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Nowadays, optical coherent tomography (OCT) as the most precise morphologic technique is used in the
increasing number of cases, both in routine clinical situations and research projects. Huang and co-workers
reported the first clinical use of the 2-dimensional OCT in 1991, suggesting the principle of its use both in
ophthalmology and interventional cardiology. The method has developed rapidly since that time. Interven-
tional cardiologists benefit from its detailed intravascular imaging ability, providing real-time information
of the intracoronary pathology. Researchers acknowledge the resolution, allowing detailed analysis of
vessel structure. Its axial resolution level is approximately 10-15 um, which is far from any other method
used in interventional cardiology. The review will address the principle of the method and the main fields
of the relatively short history of the OCT use as a routine clinical imaging method. We will summarize
the main OCT milestones in the research field and its possible future as well. The review will describe OCT
as the method under rapid development that should be considered as a new “gold” or even “platinum”
standard for the coronary vessels imaging.
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Opticka koherentni tomografie

Opticka koherentni tomografie (OCT) je v soucasnosti nejpresnéjsi zobrazovaci metodou, pouzivanou stale
ve vétsi mife jak v bézné klinické praxi, tak i v rdmci vyzkumné cinnosti. Huang et al. v roce 1991 popsali
prvni uziti dvourozmérné OCT a navrhli pouziti této metody v oftalmologii a kardiologii. Od té doby se tato
zobrazovaci technika Siroce rozvinula. Intervencni kardiologové ocenuji podrobné zobrazeni cévni struktu-
ry, umoznujici okamzité hodnoceni probihajici intervence v katetriza¢ni laboratofi. Vyzkumnici tézi z mimo-
faddné vysokého rozliseni cévni stény, které v axidlnim sméru dosahuje 10-15 um. Takovou miru detaill
nemuze poskytnout 2adna jina zobrazovaci metoda. Clének popisuje princip techniky a relativné kratkou
historii jejiho pouziti v rutinni praxi. Shrnujeme nejdulezitéjsi data, jichz bylo s OCT dosazeno na poli védec-
kého vyzkumu. Na OCT nahlizime jako na metodu prochazejici rychlym vyvojem, kterd mé potenciél stat se
novym zlatym, ¢i dokonce ,platinovym” standardem v intravaskularnim zobrazovani.
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Introduction

Optical coherence tomography (OCT) is the intravascular
imaging method, that allows physicians to investigate
structure of a vessel in a near to cellular level in vivo.
From the time of the first implantation of coronary stent
in human in 1986 [1], cardiologists were trying to find
ways how to investigate coronary vessels in vivo from
inside. The first method used for this purpose was angio-
scopy [2], method that allows only surface assessment of
the vessel. First truly useful imaging modality for the ves-
sel and stent analysis was intravascular ultrasound (IVUS),
developed in 70’s [3]. For many years, IVUS was a gold
standard for both the vessel wall and stent imaging.
However, resolution of IVUS is about ten times lower
than the one of OCT and the limitations in the assess-
ment of stents (especially uselessness of IVUS as a tool for
the analysis of the stent tissue coverage) are not negli-
gible. The first clinical application of the 2-dimensional
OCT was reported by Huang and co-workers in 1991 [4],
suggesting the principle of its use both in ophthalmology
and interventional cardiology. The method has develo-
ped rapidly since that time. Nowadays, OCT is used in the
increasing number of cases, both in routine clinical situa-
tions and research projects. Interventional cardiologists
benefit from its detailed intravascular imaging ability,
providing real-time information of the intracoronary
pathology. Researchers acknowledge the resolution, allo-
wing detailed analysis of vessel structure. Its axial reso-
lution level is approximately 10-15 um, which is far from
any other method used in interventional cardiology. The
review will address the main fields of the relatively short
history of the OCT use as a routine imaging method (the
first clinical use of OCT in US was performed in May 2010
following the FDA approval) and its future. We will sum-
marize the main OCT milestones in the research field as
well. The review will describe OCT as the method under
rapid development that should be considered as a new
gold standard for the coronary vessels imaging.

Principles of coronary OCT

OCT imaging is a light-based intravascular imaging tech-
nique. The principle of the image creation is based on the

backscattering of light from the vessel wall structures
and the time that light needs to travel from the source to
the tissue structure and back. Due to an extreme speed of
light, interferometry techniques are needed to measure
the backscattered signal. Current OCT systems use a cen-
tral wavelength of approximately 1300 nm, which is very
close to the infrared light. The main advantage of the
OCT method is getting a very detailed picture of the ves-
sel. The axial resolution is 10-15 um. This high resolution
is a result of wave velocity and the bandwidth, both
orders of magnitude higher that in the ultrasound medi-
cal devices. The lateral resolution 20-40 um is determined
by the imaging optics in the catheter. The tissue penetra-
tion of this wavelength is limited to 1 to 3 mm. Compa-
red to IVUS (tissue penetration of 4-8 mm), the vessel wall
penetration of light might be one of the main limitations
of the OCT method. However, according to Kume et al. [5],
intima-media thickness can be measured more accurately
by OCT than IVUS (depending on the vessel diameter).
First commercially available OCT system (M2/M3 TD-OCT
Imaging system, LightLab/St. Jude Medical, St. Paul,
Minnesota) was based on the older technology, called
time-domain OCT (TD-OCT). The system is based on a bro-
adband light source emitting light through the fiberoptic

Fig. 1 - Scheme of the FD-OCT system (adapted from JACC Cardio-
vasc Interv 2009;2:1035-46).

Table 1 - Comparison of physical characteristics of the TD-OCT, FD-OCT and IVUS systems.

TD-OCT (M2/M3)? FD-OCT (C7xg)° IVUS¢©

Wavelength 1.3 um 1.3 um 35-80 um
Axial resolution 12-15 um 12-15 um 100-200 um
Lateral resolution 90 um 20-40 um 200-300 um
Pullback speed 3 mm/s 20 mm/s 1 mm/s
Frame acquisition rate 20 frames/s 100 frames/s 30 frames/s
Max. scan diameter 6.8 mm 9.7 mm 15 mm
Tissue penetration 1.5-2 mm 2.5 mm 10 mm

2bBased on specifications of the M2/M3 and C7,z OCT system.

¢Based on specifications of Volcano, Boston Scientific and Terumo IVUS systems.

(Modified from Int J Cardiol 2012, doi: 10.1016/j.ijcard.2012.02.013)
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Fig. 2 - St.Jude/Lightlab C7y; FD-OCT system.

coupler, dividing the signal to two “arms” — one to the
tissue, the second to the reference arm consisting of
moving mirror calibrated to produce known echo delays.
The main pitfall of this system is a slow speed of the fra-
mes acquisition (max. acquisition speed 3 mm/s, mainly
due to a limitation of the movement speed of the
mirror), which results in need of a complete vessel occlu-
sion with an over-the-wire low-pressure occlusion balloon
(Helios, Goodman, Nagoya, Japan). Distal flush ports of
the balloon are used to infuse saline or Ringer’s lactate to
displace blood during the imaging process. Due to safety
issues, the manufacturer limited the time of the occlusi-
on to maximum of 30 seconds. Safety was the reason why
FDA never approved TD-OCT system for a clinical use in
US, contrary to European Union (EU) countries, where
TD-OCT was introduced to the market in 2007.

Newer system, termed frequency or Fourier-domain OCT
(FD-OCT) uses fixed mirror instead, because light is emitted

Fig. 3 - C7 Dragonfly imaging catheter with the tip in detail -
note very short segment (arrows) used for the wire guiding the
catheter. The imaging area lies proximally from this part, there-
fore the wire is found outside of the catheter in the OCT cross-sec-
tion image.

by a variable frequency source, called “swept-laser” (Fig. 1).
This difference allows the system to be significantly faster
(max. acquisition speed 20 mm/s) [6] (Table 1). Thus no
blood flow occlusion is needed with this system, only a con-
tinuous flush of the contrast fluid is enough to clear the
vessel to gain an uncompromised image.

FD-OCT system C7y4 (St. Jude Medical, St. Paul, Minne-
sota; Fig. 2) was the first FD-OCT system available for the
clinical use on the US market. FDA clearance of the met-
hod followed in 2010 its former approval in EU, Asia and
South America. The system uses 2.7-F imaging catheter C7
Dragonfly (St. Jude Medical, St. Paul, Minnesota; Fig. 3),
compatible with 0.014" guidewire and 6-F guiding cathe-
ters. Detailed description of the imaging procedure is out
of the scope of this article and is available elsewhere [7].

The feasibility of the procedure was increased with the
introduction of the FD-OCT technology, providing physi-
cians with completely new level of information about
vessels and stents in vivo. Despite the undisputed advan-

04/02/2012 22:43:14
0251 (51 mm)

Fig. 4 - Example of the incomplete displacement of blood (aste-
risks) from the vessel lumen, significantly compromising the image
quality.
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tages of the OCT as an imaging method, operator using
this technique has to be aware of its specific limitations.
First of all, there is a certain vessel size range that is
suitable for OCT examination. Ideally, the artery diame-
ter should be 2.0-3.75 mm, since the upper limit is based
on the maximum scanning diameter of the system. One
of the most common causes of distortion of the image is
an extreme vessel tortuosity, causing the catheter to be
placed significantly eccentric in the lumen [8]. Incomple-
te blood displacement from the vessel segment leads to
the severe attenuation of the image, compromising the
analysis as well (Fig. 4). Several types of the artifacts were
described [7], although introducing of the FD-OCT system
significantly decreased their occurrence. Especially arti-
facts based on the slow image acquisition of the TD-OCT
technique (e.g. “sew-up” artifacts generated due to
a movement of the vessel during the one frame data
acquisition) are suppressed with the new system.

One run of the image acquisition (one "“pullback”) is in
the C74z system fixed to 54 mm. If longer vessel segment
analysis is needed, multiple overlapping pullbacks are
performed. When more than one pullback is obtained,
analyst faces a potential problem of the overlapping
segments identification. Characteristic identifiable struc-
tures (e.g. side branches) are used for this purpose.

Another common cause of an incorrect image analysis
is the wrong adjustment of the Z-offset. Calibration of
this parameter corrects the difference of the optical path
between both (reference and sample) arms [7]. In C7xx
TD-OCT system the outer diameter of the semitransparent
imaging catheter (0.90 mm) serves as the calibration refe-
rence dimension, “zero-point” setting of the system [9].
The Z-offset of the pullback has to be indispensably
adjusted before any quantitative measurement is started;
otherwise results are significantly compromised.

OCT as a research tool

Analysis of the OCT image for the research purposes is
a significantly different process comparing to the routine
clinical on-line use in a cathlab. Since the beginning of the
OCT availability, the cornerstone of the OCT analysis has
been in the stent coverage assessment. However, number
of suitable clinical situations and study endpoints where
OCT was successfully used is constantly rising.

Since 2007 (when TD-OCT was first approved in EU),
almost 40 clinical OCT studies focused on the stent covera-
ge assessment have been published [10]. Only few of the
trials had randomized design [11-17]. Most of the trials
were single-center, which is expected to change in the
future, as the availability of the OCT technology is rising in
cathlabs. There are several multicenter randomized OCT
studies recruiting patients now, e.g. OCTAVIA trial [18].

The offline analysis of the OCT pullbacks is a strenuous
work, if performed in a detailed “strut level” way. As the
strut level analysis makes demands on personnel and
time, it is usually performed in one of the OCT corelabs
with skilled and experienced team of analysts. Generally,
for one stent pullback, the number of struts that have to
be analyzed is usually more than one thousand, depen-

Fig. 5 — Red thrombus (asterisks), characterized by the high back-
scattering of the border and severe signal attenuation.

01/29/2012 22:27:05
0117 (24 mm)

Fig. 6 — Lipid-rich plaque in the severely diseased vessel (white
arrows), defined as a signal-attenuated structure with a high
backscattering diffuse border, usually with a smooth surface.

02/01/2012 13:46:09
0174 (35 mm)

Zoom: 1.7x

Fig. 7 - Large calcified plaque (asterisks), defined as a hyposignal
region delineated by a sharp boundary.
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ding on the thickness of the cross-section for the assess-
ment. The offline analysis has two parts — quantitative
and qualitative. Whereas the qualitative part is based on
the characteristics of the structures displayed, the quan-
titative part is mostly the result of manual tracing of the
vessel lumen and stent struts position. For now, no reli-
able software for the automatic segmentation of the
OCT frames commercially exists.

Based on the light backscattering, light attenuation
and structure displayed in the OCT pullback, type of the
tissue is determined by the qualitative analysis. The re-
cognition of the structure is crucial also for the on-line
analysis in the cathlab, as the cardiologist can use the
information for the optimal intervention technique choi-
ce. There are characteristic patterns for the thrombus
recognition, described as the irregular structures inside
the lumen with the high backscattering and severe
attenuation of signal (red thrombus, Fig. 5) or as the
low-backscattering structures (white thrombus) [19].
Lipid plaque is characterized as a signal-attenuated struc-
ture with a high backscattering diffuse border, usually
with a smooth surface (compared to thrombus, Fig. 6)
[20,21]. Calcified plaque is defined as a hyposignal region
delineated by a sharp boundary (Fig. 7) [22,23]. Normal
physiological vessel image is recognized according to the
typical 3-layer structure of the wall (Fig. 8). Another
structures usually described in the analysis are protruded
tissue or dissections [24,25] (Fig. 9).

04/02/2012 22:43:12
0008 (2 mm)

Fig. 8 - Almost normal vessel with no significant disease - 3 layers
wall structure.

Strut level analysis is based on the lumen and stent
struts position tracing. Surface of stent struts reflects
light fully, creating a bright signal, usually named as
“blooming”. Due to the inability of light to pass through
metal struts, a shadow is seen behind the blooming.
If baseline examination is performed after the stent pla-
cement, struts are described as apposed, malapposed or
embedded (according to its position towards the vessel
wall). If formerly implanted stent is analyzed during the
follow-up period, it can be described as covered, cove-
red-protruding (disturbing lumen contour, but covered),

07/28/2011 19:49:18
0114 (23 mm)

=< 54.0 mm, 20.0 mm/sec

Fig. 9 - Vessel wall dissection in the proximity of the proximal stent
edge (arrow).

uncovered-apposed, and uncovered-malapposed [26].
Due to a different nominal thickness of the struts in
different stents, the type of the stent needs to be known
for the proper assessment of the struts. The apposition of
the strut is preferably measured as the distance from the
inner surface of the strut blooming to the lumen of the
vessel, correcting for half of the thickness of the bloo-
ming (18 um) [8,26]. In clinical trials, analysts in corelab
are usually blinded to the stent type, thus the real strut
position (apposed, malapposed) is revealed after the
statistical analysis.

OCT as a daily tool

During the regular clinical examination in a cathlab,
detailed analysis of the stent struts, as performed offli-
ne, is inconceivable. The on-site assessment of the acqui-
red data is limited by the patient presence on the exa-
mination table and the necessity to proceed without any
needless delay. Therefore, the operator is able to per-
form only a standard qualitative assessment of the pull-
back (diameter of the vessel, location and length of
stenosis, intraluminal pathological structures, vessel wall
pathology etc.).

Most important information obtained from the pull-
back is a vessel wall response to the stent implantation.
OCT data allows to assess the strut apposition or to analy-
ze acute damage after the stent implantation (e.g. tissue
prolapse, intimal rupture, vessel dissections or acute
thrombus formation). OCT with its resolution can even
detect a fracture of the stent in vivo [27]. In the follow-up
period after the stent implantation, OCT is a sovereign
method for the strut tissue coverage assessment, inclu-
ding the in-stent restenosis or stent thrombosis.
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In the setting of the acute coronary syndrome (ACS),
the OCT imaging can provide valuable information about
the vessel wall structural pathology, minimal lumen dia-
meter and area and reference areas proximally and distal-
ly to the segment that is about to be stented. Ino et al.
[28] recently assessed culprit lesion morphology in ACS
patients and revealed significant differences in the inci-
dence of plaque rupture, thin-cap fibroatheroma, and red
thrombus in ST-segment elevation myocardial infarction
(STEMI) patients compared with those with nonST
segment ACS. Interesting finding in this study was the
difference in the ruptured plaque of which aperture was
open-wide against the direction of coronary flow signifi-
cantly more often in STEMI compared with nonST ACS.

After the stent placement, the OCT image of the strut
positions can make the operator to proceed with an-
other intervention (e.g. postdilatation of the lesion, if the
stent seems to be malapposed). Obviously, the physician
can only estimate, if the struts are apposed to the vessel
wall, because he usually cannot perform regular strut
level analysis of the stent due to a limited time (howe-
ver, the nominal stent struts thickness is known in this
situation).

Decision making based on the OCT imaging (in fact,
OCT guided procedure) is one of the unsolved questions
in the cathlab. Only few studies addressed this problem,
using OCT either for the angiographically ambiguous
lesions [29], or as a complementary method with the
fractional flow reserve (FFR) to guide decision making in
complex clinical scenarios [30]. Randomized trials are
needed, attempting to prove if the OCT imaging brings
a real benefit to the patients’ care in term of reduced
morbidity and mortality.

As the experience has been rising with the OCT sys-
tems, as well as the confidence in the method safety and
feasibility, novel applications of the OCT imaging appear.
The successful imaging of the carotid vessels was repor-
ted [31-33]. OCT imaging of the peripheral vessels (both
arteries and veins) was described as well [34,35]. One of
the uncommon applications of OCT in pulmonary arteries
was reported recently [36].

Case report

As an example of the routine clinical use of the OCT, we
present a case report of the 75 years old male, admitted
to our coronary care unit due to a severe chest pain
lasting four hours. The patient had a history of hyperten-
sion, peripheral ischemic disease and ischemic heart
disease. He experienced a coronary stenting in different
hospital due to the exertional angina 8 months ago. First
generation drug eluting stents (DES) were implanted into
two vessels — left circumflex (LCX) and right coronary
artery (RCA) during the percutaneous intervention (PCI).
The patient refers no ischemic symptoms since the time
of previous PCl until the day of admission. He claimed
that she used prescribed medication regularly (clopido-
grel, aspirin, statin, angiotensin Il receptor blockers).
ECG revealed a pattern of the inferolateral STEMI and
the patient was immediately transferred to the cathlab.

mm << 54,0 inm, 20.0 mm/sec

Fig. 10 - Pullback cross-sections after the thromboaspiration in the
STEMI patient (see the case report description in the text).

A - medial part of the stent, thrombi (asterisk), and malapposed
stent struts in the thrombus material. B - proximal part of the stent,
thrombus material filling the most of the lumen cross-section.
C - close to the proximal edge of the stent, malapposed stent struts
(arrows) covered with material (most likely thrombus).

40

<< 54.0 mm, 20.0 mm/sec E

Fig. 11 - Pullback cross-sections (corresponding with the cross-sec-
tions in the Fig. 9) after the balloon postdilatation in the STEMI
patient (see the case report description in the text).

A, B, C - small amount of residual thrombi. C — note the change in
the stent apposition after the balloon postdilatation (compared to
the baseline image 10 C, arrows), still covered with residual material.

Occluded LCX was found as a culprit lesion, treated with
thromboaspiration with the extraction of several red
thrombi, followed by an immediate TIMI 3 flow restitu-
tion. OCT revealed residual thrombotic material in the
vessel, concentrated in the segment with the malapposed
struts of the DES implanted 8 months ago (Fig. 10). The
lesion was treated with platelet glycoprotein receptors
lib/llla inhibitor and balloon postdilatation, subsequent
OCT record showed a small amount of residual thrombi
and acceptable stent apposition (Fig. 11). The physician
responsible for the intervention decided not to implant
an additional stent due to a satisfactory result of the bal-
loon angioplasty verified by OCT.

The patient was discharged from the hospital on day 5
with no complications. Antiplatelet treatment was swit-
ched from clopidogrel to prasugrel. This report shows
very clearly how important additional information can
bring OCT image in the decision-making process.
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Future of OCT in the interventional
cardiology

As we demonstrated in the previous part of the text, OCT
imaging technique is constantly developing and opening
new horizons in the coronary interventions. Two other
commercial systems are planned to reach the market
[37,38]. Development of the software for the 3D recon-
struction of the OCT image is probably one of the most
competing tasks in the field, with few first reports pub-
lished on the topic [39,40]. In the near future, introducti-
on of the micro-OCT system is expected [41]. This system
should provide extreme image resolution (up to 1 um).
The resolution brings such a level of detail, that the cel-
lular structure of endothelial tissue should be accessible.
As each of the intravascular imaging techniques (OCT,
IVUS) and FFR has specific indications, advantages, and
disadvantages, manufacturers try to combine these me-
thods into one compact device. Recently, new system to
combine FFR and OCT was approved for the clinical
use (ILUMIEN, St. Jude Medical, St. Paul, Minnesota).
Another research target is a semi-automatic or automatic
analysis of the vessel. In the future, an ideal system
should display 3D reconstruction of the vessel, together
with automatically analyzed structures of the vessel wall,
their diameters and volumetric assessment.

Conclusions

Optical coherence tomography is a high-resolution intra-
vascular imaging technique. Its research application is
irreplaceable, but the method is also an excellent routine
clinical tool. In hands of skilled and experienced interven-
tional cardiologist OCT extends the borders of the dia-
gnostic options. No other method can provide undispu-
table quality images in such a detail. The technique is
safe and easy to use. The constant development of OCT
could overcome its limitations and become a “platinum”
standard of the intracoronary imaging in the future.
Further research is needed to prove the patients’ benefit
from the "OCT-guided” procedures. One of the current
important limitations of the technique is relatively high
price of the imaging catheter.
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