity is important to prevent thrombus
deposition, and pathological examinations have associated stent
thrombosis with the disruption of the vessel continuity and
prolapse of the necrotic core between stent struts.21 Several
animal and pathological studies have associated vessel injury
with stent restenosis.1 22 On the other hand, non-flow-limiting
edge dissections detected by IVUS have not been associated
with an increase in acute or long-term events such as restenosis
but the impact of intra-stent dissections is not established.23–25

Furthermore, the location of a stent strut floating over an
empty cavity without direct wall contact might also influence
its coverage by tissue at follow-up.26

Acute effects of stent implantation in stable versus unstable
patients
In our series, the frequency of tissue prolapse did not differ
between stable and unstable patients but the tissue prolapse
area was higher in the stable group. This result seems to be in
contradiction with the concept of the underlying plaque type in
stable and unstable patients. In theory, the plaque type in stable
patients might be mainly fibrous while in unstable patients
more lipid-rich and/or thrombosed plaques would be expected
and those might be more prone to prolapse. However, to the
best of our knowledge there are no reported data about
differences in tissue prolapse between stable and unstable
patients. Furthermore, pre-stent OCT examination was not
performed in our sample and therefore no information is
available about the underlying plaque type. No differences in
the frequency of intra-stent or edge dissections were found
between stable and unstable patients.
This study demonstrates the feasibility of a systematic

classification and quantification of periprocedural vessel injury
in vivo. This might allow the development of an injury score,
analogous to the vascular injury score in histopathology, and may
help to study vascular healing and to optimise stent design and
implantation technique in the future. To date the reasons for
stent failure (thrombosis and restenosis) are poorly understood
and vessel trauma after stentingmight be a missing link to help us
improve our understanding of this important clinical problem.27 28

However, correlation with clinical events, both early and late,
is required to determine whether these OCT observations have
clinical significance, and this should be the aim of future studies.

Table 3 Clinical and procedural characteristics of stable versus
unstable patients

Characteristics Stable Unstable p Value

Demographics

Age, mean (SD) 62.3 (9.9) 61.7 (10.4) 0.8

Male (%) 34/41 (82.9) 23/32 (71.9) 0.1

HT (%) 25/41 (61) 19/32 (59.4) 0.8

DM (%) 8/41 (19.5) 6/32 (18.8) 0.9

Dyslipidaemia (%) 30/41 (73.2) 16/32 (50) 0.05

Smoker (%) 10/41 (24.4) 12/32 (37.5) 0.3

Family history (%) 16/41 (39) 9/32 (28.1) 0.2

Cardiac history

Previous myocardial infarction (%) 18/41 (43.9) 10/32 (31.3) 0.3

Previous CABG (%) 1/41 (2.4) 1/32 (3.1) 1

Previous PCI (%) 16/41 (39) 11/32 (34.4) 0.8

Vessel

LAD (%) 22/45 (48.9) 19/35 (54.3)

LCX (%) 8/45 (17.8) 4/35 (11.4) 0.8

RCA (%) 15/45 (33.3) 12/35 (34.3)

Stent type

BMS (%) 11/45 (24.4) 3/35 (8.6) 0.08

Paclitaxel-eluting stent (%) 5/45 (11.1) 0

Sirolimus-eluting stent (%) 1/45 (2.2) 3/35 (8.6)

Everolimus-eluting stent (%) 19/45 (42.2) 25/35 (71.4)

Zotarolimus-eluting stent (%) 8/45 (17.8) 4/35 (11.4)

Tacrolimus-eluting stent (%) 1/45 (2.2) 0

Other data

Number of stents, mean (SD) 1.5 (0.8) 1.8 (0.8) 0.2

Stent diameter (mm), mean (SD) 3.0 (0.5) 3 (0.3) 0.7

Stent length (mm), mean (SD) 33 (17) 35 (17) 0.5

Implantation pressure (atm), mean
(SD)

17 (4) 17 (3) 0.7

Predilatation (%) 25/45 (55.6) 14/35 (40) 0.2

Postdilatation (%) 21/45 (46.7) 13/35 (37.1) 0.4

Rotational atherectomy (%) 1/45 (2.2) 0 1

Results are shown as number (%) unless stated otherwise.
BMS, bare metal stent; CABG, coronary artery bypass graft surgery; DM, diabetes
mellitus; HT, hypertension; LAD, left anterior descending coronary artery; LCX, left
circumflex artery; PCI, percutaneous coronary intervention; RCA, right coronary artery.
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Limitations
The lack of clinical events during the study period does not
allow a proper correlation of OCT-assessed vessel trauma with
clinical outcome and it is the main limitation of the study.
Intra-stent dissection and tissue prolapse were almost universal.
Therefore identification of their presence alone has no
significance. In order to find a more discriminatory OCT
measure of vessel trauma we described different quantitative
parameters for each type of post-stenting vessel injury.
However, the lack of clinical events did not allow us to
evaluate which parameter may be clinically significant. We
assessed the acute effects of stent implantation visible by
OCT and their clinical impact at short-term follow-up. Long-
term follow-up studies including OCT imaging are needed in
order to better define the clinical implications of these
findings. The clinical presentation classification used has
limitations as it included syndromes with different physio-
pathology (unstable angina/NSSTMI and STEMI) in the same
group. However, owing to the limited sample size, it was not
possible to divide the population into multiple subgroups. We
acknowledge that the stent type might influence the vessel
trauma observed by OCT. However, owing to the hetero-
geneity of the population, with different drug-eluting stents
and a limited number of bare metal stents, no comparison
between stent types was performed.

CONCLUSIONS
OCT allows for a detailed visualisation of periprocedural vessel
wall trauma in coronary stenting and enables a systematic
classification and quantification in vivo. In our study, the
incidence of tissue prolapse or intra-stent dissections after stent
implantation was high, irrespective of the clinical presentation

of the patients, and was not associated with clinical events
during the hospitalisation period.
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ABSTRACT

Background: Stent implantation can create vessel damage such as edge dissections. 
Th e objectives were i) to evaluate the frequency of edge dissections after stenting 
visible by intracoronary optical coherence tomography (OCT) in comparison 
with angiography. ii) to assess with OCT the plaque type left at the stent edges 
after implantation. iii) to study whether there is an association between plaque 
type and dissections at stent edges.
Methods: Seventy-three consecutive patients (80 vessels) with OCT post-stent 
implantation were included in the study. By OCT, plaque type at stent edges 
and presence of edge dissection was assessed. Angiograms were analyzed by two 
independent observers to assess the presence of edge dissections.
Results: Distal and proximal edge were visible by OCT in 72/80 and 45/80 vessels 
respectively. OCT and angiography agreed in the detection of 7 dissections at 
distal edge (=0.32) and 1 dissection at proximal edge (=0.22). Plaque type at 
distal edge was: fi brotic 55.6%, fi brocalcifi c 22.2%, fi broatheroma 15.3% and 
thin-cap fi broatheroma (TCFA) 6.9%. At proximal edge plaque type was: fi brotic 
31.1%, fi brocalcifi c 33.3%, fi broatheroma 28.9% and TCFA 6.7%. In the distal 
edge, presence of edge dissection was signifi cantly more frequent when the plaque 
type at the edge was fi brocalcifi c (43.8%) or lipid-rich (37.5%) than when the 
plaque was fi brous (10%) p=0.009.
Conclusions: OCT showed higher sensitivity compared to angiography for the 
identifi cation of edge dissections. A high proportion of patients showed lipid-rich 
plaques at stent edges. Plaque type at the stent edges has impact on the presence 
of edge dissections.

Key words: edge dissections, optical coherence tomography, intracoronary imag-
ing, plaque composition.
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INTRODUCTION

Stenting is the standard technique for the percutaneous treatment of severe coro-
nary artery stenosis(1). Stent implantation can create vessel damage such as dis-
sections at the stent edges(2). Angiography, due to its limited resolution, has low 
sensitivity for the detection of edge dissection in comparison with intracoronary 
imaging techniques such as intravascular ultrasound(3).

An adequate coverage of the lesion is crucial for the success of stent implanta-
tion. Usually, stents are implanted from angiographic normal to normal segments. 
However, signifi cant plaque burden can be present at the stent edges even when 
those are apparently normal by angiography(4). Furthermore, angiography has a 
very limited ability to diff erentiate the plaque tissue types with the exception of 
large calcium deposits.

Optical coherence tomography (OCT) is an intracoronary imaging modal-
ity able to provide high-resolution (10 μm) images of the coronary artery(5-8). 
Moreover, the technique has demonstrated its ability to distinguish atherosclerotic 
plaques with diff erent composition(9-11).

We hypothesized that the presence of edge dissection after stenting can be 
related to the composition of the plaque located at the stent edge.

Th e objectives of the present study were: i) to evaluate the frequency of edge 
dissections after stenting visible by OCT in comparison with angiography ii) to 
assess with OCT the plaque type left at the stent edges after implantation. iii) to 
study whether there is an association between plaque type and dissections at the 
stent edges.

METHODS

Study population

All consecutive patients in whom OCT was performed after stent implantation 
in our institution between January 2007 and December 2008 were included in 
the study (n=73 patients, 80 vessels). Th e indication for the OCT study was the 
assessment of stent apposition after implantation.

OCT acquisition

Th e OCT acquisition was performed using a commercially available system for 
intracoronary imaging and the. ImageWire (LightLab Imaging Inc, Westford, 
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Massachusetts, US). In 7 vessels the occlusive technique was used in which a 
proximal, low-pressure (0.4 atm) occlusion balloon (Helios, Goodman Inc, Na-
goya, Japan) is infl ated with simultaneous distal fl ush delivery (lactated ringer; 
fl ow rate 0.8ml/sec) to remove blood from the vessel lumen. Images were acquired 
during a pullback rate of 1.0 mm/sec. In 73 vessels OCT was acquired with the 
non-occlusive technique. In those cases the automated pullback was performed at 
3 mm/s while the blood was removed by the continuous injection of iso-osmolar 
contrast (Iodixanol 370, Visipaque™, GE Health Care, Ireland) at 37° Celsius 
through the guiding catheter.

Angiographic analysis

All the angiograms were analyzed by two independent observers not involved 
in the OCT analysis in order to assess the presence and type of edge dissections 
visible by angiography (12).

OCT assessment of edge dissections

Edge dissection by OCT was defi ned as a disruption of the vessel luminal surface 
in the stent edges (5 mm proximal and distal) with visible fl ap (Figure 1). To 
quantify the dimensions of the edge dissection, the longitudinal extension of the 
dissection along the vessel and the length of the dissection fl ap (from its tip to the 
joint point with the vessel wall) were measured

OCT plaque type classifi cation

Th e plaque type at the stent edges (5mm proximal and distal) was classifi ed by 
agreement of two observers as: fi brous (homogeneous signal rich), fi brocalcifi c 
(signal poor with defi ned borders) or lipid-rich (signal poor with diff use borders)
(9). In all the lipid-rich plaques, the thickness of the fi brous cap was measured at 
the thinnest point in order to classify them as fi broatheromas when the fi brous cap 
thickness was >65μm or thin cap fi broatheromas (TCFA) when the fi brous cap 
thickness was ≤65μm(13,14) (Figure 2)

Statistical analysis

Continuous variables are expressed as mean± standard deviation. Categorical vari-
ables are expressed as percentages. Comparisons between groups were performed 
with 2 for categorical variables and with ANOVA for continuous variables. Th e 
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Figure 1. Edge dissection detection by angiography and optical coherence tomography (OCT). A: 
angiographic image showing a distal edge dissection (yellow arrow). Th e dissection can be observed 
with more detail in the amplifi ed image. B: OCT shows a disruption of the vessel luminal surface in 
the distal stent border with a visible fl ap (white arrow).

Figure 2. Plaque type at stent edges. Example of a patient treated with primary percutaneous 
coronary intervention and stent implantation for inferior ST elevation myocardial infarction. Th e 
upper panel shows the longitudinal optical coherence tomography (OCT) image. Th e yellow arrow 
indicates the distal edge and the white arrow indicates the stented region. Th e lower panels show 
two cross sections. A: distal edge. A low backscattering plaque with diff use borders covered by a thin 
fi brous cap (red arrow, thin cap fi broatheroma) can be observed. B: stented region.
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kappa coeffi  cient (K) was used to test agreement between OCT and angiography 
for edge dissection detection.

RESULTS

Clinical and procedural characteristics

Eighty vessels (73 patients) were included in the study. Th e mean age was 62±10 
years. Fifty-seven out of 73 (78%) were males, 44/73 (60.3%) had hypertension, 
14/73 (19.2%) were diabetics and 46/73 (63%) had dyslipidemia. Twenty-two out 
of 73 (30.1%) were smokers. Regarding previous cardiac history 28/73 (38.4%) 
had a previous myocardial infarction, 2/73 (2.7%) had coronary artery by-pass 
surgery and 27/73 (37%) had previous percutaneous coronary interventions. Th e 
majority of patients (41/73, 56.2%) were treated for stable angina, 22/73 (30.1%) 
for unstable angina and 10/73 (13.7%) for ST elevation myocardial infarction. 
Th e analyzed vessel was: LAD 41/80 (51.3%), LCX 12/80 (15%) and RCA 27/80 
(33.7%). Th e implanted stent was a bare-metal stent in 14/80 (17.5%) and a 
drug-eluting stent in 66/89 (82.5%). Th e mean number of stents was 1.6±0.8 with 
a mean stent diameter and length of 3.0±0.4mm and 26.7±10 mm respectively.

Edge dissections by OCT

Th e distal and proximal edge were visible by OCT in 72/80 and 45/80 vessels 
respectively. Overall, 20 vessels showed distal or proximal edge dissection. Th e 
frequency of edge dissection were 17/72 (23.6%) and 7/45 (15.5%) for distal and 
proximal edge respectively. Four vessels showed both proximal and distal edge dis-
section. Th e mean length of the dissection fl ap was 702±460 μm and 687±289 μm 
for distal and proximal edge dissections respectively. Th e longitudinal extension of 
the dissection along the vessel was was: 1.20±0.65 mm for distal edge and 1.6±1.0 
mm for proximal edge.

Edge dissection by angiography

By angiography a total of 14 edge dissections were identifi ed (13 in the distal edge 
and 1 in the proximal edge). Th e type was A in 12/14 (85.7), B in 1/14 (7.1) and 
C in 1 vessel (7.1).
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Agreement OCT and angiography for edge dissection

OCT and angiography agreed in the detection of 7 dissections in the distal edge 
and 1 dissection in the proximal edge (K=0.32 for distal edge dissection and 0.22 
for proximal edge dissection).

Plaque type at stent edges

Table 1 shows the frequency of each plaque type at the stent edges.

Table 1. Plaque type at stent edges.
Fibrous Fibrocalcifi c Fibroatheroma TCFA Total

Proximal edge 14 (31.1%) 15 (33.3%) 13 (28.9%) 3 (6.7%) 45

Distal edge 40 (55.6%) 16 (22.2%) 11 (15.3%) 5 (6.9%) 72

Total 54 31 24 8 117

TCFA: thin cap fi broatheroma

Relation between plaque type and edge dissection by OCT

Th ere were no signifi cant diff erences in the procedural characteristics between the 
vessels with diff erent plaque types left at the stent edges (Table 2). In the distal 
edge, the frequency of edge dissection was signifi cantly higher in fi brocalcifi c 
(7/16, 43.8%) or lipid-rich plaque (6/16, 37.5%) as compared to fi brous plaque 
(4/40, 10%) p=0.009. In the proximal edge a similar tendency was observed (edge 
dissection 4/15 26.7% for fi brocalcifi c, 2/16 12.5% for lipid-rich and 1/14, 7.1% 
for fi brous) but the diff erences did not reach statistical signifi cance (p=0.3). (Fig-
ure 3). Th e longitudinal length of the dissection and the length of the dissection 
fl ap for the diff erent plaque types at the edges are shown in Table 3.

Table 2. Procedural characteristics in relation to the plaque type left at the stent edge
Distal edge Fibrous Lipid-rich Fibrocalcifi c p
Stent Length (mm) 27.7±11.2 21.6±8.5 27.8±9.1 0.1

Stent diameter (mm) 3.0±0.3 3.1±0.4 3.2±0.5 0.2

Predilatation (%) 55.3 40 56.3 0.5

Implantation pressure (atm) 16±3 16±4 17±3 0.9

Post dilatation (%) 44.7 40 33.3 0.7

Proximal Edge Fibrous Lipid-rich Fibrocalcifi c
Stent Length (mm) 23.2±8 24.1±10 28.7±9 0.2

Stent diameter (mm) 3.0±0.4 2.9±0.4 3.2±0.4 0.2

Predilatation (%) 46.2 66.7 50 0.5

Implantation pressure (atm) 14±2 14±4 17±3 0.2

Post dilatation (%) 30.8 20 61.5 0.06
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DISCUSSION

Th e main fi ndings of the present study are: i) OCT showed higher sensitivity 
compared to angiography for the identifi cation of edge dissections after stenting. 
ii) A high proportion of patients showed lipid-rich plaques at the stent edges. iii) 
Th e plaque type at the stent edges has impact on the presence of edge dissections.

OCT in comparison with angiography for edge dissection detection

In the present study edge dissection was detected more often with OCT than with 
angiography. In the proximal edge only one dissection was detected by angiogra-
phy while OCT detected 7. In the distal edge angiography and OCT agreed in 
the detection of 7 dissections. However, there were 10 edge dissections detected 
by OCT that were not visible by angiography. Interestingly, there were 6 cases in 

Table 3. Longitudinal length of the edge dissection and length of the dissection fl ap for the diff erent 
plaque types.
Distal edge Fibrous Lipid-rich Fibrocalcifi c p
Longitudinal length (mm) 1.14 ± 0.60 1.03 ± 0.68 1.37 ± 0.71 0.6

Flap length (μm) 485 ± 164 748 ± 521 855 ± 531 0.4

Proximal Edge Fibrous Lipid-rich Fibrocalcifi c
Longitudinal length (mm) 0.85* 1.04 ± 0.33 2.06 ± 1.23 0.4

Flap length (μm) 1090* 390 ± 226 735 ± 187 0.09

* Th ere was only one case of proximal edge dissection in relation with a fi brous plaque.

Figure 3. Relation between plaque type at the stent edge and presence of dissection. A: distal edge 
dissection in relation with a low backscattering plaque with defi ned borders (white arrow, fi brocalcifi c 
plaque) B: distal edge dissection in relation with a low backscattering plaque with diff use, not well 
defi ned borders (white arrow, lipid-rich plaque)
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which the observers saw edge dissections in angiography that were not present in 
OCT (false positives in angiography). OCT has also demonstrated its superior 
ability for the detection of edge dissection in comparison with IVUS(15). Th e 
clinical importance of minor edge dissections visible only with OCT is unknown. 
Although experimental and clinical information have correlated vessel trauma and 
extent of neointima formation (16,17), IVUS studies have shown that non-fl ow-
limiting edge dissections are not necessarily associated with an increase in acute 
or long-term events or the development of restenosis(18-20). However some data 
suggested that intracoronary imaging may be helpful to assess the risk of vessel 
occlusion of residual dissections after stenting (21,22).

Plaque type left at the borders after stenting

OCT has demonstrated its ability to characterize coronary atherosclerosis with 
good sensitivity and specifi city and high reproducibility (9). Furthermore, its high 
resolution allows the measurement of the thickness of the fi brous cap, one of the 
parameters associated with the risk of rupture of coronary plaques(14,23). Several 
studies have evaluated the eff ect of stent implantation in the plaque located at 
the borders at follow up(24,25). However, there is lack of data about the plaque 
type left at the borders after stenting. In the present study using OCT the plaque 
type more frequently found at the stent borders after implantation was fi brous. 
However, more than 20% of the patients had lipid rich plaques at the distal edge 
and more than one third showed plaques with high lipid content in the proximal 
edge. Interestingly, in around 7% of the cases, the plaques left at the border 
after stenting were TCFAs (considered the plaque type at higher risk of rupture)
(13,26). Th ose results are in agreement with a previous study with IVUS-virtual 
histology after implantation of paclitaxel eluting stents showing that the main 
component of the plaque at the borders after stenting was fi brous tissue followed 
by necrotic core(4).

Th ose fi ndings might have clinical implications. IVUS studies have related 
disease in the reference segments with edge restenosis and stent thrombosis but 
no data about the predominant plaque type left after stent implantation in the 
reference segment has been published(27,28). It could be hypothesized that dif-
ferent plaque types left at the stent edges might be associated with diff erent risk of 
clinical events. Indeed, the disruption of lipid-rich plaques by the stent struts have 
been proposed as a possible mechanism of stent thrombosis in pathological stud-
ies(29). However, the clinical implications of the presence of high-risk plaques 
at the stent edges after implantation remain unknown and will require further 
investigation.

Gonzalo.indd   257Gonzalo.indd   257 06-Jan-10   12:00:39 PM06-Jan-10   12:00:39 PM



Chapter 6.5

258

Relation between plaque type at the stent borders and edge dissection

Our results showed that edge dissection was more frequent when the plaque at 
the border was fi brocalcifi c or lipid rich than when the plaque was fi brous. Previ-
ous IVUS studies have reported that the underlying plaque morphology in edge 
dissections is more frequently echolucent (30). Soft (echolucent) plaques in IVUS 
have been related to high lipid content(31). Th ere was a tendency towards longer 
edge dissections in fi brocalcifi c plaques but no signifi cant diff erences could be 
demonstrated.

Th e development of stent technology with the introduction of drug-eluting stents 
has reduced dramatically the restenosis rate. However, some patients still develop 
severe neointimal growth, in some cases at the stent edges. Furthermore, there is 
an important concern about the risk of late stent thrombosis(7,32). Th e use of 
OCT to evaluate the plaque type and the presence of dissections at the stent edges 
may provide a new piece of information to better understand the causes of stent 
failure.

LIMITATIONS

Th e present study was observational and no formal sample size calculation was 
performed. Th e limited length of the OCT pullbacks did not allow the visualiza-
tion of the proximal and distal edge in all the cases.

CONCLUSIONS

OCT showed higher sensitivity compared to angiography for the identifi cation 
of edge dissections after stenting. A high proportion of patients showed lipid rich 
plaques at the stent edges. Th e plaque type at the stent edges has impact on the 
presence of edge dissections.
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Introduction
In order to improve our understanding of late stent thrombosis and to

assess the individual risk of a patient or lesion, there is clinical need

to assess vascular healing after stenting in vivo. We will discuss the

potential and limitations of optical coherence tomography (OCT) for

imaging of drug eluting stents (DES).

OCT, a light based imaging modality1, has recently become available

for intracoronary application2-4. Because of the shorter wavelength of

infrared light compared to ultrasound, OCT has a ten-fold higher

image resolution than conventional intravascular ultrasound (IVUS),

150 micron for IVUS as compared to 15 micron for OCT. This

advantage renders OCT particularly useful for the assessment of

coronary stents.

OCT observations in drug-eluting stents
immediately after implantation

For the past two decades, IVUS has been used to assess the acute

result following stenting, giving valuable information on stent

expansion, strut apposition and signs of vessel trauma including

dissections and tissue prolapse5,6. IVUS studies7,8 suggested that

stent strut malapposition is a relatively uncommon finding, observed

in approx 7% of cases, and that strut malapposition does not

increase the risk of subsequent major adverse cardiac events. In

contrast, OCT can visualise the complex coronary arterial wall

structure after stenting in much greater detail9. As a result, OCT

studies in the acute post stent setting10 have demonstrated

a relatively high proportion of stent struts, not completely apposed to

the vessel wall, even after high pressure post-dilatation.

Furthermore, this phenomenon is particularly evident at regions of

stent overlap11. Tanigawa et al12 examined a total of 6,402 struts

from 23 patients (25 lesions) and found 9.1±7.4% of all struts in

each lesion treated were malapposed. Univariate predictors of

malapposition where: implantation of a sirolimus-eluting stent (SES),

presence of overlapping stents, longer stent length and type C

lesions. Likely mechanical explanations for malapposition of stent

struts include increased strut thickness, closed cell design or acute

stent recoil. The latter has been demonstrated in SES to be in the

range of 15%, despite the use of high pressure balloon dilatation13.

While these findings are impressive and helpful for the

improvement of future stent designs, today the clinical relevance

and potentially long-term sequeale of malapposed struts as

detected by OCT are currently unknown.

OCT observations in drug eluting stents at long-
term follow-up

Unlike conventional stents, which develop circumferential coverage

with an average thickness of 500 micron or more, well visualised

with IVUS and angiography, drug-eluting stents delay and prevent

the hyperplastic response so that the average late lumen loss for

drug-eluting stents can be lower than 100 micron4 which means

this thin layer of intimal thickening can be below the resolution of

IVUS. Coronary angioscopy is able to visualise strut tissue coverage
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to a certain extent, but this highly specialised technique lacks the

ability for quantification and the ability to assess thin amounts

of neotinima. Hence, OCT is an attractive alternative, able to

circumvent many of these limitations and, with its high-resolution,

can precisely assess the in vivo tissue responses following stent

implantation14. Specific applications of OCT relevant for late stent

thrombosis are discussed below.

a) Visualisation and quantification of stent strut tissue coverage
OCT can reliably detect early and very thin layers of tissue coverage

on stent struts (Figure 1-4). Several small studies have recently been

published highlighting the application of OCT in the detection of stent

tissue coverage at follow-up. Importantly, OCT permits the

quantification of tissue coverage with high reliability15. Matsumoto et al16

studied 34 patients following sirolimus eluting stent (SES)

implantation. The mean neointima thickness was 52.5 microns, and

the prevalence of struts covered by thin neointima undetectable by

IVUS was 64%. The average rate of neointima-covered struts in an

individual SES was 89%. Nine SES (16%) showed full coverage by

neointima, whereas the remaining stents had partially uncovered

struts. Similarly, Takano et al17 studied 21 patients (4,516 struts),

three months following SES implantation. Rates of exposed struts and

exposed struts with malapposition were 15% and 6%, respectively.

These were more frequent in patients with acute coronary syndrome

Figure 1. In vivo OCT (LightLabImaging™, Boston, MA, USA) in a porcine coronary artery. A) Baseline OCT immediately after stent implantation
shows adequate stent expansion and apposition of the struts against the normal coronary wall. B) Magnification demonstrating the stent strut ves-
sel wall interface. C) Follow-up investigation at five days. The stent struts are clearly visible and show thin, bright reflective tissue coverage in the
magnification D) Histology E) confirms the presence of a thin neointimal layer.

Figure 2. In vivo OCT (LightLabImaging™, Boston, MA, USA) in the LAD in a patient presenting with in-stent restenosis. A) The coronary angiogram
shows a lumen narrowing within the stent that is covering the second diagonal branch. OCT visualises the complex coronary anatomy in great detail. The
stent is covered by a thick neointima that shows a layered appearance with a bright, highly reflective luminal layer, an intermediate layer and a dark, sig-
nal poor layer surrounding the struts (B). The diagonal take off can be clearly seen (C) as well as a stent strut that is “floating” in the carina (D).
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Figure 3. Demonstrates the information that can be gathered from IVUS (20Mhz, lower panels) and from OCT imaging (mid and upper panels,
LightLabImaging™, Boston, MA, USA) in patients at follow-up after stent implantation. These are corresponding cross sections within a stent, imaged
by both, OCT in the upper panels and by IVUS in the lower panels. The images represent the same spots within a coronary artery (A, B, C), and
illustrates the different quality of information that can be obtained by OCT as compared to conventional grey scale IVUS. A) Three layers of stents
can be seen. OCT is able to clearly visualise the individual stent struts, the neointimal layers separating the different stents and the very thin coverage
of the most inner, luminal stent struts. B) a bright, eccentric and relatively thick neointimal layer can be seen C) an eccentric thick neointimal layer
is visible, however, the structure of this neointima differs considerably from the example B) with a low-reflective and speckled appearance.

Figure 4. OCT (LightLabImaging™, Boston, MA, USA) findings in two patients presenting with late drug-eluting stent (DES) thrombosis. OCT was
performed in both cases immediately after thrombus aspiration and reveals completely different morphologic findings, possible suggesting two different
mechanisms for late stent thrombosis, focal restenosis and incomplete strut coverage. I) Patient with late stent thrombosis three months after DES
implantation in the left circumflex artery. OCT reveals an adequately expanded stent, all struts are well apposed against the vessel wall. All struts show
tissue coverage, which is more pronounced in the proximal portion of the stent (D) as compared to the distal stent portion (A). There is focal in-stent
restenosis (B, C) with severe lumen narrowing (MLA 1.63 mm2). The neointima shows a layered appearance with a luminal bright, highly reflective
layer, an intermediate layer and a dark, signal poor layer surrounding the struts. Remnants of the thrombus are focally seen focally as irregular mural
structures, protruding into the lumen (A, C). II) Patient with very late stent thrombosis four years after DES implantation in the left anterior descending
artery. OCT reveals an adequately expanded stent, however, there is incomplete stent strut apposition at the proximal stent edge with incomplete tissue
coverage in 21% of struts. (E) The distal stent portion, shows a well expanded and apposed stent with thin tissue coverage by OCT. F) irregular lumen
borders with intraluminal remnants of the thrombus. G) proximal stent portion showing a strut without visible tissue coverage in 12 o’clock position
and thrombus fragments in the lumen. H) proximal stent edge with incomplete apposition of five stent struts (arrows) against the vessel wall. The
distance to the vessel wall is 200 micron. OCT shows tissue around the stent struts (DD thrombus, neointima). GWA: guidewire artefact.
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(ACS) than in those with non-ACS (18% vs 13%, p <0.001; 8% vs

5%, p <0.005, respectively). The same group recently reported two

year follow-up OCT findings18 with the thickness of neointimal tissue

at 2-years being greater than that at 3-months (71±93 micron vs.

29±41 micron, respectively; p<0.001). Frequency of uncovered

struts was found to be lower in the 2-year group compared to the 3-

month group (5% vs. 15%, respectively; p<0.001). Conversely,

prevalence of patients with uncovered struts did not differ between the 3-

month and the 2-year follow-up study (95% vs. 81%, respectively)

highlighting that uncovered struts continued to persist at long-term

follow-up. Chen et al19 recently used OCT to image SES and bare

metal stents (BMS) at different time points following implantation. Of

the 10 SES and 13 BMS imaged, the authors identified a significantly

higher number of incompletely apposed and uncovered stent struts in

patients receiving SES compared to BMS. 

The results of these small observational studies are compatible with

evidence from animal and human post-mortem series showing that

DES cause impairment in arterial healing, some with suggested

incomplete re-endothelialisation and persistence of fibrin(oid)20,21

possible triggering late stent thrombosis22.

However, OCT observations need to be interpreted with caution.

OCT is limited by its resolution of 15 micron which is greater than

the thickness of an individual layer of endothelial cells. Therefore,

coverage that is not visible by OCT does not exclude the presence

of an endothelial layer. Second, the presence of tissue coverage

does not necessarily imply the presence of a functionally intact

endothelium. Early experimental stent data showed that

endothelial function can vary considerably and show evidence of

damage when subjected to the Evan’s blue dye exclusion test23,

even in the presence of a well structured neotintimal layer. In

consequence, morphology should not be confused with function.

b) Assessment of structural details of tissue coverage
OCT also permits the characterisation of neointimal tissue in a qualitative

way. This is a great advantage as such information has not been

available in vivo until now. The limited resolution together with

artefacts induced by metallic stent struts do not allow the

characterisation of such details by IVUS. With OCT, neointimal

tissue can show a variety of morphologies ranging from

homogeneous, bright, uniform tissue to optically heterogeneous

tissue or eccentric tissue of various thickness. Furthermore,

structural details within the tissue can be observed such as intimal

neovascularisation24 or a layered appearance, typically observed in

restenotic regions25. Variations in the appearance of strut coverage

can be seen within an individual patient, within an individual stent

or within stents of different design. 

OCT findings, such as dark, signal-poor halos around stent struts

may reflect fibrin deposition and incomplete healing, as described

in pathologic and animal experimental series20,21. However, there is

paucity of data demonstrating directly the OCT appearance of

different components in neointimal tissue as defined by histology.

Post-mortem imaging of DES in human coronaries is difficult and

might be limited by the fact that the optical tissue properties show

variations with temperature and fixation26. Long-term animal OCT

observations in DES are scarce.

c) Assessment of stent strut vessel wall interaction and strut
apposition
The interest in the long-term stent strut vessel wall interaction is

manifold and includes the assessment of the stability of the acute

result, the visualisation of complex anatomy that is not accessible by

angiography or IVUS and the clearer understanding of reasons for

stent failures, when they do occur. The unique optical properties of

OCT can also be applied to the study and evaluation of new stent

designs including bioabsorbable stents. Morphologic changes of the

absorbable, polylactic acid stent struts and the vessel wall during

follow-up have been recently described and show the unique

capabilities of this in vivo imaging modality27.

Stent strut malapposition remains an important consideration.

Postulated causes for stent strut malapposition are various and

include incomplete stent expansion, stent recoil or fracture, late

outward vessel remodelling or the dissolution of thrombus that was

compressed during PCI between the stent strut and the vessel wall.

Regardless of the pathophysiologic mechanism, the major concern

in stent malapposition remains in the assumption that areas of strut

malapposition cause non-laminar and turbulent blood flow

characteristics, which in turn can trigger platelet activation and

thrombosis. Here, prospective, serial OCT observations immediately

and at longer term follow-up after stenting may improve our

understanding of these complex mechanisms and shed light on the

likely clinical significance of this phenomenon.

Reasons for DES failure are poorly understood. With the reduction of in-

stent hyperplasia, other mechanisms of restenosis due to mechanical

stent failure have become apparent. Of the two established first

generation DES, the sirolimus-eluting stent (Cordis, Johnson&Johnson,

Miami, FL, USA) has been particularly linked to cases of stent fracture,

likely as a result of its closed cell design compared with other DES

employing an open cell system28. The higher imaging resolution of OCT

compared to IVUS permits a detailed assessment in such cases, as

demonstrated recently by Shite et al29.

Conclusion & future developments
OCT is a light-based diagnostic tool that allows in vivo imaging of the

coronary artery wall in unparalleled detail30. OCT can reliably

visualise very thin stent strut tissue coverage as early as five days

after implantation, and permits for its qualitative and precise

quantitative assessment. These unique capabilities favour OCT as

the new golden standard for the evaluation of coronary stents. 

Recent improvements in OCT technology, with frequency-domain

OCT, will allow for a simple imaging procedure and offer the potential

for large scale, prospective studies, indispensable to address vexing

clinical questions such as the relationship of drug-eluting stent

deployment, vascular healing, the true time course of endothelial

stent coverage and late stent thrombosis. This may also better guide

the optimal duration of dual anti-platelet therapy that currently

remains unclear and rather empiric.
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A bioabsorbable everolimus-eluting coronary stent system 
(ABSORB): 2-year outcomes and results from multiple 
imaging methods
Patrick W Serruys, John A Ormiston, Yoshinobu Onuma, Evelyn Regar, Nieves Gonzalo, Hector M Garcia-Garcia, Koen Nieman, Nico Bruining, 
Cécile Dorange, Karine Miquel-Hébert, Susan Veldhof, Mark Webster, Leif Thuesen, Dariusz Dudek

Summary
Background Drug-eluting metallic coronary stents predispose to late stent thrombosis, prevent late lumen vessel 
enlargement, hinder surgical revascularisation, and impair imaging with multislice CT. We assessed the safety of the 
bioabsorbable everolimus-eluting stent (BVS). 

Methods 30 patients with a single de-novo coronary artery lesion were followed up for 2 years clinically and with 
multiple imaging methods: multislice CT, angiography, intravascular ultrasound, derived morphology parameters 
(virtual histology, palpography, and echogenicity), and optical coherence tomography (OCT).

Findings Clinical data were obtained from 29 of 30 patients. At 2 years, the device was safe with no cardiac deaths, 
ischaemia-driven target lesion revascularisations, or stent thromboses recorded, and only one myocardial infarction 
(non-Q wave). 18-month multislice CT (assessed in 25 patients) showed a mean diameter stenosis of 19% (SD 9). At 
2-year angiography, the in-stent late loss of 0·48 mm (SD 0·28) and the diameter stenosis of 27% (11) did not diff er 
from the fi ndings at 6 months. The luminal area enlargement on OCT and intravascular ultrasound between 6 months 
and 2 years was due to a decrease in plaque size without change in vessel size. At 2 years, 34·5% of strut locations 
presented no discernible features by OCT, confi rming decreases in echogenicity and in radiofrequency backscattering; 
the remaining apparent struts were fully apposed. Additionally, vasomotion occurred at the stented site and adjacent 
coronary artery in response to vasoactive agents.

Interpretation At 2 years after implantation the stent was bioabsorbed, had vasomotion restored and restenosis 
prevented, and was clinically safe, suggesting freedom from late thrombosis. Late luminal enlargement due to plaque 
reduction without vessel remodelling needs confi rmation.

Funding Abbott Vascular (USA).

Introduction
A bioabsorbable stent might have less potential for late 
stent thrombosis than might a drug-eluting metallic stent 
because there will eventually be no foreign material 
exposed to blood if endothelialisation is delayed or 
incomplete.1,2 Furthermore, permanent metallic stenting 
could preclude surgical revascularisation and jail-side 
branches, prevent expansive remodelling, eliminate 
reactive vasomotion, and impair the non-invasive 
imaging of coronary arteries with multislice CT and MRI. 
A study of a bioabsorbable but non-drug-eluting 
poly-L-lactic acid (PLLA) stent3 showed long-term results 
similar to those after bare-metal stent implantation, 
lending support to the feasibility and safety of a 
bioabsorbable PLLA polymer stent.4 The restenosis rate 
after implantation of a magnesium stent was high 
because rapid biocorrosion resulted in only brief 
opposition to vessel recoil forces and because there was 
no antiproliferative drug to prevent neointimal hyper-
plasia.5

As an alternative approach to the metallic drug-eluting 
stent, bioabsorbable polymer drug-eluting stents could 
provide short-term vessel scaff olding combined with 

drug delivery capability but avoid the long-term 
restrictions of metallic stents. We reported the 6-month 
angiographic and intravascular ultrasound outcomes 
and 12-month clinical outcomes of the ABSORB trial,6 
which used the bioasorbable everolimus-eluting stent 
(BVS) system (Abbott Vascular, Santa Clara, CA, USA). 
The BVS stent has a bioabsorbable polylactic acid 
backbone with a bioabsorbable polylactic acid coating 
that contains the antiproliferative drug, everolimus 
(Novartis, Basel, Switzerland). In a series of 30 patients, 
the BVS stent at 6-month follow-up showed an 
angiographic in-stent loss of 0·44 mm (SD 0·35) mainly 
due to a mild shrinkage of the stent area (–11·8%) that, 
along with a small neointimal response (5·5%), resulted 
in an overall 16·8% reduction of the luminal area.6 
Furthermore, the only major adverse cardiac event was 
a non-Q-wave myocardial infarction. No ischaemic 
target lesion revascularisations were noted and no stent 
thromboses occurred in the fi rst 12 months. From 
immediately after the procedure to 6 months after, 
morphological change of the stent struts was 
documented by optical coherence tomography (OCT), 
and by echogenicity and radiofrequency backscattering. 
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However, the medium-term outcomes of biodegradation 
of the BVS stent in human coronary arteries remain to 
be investigated.

We now report the 18-month multislice CT scanning 
results, the 2-year clinical follow-up, and longitudinal 
assessments of the stent and vessel wall at 6 months and 
2 years, by several invasive imaging methods.

Methods
Study design and population
The design of the present study has been published.6 
Briefl y, in this single-group, prospective, open-label 
study, with safety and imaging endpoints, 30 patients 
were enrolled at four participating sites between March 7, 
and July 18, 2006. Patients were older than 18 years, and 
had a diagnosis of stable or unstable angina, or silent 
ischaemia. All treated lesions were single, de-novo in a 
native coronary artery of 3·0 mm, shorter than 8 mm for 
the 12 mm stent, or shorter than 14 mm for the 18 mm 
stent (only two patients received an 18 mm stent), with a 
percentage diameter stenosis greater than 50% and less 
than 100%, and with a thrombolysis in myocardial 
infarction (TIMI) fl ow grade of more than 1. Major 
exclusion criteria were patients presenting with an acute 
myocardial infarction or unstable arrhythmias, or those 
who had left ventricular ejection fraction less than 30%, 
restenotic lesions, lesions located in the left main 

coronary artery, lesions involving a side branch more 
than 2 mm in diameter, and the presence of thrombus or 
another clinically signifi cant stenosis in the target vessel. 
A risk analysis of several imaging methods based on 
previously published reports was provided to the local 
ethics committee.7,8

The protocol was approved by the ethics committee at 
the four participating institutions, and enrolled patients 
(intention-to-treat population) gave written informed 
consent before inclusion. Clinical endpoints were assessed 
at 6 months, 1 year, and 2 years, and follow-up will 
continue to 5 years. Angiography, intravascular ultrasound, 
and derived morphology parameters (virtual histology, 
palpography, and echogenicity) were assessed at 6 months 
(within 14 days) and were repeated at 2 years (within 
28 days). An OCT substudy was done in one of the centres 
(Thorax Center, Rotterdam, Netherlands). Non-invasive 
coronary angiography with multislice CT was done at 
18 months. All major adverse cardiac events were 
adjudicated by an independent clinical events committee, 
and a data safety monitoring board monitored patient 
safety. All core laboratory analyses (QCA, vasomotion test, 
intravascular ultrasound gray-scale, virtual histology, 
palpography, echogenicity, multislice CT, and OCT) were 
analysed by an independent central research organisation 
(Cardialysis BV, Rotterdam, Netherlands).

Study device
The study device, the description of the polymers, and 
in-vitro and preclinical data have been described in 
detail.6 The stent is balloon expandable and consists of a 
backbone of PLLA coated with poly-D,L-lactide (PDLLA) 
that contains and controls the release of the 
antiproliferative drug, everolimus. Both PLLA and 
PDLLA are fully bioabsorbable. During bioabsorption, 
the long chains of PLLA and PDLLA are progressively 
shortened as ester bonds between lactide repeat units are 
hydrolysed, and small particles less than 2 μm in diameter 
are phagocytosed by macrophages. Ultimately, PLLA and 
PDLLA degrade to lactic acid, which is metabolised via 
the Krebs cycle.

Procedures
The BVS stent was implanted after mandatory 
predilatation. Four patients who received a non-BVS 
stent in addition to a study stent were excluded from the 
per-treatment-evaluable population but were included 
for the clinical endpoints. When additional stenting was 
necessary, the Cypher sirolimus-eluting stent (Cordis, 
Miami, FL, USA) was used since no animal or preclinical 
data for overlapping BVS stents were available at the 
time of patient enrolment. All patients were required to 
receive aspirin (>75 mg) daily for the study duration 
(5 years) and clopidogrel 75 mg daily for a minimum of 
6 months.

The composite clinical endpoint was cardiac death, 
myocardial infarction, and ischaemia-driven target lesion 

PTE (n=26) ITT (n=30)

Age (years) 62 (9) 62 (9)

Men 15 (58%) 18 (60%)

Present smokers 6 (23%) 6 (20%)

Diabetes 1 (4%) 1 (3%)

Hypertension requiring medication 16 (62%) 18 (60%)

Hyperlipidaemia requiring medication 16 (62%) 19 (63%)

Previous target vessel intervention 2 (8%) 3 (10%)

Previous myocardial infarction 1 (4%) 1 (3%)

Stable angina 18 (69%) 21 (70%)

Unstable angina 7 (27%) 8 (27%)

Silent ischaemia 1 (4%) 1 (3%)

Target vessel

Left anterior descending 13 (50%) 15 (47%)

Left circumfl ex 6 (23%) 9 (30%)

Right coronary artery 7 (27%) 7 (23%)

AHA/ACC lesion classifi cation (%)

B1 65% 60%

B2 35% 40%

Mean reference vessel diameter (mm) 2·78 (0·47) 2·72 (0·47)

Minimum luminal diameter (mm) 1·10 (0·26) 1·06 (0·26)

Diameter stenosis (%) 59% (12) 60% (11)

Lesion length (mm) 8·66 (3·97) 9·15 (3·99)

Data are mean (SD) or number (%), unless otherwise indicated. 
AHA/ACC=American Heart Association/American College of Cardiology.

Table 1: Baseline characteristics in the per–treatment–evaluable (PTE) 
population and intention–to-treat (ITT) population
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revascularisation, according to the defi nitions from the 
Academic Research Consortium.9 For a diagnosis of 
non-Q-wave myocardial infarction, a rise of creatine 
kinase concentrations more than twice the upper limit of 
normal with raised creatine kinase isoenzyme MB was 
required.

In every patient, we analysed the stented segment and 
the peri-stent segments (defi ned by a length of 5 mm 
proximal and distal to the stent edge), as well as their 
combination (in-segment analysis), by quantitative 
coronary angiography (QCA) with the coronary 
angiographic analysis II system (Pie Medical Imaging, 
Maastricht, Netherlands).10 Small radiomarkers (37 μm) 
at the ends of the stents helped with the localisation of 
the non-radio-opaque stent for QCA. We computed the 
following QCA parameters: minimal luminal diameter, 
reference vessel diameter obtained by an interpolated 
method, and binary restenosis defi ned in every 
segment—stent and peri-stent segment—as diameter 
stenosis greater than 50% at follow-up. Late loss was 
defi ned as the diff erence between the minimal luminal 
diameter after the procedure and at follow-up.

To study vasomotion at 2 years, either the endothelium 
independent vasoconstrictor methylergometrine maleate 
(methergin, Novartis, Basel, Switzerland), or the 
endothelium dependent vasoactive agent acetylcholine 
(Ovisot, Daiichi-Sankyo, Tokyo, Japan) was given, 
dependent on local practice. We measured mean lumen 
diameters by QCA after baseline saline infusion and 
subselective intracoronary administration of acetyl-
choline infused through a microcatheter at increasing 
dose up to 10–⁶ M.11,12 For methergine test, QCA was 
measured 5 min after intravenous bolus injection of 
methergin (0·4 mg).13 Both tests were terminated by 
intracoronary administration of 200 μg of nitroglycerin 
(nitronal, Pohl-Boskamp GmbH, Hohenlockstedt, 
Germany).

Stented vessel segments from after the procedure and 
from follow-up were examined with phased array 
intravascular ultrasound catheters (EagleEye; Volcano 
Corporation, Rancho Cordova, CA, USA) with automated 
pullback at 0·5 mm per s. We examined a region of 
interest beginning 5 mm distal to and extending 5 mm 
proximal to the stented segment. The vessel area, the 
stent area and lumen area, the intrastent neointimal 
area, and the lumen area stenosis were measured with a 
computer-based contour detection programme.14,15 The 
mean luminal diameter (mm) derived from intravascular 
ultrasound—so-called projected mean luminal 
diameter—was computed according to algorithms 
described previously.16,17 The percentage obstruction of 
the stent area was calculated as: (intrastent neointimal 
area/stent area)×100%. The percentage of lumen area 
stenosis was also calculated as ([mean lumen cross-
sectional area [CSA] within stent–minimal lumen area 
within stent]/mean lumen CSA)×100%. Incomplete 
apposition was defi ned as one or more stent struts 

separated from the vessel wall, whereas acquired late 
incomplete apposition was defi ned as incomplete 
apposition of one or more stent struts at follow-up that 
was not present after the procedure.6

For plaque characterisation, and to assess echogenicity 
of polymeric struts after stenting, we used a 
computer-aided grey-scale value analysis programme.18–20 
On the basis of the mean grey level (brightness) of the 
adventitia, plaque was classifi ed as more (hyperechogenic) 
or less bright (hypoechogenic) in relation to the 
adventitia. Upper tissue was defi ned as tissue that had a 
mean grey value higher than the mean adventitial 
intensity plus twice its standard deviation.18,19 Calcifi ed 

6 months 
(n=30)

12 months 
(n=29)*

18 months 
(n=29)*

2 years 
(n=28)†

Cardiac death 0% 0% 0% 0%

MI 3·3% (1)‡ 3·4% (1)‡ 3·4% (1)‡ 3·6% (1)‡

Q-wave MI 0% 0% 0% 0%

Non-Q-wave MI 3·3% (1)‡ 3·4% (1)‡ 3·4% (1)‡ 3·6% (1)‡

Ischaemia-driven TLR 0% 0% 0% 0%

By PCI 0% 0% 0% 0%

By CABG 0% 0% 0% 0%

Ischaemia-driven MACE (cardiac death, MI, 
or ischaemia-driven TLR)

3·3% (1)‡ 3·4% (1)‡ 3·4% (1)‡ 3·6% (1)‡

Stent thrombosis 0% 0% 0% 0%

Data are % (number of patients). MI=myocardial infarction. TLR=target lesion revascularisation. PCI=percutaneous 
intervention. CABG=coronary artery bypass graft. MACE=major adverse cardiac event.*One patient offi  cially withdrew 
from the study, but his vital status and clinical follow-up are made available through his referring physician. †One 
patient died from a non–cardiac cause. ‡Same patient. This patient also underwent a target lesion revascularisation, 
not qualifi ed as ischaemia-driven target lesion revascularisation (diameter stenosis=42%).

Table 2: Clinical outcomes at 2 years

6-month
follow-up

30 patients*

Intention to treat
30 patients had

clinical assessment

28 patients had
clinical assessment

Per treatment
26 patients had

QCA assessment

19 patients had
QCA assessment

Per treatment
25 patients had

IVUS assessment

 19 patients had
IVUS assessment‡

4 excluded in per-treatment population
(3 received non-BVS stent, 1 device failure)

1 IVUS not analysable
(pullback issue)

2-year
follow-up

2  missed follow-up
visits†

2  missed follow-up
visits†

5 refused angiography

2  missed follow-up
     visits†
5 refused angiography

Figure 1: Flow-chart of patient follow-up
IVUS=intravascular ultrasound. QCA=quantitative coronary angiography. *Intention-to-treat population. †One 
patient withdrew consent and missed the visits at 9, 12, and 18 months, and at 2 years. One patient died from a 
non-cardiac cause 706 days after the procedure. ‡One patient with no 6-month IVUS data had a 2-year IVUS 
follow-up.
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plaque and stent struts were in this upper tissue range, 
and for the purpose of the present analysis were 
combined with hyperechogenic tissue. We calculated 
the percentage of hypoechogenic plaque for the entire 
region of interest, excluding upper tissue.

Backscattering of radiofrequency signals provides 
information about tissue composition of the vessel wall 
(intravascular ultrasound–virtual histology; Volcano 
Corporation, Rancho Cordova, CA, USA).21–24 Typically, 
necrotic core, dense calcium, fi bro-fatty tissue, and 
fi brous tissue are represented as red, white, 
yellow-green, and green areas, respectively, on 
ultrasonic cross-sections and are expressed as 
percentages (with each area totalling 100%). On each 
cross-section, polymeric stent struts were detected as 
areas of apparent dense calcium surrounded by necrotic 

core due to the strong backscattering properties of the 
polymer. We used the change in quantitative analyses 
of these areas between implantation and follow-up as a 
surrogate assessment of the polymer bioabsorption 
process.

Palpography based on intravascular ultrasound 
assesses deformability of the vessel wall. The underlying 
principle is that softer tissue is more readily deformed 
than is harder or scaff olded tissue when force (eg, 
pulsatile arterial pressure) is applied.25–28 The rationale 
of this analysis for the study was to detect some subtle 
changes in strain resulting from scaff olding and late 
bioabsorption of the stent. The deformability of vessel 
wall was quantifi ed with the analysis of back-scattering 
radiofrequency signals at diff erent diastolic pressure 
levels. This method allowed the construction of a 
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Figure 2: Results from multislice CT
After the coronary arteries are automatically segmented (blue), a centre-lumen line (yellow) can be constructed (A) in the left anterior descending coronary artery (LAD), in which a BVS stent (arrow) 
has been implanted. The thin-slab maximum intensity projection image (B) of the LAD in longitudinal cross-section shows the platinum indicators (arrowheads) at the proximal and distal ends of the 
stent, which are not in plane of the corresponding multiplanar reconstruction (C). The vessel lumen area is measured semi-automatically on the cross-sectional images, with examples proximal to the 
stent (D), at the level of the proximal indicator (E), within the stented segment (F, G), the distal indicator (H), and the distal reference (I). A graph (J) shows the area measurements, with interruptions 
to indicate the stent borders. 
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colour-coded strain image in which harder (low strain in 
blue) and softer (high strain in yellow) regions of the 
coronary arteries could be identifi ed, with radial strain 

values ranging between 0% and 2%.26

Multislice CT imaging was done 18 months after the 
index procedure. Single or dual-source, 64-slice spiral CT 

After 
procedure

6 months 2 years Diff erence after 
procedure vs 
6 months (95% CI)

Diff erence 
6 months vs 
2 years (95% CI)

Diff erence after 
procedure vs 
2 years (95% CI)

p value after 
procedure vs 
6 months

p value 
6 months 
vs 2 years

p value after 
procedure vs 
2 years

QCA (unpaired)

n 26 26 19 ·· ·· ·· ·· ·· ··

In-stent RVD (mm) 2·79 (0·41) 2·64 (0·44) 2·43 (0·33) –0·15 
(–0·25 to –0·05)

–0·12 
(–0·21 to –0·03)

–0·29 
(–0·40 to –0·19)

0·0094 0·0058 <0·0001

In-stent MLD (mm) 2·32 (0·31) 1·89 (0·31) 1·76 (0·35) –0·43 
(–0·58 to –0·28)

–0·08 
(–0·19 to 0·04)

–0·48 
(–0·61 to –0·35)

<0·0001 0·23 <0·0001

In-stent DS (%) 16% (6) 27% (14) 27% (11) 10·51% 
(5·11 to 15·92)

0·58% 
(–3·57 to 4·72)

10·10% 
(4·58 to 15·62)

0·0002 0·81 0·0021

In-stent late loss (mm) ·· 0·43 (0·37) 0·48 (0·28) ·· 0·08 
(–0·04 to 0·19)

·· ·· 0·233 ··

Proximal late loss (mm) ·· 0·23 (0·31) 0·34 (0·33) ·· 0·11 
(–0·01 to 0·23)

·· ·· 0·0553 ··

Distal late loss (mm) ·· 0·23 (0·27) 0·36 (0·37) ·· 0·16 
(0·04 to 0·29)

·· ·· 0·0091 ··

In-stent absolute minimal 
luminal area ED (mm2)

4·81 (1·75) 3·22 (1·93) 2·68 (1·21) –1·59 
(–2·67 to –0·52)

–0·02 
(–0·45 to 0·41)

–1·89 
(–2·65 to –1·12)

0·0002 0·93 <0·0001

In-stent minimal luminal 
cross sectional area VD (mm2)

5·53 (2·11) 3·86 (2·26) 3·18 (1·55) –1·67 
(–2·92 to –0·42)

–0·15 
(–0·79 to 0·49)

–2·04 
(–2·96 to –1·11)

<0·0001 0·73 <0·0001

In-segment late loss (mm) ·· 0·35 (0·32) 0·37 (0·27) ·· 0·07 
(–0·06 to 0·20)

·· ·· 0·42 ··

In-stent binary restenosis (%) ·· 7·7% (2/26) 0 (0/19) ·· –5·3% 
(–25·2 to 13·8)

·· ·· 1 ··

In-segment binary 
restenosis (%)

·· 7·7% (2/26) 0 (0/19) ·· –5·3% 
(–25·2 to 13·8)

·· ·· 1 ··

MSCT*

n ·· ·· 24 ·· ·· ·· ·· ·· ··

Mean luminal area (mm2) ·· ·· 5·2 (1·3) ·· ·· ·· ·· ·· ··

Minimal luminal area (mm2) ·· ·· 3·6 (0·9) ·· ·· ·· ·· ·· ··

Reference area (mm2) ·· ·· 5·5 (1·0) ·· ·· ·· ·· ·· ··

Mean area stenosis (%) ·· ·· 34% (15) ·· ·· ·· ·· ·· ··

Minimal diameter (mm) ·· ·· 2·12 (0·26) ·· ·· ·· ·· ·· ··

Mean diameter stenosis (%) ·· ·· 19% (9) ·· ·· ·· ·· ·· ··

Grey-scale IVUS (unpaired)

n 25 25 19 ·· ·· ·· ·· ·· ··

Vessel (EEM) area (mm2) 13·49 (3·74)† 13·79 (3·84) 12·75 (3·43) –0·06 
(–0·49 to 0·37)

–0·19 
(–0·98 to 0·59)

–0·21 
(–1·21 to 0·78)

0·98 0·24 0·68

Vessel volume (mm3) 173·17 (52·04)† 187·65 (72·75) 178·21 (64·63)‡ 12·29 
(–4·11 to 28·69)

1·01 
(–27·27 to 29·30)

4·36 
(–22·03 to 30·76)

0·21 0·86 0·71

Average lumen area  (mm2) 6·04 (1·12) 5·19 (1·33) 5·47 (2·11) –1·01 
(–1·30 to –0·71)

0·68 
(0·04 to 1·32)

–0·40 
(–1·18 to 0·38)

<0·0001 0·0174 0·12

Lumen volume (mm3) 78·23 (22·98) 70·66 (26·88) 77·60 (35·98) ‡ –9·20 
(–16·84 to –1·56)

12·42 
(–1·19 to 26·03)

–1·33 
(–16·29 to 13·62)

0·0032 0·0443 0·97

Plaque area (mm2) 7·44 (2·83)† 8·60 (2·85) 7·10 (2·02) 0·93  (0·45 to 1·40) –1·06 
(–1·48 to –0·64)

0·01 
(–0·71 to 0·72)

<0·0001 0·0001 0·80

Plaque volume (mm3) 94·56 (35·43)† 116·99 (48·96) 98·75 (36·47) ‡ 21·11 
(9·51 to 32·72)

–13·38 
(–30·22 to 3·47)

4·09 
(–11·81 to 20·00)

<0·0001 0·0063 0·71

Minimal lumen area  (mm2) 5·09 (1·02) 3·92 (0·98) 4·34 (1·74) –1·26 
(–1·55 to –0·96)

0·76  
(0·22 to 1·31)

–0·59 
(–1·26 to 0·08)

<0·0001 0·0026 0·0323

Lumen area stenosis (%) 15·83% (7·64) 23·62% (10·25) 20·38% (6·92) 7·28% 
(3·54 to 11·02)

–4·12% 
(–8·30 to 0·07)

4·07% 
(–1·30 to 9·44)

0·0009 0·0569 0·0799

Projected MLD (mm) 2·28 (0·26) 2·04 (0·26) 2·17 (0·43) –0·26 
(–0·35 to –0·18)

0·19 
(0·06 to 0·33)

–0·07 
(–0·26 to 0·11)

<0·0001 0·0052 0·23

(Continues on next page)
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with intravenous contrast enhancement and electro-
cardiograph-gated image reconstruction was done 
(Siemens Defi nition, Forchheim, Germany [n=18]; GE 
Lightspeed, Milwaukee, USA [n=5]; Philips Brilliance, 
Best, Netherlands [n=2]).29 After transfer of the MSCT 
data to the core laboratory, we measured the amount of 
in-stent stenosis using a semi-automated software 
programme for vessel segmentation and lumen area 
quantifi cation (Circulation, Siemens, Forchheim, 
Germany). The BVS stent is radiolucent and therefore 
undetected by multislice CT, apart from the platinum 
markers at each end of the stent. Along the automatically 
constructed centre-lumen line, the cross-sectional lumen 

area was measured at 0·3 mm longitudinal intervals 
within the stented segment. We calculated the lumen 
diameter from the measured area, assuming a circular 
shape of the lumen area. Severity of in-stent diameter 
stenosis or area stenosis was calculated as a ratio of the 
smallest in-stent lumen diameter or area and the reference 
vessel diameter or area, which was calculated by 
interpolation of the proximal and distal lumen reference. 
Additionally, we measured the length of vessel between 
the platinum stent markers.

OCT was done in the subset of patients who enrolled at 
the Thorax Center, Rotterdam, Netherlands, with the 
commercially available OCT system (ImageWire, LightLab 

After procedure 6 months 2 years Diff erence after 
procedure vs 
6 months (95% CI)

Diff erence 
6 months vs 
2 years (95% CI)

Diff erence after 
procedure vs 
2 years (95% CI)

p value after 
procedure vs 
6 months

p value 
6 months 
vs 2 years

p value after 
procedure vs 
2 years

(Continued from previous page)

IVUS virtual histology (unpaired)§

n 25 25 18 ·· ·· ·· ·· ·· ··

Dense calcium (%) 29·82% (15·57) 20·65% (11·50) 26·42% (15·76) –8·93% 
(–13·64 to –4·22)

2·81% 
(–4·08 to 9·70)

–5·87% 
(–13·84 to 2·11)

0·0003 0·64 0·21

Dense calcium area (mm2) 1·02 (0·58) 0·94 (0·64) 0·81 (0·67) –0·11 
(–0·36 to 0·15)

–0·11 
(–0·40 to 0·17)

–0·16 
(–0·45 to 0·13)

0·5046 0·31 0·21

Fibro-fatty tissue (%) 4·31% (3·35) 7·19% (6·17) 5·47% (5·22) 2·94% 
(0·40 to 5·48)

–0·41% 
(–3·50 to 2·67)

1·72% 
(–0·09 to 3·53)

0·0142 0·85 0·21

Fibro-fatty area (mm2) 0·21 (0·22) 0·40 (0·43) 0·19 (0·24) 0·19  
(0·02 to 0·35)

–0·12 
(–0·27 to 0·04)

0·01 
(–0·05 to 0·07)

0·0096 0·0267 0·80

Fibrous (%) 38·83% (13·41) 50·54% (12·69) 43·66% (14·69) 11·79% 
(6·84 to 16·74)

–3·38% 
(–10·59 to 3·82)

6·75% 
(–0·68 to 14·17)

<0·0001 0·35 0·20

Fibrous area (mm2) 1·72 (1·22) 2·62 (1·44) 1·35 (0·92) 0·80  
(0·51 to 1·10)

–0·92 
(–1·25 to –0·58)

–0·25 
(–0·61 to 0·10)

<0·0001 <0·0001 0·25

Necrotic core (%) 27·04% (7·00) 21·62% (8·70) 24·45% (6·84) –5·79% 
(–9·45 to –2·13)

0·99% 
(–2·48 to 4·46)

–2·60% 
(–5·83 to 0·63)

0·0028 0·64 0·30

Necrotic core area (mm2) 1·17 (0·82) 1·13 (0·87) 0·79 (0·51) –0·13 
(–0·38 to 0·11)

–0·26 
(–0·53 to –0·00)

–0·28 
(–0·50 to –0·05)

0·342 0·1089 0·0268

Palpography (unpaired)

n 24 23 17 ·· ·· ·· ·· ·· ··

Strain values 0·16 (0·10) 0·28 (0·12) 0·31 (0·17) 0·12  
(0·06 to 0·17)

0·02 
(–0·05 to 0·08)

0·13 
(0·06 to 0·21)

0·0002 0·81 0·0052

Echogenicity (ITT)

n 27 26 21 ·· ·· ·· ·· ·· ··

Hyperechogenicity (%) 18·5% (9·1) 10·3% (7·6) 7·7% (6·5) –8·15% 
(–11·00 to –5·31)

–3·75% 
(–6·20 to –1·29)

–12·81% 
(–16·19 to –9·44)

<0·0001 0·001 <0·0001

Optical CT (serial)

n 7 7 7 ·· ·· ·· ·· ·· ··

Discernible struts 403 368 264 ·· ·· ·· ·· ·· ··

Mean lumen area (mm2) 6·53 (0·91) 4·72 (1·13) 5·80 (2·93) –1·81 
(–3·39 to –0·23)

1·08 
(–0·93 to 3·08)

–0·74 
(–3·42 to 1·94)

0·0313 0·22 0·38

Minimal lumen area (mm2) 4·50 (1·03) 2·65 (1·49) 3·80 (2·42) –1·84 
(–3·48 to –0·21)

1·15 
(–0·14 to 2·43)

–0·7 
(–2·62 to 1·22)

0·0156 0·0781 0·47

Mean lumen diameter (mm) 2·87 (0·21) 2·41 (0·31) 2·63 (0·61) –0·46 
(–0·87 to –0·05)

0·23 
(–0·17 to 0·62)

–0·23 
(–0·79 to 0·33)

0·0313 0·22 0·30

Data are mean (SD) or % (n/N), unless otherwise indicated. QCA=quantitative coronary angiography. RVD=reference vessel diameter. MLD=minimal lumen diameter. DS=diameter stenosis. ED=edge detection. 
VD=videodensitometry. MSCT=multislice CT. IVUS=intravascular ultrasound. EEM=extrenal elastic membrane. ITT=intention to treat. *MSCT data were acquired at 18 months after the procedure. 
†24 measurements for that parameter. ‡The length of the pullback could not be assessed. §In a series of patients in whom virtual histology and palpography were done before and after stenting, the percentage 
of dense calcium was 9·83% (SD 9·64) before stenting and 25·42% (11·27) after stenting (n=13, p=0·0002), whereas the strain values were 0·5 (0·27) before and 0·20 (0·10) after stenting (n=12, p=0·0034).

Table 3: Results from imaging methods immediately after the procedure, at 6 months, and at 2 years 
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Imaging, Westford, MA, USA). This technique, using an 
infrared light source, has a resolution of 15 microns 
(ten-times higher than intravascular ultrasound) that 
facilitates imaging of intracoronary structures in great 
detail.30 The imaging method and its quantitative and 
qualitative analysis has been described.6 Stent struts 
apposition was classifi ed as apposed (embedded), aligned 
(protruding), or incompletely apposed (incomplete stent 
apposition).31 We assessed persistent, late acquired, and 
resolved incomplete stent apposition at follow-up. 
Changes in strut appearance at follow-up were categorised 
as previously published:6 preserved box, open box, 
dissolved bright box, and dissolved black box. OCT 
appearance was assessed by side-by-side comparison of 
OCT cross-sectional images that were acquired after the 
procedure, at 6 months, and at 2 years.

Statistical analysis
This study was a feasibility trial that was designed to 
provide preliminary observations and generate hypotheses 
for future studies. The sample size was not defi ned on the 
basis of an endpoint hypothesis, but rather to provide 
some information about device feasibility and safety. The 
sample size requirement was established by assessment 
of the minimum number of patients needed to provide 
reliable and non-trivial results. For binary variables, we 
calculated percentages. For continuous variables, mean 
and standard deviation are presented. Paired comparisons 
between the diff erent timepoints were done by a 
Wilcoxon’s signed rank test for continuous variables and 
by exact McNemar test for binary restenosis. Diff erences 
and confi dence intervals are also based on paired data. 
Since no formal hypothesis testing was planned, no 
statistical adjustment was applied. Three sets of 
comparisons were available: unpaired comparison of all 
available observations; paired comparison of truly serial 
observations; and last observation carried forward (when 
6-month result was not available, we imputed the value 
from after the procedure; when 2-year result was not 
available, we imputed 6-month result, if available, or value 
from after the procedure, if 6-month data not available). 
Since no inconsistencies between these three types of 
observations could be ascertained, we selected the most 
complete set of actual observations without imputations. 
Taking into account the large number of parameters with 
multiple comparisons, p values presented in this paper 
are exploratory only and should therefore be interpreted 
with caution. Unless otherwise noted, the analysis was 
based on the per-treatment population for the imaging 
parameters and on the intention-to-treat population for 
the clinical endpoints.

This study is registered with ClinicalTrials.gov, number 
NCT00300131.

Role of funding source
The sponsor was involved in the design and conduct of 
the study; the collection, management, initial analysis, 

and interpretation of the data; and had the right to a 
non-binding review of the report. Full monitoring ensured 
accuracy of data collection. The two senior authors (PWS 
and JAO) had full access to all the data and had fi nal 
responsibility for the decision to submit for publication.

Results
Table 1 shows the patient demographics, and fi gure 1 
the trial profi le. Clinical follow-up data were obtained 
from 29 of 30 enrolled patients. Although one patient 
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Figure 3: Results of methergin (A) and acetylcholine (B) testing in proximal, stented, and distal segments
Red circular dots represent means of measurements at each phase. 
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withdrew from the study, his vital and clinical status 
remained available from his referring physicians. One 
patient died from non-cardiac cause at 706 days after the 
procedure. On day 699, the patient was admitted to 
hospital because of a haemoglobin drop due to bleeding 
of the upper gastrointestinal tract. On day 703, the 
patient had a duodenal perforation, leading to 
non-cardiac death on day 706. This patient had stopped 
clopidogrel 364 days after the procedure and was not 
taking aspirin. The mean duration of follow-up was 
740·9 days (range 707–800).

Table 2 shows clinical outcomes at 2 years. Up to 
2 years, there was only one non-Q-wave myocardial 
infarction (peak troponin 2·21 μg/L) related to the 
treatment of a non-fl ow-limiting stenosis (QCA diameter 
stenosis 42%) of a BVS implanted 46 days earlier, in a 
patient who had one episode of angina at rest without 
electrographic evidence of ischaemia. For a perceived 

safety reason, the polymeric stent was covered by a 
drug-eluting metallic stent. We recorded no new major 
adverse cardiac events between 6 months and 2 years. No 
instances of stent thrombosis arose according to the 
protocol or defi nitions from the Academic Research 
Consortium.9 The protocol mandated a minimum 
of 6 months duration of combined antiplatelet therapy, 
but the actual duration was left to the discretion of the 
investigator who generally followed the new guidelines 
of the European Society of Cardiology, American College 
of Cardiology, and the American Heart Association.32,33 
15 patients were receiving dual antiplatelet therapy at 
1 year, and only one patient was at 2 years.

After exclusion of fi ve patients (three refusals, one 
contrast allergy, one revascularisation), multislice CT 
scanning was done at 18 months in 25 patients from the 
intention-to-treat population. One multislice CT 
angiogram was not interpretable because of severe 

After stenting

Before stenting

3·9 mm2Luminal area: 7·1 mm2 6·9 mm2 10·1 mm2

After stenting echogenecity

After stenting

6 month

6 month

6 month echogenecity

2 years

C

B

A

Figure 4: Results from echogenicity, grey-scale intravascular ultrasound, and intravascular ultrasound virtual histology
(A) Grey-scale appearance after stenting and at 6 months with echogenicity analysis (red: hypoechogenic tissue, green: hyperechogenic tissue). The arrows show a 
strut of the implanted stent. (B) Examples of grey-scale intravascular ultrasound before stenting, after stenting, at 6 months, and at 2 years. The arrowheads show 
struts that remain visible at each follow-up time. (C) Serial assessment by intravascular ultrasound radiofreqeuency backscattering. Before stenting, there is a large 
plaque with a necrotic core. The red arrow indicates the necrotic core in contact with the lumen. After stenting, the lumen has enlarged to 7·1 mm² and two struts 
(yellow arrows) are depicted as (pseudo) dense calcium. At 6 months, the two struts remained visible (yellow arrows) with partial reduction of the luminal area. At 
2 years, the endoluminal pseudo-dense calcium depicting struts has disappeared, which is consistent with strut absorption. There is now a fi brous cap covering the 
necrotic core (green arrows), and late enlargement of the lumen (10·1 mm²) and shrinkage of the plaque.
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motion artifacts. All stents were qualitatively patent. 
Mean luminal area was 5·2 mm2 (SD 1·3), minimal 
lumen area was 3·6 mm2 (0·9), and mean area stenosis 
was 34% (15) (fi gure 2). The calculated mean diameter 
stenosis was 19% (SD 9, range 1–33).

Tables 1 and 3 show QCA results from baseline, after 
the procedure, 6 months, and 2 years. In-stent 
angiographic late loss was 0·48 mm (SD 0·28) at 2 years. 
We noted binary restenosis at 6 months in three patients. 
Repeat revascularisation was not done at 6 months 
because of lack of symptoms and objective signs of 
ischaemia. At 2 years, two of the three lesions had 
regressed to less than 50% stenosis. The third patient 
refused angiography. The reference diameter decreased 
signifi cantly from after the procedure to 6-month and 
2-year follow-up, with an average loss of about 0·3 mm 
(table 3). Between 6 months and 2 years, we recorded no 
signifi cant diff erences in in-stent minimal lumen 
diameter, percentage of diameter stenosis, and in-stent 
late loss (table 3). Therefore, the signifi cant decrease in 
minimal lumen diameter, reference vessel diameter, 
and luminal area already recorded at 6 months, remained 
signifi cant at 2 years. Distal segment late loss increased 
signifi cantly at 6 months and 2 years (table 3).

In the methergin group (n=7), we noted signifi cant 
vasoconstriction in proximal and stented segments 
(fi gure 3). After nitroglycerin, the three segments 
(proximal, stented, and distal) dilated signifi cantly with 

their diameters returning to their baseline values (fi gure 3). 
In the acetylcholine group (n=9), fi ve patients had 
vasodilation of at least 3% in mean luminal diameter. 
Nitrates induced a signifi cant vasodilatation in the stented 
and distal segments (fi gure 3). These results show the 
restoration of vasomotor function in the stented segment.

Grey-scale intravascular ultrasound showed the 
signifi cant increase in minimal luminal area and 
average luminal area and volume, together with a 
signifi cant decrease in plaque area and volume between 
6 months and 2 years (table 3, fi gure 4). With the 
exception of the minimal luminal area, fi ndings for 
vessel area, average luminal area, plaque area, and 
lumen area stenosis at 2 years did not diff er signifi cantly 
from the measurement taken immediately after the 
procedure (table 3). The vessel area and volume 
remained constant between the follow-ups, showing the 
absence of signifi cant remodelling.

We detected a signifi cant reduction in percentage of 
hyperechogenic tissue between after the procedure and at 
6 months, and between 6 months and 2 years, in the 
intention-to-treat population (table 3, fi gure 4). The 
residual level of hyperechogenicity at 2 years was similar 
to the natural hyperechogenicity of plaques (7·7% [SD 
6·5] vs 5·6% [4·8], n=12) that was measured in one 
investigating centre (Thorax Center, Rotterdam, 
Netherlands). Importantly, persistent and late acquired 
incomplete apposition detected at 6 months and previously 

A B

C D

Before stenting

6 months
2·0%

0·0%

2·0%

0·0%

2·0%

0·0%

2·0%

0·0%

After stenting

2 years

Figure 5: Sequential changes in strain assessed by intravascular ultrasound palpography
(A) Before stenting, a long area of high strain (colour-coded for strain ranging from 1% to 2%) is seen; on a single cross-section, the high strain region is located at 
the shoulder (arrow) of the plaque. (B) Abolition of this high strain spot after stenting. (C) and (D) show continued absence of high strain at 6 months and 2 years 
after stenting.
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reported,6 were no longer detectable at 2-year follow-up.
The intravascular ultrasound–virtual histology assess-

ments showed that the percentage of each plaque 
component did not diff er signifi cantly between 6 months 
and 2 years (table 3, fi gure 4). The absolute fi bro-fatty 
area and fi brous-plaque area decreased signifi cantly 
between 6 months and 2 years (table 3). When compared 
with measurements taken immediately after the 
procedure, none of the 2-year parameters diff ered 
signifi cantly, apart from necrotic core area (table 3).

In palpography assessments, the cumulative strain 
value increased signifi cantly from after the procedure to 
6-month follow-up, with no subsequent changes between 
6 months and 2 years (table 3, fi gure 5).

Seven patients had serial data for OCT immediately 
after the procedure, at 6 months, and at 2 years 
(intention-to-treat population). The number of apparent 
struts decreased from 403 at baseline to 368 at 6-month 
follow-up and to 264 at 2 years (34·5% reduction over 
2 years; fi gure 6). For preserved box, appearance of stent 
strut changed from n=0 at 6 months to n=9 at 2 years, for 
open box from n=143 to n=68, for dissolved bright box 
from n=225 to n=185, and for dissolved black box from 
n=56 to n=25. All apparent struts were well covered and 
apposed to the vessel wall. All incomplete appositions 
(incomplete, persistent, and late acquired incomplete 

stent apposition) were resolved. The lumen shape was 
regular with smooth, well delineated borders in all cases, 
and we recorded no intraluminal tissue. The coronary 
vessel wall showed a homogenous, bright backscattering 
appearance, with no signs of tissue optical heterogeneity. 
Importantly, minimal and mean luminal area decreased 
signifi cantly between immediately after the procedure 
and 6 months, but enlarged between 6 months and 
2 years (table 3).

Discussion
In this prospective, single-group, open-label study, the 
BVS stent showed excellent clinical safety with only one 
major adverse cardiac event (a non-Q-wave myocardial 
infarction) by 2 years. The multi-imaging approach has 
shown several important fi ndings. Echogenicity, virtual 
histology, and OCT indicate that by 2 years, this 
biodegradable stent was incorporated into the vessel wall 
and bioabsorbed. Reduction in molecular weight and 
mass had occurred to such an extent that struts were no 
longer recognisable by intravascular ultrasound, leaving 
behind few visible features; thus a third of stents were no 
longer discernible by OCT. Importantly, OCT showed an 
optically homogeneous vessel wall structure that, taken 
together with the documented restoration of vasomotion, 
suggests healing of the artery.

We used multislice CT to assess the midterm results at 
18 months. Patency and absence of binary restenosis was 
established non-invasively, and subsequently confi rmed 
by conventional angiography. In a subset of patients 
previously reported and investigated after the procedure, 
the quantitative results of two-dimensional and three-
dimensional QCA conventional angiography, three-
dimensional intravascular ultrasound, and multislice CT 
angiography were positively correlated from immediately 
after the procedure to 6 months, although the two-
dimensional QCA tended to be smaller than the 
three-dimensional-based quantitative methods.34 The 
feasibility and accuracy of the use of multislice CT in 
analysis of radiolucent biodegradable stents in a 
multicentre study could indicate a new era for 
non-invasive assessment of patients treated with 
radiolucent stents.35,36

Despite the discontinuation of thienopyridine drugs, no 
stent thrombosis occurred, and no additional clinical 
restenosis was evident by 2 years. Two lesions initially 
categorised as binary restenosis at 6 months regressed 
below the threshold of 50% diameter stenosis. On average, 
the diameter stenosis of 27% measured at 6 months 
remained unchanged at 2 years. However, QCA showed 
that the vessel size signifi cantly decreased be-
tween 6 months and 2 years, and the minimal lumen 
diameter tended to decrease so that the intrastent late loss 
tended to rise. The late loss in the 5 mm distal to the stent 
increased signifi cantly. When truly serial observations 
were used (n=19), we recorded similar results.

These angiographic results are consistent with the 

A

B

After stenting

* * *

6 months 2 years

Figure 6: Serial assessment of stent struts by optical coherence tomography
(A) After stenting, incomplete apposition of struts (preserved box) in front of a side-branch ostium. At 6 months, 
persistent incomplete stent apposition (arrow) and resolved incomplete stent apposition (arrowhead), with open 
box appearance. At 2 years, there is now smooth appearance of the endoluminal lining without strut malapposition 
since struts have been absorbed. There is guidewire shadowing (at the top of the image), and a strut is still just 
discernible as a bright spot (arrow).(B) Complete apposition of strut (box appearance) after the procedure. At 
6 months, there is late acquired incomplete stent apposition of the struts (preserved box appearance) with tissue 
bridging connecting the struts (arrow). The endoluminal lining is corrugated. At 2 years, smooth endothelial lining 
with almost circular cross section. Generally, the struts are no longer discernible, although there is a bright refl ection 
that could indicate a strut (arrow). Asterisk indicates a side branch.

Gonzalo.indd   282Gonzalo.indd   282 06-Jan-10   12:01:43 PM06-Jan-10   12:01:43 PM



283

ABSORB 2-year outcomes and results from imaging methods

fi ndings of intracoronary imaging from after the 
procedure to 6 months, but diff er from observations 
from the three-dimensional-based methods at later 
follow-up. The average luminal area and minimal luminal 
area measured by intravascular ultrasound and OCT 
increased signifi cantly between 6 months and 2 years, 
which contrasts with the non-signifi cant decrease in 
angiographic luminal dimensions during that period. 
Several explanations for the discordant late luminal 
changes between angiography and intracoronary imaging 
have been considered. First, at the 2-year follow-up, QCA 
follows immediately after the vasomotion test is 
terminated by an intracoronary injection of nitrate. 
Kurnik and colleagues37 have described the prolonged 
vasoconstrictor eff ect of ergonovine maleate. Further-
more, the two intracoronary imaging assessments with 
intravascular ultrasound and OCT were both preceded by 
additional injections of nitroglycerin, which could have 
resulted in improved vasodilation and could explain 
discrepancy between measurements. The TAXUS II 
study also showed a discrepancy between results from 
angiography and intravascular ultrasound at 2 years. In 
this study, serial changes measured in the TAXUS group 
showed late lumen enlargement on angiography between 
6 months and 2 years but lumen loss on intravascular 
ultrasound.16 This discrepancy was mainly attributed to 
the diff erence between the focal measurement (minimal 

lumen diameter and loss) of angiography and the 
continuous measurement of three-dimensional intra-
vascular ultrasound.

Another possible explanation for the angiographic and 
intracoronary imaging discrepancy is a possible long-term 
change in lumen occurring between 6 months and 2 years, 
especially in view of the fi nding from OCT that the 
corrugated endoluminal lining at 6 months evolved into 
an almost circular appearance at 2 years. Diff erences in 
systematic measurement between angiography and 
intravascular ultrasound might also explain the discordant 
changes in late lumen. Dimensions measured by QCA 
are repeatedly smaller than measurements from 
intravascular ultrasound or OCT,17,34 and substantial 
overestimation of lumen area by intravascular ultrasound 
has been reported,38 especially in vessels of small 
diameter. When projected minimal lumen diameter39 
derived from intravascular ultrasound assessment is 
compared with that from QCA, we note that the 
intravascular ultrasound measurement underestimates 
the larger lumen and overestimates the smaller lumen. 
Accordingly, this method can underestimate late loss 
when compared with QCA or conversely, QCA can 
overestimate late loss compared with intravascular 
ultrasound.39 Finally, the discrepancy between two-
dimensional QCA and three-dimensional intra vascular 
ultrasound or OCT could also be the result of the small 

2 years 3 years 3 years

A B C

D E F

200 μm

Figure 7: Preclinical porcine studies at 2 years and 3 years after stent implantation 
(A) and (B) represent 2 year and 3 year porcine histology with haematoxylin-eosin staining, showing disappearance of the void previously occupied by a polymeric 
strut. The box-like spaces were visible on OCT (D) and are still visible at 2 years but almost indiscernible at 3 years (E). Detailed histology (C and F) shows the apparent 
voids previously occupied by the polymeric struts have been preserved, but fi lled in by proteoglycan material. In the Von Kossa stain (C), mineralisation is seen around 
the previous site of a strut. In the Alcian blue stain (F), proteoglycan has replaced the BVS stent strut.
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patient population.
The reappearance of vasomotion of the stented and 

persistent segments in response to methergin or 
acetylcholine suggests that vessel vasoreactivity has 
been restored and that a physiological response to 
vasoactive stimulus might occur anew. Unlike previous 
studies reporting endothelial dysfunction in the distal 
segment, our primary intention was to report vasomotor 
tone in the stented segment, once the scaff olding 
properties of the stent had disappeared as a result of its 
bioabsorption. Importantly, fi ve of nine patients tested 
with acetylcholine showed vasodilatation (at least 3% of 
the mean diameter11) during the highest dose infused, 
suggesting direct vasodilator or fl ow-mediated response 
to acetylcholine and thus the presence of functionally 
active endothelium at the site of the stent implantation. 
However, this fi nding is a seminal observation that 
clearly needs to be confi rmed.

As previously reported in a subset of 12 patients studied 
in one investigating centre, mean cumulative strain value 
measured before and after stenting decreased 
signifi cantly, indicating a reduction in vessel wall 
deformability due to the scaff olding properties of the 
stent.28 The vessel wall deformability reappears to some 
extent in the initial 6 months and remained stable.

The signifi cant decrease in plaque area recorded 
between 6 months and 2 years without concomitant 
change in vessel area also needs to be confi rmed. The 
plaque shrinkage documented by intracoronary 
techniques could be real, since implantation of metallic 
everolimus-eluting stents in an atherosclerotic rabbit 
model resulted in a reduction of macrophage in a 
process involving autophagy.40 However, the absorption 
of the polymeric material and the resulting mass loss 
could partly contribute to the plaque reduction. 
Preclinical porcine studies 3 years after stent 
implantation show that although struts disappear 
by 2 years, the spaces they occupied become fi lled with 
proteoglycan material (fi gure 7). The changes in tissue 
composition occurring during the fi rst 6 months, with 
a decrease in percentage of dense calcium and 
percentage of necrotic core6 and an increase in fi bro-fatty 
and fi brous tissue in relative percentages and absolute 
values, was previously interpreted as a reduction of 
radiofrequency back scattering from the polymeric 
struts. The modest decrease in the necrotic core between 
6 month and 2 years has to be interpreted with caution. 
In a cohort of 12 patients enrolled at one site (Thorax 
Center), we compared the necrotic core before stenting, 
after stenting, at 6 months, and at 24 months. From 
before to after stenting, we noted an increase in the 
necrotic core due to the implantation of the polymeric 
struts detected and misclassifi ed by radiofrequency 
analysis as dense-calcium surrounded with necrotic 
core (fi gure 4).28 In that cohort, we noted that the 
amount of necrotic core at 2 years was similar to the 
amount before stenting, suggesting that the appearance 

and disappearance of polymeric struts is mainly 
responsible for the pseudo-regression of the necrotic 
core between 6 months and 24 months (data not 
reported).

In the future, the potential advantages of drug-eluting 
bioabsorbable stents will be assessed with a second 
iteration of the device. The fi rst-generation device, for 
which stent shrinkage was seen at 6 months, might not 
have retained its mechanical integrity and radial strength 
long enough to resist fully the negative vessel wall 
remodelling forces generated by percutaneous coronary 
intervention.41 The polymer used in the next generation 
device is processed diff erently so that its integrity and 
radial strength are retained for a longer time. The design 
of the next generation device is zigzag hoops linked by 
straight bridges, which is similar to the design of the 
original MultiLink stent (Abbott Vascular, Santa Clara, 
CA, USA). This design will provide added uniform vessel 
support and drug application. These features are expected 
to reduce the stent shrinkage that at 6 months contributed 
to late loss and restenosis. These potential improvements 
will be tested when the stent is implanted in challenging 
lesion subsets.

 Our study had some limitations. It included small 
numbers of patients (n=30) with very few truly serial 
observations. In view of the large number of parameters 
with several comparisons, some of the fi ndings are 
merely hypothesis generating and should therefore be 
interpreted cautiously. Additionally, the investigation 
uses novel imaging methods that have not been 
specifi cally validated for the assessment of polymeric 
struts in vitro and ex vivo. Animal studies (fi gure 7E) 
suggest that features visible by OCT will completely 
disappear once the homogeneity of the vessel wall is 
achieved and cells repopulate strut sites. At 2 years, 
animal studies show that the polymer has been 
absorbed and replaced by proteoglycan of roughly the 
same dimensions, with a discernible translucent 
appearance by OCT. Occasional mineralisation at 
absorbed strut edges is also present, and could 
paradoxically be discernible by this technique. That 
some apparent strut signals persist on OCT at 2 years 
in our patients suggest that tissue homogeneity is not 
completely restored.

In conclusion, many of the salient observations made 
in the present study are therapeutically clinically relevant 
and highly favourable. We detected transient but 
long-term eff ective scaff olding of the vessel, device 
bioabsorption, complete strut apposition, potential late 
lumen enlargement associated with decrease of plaque 
burden, and restoration of vasomotion. Non-invasive 
sequential monitoring of the stent patency with 
multislice CT is feasible. The absence of a foreign body 
and the restoration of vasomotion raise the hope of a 
normal healed vessel that could be without the risk of 
late stent thrombosis. All these fi ndings need to be 
confi rmed in larger studies, but this or similar devices 
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could become of paramount importance for the 
restoration of vascular integrity in the treatment of 
fl ow-limiting plaque.
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ABSTRACT

Background: Using optical coherence tomography (OCT), alterations of the bio-
resorbable everolimus-eluting stent (BVS) struts have been reported in humans. 
In the absence of histology, the interpretation of the appearances of the struts by 
OCT remains speculative. We therefore report OCT fi ndings with corresponding 
histology in the porcine coronary artery model immediately and at 2, 3 and 4 
years after BVS implantation.
Methods: Th e BVS (3.0 x 12.0 mm) were implanted in 18 pigs that underwent 
OCT and were euthanized either immediately (n=2), at 2 years (n=3), at 3 years 
(n=5) or at 4 years (n=8) after implantation. For histological examination, sections 
were taken from the proximal, mid, and distal implanted arterial segment. Cor-
responding OCT and histology images were selected using the distal and proximal 
markers as landmarks. Th e appearance of struts by OCT were categorized into 
four subgroups and aligned with the histological counterpart.
Results: At 2 years, by OCT, 57.3 ±16.6 struts were discernible per BVS with 80% 
strut sites as a box-shaped appearance. Despite their defi ned appearance by OCT, 
by histology, these structures were composed of proteoglycan without any poly-
meric material detectable by chromatography. At 3 years, by OCT, recognizable 
struts decreased to 27.6±8.5 struts per BVS: 43.9% showed dissolved black box, 
34.8% dissolved bright box, 16.3% open box, and 5% preserved box appearance. 
Histology shows that connective tissue cells within a proteoglycan-rich matrix 
replaced the areas previously occupied by the polymeric struts and coalesced into 
the arterial wall. At 4 years, by OCT, 10.1±6.3 struts were recognizable as either 
dissolved black or dissolved bright box. In histology, these struts are minimally 
discernible by a focal lower density of smooth muscle cells.
Conclusions: Still discernible struts by OCT at 2 years are compatible with com-
pletely bioresorbed struts by histological analysis. At three and four years, both 
OCT and histology confi rm complete integration of the struts into the arterial 
wall.
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INTRODUCTION

Bioabsorbable polymer drug-eluting stents (DES) are a novel approach to the 
interventional treatment of coronary artery disease, providing short-term vessel 
scaff olding combined with drug delivery capability while avoiding the long-term 
limitations of metallic drug-eluting stent (DES). Such limitations of metallic 
DES include retardation of the growth of healthy endothelium over stent struts 
(1, 2) or endothelial dysfunction resulting in abnormal endothelial responses 
to acetylcholine (3, 4). Permanent metallic stenting may also preclude surgical 
revascularization, jail side branches, prevent late luminal enlargement, and impair 
non-invasive imaging of coronary arteries with multislice computed tomography 
and magnetic resonance. Recently, the fully bioabsorbable BVS coronary system 
(Abbott Vascular, Santa Clara, USA) was tested in the fi rst-in-man ABSORB 
study with a series of 30 patients. In this trial, BVS demonstrated excellent long-
term clinical results up to 2 years with a low major adverse cardiac event rate 
of 3.4% (5). Th e device consists of a backbone of poly-L-lactide (PLLA) coated 
with poly-D, L-lactide (PDLLA) that contains and controls the release of the 
anti-proliferative drug, everolimus (Novartis, Basel, Switzerland).

So far, it is unknown which diagnostic modality is most suitable to confi rm 
the complete bioresorption. In the ABSORB trial, where multiple modalities of 
invasive imaging , for instance, intra-vascular ultrasound grey-scale (IVUS) with 
additional analysis of echogenicity and radiofrequency backscattering, were used, 
optical coherence tomography (OCT) was able to demonstrate serial changes in 
the optical properties of the struts over time, probably refl ecting the biorebsorp-
tion process (5,6,7,8). At 2 years, OCT analysis demonstrated that 34.5% of 
the struts were no longer discernible. Alterations of the struts in their optical 
appearance at follow-up was categorized into four subgroups: preserved box, 
open box, dissolved bright box and dissolved black box (6). According to these 
subgroups, strut appearance in serial comparative analyses (7 stents) changed from 
6 months to 2 years, respectively: preserved box n=0 and n=9, open box n=143 
and n=68, dissolved bright box n=225 and n=185 and dissolved black box n=56 
and n=25 (5). Although the absence of visible struts in OCT was considered as a 
sign of complete bioresorption, there is no histological correlate to confi rm this. 
Furthermore, the correlation of diff erential appearances by OCT and histology 
have not yet been investigated.

Herein, we report the results of this investigation correlating the appearance 
of BVS and the related arterial response by OCT with corresponding histology 
in porcine coronary arteries model acute, at 28 days and at 2, 3 and 4 years after 
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implantation. Th is is a study initiated in 2005, as a preamble to the completed 
and currently ongoing clinical studies.

METHODS

Experimental studies received protocol approval from the Institutional Animal 
Care and Use Committee and were conducted in accordance with American Heart 
Association (AHA) guidelines for preclinical research and the Guide for the Care 
and Use of Laboratory Animals (NIH, 1996). Two Yorkshire landrace swine (Th o-
rax Center, Rotterdam, NL) and fourteen Yucatan mini-swine (Synecor, NC, USA) 
were implanted via femoral access according to standard procedures, with each pig 
receiving a single 3.0 x 12.0 mm BVS implant in one, two or three of the three 
main coronary arteries. Th e prototype of BVS systems used in the porcine study 
were of similar construct as those used in the ABSORB clinical trial. Fifteen pigs 
implanted with 31 BVS were examined by OCT and were subsequently examined 
by histology immediately post procedure, at 2, at 3 or at 4 years after implantation 
(Figure 1). Five BVS implanted in two pigs at 2 years were analyzed for polymer 
content via gel permeation chromatography, which demonstrated the polymer to 
be below detectable limits (data not presented). Immediately, at 3 and 4 years after 
implantation, all BVS implanted arteries in the pigs were processed for histology 
following OCT (immediately after implant: n=4, 3 year: n=8, 4 year: n=12).

Figure 1. Flowchart of the pigs implanted with BVS in the main coronary arteries and evaluated by 
OCT and/or histology.
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Evaluation by OCT was performed immediately after implant (n = 2), at 2 
(n = 3), at 3 years (n = 5), or at 4 years (n=8) post-implant using a commercially 
available OCT system (M2 system, LightLab Imaging, Westford, MA, USA). 
An OCT catheter (Helios™ proximal occlusion catheter) was initially advanced 
distal to the area of interest over a conventional coronary guidewire, which was 
then replaced with the OCT imaging wire (ImageWire™). Th e OCT catheter was 
withdrawn manually proximal to the implanted segment, the balloon was infl ated 
at low pressure, crystalloids were used to clear the blood and the wire containing 
the imaging core was withdrawn at 1 mm/sec. During image acquisition, coronary 
blood fl ow was replaced by continuous fl ushing of Ringer’s lactate at 0.5-1.0 ml/
sec using a power injector (Mark V ProVis, Medrad, Inc. Indianola, PA, US). Th e 
highly compliant occlusion balloon remained infl ated proximal to the lesion at 0.5 
or 0.7 atm. Cross-sectional images were acquired at 15.6 frames/sec. Immediately 
following OCT, all pigs were humanely euthanized.

Hearts were explanted from the thoracic cavity and fl ushed using pressure per-
fusion with saline followed by 10% buff ered formalin in preparation for histology. 
Implanted arteries were carefully dissected from the heart, routinely processed, 
embedded in methyl methacrylate, and sectioned in duplicate at 5 μm. Th ree 
sections were taken from an implanted segment: i) the proximal section at 2mm 
distal to the proximal metallic marker, ii) the middle section at approximately 6 
mm distal to the proximal marker, and iii) the distal section at 2 mm proximal 
to the distal marker. Sections were stained with hematoxylin and eosin (HE) 
and elastic Van Gieson (EVG). Duplicate sections from selected arteries at 2 and 
3 years also were stained with Alcian Blue and Von Kossa histochemical stains 
for the detection of acid mucopolysaccharides (proteoglycans) and calcifi cation, 
respectively.

For qualitative and quantitative analysis of the OCT, images were selected at 
1 mm intervals in the implanted segment, which was defi ned as the region be-
tween the metallic markers. Th e struts sites were categorized according to the four 
morphological subcategories that have been applied in the clinical study (Figure 
2) (5,6). Th e fi rst subset (preserved box) can be described as a box appearance 
with sharply defi ned borders with bright refl ection, while the strut body shows 
low refl ection. Th e second subset is characterized as an open box i.e. luminal and 
abluminal “long-axis” borders thickened with bright refl ection while the short-
axis borders are no longer visible at follow-up. Th e third subset is categorized as a 
dissolved bright box i.e. partially visible bright spot with contours poorly defi ned 
and no box shaped appearance. Th e fourth subset is a dissolved black box i.e. 
black spot with contours poorly defi ned, often confl uent but with no box shaped 
appearance. Th e other OCT endpoints were the interaction of the struts and 
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vessel wall (e.g. apposition and coverage) (5,6). Incomplete strut apposition was 
defi ned as clear separation of one strut from the vessel wall, with evidence of fl ush 
between the strut and vessel wall. Coverage of the strut by tissue was categorized 
as complete, incomplete or not visible (5,6). Qualitative analysis of BVS and the 
vascular response involved the selection and comparison of corresponding OCT 
and histology images using the distal and proximal markers as landmarks.

RESULTS

OCT fi ndings

Immediately after implantation, all struts had a preserved box appearance (Figure 
3) and were well apposed to the vessel wall. In one of the two pigs with OCT 
and sacrifi ce immediately after stent implantation, the BVS was placed after 
heparinization but without antiplatelet therapy. In this animal, a strut of one BVS 
was covered with highly refl ective structures without shadowing, suggesting the 
presence of the white thrombus.

Th e OCT fi ndings at 2, 3 and 4 years are summarized in Table 1. At 2 years, 
on average, 56.0 ±17.5 struts were discernible per BVS device. Endoluminal lin-
ing of the implanted segment was smooth and circular (Figure 4). Four fi fth of 
struts showed preserved box appearance and 17% showed dissolved black box, 

Figure 2. Representative photographs of the four subcategories of refl ectance characteristics by 
OCT in BVS struts at follow-up as observed in the fi rst-in-man ABSORB trial. Description of each 
subcategory is included in the illustration. (modifi ed from Ormiston, et al. 6 )
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Figure 3. OCT images immediatly after BVS implantation. In a pig to whom a BVS was implanted 
with heparin (A, E), at 9 o’clock, the strut with preserved box appearance was covered with high 
intensity irregular material without shadowing, suggesting presence of a white thrombus (E shows a 
magnifi ed image). In a pig implanted with clopidogrel, aspirin and heparin (B, F), all struts showed 
preserved box appearance without any tissue coverage. Histology after the removal of polymeric 
struts showing the footprints of the struts on the intima of the vessel wall (C, G). Note the absence 
of fracture of the internal elastic membrane. Similary, in humans, all struts demonstrate preserved 
box appearance without tissue coverage immediately after stent implantation (D, H).

.

Figure 4. Examples of strut appearances assessed with OCT in porcine coronary arteries.
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while only few struts (2.6%) demonstrated open box appearance. All struts were 
completely embedded in the vessel wall and were covered by tissue.

At 3 years, the number of recognizable struts decreased to 27.6±8.5 struts 
per BVS device: 43.9% of discernible struts showed dissolved black box, while 
34.8% showed dissolved bright box, 16.3% showed open box, and 5% remained 
as preserved boxes. One strut showed malapposition at the ostium of sidebranch, 
while all others were fully apposed. At 4 years, only 10.1±6.3 struts per BVS 
were recognized by OCT: 51.2% of struts were classifi ed as dissolved bright while 
48.8% as dissolved black appearance.

Comparison between OCT and histology

Th e corresponding OCT and histology images are summarized in the Table 2. At 
two years, most locations of pre-existing struts were detectable by OCT, showing 
the “preserved box” appearance. By histology, these “preserved box” structures 
likewise had discrete borders and were composed of hyaline material that stained 

Table 1. Results of OCT evaluation in the current porcine model and ABSORB trial
OCT Findings ABSORB study 

immediately after 
implantation

ABSORB study
2 years*

Porcine model
2 years

Porcine model
3 years

Porcine model
4 years

Number of BVS evaluated 7 7 7 8 12

Mean discernible struts per BVS 58±19 38±30 57±17 28±9 10±6

Strut appearance

Preserved box, % 100 3.0 84.9 5.0 0

Open box, % 0 21.7 2.6 16.3 0

Dissolved bright box, % 0 62.0 0.0 34.8 51.2

Dissolved black box, % 0 13.3 17.6 43.9 48.8

Strut/ Vessel wall interaction

Strut apposition, % 90.1 99.2 100 99.5 100

Strut alignment, % 4.1 0 0 0 0

Incomplete strut apposition, % 5.8 0.8 0 0.5 0

Strut coverage

Complete, % 0 100 100 100 100

Incomplete, % 0 0 0 0 0

Not visible, % 100 0 0 0 0

* Data at 2-year follow-up in the matched seven patients who underwent serial OCT assessment at 
baseline, 6 month and 2 years5, 6. Th e percentage was recalculated as follows: number of strut in each 
category / total number of discernible struts at that time point
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positively with Alcian Blue, indicating that they were composed of acid muco-
polysaccharides (proteoglycans) (Figure 5). By gel permeation chromatography, 
the BVS polymer was no longer detectable at two years (data not shown), con-

Table 2. Summary of correlation between OCT fi ndings and histology
Subcategory Histology

2 Year Preserved box appearance

Struts were replaced by acid mucopolysaccharides. By gel permeation chromatography, 
the BVS polymer was no longer detectable at 2 years (data not shown), confi rming 
that there was complete polymer degradation, and these structures visible by OCT and 
histology represented locations of bioresorbed BVS struts.

3 Year Preserved box

Strut has been also replaced by proteoglycan and tends to be coalesced with the 
surrounding neointimal tissue. Minimal calcifi cation is occasionally present, then 
outlining locations of pre-existing struts.

Dissolved black box appearance

Pre-existing strut has been replaced by proteoglycan with variable connective tissue 
cellular infi ltrates and coalesced with the surrounding neointimal tissue, indicating 
complete, benign bioresorption.

Indiscernible
Regions having been occupied by struts were barely recognizable, being now entirely 
composed of connective tissue by histology.

4 Year Indiscernible

Struts are minimally discernible, only illustrated by focal regions of low smooth muscle 
cell density. Scant remnant calcifi cation is the solitary evidence remaining of prior 
struts.

OCT = Optical coherent tomography

Figure 5. OCT images and corresponding histology at 2 years after stent implantation: Strut 
conforming to the “preserved box” subcategory as visible by OCT (A, B) and corresponding 
histological photomicrographs (C, D and E). Location of bioresorbed struts are readily visible in 
histological sections stained with standard hematoxylin and eosin, but material staining positively for 
Alcian blue fi lled in the regions previously occupied by the struts. (proteoglycan, E)
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fi rming that there was complete polymer degradation. Th erefore, these structures 
visible by OCT and histology represented locations of bioresorbed BVS struts. 
Due to the high water content of the matrix replacing the polymer, there was 
likely processing-induced swelling that made these footprints appear falsely larger 
by histology as compared to OCT.

Figure 6. OCT image and histology at 3 years after stent implantation: Struts are suspected to be 
present as dissolved black box (A) and are hardly discernible by histology (B: Hematoxylin and 
eosin, C: elastic Van Gieson staining). Poorly defi ned regions of low signal intensity visible by OCT 
correspond with regions of low cell-density connective tissue visible by histology (asterisks in B and 
C). Th ese regions may indicate prior locations of biorebsorbed BVS struts.

Figure 7. OCT image and histology at 3 years after stent implantation: Struts clearly conforming to 
“preserved box” subcategory are visible on OCT only at 8 and 9 o’clock. Th ese preserved boxes were 
accompanied with shadowing eff ect. (A) Corresponding histological photomicrographs (B, C, D, E). 
As compared to 2 years, strut footprints now coalesced with the surrounding tissue. With Alcian Blue 
staining, struts have been replaced by connective tissue cells admixed in a proteoglycan matrix (D). 
Staining with Van Kossa demonstrates minimal calcifi cation outlining the sites previously occupied 
by the polymeric struts. (E).
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Overall at three years, translucent regions suggestive of remnant struts were 
hardly discernible by OCT, although one single animal showed clearly a persis-
tence of preserved box appearance of the struts. In the other cases, the struts were 
either indiscernible or suspected to be present as dissolved black box (Figure 6). 
In both cases (preserved box and dissolved black box), histology at 3 years shows 
that the sites previously occupied by the polymeric struts were still detectable on 
histology but coalesced with the surrounding neointimal tissue. As compared to 
two years, locations of pre-existing struts were largely composed of connective 
tissue cells within a proteoglycan-rich matrix (Figure 6). In other words, strut 
footprints classifi ed as “dissolved black box” generally shared the same histological 
morphology as those categorized as “preserved box”, though there were regions of 
low cellular density connective tissue visible by histology that indicated complete, 
benign involution of the struts into the arterial wall (Figure 6 and 7). At both 

Figure 8. OCT image and histology at 4 years after implantation: Struts are no longer discernible 
by either OCT (A) or by histology using HE (B, C). Locations in the arterial wall suggestive of prior 
strut location are minimally discernible with Movat’s Pentachrome staining (D), which are illustrated 
by focal regions of low smooth muscle cell density. Scant remnant calcifi cation (arrow), now less 
notable as compared with that observed at 2 and 3 years, is the solitary evidence remaining of prior 
strut.
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two and three years, sporadic, thin demarcation line of calcifi cation delineating 
pre-existing strut locations were inconsistently observed histologically (Figure 7). 
When the struts were not detectable in OCT, these regions of strut site were poorly 
discernible in histology (Figure 6). At four years, struts are minimally discernible 
in histology. Th e only suggestive fi ndings to previous presence of struts are a local-
ized lower density of smooth muscle cells and remnant calcifi cation. (Figure 8)

DISCUSSION:

In the current study, we describe the preclinical experience using BVS in a porcine 
coronary model. Two years after BVS implantation, OCT images demonstrated 
that 81% of the struts still had a preserved box appearance. Nonetheless, the 
corresponding histological images showed that the polymeric struts were already 
resorbed and replaced by proteoglycan matrix. Th ree years after BVS implanta-
tion, OCT images demonstrated that only 5% of the struts retained a preserved 
box appearance while 44% had evolved to a dissolved black box appearance. In 
addition, at 3-year follow-up we observed on OCT dissolved black boxes that, 
on histology, refl ected infi ltration of the sites of pre-existing struts by connective 
tissue cells. At 3 years, absolute count of discernible struts was approximately 
reduced by 50% and the no longer discernible strut footprints on OCT seem to 
correspond in histology to complete integration into the surrounding arterial wall. 
Furthermore, at 4 years, only one fi fth of the struts were discernible in OCT with 
dissolved black or dissolved bright appearance, which were minimally discernible 
in histology.

Histological response after BVS implantation

Th e current study suggests the following histological responses after implanta-
tion of the BVS PLLA/PDLA device: fi rst, the polymeric struts are resorbed and 
replaced by proteoglycan matrix; second, the strut areas are infi ltrated by connec-
tive tissue cells and become assimilated to the surrounding tissues; and third, the 
strut areas become diffi  cult to be discerned on histology due to their coalescence 
with the arterial wall. Strictly speaking, the process of “bioresorption” fi nishes at 
the fi rst phase. Subsequent phases represent an “integration” process of the struts 
within the arterial wall; ultimately locations of pre-existing strut voids become 
completely indiscernible on histology.

Gonzalo.indd   298Gonzalo.indd   298 06-Jan-10   12:02:45 PM06-Jan-10   12:02:45 PM



299

OCT and histology after bioresorbable everolimus-eluting stent implantation

Assessment of the “bioresorption” process by OCT

In the fi rst-in-man trial using the BVS, the OCT classifi cation of the four strut 
appearances was developed to characterize the process of bioresorption (5,6). 
Immediately post implantation, the polymeric struts appear on OCT as clear-
cut boxes lying on the vessel wall rather than being embedded (Figure 3). Th e 
disappearance of this box appearance is considered to be the initial stages of the 
bioresorption process since it was no longer seen at 6-months (5,6). Th e fi rst 
optical change of this box appearance in the ABSORB trial was the “opening” 
of the extremities of the box in its short axis which was considered as a fi rst sign 
of biochemical or histological alteration (Figure 4), observed in 34% of struts 
at 6 months, and still in 14% at 2 years. Th e dissolved black box and dissolved 
bright box appearance were considered to refl ect further stages of bioresorption 
and vessel wall integration. Th e indiscernibility of the strut footprints on OCT 
was interpreted as a sign of complete bioresorption. At 2-years, 36.3% of the 
struts were indiscernible by OCT in human. So far, no attempt has been made 
to interpret these human OCT observations by correlating OCT and histological 
observation in animal model.

In contrast to what was initially thought after the fi rst-in-man BVS trial and 
according to the current animal study, the “preserved box” appearance does not 
exclude the resorption of polymeric struts. By gel permeation chromatography, the 
BVS polymer was no longer detectable at two years (data not shown), confi rming 
that there was complete resorption of the polymer, and these structures visible by 
OCT and histology represented voids of former BVS struts. In other words, the 
preserved box appearance with optical translucency is compatible with complete 
polymer dissolution.

Assessment of “integration” process by OCT

Although OCT might not be sensitive enough to evaluate the degradation process 
of the polymer, it may, on the other hand, provide more detailed information on 
the “integration” process. In the current study, the transition from the preserved 
box appearance (at 2 years) to the full disappearance of the strut footprints on 
OCT or the presence of dissolved black box (at 3 years) appears to be related to 
the replacement of the pre-existing strut by proteoglycan matrix and connective 
tissue cells. While the demarcation of the pre-existing struts become undetect-
able on OCT image, by histology these ultimately coalesce with the arterial wall. 
Th is suggests that changes in strut appearances on OCT mirror the “integration” 
process of the matrix replacing the struts. In a few cases, a demarcating line of 
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mineralization seems to be the sole histological remnant of the pre-existing strut, 
and it is still unclear whether this thin line of mineralization would be seemingly 
detectable on OCT (Figure 7).

Infl ammatory Reaction

Recently, Jiang, et al. demonstrated in in vitro and in vivo studies that a strong 
correlation exists between the rate of material degradation and the degree of in-
fl ammatory response to implanted material (9). In Swiss Webster mice implanted 
with polymeric disks into the peritoneum, the PLLA disk – which has longer 
degradation time compared to the mixed polymer of PLLA and PEG - showed 
least infl ammatory response. However, in a rat study by Polimeni, et al (10), 
when the PLA devices was implanted subcutaneously in contact with bones, the 
polymer triggered a foreign body reaction including multinucleated giant cells, 
macrophages and lymphocytes. Expert of biodegradable polymer have repeatedly 
emphasized the importance of the locus of the implant on its rate of degradation 
and also in the inverse relationship between rates of biodegradation and the pres-
ence of infl ammatory process (9). In the current histological study, the BVS did 
not show signifi cant infl ammatory response at 2 year and 3 years, although a likely 
short-term infl ammatory response during the resorption phase of the stents was 
not evaluated as part of this study.

Diff erences between human and porcine coronary artery

At 2-year follow-up, the distribution of OCT strut appearances observed in the 
porcine animal model diff ered from the results of the human FIM trial (table 3). 
More specifi cally, the open box and dissolved bright box appearance observed 
in 13.8% and 39.5% of struts in the ABSORB trial were scarcely observed at 
2 years in the current animal study (open box 2.4%, dissolved bright box 0%). 
Furthermore, in the ABSORB trial, the number of discernible struts per device 
was 38 at 2 years, while in the current animal model, 57 struts voids per device 
were still discernible at 2 years. Th is suggests a slower integration process of the 
struts voids fi lled with proteoglycans in porcine arteries than in human arteries.

One possible explanation is the absence of underlying atherosclerotic plaque 
with or without infl ammatory component in the implanted lesion of the animal 
model. Th e vascular response of aged, human atherosclerotic arteries has distinc-
tion from that of juvenile, healthy animal arteries. In some human cases, the 
deployed polymeric struts are possibly apposed against highly infl ammatory ath-
erosclerotic plaque with activated macrophage and metalloproteinase. In a single 
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cross section of OCT heterogeneity of strut appearance (four categories) is not 
uncommon.

It has been reported in the ABSORB trial that the lesion morphology of im-
planted segments aff ected the degree of “late recoil” seen at 6 months with the 
BVS (11). Calcifi ed plaques resulted in signifi cantly less late recoil (0.20 +/- 1.54 
mm2 and 1.97 +/- 22.2%) than fi bronecrotic plaques (1.03 +/- 2.12 mm2 and 
12.4 +/- 28.0%, p = 0.001 and p = 0.001, respectively) or fi brocellular plaque 
(0.74 +/- 1.48 mm2 and 8.90 +/- 19.8%, p = 0.001 and p = 0.001, respectively). 
Th is suggests that the underlying fi bronecrotic or fi brocellular plaque might have 
a determinant role in early alteration of polymeric struts in the fi rst 6 month, 
which seems to evolve into a more favorable integration process at 2 years as 
refl ected by the striking diff erence between the OCT appearance in human at 6 
months and 2 years. .

Another possible explanation for the slower integration in the current porcine 
study than in the ABSORB is presumably the longer degradation time of the poly-
meric strut constructions in this study compared to the BVS in the ABSORB trial. 
It is known that polylactic polymer with greater monomer content has faster deg-
radation rate. Polylactic acid degrades by hydrolysis, and this process is catalyzed at 
early stages of degradation by the presence of carboxyl moieties. Th is autocatalytic 
process is initiated either from the ends of each chain or from the presence of free 
residual monomer in the polymer matrix. Th e polymeric BVS coronary system 
used in the FIM trial has greater monomer content in its polymer than the device 
used in the current animal study. Th ese facts may explain the faster integration 
process observed in the human FIM trial than in the current animal study.

The limitations

Th e limitations of this study are the following. Th e number of specimens examined 
was small. Since there are no serial OCT images acquired after implantation, the 
changes from baseline to follow-up were not evaluated. In addition, as discussed 
above, diff erences between the healthy porcine coronary artery and diseased hu-
man coronary artery could limit the generalizability of the hypothetical concepts 
put forward in this report.

CONCLUSION

In conclusion, the current porcine animal study potentially elucidates the histo-
logical responses after implantation of the BVS - bioresorption and integration. 
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OCT might be more sensitive to assess the integration process rather than the 
polymer alteration. Ultimately absence of the BVS device footprint on OCT sug-
gests complete integration of the struts into the arterial wall.

ACKNOWLEDGEMENT

We thank Dr. Garcia-Garcia for his careful and critical review of the manuscript.

Gonzalo.indd   302Gonzalo.indd   302 06-Jan-10   12:02:45 PM06-Jan-10   12:02:45 PM



303

OCT and histology after bioresorbable everolimus-eluting stent implantation

REFERENCES

 1. Finn AV, Joner M, Nakazawa G, Kolodgie F, Newell J, John MC, Gold HK, Virmani 
R. Pathological correlates of late drug-eluting stent thrombosis: strut coverage as a 
marker of endothelialization. Circulation. 2007; 115(18): 2435-2441.

 2. Joner M, Finn AV, Farb A, Mont EK, Kolodgie FD, Ladich E, Kutys R, Skorija K, 
Gold HK, Virmani R. Pathology of drug-eluting stents in humans: delayed healing 
and late thrombotic risk. J Am Coll Cardiol. 2006; 48(1): 193-202.

 3. Hoff ma SH, vn der Giessen WJ, van Dalen Bm, Lemos PA, McFadden EP, SIanos 
G, Lighthart JM, van Essen D, de Feyter PJ, Serruys PW. Indication of long-term 
endothelial dysfunction after sirolimus-eluting stent implantation Eur Hear J. 
2006; 27: 166-71

 4. Togni M, Windecker S, Cocchia R, Wenaweser P, Cook S, Billinger M, Meier B, Hess 
OM. Sirolimus-eluting stents associated with paradoxic coronary vasoconstriction. 
J Am Coll Cardiol. 2005; 46(2): 231-236.

 5. Serruys PW, Ormiston JA, Onuma Y, Regar E, Gonzalo N, Garcia-Garcia HM, 
Nieman K, Bruining N, Dorange C, Miquel-Hebert K, Veldhof S, Webster M, 
Th uesen L, Dudek D. A bioabsorbable everolimus-eluting coronary stent system 
(ABSORB): 2-year outcomes and results from multiple imaging methods. Lancet. 
2009; 373(9667): 897-910.

 6. Ormiston JA, Serruys PW, Regar E, Dudek D, Th uesen L, Webster MW, Onuma Y, 
Garcia-Garcia HM, McGreevy R, Veldhof S. A bioabsorbable everolimus-eluting 
coronary stent system for patients with single de-novo coronary artery lesions 
(ABSORB): a prospective open-label trial. Lancet. 2008; 371(9616): 899-907.

 7. Bruining N, Tanimoto S, Otsuka M, Weustink A, Ligthart J, de Winter S, van 
Mieghem C, Nieman K, de Feyter PJ, van Domburg RT, Serruys PW. Quantitative 
multi-modality imaging analysis of a bioabsorbable poly-L-lactic acid stent design 
in the acute phase: a comparison between 2- and 3D-QCA, QCU and QMSCT-
CA. EuroIntervention. 2008; 4(2): 285-291.

 8. Garcia-Garcia HM, Gonzalo N, Pawar R, Kukreja N, Dudek D, Th uesen L, Ormiston 
JA, Regar E, Serruys PW. Assessment of the absorption process following bioab-
sorbable everolimus-eluting stent implantation: temporal changes in strain values 
and tissue composition using intravascular ultrasound radiofrequency data analysis. 
A substudy of the ABSORB clinical trial. EuroIntervention. 2009; 4(4): 443-448.

 9. Jiang WW, Su SH, Eberhart RC, Tang L. Phagocyte responses to degradable polymers. 
J Biomed Mater Res A. 2007; 82(2): 492-497.

 10. Polimeni G, Koo KT, Pringle GA, Agelan A, Safadi FF, Wikesjo UM. Histopathologi-
cal observations of a polylactic acid-based device intended for guided bone/tissue 
regeneration. Clin Implant Dent Relat Res. 2008; 10(2): 99-105.

 11. Tanimoto S, Bruining N, van Domburg RT, Rotger D, Radeva P, Ligthart JM, Serruys 
PW. Late stent recoil of the bioabsorbable everolimus-eluting coronary stent and its 
relationship with plaque morphology. J Am Coll Cardiol. 2008; 52(20): 1616-1620.

Gonzalo.indd   303Gonzalo.indd   303 06-Jan-10   12:02:45 PM06-Jan-10   12:02:45 PM



Gonzalo.indd   304Gonzalo.indd   304 06-Jan-10   12:02:45 PM06-Jan-10   12:02:45 PM



C H A P T E R  8

OCT in secondary revascularisation

Gonzalo.indd   305Gonzalo.indd   305 06-Jan-10   12:02:49 PM06-Jan-10   12:02:49 PM



Gonzalo.indd   306Gonzalo.indd   306 06-Jan-10   12:02:53 PM06-Jan-10   12:02:53 PM



8  . 1

Optical coherence tomography in 
secondary revascularisation.
Stents and grafts assessment

Gonzalo N, Serruys PW, Piazza N, Regar E.

EuroIntervention. 2009 May; 5 Suppl D:D93-D100

Gonzalo.indd   307Gonzalo.indd   307 06-Jan-10   12:02:59 PM06-Jan-10   12:02:59 PM



Gonzalo.indd   308Gonzalo.indd   308 06-Jan-10   12:03:03 PM06-Jan-10   12:03:03 PM



309

Stents and graft assessment with OCT

Optical coherence tomography (OCT) in secondary
revascularisation: stent and graft assessment
Nieves Gonzalo, MD; Patrick W. Serruys, MD, PhD, FESC, FACC; Nicolo Piazza, MD; 
Evelyn Regar*, MD, PhD

Thoraxcenter, Erasmus Medical Center, Rotterdam, The Netherlands

The authors have no conflict of interest to declare.

Abstract
Optical coherence tomography is a recently introduced intracoronary imaging modality with higher spatial

resolution than intravascular ultrasound. For this reason, it is increasingly applied to investigate the

characteristics of vulnerable atheromatous plaques and the result of stent implantation, struts coverage

and restenosis, as well as in procedural decision-making. OCT is also useful in the field of secondary

revascularisation, particularly in assessing implanted stents, evaluating relevant technologies like

biodegradable stents, and in studying surgical grafts. In this article we perform a review of current

developments and evidence in this area.
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Introduction
Optical Coherence Tomography (OCT) is a light-based intracoronary

imaging modality. Its ability to provide high resolution (in the range

of 15 micron) images has revealed new aspects of the acute and

long-term effects of coronary interventions not previously

recognised. The technical development leading to the simplification

of the acquisition procedure has extended its use and OCT systems

are now available at many catheterisation laboratories worldwide.

The present article aims to illustrate the clinical potential of OCT for

the evaluation of patients with previous coronary interventions.

OCT for the assessment of implanted stents
OCT can be a valuable tool for the evaluation of the long-term

impact of stent implantation on the coronary artery. This technique

has unique capabilities for the detailed assessment of strut

apposition and tissue coverage1. OCT can increase our

understanding of the mechanisms implicated in the pathogenesis of

in-stent restenosis. Furthermore, it can provide unique information

for the evaluation of new generation bioabsorbable stents.

Stent apposition (Figure 1)

Incomplete stent apposition (ISA), also referred to as

“malapposition”, is defined as a separation of a stent strut from the

vessel wall. The separation distance is measured from the

endoluminal side of the stent strut to the leading edge of the vessel

wall. As drug-eluting stents (DES) are typically composed of a metal

frame that is visible by OCT as a highly reflective structure and

covered by a polymer containing the drug that is not visible, the

separation distance must be larger than the strut thickness (metal

plus polymer) for each specific stent type.

The clinical significance and long-term influence of ISA is poorly

understood. In principal, ISA can (i) persist in this configuration

(persistent ISA); or (ii) gain complete vessel wall contact over time

(resolved ISA). Furthermore, ISA can be (iii) acquired over time

whereas struts showed complete attachment to the vessel wall

immediately after stent implantation, however become clearly

separated from the vessel wall over time (late acquired ISA). The

clinical impact and mechanism of late acquired ISA is poorly

understood as well. Because OCT has a much higher accuracy than

IVUS to assess strut apposition (even when the struts are covered

with tissue)2, it may provide new insights into its pathogenesis.

Chronic stent recoil or dissolution of a thrombus jailed between the

stent and vessel wall in patients undergoing primary percutaneous

coronary intervention for acute myocardial infarction, have been

proposed as possible causes of late ISA. Recently, we have

demonstrated that patients who underwent DES implantation for ST

elevation myocardial infarction (STEMI) showed a higher incidence

of incomplete strut apposition than patients with stable or unstable

angina3. Different follow-up studies have characterised the degree

of stent apposition for different stent types. Several authors have

reported on a higher frequency of malapposed struts by OCT in

sirolimus-eluting stent (SES) than in bare metal stents (BMS)4,5.

Another study evaluating SES at six months follow-up showed that

malapposed struts were more often located in areas of overlapping

stents6. More specifically, up to 40% of struts in overlapping

segments of DES are malapposed despite high pressure dilatation7.

The authors hypothesised that the presence of incomplete stent

apposition could be associated with delayed endothelialisation and

increased risk of stent thrombosis in overlapping regions7. OCT has

also demonstrated malapposition in severely calcified lesions, even

after high pressure balloon dilatation and rotational atherectomy8.

Strut thickness and cell design can have an impact on incomplete

stent apposition. An OCT study observed incomplete stent

apposition more frequently in stents with closed design cells and

thicker struts9. IVUS data have suggested a possible relation

between incomplete DES apposition and subsequent stent

thrombosis10. However, the clinical impact of incomplete stent strut

apposition as detected by OCT is not well established. In fact, OCT

is able to visualise incomplete strut apposition with a much higher

sensitivity and specificity than IVUS, but this observation has not

been associated with an increase in clinical adverse events5,9. As a

corollary, not all patients that experience DES thrombosis show strut

malapposition11,12.

Struts coverage following DES implantation (Figure 2)

Endothelial strut coverage has been identified as the most powerful

histological predictor of stent thrombosis13. It is unclear, however, to

what extent these post mortem findings in a very select population

can be translated into the clinical arena given that it is difficult to

assess strut endothelialisation in vivo. DES typically inhibit neointimal

proliferation to such an extent that it may not be detectable by IVUS.

On the other hand, OCT can visualise and quantify with high

sensitivity and reproducibility very thin layers of tissue covering stent

struts14,15. Clinical OCT studies are currently shedding light on the

complex vascular healing process after stenting.

STRUT COVERAGE IN BMS AND DES
Recently, several in vivo OCT studies evaluating strut coverage in

DES and BMS at different time intervals have been published. Xie et

al compared tissue coverage at three months follow-up in 16 and

24 patients who underwent implantation with BMS and SES,

respectively. The neointimal thickness per strut was higher in the

BMS than in the DES group and the frequency of struts with no

visible coverage by OCT was higher in the SES group. However, no

Figure 1. Incomplete stent apposition in optical coherence

tomography. A: example of a malapposed strut covered by tissue (white

arrow). B: example of malapposed struts in relation with a side-branch.

One of the struts is covered by a thin layer of tissue (white arrow) while

in the other no tissue coverage is visible (yellow arrow).
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significant difference in the incidence of in-stent thrombus was

observed in this small cohort5. Another study comparing BMS at

short- and long-term follow-up with SES showed similar results4.

CHANGES IN DES STRUT COVERAGE OVER TIME
Matsumoto et al compared 6-month IVUS and OCT findings in 34

patients implanted with a total of 57 SES. In this study, tissue

coverage was appreciated in 36% of the struts on IVUS (median

tissue thickness 52.5 μm, 25th and 75th percentiles 28 and

147.6 μm respectively). In contrast, OCT identified 89% of the

struts with tissue coverage, but only 16% of the stents had complete

stent coverage6. In another OCT study, only 18% (8/42) of SES

implants showed complete tissue coverage by six months.

Furthermore, tissue coverage thickness increased from 6 to 12

months (from 42±28 μm to 88±32 μm) but only 41% of the stents

had complete tissue coverage by 12 months16. Other investigators

using OCT have demonstrated that 81% of patients have struts with

incomplete tissue coverage two years after implantation with SES.

The presence of struts without visible tissue coverage was more

frequent at side branches and at overlapping segments. Findings

suggestive of thrombus were observed in three patients but there

were no cases of clinical stent thrombosis17.

RELATION BETWEEN DES COVERAGE AND CLINICAL
PRESENTATION
Clinical presentation has been associated to the presence of struts

without visible tissue coverage by OCT. Kubo et al reported that

Figure 2. Tissue coverage at follow up in drug eluting stents. A:

Symmetric tissue coverage: all the struts are covered by a layer of

tissue of similar thickness. B: asymmetric tissue coverage: some struts

are covered by a thick layer of tissue while in others (white arrows) only

a small layer of tissue coverage is visible. C: the majority of struts are

covered by a thin layer of tissue while some (white arrows) do not show

visible tissue coverage. D: overlap region. All the struts are covered but

some of them (white arrows) are surrounded by a heterogeneous low

backscattering material.

patients with unstable angina presented more frequently with

incomplete stent apposition and “uncovered” struts than patients

with stable angina18. Our group has shown that struts without visible

tissue coverage by OCT are more frequent in patients receiving DES

during primary PCI for STEMI than in patients treated with DES for

stable or unstable angina3. A possible explanation for this

observation could lie in the differences in the underlying plaque.

Pathological studies have demonstrated a higher frequency of

uncovered struts in stents implanted over lipid-rich high-risk plaques

as compared with stents implanted over plaques with stable

morphology19. Investigations such as the recently presented

HORIZONS-OCT substudy comparing paclitaxel-eluting stents vs

BMS implanted for STEMI will provide more information about the

coverage of different stent types in specific clinical scenarios20.

COMPARISON OF TISSUE COVERAGE IN DIFFERENT DES
Initial results of several studies comparing tissue coverage in

different DES have been reported in the last months. The OCT

substudy of the LEADERS compared the differences in tissue

coverage at nine months between a durable polymer sirolimus-

eluting stent (Cypher Select, Cordis, Johnson&Johnson, Miami, FL,

USA) and a erodible polymer biolimus A9-eluting stent (Biomatrix

III, Biosensors, Morges, Switzerland). When applying a threshold of

95% of struts covered by OCT, the bioabsorbable polymer stent

achieved a higher rate of coverage.21 The ODESSA (OCT for DES

Safety) study compared tissue coverage at overlapping sites in BMS

and different DES types (SES, paclitaxel-eluting and zotarolimus-

eluting stents). The authors reported a trend towards a higher

frequency of uncovered and malapposed struts at overlapping sites

and differences in the number of uncovered struts and the amount

of tissue coverage between different DES types22.

The effect of implanting several stent strut layers (e.g., techniques

used for bifurcation treatment) or overlapping stents with different

eluting drugs on strut coverage may also be studied with OCT23.

Interpretation of strut coverage by OCT should be done with

caution. While OCT has been proven to reliably visualise very thin

tissue layers covering stent struts, its resolution is limited to 15

micron and thus, a single cell layer can not be visualised with OCT.

Second, the presence of tissue coverage should not be considered

synonymous with recovery of normal endothelial function.

Furthermore, it is important to realise that several OCT studies have

reported the presence of uncovered struts at follow-up, but these

findings were not associated with clinical adverse events17,18.

Specially designed studies, including long-term follow-up, are

warranted to better understand the clinical significance of

incomplete strut coverage observed by OCT.

Assessment of restenosis

OCT can be a very valuable tool for the assessment of restenosis

through its ability to image the neointima and identify possible

causes contributing to restenosis. Animal and human data suggest

that restenosis is a response to vessel injury during stent

implantation. High-pressure stenting techniques have demonstrated

their usefulness for stent optimisation but they can increase

periprocedural vessel damage. OCT is a highly sensitive imaging
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modality that can detect acute complications after stent implantation

(e.g. edge dissection, intrastent dissections and tissue prolapse

between the stent struts)2. The clinical relevance of these findings on

OCT, and their relation to restenosis, are not well established. Serial

OCT studies could help to understand a possible link between

periprocedural vessel trauma and future restenosis in DES.

Potential mechanisms implicated in the pathogenesis of restenosis

can be readily identified with OCT; these may include gaps between

stents, incomplete lesion coverage or stent under-expansion24.

Stent fracture with subsequent defects in local drug delivery has

been associated with restenosis after DES implantation, especially

with SES. Stent fractures are identified on OCT by the lack of

circumferential struts as well as distortion of stent and lumen

geometry25.

Preclinical and IVUS studies have confirmed that the non-uniform

distribution of stent struts can affect drug delivery and thus have an

influence on restenosis. Strut distribution can be studied in vivo with

OCT, where preliminary experiences in phantom models

demonstrated significant differences between different DES types26.

The effect of different devices used to treat restenosis (such as

cutting balloon or scoring balloon) can also be assessed with

OCT27,28.

Furthermore, OCT can provide further insight into the association

between restenosis and other entities such as stent thrombosis11.

Due to its high resolution, OCT is able to provide detailed

characteristics of restenotic lesions that were not previously

appreciated by IVUS. It has been previously noted that the presence

of a high reflective endoluminal layer and a low reflective abluminal

layer around the struts may represent a layered structure of the

neointima indicating the presence of different tissue components in

the restenotic tissue29,30 (Figure 3).

OCT can also quantify the symmetry of tissue coverage. This has

been shown to be related to clinical presentation3. Furthermore,

some data suggest that OCT might be able to detect the presence of

neovasculature in the neointimal tissue31. The clinical implications

of these OCT findings in restenotic lesions remains unknown and

will require further evaluation.

Evaluation of new generation DES
Among the new stent technologies, biodegradable stents have

emerged as one of the most promising. Metallic stents remain

forever in the vessel as foreign material with the potential risk of stent

thrombosis. In case of the need for secondary revascularisation,

metallic stenting can preclude surgical treatment. Furthermore, they

do not allow proper assessment by noninvasive imaging modalities

such as multislice computed tomography or magnetic resonance

imaging. A fully biodegradable stent that could provide scaffolding

and drug delivery until the vessel has healed and then disappear

completely might potentially avoid the previously mentioned

drawbacks of permanent metallic stenting. OCT has demonstrated

its value for the evaluation of bioabsorbable stents through its ability

to image in vivo the morphological changes of the stent and the

vessel wall during the absorption process. The ABSORB trial showed

the feasibility of implantation of the bioabsorbable everolimus-eluting

coronary stent (BVS; Abbott Laboratories, IL, USA), composed of a

poly-L-lactic acid backbone, coated with a degradable polymer

/everolimus matrix. OCT was performed in a subset of patients after

stent implantation, at six months and at two years follow-up. In this

group of patients, OCT was able to demonstrate temporal structural

changes in the bioabsorbable stent with a reduction in the number of

visible struts and modifications in the appearance of the struts32,33.

OCT has also been able to characterise the degradation process of

the bioabsorbable magnesium-based AMS stent (Biotronik;

Erlangen, Germany) in a porcine coronary model34.

OCT for the assessment of surgical coronary grafts
In the past, OCT imaging of coronary grafts has been limited by

challenging vessel anatomy, the vessel size and the need of vessel

occlusion. Some of those limitations, however, have been supplanted

by advances in OCT technology. For instance, OCT can now be

performed without the need of vessel occlusion. In the new

generation systems (also called ODFI, swept source, Fourier domain)

the optical probe is integrated in a short monorail catheter with better

navigability properties than the current commercial systems

(ImageWire™). This may facilitate imaging of vessels with complex

anatomy such as coronary grafts. The increase in the scan diameter

may also allow visualisation of bigger vessels. Preliminary

experience, in select cases in our centre, has demonstrated that

in vivo imaging of venous and arterial coronary grafts with OCT is

feasible and can provide valuable information (Figure 4). IVUS

studies have suggested that saphenous vein grafts (SVG) undergo an

“arterialisation” process with intimal fibrous thickening, medial

hypertrophy and lipid deposition that creates an echolucent zone

around the vessel that mimics the arterial external elastic membrane

(EEM)35. In early stage SVG, OCT shows wall thickening with a mono-

layered appearance and without a visible EEM (Figure 5). In later

stages, the extent and distribution of the atherosclerotic disease

along the graft can be visualised with great detail. After stenting OCT

can assess strut apposition and vessel injury (Figure 5). SVGs are

Figure 3. Stent restenosis. Stent restenosis 4 months after implantation

of a drug eluting stent. Note the layered appearance of the restenotic

tissue with a inner high backscattering layer and an external low

backscattering layer. * guidewire artifact.
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Figure 4. Optical coherence tomography (OCT) visualisation of left internal mammary artery (LIMA). The superior panel shows the angiogram of

a patient with a graft of LIMA to the LAD. The left panel (Pre) shows a significant lesion on the LAD distal to the anastomosis of the LIMA. The right

panel (Post) shows the result after implantation of a stent in the LAD. A: OCT cross section of the LAD with the implanted stent. B: OCT cross section

on the region of the anastomosis of the LIMA to the LAD. C: OCT image of the LIMA that shows only intimal thickening without signs of significant

atherosclerosis disease. D: longitudinal OCT view. The arrows indicate the location of the cross sections A, B and C. * Guidewire artifact

Figure 5. Optical coherence tomography (OCT) visualisation of saphenous vein graft (SVG) after stenting. Pre: angiogram showing a significant focal

stenosis in a SVG to the obtuse marginal (white arrow indicates the distal protection device, FilterWire™). Post: angiographic result after treatment of

the lesion with stent implantation. A to D show OCT longitudinal and cross sections images of the SVG after treatment. A: distal segment of the SVG

showing low backscattering plaque with diffuse borders (suggestive of lipid content) but without significant lumen stenosis. B: SVG showing wall

thickening (more pronounced at 5 o’clock). C: SVG in the stented region. The stent struts are well apposed and it can be observed the presence of

tissue prolapse (*) and intrastent dissections (white arrows). D: OCT cross section of the proximal SVG segment. The vessel shows mono-layered

appearance with minimal wall thickening and without signs of significant atherosclerotic disease. Dist: distal Prox: proximal.
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Figure 6. Saphenous vein graft restenosis imaged with optical coherence tomography. The figure shows the case of a patient treated with coronary

artery bypass surgery in 1994. Saphenous vein grafts (SVG) were implanted in the LAD, diagonal, obtuse marginal and RCA. In 2003 and 2005 the

patient underwent stent implantation in the SVG to the RCA for acute coronary syndrome. In 2008 the patient was referred to the catheterisation

laboratory for stable angina. A: coronary angiogram showing a stent restenosis in the SVG to the RCA. B: IVUS image in the region of the restenosis

showing different stent layers and severe neointimal growth. C to H show OCT longitudinal and cross sectional images of the SVG to the RCA. C:

distal part of one of the stents previously implanted in the SVG. D: shows the different layers of stents previously implanted in the SVG. E: restenosis

area. Multiple stent layers and severe neointimal growth are visible. F and G: restenosis area showing severe neointimal growth and irregular material

protruding in the lumen. H: proximal venous graft showing a calcified plaque (white arrows) but without lumen stenosis. * Guidewire artefact.

known to have a high risk of non-reflow phenomenon after stenting.

This has been related to the presence of distal embolisation during

stent implantation. The presence of mobile elements inside SVG

(potentially at risk of embolisation) has been described by IVUS and

can be visualised with higher accuracy by OCT (Figure 6). At follow-

up, OCT can provide unique information about the characteristics of

stent restenosis in grafts (Figure 6).

Recent reports suggest that OCT could be useful as an

intraoperative tool to select conduits for coronary artery bypass graft

surgery (CABG). The outcome of CABG is related to pre-existent

pathology on the harvested vessel and with vessel injury during the

harvesting. Brown et al evaluated the characteristics of radial

arteries and saphenous veins with OCT obtained from 35 patients

scheduled for CABG. They demonstrated that OCT was able to

visualise atherosclerotic lesions in the radial arteries and vessel

injury related to the harvesting process (intimal trauma,

thrombus)36. The same group showed that OCT is also able to

evaluate and quantify the degree of spasm and vessel injury in

radial arteries harvested with different methods (harmonic scalpel

vs electrocautery; open vs endoscopic harvest)37,38. This ability to

assess the quality of the conduits during harvesting opens new

possibilities for the application of OCT in the surgical field.
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ABSTRACT

Background: a second generation of optical coherence tomography (OCT) systems 
(Fourier Domain, FD-OCT) able to perform high speed pullbacks without the 
need to transiently occlude the coronary artery during imaging has been devel-
oped.
Objectives: to assess the reproducibility of FD-OCT systems for plaque charac-
terization and stent implantation assessment in patients undergoing coronary 
percutaneous interventions.
Methods: Forty-fi ve patients scheduled for percutaneous coronary intervention 
were enrolled between May and December 2008. FD-OCT acquisition was per-
formed in a non occlusive technique with pullback speeds ranging from 5 to 20 
mm/s. Th e interstudy, interobserver and intraobserver reproducibility for plaque 
characterization and stent analysis were assessed.
Results: Fourier domain imaging was successfully performed in all patients (n=45). 
Th e average fl ush rate was 3±0.4ml/s and the contrast volume per pullback was 
16.1±3.5 ml. Th e mean pullback duration and length were 3.2±1.2sec and 
53.3±12.4mm. Th e interstudy reproducibility for the visualization of edge dissec-
tion, tissue prolapse, intrastent dissection and malapposition was excellent (=1). 
Th e kappa values for inter-study, interobserver and intraobserver agreement for 
plaque characterization were 0.92, 0.82 and 0.95 respectively.
Conclusions: Th e second generation OCT technology (FD-OCT) with high 
speed data acquisition shows good inter-study, interobserver and intraobserver 
reproducibility for plaque characterization and stent implantation assessment in 
patients undergoing coronary percutaneous interventions.
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INTRODUCTION

Optical Coherence Tomography (OCT) has emerged over the last years as one of 
the most promising intracoronary diagnostic tools(1,2). Th is light based imaging 
technique is able to generate images of the coronary artery with a level of resolu-
tion (10 μm) never reached before in vivo. Th is has off ered new insights into 
atherosclerotic plaque pathology as well as into acute and long-term vessel wall 
response to stent implantation(3-7).

Up to now, the main challenge for a widespread clinical application of intra-
coronary OCT was a rather complex imaging procedure. Blood causes multiple 
light scattering and substantial signal attenuation, and needs to be temporally 
cleared from the vessel during OCT image acquisition. Th e fi rst generation com-
mercially available time domain (TD) OCT systems employed proximal occlu-
sion of the vessel with a low-pressure balloon (0.5atm), similar to angioscopy, and 
simultaneous, distal fl ush delivery during pullback of the OCT imaging probe 
(8). Th is protocol limited the coronary segment that could be imaged, and intrin-
sically created myocardial ischemia during imaging, restricting OCT to selected 
patient cohorts(9,10).

Th e new generation OCT systems [other monikers for the same technology are 
Fourier domain (FD) OCT, optical frequency domain imaging (OFDI), spectral 
domain imaging or swept source OCT] were developed to overcome this limita-
tion. Most distinctively, these second generation OCT systems do not require 
transient balloon occlusion. Unprecedented capacity for data acquisition and 
pullback speeds (20 mm/sec) allow for the visualization of long coronary segments 
within few seconds while blood is temporally displaced by the injection of fl ush 
trough the guiding catheter (11).

While this concept is attractive, there has been no systematic research inves-
tigating the impact of such high pullback speeds on the reproducibility of data 
obtained in the clinical setting. On theoretical grounds, the rapid acquisition 
reduces the motion artefacts during heart cycle, and thus, potentially sources 
of error, whereas an increased pitch between consecutive, cross sectional images 
could add sources of error. Th e FD-OCT frame rate is typically 100 frames per 
second, which at a pullback speed 20mm per second, results in 5 frames per mm 
or a frame pitch of 200 micron. A typical TD-OCT frame rate is 20 frames per 
second, with a pullback speed of 3 mm per second, resulting in 7 frames per mm 
or a pitch of 142 micron.

Th e objective of the present study was to assess the reproducibility of the new 
generation, intracoronary FD-OCT systems for plaque and stent assessment in 
vivo. We investigated therefore the reproducibility of morphologic features that 
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have been described in the past to be of potential clinical relevance in patients 
undergoing percutaneous coronary intervention (PCI).

METHODS

Study population

Patients scheduled for elective PCI were enrolled between May and December 
2008. Th e study protocol was approved by the Ethics Committee of Erasmus 
Medical Center. All the patients gave written informed consent.

Technical principles of new generation OCT

OCT uses refl ected light to create high-resolution cross sectional images of the 
vessel. An interferometer splits the light source into two “arms” – a reference 
arm and a sample arm, which is directed into the tissue. Th e images are created 
based on the comparison of the back-refl ected optical intensity from the two arms 
(interference signal).

Th e fi rst clinically available OCT systems used TD technology while new 
generation systems are based on FD technology.

Both TD-OCT and FD-OCT use low-coherent near-infrared light. A wave-
length around 1300 nm is selected because it minimizes the energy absorption 
in the light beam caused by protein, water, haemoglobin and lipids. TD-OCT 
uses a broadband light source and the reference arm contains a moving mirror 
that allows scanning of each depth position in the image pixel by pixel. Th is 
mechanical scanning process limits the rate at which images can be acquired. 
FD-OCT uses a wavelength-swept laser as a light source and the reference mirror 
is fi xed. Th is change in technology results in a better signal-to-noise ratio (12) and 
faster sweeps, allowing a dramatically higher A-line rate, and hence a faster image 
acquisition and pullback speed than TD-OCT (13,14).

FD-OCT Systems

Two diff erent FD-OCT prototypes were used (LightLab Imaging, Inc, Westford, 
MA and Wellman Center for Photomedicine, MGH, Boston, MA). All systems 
use a wavelength-swept laser as a light source. Table 1 resumes the specifi cations 
of the second generation systems compared to TD-OCT (LightLab Imaging, Inc, 
Westford, MA). All FD-OCT imaging catheters had a short monorail design with 
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catheter profi les ranging from 2.4Fr to 3.2Fr, but all of them were compatible with 
6F guiding catheters. FD-OCT imaging catheters contained a fi bre-optic imaging 
core covered by and withdrawn within a translucent sheath. Th e optical imaging 
core rotated at approximately 100 revolutions per second and the pullback speed 
ranged from 5 to 20 mm/s using a dedicated pullback device. Data were processed 
in real-time and digitally stored.

Optical coherence tomography data acquisition

We used standard femoral approach in all patients. Weight adapted, unfraction-
ated heparin was given to maintain an activated clotting time > 300s. After place-
ment of the guiding catheter (6F) into the coronary ostium, a standard PCI guide 
wire was advanced into the coronary artery in conventional manner. FD-OCT 
imaging was performed before stenting (cohort A) and after stent implantation 
(Cohort B). After administration of nitrates (0.2mg NTG ic), the FD-OCT imag-
ing catheter was advanced into the coronary artery in rapid exchange technique,

Radiopaque markers at the distal catheter tip and at the imaging core allowed 
positioning of the optical probe distal to the region of interest. (Figure 1).After 
FD-OCT catheter placement, blood was cleared by injection of iso-osmolar con-
trast (Iodixanol 370, Visipaque™, GE Health Care, Ireland) at 37º Celsius with 
an injection pump (Mark-V ProVis, Medrad, Inc. Indianola, PA, US; fl ow rate 
3ml/sec) through the guiding catheter. Th e FD-OCT pullback was started as soon 
as the artery was cleared from blood and stopped when the imaging core reached 
the guiding-catheter.

Assessment of interstudy and interobserver reproducibility

Pullbacks in native coronaries as well as after stent implantation were analysed as 
follows: To evaluate the interstudy reproducibility, a FD-OCT pullback through 

Table 1. Comparison of time domain optical coherence tomography (TD-OCT) and the new 
generation, Fourier domain (FD) OCT systems.

TD-OCT FD-OCT

Pullback speed 3 mm/s Up to 20 mm/s

Frame rate 20 fps  Up to 100 fps

Lines per frame 240 450-500

Axial Resolution 10-20 μm 10-20 μm

Lateral Resolution 25-30 μm 25-30 μm

Penetration depth 1.5-2 mm 1.5-2 mm

Scan diameter 7 mm 8.3-10 mm

Catheter ImageWire 0.019” Rx catheter 2.9-3.2F

Rx: rapid exchange
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the region of interest was repeated using the same catheter twice under identical 
conditions in terms of pullback speed, frame rate and fl ush rate. Th e catheter was 
not removed from the artery between the two acquisitions. Th ese two pullbacks 
were then analyzed independently. To evaluate the interobserver variability, two 
experienced OCT analysts reviewed the fi rst FD-OCT pullbacks independently. 
To evaluate intraobserver variability, one observer repeated the analysis of the 
same pullback one week later.

Figure 1. Fourier Domain-OCT image acquisition procedure. Th e angiogram on the left shows 
a LAD treated by repeat stenting for stent restenosis. Th e region of interest (ROI) for the OCT 
examination was the stented area. Th e image on the right shows the radiopaque marker of the OCT 
catheter positioned distal to the ROI. Th e two lower panels show two FD-OCT images obtained in 
the stented area (Lightlab Imaging Inc system). A: distal part of the newly implanted stent in which 
strut malapposition is visible. B: cross section obtained in the region of the restenosis after the new 
stent implantation. Two layers of struts are visible and the neointimal tissue appears disrupted and 
protrudes into the lumen (white arrows).
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Stent assessment

After stent implantation, study and observer agreement for the following param-
eters was evaluated according to the following defi nitions(15): i) Edge dissection: 
disruption of the endoluminal vessel surface at the stent edges (5 mm prox and 
distal) ii) Tissue prolapse: protrusion of tissue between the stent struts without 
disruption of the continuity of the endoluminal vessel surface iii) Intra-stent dis-
section: disruption of the vessel endoluminal vessel surface in the stent segment 
iv) Malapposition: presence of at least one strut separated from the vessel wall 
(Figure 2). Incidence of these phenomena was assessed on a per vessel basis.

 

Figure 2. Stent implantation assessment. Clinical examples of edge dissection (A, A´), intrastent 
dissection (B, B´), tissue prolapse (C,C´) and malapposition (D, D´) obtained with diff erent Fourier 
Domain-OCT systems in diff erent patients (upper panel Wellman Center for Photomedicine, 
MGH; lower panel Lightlab Imaging Inc)

Plaque type assessment

Native coronary segments were evaluated as follows: Sixty corresponding athero-
sclerotic plaques were selected in both pullbacks using landmarks such as side 
branches or stent edges. Th e two observers assessed these pre-selected plaques 
according to the fl owing defi nitions: i) Fibrous plaque: homogeneous, highly 
backscattering regions. ii) Fibrocalcifi c plaque: low scattering regions with sharply 
delineated borders. iii) Lipid-rich plaque: diff usely bordered low scattering regions 
(5). (Figure 3)
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Figure 3. Examples of diff erent plaque types obtained with two Fourier Domain-OCT systems in 
diff erent patients. A. fi brous plaques (*) are visualized as homogeneous, high scattering regions. B. 
lipid rich plaques appear as low backscattering regions without sharp borders and usually covered 
by a fi brous cap (white arrow). C. fi brocalcifi c plaques (*) appear as low backscattering regions with 
sharp well delineated borders.
(left panel Lightlab Imaging Inc; right panel Wellman Center for Photomedicine, MGH)

Gonzalo.indd   326Gonzalo.indd   326 06-Jan-10   12:04:12 PM06-Jan-10   12:04:12 PM



327

Second generation OCT in clinical practice

Statistical analysis

Continuous variables are expressed as mean ± standard deviation and categorical 
variables are expressed as percentages. Th e kappa coeffi  cient (K) was used to test 
the inter-study, interobserver and intraobserver agreement for plaque character-
ization and stent assessment.

RESULTS

Patient characteristics and FD-OCT imaging success

Forty-fi ve patients (49 vessels) were enrolled in the study. Th e average age was 
63±10 years and 80% were males. Th e incidence of cardiovascular risk factors was 
as follows: 23/45 (51.1%) hypertension, 12/45 (26.7%) diabetics, 29/45 (64.4%) 
dyslipidemia and 13/45 (28.9%) current smoking. Nineteen patients (42.2%) 
had suff ered a previous myocardial infarction, 7/45 (15.6%) had coronary artery 
bypass surgery and 22/45 (48.9%) had previous PCI. Th e indication for the elec-
tive PCI was stable angina in 31/45 (68.8%), unstable angina in 10/45 (22.2%) 
and acute myocardial infarction in 4/45 (8.9%).

Th e imaging probe could be positioned successfully in the coronary artery in 
all patients. In, n= 10 patients, FD-OCT was performed before and after stent 
implantation at the discretion of the operator. Ninety-seven pullbacks showed ex-
cellent image quality. Artefacts that did not allow a proper image assessment were 
observed in 12 pullbacks and 2 pullbacks were not evaluable due to incomplete 
blood clearance. Th e procedural characteristics are summarized in Table 2.

Table 2. Fourier Domain-OCT imaging characteristics.
Vessel

 LAD 21/49 (42.8%)

 LCX 14/49 (28.6%)

 RCA 13/49 (26.6%)

 LIMA 1/49 (2.0%)

Pullback Speed

 20 mm/s 32/49 (65.3%)

 10 mm/s 10/49 (20.4%)

 15 mm/s 1/49 (2.0%)

 5 mm/s 6/49 (12.3%)

Flush rate (ml/s) 3±0.4

Pullback duration (sec) 3.2±1.2

Pullback length (mm) 53.3±12.4

Contrast volume per pullback (ml) 16.1±3.5
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During FD-OCT imaging, transient chest pain and ECG changes were ob-
served in 8% and 10% of the patients respectively. Th e ECG changes consisted of 
ST depression or T wave changes. ST elevation was not observed in any case. No 
coronary dissection, perforation spasm, embolisation, arrhythmia or other adverse 
event occurred.

Stent assessment reproducibility

OCT analysis after stent implantation was performed in 27 patients (28 vessels). 
Edge dissection was observed in 14 vessels (50%). Twenty-fi ve (89%) showed 
evidence of tissue prolapse and 26 (93%) showed intrastent dissection. Malap-
position of at least one strut was visible in 23 vessels (82%). Th e interstudy repro-
ducibility (n=17 vessels) for the visualization of edge dissection, tissue prolapse, 
intrastent dissection and malapposition was excellent (=1 p<0.001). Th e kappa 
values for inter and intraobserver reproducibility are shown in Table 3.

Table 3. Inter and intraobserver reproducibility for stent assessment.
Interobserver Intraobserver

Malapposition 0.83 0.83

Edge dissection 0.77 1

Tissue prolapse 0.78 1

Intrastent dissection 1 1

Th e values in the table indicate the kappa coeffi  cients for each parameter.

Plaque characterization reproducibility

A total of 60 plaques were identifi ed in both pullbacks. Table 4 summarizes the 
classifi cation results. Th ere was agreement between the 2 pullbacks for plaque clas-
sifi cation in 57 out of the 60 plaques ( =0.92, p<0.001) (Figure 4). Interobserver 
variability showed agreement for 2 observers in the classifi cation of 53 out of 60 
plaques ( =0.82, p<0.001). Th e intraobserver variability showed agreement in 
the classifi cation of 58 out of 60 plaques ( =0.95, p<0.001).

DISCUSSION

Th e main fi ndings of the present study are: Th e new generation, FD-OCT 
technology with high speed pullback i) has excellent inter-study reproducibility 
in vivo ii) allows for reproducible plaque classifi cation iii) allows assessment of 
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Table 4. Interstudy, interobserver and intraobserver reproducibility for plaque characterization.
Plaque type pb1

Pl
aq

ue
 ty

pe
 p

b2

Fibrous Lipid-rich Fibrocalcifi c Total

Fibrous 19 1 0 20

Lipid-rich 2 18 0 20

Fibrocalcifi c 0 0 20 20

Total 21 19 20 60

Plaque type observer1

Pl
aq

ue
 ty

pe
 

ob
se

rv
er

2

Fibrous Lipid-rich Fibrocalcifi c Total

Fibrous 18 1 1 20

Lipid-rich 3 16 1 20

Fibrocalcifi c 1 0 19 20

Total 22 17 21 60

Plaque type observation1

Pl
aq

ue
 ty

pe
 

ob
se

rv
at

io
n2

Fibrous Lipid-rich Fibrocalcifi c Total

Fibrous 19 1 0 20

Lipid-rich 1 19 0 20

Fibrocalcifi c 0 0 20 20

Total 20 20 20 60

Pb= pullback

Figure 4. Inter-study reproducibility for plaque characterization: Th e fi gure shows corresponding 
images of the same plaques obtained in two diff erent pullbacks in the artery. A1 and A2: fi brous 
plaque. B1 and B2: fi brocalcifi c plaque C1 and C2: lipid-rich plaque (A and C Lightlab Imaging Inc; 
B Wellman Center for Photomedicine, MGH).
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periprocedural vessel trauma associated with coronary stent implantation with 
low interobserver, intraobserver and interstudy variability.

Th e present study also confi rms that the new OCT systems allow to visualize 
longer coronary segments (average 54.4±12.5mm) in less time (average 3.5±1.4 
sec) and with less fl ush volume as compared to previously reported data for time 
domain OCT(9)

OCT has rapidly evolved to an attractive intracoronary imaging tool for the 
interventional cardiologists as it off ers the potential to address clinically relevant 
issues to improve routine stent implantation and in consequence, potentially long 
term outcome. Its high in-vivo resolution allows for an accurate assessment of the 
mechanical stent vessel wall interaction, including strut apposition and periproce-
dural dissections(3,15). In the drug-eluting stent era, reasons for failure, includ-
ing restenosis and late stent thrombosis are poorly understood. In this particular 
clinical scenario, detailed assessment of the vascular microstructure might be 
helpful to prevent potentially life threatening events, such as stent thrombosis, as 
it has been linked to incomplete healing, mechanical stent failure and incomplete 
coverage of lipid rich or necrotic core lesions(3,4,16-19). Th e relatively complex 
imaging procedure hampered the use of the fi rst generation, time domain OCT 
in patients undergoing PCI. In the present study, we evaluated the new FD-OCT 
systems that simplify the acquisition procedure and can contribute to spread the 
clinical application of this imaging technology.

Stent assessment reproducibility

OCT has proven useful for the evaluation of the acute eff ects of stent implanta-
tion on the vessel wall(3,15,20). In the present study, a high proportion of the 
patients showed evidence of tissue prolapse between the stent struts or intra-stent 
dissections, likewise edge dissections were visible in half of the cases. Even more 
pronounced, malapposition of at least one individual strut was observed in the 
majority of the cases. Th e inter-study reproducibility for the identifi cation of edge 
dissection, tissue prolapse, intrastent dissection and malapposition was excellent. 
Th e inter and intraobserver reproducibility showed a certain degree of variability, 
especially for malapposition assessment. In the present study, malapposition was 
evaluated by visual assessment. Th is qualitative analysis can be aff ected by the ar-
tefact of the shadow produced by the struts. Furthermore, in drug-eluting stents, 
the presence of polymer must be taken into account when evaluating malapposi-
tion and a correction for the strut thickness of each individual stent type should 
be applied. Th e use of a quantitative method to defi ne malapposition could help 
improving the inter and intraobserver reproducibility(21).
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Th e assessment of stent malapposition is of clinical relevance as there is IVUS 
data suggesting a possible relation between this phenomenon and stent thrombo-
sis(22). Previous studies have suggested increased malapposition at overlap areas 
and in closed cell designs(21). Th is could represent a potential link to stent fracture 
and restenosis. Second-generation OCT has made this information much more 
accessible due to a simplifi ed acquisition procedure. Th is greatly facilitates studies 
to understand the clinical relevance of these fi ndings in large patient populations, 
especially with quantitative assessment methods for malapposition.

Plaque characterization reproducibility

Th e present study demonstrates also an excellent interstudy reproducibility for 
plaque characterization. Fifty-seven out of the 60 plaques were classifi ed con-
gruently in both pullbacks. Th ere were only 3 cases of misclassifi cation between 
fi brous and lipid-rich plaques. Th is could be explained by the presence of artefacts 
derived from the catheter position(23). Th e observed inter and intraobserver vari-
ability for plaque characterization is in line with reported with time domain OCT 
in-vitro data (k=0.88 and 0.91 for inter and intraobserver respectively)(5). In 
contrast to earlier reported data, that have highlighted the risk of misclassifi cation 
between lipid-pools and calcium deposits(24), in our series the most frequent 
disagreement between observers was for the classifi cation of fi brous and lipid-
rich plaques. Quantitative plaque characterization methods under development 
could help to overcome the limitations of observer-dependent, visual evaluation 
(25). Th ree-dimensional reconstructions of human coronary stented arteries with 
plaque characterization and macrophages detection derived from optical frequency 
domain imaging have been reported(11). Th is opens new possibilities for the in 
vivo evaluation of coronary atherosclerosis and the eff ect of coronary stenting.

Th e assessment of plaque characteristics in the catheterization laboratory can 
be helpful to guide PCI (e.g.to recognize the lower distensibility of heavily calci-
fi ed lesions) and has potential value for the detection of plaques with high risk of 
rupture. When compared to histology, OCT has proven to have high sensitivity 
and specifi city to detect some of the features associated with rupture-prone lesions 
such as necrotic core, presence of macrophages and thin fi brous cap(5,6,26-30).

LIMITATIONS

Th e present study is observational and with a limited sample size.
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CONCLUSIONS

Th e second generation OCT technology (FD-OCT) with high speed data acquisi-
tion shows good inter-study, interobserver and intraobserver reproducibility for 
plaque characterization and stent implantation assessment in patients undergoing 
PCI.
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SUMMARY AND CONCLUSIONS

Th e high resolution images obtained with OCT have provided new insights into 
coronary atherosclerosis and stent-vessel wall interaction. Th e technology refi ne-
ment achieved in the last years has made this imaging modality less procedurally 
demanding opening its possibilities for clinical use. Th e present thesis provides 
important data regarding the safety of image acquisition in the clinical setting, 
the validation of quantitative OCT analysis and the potential clinical applica-
tions of OCT for atherosclerosis assessment and stents evaluation. Furthermore, 
it attemps to standardize and to sistematically appraise OCT fi ndings in several 
clinical scenarios.

Safety of OCT

We evaluated the safety of OCT in a multicentre registry that included cases 
acquired with and without balloon occlusion. Th e majority of events recorded 
were transitory chest pain or ECG changes. Major complications were uncom-
mon (ventricular fi brillation 1.1%, air embolism 0.6%, vessel dissection 0.2%) 
and they were mainly related with deep guide catheter intubation or balloon 
occlusion.

Quantitative analysis with OCT

Our validation study for lumen measuremens demonstrated that both OCT 
and IVUS overstimated the lumen area in comparison with histomorphometry 
in fi xed human coronary arteries. Th e in vivo study demonstrated that lumen 
dimensions measured by IVUS are larger than those measured with OCT and 
showed the impact of the OCT acquisition technique (occlusive or non-occlusive) 
in the lumen measurements.

We developed a systematic methodology for stent analysis at follow up with 
OCT and demonstrated an excellent reproducibility of the technique for struts 
number count, incomplete stent apposition and struts tissue coverage measure-
ments. Th is support the incorporation of OCT into large multi-centre randomised 
stent trials to complement the angiographic and clinical endpoints. Th e present 
thesis includes also the validation of a new full-automated quantitative analysis 
software for OCT. Th is type of automatic analysis will help core laboratories to 
provide accurate and reproducible assessment of OCT fi ndings.
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Atherosclerosis assessment with OCT

We evaluated the ability of OCT for coronary atherosclerosis plaque assessment 
in comparison with histology. OCT showed good correlation with histology 
in the majority of the cases. However, the study identifi ed some OCT artifacts 
(scattering caused by dense macrophage infi ltration, catheter eccentricity) that 
can induce misclassifi cation of intimal thickenings as fi broatheromas or thin-
cap fi broatheromas. Th e development of of automatic quantitative methods for 
plaque characterization based on OCT could improve the diagnostic accuracy 
of the technique eliminating the observer variability. Th e comparison with other 
intracoronary imaging techniques showed in general a good agreement for plaque 
characterization with some variations inherent to the diff erent imaging resolution 
and the diff erent classifi cations used for each technique.

Regarding high-risk plaque detection, OCT can provide very valuable infor-
mation due to its ability to measure the thickness of the fi brous cap. However 
its limited penetration precludes the analysis of large plaques. On the contrary, 
IVUS-VH can image the complete plaque thickness and can identify the presence 
of necrotic core, but its limited axial resolution does not allow the evaluation of 
the fi brous cap. Th e present thesis explored the performance of the combination 
of OCT and IVUS-VH to identify high-risk plaques. Th e results using histology 
as the benchmark, demonstrate an improvement in the diagnostic accuracy when 
combining the properties of the two techniques. We applied this combined meth-
odology in bifurcations, a complex lesion subset with a higher rate of procedural 
complications and stent failure. Our study demonstrated a diff erential distribu-
tion of the high-risk plaques along the bifurcation with a preferential localization 
of the TCFAs at the proximal rim of the ostium of the side branch. Th e thesis 
includes also a case where OCT allowed the visualization of a human coronary 
plaque rupture in vivo providing new links between the data generated from ex-
vivo studies and the living patient.

In vivo assessment of the eff ect of coronary stent implantation with optical 
coherence tomography

Due to its imaging capabilities OCT is a unique tool to assess the relation of 
the stent with the vessel wall and to evaluate the acute and long-term eff ects of 
coronary stent implantation on the vessel structure. Th ese eff ects might depend 
on the stent type but also on the underlying plaque. We evaluated the apposition 
and tissue coverage of struts at follow up in stents implanted during primary PCI 
for STEMI and stents implanted for stable/unstable angina showing a higher rate 
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of incomplete stent apposition and uncovered struts in STEMI patients. Th ose 
results may be related with the procedural characteristics (abundant thrombus in 
primary PCI) but also with the characteristics of the plaque leading to the event 
and being treated with the stent.

Regarding the acute eff ects of stent implantation, the high-resolution images 
obtained with OCT have allowed a detailed identifi cation of the vessel damage 
induced by stent implantation (such as edge dissection, intra-stent dissection 
and tissue prolapse). In the present thesis we proposed a systematic method for 
the classifi cation and quantifi cation of these phenomena. Furthermore, our data 
suggest that the vessel injury caused by the stent (especially at the edges) can 
be infl uenced by the composition of the atherosclerotic plaque located in these 
regions.

OCT can provide very useful information to understand the mechanisms of 
stent failure at follow up (such as late stent thrombosis or stent restenosis). Even 
when its frequency has been reduced dramatically with the introduction of drug-
eluting stents, restenosis is still an important clinical problem. We demonstrated 
the value of OCT to evaluate the restenotic tissue with a level of detail never 
reached before in vivo and its ability to identify diff erential patterns.

OCT for the evaluation of bioabsorbable stents

Absorbable stents have emerged as a very attractive alternative in order to avoid 
some complications associated with permanent metallic stenting (i.e. stent 
thrombosis). Th e ABSORB trial, evaluated a fully-absorbable everolimus-eluting 
stent. Th e vessel treated was imaged with multiple imaging modalities at 2 years 
follow-up. Among them, OCT showed the ability to detect changes in the optical 
properties of the stent struts during time, probably refl ecting the absorption and 
integration processes.

New generation OCT

Th e clinical application of the fi rst commercially available generation of OCT was 
limited by a cumbersome acquisition procedure. Th e development of the second 
generation Fourier domain (FD) OCT has simplifi ed the acquisition procedure 
by increasing the pullback speed (20 mm/s). Th is allows the visualization of long 
coronary segments in few seconds without the need of vessel occlusion. Th e present 
thesis shows a good reproducibility of the new systems for plaque characterization 
and stent implantation assessment.
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Conclusions

OCT has emerged in the last years as the most promising intracoronary imaging 
technique. Th e simplifi cation of the acquisition procedure achieved with the new 
generation systems will contribute to spread the use of OCT in many catheter-
ization laboratories worldwide. Th e present thesis shows the value of OCT for 
the characterization of coronary atherosclerosis in vivo alone or in combination 
with other intracoronary modalities. Th e unique imaging capabilities of OCT 
allow a detailed evaluation of the eff ects of stent implantation on the vessel wall 
at diff erent time points. Th e technique may also provide new insights into the 
mechanisms of stent failure and appears as a useful tool for the evaluation of 
new generation stents (i.e. reabsorbable) developed to overcome the limitations of 
metallic stenting. Further studies with long term follow up are required to clarify 
the clinical implications of the important amount of new information provided 
by OCT.
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SAMENVATTING EN CONCLUSIES

De beelden met hoge resolutie die met OCT worden verkregen, hebben nieuwe 
inzichten opgeleverd in coronaire arteriosclerose en de interactie tussen stents 
en de vaatwand. De verfi jning van de technologie die de laatste jaren is bereikt, 
heeft deze imaging techniek minder belastend gemaakt voor de patiënt. Hierdoor 
openen zich de mogelijkheden voor toepassingen bij de behandeling van coronair 
vaatlijden. Dit proefschrift levert belangrijke data over de veiligheid van de op-
name van OCT beelden in een klinische omgeving, de validatie van kwantitatieve 
OCT analyses en de potentiële klinische toepassingen van OCT voor de vaststel-
ling van arteriosclerose en de beoordeling van stents. Bovendien wordt er getracht 
om de OCT bevindingen in verschillende klinische situaties the standaardiseren 
en de resultaten op een systematische manier te evalueren.

De veiligheid van OCT

Wij hebben de veiligheid van OCT geëvalueerd in een register waar meerdere 
centra aan deelnamen. Dit register bevat cases waarbij de OCT met ballon oc-
clusie was opgenomen, alsmede cases waarbij de opname zonder ballon occlusie 
is uitgevoerd. Het merendeel van de waargenomen events waren korte perioden 
van pijn op de borst of ECG veranderingen. Serieuze complicaties kwamen zelden 
voor (ventrikel fi brillatie 1.1%, lucht embolie 0.6%, dissectie van het vat 0.2%) 
en waren voornamelijk gerelateerd met het diep inbrengen van de katheter of 
ballon occlusie.

Kwantitatieve OCT analyse

De validatie studie voor lumen metingen die door ons is uitgevoerd heeft laten 
zien dat zowel OCT als IVUS de lumen afmetingen overschatten in vergelijking 
met histomorphometry in geprepareerde menselijke coronairen. De in-vivo studie 
toonde aan dat lumen afmetingen gemeten met IVUS groter zijn dan die gemeten 
met OCT. Daarnaast toonde deze studie de impact die de OCT opname techniek 
(mét of zonder occlusie ballon) heeft op de lumen afmetingen.

Er is een systematische methodologie door ons ontwikkeld voor de analyse 
van stents bij een follow-up OCT opname. Met deze methodologie wordt een 
uitstekende reproduceerbaarheid bereikt voor het meten van het aantal struts, 
incomplete appositie van de stent en metingen van de dikte metingen van de 
laag weefsel die de struts bedekt. Deze methodologie ondersteunt het gebruik 
van OCT in grote multi-centra gerandomiseerde stent studies als ondersteuning 
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van de angiografi sche en klinische studie eindpunten. Dit proefschrift bevat ook 
de validatie van nieuwe, volledig geautomatiseerde kwantitatieve analyse software 
voor OCT. Deze vorm van automatische analyse zal core labs in staat stellen om 
nauwkeurig en reproduceerbaar OCT gegevens te produceren.

De identifi catie van arteriosclerose met OCT

De mogelijkheden van OCT om de coronaire plaque te beoordelen zijn door ons 
onderzocht en vergeleken met histologische gegevens. Er bestond een goede corre-
latie tussen OCT en histologie in de meerderheid van de gevallen. Toch vertoont 
OCT verschillende beeld artefacten (strooiing veroorzaakt door infi ltratie van 
macrofagen, excentrische positie van de katheter) die een verkeerde classifi catie tot 
gevolg kunnen hebben van intimale verdikking als “fi broatheroma” of “thin-cap 
fi broatheroma”. De ontwikkeling van kwantitatieve methoden voor plaque karak-
terisatie gebaseerd op OCT kan de nauwkeurigheid van de diagnose gebaseerd 
op OCT verbeteren door de variabiliteit van de waarnemer te elimineren. De 
vergelijking met andere intra-coronaire technieken vertoonde in het algemeen een 
goede overeenkomst in de plaque karakterisatie met enkele variaties die inherent 
zijn aan de resolutie en de verschillende classifi caties van de diverse technieken.

Voor de detectie van plaques met een hoog risico kan OCT waardevolle infor-
matie leveren vanwege de mogelijkheid om de dikte te meten van de fi breuze laag 
op de coronaire plaque. Aan de andere kant belemmert de beperkte penetratie 
diepte van het OCT beeld de evaluatie van grote plaques. In tegenstelling tot 
OCT kan IVUS-RF de volledige plaque dikte in beeld brengen en kan de aanwe-
zigheid van een necrotische kern identifi ceren. Aan de andere kant kan de fi breuze 
laag van de plaque niet worden beoordeeld vanwege de beperkte axiale resolutie 
van IVUS.

In dit proefschrift worden de prestaties van de combinatie van OCT en IVUS-
RF voor de identifi catie van plaques met een hoog risico verkend. Met histologie 
als maatstaf is de toegevoegde waarde voor de diagnostische nauwkeurigheid van 
het combineren van de informatie van de twee technieken aangetoond.

Deze gecombineerde methodologie is toegepast in bifurcatie lesies, een gecom-
pliceerde subset met een hogere incidentie van complicaties tijdens de interventie 
procedure en van stent falen. De gepresenteerde studie rapporteert een hetero-
gene verdeling van de plaques met een hoog risico langs de bifurcatie. Dergelijke 
plaques met een dunne fi breuze laag bevinden zich voornamelijk op de proximale 
rand van het ostium van de zijtak. In dit proefschrift is ook een klinische case 
opgenomen waar door middel van OCT het scheuren van een coronaire plaque 
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zichtbaar kon worden gemaakt. Dit voorbeeld legt een verband tussen de data van 
studies op basis van ex-vivo materiaal en de gebeurtenissen in een levende patiënt.

In-vivo identifi catie van de eff ecten van coronaire stent implantatie met OCT

OCT is een uniek gereedschap vanwege de mogelijkheden van deze imaging 
techniek om de relatie tussen de stent een de vaatwand in beeld te brengen en om 
de lange termijn eff ecten van coronaire stent implantatie op de vaat structuur te 
beoordelen. Deze eff ecten zijn mogelijk afhankelijk van het type stent maar ook 
van het type plaque in het onderliggende weefsel. Er is een evaluatie uitgevoerd 
van de appositie en weefsel bedekking van de struts bij een follow-up OCT van 
stents die waren geïmplanteerd tijdens een primaire PCI bij STEMI en van stents 
in gevallen van onstabiele angina pectoris. STEMI patiënten vertoonden meer 
incomplete appositie en een hoger aantal onbedekte struts. Deze resultaten kun-
nen in verband worden gebracht met procedurele factoren (abundante trombose 
tijdens primaire PCI) maar ook met de eigenschappen van de plaque die het event 
heeft veroorzaakt en tot een stent behandeling heeft geleid.

Ook voor de acute eff ecten van stent implantatie kan OCT van grote waarde 
zijn. De OCT beelden hebben het met hun hoge resolutie mogelijk gemaakt om 
in detail vast te stellen wat voor schade de stent implantatie aan de vaatwand heeft 
veroorzaakt (zoals rand dissecties, in-stent dissecties en weefsel protrusie). In dit 
proefschrift wordt een methode voorgesteld voor de classifi catie en kwantifi catie 
van deze fenomenen. Bovendien wekt de gepresenteerde data de suggestie dat 
schade aan het vat veroorzaakt door de stent (vooral aan de randen) mede afhan-
kelijk is van de compositie van de ateriosclerotische plaque in die regio’s. OCT 
levert nuttige informatie voor het begrip van de mechanismen achter stent falen 
tijdens follow-up (zoals late stent trombose of stent re-stenose). Desondanks dat 
de frequentie van voorkomen drastisch is afgenomen sinds de introductie van 
drugafgevende stents, is re-stenose nog steeds een relevant klinisch probleem. De 
waarde van OCT om het stenotische weefsel in-vivo in ongekend detail weer te 
geven, alsmede de mogelijkheid om hierin verschillende patronen te herkennen 
worden hier gepresenteerd.

OCT voor the evaluatie van bio-absorbeerbare stents

Absorbeerbare stents zijn recent opgekomen als een aantrekkelijk alternatief ter 
voorkoming van verscheidene complicaties van de behandeling met metallische 
stents (bijvoorbeeld stent trombose). De ABSORB studie, onderzocht een volle-
dig absorbeerbare everolimus-afgevende stent. Het behandelde vat werd 2 jaar na 
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de behandeling met meerdere medische beeldtechnieken onderzocht. OCT was 
(naast andere technieken) in staat om de veranderende optische eigenschappen 
van de stent struts waar te nemen die waarschijnlijk werden veroorzaakt door het 
proces van bioabsorptie.

Nieuwe generatie OCT

De klinische toepassing van de eerste commerciële OCT systemen was beperkt 
door de moeizame methode van beeldopname. De ontwikkeling van een tweede 
generatie Fourier domein (FD) OCT heeft de beeld acquisitie procedure drastisch 
vereenvoudigd door de terugtrek snelheid te verhogen (naar 20 mm/s). Hierdoor 
werd het mogelijk om een lang coronair segment in beeld te brengen zonder 
dat daarvoor een occlusie van het vat noodzakelijk was. Dit proefschrift toont 
de goede reproduceerbaarheid van deze nieuwe generatie systemen voor plaque 
karakterisatie en de beoordeling van stent implantatie.

Conclusies

OCT is de laatste jaren naar voren gekomen als de meest veelbelovende intra-
coronaire imaging techniek. De vereenvoudiging van de beeld acquisitie methode 
die is bereikt met de nieuwe generatie systemen zal bijdragen aan de verspreiding 
van het gebruik van OCT in vele katheterisatie laboratoria over de hele wereld. Dit 
proefschrift toont de waarde van OCT voor de karakterisatie van in-vivo coronaire 
arteriosclerose op zichzelf of in combinatie met andere intra-coronaire modali-
teiten. De unieke imaging mogelijkheden van OCT brengen een gedetailleerde 
evaluatie van de eff ecten van stent implantatie op de vaatwand op verschillende 
tijdstippen binnen bereik. De techniek brengt mogelijk ook nieuwe inzichten in 
de mechanismen voor stent-falen en komt naar voren als een nuttig gereedschap 
voor de evaluatie van nieuwe generaties stents (zoals bio-absorbeerbare ) die wor-
den ontwikkeld om de limitaties van de huidige metallische stents te overwinnen. 
Verder onderzoek met een lange termijn follow-up zijn nodig om inzicht te geven 
in de klinische implicaties van de grote hoeveelheid informatie die nu met OCT 
binnen bereik is gekomen.
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C H A P T E R  1 . 1

 

optical -optic lens/mirror 
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Figure 1 Th e currently commercially available TD-OCT system (Lightlab Imaging, Westford, MA, 
USA). A)Th e OCT imaging wire with an outer diameter of 0.019 inch B) Magnifi cation of the distal 
catheter tip C) Magnifi cation of the 0.006 inch rotating single-mode fi bre-optic core, located within 
the distal sleeve of the imaging wire D) Imaging console with pullback deivce allowing for real-time 
image display and data storage.
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Terumo 

A B C D

 

Figure 2 Diff erent FD-OCT prototypes as used at the Th oraxcenter in 2008 A) M4 system, Lightlab 
Imaging, Westford, MA, USA , B) Terumo OCT C) Volcano OCT D) MGH OFDI system (G. 
Tearney and B. Bouma, Wellman Center for Photomedicine, MGH, Boston, MA, USA)

 A B C

Figure 3 FD-OCT images as obtained in in-vivo in normal porcine coronary artery. Th e coronary 
vessel wall shows a three layer appearance and an intimal dissection is visible in 4 o clock position. A) 
M4 prototype, Lightlab Imaging, Westford, MA, USA , B) Terumo OCT C) MGH OFDI system 
(G. Tearney and B. Bouma, Wellman Center for Photomedicine, MGH, Boston, MA, USA)
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Figure 4 OCT fi ndings before and immediately after stent implantation in a patient presenting with 
acute myocardial infarction (M4 prototype FD OCT system, Lightlab Imaging, Westford, MA, 
USA). A) Coronary angiography revealed a subtotal occlusion of the left anterior descending artery. 
Th e black arrow indicates the vessel segment imaged by OCT B-E) pre-interventional OCT showing 
the distal reference (B), the lesion with mural thrombus (C), the minimal lumen area (D) and the 
proximal reference (E): F-I) postinterventional OCT: corresponding images can be easily identifi ed 
using anatomical landmark such as side branches (SB) or calcium nodules. Metallic stent struts 
appear as bright structures with dorsal shadowing. Th e distal reference (F) and the lesion site that can 
be easily identifi ed using the small calcium nodule as a landmark (G) the site of the original minimal 
lumen area shows tissue protrusion in 6 o clock position (H) , the proximal reference (I).
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B

C

Figure 5 Incomplete stent strut apposition immediately after stenting (Volcano OCT prototype). 
A) Coronary angiogram of the right coronary artery after stent implantation. B) OCT image of the 
proximal stent edge showing malapposition of stent struts C) Magnifi cation clearly illustrating that 
individual stent struts do not have contact to the vessel wall.
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A  B

Figure 6 In vivo OCT of human coronaries at 6 months follow up. Th is fi gure illustrates the 
diff erent degree of neointima coverage typically seen in bare metal stents as compared to drug eluting 
stents. A) bare metal stent B) drug eluting stent (TD OCT system, Lightlab Imaging, Westford, MA, 
USA).

B C 

C
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LM 

*

B

A 

Figure 7 OCT fi ndings at longterm follow up after DES implantation in the LEADERS OCT 
substudy. A) Coronary angiogram of the left coronary artery. Overlapping stents were implanted 
in the proximal left anterior descending artery and in the left main stem B) Th e application of the 
non-occlusive imaging acquisition technique allowed to image the stent in the left main stem as 
well as the proximal left anterior descending artery C,D. C) eccentric stent struts with very thin 
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coverage visible, an individual strut in 11 o clock position is malapposed D) stent struts showing 
malapposition and tissue coverage with irregular borders, possible indicating thrombus formation. 
(TD OCT system, Lightlab Imaging, Westford, MA, USA).

LAD RD

distal carina proximal 

Figure 8 Clinical OCT after bifurcation stenting of the ramus descendens anterior and the ramus 
diagonalis in crush technique. A) OCT pullback is started distally in the diagonal branch. Th e stent 
is well expanded and all struts are apposed against the vessel wall B) OCT at the carina shows the 
lumen of the ramus descendens anterior in 9 o clock position wide open. Note the double layer of 
stent struts separating the ostium of the diagonal branch from the ramus descendens anterior. C) 
proximal stent portion in the ramus descendens anterior. In 12 to 6 o clock position, three layer of 
struts originating from the proximal, crushed diagonal branch stent and from the stent in the ramus 
descendens arterior can be observed. (TD OCT system, Lightlab Imaging, Westford, MA, USA).

dist 

GW 

carina

GW 

GW

prox 

GW GW

dist carina prox

Figure 9 Clinical OCT after bifurcation stenting of the ramus descendens anterior and the ramus 
diagonalis with a dedicated bifurcation stent (Nile croco stent) A) OCT pullback is started distally in 
the ramus descendens anterior. Th e stent is well expanded and all struts are apposed against the vessel 
wall B) OCT at the carina shows the lumen of the carina wide open, no struts are obstructing the 
access to the diagonal branch C) proximal stent portion in the ramus descendens anterior. Despite 

Gonzalo.indd   362Gonzalo.indd   362 06-Jan-10   12:21:27 PM06-Jan-10   12:21:27 PM



363

Colour Section

a rather good stent expansion is some strut malapposition visible in 11 to 1 o clock position. GW= 
guide wire. (M4 prototype FD OCT prototype, Lightlab Imaging, Westford, MA, USA).

 Dist Prox Dist Prox Carin

A) 

B) FUP 

C D E 

Figure 10 Bifurcation stent implantation in normal pigs. Serial, in vivo OCT A) immediately after 
stenting and B) at 7 day follow up. Tissue coverage is visible in various degrees from C) very thin 
coverage to more pronounced, irregular coverage in D) Furthermore, a persistent dissection fl ap can 
be observed at the proximal reference segment E) (TD OCT system, Lightlab Imaging, Westford, 
MA, USA).

Table 3. OCT image criteria for plaque type.
Fibrous plaque Fibrocalcifi c plaque Lipid-rich plaque

Homogeneous signal-rich region Well-delineated, signal-poor region with 
sharp borders

Signal-poor region with diff use
borders
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calcium

thrombus

A 

B C 

Figure 11 In vivo intravascular imaging of a calcifi ed coronary plaque. A) Intravascular ultrasound 
shows an eccentric, calcifi ed plaque as echodense structure with typical dorsal shadowing, while 
180 degree of vessel wall show normal, three layer appearance B) Intravascular OCT of the same 
plaque. By OCT, calcium appears signal poor (dark) with sharp, well delineated borders. C) Th e 
magnifi cation reveals a small mural thrombus. Note, that the calcium nodule is covered towards the 
lumen by a thin layer and is not in direct contact to the lumen as seen by IVUS.
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A

B 

LA 

C D

E 

 

F 

 

G

Figure 12 OCT fi ndings in a 74 year old femail patient presenting with acute coronary syndrome, 
Braunwald class IIIC with positive Trop T (0.57μg/l) and CK (181 U/l) at the time of admission 
to the cathlab. A) Coronary angiography showed a moderate narrowing of the mid left descending 
anterior artery with TIMI III antegrade fl ow, the other epicardial arteries were normal. Intracoronary 
OCT confi rmed a moderate leiosn with approx 50% area stenosis B) proximal reference lumen area 
6.82mm2 C) minimal lumen area 2.81mm2 D) distal lumen area 4.49mm2. Detailed inspection of 
the OCT images revealed E) an eccentric plaque that showed a very thin endothelial lining (<30 μm) 
F) a site with plaque rupture/ulceration and G) a fi ne fi ssure on the surface of the plaque. Plaque 
erosion, rupture/ulceration and fi ssure have been associated with coronary thrombosis in pathology 
series and could be the possible pathophysiologic substrate for the clinical syndrome observed in our 
patient, (TD OCT system, Lightlab Imaging, Westford, MA, USA).
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Figure 13 Longitudinal cut view of an in vivo FD OCT pullback through a coronary artery. At 
the distal end, a coronary stent is visible. Diff erent components of the vessel wall are represented 
in a color coded way. MGH OFDI system (G. Tearney and B. Bouma, Wellman Center for 
Photomedicine, MGH, Boston, MA, USA)

Figure 14 Occlusive image acquisition technique (TD OCT imaging LIghtlab Imaging, Westford, 
MA, USA). Th e imaging catheter directs the infrared light into the tissue and returns the refl ected 
light back to the optical engine. During imaging, blood fl ow is limited by a dedicated, over the wire, 
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low pressure (0.4 atm) occlusion balloon catheter (Helios, Goodman, Japan), that is positioned 
proximally in the artery. Th e central lumen of the balloon occlusion catheter allows for distal fl ush 
deliver during imaging of the target segment with autromated pullback. Th e proximal end of the 
catheter has a chamber the captures the imaging core and allows it to move along the catheter axis to 
perform an “automated pullback”. Th e outside of the imaging catheter is stationary with respect to 
the vessel wall. Th e imaging core is rotated and translated inside of the external catheter sheath.

Figure 17 In-vivo intracoronary OCT. A) Illustrates the motion artefact during heart cycle in the 
cross sectional view, causing a “seamline” B) illustrates the motion artefact caused in the longitudinal 
view. Note the irregular lumen contour caused by three-dimensional motion of the artery relative to 
the OCT imaging catheter.

Gonzalo.indd   367Gonzalo.indd   367 06-Jan-10   12:22:41 PM06-Jan-10   12:22:41 PM



Colour Section

368

 

Figure 18 OCT artefacts in stent imaging. A) Circumferential stent struts are shown covered by a 
thin layer of tissue. Dorsal shadowing is evident behind the stent struts (S) with only the luminal 
surface of the strut visible with OCT. B) demonstrates circumferential stent struts with shadowing 
and bright refl ections caused by saturation of the detector registering the inferogram (arrow) C) 
Arrow indicates a double refl ection between stent and catheter. Th is can occur if a stent strut is 
imaged face-on, and refl ects the OCT beam specularly. Shadows of other stent struts are marked by 
s; stent struts that do not show up as the typical bright dot, but do cast a shadow, are imaged under 
an oblique angle. * is a guide wire artefact. White bar is 1 mm.
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Figure 1. Matching of IVUS, OCT, and 
histology ex vivo. The distal side of 
the bifurcation of the LAD to the LCX 
(*) was used as the starting point for 
the first histology section. From this 
point to the distal and proximal side, 
histology sections were taken at 5-mm 
intervals to the end of the specimen 
(A). The histology sections (B) were 
used to identify the corresponding 
location in the OCT image data set (C) 
based on the similar visual appearance 
of the lumen morphology. Following 
this identification, the visualization 
software synchronized the OCT and 
IVUS image data sets and identified 
the corresponding IVUS image (D).

Distal LAD Main Stem Proximal

LCX

5 mm 5 mm 5 mm 5 mm 5 mm

Figure. 2. Selection of the region of interest in OCT pullbacks acquired 
with and without occlusion. PB1 and PB2 show the longitudinal view of 
the pullbacks acquired with and without occlusion, respectively. The white 
arrows indicate the side branches (SBA and SBB) used for matching of the 
region of interest. 1A and 2A show corresponding cross-sections of SBA 
with and without occlusion. 1B and 2B show corresponding cross-sections 
of the SBB with and without occlusion.
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Figure 4. Example of differences in lumen measurements between OCT with and without occlusion. The figure shows corresponding images acquired with 
occlusion (A, B, and C) and without occlusion (A’, B’, and C’). The white arrows indicate the landmarks used for matching of the pullbacks (side branches in A 
and C and calcium spot in B). In all the examples, the lumen dimensions are smaller in the pullback acquired with occlusion.

Lumen Area 6.43 mm2 Lumen Area 5.70 mm2 Lumen Area 7.66 mm2

Lumen Area 8.87 mm2Lumen Area 6.12 mm2Lumen Area 6.75 mm2
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Reproducibility design

Figure 1. Tissue coverage measurement. A. Sirolimus eluting stent

9 months after stent implantation. B. The figure shows the lumen

contour (white) and the stent contour (green). The tissue coverage area

was calculated as stent area minus lumen area. The tissue coverage

thickness was measured in 360 points (represented by the white

chords). C. Magnification of 2 struts showing all the measurements

(white chords) of the tissue coverage in front of every strut. For every

strut the minimum, maximum and mean strut coverage was calculated.

Figure 2. Malapposition. A. Example of a malapposed strut in a sirolimus

eluting stent at 9 months follow up. B. Magnification of the malapposed

strut. The yellow line represents the lumen contour and the white line

corresponds to the stent contour. The distance from the endoluminal

surface of the strut to the vessel wall (red arrow) was 440 μm (higher

than the sum of the metal and polymer thickness for this type of stent). 
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50 36 

IT

FA

FC 

FA 

TCFA 

IT 

FA 

CaFA 

7 

2 

3 
3

3

2

FA
2 

IT 
2

36 

OCT VH 

OCT  
+ VH 

Figure 1. Chart of misclassifi cations. Only misclassifi cations occurring ≥2 are included in the 
fi gure. Misclassifi cations are derived from 36 cross-sections in VH-IVUS and OCT and VH-IVUS 
combined, misclassifi cations in OCT are derived from 50 cross-sections. Yellow = histology, green = 
VH-IVUS, orange = OCT, OCT/VH-IVUS = red. IT = intimal thickening, FC = fi brocalcifi c, FA 
= fi bro-atheroma, CaFA = calcifi ed fi broatheroma, TCFA = thin-cap fi bro-atheroma. For example: 
of the lesions that were identifi ed as IT in histology, 7 were classifi ed as FA in OCT, 3 as FA in VH-
IVUS, and 2 as FA in OCT and VH-IVUS combined.

A B CA B C

Figure 2. (A) Histology of a calcifi ed fi broatheroma. (B) Corresponding VH-IVUS classifi ed 
as calcifi ed fi broatheroma. (C) Corresponding OCT classifi ed as calcifi ed fi broatheroma. Th e 
needle used to mark the site can be seen in the bright feature at 6 o’clock in OCT, as well as in the 
appearance of dense calcium in that location in VH-IVUS.

Gonzalo.indd   372Gonzalo.indd   372 06-Jan-10   12:23:01 PM06-Jan-10   12:23:01 PM



373

Colour Section

A B CA B C

Figure 3 (A) CD68 stained cross-section. Th e intima consisting of a collagen/glycoprotein matrix 
is densely infi ltrated by macrophages. (B) Magnifi cation of selected region in A. (C) Corresponding 
OCT image. Th e region infi ltrated by macrophages appears as a thin-cap fi bro-atheroma. Th e bar 
indicates 1 mm.

A BA B

Figure 4. (A) Hematoxylin-eosin stained cross-section. (B) Intimal thickening is misinterpreted as 
thin-cap fi bro-atheroma (TCFA) in optical coherence tomtography (OCT). Th e large arrow points at 
the spot interpreted as a thin-cap. Th e four small arrows indicate the OCT beams and are all of the 
same length. Th e loss of signal due to tissue penetration is similar for each arrow. Because of eccentric 
catheter position this cross-section, classifi ed as intimal thickening in histology, appears as a thin-cap 
fi bro-atheroma (TCFA) in OCT. Th e bar indicates 1 mm.
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A B

Figure 5. (A) H&E stained cross-section with (B) the corresponding optical coherence tomography 
(OCT). Th e arrow indicates a collagenous region in histology mistaken for a lipid region in OCT. 
Reduced optical effi  ciency of the catheter in this image section creates a dark sector, making mild 
intimal thickening appear as a fi bro-atheroma. Th e bar indicates 1 mm.
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*
A CB

*
D

FIG. 2: A: OCT image of a coronary atheroclerotic lesion ex vivo. indicates the needle used for marking

the imaged site. B: Corresponding histology, H&E stain. C: Cartoon histology, overlayed on the original

histology slide. It indicates an advanced necrotic core (red) behind a calcification (gray), and a slight

fibrotic (green) circumferential intimal thickening. D: OCT-derived attenuation coefficient μt, plotted on a

continuous color scale from 0 mm−1 to 15 mm−1. The area corresponding to the necrotic core exhibits a

higher attenuation coefficient (8–10 mm−1 than the calcification next to it or the surrounding fibrous tissue

(2–3 mm−1).

A

*

C D

*

B

FIG. 3: A: OCT image of a circumferential homogeneous intimal thickening case. B: Corresponding histol-

ogy, EvG stain. C: Cartoon histology, confirming a fibrous thickened intima. D: The attenuation coefficient

μt is uniform and low, 2–4 mm−1, in the area corresponding to the fibrous lesion. The color scale runs from

0–15 mm−1.
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C D E

*A B *

FIG. 4: A complex lesion containing necrotic core, haemorrhage, and macrophages. A: OCT image. B:

Attenuation coefficient; scale from 0–15 mm−1. C: Histology, H&E stain. D: Cartoon, indicating an

early stage necrotic lesion, with a thin fibrous cap, and intraplaque haemorrhage. E: CD68 stain, showing

macrophage infiltration. The green and orange boxes are magnified above, and correspond to the indicated

areas in B. Both areas show high attenuation coefficient (10–12 mm−1), coinciding with the presence of

necrotic core (green box) and macrophages (green and orange boxes).

μt

FIG. 5: An intimal xanthoma case. High attenuation (color scale 0–15 mm−1 as before) in a fibrous lesion

occurs due to macrophage infiltration, as evidenced by the CD68 stain in the inset.
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A B1 B2 B3

* * * *

FIG. 6: Optical attenuation imaging in vivo. A: OFDI image of a coronary fibroatheroma (12–3 o’clock);

marks the guidewire shadow. B1–3: Optical attenuation coefficient of three consecutive heart cycles, B1

corresponding to the data shown in A. The color scale runs from 0–12 mm−1.

TABLE I: Color coding used for tissue type in the cartoon histology.

Fibrous and smooth muscle cells

Early necrotic core

Advanced necrotic core

Calcification

Haemorrhage
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Fig. 1. Matching of the OCT and IVUS pullbacks. The position of the IVUS, optical coherence tomography (OCT) and intravascular magnetic resonance
spectroscopy (IVMR) probe along the vessel was filmed before and after each acquisition (A). The “matching” of the region of interest in the IVUS (B) and OCT
(C) pullback was based on the presence of anatomical landmarks (e.g. side branches visible in the longitudinal and cross-sectional views). To determine the
longitudinal position of the IVMR probe in the vessel, a side branch was used as a marker. From the landmark to the proximal part of the vessel one frame every
1.6 mm was selected. D1: first diagonal, D2: second diagonal, SB: septal branch, LAD: left anterior descendent coronary artery. CS: cross section.
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Figure 3. Intravascular ultrasound (IVUS) gray-scale frames and their corresponding virtual histology frames of an 
IVUS-derived thin-cap fibroatheroma (four central frames) and the proximal and distal reference segment in which the 
remodeling index was calculated. 
MLA: Minimum luminal area; PB: Plaque burden; VCSA: Vessel cross-sectional area.
Virtual histology color code: green is fibrous, greenish is fibrofatty, red is necrotic core and white is dense calcium.

Reference segment
Distance of 5 mm

MLA

MLA, 5.77 mm2 MLA 3.94 mm2

PB, 44.6%

VCSA 10.39 mm2

Remodelling index 1.12
VCSA 11.75 mm2

MLA, 3.81 mm2

PB, 49.3%

VCSA 7.51 mm2

Proximal Distal

PB, 66.4%

Figure 4. IVUS palpography. The local strain is calculated from the gated 
radiofrequency traces using cross-correlation analysis and displayed, color-coded, from 
blue (for 0% strain) to red to yellow (for 2% strain). 
Plaque strain values are assigned a Rotterdam Classification (ROC) score ranging from 
1 to 4 (ROC I= 0 to <0.6%; ROC II= 0.6 to <0.9%; ROC III= 0.9 to <1.2%; ROC IV 
>1.2%).

2.0%

0.0%

>1.2

Strain (%)Grades (ROC)

ROtterdam Classification (ROC)

I

II

III

IV

0–0.6

0.6–0.9

0.9–1.2
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Figure 5. OCT and standard coronary angiography correlation. Angiography 
shows a complex lesion in the mid left anterior descending. The optical coherence 
tomography image shows a ruptured plaque with thrombus at that site (white arrow). 
Proximally and distally to the culprit lesion, thin-capped fibroatheroma lesions are 
present ([B] and [A] respectively).

dist

a b

a

b

proxdist

a b

a

b

prox

Figure 6. Intravascular magnetic resonance. The magnetic fields generated by the 
probe located at the tip of the catheter, create a FOV with a sector shape, looking 
sideways into the artery wall. The FOV has a lateral resolution of 60º, a longitudinal 
length of 2 mm and a depth of 200 μm. It makes the analysis for the area comprised 
between 50 and 200 μm from the lumen.
Acquired data is displayed as color-code sectors based of the lipid fraction index for each 
zone of the FOV. Blue indicates no lipid, gray correspond to intermediate lipid content 
and yellow indicates high lipid content.

FOV: Field of view.

Catheter
Lipid-rich
core

Detection 
bands

Sensitive 
region

Sensitive 
region
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Figure 7. Near infra-red spectroscopy. Demonstration of spectral findings in the left 
anterior descending coronary artery of an autopsy specimen (unpublished data, on file 
InfraReDx, Inc., Burlington, Massachusetts). The panel shows the results of the scan, 
with distance along the lumen on the x-axis and arc of rotation on the y-axis. As 
indicated by the yellow signal, the scan successfully detected lipid necrotic core rich areas.
Image courtesy of James E Muller.

C
D

E
V

3 
H

ea
r 

2t
o

7 
m

o
d

el

0.100
0.095
0.090
0.085
0.080
0.075
0.070
0.065
0.060

350
300
250
200
150
100
50
0

50 45 40 35 30 25 20 15 10 5 0

Gonzalo.indd   382Gonzalo.indd   382 06-Jan-10   12:24:44 PM06-Jan-10   12:24:44 PM



383

Colour Section

C H A P T E R  5 . 2

Figure 1. Bifurcation Selection and Analysis

Bifurcations that could be identified in both intravascular ultrasound-virtual histology (IVUS-VH) and optical coherence tomography (OCT)
pullbacks were included. A strict selection of the analyzed cross-sections (CS) was followed to ensure correct matching between the 2
techniques. Plaques were analyzed only in the main branch. The lesion analysis included: 1) proximal rim of the ostium of the side
branch (SB) CS (first frame proximal to the take-off of the SB); 2) in-bifurcation CS (frame with the larger ostial diameter of the SB); and
3) distal rim of the ostium of the SB CS (first frame distal to the take off of the SB).

Figure 2. Location of the Plaque in Relation to the Flow Divider

To describe the plaque location in relation to the flow divider, the vessel cross-section was divided in 4 quadrants according to the posi-
tion of the side branch. Quadrants 1 and 4 correspond to the ostium of the side branch, whereas quadrants 2 and 3 correspond to the
part of the vessel wall located in front of the ostium of the side branch. (A) Grayscale IVUS. (B) Virtual histology. (C) OCT. Abbreviations
as in Figure 1.
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Figure 4. Low-Risk Plaques

Matched images of grayscale IVUS (A), virtual histology (B), and OCT (C) for the 4 types of plaques considered at low risk. 1: adaptive
intimal thickening, 2: pathological intimal thickening, 3: fibrocalcific plaque, 4: fibrotic plaque. Abbreviations as in Figure 1.

Figure 5. High-Risk Plaques

Matched images of grayscale IVUS (A), virtual histology (B), and OCT (C) for the 4 types of plaques considered at high risk of rupture.
1: fibroatheroma, 2: calcified fibroatheroma, 3: thin-cap fibroatheroma, 4: calcified thin-cap fibroatheroma. Abbreviations as in Figure 1.
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Figure 1. Angiography shows a calcific midvessel lesion. An additional calcific plaque with sharp and well-delineated margins was also observed using OCT
remote and distal to the culprit lesion with attached mural thrombus.

Figure 2. TCFA assessed using OCT overlying a large lipid-rich plaque (2
to 5 o’clock position). The bright highly reflective fibrous cap measured 30
to 80 �m.
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Figure 3: Image reconstructions. A, B. Longitudinal reconstructions of OFDI data acquired before 
rupture (A) and 18 minutes after baseline (B). C. 3D reconstruction of OFDI image data obtained 
18 minutes following baseline. Green line in (A) – leading edge with a thin cap and superfi cial 
macrophages; red arrowhead in (A) – apex of lesion; blue arrowhead in (B) rupture site. Dotted 
region in (C) – thin fi brous cap; P – proximal; D – distal; Color scale for (C): red-artery wall, green-
macrophages, white-calcium, yellow-lipid.
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Figure 1. Incomplete Stent Apposition and Uncovered Struts

Optical coherence tomography cross section corresponding to a patient
treated with drug-eluting stent implantation during primary percutaneous cor-
onary intervention in the right coronary artery for an inferior ST-segment ele-
vation myocardial infarction 9 months before. The red arrows indicate
incomplete stent apposition, whereas the white arrows show some struts not
covered by tissue. From 12 to 5 an irregular material suggestive of organized
thrombus can be observed behind the struts. *Guidewire artefact.

Figure 2. Tissue Coverage Symmetry Patterns

(A and B) Asymmetric tissue coverage with uncovered struts: whereas some struts are covered by a thick layer of tissue, other struts (from 2 to 5) are covered
by a very thin layer, and there is even 1 uncovered strut (indicated by the white arrow). (C and D) Asymmetric tissue coverage without uncovered struts: all the
struts are covered by tissue that shows very different thickness along the vessel circumference. (E and F) Symmetric tissue coverage: all the struts are covered
by tissue that shows similar thickness along the vessel circumference.
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Figure 3. Struts Covered by Organized Thrombus

Optical coherence tomography cross-sections corresponding to a drug-eluting stent implanted in the left anterior descending coronary artery more than 4 years
ago due to an anterior ST-segment elevation myocardial infarction. (A and B) The blue arrows indicate the presence of an irregular, highly reflective material
(suggestive of organized thrombus) covering some struts. (C) Represents a cross section more proximal where some uncovered struts can be observed (white
arrows).
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Figure 1

Stent restenosis qualitative OCT assessment.
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Figure 2

Microvessels: A1, A2, and A3 represent consecutive OCT cross sections showing a stent restenosis with presence of microvessels. One of them
(indicated by the white arrow) shows a trajectory in the vessel (A1 and A2) and ends in the lumen (A3). B1, B2, and B3 show corresponding IVUS
cross sections in the same region in which the microvessels are not visible.
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Figure 4

Lumen shape and intraluminal material: OCT images obtained in a patient referred for coronary angiography for unstable angina. A stent restenosis
lesion showing irregular lumen shape (A) and presence of intraluminal material (white arrow in B) was visualized.
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Figure 5

Comparison of OCT and IVUS findings in a restenosis lesion. A, Angiographic image showing a paclitaxel-eluting stent restenosis affecting the
proximal and distal part of the stent. 1 indicates the distal stent part, 2 indicates the bifurcation left circumflex (LCX)–obtuse marginal (OM), and 3
indicates the proximal stent part. B, Longitudinal OCT view showing the restenosis in the distal part of the stent (1), the bifurcation (2), and the
proximal part of the stent (3). Corresponding OCT cross sections are shown. C1, Restenosis in the distal part of the stent showing layered
appearance with 2 concentric layers (one inner high scattering and one outer low scattering layer). C2, Bifurcation LCX-OM. C3, Restenosis affecting
the proximal part of the stent that also shows layered appearance. D shows the corresponding IVUS images of the distal part of the stent (D1),
bifurcation (D2), and proximal stent (D3). The clear layered appearance of the restenotic tissue visible by OCT cannot be distinguished by IVUS.
Asterisk in C2 and D2 indicates the LCX.
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Figure 1 Tissue prolapse: defined as convex shaped, protrusion of
tissue between adjacent stent struts towards the lumen without
disruption of the continuity of the luminal vessel surface. The figure
shows a cross section in which tissue prolapse is visible. The amplified
image shows two areas of tissue prolapse. For each tissue prolapse
region the maximum length and the area were measured.

Figure 2 Intra-stent dissection: defined as a disruption of the vessel luminal surface in the stent segment. This entity can appear with two forms: (A)
dissection: the vessel surface is disrupted and a dissection flap is visible. The length of the flap (red arrow) was measured as the distance from its tip to
the joint point with the vessel wall; (B) cavity: the vessel surface is disrupted and an empty cavity can be seen. The maximum depth of the cavity (red
arrow) was measured from the lumen to the deepest cavity point inside the vessel wall.
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Figure 3 Edge dissection: defined as a disruption of the vessel luminal
surface in the edge region (5 mm proximal and distal to the stented
region, no struts are visible).

Figure 4 Thrombus: defined as an irregular mass with dorsal shadowing protruding in the lumen (mural thrombus) (white arrow in A) or a luminal
mass with dorsal shadowing that is not connected to the vessel wall (white arrow in B).
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Figure 1. Edge dissection detection by angiography and optical coherence tomography (OCT). A: 
angiographic image showing a distal edge dissection (yellow arrow). Th e dissection can be observed 
with more detail in the amplifi ed image. B: OCT shows a disruption of the vessel luminal surface in 
the distal stent border with a visible fl ap (white arrow).

Figure 2. Plaque type at stent edges. Example of a patient treated with primary percutaneous 
coronary intervention and stent implantation for inferior ST elevation myocardial infarction. Th e 
upper panel shows the longitudinal optical coherence tomography (OCT) image. Th e yellow arrow 
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indicates the distal edge and the white arrow indicates the stented region. Th e lower panels show 
two cross sections. A: distal edge. A low backscattering plaque with diff use borders covered by a thin 
fi brous cap (red arrow, thin cap fi broatheroma) can be observed. B: stented region.
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Figure 1. In vivo OCT (LightLabImaging™, Boston, MA, USA) in a porcine coronary artery. A) Baseline OCT immediately after stent implantation
shows adequate stent expansion and apposition of the struts against the normal coronary wall. B) Magnification demonstrating the stent strut ves-
sel wall interface. C) Follow-up investigation at five days. The stent struts are clearly visible and show thin, bright reflective tissue coverage in the
magnification D) Histology E) confirms the presence of a thin neointimal layer.

Figure 2. In vivo OCT (LightLabImaging™, Boston, MA, USA) in the LAD in a patient presenting with in-stent restenosis. A) The coronary angiogram
shows a lumen narrowing within the stent that is covering the second diagonal branch. OCT visualises the complex coronary anatomy in great detail. The
stent is covered by a thick neointima that shows a layered appearance with a bright, highly reflective luminal layer, an intermediate layer and a dark, sig-
nal poor layer surrounding the struts (B). The diagonal take off can be clearly seen (C) as well as a stent strut that is “floating” in the carina (D).
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Figure 3. Demonstrates the information that can be gathered from IVUS (20Mhz, lower panels) and from OCT imaging (mid and upper panels,
LightLabImaging™, Boston, MA, USA) in patients at follow-up after stent implantation. These are corresponding cross sections within a stent, imaged
by both, OCT in the upper panels and by IVUS in the lower panels. The images represent the same spots within a coronary artery (A, B, C), and
illustrates the different quality of information that can be obtained by OCT as compared to conventional grey scale IVUS. A) Three layers of stents
can be seen. OCT is able to clearly visualise the individual stent struts, the neointimal layers separating the different stents and the very thin coverage
of the most inner, luminal stent struts. B) a bright, eccentric and relatively thick neointimal layer can be seen C) an eccentric thick neointimal layer
is visible, however, the structure of this neointima differs considerably from the example B) with a low-reflective and speckled appearance.

Figure 4. OCT (LightLabImaging™, Boston, MA, USA) findings in two patients presenting with late drug-eluting stent (DES) thrombosis. OCT was
performed in both cases immediately after thrombus aspiration and reveals completely different morphologic findings, possible suggesting two different
mechanisms for late stent thrombosis, focal restenosis and incomplete strut coverage. I) Patient with late stent thrombosis three months after DES
implantation in the left circumflex artery. OCT reveals an adequately expanded stent, all struts are well apposed against the vessel wall. All struts show
tissue coverage, which is more pronounced in the proximal portion of the stent (D) as compared to the distal stent portion (A). There is focal in-stent
restenosis (B, C) with severe lumen narrowing (MLA 1.63 mm2). The neointima shows a layered appearance with a luminal bright, highly reflective
layer, an intermediate layer and a dark, signal poor layer surrounding the struts. Remnants of the thrombus are focally seen focally as irregular mural
structures, protruding into the lumen (A, C). II) Patient with very late stent thrombosis four years after DES implantation in the left anterior descending
artery. OCT reveals an adequately expanded stent, however, there is incomplete stent strut apposition at the proximal stent edge with incomplete tissue
coverage in 21% of struts. (E) The distal stent portion, shows a well expanded and apposed stent with thin tissue coverage by OCT. F) irregular lumen
borders with intraluminal remnants of the thrombus. G) proximal stent portion showing a strut without visible tissue coverage in 12 o’clock position
and thrombus fragments in the lumen. H) proximal stent edge with incomplete apposition of five stent struts (arrows) against the vessel wall. The
distance to the vessel wall is 200 micron. OCT shows tissue around the stent struts (DD thrombus, neointima). GWA: guidewire artefact.
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After stenting
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6 month
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Figure 4: Results from echogenicity, grey-scale intravascular ultrasound, and intravascular ultrasound virtual histology
(A) Grey-scale appearance after stenting and at 6 months with echogenicity analysis (red: hypoechogenic tissue, green: hyperechogenic tissue). The arrows show a 
strut of the implanted stent. (B) Examples of grey-scale intravascular ultrasound before stenting, after stenting, at 6 months, and at 2 years. The arrowheads show 
struts that remain visible at each follow-up time. (C) Serial assessment by intravascular ultrasound radiofreqeuency backscattering. Before stenting, there is a large 
plaque with a necrotic core. The red arrow indicates the necrotic core in contact with the lumen. After stenting, the lumen has enlarged to 7·1 mm² and two struts 
(yellow arrows) are depicted as (pseudo) dense calcium. At 6 months, the two struts remained visible (yellow arrows) with partial reduction of the luminal area. At 
2 years, the endoluminal pseudo-dense calcium depicting struts has disappeared, which is consistent with strut absorption. There is now a fi brous cap covering the 
necrotic core (green arrows), and late enlargement of the lumen (10·1 mm²) and shrinkage of the plaque.
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After stenting

2 years

Figure 5: Sequential changes in strain assessed by intravascular ultrasound palpography
(A) Before stenting, a long area of high strain (colour-coded for strain ranging from 1% to 2%) is seen; on a single cross-section, the high strain region is located at 
the shoulder (arrow) of the plaque. (B) Abolition of this high strain spot after stenting. (C) and (D) show continued absence of high strain at 6 months and 2 years 
after stenting.

A

B

After stenting

* * *

6 months 2 years

Figure 6: Serial assessment of stent struts by optical coherence tomography
(A) After stenting, incomplete apposition of struts (preserved box) in front of a side-branch ostium. At 6 months, 
persistent incomplete stent apposition (arrow) and resolved incomplete stent apposition (arrowhead), with open 
box appearance. At 2 years, there is now smooth appearance of the endoluminal lining without strut malapposition 
since struts have been absorbed. There is guidewire shadowing (at the top of the image), and a strut is still just 
discernible as a bright spot (arrow).(B) Complete apposition of strut (box appearance) after the procedure. At 
6 months, there is late acquired incomplete stent apposition of the struts (preserved box appearance) with tissue 
bridging connecting the struts (arrow). The endoluminal lining is corrugated. At 2 years, smooth endothelial lining 
with almost circular cross section. Generally, the struts are no longer discernible, although there is a bright refl ection 
that could indicate a strut (arrow). Asterisk indicates a side branch.
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2 years 3 years 3 years

A B C
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200 μm

Figure 7: Preclinical porcine studies at 2 years and 3 years after stent implantation 
(A) and (B) represent 2 year and 3 year porcine histology with haematoxylin-eosin staining, showing disappearance of the void previously occupied by a polymeric 
strut. The box-like spaces were visible on OCT (D) and are still visible at 2 years but almost indiscernible at 3 years (E). Detailed histology (C and F) shows the apparent 
voids previously occupied by the polymeric struts have been preserved, but fi lled in by proteoglycan material. In the Von Kossa stain (C), mineralisation is seen around 
the previous site of a strut. In the Alcian blue stain (F), proteoglycan has replaced the BVS stent strut.
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Figure 2. Representative photographs of the four subcategories of refl ectance characteristics by 
OCT in BVS struts at follow-up as observed in the fi rst-in-man ABSORB trial. Description of each 
subcategory is included in the illustration. (modifi ed from Ormiston, et al. 6 )

 

 
Figure 3. OCT images immediatly after BVS implantation. In a pig to whom a BVS was implanted 
with heparin (A, E), at 9 o’clock, the strut with preserved box appearance was covered with high 
intensity irregular material without shadowing, suggesting presence of a white thrombus (E shows a 
magnifi ed image). In a pig implanted with clopidogrel, aspirin and heparin (B, F), all struts showed 
preserved box appearance without any tissue coverage. Histology after the removal of polymeric 
struts showing the footprints of the struts on the intima of the vessel wall (C, G). Note the absence 
of fracture of the internal elastic membrane. Similary, in humans, all struts demonstrate preserved 
box appearance without tissue coverage immediately after stent implantation (D, H).
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Figure 4. Examples of strut appearances assessed with OCT in porcine coronary arteries.

Figure 5. OCT images and corresponding histology at 2 years after stent implantation: Strut 
conforming to the “preserved box” subcategory as visible by OCT (A, B) and corresponding 
histological photomicrographs (C, D and E). Location of bioresorbed struts are readily visible in 
histological sections stained with standard hematoxylin and eosin, but material staining positively for 
Alcian blue fi lled in the regions previously occupied by the struts. (proteoglycan, E)
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Figure 6. OCT image and histology at 3 years after stent implantation: Struts are suspected to be 
present as dissolved black box (A) and are hardly discernible by histology (B: Hematoxylin and 
eosin, C: elastic Van Gieson staining). Poorly defi ned regions of low signal intensity visible by OCT 
correspond with regions of low cell-density connective tissue visible by histology (asterisks in B and 
C). Th ese regions may indicate prior locations of biorebsorbed BVS struts.

Figure 7. OCT image and histology at 3 years after stent implantation: Struts clearly conforming to 
“preserved box” subcategory are visible on OCT only at 8 and 9 o’clock. Th ese preserved boxes were 
accompanied with shadowing eff ect. (A) Corresponding histological photomicrographs (B, C, D, E). 
As compared to 2 years, strut footprints now coalesced with the surrounding tissue. With Alcian Blue 
staining, struts have been replaced by connective tissue cells admixed in a proteoglycan matrix (D). 
Staining with Van Kossa demonstrates minimal calcifi cation outlining the sites previously occupied 
by the polymeric struts. (E).
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Figure 8. OCT image and histology at 4 years after implantation: Struts are no longer discernible 
by either OCT (A) or by histology using HE (B, C). Locations in the arterial wall suggestive of prior 
strut location are minimally discernible with Movat’s Pentachrome staining (D), which are illustrated 
by focal regions of low smooth muscle cell density. Scant remnant calcifi cation (arrow), now less 
notable as compared with that observed at 2 and 3 years, is the solitary evidence remaining of prior 
strut.
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Figure 1. Incomplete stent apposition in optical coherence

tomography. A: example of a malapposed strut covered by tissue (white

arrow). B: example of malapposed struts in relation with a side-branch.

One of the struts is covered by a thin layer of tissue (white arrow) while

in the other no tissue coverage is visible (yellow arrow).

Figure 2. Tissue coverage at follow up in drug eluting stents. A:

Symmetric tissue coverage: all the struts are covered by a layer of

tissue of similar thickness. B: asymmetric tissue coverage: some struts

are covered by a thick layer of tissue while in others (white arrows) only

a small layer of tissue coverage is visible. C: the majority of struts are

covered by a thin layer of tissue while some (white arrows) do not show

visible tissue coverage. D: overlap region. All the struts are covered but

some of them (white arrows) are surrounded by a heterogeneous low

backscattering material.
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Figure 3. Stent restenosis. Stent restenosis 4 months after implantation

of a drug eluting stent. Note the layered appearance of the restenotic

tissue with a inner high backscattering layer and an external low

backscattering layer. * guidewire artifact.

Figure 4. Optical coherence tomography (OCT) visualisation of left internal mammary artery (LIMA). The superior panel shows the angiogram of

a patient with a graft of LIMA to the LAD. The left panel (Pre) shows a significant lesion on the LAD distal to the anastomosis of the LIMA. The right

panel (Post) shows the result after implantation of a stent in the LAD. A: OCT cross section of the LAD with the implanted stent. B: OCT cross section

on the region of the anastomosis of the LIMA to the LAD. C: OCT image of the LIMA that shows only intimal thickening without signs of significant

atherosclerosis disease. D: longitudinal OCT view. The arrows indicate the location of the cross sections A, B and C. * Guidewire artifact
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Figure 5. Optical coherence tomography (OCT) visualisation of saphenous vein graft (SVG) after stenting. Pre: angiogram showing a significant focal

stenosis in a SVG to the obtuse marginal (white arrow indicates the distal protection device, FilterWire™). Post: angiographic result after treatment of

the lesion with stent implantation. A to D show OCT longitudinal and cross sections images of the SVG after treatment. A: distal segment of the SVG

showing low backscattering plaque with diffuse borders (suggestive of lipid content) but without significant lumen stenosis. B: SVG showing wall

thickening (more pronounced at 5 o’clock). C: SVG in the stented region. The stent struts are well apposed and it can be observed the presence of

tissue prolapse (*) and intrastent dissections (white arrows). D: OCT cross section of the proximal SVG segment. The vessel shows mono-layered

appearance with minimal wall thickening and without signs of significant atherosclerotic disease. Dist: distal Prox: proximal.
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Figure 6. Saphenous vein graft restenosis imaged with optical coherence tomography. The figure shows the case of a patient treated with coronary

artery bypass surgery in 1994. Saphenous vein grafts (SVG) were implanted in the LAD, diagonal, obtuse marginal and RCA. In 2003 and 2005 the

patient underwent stent implantation in the SVG to the RCA for acute coronary syndrome. In 2008 the patient was referred to the catheterisation

laboratory for stable angina. A: coronary angiogram showing a stent restenosis in the SVG to the RCA. B: IVUS image in the region of the restenosis

showing different stent layers and severe neointimal growth. C to H show OCT longitudinal and cross sectional images of the SVG to the RCA. C:

distal part of one of the stents previously implanted in the SVG. D: shows the different layers of stents previously implanted in the SVG. E: restenosis

area. Multiple stent layers and severe neointimal growth are visible. F and G: restenosis area showing severe neointimal growth and irregular material

protruding in the lumen. H: proximal venous graft showing a calcified plaque (white arrows) but without lumen stenosis. * Guidewire artefact.
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Figure 2. Stent implantation assessment. Clinical examples of edge dissection (A, A´), intrastent 
dissection (B, B´), tissue prolapse (C,C´) and malapposition (D, D´) obtained with diff erent Fourier 
Domain-OCT systems in diff erent patients (upper panel Wellman Center for Photomedicine, 
MGH; lower panel Lightlab Imaging Inc)
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Figure 3. Examples of diff erent plaque types obtained with two Fourier Domain-OCT systems in 
diff erent patients. A. fi brous plaques (*) are visualized as homogeneous, high scattering regions. B. 
lipid rich plaques appear as low backscattering regions without sharp borders and usually covered 
by a fi brous cap (white arrow). C. fi brocalcifi c plaques (*) appear as low backscattering regions with 
sharp well delineated borders.
(left panel Lightlab Imaging Inc; right panel Wellman Center for Photomedicine, MGH)
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Figure 4. Inter-study reproducibility for plaque characterization: Th e fi gure shows corresponding 
images of the same plaques obtained in two diff erent pullbacks in the artery. A1 and A2: fi brous 
plaque. B1 and B2: fi brocalcifi c plaque C1 and C2: lipid-rich plaque (A and C Lightlab Imaging Inc; 
B Wellman Center for Photomedicine, MGH).
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