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The experience gained in the application of optical coherence tomography (OCT) for diagnosis and control of arterial sclerotic disease has

been analyzed. The principles of OCT-image acquisition have been described, the advantages and disadvantages of intravascular OCT devices
used in clinical practice have been assessed, and the safety and capabilities of intravascular OCT-procedure have been discussed. It has been
demonstrated that intravascular OCT has great potential for understanding and treatment of arterial sclerotic disease. The capabilities of in vivo
diagnosis of “vulnerable” atherosclerosis plaque and determination of calcium and macrophage content in atherosclerotic plaque, as well as
features of coronarothrombosis have been addressed. Detailed attention has been given to the role of intravascular OCT in stenting follow-up.

Possible ways of improvement of intravascular OCT and prospects of its further development have been considered.
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Optical coherence tomography (OCT) is an innovative
medical diagnostic technique based on the principle of
“vision in turbid media”. It is used to obtain in real time
high-contrast two- and three-dimensional images of internal
structure of human body tissues at a depth of 1-2 mm with
micron resolution. The technique is based on interferometry
of infrared waves that have the highest penetration depth
into biotissue [1]. The significant advantage of the technique
is a capability to image internal organs using endoscopic
probes [2-8].

It was presumed at the very beginning of OCT
development that it may be a useful tool for imaging
atherosclerotic process in arteries [9]. The method has a
great potential in intravascular imaging as an alternative or
a supplementary tool to intravascular ultrasound (IV US).
In this overview we discuss the experience gained in the
application of intravascular OCT (IV OCT) for diagnosis

and control of arterial sclerotic disease. For illustrations we
use intravascular OCT-images acquired on the OCT setup
M2 (LightLab Imaging, Inc., USA) in the Republic Scientific
Practical Centre “Cardiology” (Minsk, the Republic of
Belarus) with reference to the materials from the web-site
of Assomedica, the representing company of LightLab
Imaging, Inc. in the Republic of Belarus [10].

The OCT principle

OCT is based on interference reception and
measurement of backscattered broadband light in the
infrared range [1]. The principle of OCT operation is similar
to that of ultrasound and radar. But unlike the ultrasonic
technique in which a signal caused by spatial distribution
of acoustic impedance (“echo”) is recorded, OCT receives
light backscattered from optical inhomogeneities.
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In one of the simplest OCT modalities (time-domain
OCT), radiation from the source is distributed in equal parts
in the object and reference arm of an optical device —
interferometer — by means of a beam splitter. Longitudinal
(in depth) resolution element in images is determined by
spectral width of the light source and can reach units of
microns, which is one to two orders of magnitude higher
than in conventional ultrasonic methods. Lateral resolution
is determined by sharpness of focusing of broadband light
by the optical system and can reach similar values. Images
are acquired from a body in vivo in real time. OCT uses light
at a wavelength in the 700-1300 nm range (“therapeutic
transparency window”), where absorption is relatively
low. Optical inhomogeneities are visualized with spatial
resolution of 15-20 pm at a depth of 1-2 mm.

Recently, dramatic advance has been made in
development of a new OCT modality based on spectral
interferometry and referred to as frequency-domain OCT.
As the great majority of results of clinical OCT applications
were obtained using the conventional technique, in the
present overview we will speak about OCT in terms of the
“time-domain OCT”.

Safety and feasibility of intravascular
OCT procedure

By the early 2000s several clinical studies of IV
OCT have been carried out that have demonstrated
its superiority over IV US in imaging coronary arteries
microstructure [11-15]. Red blood cells are known to cause
multiple scattering and significant signal attenuation from
arterial wall [13, 16, 17]. There arose a need to develop
a stably operating catheter in which the examined area
would be washed by a clear solution. Such a catheter was
developed (Helios Occlusion Balloon Catheter, LightLab
Imaging, Inc., Westford, Massachusetts, USA) (Fig. 1, a).
The first study of its safety and IV OCT feasibility in clinical
conditions was carried out on 76 patients with coronary
heart disease in 8 centers in Japan in 2007 [18]. The OCT
imaging system (ImageWire, Light Imaging Inc., Westford,
Massachusetts) consists of a 0.006 inch fiber-optic core
that rotates within a 0.016 inch transparent sheath. OCT
imaging was performed during occlusion of the artery with
a compliant balloon and continuous flushing. The OCT
study was performed when the artery was occluded by an
elastic balloon and the area of interest was continuously
washed by Ringer’s lactate solution. Vessel occlusion time
was 48.3+13.5 seconds and occlusion-balloon pressure
was 0.4+0.1 atmospheres. Flushing with lactated Ringer’s
solution was performed at a rate of 0.6+0.4 mi/s. No
significant adverse events, including vessel dissection or
fatal arrhythmia, were observed. Procedural success rates
were 97.3% by OCT and 94.5% by IV US. The use of a
motorized probe is limited by its diameter (0.016 inches),
which hindered control of relatively long arterial segments
(over 55 mm). The results of the investigations carried
out by Yamaguchi T. et al. showed that the OCT catheter
has advantages over IV US in imaging a narrow lumen.
Minimum lumen diameter and area measurements were
significantly correlated between OCT and IV US imaging
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Fig. 1. Intravascular catheter: a — The OCT imaging system
(ImageWire, Light Imaging Inc., Westford, Massachusetts) consists
of a 0.006 inch fiber-optic core that rotates within a 0.016 inch
transparent sheath [18]; b — new system C7 XR that does not need
vascular occlusion at IV OCT-imaging; the catheter is connected
through end a to the source of saline and contrast solution, and
through end b to the device console, image acquisition takes just
a few seconds [20]

o

(r=0.91, p<0.0001 and r=0.95, p < 0.0001, respectively)
[18] (Fig. 2).

Later, F. Prati et al. [19] described a possibility of [V OCT
imaging without proximal balloon occlusion of a vessel using
iodixanol — an isomolar contrast substance injected from
a conductor. This technique in combination with frequency
domain OCT (C7 XR system that images 6-cm arteries
within 3 s) requires injection of 4 ml of contrast substance
per hour [20] (Fig. 1, b).

What does OCT image in arterial vessel
and atherosclerotic plaque?

OCT enables imaging the structure of normal and
atherosclerotic arteries. A normal arterial wall has a three-
layer structure. The intima thickness in a normal vessel is
usually 5-10 pm; it is outside the OCT resolution zone,
hence, it is represented by a bright signal of internal
elastic membrane. Media is represented by a low-intensity
homogenous signal, and adventitia by a high-intensity
signal [21].

The first OCT-images of atherosclerotic arteries were
acquired by M.E. Brezinski et al. in the mid-90s in ex vivo
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Fig. 2. Critical stenosis of anterior interventricular branch of left
coronary artery: a — coronarography findings; the arrow indicates
localization of stenosis zone at the border of segments 1 and 2 of
anterior interventricular branch of left coronary artery; b — IV OCT;
fissured lumen in the stenosis zone is visualized, lumen square is
about 1 mm?

sample of aorta. They demonstrated optical properties
of fibroatheroma and calcified plaque [22]. In 2002
H. Yabushita et al. described OCT-features of different
types of atherosclerotic plaques based on the correlation of
OCT and histological images in a large autopsy series [23].
Fibrous tissue was characterized as a homogeneous area
with intense signal, calcified tissue as a heterogeneous
area with weak signal and well-defined boundaries, and
lipid core tissue as a homogeneous area with weak signal
and blurred boundaries. Sensitivity and specificity of the
described features defined by the authors in ex vivo studies
fell within the limits of 71-98% for fibrous plaque, 95-97%
for atherosclerotic plaque with calcification, and 90-94%
for lipid rich plaque (x criterion was 0.83-0.84). Later, |.K.
Jang et al. confirmed those data and showed that the same
criteria are applicable to images obtained in vivo [13]. It
was also found [24] that macrophage foam cells can be
detected and quantified with high accuracy. Further those
observations were confirmed by other researchers and laid
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the basis for developing a visual characteristic standard of
OCT-images [17, 21, 25].

IV OCT has a fairly wide potential in atherosclerosis
diagnosis.

1. In vivo diagnosis of “vulnerable” plaque. A thin fibrous
cap is a well known feature of atherosclerotic plaque that
results in its rupture. The criteria of unstable “vulnerable”
plaque susceptible to rupture were set forth by R. Virmani
et al. [26, 27]: mean plaque size 2-3 mm in diameter; the
presence of a lipid core and plaque hemorrhage (when
the core occupies over 40% of plaque volume); fibrous
cap thickness less than 65 ym; a small amount of type |
collagen and predominance of type Il collagen in the cap;
angiogenesis of intima and high degree inflammation inside
the cap. High resolution of OCT allows in vivo identification
of a thin fibrous cap less than 65 pm.

2. Imaging of macrophages. Macrophages are inherent
in atherosclerotic plagues and play an important role in
their origin, evolution, and rupture. OCT is able to detect
macrophages and assess their number. Immunoperoxidase
staining CD 68 is a standard of determining the number of
macrophages in such studies [24].

3. Imaging of coronarothrombosis features. T. Kume et
al. were the first to assess coronary arterial plaque by OCT
[25]. Red thrombi are identified as protrusions in arterial
cavity with high-intensity signal, whose shadow completely
shields the signal. White thrombi are imaged as formations
with intense signal that are projected onto the vessel wall
and attenuate the signal in this area but to a lesser degree
than the red thrombi.

4. Stents follow-up [11, 28, 29]. IV US cannot accurately
image neointima tissue, if it consists of several cell layers
only. OCT provides more accurate information about
hyperplasia rate of neointima on stent struts [15, 29-31].
OCT is a potentially promising technique when working with
stents, as well as in early diagnosis of complications related
to this procedure, and long-term follow-up of patients.

5. Separate assessment of plaque elements. OCT
enables differentiating between smooth muscle cells and
collagen fibers. Collagen polarization properties allow using
polarization-sensitive OCT [32].

Let us consider in detail the mentioned
capabilities.

Diagnosis of unstable (“vulnerable”) plaque. Today
OCT is the best tool for detecting an unstable plaque.
This assertion is based on the results of a number of
studies. The work of T. Kubo et al. [33] comparing the
capabilities of IV OCT, IV US and angioscopy in patients
with acute myocardial infarction showed that OCT is a
leader in detecting plaque rupture (73% versus 40 and
43%, respectively; p=0.021), erosion (23% versus 0 and
3%; p=0.003), and thrombus (100% versus 33 and 100%;
p<0.001); « criterion was 0.61-0.83. High resolution of
OCT permits in vivo identification of thin fibrous cap (<65
pm) (Fig. 3).

T. Kume et al. [34] studied OCT reliability in determining
fibrous cap thickness. The assessment of 35 plagues ex
vivo in 38 cases showed high correlation of fibrous cap
thickness in histology and OCT-images (r=0.9; p<0.001).
T. Sawada et al. [35] compared the capabilities of OCT and
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Fig. 3. Unstable atherosclerotic plaque: a, b — coronarography findings: multifocal lesions of coronary
arteries, nonuniform staining was detected proximally to stenosis in circumflex branch (arrow) that was
suspicious for the presence of recanalized thrombus in this zone; ¢, d — IV OCT is performed proximally
to stenosis in circumflex branch (arrow in Fig. a); detected: absence of recanalized thrombosis in the
studied zone; “incidental” finding: erosion of atherosclerotic plaque cap (arrows indicate erosion zones
in Fig. ¢) indicating unstable atherosclerotic plaque

IV US for detecting thin cap fibroatheroma. OCT potential
turned out to be clearly higher: 77.8% versus 45.9%.
T. Kubo et al. [36] assessed the relationship between
plaque color at angioscopy and fibrous cap thickness in
OCT-image. Negative correlation between yellow color
intensity and fibrous cap thickness was found (p<0.0001).
M. Kashiwagi et al. [37] compared the capabilities of OCT
and computer tomography in assessment of the thickness
of fibroatheroma cap at acute coronary syndrome and
showed the superiority of OCT. LK. Jang et al. [17]
analyzed OCT-images of 57 patients, including patients
with stable angina pectoris, unstable angina pectoris, and
acute myocardial infarction. In the case of acute myocardial
infarction, compared to the other groups, plague coverage
was thinner and contained more lipids (72% versus 50
and 20%, respectively; p=0.012). K. Fujii et al. [38] carried
out prospective analysis of the three principal coronary
arteries aiming at assessing the rate and predictive value
of detecting plaques with a thin cap in patients with acute
myocardial infarction and stable angina pectoris. Thin-
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walled plaques were more frequent in patients with acute
myocardial infarction than in those with stable angina
pectoris (69 versus 10%; p<0.001). Multivariate analysis
of the whole group showed that predictive value of this
feature (in terms of Odds Ratio — OR) is sufficient for acute
myocardial infarction only (OR=4.12; 95% CI=2.35-9.87;
p=0.02).

It is possible to measure fibrous cap thickness using
OCT, but accuracy is not guaranteed. The interface
between fibrous cap and lipid core, that is so well-defined
histologically, is not always determined accurately by OCT
if lipid accumulation is small. OCT-images are reliable for
identification of fibroatheroma thin cap in large-size plaques
only [33, 35].

Coronary calcinosis diagnosis. Calcinosis of coronary
arteries is an important atherosclerosis marker [39—41].
Noninvasive calcium measurement is generally performed
by means of computer tomography [42, 43] or IV US. OCT
visualizes calcium as an area with a low signal and well-
defined boundaries. Calcium deposits can be detected by
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OCT with high sensitivity (96%) and specificity (97%) [23].
The principal advantage of OCT over the other calcium
imaging techniques is the capability of obtaining a three-
dimensional image of calcium area that cannot be made
by IV US due to low penetration of ultrasound into calcium
formations [40]. Computer tomography can assess calcium
volume indirectly [44], but low resolution of the technique
(about 1 mm) does not give an accurate picture of plaque
structure. OCT provides the highest resolution with better
penetration into calcium deposits as compared to other
methods. The presence and degree of surface calcification
may have a significant impact on percutaneous coronary
intervention success, as it may cause vascular dilatation
and thrombosis under the stent [45]. Therefore, OCT can
be employed for collecting data on the amount of calcium
and its location relative to the vascular lumen, which is a
useful complementary tool to rotational atherectomy and
ballooning [46].

Another important application is automatic OCT
assessment of calcium volume, as well as determination
of the depth and degree of coronary vessel calcification
in percutaneous coronary intervention. Automatic calcium
detection is of great importance for comprehensive
analysis, and can indicate optimal areas for stent implanting
[47, 48].

Detection of macrophages (foam cells). Foam
cells — cholesterol-filled macrophages — are detected
both at an early stage of atherosclerosis, and later, in lipid-
rich plaques [49]. High density of macrophages correlates
with high risk of plaque rupture and is associated with acute
coronary events [50]. Researches carried out in 2000s
showed that OCT is able to identify macrophages [24, 51,
52]. Foam cells have a refraction index different from that
of extracellular environment. OCT images macrophages
as spots with a high intensity signal. G.J. Tearney et
al. [24] hypothesized that macrophages contribute to
high inhomogeneity of a signal and to determine the
amount of macrophages they used normalized standard
deviation of the intensity of a randomly chosen signal
within the window in a fibrous cap. In further clinical
research they determined the relationship between
macrophage distribution and clinical manifestations of
coronary disease [52]. IV OCT was used to study plaques
that were or were not the cause of coronary disease in
patients with stable angina pectoris, unstable angina
pectoris, and acute myocardial infarction. The density of
macrophages was estimated quantitatively and correlated
with clinical manifestations. High density of macrophages
was revealed in patients with unstable angina pectoris
both in fibrous and lipid-rich plaques (p=0.025 and
p=0.002, respectively). Macrophage density in plaques
that were or were not related to clinical manifestations
of coronary disease correlated statistically significantly
(r=0.66; y=0.88; x=0.43; p=0.01) in each patient. In the
area of plaque rupture, the macrophages density was
statistically significantly higher than in the area without
rupture (6.95+1.60%; 5.29+1.17%; p=0.002). The areas of
surface macrophage infiltration predicted unstable clinical
manifestations better than those with deep infiltration. The
results showed that macrophage density is closely related
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to the severity of clinical symptoms. Reliable means of
macrophage foci detection before coronary events can
help to predict rupture and provide effective prevention.

B.D. MacNeill et al. [52] selected a segment of fibrous
cap to be treated automatically using a bimodal histogram.
There is an opinion [53] that this technique does not reflect
true density of macrophages within cap, as there may be
various reasons for increased signal (in particular, any
tissue and cell boundaries). The authors of [53] believe that
only OCT modalities with ultra high resolution (1-5 pm) can
provide reliable imaging of macrophages.

Coronarothrombosis diagnosis. It has been shown
in a number of works that OCT can detect intracoronal
thrombi that are imaged as masses protruding in vascular
lumen. Red thrombi consist mainly of red blood cells
and are characterized by appreciable signal attenuation,
whereas white thrombi are generally composed of white
blood cells and platelets and are characterized by low
signal attenuation.

The characteristics of coronarothrombosis in OCT-
images were studied by T. Kume et al. [25] in 108 segments
of coronary arteries ex vivo in from 40 cases. Red thrombi
were identified as protrusions into arterial cavity with high-
intensity signal, whose shadow completely shields the
signal. White thrombi are visualized as masses with intense
signal projected onto a vascular wall and attenuate the signal
to this area, but to a lesser degree than the red thrombi. No
difference in the intensity of OCT-signal from red and white
thrombi was revealed (130+18 versus 145+34 U, p=0.12).
Nevertheless, 1/2 of the width of signal attenuation of red
and white thrombi was significantly different (324+50 versus
183+42 pm; p<0.0001). The threshold value of 250 ym of
1/2 width of signal attenuation can be a differential sign of
white thrombus with 90% sensitivity and 88% specificity
[25, 47, 54].

Other authors in their studies of acute coronary syndrome
have also demonstrated OCT potential in thrombus
detection [33]. However, it is difficult, especially in stenting,
to distinguish thrombi from other tissues abnormally
appearing in vascular lumen. Residual amount of blood
in coronary artery as a result of inadequate substitution
by clear solution, fibrin or intimal flaps can mimic thrombi.
E.A. Mehanna et al. [55] suggested using a more general
term “abnormal tissues inside lumen” (ATIL) for description
of these structures until more objective evidence is obtained.
ATIL is an intraluminal material connected with a vascular
wall and protruding into lumen, thereby forming an irregular
surface and “shadowing” with significant signal attenuation
(Fig. 4). ATILs were divided into 4 groups according to
stent strut coverage, presence of neointima, and restenosis
location within a stent. This approach helps interpreting
difficult clinical cases.

Study of coronary stents. OCT is a robust tool to study
stents. There is every reason to believe that in the near
future OCT will become a technique for in vivo assessment
of stent condition and its synergy with vessels. According
to L.J. Diaz-Sandoval et al. [11], E. Regar et al. [28] and
Y. Suzuki et al. [29], OCT can be helpful in percutaneous
coronary interventions in the process of stent implantation.
E. Regar et al. [28] demonstrated successful use of
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Fig. 4. Recanalized thrombus in segment 2 of anterior interventricular branch of left coronary artery: a — angiography findings: the
arrow indicates transilluminated zone; b — IV US findings: concentric plaque is visualized in arterial region with angiographically
detected transilluminated zone; ¢ — IV OCT findings: honey-comb structure — recanalized thrombus is visualized in arterial region with
angiographically detected transilluminated zone; d, e, f — condition after stent implantation in the zone of recanalized thrombus (full

adhesion of stent struts to vascular wall is verified by IV OCT, Fig. f)

OCT for choosing in real time an optimal place for stent
implantation. Y. Suzuki et al. [29] showed that OCT may
be used to optimize angles between struts after opening of
drug-eluting stents that are known to to be able to restrict
neointima growth significantly.

IV US cannot visualize neointima accurately if it
consists of several cell layers. OCT provides more
reliable information about neointima coverage of struts
of a drug-eluting stent and permits determining layer
width [15, 31]. In addition, sirolimus-eluting stents tend to
develop late thrombosis that frequently results in various
complications, including acute myocardial infarction.
OCT can inform of the process of neointima formation on
sirolimus-eluting stents [31, 56]. This information can be
helpful for timely use of anti-platelet or anti-coagulation
therapy in such patients and for long-term monitoring of
patients.

IV OCT provides in vivo detailed analysis of stent strut
condition [57]. The basic parameters of stent implantation,
such as vascular diameter and strut malposition are better
evaluated by OCT than IV US [58] (Fig. 5). OCT enables
detailed visualization of tissue stent coverage and its further
analysis [59].

In several recently published researches, OCT was used
to assess drug-eluting stents [60-62]. The technique of

The potential and limitations of intravascular optical coherence tomography

OCT-imaging and analysis to assess stents was proposed
by G. Guagliumi et al. [63, 64]. It is important to receive
information on stent full length. A simple way to estimate total
length of a stent is to observe high echo signal generated
by bare-metal stent struts, even through whole (undiluted)
blood. This property can be used in clinical conditions to
position catheter distally to the region of interest to cover
stent’s full length. The catheter may be removed until stent
struts disappear in the image, which indicates that the distal
stent edge has been passed.

High resolution of OCT has apparent advantage over
IV US in case of long-term stent follow-up, especially in
quantitative assessment of neointima hyperplasia [59, 65].

The majority of stents (bare-metal or drug-eluting
stents) are made of metals and their alloys. Light scatters
completely (mirror reflection) on stent struts surface
forming a hypersignal usually called “florescence”. As
light cannot pass through metal, a shadow is formed
behind the “florescence”. Although this phenomenon also
occurs in IV US, it is more pronounced in OCT because
of its better resolution. An operator should be aware of
the phenomenon to avoid misinterpretation of images.
Both features (“florescence” and shadow) are helpful in
identifying separate struts, which is necessary for qualitative
and quantitative analysis of OCT-images (Fig. 6).
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Fig. 5. Poorly outspread: a, b, ¢ — IV OCT findings with different degree of image magnification: incomplete adhesion at the junction
of struts of the stents implanted both to each other, and to a vascular wall, indicating incomplete stent apposition in this vascular area

(incomplete stent apposition is at 11 o'clock, and at 1-2 o"clock)

RCA - uncovered
some struts stent ©

Bioresorbable polymer stents (in contrast to bare-
metal stents) transmit light, facilitating formation of
three-dimensional OCT-images. Struts of such stents
are visualized as “boxes” with well-defined boundaries.
This allows reliable imaging of everolimus-eluting
bioresorbable stents apposition, as well as observe their
gradual degradation until total polymer disappearance and
neointima formation [66].

OCT records various failures in stent implantation:
incomplete stent apposition with strut malposition; dissection
of vascular wall proximally or distally to the implanted
stent; dissection in the stented segment; tissue protrusion
between stent struts (Fig. 7).

Neointimal thickness in long-term follow-up period
after stent implantation can be assessed by OCT to high
accuracy comparable with histology findings [67]. At
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Fig. 6. Incomplete endothelization of bare-metal stent
Medtronic S 670 struts 1 year after implantation: a,
b — coronarography findings before stenting and
1 earafter; ¢, d — IV OCT: incomplete endothelization
of struts of implanted bare-metal stent 1 year after
implantation is revealed (stent struts not covered
by endothelium are localized at 9-12 o'clock — red
arrows)

moderate hyperplasia neointima is clearly seen only in
OCT-images. Usually it occurs when bioresorbable stents
with potent agents are used [60, 65]. In pilot studies [68]
on 250 stented segments with neointima undetectable by
IV US, it was identified by OCT in 97% of cases. These
findings confirm the necessity of using high resolution
techniques for adequate study of bioresorbable stents. The
highest risk of adverse consequences due to failure of stent
strut opening is caused stent thrombosis development [69]
(Fig. 8). Large areas of incomplete stent apposition are also
known to correlate with the risk of stent thrombosis [70].
Hence, assessment of the efficiency of stent opening after
implantation is of primary importance. In contrast to IV US
that demonstrates only cross section, high-resolution OCT
provides detailed in vivo information about every element of
stent struts [71-74].

N.D. Gladkova, E.V. Gubarkova, E.G. Sharabrin, V.I. Stelmashok, A.E. Beimanov



REVIEWS

13:56:46 0088

Fig. 7. Dissection after stent implantation: a — coronarography findings before stenting, the presence of critical stenosis in segment 2
of anterior interventricular branch of left coronary artery is revealed; b — coronarography findings after stenting, the presence of intimal
dissection distally to implanted stent zone is revealed (white arrow indicates dissection zone); ¢ — IV US findings (intimal dissection
zone at 10-12 o'clock); d — IV OCT, dissection onset (linear dissection zone in intimal depth at 3 o'clock, with no clearly visualized
communication with vascular lumen); e — IV OCT, intimal rupture at 3 o clock with clearly visualized communication of vascular lumen
with formed subintimal space; f — IV OCT, maximally evident zone of intimal rupture at 3 o' clock with clearly visualized communication of
vascular lumen with formed subintimal spac

Trombosis after stenting

Fig. 8. Acute thrombosis 40 min after percutaneous
coronary intervention (the cause of acute
thrombosis — incomplete  stent  apposition):
a — coronarography findings 40 min after
stenting; visualized are areas of inhomogenous
transillumination in anterior interventricular branch
of left coronary artery (black arrow); b — IV OCT
findings, presence of parietal non-occlusive
thrombus at 7 o'clock and areas of incomplete
adhesion of stent struts to vascular wall at 5-8
o'clock; ¢ — 1V OCT findings, poor adhesion of stent
struts to vascular wall at 5-12 o’clock indicating
incomplete spread of the stent in this vascular
region; d — IV OCT, adequate adhesion of stent
struts to vascular wall in the zones demonstrated
in Fig. b, c, after repeated postdilatation by high-
pressure coronary balloon catheter

The potential and limitations of intravascular optical coherence tomography CIM[2012-4 135
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Advantages and limitations of intravascular OCT

The IV OCT advantages may be assessed by the following
aspects [32]:

Merits of the technique — safety, high spatial resolution,
high speed of imaging.

Merits of the device — low cost, mobility, use of
endoscopic probes, imaging of vascular lumen; compact,
inexpensive OCT catheter directly images tissue structure
without converter.

Unique clinical capabilities — safe multiple repeated
application; high-speed operation and acquisition of
information in real time make OCT helpful for intraoperative
use; ability to visualize calcifications in plaques, image
hyperplastic neointima, monitor stent behavior and predict
atherosclerotic plaque behavior based on its morphological
features.

Comparative studies of IV OCT and IV US showed that all
plaques identified by IV US were recognized in OCT-images.
It is worthy of notice that neointimal hyperplasia and areas
with low echogenicity were better identified by IV OCT. OCT
is superior in detecting plaque composition. It was found that
some complications in stent implanting undetected by IV US
were successfully identified by OCT. As compared with IV
US, OCT has better resolution (10-15 pm versus 100 pym),
whereas IV US can visualize through blood and penetrate
deeper in tissue (1 cm versus 2-3 mm). OCT is effective in
stenting procedures, since it easily identifies stent position.

With all advantages of IV OCT, it has limitations. One of
OCT limitations is its small penetration depth; visualization is
limited to 2-3 mm, which significantly worsens the quality of
imaging the arteries with necrosis.

Intracoronary OCT imaging is in not widely used in
clinical practice as infrared radiation does not penetrate
through blood. Therefore, unlike IV US, IV OCT requires
transillumination or washing out of blood from vascular
lumen [23, 25, 75, 76]. This limitation is eliminated by
creating special accessories used both in noncommercial
time-domain OCT modality developed by LK. Jang et al.
[13], and in automated systems approved by FDA and now
manufactured by LightLab Imaging, Inc. (USA) and St. Jude
Medical (USA).

The main limitations of IV OCT are considered to be
failure to remodel the entire arterial wall thickness due to
strong signal attenuation on red blood cells, and a possibility
of myocardial ischemia development due to the necessity of
continuous vascular occlusion by balloon catheter aimed at
improving vascular wall imaging. The use of new technologies
(including frequency-domain OCT) permits overcoming
some of these technical difficulties and contributes to more
extensive use of the method as a reliable diagnostic and
therapeutic tool in cardiology [77].

Possible ways of improving intravascular OCT

The technique can be improved in several directions.

Improvement of tissue characteristics by using advanced
OCT modalities. Fibrous cap and lipid core contrast may be
enhanced using polarization-sensitive OCT that measures
tissue birefringence [78, 79]. Well organized collagen
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fibers and smooth-muscle cells are known to be more
birefringent than disorganized plaque constituents, such
as lipid tissue. However, birefringence can be accurately
measured only at a relatively deep depth (e.g., 200 pm)
that is much deeper than the thickness of a thin fibrous
cap (65 pm) in vulnerable plaques.

Doppler OCT can become a handy tool to assess tissue
perfusion [80-82].

Qualitative assessment of OCT images is useful for
objective diagnosis and making clinical decisions for
treatment. An OCT-signal is known to be determined by
scattering and attenuation coefficients in tissue. These
coefficients were first measured on arteries ex vivo [83,
84]. However, plaques are generally multilayered, which
complicates accurate correlation of histological data
and OCT information. C. Xu et al. suggested measuring
cross-section of a dissected artery, in which every
plagque component can be measured and easily identified
histologically [85]. OCT-images on the plaque showed
that a lipid area in the upper layer demonstrates an
intense signal, and signal attenuation is observed only in
deeper layers. Backscattering and attenuation coefficients
were determined for all types of plaques: for calcified
tissue (4;=4.9+1.5 mm~'; y,=5.7+1.4 mm-"'), fibrous tissue
(41=8.4+6.4 mm'; p,=6.4+1.2 mm'), and lipid tissue
(414=28.1£5.9 mm-; p,=13.7¢4.5 mm"). Attenuation
coefficient was also measured for a rotational OCT-image:
normal vascular wall and intimal thickening — 2-5 mm-;
necrotic nucleus >10 mm-; macrophage infiltration
>12 mm~' [86]. Quantitative analysis enabled a new
approach to interpreting OCT-images.

Development of frequency-domain (spectral) OCT.
With the advent of frequency-domain equipment, OCT
has progressed from point high-resolution images to
comprehensive microscopic imaging over three-
dimensional volumes that are comparable to the
dimensions of internal organs lumen. This demanded
development of new lasers, improved spectrometers,
minimum invasive catheters and endoscopes, as well as
elaboration of a new strategy of optical signal processing.
Recent investigations of frequency-domain OCT in
cardiovascular, ophthalmic, and gastrointestinal clinical
areas have opened up new opportunities for diagnostic
screening of large areas of tissues, inaccessible before.
New appropriate catheters have been developed that
provide minimally invasive access to the main coronary
arteries. As was mentioned above, the major problem of
IV OCT is that blood is almost nontransparent to probe
radiation and should be substituted by a clear saline
solution for a short period of the study. Such a substitution
can take place without ischemia risk within a few seconds
only. Clinical studies of OCT demonstrated fine quality
images, although the earlier-generation technologies
allowed acquiring several frames per second, which
made it possible to visualize discretely only a small part
of coronary arteries. The recent advance — frequency-
domain OCT development — has overcome this limitation,
increased imaging rate up to over 100 frames per second.
This increase enables visualizing long segments of
coronary artery after a short (units of seconds) iodixanol
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injection into a guiding catheter, and therefore, 3D imaging
of the whole coronarothrombosis section [7, 87]. The
capability to visualize a large part of artery is of critical
importance for performing angioplasty and stenting.

It is quite possible that signal processing will be an
important field of technical development of the next-
generation OCT-systems. Currently, OCT systems can
transmit data at a speed of 1 Gb/s. New algorithms are
demanded for image interpretation for automatic diagnosis
or for separating data to be interpreted by man. Future
work is likely to result in integration of techniques aimed
at enhancement of contrast and molecular specificity of
the frequency-domain OCT. Many methods developed
for the time-domain OCT, including Doppler OCT [88,
89], polarization-sensitive OCT [90-92], and biochemical
approaches [93-95] can be transferred directly to the
new frequency-domain platform. It is worthy of notice that
many OCT techniques have already been realized in the
frequency-domain: Doppler [96-99] and polarization-
sensitive [97, 100, 101] OCT. Currently, over ten companies
are ready to come into the market with OCT-systems of the
new generation.

Conclusion. Intravascular optical coherence
tomography has a huge potential for understanding and
management of atherosclerotic heart disease. Up to date
there is no technique, except OCT, that would be as useful
in “vulnerable” plaque identification, assessing of calcium
amount, and monitoring of stenting. The OCT technique is
constantly developing and has good prospects for further
expansion.

The study was carried out under the terms of the Federal
Target Program of the Ministry of Education and Science of
the Russian Federation “Scientific and academic and teaching
staff of innovative Russia” 2009-2013, Agreement No.8145;
Russian Foundation for Basic Research grant No.10-02-01175
and the grant of the Government of the Russian Federation
(Contract No.1.G34.31.0017).
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