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Abstract Intravascular Optical Coherence Tomog-

raphy has been explored as an imaging tool for vessel

wall and thrombus characterization. OCT enables a

high resolution arterial wall imaging, and light

properties allow tissue characterization. It has been

proved one of the most valuable imaging modalities

for the evaluation of vulnerable plaque and thrombus.

OCT has a unique capacity in volumetric quantifica-

tion of calcium, and unlike ultrasound, light can

easily penetrate calcified plaques. Finally, this review

paper will address aspects of the validation method of

plaque characterization and potential pitfalls and put

in perspective new approaches that may help the

evolution of the field.
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Plaque classification

Since the inventors of Optical Coherence Tomography

initially proposed that OCT could be used for visual-

izing atherosclerosis [1], there have been continuous

efforts to correlate features of OCT images with histo-

pathological plaque types. The initial OCT studies on

artery tissues were performed in mid-90’s on post-

mortem aorta samples, where the properties of fibro-

atheroma and fibrocalcific plaques were first described

[2]. In 2002, Yabushita et al. published a qualitative

image classification scheme based on correlation of

OCT images with histology images of a large series of

autopsy specimens [3]. The fibrous tissue was charac-

terized as homogeneously signal-rich regions, calci-

fied tissue as heterogeneous, signal-poor regions with

sharp borders, and lipid tissue as homogeneously

signal-poor regions with diffuse borders. Later, Jang

et al. proposed a similar scheme based on results of in

vitro studies and confirmed that the same criteria were

applicable to in vivo imaging by comparing the OCT

images to Intravascular Ultrasound (IVUS) images [4].

It was also reported that the macrophage foam cells

could be detected and quantified with high accuracy
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[5]. These qualitative observations were further con-

firmed by a number of other studies and have become

the basis for the de facto standard for visual charac-

terization of OCT images [6–8].

Using these qualitative criteria, initial in vitro

studies showed that the coronary lesions can be

classified with average sensitivities and specificities in

the 70–90% range. This level of accuracy, although

higher than some other imaging methods, still needs

improvement before these criteria can be applied for

routine clinical decision-making. In addition, the

mechanisms on which these qualitative observations

are based have not been fully explained and several

deficiencies need to be addressed. For example, the

measurement of fibrous cap thickness, an uttermost

important parameter for assessing plaque vulnerabil-

ity, is ill-defined using these criteria. Although there is

a well-delineated border between fibrous cap and the

lipid pool in histology, the location of this border

cannot be identified precisely in OCT if the lipid pool

is ‘‘diffusely bordered’’. Instead, researchers have to

rely on extensive experience and deep understanding

of OCT images to identify the thin-capped fibroath-

eromas (TCFAs) [9, 10].

To improve the tissue characterization, both hard-

ware and software approaches have been investigated.

To increase the image contrast between the fibrous cap

and the lipid tissue, polarization-sensitive OCT systems

have been developed for measurement of the tissue

birefringence [11, 12]. The concept underlying polar-

ization-sensitive imaging is that, because they tend to

be highly organized and anisotropic, collagen fiber

bundles and smooth muscle cells are more birefringent

than other disorganized plaque components, such as

the lipid tissue. However, birefringence can only be

measured accurately over a relatively large distance

(e.g., 200 lm), which is insufficient for characterizing

the thin fibrous cap (\65 lm) in the vulnerable plaques.

As is the case for any new imaging method, the

utility of qualitative OCT observation can be greatly

enhanced if the fundamental physical explanations can

be found. Without such theoretical explanation, the

OCT images are prone to misinterpretation. According

to the single-scattering theory, the intensity of OCT

signal I(z) of a homogeneous tissue at depth z is

I zð Þ ¼ A zð Þlbexp �ltz=nð Þ;

where A(z) represents the efficiency of OCT system,

the lb is the backscattering coefficient, lt is the total

attenuation coefficient and n is the refractive index.

Attempts to measure the scattering coefficient and

attenuation coefficients were first performed by

imaging post-mortem arteries from lumen side

with varying results [13, 14]. However, because the

plaques usually are multi-layered, it is difficult to

exactly match the histology to the corresponding

OCT images. Xu et al. introduced the idea of

measuring optical properties of transversely sectioned

arteries, in which each plaque component could be

exposed and easily registered to histology [15].

Figure 1 shows the transversely scanned OCT images,

the corresponding rotary OCT scanning images, and

histology images of a representative fibroatheroma

and a fibrocalcific plaque. Although the rotary OCT

images were consistent with the previously published

qualitative criteria, the transversely scanned OCT

images showed that the lipid region appeared to be

signal-rich at the top layer, and only became signal-

poor at deeper layers as the result of high signal

attenuation. The light backscattering coefficient lb

and attenuation coefficients lt were determined for

calcified tissue (lb = 4.9 ± 1.5 mm-1, lt = 5.7 ±

1.4 mm-1), fibrous tissue (lb = 18.4 ± 6.4 mm-1,

lt = 6.4 ± 1.2 mm-1), and lipid tissue (lb = 28.1

± 8.9 mm-1, lt = 13.7 ± 4.5 mm-1). The attenua-

tion coefficients lt was also measured from rotary

OCT images with similar results (healthy vessel wall

and intimal thickening: 2–5 mm-1, necrotic core:

[10 mm-1, macrophage infiltration: [12 mm-1)

[16].

Quantitative analysis offered new insights to the

interpretation of OCT images. Table 1 summarizes

the OCT image features of main coronary artery

tissue types. However, there are still limitations with

this approach. Because the attenuation, similar to bire-

fringence, is also a range-derived parameter, it can

only be measured over a distance. Averaging of

neighboring scan lines is also required to reduce the

effect of speckle noise. Hence, the effective spatial

resolution for optical parameter extraction is com-

promised. With the advance of the fast frequency-

domain OCT system and improved resolution, such

measurement may become more reliable and may

offer further cues to identification of TCFA.

OCT might be the best tool available to detect

vulnerable plaque (Fig. 2). To assess the ability of

each imaging method to detect the specific charac-

teristics of vulnerable plaque, Kubo et al. [10]
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performed OCT, IVUS and angioscopy in patients

with acute myocardial infarction. OCT was superior

in detecting plaque rupture (73% vs. 40% vs. 43%,

P = 0.021), erosion (23% vs. 0% vs. 3%, P = 0.003)

and thrombus (100% vs. 33% vs. 100%, P \ 0.001)

as compared to IVUS and angioscopy. Intra- and

inter-observer variability yielded acceptable concor-

dance for these characteristics (j = 0.61–0.83). The

high resolution of OCT allows us to identify the thin

fibrous cap (\65 lm) in vivo. Kume et al. [17]

Fig. 1 Comparison of transverse OCT images at 50 lm (a,

e) and 500 lm (b, f) below the surface, with corresponding

rotary OCT image (c, g) and corresponding histology (Movat’s

pentachrome) (d, h) for a representative fibrolipid plaque (top
row) and a fibrocalcific plaque (bottom row). A consistent color

map was used for a, b, c, e, f, g

Table 1 OCT image

features of main coronary

artery tissue types

Histopathologic features OCT features

Fibrous tissue Homogeneous, signal-rich, birefringent

Calcification tissue Heterogeneous, sharply bordered, signal-poor

Lipid-rich tissue Signal-rich at the top, high-attenuation regions

Macrophage foam cells Heterogeneous, lumpy, signal rich, very high attenuation

Intima Signal-rich layer near lumen

Media Signal-poor middle layer

Adventitia Signal-rich, heterogeneous outer layer

Fig. 2 OCT images of vulnerable plaques a Plaque rupture. b Thin-capped fibroatheroma (Fibrous-cap thickness = 60 lm).

c Intracoronary thrombus
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examined the reliability of OCT for measuring the

fibrous cap thickness. In the examination of 35 lipid-

rich plaques from 38 human cadavers, there was a

good correlation of the fibrous cap thickness between

OCT and histological examination (r = 0.90;

P \ 0.001). Sawada et al. [9] evaluated the feasibility

of OCT and virtual histology IVUS for detecting thin-

capped fibroatheroma (TCFA). Although the positive

ratio of virtual histology IVUS for detecting TCFA

was 45.9%, that of OCT was 77.8%. Kubo et al. [18]

assessed the relationship between plaque color eval-

uated by coronary angioscopy and fibrous cap

thickness estimated by OCT. There was a significant

negative correlation between yellow color intensity

and fibrous cap thickness (P \ 0.0001), and all of the

OCT-derived TCFAs showed intensive yellow color.

Kashiwagi et al. [19] evaluated culprit lesions in

acute coronary syndrome by both OCT and multide-

tector computed tomography. OCT-derived TCFAs

had significantly lower computed tomography atten-

uation values in the culprit plaque compared to

non-TCFAs (35.1 ± 32.3 HU vs. 62.0 ± 33.6 HU,

P \ 0.001). Jang et al. [6] analyzed OCT images

among 57 patients who presented with stable angina

pectoris (SAP), acute coronary syndrome (ACS), or

AMI. The AMI group was more likely than the ACS

group, who was more likely than the SAP group,

to have a thinner cap, more lipid, and a higher

percentage of TCFA (72% vs. 50% vs. 20%, respec-

tively, P = 0.012). Fujii et al. [20] performed a

prospective OCT analysis of all 3 major coronary

arteries to evaluate the incidence and predictors of

TCFAs in patients with AMI and SAP. Multiple

TCFAs were observed more frequently in AMI

patients than in SAP patients (69 vs. 10%, P \
0.001). In the entire cohort, multivariate analysis

revealed that the only independent predictor of

TCFA was AMI (OR = 4.12, 95% CI = 2.35–9.87,

P = 0.02). The OCT characteristics of coronary

thrombi were studied by Kume et al. [21] in 108

coronary arterial segments at postmortem examina-

tion. White thrombi were identified as signal-rich,

low-backscattering protrusions in the OCT image,

while red thrombi were identified as high-backscat-

tering protrusions inside the lumen of the artery, with

signal-free shadow. Using a measurement of the OCT

signal attenuation within the thrombus, the authors

demonstrated that a cut-off value of 250 lm in the

1/2 width of signal attenuation can differentiate white

from red thrombi with a high sensitivity (90%) and

specificity (88%).

Coronary calcification

Calcification of coronary arteries is an important

marker of atherosclerosis, and the amount of calci-

fication is associated with total plaque burden

[22–24]. Calcium measurement is usually performed

non-invasively by electron beam computed tomogra-

phy (EBCT [25, 26]) and multidetector computed

tomography (MDCT [26]), or invasively by intravas-

cular ultrasound (IVUS). Calcified lesions can be

detected by OCT with high sensitivity (96%) and

specificity (97%) [3]. Calcium is seen as a hypo-

signal region delineated by a sharp boundary [3]. The

advantage of OCT over other imaging modalities for

calcium assessment is its ability for three-dimen-

sional volumetric calcium characterization, which

cannot be obtained by IVUS due to the limited

penetration of ultrasound in calcified lesions [24].

Although EBCT could indirectly evaluate the cal-

cium volume by isotropic interpolation [27], its low

resolution (*1 mm) prevents accurate morphologi-

cal assessment. OCT has unique advantages for

coronary calcium assessment. It provides the highest

resolution with better light penetration in calcium as

compared to IVUS. The presence and extent of

superficial calcifications can strongly affect the

success rate of percutaneous coronary intervention

(PCI) [28] causing stent under-expansion and asso-

ciated stent thrombosis. Therefore, OCT can be used

for collecting information on the amount of calcium

and distance from the lumen, ultimately debunking

techniques like rotational atherectomy and cutting-

balloon can be applied [29].

Whether for general volumetric calcium assess-

ment, or for determining the depth and extent of

calcification before PCI, an accurate automatic

method is important, especially when OCT moves

to the clinical bedside, where manual analysis of

large amount of data is impractical. The automatic

calcium assessment can be thought of consisting of

two parts: calcium detection and quantification.

Accurate quantification relies on good segmentation,

where any clinically relevant quantitative measures

can be derived, such as area, depth, arc and thickness

in individual frames, and volume along the selected
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coronary portion. A semi-automatic segmentation

method was developed by our group [30]. The

calcified plaques were located by edge detection

after automatic segmentation of lumen, guide wire

and arterial wall. Based on an active contour model

using level sets, an initial contour generated from the

binary edge image was driven to the calcium

boundary of high gradient and maximized intensity

differences between the region outside and inside the

contour. The algorithm could guess the missing

boundary when the calcified plaques were blocked

by the guide wire or when the outer boundary was

obscured due to signal drop-off (Fig. 3). For a variety

of calcified plaques, the automatic method achieved

accuracy around 80% as compared to ‘‘ground truth’’

manual segmentation. More efforts are being put to

incorporate a separate calcium detection module to

overcome the limitation of false positive generation

by the current method.

The auto-segmentation of calcium is very attrac-

tive for a full volumetric analysis and can indicate

regions with superficial calcium in which lesion

preparation may optimize or facilitate stent

implantation.

Macrophages (foam cells)

Foam cells are cholesterol-engorged macrophages

found both in the early stage of atherosclerotic

lesions and in more advanced lesions, such as lipid-

rich plaques [31]. High density macrophages are

correlated with high risk of plaque rupture and

associated acute coronary events [32]. Recent studies

hypothesized that OCT is able to identify macro-

phages [5, 33, 34]. Foam cells have different

refractive indexes from the surrounding extracellular

matrix, representing themselves as ‘‘bright spots’’

under OCT. Hypothesizing that macrophages con-

tribute to a high heterogeneity, Tearney et al. [5] used

normalized standard deviation (NSD) of a selected

window within the fibrous cap to quantify

Fig. 3 Automatic segmentation of calcified plaques (CP). a–

c Original images. d–f Corresponding manual and automatic

segmentation results. Red manual segmentation by observer 1,

blue manual segmentation by observer 2, yellow automatic

method. The CP in c has unclear border and the CPs in b and

c are blocked by the guide wire. A false positive region is also

shown in e (1–2 o’clock)
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macrophages. To evaluate the relationship between

macrophage distribution and unstable versus stable

coronary syndromes, in a later clinical study [34],

‘‘mean NSD’’ was used within the automatically

segmented fibrous cap by bimodal histogram to

quantify macrophage density. Potential limitations

of this method includes that since fibrous cap may not

be accurately segmented by bimodal histogram, the

mean NSD may not reflect the true macrophage

density within the cap. Any rapid signal changes,

such as tissue boundary, could contribute to high

NSD. Furthermore, whether the ‘‘bright spots’’ are

indeed macrophages still needs more stringent vali-

dation. This is not trivial because the small size of

macrophages (20–50 lm) makes the exact registra-

tion of histology and OCT difficult. Recent develop-

ment of ultrahigh resolution OCT (1–5 lm) [35] may

provide better opportunities for visualization of

macrophages. More research needs to be done to

validate the criteria for identification of macrophages

by OCT and to develop robust methods for macro-

phage quantification. Our group is pursuing an

approach that combines intensity and multi-scale

standard deviation to directly segment the macro-

phages (Fig. 4). Ultimately Cryoimaging will provide

the chance for better co-registration for macrophage

validation.

Future perspective on plaque validation

methodology

OCT validation

Histopathology is generally used as a validation

method for OCT. The most frequently used validation

method consists of standard histology techniques of

paraffin embedded tissue and staining. All validation

papers on OCT plaque characterization rely on this

method [3, 5, 21, 36]. However, histopathology itself

has limitations that must be acknowledged. Tissue

loss and artifacts are significant with the saw and

grinding technique, whereas sectioning artifacts, such

as folding, are more frequent with the rotary micro-

tome technique [37].

A second major challenge with histology is the

difficulty in properly co-registering the histological

slides to the corresponding OCT frames: side

branches are mostly used to acquire the best match

between an OCT cross section and its corresponding

histological section [3, 5]. To be able to co-register

histological slides to the corresponding OCT frames

in a proper way, a wide sampling interval is used that

ranges from 50 to 200 lm [4, 8, 17].

A third challenge comes with the tissue prepara-

tion: because of dehydration, shrinkage of the vessel

will occur. Also, in arteries with significant amounts

of calcified plaque, decalcification is mandatory. This

leads to changes in tissue characteristics [3, 5, 38].

Robotic cryo-imaging

New methods are being developed to pass these

limitations and allow better validation of OCT and

other in vivo imaging modalities. Particularly for

taking advantage of the high resolution and tissue

contrast obtained with OCT, new validation methods

are even more important. Among these, Robotic Cryo

imaging was introduced a few years ago by our group

at the Case Western Reserve University. The tech-

nique utilizes a large-specimen cryo microtome with

a mounted episcope microscope and a charge-coupled

Fig. 4 Automatic segmentation of macrophages. a OCT

image of one cross section of ApoE-/- mouse aorta containing

many macrophages. Manual (b) and automated

(b) segmentations considering both the intensity and normal-

ized standard deviation with good agreement with Mac-3

stained (d) macrophages
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device (CCD) camera to obtain block face images of

embedded frozen tissue samples [39] (Fig. 5). Ves-

sels to be imaged are flash frozen in an optical cutting

temperature solution and mounted on the stage of the

microtome. Sectioning is done at an interval of

5–40 lm, and an image of each cross section is saved

in the system for post processing. The technique

relies on differences in auto-fluorescence of the

different components of a vessel when excited at

different wavelengths. One of the advantages of cryo-

imaging is its ability to preserve tissue characteristics

since no fixation is needed before imaging. To allow

a good assessment of plaque architecture and com-

ponents, our group designed a 3-axis robotic posi-

tioner that allows very high-resolution imaging. The

computer control system automatically pans the

positioner over the specimen for a high-resolution

tiled image acquisition [40]. Robotic Cryo-imaging

has been validated for ex vivo characterization of

human atherosclerotic plaques [41] (Fig. 6).

The main advantage of the Case Cryo-imaging

system lies in the ability to generate 3D reconstruc-

tions of the imaged specimen [40]. The importance of

such a visualization tool in the study of atheroscle-

rotic plaques is notable. First, the ability to obtain an

exact co-registration of the Cryo-imaged plaque to its

OCT image becomes possible. After combining the

3D reconstruction obtained by post-processing of the

Cryo images to a 3D reconstruction of the OCT

images, any frame of interest on OCT can be easily

assessed and compared with its exactly matching 2D

frame. Assessment is then possible at a 5–40 lm

interval. A second important advantage of 3D Cryo-

imaging is that it allows volumetric quantification of

plaque burden and plaque components.

The main limitation of Robotic Cryo-imaging at

this stage is the impossibility of performing special

techniques like immunohistochemistry. This limita-

tion will mostly be solved by the new Cryo-imaging

system under development at the Case Western

Reserve University that will allow the collection of

the imaged cross sections for techniques like

immunohistochemistry.

Conclusion

Intravascular OCT has a tremendous potential of

helping us in the better understanding and manage-

ment of atherosclerotic disease. In particular, the

potential of identifying TCFA with inflammation,

place the method in a unique position for the study of

vulnerable plaque. Also, precise calcium quantifica-

tion may help on percutaneous intervention planning.

Fig. 5 Cryo-imaging apparatus. Block face images of embedded frozen tissue samples are captured with an episcopic microscope

and CCD camera and processed using image processing techniques
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Fig. 6 Examples of each tissue type in contrast-enhanced

bright-field, fluorescence, and pseudo-colour cryo-images and

corresponding histology (haematoxylin and eosin, Elastic van

Gieson, Mallory’s trichrome and Oil Red O). The stain is shown

in upper left corner of each histology panel. Images from each

row are from same block face. adv adventitia, med media, cmed
calcification in media, smci smooth muscle cell ingrowth, eel
external elastic lamina, iel internal elastic lamina, ff fluorescent

fibrosis, nff non-fluorescent fibrosis; lipid, chol cholesterol

clefts, lcalc light calcification, dcalc dense calcification
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As the method evolves, the need for more robust data

on the validation process also increases. For this

proposal new methods/techniques should be devel-

oped that takes in consideration better tissue preser-

vation and high sample rates.

Conflict of interest None.
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