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General introduction

General introduction
Coronary artery disease (CAD) is the leading cause of death in the world. Each year, 
3.8 million men and 3.4 million women worldwide die from CAD1. A particular chal-
lenge for prevention of CAD is the sudden and often unpredictable nature. For many 
patients, the first manifestation is acute myocardial infarction (AMI) or sudden cardiac 
death2, 3. In addition, among patients who have survived a cardiovascular event, the 
risk of subsequent events remains relatively high, approaching 1 in 4 despite aggressive 
treatment4. These features highlight the need for further understanding the pathophys-
iology of CAD and to elucidate and evaluate tissue markers that may identify not only 
the plaques prone to be disrupted (so called vulnerable plaques)5 but also those that 
have already been ruptured recently and are complicated by superimposed thrombosis 
(so called complicated plaques)6, 7. 

Pathogenesis of atherosclerosis
Atherosclerosis is a chronic disease that affects innermost layer (intima) of medium and 
large-size arteries. The build-up of an atherosclerotic plaque is a slow process, devel-
oped over a period of several decades through a complex series of cellular events occur-
ring within the arterial wall. The exact pathogenesis of atherosclerosis is still unknown, 
but is suggested to be an inflammatory and vascular healing response, driven by 
endothelial cells injury, lipid accumulation and oxidation, and thrombosis8-11. This 
process is considered to be initiated by endothelial dysfunction. Among a long list of 
factors, hemodynamic disturbance and hypercholesterolemia are considered the two 
most important causes that initiate endothelial dysfunction12, 13. The injured endothe-
lium shows increased vascular permeability and leukocyte adhesion, which facilitates 
accumulation of lipoproteins (mainly low density lipoprotein - LDL), inflammatory 
cells (mainly macrophages and T lymphocytes) in the vessel wall. Once inside the 
vessel wall, LDL are oxidized through the action of oxygen radicals locally general-
ized by macrophages and endothelial cells, and become toxic to the cells in the artery 
wall14, 15. Subsequently, the body’s immune system responds to the damage by sending 
macrophages to absorb the oxidized LDL. But these cells are not able to process 
the oxidized LDL, resulting in lipid accumulation in the cells and forming special-
ized foam cells. The foam cells grow progressively and ultimately become ruptured, 
releasing a greater amount of oxidized cholesterol into extracellular space, which in 
turn augments macrophage activation and cytokine production. This further increase 
inflammatory cell adhesion and production of chemokines, creating a stimulus for 
recruitment of additional inflammatory cells and resulting in a vicious circle in the 
vessel wall16. In response to stimulation of growth factors produced by activated 
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inflammatory cells, vascular smooth muscle cells (SMC) begin to proliferate and 
produce of extracellular matrix (ECM)17. The intimal SMC proliferation and ECM 
deposition covers over affected area and forms a hard fibrous cap, which separate the 
central necrotic core from blood stream, consequently transforming an early lesion 
into a mature atheroma. 

Histomorphology of atherosclerosis 
The development of atherosclerotic lesions is best illustrated by American Heart Asso-
ciation’s Classification, which divides the development of atherosclerosis in several 
stages based on their histological characteristics18. The earliest recognizable lesion is 
so called the “intimal xanthomata” (also known as “fatty streak”) characterized by 
focal aggregation of lipid-laden macrophages or SMCs (foams cells) in the intima. 
This initial pathological change could already be observed in adolescents and most 
of these lesions are believed to be regressive19, 20. The intermediate lesion is a poorly 
defined entity, known as pathological intimal thickening (PIT). Histologically, PIT 
shows some disperse extracellular lipid present deep in the lesion, but there is no well-
formed necrotic core and no evidence of cellular debris. Some scattered inflammatory 
cells may also be present, but these are usually sparse. Advanced atherosclerotic lesions 
are characterized by well-formed necrotic core and distinct fibrous cap. The advanced 
plaques are described histologically as fibroatheroma, thin cap fibroatheroma and 
fibrocalcifed plaques, based on variation in their composition, size of necrotic core, 
thickness of fibrous caps, number of inflammatory cells and SMCs, state of endothelial 
function and degree of calcification. 

Acute plaque complications and the vulnerable plaque concept
Typically, acute myocardial infarction (AMI) is caused by acute thrombotic occlusion 
superimposed on a disrupted plaque in coronary artery21-24. It has been recognized that 
plaque composition rather than plaque size or stenosis severity is important for plaque 
rupture and subsequent thrombosis.  Over the past 20 year, the concept of “vulner-
able plaque” has been widely used to describe an atherosclerotic plaque which is prone 
to be disrupted and develop thrombotic complications. From observation on patients 
witnessed sudden cardiac death, about 60% of acute thrombotic occlusion resulted 
from rupture of so-called thin cap fibroatheroma (TCFA)18, 25. TCFAs show several 
histological characteristics: a thin fibrous cap of ≤ 65 μm, extensive inflammatory 
infiltration by macrophages and T lymphocytes (>25 cells per 0.3mm diameter field), 
and a large lipid core of >40% plaque area. Other relevant histological features include 
small numbers of SMCs, the outward remodelling, dense intraplaque microvessels, or 
hemorrhage18. 
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Of these plaque components, inflammation is the most important part of progression 
and destabilization of an atherosclerotic plaque24, 26, 27. Accumulation of inflammatory 
cells, particularly macrophage and T lymphocytes, results in the release of proinflam-
matory cytokines and matrix metalloproteinases that contribute to degradation of 
collagenous components in the fibrous cap of the atheroma28, 29. Furthermore, inflam-
mation may also play a key role in apoptosis of collagen synthesizing SMCs which 
further leads to loss of fibrous cap strength30, 31. When the structural integrity of the 
cap is overwhelmed by the extrinsic mechanical stresses, it will be disrupted, leading 
to a direct contact between the prothrombotic necrotic core and the circulating blood 
in the affected vessel. Consequently, coronary thrombosis will be formed through 
the elaboration of the pro-coagulant protein, tissue factor, produced by intraplaque 
inflammatory cells32, 33. 

Another important stimulus of plaque vulnerability is intraplaque hemorrhage (IPH). 
Bleeding in the atherosclerotic plaque is a common finding in advanced lesions. IPH 
leads to sudden growth of the plaque necrotic core by accumulation of cholesterol 
derived mainly from extravasated red cell membranes34. In addition, IPH further 
contributes to plaque instability by facilitating the recruitment and activation of 
inflammatory cells as well as produce of oxygen radical into the advanced lesions34, 

35. The origin of plaque bleeding is still uncertain. It has been suggested that hemor-
rhage into a plaque occurs from fissures originating from the luminal surface, thereby 
allowing the entry of blood into the necrotic core22. Alternatively, IPH has been 
considered to be secondary to the rupture of microvessels (vasa vasorum) inside the 
plaques36. Histologically, these microvessels show several immature characteristics, 
such as paucity of pericytes and poorly formed endothelial junction37-39. These fragile 
microvessels are leaky and prone to be disrupted leading to an intramural hemor-
rhage; and in addition, the microvessel density is parallel with severity of IPH and 
macrophage infiltration36, 40. 

An improved understanding of the pathophysiology of plaque vulnerability and subse-
quent atherothrombosis should provide new insights into acute thrombotic cardio-
vascular events. It has been shown that the plaque rupture underlying AMI reflects 
instability of a single plaque, as result from interactions between factors intrinsic 
to the plaque and extrinsic forces25, 41-43. However, the risk factors precipitating in 
atherogenesis and plaque vulnerability, such as hyperlipidemia, hypertension, diabetes 
mellitus, inflammation etc., might exert their adverse effects in a widespread pattern 
throughout the whole coronary vasculature, rather than a single plaque25, 43-45. Indeed, 
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many studies have shown that plaque vulnerability is usually not a feature of a single 
(culprit) lesion, but may involve several plaques in the coronary system of a patient 
(pan-coronary vulnerability)46-50. Therefore, the early identification of plaques prone to 
disruption (‘vulnerable plaques’) is desirable, as this may allow the implementation of 
preventative strategies and, possibly, effective therapeutic intervention. Such insights 
have boosted the search for in vivo markers of plaque vulnerability by means of high 
resolution coronary imaging techniques, to identify vulnerable plaques. In the recent 
decades, many clinical studies have demonstrated that histological characteristics of a 
vulnerable plaque, such as thin fibrous cap and necrotic core, could be identified by 
means of several invasive or noninvasive image modalities51-56. However, other tissue 
markers of plaque vulnerability, such as plaque inflammation, IPH, are still not detect-
able with current diagnostic methods. Therefore, further investigation on in vivo 
detection of intraplaque inflammation and hemorrhage will be of great value for the 
patient tailored prevention or treatment strategy.

The atherosclerotic plaque after a rupture event: thrombus evolution 
and plaque healing
Large plaque disruption followed by massive local activation of the coagulation system 
will directly lead to coronary thrombotic occlusion, and hence the onset of clinical 
symptoms21-24.  However, in our lifespan, plaque disruption and thrombosis are not 
uncommon features and most of them remain clinically silent23, 24. Post-mortem 
studies demonstrated that, healed plaque disruption could be observed in either culprit 
or non-culprit lesions in the coronary arteries of patients witnessed acute cardiac 
death; instead of leading to acute thrombotic occlusion, this plaque disruption with 
organization/evolution of the mural thrombus contributes to a phase of rapid plaque 
growth23, 48, 49, 57. 

Thrombus evolution/organization is a process converting a friable thrombus into stable 
firbovascular-, and later fibrosclerotic (scar) tissue and incorporating the thrombus into 
plaque, which contributes significantly to repair process after plaque disruption. This 
healing process is tightly regulated multistep events overtime. Similar to skin wound 
healing, inflammation, angiogenesis and ingrowth of fibroblasts are imperative compo-
nents of thrombus organization58. Histopathologically, the thrombus organization can 
be divided into 3 phases: 1) fresh thrombus (up to 1 day old) composed of layered 
patterns of platelets and fibrin with intact blood cells; 2) lytic thrombus (1-5 days) 
characterized by homogenization of thrombus structure, necrosis and fragmented 
nuclei (karyorrhexis); and 3) organized thrombus (older than 5 days) featured by 
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ingrowth of (myo) fibroblasts, with or without collagen deposition and angiogenesis. 
This distinct pattern of temporal changes of thrombus morphology can be therefore 
used as a time-scale for investigation on pathophysiology of the healing process at the 
site of thrombus-plaque interface. 

Factors that may involve the process of thrombus evolution and plaque 
healing
It is widely known that critical coronary stenosis (as in unstable angina) and total coro-
nary occlusion (as in transmural myocardial infarction) results by far the most cases 
from plaque disruption with superimposed thrombus formation22, 23. And, although 
thrombi can be found in the infarct related coronary arteries of patients who died of 
AMI (at autopsy) and more recently in thrombectomy studies of patients who survive 
the acute coronary event, the knowledge on mechanisms of thrombus initiation, 

Figure 1. (A) Macroscopic image of a thrombectomy sample. (B) Fresh thrombus (< 1 day): layered 
patterns of platelets, fibrin, erythrocytes and intact granulocytes. (C) Lytic thrombus (1-5 days): areas of 
colliquation necrosis and karyorrhexis of granulocytes. (D) Organization of thrombus (> 5 days): charac-
terized by ingrowth of smooth muscle cells, with or without depositions of young connective tissue and 
ingrowth of capillary vessels.
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progression and in later stages organization that underlie the final onset of acute events 
is far from complete. For example, several studies have now shown that process of 
plaque disruption and thrombus formation is often not immediately followed by the 
onset of clinical symptoms. First, thrombus formation and intra-plaque hemorrhage 
are well recognized elements in the progression of subclinical atherosclerosis, implying 
that thrombus formation does not always result in symptoms34, 48, 49. Secondly, 
studies from autopsy, angiography and intravascular ultrasound (IVUS) show that 
in patients with AMI, plaque instability is not a feature of a single plaque, but is 
frequently present in multiple coronary plaques46, 47, 50, 59-61, indicating that throm-
bosis occurs also in non culprit lesions. Thirdly, earlier histopathological study in our 
lab on thrombectomy specimens, retrieved from patients with ST-segment elevation 
myocardial infarction (STEMI), has shown that thrombus formation was initiated in 
about 50% of cases already days or even weeks before the acute event62. This feature 
was also described by Henriques et al. in autopsy study showing presence of organized 
thrombus in the coronary arteries of young individuals who died instantly or within 
6 hours after onset of cardiac symptoms57. Such observations suggest coronary throm-
bosis appears to be often a “wax and wane” process of the thrombus mass or a process 

Figure 2. schematic description of the development after plaque disruption: healing processes do occur; 
but failure in complete healing in many cases may lead to acute total occlusion at a later time point.
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of repeating thrombosis (with probably repeated ruptures) rather than being a single 
hit event as was thought for a long time. 

Based on these observations, one could speculate that the occurrence of acute throm-
botic occlusion could be in part due to a failure of the ruptured plaque-thrombus 
interface to organize and repair, as it occurs in many patients with subclinical (symp-
tomless) thrombosed plaques as alluded to above. This hypothesis forms the basis for 
the studies described in this thesis.

Objectives of this thesis
The general objective of this thesis was to get more insight in the mechanisms contrib-
uting to plaque disruption and luminal thrombus progression, which finally lead to 
critical stenosis or occlusion of coronary arteries, or otherwise may promote tissue 
healing after plaque disruption. 

For these purposes, coronary atherosclerotic plaques identified on postmortem angio-
grams were collected from patients died from heterogeneous reasons, and were clas-
sified into early lesion, fibrolipid plaque, fibrocalcified plaque, fibrotic plaque and 
complicated lesion (plaque rupture or erosion). In this approach, we followed a modi-
fication of the classifications by Virmani et al. and American Heart Association 18. A 
large numbers of plaque sections were evaluated (immuno-) histologically to visualize 
in situ the parameters of plaque instability. In addition, thrombectomy specimens were 
also collected from patients treated with primary percutaneous coronary intervention 
(PCI) for STEMI with symptom shorter than 24 hours. Histologically, thrombus age 
can be classified as fresh (<1 day), lytic (1-5 days), or organized (>5 day), which was 
used as a time scale for evaluation of healing process. In addition, the thrombectomy 
materials contain also plaque components extruded into the coronary lumen from 
disrupted plaque, which may provide a unique opportunity to study in detail the 
various pathophysiological aspects of atherothrombosis at the site of culprit lesions. 

Outline of this thesis
The first part of this thesis describes special histological features correlated with 
progression and disruption of atherosclerotic plaques, such as inflammation, angio-
genesis and intraplaque hemorrhage. Chapter 2 explores the tissue markers of plaque 
vulnerability in end-stage coronary plaques in elder patients. Chapter 3 deals with 

Li proefschrift.indd   17 03-09-14   15:35



18

Chapter 1

the relationship between (micro-) calcifications and intraplaque inflammation in the 
culprit lesions of patients with ST-segment elevation myocardial infarction (STEMI). 
The influence of anti-coagulants and anti-platelet medications on intraplaque bleeding 
is evaluated in chapter 4. 

The healing process after plaque rupture appears to be of pivotal importance for onset 
of acute cardiovascular events. Second part of this thesis concerns the several patho-
physiological processes involving in the tissue healing after plaque disruption, such 
as angiogenesis, fibrogenesis, intra-thrombotic inflammatory cells and their secre-
tory products, and the impact of thrombus organization on clinical outcomes. For 
this purpose, we used thrombectomy samples obtained from STEMI patients over a 
period of 2001 and 2008; and in this period a total of >1300 samples were included. 
Chapter 5 shortly reviews the histological studies to date on thrombectomy samples, 
highlighting the usefulness of these valuable materials for investigations on pathophys-
iology of atherothrombosis. Chapter 6 describes the association between thrombus 
morphology and clinical outcome of patients with AMI. Chapter 7 addresses the 
process of angiogenesis and the role of endothelial progenitor cells during the process 
of thrombus organization. Chapter 8 focuses on presence of neutrophil extracellular 
traps (NETs), IL-17A and - F in different stages of thrombus organization. In chapter 
9, with use of autopsy myocardium samples and thrombectomy materials, we evaluate 
whether or not the foreign materials detached from the guidewires during primary 
percutaneous coronary intervention (PCI) embolize to the distal microvasculature. 
Chapter 10 gives a short review of studies, which focus on specific histomorphological 
and biophysical properties of coronary plaques in determination of the risk of PCI 
related vascular complications. 

Finally, chapter 11 summarizes the findings of this thesis and gives a general discussion 
of these findings in the context of understanding the pathophysiology of plaque insta-
bility, coronary thrombus formation and subsequent healing process. 
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Abstract 
Aims
Vulnerable atherosclerotic plaques are lesions with high propensity to develop plaque 
disruption and superimposed thrombosis. No systematic studies have been carried out 
on tissue markers for plaque vulnerability throughout the entire coronary artery system 
in the end stages of coronary atherosclerosis.

Methods  
Nine autopsied patients (mean age 77 years) with angiographically severe trivascular 
coronary atherosclerosis were selected for this study. All visible lesions in the post-
mortem coronary angiograms (n=125) were histologically and immunohistochemi-
cally screened for the presence of intraplaque hemorrhages, (activated) micovessels and 
inflammatory infiltrates. 

Results 
Intraplaque hemorrhages were observed in 76/125 plaques (61%).  Chronic inflam-
mation was found superficially in 59/125 plaques (47%) and deeply inside the 
plaque tissue in 103/125 plaques (83%). Microvessels were found in 100/125 lesions 
(80%), of which 58% showed endothelial expression of the vascular activation marker 
CD105. Moreover, microvascular CD105 positivity correlated positively with plaque 
hemorrhage and deeply seated plaque inflammation.  

Conclusions 
Plaque inflammation and hemorrhages can be found in high frequency throughout the 
coronary artery system of elderly patients with multivessel coronary atherosclerosis. 
Microvascular expression of CD105, which correlates positively with both of these 
features of plaque vulnerability, can serve as a marker for the risk to develop coronary 
thrombotic complications.
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Introduction 
Coronary atherosclerosis is held responsible for the largest mortality in adults, at 
least in the Western world, but also rapidly upcoming in many developing countries.1,2  
The pathophysiological mechanism underlying acute myocardial infarction (AMI) 
is in many cases a rupture or erosion of the plaque surface followed by thrombotic 
occlusion of the involved artery. Over the years, several pathology studies on autopsy 
derived atherosclerotic vessels and materials retrieved through coronary artery inter-
ventions such as directional atherectomy have forwarded distinct inflammatory activity 
inside atherosclerotic plaques as a factor that increases the vulnerability of a plaque to 
develop such acute plaque complications.3-6 
More recently, also intraplaque hemorrhages (IPH) came to the attention as an addi-
tional mechanism of plaque tissue destabilization that may lead to progression towards 
critical stenosis of the vessel lumen.7-9 Leaky or ruptured microvessels inside the plaque 
are held responsible for the onset of plaque hemorrhages, and indeed, recent studies 
have shown that clinically unstable plaques contain significantly higher numbers of 
microvessels when than asymptomatic plaques.10, 11 Microvessels arise in plaques 
through a process of angiogenesis, likely driven by tissue hypoxia.12  This is further 
endorsed by the endothelial expression of endoglin (CD105) on a subfraction of 
plaque microvessels,13 which is considered as a marker of active angiogenesis, not only 
in plaques but also in chronic inflammatory processes14 and in solid tumors such as 
mamma carcinoma.15

Risk factors for atherosclerosis related cardiovascular disease such as smoking, hyper-
cholesterolemia and diabetes mellitus appear to influence the vulnerable components 
of atherosclerotic plaques at least to some extent,16 which could implicate that plaque 
vulnerability is a widespread phenomenon in the end stage of atherosclerotic coronary 
artery disease. This is of importance, since the population of patients with advanced 
coronary artery disease is growing as a result of progressive aging of the population.17 
However, up to date such an association has not been defined clearly. The aim of the 
present study was to investigate systematically several histopathological markers of 
plaque vulnerability, including inflammation, microvessels and plaque hemorrhage 
throughout the entire coronary artery system of autopsied patients with angiographi-
cally established severe end stage coronary atherosclerosis.

Materials and methods 
Material selection and tissue processing
Hearts were obtained at autopsy from nine patients. Patients were selected based on 
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post-mortem angiograms for the presence of severe trivascular stenosis in all 3 major 
epicardial coronary artery branches (Fig. 1). This study was prepared in accordance 
with the Helsinki Declaration. Age, sex, and cause of death were recorded of each patient. 
Written permission to obtain the hearts for research purposes was granted by the 
family of the patients. After postmortem angiography, the entire hearts were fixed in 
buffered formalin for at least 24 hours. Myocardial ischemia was assessed by means 
of Nitroblue Tetrazolium (NBT) staining of a fresh transversal biventricular slice 
at the midpapillary level of the heart.18 Decolorization of grossly normal appearing 
myocardium was interpreted as recent onset ischemia. Coronary arteries were carefully 
dissected en bloc from the epicardial surface of the heart, and decalcified in ethylene 
diamine tetra acetic acid (EDTA) for 4 days. All segments containing visible lesions at 
corresponding post-mortem angiograms (in total n=128) were cut in 3 mm segments, 
and after routine processing embedded in paraffin.

Classification of atherosclerotic lesions
For histomorphological classification of plaque composition, five-μm-thickness sections 
of all 128 lesions were stained with hematoxylin and eosin and Elastic van Gieson 

Figure 1. Post-mortem angiogram from a patient with severe coronary atherosclerosis showing multiple 
stenoses in all the three coronary arteries
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staining respectively. For detection of iron a Perls stain was used. Lesions with a 
fibrous cap overlying a lipid core were classified as fibrolipid plaques; lesions that 
were for the largest part calcified, were classified as calcified plaques; and lesions that 
consisted mainly of fibrous tissue were classified as fibrotic plaques. Plaque disruption 
was defined as the presence of intraluminal thrombus superimposed on erosion of 
the superficial endothelial layer (plaque erosion) or rupture of the fibrous cap (plaque 
rupture).19 The compositions of the disrupted plaques were also classified as stated above. 

Immunohistochemistry
For immunohistochemistry the following monoclonal antibodies were used: anti-CD45 
(Leukocyte common antigen, dilution 1:200, DAKO), anti-CD68 (pan-macrophage, 
dilution 1: 200, DAKO), anti-CD31 (PECAM, dilution 1:20, DAKO), anti-vWF 
(von Willebrand factor, dilution 1:50, DAKO), anti-CD105 (endoglin, dilution 
1:1000, Thermo) and anti-glycophorin A (1:200, DAKO) antibodies.  
Paraffin tissue sections were dewaxed in xylene and rehydrated in graded alcohols. 
Endogenous peroxidase activity was blocked with 0.3% H2O2 in methanol for 20 min. 
Sections were subsequently digested with 0.25% pepsin dissolved in 10mM HCl for 
10 min at 37°C prior to CD31 and vWF antibody labeling. Heat-induced epitope 
retrieval was performed for 20 min at 98°C in a Pretreatment Module (Thermo 
Fisher/Labvision, Fremont, CA, USA) with 10mM citrate (pH6.0) prior to labeling 
with CD105 and CD68 antibodies. Subsequently, sections were loaded in a Thermo 
Fisher/Labvision 360 immunostainer using a 2-step polymer detection protocol. In 
short: serum-free protein-block (Dako) for 10 min; primary antibodies for 1hr at 
room temperature (LCA, CD31, vWF, glycophorin A, CD68) or overnight at 4°C 
(CD105,); appropriate anti-mouse or anti-rabbit HRP-labeled polymers (Immuno-
logic, Duiven, The Netherlands) for 30 min; HRP-activity was visualized using DAB+ 
(Dako) for 8 min.

Histological grading of markers for plaque vulnerability
Microvascular leakage and CD105 expression. 
Numbers of CD31+ staining microvessels in each plaque was graded as: absent: <10 
vessels, moderate: 10-50 vessels and high: >50 vessels. The activated microvessels were 
recognized as CD105+ luminal structures, which were confirmed by CD31 positivity 
of these structures in adjacent sections. Microvessel leakage was defined as diffuse 
immune staining of von Willebrand factor (vWF) around microvessels in plaque as 
previously described.20, 21
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Plaque inflammation. 
Severity and topographic location of plaque inflammation was semi-quantitatively 
scored as either superficially adjacent to the lumen endothelium, deep inside the 
plaque around the atheroma or both: The severity of inflammation was graded as 
absent: no inflammatory cells; moderate: inflammation involving <50% of the plaque 
area, and severe: inflammation involving >50% of the plaque area.

Intraplaque hemorrhage (IPH). 
Glycophorin A is expressed on the membranes of red blood cells (RBC), including 
membrane fragments that remain present in the tissue long after the onset of a 
bleeding.22 IPH were classified as either grossly or microscopically recent onset IPH 
(intact RBC in glycophorin A stain), old IPH (depositions of glycophorin A positive 
RBC fragments and /or iron), and ongoing IPH: simultaneous presence of both recent 
and old hemorrhage in one plaque. 

Statistics
Statistical analysis was performed with SPSS 17. Results are expressed as percentages 
and evaluated with χ2 test. A P-value of ≤ 0.05 was considered statistically significant. 

Results
In this study, 128 coronary atherosclerotic plaques were collected that corresponded 
with lesional sites on the postmortem angiograms. Clinical data and numbers of 
plaques obtained from each patient are described in table 1. Three lesions showed 
a chronic total occlusion histologically, and were excluded from the series. The 
remaining 125 plaques were classified as fibrolipid (36/125), calcified (60/125) and 
fibrotic (29/125) (table 1). In total, eight disrupted plaques with superimposed lumen 
thrombosis were found in 4 patients, of which 2 were plaques ruptures (no.2) and the 
remaining 6 were eroded plaques. The 2 patients who died from AMI (no. 2 and 9) 
had 2 and 4 disrupted plaques respectively. Earlier plaque stages such as fatty streaks 
were not encountered among the angiopgrapically visible lesions. 
IPH were found in 76 out of 125 (61%) of lesions (Fig 2 A-D). Of these, 17 out of 
125 (14%) showed recent microscopic hemorrhages, 14 out of 125 (11%) had macro-
scopically visible fresh hemorrhages, 24 out of 125 (19%) plaques had old hemor-
rhages, and 21 out of 125 plaques (17%) showed features of both recent and old 
hemorrhages (interpreted as ongoing).
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CD45 immunopositive inflammatory infiltrates were found in 110 (88%) plaques 
(Fig. 3). Deep infiltrates located around the lipid core were found in 103/125 (82%) 
of plaques, and superficially located infiltrates continuity with the surface endothelium 
were found in 59/125 (47%) of plaques.
Overall, CD31+ microvessels were present in 100/125 (80%) of plaques (Fig. 2E and 
2F). Of these, diffuse perivascular anti-vWF staining, as a marker for microvascular 
leakage, was found in 58% of plaques, particularly lesions containing dilated thin 
walled vessels. In addition, numbers of microvessels were positively associated with 
presence of recent hemorrhages (P<0.001), and also with presence of deep plaque 
inflammation (P<0.0001). 
Although plaque inflammation, microvascularization, vascular leakiness and plaque 
hemorrhage were found in all 9 patients, their presence varied in each individual case 
from only few lesions to nearly all lesions (Fig. 4). For example, the percentage of plaques 
of single patients containing superficial plaque inflammation ranged from 5% to 87%.

CD105 expression of microvascular endothelium
CD105+ microvessels were found in 58/125 (46%) of all plaques (Fig. 5). Again, huge 
variation among patients was observed, since the presence of intraplaque CD105+ 
vessels ranged from 8% up to 90% of all the plaques of each individual patient. As 
shown in table 2, there was a positive association between the presence of CD105+ 
microvessels and the presence of IPH (p=0.044), irrespective of the age of the hemorrhage 
(recent, old or ongoing). Moreover, plaques with CD105+ microvessels showed more 

COPD: chronic obstructive pulmonary disease; MI: myocardial infarction; CVA: cerebral vascular accident.
*Recent onset myocardial ischemia: assessed by regional or circumferent pale areas in Nitro blue tetra-
zolium (NBT) stain of myocardial slice at autopsy.

Table 1. Clinical data and histomorphological classification of 125 plaques in the coronary arteries of 9 
patients with severe trivascular atherosclerosis.
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Figure 2. Overview of intraplaque hemorrhage and leakage of microvessels
Fig 2A – H&E stain of a cross-section of a coronary atherosclerotic plaque (x20 magnification), inserts 
show intraplaque hemorrhage
Fig 2B – details of the black insert of 2A (x200 magnification), immunostained for Glycophorin A, showing 
extravasation of intact erythrocytes, which indicates fresh hemorrhage
Fig 2C – details of the red insert of 2A (x200 magnification), immunostained for Glycophorin A, showing 
erythrocyte fragments, which indicates old hemorrhage
Fig 2D – details of the black insert of 2A (x200 magnification), Perls stain for detection of iron (blue 
deposits), indicating old hemorrhage
Fig 2E – intraplaque microvessels identified with immunostain for CD31 (x40 magnification), microves-
sels are indicated with arrows; macrophages also stained positively with CD31
Fig 2F – adjacent tissue section of 2E immunostained for von Willebrand factor (vWF) (x40 magnifica-
tion), leakage of intraplaque microvessels is identified by presence of diffuse perivascular vWF deposits
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Figure 3. Intraplaque inflammation visualized with immunostains against CD68 and CD45
Fig 3A – immunostain against CD68 (x40 magnification), showing superficially (white arrow) and deeply 
seated infiltration of macrophages (arrow)
Fig 3B – immunostain against pan-leucocyte marker CD45 (x200 magnification), showing inflammatory 
cells localized around microvessels (arrows)

Figure 4. Dot-plot figures showing the percentages of plaques of each of the 9 patients included in the 
study, containing microvessels (A), hemorrhages (B) and inflammation (C) respectively. The figures illus-
trate high overall incidence but huge variation for all 3 parameters among the individual patients. NB: % 
of plaques (Y-axis) represents the % of the total amount of plaques of each patient.
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frequently inflammatory infiltrates deep in the atherosclerotic lesion (p=0.007). 
Finally, the total number of microvessels was larger in plaques with CD105+ vessels 
compared with those without CD105+ vessels (p=0.012). 

Markers of plaque vulnerability in disrupted plaques
The vulnerable markers of the 8 disrupted plaques were compared with the non-disrupted 
(intact) plaques. No statistical analysis was performed due to the limited numbers of 
the disrupted plaques, but all the markers of plaque vulnerability were observed more 
frequently present in disrupted plaques than in non-disrupted plaques: presence of 
CD105+ microvessels (63% vs 45%), high density of microvessels (63% vs 40%), 
IPH (100% vs 58%), superficial inflammation (75% vs 45%) and deep inflammation 
(100% vs 81%). 

Figure 5. Intraplaque microvessels identified with immunostains against CD31 and Endoglin (CD105) 
(x100 magnification)
Fig 5A – microvessels immunostained for CD31 (arrow)
Fig 5B – adjacent tissue section of 4A, immunostained for CD105, showing positive CD105 stain (arrow), 
which indicates a subgroup of intraplaque microvessels undergoes active angiogenesis
Fig 5C – vessels in de adventitia positively stained for CD31 (arrow)
Fig 5D – adjacent tissue section of 4C, immunostained for CD105 (arrow), showing no CD105 + microvessels
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Discussion
Plaque inflammation,  growth of microvessels, microvascular leakage and  IPH have all 
been forwarded as factors playing a pathophysiological role in the onset of acute coronary 
artery disease, and as such are considered as tissue markers for plaques vulnerability.4, 5, 23 
In this study, we systematically investigated these histological markers throughout the 
coronary arteries of 9 patients who had angiograpically proven severe trivascular ather-
osclerosis at autopsy, but were not primarily hospitalized for coronary artery disease. 

Intraplaque inflammation and angiogenesis
By far, most plaques (88%) contained inflammatory infiltrates, although there was 
variation in severity and location of the infiltrates among the patients. Superficial 
infiltrates closely apposed to the arterial endothelium or throughout the entire fibrous 
cap of lesions were found less frequent (47%) than deep infiltrates (82%), but are 
likely more relevant for the process of plaque erosion or fibrous cap rupture resulting 
in arterial thrombus than the deeply located infiltrates.5 Still, inflammatory activity 
deep inside the plaque is thought to be of relevance for inducing plaque instability 
through the cytotoxic or tissue degrading activities of reactive oxygen products or 
inflammatory proteins such as matrix metalloproteinases.3 These findings, which 
visualize plaque inflammation throughout the coronary arterial tree, support the view 
that plaque inflammation is a diffuse process of the arterial system rather than being 
a feature of one culprit lesion,4 at least in this specific population under investigation, 
i.e. elderly patients with multivessel coronary artery disease. Still, the outcome of our 
study confirms the importance of evaluating inflammation as a marker for plaque 
vulnerability, since the 8 disrupted and thrombosed lesions contained more frequently 
inflammatory infiltration than the 117 intact lesions, although the huge difference in 
sample sizes did not allow statistical interpretation. 

Table 2. Contingency table shows the association between CD105 expression on microvessels and parameters of 
plaque vulnerability.
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Several studies have indicated a possible mutual relationship between these inflamma-
tory infiltrates and the growth of microvessels in plaques.7, 24, 25 Microvessels can serve 
as a gateway  for the recruitment of inflammatory cells into atherosclerotic plaques,26, 

27 and at the same time certain cytokines such as VEGF and TGF-β that are released 
by these cells can stimulate the angiogenic process inside plaques.7 Our study, which 
showed the number of microvessels was positively associated with deep plaque inflam-
mation, further confirms this concept. In addition, activated microvessels identified 
by positive Endoglin (CD105) immunostaining were observed in about half of all 
the plaques (46%). Interestingly, these microvessels are significantly associated with 
both IPH and plaque inflammation. These findings further support the paradigm 
supposed by Li et al, since plaque inflammation could create a hypoxic environment 
within the atherosclerotic plaques; and the hypoxia is considered as a strong stimulus 
for upregulation of endoglin (CD105) gene expression on endothelial cells, which in 
turn prevents these cells from apoptosis and subsequently contributes to growth of the 
microvessels (angiogenesis).28  In disrupted plaques, not only microvessel density but 
also microvascular CD105 positivity appeared indeed higher than in the intact plaques. 
The soluble form of endoglin in circulating blood has also been evaluated as a potential 
prognostic marker for coronary artery disease. Ikemoto et al demonstrated that plasma 
soluble endoglin is positively associated with adverse clinical outcomes for patients 
with stable angina.29 However, Cruz et al found a decrease of soluble endoglin in AMI 
patients within the first two days after onset of symptoms, which appeared signifi-
cantly associated with higher cardiovascular mortality.30 Blood samples of the patients 
included in our study were not available, so we were not able further evaluate the issue 
of soluble endoglin as a prognostic marker. 

Fresh and old intraplaque hemorrhages
Signs of either fresh or old IPH were found frequently inside the plaques (altogether 
61% of lesions). Most studies on IPH have been carried out in symptomatic (throm-
bosed) plaques which are derived from coronary- or carotid artery surgical specimens, 
or from occluded vessels that are found at autopsy. Recently, Gao et al showed, in a 
review of 31 studies on carotid artery IPH, that the percentage of such complications 
is indeed much higher in symptomatic than in asymptomatic lesions in most of these 
reports.31 However, the rate of IPH differed substantially among the included studies, 
from 9% up to 78%, reflecting large differences in patient selection and/or in method-
ology. Similar to our study, Kolodgie et al investigated also IPHs in coronary plaques 
that were not related to a clinical event, and found 53% of fibroatheromatous plaques, 
and 77% of thin cap fibroatheromatous plaques positive for this complication,21 which 
is in the same range as we found in all visible lesions on the postmortem angiograms. 
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However, Kolodgie et al evaluated the coronary arteries of sudden coronary cardiac 
death victims, whereas in our study the patients were selected for the presence of 
extensive trivascular atherosclerotic disease. In fact,  in our series 7 out of 9 patients 
showed signs of recent myocardial ischemia at autopsy (as a final manifestation of their 
severe coronary artery disease), but 7of these 9 patients were hospitalized for a non-
cardiac disease. Another interesting observation was the simultaneous presence of both 
fresh and old haemorrhages in one and the same plaque, indicating an ongoing process 
of plaque hemorrhage. Together with the subsequent organization and accumulation 
of free cholesterol derived from erythrocyte membranes, the ongoing IPH could play 
an important role in increase of plaque volume (plaque growth) in a relatively short 
period of time. 21, 32 
The age of the patients in our study ranged from 60 to 90 years (mean 77yrs). This 
implies that both inflammation and angiogenesis can be prominent atherosclerotic 
plaque features also in old individuals, despite the impairment of immune function 
inherent to ageing.33, 34 Similarly, also a recent study on carotid artery plaques of 383 
patients could not find a correlation between age and macrophage contents in the 
plaque tissue.35 Apparently, the deteriorating effects of aging on systemic inflamma-
tion and angiogenesis do not influence atherogenesis in situ, probably as it is overcome 
by the lipid rich pro-inflammatory- and pro-angiogenic milieu of the atherosclerotic 
plaque.

Conclusion
Our findings illustrate that several markers of plaque vulnerability coincide frequently 
in the lesions of patients with severe end stage coronary artery disease. Plaque hemor-
rhages of recent or older date are present frequently and correlate with the presence of 
activated CD105+ microvessels. These markers can be identified in plaques throughout 
the coronary arteries, signifying prominent inflammation and angiogenesis as a feature 
of end stage atherosclerosis also in older patients. 

Li proefschrift.indd   39 03-09-14   15:35



40

Chapter 2

References
  1. Murray CJ, Lopez AD. Global mortality, disability, and the contribution of risk factors: Global burden of 

disease study. Lancet. 1997;349:1436-1442

  2. Abdallah MH, Arnaout S, Karrowni W, et al. The management of acute myocardial infarction in developing 
countries. Int J Cardiol. 2006;111:189-194

  3. Hansson GK. Inflammation, atherosclerosis, and coronary artery disease. N Engl J Med. 2005;352:1685-1695

  4. Falk E. Pathogenesis of atherosclerosis. J Am Coll Cardiol. 2006;47:C7-12

  5. van der Wal AC, Becker AE, van der Loos CM, et al. Site of intimal rupture or erosion of thrombosed coro-
nary atherosclerotic plaques is characterized by an inflammatory process irrespective of the dominant plaque 
morphology. Circulation. 1994;89:36-44

  6. Hosono M, de Boer OJ, van der Wal AC, et al. Increased expression of t cell activation markers (cd25, cd26, 
cd40l and cd69) in atherectomy specimens of patients with unstable angina and acute myocardial infarction. 
Atherosclerosis. 2003;168:73-80

  7. Dunmore BJ, McCarthy MJ, Naylor AR, et al. Carotid plaque instability and ischemic symptoms are linked to 
immaturity of microvessels within plaques. J Vasc Surg. 2007;45:155-159

  8. Jeziorska M, Woolley DE. Neovascularization in early atherosclerotic lesions of human carotid arteries: Its 
potential contribution to plaque development. Hum Pathol. 1999;30:919-925

  9. Virmani R, Narula J, Farb A. When neoangiogenesis ricochets. Am Heart J. 1998;136:937-939

10. Moreno PR, Purushothaman KR, Fuster V, et al. Plaque neovascularization is increased in ruptured atheroscle-
rotic lesions of human aorta: Implications for plaque vulnerability. Circulation. 2004;110:2032-2038

11. McCarthy MJ, Loftus IM, Thompson MM, et al. Angiogenesis and the atherosclerotic carotid plaque: An 
association between symptomatology and plaque morphology. J Vasc Surg. 1999;30:261-268

12. Moreno PR, Purushothaman KR, Sirol M, et al. Neovascularization in human atherosclerosis. Circulation. 
2006;113:2245-2252

13. Luque A, Slevin M, Turu MM, et al. Cd105 positive neovessels are prevalent in early stage carotid lesions, and 
correlate with the grade in more advanced carotid and coronary plaques. J Angiogenes Res. 2009;1:6

14. Torsney E, Charlton R, Parums D, et al. Inducible expression of human endoglin during inflammation and 
wound healing in vivo. Inflamm Res. 2002;51:464-470

15. Kumar S, Ghellal A, Li C, et al. Breast carcinoma: Vascular density determined using cd105 antibody correlates 
with tumor prognosis. Cancer Res. 1999;59:856-861

16. Burke AP, Farb A, Malcom GT, et al. Coronary risk factors and plaque morphology in men with coronary 
disease who died suddenly. N Engl J Med. 1997;336:1276-1282

17. Jolicoeur EM, Granger CB, Henry TD, et al. Clinical and research issues regarding chronic advanced coronary 
artery disease: Part i: Contemporary and emerging therapies. Am Heart J. 2008;155:418-434

18. Ranasinghe H, Smith NM. Evaluation of a lactate dehydrogenase-nitro blue tetrazolium method of detecting 
unapparent myocardial infarction using a standardised sampling technique. Forensic Sci Int. 1980;16:153-158

19. Virmani R, Kolodgie FD, Burke AP, et al. Lessons from sudden coronary death: A comprehensive morpho-
logical classification scheme for atherosclerotic lesions. Arterioscler Thromb Vasc Biol. 2000;20:1262-1275

20. Meijer-Jorna LB, Mekkes JR, van der Wal AC. Platelet involvement in cutaneous small vessel vasculitis. J Cutan 
Pathol. 2002;29:176-180

21. Kolodgie FD, Gold HK, Burke AP, et al. Intraplaque hemorrhage and progression of coronary atheroma. N 
Engl J Med. 2003;349:2316-2325

22. Arbustini E, Morbini P, D’Armini AM, et al. Plaque composition in plexogenic and thromboembolic pulmo-
nary hypertension: The critical role of thrombotic material in pultaceous core formation. Heart. 2002;88:177-182

Li proefschrift.indd   40 03-09-14   15:35



41

Markers of plaque vulnerability in elderly patients

23. Virmani R, Kolodgie FD, Burke AP, et al. Atherosclerotic plaque progression and vulnerability to rupture: 
Angiogenesis as a source of intraplaque hemorrhage. Arterioscler Thromb Vasc Biol. 2005;25:2054-2061

24. de Boer OJ, van der Wal AC, Teeling P, et al. Leucocyte recruitment in rupture prone regions of lipid-rich 
plaques: A prominent role for neovascularization? Cardiovasc Res. 1999;41:443-449

25. Jeziorska M, Woolley DE. Local neovascularization and cellular composition within vulnerable regions of 
atherosclerotic plaques of human carotid arteries. J Pathol. 1999;188:189-196

26. O’Brien KD, McDonald TO, Chait A, et al. Neovascular expression of e-selectin, intercellular adhesion mole-
cule-1, and vascular cell adhesion molecule-1 in human atherosclerosis and their relation to intimal leukocyte 
content. Circulation. 1996;93:672-682

27. Le Dall J, Ho-Tin-Noe B, Louedec L, et al. Immaturity of microvessels in haemorrhagic plaques is associated 
with proteolytic degradation of angiogenic factors. Cardiovasc Res. 2010;85:184-193

28. Li C, Issa R, Kumar P, et al. Cd105 prevents apoptosis in hypoxic endothelial cells. J Cell Sci. 2003;116:2677-2685

29. Ikemoto T, Hojo Y, Kondo H, et al. Plasma endoglin as a marker to predict cardiovascular events in patients 
with chronic coronary artery diseases. Heart Vessels. 2011

30. Cruz-Gonzalez I, Pabon P, Rodriguez-Barbero A, et al. Identification of serum endoglin as a novel prognostic 
marker after acute myocardial infarction. J Cell Mol Med. 2008;12:955-961

31. Gao P, Chen ZQ, Bao YH, et al. Correlation between carotid intraplaque hemorrhage and clinical symptoms: 
Systematic review of observational studies. Stroke. 2007;38:2382-2390

32. Mann J, Davies MJ. Mechanisms of progression in native coronary artery disease: Role of healed plaque disrup-
tion. Heart. 1999;82:265-268

33. Gruver AL, Hudson LL, Sempowski GD. Immunosenescence of ageing. J Pathol. 2007;211:144-156

34. Klement H, St Croix B, Milsom C, et al. Atherosclerosis and vascular aging as modifiers of tumor progression, 
angiogenesis, and responsiveness to therapy. Am J Pathol. 2007;171:1342-1351

35. van Oostrom O, Velema E, Schoneveld AH, et al. Age-related changes in plaque composition: A study in 
patients suffering from carotid artery stenosis. Cardiovasc Pathol. 2005;14:126-134

Li proefschrift.indd   41 03-09-14   15:35



Li proefschrift.indd   42 03-09-14   15:35



Li X, Kramer MC, van der Loos CM, Koch KT, de Boer OJ, Henriques JP, Baan J Jr, Vis MM, 
Piek JJ, Tijssen JG, de Winter RJ, van der Wal AC

Atherosclerosis. 2011 Sep;218(1):83-9.

A pattern of disperse plaque microcalcifications identifies 
a subset of plaques with high inflammatory burden 

in patients with acute myocardial infarction

3

Li proefschrift.indd   43 03-09-14   15:35



44

Chapter 3

Abstract
Aims 
Inflammation plays a crucial role in plaque vulnerability. Calcifications can be detected 
by means of in vivo imaging techniques. The study purpose is to assess a potential asso-
ciation between tissue localization of calcifications and the inflammatory biomarkers, 
C-reactive protein (CRP), osteopontin and lipoprotein-associated phospholipase A2 
(Lp-PLA2), in plaque tissue of patients with acute myocardial infarction (AMI).

Methods and results 
Thrombectomy materials obtained from patients with electrocardiographically docu-
mented ST-segment elevation type of AMI (STEMI) were histologically screened for 
presence of thrombus, plaque tissues and calcifications. Size of calcifications was meas-
ured morphometrically, and their colocalization with the inflammatory biomarkers 
macrophages, CRP, osteopontin and Lp-PLA2 was assessed with immunostaining. A 
total of 171 samples containing plaque tissues were obtained from 562 thrombectomy 
procedures. Calcifications were observed in 67 (39%) plaque fragments, with diam-
eters ranging from 4 to 170 μm. Plaque tissues with calcifications contained more 
frequently extracellular CRP and intracellular CRP in macrophages than those without 
calcifications (85%, 59% vs. 64%, 32%, P=0.012 and 0.005 respectively). Similar 
results were obtained with osteopontin immunostaining (98%, 76% vs. 56%, 40%; 
P<0.001 both). Furthermore, samples with calcifications were immunostained for 
CRP more intensely than those without calcifications (P=0.001). Finally, 96% of the 
plaque tissues stained positively for Lp-PLA2, but there was no association with pres-
ence of microcalcifications. 

Conclusions
A pattern of disperse microcalcifications is positively associated with presence of the 
inflammatory biomarkers macrophages, CRP and osteopontin in thrombectomy mate-
rials of STEMI patients. Based on these findings, we speculate that such microcalcifi-
cations could have the potential to serve as a surrogate marker for plaques with high 
inflammatory burden.
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Introduction
By far most cases of acute myocardial infarction (AMI) result from coronary thrombus 
formation superimposed on disruption of a vulnerable type of atherosclerotic plaque 1. 
Many studies have shown that the vulnerability to rupture is usually not a feature of 
a single (culprit) plaque, but may involve several plaques in the coronary system of a 
patient (pan coronary vulnerability) 2. Such insights have boosted the search for in vivo 
markers of plaque vulnerability, by means of high resolution coronary imaging tech-
niques or serum levels of inflammatory proteins, to identify patients with increased 
cardiovascular risk.
Calcification is an excellent marker for the presence of atherosclerosis, but its role on 
plaque instability is still unclear. Although coronary calcifications detected by electron 
beam computed tomography (EBCT) is strongly predictive for adverse cardiovas-
cular outcome 3, 4, severe calcification is not a feature of coronary luminal narrowing 
and plaque instability 5, 6. Moreover, a systematic autopsy study on coronary arteries 
of sudden coronary death victims revealed that the majority of acute ruptured and 
thrombosed plaques is only mildly calcified 6. In addition, a recent in vivo study by 
using intravascular ultrasound (IVUS) suggested that not the degree, but the pattern 
of calcifications (multiple, small calcium deposits) could be associated with plaque 
instability 7. 
In contrast to calcification, inflammation plays a crucial role in plaque vulnerability 8. 
Numerous intraplaque inflammatory proteins are capable of degrading the fibrous cap, 
which may eventually lead to plaque rupture and thrombosis. Furthermore, several 
inflammatory biomarkers have been elucidated that are associated with adverse cardio-
vascular outcome, of which particularly C-reactive protein (CRP), osteopontin (OPN) 
and lipoprotein-associated phospholipase A2 (Lp-PLA2) appear to have a strong 
predictive value 9-14. 
With the development of high resolution intravascular imaging techniques, several 
histological characteristics of vulnerable plaques (thickness of fibrous cap, size of 
necrotic core) can be identified and quantified  in vivo; but detection of the “vulner-
ability marker” intraplaque inflammation is still a problem that needs to be resolved in 
clinical practice 15. In contrast to intraplaque inflammation, calcifications are an excel-
lent marker of atherosclerotic plaques and can be visualized even in micro-dimensions 
with use of high resolution image techniques 16. Dystrophic calcification typifies many 
chronic inflammatory processes in the human body 17, but a putative relationship 
between presence of calcifications and pro-inflammatory tissue markers has not yet 
been studied in vivo in the culprit lesions of AMI patients. This could be of interest, 
since hypothetically, distinct patterns of calcifications may serve as a surrogate marker 
of plaque inflammatory activity. 

Li proefschrift.indd   45 03-09-14   15:35



46

Chapter 3

ST-segment elevation myocardial infarction (STEMI) is a subset of AMI and char-
acterized by severe transmural necrosis and high short-term mortality 18, 19; as results 
of which emergent revascularization treatment of the occluded coronary artery is 
recommended for patients with STEMI by means of thrombectomy adjunctive to 
percutaneous coronary intervention (PCI) 20. Materials retrieved from thrombectomy 
appear suitable for histological study, since they have been shown to contain plaque 
fragments from culprit lesions of STEMI patients (in addition to thrombus) in up to 
40% of cases 21. In the present study we investigated the relationship between distinct 
morphologic patterns of plaque calcifications and the intraplaque immunolocaliza-
tion of macrophages, CRP, osteopontin and lipoprotein-associated phospholipase A2 
(Lp-PLA2) with use of the thrombectomy materials. 

Materials and methods 
Patient Population
Between January 2005 and December 2006, a total of 562 patients were treated with 
thrombectomy adjunctive to primary PCI. Patients were eligible if there was evidence 
of acute myocardial infarction with ST segment elevation of ≥ 0.2 mV in two or more 
contiguous leads on the admission electrocardiography and symptoms of < 24 hours’ 
duration. Thrombectomy procedures were performed as previously described 21. On 
admission, all the patients received aspirin 300 mg and unfractionated heparin 5000 to 
10000 IU. Clopidogrel was administered in a loading dose of 300 or 600 mg directly 
before or immediately after the procedure and was prescribed for at least 1 month. 
The use of glycoprotein IIb/IIIa inhibitors and antithrombotic medications was at the 
discretion of operators. After access into the femoral artery, the flexible thrombectomy 
catheter was advanced in the infarct-related coronary artery. Before balloon dilatation 
or stent implantation, several suctions were performed at the site of culprit lesions. 
The aspirated materials were collected in the collection bottle, which could be used 
for this study. Information with respect to cardiovascular risk factors was obtained at 
bedside in the catheterization unit. Serum hsCRP values, measured on admission, were 
obtained from the electronic hospital record. 

Selection of thrombectomy materials
All the aspirated materials were placed in 10% neutral buffered formalin immediately 
after retrieval, fixed for at least 24 hours and embedded in paraffin. Six-μm-thickness 
sections were stained with hematoxylin and eosin stains (H&E stain) for histopatho-
logical observations including identification of calcifications. Adjacent tissue sections 
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were stained immunohistochemically for evaluation of the intraplaque inflamma-
tory biomarkers. Size of samples was measured macroscopically on glass slices. Only 
samples of ≥ 1 mm2, and of those only the samples that contained histologically 
confirmed atherosclerotic plaque tissues, were enrolled in this study (see fig.1). 

Morphometric analysis of tissue calcifications and visualization of  
colocalization between calcifications and macrophages
Morphometric analysis of calcifications was performed on Alizarin red S (ARedS) 
stained sections. Immuno-enzyme double staining with anti-HAM56 antibody (1:50, 
Dako, Glostrup, Denmark) and ARedS was used to study the colocalization between 
calcifications and macrophages. Images of calcifications were acquired at x 100 magni-
fication using a Leica DFC500 digital camera mounted on a Leica DM 5000 micro-
scope. Measurement of calcifications was performed automatically by using computer-

Figure 1. Selection of study materials. Thrombectomy materials obtained during primary PCI were 
screened and divided into two groups based on presence or absence of calcifications
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based image software (Image Pro Plus 5.0, Media Cybernetics). Only the particles 
≥ 4μm were measured for final evaluation, which is around the minimum range of 
detection of current high resolution imaging techniques. 

Evaluation of CRP, OPN and Lp-PLA2 immunostaining
Presence of intraplaque CRP or Lp-PLA2 was evaluated with immunodouble staining 
combining anti-CRP antibody (rabbit monoclonal Y284, 1:500, Abcam, Cambridge, 
UK) or anti-Lp-PLA2 antibody (rabbit polyclonal HPA018157, 1:20, Sigma, st. 
Louis, USA) with anti-CD68 antibody (mouse monoclonal PG-M1, 1:100, Dako).  
Intraplaque OPN was analyzed with the use of immunotriple staining combining anti-
OPN antibody (rabbit polyclonal 1:1000, Abcam), anti-smooth muscle actin (mouse 
monoclonal 1A4, 1:2000, Dako) and anti-CD68 antibody (PG-M1, 1:500, Dako). 
Double and triple staining methods were used as previously described 22. Diaminoben-
zidine (DAB, Dako), Vector Blue and Vector Red substrate kits (Vector Laboratories) 
were applied as chromogens. Negative controls were performed by replacing the 
primary antibodies with non-immune IgG of similar species, subclass and concentra-
tion. Steatotic liver tissue was used as positive control for CRP stain, cerebral tissue 
for Lp-PLA2 stain and post-mortem coronary atherosclerotic plaque served as positive 
control for OPN stain. 
In each thrombectomy sample, CRP, Lp-PLA2 and / or OPN immunostaining was 
evaluated as either present or absent, and correlated with presence of calcification in 
the samples.  Furthermore, intensity of extracellular CRP and Lp-PLA2 staining was 
graded into 3 categories: 0 (negative), 1 (mild positive staining) and 2 (strong positive staining).

Statistics
Statistical analysis was performed with SPSS 11. Results are expressed as mean ± SD 
or median with range. In case the data were normally distributed, the 2 groups were 
compared with unpaired t test. Comparison of non-normal distributed data of two 
independent groups, Mann-Whitney test was used and the Kruskal-Wallis test was 
used for ≥3 independent groups. Categorical data were expressed as percentage and 
evaluated with χ2 test. A P-value of ≤ 0.05 was considered statistically significant.

Results
Patient clinical characteristics
Figure 1 shows the flow chart for selection procedure of study materials. Histologi-
cally confirmed materials were obtained from 82% (460/562) of all the thrombectomy 
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procedures. Majority (63%, 289/460) of the materials are composed exclusively of 
thrombus, whereas 37% (171/460) of the materials consist of both thrombus and 
atherosclerotic plaque tissue. Only the thrombectomy materials containing plaque 
tissues (n=171) were included in the current study. Of these, calcifications were present 
in 39% (67/171) and absent in 61% (104/171) of the samples. 
Patient characteristics were summarized in table 1. There were no differences in major 

 Table 1. Patient clinical characteristics

Continuous variables are expressed as mean ± SD or median with range. Categorical variables are 
expressed as percentages. RCA: right coronary artery, LCA: left coronary artery, LCx: left circumflex; BMI: 
body mass index; hsCRP: high sensitive C-reactive protein
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risk factors for cardiovascular diseases, in medication or serum hsCRP values between 
the patients with calcifications in the thrombectomy materials and those without 
calcifications. The interval from onset of symptom to opening of vessels was in 96% 
of the patients within 12 hours and no difference was found between the study groups 
(P=0.95). Pre-infarct unstable angina, defined as unstable angina of < 30 minutes in 
the proceeding 2 weeks, was observed in 23% of all the patients and there was no 
difference between the two study groups (P=0.22).

Calcification score in plaque tissue
All together, a total of 1699 calcium particles were measured in the sections that 
contained calcifications. Calcifications in the samples were disperse microcalcifications 
with diameters ranging from 4 μm to 170 μm and a median of 9 μm (fig. 2A, 2B).  

In situ colocalization of calcifications with plaque cells, C-reactive 
protein, osteopontin and lipoprotein-associated phospholipase A2
Immunohistochemistry was used to compare the in situ presence of inflammatory 
biomarkers in plaque tissues containing microcalcifications with those without micro-
calcifications. Because of the limited size of aspirated samples, only 119 / 171 (70%) 
of the selected thrombectomy materials were available for CRP staining, 115 / 171 
(67%) for OPN staining and 45/171 (26%) thrombectomy samples were available 
for Lp-PLA2 staining. CD68+ foam cells were nearly always located inside lipid rich 
plaque tissue in both groups (93% of tissues with microcalcifications and 86% of 
tissues without microcalcifications, P=0.38). 

Figure 2. Morphometric analysis of calcifications
2A – Immuno-enzyme double staining with anti-HAM56 antibody and Alizarin Red S (x 200 magnification). Calcifica-
tions stained in red as shown with arrows and macrophages stained in blue.
2B – Pooled data
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If present, extracellular CRP staining was found throughout lipid plaque tissue  
(fig. 3A, B, C), whereas extracellular OPN staining appeared bound to microcalcifi-
cations (fig. 3E). Immunotriple staining with anti-CD68, anti-smooth muscle actin 
and anti-OPN antibodies showed that cytoplasmic OPN was present in macrophages 
only, and not in smooth muscle cells. As shown in table 2, both intra- and extracellular 
immunostaining of CRP and OPN was found more frequently in plaque tissues with 
microcalcifications than those without microcalcifications (P<0.05 for all). Further-
more, intensity of CRP immunostaining was greater in samples with microcalcifica-
tions than those without microcalcifications (P=0.001, fig. 3D). 
Immunostainable Lp-PLA2 was present in 96% of plaque tissues containing thrombec-
tomy samples, strictly localized in the areas with extracellular lipid and macrophages 
(vulnerable plaque tissue) (fig. 3F). However, there were no differences observed in 
presence (table 2) or staining intensity of Lp-PLA2 between calcified and non-calcified 
plaque tissues (P=0.15).

Continuous variables are expressed as median with range. Categorical variables are expressed as 
percentages. Chi-square test is used for statistical analysis. CRP indicates C-reactive protein; OPN indi-
cates osteopontin; Lp-PLA2 indicates lipoprotein-associated phospholipase A2

Table 2. Overview of results
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Figure 3. Immunostaining for intraplaque inflammatory biomarkers: macrophages, C-reactive proteins 
(CRP), osteopontin (OPN) and lipoprotein-associated phospholipase A2 (Lp-PLA2)
Panel A – negative CRP staining: no CRP immuno-activity; only macrophages stained in red (low power 
view of x 40 magnification). “T” indicates thrombus compartment; “Pl” indicates plaque compartment.
Panel B – mild positive CRP staining: CRP stained in light blue and macrophage stained in red.
Panel C – strong positive CRP staining: CRP stained diffusely in dark blue; arrow shows macrophage with 
intracellular CRP stained in purple.
Panel D – Extracellular CRP in atherosclerotic plaques was significantly more intensely stained in samples 
with microcalcifications compared those without microcalcifications (P=0.001). Chi-square test is used for 
statistical analysis.
Panel E – Extracellular osteopontin stained in red and macrophages in brown, (x 200 magnification). 
Arrow shows macrophage with intracellular OPN.
Panel F – Immunodouble staining with anti-Lp-PLA2 antibody and anti-CD68 antibody, (x 200 magnifi-
cation). Extracellular Lp-PLA2 stained in blue and macrophage in red, arrow shows macrophage with 
intracellular Lp-PLA2
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Discussion
Thrombectomy adjunctive to primary PCI, which is currently the treatment of choice 
for patients with STEMI in our institution, provides a unique opportunity to retrieve 
large numbers of tissue samples from culprit atherosclerotic lesions related to onset 
myocardial infarction. In the present study we demonstrated that thrombectomy 
materials can be used as ex vivo materials for histopathological investigation of poten-
tial biomarkers for plaque vulnerability in STEMI patients. The primary results of 
this study show that disperse calcium deposits with dimensions of microcalcifica-
tions (median = 9 μm, range 4 -170 μm), can be found in 39% of the thrombectomy 
samples containing plaque tissues, and are strongly associated with immunostaining of the 
biomarkers for cardiovascular risk CRP and OPN in plaque tissues, but not Lp-PLA2.

Microcalcifications in culprit lesions of STEMI patients
Although calcification is a well known feature of coronary atherosclerotic plaques, its 
potential role in onset of plaque instability remains controversial. An autopsy study by 
Sangiorgi et al showed that coronary calcification was proportional to overall plaque 
burden, but was not associated with the severity of anatomic stenosis 5. However, with 
the introduction of electron beam computed tomography (EBCT), coronary calcifi-
cation can be analyzed quantitatively in vivo, and several clinical studies have shown 
that the EBCT-derived coronary calcium score can be considered as a strong predictor 
of adverse cardiovascular prognosis, even in asymptomatic patients 3, 4. Also size of 
calcifications seems to be important.  Virmani et al 6, 23 revealed that calcifications in 
65% of acute ruptured plaques of sudden coronary death victims were radiographi-
cally so-called “speckled calcifications”. Similar results were obtained by Ehara et al 7 
who, with use of IVUS, compared calcifications in culprit lesions of acute coronary 
syndromes with those of chronic stable angina. They observed multiple, small calcium 
deposits (so-called “spotty calcifications”) in the tissues of patients with acute coronary 
syndromes, in contrast to patients with stable angina who had only few but large calci-
fications. Our findings of disperse microcalcifications in 39% of the thrombectomy 
specimens containing plaque tissues which are all obtained from culprit plaques under-
lying STEMI, confirm and extend these previous observations by measuring precisely 
the range of sizes of the microcalcifications in plaque tissues.
Moreover, such microcalcifications could play an active role in the process of plaque 
destabilization prior to rupture. A recent in vitro study suggested that microcalcifi-
cations with a diameter of 1 μm or less could lead to apoptosis of human vascular 
smooth muscle cells, and these cells are considered to play a protective role in plaque 
stability 24. In addition, several studies demonstrated that that minute cellular-level calcium 
particulates could increase local stress in fibrous cap and lead to plaque rupture 25, 26. 
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Association between calcification and inflammatory biomarkers
The concept that inflammation plays a crucial role in plaque vulnerability is widely 
accepted 8, and the application of inflammatory biomarkers as tools in cardiovascular 
risk stratification has become a hotspot. Among all the biomarkers, the acute phase 
protein CRP is studied most extensively and considered to be a robust predictor of 
poor cardiovascular outcome 9-11. Several clinical studies have investigated the putative 
relationship between serum CRP levels and coronary calcification. In the Framingham 
Heart Study a positive association was reported between level of CRP in the blood 
and  subclinical coronary calcification detected door EBCT 27. In contrast , the SIRCA 
study showed that serum hsCRP was not at all associated with coronary calcifications 
in men, and only weakly in women 28. The present study also did not reveal any differ-
ence in serum hsCRP levels between patients with- and without plaque microcalcifica-
tions in their thrombectomy materials. But, when we applied CRP-immunostaining 
on the same specimens of all the patients, it was shown that the plaque tissues with 
microcalcifications contain more frequently immunostainable CRP, including CD68+ 
macrophages with intracytoplasmic CRP. Moreover, the extracellular CRP was immu-
nostained more intensely in the plaque tissues with microcalcifications than those 
without microcalcifications. These findings showed that CRP inside the plaques asso-
ciated with microcalcifications appears to be a far more common feature as can be 
appreciated from measurement of serum hsCRP levels. Still such low levels of intra-
plaque CRP synthesis can be of relevance, since CRP exerts several pro-inflammatory 
effects inside the plaque 29, which may further increase plaque vulnerability. 
Osteopontin (OPN) is another important biomarker and strongly associated with poor 
cardiovascular prognosis 12. In addition, OPN plays an important role in migration 
of macrophages and inhibits ectopic calcification in human body 30, 31. Similar to our 
results on CRP immunostaining, we found a positive association between extracellular 
immunostainable OPN, OPN containing macrophages and the presence of microcal-
cifications in plaques. Such observations endorse the outcome of recent in vitro studies 
on macrophages co-cultured with calcium particles, which revealed that microcalcifi-
cations induce a proinflammatory effect in macrophages, as became evident by their 
secretion of proinflammatory cytokines 32. 
Lp-PLA2, as a calcium-independent phospholipase A2, is another novel inflammatory 
biomarker. Serum levels and in situ expression in carotid atherosclerosis of Lp-PLA2 
are positively associated with adverse cardiovascular outcomes, independently of 
traditional risk factors 13, 14. We found positive Lp-PLA2 immunostaining in nearly all 
the plaque fragments containing extracellular lipid and macrophages (the vulnerable 
plaque components), which illustrates the importance of the protein as a biomarker. 
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However, in contrast to our findings on CRP and OPN, we found no positive associa-
tion between presence of microcalcifications and plaque Lp-PLA2 immunopositivity, 
so apparently a pattern of disperse microcalcifications can not serve as a surrogate 
marker for in situ presence of this protein. 

Conclusion
In this study we have shown that when microcalcifications are present in plaque 
fragments of STEMI patients, they frequently colocalize with the inflammatory 
biomarkers CRP and OPN; as such, a subgroup of plaques with high inflammatory 
burden can be identified. As a future perspective, we may speculate that these micro-
calcifications in plaques, which can be detected by means of various in vivo imaging 
techniques, could serve as a potential surrogate marker for intraplaque inflammatory 
activity. However, the application of the microcalcifications as a marker for plaque 
instability needs to be confirmed, since the sensitivity, specificity and predictive value 
of this marker is still undefined without comparative data on non-culprit lesions. 
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Abstract
Background 
Intraplaque hemorrhage (IPH) is a crucial factor in progression and destabilization of 
an atherosclerotic plaque. Anti-thromboembolic drugs are widely used as prophylactic 
treatment against arterial and venous thrombotic diseases, but a major complication is 
bleeding. We investigated the association between exposure to anti-thromboembolic 
therapy and IPH in post mortem coronary arteries.

Materials and methods 
Coronary arteries with postmortem angiographically confirmed extensive atheroscle-
rosis were obtained at autopsy from patients who had received oral anticoagulants 
(n=10), platelet aggregation inhibitors (n=10) or no anti-thrombotic drugs (n=10) 
before death. Coronary arteries were cut at 3-mm interval and all plaque containing 
segments were immunohistochemically screened for IPH and microvessels. These data 
were related to overall plaque composition and the use of anti-thromboembolic therapies.

Results 
IPH was found in 483 out of 904 (53%) coronary segments with advanced athero-
sclerotic plaques, and more frequently in patients on oral anticoagulants  (174/284, 
61%) than in patients on anti-platelets (198/376, 53%) or without therapy (111/244, 
46%) (P=0.02 and P=0.001, respectively). Also, intraplaque microvascular leakage was 
more frequently observed in patients on anticoagulants than in non-treated patients 
(P=0.03). Finally, the IPH appeared to be larger in plaques of patients on anti-coagu-
lant treatment (P<0.001). Density of intraplaque microvessels was highest in plaques 
of patients on platelet inhibitors (P<0.05), but this was not associated with increased 
hemorrhagic burden.

Conclusion 
Prophylactic therapy with oral coumarin-type anticoagulants appears to be associated 
with a higher hemorrhagic burden in atherosclerotic coronary arteries, which may lead 
to increase in plaque volume over time, in this selected subgroup of patients. 
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Introduction
Intracoronary thrombosis initiated by disruption of an atherosclerotic plaque is the 
most important trigger for the onset of acute coronary syndromes1, 2. Many plaques 
that are prone to develop thrombotic complications can be histologically defined 
as lesions with a thin fibrous cap, a high inflammatory burden and a large necrotic 
core. Intraplaque hemorrhage (IPH) can play a crucial role in the development of 
such “high risk” plaques3-7. Such hemorrhages can lead to abrupt enlargement of the 
liponecrotic core of a plaque by accumulation of free cholesterol that is released from 
erythrocyte membranes5, 6. Moreover, IPH further contributes to inflammatory activity 
inside plaques by facilitating the recruitment and activation of inflammatory cells as 
well as by oxygen radicals in lesions8, 9. 
Both arterial and venous types of thrombosis are associated with high morbidity and 
mortality, especially within the elderly population. Arterial thrombotic vessel occlu-
sion, which is initially a platelet driven process followed by activation of the coagula-
tion cascade, underlies various acute vascular events such as myocardial infarction, 
stroke and limb ischemia10. In the venous system,  the coagulation system is believed 
to play an important role in thrombus formation, leading to fibrin rich thrombi 
underlying deep venous thrombosis11. Consequently, platelet aggregation inhibitors 
and anticoagulants are widely used by patients who are at high risk to develop these 
arterial and venous thrombotic diseases. Clinical studies showed that these prophy-
lactic treatment strategies significantly reduce fatal thrombotic and thromboembolic 
events12-14, but their safety in terms of sometimes life threatening side effects such as 
major hemorrhages is a matter of great concern15. Major hemorrhages in most cases 
affect the gastrointestinal tract, soft tissues, and/or urinary tract 16. The incidence of 
intracranial bleeding is much lower, but this complication often has a fatal outcome 16-18.  
Preliminary studies in symptomatic atherosclerotic plaques have also demonstrated 
a positive association between the use of anticoagulant drugs and presence of IPH in 
symptomatic atherosclerotic plaques that were studied in endarterectomy specimens of 
patients with TIA and/or stroke19. 
Patients with extensive coronary atherosclerosis, especially in the elderly population 
with a high rate of cardiovascular co-morbidity, frequently use oral platelet aggregation 
inhibitors or anticoagulant therapy or both. These drugs could initiate the onset of 
IPH or aggravate the extent of IPH in advanced vascularized plaques throughout their 
coronary arteries, also in pre-symptomatic stages, and thus contribute significantly 
to the progression of the coronary plaque burden. In order to test this hypothesis, we 
systematically investigated the incidence and severity of IPH in coronary arteries of patients 
who were treated with either oral anticoagulants or with platelet aggregation inhibitors. 

Li proefschrift.indd   61 03-09-14   15:35



62

Chapter 4

For this purpose we studied the entire epicardial coronary artery traject of 30 autopsied 
patients who were selected for the presence of atherosclerosis in all the three epicardial 
coronary arteries using histology and immunohistochemistry. In these patients the 
hemorrhagic burden of coronary plaques and histopathological plaque characteristics 
were related to anti-thromboembolic medication profiles, which was classified as either 
anti-platelet therapy, anticoagulant therapy or no anti-thromboembolic medication. 

Materials and methods 

Patient materials
The study is based on 78 out of a total of 648 patients who were autopsied at the depart-
ment of Pathology of the Academic Medical Center Amsterdam in the period between 
2008 and 2010, and of whom all the three epicardial coronary arteries showed presence 
of atherosclerotic plaques on postmortem coronary angiograms.20 Clinical data were 
collected from hospital electronic patient record. For the enrollment of patients in this 
study we applied the following inclusion criteria: 1) availability of information on anti-
thromboembolic medication, 2) patients age > 50 years. Exclusion criteria were: sepsis, 
previous PTCA treatment and treatment with immunosuppressive drugs or chemo-
therapy. Following this approach, we identified 18 patients treated with coumarine-type 
anticoagulants (acenocoumarol or fenprocoumon), but no platelet aggregation inhibitors; 
11 patients treated with platelet aggregation inhibitors (acetylsalicylic acid and / or clopi-
dogrel), but no anticoagulants, and 19 patients who used neither anticoagulation nor 
anti-platelet therapy. Of each group, 10 patients were randomly selected for this study. 
In addition, one patient who received a double-treatment with both anticoagulant and 
platelet aggregation inhibitor was not included for the final analysis. This study was 
performed in accordance with the Helsinki Declaration and met the criteria of the 
code of proper use human tissue that is used in the Netherlands. 

Tissue processing 
After fixation in buffered formalin and decalcification in ethylene diamine tetra acetic 
acid (EDTA), the coronary arteries were transversely cut at 3 mm intervals throughout 
the three major epicardial coronary arteries (left anterior descending, left circumflex, 
and right coronary artery). To get insight of total hemorrhagic burden of the entire 
coronary system, all the segments containing macroscopically visible atherosclerotic 
lesions were collected and embedded in paraffin. Sections of 5μm were stained with 
hematoxylin and eosin (H&E) and Elastic van Gieson (EvG) stains for histological 
classification. Perls stain was performed to visualize iron.
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Classification of atherosclerotic lesions
Early lesions are described as focal aggregations of lipid-laden macrophages or smooth 
muscle cells with disperse extracellular lipid, but without a well-formed lipid core or 
calcifications. Advanced lesions with fibrous cap overlying a lipid core were classified as 
fibrolipid plaques; lesions that were mostly calcified were classified as calcified plaques; 
and lesions that consisted mainly of fibrous tissue were classified as fibrotic plaques. 
Plaque disruption was defined as the presence of intraluminal thrombus superimposed 
on rupture of the fibrous cap (plaque rupture) or due to erosion of the superficial 
endothelial layer (plaque erosion). 

Immunohistochemical stains 
Glycophorin A (GFA) is present on the membranes of erytrocytes, including membrane 
fragments that remain present in the tissue long after the onset of a bleeding. There-
fore, immunohistochemical stains were performed to visualize IPH with use of the 
monoclonal antibodies against glycophorin A (dilution 1:200; Dako, Glustrop, 
Denmark)21. Microvessels and microvascular leakage was identified by means of immu-
nostaining against von Willebrand factor (vWF; 1:50, Dako)22.

Paraffin tissue sections were dewaxed in xylene and rehydrated in graded alcohols. 
Endogenous peroxidase activity was blocked with 0.3% H2O2 in methanol for 20 min. 
Sections were subsequently digested with 0.25% pepsin dissolved in 10mM HCl for 
10 min at 37°C prior to vWF antibody labeling. No pre-treatment was performed 
for anti-glycophorin A staining. The tissue sections were subsequently incubated with 
primary antibodies for 1hr at room temperature; and thereafter with appropriate anti-
mouse or anti-rabbit HRP-labeled polymers (Immunologic, Duiven, The Netherlands) 
for 30 min; HRP-activity was visualized using DAB+ (Dako) for 8 min. 

Intraplaque hemorrhage (IPH) 
IPH were classified into 3 groups: (1) recent IPH: extravascular localization of intact 
(fresh) erythrocytes (>10 cells / field of view at 400x magnification) on GFA immu-
nostained sections, (2) old IPH: presence of iron deposits (Perls stain) and / or erythro-
cyte fragments (GFA immunostain)21, and (3) ongoing IPH: simultaneous presence of 
both recent and old hemorrhage in one section. The severity of IPH was semiquantita-
tively graded as: 1) small: hemorrhages of not more than 10-50 erythrocytes; 2) large: 
microscopic hemorrhages>50 cells, clusters of erythroctic fragments or macroscopically 
visible IPH in the plaque.

Li proefschrift.indd   63 03-09-14   15:35



64

Chapter 4

Intraplaque microvessels
Microvessels were visualized by means of anti-vWF immunostain and the total number 
was counted per plaque section. Microvessel leakage was defined as diffuse immune 
staining of vWF around microvessels in plaque as previously described5, 22. 
Histomorphology and immunostains of all coronary segments were evaluated by two 
observers independently.

Statistics
Statistical analysis was performed with the Statistical Package for Social Sciences soft-
ware (SPSS 18 for windows, SPSS inc, Chicago, IL). Categorical data were expressed 
as percentages and evaluated with Chi-square test. Continuous data were expressed 
as mean ± SD or median with interquartile range. Normally distributed data were 
analyzed with student’s t- test. Mann-Whitney and Kruskal-Wallis tests were used for 
not-normally distributed data. Logistic regression analysis was used to test the inde-
pendent association of medications with presence of IPH. Tissue sections of atheroscle-
rotic plaques were pooled and analyzed among the three groups of patients. Further-
more, the percentages or medians of IPH parameters for each individual patient were 
calculated and a comparison was made between the patients who were treated with 
either anticoagulants or platelets aggregation inhibitors and those without use of any 
anti-thromboembolic drugs. P value of ≤0.05 was considered statistically significant. 

Results 

Clinical characteristics of patients
The clinical characteristics of the 30 selected patients are presented in table 1. Hyper-
tension, statin and beta-blocker use were more frequently found in the patients treated 
with anticoagulants or platelet aggregation inhibitors than in patients without anti-
thromboembolic medication (P<0.05 for all). Only statin use appeared to be associated 
with increased risk on intraplaque hemorrhage (P=0.01, OR: 1.80, CI: 1.15-2.81). 

Histological classification of atherosclerotic coronary artery segments
A total of 1059 coronary segments with macroscopically visible atherosclerosis were 
investigated (length of these tissue samples in total amounts to circa 3 meters). 
Histology of 66 samples could not be evaluated due to artifacts during tissue 
processing (n=60) or presence of large plaque ruptures (n=6). Of the remaining 993 
tissue samples, 904 (91%) contained advanced atherosclerotic plaques, classified as 
either fibrolipid (164), calcified (290) or fibrotic (450) plaques. Overall, advanced 
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Table 1. Patient clinical characteristics

M/F: male / female 
MI: myocardial infarction 
ACE inhibitor: angiotensin-converting-enzyme inhibitor
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types of plaque morphology was observed more frequently in plaques of patients who 
used anticoagulants (94% advanced vs 6 early lesions) or antiplatelet therapy (98% vs 
2%) than in those without anti-thromboembolic therapy (82% vs 20%). 

Intraplaque hemorrhage and coronary plaque composition
Presence of IPH was observed in 499 of 993 atherosclerotic plaque segments (50%), 
which represents the overall hemorrhagic burden in the coronary arteries of all the 30 
patients under investigation. Of these, 72 / 993 (7%) showed recent hemorrhage (Fig. 
1 A-C), 188 / 993 (19%) had old IPH (Fig. 1 D and E) and 239 / 993 (24%) showed 
both recent and old bleeding (ongoing bleeding).
IPH was observed in only 18% (n=16/89) of the early lesions, but appeared to be 
a common feature in advanced types of atherosclerotic plaques (483/904, 53%; 
P<0.001, table 2). Since IPH was more frequently observed in advanced than early 
lesions, we evaluated the occurrence of IPH and its potential association with anti-
thromboembolic therapy in early and advanced lesions separately. Among the different 
types of advanced plaques, IPH was more frequently observed in fibrolipid (105/164, 
64%) and in calcified plaques (168/290, 58%) than in fibrous plaques (207/450, 
46%) (P<0.05 for both types of lesions vs fibrous plaques). 

Figure 1. Intraplaque hemorrhage and leakage of microvessels
A – H&E stain of small hemorrhage (x400 magnification), extravascular location of 10-50 erythrocytes 
B –H&E stain of a large hemorrhage (x200 magnification), extravascular location of more than 50 erythrocytes 
C – Macroscopic view of a large intraplaque hemorrhage
D – Perls stain (x400 magnification) identifies hemosiderin deposit (blue pigments), indicating old hemorrhage
E – Immunostain for Glycophorin A (x400 magnification), showing erythrocyte fragments in a necrolipid 
core, which indicates old hemorrhage
F – Immunostain for von Willebrand factor (vWF) (x400 magnification), leakage of microvessels is identi-
fied by presence of diffuse perivascular vWF deposits
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Relationship between anti-thromboembolic drugs and presence of IPH
All advanced plaque samples were pooled into 3 groups: plaques samples of patients 
treated with platelet aggregation inhibitors (n=376), plaques of patients on oral anti-
coagulants (n=284) and those of patients without any anti-thromboembolic therapy 
(n=244). The incidence of IPH appeared to be higher in plaques of patients treated 
with anticoagulants (174/284, 61%) than in plaques of patients treated with platelet 
aggregation inhibitors (198/376, 53%) (P=0.02, OR: 1.74; CI: 1.08-2.79) or in 
plaques of patients without anti-thromboembolic drugs (111/244, 46%) (P=0.001, 
OR: 2.55, CI: 1.43-4.54, see table 2). Plaques of patients treated with anticoagu-
lants (89/284, 31%) more often showed ongoing hemorrhages in advanced plaque 
segments than plaques of patients without anti-thromboembolic therapy (44/244, 
18%) (P<0.001, OR: 3.62, CI: 2.03-6.45); in contrast, platelet aggregation inhibitors 
was not associated with ongoing IPH (102/376, 27%) (P=0.32, table 2). Moreover, 
the severity of IPH, which was semi-quantatively assessed in immunostained sections, 
appeared highest in plaque samples of patients treated with anticoagulants among the 
three groups of patients (P<0.001 for both, table 2). 
Fragile microvessels are leaky and prone to rupture, and have been identified as the 
most important predictor for IPH23. The numbers of such intraplaque microvessels 
per plaque section was significantly higher in plaque samples of patients treated with 
platelet aggregation inhibitor (median: 21 / plaque section, IQR: 9-41) than those of 
patients on anticoagulant therapy (median: 17 / plaque section, IQR: 6-34) or patients 
without any anti-thromboembolic drugs (median: 11 / plaque section, IQR: 5-23) 
(P=0.012 and P<0.001, respectively). On the other hand, the incidence of micro-
vascular leakage was higher in patients treated with anticoagulants (74%) than non-
treated patients (56%, P=0.03, OR: 2.01, CI: 1.22-3.32); in contrast, use of platelet 
aggregation inhibitor was not related to an increased risk on microvascular leakage 
(59%, P=0.81).
Compared with advanced lesions, only few microvessels were observed in the early 
atherosclerotic lesions. There was no difference in microvascular density of early 
plaques among the three groups of patients: no drugs: median 3 vessels / plaque 
section, interquartile range 0-11; anticoagulants: median 0 vessels/ plaque section, 
interquartile range 0-8;  and anti-platelet: 0 vessels / plaque section, interquartile 
range 0-13. No association was observed between occurrence of IPH or microvas-
cular leakage and the use of anti-coagulant therapy (P=0.62 ) and antiplatelet therapy 
(P=0.29) in early lesions.
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Presence and extent of IPH evaluated in individual patients
In addition to analysis of the pooled plaque sample analysis, we also studied athero-
sclerotic plaque IPH on the individual patient level. The presence of IPH in advanced 
lesions in individual patients varied from 13% to 96% of plaque segments in each 
individual patient. This huge variation was not related with any of the classical risk 
factors for atherosclerosis. When analyzed on patient level, the incidence of IPH 
(recent, old or ongoing) differed not significantly among the three groups of patients 
(P>0.1 for all), although the extent of IPH tended to be more severe in coronary 
plaques of patients on anticoagulant treatment than those without anti-thrombo-
embolic medicines (P=0.09). Intraplaque microvessel density was highest in patients 
treated with platelet aggregation inhibitors, which differed significantly from those 
without therapy (P=0.01), but not from those treated with anticoagulant therapy 
(P=0.35). 

Discussion
In the present study, we evaluated histopathologically the influence of anti-throm-
boembolitic drugs (anticoagulants and platelet aggregation inhibitors) on the total 
hemorrhagic burden (number and severity of IPH) in the entire coronary system of 
older patients (>50 years of age) with trivascular coronary artery disease.  We found 
that the use of oral coumarin-type anticoagulants but not of antiplatelet agents is 
associated with a significantly higher burden of coronary IPH when compared with 
the hemorrhagic burden of patients who received no anti-thromboembolic treatment. 
Moreover, anticoagulant treatment appeared to be associated with larger IPH, and 
also with a simultaneous presence of recent and old hemorrhage in one and the same 
plaque (repeated hemorrhages) in the same plaque. 
Several earlier studies have demonstrated that intraplaque hemorrhage is not only a 
common feature in advanced atherosclerotic plaques as confirmed in our study 24, but 
also plays a important role in the process of plaque growth and plaque destabilization 
which ultimately may lead to clinical ischemic events 5-8. Therefore, the use of anticoagu-
lants in patients with advanced coronary atherosclerosis could be additionally detri-
mental in terms of disease progression due to aggravating the extent and severity of IPH. 

Oral anticoagulant therapy and IPH
Until now, only few studies have been performed to evaluate the relationship between 
prophylactic anti-thromboembolic treatment and the risk on IPH. In 1971, Jorgensen 
et al. focused for the first time on this issue and showed that in acute cardiac death 
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patients, there was no increase of IPH in non-ruptured culprit lesions of patients 
treated with anticoagulants (n=5) versus non treated patients (n=11) 25. These findings 
were confirmed by Fisher et al. who demonstrated that in symptomatic carotid plaques 
(n=40), IPH was not related to use of anticoagulant medications 26. However, both of 
the studies were limited by their small sample sizes. The largest histopathological study 
on this issue was performed recently by Derksen et al. 19. With use of 794 carotid 
endarterectomy samples obtained from stroke patients, the authors demonstrated that 
coumarin-type anticoagulant treatment is an independent predictor for the presence 
of IPH in the carotid atherosclerotic plaques which apparently gave rise to symptoms. 
Our study further endorses these effects of anticoagulant therapy by demonstrating 
a higher incidence and more extensive IPH and also in non culprit (symptomless) 
plaques in the coronary arteries of coumarin treated patients. Oral administration of 
anticoagulants affects on all coronary plaques, rather than acting solely on a single 
culprit plaque.  

Platelet aggregation inhibitors and IPH
With use of carotid endarterectomy samples, Ernst et al. evaluated the effect of platelet 
aggregation inhibitors on IPH in symptomatic carotid plaques.27 The authors showed 
a high incidence of IPH in their study samples, but IPH could not be related to the 
use of these antiplatelet agents. Similar results were obtained from the study performed 
by Derksen et al. who demonstrated that the use of platelet inhibitors is not associated 
with increased risk on IPH in carotid or in femoral endartectomy samples.19 In line 
with these previous studies, we also find that antiplatelet therapy is not associated with 
a higher incidence of IPH in coronary atherosclerotic plaques. With use of 154 carotid 
endarterectomy samples, AbuRahma et al. demonstrated more severe and repeated 
bleeding in symptomatic carotid plaques of patients on anti-platelet treatment 
compared with the group of non treated patients.28 In contrast to these findings, we 
show that antiplatelet therapy appear to be not related with repeated process of IPH 
(i.e. simultaneous presence of fresh and old) in non-culprit coronary atherosclerotic 
lesions. Differences in study materials may underlie these discrepancies:  
AbuRahma et al. focused on IPH in culprit carotid lesions; in contrast, we investigated 
hemorrhagic burden throughout entire coronary arteries which composed mainly of 
non-culprit coronary plaques. In the current study, only 4 patients on antiplatelet 
therapy suffered from myocardial infarction before their death; and the culprit lesions 
in 2 of these patients showed disruption of fibrous cap which were excluded from final 
assessment (see method section). On the remaining 2 culprit lesions, no statistical 
analysis was performed. Furthermore, differences in hemodynamics between carotids 
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and coronary arteries may also contribute to difference in plaque composition and 
eventual IPH.29

Interestingly, we found that the densities of intraplaque microvessels in patients on 
platelet inhibitor treatment were higher than in non treated patients. Microvessels are 
considered to be the viable source of IPH23, but in contrast to anticoagulants, platelet 
aggregation inhibitors did not increase the IPH burden in our study.

Conclusion
The use of oral anticoagulants as a preventive therapy against thromboembolic diseases 
appeared to be associated with an increased intraplaque hemorrhagic burden in the 
coronary artery system of patients with severe coronary atherosclerosis. We suggest that 
these effects could lead to a significant larger plaque volume overtime and eventually 
also onset of clinical symptom in the selected subgroup of patients.
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Plaque disruption followed by acute thrombotic occlusion in the coronary artery is the 
primary cause of acute myocardial infarction (AMI).1  Presently, thrombus aspiration 
(thrombectomy) during primary PCI is introduced as class IIA recommendation for 
treatment of ST-segment elevation myocardial infarction (STEMI) within 12 hours.2 
The aspirated atherothrombotic materials provide a unique opportunity to study in 
detail the various pathophysiological aspects of atherothrombosis at the site of culprit 
lesions in large cohorts of STEMI patients. Up to recently, most pathological studies 
on coronary thrombus were performed on autopsy cases of patients who died of AMI 
or who witnessed a sudden cardiac death. However, the ex vivo thrombus aspirates, 
which are now derived from large cohorts of well documented STEMI patients, allow 
to correlate histopathological features of the aspirates with the clinical and the angio-
graphic characteristics of patients, including the short-term and long-term follow up 
after a coronary event. New insights retrieved from these investigations are reviewed in 
this article.

Successful retrieval of thrombus materials and sizes of  
aspirated samples
The rate of successful retrieval of thrombus materials varies from 41 to 95% of 
the thrombus aspiration procedures.3-8 This large variation can be explained by the 
different approaches to study the retrieved samples, the patient population under 
investigation (unstable angina, NSTEMI or STEMI), or the intervals between onset of 
symptoms and thrombus aspiration. For the same reason, the numbers (0 to 8; mean 
2.5) and also the sizes (1 to 25 mm; mean 5.1mm) of the samples may vary consider-
ably.5 Coronary thrombus can also be obtained by means of filtered protection devices, 
which contain more fragmented and smaller (mean 0,52mm) particles.9 Based on 
these dimensions, more than 60% of the aspired particles have at least the potential to 
cause obstruction of distal small vessels even before they reach the microcirculation.9

Until now, the largest study on thrombectomy was performed by Kramer et al. who 
retrieved histologically confirmed materials from 1009 out of 1362 STEMI patients 
(74%).7 About 45% of the samples were retrieved from left the anterior descending 
artery (LAD), 40% from the right coronary artery (RCA) and 10% from the left 
circumflex branch (LCx); some samples were obtained from a coronary bypass graft.7 

Tissue heterogeneity and component make up 
The first study on thrombectomy materials was performed in 1998 by Murakami et 
al,5 who treated AMI with thrombus aspiration during primary PCI. The aspirated 
materials (n=39) were semisolid red, white or brown colored tissues, histologically 
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composed of two main compartments: 1) thrombus: fibrin, platelets, erythrocytes and 
“healing tissue” containing leucocytes, endothelial cells and smooth muscle cells; 2) 
plaque components: necrotic material, macrophages (foam cells), fibrous tissue and 
sometimes calcifications. This composition varied from patient to patient, illustrating 
marked tissue heterogeneity of the atherothrombotic mass at the coronary culprit site. 
Nagata et al3  further classified  the aspirated thrombi into 3 histologically distinct 
categories, based on ratios between their relative contents of platelets and erythrocytes: 
erythrocyte-rich or mixed thrombi were usually larger than platelet-rich thrombi and 
more often present in RCA. On the other hand, LAD derived thrombi were mainly 
platelet-rich thrombi3. Such erythrocyte-rich types of thrombus arose frequently in 
patients with low initial epicardial flow with a longer ischemic time, and were more 
often associated with distal embolization10. Hence, distal embolization tended to occur 
more frequently in RCA than in LAD. Basically the same results could be extracted 
from the patient group that was also involved in the randomized TAPAS study. 10, 11

An alternative way to study the structural composition of retrieved thrombus was 
recently applied by Silvain et al. by using scanning electron microscopy,8 which allows 
to study a thrombus surface under high magnification.  They observed fibrin as the 
main component (more than 60% of the thrombus surface), followed by platelets 
(17%), erythrocytes (12%), atherosclerotic plaque tissue (5%) and leucocytes (1%). 
Fibrin content appeared to be positively associated and platelet content negatively 
associated with ischemic time in this study.8 Such findings could have potential thera-
peutic implications, since large amount of fibrin on thrombus could alter the accessi-
bility of anti-platelet or fibrinolytic medications.

The significance of leukocytes in thrombus
After the onset of a thrombotic event, leucocytes will be recruited into the thrombus 
mass: leucocyte counts in thrombus are on the average nearly 18-fold higher than in 
peripheral blood.12 The majority of the leucocytes are neutrophils, and their recruit-
ment starts immediately after plaque disruption, probably due to local activation of 
the classical complement system.13 Their numbers peak at approximately 13 hours 
after onset of anginal symptoms and gradually decrease thereafter.14 Several studies 
demonstrated that the densities of neutrophils associate positively with unfavorable 
clinical parameters such as low myocardial blush grade (MBG≤1) and inadequate 
ST-segment resolution, indicating impaired coronary microcirculation and resultant 
myocardial necrosis.14

In addition to neutrophils, also eosinophils have been observed in up to 64% of 
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thrombectomy samples,15 preferentially at boundaries between white (platelet-rich) 
and red (erythrocyte-rich) thrombus parts. The density of eosinophilic infiltration 
increases with the size of red thrombi, but not with that of white thrombi,15 implying 
that neutrophils probably stimulate the growth of red thrombus by stimulating the 
formation of fibrin nets.

Progenitor cells in coronary thrombus
The potential clinical impact of primitive stem cells (side-population cells) in AMI 
patients was evaluated only recently by Iwata et al.16 These cells, characterized in 
immune stains by their expression of both CD34 and bcrp-1/ABCG2 antigens, could 
be identified only in low numbers (2.7%) in thrombus aspirates, but their presence 
correlated positively with angiographic restenosis at follow-up. However, the cell 
surface markers (CD34 and bcrp-1/ABCG2) used in this study are not entirely specific 
for primitive cells since they can also be expressed on endothelial cells. It could be 
that these findings relate to a process of angiogenesis, which is an integral part of the 
process of thrombus organization overtime. Endothelial progenitor cells are also opera-
tive in the recanalization process of deep venous thrombus.17 Further immunohisto-
logical analysis of these cells population may shed light on the backgrounds of these 
interesting observations. 

Atherosclerotic plaque components in the thrombus mass
Atherosclerotic plaque fragments released from ruptured lesions can be observed in 
40% of the aspirated thrombus samples.7 Nearly all fragments are derived from soft 
lipid cores, which are extruded or easily suctioned out of the damaged plaque. Plaque 
constituents most often encountered in these materials are foam cells, lymphocytes and 
lipids including cholesterol crystals, which further confirm the concept of the vulner-
able (high risk) plaque as a precursor lesion of the complicated thrombosed plaque.18, 19 
In 171 thrombus aspirates that contained such soft plaque fragments, we identified 
a relationship between the presence of disperse microcalcifications and intraplaque 
inflammatory activity. 20 Microcalcifications were found in 39% of the samples, had a 
median size of 9 μm, (range 4-170 μm) and were positively associated with C-reactive 
protein and osteopontin, in the presence of large fields of macrophages. Since calcifi-
cations can be easily detected in plaques, and osteopontin and CRP are both strong 
inflammatory biomarkers for cardiovascular disease, we suggested that these distinct 
calcification patterns could serve as surrogate marker for plaques with high inflamma-
tory activity.20  
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Presence of old coronary thrombus in STEMI patients
Thrombus organization is a process that converts a friable thrombus into stable 
fibrovascular-, and later even fibrosclerotic (scar) tissue, that will be incorporated in 
the plaque mass. Similar to wound healing, the “healing” of a thrombus is a tightly 
regulated multistep event overtime. Its histological parameters are well studied, espe-
cially in forensic pathology where the estimation of thrombus age can have medico 
legal consequences. For the purpose of studies on thrombosed coronary plaques, a 
3-scale classification was applied by Rittersma et al.6: Fresh thrombus (up to 1 day old) 
composed of intact blood cells; Lytic thrombus: (1-5 days) contains necrosis and frag-
mented nuclei (karyorrhexis); Organized thrombus (older than 5 days) shows (myo)
fibroblasts or even collagen deposition and microvessels. The authors demonstrated 
49% completely fresh thrombus 35% lytic thrombus and 16% organized thrombus 
in a series of thrombus aspirates obtained from STEMI patients. In other words, old 
thrombus was present in nearly 50% of the patients group, despite the acute onset of 
their symptoms and immediate therapeutic intervention.6 These observations suggest 
that coronary occlusion likely is a final result of successive episodes of plaque insta-
bility and thrombus formation that are initiated already days or even weeks before 
onset of STEMI. A follow up study on 1362 aspirated samples of STEMI patients 
showed the same outcome, old thrombus (lytic or organized) 40% of the patients.7 
The impact of these older thrombi in aspirates on the clinical outcome of STEMI 
patients has now been evaluated in several studies. Presence of older thrombus (either 
lytic or organized) in aspirates appears to be a strong predictor (1.82; CI: 1.17 to 2.85; 
P=0.008) of increased mortality in STEMI patients,  independent of conventional risk 
factors such as age, diabetes mellitus or cardiac shock.4 Pathophysiological mechanisms 
that underlie these findings are still largely unknown and obviously require further 
investigation.

Thrombus age and distal embolization
A frequent and potentially important complication during primary PCI procedure 
is dislodgment of friable thrombus mass, which can lead to distal embolization.21, 22 
Further studies on thrombus aspirates showed that distal embolization occurred more 
frequently in STEMI patients who had lytic (necrotic) components in their thrombus 
mass (21%) than those who had either completely fresh or  with organized thrombi 
(12% resp 15%). Patients with older thrombus appeared to have worse ST-segment 
recovery after PCI than patients with fresh thrombus, which probably relates to 
their increased risk of distal embolization.23  These findings show that there is a time 
window of several days after plaque disruption for increased risk on this complication.  
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Figure 1. 
A – Thrombectomy of fresh thrombus, showing layered structure of completely intact blood cells (platelets, 
erythrocytes and leucocytes); Hematoxylin and Eosin stain
B – Detail of a thrombus with eosinophils (arrow) which are probably involved in thrombus growth; Hema-
toxylin and Eosin stain
C – Fragment of old thrombus, showing ingrowth of smooth muscle cell (brown); anti-α actin immunostain
D – Fragment of old thrombus, showing ingrowth of microvessels; anti-CD31/anti-D34 immunodouble stain
E – Plaque fragment in thrombectomy, showing microcalcifications (red, Alizarin red S stain) in close 
apposition to macrophages (blue, anti-HAM56 immunostain) 
F – Plaque fragment in thrombectomy, containing large amount of tissue bound C-reactive protein (brown) 
in close apposition to macrophages (red); anti-CD68/anti-CRP immunodouble stain 
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Table 1. Overview of histopathological studies on aspirated coronary thrombus material (1998-2011)

ACS: acute coronary syndromes; AMI: acute myocardial infarction; MRI: magnetic resonance imaging; 
PCI: percutaneous coronary intervention; RCA: right coronary artery; SAP: stable angina pectoris; STEMI: 
ST-segment elevation myocardial infarction; UAP: unstable angina pectoris
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It can be speculated that during this time the thrombus is very friable due high apop-
totic and proteolytic activity that initiates the lytic changes in the thrombus, and 
increases the risk of dislodgment.

Role of embolic plaque debris in no-reflow phenomenon
Kotani et al. evaluated the role of embolic plaque debris on occurrence of no-reflow 
phenomenon during mechanical reperfusion.24 Thrombus aspirates were retrieved 
before and after mechanical angioplasty. The aspirates obtained before the angioplasty 
showed no difference between patients with and without no-reflow phenomenon, but 
in aspirates collected after the angioplasty, there were significantly larger amounts of 
plaque debris in patients with no-reflow phenomenon. Most no-reflow phenomena 
were ameliorated when the intraluminal atherosclerotic debris was removed, which 
shows also plaque debris contributes significantly to a post-angioplasty no-reflow 
phenomenon.

Can thrombus composition be detected in vivo?
As mentioned above, thrombus compositions itself may serve as a prognostic marker 
for not only peri-procedural complications but also long-term mortality of STEMI 
patients treated with primary PCI. This implies that determination of the component 
make up of thrombus for example with the use of clinical imaging tools could poten-
tially contribute to stratification of risk profiles of patients and guide clinical decisions 
on treatment. 

Barba et al tried to assess the histological composition of thrombus materials aspirated 
from STEMI patients with use of magnetic resonance imaging (MRI), but could not 
differentiate between fresh, lytic and organized thrombi.25 However, other high resolu-
tion techniques are presently available for the virtual histological imaging of intrac-
oronary tissues. Optical computed tomography (OCT) is such a high resolution tech-
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nique with a resolution of 10 μm and is widely now used in the catheterization unit. 
With use of this new modality, the components make up of intracoronary thrombus can 
probably be evaluated in vivo in the near future, which is now under intense investigation.

Conclusion
Ex vivo histological examination of thrombus materials with thrombectomy in STEMI 
patients provide a unique opportunity to obtain information on the pathology of 
coronary atherothrombosis. The aspirates derived from STEMI patients have revealed 
that there appears to be a time window of several days to perhaps weeks after plaque 
disruption in many patients, in which there is a clear risk of thrombus embolization 
and/or sudden thrombotic occlusion. Moreover, the presence of older thrombus in 
aspirates in the same patient population can be seen as an independent predictor of 
long-term mortality. Further investigations on thrombus aspirates are needed, and are 
in progress, in order to elucidate the pathophysiological mechanisms that underlie these 
interesting findings, which have the potential to serve as a biomarker or may otherwise 
have an impact on clinical decision making and clinical outcome in near future. 
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Abstract
Background 
We have previously shown that older thrombus is associated with a statistically signifi-
cant 2-fold higher long-term mortality in ST-segment elevation myocardial infarction 
(STEMI) patients after primary percutaneous coronary intervention (pPCI). We evalu-
ated whether the addition of the presence of older thrombus to a multimarker model 
would result in increased predictive power for 1-year mortality in STEMI patients.

Methods
The study population consists of STEMI patients treated with thrombus aspiration 
during pPCI at our institution. Patients were included if aspirated thrombus material 
could histopathologically be classified according to thrombus age and laboratory meas-
urements of at least one biomarker (cardiac troponin T, glucose, N-terminal pro-brain 
natriuretic peptide, estimated glomerular filtration rate, and C-reactive protein) was 
available. The additional prognostic value of the presence of older thrombus beyond 
multiple biomarkers and established clinical risk factors was evaluated using multi-
variate Cox regression models.

Results
Serum biomarker concentrations were similar between patients with fresh and older 
thrombus. Sixty patients (7%) died within 1 year. The presence of older thrombus 
remained strongly associated with mortality at 1-year after multivariable adjust-
ment for multiple biomarkers and established clinical risk factors. Addition of older 
thrombus to either a model including established clinical risk factors and biomarkers 
or a model including solely biomarkers resulted in significant increases in the discrimi-
native value, as evidenced by net reclassification improvement and integrated discrimi-
native improvement.

Conclusions 
The presence of older thrombus provides independent complementary informa-
tion to a multimarker model including established clinical risk factors and multiple 
biomarkers for predicting 1-year mortality in STEMI patients treated with pPCI and 
thrombus aspiration. 
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Introduction
Acute ST-segment elevation myocardial infarction (STEMI) is commonly caused by 
a thrombotic occlusion of a large epicardial coronary artery precipitated by athero-
sclerotic plaque disruption. Autopsy studies on the histopathology of coronary plaque 
progression have demonstrated that the occlusive atherothrombotic event is often the 
final stage of repeated plaque ruptures, which predominantly occur clinically silent.1-3 
We have previously reported similar findings from our thrombectomy experience in 
STEMI patients. Lytic or organized changes in aspirated atherothrombotic material, 
indicating thrombus age of more then one day, were observed in approximately 50% 
of STEMI patients presenting within 12 h after onset of symptoms.4, 5 Furthermore, 
we have recently demonstrated that the presence of these older thrombi are associated 
with a 2-fold higher long-term mortality after primary percutaneous coronary inter-
vention (pPCI) with thrombus aspiration.6 
Risk stratification is an important and integral part of the management of patients 
with an acute coronary syndrome. Accurate assessment of risk is important for identi-
fication of patient subsets who may warrant a different treatment approach in order to 
optimize patient outcomes. A number of clinical risk scores, based on demographic, 
electrocardiographic, and PCI-related variables, have been developed.7-10 In addition, 
several biomarkers, such as cardiac troponin T (cTnT), C-reactive protein (CRP), 
N-terminal pro-brain natriuretic peptide (NT-pro-BNP), glucose, and creatinine or 
estimated glomerular filtration rate (eGFR) have been associated with prognosis in 
patients with STEMI.11-15 Recently, Damman et al. showed that multiple admission 
biomarkers improved the prediction of mortality in STEMI patients treated with pPCI.16

This study aims to investigate whether the presence of older thrombus in aspirated 
material of STEMI patients used in combination with a multimarker model including 
established clinical risk factors and multiple biomarkers would give further prognostic 
information with regard to 1-year mortality. 

Materials and Methods
Setting
In our institution at the time of data collection, patients with symptoms of acute 
myocardial ischemia accompanied by ST-segment elevation of ≥ 0.1 mV in two or 
more contiguous lead and presenting within 12 h after onset of symptoms were eligible 
for pPCI. All procedures were performed according to current standard procedural guide-
lines. Prior to pPCI, patients received a standard treatment of aspirin (500 mg), clopi-
dogrel (300 to 600 mg), and unfractionated heparin (5,000 IU). Glycoprotein IIb/IIIa 
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inhibitors were used at the discretion of the operator. Clopidogrel was prescribed 12 
months as per indication ACS. 
Since August 2001, thrombus aspiration has been performed when technical feasible 
as determined by the operator or routinely when thrombus aspiration was included in 
the ESC guidelines as a recommended therapy. Thrombus aspiration was performed 
through the application of three different aspiration devices: the Rescue PT system 
(Boston Scientific/Scimed, Inc, Maple Grove, Minn), the Export XT aspiration cath-
eter (Medtronic Vascular Incorporation, Santa Rosa, CA), and the ProxisTM embolic 
protection device (St. Jude Medical, St. Paul, MN). The choice of the aspiration device 
was at the discretion of the operator. In addition, since January 2005, pre-procedural 
blood samples were obtained as part of routine clinical practice. Blood samples for 
assessment of cTnT, CRP, glucose, NT-pro-BNP and plasma creatinine were drawn 
immediately after arterial puncture. All clinical variables, angiographic and procedural 
information have prospectively been collected and entered by interventional cardiolo-
gist and specialized nurses in a local catheterization laboratory database.  

Biomarkers
The blood samples were centrifuged without undue delay and biochemical analyses 
were performed. Both cTnT and NT-pro-BNP were measured using a Hitachi 
modular E-170 analyzer (Roche Diagnostics GmbH, Germany). For NT-pro-BNP, 
the analytic range extended from 50 to 35,000 ng/l. CRP was measured using an 
immunoturbidimetric assay on a Hitachi modular P-800 (Roche Diagnostics GmbH, 
Germany). Glucose and creatinine serum levels were measured with an enzymatic 
assay on a Hitachi modular P800 (Roche Diagnostics GmbH, Germany). The creati-
nine clearance (eGFR) was calculated with the Cockcroft and Gault equation.17 For 
values below the limit of detection of cTnT, NT-pro-BNP, and CRP, the lower limit 
was used for statistical analysis. 

Histopathology atherothrombotic material
Immediately after aspiration, atherothrombotic material was fixed in 10% neutral 
buffered formalin and sent to the department of cardiovascular pathology where the 
material was embedded in paraffin, serially sectioned, cut, and mounted on glass 
slides at ≥ 6 levels. The sections were studied at low and high power magnification 
after Hematoxylin and Eosin and Elastic von Gieson staining. Details of the method 
for histopathological qualification and classification of aspirated material have been 
reported previously.3, 4, 6 In brief, fresh thrombus (< 1 day) was completely composed 
of layered patterns of fibrin and intact blood cells (platelets, erythrocytes, and granu-
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locytes). Older thrombus (> 1 day) was characterized by areas of colliquation necrosis 
and karyorrhexis of granulocytes or by ingrowth of smooth muscle cells and endothe-
lial cells, with or without depositions of young connective tissue and ingrowth of capil-
lary vessels, as shown in Figure 1. The histopathological analyses were performed by an 
experienced cardiovascular pathologist (AvdW) while blinded to the baseline character-
istics, admission serum levels of the biomarkers, and clinical outcomes.

Study population
The study population was selected from the cohort of consecutive STEMI patients 
treated with adjunctive thrombus aspiration during pPCI within 12 h after onset of 
symptoms at our institution between March 1, 2005 and January 1, 2011. For the 
current analysis, we included the patients for whom aspirated thrombus material could 
histopathologically be classified according to thrombus age and laboratory measure-
ments of one biomarker or more were available. For patients who underwent multiple 
pPCIs with thrombus aspiration during the study period, only the first intervention 
was included in the analysis. We excluded STEMI patients treated with pPCI for early 

Figure 1. Histological thrombus age classification.
A: fresh thrombus (< 1 day), characterized by layer 
buildup of fibrin and intact blood cells (platelet, 
erythrocytes and inflammatory cells.
B and C: older thrombus (> a day), characterized by 
homogenization of structural elements or colliqua-
tion necrosis and karyorrhexis of granulocytes(B) or 
by ingrowth of smooth muscle cells with or without 
deposition of young connective tissue or ingrowth of 
capillary vessels (C).
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stent thrombosis (< 30 days) (n = 23). In addition, patients with an overt inflamma-
tory condition or recent infection (e.g., acute or chronic systemic infection, autoim-
mune disease, or recent [< 1 month] surgical procedure) were excluded from the 
analyses for CRP (n = 55).

Follow-up and outcome 
Information about baseline characteristics, procedural characteristics, and angiographic 
characteristics was abstracted from the local electronic database. Patients were surveyed 
at 1 year after pPCI using a mailed questionnaire. The main outcome measure for the 
current analysis was all-cause mortality at 1-year. Information on vital status and time 
of death was obtained from the national population registry (Dutch Central Bureau of 
Statistics) and verified until May 1, 2011. 

Statistical analysis
Normally distributed, continuous variables are expressed as mean (± SD). Other 
continuous variables are given as median value with interquartile range. A comparison 
of continuous variables was done using the Student’s t test or the Mann-Whitney U 
analysis, as appropriate. Categorical variables are expressed as frequency with percent-
ages and were compared using Fischer’s Exact test. Follow-up was censored at May 
1, 2011 or at one year, whichever came first. In case of emigration, follow-up was 
censored at the date of moving abroad (n = 6). If a patient could not be identified in 
the national population registry, censoring was at the day of last contact (n = 4). Six 
patients without any clinical contact after hospital discharge were excluded from the 
survival analyses.
The association between the presence of older thrombus and 1-year mortality was 
investigated with the use of Cox regression models: univariate models of the presence 
of older thrombus and single biomarkers, a multivariate model including thrombus 
age and biomarkers, and a multivariate model including thrombus age and the 
biomarkers NT-pro-BNP, glucose, and eGFR. The final multivariate Cox proportional-
hazard model (multimarker model) constructed to assess the additional prognostic 
value of the presence of older thrombus included older thrombus, the biomarkers 
NT-pro-BNP, glucose and eGFR, and the established prognostic factors derived from 
the TIMI score (age, body weight [body mass index], history of diabetes and hyper-
tension, systolic blood pressure, heart rate, anterior STEMI and total ischemic time 
[symptom onset to arterial puncture]).18 The cutoff values of the serum biomarkers 
were based on the cutoff values recently described by Damman et al. in a large 
consecutive STEMI population from our institution.16 Furthermore, based on these 
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cutoff values they defined a multimarker risk score, which we used by constructing 
Kaplan-Meier cumulative event curves. Cumulative event rates were estimated with 
the Kaplan-Meier method and compared with the log-rank test. 
The incremental value for the presence of older thrombus in improving the risk classifi-
cation afforded by the model including multiple biomarkers and established prognostic 
factors was tested by calculating the respective c-statistics and further by estimating 
the categoryless net reclassification improvement (NRI) and integrated discrimination 
improvement (IDI).19, 20 To calculate the categoryless NRI, we combined the numbers 
of improved and worsened probabilities for patients who die within 1 year and patients 
who survive. Through the IDI, we directly compared the mean difference in probability 
between models with and without the presence of older thrombus. 
For all analyses, p Values of less than 0.05 from two-sided tests were considered to 
indicate statistical significance. Statistical analysis was performed with the Statistical 
Package for Social Sciences software (SPSS 16.0 for Windows, SPSS Inc, Chicago, IL). 
The authors of this manuscript have certified that they comply with the Principles of 
Ethical Publishing in the International Journal of Cardiology.21

Results
Population
From March 1, 2005 to January 1, 2011, 1,442 individual STEMI patients were 
treated with adjunctive use of thrombus aspiration during pPCI within 12 h after 
onset of symptoms. First, we excluded 23 patients with early stent thrombosis, and 
then excluded 555 patients in whom aspirated thrombotic material could not be classi-
fied according to thrombus age (no material or insufficient material) and an additional 
17 patients because of missing biomarkers. In the remaining patients, all biomarkers 
were available. The baseline characteristics of both the 870 included patients and the 
572 excluded patients are shown in Table 1. The mean age was 61 ± 13 years, and 
24% were women. Included patients were older, had a more-frequent history of PCI, 
and presented more often with pre-procedural thrombolysis in myocardial infarction 
graded 0-1 flow as compared with excluded patients. Angiographic variables were 
available in 491 patients. Multivessel disease was present in 25.7% of the included 
patients (37.2% of the excluded, P=0.01). Chronic total occlusions were present in 
8.4% of the included patients (9.6% of the excluded, P=0.65). With regard to the 
serum biomarkers, NT-pro-BNP was significantly lower in the included patients (116 
[50-367] versus 154 [62-541]; p < 0.0001). We identified the presence of only fresh (< 
1 day) thrombus in 545 patients (62.6%) and the presence of older thrombus  
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Table 1. Baseline Characteristics of the Study Population and Excluded Patients

Data are presented as absolute n (%), mean ± SD, or median (interquartile range). Data available in * 
1186 patients, † 1358 patients, ‡1404 patients, § 1410 patients, || 1272 patients, ¶ 1327 patients, # 1402 
patients, ** 1307 patients, †† 1413 patients, ‡‡ 1402 patients.
TIMI = Thrombolysis In Myocardial Infarction; NT-pro-BNP = N-terminal pro-brain natriuretic peptide; 
eGFR = estimated glomerular filtration rate; CRP = C-reactive protein.
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Table 2. Serum Biomarkers Stratified by The Presence of Older Thrombus 

 Abbrevations as in Table 1.

Table 3. Univariable Associations Between the Presence of Older Thrombus, Serum Biomarkers 
and 1-year Mortality 

Data available in * 857 patients, † 862 patient, ‡ 844 patients, § 815 patients, || 848 patients.
CI = confidence interval. Other abbreviations as in table 1.
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(> 1 day) was identified in 325 patients (37.4%). The patients with fresh thrombus 
and older thrombus had comparable serum biomarker concentrations (Table 2). 
There was no difference in total ischemic time between old (3.4 hours) and fresh (3.3 
hours) thrombus (P=0.31).

Outcomes
A total of 60 patients died (7%) within 1 year. Table 3 shows the unadjusted hazard 
ratios for death of the presence of older thrombus and the biomarkers cTnT, glucose, 
NT-pro-BNP, eGFR, and CRP. The presence of older thrombus was identified as being 
associated with 1-year mortality, with a hazard ratio (HR) of 2.35 (95% confidence 
interval [CI], 1.40 to 3.94; p = 0.001). In addition, all 5 serum biomarkers were 
univariably related to 1-year mortality and death rates increased significantly with 
increasing levels.  
The multivariate analyses are shown in Table 4. After adjustment for serum 
biomarkers, the presence of older thrombus remained a significant predictor for 1-year 
mortality with a HR of 1.9 (95% CI, 1.08 to 3.32; p = 0.03). In addition, eGFR, a 
cTnT of 0.24 μg/l or more, and a glucose of 10 mmol/l or more were significantly 
associated with 1-year mortality. When adjusted for the established risk factors and 
the biomarkers glucose, NT-pro-BNP, and eGFR, the presence of older thrombus was 
still strongly associated with mortality at 1 year (HR, 2.81; 95%CI, 1.45 to 5.43; p = 
0.002). In addition, in this adjusted multimarker model, eGFR, glucose of 10 mmol/l 
or more, and NT-pro-BNP of 600 or more were associated with an increased mortality 
hazards of 3.14, 8.22, 2.94, and 3.12 respectively. Table 5 shows the incremental value 
of the presence of older thrombus to predict 1-year mortality. When the presence of 
older thrombus was added to the multimarker model including the established risk 
factors and the serum biomarkers glucose, NT-pro-BNP, and eGFR the c-statistics 
increased from 0.72 to 0.74. The presence of older thrombus significantly contributed 
to the categoryless NRI (p < 0.01). Further, Table 5 shows the IDI of adding the pres-
ence of older thrombus to the multimarker model, which was again significant (p = 0.04).
Unadjusted Kaplan-Meier survival curves for the low-, intermediate-, and high-risk 
patients, stratified by the presence of older thrombus, are illustrated in Figure 2. At 1 
year, the estimated event rate of death was 36.4% in the high-risk patients with older 
thrombus and 14.2% in high-risk patients without older thrombus, which was significantly 
different (p = 0.007). Both in the low- and intermediate-risk patients the risk of death 
was similar between the patients with and without older thrombus (p = 0.29 and p = 0.92).   
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Figure 2. Kaplan-Meier Mortality Curves for the risk groups, stratified by the presence of older thrombus.
Caption – High-risk group = multimarkerscore > 6; intermediate-risk group = multimarkerscore 5 or 6; 
and low-risk group = multimarkerscore ≤ 4. Fresh thrombus = thrombus age < 1 day; older thrombus = 
thrombus age > 1 day. Solid line = Older thrombus; striped line = Fresh thrombus. Shown are Kaplan-
Meier estimates.
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Discussion
We evaluated whether the addition of the presence of older thrombus provided in 
increased predictive power for 1-year mortality in STEMI patients treated with pPCI 
and thrombus aspiration when added to a model including established clinical risk 
factors and multiple biomarkers (glucose, NT-pro-BNP, and eGFR) would result. 
In our study population, the presence of older thrombus was a strong independent 
predictor of mortality after adjustments for serum biomarkers cTnT, glucose, NT-pro-
BNP, eGFR, CRP, and established clinical risk factors. Moreover, adding the presence 
of older thrombus age to either a model including established clinical risk factors and 
biomarkers or to a model including solely biomarkers resulted in significant increases 
in the discriminative value, as evidenced by the categoryless NRI and IDI.

The presence of older thrombus
Previously we have demonstrated that the presence of older thrombus is associated 
with increased long term mortality, independently of conventional clinical risk factors.6 
As demonstrated in Figure 2, our current data further show that the predictive value 
for 1-year mortality of the presence of older thrombus is independent of both clinical 
risk factor and the established biomarkers for cardiac mortality. The fact that differ-
ence in mortality occurs within the first weeks and sustains over time, could suggest 
that embolization of distal microvessels may play an important role in this early 
myocardial dysfunction. Indeed, it has been demonstrated that among patients with 
successful recanalization following myocardial infarction, inadequate perfusion could 
be observed in 25% of the cases despite a normal flow in the epicardial artery, mainly 
due to microvascular obstruction followed by small areas of  myocardial ischemia.21, 22 
Our results did not show any correlation between the presence of older thrombus and 
admission serum levels cardiac troponin, but it could be that troponin releases during 
previous (silent) ischemic episodes may have been too low to be detected. 
Alternatively, the presence of older thrombus may also contribute to myocardial 
dysfunction through platelet mediated pro-inflammatory activities. In animals models 
the pivotal role of platelets during reperfusion injuries as pro-inflammatory cells 
has been recognized, through interaction with inflammatory cells and the release of 
chemotactic factors.23, 24 Moreover, platelets are capable to produce various MMPs 
and modulate production of these proteinases from inflammatory cells, with potential 
detrimental effects on myocardium.25 
Recently, we identified neutrophil extracellular traps (NETs) in the thrombus mate-
rial of AMI patients, especially in the lytic stages of thrombus evolution. NETs are 
extracellular fibrils composed of DNA released from neutrophil granulocytes, known 
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to facilitate thrombus progression. Hypothetically, a high content of NETs in the 
thrombus material could indicate an increased thrombogenic state which may affect 
the clinical outcome of such patients.26

Pathophysiological mechanism
The explanation why the presence of older thrombus predicts mortality remains 
elusive. The association with increased mortality and the absence of cardiac troponin 
elevation suggests that the presence of older thrombus is not related to ischemic pre-
conditioning, as this would act in a protective manner. The presence of older thrombus 
was not related to infarct size, TIMI-flow grade post-procedure or the incidence of 
angiographic distal embolization. Yet it is conceivable that although angiographic 
distal embolization at the end of the procedure was similar, fresh thrombus and 
fragile platelet plugs could dissolve in the following hours, whereas pieces of organ-
ized thrombus dislodged by the aspiration catheter embolizing downstream blocks the 
distal vessels for a longer period of time, negatively affecting reperfusion at the tissue 
level. It is also possible that parts of organized thrombus propagate along the vessel, 
resulting in a larger thrombus burden after stenting, more residual thrombus and 
perhaps more plaque protrusion that are undetected with angiography. In addition, 
the organization of thrombus over time with secondary thrombotic vessel occlusion 
may be associated with disturbed vessel healing, impaired endothelial regeneration and 
increased platelet aggregability associated with poor prognosis.    

Risk stratification
Despite advances in the treatment of STEMI, subgroups of patients at high risk of 
cardiovascular ischemic events or death remain. The identification of these patients, 
by accurate risk assessment, may allow identification of patients that would benefit 
most of novel treatment strategies and adjuvant pharmacotherapy. Recently, the use 
of multi-biomarkers was shown to established risk stratification algorithms for death 
in ACS patients. Several studies demonstrated the incremental value of multiple 
biomarkers as risk predictors for death over established risk factors in STEMI 
patients.16, 22 In a previous study from our institution, Damman et al. showed that the 
combination of glucose, NT-pro-BNP, and eGFR gives additional prognostic informa-
tion on top of well-known conventional clinical risk factors for risk stratification of 
STEMI patients treated with pPCI. Moreover, a simple risk model incorporating only 
these three biomarkers was described for fast baseline risk assessment. 
In this study we showed that the addition of the presence of older thrombus to either 
model led to a substantial improvement in the discriminative value. This is evidenced 
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by statistically significant increases in categoryless NRI and IDI. However, although 
the presence of older thrombus provides additional discriminative value to the previ-
ously mentioned models, the availability of this marker is limited by time-consuming 
histopathological analysis. As shown by the cumulative mortality curves, a substantial 
number of patients die early after the index STEMI when histopathological results 
may not be available. 
The fact that the presence of older thrombus has incremental prognostic value over 
established risk factors and multiple biomarkers following STEMI suggest at least in 
part different pathophysiological pathways of prognosis. Postulated pathophysiological 
mechanisms responsible for the increased mortality associated with hyperglycemia 
are direct detrimental effects on ischemic myocardium, microvascular dysfunction, 
a prothrombotic state, increased inflammation, and an impaired myocardial glucose 
utilization.23 NT-pro-BNP is a biomarker of biomechanical stress and is determined 
by left ventricular function and extent of myocardial ischemia. Renal dysfunction, 
reflected by a creatinine clearance of less than 90 ml/min, may increase the risk of 
death by progressive renal decline and a high prevalence of coronary risk factors in 
patients with chronic kidney disease.15 However, the pathophysiological mechanism 
by which thrombus age affect prognosis in STEMI patients after pPCI remains more 
speculative. 

Clinical implications 
Our results emphasize the necessity for further research into imaging modalities for the 
detection of older thrombus age during pPCI, perhaps with optical coherence tomog-
raphy. It is conceivable that knowledge of the composition and age of the thrombus at 
the time of pPCI could help to identify patients at the highest risk for recurrent events, 
including mortality as shown in the current analysis. Strategies to enhance thrombus 
aspiration or devices tailored to remove less fragile thrombotic material may prove to 
be beneficial in such patients.

Limitations
First was the exclusion of 672 patients from our study in whom thrombus age could 
not be classified or because of missing biomarkers may have caused a selection bias. 
The study setting was a single-center referral center, which may have caused further 
selection of patients. Unfortunately, we had no information on the cause of death, 
because our analyses were restricted to information obtained from the Dutch national 
population registry. At the present time, detection of thrombus age requires histo-
pathological examination of aspirated material, because no methods exist to establish 
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thrombus age non-invasively or during pPCI. Therefore, the clinical consequences of 
our findings remain to be established.

Conclusions 
Our data demonstrate that the presence of older thrombus provides complementary 
and independent information to a multimarker model including established clinical 
risk factors and multiple biomarkers for predicting 1-year mortality in STEMI patients 
treated with pPCI and thrombus aspiration. 
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thrombi of patients with acute myocardial infarction 
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Abstract
Aims
Coronary thrombotic occlusion in ST-segment elevation myocardial infarction (STEMI) 
patients is often preceded by episodes of progressive growth of the thrombus mass. 
Similar to wound healing, the organization of thrombus could depend on ingrowth of 
microvessels in order to stabilize its structure. We investigated the patterns of neovas-
cularization in different stages of coronary thrombus evolution.

Material and methods
Thrombectomy materials obtained from STEMI patients were histologically classified 
according to thrombus age in three groups: fresh (<1 day), lytic (1-5 days) or organized 
(>5 days) thrombi. Forty thrombi of each group were randomly collected. Neovascu-
larization in the thrombi was evaluated histomorphologically and with immunodouble 
stains to visualize various differentiation antigens of endothelial cells (ECs) and primi-
tive cells.

Results
Morphologically, ECs in the coronary thrombi manifested as: single cells, cell clusters 
or microvessels. CD31+/CD34+ ECs were present in 98% of all the thrombi. In addi-
tion, endothelial clusters were found in 63% of the fresh thrombi (<1 day). CD105+, 
Ki67+, or C-kit+ ECs (active, proliferating cells) were observed in all the stages, but 
significantly more in organized thrombi (>5 days) compared with fresh and lytic ones 
(<5 days), and mainly as cell clusters (P≤0.05 for all). CD133+ primitive cells were 
found only sporadically in 11% of all the samples.

Conclusion 
EC proliferation is initiated very early, and gradually progresses during the organiza-
tion process of thrombus after coronary plaque disruption, with only limited contribu-
tion of primitive cells in this process. 

Li proefschrift.indd   112 03-09-14   15:35



113

Angiogenesis in coronary thrombus 

Introduction
The acute coronary syndromes (unstable angina, acute myocardial infarction and 
sudden coronary death) usually result from coronary atherosclerotic plaque disruption 
with superimposed thrombus formation.1 Large plaque lacerations followed by massive 
local activation of the coagulation system will readily lead to vessel occlusion, and 
hence the onset of ischemic symptoms.2 However, plaque disruption and thrombosis 
do not always coincide directly with the onset of clinical symptoms.3, 4 Postmortem 
investigations on young adults who witnessed sudden cardiac death due to coronary 
thrombus have revealed ingrowth of vessels and smooth muscle cells into the occlu-
sive thrombus mass, which indicates a discrepancy in the initiation of thrombus and 
the onset of death.5 And more recently, we revealed in histological studies of in vivo 
derived thrombectomy specimens of ST-segment elevation type of myocardial infarc-
tion (STEMI) patients that approximately 50% of the aspirated thrombi were in fact 
days to even weeks old , which further suggest that thrombus formation starts at a vari-
able time before the onset of symptoms.6, 7 Thrombus organization through ingrowth 
of fibrovascular tissue  plays an important role in sealing and stabilizing of disrupted 
plaques,8 a notion endorsed by postmortem observations on coronary arteries which 
showed that progression of many atherosclerotic plaques occurs through healing of 
(often repeated) silent plaque ruptures. In fact, such histological “footprints” of healed plaque 
ruptures are a very common finding throughout the coronary arteries at autopsy.4, 9, 10 

Similar to wound healing, angiogenesis is an imperative component of thrombus 
organization, since the newly formed vessels provide oxygen and nutrients during the 
healing process, thus assuring proper functioning of the cells involved, such as inflam-
matory cells and fibroblasts.11, 12 Initially, the formation of neovessels in healing tissues 
was considered to be achieved exclusively by sprouting from preexisting blood vessels ,13 but 
recently some evidence came up for  participation of bone marrow derived primitive 
cells that are recruited into the thrombus.14, 15 Detailed insight in these processes is of 
great importance, since they apparently orchestrate the stabilization of plaques after 
plaque rupture. However, current knowledge on mechanisms of neovacularization of 
thrombi is mainly derived from observations on venous thrombus in animal models ,12, 16 pulmo-
nary thromboembolectomy specimens17 and  postmortem studies on the recanalization 
process in coronary thrombus leading to chronic total occlusions.18 
The current study focuses on in vivo derived coronary thrombectomy specimens from 
STEMI patients which provide a unique opportunity to investigate angiogenesis in 
coronary thrombi in vivo. With the use of immunodouble staining methods we iden-
tified the consecutive steps of neovessel formation in thrombus and correlated these 
findings with the histologically assessed age of the thrombi. In addition we investigated 
the potential participation of primitive cells herein.
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Materials and methods
Selection of materials 
Paraffin embedded tissue blocks containing thrombus aspiration materials derived 
from STEMI patients were retrieved from the archives of the Department of Pathology 
of the Academic Medical Center Amsterdam. In our hospital, thrombus aspiration is 
part of the routine clinical care for patients with an indication for acute percutaneous 
coronary intervention treatment. All patients received aspirin 300 mg and unfraction-
ated heparin 5000 to 10 000 IU before the procedure. Additional use of glycoprotein 
IIb/IIIa inhibitors was decided by the operator. Clopidogrel was administered in a 
loading dose of 300 or 600 mg directly before or immediately after the procedure. 
Since 2001, the retrieved thrombi are routinely processed following  standardized 
methods and histolomorphologically graded on H&E stained sections according to 
the age of thrombus as previously described.6 In detail, thrombus age is described in 
3 categories: 1) fresh thrombus (up to 1 day old) with completely intact blood cells 
(platelets, erythrocytes and / or granulocytes); 2) lytic thrombus (between 1 and 5 
days): colliquation type of tissue necrosis and nuclear fragmentation of granulocytes; 
3) Organized thrombus (older than 5 days): presence of (myo)fibroblasts and deposi-
tions of extracellular matrix in the thrombus mass (see also Fig. 1).  

Figure 1. Thrombus ages (Haematoxylin and 
Eosin stain)
1A – fresh thrombus, characterized by completely 
intact blood cells
1B – lytic change of thrombus, showing homog-
enization of structural elements, inset demon-
strates karyorrhexis of inflammatory cells
1C – organized thrombus, characterized by infil-
tration of fibroblasts
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Thrombus materials with mixed composition of different ages were graded according 
to the oldest part. From the total file of archived specimens we randomly selected 
120 specimens, 40 of each age category, and blinded to the clinical data of the corre-
sponding patients. Prospectively collected baseline demographic and angiographic 
variables of the patients were also available.

Immunohistochemistry
Visualization of the essential steps of angiogenesis: survival, migration, activation, 
and proliferation of ECs with capillary tube formation, was carried out with the use 
five different immunodouble staining combinations. Since CD34 is a sensitive pan-
endothelial marker for the detection of microvascular ECs,19 anti-CD34 antibody was 
used as the first antibody in all double staining combinations  with antibodies against 
CD31, CD105, Ki67, C-kit and CD133 respectively.20-26 Detailed description of these 
antibodies and their antigenic specificity on ECs is shown in table 1. 
Methods of the immunohistochemical double stains were used as previously described .27 
Briefly, after dewaxing and rehydration, a heat-induced antigen retrieval procedure 
using Tris-EDTA at pH 9.0 for 20 minutes was performed on all tissue sections. 
Subsequently, the sections were incubated with a primary antibody for 1 hour at 
room temperature (CD34, CD31, Ki67, and C-kit) or overnight at 4 oC (CD105 and 
CD133) in a two-step polymer/alkaline phosphatase assay. Visualization of antibody 
reactivity was performed with the Vector Red (for CD34) and Vector Blue (for CD31, 
CD105, Ki67, C-kit and CD133) substrate kits (Vector Laboratories) as chromogens. 
Negative controls were performed on thrombus sections using the same methodolo-
gies but with omission of the primary antibodies. Paraffin embedded tonsil and bone 
marrow tissue were used as positive controls for the specific antibodies. 

Quantitative analysis of the immunohistochemical double stains
Immunostained tissue sections were screened light microscopically (Zeiss Oxiostar) at 
scanning view (x40) to identify the areas of highest density of double-positive immu-
nostaining (hotspot areas). Within these areas, the numbers of immunodouble stained 
ECs were counted in 5 non-overlapping high power fields (x400). All numbers of 
immunopositve cells were expressed per mm2 thrombus area. 

Statistical analysis
Continuous data were expressed as mean ± SD or median with range. The means of 
normally distributed data among the groups were compared with the one-way Anova 
test. For analysis of density of ECs, groups were compared with the Wilcoxon/Kruskal-
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Wallis (rank sums) test. Categorical data were expressed as percentages and evaluated 
with chi-square test. A P-value of ≤ 0.05 was considered statistically significant. Statis-
tical analysis was performed with the Statistical Package for Social Sciences software 
(SPSS 17.0 for Windows, SPSS Inc, Chicago, IL).

Table 2. Patient clinical characteristics

BMI: body mass index; MI: myocardial infarction; PCI: percutaneous coronary intervention; CABG: coro-
nary artery bypasses graft; RCA: right coronary artery; LAD: left anterior descendent artery; LMCA: left 
main coronary artery; LCx: left circumflex branch
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Results
Patient characteristics
Patient clinical characteristics are summarized in table 2. There were no differences 
in major risk factors for cardiovascular disease among the patients in the three groups 
classified according to thrombus age. However, thrombi retrieved from the left ante-
rior descending coronary artery were more frequently fresh than lytic or organized 
(p=0.02). 

Evaluation of EC and microvessels in immunodouble stains
ECs were identified with use of the two endothelial markers CD31 and CD34 (Fig. 2). 
Morphologically, immunopositive ECs were observed in 3 distinct patterns: first, 
single isolated ECs embedded in the thrombus materials; second, EC clusters of more 

Figure 2. Immunodouble stain against CD31/CD34 on an organized thrombus visualized with the use of 
spectral imaging, Bar = 0.1mm
2A – overview of immunodouble stained thrombus, CD31 stained in blue and CD34 in red
2B – details of black frame of 2A. Green arrow: single cell; red arrow: cell cluster; black arrow: microvessel 
2C-E – spectral analysis of 2B showing CD31 stain (C) in green and CD34 in red (D), colocalization of 
CD31 and CD34 visualized in yellow (E).
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Figure 3. Quantitative results of different immunodouble stains. Three distinct patterns of immunostained 
endothelial cells were found: single cells, cell clusters and microvessels. Data are expressed by: numbers 
of positively stained endothelium per mm2. 3A-C: immunodouble stain with CD31/CD34; 3D-F: immu-
nodouble stain with CD105/CD34; 3G-I: immunodouble stain with ki67/CD34; 3J-L: immunodouble stain 
with c-kit/CD34. 
* P≤0.05
** P < 0.001
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than 3 ECs, and third, small lumen forming structures lined with ECs (microvessels). 
In general, ECs were found in nearly all the coronary thrombi (98%). There was no 
difference in numbers of single immunostained ECs among the coronary thrombi of 
different ages (P=0.06, Fig 3A). EC clusters could be already observed in 63% of the 
fresh thrombi (age <1 day) and were more frequently present in organized thrombi 
(93%, P<0.001). Furthermore, the number of the cell clusters was significantly higher 
in organized thrombi than in fresh or in lytic thrombi (P<0.001, Fig. 3B). By contrast, 
only low numbers of distinct microvessels were observed in either fresh, lytic, or organ-
ized thrombi (Fig. 3C).  

CD105+ endothelial cells
With use of immunodouble stains combining CD105 with the pan-endothelial 
marker CD34, we identified the presence of activated ECs in coronary thrombi  
(Fig. 4A, 4B). CD105+ /CD34+ ECs were found in 77% of fresh -, 81% of lytic -, and 
95% of organized thrombi (P=0.06). Most CD105+ EC presented in thrombi as single 
cells. However, organized thrombi still contained more EC clusters than fresh and lytic 
thrombus (P=0.001, Fig. 3E).  Only few microvessels showed CD105 positivity. 

Proliferating (Ki67+) endothelial cells
Ki67/CD34 immunodouble stain was used to identify proliferating ECs (Fig. 4C, 4D), 
since nuclear expression of Ki-67 occurs during all active phases of the cell cycle (G1, 
S, G2, and mitosis) but is absent in resting cells (G0).23 Ki67+ EC were found in 
43% of the fresh thrombi, in 44% of the lytic thrombi, and in 81% of the organized 
thrombi (P<0.001). Most Ki67+ ECs were arranged as cell clusters and significantly 
more Ki67+ endothelial cluster were observed in the organized thrombi than in fresh 
or lytic thrombi (P<0.001, Fig. 3H).

Figure 4. Immunodouble stains for endothelial cells (ECs) and primitive cells, visualized with the use of 
spectral imaging, Bar = 0.1mm
4A/B – (A) light microscopic image of an organized thrombus, immunodouble stained against CD105 
(blue) and CD34 (red); (B) spectral analysis of 4A, showing colocalization of CD105 and CD34 in yellow, 
indentifying activated ECs.
4C/D – (C) light microscopic image of an organized thrombus, immunodouble stained against Ki67 (blue) 
and CD34 (red); (D) spectral analysis of 4C, showing Ki67 positivity (green) restrict to cell nuclei of the 
ECs, identifying proliferating ECs.  
4E/F – (E) light microscopic image of an organized thrombus, immunodouble stained against c-kit (blue) 
and CD34 (red); (F) spectral analysis of 4E, showing colocalization of c-kit and CD34 in yellow, identifying 
a special subgroup of ECs.   
4G/H – (G) light microscopic image of a fresh thrombus immunodouble stained against CD133 (blue) and 
CD34 (red); (H) spectral analysis of 4G, showing colocalization of CD133 and CD34 in yellow, identifying 
primitive cells

◄
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C-kit expressing cells
C-kit, a receptor tyrosine kinase for stem cell factor, is expressed on a subpopulation 
of maturing ECs and promotes survival, migration and capillary tube formation of the 
cells.24, 25 The immunodouble stain for C-kit/CD34 was used to identify this subgroup 
of ECs (Fig. 4E, 4F). C-kit+ cells were present in 27% of the coronary thrombi, albeit 
in low numbers and significantly more frequently in organized thrombus than in fresh 
and in lytic thrombi, and most of them arranged in clusters (P=0.002, Fig. 3K). 

Primitive cells
Primitive cells can be differentiated from mature ECs with the use of CD133 antibody 
(Fig. 4G, 4H).26 CD133+/CD34+ cells were found only in very low numbers in 11% 
of coronary thrombi and there was no significant difference noticed between their 
occurrence of in fresh, lytic, or organized thrombi (P=0.69). Most CD133+ primitive 
cells were present as single cells and were localized in the erythrocytes-rich regions, 
indicating that they were entrapped in the thrombi during thrombus formation. Due 
to the very low numbers, this was not further quantified.
 

Discussion
With use of the thrombus age classification as a time-scale, we investigated the process 
of angiogenesis in coronary thrombi which were aspirated in vivo from acute myocar-
dial infarction patients. The earliest steps in the process of angiogenesis, i.e. cellular 
activation (CD105 expression) and proliferation (Ki67 expression, formation of EC 
clusters) could be observed already in the morphologically fresh appearing thrombi 
of not older than approximately one day.  The density of the EC clusters differed not 
significantly between in fresh and in lytic thrombi, which suggests a time-span of slow 
progression of angiogenesis in the early days (up to 4-5 days) after thrombus initia-
tion. In addition, only sporadic primitive cells were present in 11% of the coronary 
thrombi, which suggests that they seem to play a limited role in the formation of 
neovessels during thrombus organization. 

Angiogenesis in coronary thrombus
Thrombus organization implies conversion of the initially soft and friable thrombus 
into strong repair tissue, which is considered pivotal for sealing and stabilization of 
disrupted plaques. Angiogenesis appears to be a crucial element in tissue repair, which 
includes thrombus organization, since the newly formed vessels provide oxygen and 
nutrients to the healing tissue.12 We found ECs in arterial (coronary) thrombi already 
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in the earliest days after thrombus initiation, while most microvessels appeared in 
concert with detection of sprouts of myofibroblasts in the thrombus mass, which 
occurs after approximately 5 days.  Activation and proliferation of ECs are essential 
steps for initiation of angiogenesis.21, 23, 28 We found immunohistocemical evidence 
for both steps (CD105+ ECs in 77% and Ki67+ ECs in 43%, many of them as clus-
tered cells) already in morphologically fresh thrombi. However, the progression of this 
angiogenic response seems to be initially slow, since a significant increase of such cell 
clusters was found only in the organized stages of thrombus of at least 5 days old. A 
low angiogenic activity of ECs within the first 5 days after thrombus formation could 
be explained by temporal changes in local concentrations of angiogenic factors such as 
vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF). 
Waltham et al. showed in experimental intravenous thrombi that VEGF concentra-
tions in thrombus are significantly higher at day 7 than at day 1, and reach peak levels 
not earlier than 14 to 21 days after induction of the thrombus, with basically similar 
results for bFGF in the same experimental setting.16 It could be that the concentra-
tions of these important stimuli of angiogenesis are positively associated with progres-
sion of intrathrombus angiogenesis. Therefore, we suppose that during the first week 
after thrombus formation, the concentrations of intrathrombus VEGF and bFGF are 
progressively built up to  levels that significantly stimulate angiogenesis. Regrettably, 
the small size of thrombectomy specimens did not allow us to verify this concept. 

C-kit expressing cells
Recently, several studies reported that a subgroup of mature ECs expressing c-kit 
may play an important role in angiogenesis.24, 25 Matsui et al reported that interac-
tion between stem cell factor and c-kit receptor promoted the survival, migration and 
capillary tube formation of human umbilical vein endothelial cells.25  In our study, we 
found c-kit+/CD34+ cells in 11% of fresh thrombi compared to 45% of organized 
thrombi and they were mainly arranged in cell clusters. This finding indicates a signifi-
cant expansion of the c-kit expressing cell population during progression of thrombus 
organization. The distinct expression of c-kit on cells in the microvessels in the coro-
nary thrombi may indicate that these cells are not fully differentiated ECs, because c-kit 
on primitive cells decreases rapidly when they begin to transform into mature cells. 

Role of the primitive cells
Bone marrow-derived primitive cells have been studied extensively and appear to 
play an important role in physiological and pathological vascularization processes.29-31 
Recently, Modarai et al. demonstrated that large numbers of primitive cells are  
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recruited into resolving venous thrombi of recipient mice, 7 days after bone marrow 
transplantation, but the migration pattern of these cells closely resembled that of 
monocytes.14 Interestingly, these cells did not integrate into newly formed vessels, 
suggesting that the majority of neovessels in thrombi under these circumstances arose 
from local endothelium. In line with these findings, we found only small numbers 
of primitive cells in 11% of the aspired coronary thrombi, and if present, they were 
mainly localized in erythrocyte-rich regions, indicating their entrapment during the 
process of thrombus propagation. Therefore, the role of these primitive cells seems to 
be limited in arterial thrombus organization at least at this specific site. 

Clinical perspective 
Although, EC proliferation, interpreted as the first step of angiogenesis, in coronary 
thrombi following plaque rupture starts as early as within the first day after thrombus 
formation, its progression was found to be slow during the first week. This could be 
due to low levels of intrathrombus angiogenic stimuli. Because treatment of ischemic 
heart disease and peripheral vascular disease with angiogenic growth factors has 
produced promising results,32 and an early angiogenic response is considered pivotal 
for proper tissue repair, similar treatments could be used to evoke rapid stabilization of 
disrupted plaques in patients with unstable coronary artery diseases.
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Abstract
Backgroud 
Neutrophils are important cellular sources of Interleukin 17A and –F. Moreover, upon 
activation neutrophils are able to excrete chromatin embedded with components from 
their cytoplasmic granules to form ‘neutrophil extracellular traps’ (NETs). Recent 
studies suggested that NETs contribute to thrombosis by promoting fibrin deposition 
and platelet aggregation. IL17A may also promote thrombosis by enhancing platelet 
aggregation. In the present study we investigated the presence of neutrophils, NETs 
and IL17A and -F in coronary thrombosuction specimens obtained from patients after 
acute myocardial infarction. 

Methods & Results
Neutrophils and NETs were identified using histochemical (H&E, Feulgen proce-
dure) and immunohistochemical stainings (Histone H1, myeloperoxidase, neutrophil 
elastase) in 15 fresh, 15 lytic and 15 organized thrombi. The presence and distribu-
tion of IL17A and –F was studied using (immuno)histochemical doublestaining 
and spectral image analysis, rtPCR and Western Blot. High numbers of neutrophils 
are present (10-30% of the thrombus mass) in fresh and lytic, but not in organized 
thrombus. NETs were frequently observed in fresh (4/15) and lytic (12/15), but never 
in organized thrombus specimens. Doublestaining combining the Feulgen reaction 
with Histone-H1, MPO or neutrophil elastase confirmed colocalization with DNA. 
Cytoplasmatic IL17A/F staining was found in the majority of the neutrophils, extra-
cellularly and in NETs. Western blotting confirmed the presence of IL17A and IL17F 
in thrombus specimens. 

Conclusion
A large burden of neutrophils, neutrophil extracellular traps and IL17A and –F are 
important constituents of fresh and lytic thrombus after acute myocardial infarction. 
The specific colocalization of these indicates a role during thrombus stabilization and growth.
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Introduction
ST elevation type of myocardial infarction (STEMI) is in most cases initiated by the 
rupture of a coronary atherosclerotic plaque that is followed by the thrombotic occlu-
sion of the vessel(1). Recent histopathological studies on coronary thrombectomy 
specimens obtained from STEMI patients have shown that the occluding thrombus 
frequently shows features of decay or even organization, which is illustrated by the 
ingrowth of smooth muscle cells and blood vessels(2). This implicates that in these 
patients the initiating stimulus, plaque-rupture or erosion occurred at least several 
days up to a week before the onset of clinical symptoms(2). Moreover, we have found 
that thrombus organization at the time of thrombus aspiration is an independent risk 
factor for future cardiovascular death in STEMI patients (3).  Pathophysiologically, 
this process of propagation and eventual organization of a coronary thrombus is far 
from understood.

Arterial thrombus contains, apart from fibrin and platelets also neutrophils as the most 
prominent vital cellular component(2;4). Recent evidence has shown that neutrophils 
perform their inflammatory effector functions not only by the secretion of inflam-
matory mediators or phagocytosis, but also through also through the formation of 
so called Neutrophil Extracellular Traps (NETs). NETs are extracellular networks 
consisting of chromatin fibers (DNA and histone proteins) covered with enzymes from 
the contents of the cytoplasmatic granules of these cells(5). Upon activation, NETs 
can be secreted by a subpopulation of viable neutrophils, or alternatively, formed 
as the result of a recently identified, new type (Caspase independent) of cell death, 
NETosis(6). Neutrophil-derived NETs, covered with myeloperoxidase (MPO), elastase 
or Calprotectin play an important role during the inflammatory response against 
bacteria(5;7-9). In addition, it was shown recently that NETs are probably also opera-
tive in the process of thrombus formation, at least in veins(10-12). In this respect it 
is also interesting to note that platelets, abundantly present in thrombus material, 
promote NET formation(13;14)
IL17A and -F belong to a recently identified cytokine family which members are 
believed to play an important role during inflammation and autoimmunity(15). A 
novel subset of T cells, designated Th17 cells are considered as important cellular 
source of IL17A and –F, but several other inflammatory cells are able to produce these 
cytokines as well. Recently we showed that IL17A and F are expressed by mast cells 
and neutrophils in human atherosclerotic plaques, and the latter mostly in ruptured 
plaques((16). Interestingly, there are also recent data showing that IL17 may play a 
role during thrombosis by augmenting platelet aggregation(17). 
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Based on these considerations we hypothesized that NETs are coated with IL-17 and 
these NETs and IL-17 are involved in the process of intracoronary thrombus forma-
tion in patients with acute myocardial infarction (AMI). By means of histological 
grading of the age of the thrombi we investigated whether IL-17 and/or NETs can be 
found in the different stages of coronary thrombus evolution, and whether IL-17 and 
NETs colocalize. 

Materials & Methods
Specimens
In the present study a total of 62 thrombi were used. For the histopathological 
part of the study, we retrieved 45 specimens (15 fresh, 15 lytic and 15 organized 
thrombi) from our archive of collected thrombectomy specimens, which contains 
over 2000 histologically classified thrombus samples. The histopathological classifica-
tion of thrombi that we used is based on the age of the thrombus material and has 
been described before(2;18;19): 1: fresh thrombus (less than 1 day old): completely 
composed of layered patterns of platelets, fibrin, erythrocytes and intact granulocytes; 
2: lytic thrombus (between 1 and 5 days old) was characterized by areas of colliquation 
necrosis and karyorrhexis of granulocytes; 3: organized thrombus (more than 5 days 
old) with areas with ingrowth of smooth muscle cells, with or without depositions of 
young connective tissue and ingrowth of capillary vessels. Thrombus material with a 
heterogeneous composition was graded according to the age of the oldest components. 
A total of 17 tissue samples were snap frozen in liquid nitrogen and used for RNA 
(n=14) or protein (n=3) extraction. Because the amount of tissue obtained during 
thrombectomy procedures is very small, and all the material was used RNA or protein 
isolation, it was not possible to perform histopathology and subsequent staging on 
these samples to evaluate the degree of organization. Upon retrieval from the patient, 
thrombectomy specimens were either immediately transferred to the formalin solution 
(in the catheterization room) or, when they were frozen, transferred to the pathology 
lab, where they were snap frozen in liquid nitrogen. In case of the latter, the interval 
between retrieval and freezing was always less then 10 minutes. The study confirms 
with the principles outlined in the Declaration of Helsinki. The medical ethical review 
board of the Academic Medical Center granted a waiver for informed consent because 
only leftover tissue of normal clinical procedures was used in this study. All acquired 
data were analyzed anonymously. 

Li proefschrift.indd   132 03-09-14   15:35



133

Neutrophils, NETs and IL-17 in coronary thrombi of STEMI patients

Histochemistry & Immunohistochemistry
All specimens used for histochemistry and immunohistochemistry were washed in 
PBS, formalin fixed and paraffin embedded using standard procedures. For marking 
nuclear elements, hematoxylin (as part of H&E stains), Feulgen reaction and DAPI 
were prepared using standard laboratory procedures. For immunohistochemistry, 
the following primary antibodies were used: polyclonal rabbit anti myeloperoxidase 
(MPO, Dako, Glostrup, Denmark), mouse anti neutrophil elastase (clone NP57, 
Dako), mouse anti histone H1 and mastcell tryptase clone G3 (Milipore, Billenica, 
CA, USA) goat anti IL17A (R&D Systems, Abington, UK) .Immunohistochemical 
stainings were performed as previously described(20). Immunohistochemical stainings 
were also combined with the Feulgen reaction to investigate colocalization with DNA. 
In short, sections were dewaxed and rehydrated, followed by antigen retrieval using 
Tris EDTA (pH = 9.0) for 20 minutes at 98°C. After washing, the sections were subse-
quently incubated with appropriate dilutions of the different primary antibodies. After 
the goat anti IL17 incubation rabbit anti goat Ig (Southern Biotech, Birmingham, AL, 
USA) served as a bridge reagent for the next step with alkaline phosphatase (AP) anti 
rabbit Ig polymer (Immunologic, Duiven, The Netherlands). Depending on the origin 
of the primary antibodies, sections were incubated with appropriate AP conjugated 
anti mouse- or anti rabbit-Ig polymer (Immunologic). AP activity was visualized with 
Vector Blue (Vector Labs, Burlingame, Ca, USA). Following immunohistochemical 
staining including AP visualization, a Feulgen counterstain was performed to investi-
gate colocalization with DNA. Sections were pretreated with HCl (1N), washed with 
tap water and incubated with Schiff reagent (Merck, Darmstadt, Germany), washed 
and finally treated with 5% potassium metabisulphite. For investigating colocalization 
of IL17A/F with MPO and tryptase a sequential double staining was perfomed(16;20) 
with IL17 in blue (Vector blue) and MPO or tryptase in red (Vector red). All sections 
were organically mounted with Vecta Mount (Vector Labs). 
Negative controls (sections in which the specific primary antibody had been omitted 
or had been replaced by isotype and concentration matched antibodies) were always 
included. Because the goat polyclonal goat anti IL17A antibody is known to cross react 
with IL17F (not only according to the supplier, but also in our experience), results that 
were obtained with this antibody will be further designated in this paper as IL17A/F. 

Quantification of Neutrophil Extracellular Traps in thrombectomies
The presence or absence of NETs in thrombus tissue was scored by two observers 
(OJdB, XL), and disagreements were resolved by consensus. For this, sections with 
H&E, Feulgen and H1 stainings were available for all specimens.
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Spectral Imaging
Analysis of double stained slides was performed with spectral imaging using the 
Nuance VIS-FL Multispectral Imaging System (Caliper Sciences, Hopkinton, MA, 
USA) as previously described(20;21). Data sets were acquired from 420-720 nm at 20 
nm intervals. A spectral library composed of single Vector Blue, single Vector Red and 
Feulgen reaction was applied to unmix the double stainings into individual compo-
nents. Using the Nuance software version 3.0, exclusive images of colocalization as 
well as fluorescent-like pseudo colors were created.

RNA isolation and rtPCR
RNA was extracted from 14 freshly frozen thrombectomies using the Trizol method 
as previously described(16). cDNA was synthesized from 5μg total RNA using oligo 
dT as primer and M-MLV reverse transcriptase (Invitrogen). Primers for specific for 
IL17A (5’-GGAATCTCCACCGCAATGA-3’ and 5’-AGAGCTCTTAGGCCA-
CATGGT), IL17F (5’- GCCCAGCCATGGTCAAGTA-3’ and 5’-AGTGTAATTC-
CAGGGGGAGGT-3’) and b-actin (5’-CCTTCCTGGGCATGGAGT-3’ and 
5’-GCTCAGGAGGAGCAATGATCT-3’) were designed using primer3 sofware(22). 
cDNA was amplified by PCR as previously described(16), electrophoresed on a 1% 
agarose gel, and visualized using ethidium bromide staining. Positive controls (in vitro 
activated peripheral blood mononuclear cells(16), and negative controls, a mock PCR 
(with water instead of cDNA) were always included.

Western Blotting
Three entire freshly frozen samples were used for IL17A and IL17F protein detection 
by means of Western blot analysis. Thrombectomies were treated with lysis buffer 
(10mM Tris HCl (pH 8), 50mM NaCl, 5mM EDTA, 1% NP40, 10% glycerol). 
Lysates, positive- and negative controls (rIL17A and rIL17F) were separated by SDS-
PAGE under non-reducing conditions, and transferred to methanol activated PVDF 
membranes (Immobilon P, Millipore). After blotting, the membranes were blocked 
in blocking buffer containing 5% non fat dried milk in 0.1% Tween20 for 1 hour 
at room temperature and incubated overnight at 4°C with the primary antibodies 
(polyclonal rabbit anti IL17A or mouse monoclonal anti IL17F (R&D Systems). Next 
membranes were washed and sequentially incubated with rabbit anti goat Ig (Southern 
Biotech) and HRP conjugated swine anti rabbit Ig (Dako). Finally, antibody labelled 
proteins were visualized using ECL+ (Roche, Almere, the Netherlands) and the 
LAS-3000 imaging system (FujiFilm, Düsseldorf, Germany). 
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Statistics
Statistical differences between variables were calculated using 2 tailed Fischer’s exact 
test. P<0.05 was considered statistically significant.

Results
Neutrophils and NETs in coronary thrombus
All the thrombus samples that were histologically graded as either fresh or lytic thrombus 
contained large amounts of neutrophils (up to 10-30 % of the total thrombus area in 
the tissue section). Representative examples of a fresh and lytic thrombus are illustrated 
in figures 1A and 1B, respectively. In organized thrombi on the other hand, neutro-
phils are very scarce or completely absent (figure 1C). 
H&E staining and Feulgen sreaction clearly revealed the presence of NETs in a part 
of the thrombectomy specimens as thin extracellular fibers in various sizes (see figure 
1D and E). Immunohistochemical staining for H1 (figure 1F) further confirmed the 
presence of NETs in these specimens. H&E stains and Feulgen reaction provided the 
most detailed images of NETs, and were used for the semi-quantitative grading for the 

Figure 1. H&E stainings of thrombi at different stages of thrombus organization (A-C) and the pres-
ence of intracoronary NETs visualized using histological and immunohistological staining (D-F). A: fresh 
thrombus. Note the large amount neutrophils in this section. Bar = 50µm. B: High power magnification 
of a lytic thrombus. Note the neutrophils and leucocytoclasia, Bar = 20µm. C: Organized thrombus. Note 
the absence of neutrophils. The red colored spindle shaped structures are collagen fibers produced by 
myofibroblasts, Bar = 100µm. D: H&E staining, showing a lytic thrombus area with neutrophils and NETs, 
bordered by viable red blood cells in the upper left and bottom right corner. Bar = 50mm E: Feulgen 
staining (DNA stained in pink) of the same section as in (D); F: Same section, immunohistochemical 
staining for histone H1; G: Bar graph showing the percentage of fresh, lytic and organized thrombi where 
NETs were encountered. *: P < 0.05.  
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presence in all thrombi. NETs were not homogeneously distributed over the thrombus 
specimen, but were present as focal hotspots of varying size. The total area of NETs 
(when present) was variable between specimens, but always less then 10% of the total 
thrombus area.
NETs were most frequently found in lytic thrombus specimens: in 12 of the 15 speci-
mens (80%) NETs were encountered (figure 1G). In 4/15 (27%) fresh thrombus 
specimens NETs were encountered (p<0.05 compared to lytic thrombus). In organized 
thrombus tissue NETs were never observed. 

Colocalisation of Feulgen reaction with MPO and neutrophil  
elastase NETs 
Additional histochemical and immunohistochemical stainings were performed to 
further evaluate the NETs. First, we stained the sections using the Feulgen reaction, 
which is (in contrast to haematoxylin) specific for DNA(23). A representative example 
of an NET in a thrombectomy stained with Feulgen reaction is illustrated in figure 2A. 
Figure 2B shows a DAPI (fluorescence) staining the same thrombectomy specimen. 
The thin and thread like structures that are characteristic for NETs can be appreciated 
in both stains
Next immunohistochemistry combined with the Feulgen reaction was performed and 
the results were analyzed by spectral imaging. In figure 2C the Histone H1/Feulgen 
combination (in blue and pink, respectively) is illustrated. Figure 2D and 2E show 
the tissue distribution of Histone H1 in and DNA in green and red fluorescent-like 
pseudo colors, respectively, while in figure 2F colocalization is illustrated in yellow. 
Non-colocalized staining is depicted in grey. These pictures clearly show the overlap 
in expression of the Feulgen reaction and the immunohistochemical localization of 
Histone H1. Similar double staining sets were created for a double staining with 
Feulgen and neutrophil MPO (figure 2 K-N) and Feulgen with neutrophil elastase 
(figure 2 O-R). All these double stainings and colocalization studies confirmed the 
colocalisation of MPO and elastase by NETs in human coronary thrombus material, as 
proof that these structures are indeed NETs. 
As additional controls we performed a DNase treatment after the immunostaining, 
but before the Feulgen reaction. In figure 2 G-J such a control, which was stained for 
Histone H1 is illustrated. It can be appreciated that the Feulgen reaction disappeared 
after DNase treatment, and almost all colocalization disappeared. 
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Figure 2. Histochemical and immunohistochemical characterization of NETs in intracoronary thrombi. 
A: Feulgen reaction. DNA stained in pink. B: DAPI staining. C-F: Feulgen reaction combined with immu-
nohistochemistry. C: original RGB image showing H1 in blue and Feulgen in pink; D,E: Histone H1 and 
Feulgen reaction component images, respectively, after spectral unmixing in fluorescent-like pseudo-
colors; F: spectral imaging analysis showing an exclusive image of Histon H1 and Feulgen reaction 
co-localisation (yellow) against a grey background of both Histone H1 and Feulgen. Similar analysis is 
applied to G-J, K-N and O-R. G-J: Feulgen reaction combined with immunohistochemistry anti Histone 
H1. After the immunohistochemical staining for H1 sections were treated with pepsin/DNase. Note the 
absence of colocalization after DNase treatement; K-N: Feulgen reaction combined with myeloperoxi-
dase; O-R: Feulgen reaction combined with neutrophil elastase. Bar = 25mm (all images)
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Immunolocalization of IL17A/F in thrombus specimens
We next investigated the expression and distribution of IL17A/F in human thrombi. 
Figure 3A shows a low power magnification with an overview of a thrombus, stained 
for IL17A/F (in blue) and MPO (red). In this picture it can be appreciated that high 
numbers of IL17A/F positive neutrophils (all the purple cells) are present in such a 
thrombus. In figure 3B a detail of this section is illustrated, showing double stained 
IL17A/F positive neutrophils, and a few neutrophils that do not co-express IL17A/F 
(red cells). In figure 3C-3F, 3G-3J, and 3K–3N the IL17A/F – MPO double staining 
was confirmed using spectral imaging analysis. In figure 3C the original staining is 
illustrated, while figure 3B and 3C show the same immunodouble stained section 
of which both colours are unmixed. In figure 3F colocalization is illustrated. From 
these images it can be appreciated that the majority neutrophils co-express IL17A/F. 
However, occasionally (< 10%) IL17A/F negative neutrophils were encountered. 
Extracellular granules positive for IL17A/F were also occasionally seen in the direct 
neighborhood of neutrophils. Figure 3G-J show a similar double staining with 
IL17A/F and MPO of neutrophils in adherent blood (‘stasis blood’) which can be 
frequently encountered amidst thrombus fragments. It appears that also in this micro-
environment the majority of the neutrophils co-express IL17A/F but there is a subtle 
difference in expression pattern: in contrast to the neutrophils in the thrombus, these 
neutrophils show a cytoplasmic staining located in the periphery of the cell. In organ-
ized thrombus we did not observe IL17A/F expression. Mast cells are also able to 
express IL17, and therefore we also performed immunohistochemical doublestainings 
with IL17A/F and tryptase. However, mast cells (thus also tryptase+/IL17A/F+ cells) 
were never encountered in any of the thrombectomy specimens (data not shown).
When combining the Feulgen reaction with immunohistochemistry against IL17A/F 
we found that NETs in fresh and lytic thrombi also express IL17A/F (figure 3K-N), 
but the amount of colocalization was less compared to MPO and elastase. 
Given the cross reactivity of the polyclonal antibody between IL17A and IL17F, we 
further analyzed the presence of both these cytokines in human thrombus using rtPCR 
and Western Blot. The rtPCR results are illustrated in figure 4a. Interestingly, IL17A 
mRNA was not detectable in the thrombectomies under investigation. Weak bands 
corresponding with IL17F mRNA were observed 4/14 specimens (figure 4A). 
Western blot analysis was performed on 3 thrombectomy specimens. Figure 4B shows 
that IL17A protein was detectable in the positive control (rIL17A) and all specimens 
under investigation. However, this figure also shows that this antibody shows a very 
faint band with rIL17F that we used as negative control, which confirms that this anti-
body shows some cross reaction with IL17F. In addition, IL17F was also clearly detect-
able in all specimens under investigation, but this antibody did not cross react with 
rIL17A (figure 4C). 
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Figure 3. Colocalization of IL-17 with Neutrophils and NETs in thrombus. A: Overview (low power magni-
fication) and detail (B) of a IL-17 (blue) and MPO (red) double staining. Note that almost all neutrophils 
are IL17+ (purple), and only few IL-17- neutrophils (red) are present. Asterisk (*) indicates adhered (stasis) 
blood, where also IL-17+ neutrophils are present. C-F: Spectral image analysis on a double staining with 
MPO and IL-17 of a lytic thrombus. C: original RGB image showing MPO in red and IL-17A/F in blue. D, 
E: IL-17 and MPO after spectral unmixing. F: colocalization. Note again that most neutrophils co-express 
IL-17A/F. G-J: same staining on neutrophils in adhered blood. Note the colocalization of IL-17A and MPO, 
and the altered staining pattern when compared to (D). K-N: Feulgen reaction combined with immuno-
histochemistry against IL-17A. K: original RGB image showing Feulgen in pink and IL-17A in blue. L, M: 
IL-17A and Feulgen after spectral unmixing, respectively, N: colocalization in yellow. Bar = 200mm (A) or 
25mm (C-N).
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Discussion
Neutrophils form an integral part of the vital (cellular compartment) of coronary 
thrombus(4). In the present study we found that thrombi derived from STEMI 
patients shortly after the onset of the acute event contain on the average 10-30% of 
granulocytes as their component makeup when they are fresh or only a few days old. 
In older stages of thrombus evolution, characterized by tissue organization, they are 
virtually absent. NETs, which are recently described activation products of neutro-
phils, could be found focally in older thrombi with lytic changes, but also, albeit to al 
lesser extent, in thrombus that we considered histologically as fresh. Moreover, these 
thrombus fragments contained IL17A and IL17F where it was stored in neutrophils 
but also extracellularly attached to the NETs. 
 
There is mounting evidence that NETs play a role during thrombosis. NETs promote 
fibrin deposition, red blood cell recruitment and provide a stimulus and scaffold for 
the formation of fibrin networks(12). In addition, In an experimental modal of deep 
vein thrombosis in baboons it has been shown that NETs are present in thrombi in 
vivo(12). In a mouse model of venous thrombosis it has been shown that plasma DNA 
levels increase after the induction of experimental thrombosis and interestingly, prior 
DNase infusion in these animals prevented the development of venous thrombi(11). 
Recently Megens et al. showed the presence of NETs in carotid arteries of ApoE-/- 

Figure 4. A: rtPCR of 14 thrombectomy specimens for IL-17A and IL-17F. IL-17A mRNA is undetectable, 
while weak expression of IL-17F RNA is occasionally observed. B and C: Western blotting of 3 thrombec-
tomies for IL-17A and IL-17F, respectively. Note the expression of both IL-17A and IL-17F protein in all 
specimens under investigation. A= rIL17A, F = rIL17F. 
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mice, suggesting that activated neutrophils and NETs may contribute to the initiation 
of atherosclerotic disease(24). In the present study we show that NETs are abundantly 
present in human intracoronary thrombi. Because these NETs from scaffolds for fibrin 
threads, which in their turn are important for platelet aggregation, it is fair to conclude 
that neutrophils contribute to thrombus growth and stabilization by the formation of 
NETs as we found in this study.
Not only NETs, but also cytokine IL17 can be linked to thrombus stabilization. Plate-
lets express the receptor for IL17A and -F (IL17RA) and incubation of platelets with 
IL17A promotes platelet aggregation(17). IL17, associated with NETs is therefore in 
the perfect position to promote the deposition and aggregation of platelets on NETs, 
thus promoting the stabilization of thrombus. Moreover, IL17A promotes angiogen-
esis(25), which contributes to later stages of thrombus organization.
Not all plaque ruptures in the coronary arteries lead to complete thrombotic occlu-
sion and consequent myocardial infarction. Autopsy studies have shown so called 
healed plaque ruptures, interpreted as clinically silent plaque complications, in many 
high grade stenosing lesions of coronary arteries(18). Moreover, we have shown that 
thrombus of patients with STEMI frequently contains older parts which must have 
been formed days or sometimes weeks before the onset of the event(2). This implicates 
that the formation, stabilization and growth of an intracoronary thrombus is crucial 
process which determines the clinical outcome of a plaque rupture. The formation 
of NETs, or conversely, the degradation of NETs can be important in this sequence 
of events. NETs can be formed in response to inflammatory cytokines like IL-8 and 
TNF-a(26). Circulating IL-8 or TNF-a, or locally produced by inflammatory cells 
(macrophages) in the recently ruptured atherosclerotic plaque may promote NETosis, 
leading to thrombus growth and stabilization. On the other hand, circulating DNases 
in plasma are able to break down NETs, and thus may prevent thrombus growth and 
stabilization. In this respect it is interesting to note that the levels of DNases are known to 
fluctuate between individuals(27). Data on eventual levels of circulating DNases and 
the risk for developing acute myocardial infarction are at present not available. 
 
NETs were observed not only in thrombi with lytic changes, but also in a few speci-
mens (4/15) that appeared histologically as fresh. NETs are formed as the result of 
local neutrophil activation, which also may lead to karyorrhexis and colliquation 
necrosis. It can therefore be assumed that the formation of NETs precedes the lytic 
changes that can be observed histologically, and occur very early in the process of 
thrombus dissolution.
Not only neutrophils are able to generate these extracellular traps, but also mast 

Li proefschrift.indd   141 03-09-14   15:35



142

Chapter 8

cells are able to form this type of structures, designated mast cell extracellular traps 
(MCETs)(28). Mast cells are also able to produce IL17A and -F cytokines, and there-
fore in theory, these cells could also from extracellular traps with IL17 in thrombus. 
We also looked for IL17A/F+ mast cells this series of thrombectomies using a double 
staining for IL17A/F and tryptase, but these cells were never encountered, and all 
IL17A/F positive cells were neutrophils. Therefore it is fair to state that ‘extracellular 
traps’ we observed in human thrombus are neutrophil-, and not mastcell- derived.  
 
An interesting ‘discrepancy’ in our results was the clear and strong expression of IL17A 
and F protein in human thrombus specimens (as observed with immunohistochem-
istry and Western blots), while the rtPCR showed no (IL17A), or occasional weak 
(IL17F) expression of mRNA of these cytokines. These data show that most neutrophil 
IL17A and –F is already present in the cytoplasmic granules of the neutrophils before 
these were trapped in the thrombus. In addition, these data show that the production 
of IL17F, but not IL17A still continues, although at relative low levels, in the microen-
vironment of the thrombus. 
 
In conclusion, neutrophils, neutrophil extracellular traps and IL17A and –F are impor-
tant constituents of fresh and lytic thrombus after acute myocardial infarction. The 
specific colocalization of these in fresh and lytic thrombi suggests that they may play 
an important role during thrombus stabilization and growth. 
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Abstract 
Background
Coronary guide wires are indispensable during percutaneous coronary interventions 
(PCI). Nowadays, most guide wires have hydrophilic coatings to improve their track-
ability, allowing easy lesion passage, and facilitating balloon and stent positioning. 
Recent reports however have raised concerns about detachment and subsequent embo-
lization of these hydrophilic coatings.

Methods and results
We have retrospectively reviewed histological samples of the myocardium, obtained 
during autopsies in the period 2009- 2013, from all patients who had a history of 
PCI (n=40). Foreign material was observed in the distal myocardium in 4 patients 
(10%). Furthermore, we have reviewed 205 thrombus specimen which were obtained 
during thrombus aspiration in the setting of primary PCI in the period 2005-2009. In 
45% of the cases foreign material was observed within the thrombus. Finally, we have 
examined the histopathological appearance of hydrophilic guide wire coating material 
‘ex-vivo’ by embedding the coating in placenta specimen and cut and stain it in exactly 
the same manner as the myocardium and thrombus specimen. The histopathological 
appearance of the hydrophilic coating ‘ex-vivo’ was identical to the foreign material 
found ‘in-vivo’. 

Conclusions
Distal embolization of hydrophilic coating material was observed in 10% of the 
patients who had a history of PCI. Hydrophilic coating material was found in 45% of 
coronary thrombus specimen obtained during thrombus aspiration. These findings suggest 
that detachment and distal embolization of hydrophilic coating material from coro-
nary guide wires occurs more often than the sparse literature on this topic suggests. 
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Introduction
Coronary guide wires are indispensable in the daily armamentarium of the interven-
tional cardiologist during percutaneous coronary interventions (PCI). Guide wires are 
needed during PCI to track through the coronary vessels, to access and cross lesions, 
and to provide support for interventional devices. Whereas Andreas Grüntzig used a 
short guide wire attached to the tip of a blunt inner balloon catheter with a closed-end 
during the first angioplasty,1 Simpson et al. reported the first use of an over-the-wire 
balloon system with an independently movable guide wire with a flexible tip.2 The 
technology of coronary guide wires has been developed rapidly ever since. One such 
development was to coat the guide wire with a hydrophilic coating. Hydrophilic coat-
ings attract water and need lubrication before insertion. After the coating contacts 
with liquids it becomes a slippery gel-like surface. This provides a lubricious, low 
friction feel inside the vessel and improves the trackability of the guidewire and subse-
quent positioning of balloons and stents. 
Recent reports have suggested that these hydrophilic coatings can detach from the wire 
and can embolize distally in the microvasculature of the myocardium3-7 Although these 
reports only described a very limited number of patients, similar findings have been 
reported related to other vascular procedures in which hydrophilic coated materials 
were used. Such reports include neuro-interventional procedures and percutaneous 
procedures of the lower extremities, in which embolized foreign materials were found 
in the microvasculature of the lower extremities, brains and lungs during histopatho-
logical evaluation of biopsies or at autopsy.8-11 Whether this low number of reports 
reflects a truly low incidence of these distal embolizations of foreign material, or 
whether these embolizations occur more often yet are under recognized, is uncertain. 
We performed histological examination of 200 thrombus aspirates to evaluate how 
often hydrophilic coatings liberate from guide wires. All these thrombus samples 
were retrieved with thrombus aspiration from the sites of coronary culprit lesions in 
the setting of primary PCI for the treatment of patients presenting with ST-segment 
elevation myocardial infarction (STEMI). To confirm whether or not these foreign 
materials indeed embolize to the distal microvasculature, we reviewed samples from 
the myocardium which were obtained during routine autopsies of patients who had a 
history of PCI. Finally, to confirm the source of the foreign material emboli, we exam-
ined the histopathological appearance of the hydrophilic coating of the guide wire 
most commonly used in our center and compared the histology with that of the mate-
rial observed in the thrombus specimen obtained from thrombus aspirations. 
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Methods
Setting
Our center, the Academic Medical Center in Amsterdam, The Netherlands, is a large 
referral hospital with an annual PCI volume of ~2000 procedures, 600 of which are 
primary PCIs. Primary PCI is performed in accordance with standard guidelines on 
ST-segment elevation myocardial infarction (STEMI) treatment and myocardial revas-
cularization. The Hi-torque (HT) Balance Middleweight (BMW) Universal (Abbott 
Vascular, Santa Clara, USA) was the ‘workhorse’ coronary guide wire in our institu-
tion. Other coronary guide wires used were the HT Floppy (Abbott Vascular, Santa 
Clara, USA), the HT Pilot 50 (Abbott Vascular, Santa Clara, USA), the HT Whisper 
(Abbott Vasulcar, Santa Clara, USA), the HT Extra S’port (Abbott Vascular, Santa 
Clara, USA), and the Crosswire (Terumo, Tokyo, Japan). Guidewire selection was 
at the discretion of the operator. Thrombus aspiration has been part of the clinical 
routine during primary PCI in our center since August 2001. Two different thrombec-
tomy devices have been used during the study period: the 6F Export aspiration cath-
eter (Medtronic Vascular Inc, Santa Rosa, USA), which became available in August 
2004; and the 6/7F Proxis embolic protection device (St Jude Medical, St Paul, USA), 
which became available in February 2004. The choice of thrombectomy device was 
at the discretion of the operator. Thrombus material retrieved was fixed in formalin 
immediately after thrombus aspiration and brought to the department of cardiovas-
cular pathology. The material was embedded in paraffin and processed for histology, 
after it has been fixated for 24 hours. Serial sections of 5 μm were cut and mounted 
on glass slides and stained with hematoxylin and eosin (H&E) and elastic von Gieson 
(EvG).12, 13  

Evaluation of thrombus material and guide wires used
We retrospectively evaluated 205 thrombus specimen from 205 different patients 
from thrombus material obtained from December 1, 2005 until March 31, 2009. All 
thrombus specimen were classified for the presence or absence of foreign material. This 
assessment was performed by an investigator being unaware of the type of guide wire 
used during primary PCI.  
Hereafter, the procedural records from the PCI procedures were obtained and the type 
of guide wires used was extracted. Most often one wire was used for lesion crossing 
and thrombus aspiration. If more than one type of guide wire was mentioned in the 
procedural record, the first mentioned was used for the current analysis, since we 
assumed that the first-recorded guide wire was used during thrombus aspiration, while 
the subsequent recorded guide wires were likely to be used for subsequent balloon-
dilations and stent placements. 
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Differences in occurrence of foreign material was compared among the three guide 
wires used most in the study period (December 1, 2005 - March 31, 2009) by using 
Chi-square statistics. Furthermore, we have performed an univariable and multi-
variable logistic regression analysis to adjust for potential lesion-based confounding 
factors. Variables associated with observed foreign material by univariable analysis 
(p<0.2), were entered in the multivariable model. A P-value <0.05 in the multivariable 
analysis was considered statistically significant.

Evaluation of myocardial embolization
Post-mortem coronary angiograms of autopsy patients between 2009 and 2013 were 
screened for the presence of intra-coronary stents at the department of Pathology of 
the Academic Medical Center. Histological samples from the myocardial territory of 
the stented coronary vessel were retrospectively reviewed for the presence of foreign 
material from all patients with stents visible on the post-mortem angiograms. Myocar-
dial samples were obtained during routine clinical autopsies. These routine clinical 
autopsies were performed according to the following local standard autopsy protocol:
First, permission for the autopsies was obtained from relatives of the deceased patients. 
After gross inspection, coronary arteries were carefully dissected en bloc from the epicar-
dial surface of the heart, and decalcified in EDTA for 4 days. All coronary segments 
containing visible lesions in corresponding postmortem angiograms were cut in 3-mm 
segments, and, after routine processing, embedded in paraffin. Myocardial ischaemia 
was assessed by means of Nitro Blue Tetrazolium staining of a fresh transversal biven-
tricular slice at the mid-papillary level of the heart. Decolorization of grossly normal-
appearing myocardium was interpreted as recent-onset ischaemia. Three sections were 
randomly taken from the myocardial territory of each of the three major epicardial 
vessels and stained with H&E and EvG. All available myocardial sections were evalu-
ated for the presence of embolized hydrophilic coating.

Histopathological conformation of the source of the hydrophilic coating
To attempt to determine the source of the foreign material emboli in the myocardium 
and the foreign material seen in the thrombus specimen, we examined the histopatho-
logical appearance of the hydrophilic coating of the guide wire most commonly used 
in our center. A steel blade was used to scrape off the polymer coating from the most 
often used (‘work-horse’) guide wire in our center (HT BMW Universal II, Abbott 
Vascular, Santa Clara, USA). In order to be able to properly cut these coatings, they 
were embedded in placenta specimen. These placenta specimen where then processed 
in the same manner as the obtained thrombus material: after embedding in paraffin, 
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serial sections of 5 μm were cut and mounted on glass slides and stained with H&E. 
The embedded hydrophilic coating in these cross sections were then visually compared 
with the foreign material found in the thrombus specimen. 

Results
Autopsies
Coronary stents were identified on post-mortem coronary angiograms in 40 hearts 
from a total of 511 autopsy patients (7.8%). Fourteen patients received stent implan-
tation within 6 months prior to the autopsy. Nineteen patients had an interval longer 
than 6 months between PCI and autopsy. The intervals are unknown for 7 patients. 
Embolization of hydrophilic coating in the distal myocardium was observed in 4 cases 
(10%). The interval from PCI until autopsy in these four patients was 1, 1, 5 and 
3641 days, respectively. Distal embolization was more frequently observed in patients 
with recent stent implantation (<6 months) than in patients with a longer interval (>6 
months) from PCI until autopsy (21% vs 5%, respectively). The 4 patients in whom 
distally embolized foreign material was found are described in detail below.

The first case was a 70-year old male patient with an acute anterior myocardial infarc-
tion who was treated with PCI of the proximal left anterior descending (LAD) and the 
ramus circumflex (RCx) arteries. The LAD was wired with a BMW Universal II guide 
wire and treated with a 3.0x15mm drug-eluting stent (DES). Hereafter, the RCx was 
wired with a Pilot 50 guide wire treated with a 2.5x15mm DES. There were no tech-
nical problems during PCI. The patient developed pulseless electrical activity and died 
soon thereafter. Autopsy revealed a recent transmural infarction of the septum and the 
lateral wall as the most likely cause of death. Furthermore, microscopy of the samples 
taken from the myocardium identified amorphous, light-basophilic, non-refractile, 
and non-polarizable material behind the stent struts, where it was encapsulated in fresh 
thrombus (figures 1A-1C). Material with similar appearance was also found in small, 
distal intramural arteries (figures 1D and 1E).
Case 2 was a 73-year old male who presented with hemodynamic instability caused 
by an anterior myocardial infarction based on a thrombotic occlusion of the proximal 
LAD. A primary PCI was performed. Thrombus aspiration was performed, although 
no thrombus material was retrieved. Hereafter, a 3.5x28mm BMS was implanted. 
Despite satisfactory angiographic result, the patient was still in cardiogenic shock and 
died 5 days later due to end-stage heart failure. Microscopic evaluation of myocardial 
samples showed amorphous, non-refractile, non-polarizable foreign material in small 
arteries of the myocardium (figures 1F and 1G).
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Case 3 was a 70-year old male patient presenting with STEMI based on a stent throm-
bosis (ST), 3 months after treatment of a subtotal lesion in the RCx treated with a 
3.5x28mm bio-reabsorbable vascular scaffold. After wiring with a BMW Universal II 
guide wire, thrombus aspiration was performed which could not retrieve thrombotic 
material. Reperfusion of the RCx was obtained after balloon dilatations.  Despite the 
achieved reperfusion, the patient died one day later due to hemodynamic instability 
based on heart failure caused by the acute infarction. Myocardial samples showed 

Figure 1. Microscopic findings of foreign material emboli in four different cases. Panels A-E show histo-
pathological findings during autopsy of a 70-year old male patient described in the text. Panel A show a 
large intra-stent thrombus. The two black squares in panel A are indicating panels B and C which show 
foreign material behind the stent struts encapsulated in thrombotic material. Panels D and E show foreign 
material in the micravasculature of the myocardium of the same patient (Panel A is in 2x zoom, panels 
B-E in 40x zoom). Panels F and G show histopathological findings of the second autopsy case showing 
foreign embolized material in the microvasculature of the myocardium (black square in F [4x zoom] indi-
cating the area of panel G [40x zoom]). Panels H-L show the microscopic findings of the third autopsy 
patient. Panel H (4x zoom) shows a thrombus layer on the struts with encapsulated foreign material 
(augmented in I [40x zoom]). Panel J shows a myocardial sample (4x zoom) of this patient in the terri-
tory of the stented coronary artery. Panels K and L (40x zoom; black boxes in panel J) both show distally 
embolized foreign bodies. Panel M (4x zoom) and panel N (40x zoom) show intravascular foreign material 
in the myocardium of the 73-year old male patient (fourth patient) mentioned in the text. 
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thrombus around the stent struts with amorphous foreign material embedded within 
this thrombus (figures 1H and 1I). In addition to diffuse reperfusion injury, the distal 
myocardium showed multiple locations of embolization of the same foreign material as 
seen within the intracoronary thrombus (figures 1J-1L). 
Case 4 was a 73-year old male patient with a history of coronary artery bypass graft 
surgery (CABG) 20 years earlier and nine PCIs (of which the last PCI was 10 year 
before his death). Furthermore, he underwent transcatheter aortic valve implantation 
10 days before his death. The patient died due to sepsis, which was most likely caused 
by an acute necrotizing cholecystitis. Microscopy of myocardial samples showed intra-
vascular amorphous, non-refractile, and non-polarizable material (figures 1M and 1N).

Hydrophilic coating material in thrombus aspiration specimen
Thrombectomy samples from 205 PCI patients were reviewed. The HT BMW 
Universal was the most used guidewire during thrombus aspiration in the study period 
(144 cases; 70%), followed by the HT floppy (7.8% of the cases), the HT Whisper 
(3.4%), the HT Extra S’port (1.5%), and the Crosswire (0.5%). In 34 cases (17%), 
the used guidewire could not be retrieved from the PCI reports. 
Foreign material was observed in 92 of the 205 thrombus sections evaluated (45%). 
From the three most frequently used guide wires, foreign material was most often 
observed in cases in which the HT Whisper was used (71% of the thrombus sections 

Figure 2. Differences in the frequency of foreign material in thrombus specimen found between the three 
most used coronary guide wires. BMW: balance middle wight. HT: high-torque. 
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contained foreign material), followed by the HT BMW Universal (46%). Foreign 
material was least often observed when the HT Floppy was used (19%). The differ-
ences among these three groups were statistically significant (p-value for trend 0.040, 
see figure 2). The percentage of observed foreign material in the group with unknown 
guidewire (47%) was comparable with the whole group (45%). 
Adjusted for potential lesion-based confounders (lesion location and PCI indication), 
guide wire type used was still associated with the observation of foreign material in the 
thrombus specimen (see online table 1).

Histopathological conformation of the source of the hydrophilic coating
Figure 3 shows representative examples of foreign material found in thrombus sections 
(left panels 3A -3F). The hydrophilic coating on the polymer which is scraped of from 
a HT BMW Universal II guide wire, displayed in the right panels (3G - 3L), has a similar 
appearance compared with the foreign material found in the thrombus specimen.  

Figure 3. Histopathological appearance of hydrophilic guide wire coating. Left panels (3A - 3F) show 
examples of foreign material found in thrombus specimen obtained from coronary thrombus aspiration. 
Right panels (3G - 3L) show polymer with hydrophilic coating from a balance middle weight guide wire 
embedded in placenta specimen. Pm: polymer coverage. Note the similarity between the foreign mate-
rial found in the thrombus specimen and the hydrophilic coating on the polymer guide wire cover (black 
arrows). 
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Discussion
The most important findings of the current study are:
hydrophilic coating material was found in almost half of the coronary thrombus 
specimen examined, suggesting detachment of this coating from guide wires during 
thrombus aspiration;
the frequency of occurrence of these coating detachments was different between the 
different guide wires used;
hydrophilic coating material was found in at least 10% of deceased patients under-
going autopsy who had a past medical history of PCI, in one patient 10 years after the 
last PCI procedure;
We have confirmed the hypothesis that the foreign material detaches from coronary 
guide wires by comparing the ‘in-vivo’ histopathological appearance with the histo-
pathological appearance of guide wire coatings ‘ex-vivo’, showing an identical appearance. 
These findings suggest that distal embolization of hydrophilic coatings occurs much 
more frequently than the sparse literature on this topic suggests.

Previous reports
To our knowledge, distal embolization of foreign material in the myocardium after 
PCI has only been reported in five previous case reports. The first report we found 
described a 77-year female who experience an acute myocardial infarction for which 
she underwent PCI with stent placement in the right coronary artery (RCA) and the 
ramus circumflex artery (RCx). Two weeks later she suffered from a fatal arrhythmia. 
Autopsy revealed multiple basophilic, amorphous, focally lamellated, focally granular 
material in the microvasulature of the myocardium with an inflammatory component 
consisting of giant cells and lymphocytes.3 Another case report described multiple 
intravascular foreign bodies found in the myocardium of a heart transplantation 
patient who underwent 32 PCIs in the past.5 These non-refractile, non-polarizable 
foreign bodies were thought to be derived from the hydrophilic coating of the guide 
wires used. In a third report, 2 cases were described in which distal embolization of 
foreign material was observed after recent PCIs. To determine the source of this mate-
rial, the authors examined the histopathological appearance of the guide wire used and 
the authors concluded that the hydrophilic coating of this material must have been 
the source of these embolizations.4 A fourth report described a case of a 58-year old 
man who died during PCI  of the RCA and RCx due to fatal arrhythmia caused by an 
evolving myocardial infarction. On autopsy, cylindrical, coiled, basophilic material was 
seen in the myocardium of the antero-lateral wall.6 The last report we found described 
a 65-year old man who died one month after PCI of the RCx. Autopsy revealed 
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multiple basophilic filamentous to amorphous granular material with an inflammatory 
giant cell response within the myocardial territory of the ramus circumflex artery. This 
foreign material could not be identified in other areas of the heart.7 
 
There is also some literature available on distal embolization of hydrophilic material 
in other tissue than the myocardium. A report by Mehta et al. described 9 patients in 
whom embolized foreign material was found during histopathological examination 
of biopsies and autopsies.9 They found distal embolization of foreign bodies to the 
brain, lungs, and foot. All patients had a history of intravascular medical device use 
including central venous catheterization, coronary catheterization, lower extremities 
catheterization, hemodialysis, and intravenous pacemaker implantation. The authors 
have examined the microscopic appearance of these medical devices showing similari-
ties with the foreign material found in the patients. In another case series, describing 
4 neuro-interventional procedures using an infusion microcatheter, autopsy sections 
revealed intravascular foreign substances suggesting to be derived from the coating 
of the microcatheters.10 Another report has described embolization of hydrophilic 
coating material of a central venous catheter to the lung resulted in multiple cavitating 
angiocentric granulomatous pulmonary nodules, proven by histopathology of an open 
lung biopsy procedure, and clinically mimicking a vasculitis.14 In conclusion, multiple 
case reports and small case series have demonstrated the occurrence of distal emboliza-
tion of hydrophilic coating material from medical devices. However, until now studies 
are lacking which have evaluated the occurrence of distal embolization of hydrophilic 
coating in a more systematic manner.

True incidence of distal embolization of foreign material
The above-mentioned reports have in common that the observation of the intravas-
cular foreign material was a coincidental finding during regular autopsies or biopsies 
taken for routine clinical practice. The sparseness of these reports might imply that 
embolization of hydrophilic coatings is an uncommon problem. However, recognizing 
this foreign material is difficult since it is often described as non-refractile and there-
fore easily overlooked. The incidence of distal embolization of coating material we 
found in our autopsy patients with a history of PCI was 10%. Due to the retrospective 
evaluation of the myocardial samples, using three randomly selected samples from the 
myocardial territory of each coronary artery during routine autopsy, we believe that 
the true incidence of distal embolization after PCI is likely higher than 10%. Indeed, 
we found detachment of hydrophilic coating in 45% of the cases during thrombus 
aspiration, which is at least suggestive for a higher than 10% incidence of distal embo-
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lization of these hydrophilic coatings. To find the true incidence of distal embolization, 
a prospective study is needed in which the myocardium of patients with a history of 
PCI is extensively sampled. 

Differences between guide wire types 
We have compared how often foreign material was observed in thrombus specimen 
between the three most commonly used guide wires  (figure 4). The differences 
observed might be explained by the extent of polymer coverage. Figure 4 shows sche-
matic drawings of the used guide wires showing differences in polymer coverage, 
with the HT Floppy having no polymer coverage, the BMW Universal having partial 
polymer coverage, and the HT Whisper having total polymer coverage (polymer 
in blue, hydrophilic coating in purple). We demonstrated that the guide wire which is 
completely polymer-covered (i.e. the HT Whisper) was associated with the most frequent 

Figure 4. Schematic drawing of the three guide wires most used during the study period. Figures 1A-1C 
show schematic drawings of the most distal ~30cm of coronary guide wires most used during the study 
period. Figure 1A shows the high-torque (HT) Whisper guide wire, with its core-to-tip design. Notice that 
the distal part of this wire is completely polymer-covered (polymer in blue, hydrophilic coating in purple). 
Figure 1B shows the HT Balance Middle Weight (BMW) Universal II, with its shaping ribbon design. Notice 
that this wire is also polymer covered (in blue), except for its coiled tip (hydrophilic coating in purple). 
Figure 1C shows the HT Floppy wire, also with a shaping ribbon, which does not have any polymer 
coverage, but with a coil over its entire distal 30 cm (hydrophilic coating in purple).
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retrieval of foreign material in the thrombus specimen, while the guide wire without 
any polymer coverage (i.e. HT floppy) showed to have the least foreign material retrieved 
during thrombus aspiration. These findings are suggestive that the hydrophilic coating 
may adhere better if it is attached to the metal of the guide wire directly (as it is 
completely the case of the HT Floppy) instead of being adhered to a polymer cover. 

Clinical implications
At present, the clinical consequences associated with embolization of hydrophilic 
coating material from coronary guide wires, both in stable angina patients and in 
patients undergoing primary PCI for STEMI, remain to be elucidated. The fact that 
one of our patients survived 10 years suggests that the clinical consequences may be 
limited. Apparently, foreign material can remain in the myocardium for years. 
However, one might speculate on the other hand that occlusion of small intra-
myocardial arteries by foreign bodies will lead to impaired cardiac function due to 
micro-infarctions. Chronic inflammation with presence of eosinophilic granulocytes 
as a reaction on the foreign material might further attribute to the myocardial impair-
ment.5, 9 Although distal embolization during PCI is usually clinically attributed to 
athero-emboli and/or thrombo-emboli from the culprit lesion, it might be attributable 
to iatrogenic embolization of hydrophilic coating in some of the cases. One might 
even further speculate that detached hydrophilic coating materials can adhere to previ-
ously placed stents, and thereby inducing stent thrombosis, since two of our autopsy 
patients had coating material encapsulated in thrombus in close proximity of stent struts. 
Most contemporary large clinical trials do not record the exact type of guide wires 
used during the procedure. As a consequence, in general, data regarding guide wire 
type used is lacking which can be used to investigate the relationship between different 
guide wires and clinical outcomes. Therefore, we believe guide wire type should be 
captured in the datasets of future clinical trials. 

Limitations
A first limitation is that we did not prospectively collect the guide wires used during 
thrombus aspiration. Therefore, we are not completely certain whether the first 
mentioned guide wire in the PCI report was indeed used for the thrombus aspira-
tion. Furthermore, from the 205 evaluated thrombus specimens, type of guide wire 
used was unknown in 17% of the cases. However, as mentioned before, most clinical 
databases used for contemporary clinical trials do not include guide wire type as vari-
able. Another limitation is that the current data cannot be used to investigate the 
clinical consequences of distal embolization of hydrophilic coating. Large dedicated 
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registries capturing used guide wire types are needed to investigate if such relationship 
exists. Finally, sheets and guiding catheters also have hydrophilic coatings, so other 
sources for the detachment and embolization of hydrophilic coating material cannot 
be excluded. 

Conclusions
Distal embolization of hydrophilic coating material in the myocardial microvasculature 
was observed during autopsy in 10% of the patients who had a history of PCI. In 45% 
of the thrombus specimen obtained with thrombus aspiration during primary PCI, 
hydrophilic coating material was found within the thrombus. These findings suggest 
that distal embolization of hydrophilic coatings occurs more often than the sparse 
literature on this topic suggests. Prospective autopsy studies are needed using a more 
systematic approach of myocardial sampling to investigate the true incidence of distal 
embolization of hydrophilic coatings. Furthermore, large clinical trials and registries 
should capture guide wire type as a variable in their dataset to explore whether embo-
lization associated with certain guide wire types have clinical impact. This information 
is necessary to evaluate whether the benefits of hydrophilic coatings in terms of guide 
wire passage and trackability outweighs the potential harm done by the distal emboli-
zation of detached coating material. 
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Abstract
Acute coronary syndromes (ACS) represent the clinical manifestations of sudden flow 
limiting coronary artery disease leading to acute myocardial ischemia or necrosis. 
Treatment of progressive coronary stenosis or acute thrombotic occlusion by means 
of percutaneous coronary intervention (PCI) with balloon dilatation and stent place-
ment  aims to reduce the risk of myocardial ischemia or necrosis by restoring coronary 
flow. But, being an invasive technique, it is associated with a periprocedural and also 
eventually longterm risk of complications. Pathological examination of atherosclerotic 
coronary arteries after PCI treatment has been shown to be very helpful in providing 
insights in this iatrogenic pathology. Importantly, the pathological substrate of the 
treated coronary artery segment in patients with ACS differs significantly form coro-
nary artey segments in patients with stable coronary artery disease. Such studies have 
shown that besides the physical trauma induced by a balloon or a stent also the specific 
histomorphological and biological properties of the treated coronary plaques play an 
important role in the risk of PCI related vascular complications. Major complica-
tions, which are thrombosis and restenosis, have reduced significantly over the past 
years.  Still, late stent thrombosis remains a small but clinically important problem 
after placement of drug eluting stents DES, mainly related to delayed in stent wound 
healing and early withdrawal of antiplatelet therapy. Moreover, restenosis remains 
a problem in the still large group of patients treated with bare metal stents (BMS) 
worldwide. Both in case of BMS and DES emerging evidence from recent histopatho-
logical studies on coronary resected stents shows that the outcome of PCI can be influenced 
by the occurrence of in stent neo- atherosclerosis, in DES more frequentthan in BMS, 
which in turn may stimulate both thrombosis and restenosis on the very longterm.
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Introduction  
Acute coronary syndromes (ACS) represent the clinical manifestations of obliterative coro-
nary artery disease leading to acute myocardial ischemia or necrosis. These syndromes 
include the various types of unstable angina, non ST segment myocardial infarction 
(NSTEMI), ST-segment myocardial infarction (STEMI) and also sudden (coronary) 
cardiac death. In the USA more than 400.000 individuals die annually of coronary 
artery disease, and more than 1.000 000 present with ACS.1  Primary goals of acute 
management of ACS are to prevent death, to relieve the symptoms of patients and to 
prevent the progression of disease by minimizing the loss of myocardial muscle and 
cardiac function. Coronary stents in combination with balloon angioplasty (PTCA) 
are presently first choice for the treatment of patients with ACS.  At present , stent 
implants in coronary arteries numbers in the millions world wide,2 and these numbers 
increase also rapidly in developing countries. Numerous clinical follow-up studies, 
including meta analyses, indicate on the average a highly favourable outcome of such 
approaches, also on the longterm (several years) .However, being an invasive tech-
nique, it is associated with a low but still significant risk of periprocedural and long-
term complications. Much lower numbers of studies are devoted to unravel the patho-
logical backgrounds of such complications, the iatrogenic pathology of PCI, which 
are carried out on autopsy derived materials, but also with the use of PCI materials 
form living patients. These studies have shown that specific histomorphological and 
biophysical properties of the treated coronary plaques determine not only the risk of 
PCI related vascular complications, but also the type of complications that may occur. 
Current insights are reviewed in this article.

Coronary atherosclerotic plaque morphology and ACS: Atherothrombosis
Coronary atherosclerotic plaque with superimposed thrombus is the underlying cause 
of ACS in by far the most cases, with few rare exceptions like coronary vasculitis, 
dissection, arterial dysplasia or vasospasm without fixed.3 Two different atherothrom-
botic plaque complications are associated with the onset of ACS: disruptions of the 
fibrous cap of a plaque (plaque rupture) and significant endothelial denudation of the 
plaque surface (plaque erosion).4,5 Most plaque ruptures occur in so called high risk or 
vulnerable plaques which have a high propensity to develop thrombotic complications. 
They have the characteristic tissue composition of a large lipid core covered by a thin 
fibrous cap, high inflammatory activity orchestrated by macrophages, T-cells and mast 
cells, a paucity of smooth muscle cells in the fibrous cap, abundant neovascularisation 
and also frequently intraplaque haemorrhages (figure 1).4,5  It has been shown convinc-
ingly in pathologic studies that this type of plaque composition and the biologic 
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(inflammatory) activity of the coronary plaque have a greater impact on the risk of 
a plaque to initiate ACS than the plaque volume or degree of stenosis. Lipid related 
inflammation leads to degradation and weakening of the fibrous cap of the plaque, 
a process in which inflammatory cytokines, reactive oxygen species and proteolytic 
enzymes such as matrix metalloproteinases (MMP) are involved.6-8 
Autopsy studies have shown that plaque ruptures cause 75% of fatal myocardial infarc-
tion and plaque erosions account for the remaining 25%.5 Mural platelet rich thrombi 
(white thrombus), that lead to critical flow reduction but still allow some degree of 
antegrade flow through the acutely stenosed segment, are the underlying lesion in 
most cases of unstable angina or NSTEMI. Erythrocyte and fibrin rich thrombi (red 
thrombus) can develop on top of white thrombus and causes acute total occlusion, 
which is the characteristic lesion of STEMI patients. Especially non occluding mural 
thrombi bear the risk of distal embolization, especially in the first days after initiation 
of plaque disruption when the platelet-rich thrombus is very friable.3 Later, the orga-
nized mural thrombus will be incorporated in the plaque volume, but they this can 
also progress towards the more dangerous type of total occluding thrombus.3, 9,10 
Spontaneous distal embolization of thrombus in the arterial bed distal may compli-
cate every coronary thrombotic event, but the risk and also the extent of embolization 
increases drastically during balloon dilatation and/or vascular stenting procedures 

Figure 1. Example of a vulnerable (high grade) coronary atherosclerotic plaque. The lesion, which 
protrudes into the lumen (L) of the artery, has a very thin fibrous cap (indicated by asterisks) and a large 
lipid core containing red staining (foamcell type) macrophages. Smooth muscle cells (stained blue) can 
be noticed in the media but are nearly absent in the fibrous cap of the plaque. CD68(red)/SMA-1(blue) 
immunodouble stain. Magnification 25x.
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when thrombus material is dislodged and plaques are cracked mechanically.11, 12 The 
amount of atherothombotic material at the site of the intervention, and also the extent 
and severity of the arterial damage are risk factors: coronary stenting causes more distal 
embolisation than balloon dilatation alone.11 Also at high risk for distal emboliza-
tion are the interventions in coronary vein bypass grafts which frequently have a large 
burden of soft lipid rich plaques. Distal embolic protection devices are now frequently 
used in these situations, which may indeed contain large amounts of lipid rich plaque 
materials in the collecting filter at histopathological examination13  (figure 2).
 
The myocardium after coronary occlusion
After coronary occlusion, myocardial necrosis develops from the endocardium to the 
epicardium in a wavelike pattern (wave front) and with a more or less well defined 
time course, albeit dependent on situations like ischemic preconditioning, oxygen 
demand of the heart and collateral blood flow in the area at risk. As such, large parts 
of the jeopardized myocardium can be salvaged if reperfusion of the occluded artery is 
accomplished as early as possible but preferrably within 6-12 hours.14-16 Spontaneous 
thrombolyis of significant thrombus is probably rare, but early therapeutic reopening 

Figure 2. Distal Embolic Protection Device. Detail of the tip of the device showing the filter basket which 
contained 25 mm3 yellow-white atheromatous and calcified gruel (this was confirmed by histology, not 
shown). The PCI procedure was performed in a coronary saphenous vein bypass graft of a patient with 
recurrent angina due to graft stenosis.
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of the infarct-related artery by interventional cardiologists has been clearly shown 
to limit infarct size (according to the principle “time is muscle”). This “open artery 
approach” can reduce drastically the risk of the life-threatening complications that are 
related to transmural extension of the infarction, like massive ventricular dilatation, 
aneurysm formation, cardiac rupture or pericarditis. As such this wave front pattern 
can be seen as the conceptual basis for the application of percutaneous coronary inter-
ventions (PCI). Later attempts to open the artery, when a large part of the myocar-
dium at risk has already become irreversibly damaged, may result in so called ‘reperfu-
sion injury’ with development of large hemorrhages in the infarcted area, no reflow 
phenomena, onset of arrhythmias and even increased risk of cardiac rupture (figure 3).17

Percutaneous intervention coronary techniques: balloons and stents
Since the introduction of PCI for the treatment of atherosclerotic coronary artery 
stenosis in 1977,18 initially by means of percutaneous transluminal coronary angio-
plasty (PTCA) alone, tremendous technical improvements have been made, and indi-
cations for PCI are now extended to more complex lesions, small vessel disease and 
thrombotic lesions underlying the various types of ACS. Application of coronary stents 
preceded by balloon angioplasty and in combination with dual antiplatelet therapy 
is presently considered first choice for the treatment of patients with ACS. In some 
centers stent placement is also preceded by percutaneous thrombectomy (thrombosuc-

Figure 3. Cardiac rupture following very late percutaneous intervention. A stent was inserted in the right 
coronary artery of a 79 years old male (fig 3A red arrow,  and C magnification), which resulted in restored 
blood flow; 4 days later the patient died of cardiac tamponade due to cardiac free wall rupture in the 
infracted area (fig 3B) The the site of the rupture a hemorrhagic infarction visible.
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tion or thrombus aspiration), but the overall beneficial effect of this procedure is still 
controversial at this time. And, although technical success in terms of longterm vessel 
patency can now be accomplished in most of the patients, the major drawbacks still 
remain the risk of thrombosis and restenosis respectively. Insights in the pathophysi-
ological backgrounds of such complications stem from several pathological studies in 
different institutes that have been carried out since the first procedure was performed 
in 1997 by Gruentzig et al.

The mechanism of PTCA-induced luminal enlargement
Initially it was supposed by Dotter et al that balloon dilation increases lumen diameter 
at the site of stenosing plaques by compression and remodeling of the atherosclerotic 
plaque,19 but  later observational studies have demonstrated that tearing or (over-) 
stretching of the arterial wall and fracture of plaques underlies luminal enlarge-
ment.20-28 During angioplasty, the inflated balloon causes endothelial injury and split-
ting of the intimal plaque at its weakest point.23, 25 Once the intima has separated from 
the underlying media, the media and even the adventitia will be overstretched by the 
further expansion, which results in enlargement of the arterial outer diameter.22, 23 
Since often the plaque is incompressible, it moves outward together with the dilated 
vessel wall, which leads to formation of an iatrogenic aneurysm.29 Thus, there must be 
some degree of overstretching of media and even adventitia to produce a significant 
and permanent increase of lumen area.22, 23 
Obviously,  plaque morphology is important in this scenario. The morphology of 
atherosclerotic plaques varies greatly from segment to segment in the coronary arterial 
bed,30 and the distinct histological characteristics of plaques, being either fibroscle-
rotic or calcified (considered as stable plaques) or inflamed and lipid rich (vulnerable 
plaques) clearly influence the results of balloon dilatation.23, 25, 27 Most atherosclerotic 
plaques are located eccentrically within the vessel wall, and on cross section bordered 
by a disease free segment.31, 32 Pathological studies have demonstrated that successful 
dilatation can be observed more frequently in arteries with eccentric plaques than in 
arteries with concentric plaques.23 This probably relates to the mode of splitting of the 
plaque, since in arteries with eccentric lesions, splitting tends to occur in the disease-
free wall or in the border zone between the plaque and the plaque free wall which 
results in separation of the media from  the intima, leading to disruption of the media 
and lumen gain.22, 23, 33, 34

Procedural success also varies with the degree of calcification of coronary plaques. 
Intravascular ultrasound (IVUS) coronary imaging studies have revealed that calcified 
plaques fracture more easily in response to balloon dilatation than non calcified plaque 
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(P < 0.01). In the same study, clinical and angiographic restenosis occurred in 13 of 
out 66 lesions (20%), of which most lesions resulted from initially concentric plaques 
without a fracture or dissection. compared with a mean restenosis rate of 12% in the 
remaining morphological patterns (p = 0.053).35

The mechanism of PTCA induced restenosis
Coronary restenosis is defined clinically as the recurrence of angina symptoms and/
or objective evidence for ischemia, and angiographically as more than 50% diameter 
stenosis of the treated segment. It is observed in about 20-40 % of all the interven-
tions after initial success full balloon dilatation without use of stents.36-38 The majority 
of the restenosis after balloon dilatation occurs within the first 6 months after PTCA,38, 39 
but late restenosis has also been reported even 5 years after the procedure.40, 41 The 
pathophysiological mechanisms have been largely unraveled in numerous studies, 
and can be considered as the response of the vascular wall (which includes the variable 
components of plaques to physical injury underlies the decrease of lumen area after 
balloon dilatation. The complex cascade of events that is inflicted in this response includes, 
acute thrombus formation, early passive recoil of the vessel, late passive recoil, negative 
vascular remodeling, cellular proliferation and extracellular matrix deposition.42-44 
Elastic recoil occurs within hours after the PTCA and may account for up to 50% 
immediately lumen loss after the balloon dilatation without use of stent.43, 44 
Negative remodeling also changes the luminal geometry after balloon dilatation, but 
on the longterm. Negative remodeling is an active process characterized by increased 
synthesis of alpha-smooth muscle actin in the adventitial cells which may subsequently 
constrict the injured vessel and contribute to late lumen loss after angioplasty. These 
data indicate that constrictive remodeling an important determinant of the long-term 
outcome of PTCA.45, 46

 
Intimal hyperplasia
The traumatically injured endothelial layer and dissection of the underlying plaque 
and media of the artery allows exposure to circulating mitogens such as angiotensin 
II and plasmin, and local tissue factor which is followed by platelet aggregation and 
initial thrombus formation. Platelets, leukocytes and smooth muscle cells release 
growth factors and cytokines that initiate a process of smooth muscle cell migration 
and proliferation.47 The extent of proliferation and matrix proliferation depends on 
the extent of injury. A detailed postmortem study by Nobuyoshi et al48 revealed the 
sequential histopathological features of PTCA treated lesions. The interval between 
coronary angioplasty and death ranged from several hours to 4 years. Neointimal 
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proliferation of smooth muscle cells was observed in 83% to 100% of 28 lesions exam-
ined 11 days to 2 years after coronary angioplasty. In 20 lesions examined within 6 
months, smooth muscle cells were predominantly of the proliferative type and there 
was abundant extracellular matrix substance mainly composed of proteoglycans. In the 
8 lesions examined between 6 months and 2 years after PTCA, smooth muscle cells 
were mainly of the contractile phenotype and the extracellular matrix was composed 
chiefly of mature collagen. In 3 lesions examined 2 years after PTCA, there was hardly 
any evidence of antemortem coronary angioplasty and these lesions were almost indis-
tinguishable from conventional atherosclerotic plaques. These temporal changes in 
histologic patterns, which grosso modo resemble the woundhealing responses at many 
other sites in the human body,  provide a pathologic background for clinical reports 
that progressive restenosis is predominantly found within 6 months after coronary 
angioplasty. Morphometric analysis also revealed that the extent of neointimal prolif-
eration was significantly greater in lesions with evidence of medial or adventitial tears 
than in lesions with no or only intimal tears.48 

Coronary stent: bare metal or drug eluting
Clinical studies have shown that placement of a metal stent adjunctive to balloon 
dilatation is superior to PTCA alone, and the majority of PCI procedures now involve 
a coronary stent.49, 50 Coronary stenting, if compared with PTCA alone, increases the 
procedural safety by preventing acute coronary occlusion and coronary dissection, and  
bears a lower risk on the need of emergent revascularization of the original coronary 
lesion  ( due to absence of the arterial recoil that can be seen after balloon dilatation). 
Moreover, also neointimal type of restenosis development is significantly lower.49, 50 
In practice, approximately 85% of the percutaneous interventions now involve stent 
implantation, and both coated (drug eluting, DES) and non-coated (bare metal, BMS) 
stents are widely used.2 DES are coated stents that are capable of releasing single or 
multiple bioactive agents specifically designed to inhibit the process of restenosis. The 
newest generation of stents that are not yet widely used in clinical practice include 
biodegradable stents, stents with biodegradable polymers, self expanding stents, stents 
with new type of coatings51 and are not further discussed here.
Drug eluting stents (DES) have indeed reduced the rate of restenosis development over 
time from 30-40% with PTCA alone down to roughly 5%, which includes also the 
treatment of complex lesion, lesions over longer segments and at sites of bifurcations. 
And in addition to that, there are also robust data on the restenosis benefit of DES 
over BMS.52-56 Various drugs and coatings have been tested to cover the struts of stents, 
including anti-mitotic, anti-inflammatory, anti-coagulant and immunosuppressive agents. 
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Currently, a major interest is focused on the limus family of drugs, of which Sirolimus 
(rapamycin) and Everolimus, both having mTOR inhibitory capability, appear the 
most effective because of anti inflammatory effect and durable inhibitory effect on the 
migration and proliferation of vascular smooth muscle cells underlying the process of 
in stent restenosis.2 However, a major drawback of these agents is the recent notion 
that late instent thrombosis may develop, albeit in a low percentage of patients.57, 58 
This can be largely attributed to the impaired healing responses in DES which leads to 
incomplete embedding of the stent and lack of re-endotelialization. Such cases of late stent 
thrombus have been reported even more than a year after insertion of the coated stent. 
Detailed pathological studies on stented arteries have revealed several local factors that 
predispose to the onset of restenosis and thrombosis in the various types of stents.59, 60

 
Processing of stented arteries for histopatholical analysis
For studies as alluded to above, special techniques to handle the stent bearing arte-
rial segments are required. In routine autopsy pathology practice, it is customary to 
remove the stents carefully from the opened artery, and the remaining arterial wall 
tissue can then be processed for conventional histology. This method is indeed useful 
to evaluate the presence or absence of stent thrombosis or arterial dissections, or to 
investigate the plaque mass underneath the stent. However ideally, the stent containing 
arteries are cross sectioned with a diamond saw in 3mm segments. Segments of interest 
for further histopathological examination must  be embedded in hard plastics, such 
as methyl metacrylate; glycidil methacrylate co-polymers (GMA/MMA) and then 
further processed for (immune) histology. (figure 4a) Using this technique, the exact 
location of stent struts in relation to vessel wall, thrombus and/or plaque tissue can 
be visualized in most instances (figure 4b). This is of importance to evaluate situa-
tions like malapposition of the stent struts, peri stent inflammation and impaired or 
absent wound healing, which can be helpful to explain the onset of symptomatic stent 
complications in patients. Post mortem radiographs and postmortem angiograpy can 
be particularly helpful to locate (multiple) stents in hearts and to evaluate the presence 
of in-stent thrombosis, restenosis and also stent fractures (figure 5).
  
In-stent thrombosis
Meta analyses of randomized trials have shown that there are no significant differences 
in thrombosis risk between BMS and DES types of stents at 1 year implantation, and 
in both  types less than 0,5%.17 61 Impaired wound healing, which can be appreci-
ated from lack of complete endothelialization, persistent fibrin coating and deficient 
intimal covering (figure 6),   is the principal pathological substrate that underlies the 
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Figure 4a. Example of 2 cross sections of thrombosed coronary artery segment containing DES stent. 
The stent struts are visible as white glistening dots surrounding the red thrombus mass in the artery. Histo-
logical section of the same plastic embedded material showing detail of the arterial wall, with 3 rectangular 
spaces at the intima – thrombus interface representing the location of stent struts. Stent material is still 
present in the right sided space (black). The stent stuts are positioned correctly, with slight impression of 
the underlying thickened intima of the coronary artery. Haematoxylin & Eosin stain, x100.

Figure 5. Example of postmortem coronary angiography followed by cross sectioning of the stented 
arteries. The X-ray of the heart before contrast infusion shows multiple long stents plaed in the Left 
Anterior Descending (LAD) artery, and one stent in the proximal circumflex artery (Fig 5a). Cross section 
through on of the stents reveals a concentric rim of compact white material  representing in-stent neoin-
timal formation, but no stenosis (fig 5b). Fig 5c shows magnification of stent indicated by arrow in fig 5a, 
after contrast inflation. Note also the multiple minute stent fractures (arrows).
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onset of late (> 1 year post implantation) stent thrombosis in a small but significant 
percentage of patients receiving DES.60 Factors that interfere (additionally to the effect 
of the eluted anti proliferative drugs) with the impaired healing response are: malappo-
sition of a significant number of stent struts, stent strut fractures and allergic reactions 
provoked by the DES stent materials.
 
 * Stent strut fractures have been reported in 1-2% of patients at follow up 
angiograms, and became of interest in the analysis of possible contributors to in-stent 
restenosis and thrombosis. Nakazawa et al62 found a much higher incidence of 29% 
autopsy in 117 lesions at autopsy. This is obviously much higher than clinically 
reported, but the authors used high contrast based radiography with much higher 
detection rate than clinical angiography or intravascular ultrasound. Moreover, they 
graded the fractures into 5 degrees of severity, and found that the highest grade (grade 
V fracture) was associated with adverse pathological findings at the fracture sites. 
Long stent length and longer duration of implant and specific type of DES were inde-
pendent risk factors of stent fracture (see also figure 5c).

 * Allergic responses to stent struts have been observed both in animal studies63 
and in humans.64-66 They can be attributed to hyperstitivity to the stent material but 
also to the specific coatings, and they have been reported in BMS and in DES. For 
example, Nakazawa et al found that hypersensitivity as potential underlying mecha-
nismk of late and very late stent thrombosis occurs in Sirolimus coated stents only.67  
Rittersma et al64 compared the inflammatory features of restenotic tissues after balloon 

Figure 6. Example of delayed healing response in DES stent 1,5 years after insertion. Stent struts (aster-
isks) are seen near to the thrombus (T) and plaque (P) indicating that there was almost no intimal forma-
tion despite  long implantation time. There is also incomplete endothelial lining of the surface (brown 
colored cells) . Anti-CD34 immunostain, x100. Fig 7b. Same area stained with anti SMA-1 immunostain 
showing there are almost no smooth muscle cells (brown cells) that cover the stent struts. Magnification x80.
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angioplasty and after stent (BMS) placement to evaluate the type of immune response 
in both situations. They investigated coronary atherectomy specimens of 32 patients, 
of which 16 had clinical restenosis after PTCA alone, and 16 BMS in-stent restenosis. 
This study revealed involvement of inflammatory responses in both types of restenosis, 
but significantly more eosinophilic infiltration in the cases of in stent restenosis, and 
clustering of the inflammatory infiltrates around the stent struts, indicating a specific 
response towards the bare metal struts. Such allergic reactions are thought to be poten-
tially implicated in late stent thrombosis and in stent restenosis. 
 
 *Malapposition of stent struts, leading to incomplete or absent endothelial 
coverage has been described complex procedures such as long or partially overlapping 
stents, stents at sites of bifuractions, stent struts that have penetrated into lipid cores of 
plaques and coronary aneurysms. Malapposition can also occur when stent placement 
in the thrombosed coronary segments of STEMI patients may lead to malapposition 
of struts when the thrombus mass dissolves over time.60, 68 
In addition, also patient related factors such as diabetes,69 low left ventricular ejection 
fraction70 and, recurrence of (vulnerable) plaques inside the implanted stent71, 72 have 
been shown to be associated with increased risk on in stent thrombosis. These latter 
situations imply that late thrombus may also occur in some patients treated with BMS. 
An interesting observation derived from studies on patients who died after coro-
nary stenting is that patients who received DES for acute coronary syndromes have 
more complications and significant delayed arterial healing than those treated for 
stable angina.73, 74 This suggests that underlying plaque morphology (stable versus 
complicated types of plaques) is important for final outcome. And indeed, a clear 
link between insertion of DES on thrombosed vulnerable types of lesions and high 
percentage of uncovered stent struts after 9 months also emerged from imaging 
studies.75 All together, these findings support the concept that vulnerable type of 
atherosclerotic plaques are a major risk factor for onset of coronary thrombotic events 
not only as the novo coronary lesions but also, and specifically on the longterm, in 
stented coronary segments. Obviously, in future such data need to be confirmed in 
larger series of patients. 

In stent-restenosis (ISR)
Intravascular ultrasound studies suggest that stenting of stenosed coronary segments 
virtually eliminates vessel elastic recoil and negative remodelling and that ISR is largely 
a result of neointima formation alone.76 Late luminal loss, defined as the difference 
in minimal lumen diameter between follow angiography and immediately after stent 
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implantation, is often used to estimate the degree of neointimal hyperplasia, and 50% 
diameter stenosis at follow up angiogram is taken as a cut off point for ISR. Morpho-
logic studies in the early phase of coronary stent implantation have demonstrated that 
early thrombus formation and an acute inflammatory response precedes neointimal 
growth. Abundant infiltration of inflammatory cells, predominantly T lymphocytes, 
macrophages and foreign body type giant cells around the stent struts has been 
observed both in animal and in human studies. Inflammation gradually diminishes 
and disappears after 2-3 months, but small numbers of macrophages and occasional 
giant cells can still be observed also on the longterm. Stent related inflammatory 
response can be particularly excessive when there is extensive medial injury, and also in 
those cases were the lipid core of the lesion was penetrated by stent struts.77

 The latter observation suggests that plaque morphology, especially the lipid rich vari-
ants of plaque may increase local inflammatory activity, which in turn stimulates 
neointimal growth through the local regulatory role of inflammatory cytokines on the 
migration and proliferation of smooth muscle cells. Neointimal hyperplasia is, similar 
to the response to balloon injury, composed principally of large numbers of prolifer-
ating SMC78 and proteoglycan rich extracellular matrix79 (figure 7). During the first 
year after stent implantation, the occurrence of ischemic symptoms due to progres-
sive narrowing caused by neointimal hyperplasia can be predicted from the type of 
stent that has been implanted (DES or BMS), but also by systemic risk factors of the 
patient. Patient characteristics like diabetes mellitus, male gender, hypertension and 

Figure 7. In-stent restenosis. Macroscopic image of cross section through a BMS stented artery (fig 6A) 
showing subtotal occlusion due to formation of white restenosis tissue bordered by the black dots of the 
stent. Fig 6B and 6C show the corresponding histology in sections stained with Haematoxylin and Eosin 
(B) and SMA-1 immuostain (C) respectively. The brown areas surrounding the vascular lumen in fig C 
represent large numbers of smooth muscle cells which make up the restenosis tissue. Magnification x15.
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smoking are associated with increased risk of ISR, although the underlying mecha-
nisms are not always understood.
Drug-eluting stents (DES) have dramatically reduced restenosis, but not eliminated.80, 81 
Moreover, large clinical trials have not shown the benefit of DES over BMS in 
reducing the mortality rates of patients.81, 82 
.

Multiple stents associated with increased risk of complications
The implantation of multiple stents (3 or more) within a single coronary artery is 
increasing in frequency. In Matthew et al investigated the clinical and angiographic 
characteristics of 45 of such patients. The procedural success rate was 91.1%; with 
early stent occlusion in four patients (8.9%). Death, myocardial infarction (MI), 
CABG, repeat target vessel intervention or severe angina occurred in 10 (23.3%) 
patients at 6-month follow-up. At 1 year, the frequency of death, NSTEMI, CABG 
and severe angina was the same as in a matched group of patients who underwent 
CABG for a failed angioplasty procedure, but the need for repeat percutaneous inter-
vention was more common in the stent group (25% vs. 0%). Adverse events at 6 
months of follow-up were more frequent than previously reported for elective single-
stent implantation; however, adverse angiographic characteristics such as dissection 
and thrombus were frequent in this group.83

Pathological Findings at Bifurcation Lesions
Bifurcation lesions are common, and account for 15-20% of all PCI procedures. 
Compared with non bifurcation lesions, they are associated with more complications, 
both early and late thrombosis and restenosis, and lower procedural success rates. In 
case of BMS are even up to 60% in some series. Neointimal growth after DES implan-
tation is reported to be significantly less at the flow divider versus the lateral wall of the 
artery. A higher prevalence of late stent thrombosis in DES compared with BMS was 
associated with greater uncovered struts at also at flow divider sites, apparently related 
to impaired wound healing, and likely due to local flow disturbances.84 See also figure 8.

New insights: In-stent neoatherosclerosis
ISR after BMS stent implantation peaks in the early phase (between 6 months and 
1 year, but very late ISR can also occasionally be observed after several years post 
intervention. Kimura et al85 identified a triphasic neointimal response in the longtem 
follow up of BMS, which consisted of early onset restenosis, followed by an interme-
diate period of regression or maturation, and a final stage after 4 years of late luminal 
narrowing with features of atherosclerosis. Habara et al compared the morphological 
characteristics of very late cases of ISR  (>5 years, n=43)  with the morphology of  early 
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ISR (< 1 year,n=39) using optical coherence tomography (OCT). These authors found 
that restenotic tissue in late restenosis clearly differs from early restenosis, and has 
more similarities with native atherosclerotic plaque tissue.40 Also in DES, the onset of 
late neo intimal growth has been clearly documented in animal studies and in humans.
Nakazawa et al86 recently investigated a large series of autopsy cases from the CVPath 
institute (Gaitersburg, Maryland) stent registry containing 66 sirolimus type of DES 
stents and 77 BMS stents. They found that neo-atherosclerotic intimal lesions were 
more frequently found in DES than in BMS stents (35% versus 10%). Moreover, in 

Figure 8. Postmortem rontgen image of complex stent procedure. Fig 8a shows a network of 4 stents 
at the branching site of the proximal left coronary artery. The curled stent is in the circumflex artery.  
Fig 8b, shows same stent complex after contrast dye inflation showing multiple sites of in-stent restenosis.

Figure 9. In-stent neoatherosclerosis. Histology of part of a coronary artery segment containing DES stent 
several years after insertion. There is a compact fibrous fibrous tissue visible within the stent (black frag-
ments represent stent struts), and near the luminal surface an area containing foam cell macrophages. 
Around the stent struts there are many micro vessels present
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the same study the onset of atherosclerotic changes, typified by infiltration of lipid 
laden foam cells, began much earlier in DES (at 4 months) than in BMS (only after 
2-4 years). An example from our own series is shown in figure 9. Necrotic core forma-
tion started in DES at 9 months, but in BMS only after 5 years. The same group 
of investigators also reviewed the histology of 229 autopsy cases with implanted 
stents(with 197 BMS and 209 DES) which revealed an incidence of 31% neo-athero-
sclerosis in DES versus 16% in BMS, and again with a much shorter median implan-
tation interval after implantation for DES compared with DES. And, also unstable 
plaque features such as thin cap fibro atheromas and plaque ruptures occurred much 
earlier in DES than in BMS treated artery segments. The authors concluded that 
neotherosclerosis likely plays a role as an indicator for late stent thrombosis and also 
for in-stent restenosis in both DES and in BMS.86 

Conclusions
Treatment of progressive coronary stenosis or acute thrombotic occlusion by means 
of percutaneous coronary intervention strategies aims to reduce the risk of myocardial 
ischemia or necrosis. But, being an invasive technique, it is associated with a peripro-
cedural and also eventually longterm risk of complications. These are mainly in-stent 
thrombosis and in-stent restenosis, but the pathophsiological backgrounds of these 
complications are very variable and depend not only on the type of stent that is used, 
but also clinical presentation and on systemic factors in the patient such as pre-existent 
cardiovascular disease. Pathological examination of atherosclerotic coronary arteries 
has provided insights in the iatrogenic pathology induced by PCI. For example, not 
only the physical trauma induced by a balloon or a stent but underlies the risk of PCI 
related vascular complications , but also the specific histomorphological and biological 
properties of the treated coronary plaques.  Importantly, tissue responses and wound 
healing after stent placement in stable or in unstable plaques differ significantly. The 
incidence of thrombosis and restenosis after PCI has reduced drastically over the past 
years.  Still, late stent thrombosis remains an small but clinically important problem 
in drug eluting stents DES), mainly due to delayed in stent wound healing and early 
withdrawal of antiplatelet therapy. And, restenosis remains a problem in the larger 
cohorts of patients that are still treated with bare metal stents (BMS) worldwide. Both 
in case of BMS and DES there is emerging evidence from recent histopathological 
studies on resected stents that the outcome of PCI can be influenced by the occurrence 
of in-stent neo- atherosclerosis. The occurrence of neo-atherosclerosis and the timing 
of events differs after DES placement compared to BMS, which in turn may be associ-
ated withboth thrombosis and restenosis on the very long term. 

Li proefschrift.indd   179 03-09-14   15:36



180

Chapter 10

REFERENCES
  1. Lloyd-Jones D, Adams RJ, Brown TM, Carnethon M, Dai S, De Simone G, Ferguson TB, Ford E, Furie K, 

Gillespie C, Go A, Greenlund K, Haase N, Hailpern S, Ho PM, Howard V, Kissela B, Kittner S, Lackland 
D, Lisabeth L, Marelli A, McDermott MM, Meigs J, Mozaffarian D, Mussolino M, Nichol G, Roger VL, 
Rosamond W, Sacco R, Sorlie P, Thom T, Wasserthiel-Smoller S, Wong ND, Wylie-Rosett J. Heart disease and 
stroke statistics--2010 update: A report from the american heart association. Circulation. 2010;121:e46-e215

  2. Garg S, Serruys PW. Coronary stents: Current status. J Am Coll Cardiol. 2010;56:S1-42

  3. van der Wal AC. Coronary artery pathology. Heart. 2007;93:1484-1489

  4. van der Wal AC, Becker AE. Atherosclerotic plaque rupture--pathologic basis of plaque stability and instability. 
Cardiovasc Res. 1999;41:334-344

  5. Virmani R, Kolodgie FD, Burke AP, Farb A, Schwartz SM. Lessons from sudden coronary death: A compre-
hensive morphological classification scheme for atherosclerotic lesions. Arterioscler Thromb Vasc Biol. 
2000;20:1262-1275

  6. Hansson GK. Inflammation, atherosclerosis, and coronary artery disease. N Engl J Med. 2005;352:1685-1695

  7. Kolodgie FD, Gold HK, Burke AP, Fowler DR, Kruth HS, Weber DK, Farb A, Guerrero LJ, Hayase M, Kutys 
R, Narula J, Finn AV, Virmani R. Intraplaque hemorrhage and progression of coronary atheroma. N Engl J 
Med. 2003;349:2316-2325

  8. Newby AC. Dual role of matrix metalloproteinases (matrixins) in intimal thickening and atherosclerotic 
plaque rupture. Physiol Rev. 2005;85:1-31

  9. Mann J, Davies MJ. Mechanisms of progression in native coronary artery disease: Role of healed plaque disrup-
tion. Heart. 1999;82:265-268

10. Burke AP, Kolodgie FD, Farb A, Weber DK, Malcom GT, Smialek J, Virmani R. Healed plaque ruptures 
and sudden coronary death: Evidence that subclinical rupture has a role in plaque progression. Circulation. 
2001;103:934-940

11. Henriques JP, Zijlstra F, Ottervanger JP, de Boer MJ, van ‘t Hof AW, Hoorntje JC, Suryapranata H. Incidence 
and clinical significance of distal embolization during primary angioplasty for acute myocardial infarction. Eur 
Heart J. 2002;23:1112-1117

12. Cameron J, Buchbinder M, Wexler L, Oesterle SN. Thromboembolic complications of percutaneous trans-
luminal coronary angioplasty for myocardial infarction. Catheterization and cardiovascular diagnosis. 
1987;13:100-106

13. Baim DS, Wahr D, George B, Leon MB, Greenberg J, Cutlip DE, Kaya U, Popma JJ, Ho KK, Kuntz RE. 
Randomized trial of a distal embolic protection device during percutaneous intervention of saphenous vein 
aorto-coronary bypass grafts. Circulation. 2002;105:1285-1290

14. Reimer KA, Lowe JE, Rasmussen MM, Jennings RB. The wavefront phenomenon of ischemic cell death. 1. 
Myocardial infarct size vs duration of coronary occlusion in dogs. Circulation. 1977;56:786-794

15. Sabia PJ, Powers ER, Ragosta M, Sarembock IJ, Burwell LR, Kaul S. An association between collateral blood 
flow and myocardial viability in patients with recent myocardial infarction. N Engl J Med. 1992;327:1825-
1831

16. Reimer KA, Jennings RB. The “wavefront phenomenon” of myocardial ischemic cell death. Ii. Transmural 
progression of necrosis within the framework of ischemic bed size (myocardium at risk) and collateral flow. Lab 
Invest. 1979;40:633-644

17. Yellon DM, Hausenloy DJ. Myocardial reperfusion injury. The New England journal of medicine. 
2007;357:1121-1135

18. Gruntzig A. Transluminal dilatation of coronary-artery stenosis. Lancet. 1978;1:263

19. Dotter CT, Judkins MP. Transluminal treatment of arteriosclerotic obstruction. Description of a new technic 
and a preliminary report of its application. Circulation. 1964;30:654-670

Li proefschrift.indd   180 03-09-14   15:36



181

Latrogenic pathology after percutaneous coronary interventions 

20. Baughman KL, Pasternak RC, Fallon JT, Block PC. Transluminal coronary angioplasty of postmortem human 
hearts. Am J Cardiol. 1981;48:1044-1047

21. Hoffman MA, Fallon JT, Greenfield AJ, Waltman AC, Athanasoulis CA, Block PC. Arterial pathology after 
percutaneous transluminal angioplasty. AJR Am J Roentgenol. 1981;137:147-149

22. Castaneda-Zuniga WR, Formanek A, Tadavarthy M, Vlodaver Z, Edwards JE, Zollikofer C, Amplatz K. The 
mechanism of balloon angioplasty. Radiology. 1980;135:565-571

23. Farb A, Virmani R, Atkinson JB, Kolodgie FD. Plaque morphology and pathologic changes in arteries from 
patients dying after coronary balloon angioplasty. J Am Coll Cardiol. 1990;16:1421-1429

24. Mizuno K, Kurita A, Imazeki N. Pathological findings after percutaneous transluminal coronary angioplasty. 
Br Heart J. 1984;52:588-590

25. Lyon RT, Zarins CK, Lu CT, Yang CF, Glagov S. Vessel, plaque, and lumen morphology after transluminal 
balloon angioplasty. Quantitative study in distended human arteries. Arteriosclerosis. 1987;7:306-314

26. Block PC, Myler RK, Stertzer S, Fallon JT. Morphology after transluminal angioplasty in human beings. N 
Engl J Med. 1981;305:382-385

27. Marsico F, Kubica J, De Servi S, Angoli L, Bramucci E, Costante AM, Specchia G. Influence of plaque 
morphology on the mechanism of luminal enlargement after directional coronary atherectomy and balloon 
angioplasty. Br Heart J. 1995;74:134-139

28. Hoshino T, Yoshida H, Takayama S, Iwase T, Sakata K, Shingu T, Yokoyama S, Mori N, Kaburagi T. Signifi-
cance of intimal tears in the mechanism of luminal enlargement in percutaneous transluminal coronary 
angioplasty: Correlation of histologic and angiographic findings in postmortem human hearts. Am Heart J. 
1987;114:503-510

29. Sanborn TA, Faxon DP, Haudenschild C, Gottsman SB, Ryan TJ. The mechanism of transluminal angioplasty: 
Evidence for formation of aneurysms in experimental atherosclerosis. Circulation. 1983;68:1136-1140

30. van der Wal AC, Becker AE, van der Loos CM, Tigges AJ, Das PK. Fibrous and lipid-rich atherosclerotic 
plaques are part of interchangeable morphologies related to inflammation: A concept. Coron Artery Dis. 
1994;5:463-469

31. Vlodaver Z, Edwards JE. Pathology of coronary atherosclerosis. Prog Cardiovasc Dis. 1971;14:256-274

32. Saner HE, Gobel FL, Salomonowitz E, Erlien DA, Edwards JE. The disease-free wall in coronary atheroscle-
rosis: Its relation to degree of obstruction. J Am Coll Cardiol. 1985;6:1096-1099

33. Waller BF. Pathology of transluminal balloon angioplasty used in the treatment of coronary heart disease. Hum 
Pathol. 1987;18:476-484

34. Gravanis MB, Roubin GS. Histopathologic phenomena at the site of percutaneous transluminal coronary 
angioplasty: The problem of restenosis. Hum Pathol. 1989;20:477-485

35. Honye J, Mahon DJ, Jain A, White CJ, Ramee SR, Wallis JB, al-Zarka A, Tobis JM. Morphological effects of 
coronary balloon angioplasty in vivo assessed by intravascular ultrasound imaging. Circulation. 1992;85:1012-
1025

36. Hirshfeld JW, Jr., Schwartz JS, Jugo R, MacDonald RG, Goldberg S, Savage MP, Bass TA, Vetrovec G, Cowley 
M, Taussig AS, et al. Restenosis after coronary angioplasty: A multivariate statistical model to relate lesion and 
procedure variables to restenosis. The m-heart investigators. J Am Coll Cardiol. 1991;18:647-656

37. Violaris AG, Melkert R, Serruys PW. Long-term luminal renarrowing after successful elective coronary angio-
plasty of total occlusions. A quantitative angiographic analysis. Circulation. 1995;91:2140-2150

38. Holmes DR, Jr., Vlietstra RE, Smith HC, Vetrovec GW, Kent KM, Cowley MJ, Faxon DP, Gruentzig AR, 
Kelsey SF, Detre KM, et al. Restenosis after percutaneous transluminal coronary angioplasty (ptca): A report 
from the ptca registry of the national heart, lung, and blood institute. Am J Cardiol. 1984;53:77C-81C

39. Nobuyoshi M, Kimura T, Nosaka H, Mioka S, Ueno K, Yokoi H, Hamasaki N, Horiuchi H, Ohishi H. Reste-
nosis after successful percutaneous transluminal coronary angioplasty: Serial angiographic follow-up of 229 
patients. J Am Coll Cardiol. 1988;12:616-623

Li proefschrift.indd   181 03-09-14   15:36



182

Chapter 10

40. Hatrick RI, Ormiston JA, Ruygrok PN, Stewart JT, Webber B, Gonzales H, Webster MW. Very late changes 
in the dilated lesion following coronary balloon angioplasty: A 17 year serial quantitative angiographic study. 
EuroIntervention. 2009;5:121-126

41. Ormiston JA, Stewart FM, Roche AH, Webber BJ, Whitlock RM, Webster MW. Late regression of the dilated 
site after coronary angioplasty: A 5-year quantitative angiographic study. Circulation. 1997;96:468-474

42. Fuster V, Falk E, Fallon JT, Badimon L, Chesebro JH, Badimon JJ. The three processes leading to post ptca 
restenosis: Dependence on the lesion substrate. Thromb Haemost. 1995;74:552-559

43. Rensing BJ, Hermans WR, Beatt KJ, Laarman GJ, Suryapranata H, van den Brand M, de Feyter PJ, Serruys 
PW. Quantitative angiographic assessment of elastic recoil after percutaneous transluminal coronary angio-
plasty. Am J Cardiol. 1990;66:1039-1044

44. Rozenman Y, Gilon D, Welber S, Sapoznikov D, Gotsman MS. Clinical and angiographic predictors of imme-
diate recoil after successful coronary angioplasty and relation to late restenosis. Am J Cardiol. 1993;72:1020-
1025

45. Scott NA, Cipolla GD, Ross CE, Dunn B, Martin FH, Simonet L, Wilcox JN. Identification of a potential 
role for the adventitia in vascular lesion formation after balloon overstretch injury of porcine coronary arteries. 
Circulation. 1996;93:2178-2187

46. Sangiorgi G, Taylor AJ, Farb A, Carter AJ, Edwards WD, Holmes DR, Schwartz RS, Virmani R. Histopa-
thology of postpercutaneous transluminal coronary angioplasty remodeling in human coronary arteries. Am 
Heart J. 1999;138:681-687

47. Liu MW, Roubin GS, King SB, 3rd. Restenosis after coronary angioplasty. Potential biologic determinants and 
role of intimal hyperplasia. Circulation. 1989;79:1374-1387

48. Nobuyoshi M, Kimura T, Ohishi H, Horiuchi H, Nosaka H, Hamasaki N, Yokoi H, Kim K. Restenosis after 
percutaneous transluminal coronary angioplasty: Pathologic observations in 20 patients. J Am Coll Cardiol. 
1991;17:433-439

49. Fischman DL, Leon MB, Baim DS, Schatz RA, Savage MP, Penn I, Detre K, Veltri L, Ricci D, Nobuyoshi 
M, et al. A randomized comparison of coronary-stent placement and balloon angioplasty in the treatment of 
coronary artery disease. Stent restenosis study investigators. N Engl J Med. 1994;331:496-501

50. Serruys PW, de Jaegere P, Kiemeneij F, Macaya C, Rutsch W, Heyndrickx G, Emanuelsson H, Marco J, Legrand 
V, Materne P, et al. A comparison of balloon-expandable-stent implantation with balloon angioplasty in 
patients with coronary artery disease. Benestent study group. N Engl J Med. 1994;331:489-495

51. Garg S, Serruys PW. Coronary stents: Looking forward. Journal of the American College of Cardiology.56:S43-78

52. Moses JW, Leon MB, Popma JJ, Fitzgerald PJ, Holmes DR, O’Shaughnessy C, Caputo RP, Kereiakes DJ, 
Williams DO, Teirstein PS, Jaeger JL, Kuntz RE. Sirolimus-eluting stents versus standard stents in patients 
with stenosis in a native coronary artery. N Engl J Med. 2003;349:1315-1323

53. Weisz G, Leon MB, Holmes DR, Jr., Kereiakes DJ, Clark MR, Cohen BM, Ellis SG, Coleman P, Hill C, Shi C, 
Cutlip DE, Kuntz RE, Moses JW. Two-year outcomes after sirolimus-eluting stent implantation: Results from 
the sirolimus-eluting stent in de novo native coronary lesions (sirius) trial. J Am Coll Cardiol. 2006;47:1350-
1355

54. Weisz G, Leon MB, Holmes DR, Jr., Kereiakes DJ, Popma JJ, Teirstein PS, Cohen SA, Wang H, Cutlip DE, 
Moses JW. Five-year follow-up after sirolimus-eluting stent implantation results of the sirius (sirolimus-eluting 
stent in de-novo native coronary lesions) trial. J Am Coll Cardiol. 2009;53:1488-1497

55. Colombo F, Biondi-Zoccai G, Infantino V, Omede P, Moretti C, Sciuto F, Siliquini R, Chiado S, Trevi GP, 
Sheiban I. A long-term comparison of drug-eluting versus bare metal stents for the percutaneous treatment of 
coronary bifurcation lesions. Acta Cardiol. 2009;64:583-588

56. Brodie BR, Stuckey T, Downey W, Humphrey A, Bradshaw B, Metzger C, Hermiller J, Krainin F, Juk S, Cheek 
B, Duffy P, Smith H, Edmunds J, Varanasi J, Simonton CA. Outcomes and complications with off-label use of 
drug-eluting stents: Results from the stent (strategic transcatheter evaluation of new therapies) group. JACC 
Cardiovasc Interv. 2008;1:405-414

Li proefschrift.indd   182 03-09-14   15:36



183

Latrogenic pathology after percutaneous coronary interventions 

57. Daemen J, Wenaweser P, Tsuchida K, Abrecht L, Vaina S, Morger C, Kukreja N, Juni P, Sianos G, Hellige G, 
van Domburg RT, Hess OM, Boersma E, Meier B, Windecker S, Serruys PW. Early and late coronary stent 
thrombosis of sirolimus-eluting and paclitaxel-eluting stents in routine clinical practice: Data from a large two-
institutional cohort study. Lancet. 2007;369:667-678

58. Pinto Slottow TL, Steinberg DH, Roy PK, Buch AN, Okabe T, Xue Z, Kaneshige K, Torguson R, Lindsay J, 
Pichard AD, Satler LF, Suddath WO, Kent KM, Waksman R. Observations and outcomes of definite and prob-
able drug-eluting stent thrombosis seen at a single hospital in a four-year period. Am J Cardiol. 2008;102:298-
303

59. Finn AV, Joner M, Nakazawa G, Kolodgie F, Newell J, John MC, Gold HK, Virmani R. Pathological corre-
lates of late drug-eluting stent thrombosis: Strut coverage as a marker of endothelialization. Circulation. 
2007;115:2435-2441

60. Joner M, Finn AV, Farb A, Mont EK, Kolodgie FD, Ladich E, Kutys R, Skorija K, Gold HK, Virmani R. 
Pathology of drug-eluting stents in humans: Delayed healing and late thrombotic risk. J Am Coll Cardiol. 
2006;48:193-202

61. Kastrati A, Mehilli J, Pache J, Kaiser C, Valgimigli M, Kelbaek H, Menichelli M, Sabate M, Suttorp MJ, 
Baumgart D, Seyfarth M, Pfisterer ME, Schomig A. Analysis of 14 trials comparing sirolimus-eluting stents 
with bare-metal stents. The New England journal of medicine. 2007;356:1030-1039

62. Nakazawa G, Finn AV, Vorpahl M, Ladich E, Kutys R, Balazs I, Kolodgie FD, Virmani R. Incidence and 
predictors of drug-eluting stent fracture in human coronary artery a pathologic analysis. Journal of the Amer-
ican College of Cardiology. 2009;54:1924-1931

63. Yorozuya M, Suzuki H, Iso Y, Shibata M, Nakatani M, Koba S, Murakami M, Katagiri T, Takeyama Y. 
Comparison of the morphological changes of restenosis after the implantation of various types of stents in a 
swine model. Coron Artery Dis. 2002;13:305-312

64. Rittersma SZ, Meuwissen M, van der Loos CM, Koch KT, de Winter RJ, Piek JJ, van der Wal AC. Eosinophilic 
infiltration in restenotic tissue following coronary stent implantation. Atherosclerosis. 2006;184:157-162

65. Meuwissen M, van der wal AC, de Winter RJ, Koch KT, Becker AE, Piek JJ. Images in cardiovascular medi-
cine. Stent inflammation: Stent footprint in restenotic tissue retrieved by directional atherectomy. Circulation. 
2002;106:1176-1177

66. Virmani R, Guagliumi G, Farb A, Musumeci G, Grieco N, Motta T, Mihalcsik L, Tespili M, Valsecchi O, 
Kolodgie FD. Localized hypersensitivity and late coronary thrombosis secondary to a sirolimus-eluting stent: 
Should we be cautious? Circulation. 2004;109:701-705

67. Nakazawa G, Finn AV, Vorpahl M, Ladich ER, Kolodgie FD, Virmani R. Coronary responses and differential 
mechanisms of late stent thrombosis attributed to first-generation sirolimus- and paclitaxel-eluting stents. J 
Am Coll Cardiol. 2011;57:390-398

68. Alfonso F, Suarez A, Perez-Vizcayno MJ, Moreno R, Escaned J, Banuelos C, Jimenez P, Bernardo E, Angiolillo 
DJ, Hernandez R, Macaya C. Intravascular ultrasound findings during episodes of drug-eluting stent throm-
bosis. J Am Coll Cardiol. 2007;50:2095-2097

69. Silva JA, Ramee SR, White CJ, Collins TJ, Jenkins JS, Nunez E, Zhang S, Jain SP. Primary stenting in acute 
myocardial infarction: Influence of diabetes mellitus in angiographic results and clinical outcome. Am Heart J. 
1999;138:446-455

70. Moussa I, Di Mario C, Reimers B, Akiyama T, Tobis J, Colombo A. Subacute stent thrombosis in the era of 
intravascular ultrasound-guided coronary stenting without anticoagulation: Frequency, predictors and clinical 
outcome. J Am Coll Cardiol. 1997;29:6-12

71. Hasegawa K, Tamai H, Kyo E, Kosuga K, Ikeguchi S, Hata T, Okada M, Fujita S, Tsuji T, Takeda S, Fukuhara 
R, Kikuta Y, Motohara S, Ono K, Takeuchi E. Histopathological findings of new in-stent lesions developed 
beyond five years. Catheter Cardiovasc Interv. 2006;68:554-558

72. Inoue K, Abe K, Ando K, Shirai S, Nishiyama K, Nakanishi M, Yamada T, Sakai K, Nakagawa Y, Hamasaki 
N, Kimura T, Nobuyoshi M, Miyamoto TA. Pathological analyses of long-term intracoronary palmaz-schatz 
stenting; is its efficacy permanent? Cardiovasc Pathol. 2004;13:109-115

Li proefschrift.indd   183 03-09-14   15:36



184

Chapter 10

73. Park DW, Park SW, Park KH, Lee BK, Kim YH, Lee CW, Hong MK, Kim JJ, Park SJ. Frequency of and risk 
factors for stent thrombosis after drug-eluting stent implantation during long-term follow-up. Am J Cardiol. 
2006;98:352-356

74. Kukreja N, Onuma Y, Garcia-Garcia HM, Daemen J, van Domburg R, Serruys PW. The risk of stent throm-
bosis in patients with acute coronary syndromes treated with bare-metal and drug-eluting stents. JACC Cardi-
ovasc Interv. 2009;2:534-541

75. Kim JS, Fan C, Choi D, Jang IK, Lee JM, Kim TH, Park SM, Paik SI, Ko YG, Hong MK, Jang Y, Chung N. 
Different patterns of neointimal coverage between acute coronary syndrome and stable angina after various 
types of drug-eluting stents implantation; 9-month follow-up optical coherence tomography study. Int J 
Cardiol. 2011;146:341-346

76. Hoffmann R, Mintz GS, Dussaillant GR, Popma JJ, Pichard AD, Satler LF, Kent KM, Griffin J, Leon 
MB. Patterns and mechanisms of in-stent restenosis. A serial intravascular ultrasound study. Circulation. 
1996;94:1247-1254

77. Farb A, Weber DK, Kolodgie FD, Burke AP, Virmani R. Morphological predictors of restenosis after coronary 
stenting in humans. Circulation. 2002;105:2974-2980

78. Grewe PH, Deneke T, Machraoui A, Barmeyer J, Muller KM. Acute and chronic tissue response to coronary 
stent implantation: Pathologic findings in human specimen. J Am Coll Cardiol. 2000;35:157-163

79. Virmani R, Farb A. Pathology of in-stent restenosis. Curr Opin Lipidol. 1999;10:499-506

80. Mauri L, Hsieh WH, Massaro JM, Ho KK, D’Agostino R, Cutlip DE. Stent thrombosis in randomized clinical 
trials of drug-eluting stents. The New England journal of medicine. 2007;356:1020-1029

81. Stettler C, Wandel S, Allemann S, Kastrati A, Morice MC, Schomig A, Pfisterer ME, Stone GW, Leon MB, 
de Lezo JS, Goy JJ, Park SJ, Sabate M, Suttorp MJ, Kelbaek H, Spaulding C, Menichelli M, Vermeersch P, 
Dirksen MT, Cervinka P, Petronio AS, Nordmann AJ, Diem P, Meier B, Zwahlen M, Reichenbach S, Trelle S, 
Windecker S, Juni P. Outcomes associated with drug-eluting and bare-metal stents: A collaborative network 
meta-analysis. Lancet. 2007;370:937-948

82. James SK, Stenestrand U, Lindback J, Carlsson J, Schersten F, Nilsson T, Wallentin L, Lagerqvist B. Long-term 
safety and efficacy of drug-eluting versus bare-metal stents in sweden. The New England journal of medicine. 
2009;360:1933-1945

83. Mathew V, Hasdai D, Holmes DR, Jr., Garratt KN, Bell MR, Lerman A, Melby S, Grill DE, Berger PB. Clin-
ical outcome of patients undergoing endoluminal coronary artery reconstruction with three or more stents. J 
Am Coll Cardiol. 1997;30:676-681

84. Nakazawa G, Yazdani SK, Finn AV, Vorpahl M, Kolodgie FD, Virmani R. Pathological findings at bifurcation 
lesions: The impact of flow distribution on atherosclerosis and arterial healing after stent implantation. J Am 
Coll Cardiol. 2010;55:1679-1687

85. Kimura T, Abe K, Shizuta S, Odashiro K, Yoshida Y, Sakai K, Kaitani K, Inoue K, Nakagawa Y, Yokoi H, 
Iwabuchi M, Hamasaki N, Nosaka H, Nobuyoshi M. Long-term clinical and angiographic follow-up after 
coronary stent placement in native coronary arteries. Circulation. 2002;105:2986-2991

86. Nakazawa G, Vorpahl M, Finn AV, Narula J, Virmani R. One step forward and two steps back with drug-
eluting-stents: From preventing restenosis to causing late thrombosis and nouveau atherosclerosis. JACC 
Cardiovasc Imaging. 2009;2:625-628

 

Li proefschrift.indd   184 03-09-14   15:36



185

Latrogenic pathology after percutaneous coronary interventions 

Li proefschrift.indd   185 03-09-14   15:36



Li proefschrift.indd   186 03-09-14   15:36



Part III
Summary and final remarks

Li proefschrift.indd   187 03-09-14   15:36



Li proefschrift.indd   188 03-09-14   15:36



Summary and conclusions of the thesis
Samenvatting en conclusies van het proefschrift

11

Li proefschrift.indd   189 03-09-14   15:36



190

Chapter 11

Li proefschrift.indd   190 03-09-14   15:36



191

Summary and conclusion

Summary and conclusions of the thesis
The acute coronary syndromes (unstable angina, acute myocardial infarction and 
sudden coronary death) usually result from coronary atherosclerotic plaque disruption 
with superimposed thrombus formation. But in many cases, plaque disruption and 
thrombosis do not always coincide directly with the onset of clinical symptoms and in 
these patients the final coronary thrombotic occlusion is often preceded by repeated 
episodes of plaque instability with progressive growth of the thrombus mass,1-3 which 
suggests that the occurrence of acute thrombotic occlusion is in part due to failure of 
the disrupted plaque-thrombus interface to organize and repair. This thesis focuses 
on histological features of plaque instability and the subsequent healing process by 
thrombus organization. 
 

Part I. plaque instability
Many studies have shown that the vulnerability to rupture is usually not a feature 
of a single (culprit) plaque, but may involve several plaques in the coronary system 
of a patient (pan coronary instability).2 In the setting of coronary atherosclerosis, 
inflammation and hemorrhage are two most important stimuli for plaque progression 
and instability.

As a result of progressive aging of the population, the patient population with 
advanced coronary artery disease is growing.4 Microvessels arise in atherosclerotic 
plaques through a process of angiogenesis; and leakage and rupture of these intra-
plaque microvessels are held responsible for the onset of plaque hemorrhages. Endoglin 
(CD105) expression is induced on microvascular endothelial cells under hypoxic 
condition and chronic inflammation,5, 6 leading to activation of the endothelial cells, 
which is considered as a marker of active angiogenesis. In chapter 2 we investigated 
systematically the association between microvessels expressing CD105 and several 
histopathological markers of plaque instability, including inflammation and plaque 
hemorrhage throughout the entire coronary artery system of autopsied patients with 
angiographically established severe end stage coronary atherosclerosis. We found 
that microvessels (80%), intraplaque hemorrhage (61%) and inflammation (superfi-
cial 47% and deep 83%) are common features of advanced plaques in the coronary 
artery system of elderly patients with multivessel coronary atherosclerosis. Activated 
microvessels expressing CD105 were positively associated with plaque vulnerable 
parameters (intraplaque hemorrhage and inflammation), which can serve as a tissue 
marker for the risk to develop coronary thrombotic complications.
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Intraplaque inflammation is most important parameter of an instable atherosclerotic 
plaque, but detection of inflammation inside the coronary plaque is not yet possible.
Electron-dense calcification is a common feature of coronary atherosclerosis, and can 
be easily detected with diverse image techniques, but its role in plaque instability is till 
unknown. In chapter 3, we evaluated the relation between intraplaque clacifications 
and inflammation. In 171 thrombus aspirates containing soft plaque fragments, we 
revealed that microcalcifications were present in 39% of the samples, had a median size of 
9 μm, (range 4-170 μm) and were positively associated with C-reactive protein and osteo-
pontin, in the presence of large fields of macrophages. Since calcifications can be easily 
detected in plaques, and osteopontin and CRP are both strong inflammatory biomarkers 
for cardiovascular disease, we suggested that these intraplaque microcalcifications could 
serve as a potential surrogate marker for plaques with high inflammatory burden.

Anticoagulants and platelet aggregation inhibitors have been widely used as prophy-
laxis treatment against thromboemblic diseases with population aging. Bleeding 
is the major complication of these medicines. In chapter 4 we evaluated whether 
or not the use of oral anti-thromboembolic strategy was associated with increased 
risk of intraplaque hemorrhage (IPH). We investigated >1000 plaque sections from 
30 patients with severe trivascular coronary atherosclerotic disease. We found that 
IPH was more frequently present and more severe in coronary sections in patients 
treated with oral anticoagulants (61%) compared with patients treated with platelet 
aggregation inhibitors (53%) or those without any anti-thromboembolic therapy 
(46%). In addition, microvascular leakage was most frequently observed in patients 
on anticoagulants. Therefore, we concluded that the use of oral anticoagulants as a 
preventive therapy against thromboembolic diseases will increase the hemorrhagic 
burden in the coronary artery system of patients with severe coronary atherosclerosis.

In conclusion, the positive correlation between intraplaque microcalcifications and 
CD105 expressing microvessels with plaque inflammation in our study (the most 
important plaque vulnerable parameter), provides additional information for under-
standing the process of plaque destabilization. High coronary calcium burden detected 
by electron beam computed tomography (calcium score) is strongly predictive for 
adverse cardiovascular outcomes7; but severe plaque calcification appears to be associ-
ated with stable atherosclerotic plaques.8 Showing the correlation between microcalci-
fications and intraplaque inflammation indicates that these small calcium particles may 
serve as an alternative tissue marker for plaque inflammation, which could be detected 

Li proefschrift.indd   192 03-09-14   15:36



193

Summary and conclusion

by high resolution in vivo imaging techniques, such as optical coherence tomog-
raphy (OCT).9 Finally, prophylaxis treatment with use of oral anticoagulants against 
thromboembolic diseases may lead to increased plaque hemorrhagic burden in the 
coronary system, which provides important information to the long-standing discus-
sion concerning the safety of this anti-thromboembolic strategy. 

Part II. Histological features of thrombectomy samples 
involving in plaque healing and clinical prognosis after 
ST-segment elevation myocardial infarction 

Thrombus evolution/organization converts a friable thrombus into stable fibrovas-
cular-, and later fibrosclerotic (scar) tissue, which contributes significantly to repair 
process after plaque disruption. Similar to wound healing, the “evolution/organiza-
tion” of thrombus is tightly regulated multistep event overtime. Histopathologically, 
the thrombus organization can be divided into 3 phases: fresh thrombus (up to 1 day 
old) composed of intact blood cells; lytic thrombus (1-5 days) contains necrosis and 
fragmented nuclei (karyorrhexis); and organized thrombus (older than 5 days) charac-
terized by ingrowth of (myo) fibroblasts and microvessels or even collagen deposition. 
With the use of this histomorphological classification as a time-scale, we evaluated the 
(patho-) physiological processes of thrombus evolution, progression and stabilization.

Up to recently, most pathological studies on plaque disruption and coronary thrombus 
were performed on autopsy cases of patients who died of AMI or who witnessed 
sudden cardiac death. However, the results of these studies need to be interpreted with 
caution due to their post-mortem nature. Presently, thrombus aspiration (thrombec-
tomy) during primary percutaneous coronary intervention (PCI) is introduced as class 
IIA recommendation for treatment of ST-segment elevation myocardial infarction 
(STEMI) within 12 hours.10 The use of these thrombus aspirates allow to study the 
process of coronary atherothrombosis also in living patients, and furthermore provides 
better preserved materials which are not subject to post-mortem changes. Chapter 5 
gave a brief review of 18 recent pathological studies with use of the thrombectomy 
materials obtained during primary PCI. Histologically confirmed materials could 
be obtained in 41-95% of the thrombus aspiration procedures11-15 and these samples 
contained not only coronary thrombus but also plaque components (40%) extruded in the 
coronary lumen after plaque disruption.12-17 As ex vivo patient materials, thrombus aspi-
rates provide a unique opportunity to study in detail the various pathophysiological aspects 
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of atherothrombosis at the site of culprit lesions in large cohorts of STEMI patients. 
Earlier study of our lab showed that the presence of older thrombus (> 1day) in 
thrombectomy samples was associated with 2-fold higher long-term mortality in 
STEMI patients after primary PCI.18 In chapter 6, we evaluated further the prognostic 
value of thrombus age for 1-year mortality in STEMI patients treated with primary 
PCI, in relation to the 5 biomarkers (cardiac troponin T, N-terminal pro-brain 
natriuretic peptide, C-reactive protein, glucose, and estimated glomerular filtration 
rate) and established clinical risk factors. Although the underlying pathophysiological 
mechanism was largely unknown, the presence of older thrombus appeared to be a 
strong predictor of 1-year mortality, independently of the 5 evaluated biomarkers and 
the clinical risk factors. Moreover, the older thrombus provided additional predictive 
value for 1-year mortality to the previously published multimarker model19 combining 
the established clinical risk factors and biomarkers.

Coronary thrombotic occlusion in STEMI patients is often preceded by episodes of 
progressive growth of the thrombus mass. Similar to wound healing, the organization 
of thrombus is in part dependent on ingrowth of microvessels in order to stabilize its 
structure. With use of thrombus age classification as a time-scale, we investigated the 
consecutive steps of angiogenesis in coronary thrombus in chapter 7. The initial steps 
of angiogenesis, i.e. cellular activation and proliferation, could be already observed in 
>60% of morphologically fresh appearing thrombi (< 1day), but it progressed slowly 
during the first week after thrombus formation. In line with these findings, previous 
study demonstrated that the concentration of intra-thrombotic angiogenic stimuli 
such as vascular endothelial growth factor (VEGF) and basic fibroblast growth factor 
(bFGF) appeared to be low within first week after initiation of intravenous thrombus, 
but increased significantly thereafter.20 Further, endothelial progenitor cells play only 
a limited role in angiogenesis during thrombus organization. These patterns of intra-
thrombotic angiogenesis suggested that angiogenic therapies might accelerate the 
process of thrombus stabilization.

After plaque disruption, large amount of leucocytes will be recruited into the 
thrombus mass, with early neutrophils influx and later followed by recruitment of 
macrophages and leucocyte counts in thrombus are on the average nearly 18-fold 
higher than in peripheral blood.21-23 Thrombus formation and evolution are strongly 
associated with inflammation. Similar to wound healing, this inflammatory response 
need to be strictly regulated. In chapter 8, the temporal change of intrathrombotic 
neutrophils, neutrophil extracellular traps (NETs), and interleukins IL-17 A/F were 
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investigated, during different stages of thrombus organization. We found that high 
numbers of neutrophils are present (10–30% of the thrombus mass) in fresh and lytic 
thrombus; in contrast, only sporadically in organized thrombus. In addition, NETs 
were also frequently observed in fresh (4/15) and lytic thrombi (12/15), but never in 
organized thrombus specimens. Cytoplasmatic IL17A/F staining was found in the 
majority of the neutrophils, extracellularly and in NETs. Previous studies demon-
strated that both NET and IL-17 A/F played a role during thrombus formation and 
propagation at least in veins by augmenting platelet aggregation.24-28 The distinct 
temporal changes and specific colocalisation between NET and IL-17 A/F in coronary 
thrombus suggested that they probably contributed to the process of thrombus growth 
and stabilization. 

Recently, it has been reported that the hydrophilic coatings detached from covering 
guidewires can lead to embolization in distal intracranial microvasculature; but the 
incidence is quite low.29 In chapter 9, we performed a histological study with use of 
hearts derived from autopsy and thrombectomy samples to evaluate whether or not 
these foreign materials also embolize into the distal microvasculature of the coronary 
system and its true incidence. We found that the hydrophilic coatings indeed detached 
from the intra-coronary guidewires and could be observed in almost 50% of the 
thrombectomy samples. These foreign materials were entrapped in distal myocardium 
of at least 10% of deceased patients undergoing autopsy who had a past medical 
history of PCI. These findings confirmed the previous case reports and suggested in 
addition that distal embolization of hydrophilic coatings occurred more often than the 
sparse literature on this topic suggested. In addition, this study further demonstrated 
that incidence of the distal embolization is dependent on the extent of the polymer 
coverage, which suggested that the hydrophilic coating might adhere better if it was attached 
to the metal of the guide wire directly instead of being adhered to a polymer cover. 

Presently, percutaneous coronary intervention (PCI) is a major treatment strategy for 
progressive coronary stenosis or acute thrombotic occlusion. But, being an invasive 
technique, it is associated with a periprocedural and also eventually longterm risk of 
complications. In chapter 10 we gave a short review of pathophysiological studies on 
the topic of PCI related complications. Since introduction of bare metal stent (BMS) 
and drug-eluting stent (DES), the incidence of PCI related complications reduced 
dramatically. Presently, the most important complications are in-stent thrombosis 
and in-stent restenosis. It has been shown that the pathophysiological backgrounds of 
these complications are very variable and depend not only on the type of stent, but 
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also on clinical presentation and systemic factors in the patient such as pre-existent 
cardiovascular disease. Importantly, tissue responses and impaired wound healing after 
stent placement contribute significantly to development of the complications. Finally, 
in-stent neoatherosclerosis underlies many cases of PCI related complication in the 
longterm (> 1 year). 

In conclusion, thrombectomy materials obtained during primary PCI appear to be 
valuable ex vivo patient materials for investigation of the complex process of plaque 
destabilization and thrombus healing. Acute occlusion might represent the final phase 
in a series of nonocclusive atherothrombotic events taking place in the foregoing days 
or even weeks. Showing the slow progression of angiogenesis within the first week after 
thrombus formation, provides a potential treatment option with use of angiogenic 
growth factors to stabilize fragile thrombus, which need to be further confirmed by 
in vitro and in vivo experimentation. Demonstration of neutrophil extracellular traps 
(NETs) with colocalization of inflammatory markers in early stage of thrombus organi-
zation (fresh and lytic thrombi) but not in the organized thrombus, suggests that intra-
thrombotic neutrophils play an important role in thrombus stabilization and plaque 
healing process. Older thrombus (> 1 day) appears to be associated with increased 
risk on 1-year mortality of STEMI patients, independently of established clinical risk 
factors and biomarkers, indicating a distinct underlying pathophysiology by which 
thrombus age affect prognosis in this group of patients. This finding emphasizes the 
necessity for further investigation for imaging modalities to detect older thrombus 
during PCI, which may improve the risk stratification of STEMI patients.
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Samenvatting en conclusies van het proefschrift 
Acuut coronair syndroom (instabiele angina pectoris, acuut myocardinfarct (AMI) of 
acute hartdood) worden meestal veroorzaakt door het scheuren van een atherosclero-
tische plaque in combinatie met (afsluitende) trombusvorming in de kransslagader. 
Echter, het scheuren van de plaque en de vorming van het afsluitende trombus treden 
vaak niet gelijktijdig op met het ontstaan van klinische klachten. Bij deze patiënten 
wordt de totale trombotische afsluiting van de kransslagader voorafgegaan door 
herhaaldelijke episoden van plaque instabiliteit met als gevolg progressieve groei van 
de trombus massa.1-3 Dit suggereert dat het optreden van acute trombotische occlusie 
deels is toe te schrijven aan het falen van het genezen van de verscheurde plaque-
trombus-interface. Dit proefschrift richt zich op de histologische kenmerken van 
plaque instabiliteit en het daaropvolgende genezingsproces door trombus organisatie.

Deel I. Plaque instabiliteit
Vroegere studies hebben reeds aangetoond dat plaque instabiliteit meestal niet een 
eigenschap is van slechts één (culprit) atherosclerotische plaque, maar zich op meerdere 
plaatsen in het coronaire systeem kan voordoen (pan coronaire instabiliteit).2 Ontste-
kingsprocessen en plaque bloedingen zijn twee belangrijke stimuli voor groei en insta-
biliteit van coronaire atherosclerotische plaques. 

Met het vergrijzen van de bevolking, neemt ook de patiëntenpopulatie met gevorderde 
hart- en vaatziekten steeds verder toe.4 Microvaten, die middels een proces dat bekent 
staat als angiogenese in de atherosclerotische plaques groeien, worden als belang-
rijke histologische kenmerken beschouwd van gevorderde atherosclerotische plaques; 
lekkage of het scheuren van deze microvaten liggen ten grondslag aan intraplaque 
bloedingen. Endoglin (CD105) is een activatiemarker van endotheelcellen die op de 
microvaten in de plaque kan worden geïnduceerd door bijvoorbeeld hypoxie of chroni-
sche ontstekingen.5,6 In hoofdstuk 2, onderzochten we de associatie tussen de expressie 
van CD105 op microvaten en diverse histopathologische parameters van plaque insta-
biliteit, waaronder ontsteking en plaquebloedingen. Voor deze studie werd gebruik 
gemaakt harten die waren verzameld bij obducties, en waarvan middels een post-
mortem coronair angiogram was vastgesteld dat deze patiënten aan ernstige atheroscle-
rose van de coronair vaten leden. In 80% van alle onderzochte plaques werden micro-
vaten gevonden en in 61% kwamen plaquebloedingen voor. Oppervlakkige en dieper 
gelegen ontstekingen kwamen voor in respectievelijk 47% en 83% van de plaques, 
waardoor deze eigenschappen (plaquebloedingen èn ontstekingen) als kenmerken van 
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vergevorderde coronaire plaques kunnen worden beschouwd. Geactiveerde microvaten 
met verhoogde expressie van CD105 zijn positief geassocieerd met parameters van 
plaque instabiliteit (plaque bloeding en ontsteking), wat betekent dat deze gebruikt 
zouden kunnen worden als een weefselmarker voor toenemend risico op het ontstaan 
van trombotische complicaties.

Ontsteking speelt een belangrijke rol bij het ontstaan van plaque instabiliteit, maar 
het opsporen van ontsteking in een coronaire plaque in vivo is helaas nog steeds niet 
mogelijk. Calcificaties daarentegen kunnen betrekkelijk eenvoudig worden gede-
tecteerd met behulp van diverse beeldvormingstechnieken, maar hun rol bij plaque 
instabiliteit is vooralsnog onbekend. In hoofdstuk 3 onderzochten we de associatie 
tussen calcificaties en een aantal biomarkers van ontsteking in coronaire plaques. In 
39% van de 171 trombectomie samples die naast trombusweefsel ook nog lipide rijk 
plaque materiaal bevatten werden calcificaties aangetroffen. Deze calcificaties hadden 
een gemiddelde diameter van 9 μm (range 4-170 μm) en waren positief geassocieerd 
met aanwezigheid van intraplaque C-reactive protein (CRP) en osteopontin. Omdat 
calcificaties middels externe beeldvormende technieken heel goed zichtbaar kunnen 
worden gemaakt, en omdat zowel osteopontin als CRP belangrijke inflammatoire 
biomarkers zijn voor hart-en vaatziekten, suggereren deze data dat deze (micro-) calci-
ficaties gebruikt zouden kunnen worden voor de identificatie van atherosclerotische 
plaques met veel ontsteking.

Anticoagulantia en trombocytenaggregatieremmers worden steeds vaker gebruikt 
als preventieve therapie tegen trombo-embolische aandoeningen. Gebruik van deze 
geneesmiddelen geeft echter ook een verhoogd risico op bloedingen. In hoofdstuk 4 
werd onderzocht of het gebruik van orale anticoagulantia (coumarine derivaten) of 
trombocytenaggregatieremmers wel of niet geassocieerd zijn met een verhoogd risico 
op intraplaque bloedingen. In deze studie onderzochten we ruim 1000 plaque frag-
menten van patiënten met ernstige trivasculaire coronaire atherosclerose en vonden dat 
intraplaque bloedingen niet alleen vaker voorkwamen, maar ook ernstiger waren in de 
coronairarteriën van patiënten die behandeld waren met orale anticoagulantia (61%) 
in vergelijking met patiënten die waren behandeld met trombocytenaggregatieremmers 
(53%) of patiënten zonder anti-stollingsmedicatie (46%). Bovendien werd lekkage 
van microvaten het meest gezien bij patiënten met een anticoagulant behandeling. 
Conclusie van dit onderzoek is dat het gebruik van orale anticoagulantia ter preventie 
van thromboembolieën het aantal plaquebloedingen in patiënten met ernstige atheros-
clerose in het coronaire systeem zal doen toenemen.
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Samenvattend tonen deze studies een positieve correlatie tussen micro-calcificaties 
en microvasculaire CD105 expressie met intraplaque ontsteking (de belangrijkste 
parameter voor plaque instabiliteit), en dragen zo bij aan een beter begrip van het 
proces van plaque destabilisatie. EBCT (elektronenbundel tomografie) onderzoek 
heeft aangetoond dat de mate van verkalking van coronairarteriën een hoge voorspel-
lende waarde heeft voor een myocardinfarct.7 Echter, ernstige plaqueverkalking lijkt juist 
gerelateerd te zijn met een stabiele plaque.8 De associatie tussen microcalcificaties en 
intraplaque ontsteking, die wij hebben aangetoond suggereert dat juist deze kleine kalk-
deeltjes, die gedetecteerd zouden kunnen worden met hoge resolutie in vivo beeld-
vormingstechnieken zoals optic coherence tomography, gebruikt kunnen worden om 
plaqueontsteking te herkennen.9 Ten slotte, het gebruik van coumarine derivaten orale 
anticoagulantia ter voorkoming van trombo-embolische aandoeningen kan leiden tot 
meer plaquebloedingen in het coronaire systeem, een waarneming die een belangrijke 
bijdrage kan leveren bij de reeds lang bestaande discussie over de veiligheid van deze 
geneesmiddelen.

Deel II. Histologische kenmerken van trombectomie samples 
met betrekking tot plaque genezing en klinische prognose 
na ST-segment elevatie myocardinfarct

Trombus organisatie transformeert een fragiele en onstabiele trombus in stabiel fibro-
vasculair-, en later sclerotisch (litteken) weefsel en draagt zo bij   aan het genezings-
proces na een plaque ruptuur. Net als bij wondgenezing is trombus organisatie een 
strak gereguleerd, stapsgewijs proces dat histopathologisch kan worden verdeeld in 
3 fasen. 1: vers trombus (tot 1 dag oud) bestaand uit intacte bloedcellen; 2: lytisch 
trombus weefsel (1-5 dagen oud) dat gekenmerkt wordt door necrose en gefragmen-
teerde kernen (karyorrhexis) en 3: georganiseerd trombus (ouder dan 5 dagen) met 
ingroei van (myo)fibroblasten, vorming van microvaten en depositie van collageen. 
Met behulp van deze histomorfologische indeling als een tijdschaal evalueerden we de 
(patho-) fysiologische processen van trombus evolutie, progressie en stabilisatie.

Tot voor kort werden het meeste pathologisch onderzoek naar plaquerupturen en 
coronaire trombusvorming uitgevoerd op weefsel dat verkregen was tijdens obducties 
van patiënten, die waren overleden als gevolg van een acuut myocardinfarct (AMI) 
of plotselinge hartdood. Met de resultaten van deze studies moet men echter voor-
zichtig zijn vanwege mogelijke postmortale veranderingen van het weefsel. Trombus 
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aspiratie (trombectomie) tijdens PCI is momenteel aanbevolen voor de behandeling 
van patiënten met een ST-segment elevatie myocardinfarct (STEMI) binnen 12 uur.10 
Weefsel verkregen tijdens deze procedure is niet blootgesteld geweest aan postmortale 
veranderingen, en kan goed gebruikt worden voor pathologisch onderzoek naar het 
proces van coronaire atherotrombose. Hoofdstuk 5 geeft een kort overzicht van 18 
recente studies waarbij gebruik is gemaakt van trombectomie samples. In 41-95 % 
van de trombus aspiratie procedures werd inderdaad weefsel verkregen dat niet alleen 
trombusweefsel kan bevatten, maar ook fragmenten van de gescheurde atheroscleroti-
sche plaque(40%).11 – 17 Trombectomie weefsel biedt als ex vivo patiëntenmateriaal een 
unieke mogelijkheid om de verschillende pathofysiologische aspecten van atherotrom-
bose te bestuderen in groot cohort van STEMI patiënten.

Eerdere studies van onze onderzoeksgroep hebben aangetoond dat de aanwezigheid 
van oudere trombus (meer dan 1 dag oud) in trombectomie materiaal van STEMI 
patiënten na primaire PCI behandeling geassocieerd was met een verdubbeling van de 
mortaliteit op de lange termijn.18 In hoofdstuk 6 evalueerden we verder de voorspel-
lende waarde van de trombus leeftijd voor 1-jaar mortaliteit bij deze groep patiënten, 
en vergeleken die met 5 andere voorspellende biomarkers (cardiaal troponine T, 
NT-proBNP (N-terminal pro brain natriuretic peptide), CRP, glucose, en glomerulaire 
filtratie snelheid) en een aantal bekende klinische risicofactoren. Hoewel de onderlig-
gende pathofysiologie grotendeels onbekend was, bleek de oudere trombus een sterke 
voorspeller voor 1-jaar mortaliteit, onafhankelijk van de 5 geëvalueerde biomarkers en 
de bekende klinische risicofactoren. Bovendien leverde de trombusleeftijd aanvullende 
en onafhankelijke prognostische waarden op voor de 1-jaar mortaliteit bovenop het 
eerder gepubliceerde multimarkermodel  bestaande uit zowel de klinische risicofac-
toren als de biomarkers.19 

In STEMI patiënten wordt occlusieve coronaire trombose vaak voorafgegaan door 
episoden van progressieve groei van de trombus massa. Vergelijkbaar met het proces 
van wondgenezing, is trombus organisatie deels afhankelijk van de ingroei van micro-
vaten (angiogenese) wat de stabilisatie van de fragiele trombus bevordert. Gebruik 
makend van onze histologische trombus leeftijdsclassificatie als een tijdschaal, werd de 
angiogenese in coronaire trombi onderzocht in hoofdstuk 7. Activatie en proliferatie 
van endotheelcellen kan worden beschouwd als het begin van agiogenese, en dit kon al 
worden aangetoond in meer dan 60% van de verse trombi. Dit percentage nam echter 
in de eerste week van trombusorganisatie maar nauwelijks toe. Dit laatste kon deels 
verklaard worden met de waarneming dat in de eerste week van trombusevolutie de 
concentratie van intra-trombotische angiogenese bevorderende stimuli (VEGF, bFGF) laag 
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bleek te zijn, maar daarna flink steeg.20 Bovendien bleek de mogelijke rol van endo-
theliale voorlopercellen beperkt te zijn tijdens de trombus organisatie. Deze waarne-
mingen suggereren dat behandeling met angiogenese bevorderende factoren het proces 
van trombus organisatie zou kunnen versnellen.

Na een plaqueruptuur worden grote hoeveelheid leukocyten aangetrokken in de trom-
busmassa, met in de vroege fase een toename van vooral neutrofiele granulocyten, later 
gevolgd door macrofagen. Het aantal leukocyten in een trombus blijkt gemiddeld 
bijna 18-keer hoger te zijn dan in het perifere bloed.21-23 Trombus vorming en orga-
nisatie is sterk geassocieerd met ontsteking. Net als bij de wondgenezing moet deze 
ontstekingsreactie ook strak worden gereguleerd. In hoofdstuk 8, werden de tijdelijke 
veranderingen van intra-trombotische neutrofiele granulocyten, ‘neutrophil extracel-
lular traps’  (NET’s), en interleukines IL-17 A/F geëvalueerd, in verschillende stadia 
van trombus organisatie. In verse en lytische trombi werd een groot aantal neutrofiele 
granulocyten (10-30% van de trombus massa) gevonden, in tegenstelling tot georgani-
seerde trombi waar deze nauwelijks aanwezig waren. NETs werden regelmatig in verse 
trombi gezien  (4/15), nog vaker in lytische trombi (12/15), maar nooit in georgani-
seerde trombi. Cytoplasmatische aankleuring van IL17A/F werd gezien in de meerder-
heid van de neutrofielen, extracellulair en in NETs. Eerdere studies in experimentele 
modellen van veneuze trombose hebben aangetoond dat zowel NETs als IL -17 A/F 
belangrijk zijn bij trombus vorming en groei.24-28 De aanwezigheid van NETs en IL-17 
gedurende specifieke fasen van trombusevolutie suggereert dat deze een rol spelen bij 
trombus organisatie.

Recentelijk zijn enkele ‘case-reports’ verschenen die hebben aangetoond dat de 
hydrofiele bekleding van geleidingsdraden (guidewires) kon loslaten tijdens inter-
ventie therapie en leiden tot embolisatie in de distale microvaten van de hersenen; de 
incidentie hiervan is echter laag.29 Obductie harten en trombectomie materiaal zijn 
in hoofdstuk 9 gebruikt om te bestuderen of deze bekleding van de geleidingsdraden 
tijdens primaire PCI ook tot embolisatie in de distale microvaten in het myocard kan 
leiden, en daarnaast ook om te kijken wat de werkelijke incidentie van deze compli-
catie is. In deze studie toonden wij aan dat loslating van de hydrofiele bekleding daad-
werkelijk heeft plaatsgevonden in bijna 50 % van de trombectomie samples. Verder werd 
dit lichaamsvreemd materiaal ook waargenomen in het myocard van ten minste 10% van 
de obductie patiënten met PCI behandeling in de voorgeschiedenis. Deze bevindingen 
bevestigden derhalve de eerdere case reports en liet zien dat distale embolisatie van de 
hydrofiele bekleding vaker voorkwam dan tot dan toe gerapporteerd in de literatuur.
Tegenwoordig is PCI een belangrijke behandeling strategie voor chronische coronaire 
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stenose (vernauwing) of acute trombotische occlusie. PCI is echter een invasieve tech-
niek die gepaard kan gaan met complicaties op de korte en/of lange termijn. Hoofdstuk 
10 geeft een kort overzicht van PCI-gerelateerde complicaties. Sinds de invoering van 
de bare-metal stent (BMS) en drug-eluting stent (DES), is de incidentie van PCI-
gerelateerde complicaties sterk verminderd. Tegenwoordig zijn de belangrijkste compli-
caties in-stent trombose en in-stent restenose. De pathofysiologische achtergronden 
van deze complicaties zijn zeer variabel, en hangen niet alleen af van het type stent, 
maar ook van de klinische toestand en systemische factoren in de patiënt, bijvoorbeeld 
bestaande cardiovasculaire ziekte. Bovendien dragen weefselreacties en het wond-
genezingsproces na stentplaatsing aanzienlijk bij aan de ontwikkeling van de PCI-
gerelateerde complicaties. Ten slotte ligt ook in-stent neoatherosclerosis (vorming van 
atherosclerotische plaque in de stent) in veel gevallen ten grondslag aan lange termijn 
(>1 jaar) complicaties. 

Concluderend, trombectomie weefsel dat wordt verkregen tijdens primaire PCI 
is waardevol patiënt materiaal dat zeer bruikbaar is voor het onderzoek naar het 
complexe proces van plaque destabilisatie en trombus genezing. De acute, trom-
botische afsluiting van coronairarteriën kan worden beschouwd als de ‘druppel die 
de emmer doet overlopen’ tijdens het proces van niet-occlusieve trombusvorming 
dat dagen of zelfs weken eerder in gang kan zijn gezet. De waarneming dat er in de 
eerste week van trombusorganisatie weinig angiogenese plaatsvind, levert een nieuwe 
potentiele behandelingsmogelijkheid om angiogenese met behulp van angiogene 
groeifactoren te bevorderen, en daarmee de stabiliteit van de trombus. Echter, het is 
dan wel belangrijk dat de doeltreffendheid èn veiligheid van deze strategie eerst verder 
zou moeten worden onderzocht met in vitro en in vivo experimenten. De aanwezig-
heid van ontstekingscellen, ‘neutrophil extracellular traps’ en ontstekingsmediatoren 
in de eerste stadia van trombus organisatie (verse en lytische trombi) maar niet in de 
oudere, georganiseerde thrombi suggereert dat neutrofiele granulocyten een belangrijke 
rol spelen in trombus stabilisatie en het plaque genezingsproces. Het feit dat ‘oudere’ 
trombus (>1 dag oud) wordt geassocieerd met een verhoogd risico op 1-jaar mortaliteit 
van STEMI patiënten, onafhankelijk van bekende klinische risicofactoren en biomar-
kers, impliceert een bijzondere onderliggende pathofysiologie waarbij trombus-leeftijd 
de prognose bij deze groep patiënten beïnvloedt. Deze bevinding benadrukt de nood-
zaak voor verder onderzoek naar beeldvormende technieken waarmee oudere trombi 
kunnen worden opgespoord, om daarmee de risico stratificatie van STEMI patiënten 
te kunnen verbeteren.

Li proefschrift.indd   202 03-09-14   15:36



203

Samenvatting en conclusies

Reference
  1. Burke AP, Kolodgie FD, Farb A, Weber DK, Malcom GT, Smialek J, Virmani R. Healed plaque ruptures 

and sudden coronary death: Evidence that subclinical rupture has a role in plaque progression. Circulation. 
2001;103:934-940

  2. Goldstein JA, Demetriou D, Grines CL, Pica M, Shoukfeh M, O’Neill WW. Multiple complex coronary 
plaques in patients with acute myocardial infarction. N Engl J Med. 2000;343:915-922

  3. Mann J, Davies MJ. Mechanisms of progression in native coronary artery disease: Role of healed plaque disrup-
tion. Heart. 1999;82:265-268

  4. Jolicoeur EM, Ohman EM, Temple R, Stockbridge N, Smith S, Mark D, Califf RM, Henry TD, Chaitman 
BR, Granger CB. Clinical and research issues regarding chronic advanced coronary artery disease part ii: Trial 
design, outcomes, and regulatory issues. Am Heart J. 2008;155:435-444

  5. Luque A, Slevin M, Turu MM, Juan-Babot O, Badimon L, Krupinski J. Cd105 positive neovessels are preva-
lent in early stage carotid lesions, and correlate with the grade in more advanced carotid and coronary plaques. 
J Angiogenes Res. 2009;1:6

  6. Torsney E, Charlton R, Parums D, Collis M, Arthur HM. Inducible expression of human endoglin during 
inflammation and wound healing in vivo. Inflamm Res. 2002;51:464-470

  7. Arad Y, Spadaro LA, Goodman K, Lledo-Perez A, Sherman S, Lerner G, Guerci AD. Predictive value of 
electron beam computed tomography of the coronary arteries. 19-month follow-up of 1173 asymptomatic 
subjects. Circulation. 1996;93:1951-1953

  8. Wong KK, Thavornpattanapong P, Cheung SC, Sun Z, Tu J. Effect of calcification on the mechanical stability 
of plaque based on a three-dimensional carotid bifurcation model. BMC Cardiovasc Disord. 2012;12:7

  9. Kawasaki M, Bouma BE, Bressner J, Houser SL, Nadkarni SK, MacNeill BD, Jang IK, Fujiwara H, Tearney 
GJ. Diagnostic accuracy of optical coherence tomography and integrated backscatter intravascular ultrasound 
images for tissue characterization of human coronary plaques. J Am Coll Cardiol. 2006;48:81-88

10. Kushner FG, Hand M, Smith SC, Jr., King SB, 3rd, Anderson JL, Antman EM, Bailey SR, Bates ER, Blank-
enship JC, Casey DE, Jr., Green LA, Hochman JS, Jacobs AK, Krumholz HM, Morrison DA, Ornato JP, 
Pearle DL, Peterson ED, Sloan MA, Whitlow PL, Williams DO. 2009 focused updates: Acc/aha guidelines 
for the management of patients with st-elevation myocardial infarction (updating the 2004 guideline and 
2007 focused update) and acc/aha/scai guidelines on percutaneous coronary intervention (updating the 2005 
guideline and 2007 focused update): A report of the american college of cardiology foundation/american heart 
association task force on practice guidelines. Circulation. 2009;120:2271-2306

11. Rittersma SZ, van der Wal AC, Koch KT, Piek JJ, Henriques JP, Mulder KJ, Ploegmakers JP, Meesterman M, 
de Winter RJ. Plaque instability frequently occurs days or weeks before occlusive coronary thrombosis: A path-
ological thrombectomy study in primary percutaneous coronary intervention. Circulation. 2005;111:1160-
1165

12. Kramer MC, van der Wal AC, Koch KT, Rittersma SZ, Li X, Ploegmakers HP, Henriques JP, van der Schaaf 
RJ, Baan J, Jr., Vis MM, Meesterman MG, Piek JJ, Tijssen JG, de Winter RJ. Histopathological features of 
aspirated thrombi after primary percutaneous coronary intervention in patients with st-elevation myocardial 
infarction. PLoS One. 2009;4:e5817

13. Murakami T, Mizuno S, Takahashi Y, Ohsato K, Moriuchi I, Arai Y, Mifune J, Shimizu M, Ohnaka M. Intra-
coronary aspiration thrombectomy for acute myocardial infarction. Am J Cardiol. 1998;82:839-844

14. Nagata Y, Usuda K, Uchiyama A, Uchikoshi M, Sekiguchi Y, Kato H, Miwa A, Ishikawa T. Characteristics of 
the pathological images of coronary artery thrombi according to the infarct-related coronary artery in acute 
myocardial infarction. Circ J. 2004;68:308-314

15. Silvain J, Collet JP, Nagaswami C, Beygui F, Edmondson KE, Bellemain-Appaix A, Cayla G, Pena A, Brugier 
D, Barthelemy O, Montalescot G, Weisel JW. Composition of coronary thrombus in acute myocardial infarc-
tion. J Am Coll Cardiol. 2011;57:1359-1367

Li proefschrift.indd   203 03-09-14   15:36



204

Chapter 11

16. Fokkema ML, Vlaar PJ, Svilaas T, Vogelzang M, Amo D, Diercks GF, Suurmeijer AJ, Zijlstra F. Incidence and 
clinical consequences of distal embolization on the coronary angiogram after percutaneous coronary interven-
tion for st-elevation myocardial infarction. Eur Heart J. 2009;30:908-915

17. Vlaar PJ, Svilaas T, Vogelzang M, Diercks GF, de Smet BJ, van den Heuvel AF, Anthonio RL, Jessurun GA, 
Tan E, Suurmeijer AJ, Zijlstra F. A comparison of 2 thrombus aspiration devices with histopathological analysis 
of retrieved material in patients presenting with st-segment elevation myocardial infarction. JACC Cardiovasc 
Interv. 2008;1:258-264

18. Kramer MC, van der Wal AC, Koch KT, Ploegmakers JP, van der Schaaf RJ, Henriques JP, Baan J, Jr., Rittersma 
SZ, Vis MM, Piek JJ, Tijssen JG, de Winter RJ. Presence of older thrombus is an independent predictor 
of long-term mortality in patients with st-elevation myocardial infarction treated with thrombus aspiration 
during primary percutaneous coronary intervention. Circulation. 2008;118:1810-1816

19. Damman P, Beijk MA, Kuijt WJ, Verouden NJ, van Geloven N, Henriques JP, Baan J, Vis MM, Meuwissen 
M, van Straalen JP, Fischer J, Koch KT, Piek JJ, Tijssen JG, de Winter RJ. Multiple biomarkers at admission 
significantly improve the prediction of mortality in patients undergoing primary percutaneous coronary inter-
vention for acute st-segment elevation myocardial infarction. J Am Coll Cardiol. 2011;57:29-36

20. Waltham M, Burnand KG, Collins M, Smith A. Vascular endothelial growth factor and basic fibroblast growth 
factor are found in resolving venous thrombi. J Vasc Surg. 2000;32:988-996

21. Adlbrecht C, Bonderman D, Plass C, Jakowitsch J, Beran G, Sperker W, Siostrzonek P, Glogar D, Maurer 
G, Lang IM. Active endothelin is an important vasoconstrictor in acute coronary thrombi. Thromb Haemost. 
2007;97:642-649

22. Wakefield TW, Strieter RM, Wilke CA, Kadell AM, Wrobleski SK, Burdick MD, Schmidt R, Kunkel SL, 
Greenfield LJ. Venous thrombosis-associated inflammation and attenuation with neutralizing antibodies to 
cytokines and adhesion molecules. Arterioscler Thromb Vasc Biol. 1995;15:258-268

23. Downing LJ, Strieter RM, Kadell AM, Wilke CA, Austin JC, Hare BD, Burdick MD, Greenfield LJ, Wakefield 
TW. Il-10 regulates thrombus-induced vein wall inflammation and thrombosis. J Immunol. 1998;161:1471-
1476

24. Brill A, Fuchs TA, Savchenko AS, Thomas GM, Martinod K, De Meyer SF, Bhandari AA, Wagner DD. Neutro-
phil extracellular traps promote deep vein thrombosis in mice. J Thromb Haemost. 2012;10:136-144

25. Fuchs TA, Brill A, Duerschmied D, Schatzberg D, Monestier M, Myers DD, Jr., Wrobleski SK, Wakefield 
TW, Hartwig JH, Wagner DD. Extracellular DNA traps promote thrombosis. Proc Natl Acad Sci U S A. 
2010;107:15880-15885

26. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, Weinrauch Y, Zychlinsky A. 
Neutrophil extracellular traps kill bacteria. Science. 2004;303:1532-1535

27. Fuchs TA, Abed U, Goosmann C, Hurwitz R, Schulze I, Wahn V, Weinrauch Y, Brinkmann V, Zychlinsky A. 
Novel cell death program leads to neutrophil extracellular traps. J Cell Biol. 2007;176:231-241

28. Maione F, Cicala C, Liverani E, Mascolo N, Perretti M, D’Acquisto F. Il-17a increases adp-induced platelet 
aggregation. Biochem Biophys Res Commun. 2011;408:658-662

29. Schipper ME, Stella PR, de Jonge N, Virmani R, de Weger RA, Vink A. Embolization of hydrophilic coating 
material to small intracardial arteries after multiple percutaneous transluminal angioplasty procedures. Int J 
Cardiol. 2012;155:e45-46

Li proefschrift.indd   204 03-09-14   15:36



205

Samenvatting en conclusies

Li proefschrift.indd   205 03-09-14   15:36



Li proefschrift.indd   206 03-09-14   15:36



Dankwoord
List of publications

Curriculum Vitae
Abbreviations

12

Li proefschrift.indd   207 03-09-14   15:36



208

Chapter 12

Li proefschrift.indd   208 03-09-14   15:36



209

Dankwoord

Dankwoord
Het verrichten van mijn promotieonderzoek en het schrijven van deze thesis was 
onmogelijk geweest zonder de hulp en steun van mensen in mijn directe en indirecte 
omgeving. Met dit dankwoord wil ik uiteraard iedereen bedanken die een bijdrage 
geleverd heeft aan het tot stand komen van deze thesis. Een aantal mensen wil ik 
noemen in het bijzonder:

Prof. dr. A.C. van de Wal, beste Allard, ik heb ontzettend veel geluk gehad met jou 
als promotor en dagelijkse begeleider. Ik heb je leren kennen tijdens mijn weten-
schappelijke stage. Ik ben geen snelle starter en het kost me altijd veel moeite om 
nieuwe kennis op te pakken, en daarom wil je ontzettend bedanken voor het geduld 
en vertrouwen in mij. Wat me het meeste aanspreekt is dat je altijd een complex prob-
leem op een eenvoudige manier weet over te brengen, bijvoorbeeld met een zeer 
overzichtelijke tekening. Je hebt me de vrijheid gegeven die bij me past zodat ik altijd 
mijn eigen ideeën kan uitvoeren, en tegelijkertijd heb je grote inhoudelijke betrok-
kenheid getoond bij alle projecten met je waardevolle adviezen. Ik vond het erg fijn 
dat ik altijd bij je kon binnenlopen, meestal zonder afspraak J. Mijn waardering voor 
jou is de afgelopen jaren alleen maar gegroeid en ik heb ontzettend veel van je geleerd. 
Hartelijk dank voor je nauwe betrokkenheid bij mijn ontwikkeling als onderzoeker.  
Naast promotieonderzoek hebben we vele social talk gevoerd en je gaf me ook goede 
adviezen voor de nabije toekomst. Dank voor het fatsoeneren van mijn Engels in de 
artikelen van dit proefschrift. Ik vind het een enorme eer om je eerste ‘eigen’ promovendus 
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bijdragen aan een aantal studies is enorm, wat heeft geresulteerd in een belangrijk deel 
van mijn proefschrift. Wat me het meest aanspreekt, is je belangstelling aan fundamen-
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Dr. O.J. de Boer, beste Onno, als copromotor, wil ik jou erg bedanken voor je begelei-
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geweest bij de directe inhoud van dit proefschrift. Echter, ik heb je heldere, eerlijke 
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gezellige tijd die we samen hebben doorgebracht.

Daarnaast wil ik natuurlijk ook de collega-onderzoekers van de onderzoekskamer 
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betrokkenheid, hulp en natuurlijk ook de gezelligheid. Het is een groot plezier om een 
zulke enthousiaste groep mensen te mogen ontmoeten.
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ACS: acute coronary syndrome
AMI: acute myocardial infarction 
AP: alkaline phosphatase
ARedS: Alizarin red S stain
bFGF: basic fibroblast growth factor
BMS: bare metal stent
CABG: coronary artery bypass graft
CAD: coronary artery disease
CD: cluster of differentiation
CI: confidence interval
CRP: C-reactive protein
cTNT: cardiac troponin T
DES: drug-eluting stent
EBCT: electron beam computed tomography
EC: endothelial cells
ECM: extracellular matrix
EDTA: ethylene diamine tetra acetic acid
eGFR: estimated glomerular filtration rate
EPC: endothelial progenitor cell
EvG: elastic van Gieson
GFA: glycophorin A
H&E: hematoxylin and eosin 
HR: hazard ratio
hsCRP: high sensitivity CRP
IDI: integrated discrimination improvement
IL-17A: interleukin 17A
IPH: intraplaque hemorrhage
ISR: in stent-restenosis
IVUS: intravascular ultrasound
LAD: left the anterior descending artery
LCA: leukocyte common antigen
LCx: left circumflex branch
LDL: low density lipoprotein
Lp-PLA2: lipoprotein-associated phospholipase A2 
MBG: myocardial blush grade
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MCET: mast cell extracellular trap
MMP: matrix metalloproteinase
MPO: myeloperoxidase
MRI: magnetic resonance imaging
NBT: nitroblue tetrazolium
NET: neutrophil extracellular trap
NRI: net reclassification improvement
NSTEMI: non ST segment myocardial infarction
NT-pro-BNP: N-terminal pro-brain natriuretic peptide 
OCT: optical computed tomography
OPN: osteopontin
PCI: percutaneous coronary intervention
PIT: pathological intimal thickening
pPCI: primary percutaneous coronary intervention
PTCA: percutaneous transluminal coronary angioplasty
RCA: right coronary artery
RBC: red blood cells
STEMI: ST-segment elevation myocardial infarction
SMC: smooth muscle cells
TCFA: thin cap fibroatheroma
TGF-β: transforming growth factor beta
TIMI: thrombolysis in myocardial infarction
VEGF: vascular endothelial growth factor
vWF: von Willebrand factor
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