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1. Introduction

In an angioscopic study, Mizuno et al. demonstrated that disruption or erosion of vulnera‐
ble plaques and subsequent thromboses are the most frequent cause of acute coronary syn‐
drome (Mizuno et al., 1992). A pathological study by Horie et al. demonstrated that plaque
rupture into the lumen of a coronary artery may precede and cause thrombus formation
leading to acute myocardial infarction (Horie et al., 1978). The stability of atherosclerotic pla‐
ques is related to the histological composition of plaques and the thickness of fibrous caps.
Therefore, recognition of the tissue characteristics of coronary plaques is important to un‐
derstand and prevent acute coronary syndrome. Accurate identification of the tissue charac‐
teristics of coronary plaques in vivo may allow the identification of vulnerable plaques
before the development of acute coronary syndrome.

Recently, intravascular optical coherence tomography (OCT) provides high-resolution,
cross-sectional images of tissue in situ and has an axial resolution of 10 µm and a lateral res‐
olution of 20 µm (Tearney et al., 1997; Brezinski et al., 1996). The OCT images of human cor‐
onary atherosclerotic plaques obtained in vivo provide additional, more detailed structural
information than intravascular ultrasound (IVUS) (Jang et al., 2002; Jang et al., 2005; Kume
et al. 2005). Characterizing different types of atherosclerotic plaques on the basis of sensitivi‐
ty and specificity compared to histological findings to determine plaque vulnerability was
established in a previous study (Yabushita et al., 2002). According to this study, the sensitiv‐
ity and specificity of the classification of the plaque components were sufficient for tissue
characterization in clinical settings.

In the 1990’s, a new technique was developed that could characterize myocardial tissues by
integrated backscatter (IB) analysis of ultrasound images. This technique is capable of pro‐
viding both conventional two-dimensional echocardiographic images and IB images. Ultra‐
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sound backscatter power is proportional to the difference of acoustic characteristic
impedance that is determined by the density of tissue multiplied by the speed of sound. In
studies of the myocardium, calibrated myocardial IB values were significantly correlated
with the relative volume of interstitial fibrosis (Picano, 1990 et al.; Naito et al., 1996). In pre‐
liminary studies in vitro, IB values reflected the structural and biochemical composition of
atherosclerotic lesion and could differentiate fibrofatty, fatty and calcification of arterial
walls (Barziliai et al., 1987; Urbani et al., 1993; Picano et al., 1988). It was also reported that
anisotropy of the direction and backscatter power is related to plaque type (De Kroon et al.,
1991). Takiuchi et al. found that quantitative tissue characterization using IB ultrasound
could identify lipid pool and fibrosis in human carotid and/or femoral arteries (Takiuchi et
al., 2000). In the early 2000s, it was reported that IB values measured in vivo in human caro‐
tid arteries correlated well with postmortem histological classification (Kawasaki et al.,
2001). This new non-invasive technique using IB values could characterize the two-dimen‐
sional structures of arterial plaques in vivo. With this technique, plaque tissues were classi‐
fied based on histopathology into 6 types, i.e. intraplaque hemorrhage, lipid pool, intimal
hyperplasia, fibrosis, dense fibrosis, and calcification. This technique was applied in the clin‐
ical setting to predict cerebral ischemic lesions after carotid artery stenting. From the analy‐
sis of receiver operating characteristic (ROC) curves, a relative intraplaque hemorrhage +
lipid pool area of 50% measured by IB ultrasound imaging was the most reliable cutoff val‐
ue for predicting cerebral ischemic lesions evaluated by diffusion-weighted magnetic reso‐
nance imaging after carotid artery stenting (Yamada et al., 2010).

In the next generation, this ultrasound IB technique was applied to coronary arteries by use
of intravascular ultrasound (IVUS) (Kawasaki et al., 2010). In the IVUS analysis, 512 vector
lines of ultrasound signal around the circumference were analyzed to calculate the IB val‐
ues. The IB values for each tissue component were calculated using a fast Fourier transform,
and expressed as the average power, measured in decibels (dB), of the frequency component
of the backscattered signal from a small volume of tissue.

2. Comparison among OCT, IB-IVUS and conventional IVUS for tissue
characterization of coronary plaques

Before OCT and IVUS imaging, arteries were warmed to 37 °C in saline. Coronary arteries
were imaged with 3.2 F OCT catheters. The position of the interrogating beam on the tissue
was monitored by a visible light beam (laser diode, 635 nm) that was coincident with the
infrared beam. A total of 128 regions of interest (ROI 0.2 x 0.2 mm) on the OCT images and
classified tissue characteristics in the ROIs according to the definitions described in a previ‐
ous study (Jang et al., 2002). All OCT diagnoses were performed by two skilled readers
blinded to the diagnoses based on IVUS and histology. For the comparison with diagnoses
based on histology, ROIs from the OCT images in which the diagnoses made by the two
OCT readers were identical were used. Conventional IVUS images and IB signals were ac‐
quired using an IVUS system (Clear View, Boston Scientific, Natick, Massachusetts) and a 40
MHz intravascular catheter. Definitions of IB values for each histological category were de‐

Optical Coherence Tomography128



termined by comparing the histological images as reported in a previous study (Kawasaki et
al., 2002). To clarify the rotational and cross-sectional position of the included segment, mul‐
tiple surgical needles were carefully inserted into the coronary arteries before OCT and
IVUS imaging to serve as reference points to compare the imaging modalities.

The overall agreement between the OCT and the histological diagnoses was excellent (Cohen’s
κ = 0.92, 95% CI: 0.85 - 1.00). The overall agreement between the IB-IVUS and histological diag‐
noses was 0.80 (95% CI: 0.69 - 0.92). The overall agreement of between the conventional IVUS
and histological diagnoses was 0.59 (95% CI: 0.42 - 0.77) (Table 1). The overall agreement be‐
tween the OCT and the IB-IVUS diagnoses was 0.77 (95% CI: 0.65 - 0.90). The overall agreement
between the OCT and conventional IVUS diagnoses was 0.62 (95% CI: 0.44 - 0.79) (Table 5).
False-positive diagnoses of IB-IVUS and conventional IVUS for lipid pool often contained his‐
tological evidence of small amounts of lipid accumulation within a predominantly fibrous le‐
sion. These lesions that included a clinically irrelevant amount of lipid pool were identified as
lipid pool by IB-IVUS (n = 3) and echo-lucent by conventional IVUS (n = 5), and reduced the
negative predictive values for fibrosis (84% and 74%) (Kawasaki et al., 2006).

Cohen’s κ = 0.59 (0.42 - 0.77), Weighted κ = 0.54 (0.35 - 0.72)

CL: calcification, FI: fibrosis, LP: lipid pool, IH: intimal hyperplasia

Table 1. Comparison between imaging diagnosis and histological diagnosis
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OCT diagnoses,  in  which  two OCT readers  diagnoses  were  identical,  were  in  excellent
agreement with the histological diagnoses. False negative and false positive diagnoses for
lipid-rich  plaque  were  seen  comparing  the  OCT  images  and  histological  findings  (Ya‐
bushita et al., 2002). However, false negative diagnoses for lipid-rich plaque, which could
be attributed to the limited penetration depth of  OCT (1.25 -  2  mm),  were not seen be‐
cause all  ROIs were set within the penetration depth of OCT. In addition, false positive
diagnoses for  lipid-rich plaque,  which could be attributed to difficulty of  differentiating
clinically  relevant  large  lipid  pools  and  insignificant  lipid  accumulation  were  not  seen
because of the small ROIs (0.2 mm x 0.2 mm).

3. Comparison of the thickness of the fibrous cap measured by OCT and
IB-IVUS in vivo

During routine selective percutaneous coronary intervention in 42 consecutive patients, a to‐
tal of 28 cross-sections that consisted of lipid overlaid by a fibrous cap were imaged by both
IVUS and optical coherence tomography in 24 patients with stable angina pectoris. A 0.016-
inch optical coherence tomography catheter (Imagewire, LightLab Imaging, Inc., Westford,
MA) was advanced into the coronary arteries. IB-IVUS and optical coherence tomography
(M2 OCT Imaging system, LightLab Imaging, Inc., Westford, MA) were performed in each
patient at the same site without significant stenosis as described below.

IB-IVUS images were obtained every one second using an automatic pullback device at a
rate of 0.5 mm/sec. optical coherence tomography images were obtained using an automatic
pullback system at a rate of 0.5 mm/sec. IB-IVUS images were obtained at 0.5 mm intervals,
whereas optical coherence tomography images were obtained at 0.03 mm intervals. There‐
fore, the segments of coronary artery to compare between the two methods were selected
based on the IB-IVUS images. Then, these same coronary segments were identified in optical
coherence tomography using the distance from easily-definable side branches and calcifica‐
tion as reference markers to ensure that IB-IVUS and optical coherence tomography were
compared at the same site. The cross-sections that did not have sufficient imaging quality to
analyze tissue characteristics were excluded from the comparison. In the IB-IVUS analysis,
images were processed by a smoothing method that averaged nine IB values in nine pixels
located in a square field of the color-coded maps to reduce uneven surfaces of tissue compo‐
nents produced by signal noise.

Fibrous caps that overlaid lipid pool were divided into ROI (every 10˚ rotation from the
center  of  the  vessel  lumen)  and  the  average  thickness  was  determined.  The  average
thickness of fibrous cap was determined by averaging the thickness of fibrous cap every
2˚ within the ROIs (Figure 1). The areas where the radial axis from the center of the ves‐
sel  lumen crossed the tangential  line of the vessel  surface with an angle less than a 80˚
were excluded from the comparison.
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Figure 1. Left) Representative integrated backscatter intravascular ultrasound (IB-IVUS) images processed by a
smoothing method. (Middle) Original IB-IVUS images (Right) Corresponding optical coherence tomography. *: attenu‐
ation by guide wire. Bar = 1mm.

The thickness of fibrous cap measured by IB-IVUS was significantly correlated with that
measured by optical coherence tomography (y = 0.99x – 0.19, r = 0.74, p<0.001) (Figure 2)
(Kawasaki et al., 2010).

Figure 2. Left: Correlation between the thickness of fibrous cap measured by integrated backscatter intravascular ul‐
trasound and optical coherence tomography. Right: Bland-Altman plot.

A Bland-Altman plot showed that the mean difference between the thickness of fibrous cap
measured by IB-IVUS and optical coherence tomography (IB-IVUS - optical coherence to‐
mography) was -2 ± 147 µm (Figure 2). The difference between the two methods appeared to
increase as the thickness of the fibrous cap increased (Figure 3).
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Figure 3. Passing-Bablok regression analysis.

Optical coherence tomography has a better potential for characterizing tissue components
located on the near side of the vessel lumen, whereas IB-IVUS has a better potential for char‐
acterizing tissue components of entire plaques (Kawasaki et al., 2006).

4. Limitations

There were a few limitations of the ultrasound method. First, the angle-dependence of the
ultrasound signal makes tissue characterization unstable when lesions are not perpendicular
to the ultrasound axis. Picano et al. reported that angular scattering behavior is large in cal‐
cified and fibrous tissues, whereas it is slight to nonexistent in normal and fatty plaques
(Picano et al., 1985). According to that report, although there was no crossover of IB values
between fibrous and fibrofatty within an angle span of 10°, or between fibrous and fatty
within an angle span of 14°, this angle-dependence of the ultrasound signal might be partial‐
ly responsible for the variation of IB values obtained from each tissue component. There was
also a report that demonstrated the degree of angle-dependence of 30 MHz ultrasound in
detail (Courtney et al., 2002). In that report, the angle-dependence of 30 MHz ultrasound in
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the arterial intima and media was 1.11dB/10°. When the 40 MHz catheter was used, the an‐
gle dependence increased in arterial tissue. This angle-dependence of the ultrasound signal
may decrease the diagnostic accuracy for differentiating tissue components.

Second, the guidewire was not used in the process of imaging because the present studies
were performed ex vivo. Imaging artifacts in vivo due to the guidewire may decrease the di‐
agnostic accuracy. However, removal of the guidewire during imaging after completing the
intervention procedure and/or excluding the area behind calcification from the analysis may
be necessary in the clinical setting to eliminate this problem. Finally, detecting thrombus
from a single IVUS cross-section was not possible because we usually look at multiple IVUS
images over time for speckling, scintillation, motion and blood flow in the “microchannel”
(Mintz et al., 2001). The analysis of IB values in multiple cross-sections over time is required
for the detection of thrombus.
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