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Essentials

•	 Thrombus structure and composition relates to formation, embolization, and thrombus resolution.
•	 Morphology of thrombi is studied using intravital imaging or microscopy following thrombectomy.
•	 Content of thrombus components and structural forms varies substantially with clinical features.
•	 Intravital platelet-driven thrombus contraction forms polyhedral erythrocytes (polyhedrocytes).

1  | INTRODUCTION

Because arterial and venous thromboembolic disorders are among 
the most frequent causes of morbidity and mortality, there has been 
extensive research on the molecular and cellular mechanisms that 
are involved. Nevertheless, there has been little description of how 
the composition of thrombi and emboli depends on their vascular 

origin and age. We describe here what is now known of the structure 
and composition of thrombi and thrombotic emboli from both 
ancient and recent approaches to visualization.

There are at least three major aspects that determine the impor-
tance of studying thrombus structure and composition. First, knowl-
edge of cellular and noncellular constituents and their variability 
helps us to understand the pathophysiology of thrombus formation 
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Abstract
The severity, course, and outcomes of thrombosis are determined mainly by the size 
and location of the thrombus, but studying thrombus structure and composition has 
been an important but challenging task. The substantial progress in determination of 
thrombus morphology has become possible due to new intravital imaging method-
ologies in combination with mechanical thrombectomy, which allows extraction of 
a fresh thrombus from a patient followed by microscopy. Thrombi have been found 
to contain various structural forms of fibrin along with platelet aggregates, leuko-
cytes, and red blood cells, many of which acquire a polyhedral shape (polyhedrocytes) 
as a result of intravital platelet-driven contraction. The relative volume fractions of 
thrombus components and their structural forms vary substantially, depending on 
the clinical and pathogenic characteristics. This review summarizes recent research 
that describes quantitative and qualitative morphologic characteristics of arterial and 
venous thrombi that are relevant for the pathogenesis, prophylaxis, diagnosis, and 
treatment of thrombosis.
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determined and modulated by general and local conditions, such 
as hemodynamics, inflammation, and the like. Second, comparing 
morphologic properties of parental thrombi and thrombotic em-
boli provides clues to understanding the causes and mechanisms of 
thrombus rupture and embolization. Third, the structure and compo-
sition determine mechanical and lytic resistance of a thrombus and, 
therefore, have important implications for thrombolysis, thrombec-
tomy, and other methods of thrombus resolution.

The relative proportions and arrangement of platelets, fibrin, and 
red blood cells (RBCs) and the density and porosity of the thrombi 
are all important. Specifically, it is now known that clot contraction 
(retraction) has a major influence on thrombus resolution, as it re-
sults in redistribution of platelets and fibrin to the periphery of the 
clot and RBCs to the interior, where they are compressed to polyhe-
dra or forms intermediate between biconcave and polyhedral, form-
ing a tessellated array of very tightly packed cells.1 As a result, these 
so-called polyhedrocytes are a morphologic sign of clot contraction. 
Examination of venous and arterial thrombi and pulmonary emboli 
has shown that polyhedrocytes are a major component of nearly all 
thrombi and thrombotic emboli. Moreover, the permeability of these 
tightly packed polyhedrocytes is very low, which has significant im-
plications for the penetration and effectiveness of fibrinolytic com-
pounds or any thrombolytic or thrombectomy treatments.

2  | HISTORICAL PERSPECTIVES OF 
STUDYING THROMBUS MORPHOLOGY

Remarkably, Marcello Malpighi published a paper in 1666 in which 
he reported the examination by light microscopy of cardiac thrombi 
obtained by dissection and whole blood clots formed in vitro and 
described their structures.2 He compared their structures and con-
cluded that the “polyps” (thrombi) taken from the heart were closely 
related to the clotted blood and were not fat or derived from the 
liver, as previously proposed by others. In the clots or thrombi, he 
observed “red particles” that could be washed away, what we now 
call RBCs. He also accurately described fibrin as “a fibrous texture, 
and a network of nerve-like threads, where small meshes and hon-
eycomb like interstices develop...” and recognized that this network 
of fibers “contributes the strength of the whole blood clot.” Malpighi 
also described what we now know as clot contraction or retraction: 
“the network contains the red atoms compressed by the overlying 
mass, and so shows a change of substance and color; it becomes 
limp, through containing the final fringes of the fibres, and dark, 
from the crowding of the particles contained in it.” He also surmised 
that clots form when the proper fluid nature of the blood is compro-
mised and that the network is held together by some sort of “hooks” 
that cause precipitation, a remarkably prescient description of the 
knobs and holes that actually hold fibrin together. Finally, Malpighi 
discussed differences in thrombi between the right and left sides of 
the heart and various diseases in which these structures are found.

It was not until 1788 that Antoine Fourcroy named fibrin as 
“animal matter that forms clots in blood.”3 Then, in 1838, Berzelius 

defined the term protein as an “organic oxide of fibrin and albu-
min.”4 In 1847, Virchow introduced the concept of fibrinogen as the 
term for “a more slowly clottable substance than that which clotted 
normally.”5

3  | VISUALIZING THROMBI IN VIVO AND 
EX VIVO

There are numerous noninvasive imaging techniques that are cur-
rently used in clinical settings for visualizing thrombi in vivo. The 
traditional and most often used are radiography, ultrasonography, 
and computed tomography or magnetic resonance–based angiogra-
phy.6,7 Most of them have substantial diagnostic limitations because 
they detect a thrombus based on indirect signs, such as narrowing of 
a blood vessel lumen, a contrast filling defect in an angiogram, or re-
duced organ perfusion.8 For example, vessel narrowing could be due 
to atherosclerosis or extravascular compression, imaging is affected 
by the surrounding vascular anatomy, and tests that use contrast 
may be contraindicated in patients with impaired kidney function. In 
addition, these imaging modalities cannot help to determine how old 
the thrombi are or if they are susceptible to thrombolytic therapy.9

Direct visualization of thrombosis in humans has made huge 
progress in the past decades through increasing spatial and temporal 
resolution beyond the levels available with conventional techniques. 
The new thrombus imaging techniques include single photon emis-
sion computed tomography, positron emission tomography, optical 
methods, and the like, that are based on the use of highly specific 
radiolabeled molecular probes detected at concentrations as low 
as 10−12  M to 10−10  M for a wide range of molecular targets.10-13 
Traditional imaging techniques such as magnetic resonance imag-
ing have also been improved by application of molecular imaging, 
involving the use of magnetic nanoparticles functionalized with 
highly specific vector molecules. Ultrasound imaging can now use 
microbubbles and other contrast agents coated with specific target-
ing ligand molecules that bind selectively to the site of interest.14 
Thrombus-targeted imaging technologies use ligands that are spe-
cific either for fibrin,15 activated platelets expressing the integrin 
αIIbβ3,16 or prothrombotic components such as factor XIIIa,17 tissue 
factor, von Willebrand factor, or exposed collagen.14 Noninvasive 
molecular imaging techniques targeting thrombus components 
have been used both in disease-state animal models and in clinical 
applications.

Maturation of a thrombus is associated with its structural reorga-
nization. A fresh clot usually starts with a tangled mesh of activated 
platelets and fibrin and contains more RBCs, while the maturing clot 
shrinks in volume and accumulates leukocytes. A corresponding de-
crease in hemoglobin concentration within the clot is followed by 
reduced optical transparency, suggesting the use of optical absor-
bance or photoacoustic imaging. The magnitude of the photoacous-
tic signal from the thrombus directly depends on the relative content 
of RBCs and is inversely proportional to the age of the clot.18 The 
new imaging modalities not only allow earlier and better diagnosis 



40  |    WEISEL and LITVINOV

of thrombosis but lead to a deeper understanding of the pathogenic 
mechanisms of thrombus formation and fate.

To visualize flowing blood, blood cells, and thrombi, intravital 
molecular-based fluorescence imaging has been widely used in an-
imal models of thrombosis.19,20 Various blood components are la-
beled with different dyes and fluorescent antibodies followed by 
intravital epifluorescence or fluorescent confocal microscopy that 
allows time-lapse imaging to track formation and maturation of a 
thrombus.21 Imaging and analysis of the formation of microthrombi 
in real time provides high-speed, near-simultaneous acquisition of 
images of multiple fluorescent probes at the site of local vessel wall 
injury.22 This innovative technology has been used to localize var-
ious components during thrombus formation, to reveal defects in 
thrombus growth in genetically modified mice, to quantify the time 
course of platelet activation following vascular injury, to visualize 
leukocyte rolling on arterial thrombi, to generate three-dimensional 
models of thrombi, to analyze the effect of antithrombotic agents in 
vivo, and much more.23

Despite substantial advances in the in vivo imaging methodol-
ogy, there are inherent general restrictions in studying thrombus 
composition due to worse spatial resolution compared to direct 
pathomorphologic examination of ex vivo thrombi extracted intra-
vitally. The advent of mechanical thrombectomy allows extraction 
of a thrombus from a patient, including the coronary or cerebral ar-
teries, followed by light microscopy of histologic sections or elec-
tron microscopy analysis.24,25 This approach allows the retrieval and 
visualization of fresh thrombi, thus overcoming the limitations of 
postmortem studies. Detailed structural characterization and deter-
mination of the composition of ex vivo thrombi is one main subject 
of this review.

There are still existing restrictions to direct structural examina-
tion of freshly obtained ex vivo thrombi related to the lack of stan-
dardized identification and quantification of different thrombus 
structures, uncertainty about how to handle analysis of thrombi, and 
varying nomenclature regarding thrombus components.

4  | MORPHOLOGIC SIGNS OF INTRAVITAL 
CONTRACTION OF THROMBI

Recently, there has been a resurgence of interest in clot contraction 
(retraction), and some of the basic cellular and molecular mechanisms 
have been uncovered. Platelets contain all the cytoskeletal machin-
ery necessary for cellular motility and are quite strong cells that can 
generate up to 30 nN of force.26 Actin inside platelets is attached by 
several anchor proteins to αIIbβ3 in the cell membrane, and nonmus-
cle myosin IIa generates force that is transmitted to fibrin outside of 
the platelet attached to the extracellular portion of αIIbβ3. Platelets 
extend filopodia that attach to fibrin fibers and pull, making a kink in 
the fiber and agglomerating fibrin around the platelets.27 Additional 
filopodia attach to the same or different fibers, pulling hand-over-
hand, clustering platelets in addition to accumulating piles of fibrin 
around the platelets.

All three main constituent parts of clots and thrombi, that is, 
RBCs, platelets, and fibrin, undergo significant changes in the pro-
cess of platelet-driven volume shrinkage known as contraction or 
retraction. Thrombin-activated platelets aggregate and form filopo-
dia that attach to fibrin fibers and pull on them, release secretory 
granules, decrease in size, and fall apart into fragments.27,28 In ad-
dition, activated platelets release membrane-derived microvesicles 
that attach to fibrin fibers and modify their structure and proper-
ties.29 Besides the clot shrinkage and compaction, clot contraction 
is accompanied by spatial redistribution of the components in such a 
way that the fibrin-platelet mesh moves to the periphery, while the 
interior part of the clot accumulates compacted RBCs.1 Upon tran-
section of a contracted blood clot, electron and confocal microscopy 
reveals erythrocytes inside that have the shape of polyhedra; hence, 
they have been called polyhedrocytes1 (Figure  1). The formation 
of polyhedrocytes is due to their mechanical compression by the 
contractile forces generated by platelets and transmitted through 
the fibrin network. The most obvious physiologic consequences of 
the compaction of deformed RBCs include densification and imper-
meability of the clot for pathogens and fibrinolytic enzymes1 and 
altered susceptibility to external and internal fibrinolysis.30 As a 
matter of fact, the polyhedrocytes are a hitherto unknown natural 
morphologic variant of RBCs, which have been studied under the 
microscope since the time of Jan Swammerdam, Marcello Malpighi, 
and Anthony van Leeuwenhoek.

Because in vitro contracted blood clots have characteristic 
structural alterations, namely, formation of polyhedrocytes and 
accumulation of fibrin and platelets at the periphery of the clot, 
these features can be considered as morphologic criteria to detect 

F I G U R E  1  Colorized scanning electron micrograph of 
contracted whole blood clot. Red blood cells, red; fibrin, yellow; 
platelets and platelet microvesicles, blue. Red blood cells 
redistribute to the interior of a contracted whole blood clot or 
thrombus due to the contractile forced generated by activated 
platelets pulling on fibrin. As a result of compressive forces, the 
red blood cells take on a polyhedral shape; hence, they have been 
named polyhedrocytes (with permission fromBlood, 2014, v. 123, 
issue 10 – cover page). Magnification bar = 5 µm



    |  41WEISEL and LITVINOV

contraction of blood clots and thrombi in vivo. Practically speaking, 
these structural characteristics can be used as markers to reveal in 
ex vivo blood clots and thrombi the presence of in vivo contraction. 
Until recently, there were no systematic studies of intravital contrac-
tion of obstructive blood clots and thrombotic emboli. We are aware 
of one study published in 1971, in which histologic preparations and 
scanning electron micrographs of thrombi revealed polygonal cells 
and the accumulation of fibrin on the clot periphery,31 but these re-
sults were not fully understood at that time and remained unnoticed 
and did not serve as an impetus to the study of clot contraction in 
thrombosis. Compression of erythrocytes into tightly packed poly-
hedra and redistribution of platelets and fibrin toward the clot pe-
riphery were for the first time correlated with contraction in vivo by 
comparing electron micrographs of in vitro blood clots and aspirated 
coronary artery thrombi.1 Although RBCs comprised only about 17% 
of the thrombus volume, the presence of polyhedrocytes inside a 
thrombus indicated that the thrombus had undergone mechanical 
compression or contraction. This observation was later confirmed by 
further studies of coronary thrombi, most of which contained poly-
hedrocytes.32,33 An extensive study of the structure and composi-
tion of venous and arterial thrombi and pulmonary emboli showed 
that they all had compressed RBCs and only about 2% biconcave 
RBCs.34,35 In addition, in ex vivo thrombi there are many partially de-
formed erythrocytes, having intermediate form between the usual 
biconcave cells and fully formed polyhedra. Altogether, partially or 
completely deformed erythrocytes account for 88% of RBCs in the 
composition of arterial thrombi, 89% in venous thrombi, and 99% in 
pulmonary emboli.34

The morphologic signs of intravital contraction have been also 
found in thrombotic emboli extracted from pulmonary arteries at au-
topsy.36 The emboli are characterized by the presence of deformed 
polyhedral erythrocytes and redistribution of fibrin to the periphery, 
indicative of intravital compression of the parental venous thrombi 
and/or secondary thrombotic emboli. The relationship between 
contraction of a primary thrombus and thrombotic embolus remains 
open as well as the role of impaired contraction in the propensity for 
thrombotic embolization.35

Thus, the aggregate of data available provide strong evidence 
that contraction of blood clots occurs not only in vitro but also inside 
blood vessels and in wounds,37 comprising a real but understudied 
and underestimated pathophysiological process that affects the 
structure, composition, and properties of blood clots and thrombi.

There is also now considerable evidence that thrombotic con-
ditions affect the extent and rate of clot contraction. In ischemic 
stroke,38 venous thromboembolism,35 systemic lupus erythema-
tosus,39 recurrent pregnancy loss,40 and sickle cell disease,41 there 
is a decreased extent and rate of contraction of blood taken from 
patients with these conditions. Moreover, impaired clot contraction 
in the early postoperative period is associated with imminent deep 
vein thrombosis (DVT), suggesting that it is a prothrombotic risk fac-
tor and promotional mechanism.42 These differences arise because 
the platelets in these patients are partially activated, exhausted and 
refractory, in addition to changes in the composition of the blood.

5  | COMPOSITION AND STRUCTURE OF 
CORONARY ARTERY THROMBI

To understand the dynamic process of in vivo thrombus formation, 
the structure and composition of coronary artery thrombi taken 
from patients with ST-segment–elevation myocardial infarction com-
ing to the emergency department at different times has been quanti-
fied by analysis of high-resolution scanning electron micrographs43 
(Figure  2). Surprisingly for arterial thrombi, the main component 
of these thrombi was fibrin (56%) followed by platelets (17%) and 
erythrocytes (11%), cholesterol crystals (5%), and leukocytes (~1.5%). 
The strongest correlation between thrombus composition and pa-
tient clinical history was related to ischemic time, defined as the time 
between onset of symptoms and removal of thrombus burden by 
thromboaspiration in primary percutaneous intervention. There was 
a twofold increase of fibrin content for every ischemic hour and a 
50% reduction in platelets (Figure 3). These changes with time occur 
because more fibrin is added as a result of the presence of high con-
centrations of thrombin in the thrombus and because platelets frag-
ment and undergo cell death.28 These results account for the fact 
that early treatment is beneficial because thrombolytic drugs will 
be less effective with increasing amounts of fibrin to digest, while 
antiplatelet drugs will become less useful with fewer platelets. The 
thrombotic masses aspirated from a coronary artery of patients with 
acute ST-segment–elevation myocardial infarction were analyzed 
histologically, and thrombus age was classified as fresh (<1 day), lytic 
thrombus (1-5 days), and organized thrombus (>5 days). In at least half 
of these patients, coronary thrombi were days or weeks old, indicat-
ing that sudden coronary occlusion is often preceded by a relatively 
long period of plaque instability and thrombus formation.44

The Thrombus and Inflammation Study in Sudden Cardiac Death 
included patients with angiographically proven acute coronary 

F I G U R E  2  Colorized scanning electron micrograph of a coronary 
artery thrombus from an ST-elevation myocardial infarction patient 
(with permission fromBiophysical Journal, 2017, Volume 112, Issue 
4 – cover page). Platelets, gray; fibrin, brown, red blood cells, red; 
white blood cell, green. Magnification bar = 5 µm
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occlusion as a cause of ST-segment–elevation myocardial infarction 
complicated by sudden cardiac death or not.45 This study investi-
gated the possibility that vascular vulnerability related to a specific 
pattern of abrupt coronary occlusion may be involved. Thrombi were 
examined by high-resolution scanning electron microscopy, and 
their composition was analyzed in the same manner as the study just 
described, with the result that there was no difference between the 
groups with sudden cardiac death or not.46 In all of these patients, 
there was a similar and striking effect of ischemic time on the com-
position, with increasing fibrin and decreasing platelets with time, 
and there was no difference in thrombi between patients receiving 
or not receiving antiplatelet drugs.

It has been shown that at a liquid-air interface, fibrin(ogen) can 
form a biofilm that helps retain blood cells and protect against mi-
crobial infections.47 This biofilm consists of a unique arrangement 
of fibrin molecules tethered to the fibrin network of fibers. A similar 
sort of film has been seen on intracoronary artery thrombi extracted 
from patients with acute ST-segment–elevation myocardial infarc-
tion.48 Since the detailed structure of these films on thrombi is not 
known and these thrombi are not formed at a liquid-air interface, it 
is not yet clear how they relate to the fibrin biofilm observed in vitro 
or in skin wounds.47

6  | COMPOSITION AND STRUCTURE OF 
CEREBRAL ARTERIAL THROMBI

Stroke is a leading global cause of death worldwide, and about 87% 
strokes are caused by focal cerebral ischemia due to arterial oc-
clusion.49 The main trigger of ischemic stroke is a thrombus, which 
forms in a cerebral artery (usually narrowed and altered by athero-
sclerosis) or travels through the bloodstream to the brain from the 

heart or another artery. The etiology of ischemic stroke remains un-
clear in about 40% of patients; hence, the condition is called cryp-
togenic stroke.25,50,51 The composition of cerebral thrombi and its 
relation to the course and outcomes of ischemic stroke has been de-
scribed in detail in a number of recent reviews.52,53 Staessens et al54 
discussed explicitly technical aspects of collecting and processing 
cerebral thrombi for histopathologic examination.

It has been shown that cerebral thrombi, as well as thrombi of 
other localization, consist of fibrin-platelet accumulations, eryth-
rocytes, and leukocytes.55-57 Despite the presence of the same 
components in all cases, there is a large diversity of their spatial 
distribution as well as in quantitative proportions of cellular and 
noncellular structures. Marder et al56 explained this morphologic 
diversity by random and chaotic conditions of blood flow, shear, 
and turbulence at sites of thrombus formation. Since there is het-
erogeneity of clot composition, traditional distinction between “red” 
versus “white” clots is not fully applicable.58,59 Some authors49 think 
that the composition of clots depends on the embolic source, while 
others60 suggest that the differences between the stroke subtypes 
could not be confirmed on the basis of morphologic characteristics, 
and the structure of thrombi and thrombotic emboli depends on the 
underlying local conditions rather than the difference in etiology.

Most researchers classified extracted cerebral thrombi on the 
basis of the histopathologic examination as RBC or fibrin dominant, 
or when the content of RBC and fibrin are equal.24,55 Based on the 
composition, cerebral thrombi could be classified according to the 
age as fresh (<1 day), lytic (1-5 days), or organized (>5 days), but the 
majority of cerebral thrombi are fresh, and no difference has been 
found in the age of thrombi between stroke subtypes. Thrombi 
from a large atherosclerotic artery had the highest volume fraction 
of RBCs, while cardioembolic thrombi and thrombi of unknown 
origin had the lowest. No relationship has been revealed between 
stroke subtype and platelets or fibrin content.61 In contrast, Boeckh-
Behrens et al62 found that the fibrin-platelet fraction predominated 
in the more organized cardioembolic thrombi, whereas RBCs pre-
vailed in noncardioembolic thrombi. Thrombi from patients with 
cryptogenic stroke showed the same basic composition as cardio-
embolic thrombi, with higher proportions of fibrin-platelet compo-
nent and a smaller fraction of RBCs, which is distinct from thrombi 
originating from atherosclerotic arteries. Ahn et al60 also observed 
that the volume fraction of RBCs was significantly greater in athero-
sclerotic than in cardioembolic thrombi, whereas amount of fibrin 
was larger in cardioembolic versus atherosclerotic thrombi. A study 
by Sporns et al25 supports the notion that RBC-rich thrombi are as-
sociated with a stroke cause of large artery atherosclerosis, whereas 
fibrin-rich thrombi show a correlation with cardioembolic stroke. 
This finding also correlates with recent work by Simons et al24 that 
reports the combination of high fibrin and low RBC proportions in 
cardioembolic thrombi.

Unlike in the majority of studies, Kim et al63 found that the 
clots in patients with cardioembolism had a higher volume fraction 
of RBCs and a lower proportion of fibrin than in those with large 
artery atherosclerosis. There were no significant differences in the 

F I G U R E  3  Differences in the proportion of platelets and 
fibrin in coronary artery thrombi taken by aspiration from ST-
elevation myocardial infarction patients as a function of time 
between onset of symptoms of heart attack and percutaneous 
coronary intervention (with permission from J Amer Coll Cardiol. 
2011;57:1359)
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proportion of platelets and leukocytes between patients with car-
dioembolism and those with large artery atherosclerosis. It has also 
been reported that thrombi with a large number of RBCs have a 
higher risk of separation and embolization.55

Remarkably, cerebral thrombi often contain leukocytes, both 
sparse and clustered, which were associated with worse disease out-
comes.64 The presence of neutrophils in cerebral thrombi correlated 
with the formation of neutrophil extracellular traps (NETs) that can pro-
mote thrombosis and substantially reduce the susceptibility of thrombi 
to pathophysiological fibrinolysis and therapeutic thrombolysis.65-67 
Colocalization of fibrin and NETs has been demonstrated in arterial 
thrombi extracted from patients with ischemic stroke.67,68 Notably, 
the higher content of leukocytes in cerebral thrombi was revealed in 
cerebral thrombi of cardioembolic origin.50,62 Thus, local inflammation 
can affect the structure and properties of cerebral thrombi and have a 
strong impact on the course and outcomes of ischemic stroke.

Analyzing the ultrastructure of atherosclerotic thrombi, Ahn et al60 
discovered that RBC masses were located in the center of the thrombi, 
while the periphery contained platelets covered by a fibrin coating 
that constituted the outer shells of thrombi; some platelets were ag-
gregated with a mixture of fibrin and activated leukocytes. Such spatial 
distribution is a morphological signature of the intravital contraction of 
thrombi.1,34,35 In contrast, cardioembolic thrombi tended to show thick 
fibrin deposition along with clustering of platelets within the throm-
bus.60 Although the composition of cerebral thrombi is highly hetero-
geneous, they often have a remarkable spatial redistribution of the 
components described above, so that there is an inner core made of 
compressed polyhedrocytes and an outer shell made of densely com-
pacted platelets or a fibrin-platelet mesh64,69 (Figure 4). Based on in 
vitro experiments and in vivo observations, it has been proposed that 
the thrombus outer shell is responsible for a decreased susceptibility 
to thrombolysis induced by tissue-type plasminogen activator (t-PA).70 
This lytic resistance could be, at least in part, due to the presence of 
NETs that reduced the rate of thrombus resolution induced by t-PA.65

In conclusion, thrombi extracted from patients with stroke are 
highly heterogeneous, with distinct architecture and complex compo-
sition. They differ between stroke subtypes and reflect the etiology 
of disease, but establishing a direct correlation with thrombus content 
is difficult. Further morphologic investigations with a systematic and 
quantitative approach can potentially reveal the association between 
etiology, pathogenesis, and composition of cerebral thrombi to im-
prove the efficacy of stroke management and clinical outcomes.71

7  | COMPARATIVE STRUCTURE AND 
COMPOSITION OF VENOUS THROMBI AND 
PULMONARY EMBOLI

Venous thromboembolism (VTE), which includes DVT and pulmonary 
embolism (PE), is the most common cardiovascular disease after heart 
attack and ischemic stroke.72,73 The architecture and composition 
of venous thrombi are determined by relatively low shear rate 
(10-100 s-1), time after formation,74 and thrombin concentration.75 

Venous thrombi are relatively rich in RBCs and, therefore, have 
been called traditionally “red” thrombi. The formation of venous 
thrombi is driven by a combination of hypercoagulability, injured or 
activated endothelium, and impaired blood flow, altogether known 
as Virchow's triad.76,77

The overall composition of venous thrombi is distinct from ar-
terial thrombi in that RBCs and fibrin are the predominant com-
ponents of venous thrombi, while arterial thrombi contain mostly 

F I G U R E  4  Scanning electron micrographs of ex vivo cerebral 
arterial thrombi at different magnifications showing morphological 
signs of intravital contraction: (A) Segregation of RBCs to the core 
and platelet-fibrin accumulation on the periphery of the thrombus 
and (B, C) formation of polyhedral RBCs (polyhedrocytes). 
Magnification bars = 50 µm (A), 10 µm (B), and 5 µm (C)

(A)

(B)

(C)
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fibrin and platelets34,78,79 (Figure 5). RBCs are represented mainly 
by compressed cells that are present as polyhedrocytes and in-
termediate-shaped cells between biconcave and polyhedral; the 
regular biconcave RBCs comprise only about 2% of the cells in 
venous thrombi. Venous thrombi often contain echinocytes that 
likely reflect metabolic changes due to local environmental con-
ditions. Remarkably, fibrin in venous thrombi is structurally het-
erogeneous, including fibrin fibers, thick fibrin bundles made up 
of several laterally aggregated fibers, and sponge-like porous 
amorphous structures.80 The platelet content in venous thrombi 
is much lower than in arterial thrombi; part of the volume fraction 
is filled with cellular microvesicles and inflammatory white blood 
cells.34

Venous thrombi can undergo time-dependent changes in struc-
ture and composition. Fresh thrombi usually contain alternating lay-
ers of platelet-fibrin and RBC accumulations (lines of Zahn) if they 
are formed under blood flow. Thrombi formed in conditions of blood 
stasis have a more homogenous structure.81 A few days later, the 
thrombi become infiltrated with inflammatory cells, such as neutro-
phils, lymphocytes, and monocytes, along with migrating fibroblasts 
that produce collagen and other components of the connective tis-
sue. The main chemoattractants for inflammatory cells are thrombin 
and fibrin, with cytokines produced later by monocytes differenti-
ated into macrophages.82 Maturation of a venous thrombus is fol-
lowed by a rise in cellular volume fraction and a reduction in fibrin 
content.82-84 After weeks, the developing fibrosis and microvascu-
larization result in formation of organized thrombi containing hemo-
siderin-loaded macrophages.81

It is noteworthy that the local inflammatory response associated 
with venous thrombosis has dual consequences. On the one hand, 
inflammatory cells that express tissue factor and secrete cytokines 
contribute to the formation, growth, and maturations of a throm-
bus. Other potent thrombotic structures are NETs that contain DNA 
and histones that colocalize with fibrin fibers and increase their 
lytic stability.85 On the other hand, the inflammatory cells secrete 

proteolytic enzymes that, along with fibrinolytic agents, cause 
thrombus resolution.86

Thrombotic emboli should potentially retain the structure and 
composition of the original thrombi from which they originated, but 
this is not always the case. Thrombotic emboli are similar to parental 
venous thrombi in that they are both composed primarily of fibrin 
fibers and RBCs, although the volume fractions of these structures 
in the emboli are different from the venous thrombi. There are also 
differences in the prevailing types of fibrin and the RBC content. 
Pulmonary emboli were shown to contain a higher volume fraction 
of fibrin, fewer RBCs, and a greater content of WBCs and microves-
icles than venous thrombi. Venous thrombi had a much higher con-
tent of echinocytes as compared to pulmonary emboli. The content 
of leukocytes was significantly greater in pulmonary emboli than in 
venous thrombi.34 It is hard to say if these differences in composi-
tion determined the predisposition to thrombus rupture or devel-
oped later after embolization had occurred. One structural feature 
of a thrombus that can be associated with a tendency to rupture and 
embolize is the lower extent of clot compaction (and lower strength) 
as a result of impaired contraction due to platelet dysfunction and/
or pathologic changes in blood composition.35

A clue to the structural relation between a primary thrombus 
and the secondary embolus comes from the composition of the 
vessel wall-attached head, body, and moving tail of the same ve-
nous thrombus.34 These parts of the thrombus are different in age, 
and the flexible tail is the most likely source of embolization. The 
tail of this thrombus contained more fibrin and fewer RBCs than 
the other parts and was similar to the embolus. These results are 
consistent with time-dependent changes of the composition of ve-
nous thrombi.87 Over time, the overall content of RBCs in thrombi 
gradually decreases, while the amount of fibrin increases in the 
head and tail, with the RBC content remaining highest in the body. 
Remarkably, the central bodies of thrombi contain mostly fully com-
pressed polyhedrocytes, whereas in the head and tail, the prevailing 
type of RBCs is intermediate-shaped or partially compressed RBCs. 

F I G U R E  5  Pie charts showing quantification of structures identified in arterial and venous thrombi and pulmonary emboli (with 
permission fromSci Rep. 2020;10:5112)
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In agreement with our earlier data,88 the higher content of fibrin fi-
bers in the clot (namely, in the head and tail) may impair platelet-in-
duced clot contraction, decreasing formation of polyhedrocytes. 
The reduced contractility in the tail of venous thrombi in combina-
tion with mechanical flexibility could make this region more prone to 
embolization. Accordingly, impaired contraction of blood clots has 
been shown to correlate with a higher incidence of PE in patients 
with DVT.35

Despite great variability of thrombus structure and composi-
tion, there are systematic differences between arterial thrombi and 
venous thrombi and pulmonary emboli. Namely, the proportion 
of RBCs in venous thrombi and pulmonary emboli is considerably 
higher than in arterial thrombi. Polyhedrocytes and intermedi-
ate-shaped forms (both indicative of the intravital compaction of 
a thrombus mass) are also more frequent in venous thrombi and 
pulmonary emboli than in arterial thrombi. More fibrin bundles are 
observed in arterial than in venous thrombi and pulmonary emboli. 
WBCs are more common in venous thrombi and pulmonary emboli 
compared with arterial thrombi, while cell-derived microvesicles are 
more common in arterial thrombi.

8  | THROMBOLYSIS,  THROMBECTOMY, 
AND THROMBUS STRUCTURE

Relationships between clot or thrombus structure and fibrinolysis 
are complex. In vitro studies have shown a general though not uni-
versal conclusion that clots made up of thick fibers are digested 
more rapidly than clots made up of thinner fibers.89,90 Computer 
simulations of the fibrinolytic process have provided an explana-
tion for these observations and why the rates of lysis can be re-
versed at a higher number of t-PA molecules per surface area.91 
Moreover, many studies have demonstrated a correlation between 
plasma clots made up of thin fibers in patients with a whole array 
of (pro)thrombotic conditions, which then accounts for decreased 
fibrinolysis and a shift of the balance toward clotting in these 
patients.92-95

The presence of platelets and erythrocytes in thrombi also has a 
major effect on fibrinolysis. Platelets influence fibrinolysis by mod-
ulating clot structure, since thrombin is generated on the platelet 
surface, initiating fibrin fiber formation from platelet aggregates and 
an abundance of thin fibers.96 In addition, erythrocytes influence fi-
brinolysis by their effects on clot structure and their effects on clot 
permeability.97 These effects could be related to direct RBC-fibrin 
binding because RBCs have been shown to bear fibrinogen-specific 
receptor molecules98,99 and the specificity of fibrinogen binding to 
RBCs can be similar to RBC-fibrin interactions in blood clots and 
thrombi.100

Platelet-driven clot contraction also has major effects on fibri-
nolysis. Internal fibrinolysis, in which a plasminogen activator such 
as t-PA is added initially before clotting, is a model for physiologi-
cal fibrinolysis, while external fibrinolysis, where t-PA is added out-
side the already formed clot after formation, is a model for clinical 

thrombolysis.101 Studies that compared outcomes of t-PA added to 
platelet-rich versus platelet-poor plasma and clots formed in the 
presence of increasing numbers of platelets showed that clot con-
traction enhanced internal fibrinolysis.102 Studies of clots formed 
with whole blood demonstrated a similar enhancement of fibrino-
lysis twofold, probably because the redistribution of erythrocytes 
and platelets/fibrin that accompanies clot contraction means that 
fibers are closer together, which enables individual plasmin mole-
cules to move between fibers and cleave fibrin more efficiently.30 
With external fibrinolysis initiated from the clot exterior to simulate 
therapeutic thrombolysis, most studies showed a slower rate of clot 
dissolution.103-105 In contracted whole blood clots, external fibrino-
lysis was approximately fourfold slower than for uncontracted clots. 
These results are understandable from the structures of thrombi 
described in the previous sections, as it is apparent that they are 
very tightly packed and highly impermeable. This dichotomy in the 
susceptibility of contracted and uncontracted clots to internal ver-
sus external lysis suggests that the rate of lysis is dependent on the 
interplay between accessibility of fibrin fibers to fibrinolytic agents, 
including clot permeability, and the spatial proximity of the fibrin fi-
bers that modulate the effects of fibrinolytic enzymes. In addition, 
the fibrinolytic resistance of compacted fibrin clots can be due to 
the cross-linking of α2-antiplasmin to fibrin by activated factor XIII 
(FXIIIa), which prevents the plasmin inhibitor from being fully ex-
pelled from the clot during contraction.106,107 Understanding how 
compaction of blood clots influences clot lysis might have important 
implications for prevention and treatment of thrombotic disorders. 
In particular, the intravital contraction/compaction of thrombi that 
impedes external fibrinolysis can explain why intravenous t-PA, even 
within a short 3- to 4.5-hour window, has only modest effects on the 

F I G U R E  6  The effects of early thrombolysis on the likelihood 
of excellent functional outcomes (0-1 modified Rankin Scale (mRS) 
scores) at 3-6 months after stroke depending on the initial stroke 
severity evaluated by the National Institutes of Health Stroke Scale 
(NIHSS) scores. These data represent the relatively small difference 
in the outcomes between patients untreated and treated with 
intravenous (IV) recombinant tissue plasminogen activator (rt-PA) 
at different time periods after the onset of stroke (derived from 
Lancet Neurol. 2016;15:925-33)
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long-term outcomes of acute ischemic stroke108(Figure 6). There are 
also side effects and complications of t-PA infusion like intracranial 
hemorrhage, which is why lytic agents other than t-PA and new treat-
ment modalities have been developed, including thrombectomy.

The unusual mechanical properties of thrombi have implications 
for understanding their response to compressive forces and for the 
design and use of thrombectomy or ultrasound devices for removal 
of these thrombi.109 Differences seen in the mechanical proper-
ties of thrombi and thrombotic emboli with varying fibrin and RBC 
content can help in understanding what responses to expect when 
stresses are applied by removal devices to thrombi in vivo and for 
making such devices work more effectively.

9  | INTERNATIONAL SOCIETY ON 
THROMBOSIS AND HAEMOSTASIS 2020 
CONGRESS REPORT

It is a sign of the vitality of this area of research that there were many 
relevant presentations at the International Society on Thrombosis 
and Haemostasis 2020 Congress.

Several studies focused on the effects of NETs on fibrinolysis.110 
Another study suggests that the prevalence of von Willebrand fac-
tor, NETs, and microcalcifications contribute to thrombectomy resis-
tance.111 Since NETs intercalate to fibrin and create a dense network 
that impairs fibrinolysis, circulating markers of NETs might be useful 
to predict thrombolysis outcomes in patients with acute ischemic 
stroke.112 Citrullination of fibrinogen contributes to a clot structure 
that is lysis resistant because of higher compactness and lower po-
rosity but mechanically vulnerable and consequently more prone to 
embolization.113 It was shown that carboxypeptidase U was rapidly 
generated during thrombolysis and decreased immediately after 
the end of recombinant t-PA infusion.114 Strong correlation of FXIII 
concentration with the incorporation of C-terminally intact α2-anti-
plasmin into fibrin clot suggests that C-terminally intact α2-antiplas-
min is the primary substrate of FXIIIa for cross-linking to fibrin.115 It 
was demonstrated that activated platelets initiated not only coag-
ulation but also fibrinolysis via triggering accumulation of plasmin-
ogen and t-PA on their surface, as well as attenuating fibrinolysis 
through the activation of thrombin-activatable fibrinolysis inhibi-
tor.116 Decreased clot-bound amounts of FXIII with the subsequent 
reduction in α2-antiplasmin can be detected in acute PE and show 
associations with reduced fibrinolytic capacity.117

There were also some more clinically oriented talks. Platelet-
targeted magnetic nanoparticles can act as an adjuvant to enhance 
the efficacy of current thrombolytic therapies through the induction 
of localized magnetic hyperthermia.118 A reagent has been developed 
to target fibrinolysis of microthrombi in thrombotic thrombocyto-
penic purpura.119 It was shown that pulsed cavitational ultrasound 
therapy was able to recanalize noninvasively in an in vitro model of 
acute venous thrombosis.120 A post hoc analysis of the CAVA (ul-
trasound-accelerated catheter-directed thrombolysis versus antico-
agulation for the prevention of post-thrombotic syndrome) trial of 

risk for postthrombotic syndrome after early thrombus removal via 
additional ultrasound-accelerated, catheter-directed thrombolysis in 
patients with acute iliofemoral DVT showed a significant reduction 
in symptom severity and improvement of generic quality of life.121 
One study of a PE response team investigated the use of cathe-
ter-directed thrombolysis versus systemic intravenous thrombolysis 
or thrombectomy.122 A study of patients with acute ischemic stroke 
undergoing thrombolysis showed that low α2-plasmin inhibitor anti-
gen levels on admission is an independent predictor of unfavorable 
long-term outcomes.123 An ex vivo study of changes in fibrinolytic 
factors in an extracorporeal membrane oxygenation circuit showed 
an elevation in plasmin-antiplasmin complexes and plasminogen ac-
tivator inhibitor-1 and a decrease in t-PA.124

10  | FUTURE DIRECTIONS

Because of what we now know of thrombus structure, many new 
approaches are being developed to improve thrombus resolution. 
Foremost among the methods is the use of thrombectomy for ex-
traction of thrombi from larger vessels. Thrombolysis is still recom-
mended in ischemic stroke for a short treatment window from the 
onset of occlusion, especially because the risk of side effects of hem-
orrhage increases with time. Following the success of thromboaspi-
ration and thrombectomy for myocardial infarction, these same 
methods have been applied successfully to patients with ischemic 
stroke who have occlusion of large cerebral vessels. Thrombectomy 
is now recommended for large-vessel occlusion proven by imaging, 
as long as a well-organized and experienced team of specialists is 
available to carry out the procedure.

Catheter-directed thrombolysis is also used to place the throm-
bolytic agent directly to the occlusive thrombus and minimize 
bleeding side effects. This procedure appears to improve the effec-
tiveness of thrombolytic therapy. Some new technologies use pen-
etration of the thrombus by the catheter and direct infusion of the 
lytic agent into the interior of the thrombus, which allows delivery 
to an otherwise impermeable structure.125 Another future direction 
in therapeutic thrombolysis and thromboprophylaxis is infusion of 
RBCs or nanoparticles loaded with fibrinolytic agents that prolong 
their circulation times and prevent penetration into tissues and ex-
isting hemostatic clots, while delivering the agents to the interior of 
nascent thrombi.126,127

Ultrasound has been used in a variety of forms for recanalizing 
vessels. Focused ultrasound has been used as a noninvasive ther-
apeutic technology for patients with DVT but is still at the early 
stages of development. This novel technology is used to focus in-
tense beams of ultrasound energy precisely and accurately on tar-
gets deep in the body to ablate a thrombus by thermal destruction 
without damaging surrounding normal tissue. More commonly, 
ultrasound can be used to enhance thrombolysis, with ultrasound 
frequencies and intensities that do not induce thermal damage.128 
Ultrasound causes a decrease in the diameter of the fibers due to 
tension as a result of vibration, leading to increased binding sites 
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for plasmin(ogen)/t-PA.129 The positive feedback of this structural 
change together with increased mixing/transport of t-PA/plasmin(o-
gen) is likely to account for the observed enhancement of fibrinolysis 
by ultrasound.

Now it is increasingly common for the use of a combination of 
thrombolysis and thrombectomy.130 Ultrasound-assisted thrombol-
ysis together with percutaneous coronary intervention improves 
recanalization rates and reduces infarct size, resulting in sustained 
improvements in heart function after ST-segment–elevation myo-
cardial infarction.131 For ischemic stroke, it appears that patients 
treated with both intravenous thrombolysis and thrombectomy 
show better functional outcomes, probably also with lower mortal-
ity, and a higher rate of successful recanalization.132

The new discoveries of thrombus structure and properties sum-
marized here will undoubtedly lead to other novel strategies for ac-
complishing more effective thrombus resolution.
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