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Abstract

© 2017 The Author(s) Published by the Royal Society. All rights reserved. Thromboembolism,
one of the leading causes of morbidity and mortality worldwide, is characterized by formation of
obstructive intravascular clots (thrombi) and their mechanical breakage (embolization). A novel
two-dimensional multi-phase computational model is introduced that describes active
interactions between the main components of the clot, including platelets and fibrin, to study
the impact of various physiologically relevant blood shear flow conditions on deformation and
embolization of a partially obstructive clot with variable permeability. Simulations provide new
insights into mechanisms underlying clot stability and embolization that cannot be studied
experimentally at this time. In particular, model simulations, calibrated using experimental
intravital imaging of an established arteriolar clot, show that flow-induced changes in size,
shape and internal structure of the clot are largely determined by two shear-dependent
mechanisms: Reversible attachment of platelets to the exterior of the clot and removal of large
clot pieces. Model simulations predict that blood clots with higher permeability are more prone
to embolization with enhanced disintegration under increasing shear rate. In contrast, less
permeable clots are more resistant to rupture due to shear ratedependent clot stiffening
originating from enhanced platelet adhesion and aggregation. These results can be used in
future to predict risk of thromboembolism based on the data about composition, permeability
and deformability of a clot under specific local haemodynamic conditions.

http://dx.doi.org/10.1098/rsif.2017.0441

Keywords
Blood shear, Multi-phase model, Multi-scale, Thromboembolism, Thrombosis
References

[1] Campbell RA, Overmyer KA, Bagnell CR, Wolberg AS. 2008 Cellular procoagulant activity dictates clot structure
and stability as a function of distance from the cell surface. Arterioscler. Thromb. Vasc. Biol. 28, 2247-2254.
(doi:10.1161/ATVBAHA.108.176008).

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

[3] Kim E et al. 2011 Correlation between fibrin network structure and mechanical properties: An experimental and
computational analysis. Soft Matter. 7, 4983-4992. (d0i:10.1039/c0sm01528h).


https://core.ac.uk/display/197460167?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1098/rsif.2017.0441

(4]

(5]

(6]

(7]

(8]

[9]

[10]

(11]

[12]

[13]

(14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

Kempen T, Donders W, Vosse F, Peters G. 2016 A constitutive model for developing blood clots with various
compositions and their nonlinear viscoelastic behavior. Biomech. Model. Mechanobiol. 15, 279-291.
(doi:10.1007/s10237-015-0686-9).

Gersh KC, Nagaswami C, Weisel JW. 2009 Fibrin network structure and clot mechanical properties are altered
by incorporation of erythrocytes. Thromb. Haemost. 102, 1169-1175. (doi:10.1160/TH09-03-0199).

Collet JP, Montalescot G, Lesty C, Weisel JW. 2002 A structural and dynamic investigation of the facilitating
effect of glycoprotein Ilb/llla inhibitors in dissolving platelet-rich clots. Circ. Res. 90, 428-434.
(doi:10.1161/hh0402.105095).

Xu ZL, Chen N, Shadden S, Marsden JE, Kamocka MM, Rosen ED, Alber MS. 2009 Study of blood flow impact on
growth of thrombi using a multiscale model. Soft Matter. 5, 769-779. (doi:10.1039/B812429A).

Kim O, Liang X, Litvinov R, Weisel J, Alber M, Purohit P. 2016 Foam-like compression behavior of fibrin
networks. Biomech. Model. Mechanobiol. 15, 213-228. (d0i:10.1007/s10237-015-0683-z).

Kim O, Xu ZL, Rosen E, Alber M. 2013 Fibrin networks regulate protein transport during thrombus development.
PLoS Comput. Biol. 9, €1003095. (doi:10.1371/journal.pcbi.1003095.

Welsh D, Stalker TJ, Voronov R, Muthard RW, Tomaiuolo M, Diamond SL, Brass LF. 2014 A systems approach to
hemostasis: 1. The interdependence of thrombus architecture and agonist movements in the gaps between
platelets. Blood. 124, 1808- 1815. (d0i:10.1182/blood-2014-01-550335).

Tomaiuolo M, Stalker TJ, Welsh JD, Diamond SL, Sinno T, Brass LF. 2014 A systems approach to hemostasis: 2.
Computational analysis of molecular transport in the thrombus microenvironment. Blood 124, 1816-1823.
(doi:10.1182/blood-2014-01-550343).

Babushkina ES, Bessonov NM, Ataullakhanov Fl, Panteleev MA. 2015 Continuous modeling of arterial platelet
thrombus formation using a spatial adsorption equation. PLoS ONE 10, e0141068.
doi:10.1371/journal.pone.0141068.

Bark D, Ku D. 2013 Platelet transport rates and binding kinetics at high shear over a thrombus. Biophys. J. 105,
502-511. (doi:10.1016/j.bpj.2013.05.049).

Belyaev AV, Panteleev MA, Ataullakhanov Fl. 2015 Threshold of microvascular occlusion: injury size defines the
thrombosis scenario. Biophys. J. 109, 450-456. (d0i:10.1016/j.bpj.2015.06.019).

Virag L, Wilson J, Humphrey J, Karsaj I. 2015 A computational model of biochemomechanical effects of
intraluminal thrombus on the enlargement of abdominal aortic aneurysms. Ann. Biomed. Eng. 43, 2852-2867.
(doi:10.1007/s10439-015-1354-2).

Xu Z, Chen N, Kamocka MM, Rosen ED, Alber M. 2008 A multiscale model of thrombus development. J. R. Soc.
Interface 5, 705-722. (doi:10.1098/rsif.2007.1202).

Flamm MH, Sinno T, Diamond SL. 2011 Simulation of aggregating particles in complex flows by the lattice
kinetic Monte Carlo method. J. Chem. Phys. 134, 034905. (doi:10.1063/1.3521395).

Fogelson AL, Neeves KB. 2015 Fluid mechanics of blood clot formation. Annu. Rev. Fluid Mech. 47, 377-403.
(doi:10.1146/annurev-fluid-010814-014513).

Leiderman K, Fogelson A. 2014 An overview of mathematical modeling of thrombus formation under flow.
Thromb. Res. 133, S12-S14. (doi:10.1016/j.thromres.2014.03.005.

Flamm M, Diamond S. 2012 Multiscale systems biology and physics of thrombosis under flow. Ann. Biomed.
Eng. 40, 2355-2364. (d0i:10.1007/s10439-012-0557-9.

Diamond SL. 2016 Systems analysis of thrombus formation. Circ. Res. 118, 1348-1362.
(doi:10.1161/CIRCRESAHA.115.306824).

Fogelson AL, Guy RD. 2004 Platelet-wall interactions in continuum models of platelet thrombosis: formulation
and numerical solution. Math. Med. Biol. 21, 293-334. (d0i:10.1093/imammb/21.4.293).

Fogelson AL, Guy RD. 2008 Immersed-boundarytype models of intravascular platelet aggregation. Comput.
Methods Appl. Mech. Eng. 197, 2087- 2104. (doi:10.1016/j.cma.2007.06.030).

Filipovic N, Kojic M, Tsuda A. 2008 Modelling thrombosis using dissipative particle dynamics method. Phil.
Trans. R. Soc. A 366, 3265-3279(d0i:10.1098/rsta.2008.0097.

Pivkin I, Richardson P, Karniadakis G. 2009 Effect of red blood cells on platelet aggregation. IEEE Eng. Med.
Biol. Mag. 28, 32-37. doi:10.1109/MEMB.2009.931788.

Symeonidis V, Em Karniadakis G, Caswell B. 2005 Dissipative particle dynamics simulations of polymer chains:
scaling laws and shearing response compared to DNA experiments. Phys. Rev. Lett. 95, 076001.
doi:10.1103/PhysRevLett.95.076001.

Tosenberger A, Ataullakhanov F, Bessonov N, Panteleev M, Tokarev A, Volpert V. 2016 Modelling of platelet-
fibrin clot formation in flow with a DPD-PDE method. ]J. Math. Biol. 72, 649-681. doi:10.1007/s00285-015-08-
1-2.

Leiderman K, Fogelson A. 2013 The influence of hindered transport on the development of platelet thrombi
under flow. Bull. Math. Biol. 75, 1255- 1283. (doi:10.1007/s11538-012-9784-3.



[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]
[41]
[42]

[43]

(44]

[45]

[46]

[47]

(48]

[49]

(50]

[51]

[52]

(53]

[54]

Leiderman K, Fogelson AL. 2011 Grow with the flow: A spatial-Temporal model of platelet deposition and blood
coagulation under flow. Math. Med. Biol. 28, 47-84. (d0i:10.1093/imammb/dqq005.

Voronov R, Stalker T, Brass L, Diamond S. 2013 Simulation of intrathrombus fluid and solute transport using in
vivo clot structures with single platelet resolution. Ann. Biomed. Eng. 41, 1297- 1307. (d0i:10.1007/s10439-
013-0764-z.

Yazdani A, Li H, Humphrey ]D, Karniadakis GE. 2017 A general shear-dependent model for thrombus formation.
PLoS Comput. Biol. 13, €1005291. (doi:10.1371/journal.pchi.1005291).

Wang WW, Diacovo TG, Chen JC, Freund JB, King MR. 2013 Simulation of platelet, thrombus and erythrocyte
hydrodynamic interactions in a 3D arteriole with in vivo comparison. PLoS ONE 8, e76949.
(doi:10.1371/journal.pone.0076949).

Wang W, Lindsey JP, Chen ], Diacovo TG, King MR. 2014 Analysis of early thrombus dynamics in a humanized
mouse laser injury model. Biorheology 51, 3-14.

Wu Z, Xu Z-, Kim O, Alber MS. 2014 Three-dimensional multi-scale model of deformable platelets adhesion to
vessel wall in blood flow. Phil. Trans R. Soc. A 372, 20130380. doi:10.1098/rsta.2013.0380.

Tutwiler V, Wang H, Litvinov RI, Weisel JW, Shenoy VB. 2017 Interplay of platelet contractility and elasticity of
fibrin/erythrocytes in blood clot retraction. Biophys. J. 112, 714-723. doi:10.1016/j.bpj.2017.01.005.

Piechocka IK, Jansen KA, Broedersz CP, Kurniawan NA, Mackintosh FC, Koenderink GH. 2016 Multiscale strain-
stiffening of semiflexible bundle networks. Soft Matter 12, 2145-2156. (doi:10.1039/C55M01992C.

Kang H, Wen Q, Janmey PA, Tang JX, Conti E, MacKintosh FC. 2009 Nonlinear elasticity of stiff filament
networks: strain stiffening, negative normal stress, and filament alignment in fibrin gels. J. Phys. Chem. B 113,
3799-3805. (d0i:10.1021/jp807749f.

Hudson NE, Houser JR, O'Brien T, Taylor RM, Superfine R, Lord ST, Falvo MR. 2010 Stiffening of individual fibrin
fibers equitably distributes strain and strengthens networks. Biophys. J. 98, 1632-1640.
(doi:10.1016/j.bpj.2009.12.4312.

Litvinov RI, Weisel JW. 2017 Fibrin mechanical properties and their structural origins. Matrix. Biol. 60-61, 110-
123. doi:10.1016/j.matbio.2016.08.003.

Nemerson Y. 1992 The tissue factor pathway of blood coagulation. Semin. Hematol. 29, 170-176.
Hogan KA, Weiler H, Lord ST. 2002 Mouse models in coagulation. Thromb. Haemost. 87, 563-574.

Stalker TJ, Traxler EA, Wu J, Wannemacher KM, Cermignano SL, Voronov R, Diamond SL, Brass LF. 2013
Hierarchical organization in the hemostatic response and its relationship to the plateletsignaling network.
Blood 121, 1875-1885. doi:10.1182/blood-2012-09-457739.

Colace TV, Tormoen GW, McCarty OJT, Diamond SL. 2013 Microfluidics and coagulation biology. Annu. Rev.
Biomed. Eng. 15, 283-303. (doi:10.1146/annurev-bioeng-071812-152406.

Chatterjee MS, Denney WS, Jing H, Diamond SL, Beard DA. 2010 Systems biology of coagulation initiation:
kinetics of thrombin generation in resting and activated human blood. PLoS Comput. Biol. 6, e1000950.
doi:10.1371/journal.pcbi.1000950.

Hemostasis and thrombosis: basic principles and clinical practice, 5th edn. (Brief Article) (Book Review). 2006.
SciTech Book News.

Mackman N, Tilley R, Key N. 2007 Role of the extrinsic pathway of blood coagulation in hemostasis and
thrombosis. Arterioscler. Thromb. Vasc. Biol. 27, 1687-1693(doi:10.1161/ATVBAHA.107.141911.

Rosen ED, Raymond S, Zollman A, Noria F, Sandoval-Cooper M, Shulman A, Merz JL, Castellino FJ. 2001 Laser-
induced noninvasive vascular injury models in mice generate platelet-And coagulationdependent thrombi. Am.
J. Pathol. 158, 1613- 1622. doi:10.1016/S0002-9440(10)64117-X.

Fogelson AL, Tania N. 2006 Coagulation under flow: The influence of flow-mediated transport on the initiation
and inhibition of coagulation. Pathophysiol. Haemost. Thromb. 34, 91-108. (d0i:10.1159/000089930).

Stalker TJ, Welsh JD, Tomaiuolo M, Wu J, Colace TV, Diamond SL, Brass LF. 2014 A systems approach to
hemostasis: 3. Thrombus consolidation regulates intrathrombus solute transport and local thrombin activity.
Blood 124, 1824-1831. (d0i:10.1182/blood-2014-01-550319).

Ozkaya N. 2012 Fundamentals of biomechanics: Equilibrium, motion, and deformation. 3rd edn. New York, NY:
Springer.

van Kempen THS, Bogaerds ACB, Peters GWM, van de Vosse FN. 2014 A constitutive model for a maturing
fibrin network. Biophys. J. 107, 504-513. (doi:10.1016/j.bpj.2014.05.035).

Tierra G, Pavissich JP, Nerenberg R, Xu Z, Alber MS. 2015 Multicomponent model of deformation and
detachment of a biofilm under fluid flow. J. R. Soc. Interface 12, 20150045. (doi:10.1098/rsif.2015.0045).

Cahn JW, Hilliard JE. 1958 Free energy of a nonuniform system. I. Interfacial free energy. J. Chem. Phys. 28,
258-267. (d0i:10.1063/1.1744102).

Feng JJ, Liu C, Shen J, Yue P. 2005 An energetic variational formulation with phase field methods for interfacial
dynamics of complex fluids: Advantages and challenges. Modeling of Soft Matter, The IMA Volumes in
Mathematics and its Applications. 141, 1-26. (doi:10.1007/0-387-32153-5-1).



[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

(68]

Nesbitt WS, Westein E, Tovar-Lopez FJ, Tolouei E, Mitchell A, Fu J, Carberry J, Fouras A, Jackson SP. 2009 A
shear gradient-dependent platelet aggregation mechanism drives thrombus formation. Nat. Med. 15, 665-673.
(doi:10.1038/nm.1955).

Litvinov RI, Barsegov V, Schissler AJ, Fisher AR, Bennett JS, Weisel JW, Shuman H. 2011 Dissociation of
bimolecular allb B3-fibrinogen complex under a constant tensile force. Biophys. J. 100, 165-173.
(doi:10.1016/j.bpj.2010.11.019).

Hecht F. 2012 New development in freefem++. J. Numer. Math. 20, 251-266. (d0i:10.1515/jnum-2012-0013).

Trudnowski R, Rico RC. 1974 Specific gravity of blood and plasma at 4 and 37 degrees C. Clin. Chem. 20, 615-
616.

Ranucci M, Laddomada T, Ranucci M, Baryshnikova E. 2014 Blood viscosity during coagulation at different
shear rates. Physiol. Rep. 2, €12065. (doi:10.14814/phy2.12065).

Wufsus AR, Macera NE, Neeves KB. 2013 The hydraulic permeability of blood clots as a function of fibrin and
platelet density. Biophys. J. 104, 1812-1823. (d0i:10.1016/j.bpj.2013.02.055).

Muthard RW, Diamond S. 2012 Blood clots are rapidly assembled hemodynamic sensors: flow arrest triggers
intraluminal thrombus contraction. Blood 32, 2938-2945. (doi:10.1161/ATVBAHA.112.300312).

Robinson RA, Herbertson LH, Sarkar Das S, Malinauskas RA, Pritchard WF, Grossman LW. 2013 Limitations of
using synthetic blood clots for measuring in vitro clot capture efficiency of inferior vena cava filters. Med.
Devices (Auckland, NZ). 6, 49-57. (d0i:10.2147/MDER.S42555).

Litvinov RI, Shuman H, Bennett JS, Weisel JW. 2002 Binding strength and activation state of single fibrinogen-
integrin pairs on living cells. Proc. Natl Acad. Sci. USA 99, 7426-7431. (d0i:10.1073/pnas.112194999).

Hathcock JJ. 2006 Flow effects on coagulation and thrombosis. Arterioscler. Thromb. Vasc. Biol. 26, 1729- 1737.
(doi:10.1161/01.ATV.0000229658.76797.30).

Lipowsky HH, Usami S, Chien S. 1980 In vivo measurements of "apparent viscosity" and microvessel
hematocrit in the mesentery of the cat. Microvasc. Res. 19, 297-319. (doi:10.1016/0026-2862(80)90050-3).
Spero R, Sircar R, Schubert R, Taylor R, Wolberg A, Superfine R. 2011 Nanoparticle diffusion measures bulk clot
permeability. Biophys. J. 101, 943-950. (doi:10.1016/j.bpj.2011.06.052).

Galdi GP, Rannacher R, Robertson AM, Turek S. 2008 Hemodynamical flows modeling, analysis and simulation.
Basel, Switzerland: Springer.

Lin F, Liu C, Zhang P. 2005 On hydrodynamics of viscoelastic fluids. Commun. Pure Appl. Math. 58, 1437-1471.
(doi:10.1002/cpa.20074).



