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Blood clots and thrombi undergo platelet-driven contraction/retraction followed by

structural rearrangements. We have established quantitative relationships between the

composition of blood clots and extent of contraction to determine intravital contraction of

thrombi and emboli based on their content. The composition of human blood clots and

thrombi was quantified using histology and scanning electron microscopy. Contracting blood

clots were segregated into the gradually shrinking outer layer that contains a fibrin-platelet

mesh and the expanding inner portion with compacted red blood cells (RBCs). At 10%

contraction, biconcave RBCs were partially compressed into polyhedral RBCs, which became

dominant at 20% contraction and higher. The polyhedral/biconcave RBC ratio and the extent

of contraction displayed an exponential relationship, which was used to determine the

extent of intravital contraction of ex vivo thrombi, ranging from 30% to 50%. In venous

thrombi, the extent of contraction decreased gradually from the older (head) to the younger

(body, tail) parts. In pulmonary emboli, the extent of contraction was significantly lower

than in the venous head but was similar to the body and tail, suggesting that the emboli

originate from the younger portion(s) of venous thrombi. The extent of contraction in

arterial cerebral thrombi was significantly higher than in the younger parts of venous

thrombi (body, tail) and pulmonary emboli but was indistinguishable from the older part

(head). A novel tool, named the “contraction ruler,” has been developed to use the

composition of ex vivo thrombi to assess the extent of their intravital contraction, which

contributes to the pathophysiology of thromboembolism.

Introduction

Formation of blood clots is followed by their volumetric shrinkage, known as contraction or retraction,1,2

driven by forces generated by the platelet cytoskeleton that are transmitted to fibrin fibers.3 The contrac-
tion of blood clots and thrombi can occur not only in vitro but also in vivo as a pathophysiologic process
that improves hemostasis,4 increases blood flow past otherwise obstructive thrombi,5 prevents throm-
botic embolization,6 alters clot susceptibility to fibrinolysis,7 and has other clinical implications.5,6,8-12

In the course of contraction, blood clots undergo structural changes, including 2 major morphological
consequences. First, the contractile forces compress RBCs, resulting in their deformation from initially
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biconcave RBCs in
blood clots and
thrombi is a “ruler” to
measure extent of clot
contraction.

� The extent of intravital
contraction of ex vivo
arterial and venous
thrombi is associated
with their origins, age,
and embologenicity.
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biconcave to a polyhedral shape (polyhedrocytes).13,14 Second, clot
contraction is followed by spatial redistribution of components, such
that RBCs are packed tightly in the interior part while a meshwork
of fibrin and platelets accumulates at the exterior.4,13 The unusual
structural features of blood clots undergoing contraction were first
revealed with clots formed in vitro,13 but later, similar changes were
found in ex vivo thrombi of various origins.6,13,15-18

Despite these studies of the structural changes of blood clots
and thrombi during contraction, some important questions remain
unanswered. What is the actual extent of shrinkage of in vivo
blood clots and thrombi? How do the structural changes relate
to the degree of blood clot contraction? Is it possible to estimate
the extent of intravital contraction of thrombi based on their

composition and structure? Answering these questions would
help to better understand the pathophysiology of thrombosis and
have great clinical significance.

In this study, we have conducted a quantitative analysis of the struc-
ture and composition of in vitro clots at different known degrees of
contraction. Based on these data, we created a graphic “ruler” that
allows converting the results of cellular morphometry to the degree
of contraction for a blood clot or thrombus. Then, we applied this
“contraction ruler” to ex vivo arterial and venous thrombi and throm-
botic emboli to assess the extent of their intravital contraction. A
comparative analysis of the data obtained enabled us to propose
associations between the extent of contraction of entire thrombi or
thrombus parts with their age, embologenicity, and origins.
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Figure 1. Imaging and quantification of the structural elements of blood clots using high-resolution scanning electron microscopy. (A) Illustrating the

structures analyzed in this study: nondeformed biconcave RBC (i), intermediate mainly biconcave RBC (ii), intermediate mainly polyhedral RBC (iii), fully compressed

polyhedral RBC (polyhedrocyte) (iv), fibrin fibers (v), and sponge-like fibrin (vi). Bar represents 3.6 mm. (B) A scanning electron micrograph with overlaid grid used to quantify

the composition of a blood clot. The structural elements were marked and measured individually. For RBCs, the number for each cell type was counted per image. For fibrin,

the area occupied by fibrous and spongy fibrin structures within each grid square was estimated and expressed as percentage. The total area of each image taken at 3500

magnification was 154 mm 3 238 mm 5 36652 mm2 (�36700 mm2). Scale bar represents 50 mm.
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Methods

In vitro blood clots and ex vivo thrombotic material were sub-
ject to quantitative morphometry using light microscopy and
scanning electron microscopy (SEM). After fixation, each blood
clot or thrombus was cut open longitudinally so that both the
interior part and the edges could be viewed. Micrographs were
transposed onto a computer screen, and the particular struc-
tural elements were marked and quantified (Figure 1; supple-
mental Figure 1).

A total of 180 microscope slides and 135 SEM images were
analyzed from 9 clots from normal blood samples at 5 various
time points of contraction. One hundred fifteen SEM images
were analyzed from 23 contracted clots formed from pathologi-
cal blood samples obtained from prothrombotic patients with
moderate to severe COVID-19. A total of 117 SEM images of
randomly selected areas were obtained from the head, body,
and tail of 13 venous thrombi. A total of 18 images of randomly
selected areas were obtained and analyzed from 6 pulmonary
thrombotic emboli. A total of 120 images of randomly selected
areas were obtained and analyzed from 24 cerebral arterial
thrombi.

Details of formation of in vitro blood clots, extraction of ex vivo
venous and arterial thrombi and pulmonary emboli, sample prepara-
tion for histology and SEM, quantification of the composition of
blood clots and thrombi, as well as statistical analyses are
described in the supplemental data.

Results

Microscopically revealed spatial segregation of

in vitro blood clots during the time course of

contraction

The extent of clot contraction (supplemental Figure 2) increased
over time until �1 hour and then reached a plateau (supplemental
Figure 3). Histological examination of contracting blood clots at vari-
ous time points revealed that clots underwent characteristic
dynamic structural changes in the form of spatial segregation of clot
components. Representative histological images of blood clots fixed
at 10, 20, 30, 45-50, and 60 minutes with various degrees of con-
traction are shown in Figure 2 and supplemental Figure 4. The main
observation was that during contraction, the clots segregated pro-
gressively into at least 2 distinct spatial compartments, named the
outer layer and the inner portion, with an occasionally observed tran-
sition zone. The basis for morphological distinction of the parts of
the clot was the packing density of RBCs, such that the inner part
contained denser tessellated RBCs, whereas in the outer layer,
RBCs interspersed with fibrin were less compact with larger
intercellular spaces, and the transition zone, when discerned, had
an intermediate density (for details see supplemental Results,
section 1).

The relative size of the outer and inner parts changed with time dur-
ing contraction, resulting in shrinkage of the outer layer and a corre-
sponding growth of the inner portion of the clot. To quantify these
structural rearrangements as a function of time and degree of clot
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Figure 2. Representative histological images of blood clots with varying extents of contraction. A border (dotted line) between the outer layer (o) and inner

portion (i) of a clot is determined by the difference in the packing density of erythrocytes. Sometimes at the higher extents of contraction, a transition zone (t) with

intermediate packing density was observed (hematoxylin and eosin stain; original magnification 3400). Scale bar represents 50 mm.
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contraction, the histological images were used to measure the thick-
ness of the outer layer to calculate the relative volumes of the outer
and inner portions. Because the blood clots were roughly cone-
shaped, the total volume of the clot (V) was determined as

V ¼ 1
3
hpr2,

where h is the total cone height, r is the radius of the base (1/2 d),
and the other corresponding parameters used for the calculations
are shown in supplemental Figure 5. An increase in the extent of
contraction was associated with progressive shrinkage of the outer
layer, whereas the volume fraction of the inner portion increased
over time (Figure 3). These changes indicate redistribution of the
clot components during contraction, with central accumulation of
compacted RBCs that are recruited from the diminishing outer
layer.

Dynamic composition of in vitro blood clots during

contraction

To study the detailed composition of blood clots, we used high-
resolution SEM, which enabled us to assess not only the packing
density but also the shape of the cells, namely the transition from
biconcave to polyhedral RBCs. The structural elements identified
and analyzed in the contracted clots are shown in Figure 1 and
included nondeformed and deformed RBCs as well as fibrin. Nota-
bly, platelet aggregates associated with fibrin were identified rarely,
perhaps due to disintegration of thrombin-activated platelets.19

Based on the packing density and the presence of fibrin, the sam-
ples were segregated into the looser outer layer, intermediate part,
and densely packed center of contracting clots (Figure 4; supple-
mental Figure 6). The 3 SEM-based portions of a clot roughly corre-
sponded to the histologically defined regions: the outer layer,
transition zone, and inner portion, respectively (Figure 2; supplemen-
tal Figure 4).

The composition of the spatially segregated clot layers depended
on the extent of whole-clot macroscopic contraction (Figure 4;

supplemental Figures 7 and 8). With an increase in the extent of
contraction, the number of nondeformed biconcave RBCs
decreased throughout the clots (Figure 4B) and equally in the outer
layer (Figure 4B1), intermediate (Figure 4B2), and central (Figure
4B3) parts. Notably, the number of biconcave RBCs in the outer
layer (Figure 4B1) and intermediate (Figure 4B2) part of the con-
tracting clots decreased gradually, whereas in the central part, the
content of uncompressed biconcave RBCs decreased abruptly at
20% extent of contraction (Figure 4B3), suggesting full conversion
to compressed cell forms.

Conversely, the number of compressed polyhedral RBCs increased
with clot contraction throughout the clots, although nonuniformly
(Figure 4C). In the outer layer (Figure 4C1) and intermediate (Figure
4C2) part, polyhedrocytes were not identified until the extent of clot
contraction reached 60% or 50%, respectively. Dissimilarly, there
was a dramatic increase in the number of polyhedrocytes in the clot
center that occurred as early as at 20% extent of contraction and
grew further with the progression of clot contraction (Figure 4C3),
indicating the prevalent accumulation, compaction, and compression
of RBCs in the clot core over the lateral portions. Notably, at the lat-
est stage of contraction, the outer layer contained few, if any, com-
pressed RBCs because polyhedral forms became an exclusive part
of the inner region.

In addition to cellular composition, SEM, unlike histology, allowed us
to visualize differential spatial distribution of fibrin, such that the
outer part usually had a lot of fibrin; in the intermediate part, it could
be found occasionally, and the inner part was free of fibrin (supple-
mental Results, section 2).

Establishing quantitative relationships between the

cellular composition of blood clots and the extent

of contraction

To establish the relationship between the cellular composition
and the extent of contraction of blood clots, we quantified the
content of nondeformed and deformed RBC types throughout
the clot, irrespective of their spatial distribution within the clot
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Figure 3. Spatial redistribution of contracting blood clots. Dot-plots showing relative volume fractions of the outer layer (A) and inner portion (B) in the blood clots at

increasing extents of contraction. If the boundary was not distinct, the borderline between the outer and inner layers was drawn through the middle of the transition zone.

Each dot (n 5 54) represents a volume fraction measured for an individual blood clot from 9 identically stained histological slides obtained for clots from 9 independent

blood samples and stained with 2 techniques. Results are presented as a median with interquartile range. Statistical analysis was performed using the Friedman test with

the correction for multiple comparisons and the false discovery rate with a 2-stage step-up method of Benjamini, Krieger, and Yekutieli.
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layers. To do so, we combined the results of cell type quantifi-
cation from the SEM images obtained from various parts of the
contracting clots. In particular, 3 images from each part of a
clot (outer layer, intermediate, and central parts) were ana-
lyzed, and the data were averaged. The goal was to find rela-
tionship(s) between the cellular composition of blood clots and
the extent of clot contraction. Based on the content of various
RBC types (supplemental Table 1), we found that the polyhe-
dral/biconcave RBC ratio displayed the most stringent interde-
pendence on the extent of clot contraction.

First, we analyzed the cellular composition of clots obtained from
normal blood samples as a function of contraction time (supplemen-
tal Figure 9 red line). The ratio of polyhedral to biconcave RBCs
(calculated from 9-27 SEM images for each time point) plotted
against the time of contraction revealed an exponential relation (sup-
plemental Figure 9 blue line) with a high accuracy of fitting (R2 5
0.83). After being calibrated against the same independent parame-
ter (i.e., the time of contraction), the cellular composition and extent
of contraction were plotted against each other (Figure 5A) and the
relation between them remained exponential. The curve obtained
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Figure 4. Quantification of biconcave and polyhedral RBCs in the layers of blood clots at varying degrees of contraction. (A) Representative scanning electron

micrographs taken in the outer layer (left column), intermediate part (middle column), and center (right column) of a contracted blood clot. The clot outer layer (Ai) contains

mostly nondeformed biconcave RBCs (represented in Figure 1Ai) and empty spaces, whereas in the center (Aiii) all cells are compressed (Figure 1Aiv) and there are almost

no empty spaces. The intermediate layer (Aii) contains intermediate-shaped RBCs (Figure 1Aii-iii). Fibrin is revealed in the outer layer and intermediate parts only. Scale bars

represent 25 mm. (B-C) Dot plots showing a reduction of the absolute number of biconcave RBCs (Bi-iii) and increase of polyhedral RBCs (polyhedrocytes) (Ci-iii) per image

area in the outer layer, intermediate part, and center in blood clots with an increasing extent of contraction. Each dot represents a number calculated from 1 of 3 scanning

electron micrograph (36 700 mm2) of a blood clot from 9 independent blood samples. Results are presented as the median with interquartile range. Statistical analysis:

Friedman test with post hoc Benjamini, Krieger, and Yekutieli test.
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and mathematical relation between the extent of contraction (now
considered an independent variable) and the polyhedral/biconcave
RBCs ratio comprise a tool to establish an unknown degree of clot
contraction based on the known content of compressed/uncom-
pressed RBCs.

To see if this regularity works for pathologically altered blood com-
position, a relation between the polyhedral/biconcave RBCs ratio
and the extent of clot contraction was tested in pathological blood
samples with a broad range of platelet count, hematocrit, and fibrin-
ogen levels (supplemental Table 2). All blood samples were
obtained from prothrombotic patients with moderate to severe
COVID-19 (supplemental Table 3). Figure 5B clearly shows that the
relation between the polyhedral/biconcave RBCs ratio and the
extent of clot contraction remained exponential, as in the clots from
normal blood samples.

The data points obtained from clots formed from normal and patho-
logical blood samples were combined into 1 plot (supplemental Fig-
ure 10). The newly built fitting curve for the representative set of
data from normal and pathological blood samples reflects a relation

between the cellular composition and extent of contraction for a
broad range of clots, mimicking formation of thrombi from pathologi-
cally altered blood. This plot comprises a basis for the contraction
ruler to convert cellular composition of ex vivo thrombi to the extent
of their intravital contraction.

The extent of intravital contraction of arterial and

venous thrombi and thrombotic emboli determined

based on their cellular composition

To establish a graphic relation with regard to data variability, we pre-
sented the cellular composition vs extent of clot contraction in a
semi-logarithmic scale (Figure 5C) and performed weighted linear
regression (Figure 5D). This linear plot comprises the eventual con-
traction ruler used in this work as a tool to extrapolate manually the
cellular composition of ex vivo thrombi (y-axis) to the extent of their
intravital contraction (x-axis) (Figures 5D and 6; supplemental Figure
11). Supplemental Tables 4 to 6 provide particular paired numbers
for each single thrombus or embolus analyzed, whereas Figure 7
shows the averaged extents of intravital contraction of the venous
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Figure 5. The ratio of compressed polyhedral RBCs (polyhedrocytes) and uncompressed biconcave RBCs in blood clots as a function of the extent of clot

contraction. (A) The polyhedral/biconcave RBC ratio as a function of the extent of clot contraction fitted with an exponential (R2 5 0.92) for clots formed from normal
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function of the extent of clot contraction fitted with an exponential (R2 5 0.77) for clots formed from 23 pathological blood samples. (C) A semi-logarithmic plot that
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thrombi and their parts, pulmonary emboli, and arterial cerebral
thrombi for comparative analysis.

First, we divided the venous thrombi into 3 parts that differed by the
time of formation, considering the vessel-attached head as the old-
est portion, the floating tail as the youngest portion of a thrombus,
and the body as having an intermediate age between the 2.15 The
extent of contraction of the head (median 45%; interquartile range,
IQR 39;49) of venous thrombi was significantly higher than that of
the tail (34%; IQR 0;41; P 5 .0009) or the body of venous thrombi
(42%; IQR 41;42; P 5 .04) (Figure 7), suggesting that the older
parts of a thrombus were more contracted than the younger part. In
addition, the extent of contraction between parts of venous thrombi
(head, body, and tail) showed a statistically significant difference
(Kruskal–
Wallis test, P 5 .004, for all 3 parts, and false discovery rate, P 5
.0008, for the head and tail). This result was confirmed using the x2

test after segregating the degrees of contraction into 2 subgroups
of categorical values (.40% and #40%). The significant order of
the reduced extent of contraction was as follows: head . body .
tail (head vs body vs tail, P 5 .04; head vs tail, P 5 .02).

Next, we compared the degree of contraction between the 3 differ-
ent parts of venous thrombi and the pulmonary emboli. The average
extent of contraction was significantly different only between the
emboli (median 38%; IQR 34;42) and the head of venous thrombi
(P 5 .03), whereas the extent of contraction between the emboli
was indistinguishable from the body (P . .05) and tail (P . .05)
(Figure 7), suggesting that the emboli may originate from the youn-
ger parts of venous thrombi that are less compacted.

Lastly, we sought to compare the extents of contraction between
arterial and venous thrombi and thrombotic emboli, which have big
differences in the content of platelets, RBCs, and fibrin.15 Based on

the “ruler,” the average extent of contraction in arterial cerebral
(median 46%; IQR 42;50) thrombi was significantly higher com-
pared with the body (P 5 .002) and tail (P 5 .0001) of venous
thrombi as well as the emboli (P 5 .02), but it was the same for the
head of venous thrombi (P . .05) (Figure 7). This result was also
confirmed using the x2 test after segregating the degrees of con-
traction into 2 subgroups (.40% and #40%); the extent of con-
traction in arterial thrombi was significantly higher than in the tail of
venous thrombi (P 5 .0009). As a matter of fact, the comparison of
the extents of contraction of the whole venous thrombi (median
41%; IQR 27;44) with the emboli (38%; IQR 34;42) and arterial
thrombi (46%; IQR 42;50) did not show any significant differences
(P . .05). The numbers for the whole venous thrombi were
obtained by averaging the extents of contraction of their parts:
heads, bodies, and tails weighted for the part size.

Discussion

This study has 2 interdependent specific aims: (1) quantifying
structural rearrangements of in vitro blood clots as a function of
the controlled extent of contraction and (2) using these estab-
lished relationships for determination of the extent of intravital
contraction of ex vivo thrombi and pulmonary emboli based on
their composition.

During contraction, in vitro blood clots undergo segregation into the
outer, intermediate, and inner spatial compartments. Although non-
uniformity was described both for in vitro13,20 and in vivo4,16,18,21

contracted blood clots, here we have demonstrated the progressive
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reduction of the outer layer with a corresponding increase of the
inner portion size during contraction. Remarkably, the beginning spa-
tial redistribution of clot components was revealed as early as at
20% extent of contraction (Figures 2 and 4; supplemental Figures
4, 7, and 8). The sorting of blood clot components is propelled by
the complex mechanochemical machinery,22 but redistribution of
clot components remains an understudied and unexplained struc-
tural feature of the contracted clots. Pathophysiological implications
of the spatial nonuniformity of contracted clots and thrombi may be
important to modulate permeability,13 mechanical stability,6 and sus-
ceptibility of thrombi to fibrinolysis.7

Another prominent structural alteration induced by contraction of
blood clots is formation of deformed RBCs, resulting from compres-
sion of the RBC-rich inner portion by the platelet-fibrin meshwork
pressing from outside.13,14 The novelty of our study is that the con-
tent of compressed RBCs in blood clots and thrombi has been
quantified and correlated with the controlled time-dependent volume
shrinkage. We have established numerical relationships between
the increasing extent of blood clot contraction and gradual transfor-
mation of uncompressed biconcave RBCs to fully deformed polyhe-
drocytes. Beginning at 10% contraction, the volume fraction of
polyhedral and intermediate mainly polyhedral RBCs in a clot
become the prevailing structures in the clot at 20% contraction and
higher (Figure 4C; supplemental Figure 7B). The content of polyhe-
dral and intermediate mainly polyhedral RBCs in individual clots
ranges from 0% to 99% and reaches a maximum at 50% to 60%
shrinkage (supplemental Table 1), which is limited by hematocrit.
The numbers characterizing blood clot composition and the extent
of contraction may depend on clot geometry, which is a limitation of
this study.

An important practical implication of the increasing RBC deforma-
tions during clot contraction is that the content of compressed poly-
hedral RBCs in the clot can serve as a quantitative measure of the
extent of contraction, at least within the range of �20% to 50%.
Here, the ratio of polyhedral to biconcave RBCs has been used to
create a “ruler” for assessment of the extent of intravital contraction
of ex vivo thrombi from the ratio of compressed to uncompressed
RBCs. The nonlinear exponential relation between the clot volume
and composition may be explained, at least in part, by squeezing
out liquid serum during compression. Regardless of the underlying
biomechanics, this relation could be used to create a mathematical
“ruler” that enables us to estimate the extent of contraction of any
blood clot or thrombus based on its cellular composition determined
using SEM. This “ruler” is a new tool to determine a previously
unknown and essentially unknowable extent of contraction from the
measurable cellular composition of blood clots and thrombi.

This contraction ruler was applied to 3 types of thrombotic material,
namely venous thrombi, pulmonary emboli, and arterial cerebral
thrombi. The composition of each thrombus or embolus was ana-
lyzed using SEM to quantify various structural elements. Importantly,
the ex vivo thrombi and emboli contained RBCs with the same dis-
tinct shapes, corresponding to different degrees of compression, as
observed in contracted clots formed in vitro. In particular, RBCs in
thrombi varied from biconcave, uncompressed cells to fully com-
pressed, polyhedral RBCs (polyhedrocytes), with at least 2 discern-
ible intermediate forms (Figures 1A1-4 and 4B-C; supplemental
Figure 7). After morphometric measurements, we used the contrac-
tion ruler to convert the measured content of fully compressed and

uncompressed RBCs to values of the extent of intravital contraction
for each arterial or venous thrombus or embolus (Figure 6; supple-
mental Figure 11; supplemental Tables 4-6).

It should be noted that distinct features of clotting in vivo, such as
varying composition of blood, effects of blood flow and new compo-
nents of the clot being delivered by flow, and inhomogeneity in clots
and other conditions, could all affect the extent to which this ruler
applies to thrombi as well as its accuracy. Multiple clinical factors
can also modulate thrombus structure and composition, including
the content of RBCs. However, the polyhedrocyte/biconcave RBC
ratio is determined solely by the extent of contraction because the
only source of polyhedrocytes is platelet-driven compression after
thrombus formation. Regardless of what promotes or suppresses
clot contraction, the morphological response would be either an
increased or decreased fraction of polyhedrocytes, respectively.
Despite some inaccuracy of the “ruler” due to inherent variations of
the parameters, it allows for the comparative analysis of the ex vivo
thrombi of various origins within a realistic range of the extent of
their natural contraction. Analysis of the degrees of intravital contrac-
tion of thrombi and emboli helped to answer at least several ques-
tions that have great significance in the pathophysiology of
thrombosis.

Question 1: What is the extent of contraction in vivo in human
thrombi? There has been controversy about the existence of clot
contraction in vivo.1,21,23-26 Now we have good evidence for clot
contraction from studies of fresh ex vivo thrombi, and our contrac-
tion ruler allows us to obtain an estimate of the extent of intravital
contraction in thrombi, which varies from �30% to �50%.

Question 2: What is the relation between the thrombus age and the
extent of its volumetric shrinkage? Expectedly, in the older parts of
venous thrombi (head and body), the degree of compaction is signif-
icantly higher than in the younger area (tail) (Figure 7). If this conclu-
sion holds for arterial thrombi as well, this may be a reason for the
known increased lytic and mechanical resistance of older and,
hence, more compacted thrombi.27 Dramatically decreased suscep-
tibility of contracted vs uncontracted blood clots to external fibrinoly-
sis (mimicking therapeutic thrombolysis) was shown earlier,7 and
there may be a broad range of intermediate states during initiation,
gradual formation, and prolonged maturation of in vivo thrombi.

Question 3: Is weaker contraction of a thrombus associated with a
higher risk of embolization? Our results provide strong evidence in
support of the notion that the extent of contraction is related
inversely to embologenicity of a thrombus. Specifically, the extent of
contraction was found to be the lowest in the pulmonary emboli and
indistinguishable from the tail of venous thrombi (Figure 7), which is
considered the most embologenic portion of a venous throm-
bus.28,29 The underlying mechanism of increased embologenicity
associated with reduced contraction is likely due to the low packing
density of a thrombus or its part that is prone to rupture. It is possi-
ble that the rupture of a weakly contracted/compacted thrombus or
portions of it may be induced or promoted by a structural defect
(crack) due to local fibrinolysis in combination with hydrodynamic
shear forces of blood flow.30

Question 4: Do arterial and venous thrombi differ in their ability to
undergo contraction? Given the typically higher content of activated
platelets and lower content of RBCs in arterial vs venous
thrombi,15,31-33 the presumable answer would be yes, with greater
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contractility for arterial thrombi. However, our data do not support
this conclusion in general, because there was no significant differ-
ence in the extent of contraction between arterial and venous
thrombi analyzed as a whole. The difference in the extent of contrac-
tion was only between arterial thrombi and the body and tail of
venous thrombi, with no difference compared with the head (Figure
7). This result suggests that although activated platelets are the driv-
ing force of contraction of blood clots and thrombi, the ultimate
extent of volumetric shrinkage depends on many other conditions,
such as the high arterial shear rate and spatial heterogeneity of
these clots and thrombi,34 the thrombus age, RBC content,35 the
amount of fibrin and mechanical properties of the fibrin scaffold,36

the presence of inflammatory cells,37 and treatments.

Question 5: How can the apparent contradiction between impaired
clot contraction in patients with thrombotic diseases and the pre-
dominance of compressed RBCs indicating clot contraction in
thrombi be resolved? There is now evidence that clot contraction is
diminished in patients with many (pro)thrombotic conditions: ische-
mic stroke,5 venous thromboembolism,6 systemic lupus erythemato-
sus,8 sickle cell disease,38 high risk of pregnancy loss,9 rheumatoid
arthritis,10 postoperative thrombosis,12 hyperhomocysteinemia,11

and COVID-19.39 At the same time, quantitative determination of
the composition of venous and arterial thrombi and pulmonary
emboli has revealed that these structures contain few biconcave
RBCs, and they are almost entirely polyhedrocytes or intermediate
forms of RBCs.14 These 2 sets of results represent an apparent
contradiction that clot contraction is partially impaired in thrombotic
conditions, yet the RBCs in thrombi are compressed, presumably
from clot contraction, because the thrombi also display the redistri-
bution of components characteristic of clot contraction. This study
resolves this conundrum, because thrombi are 30% to 53% con-
tracted, whereas compressed polyhedral RBCs become prevailing
structures in blood clots already at an �20% volume shrinkage (Fig-
ure 4C3). In summary, thrombi certainly do undergo contraction
although it is partially impaired, with the extent of the defect depend-
ing on many local and systemic pathophysiological conditions.

In conclusion, clot contraction is followed by redistribution of fibrin/
platelets toward the clot periphery and accumulation of compacted
RBCs in the inner portion of the clot, followed by gradual transfor-
mation of biconcave RBCs to deformed polyhedral RBCs (polyhe-
drocytes). When the cellular composition was averaged over the
entire clot volume, the ratio of polyhedral to biconcave RBCs vs the
extent of contraction was found to follow an exponential relation and

was used to assess the extent of intravital contraction of ex vivo
thrombi. A comparative analysis of the data obtained enabled us to
propose correlations between the extent of intravital contraction of
entire thrombi or thrombus parts and their age, embologenicity, and
origins.
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