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11.1         Introduction 

 The increased burden of coronary artery disease (CAD) rep-
resents a major challenge to the global health care system. 
Over the last decades the number of patients undergoing per-
cutaneous coronary interventions (PCI) substantially 
increased, with more complex clinical and anatomical set-
tings treated with stent implantation. Acute myocardial 
infarction, unprotected left main disease and complex bifur-
cation are regularly treated with coronary stents. This 
approach was made possible by the development and wide-
spread use of drug-eluting stents (DES) that effectively 
reduced the limit of in-stent restenosis following bare metal 

stent implantation [ 1 ,  2 ]. Nevertheless, the extensive use of 
DES in high risk cohorts was plagued by an increasing num-
ber of stent thrombosis (ST), especially in the late and very 
late phases after the DES implantation, associated with a 
high rate of mortality [ 3 – 5 ].  

11.2     Defi nition and Incidence 

 The defi nition of ST varies from an “angiographically 
proven” to a “clinically suspected” event with the inclusion 
of acute myocardial infarction (MI) involving the target ves-
sel, and unexplained death (within 30 days or anytime). The 
Academic Research Consortium (ARC) divided ST accord-
ing to the level of certainty in source documentation and fre-
quency of occurrence compared to the index procedure [ 6 ]. 
Defi nite ST (highest level of certainty) requires either angio-
graphic or postmortem evidence of thrombotic stent occlu-
sion that has to be in the stent or in the 5 mm segment 
immediately apart from the stent. Conversely, probable ST 
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encompasses any unexplained death within 30 days of stent 
implantation or any MI in the territory of the implanted stent, 
regardless of the time span. Finally, possible ST includes any 
unexplained death beyond 30 days. All these entities are sub-
divided temporally into acute (<24 h), sub-acute (1–30 days), 
late (between 30 days and 1 year) and very late ST (>1 year 
after stent implantation). 

 ST limited during the early phase of bare-metal- stent 
(BMS) the rate of ST was as high as 20 % [ 7 ]. Following the 
introduction of high pressure balloon post- dilatation and the 
combined use of dual antiplatelet therapy (DAPT), a signifi -
cant decrease of ST was observed [ 8 – 14 ], with a range 
between 0.5 and 4 %. In the Dutch registry that included 
more than 21,000 patients treated with BMS and fi rst genera-
tion DES, the vast majority of ST (>70.0 %) occurred in the 
fi rst month after stent implantation, with a cumulative rate of 
2.1 % in defi nite ST over a 3-years follow- up period [ 15 ]. A 
similar occurrence of ST was observed in the Bern-Rotterdam 
registry, that followed 8,146 patients treated with fi rst gen-
eration DES (paclitaxel eluting stent [PES] and sirolimus 
eluting stent [SES]), with 3.3 % of cumulative incidence of 
ST at 3-years [ 16 ]. Furthermore, the specifi c concern for 
additional risk of very late ST observed in the fi rst generation 
DES at an annual rate of 0.5 % [ 16 – 18 ] was addressed by 
these studies. More recently, following the widespread adop-
tion of current generation DES, with thinner struts and a 
more biocompatible polymer, a substantial reduction of ST 
has been reported [ 19 ,  20 ].  

11.3     Clinical Outcomes 

 Very few studies have been published on the long-term clini-
cal outcomes following a fi rst episode of defi nite ST. Some 
series reported a mortality rate associated with ST of up to 
45 % [ 13 ,  21 – 23 ]. Interestingly, the observed rate of recur-
rent episodes of ST was approximately 20 %. In a recent 
meta-analysis of 23 studies that evaluated 7,315 cases of 
defi nite ST, this event was associated with an in hospital 
mortality of 8 % and an in–hospital new or recurrent MI rate 
of 6 % (not counting for the ST event). Notably, the stent 
type had no signifi cant effect on in-hospital or 30-day mor-
tality [ 24 ].  

11.4     Associated Factors 

 Several studies have confi rmed the multifactorial nature of 
ST. ST may depend on: (1) patient characteristics and risk 
factors, (2) treated lesion and procedural-related factors, 
including the stent type and (3) DAPT compliance and 
responsiveness [ 13 ,  21 – 33 ]. Patients clinical characteristics 
associated with ST include diabetes mellitus, acute coronary 

syndromes (in particular ST-elevation myocardial infarction 
[STEMI]) as indication for PCI, left ventricular dysfunction, 
renal failure, younger age, smoking status, malignancy and 
presence of bleeding. Moreover some angiographic charac-
teristics of the stented lesion, including small vessel diame-
ter, bifurcations, heavy calcifi ed lesions, ostial and long 
lesions have been associated with increased risk of ST. In 
addition, procedural characteristics (multiple stents implan-
tation, stent undersizing and under expansion, total stent 
length, balloon/stent size ratio, bivalirudin administration, 
and stent type) may also predict the individual risk to develop 
ST. Among the technical aspects more critically involved in 
early ST the presence of residual dissection and stent under-
expansion seem to play major roles. Finally, individual 
DAPT responsiveness may substantially contribute to ST 
occurrence. Indeed, both BMS and DES implantation induce 
platelet adhesion, activation and thrombus formation [ 32 , 
 33 ]. Therefore, effective anti-platelet therapy is strongly rec-
ommended during and after stent implantation. The aware-
ness of the potential for late and very late ST has prompted a 
shift towards prolonged (12 months or more) duration of 
DAPT, which is in turn is associated with increased bleeding 
risk, entails increased costs and interferes with invasive and 
surgical procedures, if required.  

11.5     The Pathology View 

 Different pathological mechanisms are associated with 
ST. The information on coronary vessel response after stent 
implantation was essentially derived from two sources – 
translational preclinical models and human autopsy 
series. Different factors are involved in the pathogenesis of 
early and late ST. Nakano et al. recently reported the histo-
pathology features of early ST in 34 patients presenting 
with Acute Coronary Syndrome (ACS), who underwent 
an implant with BMS, fi rst or second generation DES. 
Interestingly, the authors found that the underlying plaque 
morphology (prolapse of the necrotic core), the thrombus 
burden, medial tear and incomplete apposition were more 
frequently observed at the level of cross-sections containing 
thrombus compared with patent cross-sections in the same 
stent [ 34 ]. These fi ndings support the concept that plaque 
morphology as well as procedural and mechanical- related 
factors play a role in acute/subacute ST. These pathological 
fi ndings are also in line with the results of the previous angi-
ographic and intravascular ultrasound (IVUS) studies which 
demonstrated that the presence of residual edge dissection 
and signifi cant remaining stenosis in proximal and/or distal 
reference segments can signifi cantly increase the risk of 
early ST [ 31 ]. 

 Histopathology has also demonstrated delayed healing 
and incomplete endothelial stent coverage as the most 
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 important factors for late ST after DES implantation [ 35 ,  36 ], 
(Fig.  11.1 ). These studies suggested hypersensitivity, with 
chronic infl ammation and late acquired stent malapposition, 
as possible contributing factors [ 35 – 38 ]. In an  ex-vivo  study 
comparing DES vs. BMS cases of ST at different time points, 
endothelialization was nearly complete in BMS examined 
beyond 6 months, whereas incomplete endothelialization 
 persisted in DES beyond 40 months [ 34 ]. More recently neo-
atherosclerosis, characterized as clusters of lipid-laden foamy 
macrophages within the neointima, with or without necrotic 
core [ 39 ], has been identifi ed as a frequent cause of late stent 
failure, including ST. Moreover, pathological reports have 
demonstrated that neoatherosclerosis is more common and 
occurs earlier with DES as compared to BMS [ 40 ].

11.6        The Role of Intravascular Imaging 
to Assess Stent Thrombosis 

 Intracoronary imaging techniques have been developed to 
provide complementary, more accurate measurements and 
details to coronary angiography in patients undergoing 
 complex PCI. Compared with IVUS, OCT is superior in the 
assessment of unstable plaque features, including the pres-

ence of thrombus, rupture plaques, thin-cap fi broatheroma 
(TCFA) and pools of superfi cial macrophages [ 41 ,  42 ]. In 
addition, OCT provides superior details on the immediate 
results of stent implantation (vessel injury, tissue prolapse, 
stent malapposition and stent geometry distortion). Finally, 
OCT at the follow-up time is more accurate in assessing the 
remaining thrombus and the amount and type of tissue grow-
ing into the stent, discriminating between covered and uncov-
ered struts, neointimal formation and newly developing 
atherosclerosis [ 42 – 44 ]. Based on these unique characteris-
tics OCT can critically contribute to a better mechanistic 
understanding of the pathophysiology of ST and to the iden-
tifi cation of surrogate markers, anticipating the risk.  

11.7     OCT in Stent Thrombosis: Not All 
Stent Thrombosis Are Created Equal 

 The multi-factorial nature of ST and the high risk related 
to this event favors a fully informative, accurate assess-
ment of the culprit lesion and vessel at time of acute 
presentation, through high resolution intravascular imag-
ing modalities. Similarly to any acute MI, ST requires 
immediate thrombus removal and quick restoration of an 

a b

c d

  Fig. 11.1    Histology and OCT. ( a ) and 
( b ) Magnifi ed histology sections (Movat 
pentachrome stain) and corresponding 
OCT image ( c ,  d ) of a specimen of stented 
coronary artery with implant duration of 
48 h. ( a ) Uncovered struts at 9 o’clock 
( arrowhead ) and calcium deposition 
( arrow ); ( c ) corresponding OCT image. 
( b ) Thrombus deposition (*) on top of the 
uncovered strut at 6 o’clock and 
( d ) corresponding OCT image       
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effective TIMI fl ow as the goals of primary interventions. 
After vessel recanalization, OCT may be used for guid-
ing a more effective thrombus removal, via mechanical 
and/or additional pharmacological treatments. Further, 
OCT may help to recognize the stent-related factors (if 
any) responsible for ST (malapposition, under expansion, 
incomplete coverage, lipid laden neointima) and to select, 
based upon the imaging details, the most effective treat-
ment to avoid recurrences. Indeed, while stent under-siz-
ing, under-expansion and other suboptimal PCI results are 
usually observed in the acute/subacute ST cases, the main 
mechanisms involved in both late/very late ST are usu-
ally linked to the presence of uncovered stent struts and/or 
neoatherosclerosis.  

11.8     How to Perform OCT in the Acute 
Setting of Stent Thrombosis 

 The planning for imaging in a patient arriving at the hospital 
with possible ST should start before the patient’s arrival at 
the Cath Lab. If the patient was treated with stent(s) in the 
same hospital all clinical and procedural information (co- 
morbidities, clinical presentation at the index procedure, 
stent type and size, eventually complications at the stent 
implant) has to be made available to the operator before pri-
mary PCI. In patients arriving with ST and TIMI 0–1 fl ow 
grade or large fi lling defect, thrombus aspiration is at the 
frontline of treatment for reestablishing the fl ow and allow-
ing subsequent histopathology analysis of the aspirated 
thrombotic material. In this case thrombus aspiration has to 
be performed until coronary fl ow is reestablished and in any 
case before the OCT imaging pullback. It is relevant to the 
safety of the patient and equally relevant for having high 
quality OCT imaging, not to proceed with the OCT scan 
when the vessel is occluded with no distal fl ow or in the pres-
ence of an extremely high thrombus burden anticipated at the 
angiography views. Major arrhythmias and images unread-
able due to the excess of remaining thrombus are the main 
reasons for adopting a dedicated strategy. In the presence of 
a large remaining thrombus the imaging catheter can be 
occlusive. One  possible trick to anticipating if an OCT pull-
back can be  performed with enough quality is a quick check 
in angiography with a few cc of contrast, maintaining the 
aspiration catheter at the culprit site. If the contrast passes 
freely the probability that it will not be occlusive with the 
image catheter is high and you may proceed with the OCT 
pullback. A combined use of IVUS and OCT when possible 
is recommended, since both imaging techniques may  provide 
complementary data on mechanisms of ST. In these cases it 
seems wise to start with IVUS, since no contrast fl ushing and 
no selective coronary intubation is required. IVUS may add 
unique information on vessel remodeling that cannot be pro-

vided by OCT. It is important to remember that OCT imag-
ing may increase the overall amount of procedural contrast. 
In the presence of hemodynamic instability, frequently 
observed during ST, the total amount of contrast needs to be 
strictly monitored. When fl ow is reestablished the operator 
should take time to analyze the imaging data, understand the 
main causative mechanism and the possible contributing fac-
tors and to tailor the treatment strategy. Since the time inter-
val between the baseline assessment and the fi nal 
post-intervention pullbacks can be wide, the OCT catheter 
should be maintained wet in saline solution to avoid fi brin 
deposition on the imaging element and contrast medium 
crystallization.  

11.9     Information Provided by OCT 

11.9.1     Thrombus Assessment 

 OCT is able to assess the presence and type of thrombus and 
the effectiveness of coronary thrombus removal through 
mechanical and or pharmacological interventions. With 
OCT, intracoronary thrombus is identifi ed as any abnormal 
mass protruding into the lumen, with a sharp gap in the 
underlying tissue, signal backscattering and various degrees 
of attenuation. White thrombus is characterized by homoge-
neous signal rich with low-backscattering attenuation, while 
red thrombus, that contains red blood cells and a network of 
fi brin, is defi ned by a highly backscattering and highly atten-
uated light signal (resembling blood). The presence of a 
large amount of residual thrombus may preclude a reliable 
assessment of strut coverage (Fig.  11.2 ). In these cases addi-
tional potent pharmacologic agents, such as GP IIb/IIIa 
receptor blockers, can be used to allow an accurate assess-
ment of the underlying stent, and to detect possible segmen-
tal malapposition or consecutive frames with largely 
uncovered struts (Fig.  11.3 ).

11.9.2         Inadequate Stent Implantation 

 Inadequate stent implantation can be due to a mismatch 
between lumen dimensions and the selected stent size, or be 
the consequence of stent under expansion in spite of an ade-
quate stent/artery ratio. Providing automatic lumen profi le 
measurements, novel OCT systems allow for the online 
detection of inadequate stent implantation. 

 In a small-scale OCT study evaluating patients with sub-
acute ST [ 45 ], a smaller minimal stent area was observed in 
these patients compared to the uneventful controls, with min-
imum stent area preferentially located at the thrombus site, 
indicating stent under expansion as a possible mechanism of 
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early ST. In addition, the percentage of both uncovered and 
malapposed struts was signifi cantly higher at the thrombus 
site compared with their respective control patients. 

  Illustrative Case 1 
  Stent Under-Expansion as Primary Cause 
of Late Stent Thrombosis  
 A 60 years-old patient underwent a complex PCI procedure 
on a highly calcifi ed right coronary artery (RCA), requiring 
rotational atherectomy (Fig.  11.4 ). Five years later the patient 
was admitted with diagnosis of inferior STEMI. Coronary 
angiography revealed an in stent thrombotic occlusion of the 
RCA. After wire crossing and thrombus aspiration, OCT and 
IVUS pullbacks were performed. IVUS showed a large 
amount of residual thrombus and severe stent under expan-
sion at the culprit segment. OCT pullback confi rmed stent 
under expansion in the absence of any uncovered/malap-
posed struts or abnormal neointima (Fig.  11.5 ). Severe under 
expansion was treated with larger balloons and a short EES 
implanted at high pressure. Final intracoronary imaging con-
fi rmed an adequate acute gain in the previously unexpanded 
stent segment (Fig.  11.6 ).

11.9.3           Incomplete Stent Apposition 

 There is increasing interest in the role of incomplete stent 
apposition (ISA) as a causative factor of ST. ISA is normally 
defi ned as the separation of one or more stent struts from the 

arterial wall, with evidence of blood speckles behind the 
strut, in the absence of any side branch. According to the 
time of occurrence, ISA is labeled as acute (post-procedure), 
persistent (diagnosed at post-procedure and still present at 
follow-up), and acquired (not present at post-procedure but 
identifi ed at follow-up). In the absence of any intravascular 
imaging assessment at the index procedure, ISA is usually 
classifi ed as late incomplete stent apposition. The role of 
stent malapposition in the pathogenesis of late ST has been 
continuously debated advocated as a possible causative 
 factor in some studies and neglected in others. Cook et al. 
reported an increased incidence of stent malapposition and 
positive vessel remodeling in patients presenting with very 
late ST after fi rst generation DES, compared with uneventful 
controls [ 46 ]. ISA was detected in 77 % of patients with very 
late ST with a wide area of malapposition. Similarly, in a 
study conducted by Guagliumi and coll. on consecutive 
cases of late and very late ST assessed with OCT, stent 
malapposition was observed in 78 % of the all cases, with 
maximal area of malapposition signifi cantly greater com-
pared to the uneventful matched controls [ 43 ]. Recently, the 
“Mechanism Of Stent Thrombosis” MOST study also dem-
onstrated a three times higher rate of malapposed struts in 
patients with late ST as compared to controls [ 45 ]. Late acquired 
ISA may essentially be due to two different mechanisms: (a) 
positive vessel remodeling, as a marker of vessel toxicity in 
response to the drug and or to the polymer; (b) resolution or 
reabsorption of a pre-existing soft plaque or thrombus behind 
the stent struts. 

a

b c d e f

  Fig. 11.2    Large amount of residual thrombus after manual thrombus aspi-
ration. OCT longitudinal view ( a ) and multiple cross-sections ( b – f ) images 
during a ST case after thrombus aspiration. Large residual thrombus 

remained inside the stent ( b ,  c ,  d ). Struts are clearly visible due to shadow-
ing. Proximal ( f ) and distal ( b ) sections indicate complete strut coverage. 
White thrombus mainly in ( b ,  c ), mixed thrombus in ( d )       
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  Illustrative Case 2 
  Persistent Malapposition as Causative Factor 
of Stent Thrombosis  
 Brief summary: Two everolimus-eluting-stent (EES) were 
implanted to treat an occluded left descending coronary 
artery (LAD) during an anterior STEMI. The proximal stent 

was bordering a small aneurysm (arrow, Fig.  11.7 ). After 
4 years, the patient was urgently hospitalized due to a recur-
rent anterior STEMI. Coronary angiography showed a 
thrombotic occlusion at the stent entrance. After wiring the 
occluded vessel and an effective manual thrombus aspira-
tion, coronary angiography displayed only a small fi lling 

a

b
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  Fig. 11.3    OCT in Late Stent Thrombosis, Immediately After Thrombus 
Aspiration. OCT Longitudinal view ( a ) and multiple cross-sections 
( b – e ) images obtained in very late stent thrombosis, immediately after 
manual thrombus aspiration. Large residual thrombus is observed 
inside the stent, dominantly white in signal characteristics ( c ). Struts 
malapposition can be observed ( d ). Same vessel after intracoronary 

injection of GP IIb/IIIa inhibitors. A substantial reduction of the 
remaining thrombus can be recognized in long ( f ) and cross- sectional 
( h ) images. Incompleteley apposed stent struts can be identifi ed in the 
cross sections proximal to thrombus burden ( d ,  i ). Healthy looking dis-
tal ( g ) and proximal ( j ) stent segment       
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a b  Fig. 11.4    Coronary angiography 
at the index procedure. 
( a ) Rotational atherectomy at mid 
RCA. ( b ) Optimal result after DES 
implantation       

a

b

b
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  Fig. 11.5    OCT and IVUS fi ndings at time of very late ST. ( a ,  b ) coro-
nary angiography showing stent thrombosis at mid RCA ( a ) and lumen 
profi le after reestablishing of the vessel patency with thrombus aspira-
tion (with small persisting fi lling defects). ( b ,  d ,  e ) OCT cross sectional 
views at multiple levels. Distal and proximal stent segments 
 demonstrated complete strut coverage, no malposition and only mild 

tissue deposition ( e ). ( c ) OCT cross section with stent under-expansion 
at the site of protruding thrombus, remaining after manual aspiration. 
The thrombus was not detected at the corresponding IVUS section ( i ). 
( f ,  g ) Longitudinal OCT and IVUS views. Distal ( h ) and proximal ( j ,  k ) 
to the culprit lesion ( i ) IVUS cross sectional images, show good stent 
expansion and moderate vessel remodeling       

defect, with irregular borders at the level of a small aneurysm 
(Fig.  11.8 ). An IVUS pullback, sequentially performed after 
OCT, excluded the presence of positive vessel remodeling, 
confi rming the persistent nature of malapposition. Large 
malapposition associated with lack of coverage was identi-

fi ed as the causative mechanism in this EES ST (Fig.  11.9 ). 
To further expand the entrance of the existing stent, and pro-
mote the strut coverage in this small aneurysm, a large BMS 
was implanted at malapposition site and fi nally expanded at 
high pressure (Fig.  11.10 ).
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       This case shows some of the issues with stent implanta-
tion during acute myocardial infarction, when the presence 
of thrombus and the increased vasoconstriction make diffi -
cult the stent size selection and the identifi cation of the 
proper landing zone, facilitating stent malapposition to 
remain undetected by angiography. In such cases a large seg-

ment of malapposed/uncovered struts may persist asymp-
tomatic for years until a triggering factor may precipitate ST. 

 Finally, as demonstrated by Gutierrez-Chico and coll., 
the larger the acute malapposition, the greater the likelihood 
of persistent malapposed segments at FU and delayed 
 healing [ 47 ]. 

a b c d e

f g h i j

  Fig. 11.6    IVUS and 
OCT assessment 
post-treatment. ( a – e ) 
IVUS and ( f – j ) OCT 
multiple cross-
sectional views. 
Large MLA, even at 
site of multiple strut 
layers       

a b

b’

  Fig. 11.7    Index primary PCI on 
LAD during an anterior STEMI. 
( a ) Coronary angiography at the 
index procedure (primary PCI) 
with LAD occlusion. A small 
aneurysm was visible ( arrow ) 
immediately before the occlusion 
point. ( b ) Coronary angiography 
immediately after stent 
implantation with a reestablished 
lumen profi le and effective 
coronary fl ow. ( b ’) Magnifi cation 
at the stented segment with 
evidence of contrast staining 
bordering the small aneurysm 
( arrow )       

a b

b’

  Fig. 11.8    Coronary angiography 
performed during very late ST. ( a ) 
Coronary angiography showing an 
in stent thrombotic occlusion. ( b ) 
After thrombus aspiration and 
restored vessel patency. ( b ’) 
Magnifi cation at proximal LAD 
after thrombus aspiration: 
persistent haziness at the level of 
the aneurysm located at the stent 
entrance ( arrows )       
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  Illustrative Case 3 
  Acquired Malapposition in Current Generation 
DES as Cause of Stent Thrombosis  
 A 50 year old man presented with an anterior STEMI and 
cardiogenic shock. The proximal LAD was then treated by 
implantation of a 3.5/24 mm everolimus eluting stent 
(Fig.  11.11 ). Two months later, despite an adequate DAPT, 
the patient experienced recurrent chest pain and was admit-
ted with diagnosis of non ST elevation myocardial infarction 
(NSTEMI). Coronary angiography revealed invariable ste-
nosis in the left circumfl ex artery (LCX) and a barely notice-
able in stent hazy lesion in the previous stented LAD. 
Fractional Flow Reserve (FFR) investigation of LCX resulted 
in a  non- ischemic value. OCT revealed uncovered and 
malapposed stent struts, and a luminal protruding mass com-
bining the characteristics of both organized and fresh throm-
bus (Fig.  11.12 ). The diagnosis of late ST as the culprit lesion 
was therefore made. Interestingly, the MULTIPLATE ana-
lyzer testing platelet reactivity revealed suffi cient platelet 

inhibition by ongoing therapy. Thus the hypothesis of persis-
tent or acquired ISA, was considered as the possible sub-
strate for this complication. Application of high pressure 
balloon (4.5/12 mm at 20 atm) dilatation resulted in a larger 
cross-section area and corrected stent apposition (Fig.  11.13 ).

      This case illustrates that secondary thrombus resolution in 
the contest of STEMI may cause ST due to acquired stent 
malapposition even in patients responsive to DAPT therapy. 
The use of OCT helped in the identifi cation of mechanisms 
underlying ST and guided a customized treatment with a 
high pressure balloon dilatation. Combined use of imaging 
technology with platelet reactivity tests are sometimes 
needed to detect the mechanism underlying ST events. 

 ISA after stent implantation may also present with 
acquired in-stent aneurysm(s) formation and largely uncov-
ered/malapposed struts. This results mainly from a toxic 
reaction to a drug and/or polymer creating extensive coro-
nary wall infl ammation with in stent extra-cavities forma-
tion. The segment involved has a signifi cant damping of the 

a

d

e

b c

  Fig. 11.9    OCT longitudinal and cross-sectional views after thrombus 
aspiration. Cross-sectional views: ( a ,  c ) optimal healing and coverage 
of the stented segment at both distal and proximal sites. ( b ) Cluster of 
grossly malapposed and uncovered struts ( arrow ) with large remaining 

thrombus (*). Automatic lumen border detection ( d ) and long view ( e ) 
showing overall uniform and good stent expansion, except for the seg-
ment at the aneurysm level ( circle )       
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a

c

d

b

  Fig. 11.10    OCT pullback after BMS implantation at the malapposed 
site. Coronary angiography ( a ) and OCT at post-treatment. The 3D 
OCT reconstruction ( b ), automatic lumen profi le ( c ) and longitudinal 

view ( d ) confi rmed optimal stent expansion with no residual malappo-
sition ( arrow ) in the segment of interest ( circle )       

a b  Fig. 11.11    Baseline procedure. 
( a ) Coronary angiography during 
index primary-PCI showed 
thrombotic occlusion of left 
anterior descending artery 
( arrow ). ( b ) Coronary 
angiography after stent 
implantation showing acceptable 
result       

a b d e

c
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optical signal (dark segmental appearance) compared to the 
uninvolved segments that normally have a mature neointima. 
These aspects were recently substantiated in an OCT study 
 assessing different degrees of maturity on top of the stent 
struts, in various preclinical and clinical contexts ( ex-vivo  
animals and humans, and  in-vivo  animals and humans) [ 48 ]. 

  Illustrative Case 4 
  Very Late Stent Thrombosis due to Late 
Acquired Malapposition  
 Fifty-seven years old male presenting with multi-vessel coro-
nary artery disease was treated with PCI and two PES 
implanted in overlap on the proximal LAD. Three years later 
the patient was readmitted for an anterior STEMI in cardio-
genic shock complicated by cardiac arrest. Emergency angi-
ography, under external cardiopulmonary resuscitation, 
documented very late ST on the proximal LAD, prompt bal-
loon dilation immediately restored vessel patency. 
Extracorporeal support (ECMO) was immediately initiated. 
A few days later, with haemodynamic stability, an OCT pull-
back displayed the presence of an acquired in-stent aneurysm 
with extra- cavities around the entire circumference of the 
vessel, and largely uncovered and malapposed struts 
(Fig.  11.14 ). As treatment, a PCI with a bare metal “stent in 
stent implantation” was performed in an attempt to promote 
strut coverage and seal these extra-cavities. The patient was 
then discharged on the 30th day with complete left ventricular 

function recovery. At the 6 months OCT follow-up a com-
plete sealing of the in- stent aneurysm with homogeneous 
stent coverage was observed (Fig.  11.15 ).

11.9.4          Uncovered Struts 

 Uncovered struts, the most important pathologic predictor of 
late and very late ST following DES placement, can be iden-
tifi ed by OCT with high specifi city, [ 49 ]. However, the 
 sensitivity of OCT in detecting uncovered struts is reduced 
when fi brin and infl ammatory cells are present around the 
struts. Uncovered struts are an indirect marker of delayed 
stent healing and poor endothelialization, more frequently 
observed in DES compared to BMS, [ 50 ]. Uncovered struts 
detected by OCT in DES may persist for several years and, 
in line with pathology data, may be an independent factor for 
predicting late and very late ST [ 43 ]. Compared with matched 
uneventful patients, ST patients showed a signifi cantly 
higher percentage of uncovered struts and a higher number 
of sections with >30 % uncovered struts. Interestingly, the 
length of the segment with consecutive uncovered struts was 
the only OCT predictive factor for ST selected at the multi-
variate analysis. Similarly, the MOST [ 45 ] study demon-
strated that the number and percentage of uncovered stent 
struts were particularly high at the site of ST, with similar 
values to pathological fi ndings. However, it is still unknown 

  Fig. 11.12    Angiographic and OCT fi ndings of late stent thrombosis. 
( a ) Coronary angiography shows an area of haziness inside the EES 
previously implanted in the left anterior descending artery (*), and a 
tight focal stenotic lesion in mid circumfl ex artery ( arrow ). ( b ) 
Longitudinal reconstruction after thrombus aspiration revealed the 

thrombotic nature of the intraluminal hazy lesion (*). ( c ) FFR per-
formed on circumfl ex artery was negative ( d ) close review of cross- 
section OCT reveals clusters of uncovered and malapposed struts. ( e ) 
IVUS pullback revealed absence of positive vessel remodeling and free 
space behind stent struts       
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  Fig. 11.13    OCT pullback after high pressure dilatation. ( a ) Final coro-
nary angiography demonstrated good angiographic results of high pres-
sure balloon dilatation. ( b ) 3D OCT reconstruction showed perfect 
result with optimal stent strut geometry; ( c ,  d ) Lumen profi le tool and 

longitudinal reconstruction did not revealed residual stenosis and stent 
edge dissection after high pressure balloon stent expansion. ( e ) Cross- 
section analysis at the proximal stent edge showed resolution of the 
strut malapposition       
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which extent of lack of struts coverage promotes ST and 
should be considered unsafe. In the absence of any additional 
factor(s), the presence of uncovered struts is probably acting 
only as a risky substrate, requiring a precipitating factor to 
trigger thrombus formation, [ 51 ]. This hypothesis has been 
substantiated by the fact that many uncovered stents remain 
asymptomatic for years. Coverage of the stent struts depends 
also on the underlying plaque composition. Lüscher et al. 
demonstrated that DES implantation in lesions with a large 
necrotic core might result in delayed endothelialization or 
absent healing [ 52 ]. This observation is consistent with the 

OCT fi nding reported by Guagliumi et al. which showed that 
acute coronary syndrome at the index procedure was more 
frequently observed in patients with ST as compared with 
the controls [ 43 ]. 

 Uncovered struts may be found in several circumstances:
    (a)    Uncovered struts due to malapposition to the vessel wall 

at time of initial implant   
   (b)    Uncovered struts due to acquired malapposition, second-

ary to positive vessel remodeling   
   (c)    Uncovered struts in the presence of a stent completely 

apposed to the vessel wall (inadequate healing)     

a b d

c e

  Fig. 11.14    Coronary angiography, OCT and IVUS during very late ST 
with cardiac arrest. ( a ) Coronary angiography during cardiac arrest 
showing thrombotic occlusion of proximal LAD and LCX. ( b ) 3D OCT 
reconstruction after primary-PCI and hemodynamic stabilization 

revealed a segmental in-stent aneurysm at site of overlap (* asterisk ). 
( c ,  d ) Long view OCT and cross section analyses showed clusters of 
uncovered and malapposed struts ( arrow ). ( e ) IVUS pullback con-
fi rmed large positive remodeling at the stent overlap, ( arrow ).       
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  Fig. 11.15    Post PCI with BMS OCT Findings after very late ST. ( a – c ) 
cross section, longitudinal and OCT 3D reconstruction after very late 
ST with localized in-stent extra cavities and largely uncovered/malapposed 

struts at the stent overlap (* asterisk ). ( d – f ) OCT fi ndings 9 months after 
focal BMS implantation (* asterisk ). showing sealing of the in-stent 
extra-cavities with complete strut coverage       
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 The association with different types of malapposition has 
already been discussed and presented in prior clinical cases. 
The following fi gure reports a clinical example of the role of 
isolated uncovered struts promoting ST even in the presence 
of a stent completely apposed to the vessel wall (Fig.  11.16 ).

11.9.5        Neoatherosclerosis 

 Neoatherosclerosis is pathologically recognized as clusters 
of lipid pools within the neointima, representing the entire 
spectrum from lipid rich plaque with or without necrotic 
core, to TCFA with foamy macrophages, to plaque rupture 
and calcium deposition [ 40 ]. Optical imaging techniques 
contributed in a substantial way to the identifi cation and 
characterization of this abnormal neointima growth as a pos-
sible causative factor for ST. With intracoronary angioscopy, 
Higo et al. observed a 35 % increase of intra-stent yellow 
neointima, 10 months after DES implantation and hypothe-
sized that neoatherosclerosis within the stent might serve as 
a possible substrate for late ST [ 53 ]. At OCT images, lipid-
laden neointima, compared to non-lipid stent segments, is 
more frequently associated with intimal disruption, 
 neovascularization and thrombus formation, all possibly 
implied in late ST [ 54 ]. Guagliumi et al. found that in 17 % 
of late/very late ST in DES patients (median time from initial 
stent implant being 20 months) neoatherosclerosis was the 
likely mechanism [ 43 ]. Kang et al. recently demonstrated 
from a series of 33 patients suffering from very late ST that 
neoatherosclerosis was the primary mechanism in almost 
70 % of patients (median time from initial stent implant 
being 62 months), while malapposition was observed in only 
25 % of all cases [ 44 ]. The frequency of the in-stent neoath-

erosclerosis is time dependent and is not normally observed 
as a consistent fi nding until approximately 1.5–2 years 
 post-DES implantation [ 55 ]. 

  Illustrative Case 5 
  Very Late Stent Thrombosis due to Neoatherosclerosis  
 A 63 year old male previously treated with two PES on 
LCX-OM, and LAD was readmitted 4 years later for 
NSTEMI. Coronary angiography showed a complete occlu-
sion of both the LCX and OM branches (Fig.  11.17 ). After 
manual thrombus aspiration, OCT pullback revealed an het-
erogeneous vessel response in the stents implanted in the 
LCX. In-stent segments with lipid laden neointima with seg-
ments presented a lack of tissue coverage. More specifi cally, 
lipid laden neointima presented patterns of light attenua-
tion and bright lines with an important shadow suggestive 
of foamy macrophage accumulation at the culprit segment 
(Fig.  11.18 ). A current generation DES was implanted in the 
segment with signifi cant stenosis, but not the whole segment 
that presented lipid laden neointima (Fig.  11.19 ).

      Despite the fact that neoatherosclerosis is a well-known 
phenomenon in fi rst generation DES, recent reports have 
demonstrated that this in stent abnormal tissue proliferation 
may also be involved in new generation DES [ 56 ].  

11.9.6     Other Mechanisms Involved 
in Stent Thrombosis 

 ST may be also the consequence of other mechanisms 
including disease progression at the stent edges, plaque 
 rupture underneath the stent, poor responsiveness to DAPT, 
or a combination of multiple causative factors. 

a b c d
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  Fig. 11.16    Role of isolated uncovered struts promoting ST. ( a ) 
Coronary angiography after thrombus aspiration ( arrow ); ( b – d ) cross 
sections substantiate stent thrombotic occlusion ( b  *), thrombus 
attached on top of uncovered stent struts ( c - arrows ); ( d ) uniform tissue 

coverage of the stent in the proximal segment. ( e – g ) corresponding 
IVUS cross- sections obtained with contrast fl ushing to enhance lumen 
visualization with no evidence of positive remodeling       
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a b  Fig. 11.17    Coronary 
angiography at time of very late 
stent thrombosis. ( a ) Coronary 
angiography: in stent thrombotic 
occlusion of the marginal obtuse 
branch ( arrow ); ( b ) After 
thrombus aspiration and 
restoration of vessel patency       
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  Fig. 11.18    OCT fi ndings of the in-stent neoatherosclerosis. ( a ) 
Coronary angiography after thrombus aspiration; ( b ,  c ) 3D and 
Longitudinal OCT view displayed multiple in-stent segments infi ltrated 
by lipid laden neointima ( circle ). Cross sections substantiate different 

patterns of coexisting lipid infi ltration within the stent lipid rich plaques 
( d ,  e ,  h ), signals of foamy macrophage accumulation ( d ,  e ,  h - arrows ) 
and uncovered stent struts ( f ,  g -*)       
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  Fig. 11.19    Final angiography and OCT images after novel generation 
EES implantation. ( a ) Coronary angiography after the implantation of a 
current generation EES stent. ( b ) 3D OCT reconstruction with optimal 
stent strut geometry and no cell deformation; ( c ,  d ) automatic lumen 

border and longitudinal views displayed uniform stent in stent expan-
sion, no residual stenosis and no stent edge dissection after high pres-
sure stent expansion       
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  Fig. 11.20    Coronary angiography and OCT during very late ST. ( a ) 
Coronary angiography showing haziness and fi lling defect at the proxi-
mal LAD ( *   asterisk ). ( b ) OCT longitudinal view: optimal result of the 
previously implanted PES with complete strut coverage and protruding 

thrombus at the LAD ostium (* asterisk ). ( d ,  e ) White thrombus tail 
extending into the proximal stent edge (*). ( f ) Ruptured plaque located 
at the ostium of the LAD at the stent proximal edge ( arrow )       

  Illustrative Case 6 
  Rupture Plaque at the Edge of the Stent 
as Causative Factor of Late ST  
 A 88-years old man with stable angina received 2 PES in the 
proximal LAD. After 2 years the patient was readmitted with 
an anterior STEMI. At the time of coronary angiography the 

LAD was opened, with a fi lling defect at the proximal stent 
entrance. OCT revealed complete strut coverage with mini-
mal neointimal deposition across the entire stented segment. 
A white thrombus on top of a new ruptured plaque at the 
ostium of the LAD was easily detected by OCT (Fig.  11.20 ). 
New ruptured plaque was sealed by an additional EES 
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implanted at the ostial LAD. Progression of disease at the 
infl ow/outfl ow tract can be responsible for late DES failure. 
Late ST may be observed even in the presence of an optimal 
DES result, with complete stent healing.

     Illustrative Case 7 
  ST with Coexisting Multiple Causative Factors  
 Due to its high level of accuracy OCT can detect multiple 
mechanisms implicated in ST at the same time. In the follow-
ing case ST was associated with the presence of stent under- 
expansion and geometry deformation at the bifurcation 
lesion, combined with atherosclerotic neointima deposition. 
A 63-year old patient had two PES implanted in the proximal 
LAD, as provisional stents across the LAD-fi rst diagonal 
(D1). bifurcation. Five years later the patient was readmitted 
to the hospital with an anterior STEMI. Coronary angiogra-
phy showed a complete occlusion at the stent entrance, with 
TIMI 0 fl ow grade. The fl ow was reestablished with thrombus 

aspiration performed in both branches. OCT detected multi-
ple coexisting causative factors bystanders, with lipid laden 
neointima (*) and calcium deposition (arrow) in some cross 
sections, severe stent deformation and under- expansion with 
fragments of thrombus in other sections (Fig.  11.21 ).

    Current generation EES were implanted inside the two 
PES, and post-dilated at high pressure. A fi nal OCT pullback 
confi rmed the full lumen/stent expansion, the absence of any 
remaining stent deformation and wide open access to D1 
(Fig.  11.22 ).

11.10         Limitations of OCT Imaging During 
Stent Thrombosis 

 Whenever thrombus is present, a reliable assessment of strut 
coverage with OCT during ST is diffi cult. Current OCT can-
not differentiate between neointimal and other tissue types. 

a b

c d e f g

  Fig. 11.21    Angiographic and OCT images during primary PCI per-
formed for very late ST. ( a ) coronary angiography before thrombus 
aspiration showed a thrombotic stent occlusion at proximal LAD, 
involving the fi rst diagonal branch ( arrow ). ( b ) OCT long view demon-
strated an irregular lumen contour with some degree of stenosis and 
atherosclerotic lipid laden neointima. ( c – g ) cross sectional views from 
the distal to the proximal stent segments. ( c ,  g ) the cross sections at the 

stent edges showed an early pattern of neoatherosclerosis with thin cap 
lipid rich plaques and foamy macrophage (*). ( d ,  e ) Body of the stents 
presenting with more advanced stages of neoatherosclerosis with mixed 
thrombus ( d - 4–6 o’clock) and calcifi ed plaque ( e - 10–12 o’clock). ( f ) 
cross-section at the level of the D1 bifurcation showing stent under- 
expansion and cell strut deformation ( arrow )       

a b
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  Fig. 11.22    Angiography and OCT after treatment. ( a ) Final coronary 
angiography with no residual stenosis and TIMI 3 fl ow grade. ( b ) 
Longitudinal OCT view showing a large lumen area across the entire 
stented segments, with no residual stenosis and no stent edge dissection. 

( c – g ) OCT cross-sectional views confi rming complete stent expansion, a 
full compression of the lipid laden neoitima and a wide access to the  D1  
branch ( f )       
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Endothelial cell dimensions are below the resolution of even 
OCT, and it is possible that some struts that appear bare in 
fact is covered by a thin layer of tissue. Futhermore, ST it 
cannot be excluded that thrombus aspiration might have par-
tially removed this thin layer of material covering the stent 
struts. Moreover OCT, unlike IVUS cannot always provide 
 information on vessel size (media to media), and therefore is 
not possible to judge the presence of a stent under expansion 
and vessel remodeling.  

11.11     New Perspectives for in Stent 
Thrombosis 

 The low frequency occurrence of ST with paucity of sparse 
data collected by different interventional groups and the 
possible catastrophic clinical consequences of this compli-
cation has attracted the attention of the Heath Care 
Authorities to have a more global approach to solve this 
problem. Therefore, very large cohorts of ST patients need 
to be recruited in order to substantiate the main mechanisms 
involved and to possibly demonstrate the impact of a given 
intervention. Moreover, the evaluation of patients with ST 
needs to include a comprehensive evaluation using com-
bined clinical, high resolution intracoronary imaging, blood 
platelet function data and genes. Large-scale clinical trials 
with long-term follow-up as well as detailed mechanistic 
assessments are warranted. In pursuit of these goals, the 
“PREvention of Stent Thrombosis by an Interdisciplinary 
Global European effort” PRESTIGE project, supported by a 
fi nancial grant of the EU Community (FP7-Seventh Health 
Program, Health 2010.2.4.2-1, Reducing in-stent thrombo-
sis) represents an advanced and unique multidisciplinary 
project, involving world –leading European specialists and 
centers, in the study of all the contributing factors to ST in 
fi ve different working packages. The fi ve fi elds of actions in 
the PRESTIGE project are: (1) Assessment of the basic 
mechanisms leading to ST (2) Bio- engineering approaches 
to reduce ST (3) Novel imaging approaches to assess heal-
ing and thrombotic processes after stenting (4) Multimodal 
characterization of patients with late ST (5) Exploitation of 
the results. In this project the PRESTIGE-registry (WP4) is 
the joint effort to collect data regarding all patients present-
ing with ST. An extensive clinical and procedural database, 
integrated with blood platelet functional tests, OCT/IVUS 
intracoronary imaging, DNA- sampling and histopathologi-
cal and immunohistochemical analyses of aspirated throm-
bus was prospectively collected. Between April 2011 and 
April 2014, all patients with angiographic confi rmed ST 
were enrolled into the PRESTIGE Registry, in 14 centers 
and compared to control patients without ST who under-
went a PCI with stent implantation on the same date 
(±14 days) and with the same indication. At present more 
than 200 consecutive ST were assessed with OCT (±IVUS) 

combined with histopathology of aspirated thrombus. The 
PRESTIGE project is anticipated to result in signifi cant 
improvement in the understanding, prediction and treatment 
of ST, providing surrogate marker(s) identifi cation and tai-
lored therapeutic and interventional strategies.  

    Conclusions 

 The occurrence of ST is rare; however it remains one of 
the most dreadful complications following PCI, due to 
potential catastrophic clinical events. The prevention of 
ST represents a major challenge in interventional cardiol-
ogy, due to the multiple causative and contributing fac-
tors. The  limited value of coronary angiography in 
differentiating causative factors responsible for ST has 
been recently updated/ameliorated by with the amazingly 
informative content of OCT, detecting thrombus, plaque, 
tissues and stent components. The use of OCT in the 
acute phase of ST, when the fl ow has been reestablished, 
allows to promptly identifying the main causative mecha-
nisms (incomplete stent expansion, uncovered/malap-
posed struts, toxic vessel response with extra-cavities 
formation, disease progression, neoatherosclerosis). 
Furthermore, by addressing the implicated mechanisms, 
OCT may allow individualized treatment through targeted 
mechanical or pharmacological interventions. Finally, the 
use of OCT at different time points of follow- up after ST 
allows for the unique opportunity to verify the long term 
vessel response (coverage, sealing of in-stent aneurysm), 
and possibly reduce the risk of ST recurrences.     
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