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Abstract

In this document, the methods for the quantitative measurement and morphological assessment of optical coherence tomogra-
phy (OCT)/optical frequency domain imaging images (OFDI) are briefly summarized. The focus is on the clinical application

of OCT/OFDI to guide percutaneous coronary interventions.
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Introduction

Optical coherence tomography (OCT) was first established
for cross-sectional retinal imaging in 1991 by a Massachu-
setts Institute of Technology team. Then, OCT was first
applied in intracoronary imaging in humans and showed
promising capability as a tool for diagnostic imaging for
arterial wall pathologies in 2001. Since then, OCT/optical
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frequency domain imaging (OFDI), a catheter-based imag-
ing modality, has been widely used in the clinical catheteri-
zation laboratory for the imaging of the coronary artery wall.
With an axial resolution of approximately 10 pm [1], OCT
is capable of allowing for the visualization of the coronary
artery microstructure at a resolution that is 10-times better
than that of intravascular ultrasound (IVUS). Thus, OCT
has become one of the commonly used intracoronary imag-
ing techniques during a percutaneous coronary intervention
(PCI) procedure. OCT provides valuable information that
can be used clinically to optimize stent deployment and
avoid PCI-related complications [2]. Pre-procedural meas-
urement of lumen and vessel dimensions can facilitate accu-
rate stent sizing [3]. Moreover, pre-procedural assessment of
the tissue characteristics of the target lesion can guide opti-
mal treatment strategies. However, OCT has evolved without
existing standards for the measurement and the interpreta-
tion of images. In this review, we provide a short descrip-
tion of a consistent approach to OCT analysis to assist both
clinicians and researchers.

Quantitative measurements

Measurements should be avoided if motion artifacts are pre-
sent or incomplete flushing of the intra-coronary blood. To
provide accurate measurements, the image should be cor-
rectly calibrated for z-offset and refractive index. Because
coronary artery disease often appears to be more exten-
sive on OCT than on angiography, it is quite difficult to
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accurately define reference segments in some cases. How-
ever, in general, the proximal reference is defined as the site
with the largest lumen area, proximal to a stenosis but within
the same segment (usually within 10 mm of the stenosis
with no major intervening branches). Similarly, the distal
reference is the site with the largest lumen area distal to a
stenosis but within the same segment (usually within 10 mm
of the stenosis with no intervening branches). The reference
segment can be used which of these three reference sites
(proximal, distal, or average). Quantitative measurements
from JACC IVUS Consensus Document have been normally
adopted for OCT measurement [4].

Lumen measurements

Lumen measurements are accomplished using the interface
between the lumen and the leading edge of the intima. The
following parameters can be measured in each cross section
(mostly automatically):

e Lumen cross-sectional area (CSA): the area bounded by
the luminal border.

e  Minimum lumen diameter: the shortest diameter through
the center of the lumen.

e Maximum lumen diameter: the longest diameter through
the center of the lumen. This line does not have to be
orthogonal to the line of minimum lumen diameter.

e Lumen eccentricity: (maximum lumen diameter minus
minimum lumen diameter) divided by maximum lumen
diameter.

e Percent area stenosis: (reference lumen CSA minus mini-
mum lumen CSA)/reference lumen CSA. The reference
lumen CSA is generally used average lumen CSA of both
proximal and distal reference site.

Vessel (internal elastic membrane) measurements

Vessel and plaque areas are not usually measurable using
OCT because OCT has limited depth of penetration, which
diminishes the ability to visualize the internal elastic mem-
brane at the cross section with a large plaque area. For refer-
ence segments in which the internal elastic membrane can be
identified, can the vessel measurements be made. Because
the leading edge of the internal elastic membrane is well
delineated on OCT, OCT-based measurements can be used
to determine the true histological atheroma area.

Stent measurements
Metallic stent struts have a strong reflection coefficient in rela-

tion to the light signal used in OCT. Therefore, stents appear
as highly reflective surfaces and cast shadows on the vessel
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wall behind. The following stent-related parameters can be
measured using OCT:

e Stent CSA: the area bounded by the luminal border of the
stent.

e Minimum stent diameter: the shortest diameter through the
center of the stent.

e Maximum stent diameter: the longest diameter through the
center of the stent. This line does not have to be orthogonal
to the line of minimum stent diameter.

e Stent symmetry: (maximum stent diameter minus mini-
mum stent diameter) divided by maximum stent diameter.

e Percent stent expansion: the minimum stent CSA com-
pared with the predefined average reference area.

e Stent malapposition: when the stent strut is determined to
not be fully attached to the vessel wall by visual assess-
ment, the position of a stent strut relative to the vessel
wall should be measured by magnifying the individual
stent strut to maximize accuracy. Because OCT can show
only the luminal surface of the strut owing to the limited
depth of penetration through the metal, strut thickness
should be considered in evaluating stent apposition for
each type of stent design. First, one cursor is positioned
on the adluminal surface of the strut, followed by another
cursor at the surface of the estimated vessel wall within
the stent strut shadow (Fig. 1) [5]. It is important to note
that the right position of the adluminal surface of the
stent strut falls in the center of the blooming [6]. The
measurement line should be as perpendicular to the strut
and vessel wall as possible. Stent malapposition can be
defined as a distance between the adluminal surface of
the strut and the estimated vessel wall greater than the
thickness of each stent strut. Some investigators have
estimated the location of the adluminal surface of the
strut by drawing a line from the surface of the blooming
toward the artery wall.

e Neointimal thickness: the distance between the endolu-
minal surface of the neointima and the luminal surface
of the stent strut.

e Uncovered strut: struts with a measured neointima thick-
ness equal to 0 mm.

e Percentage of uncovered strut: The number of struts
without distinct overlying tissue, in which the luminal
reflection of the strut surface is directly interfacing with
the lumen, divided by the total number of analyzed stent
struts.

Qualitative assessment

The normal coronary artery consists of three layers: the
intima, consisting of the endothelium and collagen fibers;
the media, consisting of smooth muscle cells and elastic
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Fig.1 Assessment of strut apposition, and normal coronary artery.
a, b The distance between the abluminal surface of the strut and the
estimated vessel wall is measured, extending and joining the contours
of the wall on either side of the strut shadow with the measurement
line as perpendicular as possible to the strut and vessel wall. Stent
malapposition is defined as a distance between the abluminal surface
of the strut and the estimated vessel wall (a) greater than the thick-

fibers; and the adventitia, consisting of collagen fibers and
surrounding fat. Because OCT measures the intensity of
light returning from a tissue, tissues with a higher heteroge-
neity in the refractive optical index exhibit stronger optical
scattering, and therefore, a stronger OCT signal. The intima
in the normal arterial wall is usually represented by the high-
intensity signal from the collagen fibers. The media appears
as a homogeneous dark layer because of the presence of
less collagen fibers and abundant smooth muscle cells and
extracellular matrix. The adventitia is also represented by
the high-intensity signal from the collagen fibers (Fig. 1).

Plaque morphology

Optical coherence tomography is capable of differentiating
lipid-rich plaque from fibrous plaque. Because OCT uses
near-infrared light and cross-sectional images are generated
by measuring the echo time delay and intensity of light that
is reflected or backscattered from the arterial wall, OCT can
characterize tissue morphology by measuring the backscat-
tered infrared light. In general, plaques can be characterized
as fibrous, lipid rich, or calcified, according to the plaque
characterization criteria developed by histology-validation
studies [7-9] (Fig. 2).

adventitia

ness of each stent strut plus polymer (a’). ¢, d Normal coronary artery
reveals three layers, comprising a high-intensity intima, homogeneous
low-backscattering media, and heterogeneous high-intensity adventi-
tia. The internal elastic membrane should exit between the intima and
media while the external elastic membrane exits between the media
and adventitia

Fibrous plaques

These plaques consist of bundles of collagen fibers, smooth
muscle cells, and extra-cellular matrix such as proteoglycan,
and appear as a high-signal-intensity tissue because there is
much reflected OCT light signal returning from the collagen
fibers. Fibrous plaques represent the majority of atheroscle-
rotic lesions. In general, the large amount of collagen fibers
does not allow the visualization of the internal and external
elastic membrane.

Lipid-rich plaques

These plaques appear as low-signal-intensity regions with
diffuse borders because of considerable scattering of light
of approximately 1000-nm wavelength from lipid compo-
nents [10]. Fibroatheroma, which contains a necrotic core,
cholesterol crystals, and foam cells, is considered as a rep-
resentative tissue of a lipid-rich plaque. It should be noted
that it is difficult to distinguish between the necrotic core
and foam-cell accumulation on a single cross-sectional OCT
image because these two tissues have similar OCT attenua-
tion coefficients [11-13]. It has been postulated that thin-cap
fibroatheroma (TCFA), which is characterized by a large
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Fig.2 Fibrous, lipid-rich, and calcified plaques. a Fibrous plaque
appears as a homogeneous high-intensity tissue with a gradual sig-
nal attenuation. b Lipid-rich plaque appears as low-signal-intensity

necrotic core with an overlying thin fibrous cap, measur-
ing <65 um, is the precursor plaque composition of plaque
ruptures [14]. For OCT analysis, TCFA is usually defined
as a plaque with lipid content with a fibrous cap measur-
ing <65 um (Fig. 3). The cap thickness should be measured
at its thinnest region within the fibrous cap. However, it
should be noted that imaging geometries with a small angle
between the line of sight and the tangent to the lumen con-
tour may lead to tangential signal dropout because the imag-
ing beam cannot penetrate the vessel wall owing to strong
scattering along an oblique line-of-sight (Fig. 3c). Therefore,
such sections should be interpreted with care.

Calcified plaques

These plaques appear as low-signal-intensity areas with
sharply delineated borders. Because the dimensions of the
individual particles of calcium hydroxyapatite are smaller
than the wavelength of near-infrared light, there is little
reflected light returning from these tissues. Thus, OCT
images of dense calcium show weaker optical scattering and
therefore, a lower OCT signal intensity.

regions with diffuse borders. ¢ Calcified plaque appears as low-sig-
nal-intensity areas with sharply delineated borders

In addition to fibrous, lipid-rich, and calcified plaques, the
following morphology has been frequently found in patients
with acute coronary syndrome on OCT.

Plaque rupture

A ruptured plaque is defined as a plaque with intimal tearing,
disruption, or dissection of the cap. On injection of optically
transparent crystalloid or radiocontrast media, these defects
may have little or no OCT signal and may appear as cavities.

Erosion

Optical coherence tomography-derived erosion could be
composed of intracoronary thrombus attaching to the lumi-
nal surface without detectable signs of fibrous cap rupture.
However, it should be noted that the resolution of OCT may
be insufficient for directly visualizing one layer of endothe-
lial cells in the form of a 5-pm-thick cellular monolayer,
although OCT has a higher resolution than any other imag-
ing modality,

Fig.3 A representative image of thin-cap fibroatheroma. a OFDI
image indicates signal-poor lesions with an overlying signal-rich
band. b A magnified image of a. The minimum fibrous cap thickness
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was 50 um. ¢ A small angle between the line of sight (red line) and
the tangent to the lumen contour (yellow line) could lead to a tangen-
tial signal dropout
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Calcified nodule

A calcified nodule, which also has the potential to develop
into coronary thrombosis, is defined as a high-backscattering
mass protruding into the lumen with a strong signal attenua-
tion and an irregular surface [15] (Fig. 4). The calcified nod-
ule often contains fibrin between the bony spicules, along
with osteoblasts, osteoclasts, and inflammatory cells. It
should be noted that the OCT image of a calcified nodule is
similar to that of a red thrombus, although a calcified nodule
usually coexists with a calcified sheet in the same segments.

The other plaque morphologies can be evaluated using
OCT.

Thrombus

A thrombus appears as an intramural mobile mass attached
to the luminal surface or floating within the lumen. OCT can

Fig.4 A representative image
of a calcified nodule. a OFDI
image showing a high-backscat-
tering protruding mass with an
irregular surface, following a
low-intensity area with a diffuse
border (arrowheads) such as a
red thrombus. b A magnified
image of A

be used to classify a thrombus as a red or white thrombus.
A red thrombus is a red blood cell-rich thrombus, which
appears as an intramural mobile mass protruding into the
lumen with high backscattering and attenuation (Fig. 5a). A
white thrombus is a platelet-rich thrombus that is defined as
an intramural mass with homogeneous backscattering and
low attenuation (Fig. 5b). Because red thrombi could be mis-
interpreted as calcified nodules on OCT, the patient’s back-
ground history and lesion morphology (e.g., acute coronary
syndrome, on hemodialysis) should be taken into accounts
for their interpretation.

Cholesterol crystals

Cholesterol crystals on OCT might appear as a thin, linear
region of high signal intensity within a lipid-rich plaque.
However, further histological validation data would be nec-
essary for the accurate detection of cholesterol crystals.

Fig.5 Representative image of a red and white thrombus, and
microvessel. a Red thrombus appears as an intramural mobile mass
protruding into the lumen with a high backscattering and attenuation.
b White thrombus appears as an intramural mass with homogene-

ous backscattering and low attenuation. ¢ Microvessel appears as a
no-signal tubuloluminal structure without a connection to the vessel
lumen in multiple contiguous cross sections
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Microvessels

A microvessel appears as a no-signal tubuloluminal
structure without a connection to the vessel lumen. These
microvessels usually have a sharply delineated border
and can be followed in multiple contiguous cross sections
(Fig. 5¢). Owing to the limited penetration depth and axial
resolution of OCT, the capability of OCT to reliably detect
tiny microvessels in vulnerable atheromatous plaques mer-
its future research. Recanalization of organized thrombus
can be identified as multiple large channels, described
as having “honeycomb-like appearance”, “swiss cheese
appearance”, or “lotus root appearance”.

Dissection

Optical coherence tomography is commonly employed
to detect dissections after interventional stent implanta-
tion. The classification of dissections into five categories
is recommended:

e Intimal: limited to the intima or plaque, and not extend-
ing to the media.

e Medial: extending into the media.

e Adventitial: extending through the external elastic
membrane.

e Intramural hematoma: an accumulation of flushing
media within the medial space, displacing the internal
elastic membrane inward and external elastic mem-
brane outward.

e Intra-stent: separation of neointimal hyperplasia from
stent struts, usually seen only after treatment of in-stent
restenosis.
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