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Abstract Optical coherence tomography (OCT) is a high-
resolution technology for imaging of biological tissues that
has shown tremendous potential for intracoronary use. Based
on near-infrared light rather than ultrasound, catheter-based
OCT provides cross-sectional images of the vessel wall and
related devices in a histology-like manner. At present, OCT is
primarily being used in research to better characterize and
understand the pathophysiology of vulnerable plaques and to
study the acute and long-term effects of coronary stent implan-
tation. The present review provides the interventional cardiol-
ogist with a summary of the clinical research involving OCT,
with an emphasis on specific challenges and how these may be
overcome to promote a shift from the mainly research applica-
tion of this technology, to a wider adoption in clinical practice.
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OCT-guided stent implantation - Stent strut apposition - Stent
strut coverage - Stent edge dissection - Artefacts

Introduction

Since the beginning of interventional cardiology, coronary
angiography has been the reference modality to assess the
severity of coronary lesions and guide stent implantation.
With growing knowledge about the pathophysiology of athe-
rothrombosis and stent failure, it has become of interest to
visualize in vivo various processes taking place at the level of
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the coronary vessel wall for improving cardiovascular out-
comes [1, 2]. Intracoronary imaging technologies overcome the
lumenographic limitations of angiography by enabling a
pathology-like cross-sectional view of the vessel wall and im-
planted devices. Although intravascular ultrasound (IVUS) has
provided valuable insights into the dynamic nature of athero-
sclerosis [3, 4] and the causes of stent failure and how these may
be prevented [5, 6], the technology is limited by an insufficient
axial resolution (100-250 um) and poor ability to differentiate
between various tissue components, preventing the visualization
of important plaque- and stent features. The introduction of
intracoronary optical coherence tomography (OCT) has opened
the door to a new world in interventional cardiology. With a
near-histologic resolution of 10-20 pm, this near-infrared light-
based technology offers a significantly improved visualization of
plaque characteristics (eg, fibroatheromas, fibrocalcific, and fi-
brous plaques) and stent-related features [7, §]. It is, therefore,
expected that OCT will facilitate the identification of patients at
risk of coronary events, and assist in the individualization of
treatment strategy by guiding the selection and optimization of
appropriate intervention. The present review provides an update
of the latest advancements in clinical OCT research with partic-
ular focus on the thin-cap fibroatheroma (TCFA) and the impor-
tance of potential predictors of stent failure. This will be accom-
panied by a critical discussion of the steps that need to be taken
in order to promote a shift from the mainly research application
of this technology, to a wider adoption in clinical practice.

OCT for the Assessment of Atherosclerosis

Finding the Thin-Cap Fibroatheroma and Expressing
its Vulnerability

Cardiovascular disease is the leading cause of morbidity and
mortality world-wide [9] and represents the harmful
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consequences of atherosclerosis. According to the current
paradigm, the TCFA is the precursor lesion of ruptured
plaques, which are responsible for the majority of
thrombosis-mediated acute coronary syndromes (ACS) [10].
The TCFA is histologically characterized by a large necrotic
core (>20 % of the total plaque area), covered by a thin fibrous
cap (<65 um) infiltrated with macrophages [10, 11]. These
features including fibrous cap disruption and thrombus can be
identified with OCT with a superior sensitivity compared with
IVUS and angioscopy [7, 12, 13]. In an initial effort to assess
plaque characteristics using OCT in vivo, Jang et al evaluated
the target lesions of patients presenting with ACS and stable
angina pectoris (SAP), and found that the frequency of throm-
bus, plaque rupture, and TCFA increased with the severity of
the clinical presentation, with a concurrent decrease in the
fibrous cap thickness [14]. Subsequent studies have confirmed
these observations (Table 1), corroborating the mechanistic
importance of plaque rupture and thrombosis in ACS, and
suggesting that these unfavorable features together with the
proposed precursor TCFA can also be found in patients with
stable coronary disease and in nontarget vessels. Altogether,
these studies indicate that TCFAs are regularly found in culprit
lesions of ST-elevation myocardial infarction (STEMI)
(51 %85 %); are relatively frequent in non (N)-STEMI
(22 %—-50 %); and fairly prevalent in patients with SAP
(13 %29 %) (Table 1) [13, 15-24]. The rates of plaque
rupture and thrombosis follow a similar pattern, in line with
previous postmortem results [25, 26], supporting the concept
that target lesions in STEMI and NSTEMI are more vulnera-
ble compared with those in SAP.

In general, OCT-detected TCFAs and plaque ruptures seem
to occur with a particular clustering within the proximal
30 mm of the left anterior descending and circumflex arteries,
whereas the distribution is more uniform throughout the first
70 mm of the right coronary artery [24, 27]. These findings
confirm pathology data [28] and reassure that the majority of
these lesions are within reach of catheter-based OCT and
identifiable in a clinical setting. At a patient level, various
inflammatory biomarkers may be useful for predicting the
presence of these lesions in patients with clinical ischemia,
and data suggest an inverse relationship between levels of
these markers and the thickness and integrity of the fibrous
cap [29]. Despite this association with inflammation, it has
been rather surprising to find that culprit lesions in diabetic
patients, by OCT, are no different from those in nondiabetics
in terms of the frequency of ruptured plaques, TCFAs and
fibrous cap-thickness [22, 23, 30]. Instead, diabetics often
exhibit a greater extent of calcification [22, 31]. A possible
explanation for this assumed paradox may be found in autopsy
data suggesting that diffuse calcium deposits are more com-
mon in healed plaque ruptures compared with acute ruptures
or TCFAs [32], likely representing a more advanced stage of
atherosclerosis.
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When it comes to expressing the vulnerability of TCFAs,
attention has been focused on the utility of markers of plaque
instability identified from pathology data [33]. Raffel et al
observed with OCT the co-location of macrophages and
TCFAs, and described an inverse relationship between the
macrophage density and fibrous cap-thickness [34]. Further
investigations have shown a positive correlation between both
of these features and the size of the lipid pool in terms of
circumferential lipid arc by OCT and positive remodeling by
IVUS [35, 36]. On the one hand, these findings confirm
necropsy data and support the significance of macrophages
in plaque progression and destabilization [33]; and on the
other, they highlight the potential value of combining various
morphologic endpoints by OCT with or without IVUS, to
express the degree of vulnerability and possibly the propensity
for inducing clinical events. Recent data suggest that the
identification of these markers may be useful in the setting
of percutaneous coronary interventions (PCI) in ACS, where
the presence of TCFA and a large amount of lipid by OCT
have been associated with periprocedural myocardial infarc-
tion (MI), no reflow and microvascular obstruction [17, 37,
38]. Tanaka et al reported that among patients with angio-
graphic no reflow following PCI in NSTEMI, 50 % exhibited
a TCFA in the target lesion before intervention compared with
16 % in the group with normal flow (P=0.005). Although the
study population included a surprisingly high proportion of
patients with no reflow (17 %), it was interesting that the
occurrence of this feature increased from 4.7 % to 35 % to
75 % when the lipid arc extended over 1, 2, and 3 quadrants,
respectively [17]. These findings suggest a potential role of
OCT in this context and are in line with recent studies using
IVUS and near-infrared spectroscopy showing an association
between the amount of lipid, and no reflow and periprocedural
MI, respectively [39, 40].

The Natural History of Atherosclerosis

The regression and stabilization of atherosclerotic lesions are
assumed to be the key mechanisms underlying the clinical
benefit of lipid-lowering therapy with statins [41]. Despite the
unequivocal effect of statins on LDL-cholesterol levels, a
large number of IVUS studies assessing changes in plaque
size by intensified statin regimens, have provided inconsistent
results [42]. This may partly be attributed to variations across
studies in statin type and dose, and differences in the duration
of treatment and timing of imaging. However, the selection of
imaging endpoint may also play a role since the presence of
specific plaque characteristics may be as important as athero-
ma size for determining the risk of these lesions to cause
events. Consistent with this concept, Stone et al used virtual
histology (VH)-IVUS in patients treated for ACS to examine
the clinical evolution of atherosclerosis while on standard
medical treatment (~85 % receiving statins). They observed
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that 51 % of the nonculprit lesions associated with clinical
events within a median of 3.4 years exhibited a VH-IVUS-
defined TCFA at baseline while the estimated Kaplan-Meyer
event rate for a VH-TCFA to cause a clinical event was only
4.9 %. Instead they found a plaque burden >70 % to be the best
predictor of events during the follow-up period [43]. Among
the many possible explanations of the unexpected absence of a
stronger signal from the former is the fact that the VH-TCFA
definition relies on a composite of three separate criteria rather
than a direct identification of TCFAs, that when fulfilled, are
thought to represent a surrogate for a histologic TCFA [44].

Based on direct visualization of the thin fibrous cap,
Takarada et al monitored with OCT lipid-rich nonculprit le-
sions in the target vessels of patients with STEMI and
NSTEMI and observed at 9 months a significant increase in
the fibrous cap thickness both in patients adhering to standard
statin therapy (150 =110 pm to 250 £120 wm, P<0.001) and
those not taking statins (153 116 um to 179 £124 pm,
P<0.01 [45, 46]. In patients also assessed with IVUS, total
atheroma volume remained stable at follow-up [46]. These
findings may indicate that plaque stabilization in terms of
increases in fibrous cap thickness may precede regression in
total plaque volume—a hypothesis that seems reasonable con-
sidering that atherogenesis is a slowly developing process.

As opposed to this, Uemura et al sought to specifically
assess the potential predictors of plaque progression using
an unusual study design where they divided patients into
those having lesions that at 69 months follow-up exhib-
ited angiographic progression (28.8 % to 61.4 % diameter
stenosis, P<0.05), and those without angiographic pro-
gression (~29 % diameter stenosis), and compared OCT
findings at baseline. Although this definition of progres-
sion implies a certain selection bias and inevitably over-
looks plaques progression that passes unnoticed by angi-
ography (due to positive remodeling), they observed that
“progressed” lesions (mainly angiographically silent) had
a higher incidence of various vulnerable features at base-
line, including TCFAs (77 % vs 14 %, P<0.01, respec-
tively) [47]. In spite of the limitations of this study, these
data are the first to associate lesion progression in vivo
with TCFA. Nevertheless, they also raise the important
question whether silent morphometric lesion progression
with/without cap rupture and thrombosis would benefit
from preventive intervention. Although the pursuit to
establish the prognostic value of using OCT to identify
vulnerable features has only begun, concern about the
assumed threat of TCFAs has already spurred innovative
attempts of plaque sealing using self-expanding nitinol
stents and bioresorbable polymer scaffolds [48, 49e].
The long-term safety and efficacy of these approaches,
not least in comparison with high-dose statin therapy,
need however, to be evaluated before they can be consid-
ered in the clinical routine.

Challenges in Diagnosing TCFAs and Emerging Solutions

Although the above data are exciting, recent reports have
drawn attention to a number of factors that may complicate a
correct diagnosis of thin- and thick-cap fibroatheromas [50,
51]. One of these relates to the capability of OCT to differen-
tiate between lipid and nonlipid tissue, which although gener-
ally good, has been associated with misinterpretation between
plaque types [7, 52-54]. Accordingly, the signal-poor center
of fibrocalcific plaques is often mistaken for a lipid pool
because of insufficient attention to the appearance of the
border between the bright fibrous tissues adjoining the
signal-poor regions. Of note, this border is sharp in
fibrocalcific plaques and diffuse in fibroatheromas (Fig. 1)
[55]. Furthermore, deeply located fibrous and fibrocalcific
plaques may be mistaken for lipid pools because of a limited
tissue penetration of OCT [53] in combination with the natural
light attenuation that follows with increasing distance from the
OCT catheter.

Another important differential diagnosis of TCFAs is
the presence of macrophages (Fig. 1), which by OCT are
identified as punctate, highly backscattering (ie, bright)
structures with significant signal attenuation [12]. Be-
cause of the similarities in optical properties, thin layers
of macrophages close to the luminal surface can mimic
the appearance of TCFAs [56¢]. Even though the inci-
dence of macrophage accumulations in different lesion
types and clinical settings, and to what extent they inter-
fere with the evaluation of TCFAs remains unknown, it is
desirable to identify means that can aid in distinguishing
the two, not least as macrophages are increasingly
assessed in parallel with TCFAs [34, 47]. Factors that
may further impede a correct diagnosis of TCFAs include
vessel-related features and various artefacts (Fig. 1) [56e,
57¢].

In addition to these qualitative aspects, concern has
been raised about the quantitative part of the TCFA as-
sessment [51]. In studies performed thus far, this has
involved the somewhat subjective manual delineation of
the thin fibrous cap—a crucial step in the distinction
between thin- and thick-cap fibroatheromas. This particu-
lar issue together with issues pertaining to the selection of
cut-off value to define a thin cap have previously been
discussed in more detail [51]. Taken together, the above
points highlight the need for a cautious assessment of
possible TCFAs and suggest that studies performed until
now be interpreted in light of these potential sources of
error. Endeavors have already been initiated to address
various challenges including an international consensus
for standardization of OCT terminology and image assess-
ment, along with documents focusing on the pitfalls in
OCT image interpretation [56¢, 58]. As for the particular
identification of lipid pools and necrotic cores, recent
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studies have proposed that the combination of OCT with
other intracoronary modalities such as VH-IVUS may
increase the accuracy of plaque characterization [54, 59].
Additional improvements are expected from quantitative
analysis methods involving measurement of signal inten-
sity and attenuation, which may not only assist in tissue
characterization but also provide substrate for automatic
segmentation of the fibrous cap [55, 60, 61]. Altogether,
these advancements are expected to facilitate the devel-
opment of methods that take advantage of the large
amount of information provided by OCT, and eventually
clarify the diagnostic benefits of OCT in the clinical
imaging of atherosclerosis.

OCT for the Assessment and Prevention of Stent Failure

OCT to Identify Causes of Stent Failure—Focus on Stent
Thrombosis

Stent implantation is the preferred treatment of coronary
artery stenosis and performed annually in more than 1
million patients world-wide [62]. The long-term success
depends on a combination of the quality of implantation
and the subsequent vascular responses to the device,
which if optimal leads to the incorporation of the stent
into the vessel wall by means of a protective neointima
[63]. Despite improvements in implantation techniques,
stent design, antiplatelet therapy, and thereby clinical re-
sults, restenosis, and stent thrombosis (ST) remain two
principal causes of stent failure. Because of the potentially
life-threatening nature of the latter, with data indicating a
progressively increased risk with time in early-generation
drug-eluting stents (DES) [64, 65], the pathophysiology of
ST and how this may be modified has attracted particular
interest and will be the focus of the rest of this review.
The division of ST into early (<30 days), late (30 days—
1 year), and very late (>1 year) events is not merely arbitrary
but also reflects the underlying mechanisms, which vary with
the time from implantation (Fig. 2) [66]. Early ST is mainly
associated with factors related to the technical aspects of stent
implantation including incomplete stent expansion,
malapposition, edge dissections, and plaque protrusion [67].
As opposed to this, the mechanisms of late and very late ST
primarily involve poor vascular healing with incomplete
neointimal coverage, malapposition, chronic inflammation,
and as recently suggested, disease progression with
neoatherosclerosis and plaque thrombosis [68—71]. Despite
data suggesting that [IVUS-guided stent implantation, by
means of specific criteria, may lower the risk of ST and other
clinical events [72], the implementation in the clinical routine
has been modest primarily because of a lack of solid scientific

data in support of IVUS-guided PCI [73]. With OCT offering
a clearer and more accurate visualization of relevant morpho-
logic features, it is expected that this modality will provide
additional insights into the prevention of ST.

Until recently, the direct study of the causes of stent throm-
bosis using OCT was confined to a number of case reports.
Lately, Guagliumi et al systematically examined 18 patients
with late ST (median time to event 615 days) in DES, and
observed that compared with matched controls, these patients
exhibited a significantly higher percentage of uncovered and
malapposed struts [74¢]. More recently, two independent
groups reported that patients with very late ST (median 5—
10 years) in both bare-metal stents (BMS) and DES exhibited
high rates of in-stent neoatherosclerosis with plaque rupture
[70, 71], which occurred later in the patients with vs without
this finding [71]. These initial results are in line with previous
autopsy and IVUS reports [68, 69, 75], confirming the feasi-
bility of using OCT to study ST.

OCT to Guide PCI

The desire to learn how to prevent ST beyond what was
possible with IVUS has motivated the evaluation of the capa-
bility of OCT to guide stent implantation, of which we will
here focus on morphologic findings related to the procedure.
Using criteria inspired by previous IVUS studies, Imola et al
were the first to apply OCT in this setting and reported that
OCT pre-intervention elicited stent implantation in 24 of 40
(60 %) patients with angiographically hazy or intermediate
lesions (due to minimal lumen area <3.5 mm?, thrombus or
plaque ulceration); and led to additional intervention in 24 of
74 (32 %) patients after stent implantation (15 postdilatations
due to malapposition >200 pm, prolapse or underexpansion; 9
additional stent implantations due to edge dissections) [76]. At
a mean follow-up of 4.6 months, one patient experienced
restenosis in a target vessel (baseline findings not reported).
In parallel, however, without explicit intervention-criteria and
clinical follow-up, Viceconte et al observed that OCT-
evaluation of stent deployment in 108 patients led to addition-
al postdilatation and stent implantation in 30 % and 15 % of
cases, respectively [77]. Prati et al further compared patients
where PCI was guided by angiography alone or in conjunction
with OCT (335 patients in each group) following similar
criteria as above, and observed comparable rates of OCT-
triggered intervention (22.1 % and 12.6 % of 335 patients
received additional balloon dilatation and stent implantation,
respectively). At 12 months, authors observed a higher occur-
rence of cardiac death and the composite cardiac death/
myocardial infarction in the angiography-guided group; how-
ever, as this was not followed by a similar difference in target
lesion revascularization, the mechanisms of these findings
remain unclear [78].
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Fig. 1 Differential diagnoses for thick-cap fibroatheromas visualized with
optical coherence tomography. The red box shows a representative exam-
ple of a thin-cap atheroma (TCFA) as visualized with optical coherence
tomography (OCT) (mid left panel), with a corresponding cross-section by
virtual-histology intravascular ultrasound (VH-IVUS) (mid right panel).
The TCFA by OCT is seen from 12-11 o’clock as a bright thin layer
adjacent to the lumen (white arrows at 10 o’clock) overlying a signal poor
region (¥) representing the thin fibrous cap and lipid pool/necrotic core,
respectively. Of note, the transition from the bright to signal-poor region is
diffuse. The TCFA-diagnosis is supported by VH-IVUS showing necrotic
core (red regions) at the corresponding sites. The discontinuation in the
vessel lumen at 4 o’clock (**) is caused by a guidewire shadow, and should
not be confused with a side branch. Panel A;_, show a fibrocalcific plaque
at 12-2 o’clock by OCT (A;) and corresponding histology (A,, hematox-
ylin-eosin). Of note, the signal-poor calcified region is by OCT sharply
delineated and, therefore, the thin signal-rich layer should not be considered
a fibrous cap. In panel B; we see at 7, 9, and 11 o’clock, signal-poor regions
with overlying thin signal-rich layers. The corresponding histology section
(B,, CD68 immunoperoxidase) indicates the presence of macrophages at
the corresponding sites (red rings). The differentiation from a TCFA can be
made by inspection of the borders of the signal-poor regions (red arrows),
which in the case of macrophages are relatively sharply delineated in the
direction of the infrared light radiating from the catheter. Panel C; shows an
example of the artefacts tangential signal drop-out and interface reflectivity

@ Springer

— both related to catheter marginalization. With the former, the OCT light
almost parallels the vessel wall with less light entering the tissue causing
dark regions, which may be misinterpreted as lipid pools (*). The conse-
quence of the latter can be seen at 1 o’clock where the optical beam (red
arrow) is completely reflected at the vessel interface when the incidence
angle of the light approaches 70°, which is the cut-off for total light
reflection (B,) when using contrast-medium as flush. Panel D; shows an
OCT cross-section containing of 2 dark regions at 7 and 11 o’clock. The
latter corresponds to calcium (*), as discussed in panel A;, however, the
former could be diagnosed as a TCFA because of the diffuse delineation.
Nevertheless, analysis of consecutive frames reveals that this region is
caused by a side branch (SB in panel Ds), which is poorly visualized in
panel D; because of the limited tissue penetration of OCT. The correspond-
ing IVUS cross-section in D, confirms this. Another differential diagnosis
for a TCFA is seen in panel E at 11-2 o’clock. Close evaluation of the
vessel wall reveals a trilaminar vessel wall seen best at 3 o’clock with an
intima (I), media (M), and adventitia (A). By following these along the
circumference it becomes clear that the bulky material at 11-2 o'clock lies
on top of the luminal contour. Inspection of consecutive frames (not shown)
suggests that this represents residual blood because of insufficient flush.
Mid panels with TCFA and panels A-C reproduced with permission from
Radu et al. Clinical Atlas of OCT, EUROPA Publishing 2012, courtesy of
Bruining N, (A), Johnson T, Banz Y, (B), and mid panels from the IBIS4
trial by Réber L, Windecker S, Kelbak H and Radu M
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As for the presence of intra-stent thrombotic material by
OCT after stent implantation in STEMI and NSTEMI, Di
Giorgio et al evaluated the effect of OCT-directed high-
pressure dilation in cases where thrombus protruded into the
lumen>200 um. Accordingly, authors achieved a significant
reduction in thrombus area when compared with the
angiography-guided group, with concomitant expected in-
creases in stent and lumen areas. Of note, both groups exhib-
ited similar degrees of thrombus protrusion (4.3 %—16.7 %
thrombus area) immediately after stent deployment (n=80
patients in total), and even though there may be a risk of distal
embolization with additional balloon dilatation, the procedure
proved to be safe in terms of TIMI flow [79]. At 1 year, the
additional dilatation did not seem to convey any clinical
benefits compared with the angiography-guided group. The
above studies directly illustrate that “imperfect results”
visualized with OCT during PCI generate concern for
further complications and may trigger additional interven-
tion—for which there is not yet sufficient evidence. For a
better understanding of how to use OCT to guide PCI, it
is crucial to know the natural history of relevant OCT-
detected features.

Incidence and Natural History of “Unfavorable” Features
at Baseline and Follow-up

Edge Dissections

Edge dissections have long been a subject of interest
considering the association of angiographic- and IVUS-
detected edge dissections with early ST [67, 80-82].
Although other studies have suggested that IVUS-
detected edge dissections cause clinical events only in a
minority of patients, the dramatic appearance of edge
dissections by OCT—even when angiographically si-
lent—has renewed the debate about the clinical impor-
tance of these and other (mainly) angiographically silent
features. This has stimulated a number of studies (Table 2)
indicating a post-PCI incidence of edge dissections be-
tween 14 %47 % by OCT [78, 83-90], compared with
historical 7 %—19 % by IVUS [91, 92], and 2 %—6 % by
angiography [80, 81]. The reported OCT-detected dissec-
tions extended on average 1.4-2.9 mm along the vessel
segment, with flap lengths measuring on average 0.52—
1.2 mm. Between 9 % and 36 % of these edge dissections
were visible by angiography (not flow-limiting), and con-
comitant IVUS (40 MHz transducer) used in 2 studies
identified ~50 % of the OCT-detected edge dissections
[85, 86]. Only 4 studies directly evaluated the natural
history of edge dissections by serial analysis and found
that a total of 75 of 79 examined dissections were
completely healed at a follow-up of 188 days (median)
in one study (n=12) and 1 year in the other studies (n=65)

(Fig. 3) [85, 86, 88, 90]. Out of these 79 serially studied
edge dissections, there was only one early stent thrombosis
within 2 hours of intervention (details on size and other
coexisting risk factors not reported). In addition to these
findings, Chamié et al observed in a large cohort of patients
with 106 edge dissections that those with untreated edge
dissections (longitudinal extension 2.0+1.6 mm; flap
length 1.1£0.7 mm) had similar outcomes at 1 year clinical
follow-up as those with treated edge dissections of similar
dimensions [89]. Altogether, these data suggest that OCT-
detected edge dissections, which are angiographically silent
in a majority of cases, are common and per se associated
with a favorable clinical course.

Other signs of vessel injury including tissue prolapses,
thrombus and intra-stent dissections may cause as much
concern for adverse events as edge dissections. Tissue
prolapses refer to convex-shaped tissue protrusions be-
tween stents struts without discontinuation of the vessel
surface, whereas thrombi are identified as irregular masses
with dorsal shadowing protruding into the lumen, and
intra-stent dissections seen as disruptions in the luminal
vessel surface in the stented segment (Fig. 3) [83]. Emerg-
ing data (Table 3) suggest that prolapses with lengths
averaging 250-600 um and intra-stent dissections with
flap lengths around 450 pum are present in almost all
lesions after PCI, and seem to be resolved in the majority
of cases at 6—9 months [83, 85, 88, 93]. Thrombi are also
common (~40 % of cases) and likewise appear to be
resolved in >90 % of cases at 8§ months without any
adverse events [88]. With the scarce data available, final
conclusions about these features cannot yet be drawn.

Malapposition

Malapposition describes the lack of contact between the
stent struts and the underlying vessel wall and should not
be confused with stent underexpansion denoting the min-
imum stent area by itself or compared with a reference.
The timing of imaging relative to the index procedure
allows the distinction between acute malapposition, pres-
ent immediately after stent implantation; and late
malapposition, detected at any other time point, which
may be persistent since stent implantation, or acquired
with time—a differentiation requiring serial imaging.
Both types of IVUS-detected malapposition have been
associated with ST [67, 69, 94], and it remains unclear
which mechanisms are involved in bringing malapposed
struts at risk of early and late ST. The incidence of acute
OCT-detected malapposition (Table 3) amounts to 4 %—
9 % struts after PCI or, using a binary definition, 25 %—
75 % of lesions have been reported to exhibit >1
malapposed strut after stent implantation [95, 96, 97,
98]. Acute malapposed struts seem to be more frequent in
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Proportion of events
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Healing issue/
disease progression

Technical/
clinical cause

0 6 12

18 24 30

Timeto event
(months)

Fig. 2 Causes of stent thrombosis in relation to the index procedure. DAPT double antiplatelet therapy

stents implanted during ACS, at sites of stent overlap, in
proximal segments and with thick struts, and correlate with
the circumferential extent of vessel calcification [95, 97-100].
Serial studies indicate that the frequency of malapposition
decreases significantly from baseline to moderate-term
follow-up by means of growth of neointima filling the space
between the strut and vessel wall (7.2 % to 4.6 % [96¢] and
3.5 % to 0.5 % [101]). Compared with completely apposed
struts, acute malapposed struts have been associated
with delayed coverage and subclinical thrombus forma-
tion, thus, constituting a potential substrate for clinical
thrombosis [96e, 101, 102¢]. Among the factors deter-
mining whether malapposition will heal or not is the
degree of incomplete apposition: Gutierrez-Chico et al
recently observed that the likelihood of persistent
malapposition increased with the distance from the ves-
sel wall such that 95 % and 75 % of incompletely
apposed struts with malapposition distances up to 350
and 850 um were completely resolved at 6-13 months
follow-up, and grossly covered in 100 % and 88 % of
struts, respectively. Conversely, malapposition with dis-
tances beyond 350 and 850 pum persisted in 57 % and
100 % cases, with grossly delayed healing in 27 % and
100 % of these struts, respectively [103]. Although
these numbers may appear high, it should be noted that
on the one hand, residual malapposition may still re-
solve with additional follow-up; and on the other, that
malapposition distances most often average ~250 pm
[95], and these relatively small amounts of acute incom-
plete apposition have hitherto not been associated with
any clinical events up to 1 year [96e, 97, 103].

@ Springer

Late acquired stent malapposition is mainly associated
with positive vessel remodeling, although mechanisms
such as thrombus resolution and plaque embolization have
also been proposed [104]. IVUS has reported an incidence
of late acquired malapposition in up to 6 % and 25 % of
segments after BMS and DES implantation, respectively,
with highest rates reported in first-generation sirolimus-
followed by paclitaxel-eluting stents [94]. Comparable
reliable OCT data are limited—something that may be
ascribed the complexity of acquiring and analyzing serial
OCT data together with the fact that focus with OCT
mainly has been on strut coverage. Nevertheless, OCT
evaluations at follow-up within randomized trials have
reported that 10 % and 38 %—49 % of lesions implanted
with BMS and DES, respectively, exhibit >1 malapposed
strut at 6-13 months. At the strut level, however, unad-
justed rates of malapposed struts are considerably lower,
namely ~0.6 %—1.4 % per lesion up to 5 years, and have
not been associated with adverse events up to the imaging
follow-up [105-109].

As opposed to malapposition, stent strut coverage is
the main parameter that has driven the adoption of OCT
into the clinical arena. The landmark report from 2007 by
Finn et al appointing the ratio of uncovered to total stent
struts (RUTSS) the best morphometric predictor of late
ST in DES initiated a wave of studies focused on the
ability of OCT to identify very thin strut coverage (used
as surrogate for neointimal coverage), with the purpose of
clarifying which lesions are at risk of late ST and whether
patients with these lesions would benefit from a
prolonged double antiplatelet regimen [110—112, 113].
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Data reported thus far have been recently reviewed by
Gutierrez-Chico et al, in summary showing that strut
coverage increases over time, with highest rates of bare
struts among early-generation sirolimus- and paclitaxel-
eluting stents (~6 % at 12 months for both, and 1 % at
48 months for sirolimus-eluting stents), and lowest in
newer-generation DES, altogether in line with autopsy
data [114, 115]. These differences in strut coverage have
not yet proved to be of clinical importance.

Methodological Considerations and Future Directions

While the clinical impact of incidentally discovered
malapposition and uncoverage in otherwise asymptomatic
patients remains debatable, it seems obvious to evaluate
these parameters as risk markers. As for the use of OCT to
assess stent healing, it is notable that the resolution is in
fact insufficient to detect endothelial cells (thickness
<10 pum) explaining why strut coverage as opposed to
endothelialization is a more appropriate feature to study
with OCT. It is then important to bear in mind that the
histologic term “uncovered” refers to struts lacking a cov-
erage composed of neointimal components [111]. Struts
covered with fibrin, which per definition is not “tissue”,
are thus, “uncovered” wherefore; the true rate of uncovered

struts might be underestimated using OCT. This is sup-
ported by a comparison between OCT and histology where
OCT demonstrated a sensitivity of 78 % and specificity of
96 % for the identification of uncovered struts [116].
Conveniently, it was recently shown that analysis of back-
scatter and attenuation data can be used to distinguish
between strut coverage composed of fibrin vs neointima
[113+, 116]. How to implement these advancements for a
more accurate detection of strut coverage/uncoverage is
currently being investigated.

Another important aspect concerns the reporting of
data: most OCT studies report the presence of strut cov-
erage in a binary fashion expressed at the cross-sectional,
lesion- and sometimes at the population level, often with-
out consideration of the hierarchical structure of the data.
On the one hand, this makes it difficult to compare dif-
ferent studies; on the other, this way of summarizing OCT
data differs from the histologic RUTSS, that when ex-
ceeding 30 % was associated with a 9-times increased
odds for late ST [68]. The discrepancy in the selection
of methods may be related to the fact that a RUTSS
>30 % by OCT is extremely rare in asymptomatic patients
and averages only ~22 % in patients imaged during clin-
ical late ST [74¢]—something which in the latter should
be seen in view of the difficulty of OCT for distinguishing

Fig. 3 Optical coherence tomography findings following stent implan-
tation. Panel A; shows a stent edge dissection at 5 o’clock (arrow) in the
vicinity of a side branch (SB), as visualized immediately after stent

@ Springer

implantation. At 12-months follow-up, this was completely healed (A»).
Panels B-E show examples of tissue prolapses (B), an intra-stent dissec-
tion (C), thrombus (D), and malapposed struts (* in E)
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& % §: between thrombus and neointima during ST. Considering
2 &é §~ also that the methods for estimating the histologic RUTSS
% 2 B = g are based on a number of factors directly influenced by
5 ~ 8 kS ~ the ex vivo setting of histology [117], it may be discussed
S| . E%',) ? :‘f % whether the RUTSS can reliably be extrapolated from
é ‘Z% § é g <Zt § histology to OCT, and whether it is at all the best param-
. = eter to express the future risk of late ST with OCT.
i i Although malapposition is readily assessable with IVUS
% ’g, and OCT, it has attracted little attention in autopsy stud-
5 E Z ies, which report a surprisingly low incidence in the
3 2 ; 2 g = setting of late ST—something that may be related to
fg = T = o\: é histologic processing [118]. Nevertheless, incidentally
% E g E <3 % discovered malapposition by IVUS at 8 months point to
§ <Zt ; E: i@ § an increased risk of ST and myocardial infarction at
. g 5 years, and OCT suggests that malapposed struts even
§ § at very long-term follow-up appear to be assomateq with
= o = an absence of coverage [109]. Although the mechanism of
% % - . %: malapposition in studies without serial imaging remains
; E & § E g unknown, it may be argued that in cases of persistent
:: e | 2 acute malapposition, the mechanism of uncoverage may
% g §E g i é g be related to a permanently delayed healing. However, in
g 2 S o Eﬂr% i ‘g cases with positive remodeling this may be different:
g 299 SS| g considering that lesions with uncovered malapposed struts
3 528 R 2% in some instances exhibit ectatic segments with coronary
% ° U RS aA §~§ evaginations, which also correlate with positive remodel-
S| 8| <8 & E << EE | &3 ; ) )
3| @ zZ2 = = ZZzZ == g% ing and, which suggestively represent a pre-stage to
s B «é § o? mfalapposition [1 1f9%i it may be slp()iec%latecg tha}i an abslence;
= = N of coverage at follow-up could also be the result o
.5 %’% §2 neointimal stretching and disruption during the vessel
% 2 2 - § § éo % dilation occurring with progressive remodeling. Of note,
2 ~ % g 3 ;\o\é = ; 54 Guagliumi et al observed that the only independent pre-
.% i s ¢2a 22 E 8 §*: dictors of late ST were the length of segment with (OCT-
2| g %E & 3 % 3 2| g % detected) uncovered struts and (IVUS-assessed) positive re-
S| 8|&2 R2Z2 I2,8]¢ ::5 modeling—the latter supported by previous data [69, 74s].
L-E g : Z @ z ; 2 ; 2 g 7; Furthermore, Réber et al noted that of the patients examined
g . . < 5% with OCT at 5 years, four had a high density of malapposed
'—é % °: i S S 352 struts and large coronary evaginations, and out of these, two
o] 2 iy S 4 § patients experienced very late ST related to these regions
2l 2| A A2 B B £ % 6 months and 1 year later [109]. We recently observed that
g o | o 2z ; % lesmns. with .“maj(.)r” coronary evaginations beygnd
s| & ?: Se S5 L g 5 prespecified dlmen51qns hafi a hlgher rat§ of subclinical
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=l <10 M ¥ A Q 8 ¥ criteria with cut-offs which are yet to be determined,
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may provide a better prediction of the risk of late ST
rather than one predictor alone—something that seems
logical when considering the pathophysiology of throm-
bosis from a Virchowian point of view (Fig. 4). That yet
additional risk factors such as neoatherosclerosis are
emerging may further complicate the estimation of throm-
botic risk [70, 71]. Nonetheless, recommendations on how
to analyze and report quantitative and qualitative data in
relation to coronary stents together with the development
of semi-automatic software to facilitate the time-
consuming analysis process [122] are anticipated in a near
future and will provide an indispensable basis to promote
the wider adoption of OCT in clinical practice.

Conclusions

The introduction of OCT has significantly advanced our
knowledge of the pathophysiology of atherosclerosis and
vascular responses to stent implantation. Although we are
only now beginning to understand the clinical importance of
various features related to coronary stents as well as plaques, a
substantial amount of work remains to establish criteria of
prognostic importance both during stenting and at follow-up.
The achievement of these goals depends on an increased
awareness of the limitations of current methodologic con-
cepts, which together with further developments of automated
tissue characterization and stent analysis software will

Hypercoagulability

+ ACS at stent implantation
« Premature DAPT discontinuation

» Persistent fibrin deposition

Altered haemodynamics

+ Evaginations

Thrombosis

Endothelial dysfunction

+ DES-related chronic inflammation

+ Malapposed struts

» Tortuous vessels/bifurcations

+ Strut uncoverage

+ Tissue injury with exposition of TF

Fig. 4 Factors associated with late stent thrombosis. Panel A shows a
number of factors associated with late stent thrombosis and classified
according to the triad of Virchow. Panels B-C show the angiographic and
OCT-findings in a case of late stent thrombosis. This 54-year-old male
had a sirolimus-eluting stent implanted in the right coronary artery in the
setting of a STEMI. Seventeen months later, clopidogrel was
discontinued, and 27 months following stent implantation, the patient
presented with an inferior STEMI. One week following thrombolysis,
angiography showed peri-stent contrast staining in the previously stented
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segment (dashed line). OCT demonstrated evaginations (E), malapposed
(M), and uncovered (*) struts, as shown in panels C-D. Please note that
OCT was performed without a guide wire, which is a differential diag-
nosis for the malapposed strut in panel C. Reprinted from
Eurolntervention 2014;10:113-23, Radu et al. Flow-disturbances in
stent-related coronary evaginations: a computational fluid dynamic sim-
ulation study. Copyright 2014, with permission from Europa Digital &
Publishing. ACS acute coronary syndrome, DAPT double antiplatelet
therapy, DES drug-eluting stent, 7F tissue factor
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facilitate the accomplishment of serial studies to eventually
clarify the role of OCT in interventional cardiology.
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