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Abstract

Purpose One in four deaths worldwide is due to thromboembolic disease; that is, one in four people die from blood clots
first forming and then breaking off or embolizing. Once broken off, clots travel downstream, where they occlude vital blood
vessels such as those of the brain, heart, or lungs, leading to strokes, heart attacks, or pulmonary embolisms, respectively.
Despite clots’ obvious importance, much remains to be understood about clotting and clot embolization. In our work, we
take a first step toward untangling the mystery behind clot embolization and try to answer the simple question: “What makes
blood clots break off?”

Methods To this end, we conducted experimentally-informed, back-of-the-envelope computations combining fracture
mechanics and phase-field modeling. We also focused on deep venous clots as our model problem.

Results Here, we show that of the three general forces that act on venous blood clots—shear stress, blood pressure, and
wall stretch-induced interfacial forces—the latter may be a critical embolization force in occlusive and non-occlusive clots,
while blood pressure appears to play a determinant role only for occlusive clots. Contrary to intuition and prior reports, shear
stress, even when severely elevated, appears unlikely to cause embolization.

Conclusion This first approach to understanding the source of blood clot bulk fracture may be a critical starting point for
understanding blood clot embolization. We hope to inspire future work that will build on ours and overcome the limitations
of these back-of-the-envelope computations.
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Introduction or lungs. Thereby, clots give rise to a number of deadly dis-

eases including strokes, heart attacks, and pulmonary embo-

Blood clots’ physiological function is to arrest bleeding
upon vascular injury. However, clots can also form patho-
logically within our vessels. Once formed, clots may break
off—or embolize—and travel downstream, where they
occlude smaller vessels, such as those of our brain, heart,
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lisms [1, 2]. In fact, one in four deaths worldwide is due to
thromboembolic diseases, i.e., the formation and breaking
off of blood clots [3]. There is a significant body of research
on why blood clots form in the first place. In contrast, little
is understood about clot embolization [4]. That is, there is
no confident answer to the simple question: “What makes
blood clots break off?”” Given the clinical significance of
thromboembolic diseases, finding an answer to this ques-
tion is not only of scientific interest but also of the utmost
medical importance.

During formation, activated platelets and the blood-
borne monomer fibrinogen interact in a complex bio-
chemical process to yield the biocomposite blood clot. The
fibrinogen monomers polymerize into a 3D biopolymer
network called fibrin that forms the structural backbone of
clots [5, 6], akin to collagen in connective tissues [7-9].
At the same time, platelets attach to fibrin and, through
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their active contractile apparatus, compact the clot and
compress entangled red blood cells and other blood com-
ponents [10, 11].

The exact clot composition, and therefore biophysical
properties, vary depending on the location and conditions
of clot formation [12]. For example, clots that form on the
arterial side do so under relatively high blood pressure
(~ 100 mmHg) and high fluid shear stress (~ 240 Pa) [13,
14]. In contrast, clots that form on the venous side do so
under low blood pressure (~ 20 mmHg) and low fluid shear
stress (=~ 87 Pa) [14-16]. Arterial conditions lead to clots
whose structure aligns with the flow direction and are rich
in platelets [17]. Venous conditions lead to clots which have
random structure and are rich in fibrin [18]. Differing coagu-
lation conditions and, thus, biophysical properties likely lead
to quantitatively different answers to our question of inter-
est. Therefore, in our work, we focus on venous clot and its
associated diseases, deep vein thrombosis and pulmonary
embolism [19]. That is, we will focus on clot that forms in
the deep veins of our arms and legs and, when embolizing,
may travel downstream to occlude our pulmonary arteries.
As this condition affects 300,000-600,000 Americans every
year and is one of the leading causes of death during preg-
nancy and postpartum, it is of high clinical importance in
its own right [20, 21].

Given the high prevalence of thromboembolic disease in
general and of deep vein thrombosis and pulmonary embo-
lism specifically, our goal is to answer the simple ques-
tion we posed above: “What makes blood clots break off?”
Fundamentally, we know that blood clot breaks off for the
same reason that any material breaks or fractures; because
the strain energy due to external and internal forces locally
exceeds a material-specific fracture threshold called frac-
ture toughness [22]. This fundamental fracture mechanics
understanding applies to traditional engineering materials
such as steel and aluminum and also to soft materials such
as hydrogels, soft tissues, and blood clots. However, exactly
which forces impart enough strain energy to exceed clots’
fracture toughness is unclear.

Potential candidates for such forces are blood pressure,
blood flow-induced shear stress, and interfacial forces
between the clot and vessel wall due to wall stretch. While
pressure and shear stress are obvious candidates, interfa-
cial force may be a surprising candidate. To understand
why we included this force among our candidates, we must
recall that veins are 30 times more compliant than arter-
ies [23]. That is, while arteries are primarily conduits for
blood flow, the function of veins is that of a blood res-
ervoir. Therefore, veins can expand significantly in both
circumference and length. In fact, when removed from the
body, veins shrink to 60% of their initial length [24, 25],
giving insight into veins’ large in vivo stretch. Because
of the stiffness mismatch between clot and vessel wall,

@ Springer

the in vivo stretch induces large interfacial forces, which
to date have remained unexplored as potential drivers for
clot embolization.

To give an answer to the question at hand, in vivo meth-
ods are not suitable. First, measuring any of our candidate
forces is difficult in vivo. That is, fluid shear stress cannot
be directly measured but only indirectly inferred. Addition-
ally, shear stress and pressure cannot be decoupled in vivo.
Instead, only their coupled effect can be studied. Also,
interfacial forces per se cannot be measured in vivo. Simi-
larly, in vitro methods are unsuitable to answer this ques-
tion because in vitro blood pressure and shear stress also
cannot be decoupled. Furthermore, recreating realistic flow
conditions and clot geometries is difficult in vitro. There-
fore, we chose a computational approach [26]. Specifically,
we chose to build idealized 3D representations of occlusive
and non-occlusive venous clots and use a non-standard finite
element method that involves the phase-field fracture mod-
eling approach to capture the physics of embolization. This
approach circumvents the numerical complications arising
from the inherently discontinuous (fracture) phenomenon
by diffusing the sharp crack surface while capturing com-
plex crack topologies [27, 28]. Note, here we focus on bulk
fracture. That is, we do not specifically model the clot—wall
interface as a first step towards understanding blood clot
embolization.

Methods
In Vitro Blood Clot Experiments

We generated blood clot from whole bovine blood obtained
from a commercial service (Lampire Biological Labo-
ratories, PA, USA) where blood is collected directly into
CPDA-1 anticoagulant. We added calcium chloride (CaCl,)
to a final concentration of 20 mM to reverse the anticoagu-
lant and followed prior protocols to cast the sample into
3D-printed molds compatible with our mechanical testing
machine [29]. Our protocol yielded a sample with dimen-
sions of 40 mm by 10 mm by 3 mm, with a total sample
volume of 1200 mm?>. We covered the molds to avoid dehy-
dration and incubated the sample at 37°C for 60 min. Fol-
lowing incubation, we mounted the sample to our tensile
testing machine (Instron, MA, USA). In preparation for
mode-I fracture testing, we gave the sample a 13 mm cut on
its lateral side. Note, we chose this length to avoid boundary
effects impacting our fracture toughness measurements. We
then conducted an extension-to-failure experiment at a rate
of 0.1 mm/s, corresponding to a strain rate of 1%/s. Dur-
ing the test, we collected force data, displacement data, and
images of the fracture process.
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Phase-Field Modeling

We model embolization, i.e., clot fracture, within the
nonlinear finite element framework using the phase-field
approach. Therein, fracture emerges as a coupled problem
that we solve for the clots’ deformation field and a vari-
able that captures the local damage in response to external
forces exceeding the clots’ fracture toughness. We capture
clots’ deformation via the deformation map ¢, and the clots’
damage via the crack phase-field d. While the deformation
map transforms a point X € B in the reference state onto
its spatial counterpart x € S, the phase-field continuously
interpolates between the intact (d = 0) and the fully dam-
aged state of the solid (d = 1). For details of the kinematics
of the problem, we refer readers to [30-32].

The coupled problem may then be expressed as a rate-
type potential IT based on the balance of power, viz.

N=£+D-P, (1

where £ denotes the rate of the elastic energy storage and D
accounts for the rate of the energy dissipated due to fracture.
Here, P is the externally supplied power due to the body
forces and tractions. As a next step, we consider the variation
of the potential in Eq. 1.

The corresponding minimization of the primary field
variables yields the governing equations of the mechanical
problem, namely the balance of the linear momentum,

divie)+y =0, )
as well as the evolution equation of the fracture phase-field,
201 —dyH = (d — I*Ad). 3)

In Eq. 2, 6 and y represent the Cauchy stress tensor and the
body force vector per unit volume. Equation 3 involves the
length-scale parameter /, the damage parameter d, and the
driving source term 7 that reads

‘H = max <lp0(s) - 1>. 4)

s€l0a \ g,

Importantly, Eq. 4 ensures irreversibility of fracture—it
stores the maximum value in the entire deformation his-
tory [0, t]—and forms an isotropic criterion for the onset
of fracture. Fracture onset only occurs when ¥,(s) = g..
Therein, g, represents the fracture toughness or the criti-
cal energy release rate, while ¥, denotes the deviatoric free
energy function of the principal stretch (4;, 4,, 4;) based on
a one-term Ogden model, i.e.,

R 2
Wy = Wo(d1. Ay, dg) = “ECT + 25+ 45 =) 5)

where p and a describe the shear modulus and the parameter
controlling the degree of nonlinearity, respectively, see [33,
34] for more details. Note that the total free energy is the
sum of the deviatoric portion, ¥, and a volumetric portion,
U, viz.

W=¥,+U. (6)
The latter follows from

k(J —1)%

U:=0U) = —

(7
with J being the Jacobian of the deformation—i.e., the ratio
between the volume in the deformed and the reference con-
figuration—and k being the bulk modulus. In other words,
the bulk modulus serves as a penalty parameter for volume
change. Because we only degrade the deviatoric portion of
the strain energy, the total energy of a damaged material,
thus, reads

W =Gd)¥,+ U, 8)

where G(d) = (1 — d)*>. We identified both Ogden param-
eters using an inverse finite element approach, in which we
matched the force—displacement data of our mode-I frac-
ture experiments at strains well below the critical stretch at
which fracture occurred. Thereby, we found y = 1.04 (kPa)
and a = 7.21. Please note that, in the absence of volumet-
ric experimental data, we chose a bulk modulus of k¥ = 100
(kPa) for our simulations, unless indicated otherwise.

In view of the above-stated descriptions, Eqs. 2-3 are
discretized in time and space via a Galerkin-type weak for-
mulation and solved for the respective primary field vari-
ables, i.e., displacement and phase-field, in the finite element
framework. Note, to overcome ill-conditioning of the stiff-
ness matrix in the face of large bulk moduli relative to shear
moduli, we implemented a mixed finite element formulation
(Q1PO element). Details of the weak formulation and the
algorithmic treatment can be found in [35-37]. Please note
that we used the open-source nonlinear finite element solver
FEAP to solve the above problem.

Results

Identification of Clot Fracture Toughness
from Mode-I Fracture Experiments

Our overall strategy was to use the finite element method
and phase-field modeling to compute if and where our
candidate external forces exceed the fracture toughness of
blood clots. These simulations required information about
wall and clot geometry, as well as wall and clot elastic and
fracture properties. While we borrowed geometric and wall
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properties from the literature, we set out to identify realistic
values for clots’ elastic and fracture properties from our own
experiments. To this end, we coagulated venous blood into a
standard pure shear specimen to determine clots’ hyperelas-
tic Ogden material parameters as described previously [34].
Additionally, we coagulated venous blood clots into mode-I
geometries and conducted fracture tests [38]. Information
on sample preparations, coagulation conditions, and other
experimental details can be found in the Methods section,
and our previous work [29]. Next, we modeled the same
mode-I fracture experiment using our phase-field modeling
approach. We captured the elastic behavior using a one-
term Ogden model, whose elastic parameters were identi-
fied using an inverse finite element approach. Figure 1A
depicts the corresponding mode-I sample geometry and the
finite element discretization with 11,650 elements. We then
manually optimized the fracture toughness of our model
until our numerically-predicted mode-I force—displace-
ment curves matched the results of our experiments, thus,
inversely identifying the fracture toughness g, of venous

A
Pu

40mm
C o Damaged (-) 1
0 Stress o (kPa) 4

Stress o,

Fig. 1 Phase-field model of clot mode-I fracture agrees well with
experimental data. A Due to symmetry with respect to the x-axis,
only the upper half of the entire clot domain was modeled. B Cor-
responding force—displacement curves obtained from phase-field
fracture simulation (black solid line) and mode-I fracture experiments
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blood clots. Figure 1B shows the final match between our
experimentally- and numerically-predicted force—displace-
ment curves, yielding a fracture toughness of g. = 0.96 N/m.
Furthermore, Fig. 1C shows snapshots of the mode-I frac-
ture simulations, which reveal the evolution of the fracture
process: (i) the incipient crack, (ii) the crack growth at the
peak force, (iii) the state of crack on the unloading regime,
and (iv) the ultimate fracture. The color coding of this figure
depicts the (local) damage of the material where a value
of d = 1 indicates that the material has failed (fractured),
while d = 0 indicates that the material remains undamaged.
Thus, the figure reveals the high damage localization around
the fracture site. These images also qualitatively agree with
our experimental observations, see Supplementary Fig. S1.
Figure 1C also illustrates the corresponding evolution of the
Cauchy stress component o, at the same four time points.
These images highlight the high stress concentrations at the
crack tip that indicate the high local energy densities that
ultimately drove the fracture propagation.

B 02 1 1 1 1 1
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0415 - @ Experiment o |
z
o i ® iii
g 01 1 @ -
<)
[N
0.05 1 r
0 — ®V

0 1 2 3 4 5 6
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(red circles). C The predicted evolution of the damage field (top half)
and the Cauchy stress o, (bottom half) during mode-I fracture. Time
points (i) through (iv) correspond to points along the force—displace-
ment graph in panel B. Finite elements are blanked when d > 0.9
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Simulated Embolization of Occlusive Deep Vein
Clots

In the next step, we built two representative thrombotic sce-
narios: an occlusive venous clot and a non-occlusive venous
clot, see Fig. 2A, B. The figure also shows the spatial dis-
cretizations of both geometries. The venous wall geometry
is that of a popliteal vein, which is one of the most fre-
quent sites of clot formation and embolization, see Fig. 2C
[39, 40]. The clot itself was assigned material parameters
as identified above, while the venous wall was modeled as
isotropic as described in our prior work [41]. Focusing first
on the occlusive scenario, we simulated the impact of blood
pressures ranging from 10 to 100 mmHg [15, 16] and wall
stretches ranging from A = 1.5 to 2 [24, 25]. Also, in rec-
ognition that blood clot fracture toughness may vary based
on patient-specific factors, coagulation conditions, and age,
we repeated simulations for multiples and fractions of our
experimentally-determined fracture toughness, i.e., 0.1g,,
0.25g,, 0.5g., 8., 10g. [42—-44]. Here, and in all subsequent
simulations, we simulated only one loading and unloading
cycle after initial experiments showed little changes dur-
ing subsequent cycles. See Supplementary Fig. S2 for an
exact depiction of the applied boundary conditions. We first
observed that wall-stretches of 1.8, 1.9 and 2 led to observ-
able damage zones with increasing significance across our
chosen toughness ranges, see Fig. 3A. In fact, the visibil-
ity and severity of the damage zone increased proportional
to the stretch ratio applied and culminated at A = 2, see
also Supplementary Fig. S3 for a visualization on a non-
occlusive clot. For smaller wall stretches (< 1.8) interfacial
forces between wall and clot did not lead to clear damage,
see Supplementary Fig. S4A for the results at a stretch of
1.5. Note that—for comparability between the stretched and
unstretched cases—here, and in all subsequent figures, we
show the results in the Lagrangian configuration, i.e., pro-
jected onto the reference configuration. We also found that

pressures of 50 mmHg sufficed to lead to observable dam-
age and indication of delamination between clot and wall
at fractions of fracture toughness, see Fig. 3B. At higher,
superphysiological pressures (i.e., 100 mmHg), pressure also
lead to damage and delamination sites at full fracture tough-
ness, see Supplementary Fig. S4B. Interestingly, pressure-
induced damage zones did not fully propagate along the
clot or diverge into the clot at either pressure. It may thus
be speculated that no parts of the clot would break off or
embolize under the influence of blood pressure alone. On
the other hand, wall stretch of 2 at 25% and 10% toughness
lead to damage zones that grew along the clot/wall inter-
face before diverging into the clot, where pieces of the clot
could consequently embolize. Please see Supplementary
Movie S1 for animations of our simulation results. Also,
see Supplementary Fig. S5 for a sensitivity study of above
findings to vessel size through which we show that smaller
veins lead to an increased importance of wall stretch-induced
interfacial forces over blood pressure. That is, because the
force due to blood pressure scales quadratically with length,
its importance lessens for smaller vessels and increases for
larger vessels.

Simulated Embolization of Non-occlusive Deep Vein
Clots

We repeated the same simulations for the non-occlusive
geometry as shown in Fig. 2B. In addition to exploring
the impact of pressure and wall stretch on clot emboliza-
tion, here we also added the impact of wall shear stress. We
explored values ranging from 150 to 800 Pa representing
physiological and super-physiological values [14, 44-46].
Note that these pressures were applied to the luminal surface
of the clot, while the wall away from the clot was exposed to
half the wall stress [46]. Unlike the other two forces, the fluid
shear stress is not symmetric with respect to the z-plane.
Therefore, instead of one-eight we modeled one-fourth of

A 20mm 20mm B 20mm 20mm
) C r,=7/mm
venous wall venous wall r=6mm
40mm 40mm
A r=3mm

LKA
RUTAAAR

Fig.2 Model geometries. One-eighth of the clot (red)/vein
wall (blue) model for A, the fully occlusive case, and B, the non-
occlusive case and their corresponding mixed tetrahedral finite
meshes generated with 60,490 and 65,486 elements, respectively. C

N AT TATAATATAaS
i, uv NARRNNRRRRIRRRRK

g RESISIRRORCOROER TAVAV,
S g Vﬂﬂﬂﬂgﬂgﬂ%‘gﬂﬂﬂﬂﬂﬂﬂﬂﬂ K

Cross-sectional view of the clot, the venous wall, and the luminal
opening together with their respective radii (r; = 3 mm only for the
non-occlusive case). All dimensions shown are in accordance with
human popliteal and femoral veins [39, 40]
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Wall StretchA =2
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059, Delamination
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0.1g_ 4
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AN
Embolization Sites

Fig.3 Occlusive clot: finite element simulations showing the evolu-
tion of the damage variable d for multiples and fractions of experi-
mentally determined fracture toughness g.; A axial wall stretch up

the entire domain as depicted in the Supplementary Fig. S2.
Our findings for the impact of wall stretch-induced dam-
age did not fundamentally differ from our simulation of

Wall StretchA=2

0259,
Site

Pressure p =100 mmHg

Pressure p =50 mmHg

Delamination

0 Damaged (-) 1

to 4 =2 and B hydrostatic blood pressure up to p = 50 mmHg. Note
that d = 1 represents the fully damaged state, whereas d = 0 indicates
the intact state

occlusive clot, see Fig. 4A and Supplementary Fig. S3. That
is, at a stretch of A = 2 clear signs of damage and delamina-
tion are visible for 50% of our originally estimated fracture

C Wall Shear Stress T= 800 Pa

o O U

¢ Site
Site

Embollzatlon Sites

0 Damaged (-) 1

Fig.4 Non-occlusive clot: finite element simulations showing the
evolution of the damage variable d for multiples and fractions of
experimentally determined fracture toughness g.; A axial wall stretch
up to 4 =2 and B hydrostatic blood pressure up to p = 100 mmHg,
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and C wall shear stress up to 7 = 800 Pa (here, only half of the com-
putational domain is shown because of space constraints). Note that
d = 1represents the fully damaged state, whereas d = 0 indicates the
intact state
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toughness. Interestingly, our findings for pressure did funda-
mentally differ from our observations in the occlusive geom-
etry, see Fig. 4B. Specifically, for the non-occlusive case
blood pressure was barely sufficient to lead to significant
damage even at pressures as high as 100 mmHg. In addition
to our findings on pressure and wall stretch, we also found
that fluid shear stress did not impart significant deformation
onto the non-occlusive clot and, therefore, also lead to no
or little damage, see Fig. 4C. That is, a super-physiological
shear stress of 800 Pa was required to lead to minimal dam-
age and only for 10% fracture toughness. See Supplementary
Movie S2 for animations of our simulation results.

Discussion

Clot formation and embolization are the sources of many
devastating diseases, including strokes, heart attacks, and
pulmonary embolisms. While more is known about why
clots form, little is understood about how and why clots
embolize. That is, we do not know which forces lead to clot
fracture. In our work, we tried to answer this fundamen-
tal question using venous blood clots as our model system.
To this end, we used two computational models: one of an
occlusive blood clot and one of a non-occlusive blood clot.
We then combined the finite element modeling framework
with the phase-field fracture modeling approach to investi-
gate whether blood pressure, wall—clot-interfacial forces, or
fluid shear stress may lead to clot embolization.

Our main finding was that wall shear stress—even when
super-physiological—is unlikely to lead to clot fracture and
embolization. This came as a surprise to us as wall shear
stress is the obvious potential culprit. Instead, we found that
only interfacial forces caused by wall stretch lead to signifi-
cant damage and embolization regardless of clot geometry
and vessel size. Blood pressure, on the other hand, drives
damage and delamination only in occlusive clots (in large
vessels) and, in non-occlusive clot, leads only to minor dam-
age zones even when vastly exaggerated (i.e., as high as 100
mmHg). To the best of our knowledge, this is the first time
this observation has been made, which is of both scientific
and clinical significance. From a scientific perspective, our
findings may inform future experimental and computational
studies on clot embolization. Most obviously, future physi-
cal and virtual models of clot embolization should include
flexible vein walls to accurately reproduce interfacial forces
between vein and clot, which they historically have not.
Also, future studies of clot embolization should target the
clot/wall interface and wall stretch to develop novel thera-
peutic solutions. From a clinical perspective, our findings
may inform therapeutic decision making. For example, clots
identified in regions of high vein mobility, such as the knees,
may be viewed as higher risk for embolization than others.

Thus, more aggressive anti-thrombotic strategies may be
chosen. Additionally, our findings suggest that activities
that lead to wall stretch should be considered to potentially
promote embolization.

It should be noted that damage, and thus potential emboli-
zation, occurred in our model only at reduced fracture tough-
ness. This finding may have three potential explanations.
First, it may be that our model and its inherent limitations
may not perfectly capture the in vivo fracture process. For
example, we model both clot and vein wall as perfectly elas-
tic and do not capture potential fatigue behavior, while the
in vivo fracture process may occur “sub-critically” under
fatigue; that is, at a load that only leads to damage, frag-
mentation, and embolization after many repetitions. Alter-
natively, it may be that our in vitro estimate of fracture
toughness is an imperfect measure of clots’ in vivo fracture
toughness. For example, our unnatural in vitro coagulation
path may yield non-physiological fracture toughness. Albeit,
others have found similar values for fracture toughness of
clot from venous blood, thus instilling confidence in our
measure [42-44, 47]. Finally, there may be significant inter-
subject and inter-species variability in clots’ fracture tough-
ness which we have not accounted for due to comorbidities,
genetic factors, behavioral factors, and physiological state,
such as pregnancy. Importantly, these limitations would
affect our findings quantitatively, but not qualitatively. That
is, even if true, our key takeaway—that wall stretch-induced
interfacial forces and pressure outweigh wall shear stress in
their ability to cause embolization—would still hold.

Interestingly, our findings disagree somewhat with the
limited prior work on this subject. That is, two prior stud-
ies have reported fluid shear stress as a potential cause for
clot embolization. For example, Basmadjian et al. [48] esti-
mated the critical wall shear stress leading to embolization
to fall between 2.5 and 50 Pa. Recall that we found shear
stress as high as 800 Pa to cause little damage in either of
our clot models. Discrepancies in our findings likely stem
from Basmadjian et al. basing their estimates of emboli-
zation risk on single-cell-based measurements of attach-
ment forces. That is, they ignore that the compositional
and microstructural complexity of clot likely leads to bulk
behavior different from single-cell behavior. Additionally,
their work ignores the mechanical complexity of the embo-
lization process, i.e., they ignored clot mechanics (including
its fracture) altogether and base their estimation on fluid-
mechanical quantities only. Together, these factors likely
explain discrepancies between their study and ours. Brass
and Diamond [49] also reported clot embolization due to
shear stress at values of 240 Pa based on [14]. Their findings
are based on microfluidic measurements in combination with
fluid simulations. The specific causes for their clots’ lower
resistance to shear than ours are difficult to identify. How-
ever, we assume that different geometries, smaller scales,
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and different coagulation conditions may be the sources.
Importantly, our work’s value lies primarily in the direct
comparison between three likely potential culprits and their
relative importance. Thus, quantitative discrepancies with
the above works have a limited impact on the validity and
importance of our work. Nonetheless, it cannot be entirely
denied that discrepancies may stem from some of our simpli-
fying modeling assumptions, see more details below. Future
studies will hopefully shed additional light on this subject.

Finally, it is important to recall that this is only a first
step towards modeling and understanding a very complex
phenomenon. Consequently, our work suffers from a number
of limitations that we hope future work will overcome. In
addition to the limitation mentioned above, here we have
not specifically modeled the clot—wall interface. Thus, we
implicitly assume that the interfacial toughness is the same
as the bulk toughness. Future iterations of this or other
models could specifically target and explore interfacial fail-
ure using a cohesive element approach [50]. However, we
do not expect that accounting for the interfacial toughness
would change our qualitative findings. That is, the relative
importance between our fundamental failure mechanisms
would likely remain the same. Also, note in our current
model, shear stress and/or pressure-induced changes to
wall and clot deformation do not alter the implied fluid-
mechanics of the problem. Namely, we do not account for
the impact that wall and clot deformation have on blood
flow, which would affect the fluid shear stress and blood
pressure. Accounting for these interactions would require
a complex fluid—structure-interaction model. We hope that
we or others will—in the future—combine phase-field
fracture models with fluid—structure-interaction models
to increase the accuracy and, thus, confidence in emboli-
zation studies. Similarly, time-dependent material effects
could, in the future, be included to accurately account for
clots poroelastic and viscoelastic properties that could play
a critical role in embolization [51, 52]. Additional limita-
tions of our work pertain to the mode of vein wall deforma-
tion. We tested vein wall stretch up to 100% strain, albeit
rationalized by indirect observations on vein deformabil-
ity, there is currently no clinical evidence that veins stretch
this much in vivo. Hopefully, future in vivo studies will fill
this knowledge gap. We have also not explored all possible
deformation modes. For example, veins could also be bent
and sheared, neither of which we explicitly accounted for.
It is also important to note that our in vitro clots were made
of venous blood and, thus, have the same composition as
fresh intra-venous clot. However, because our in vitro clots
were formed under stagnant conditions, rather than under
in vivo flow, their microstructure likely differs from “real
clots”. Finally, the mechanical properties of clots made from
cow blood and human blood differ, introducing an additional
limitation [53]. Thus, we caution the reader to interpret our

@ Springer

findings with these limitation in mind. We look forward to
our work being a first step toward future efforts that expand
our approach and include additional anatomical and physi-
ological complexities of this process.

Conclusion

In conclusion, we have successfully provided a first answer
to the fundamental question: “What makes blood clots break
off?” Of our three potential culprits, we have identified inter-
facial forces due to wall stretch and blood pressure to be the
most likely causes. It should be noted, however, that this
finding depends on both clot geometry and vessel geometry.
Our work begins to fill a gap in our fundamental understand-
ing of the pathophysiology of thromboembolism. Thereby,
it—and the work that will build on this current effort—may
inform clinical decisions and aid clinicians in treating people
that suffer from thromboembolic diseases. Future work will
hopefully confirm our findings and expand our work to the
arterial side.
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