Coronary stent thrombosis: what have we learned?
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“Not everything that can be counted counts, and not everything
that counts can be counted.” ——William Bruce Cameron

Introduction

The advent of drug eluting stents (DES) produced a
remarkable improvement in outcomes after percutaneous
coronary interventions (PCI) (1,2). Drug elution suppressed
smooth muscle cell migration, reduced the amount of
neointimal hyperplasia and the rate of clinical driven target
lesion revascularization (3). Nevertheless, the effectiveness
of DES technology came at the cost of a greater risk of
late and very late stent thrombosis (ST) (4). To overcome
this limitation, refinements in stent geometry with
thinner struts, more biocompatible polymers, lower drug
dose eluted, PCI techniques (i.e., intravascular imaging
guided procedures) in conjunction with potent adjunct
pharmacological therapy (i.e., dual antiplatelet therapy) have
further enhanced late DES safety profile (4-6). However,
despite the reduction in thrombotic events with newer-
generation DES to rates lower than 1%, ST still remains
a catastrophic complication of PCI with high mortality
rate (7,8).

Intravascular coronary imaging has emerged as a clinical
tool to aid in the understanding of the pathophysiology
of ST. Using intravascular ultrasound (IVUS), stent
underexpansion, edge dissections and residual lesions in the
outflow or inflow of the treated region have been recognized
as causes of ST with both bare-metal stents (BMS) and DES
(9-11). Recently, optical coherence tomography (OCT),
which has 10 times higher resolution than IVUS, has
been introduced into clinical practice and used to further
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investigate ST (12). Because of its high resolution (10-20 pm)
OCT has become the optimal modality to assess in vivo
stent failure. Nonetheless, due to the low incidence of ST
with contemporary DES, very large prospective trials with
serial imaging will be necessary to prospectively identify
the causes of ST. Therefore, our current knowledge of the
potential causes of ST relies on the analysis of thrombotic
events.

The larger series of patients presenting with ST
investigated by OCT is the PESTO French registry. This
multicenter study included 120 patients presenting with
acute, subacute, late and very-late ST after implantation
of mainly BMS or DES. The majority of these patients
(75%) presented with very late ST (more than 365 days
after PCI) and 59% of cases were DES related ST. Notably,
the use of OCT during the acute event allowed to identify
the underlying morphological abnormality in 97% of
cases. Overall, the most common findings in this series
were strut malapposition (34%), neoatherosclerotic lesions
(22%), stent underexpansion (11%), coronary evagination
(8%), isolated uncovered struts (8%) and edge-related
disease progression (8%) (Figure 1). In early ST (<30 days)
malapposition and underexpansion were the predominant
findings whereas in late ST cases (>30 days) malapposition
and neoatherosclerosis were more prevalent (13). Although
the observational design of this registry precludes
concluding a causal relationship between these findings
and ST, it further provides important information of the
underlying factors associated with ST.

Pathophysiology

Multiple and overlapping causes may lead to the occurrence
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Figure 1 Optical coherence tomography images of stent thrombosis cases. Representative examples of stent thrombosis underlying
mechanisms explored by optical coherence tomography imaging after optimal thrombus resorption in acute stent thrombosis with edge
dissection (A); sub-acute stent thrombosis with major stent malapposition (B); late stent thrombosis with isolated uncovered struts (C); very
late stent thrombosis with neoatherosclerosis lesion (D); ruptured neoatherosclerotic lesion (E and F); major stent underexpansion with stent
area and reference lumen area measurements (G); coronary evaginations related to underlying positive remodeling (H). Reproduced with

permission of Souteyrand et al.

of ST. Factors related to the patient, lesion, procedure and activation of the extrinsic pathway of the coagulation
post-procedure have been described (8). The interaction cascade (14). Moreover, thrombogenicity and vascular
between blood and pro-thrombotic sub-endothelial healing may differ among metallic alloys and polymeric
elements, stents struts and polymers might lead to the stent surfaces (15). Newer stents with thinner struts
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Figure 2 Simulation of blood flow in the vicinity of stents struts. (A) Path-lines generated by 1 pm fluorescent particles in the vicinity

of stent struts of increasing size (50 to 150 pm) demonstrate the formation of a range of recirculation zones by different geometries;

(B) representative images of fibrin deposition near stent struts; (C) distal and proximal fibrin deposition near the stent strut of disturbed
flow (DF) and undisturbed flow (UF); (D) WSS distribution for UF (grey) and DF (black) waveforms in the artery model. Reproduced with

permission of Jimenez ez al.

and more biocompatible polymers have shown to elicit
less inflammation and reduced platelet activation (16).
Nevertheless, platelet suppression and/or anticoagulation
are essential to avoid adverse thrombotic events particularly
in the early phase post-implantation.

Furthermore, malapposition, under-deployment,
device-vessel mismatch, incomplete coverage of lesion
and overlapping stents produces disturbance of laminar
blood flow. Low endothelial shear stress attenuates the
endothelial expression of protective factors such as nitric
oxide, prostacyclin I,, and tissue plasminogen activator
(tPA), shifting toward a prothrombotic state (17).
Additionally, low endothelial shear stress may promote ST
by inhibiting endothelial cell proliferation and retarding
re-endothelialization of the arterial and strut surface (18).
Endothelial shear stress peaks over the strut surface
and activates platelets that release thromboxane A2 and
adenosine diphosphate, two potent mediators of platelet
activation. Activated platelets enter flow separation zones
downstream to the struts and reach high concentrations

© Journal of Thoracic Disease. All rights reserved.

jtd.amegroups.com

due to slow flow in conjunction with low endothelial shear
stress, resulting in activation of the coagulation cascade
(19,20) Furthermore, the thrombogenicity of coronary stent
has been related to strut thickness. As areas of recirculation
are created behind thick struts which promotes deposition
of fibrin and thrombus in the microenvironment around the
struts (Figure 2) (21).

Another important factor is the presence of a systemic
prothrombotic state. An increased risk of ST in observed
in the setting of acute coronary syndromes (ACS) (22).
During ACS, stent implantation is associated with a higher
incidence of irregular tissue protrusion and thrombi,
which have been prospectively identified as a predictor
of cardiovascular events (23,24). Moreover, stenting in
denuded regions without protection factors such as tPA,
prostacyclin, and nitric oxide may predispose to ST (19).
Pathologic and in vive studies have shown that DES
implantation in lesions with abundant necrotic core might
result in delayed or absent healing and endothelialization
supporting the mechanistic pathophysiology of increased
risk of ST after ACS (25-27).
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Mechanical factors of stent thrombosis
Acute and subacute ST

Sub-optimal procedure results (i.e., underexpansion,
malapposition and edge dissections) are the main causes
of early ST (10,24). These mechanisms commonly coexist
increasing the potential to trigger ST in the acute phase
after stent implantation.

Underexpansion

Inadequate stent expansion has been consistently
recognized as an important predictor of ST (10,24). This
results from restricted expansion due to plaque-related
factors (e.g., calcified plaque), implantation of an undersized
stent for the vessel or under-deployment. Intravascular
imaging guided PCI adequately assesses stent expansion
and has demonstrated to reduce the occurrence of ST (5).
In addition, recognition of underexpansion as the cause
of ST using IVUS or OCT may aid in the selection of a
treatment strategy (i.e., non-compliance balloon high-
pressure dilatation). In the PESTO registry, major stent
underexpansion was the underlying mechanism in 11% of
patients and was more prevalent in acute and sub-acute ST
cases (13).

Dissections

Stent edge dissections expose endothelial content to the
blood and have been associated with acute and sub-acute ST
when detected by angiography or IVUS (10,24). A major
advantage of OCT is the capacity to detect edge dissections.
However, during OCT-guided stent implantation, edge
dissections are found in 30% to 40% of cases (28). The
majority of these dissections healed completely during
follow-up. Therefore, the clinical repercussion of edges
dissections detected by OCT is not completely clear;
however, it seems to be related with the length, width
and circumferential extension of the dissection (29).
For example, a non-flow-limiting, short and superficial
dissections does not generally require additional treatment;
whereas flow-limiting, long and deep dissection should be
cover with an additional stent to restore adequate flow.

Incomplete coverage of lesion (geographical miss)

Incomplete lesion coverage in a frequent finding in patients
undergoing angiography guided PCI (30). It is defined
as a residual stenosis at the edge with a lumen cross-
sectional area of <4.0 mm’ and >70% plaque burden, 5 to
10 mm from stent edges (9). Lumen compromised at the
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edges may predispose to flow disturbance and ST. Using
IVUS, inflow and/or outflow obstructions have been
shown to be predictors of early ST in the stable angina
and ACS (9,10). The PESTO registry found edge related
disease progression, assessed by OCT, as the underlying
abnormality in 8% of ST cases (13).

Incomplete stent apposition (malapposition)

Stent malapposition is defined as the lack of contact between
the stent struts and the underlying intimal surface of the
vessel wall in a segment not overlying a sidebranch (31).
Acute stent malapposition has been reported in up to
40% of patients undergoing OCT guided-PCI (23). Small
malapposition areas have shown to resolved during follow-
up. However, persistent protruding and malapposed
struts disturbed blood flow and produced flow separation
areas with eddy, which are known modulators of platelet
activation and thrombosis (32). Nakano et 4/. evaluating
autopsies of patients with early ST identified incomplete
stent apposition and plaque morphology (i.e., necrotic
core prolapse and thrombus burden) as triggers of early
ST (33). Nonetheless, data coming from the CLI-THRO
study do not support this hypothesis. In this OCT study,
underexpansion and edge dissection were the only factors
associated with early ST (24). In contrast, the PESTO
registry found incomplete stent apposition in nearly half
of the cases presenting with early ST (13). Despite the fact
that stent malapposition is the most frequent finding in ST
cases no causal relationship between stent malapposition
and ST has been proven. Furthermore, the coexistence of
malapposition with other mechanisms adds confounders

into the analysis of the real impact of this entity as a cause
of early ST.

Late and very late stent thrombosis

Uncovered strut

Delayed endothelial coverage resulting in uncovered struts
is a frequent finding in very late ST patients. Finn ez 4/,
with pathological data suggested that the proportion of
uncovered struts is one of the primary risk factors associated
with ST. In this study, more than 30% of uncovered struts
were associated with nine-fold increase in the odds ratio
for thrombosis compared to covered stent struts (34).
Guagliumi er 4/. identified uncoverage struts as the most
common OCT correlate of very late ST (12). Interestingly,
Taniwaki et a/. comparing thrombus vs. control regions
within the same stent observed a direct association between
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thrombus and uncovered struts or malapposition length (35).
Additionally, strut coverage does not necessarily portend
a functional endothelium, as OCT cannot differentiate
material deposition (e.g., fibrin) over the struts from
endothelial coverage (36).

Neoatherosclerosis

Neoatherosclerosis is characterized by accumulation of
lipid-laden foamy macrophages within the neointimal,
with or without calcification or necrotic core. The
development of neoatherosclerosis may occur in month
of years following stent implantation (37). Kang et al.
using OCT found that neointimal plaque rupture in up
to 70% of patients with very late ST (38). In the PESTO
registry in-stent neointimal plaque rupture was the second
most frequent finding of late and very late ST (28%;
14% of LST and 29% VLST) (13). In concordance with
pathological studies, the onset of neoatherosclerotic lesions
were later with BMS [10.6 (8.8-14.8) vs. 5.3 (2.4-7.0)
years, P=0.001] compared to DES. This phenomenon has
important clinical implications since it has been correlated
with late restenosis and very late ST and has shown to have
a similar incidence between first and second-generation
DES (37). Futures studies should assess whether secondary
prevention measures or new devices mitigate the risk of
neoatherosclerosis.

Coronary evagination

A coronary evagination is defined as the presence of an
outward bulge in the luminal vessel contour between
apposed struts with a maximum depth of the bulge
exceeding that of the actual strut thickness. Evagination
could potentially produce flow stagnation and promote
thrombus formation. Evagination within the stented
segment were first reported in patients with sirolimus-
eluting stent (SES) implantation and peri-stent contrast
staining and have been found to be less frequent in second

generation DES (39,40).

Stent fracture

Stent fracture is defined as a gap between struts and
classified according to the shape and degree of displacement
of the resulting segments (41). The prevalence of stent
fracture ranges from 1.3% to 22% and has been associated
with PCI in the right coronary artery (particularly in
proximal and mid segment), lesion complexity, stent length
and is more frequent with stainless steel stents compared
with cobalt-chromium stents (41,42). Historically,
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angiography has been used for detection of stent fractures,
however any intravascular imaging modality or non-invasive
multislice computed tomography could be used (43).
Stent fractures have been associated with a higher rate of
stent restenosis, target lesion revascularization, coronary
aneurysm development and definite ST (42). In recent
reports of ST investigated by OCT, stent fractures has been
an infrequent finding (13).

Malapposition
Incomplete stent apposition (ISA) may results acutely after
the procedure or might be acquired during follow-up.
Small areas of ISA might resolve spontaneously in nearly
half of the patients, whereas larger ISA might persist over
time. Late-acquired stent malapposition could results from
thrombus dissolution (behind the struts) after primary PCI,
positive vessel remodeling with detachment of the stent
from the vessel wall and rarely from chronic stent recoil (31).
Histological studies have been instrumental to enable a
better understanding of the mechanisms of ISA. Virmani
et al. was the first who linked hypersensitivity reactions
and inflammation to the occurrence of malapposition
and ST with sirolimus-eluting stent (Cypher, Cordis,
New Jersey, USA) (44). In the clinical setting, Cook et al.
using IVUS demonstrated that ISA was highly prevalent
in patients presenting with very late ST (45). In addition,
OCT studies have consistently shown a correlation
between malapposition and very late ST (35,46). In the
PESTO registry strut malapposition was the most frequent
abnormality in patients with late and very late ST (13).
Despite the outstanding contribution of intracoronary
imaging (i.e., IVUS and OCT) to the understanding of the
mechanism leading to ST these data should be carefully
interpreted because it was found in a highly selected
population (i.e., patients who had ST). Moreover, due to
the high resolution of OCT, abnormalities at the strut level
can be visualized and quantitatively evaluated; however,
not everything that can be counted counts, and not everything
that counts can be counted. Nevertheless, these findings are
patho-mechanistically plausible causes of ST and have
shown to be consistent within studies and coherent with the
theoretical knowledge. For that reason, and in the absence
of direct evidence they should be considered as putative
causes of ST. Therefore, optimization of stent implantation
with the systematic use of intravascular imaging to avoid
underexpansion and areas of ISA in conjunction with
refinements of the stent technology to promote arterial
healing and adequate pharmacological platelet suppression
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should be encouraged to further improve the outcomes of
PCI and to further reduce the rate of ST.
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