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Quantitative Morphology of Cerebral Thrombi 
Related to Intravital Contraction and Clinical 
Features of Ischemic Stroke
Rafael R. Khismatullin, MD; Chandrasekaran Nagaswami, MD; Asia Z. Shakirova, MD, PhD; Adéla Vrtková, MS;  
Václav Procházka, MD; Jaromír Gumulec , MD; Jiří Mačák , MD; Rustem I. Litvinov , MD, PhD; John W. Weisel , PhD

BACKGROUND AND PURPOSE: The purpose was to assess quantitatively and qualitatively the composition and structure of cerebral 
thrombi and correlate them with the signs of intravital clot contraction (retraction), as well as with etiology, severity, duration, 
and outcomes of acute ischemic stroke.

METHODS: We quantified high-resolution scanning electron micrographs of 41 cerebral thrombi for their detailed cellular 
and noncellular composition and analyzed histological images for the overall structure with the emphasis on red blood cell 
compression, fibrin age, and the signs of inflammation.

RESULTS: Cerebral thrombi were quite compact and had extremely low porosity. The prevailing cell type was polyhedral 
compressed erythrocytes (polyhedrocytes) in the core, and fibrin-platelet aggregates were concentrated at the periphery; 
both findings are indicative of intravital contraction of the thrombi. The content of polyhedrocytes directly correlated with the 
stroke severity. The prevalence of fibrin bundles was typical for more severe cases, while the content of fibrin sponge prevailed 
in cases with a more favorable course. The overall platelet content in cerebral thrombi was surprisingly small, while the higher 
content of platelet aggregates was a marker of stroke severity. Fibrillar types of fibrin prevailed in atherothrombogenic 
thrombi. Older fibrin prevailed in thrombi from the patients who received thrombolytics, and younger fibrin dominated in 
cardioembolic thrombi. Alternating layers of erythrocytes and fibrin mixed with platelets were common for thrombi from the 
patients with more favorable outcomes. Thrombi with a higher number of leukocytes were associated with fatal cases.

CONCLUSIONS: Most cerebral thrombi undergo intravital clot contraction (retraction) that may be of underestimated clinical 
importance. Despite the high variability of the composition and structure of cerebral thrombi, the content of certain types 
of blood cells and fibrin structures combined with the morphological signs of intravital contraction correlate with the clinical 
course and outcomes of acute ischemic stroke.
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A big step toward studying composition and structure 
of cerebral thrombi and emboli has been made since 
the introduction of mechanical thrombectomy.1–3 

Knowledge of the composition of a cerebral thrombus 
can potentially help to improve and predict the effec-
tiveness of thrombectomy or thrombolytic recanalization 
of an occluded vessel or to develop new methods of 
treatment.1,4–7 However, given that there are many other 

factors that determine the success rate of any form of 
treatment,8–10 it is still not clear how exactly the composi-
tion of the thrombus is related to the clinical course and 
outcomes of ischemic stroke.11,12

Cerebral thrombi consist of 3 major components: fibrin/
platelet accumulations, red blood cells (RBCs), and leuko-
cytes, while the content of these structures is quite vari-
able.2,13,14 RBCs are one of the most abundant components 
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of cerebral thrombi,11,13,15,16 so the classical definition of them 
as white is not always correct. Fibrin and platelets are the 
other dominant components of cerebral thrombi.11,17 Throm-
bolysis was less effective in thrombi with a high fibrin content 
compared with RBC-rich thrombi, while thrombi with a high 
RBC count are associated with successful reperfusion.16

Despite many morphological studies on cerebral 
thrombi, the relation of their composition and structure to 
clinical features of stroke is still largely unknown, in part, 
due to the lack or insufficiency of systematic and quanti-
tative morphological analysis. In this study, we assessed 
quantitatively and qualitatively the composition and struc-
ture of cerebral thrombi and correlated them with etiology, 
severity, duration, and outcomes of acute ischemic stroke. 
We put a special emphasis on the signs of intravital con-
traction (retraction) of a thrombus and association of this 
process with clinical characteristics of stroke. As a meth-
odological advancement, we described and quantified 
subtypes of blood cells and fibrin structures to glean new 
information about correlations between the morphology 
of thrombi and manifestations of stroke.

METHODS
The authors declare that all supporting data are available within 
the article and its Data Supplement.

Arterial thrombi from 41 patients with acute ischemic stroke 
were analyzed. The design of this study was approved by the 
local ethical committee (Reference: 639/2017). All patients 
provided written informed consent to participate in the study. 
Following a mechanical thrombectomy procedure, all patients 
included in the study had confirmed large vessel thromboem-
bolic occlusion. Clinical characteristics of the patients are pre-
sented in Table 1 and Table I in the Data Supplement.

Mechanical thrombectomy, electron and light microscopy, 
and statistical analyses are described in Materials in the Data 
Supplement. The cellular structures analyzed in this study are 
listed in Table 2 and shown in Figure 1 and Figure I [A] in the 
Data Supplement.

RESULTS
Overall Composition of Cerebral Thrombi
The overall composition of cerebral thrombi was analyzed 
from scanning electron micrographs by quantifying the 

volume fraction occupied by all types of cells, fibrin, and 
empty spaces (Figure 1; Figure I in the Data Supple-
ment). As shown in Figure 2A, blood cells comprised on 
average about 73% (95% CI, 68–78) of the volume of 
thrombi and were the prevailing constituent over fibrin, 
which filled only about 20% (95% CI, 16–24) of the 
volume of thrombi. The empty spaces that character-
ized porosity occupied on average about 6% (95% CI, 
5–9) of the volume of thrombi, indicating that the cere-
bral thrombi are relatively compact and hardly permeable 
structures. The volume fractions of blood cells, fibrin, and 
pores were statistically indistinguishable in thrombi that 
had atherothrombogenic or cardioembolic etiology.

Types of RBCs in Cerebral Thrombi
RBCs altogether comprised >80% (95% CI, 79–88) of 
all blood cells and were the prevailing constituent over 
platelets and leukocytes (Figure 2B; Table II in the Data 
Supplement). Deformed RBCs, such as polyhedrocytes 
(≈30%) and mainly polyhedral RBCs (>50%), originat-
ing from platelet-driven contraction and compression 
of a thrombus, comprised the vast majority of RBCs 
(on average >80% [95% CI, 81–86]) in all cerebral 
thrombi (Figure 2C). The content of mainly polyhedral 
RBCs was significantly higher (on average 58% [95% 
CI, 51–65]) in thrombi from the patients with an inter-
mediate stroke severity (National Institutes of Health 
Stroke Scale [NIHSS] score, 11–20 points 24 hours 
after admission) than in the patients with a lower dis-
ease severity (NIHSS score, ≤10) that had an average 
content of 40% ([95% CI, 29–52] Figure 2D) with the 
difference between the medians of 21 ([95% CI for the 
difference, 6–32] P=0.041). The content of mainly poly-
hedral RBCs correlated inversely with the NIHSS 7 days 
after admission (r=−0.5, P<0.05). The content of mainly 
polyhedral RBCs correlated directly (r=0.37, P<0.05) 
with the stroke outcomes characterized by mRS values 3 
months after admission. The difference in the content of 
the RBC types between thrombi from the patients with 
atherothrombogenic and cardioembolic stroke was sta-
tistically insignificant (Figure II in the Data Supplement). 
Graphical representation of the differences between 
medians (and 95% CI) for the volume fractions of vari-
ous RBCs is shown in Figure III in the Data Supplement.

Platelets in Cerebral Thrombi
The content of platelet aggregates increased with an 
increase of stroke severity (Figure 3A). The volume fraction 
of platelet aggregates was significantly higher (on average 
≈18% [95% CI, 14–22]) in thrombi from the patients with 
a higher NIHSS (21–30 points 24 hours after admission) 
than in the patients with a lower (≤10) NIHSS, in which 
they occupied only ≈9% volume (95% CI, 7–12) with the 
difference between the medians of 9 ([95% CI for the 

Nonstandard Abbreviations and Acronyms

mRS modified Rankin Scale
NIHSS  National Institutes of Health Stroke 

Scale
OR odds ratio
RBC red blood cell
VWF von Willebrand factor
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difference, 4–13] P=0.006). The same trend maintained 
7 days after admission with the content of platelet aggre-
gates prevailing significantly in thrombi from the patients 
with a higher NIHSS (21–30) than in the patients with an 
intermediate and lower (≤20) NIHSS (18% [95% CI, 14–
22] and 10% [95% CI, 7–12], respectively). The difference 
between the medians was 9 ([95% CI for the difference, 
4–14] P=0.012; Figure 3B). The content of balloon-like 
platelets identified as bloated cells with a size comparable 
with RBCs was significantly higher in the cardioembolic 
(≈3% [95% CI, 2–5]) than in atherothrombogenic thrombi 
(1% [95% CI, 0–3]) with the difference between the medi-
ans of 1 ([95% CI for the difference, 0–3] P=0.018; Fig-
ure 3C; Figure III in the Data Supplement).

Leukocytes in Cerebral Thrombi
Leukocytes were the least abundant cell type in cerebral 
thrombi and comprised on average ≈2% (95% CI, 1–2.5) 

of all blood cells. An important trend, although statisti-
cally insignificant due to a limited number of scattered 
variances, was that the content of leukocytes tended 
to prevail (≈2.5% [95% CI, 1–3]) in thrombi from the 
patients who had a worse outcome or died (the highest 
mRS score, 6 points) over the patients with an intermedi-
ate and lower mRS (≤3 points) 3 months after admission 
(≈1.5% [95% CI, 0.5–2]; Figure 3D).

Fibrin in Cerebral Thrombi
Fibrin was quantified as the relative content of the fol-
lowing morphological types: bundles, fibers, sponge, and 
debris (Figure 4A; Table 2). Fibrin bundles significantly 
prevailed over other types of fibrin in all thrombi and 
comprised on average about 40% ([95% CI, 31–47] 
Figure 4B), which was true for thrombi of both athero-
thrombogenic (Figure IV [A] in the Data Supplement) or 
cardioembolic (Figure IV [B] in the Data Supplement) 

Table 1. Clinical Characteristics of Patients With Acute Ischemic Stroke Enrolled in This 
Study (n=41)

Clinical data Patients, n (%)

Average age, y 72.0±1.5

Sex (female) 17 (41%)

Etiology Atherothrombogenic stroke 18 (44%)

Cardioembolic stroke 23 (56%)

Stroke severity at the time of admission NIHSS score, ≤10 2 (5%)

NIHSS score, 11–20 30 (73%)

NIHSS score, 21–30 9 (22%)

Stroke severity 24 h after admission NIHSS score, ≤10 16 (42%)

NIHSS score, 11–20 17 (45%)

NIHSS score, 21–30 5 (13%)

Stroke severity 7 d after admission NIHSS score, ≤10 19 (49%)

NIHSS score, 11–20 12 (31%)

NIHSS score, 21–30 8 (20%)

Stroke outcome 3 mo after admission mRS score, ≤2 12 (30%)

mRS score, 3 8 (20%)

mRS score, 4–5 10 (25%)

mRS score, 6 10 (25%)

Thrombolysis Yes (Actilyse) 30 (73%)

No 11 (27%)

Thrombosis duration ≥240 min 13 (34%)

<240 min 25 (66%)

Treatment variables Units Median (IQR)*

 Inception to intravenous thrombolysis min 100.0 (80.0–123.0)

 Inception to digital subtraction angiography min 150.0 (120.0–202.5)

 Arrival to intravenous thrombolysis min 25.0 (20.0–30.0)

 Arrival to digital subtraction angiography min 60.0 (35.0–80.0)

 Procedure duration min 45.0 (30.0–65.0)

 Recanalization min 195.0 (170.0–257.5)

IQR indicates interquartile range; mRS, modified Rankin Scale; and NIHSS, National Institutes of Health Stroke Scale.
*Median with the interquartile range.
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origin. The overall content of fibrin was significantly 
higher in thrombi from the patients with cardioembolic 
than atherothrombogenic stroke, namely 23% (95% CI, 
18–29) versus 13% (95% CI, 9–18), respectively, with 
the difference between the medians of 9 ([95% CI for 
the difference, 1–19] P=0.034; Figure 4C). The con-
tent of fibrin bundles prevailed significantly in thrombi 
from the patients with a higher stroke severity (NIHSS 
score, 21–30) at the time of admission (on average 59% 
[95% CI, 51–67]) than from the patients with less severe 
stroke, who had intermediate and lower (≤20) NIHSS 
(33% [95% CI, 24–42]), and the difference between 
the medians was 31 ([95% CI for the difference, 16–
40] P=0.007; Figure 4D). The content of fibrin bundles 
remained the prevailing fibrin structure (on average about 
60% [95% CI, 50–69]) in thrombi from the patients with 
a higher NIHSS (21–30 points) than from the patients 
with intermediate and lower NIHSS (0–20 points) 24 
hours after admission (on average about 33% [95% CI, 
25–41]; Figure IV [C] in the Data Supplement). The con-
tent of fibrin bundles correlated strongly and inversely 
with the stroke outcomes assessed by the mRS values 
3 months after admission (r=−0.7, P<0.01). The content 
of fibrin sponge was somewhat higher (on average about 
30% [95% CI, 21–39]) in thrombi from the patients with 
an intermediate and lower NIHSS (0–20 points at the 
time of admission) than from the patients with a higher 
NIHSS (21–30), who had on average only about 14% 
(95% CI, 0–29) fibrin sponge structures (Figure IV [D] 
in the Data Supplement). The relative content of fibrin 
bundles was significantly higher than the content of 
fibrin debris in the cardioembolic thrombi (Figure IV [B] 

in the Data Supplement). Remarkably, fibrin debris often 
contained free or barbed fiber ends, presumably originat-
ing from fibrinolytic cleavage.18 Graphical representation 
of the differences between medians (and 95% CI) for 
the relative areas of various fibrin structures is shown in 
Figure V in the Data Supplement.

Composition and Structure of Cerebral Thrombi 
as Revealed by the Histological Examination
Polyhedrocytes (P) or polyhedral-like RBCs were the pre-
vailing component of cerebral thrombi, located preferen-
tially in the interior of thrombi (Figure VI [A] in the Data 
Supplement). We demonstrated earlier that in histologi-
cal preparations, fibrin can be stained in variable colors 
depending on the age of the blood clot or thrombus.19 
Age-based segregation of fibrin stained with Picro-Mal-
lory was the following: young (Y), up to 6 hours after for-
mation, stained in red; mature (M), 6 to 18 hours after 
formation, stained in violet; old (O), over 24 hours after 
formation, stained in blue (Figure VI [B and C] in the Data 
Supplement). There were thrombi that contained only 
young fibrin almost completely located at the periphery 
and formed a massive and loose outer layer. Small isolated 
areas of young fibrin were diffusely located inside the 
same thrombus (Figure VI [B] in the Data Supplement).

The prevailing content of young fibrin was significantly 
higher in thrombi from the patients without thrombolytic 
therapy than in patients with thrombolysis (odds ratio 
[OR], 0.208 [95% CI, 0.043–1.001]; P=0.05), which 
suggests that thrombolysis dissolved preferentially young 
fibrin that was on the periphery of thrombi. Young fibrin 

Table 2. Morphological Characteristics of the Structures Analyzed in This Study

Structures Characteristics

Cell types

 Biconcave RBCs 4- to 5-µm disc-shaped flattened cells; both sides of the surface curve inward forming a dimple

 Mainly biconcave intermediate-
shaped RBCs

Similar to biconcave RBCs with a dimple in the middle, but the surface deviates from discoid and is partially rounded

 Mainly polyhedral intermediate-
shaped RBCs

Polyhedral-like RBCs with more or less flat sides except areas where the sides are distorted by either protrusions or 
indentations

 Polyhedral RBCs Polyhedral cells with surface made up of intersecting polygonal sides

 Spherocytes Convex-shaped RBCs ≈5 µm in diameter with a smooth round surface without protrusions, indentations, or dimples

 Echinocytes RBCs with multiple small, evenly spaced thorny projections

 Balloon-like platelets Bloated single or doubled platelets with a plicate surface of a size comparable or larger than RBCs (≥5–6 µm); 
multiple wrinkles and lines on the surface and no bumps, which makes them distinct from spherocytes and leukocytes

 Platelet aggregates Clusters of deformed irregular-shaped platelets with outgrowths and multiple filopodia

 Leukocytes Spherical or irregular-shaped cells varying from ≈5 up to ≈10–12 µm in diameter with much membrane folding and a 
tuberous rough surface with multiple short bumps

Fibrin types

 Fibrin bundles Thick fibrillar structures made up of several laterally aggregated fibers

 Fibrin fibers Thin fibrillar structures single or usually arranged into a network

 Fibrin sponge Porous amorphous structure

 Fibrin debris Unstructured detritus and separate fibrin pieces

RBC indicates red blood cell.
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dominated significantly in thrombi from the patients with 
cardioembolic rather than atherothrombogenic thrombi 
(OR, 0.117 [95% CI, 0.013–1.056]; P=0.05). Within the 
same thrombus, fibrin of a different color and age could 
be often observed simultaneously.

Thrombi often contained alternating layers of erythro-
cytes and fibrin mixed with platelets (Figure VI [D] in the 
Data Supplement). These structures were similar to lines 
of Zahn that also have alternating layers (laminations) of 
platelet/fibrin mesh, which appear next to darker layers 
of RBCs. However, in our observations, these layers had 
some peculiarities, such that the fibrin/platelets layers 
were free of leukocytes, relatively thick, wavy, and ran-
domly oriented, while in the typical lines of Zahn, fibrin 
layers form thin laminated regular patterns, often asso-
ciated with leukocytes. The alternating layers prevailed 
significantly in patients with better stroke outcomes that 
had lower (0–2) and intermediate (3) mRS points 3 
months after admission than in patients with worse out-
comes and higher (4–6) mRS points (OR, 21.320 [95% 

CI, 1.103–411.943]; P=0.043). Fibrin formed layers that 
could be seen in any part of the thrombi. Remarkably, 
we found that compressed polyhedral erythrocytes were 
often colocalized with fibrin in the thrombi from patients 
with a high (21–30 points) and intermediate (11–20) 
NIHSS at the time of the admission compared with the 
patients with a lower (≤10) score (OR, 0.032 [95% CI, 
0.001–0.942]; P=0.046; Figure VII in the Data Supple-
ment). These compressed RBCs were stained atypically 
due to the overlap with fibrin staining.

Leukocytes (predominantly neutrophils) most often 
colocalized with fibrin, but they could also be found in all 
layers irrespective of fibrin location (Figure VIII [A] in the 
Data Supplement). Leukocytes could form sparse and 
randomly located sites with clusters (Figure VIII [B] in 
the Data Supplement), but in most cerebral thrombi, sin-
gle leukocytes were distributed diffusely (Figure VIII [C] 
in the Data Supplement). The clustered leukocytes pre-
vailed significantly (OR, 0.046 [95% CI, 0.003–0.866]; 
P=0.04) in thrombi from patients with worse outcomes 

Figure 1. Representative scanning electron micrographs of cerebral thrombi, containing major structural elements.
A, Prevalence of compressed red blood cells (RBCs) in the thrombus core. B, Partially deformed RBCs located closer to the thrombus periphery. 
C and D, Dominance of fibrin on the surface of thrombi: (1) polyhedral RBCs (polyhedrocytes), (2) mainly polyhedral intermediate-shaped RBC, 
(3) mainly biconcave intermediate-shaped RBC, (4) a biconcave RBC, (5) a spheroid RBC, (6) an echinocyte, (7) a balloon-like platelet, (8) a 
platelet aggregate, (9) a leukocyte, (10) fibrin bundles, (11) fibrin fibers, (12) fibrin sponge, and (13) fibrin debris. For detailed description of the 
cellular structures and fibrin types, see Table 2. Magnification bar=10 µm.
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that had high (4–6) or intermediate (3) mRS points 3 
months after admission value, compared with the patients 
with a lower (0–2 points) mRS.

DISCUSSION
Quantitative analysis of the overall structure and com-
position of cerebral thrombi showed that they are quite 
compact structures (Figures 1 and 2A; Figure I [B] in the 
Data Supplement). The high density indicates reduced 
accessibility of the interior space for thrombolytic agents 
and resistance to therapeutic thrombolysis, as found clin-
ically.20–22 There was also little porosity in both coronary 
artery and venous thrombi/emboli.23 Surprisingly, in cere-
bral artery thrombi, the prevailing constituent was RBCs 
(Figure 2A), as in venous thrombi/emboli.

Of all blood cells that made up three-quarters of the 
volume of cerebral thrombi, >80% are represented by 
deformed polyhedral-like RBCs, indicating that thrombi 
undergo strong compaction that move RBCs toward 

the core of the thrombus, where they form tessellated 
arrays of polyhedrocytes. The platelet-driven compres-
sive deformation of RBCs into polyhedral cells was first 
revealed in contracting blood clots formed in vitro24 and 
later confirmed in thrombi extracted from coronary arter-
ies of the patients with ST-segment–elevation myocar-
dial infarction,23–25 as well as in venous thrombi23,26 and 
thrombotic emboli.23,27 Now this observation has been 
extended to cerebral thrombi.

Another morphological sign of contraction is redis-
tribution of the fibrin-platelet meshwork toward the 
periphery of a contracted blood clot or thrombus, which 
was found histologically in the vast majority of cerebral 
thrombi, regardless of the etiology, duration, and treat-
ments of stroke (Figure VI [B] in the Data Supplement). 
Based on these findings, it can be inferred that cerebral 
thrombi undergo intravital contraction that can have sub-
stantial and multifunctional pathophysiological conse-
quences, potentially influencing the course and outcome 
of acute ischemic stroke.

Figure 2. TThe overall composition of cerebral thrombi.
A, The relative area occupied by cells, fibrin, and empty space. B, The relative number (fraction) of various cell types. C, Distribution of various red 
blood cell (RBC) types in cerebral thrombi. D, The relative content of compressed mainly polyhedral RBCs in thrombi from patients with ischemic 
stroke of various severities based on National Institutes of Health Stroke Scale (NIHSS) 24 h after admission; Kruskal-Wallis test (A) and 1-way 
ANOVA test with Dunn post hoc test (D).
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First, the intravital contraction shrinks thrombi 
and can improve the local blood flow past otherwise 
obstructive thrombi by reducing vessel occlusion.26,28 
Second, compressed dense thrombi, unlike uncon-
tracted loose blood clots, have a low susceptibility to 
external fibrinolysis induced by addition of exogenous 
plasminogen activator(s), implying that patients with 
contracted thrombi are resistant to therapeutic throm-
bolysis.29 Third, the extent of compression can deter-
mine the mechanical stability of thrombi and their 
propensity to embolization, with less contracted clots 
more likely to embolize, which may be important for 
strokes arising from embolization.26

The thrombus structure, namely the content of poly-
hedrocytes, aggregated platelets, and fibrin bundles, 
was found to correlate directly with the NIHSS score 
at admission, which implies that the composition and 
physical properties of the thrombus have clinical con-
sequences. Since polyhedrocytes are a morphological 
marker of clot contraction, a higher content of polyhe-
drocytes means that the thrombi are more contracted. 
In other words, the thrombi will be more compact, more 

stable, less deformable, and less permeable. Similarly, 
the prevalence of fibrin bundles and the higher content 
of platelet aggregates that were also typical for more 
severe cases also go along with more contracted and 
more dense thrombi. Moreover, this dense impermeable 
structure of thrombi/emboli must impair the efficacy of 
intravenous thrombolysis, and resistance to intravenous 
thrombolysis worsens the outcome of treatment. A com-
bination of these and other conditions likely determines 
the importance of the composition of thrombi that might 
affect, directly or indirectly, the size of brain damage and 
the patient’s neurological status (NIHSS) at admission.

The overall volume fraction of fibrin was found to be 
much higher in cardioembolic than in atherothrombo-
genic cerebral thrombi (Figure 4C), which is consistent 
with the earlier findings.30 These observations sug-
gest that fibrin is the major component of embologenic 
cardiac thrombi and that the likelihood of embolism is 
directly related to the content of fibrin. Although fibrin 
is supposed to provide integrity and mechanical stabil-
ity of a thrombus, thrombotic embolization, in addition to 
mechanical rupture, may be triggered or reinforced by 

Figure 3. The relative content of platelets and leukocytes in cerebral thrombi extracted from patients with different etiology, 
severity, and outcomes of stroke.
A and B, The content of platelet aggregates in thrombi from patients with stroke of various severities (National Institutes of Health Stroke Scale 
[NIHSS]) estimated 24 h (A) and 7 d (B) after admission. C, The content of balloon-like platelets in the atherothrombogenic and cardioembolic 
thrombi. D, The leukocyte content in thrombi from patients with various stroke outcomes based on the modified Rankin Scale (mRS) disability 
scale 3 mo after admission (0, no residual symptoms; 6, died). Mann-Whitney U test (A, B, and D), unpaired 2-tailed Student t test (C).
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fibrinolysis,31,32 and higher fibrin content may increase 
susceptibility of a thrombus to proteolytic cleavage.

We have recently developed a semiquantitative 
color scale to determine the age of fibrin in histo-
logical preparations as young, mature, and old fibrin.19 
Using this scale, we have found that young fibrin pre-
vailed in cardioembolic cerebral thrombi, while athero-
thrombogenic thrombi were composed mainly of older 
fibrin (Figure VI in the Data Supplement). This differ-
ence suggests that embolization of cardiac thrombi 
is more likely since these thrombi contain relatively 
immature fibrin that is less resistant to mechanical 
rupture and fibrinolysis.

A remarkable and unexplored type of fibrin revealed 
in cerebral thrombi is fibrin debris (Figure 4A; Table 2). 
Although it is hard to provide persuasive evidence for its 
origin, it has many free fiber ends, suggesting that fibrin 
debris may comprise remnants of partially lysed fibrin net-
work.18 In addition, fibrin debris could comprise a mixture 
of fibrin fibers and neutrophil extracellular traps because 
discrimination between fibrin and neutrophil extracellular 
traps by scanning electron microscopy is impossible.33

Fibrin sponge is another newly described form of fibrin 
of unclear origin (Figure 4A; Table 2). In spite of some 
apparent similarities, these spongy structures are distinct 
from both the fibrin film34 and the fibrin shell,35 both of 
which are found on the thrombus surface. The fibrin shell 
probably results from redistribution of components dur-
ing clot contraction, as we described above.23,24,27

Arterial thrombi have been traditionally considered 
platelet rich with a relatively small content of RBCs and, 
therefore, called white thrombi.14,36 The literature15,16,37 
and our data disprove this old notion because RBCs 
comprise a major component of various cerebral arte-
rial thrombi (≈80% volume fraction), while the content 
of platelets is surprisingly small (≈10%; Figure 2B). In 
some studies, cerebral thrombi were found to contain 
more fibrin/platelets than RBCs, but these conclusions 
are based on histopathologic examination, while we 
used scanning electron microscopy. Although there are 
some scanning electron microscope images of cerebral 
thrombi in the literature, most of them are hardly com-
parable with our work. Autar et al3 only studied interac-
tions between stent retrievers and thrombus. Mehta et 

Figure 4. The structural variability of fibrin and the relative content of fibrin types in cerebral thrombi extracted from patients 
with stroke of different etiology and severity.
A, Characteristic colorized portions of scanning electron micrographs of cerebral thrombi, illustrating the types of fibrin structures (Table 2): fibrin 
bundles (1), fibrin sponge (2), fibrin fibers (3), and fibrin debris (4). Magnification bar=5 µm. B, The relative content of various fibrin types in 
cerebral thrombi. C, The content of fibrin in thrombi from the patients with cardioembolic and atherothrombogenic stroke. D, The content of fibrin 
bundles in cerebral thrombi from the patients with various severity of stroke based on National Institutes of Health Stroke Scale (NIHSS) at the 
time of admission. Kruskal-Wallis test with Dunn post hoc test (B) and Mann-Whitney U test (C and D).
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al38 show one image without quantification. Di Meglio et 
al35 studied the outer shell of fibrin and platelets, which is 
qualitatively consistent with our results on redistribution 
of thrombus components indicative of intravital contrac-
tion. To the best of our knowledge, there are no other 
studies using electron microscopy to quantify cerebral 
thrombus structure.

There are numerous publications using standard 
histopathologic methods to quantify cerebral throm-
bus structure. The Sporns et al2 and Liebeskind et al15 
studies both show considerably higher and similar fibrin 
content than RBCs. On the other hand, the Boeckh-Beh-
rens et al11 study shows only slightly higher fibrin con-
tent. By contrast, in our study using scanning electron 
microscopy, we found a higher RBC content than fibrin. 
There are several potential reasons for the discrepan-
cies between histology and scanning electron micros-
copy because of the differences in methodology. The 
primary reason is the considerably lower resolution of 
the histological images, in which large areas will stain but 
may have quite low fibrin content. By scanning electron 
microscopy, we visualize individual fibrin fibers, so we are 
only counting those areas and not all the space between 
fibers or areas with sparse fibrin fibers or fibrin sponge. 
Another reason is that hematoxylin and eosin and other 
staining do not allow adequate distinction between fibrin 
and platelets. Since platelets are included in the fibrin 
total, fibrin is overestimated. Last but not the least, in 
our study, unlike others, the samples were cut open so 
that the interior of the thrombi could be viewed, while in 
many other studies, the surface or the exterior parts of 
thrombi, containing accumulations of fibrin and platelets, 
were analyzed. Many other methodological distinctions 
between histopathologic examination and scanning elec-
tron microscopy may explain why the results on morphol-
ogy of cerebral thrombi are not always consistent.

Similarly, we found that the volume fractions of blood 
cells and fibrin were statistically indistinguishable in 
thrombi that had atherothrombogenic versus cardioem-
bolic etiology. Although some histological studies found 
distinctive differences with respect to etiology, other 
studies have reported just the opposite findings. Thus, 
our results are not out of line with the literature overall.

The content of balloon-like platelets prevailed signifi-
cantly in the cardioembolic more than in atherothrombo-
genic thrombi (Figure 3C), which can be an indicator of 
platelet activation. The balloon-like platelets provide a sur-
face for thrombin generation and formation of fibrin.39,40 
Balloon-like platelets are bloated single or double platelets 
with a plicate surface and a size comparable to or larger than 
RBCs (≥5–6 µm); they have multiple wrinkles and lines on 
their surface and no bumps.41,42 These structural features 
make them distinct from leukocytes, which are spherical 
or irregular-shaped cells varying from ≈5 up to ≈10 to 12 
µm in diameter with pronounced membrane folding and a 
tuberous rough surface with multiple short bumps.43

The relationships between thrombus structure and 
3-month mRS are probably both direct and indirect. The 
high content of mainly polyhedral RBCs (a signature of 
intravital contraction) prevailed in thrombi/emboli from 
patients with more severe stroke outcomes character-
ized by mRS. As described for patients at entry, this 
means that the thrombi are more contracted, so that 
they are more compact, more stable, and less perme-
able. As a result, the 3-month mRS is also affected in 
addition to the severity at intake. More generally, the fact 
that a higher volume fraction of compressed polyhedral-
like RBCs correlates with worse long-term outcomes 
most likely due to persistent thrombinemia and continu-
ous platelet activation that also sustain thrombosis.44 
The abundance of neutrophils prevailed significantly in 
thrombi from patients with worse long-term outcomes. 
The accumulation of leukocytes in the thrombus repre-
sents the conditions for the development of neutrophil 
extracellular traps that enhance fibrin deposition, plate-
let aggregation, disturb the local blood flow around a 
thrombus, and reduce the susceptibility of thrombi to 
fibrinolysis and to therapeutic thrombolysis.45–47 Indirect 
associations between the composition of thrombi/emboli 
and long-term stroke outcomes could be related to the 
delayed alterations in the cerebral arteries and micro-
circulation at the site of occlusion after removal of the 
thrombus. These alterations include chronic endothelial 
activation at the site of occlusion and in the distal parts 
of cerebral vessels, followed by disturbed microcircula-
tion, a high level of VWF (von Willebrand factor) expres-
sion, and a higher probability of reocclusion, leukocyte 
extravasation, and inflammatory damage to surrounding 
tissue. All these processes worsen the course and long-
term outcomes of stroke.

CONCLUSIONS
Cerebral thrombi were made of blood cells and fibrin and 
had low porosity. The prevailing cell type was compressed 
polyhedral erythrocytes (polyhedrocytes), indicative of 
intravital contraction, and the content of polyhedrocytes 
directly correlated with the stroke severity. The presence 
of fibrin bundles over single fibers was typical for more 
severe cases, while the content of fibrin sponge pre-
vailed in cases with a more favorable course of stroke. 
The higher content of platelet aggregates was another 
marker of stroke severity, although the overall platelet 
content in these arterial thrombi was unexpectedly small. 
Fibrillar types of fibrin dominated over fibrin sponge in 
atherothrombogenic thrombi, whereas the content of 
total fibrin of any type was characteristic of cardioem-
bolic thrombi. Cerebral thrombi with a substantial number 
of leukocytes, often arranged into clusters, were usually 
associated with fatal cases. Histologically, the majority 
of thrombi also had pronounced morphological signs 
of contraction, including polyhedrocytes in the core and 
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redistribution of fibrin to the periphery. Thrombus age 
assessed by histological staining of fibrin revealed that 
younger fibrin prevailed in cardioembolic thrombi. Alter-
nating layers of erythrocytes and fibrin/platelets were 
typical for thrombi from the patients with more favorable 
outcomes. Thus, despite the high variability of the com-
position and structure of cerebral thrombi, the content 
of certain types of blood cells and fibrin structures com-
bined with the morphological signs of intravital contrac-
tion correlate with the clinical course and outcomes of 
acute ischemic stroke.

ARTICLE INFORMATION
Received June 27, 2020; final revision received August 18, 2020; accepted Sep-
tember 11, 2020.

Affiliations
Department of General Pathology, Kazan State Medical University (R.R.K., A.Z.S.) 
and Institute of Fundamental Medicine and Biology, Kazan Federal University 
(R.R.K., A.Z.S., R.I.L.), Russian Federation. Department of Cell and Developmental 
Biology, University of Pennsylvania School of Medicine, Philadelphia (R.R.K., C.N., 
R.I.L., J.W.W.). Department of Applied Mathematics, VSB- Technical University of 
Ostrava, Czech Republic (A.V.). Departments of Radiology (V.P.), Hematooncology 
(J.G.), and Pathology (J.M.), University Hospital Ostrava and Faculty of Medicine, 
University of Ostrava, Czech Republic.

Sources of Funding
The work was supported by the National Institutes of Health (NIH) grants 
HL135254 and HL116330, National Science Foundation grant DMR1505662, 
a bridge grant from the Perelman School of Medicine, a grant from the Russian 
Foundation for Basic Research 19-015-00075 and the Program for Competitive 
Growth at Kazan Federal University. Scanning electron microscopy was support-
ed by NIH Shared Instrumentation Grant S10-OD018041 (Dr Weisel).

Disclosures
None.

Supplemental Materials
Expanded Materials & Methods
Tables I and II
Figures I–VIII

REFERENCES
 1. Simons N, Mitchell P, Dowling R, Gonzales M, Yan B. Thrombus compo-

sition in acute ischemic stroke: a histopathological study of thrombus 
extracted by endovascular retrieval. J Neuroradiol. 2015;42:86–92. doi: 
10.1016/j.neurad.2014.01.124

 2. Sporns PB, Hanning U, Schwindt W, Velasco A, Minnerup J, Zoubi T, 
Heindel W, Jeibmann A, Niederstadt TU. Ischemic stroke: what does the 
histological composition tell us about the origin of the thrombus? Stroke. 
2017;48:2206–2210. doi: 10.1161/STROKEAHA.117.016590

 3. Autar ASA, Hund HM, Ramlal SA, Hansen D, Lycklama À Nijeholt GJ, 
Emmer BJ, de Maat MPM, Dippel DWJ, van der Lugt A, et al. High-res-
olution imaging of interaction between thrombus and stent-retriever in 
patients with acute ischemic stroke. J Am Heart Assoc. 2018;7:e008563. 
doi: 10.1161/JAHA.118.008563

 4. Niesten JM, van der Schaaf IC, van Dam L, Vink A, Vos JA, Schonewille 
WJ, de Bruin PC, Mali WP, Velthuis BK. Histopathologic composition 
of cerebral thrombi of acute stroke patients is correlated with stroke 
subtype and thrombus attenuation. PLoS One. 2014;9:e88882. doi: 
10.1371/journal.pone.0088882

 5. Xu RG, Ariëns RAS. Insights into the composition of stroke thrombi: 
heterogeneity and distinct clot areas impact treatment. Haematologica. 
2020;105:257–259. doi: 10.3324/haematol.2019.238816

 6. Staessens S, Denorme F, Francois O, Desender L, Dewaele T, Vanacker 
P, Deckmyn H, Vanhoorelbeke K, Andersson T, De Meyer SF. Structural 

analysis of ischemic stroke thrombi: histological indications for therapy 
resistance. Haematologica. 2020;105:498–507. doi: 10.3324/haematol. 
2019.219881

 7. Spronk HMH, Padro T, Siland JE, Prochaska JH, Winters J, van der Wal AC, 
Posthuma JJ, Lowe G, d’Alessandro E, Wenzel P, et al. Atherothrombosis 
and thromboembolism: position paper from the second maastricht consen-
sus conference on thrombosis. Thromb Haemost. 2018;118:229–250. doi: 
10.1160/TH17-07-0492

 8. Donkel SJ, Benaddi B, Dippel DWJ, Ten Cate H, de Maat MPM. Prognostic 
hemostasis biomarkers in acute ischemic stroke. Arterioscler Thromb Vasc 
Biol. 2019;39:360–372. doi: 10.1161/ATVBAHA.118.312102

 9. De Meyer SF, Andersson T, Baxter B, Bendszus M, Brouwer P, Brinjikji W, 
Campbell BC, Costalat V, Dávalos A, Demchuk A, et al; Clot Summit Group. 
Analyses of thrombi in acute ischemic stroke: a consensus statement on 
current knowledge and future directions. Int J Stroke. 2017;12:606–614. 
doi: 10.1177/1747493017709671

 10. Bagoly Z, Ariëns RAS, Rijken DC, Pieters M, Wolberg AS. Clot struc-
ture and fibrinolysis in thrombosis and hemostasis. Biomed Res Int. 
2017;2017:4645137. doi: 10.1155/2017/4645137

 11. Boeckh-Behrens T, Kleine JF, Zimmer C, Neff F, Scheipl F, Pelisek J, 
Schirmer L, Nguyen K, Karatas D, Poppert H. Thrombus histology suggests 
cardioembolic cause in cryptogenic stroke. Stroke. 2016;47:1864–1871. 
doi: 10.1161/STROKEAHA.116.013105

 12. Fitzgerald S, Mereuta OM, Doyle KM, Dai D, Kadirvel R, Kallmes DF, Brinjikji 
W. Correlation of imaging and histopathology of thrombi in acute ischemic 
stroke with etiology and outcome. J Neurosurg Sci. 2019;63:292–300. doi: 
10.23736/S0390-5616.18.04629-5

 13. Maegerlein C, Friedrich B, Berndt M, Lucia KE, Schirmer L, Poppert H, 
Zimmer C, Pelisek J, Boeckh-Behrens T, Kaesmacher J. Impact of histo-
logical thrombus composition on preinterventional thrombus migration in 
patients with acute occlusions of the middle cerebral artery. Interv Neurora-
diol. 2018;24:70–75. doi: 10.1177/1591019917733733

 14. Marder VJ, Chute DJ, Starkman S, Abolian AM, Kidwell C, Liebeskind D, 
Ovbiagele B, Vinuela F, Duckwiler G, Jahan R, et al. Analysis of thrombi 
retrieved from cerebral arteries of patients with acute ischemic stroke. Stroke. 
2006;37:2086–2093. doi: 10.1161/01.STR.0000230307.03438.94

 15. Liebeskind DS, Sanossian N, Yong WH, Starkman S, Tsang MP, Moya AL, 
Zheng DD, Abolian AM, Kim D, Ali LK, et al. CT and MRI early vessel signs 
reflect clot composition in acute stroke. Stroke. 2011;42:1237–1243. doi: 
10.1161/STROKEAHA.110.605576

 16. Singh P, Kaur R, Kaur A. Clot composition and treatment approach to acute 
ischemic stroke: the road so far. Ann Indian Acad Neurol. 2013;16:494–497. 
doi: 10.4103/0972-2327.120433

 17. Pikija S, Magdic J, Trkulja V, Unterkreuter P, Mutzenbach JS, Novak HF, 
Weymayr F, Hauer L, Sellner J. Intracranial thrombus morphology and compo-
sition undergoes time-dependent changes in acute ischemic stroke: a CT den-
sitometry study. Int J Mol Sci. 2016;17:e1959. doi: 10.3390/ijms17111959

 18. Veklich Y, Francis CW, White J, Weisel JW. Structural studies of fibrinolysis 
by electron microscopy. Blood. 1998;92:4721–4729.

 19. Khismatullin RR, Shakirova AZ, Weisel JW, Litvinov RI. Age-dependent 
differential staining of fibrin in blood clots and thrombi. BioNanoScience. 
2020;10:370–374.

 20. Tomkins AJ, Schleicher N, Murtha L, Kaps M, Levi CR, Nedelmann M, 
Spratt NJ. Platelet rich clots are resistant to lysis by thrombolytic therapy 
in a rat model of embolic stroke. Exp Transl Stroke Med. 2015;7:2. doi: 
10.1186/s13231-014-0014-y

 21. Bembenek JP, Niewada M, Siudut J, Plens K, Członkowska A, Undas 
A. Fibrin clot characteristics in acute ischaemic stroke patients treated 
with thrombolysis: the impact on clinical outcome. Thromb Haemost. 
2017;117:1440–1447. doi: 10.1160/TH16-12-0954

 22. Undas A. Prothrombotic fibrin clot phenotype in patients with deep vein 
thrombosis and pulmonary embolism: a new risk factor for recurrence. 
Biomed Res Int. 2017;2017:8196256. doi: 10.1155/2017/8196256.

 23. Chernysh IN, Nagaswami C, Kosolapova S, Peshkova AD, Cuker A, Cines 
DB, Cambor CL, Litvinov RI, Weisel JW. The distinctive structure and com-
position of arterial and venous thrombi and pulmonary emboli. Sci Rep. 
2020;10:5112. doi: 10.1038/s41598-020-59526-x

 24. Cines DB, Lebedeva T, Nagaswami C, Hayes V, Massefski W, Litvinov RI, 
Rauova L, Lowery TJ, Weisel JW. Clot contraction: compression of erythro-
cytes into tightly packed polyhedra and redistribution of platelets and fibrin. 
Blood. 2014;123:1596–1603. doi: 10.1182/blood-2013-08-523860

 25. Ząbczyk M, Sadowski M, Zalewski J, Undas A. Polyhedrocytes in intracoro-
nary thrombi from patients with ST-elevation myocardial infarction. Int J Car-
diol. 2015;179:186–187. doi: 10.1016/j.ijcard.2014.10.004

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 29, 2020



Khismatullin et al Composition and Contraction of Cerebral Thrombi

3650  December 2020 Stroke. 2020;51:3640–3650. DOI: 10.1161/STROKEAHA.120.031559

CL
IN

IC
AL

 A
ND

 P
OP

UL
AT

IO
N 

SC
IE

NC
ES

 26. Peshkova AD, Malyasyov DV, Bredikhin RA, Le Minh G, Andrianova 
IA, Tutwiler V, Nagaswami C, Weisel JW, Litvinov RI. Reduced contrac-
tion of blood clots in venous thromboembolism is a potential thrombo-
genic and embologenic mechanism. TH Open. 2018;2:e104–e115. doi: 
10.1055/s-0038-1635572

 27. Litvinov RI, Khismatullin RR, Shakirova AZ, Litvinov TR, Nagaswami 
C, Peshkova AD, Weisel JW. Morphological signs of intravital contrac-
tion (retraction) of pulmonary thrombotic emboli. BioNanoScience. 
2018;8:428–433.

 28. Peshkova AD, Le Minh G, Tutwiler V, Andrianova IA, Weisel JW, Litvinov 
RI. Activated monocytes enhance platelet-driven contraction of blood clots 
via tissue factor expression. Sci Rep. 2017;7:5149. doi: 10.1038/s41598- 
017-05601-9

 29. Tutwiler V, Peshkova AD, Le Minh G, Zaitsev S, Litvinov RI, Cines DB, Weisel 
JW. Blood clot contraction differentially modulates internal and external 
fibrinolysis. J Thromb Haemost. 2019;17:361–370. doi: 10.1111/jth.14370

 30. Ahn SH, Hong R, Choo IS, Heo JH, Nam HS, Kang HG, Kim HW, Kim JH. 
Histologic features of acute thrombi retrieved from stroke patients during 
mechanical reperfusion therapy. Int J Stroke. 2016;11:1036–1044. doi: 
10.1177/1747493016641965

 31. Kucinsky R, Goldhaber S, Tavel ME. Acute myocardial infarction complicated 
by pulmonary embolism after thrombolytic therapy: problems in clinical man-
agement. Chest. 2005;128:3572–3575. doi: 10.1378/chest.128.5.3572

 32. Kupis RW, Goldman-Mazur S, Polak M, Ząbczyk M, Undas A. Faster fibrin 
clot degradation characterizes patients with central pulmonary embolism at 
a low risk of recurrent peripheral embolism. Sci Rep. 2019;9:72.

 33. Krautgartner WD, Klappacher M, Hannig M, Obermayer A, Hartl D, Marcos 
V, Vitkov L. Fibrin mimics neutrophil extracellular traps in SEM. Ultrastruct 
Pathol. 2010;34:226–231. doi: 10.3109/01913121003725721

 34. Gu SX, Lentz SR. Fibrin films: overlooked hemostatic barriers against 
microbial infiltration. J Clin Invest. 2018;128:3243–3245. doi: 10.1172/ 
JCI121858

 35. Di Meglio L, Desilles JP, Ollivier V, Nomenjanahary MS, Di Meglio S, 
Deschildre C, Loyau S, Olivot JM, Blanc R, Piotin M, et al. Acute ischemic 
stroke thrombi have an outer shell that impairs fibrinolysis. Neurology. 
2019;93:e1686–e1698. doi: 10.1212/WNL.0000000000008395

 36. Mackman N. Triggers, targets and treatments for thrombosis. Nature. 
2008;451:914–918. doi: 10.1038/nature06797

 37. Silvain J, Collet JP, Nagaswami C, Beygui F, Edmondson KE, 
Bellemain-Appaix A, Cayla G, Pena A, Brugier D, Barthelemy O, et al. Com-
position of coronary thrombus in acute myocardial infarction. J Am Coll Car-
diol. 2011;57:1359–1367. doi: 10.1016/j.jacc.2010.09.077

 38. Mehta BP, Nogueira RG. Should clot composition affect choice of 
endovascular therapy? Neurology. 2012;79(13 suppl 1):S63–S67. doi: 
10.1212/WNL.0b013e3182695859

 39. Agbani EO, Williams CM, Hers I, Poole AW. Membrane ballooning in aggre-
gated platelets is synchronised and mediates a surge in microvesiculation. 
Sci Rep. 2017;7:2770. doi: 10.1038/s41598-017-02933-4

 40. Agbani EO, van den Bosch MT, Brown E, Williams CM, Mattheij NJ, Cosemans 
JM, Collins PW, Heemskerk JW, Hers I, Poole AW. Coordinated membrane 
ballooning and procoagulant spreading in human platelets. Circulation. 
2015;132:1414–1424. doi: 10.1161/CIRCULATIONAHA.114.015036

 41. Agbani EO, Hers I, Poole AW. Temporal contribution of the platelet body and 
balloon to thrombin generation. Haematologica. 2017;102:e379–e381. doi: 
10.3324/haematol.2017.166819

 42. Hess MW, Siljander P. Procoagulant platelet balloons: evidence from cryo-
preparation and electron microscopy. Histochem Cell Biol. 2001;115:439–
443. doi: 10.1007/s004180100272

 43. Handin RI, Lux SE, Stossel TP. Blood: Principles and practice of hematology. 
2nd ed. Lippincott Williams and Wilkins; 2003:471.

 44. Tutwiler V, Peshkova AD, Andrianova IA, Khasanova DR, Weisel JW, Litvinov 
RI. Contraction of blood clots is impaired in acute ischemic stroke. Arte-
rioscler Thromb Vasc Biol. 2017;37:271–279. doi: 10.1161/ATVBAHA. 
116.308622

 45. Laridan E, Denorme F, Desender L, François O, Andersson T, Deckmyn 
H, Vanhoorelbeke K, De Meyer SF. Neutrophil extracellular traps 
in ischemic stroke thrombi. Ann Neurol. 2017;82:223–232. doi: 
10.1002/ana.24993

 46. Prochazka V, Jonszta T, Czerny D, Krajca J, Roubec M, Macak J, Kovar P, 
Kovarova P, Pulcer M, Zoubkova R, et al. The role of von Willebrand factor, 
ADAMTS13, and cerebral artery thrombus composition in patient outcome 
following mechanical thrombectomy for acute ischemic stroke. Med Sci 
Monit. 2018;24:3929–3945. doi: 10.12659/MSM.908441

 47. Heo JH, Nam HS, Kim YD, Choi JK, Kim BM, Kim DJ, Kwon I. Pathophysi-
ologic and therapeutic perspectives based on thrombus histology in stroke. 
J Stroke. 2020;22:64–75. doi: 10.5853/jos.2019.03440D

ow
nloaded from

 http://ahajournals.org by on N
ovem

ber 29, 2020




