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INTRODUCTION

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. This limitation led to the
development of new intracoronary techniques able to image directly the athero-
sclerotic plaque. The introduction of intravascular ultrasound (IVUS) allowed a
much more detailed evaluation of coronary atherosclerosis, but its limited resolu-
tion (axial 150-200 pm) 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 pm) ten times higher than IVUS but with a penetration
depth limited to 1.5-2 mm. The 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 first applied in the field of ophthalmology. The
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.

The 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.

The 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). The technical development and
the simplification 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 fibrous cap covering the necrotic core. The complementary use of
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Introduction

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 effects of stent implantation on the vessel wall. During stenting, OCT
allows a detailed evaluation of stent apposition and it is able to detect different
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. This unique
capability has raised an increasing interest as the absence of struts coverage has
been related to stent thrombosis in pathological studies. This thesis shows also the
possible influence of the clinical scenario in which the stent is implanted in struts
apposition and coverage by tissue at follow up. The 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).

The 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.

The final 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

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. This 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.

The 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 Reflectometry (OCDR) to perform
ranging measurements in the eye. The OCDR project was an offshoot of fem-
tosecond ranging projects that had been ongoing in Professor James Fujimoto’s
laboratory. The retinal OCDR scans however were very hard to interpret. The
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.

The central problem in making tomographic images using light was to develop
a technique that would permit reflections 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 difficulties caused
by the speed of light that is much faster than the speed of sound. By using an
interferometer, for the first to it was possible to record reflections from various
depths in a biological tissue.

Since 1990, OCT technology has generated over 5000 articles in academic
journals. The first 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 specifically 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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Chapter 1.1

sources. With sufficiently 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 office, 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 specific challenge, as a number
of principal problems need to be overcome. Therefore, 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. The 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. Differences 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
flush (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.

18
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These anatomic limitations seem to be significantly 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 flush is much lower.
Increased penetration depth and scanning range allow imaging of the complete
circumference of large and tortuous vessels. The 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

The 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 reflect
off the internal microstructure within the biological tissues. The 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. This procedure
is potentially causing ischemia in the territory of the artery under study. The need
for balloon occlusion and intra-coronary flush 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 offer 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 fibre-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. The 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 pm. The lateral resolution is
mainly determined by the imaging optics in the catheter and is approximately 25
pm. The 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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Chapter 1.1

Table 1: Comparison OCT and IVUS

oCT IVUS

Axial Resolution 10-20 um 100-150 pm
Penetration depth 1.5-2mm 4-8mm

Probe size 04 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

ultrasound imaging, the echo time delay of the emitted light is used to generate
spatial image information, the intensity of the received (reflected 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]. The interferometer splits the light source into two “arms” — a reference
arm and a sample arm, which is directed into the tissue. The light from both
arms is recombined at a detector, which registers the so-called interferogram, the
sum of reference and sample arm fields. 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. The 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 reflectivity 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)
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optical p-optic lens/mirror

Figure 1 The currently commercially available TD-OCT system (Lightlab Imaging, Westford, MA,
USA). A)The OCT imaging wire with an outer diameter of 0.019 inch B) Magnification of the distal
catheter tip C) Magnification of the 0.006 inch rotating single-mode fibre-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.
Fourier-Domain OCT

A new generation of OCT systems operates in the frequency (rather than time-)
domain, also called Fourier domain. The 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]. This latter technique is
also called “swept-source OCT”, or optical frequency domain imaging (OFDI),
and capitalizes most effectively on the higher sensitivity and signal-to-noise ratio
offered by Fourier domain detection. This 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 profile 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.

The 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
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Chapter 1.1

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
fixed light source and light source with variable wavelenght
variable reference mirror and fixed reference mirror
F'Ed:",j gt tear l off) k(t) mirror
{e.g., SLED) é jz[li \-A> reference arm |
Objectny Tissum

photo
.f:::" detector sample arm
sample
Praamp
Axial Resolution 10-20 um Upto7 um
Penetration depth 1.5-2mm 1.5-2mm
Optical core ImageWire Integrated in catheter
Maximum pullback
P 3mm/s Up to 40 mm/s
speed
Scan diameter 7mm >10 mm
Blood al
ood remov. Yes Yes

needed

sensitivity of the signal detection [8]. The 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]. These 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.

The increased sensitivity of Fourier-domain OCT also allows for larger imaging
depths. The 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. The 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
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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 different FD-OCT prototypes
as used at the Thoraxcenter in 2008. Figure 3 illustrates FD-OCT images as
obtained in in-vivo in normal porcine coronary arteries.

The 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. The 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 pm inter-frame distance. Denser
sampling in the angular direction would facilitate speckle filtering in OCT images.
Speckle is a major obstacle for the development of parametric and quantitative
imaging techniques. These possibilities are still largely unexplored.

A B C D

Figure 2 Different FD-OCT prototypes as used at the Thoraxcenter 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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Chapter 1.1

Figure 3 FD-OCT images as obtained in in-vivo in normal porcine coronary artery. The 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)

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 findings.

The Role of OCT in Stent Imaging

Coronary artery lesions and results following percutaneous coronary intervention
(PCI) are usually assessed angiographically. This luminogram technique provides
a unique overview of the coronary tree, information regarding anatomy and
topography and can confirm the presence of atherosclerosis with high specific-
ity. The 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
finding, observed in approx 7% of cases, and that strut malapposition does not
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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 findings 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 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 unknown. Figure 4 illustrates OCT

Calcium
2

Figure 4 OCT findings 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.
The 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 identified
using anatomical landmark such as side branches (SB) or calcium nodules. Metallic stent struts
appear as bright structures with dorsal shadowing. The distal reference (F) and the lesion site that can
be easily identified 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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Chapter 1.1

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) Magnification clearly illustrating that

individual stent struts do not have contact to the vessel wall.

findings 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 quantification 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 quantification of tissue coverage with
high reliability [20]. Matsumoto et al [21] studied 34 patients following sirolimus
eluting stent (SES) implantation. The mean neointima thickness was 52.5 microns,
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145:17:30 0480

CTA200T

Figure 6 In vivo OCT of human coronaries at 6 months follow up. This figure illustrates the
different 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).

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 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. These 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). The
same group have recently reported 2 year follow-up OCT findings [23] with the
thickness of neointimal tissue at 2-years being greater than that at 3-months (71
+93 pm vs. 29 + 41 pm, 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 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 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. Figure 7 illustrates OCT finding at long/term follow up after
DES implantation.
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LAD LM stent

Figure 7 OCT findings 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) The 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).

Assessment of structural details of tissue coverage
OCT also permits the characterization of neointimal tissue in a qualitative way
[25]. This is a great advantage as such information has not been available in-vivo
until now. The 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 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
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experimental series [28]. 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 tem-
perature and fixation [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]. The 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.
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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. The 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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carina
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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. The 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).

Another field 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 different 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 findings in bifurcation stenting are given in Figures 8-10.

Atherosclerotic plaque assessment

Optical coherence tomography is highly sensitive and specific 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
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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 flap can
be observed at the proximal reference segment E) (TD OCT system, Lightlab Imaging, Westford,
MA, USA).

atherosclerosis in otherwise healthy subjects. The 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 field and a lot of different 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 fibrous cap, the
presence of macrophages and tissue collagen composition.

Plaque composition

The 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 specific for characterizing different 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 specificity of 71-79% and
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Table 3. OCT image criteria for plaque type.

Fibrous plaque Fibrocalcific plaque Lipid-rich plaque
Homogeneous signal-rich region Well-delineated, signal-poor region with Signal-poor region with diffuse
sharp borders borders

: / y ¥ —— calcium
¥

* thrombus A (

Figure 11 In vivo intravascular imaging of a calcified coronary plaque. A) Intravascular ultrasound
shows an eccentric, calcified 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) The
magnification 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 fibrous plaques, 95-96% and 97% for fibrocalcific 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 (k 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 identified by IVUS and may be
superior for the identification of lipid pools [36]. Several authors have evaluated
the OCT appearance of coronary plaques in different groups of patients reporting
higher prevalence of lipid-rich plaques in ACS than in patients with stable angina
[37] and no differences 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 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 intracoronary
imaging techniques such as IVUS-VH do not have enough resolution to evaluate
in detail the fibrous cap, OCT has demonstrated in correlation with histological
examinations that it is able to provide accurate measurements of the thickness
of the fibrous cap[41, 42]. Therefore, 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 fibrous cap thickness (mean 49+21pum). Two studies have
reported that the plaque colour by angioscopy is related to the thickness of the
fibrous cap as measured by OCT with yellow plaques often presenting thin caps
(43, 44].

Assessment of collagen composition

A fibrous 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 fiber 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 fiber orientation
of the tissue travels at different velocities, incurring relative phase retardation.
The accumulated phase retardation is then displayed with respect to the tissue
surface as a greyscale image with black corresponding to 0° and white to 180°. PS-
OFDI birefringence has been demonstrated to be highly related to total collagen
content in atherosclerotic plaques as well as in fibrous plaques in vitro. It has been
suggested that the ability of OCT to measure changes in the fibrous cap thick-
ness could be useful to assess the effect 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 fibrous cap [50].
This could provide very valuable information about the mechanical stability of the
fibrous cap enabling the identification 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. 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 [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 infiltration by macrophages of the fibrous 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 findings in a 74 year old femail patient presenting with acute coronary syndrome,
Braunwald class ITIC with positive Trop T (0.57pg/l) and CK (181 U/I) 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 flow, the other epicardial arteries were normal. Intracoronary
OCT confirmed a moderate leiosn with approx 50% area stenosis B) proximal reference lumen area
6.82mm?2 C) minimal lumen area 2.81mm?2 D) distal lumen area 4.49mm?2. Detailed inspection of
the OCT images revealed E) an eccentric plaque that showed a very thin endothelial lining (<30 pm)
F) a site with plaque rupture/ulceration and G) a fine fissure on the surface of the plaque. Plaque
erosion, rupture/ulceration and fissure 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).

35



Chapter 1.1

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. Different 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)

OCT could be able to quantify macrophage within the fibrous cap [54]. In vivo,
it has been demonstrated that unstable patients present a significantly 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]. Raffel et al. reported that
macrophage density in the fibrous 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

The 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]. The imaging
catheter is part of the sample arm of the interferometer described above. The opti-
cal signal is transmitted by a single-mode fiber, which is fitted with an integrated
lens micro-prism assembly to focus the beam and direct it towards the tissue.
The focus is approximately 1mm outside the catheter. In order to scan the vessel
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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

The mobile M2/M2x OCT System cart (LightLab Imaging Inc., Westford, MA,
USA) contains the optical imaging engine and the computer. The 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

The 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 fiber optic core within a translucent sheath. The
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 fluoroscopy
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 confirmed 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 sufficient 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 flush delivery

The 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 20.071”), which is advanced distal to region of
interest using a conventional angioplasty guide wire (0.014”). The 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 flow is removed by continuous flush of Ringer’s lactate solution via the
end-hole of the occlusion balloon catheter at a flow rate of 0.5-0.7ml/sec during
simultaneous balloon inflation (0.5-0.7atm). The vessel occlusion time is limited

Figure 14 Occlusive image acquisition technique (TD OCT imaging Llghtlab Imaging, Westford,

MA, USA). The imaging catheter directs the infrared light into the tissue and returns the reflected
light back to the optical engine. During imaging, blood flow 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. The central lumen of the balloon occlusion catheter allows for distal flush
deliver during imaging of the target segment with autromated pullback. The 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”. The outside of the imaging catheter is stationary with respect to

the vessel wall. The 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 flush 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 (lodixa-
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.
The 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. The pullback is stopped after visualization
of the region of interest or in case of significant signs of ischemia, arrthythmia 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. The 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. The catheter profile varies from 2.4Fr to 3.2Fr and is
compatible with 6F guiding catheters. The usable length is around 140 cm. The
position and number of the radiopaque markers varies for the different systems.
During the pullback the optic fiber probe is pulled along the catheter sheath. The
dramatically faster pullback speed allows imaging of long coronary segments with
2-3 seconds pullback during injection of flush (x-ray contrast or diluted x-ray
contrast) trough the guiding catheter without vessel occlusion.
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CLINICAL ASPECTS

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 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 first 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]. The 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 flow 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
significance 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. The 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 fibrin(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. 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
test, even in the presence of a well structured neointimal layer [64].

However, OCT is the only imaging modality to date that offers — 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 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.

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 affect the drug concentration within the arterial
wall and therefore have an influence in restenosis in DES [67]. This has been con-
firmed in pre-clinical and IVUS studies. The maximum interstrut angle has been
identified 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 significantly different, suggesting that
SES maintained a more regular strut distribution despite expansion [68].
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OCT safety

The 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. The
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. There were no major complica-
tions, including myocardial infarction, emergency revascularization, or death.
The 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 confirmed 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. These side effects 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 firstly in the fact, that light
can not penetrate blood. Thus, 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 specific issues can impede
intracoronary OCT quality and interpretation in clinical intracoronary OCT
application. The 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.
This requires high flexibility and steerability from the imaging device. This is not
trivial given the fact that light transmission requires easily breakable fibre-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 affect penetration depth, brightness and resolution of the imaged
structure (Figure 15).

Figure 15 In-vivo intracoronary OCT of an artery with concentric intimal thickening. The 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 finer 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 differences 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

The limited penetration depth into the vessel wall can reduce the sensitivity of
OCT for different plaque components. An in-vitro study comparing OCT to
histopathology reported misclassification in 41% of lesions predominantly due to
a combination of incomplete penetration depth into the vessel wall and a resulting
difficulty to distinguish calcium deposits from lipid pools[73]. Calcium deposits
as well as lipidic tissues appear signal-poor by OCT. These two tissue types can
be discriminated by the tissue borders, calcium typically shows very sharp, well
delineated borders, whereas lipid shows poorly defined borders with diffuse transi-
tion to the surrounding tissue.

Motion during heart cycle

Epicardial arteries experience significant three-dimensional motion during heart
cycle. This affects (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

The 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 (<

45



Chapter 1.1

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 reflections caused by saturation of the detector registering the inferogram (arrow) C)
Arrow indicates a double reflection between stent and catheter. This can occur if a stent strut is
imaged face-on, and reflects 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 reflections saturating an entire line (spikes)

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

Multiple reflections (stent - catheter - stent)

In a similar geometry, near specular reflection, light may bounce back between
catheter and strut more than once. The optical catheter itself reflects part of the
received lightback into the tissue. Strong reflectors, such as struts, may produce
an appreciable signal in the second reflection. The optical path length of light in
the secondary reflections doubles that of the primary feature. Hence, a double
reflection will show up as anapparent second strut appearing behind the first at
twice the distance from the catheter.

SPECIAL ISSUES / CONSIDERATIONS / CONTRADICTIONS

The unique high-resolution OCT imaging modality permits the analysis of
coronary structures in great detail. The sharp contrast between the lumen during
flushing 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.

The 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 quantification processes for intracoronary OCT pullback data [20]. The
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
difference between lumen area measurements derived from 2 observers was low
(0.02+0.10mm?2; 0.3+0.5% respectively) with excellent correlation confirmed 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. The absolute and
relative difference between measurements were 0.11+0.33mm?2 (1.57+0.05%) for
lumen area (R2 0.98; p<0.001), 0.17+0.68mm?2 (1.44+0.08%) for stent area (R2
0.94; p<0.001) and 0.2620.72mm?2 (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 specific kernels
offer good correlation with angiography are encouraging but unlikely to make this
technique a reliable alternative at the present time.

The ability to provide high-resolution imaging in-vivo is the most significant
concept circumventing the limitations of other imaging modalities such as IVUS
or the need for multiple animal studies. Refinements 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.

* Corresponding author: Department of Cardiology, Thoraxcenter, Room Ba 585, Erasmus Medical Center Rotterdam, Dr. Molewaterplein 40, 3015 GD

Rotterdam, The Netherlands
E-mail: e.regar@erasmusmc.nl
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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 >1.5mg/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.!

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
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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).!* 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.
lodixanol 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).13

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%).



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
plague/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

Table 1. Baseline clinical and procedural characteristics.

n=468
Age (yrs) 63.79.1
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
Plague/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;
0CT-optical coherence tomography
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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 2. Risks of OCT.

Al 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) (1.4) 0.07
Sinus tachycardia 10 (2.1) 7(2.7) (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 -
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
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%
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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.>!! Nevertheless, only limited information about
acute complications of this procedure is available. Recently,
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Yamaguchi et al'? 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.'* 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.415

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 (PCl), even more so than ST-
segment changes and chest pain which is highly subjective.!®
Furthermore, coronary occlusion, particularly of proximal or middle
artery segments is directly linked to observations of QRS prolongation.®
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%,'7:18 with the rate dropping down to around 0.6%
for diagnostic procedures.’®? 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.?*?”



lodixanol (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.?®3!

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.?>323 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.'®

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 al* 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.® This was
irrespective of the size of the IVUS catheter used.*® Technical failure
of the IVUS system was observed in 0.4% including guide wire
winding or breakage of the catheter.®® 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.® The
general trend for OCT image acquisition is to eliminate this aspect,
thereby simplifying the procedure considerably.

Safety of OCT

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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Lumen dimensions by OCT and IVUS

Quantitative Ex Vivo and In Vivo Comparison of Lumen
Dimensions Measured by Optical Coherence Tomography
and Intravascular Ultrasound in Human Coronary Arteries
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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)
mm? (28%) for OCT and 1.3 (1.1) mm? (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) mm? (33.7 %) for IVUS relative to OCT
with occlusion and 1.11 (0.53) mm? (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) mm?2 (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.
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Comparacion cuantitativa ex vivo e in vivo de las
dimensiones del lumen medidas por tomografia
de coherencia 6ptica y ecografica intravascular
en arterias humanas

Introduccion y objetivos. La relacion entre las
dimensiones dellumen medidas por ecografiaintravascular
(IVUS) y tomografia de coherencia 6ptica (OCT) en arterias
coronarias humanas no es bien conocida. Los objetivos
son comparar las dimensiones del lumen en IVUS, OCT
e histologia en arterias coronarias humanas ex vivo, y
comparar in vivo las dimensiones del lumen obtenidas
en pacientes con IVUS, OCT con oclusién y OCT sin
oclusion.

Métodos. Estudio ex vivo: el area luminal se midi6 en
secciones anatémicas correspondientes en IVUS, OCT
e histologia en arterias coronarias humanas. Estudio in
vivo: el area luminal se midi6 en regiones correspondien-
tes en IVUS y OCT con y sin oclusion.

Resultados. Ex vivo: en las 8 muestras estudiadas, el
area del lumen fue mas grande en IVUS y OCT que en
histologia —diferencia media, 0,8 + 1 mm? (28%) para
OCT y 1,3 + 1,1 mm? (40%) para IVUS—. In vivo: en los
cinco vasos analizados las dimensiones del lumen fue-
ron mas grandes en IVUS que en OCT —diferencia area
media del lumen, 1,67 + 0.54 mm? (33,7%) para IVUS y
OCT con oclusién y 1,11 + 0.53 mm? (21,5%) para IVUS
y OCT sin oclusién—. Las dimensiones del lumen fueron
mas grandes en OCT sin oclusién que en OCT con oclu-
sién —diferencia media, 0,61 + 0,23 mm? (13%).

Conclusiones. En arterias coronarias humanas fijadas,
IVUS y OCT sobrestimaron el area del lumen en com-
paracion con la histologia. In vivo, las dimensiones del
lumen fueron mas grandes en IVUS que en OCT con o
sin oclusién. La técnica de adquisiciéon de OCT (con o sin
oclusion) influye en las dimensiones del lumen.

Palabras clave: Tomografia de coherencia dptica. IVUS.
Dimensiones del lumen. Ex vivo. In vivo. Imagen intraco-
ronaria.
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ABBREVIATIONS

IVUS: intravascular ultrasound

LAD: left anterior descending coronary artery
LCX: left circumflex artery

MLA: minimum lumen area

OCT: optical coherence tomography

INTRODUCTION

Optical coherence tomography (OCT) is a new
intracoronary imaging modality that provides in
vivo high-resolution images of the coronary artery.!
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.? 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).> 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%
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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).*¢

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.’

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 image®
(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
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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).” The lumen was measured with
the dedicated quantitative analysis software
(CURAD).**

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 37°C; flow rate 0.8 mL/s). Images were
acquired during pullback at 1 mm/s.

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, lodixanol 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
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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.

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
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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) mm?, 3.7 (1.9) mm?,
and 7.6 (3.2) mm?, 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) mm?, 6.9 (1.4)
mm?, and 13.3 (1.7) mm?, 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) mm?, with
limits of agreement of 0.62-2.73 mm? (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) mm?, with limits of agreement of 1.17-
2.63 mm?.

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) mm?, with limits of agreement of 0.05-2.14
mm? (Table 2). The average relative difference for
MLA was 29%, and the average absolute difference
was 1.10 (0.37) mm?, with limits of agreement 0.37-
1.83 mm?.
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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
0CT and IVUS (C').

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, % mm? Occlusion, Difference, Difference
mm? Occlusion, mm? mm? mm? mm?

1 5.57 (0.93) 3.40 (0.89) 217 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 6.35 491 1.44 25.58
4 5.21(0.53) 2.87 (0.55) 2.34 57.77 410 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).
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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, mm? Area OCT Difference, Difference mm? Non-occlusion, Difference, Difference
Non-occlusion, mm? mm? mm? mm?

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 5.33 416 117 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
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).

Lumen Area 6.43 mm? Lumen Area 5.70 mm? Lumen Area 7.66 mm?

Lumen Area 6.12 mm? Lumen Area 8.87 mm?

Lumen Area 6.75 mm?

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.

Compatrison of the Lumen Measurements
by OCT With and Without Occlusion

(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) mm? (13%) (limits
of agreement, 0.15-1.07 mm?). The mean absolute

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
occlusionand 11.23(3.86) mm without occlusion
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and relative differences for MLA were 0.80 (0.21)
mm? (28%) (limits of agreement, 0.37-1.23 mm?)
(Tables 3 and 4).
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TABLE 3. Differences in the Mean Lumen Area Between OCT Pullbacks Acquired With the Occlusive and
Non-Occlusive Technique

Vessel Mean Lumen Area Occlusive, mm? Mean Lumen Area Non-occlusive, mm? Absolute Difference, mm? % 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 472 (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, mm? MLA Non-Occlusive, mm? Absolute Difference, mm? % Difference
1 1.89 2.76 0.87 37.42
2 3.74 416 0.42 10.63
3 491 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).

75



Chapter 3.1

A 180 T T T T T T
I
E 140 | .J J I 4, 11 - ,.l - - e ._L_.t_ 1
g 120 f ‘ P 1 | | | 1
o< | | * | | | ’ \
= 100 ' 1,‘ || \ || LRI
2 | | 'H ‘ T
= 80 ' | I | l 1 II ' \ I| |
% 60 \ .| J ' " J I \ J llJ J II- \ I'. IIJ IL
b '\ J
a

40 Start Flush 3 mL/s Saline End Flush -

120 125 130 135 140 145 150 155 160

Time, s
B 20— : ; .
IS 180 1 Figure 6. Intracoronary pressure
c | recorded during saline or contrast
£ 160 Lid _1 | ] d ] I lJ lj J J | 1 injection. The figure shows the ECG
S 140 1 A I (red) and intracoronary pressure
= (blue) records obtained in a left
2 120 | 1 anterior descending coronary artery
§ 100+ \ |I | It i | | A during injection of saline or contrast
g II |I | | | | I | medium (lodixanol 370). The distal
S 80 ., | Iil " AR l. | | || | | | 7 intracoronary pressure was registered
2 60 W \ ] using the RADI pressure wire. The
2 saline injection at 3 ml/s did not
a 40 TsmnmshsmL/sconm ]EndF\ush 1 significantly  modify  intracoronary
= 20 ! i i i . i . pressure (A). However, an increase
2 0 5 10 15 20 25 30 35 in intracoronary pressure can be
observed during contrast injection at 3
mL/s, (B). *Ventricular extrasystole.

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

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.!®!!
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.'>!* 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.'** The impact of
the acquisition technique in relation to quantitative
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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; ) lumen dimensions when measured by
IVUS are larger than those when measured by OCT
with or without occlusion in vivo; and ¢) 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 mm? (28%) for OCT and
1.3 mm? (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.”! 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



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

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.”? However, another study in pigs with a
larger sample size reported an absolute difference
of 0.49 mm? between mean lumen area by IVUS
and OCT acquired with the occlusive technique in
stented segments.”!’ 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 mm?). 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.® OCT shows the lumen-intima interface as a
sharply defined border, clearly visible in most cases.”
IVUS also overestimates the lumen area compared
to quantitative angiography measurements (both by
videodensitometry and edge detection).** 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%.%

The differences found between lumen size when
measured by IVUS and OCT may have clinical

Lumen dimensions by OCT and IVUS

implications if OCT is going to be used to define
lesion severity. An MLA <4 mm? 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 mm? when measured by IVUS, 4 out of 5 patients
had an MLA <4 mm? 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
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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.

* Corresponding author: Thoraxcenter, Bd 585, ‘s-Gravendijkwal 230, 3015-CE Rotterdam, The Netherlands

E-mail: e.regar@erasmusmc.nl
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Abbreviations and acronyms

OCT: optical coherence tomography
DES: drug-eluting stent
ROI: region of interest

Introduction

Optical Coherence Tomography (OCT) is a light-based imaging
modality that can provide in vivo high-resolution images of the
coronary artery!. This technique offers the possibility of identifying
coronary stents and individual stent struts?. 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
measurements*®. 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 IlI,
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 pm) 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 (lodixanol 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.
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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 ROl 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.

¢) 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).
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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).

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 um (higher
than the sum of the metal and polymer thickness for this type of stent).

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 mm? respectively.
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Strut count reproducibility
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

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

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 DES®. 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.

Difference Limits of agreement*
Observer 1 Observer 2 Absolute Relative  Reprodu- Lower Upper
(Obs1/0bs2) cibility**

Stent Mean stent area (mm2) 5.44£1.6 5.47£1.5 -0.020.2 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 (mm?) 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 3.8411.1 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) 0.3310.1 0.3310.1 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 2.4120.4 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 (mm?) 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) 2.550.6 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
(Obs1/0bs2) 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 (mm?) 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 11 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+58.0 111.37457.3 0.89+1.5 1.0 1.1265 -2.00 3.78

Luminal volume (mm3) 98.63+58.2 98.74158.3 -0.110.5 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 11 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) 17.1448.6 17.14+8.6 -0.01+0.0 1.0 0.0239 -0.08 0.07

Proximal ~ Mean luminal area (mm?) 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
(Obs1/0bs2) cibility**

Stent Stent area (mm2) 5.67 + 1.7 571+1.7 -0.03 £ 0.2 1.0 0.1694 -0.50 0.44
Luminal area (mm2) 4.95 + 1.7 495+ 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 (mmz2) 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+05 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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Table 4. Intra-observer reproducibility at frame level.

Difference Limits of agreement*
Observation 1 Observation 2 Absolute Relative  Reprodu- Lower Upper
(Obs1/0bs2) cibility**

Stent Stent area (mm?) 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) 0.170.2 0.170.2 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 11 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.
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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).

>

-

Difference in lumen area

&
2
n
Dif
i
s
n

Difference in tissue coverage area €9

4 0.0 . 0.2 0.4
Mean tissue coverage area Mean tissue coverage thickness

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).

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
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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 reported®.
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Table 5. Inter-observer reproducibility at strut level.

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

(Obs1/0bs2) 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
(Obs1/0bs2) cibility**
Min coverage strut (mm) 0.13+0.1 0.13+0.1 0.00+0.0 11 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.

A03 Bo3 tissue coverage is reported for each individual strut. The mean
© 024 © 02 tissue coverage per strut is derived from all the measurements at
§ § al e equidistal intervals along the strut.
g g Prati et al reported high inter- and intra- observer reproducibility for
2 2 neointima thickness measurements with OCT in carotid rabbit
8 801 model (r? 0.88 and 0.90 respectively)?. Another study in humans
g,” %az comparing tissue coverage between SES and BMS reported
6+8 um and 8+8 pym intra- and inter- observer variability for the
38 " " o %00 " o e Mmeasurement of tissue coverage®. However, the authors did not
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Figure 5. Strut coverage measurement reproducibility. Bland-Altman
plots for the inter (A) and intra-observer (B) reproducibility for mean
strut coverage measurements.

Tanimoto et al showed a low inter-observer variability for lumen and
stent area measurements with OCT using dedicated computer-
assisted contour analysis’. 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 published®1!.

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 methodology®2. Other studies report the
minimum, maximum or average tissue coverage but the selection
method, the number of measurements and calculations method
was not specified®!°. 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

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 pm 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 mm? and 0.03+0.1 mm? 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 mm? and
0.2+0.4 mm? 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 mms for the intra and 0.65 mm3 for
the interobserver variability for tissue coverage volume. Similar
values (0.89 and 0.58 mm? 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.
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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 mm?
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 mm?. An
increased variability in the classification of individual struts was
observed when the tissue coverage was below 50 pm. This may be
related to the image resolution, but also to software limitations.
Automatic algorithms for detecting stent coverage from OCT datasets
are under development!*. 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 stents!®. 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 DES'6!7.
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 OCT?, but its clinical
implications remain poorly understood. Incomplete endothelial
struts coverage has been identified in pathology as the most
powerful histological predictor of stent thrombosis!é1°. 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 OCT*. 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 events!®. 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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Full-Automated Quantitative Analysis of OCT

Fully Automatic Three-Dimensional Quantitative
Analysis of Intracoronary Optical
Coherence Tomography: Method and Validation

Keniji Sihan,’? Bsc, Charl Botha,? pnp, Frits Post,? php, Sebastiaan de Winter,? Bsc,
Nieves Gonzalo, mp, Evelyn Regar,' mp, pnp, Patrick J.W.C. Serruys, mp, php,

Ronald Hamers,' pnp, and Nico Bruining,'” php

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 + 2.16 vs. 5.02 + 2.21 mm>; P = 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.  © 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 pm, respectively. The imaging probe has the
size of a guide-wire with a maximum outer diameter of
0.019 inch (Imagewire™, 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
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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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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-

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

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.]

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. 1t 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
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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 (A”). (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
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circular correction (B’) and the human observer corrected for
the large side-branch artifact (B”). 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 (C”). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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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

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.

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.]

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 mm® versus 5.1 +
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Manual vs Automated Regression Analysis

Fig. 5. The linear regression analysis for the 20 OCT cases ly

y=1,0133x - 0,0502
RY=0,0994

8 10 12 14
d comput

(e.g., manual) versus fully automatic. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]

Bland-Altman Manual vs. Automated

Difference [%]

Mean Lumen Area [mm2]

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.]

2.2 mm? for the fully automatic method, with no statisti-
cal significant difference (P = 0.26). The relative differ-
ence was 0.4% =+ 1.8%. Regression analysis yielded r =
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-
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garded, the results are 5.1 + 2.2 mm? (expert) versus
5.1 + 2.2 mm? (automated), P = 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



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

Full-Automated Quantitative Analysis of OCT

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.
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ABSTRACT

Objectives: The purpose of this study was to characterize coronary plaque types,
with special interest in misclassification 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 classified based on IVUS RF data analysis (VH-IVUS™),
OCT and the combination of those. Histology was the benchmark.

Results: OCT was able to correctly classified 32 out of 50 cross-sections; VH-IVUS
correctly classified 26 out of 36 cross-sections. VH-IVUS and OCT combined
were able to correctly classify 28 out of 36 cross-sections. Systematic misclassifica-
tions in OCT were intimal thickening (IT) classified as fibroatheroma (FA) in
7 cross-sections and IT classified as thin-cap fibro-atheroma (TCFA) in 3 cross-
sections. Misclassifications in VH-IVUS were mainly IT as FA in 3 cross-sections
and IT as calcified fibro-atheroma in 3 cross-sections.

Conclusions: Typical image artifacts, both new ones and previously identified, were
found to affect the interpretation of OCT data, misclassifying intimal thickening
as fibro-atheroma or thin cap fibro-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.'” These plaques have a mechanically weak cap,
consisting of a thin fibrotic layer that is infiltrated by macrophages, overlying
a lipid-rich necrotic core.” ©? The current challenge is to specifically identify iz
vivo plaques that exhibit these characteristics and thus are likely to cause acute
coronary syndrome'’. Clinical diagnosis may benefit from complementary infor-
mation gathered by different imaging technologies, as they may be sensitive to
specific aspects of the anatomy.® '-1¢

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.'* 7° 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.?’* 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 fibrotic, fibro-fatty, necrotic core or dense
calcium, based on spectral analysis of the RF signal.'> 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 pm).!% 2426

In this article, we will refer to IVUS RF data analysis as VH-IVUS, since we used
that technology specifically.

Optical coherence tomography (OCT) generates real time tomographic im-
ages from backscattered infrared light with a high resolution (10-15 pm axial).'*%
Its resolution allows direct imaging of a thin fibrotic cap, in principle. Main
disadvantages are the limited depth of penetration (approximately 1.5 mm) and
the need to flush blood from the imaged artery."* This latter issue is relieved by the
advent of high-speed intracoronary imaging systems that allow full imaging of a
coronary artery with only short flush."”

The relatively small penetration depth of OCT limits the reliability of dif-
ferentiation of heterogeneous plaques.”® Misinterpretations of calcified tissue as
lipid in OCT have been reported, leading to misclassified OCT-derived TCFA.'

The cause of misclassification 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 specific to a certain technique, studies using the combined
strengths of multiple modalities, for instance OCT and VH-IVUS, could lead to
a better classification of plaques than interpretation of the techniques’ imagery
separately.
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The 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 different plaque types. While a few in-vivo studies have been
published, '** in this work we present the first 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 scientific study was obtained from the relatives.
This 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. The arteries were mounted between 2 sheaths in a water tank
filled with physiological saline. A water column system, also containing physi-
ological saline solution, was connected to the proximal sheath, to pressure-load the
vessel. The vessels were pressurized to 100 mmHg to close up remaining leakages.

The vessels were imaged with OCT (M2-CV and ImageWire 2 catheters;
Lightlab Imaging, Westford, MA) and IVUS (In-vision Gold; Eagle-Eye™ 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.'” After imaging the needle was replaced by a suture.

ROIs were first imaged with the IVUS-system, followed by OCT. The vessels
were pressurized to 100 mmHg for imaging. For IVUS, the vessels were kept at
room temperature 20+2 °C; OCT was performed at 37°C.33!

After imaging, the artery sections were pressure fixed at 100 mmHg in form-
aldehyde for 24h at room temperature, and subsequently stored in formaldehyde
at 4°C for further processing. Vessels were partially decalcified for 24 hours in
formic acid.** After fixation and decalcification, sutures marking the imaged
cross-sections were replaced by ink dots. The tissue was embedded in parathn 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 CDG8.

Data classification

Plaques were characterized in the images acquired with the two modalities, as
well as in histology. As histological tissue slices are much thinner (5 pm) than the
thickness sampled by OCT (25 pm) or IVUS (~200 pm) 334 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
(fibrous — green, fibrofatty — light green, NC — red, and dense calcium — white).*
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 classified as one of the categories described in table 1 by an experienced

36-38

analyst that was blind for pathological and OCT findings.

Table 1 Criteria for plaque characterization

Lesion type Brief description in VH 338 Brief description in OCT 436373

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

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

Fibrocalcific plaque >10% of confluent DC with <10% of confluent NC Homogeneous sharply delineated signal poor
regions

Calcified FA FA containing >10% of confluent DC Areas of heterogeneous signal poor regions mixed
with sharply defined signal poor regions

TCFA >10% Confluent NC in contact with the lumen FA with a cap <65 um measured at the thinnest
point

CaTCFA TCFA containing >10% of confluent DC Same as CaFA but the NCis covered by a cap <65
um

NC = necrotic core, DC = dense calcium, FA = fibro-atheroma, CaFA = calcified fibro-atheroma,
TCFA = thin-cap fibro-atheroma, CaTCFA = calcified TCFA.

ocT
Classification of OCT was based on characteristics as mentioned in table 1 by an
experienced OCT reader.'*3%3 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, defined by a transition of signal from
homogeneous signal rich to otherwise, the cross-section was classified 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. The criteria in Table 1 were applied for both techniques. If
the classifications 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. This 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 different types of tissue, separating
fibrotic 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. Classification of cross-sections was done
using the modified American Heart Association (AHA) classification.’”

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