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Introduction

Optical coherence tomography (OCT)
is a novel light-based imaging modali-
ty for application in the coronary circu-
lation. Compared to conventional intra-
vascular ultrasound (IVUS), OCT has a
ten-fold higher image resolution. This
advantage has seen OCT successfully ap-
plied in the assessment of atherosclerotic
plaque, stent apposition and tissue cover-
age, heralding a new era in intravascular
coronary imaging.

The origins of OCT date back to 1990,
to a technology known as optical coher-
ence domain reflectometry (OCDR).
OCDR waveform scans, however, were
very hard to interpret. By using an in-
terferometer it was possible to record re-
flections from various depths in a bio-
logical tissue and to create an image that
was much easier for a human to inter-
pret. The first manuscript from the Mas-
sachusetts Institute of Technology, pub-
lished in 1991, describes the basic concept
of an OCT imaging system and discuss-
es its possible applications in both retinal
and arterial imaging [1]. Compared to an
OCT microscope, used in ophthalmol-
ogy and in most experimental settings,
intracoronary OCT represented a chal-
lenge, as blood needs to be cleared tem-
porarily from the field of view during im-
aging. In the past, this necessity and its
potential for causing coronary ischemia
limited the application of OCT to select-
ed patients, lesions and operators. Today,
however, this major drawback is largely
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solved by the introduction of the second
generation Fourier domain OCT tech-
nology. Fourier domain OCT employs an
easy-to-use, short monorail OCT imag-
ing catheter and allows for very fast da-
ta acquisition. As a result, a coronary ar-
tery can be scanned today in a user- and
patient-friendly manner within a couple
of seconds, and thus without introducing
clinically relevant ischemia [2, 3].

In recent years, intracoronary OCT
has been successfully applied as a re-
search tool, where it has become the new
gold standard for the in-vivo assessment
of coronary stents, with the ODESSA [4]
and LEADERS [5] trials pioneering OCT
in multicenter randomized clinical set-
tings.

The unparalleled high image resolu-
tion and strong contrast between the cor-
onary lumen and the vessel wall structure
enable fast and reliable image interpreta-
tion for research purposes. These features
can be advantageous in the clinical setting
as well as in real-world practice. Howev-
er, given the novelty of the method, there
are currently no established indications
for the clinical use of intracoronary OCT.
This article discusses the diagnostic value
of OCT, both in cardiovascular research
as well as in potential clinical application.

Physical principles

The principle of OCT is analogous to
pulse-echo ultrasound imaging; however,
anear infrared light source (approximate-
ly 1300 nm wavelength) is used rather

than sound to create the image. Whereas
ultrasound produces images from back-
scattered sound “echoes,” OCT uses infra-
red light waves that reflect off the internal
microstructure within the biological tis-
sues. Both the bandwidth of the infrared
light used and the wave velocity are or-
ders of magnitude higher than in medical
ultrasound. The resulting resolution de-
pends primarily on the ratio of these pa-
rameters, and is one order of magnitude
larger than that of conventional IVUS: the
axial resolution of OCT is about 15 um.
The lateral resolution is mainly deter-
mined by the imaging optics in the cathe-
ter and is approximately 25 um. This high
resolution, however, is at the expense of a
reduced penetration depth, caused by the
attenuation of light in the tissue and the
need to create a blood-free environment
for imaging. In coronary arteries, blood
(erythrocytes) represents a non-trans-
parent tissue causing multiple scattering
and substantial signal attenuation. Con-
sequently, blood must be cleared from the
field of view during OCT imaging.

As the speed of light is much fast-
er than that of sound, an interferome-
ter is required to measure the backscat-
tered light [6]. The interferometer splits
the light source into two “arms”™: a refer-
ence arm and a sample arm, which is di-
rected into the tissue. The light from both
arms is recombined at a detector, which
registers the so-called interferogram, the
sum of reference and sample arm fields.
Because of the large source bandwidth,
the interferogram is non-zero only if the
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Fig. 1 < Comparison of
intracoronary Fourier
domain OCT (St.Jude/Light-

Wavelength 1.3 um (20 - 45 MHz)
Resolution 12 - 15 um (axial) 35-80 um

20 - 40 pum (lateral) 100 - 200 pm (axial)

200 - 300 pm (lateral)

Frame rate 100 frames/s 30 frames/
Pullback rate 20 mm/s 0.5-1mm/s
Max. scan 9.7 mm 15 mm
diameter
Tissue 1.0-2.5mm 10 mm
penetration

** Based on specifications of the current generations of Volcano, Boston Scientific, and Terumo IVUS systems

sample and reference arms are of equal
length, within a small window equal to
the coherence length of the light source
(7 8].

The interferogram is detected as a
function of wavelength, either by using a
broadband source and spectrally resolved
detection, or alternatively by incorporat-
ing a novel wavelength-swept laser source
[9, 10]. This latter technique is also called
“swept-source OCT,’ or optical frequen-
cy domain imaging (OFDI), and capital-
izes most effectively on the higher sensi-
tivity and signal-to-noise ratio offered by
Fourier domain detection. This develop-
ment (summarized under the name sec-
ond generation OCT or Fourier domain
OCT) has led to fast image acquisition
speeds, with greater penetration depth,
without loss of vital detail or resolution,
and represents a great improvement on
time-domain OCT systems used in the
past. From the signal received in one
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wavelength sweep, the depth profile can
be constructed by the Fourier transform
operation that is performed electronical-
ly in the data processing unit. In a Fouri-
er domain OCT system, the wavelength
range of the sweep determines the res-
olution of the image, while the imaging
depth is inversely related to the instanta-
neous spectral width of the source.
Fourier domain OCT systems pro-
duce images much faster than standard
video rate, so recorded data has to be re-
played for analysis by the operator. Cur-
rently, OCT systems scan 200500 angles
per revolution (frame), in the order of 105
lines per second and 5-10 images/mm in
a pullback. If these parameters are main-
tained with high-speed systems, 20 mm/s
(or higher) pullback speeds are possible at
the same sampling density as convention-
al OCT data. The high scan speeds have
been employed for real-time volumetric
imaging of dynamic phenomena includ-

lab Imaging Inc, Westford,
MA, US) specifications and
conventional intravascu-
lar ultrasound, as typically
used in the catheterization
laboratory

ing fast pullbacks for intracoronary im-
aging with minimal ischemia, and retinal
scans with minimal motion artefacts [11].

Practical application in the
catheterization laboratory

Currently, one Fourier domain OCT sys-
tem is commercially available (St. Jude/
Lightlab Imaging Inc, Westord, MA). The
optical probe is integrated in a 2.7-F short
monorail catheter compatible with 6-F
guiding catheters and a 0.014” guidewire.
The imaging catheter is part of the sam-
ple arm of the interferometer. The optical
signal is transmitted by a single-mode fi-
ber, which is fitted with an integrated lens
micro-prism assembly to focus the beam
and direct it towards the tissue. The focus
is approximately 1 mm outside the cath-
eter. In order to scan the vessel length-
wise, the catheter imaging tip is pulled
back while rotating, inside a transpar-
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Abstract
Optical coherence tomography (OCT) is a
novel light-based imaging modality for ap-
plication in the coronary circulation. Com-
pared to conventional intravascular ultra-
sound, OCT has a ten-fold higher image reso-
lution. This advantage has seen OCT success-
fully applied in the assessment of athero-
sclerotic plaque, stent apposition, and tissue
coverage, heralding a new era in intravascu-
lar coronary imaging. The present article dis-
cusses the diagnostic value of OCT, both in
cardiovascular research as well as in poten-
tial clinical application.

The unparalleled high image resolu-
tion and strong contrast between the coro-
nary lumen and the vessel wall structure en-
able fast and reliable image interpretation.
OCT makes it possible to visualize the pres-
ence of atherosclerotic plaque in order to
characterize the structure and extent of cor-
onary plaque and to quantify lumen dimen-
sions, as well as the extent of lumen narrow-
ing, in unprecedented detail. Based on opti-
cal properties, OCT is able to distinguish dif-

ferent tissue types, such as fibrous, lipid-rich,
necrotic, or calcified tissue. Furthermore,
OCT is able to cover the visualization of a va-
riety of features of atherosclerotic plaques
that have been associated with rapid lesion
progression and clinical events, such as thin
cap fibroatheroma, fibrous cap thickness,
dense macrophage infiltration, and throm-
bus formation. These unique features allow
the use of OCT to assess patients with acute
coronary syndrome and to study the dynam-
ic nature of coronary atherosclerosis in vivo
and over time. This permits new insights into
plaque progression, regression, and rupture,
as well as the study of effects of therapies
aimed at modulating these developments.
Today’s OCT technology allows high de-
tail resolution as well as fast and safe clin-
ical image acquisition. These unique fea-
tures have established OCT as the gold stan-
dard for the assessment of coronary stents.
This technique makes it possible to study
stent expansion, peri-procedural vessel trau-
ma, and the interaction of the stent with the

Zur Wertigkeit der intrakoronaren optischen Koharenztomographie

Zusammenfassung

Die intrakoronare optische Kohédrenztomo-
graphie (OCT) ist ein relativ neues optisches
Verfahren zur Beurteilung der Koronarmor-
phologie. OCT erstellt, ahnlich wie die kon-
ventionelle intrakoronare Ultraschallbildge-
bung, ein Querschnittsbild der GefaBwand,
mit einer 10-fach hoheren Auflésung. Der
Beitrag fasst die Erkenntnisse zum diagnos-
tischen Vermogen der OCT zusammen und
bewertet sie im Hinblick auf eine mogliche
breitere klinische Anwendung.

OCT erlaubt eine klare und detaillierte
Darstellung endoluminaler Strukturen. Athe-
rosklerotische Plaques kdnnen schon im fri-
hen Stadium sicher erkannt und detailliert
erfasst werden. Verschiedene Plaquekom-
ponenten konnen aufgrund ihrer optischen
Eigenschaften verlasslich typisiert wer-
den, in lipidreiches, nekrotisches, verkalktes
und fibréses Gewebe. Dariiber hinaus kon-

nen morphologische Marker, die in Studi-
en mit klinischen Ereignissen assoziiert wur-
den, wie ausgedehnte Fibroatherome, diin-
ne fibrése Kappen, Makrophageninfiltratio-
nen und Thromben diagnostiziert werden.
Mit diesem diagnostischen Profil ermdglicht
OCT Analysen bei akutem Koronarsyndrom
und vor allem longitudinale Untersuchun-
gen zum Verstandnis von Plaqueprogres-
sion, -regression sowie -ruptur und ihrer the-
rapeutischen Modifikation. Wegen der ho-
hen Detailauflésung von OCT etablierte sich
diese Methode rasch zum neuen Goldstan-
dard zur Beurteilung von Koronarstents, so-
wohl im akuten als auch im Langzeitverlauf.
OCT erlaubt die Analyse individueller Stent-
Struts, ihrer Apposition und Neointimabe-
kleidung im Lauf der Zeit. Diese Informa-
tionen sind wertvoll fiir die Entwicklung von
Koronarstents, aber auch zur Therapie von

vessel wall down to the level of individu-

al stent struts, both acutely as well as in the
long term, where it is has proven extreme-
ly sensitive to the detection of even minor
amounts of tissue coverage. These qualities
render OCT indispensable to addressing vex-
ing clinical questions such as the relation-
ship of drug-eluting stent deployment, vas-
cular healing, the true time course of endo-
thelial stent coverage, and late stent throm-
bosis. This may also better guide the opti-
mal duration of dual anti-platelet therapy
that currently remains unclear and relative-
ly empirical.

In the future, OCT might emerge, parallel
to its undisputed position in research, as the
tool of choice in all clinical scenarios where
angiography is limited by its nature as a two-
dimensional luminogram.

Keywords

Morphology - Intravascular coronary
imaging - Coronary circulation -
Atherosclerotic plaque - Coronary stents

Stentrestenose und Thrombose. In Zukunft
konnen diese Einblicke méglicherweise auch
zu einer Optimierung der antithrombozyta-
ren Therapie beitragen.

Die hohe Detailauflésung sowie die
schnelle, patienten- und anwenderfreund-
liche Bildgebung machen die OCT, neben
ihrer langst akzeptierten Rolle in der For-
schung, prinzipiell attraktiv fiir eine breite-
re klinische Anwendung in all den Situati-
onen, in denen die Angiographie aufgrund
ihres zweidimensionalen Luminogramm-
charakters limitiert ist.

Schliisselworter

Morphology - Intravaskulare Bildgebung -
Koronarkreislauf - Atherosklerotische
Plaque - Koronarstents
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Fig. 2 A Intracoronary OCT plaque characterization. a Three-layer appearance with minimal concentric intimal thicken-

ing in subclinical atherosclerosis. The intima is concentric and homogeneously signal-rich (yellow). The signal-poor dark me-
dia is circumferentially visible over the complete vessel circumference. The adventitia is visualized as an outer signal-rich lay-
er. b Eccentric fibroatheroma with predominantly fibrous, homogeneously signal-rich plaque in a 2-9 o'clock position (ar-
rowheads). The signal-poor media is visible as a dark band over the majority of the vessel circumference (dotted line). c Eccen-
tric fibroatheroma with focal calcification appearing as a signal-poor, relatively dark structure with sharply delineated borders
(dotted line). d Eccentric fibroatheroma with predominantly lipid-rich plaque in a 2-8 o'clock position. Typically, a fibrous cap
can be recognized as signal-rich yellow structure towards the lumen with a rapid drop in signal intensity towards the ablumi-
nal plaque side, caused by the high attenuation of lipid-rich tissue (arrows). An asterisk indicates guidewire artefact. OCT: St.

Jude/Lightlab Imaging C7XR

ent sheath, allowing collection of a three-
dimensional dataset of the coronary ar-
tery. Both rotary and pullback motion are
driven proximally by a motor outside the
patient.

For clinical imaging, the OCT im-
aging catheter is advanced distally in-
to the coronary artery via a standard an-
gioplasty guide wire (0.014”.) Automated
OCT pullback (pullback speed is typical-
ly 20 mm/s) is performed during simul-
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taneous flush delivery through the guide
catheter, using a power injector (typical
flush rate 3.0 ml/s) connected to the stan-
dard Y-piece of the guiding catheter. Al-
though a variety of solutions, warmed to
37°C, are used as a flush medium, most
authors prefer iso-osmolar contrast me-
dium, as it has been extensively test-
ed and optimized for cardiac use and is
readily available in the catheterization
laboratory.

OCT and its role in the assessment
of atherosclerotic lesions

OCT makes it possible to visualize the
presence of atherosclerotic plaque, to
characterize the structure and extent of
coronary plaque, and to quantify lumen
dimensions as well as the extent of lu-
men narrowing in unprecedented de-
tail [12, 13, 14]. OCT signal intensity is
mapped to a color space that can be dis-



Fig. 3 A Ruptured thin cap fibroatheroma. a Intracoronary OCT: Clinical example of a ruptured thin-cap fibroatheroma in

a patient undergoing primary PCl. OCT imaging was performed after intracoronary thrombus aspiration. The thin fibrous
cap has ruptured in the shoulder region of the eccentric plaque. Remnants of the necrotic core are in direct contact with the
blood stream (double asterisks). Asterisk indicates guidewire artefact. b Magnification (3.7x) showing the rupture site of the
thin fibrous cap. The thickness of the remnants of the fibrous cap is 52 pm (arrows). OCT: St. Jude/Lightlab Imaging C7XR

played on a monitor. A popular color
map is the “sepia” scale, ranging from
black (low OCT signal) through brown,
yellow and white (high OCT signal); al-
ternatively, grayscale (low is black, high
is white) or inverted grayscale maps are
used.

Normal coronary morphology

The normal coronary artery wall appears
as a three-layer structure on OCT imag-
es. The media is seen as a dark band de-
lineated by the internal elastic lamina
and external elastic lamina. As the mean
media thickness is 200 pm, it can be visu-
alized easily by OCT [15, 16]. In the pres-
ence of vessel remodelling, i.e., an asym-
metric expansion of the vessel wall at the
sites of plaque accumulation, the media
typically becomes thinner. Unfortunate-
ly, because of its limited tissue penetra-
tion (1-1.5 mm), OCT does not appear to
be suited to the study of vessel remodel-
ling, as it often does not allow visualiza-
tion of the media in the presence of ath-
erosclerotic vessel wall thickening.

The normal intima consists of a thin
sub-endothelial collagen layer covered
towards the lumen by a single layer of
endothelial cells. This normal anatom-
ical structure is beyond the resolution

Side branches

Frame: 124

OCT:
Online
3D Reconstruction

Guiding
catheter
Proximal Area 7.22 mm*2
Distal Area 9.18 mm*2
Distance 14.4 mm
Min Area 2.85 mm*2
_Mean Diameter 1.90 mm
e 2 o/ 2 mm

Fig. 4 A Online three-dimensional (3D) rendering of an atherosclerotic coronary artery segment.

a Coronary angiogram of the right coronary artery; b—e OCT image display (commercially available
intracoronary Fourier domain OCT system; Lightlab Imaging Inc, Westford, MA, US). b Online 3D lu-
men reconstruction of the imaged artery segment, side branches, as well as the guiding catheter can
be easily recognized and used as landmarks. ¢ Automated display of the minimal lumen area and
proximal and distal reference segments. d Conventional two-dimensional longitudinal view. e Con-
ventional cross-sectional view of the minimal lumen area

of OCT. However, OCT can detect ear-
ly stages of intimal thickening, depicted
as a signal-rich, homogeneous, thin rim
of tissue. Thus, OCT can confirm the ab-
sence of significant atherosclerosis or in-
dicate the degree of subclinical athero-

sclerotic lesion formation. Serial mea-
surements can be performed to monitor
the structural changes that occur in the
vessel wall over time. This information
could be clinically relevant to study the
natural history of coronary atherosclero-
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Fig. 5 A Intracoronary thrombus formation, as observed by OCT. a White thrombus: A signal-rich ir-
regular mass protruding into the lumen is visible at the 3-9 o'clock position. The vessel wall is still cir-
cumferentially visible; the thrombus does not cause significant attenuation of the signal. b Red throm-
bus: A signal-rich irregular mass protruding into the lumen is visible at the 9-2 o'clock position. There
is rapid attenuation of the OCT signal and, as a result, the vessel wall cannot be visualized at the

9-2 o'clock position. Asterisk indicates guidewire artefact. OCT: St. Jude/Lightlab Imaging C7XR

sis and the effect of different therapies on
the regression/progression of the incipi-
ent plaque [17, 18].

Qualitative description
of atherosclerosis

As the various components of athero-
sclerotic plaques have different optical
properties, OCT makes it possible to dif-
ferentiate them to a great extent. Identi-
fication of plaque components by OCT
depends on the penetration depth of the
incident light beam into the vessel wall.
The depth of penetration is greatest for
fibrous tissue and least for thrombi with
calcium and lipid tissue having interme-
diate values [19, 20, 21]. Typically, OCT
images are interpreted by eyeballing [17,
22]: assessing the signal intensity and ge-
ometry [23], applying the following def-
initions:

Fibrous plaques are typically rich in
collagen or muscle cells and have an ho-
mogeneous, signal-rich OCT signal.

Calcifications within plaques are iden-
tified by the presence of well-delineat-
ed, low back-scattering, signal-poor re-
gions. In general, superficial calcium de-
posits can be studied and measured us-
ing OCT unless their thickness is great-
er than 1.0-1.5 mm, thereby reaching the
penetration limit of OCT. Under these
circumstances, the diagnosis of focal cal-
cification can be challenging. Signal-poor
calcifications might be confused with sig-
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nal-poor, lipid-rich tissue [24]. It can be
difficult to make a diagnosis from a sin-
gle still frame; therefore, it might be help-
ful and increase the diagnostic accuracy
to review the pullback sequence.

Necrotic cores or lipid-rich tissues are
less well-delineated than calcifications,
appearing as diffusely bordered, signal-
poor regions with overlying signal-rich
bands, corresponding to fibrous caps.
The superiority of OCT for lipid-rich
plaque detection has been confirmed in
other studies comparing OCT, IVUS,
and IVUS-derived techniques for plaque
composition analysis [15, 25].

Although the majority of lesions’ lip-
id pool thickness cannot be measured be-
cause of insufficient tissue penetration,
the thickness of the fibrous cap delimiting
superficial lipid pools can be measured
by OCT. An estimate of the lipid/necrot-
ic core content of a lesion can be derived,
e.g., from the number of quadrants occu-
pied by necrotic lipid pool [26, 27].

Thrombi are identified as masses pro-
truding into the vessel lumen that are dis-
continuous from the surface of the ves-
sel wall. Red thrombi consist mainly of
red blood cells; relevant OCT images
are characterized as high-backscattering
protrusions with signal-free shadowing.
White thrombi consist mainly of plate-
lets and white blood cells and are char-
acterized by signal-rich, low-backscatter-
ing billowing projections protruding into
the lumen [28].

Macrophages are seen by OCT as sig-
nal-rich, distinct, or confluent punctate
dots that exceed the intensity of back-
ground speckle noise [29]. Macrophages
may often be seen at the boundary be-
tween the bottom of the cap and the top
of a necrotic core.

Vasa vasorum and neovascularization.
(Neo)vessels within the intima appear as
signal-poor voids that are sharply delin-
eated and usually contiguous and seen on
multiple frames [30].

Generally, good accuracy as well as in-
ter- and intra-observer agreement for vi-
sual plaque characterization was report-
ed with TD-OCT [19, 24]. Similar results
have been reported recently with second-
generation FD-OCT systems [19, 31].
However, whilst eyeballing of OCT im-
ages allows for fast and reliable plaque
characterization, correct image interpre-
tation depends on the experience of the
observer and on the penetration depth
into the tissue. Alternatively, a variety of
approaches for quantitative tissue analy-
sis are under development to further im-
prove diagnostic accuracy in an observer-
independent way [29, 32].

Plaque rupture and
intracoronary thrombosis

Acute coronary syndromes (ACS) caused
by the rupture of a coronary plaque trig-
gering coronary thrombosis are com-
mon initial and often fatal manifesta-
tions of coronary atherosclerosis in oth-
erwise apparently healthy subjects. De-
tecting lesions at high risk of rupture
(so-called vulnerable plaques) would be
of great importance for the prevention
of future ACS. OCT has emerged as one
of the most promising tools to assess pa-
tients with ACS and to detect key features
of plaques at high risk for rupture, due to
its ability to provide unique information
on plaque composition, the thickness
of the fibrous cap, the presence of mac-
rophages and thrombi, as well as tissue
collagen composition, and to indentify
causes of ACS. OCT allows the diagno-
sis of thin fibrous cap atheroma (TCFA)
with a sensitivity of 90% and a specificity
of 79% compared to histopathology [33].
In a study comparing OCT, IVUS, and
angioscopy in patients with acute myo-



Fig. 6 A OCT immediately after stent implantation. a Well apposed struts: Metallic stent struts are visible as signal-rich struc-
tures with typical dorsal shadowing. All stents struts are completely apposed against the vessel wall. The lumen as well as
the stent area can be clearly recognized and quantified by planimetry. b Strut malapposition: Metallic stent struts are visible
as signal-rich structures with typical dorsal shadowing. At the 9 o'clock position, the struts are not apposed against the ves-
sel wall. At the 3 o'clock position, struts are not apposed against the vessel wall, as they are positioned at the ostium of a side
branch (SB). Asterisk indicates guide wire artefact. OCT: St. Jude/Lightlab Imaging C7XR

cardial infarction, Kubo et al. reported
that OCT was the only imaging technol-
ogy able to estimate fibrous cap thickness
(mean 49+21 um). This ability to assess
the fibrous cap indicates that OCT may
be well suited for the in vivo detection of
TCFA [27], to follow their phenotype over
time [34], and to assess TCFA rupture
[35]. Previous clinical studies revealed an
association between clinical patient pre-
sentation and plaque phenotype. A high-
er incidence of lipid-rich plaque and TC-
FA was observed in acute myocardial in-
farction and ACS patients as compared to
patients with stable angina 20, 26, 36, 37].

These clinical observations are impor-
tant, since they not only confirm histo-
pathology observations, but also offer the
potential to assess atherosclerotic plaque
and its dynamic changes in a longitudi-
nal manner. This is of note since the sta-
bility of a plaque depends not only on the
size of the necrotic core and the thickness
of the fibrous cap, but also on its colla-
gen content and organization. Several in-
vestigations have shown a lower collagen
content, thinner collagen fibers, and few-
er smooth muscle cells (SMC) in unstable
plaques. Polarization-sensitive OCT (PS-
OCT) is a new technology that enhances
OCT by measuring tissue birefringence,

a property that is elevated in tissues con-
taining proteins with an ordered struc-
ture such as collagen. It has been dem-
onstrated that PSOCT is able to evalu-
ate collagen content, collagen fiber thick-
ness, and SMC density in plaques and in
fibrous caps of fibroatheromas [38]. This
information is related to the mechanical
stability of the fibrous cap and could help
improve the identification of lesions at
high risk of rupture in patients.

OCT and its role in the
assessment of coronary stents

For the past two decades, IVUS has been
used to assess the acute result following
stenting, providing valuable information
on stent expansion, strut apposition and
signs of vessel trauma including dissec-
tions and tissue prolapse. As OCT creates
cross-sectional images of the coronary
artery, similar to IVUS, it is widely as-
sumed that the OCT information can be
used for clinical decision-making analo-
gous to IVUS. It should be noted, howev-
er, that there are currently no established
OCT criteria for optimal stent expan-
sion or prospective data proving prog-
nostic benefit. Nevertheless, clinical ex-
perience over the last decade has demon-

strated that OCT can provide valuable an-
atomic information to optimize stent im-
plantation and adapt PCI strategy in indi-
vidual patients. Typical examples include
the true extent of atherosclerotic plaque
which potentially makes it possible to
select the most appropriate stent length
and landing zones, the reference lumen
dimensions allowing for optimal stent di-
ameter selection, and the visualization of
stent expansion, permitting safe and pre-
dictable post-dilatation in the case of (fo-
cal) under-expansion. The specific diag-
nostic value of OCT consists in the fact
that it can provide unique information
on the stent interaction with the vessel
wall on the level of individual struts and,
secondly, that OCT can provide detailed
three-dimensional datasets, and thus al-
lows for clarity in all situations where an-
giography suffers from its limitations as a
two-dimensional luminogram technique.

Acute stent expansion
and strut apposition

IVUS studies [39, 40] suggested that
stent strut malapposition is a relative-
ly uncommon finding, observed in ap-
proximately 7% of cases, and that strut
malapposition does not increase the
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Fig. 7 A OCT observations during PCl. a Coronary angiogram demonstrating a significant lesion involving the bifurcation of
the left anterior descending artery and the 2nd diagonal branch (Medina class 1.1.1). b Angiographic result after stent im-
plantation in mini-crush technique: The left anterior descending artery was treated with a Xience V 2.25x28-mm stent fol-
lowed by postdilatation with a 3.0x12-mm balloon. The 2nd diagonal branch was treated with a Xience 2.25x8-mm stent.
cIntracoronary OCT of the left anterior descending artery reveals inadequate stent expansion with malapposition of stent
struts at the 3-9 o'clock position. d Intravascular ultrasound image of the corresponding vessel segment fails to demonstrate
strut malappostion. e Proximal stent edge immediately after stent implantation (Xience V™ 2.25x28 mm). f Proximal stent
edge after post-dilatation with a Mercury NC™ balloon (3.0x15 mm). Malapposition of stent struts at the 3-5 o'clock position
still can be observed. g Final result of the proximal stent edge after additional post-dilatation with a Voyager NC™ balloon
(3.5%8 mm). The stent is well expanded and all struts are in complete contact with the vessel wall. Note the discrepancy be-
tween the original stent size, selected based on online QCA as compared to the final balloon diameter, safely used to optimize
stent expansion based on invasive imaging. Asterisks indicate guidewire artefact (note: there are two guidewires visible; one
is placed in the left anterior descending artery, another in the second diagonal branch). OCT: St. Jude/Lightlab Imaging C7XR
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risk of subsequent major adverse car-
diac events. In contrast, OCT can visu-
alize the complex coronary arterial wall
structure after stenting in much great-
er detail [41]. Similar to IVUS, OCT
enables the assessment of stent areas
within the stented segment as well as
lumen areas in the adjacent reference
segments, thus enabling assessment of
stent expansion. OCT studies in the
acute post-stent setting [42] have dem-
onstrated a relatively high proportion of
stent struts, not completely apposed to
the vessel wall, even after high pressure
post-dilatation with this phenomenon
being particularly evident in regions of
stent overlap. In an evaluation of OCT
findings following stent implantation
to complex coronary lesions, Taniga-
wa et al. [43] reported a strut malappo-
sition rate per lesion of 9.1+7.4%. Uni-
variate predictors of malapposition on
multilevel logistic regression analysis
where the implantation of a sirolimus-
eluting stent (likely due to its increased
strut thickness and closed cell design)
together with the presence of overlap-
ping stents, a longer stent length, and
a type C lesion. Likely mechanical ex-
planations for stent malapposition in-
clude strut thickness, closed cell de-
sign, or acute stent recoil [44]. While
these findings are impressive and help-
ful for the improvement of future stent
designs, the clinical relevance and po-
tentially long-term sequelae of malap-
posed struts as detected by OCT are
currently unknown.

Peri-procedural vessel injury and
incomplete lesion coverage

High-pressure deployment is necessary
for adequate stent expansion, but it can
induce periprocedural vessel damage.
Experimental data have related the ves-
sel response to injury after implantation
with stent restenosis. Given its high res-
olution, OCT allows detailed visualiza-
tion of vessel damage after stent implan-
tation and can distinguish different types
of injury. Furthermore, the technique al-
lows the quantification of these findings
[45]. A recent study showed that the fre-
quency of tissue prolapse or intra-stent
dissections after stenting was high, ir-

Fig. 8 A Example of an edge dissection after intracoronary stent implantation. a Intracoronary OCT
shows eccentric fibroatheroma. A disruption of the thickened intimal layer is clearly visible at the

6 o'clock position. Asterisk indicates guidewire artefact. b Magnification (3.0x) revealing disruption of
the thickened intimal layer, extending up to the media, which can be recognized as a thin, signal-poor
black rim. OCT: St. Jude/Lightlab Imaging C7XR

respective of the clinical presentation of
the patients [45]. Dedicated assessment
of the reference segments at the extremi-
ties of the stents revealed a high propor-
tion of patients with lipid-rich plaques at
the stent borders [46]. Fibroatheroma was
observed in 15.3% of the distal and 28.9%
of the proximal edges and thin-cap fibro-
atheroma (TCFA) extending over the ex-
tremities of the stent in 7%. Plaque type
at the stent borders affected the incidence
of edge dissections with edge dissec-
tions observed more frequently when the
plaque type at the border was fibrocalcif-
ic (43.8%) or lipid-rich (37.5%) than when
the plaque was fibrous (10%) (p=0.009).

The role of these edge dissections that
were angiographically silent in the ma-
jority of cases (k=0.22 when compared to
OCT) still needs to be evaluated. IVUS
data have suggested that non-flow-lim-
iting edge dissections are not necessari-
ly associated with an increase in acute or
long-term events or development of re-
stenosis [47].

Assessment of long-
term outcome

Interest in long-term stent strut vessel
wall interaction is manifold, including
an assessment of the stability of the acute
result, visualization of complex anato-
my that is not accessible by angiography
or IVUS, and a clearer understanding of
reasons for stent failures, when they do
occur.

OCT can reliably detect early and
very thin layers of tissue coverage on
stent struts. Tissue coverage can be vi-
sualized reliably and its quantification
can be performed with high reproduc-
ibility [12]. This renders OCT an ide-
al tool to assess subtle, but potentially
relevant differences in various stents.
The LEADERS trial was a multi-cen-
ter, randomized comparison of a bio-
limus-eluting stent (BES) with biode-
gradable polymer and a sirolimus-elut-
ing stent (SES) using a durable poly-
mer. OCT demonstrated that strut cov-
erage at 9 months follow-up was more
complete in patients allocated to BESs
when compared to SESs. Twenty pa-
tients were included in the analysis in
the BES group (29 lesions with 4592
struts) and 26 patients in the SES group
(35 lesions with 6476 struts). A total of
83 struts were uncovered in the BES
group and 407 out of 6476 struts were
uncovered in the SES group [weighted
difference —1.4%, 95% confidence in-
terval (CI) —3.7-0.0, p=0.04] [5]. In the
Harmonizing Outcomes With Revas-
cularization and Stents in Acute Myo-
cardial Infarction (HORIZONS-AMI)
trial, patients with STEMI were ran-
domized to PES or BMS implantation
[48]. OCT at 13 months follow-up re-
vealed that implantation of PES as com-
pared with BMS significantly reduced
neointimal hyperplasia but resulted in
higher rates of uncovered and malap-
posed stent struts (1.1£2.5% in BMS le-
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sions versus 5.7+7.0% in PES lesions;
p<o.0001).

Recently, OCT was successfully em-
ployed to study tissue coverage at fol-
low-up in bioresorbable scaffolds [49, 50,
51]. It was able to visualize the particular
structure of the scaffold struts, the tissue
coverage over time, as well as changes in
the optical properties of the vascular tis-
sue during the bioresorption process in a
unique way. This type of information is
crucial to understanding bioresorption
under clinical conditions in a wide range
of atherosclerotic plaques and to drive
further development.

While these described observations
are important to understand differenc-
es in stent design, further studies are
required to determine the clinical sig-
nificance of these findings. To date, no
threshold for coverage has been estab-
lished. Pathological data in humans
suggest that neointimal coverage of
stent struts could be used as a surro-
gate marker of endothelialization due
to the good correlation between strut
coverage and endothelialization throm-
bosis [52, 53]. However, OCT observa-
tions need to be interpreted with cau-
tion. OCT is limited by its resolution of
15 pm, which is greater than the thick-
ness of an individual layer of endothe-
lial cells. Therefore, coverage that is not
visible by OCT does not exclude the
presence of an endothelial layer. Sec-
ondly, the presence of tissue coverage
does not necessarily imply the pres-
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ence of a functionally intact endothe-
lium [54]. Early experimental stent da-
ta showed that endothelial function can
vary considerably and show evidence
of damage when subjected to the Ev-
an’s blue dye exclusion test, even in the
presence of a well structured neointi-
mal layer [55].

However, OCT is the only imag-
ing modality to date that offers—with-
in the discussed limits—the opportu-
nity to understand tissue coverage and
neointima formation in drug-eluting
stents over time. Clearly, larger stent
trials with OCT at different time peri-
ods are needed to obtain a representa-
tive assessment of the true time course
of endothelial stent coverage of these
stents. Recent improvements in OCT
technology, with frequency-domain
OCT, allow for a simple imaging pro-
cedure and offer the potential for large
scale prospective studies, indispens-
able to address vexing clinical ques-
tions such as the relationship of drug-
eluting stent deployment, vascular heal-
ing, the true time course of endothelial
stent coverage, and late stent thrombo-
sis. This may also better guide the opti-
mal duration of dual anti-platelet ther-
apy that currently remains unclear and
rather empirical.

Summary and outlook

OCT generates intracoronary imag-
es with unprecedented image resolu-

Fig. 9 < Clinical example
of serial OCT imaging in

a patient participating in
the ABSORB Cohort A tri-
al. a Coronary angiography.
b Three-dimensional OCT
rendering. ¢ OCT cross-sec-
tional view. OCT demon-
strates strut changes over
time, At 2 years, struts are
not discernible from the
vessel wall anymore; the
side branch ostium is wide
open and easily accessible.
OCT: St. Jude/Lightlab Im-
aging M3 & C7XR. (Modi-
fied from [56])

Neointimal
bridge
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tion. Fourier domain OCT technology
allows for widespread, fast, and safe
clinical application. These unique fea-
tures have established OCT as the gold
standard for the assessment of coro-
nary stents. Furthermore, OCT is able
to cover the visualization of a variety
of features of atherosclerotic plaques
that have been associated with rapid
lesion progression and clinical events.
However, no clinical indication for
OCT imaging has hitherto been es-
tablished. There is no controlled data
supporting a prognostic role for OCT
for the assessment of cardiovascu-

lar risk or in catheter-based interven-
tions. However, there is broad agree-
ment that the detailed and easily ac-
cessible and interpretable informa-
tion from OCT on the presence of ath-
erosclerosis, its extent, lumen narrow-
ing, as well as on the results of any in-
terventional measures can be of clini-
cal value, at least in individual patients
and in specific clinical scenarios. Pre-
liminary data indicate that OCT can
change the operator’s intention-to-
treat and modify the overall revascu-
larization strategy, potentially avoid-
ing unnecessary interventional proce-
dures. OCT might be efficient in com-
plex interventions including treat-
ment of left main stem, ostial left an-
terior descending, or left circumflex
artery lesions or bifurcations, as well
as in all cases of angiographically am-
biguous lesions and stent failures. As



such, OCT might emerge—parallel to
its undisputed position in research—
as the tool of choice in all clinical sce-
narios where angiography is limited
by its nature as a two-dimensional lu-
minogram.
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Die extrakorporale Zirkulation stellt auch
heute noch einen unabdingbaren Bes-
tandteil der Herzchirurgie dar. Sie wurde
im Jahr 1953 durch Gibbon in die Klinik
eingefiihrt und unterlag seitdem vielfélti-
gen Verdanderungen.

Obwohl heute im Jahre 2011 in der
Herzchirurgie vor allem im Bereich der
Bypasschirurgie weiterhin der Trend zur
Operation ohne Herz-Lungen-Maschine
besteht, ist ein fundiertes Wissen tiber
deren Funktionsweise und Maoglichkeiten
fiir jeden Herzchirurgen eine verpflich-
tende Voraussetzung.

Da sich in den letzten Jahren gezeigt
hat, dass die sogenannte,, Off Pump-
Chirurgie” auch im Bereich der Koronar-
revaskularisation haufig an operations-
technische Grenzen st663t, wurden sog.
miniaturisierte Herz-Lungen-Maschinen
entwickelt. Solche Systeme existieren be-
reits seit langer Zeit, wurden jedoch selten
zu Routineoperationen oder zur ECMO-
Langzeittherapie eingesetzt.

Das Buch von Christof Schmid und
Alois Philipp widmet sich in geradezu her-
vorragender Weise diesem Problemfeld.
Nach Erlduterung der Historie wird die
Physiologie der extrakorporalen Zirkula-
tion sehr verstandlich erklart, um dann im
Detail auf den Aufbau und die Funktions-

weise der Herz-Lungen-Maschine einzuge-
hen. Dieses Kapitel wird konsequenter-
weise durch eine ausfiihrliche Darstellung
der heute auf dem Markt befindlichen
miniaturisierten Herz-Lungen-Maschinen
(MECC-Systeme) ergdnzt. Die Unterschiede
zwischen den MECC-Systemen und der
konventionellen Herz-Lungen-Maschine
sind Ubersichtlich aufgelistet.

Durch die bewusste Beschrankung
der Autoren auf die klinisch relevanten
Systeme und Parameter gelingt es ih-
nen, den sehr komplexen Bereich der
extrakorporalen Zirkulation mit all seinen
Besonderheiten {bersichtlich darzustellen.
Die sprachliche Klarheit und die tibersicht-
lich gegliederten Kapitel erleichtern das
Verstandnis der Zusammenhange und
machen das anschaulich mit Grafiken und
Fotos bebilderte Buch zu einem alltags-
tauglichen Nachschlagewerk. Ergénzt
wird die Darstellung durch zwei weitere
Kapitel: zum einen durch den immer
wichtiger werdenden Bereich der extrakor-
poralen Membranoxygenierung (ECMO),
zum anderen durch ein Kapitel zur sog.
PECLA, einem, wenig invasiven Verfahren
zur extrakorporalen CO,-Elimination, das
ebenfalls zunehmend verwendet wird.

Zusammenfassend stellt der Leit-
faden ,Extrakorporale Zirkulation” von
Schmid und Philipp ein exzellentes
Nachschlagewerk dar, welches samtliche,
heute relevanten Bereiche der EKZ um-
fassend darstellt. In Anbetracht der auf
dem Markt befindlichen, mannigfaltigen
Werke zum Bereich der extrakorporalen
Zirkulation, die jedoch in den seltensten
Féllen als Nachschlagewerk geeignet sind,
liegt hier ein hervorragend gelungener
und empfehlenswerter Uberblick vor, der
sowohl fiir Assistenten in der Ausbildung
als auch fiir Facharzte gleichermalen zu
empfehlen ist.

Professor Udo Boeken
(Diisseldorf)
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