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Portal vein thrombosis (PVT) is a significant complication during both the pre-transplant and postoperative periods of
liver transplantation. The multifactorial etiology of PVT, the paradoxical hemostatic state in liver cirrhosis and the limited
usefulness of standard coagulation tests highlight the necessity of formalized models to assess thrombosis risk.

Objective: Using a mathematical model of the blood coagulation system, investigate the influence of hemodynamic
conditions and coagulation factor levels on the likelihood of thrombus formation in the portal vein.

The portal vein is modelled as a flow-through reactor with rapid convective mixing. The mathematical model is based
on Panteleev et al. (2010) detailed kinetic scheme, incorporating equations for the extrinsic pathway of coagulation activation,
positive and negative feedback loops, and inhibition of active factors. The resulting system of ordinary differential equations
was integrated using a one-stage Rosenbrock method with complex coefficients.

Thrombin generation was shown to exhibit threshold dependence on blood flow velocity. Above a critical velocity,
the initiation phase does not transition to the amplification phase. This corresponds to physiological conditions that prevent
thrombus formation. We demonstrated that, at reduced fibrinogen concentrations characteristic of hepatic dysfunction, the
critical velocity threshold above which thrombus formation is suppressed increases. This indicates the system’s heightened
susceptibility to stasis. Protein C deficiency had minimal effect on thrombogenesis dynamics under the modeled conditions.
The modeling results qualitatively agree with clinical data on fibrinogen distribution in PVT patients (n = 932, Sklifosovsky
Research Institute).
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Tpom603 BopotHO#1 BeHbl (TBB) sBisiercst 3Ha4MMBIM OCIIO)KHEHHEM KaK B NPETPAHCIUIAHTAMOHHOM, TaK M B IO-
CJICOTIEPAIIMOHHOM IIEPHOZE TPAHCIUIAHTALMK NedeHH. MHorogakropHas stnonorus TBB, nmapagoxcansHoe cocrosiHue re-
MOCTa3a IPH OUPPO3e NMEYECHH W OrpaHUuYeHHas MH(OPMATHBHOCTH CTaHAAPTHBIX KOAryJIOJOIMYECKUX TECTOB ONPECIIIIOT
HEOoOXOANMOCTh Pa3pabOTKH (OPMAIN30BAHHBIX MOJEICH ISl OLIEHKHM PHUCKAa TPOMO0OOpa3oBaHUs.

Llenb paboOTEI — HAa OCHOBE MaTeMaTHYECKOH MOJIENIN CHCTEMbI CBEPTHIBAHUS KPOBH HCCIIEOBATh BIMSHUE THIPOANHA-
MHYECKUX YCIIOBUH M ypOBHEIl (h)akTOPOB KOAryIsIUK HA BO3MOXXHOCTH ()OpMHpPOBaHUS TpoMOa B BOPOTHOH BEHE.

BopotHas BeHa paccMaTpuBaeTCsi Kak IMPOTOYHBIA PeakTop ¢ OBICTPHIM KOHBEKTHBHBIM IepeMelIMBaHueM. Marema-
THUYECKasi MOJEIb OCHOBAHA HA JETAJIU3UPOBAHHON KMHETHYECKOM CXeMe, BKIIOYAIOLICH ypaBHEHMs AJIS BHEIIHETO IIyTH
AKTUBAI[MN CBEPTHIBAHMS, IETENb ITOJOKHUTEIBHBIX U OTPHIATEIBbHOI 00paTHBIX CBS3el, HHTHOMPOBAHMS AKTUBHBIX (DaKTo-
poB. Cucrema OOBIKHOBEHHBIX TH((epeHINaIbHBIX YpaBHEHHI MHTErpUpOBaJIach OJHOCTAAMIHBIM MeTomoM PozeHOpoka
C KOMIUIEKCHBIMHU K03()(DHIIHEHTaMH.

[NToka3an MOPOTOBEIN XapaKkTep IeHepalyuy TPOMOWHA B 3aBUCHMOCTH OT CKOPOCTH KPOBOTOKA. IIpH mpeBbIIeHHN Kpu-
THYECKOH CKOpOCTH (paza MHUIMALMH HE NMEepeXOAuT B (a3zy aMIUIM(UKALUH, YTO COOTBETCTBYET (PM3UOJIIOTHMYECKHM YCIIO-
BUSIM, HIPETITCTBYIOMNM TPOMO00Opa3zoBanuto. [IposeMOHCTpHPOBAHO, YTO NIPH MMOHIKEHHOW KOHIEHTpAluu (GuOpHUHOreHa
(xapakTepHO# ISl TUCQYHKIMU ITEYSHH) TOPOT CKOPOCTH, BEIIIE KOTOPOro TpoMO He (hOpMHpPYeTCs, BO3PACTALT, YTO O3HAYALT
MOBBIIICHHYIO YyBCTBHTEIBHOCTH CUCTEMBI K cTasy. Jledunnt nporerna C B MOJEIHPYEMbIX YCIOBHAX OKa3bIBACT MUHUMAIb-
HOE BJIMSIHUE Ha AMHAMHKY TpoMO0oOpa3oBaHHs. PesymbraTsl MOACIMPOBAHMS Ka4eCTBEHHO COINIACYIOTCS C KIMHHYECKUMHU
JTAHHBIMU 110 pacnpeseineHnio nanueHTos ¢ TBB o ypoHio ¢pubpunorena (n = 932, HUM nm. CximdocoBckoro).

MaremaTn4eckoe MOACIUPOBAHKE MT03BOJISCT (POPMAIIM30BaTh CBSI3b MKy T€MOIMHAMUYCCKIMH X OMOXHMHUYECKUMHU
¢axropamu pucka TBB. [TormwkeHHbIH ypoBeHb GHOPHHOTEHA HACHTU(GUIIMPOBAH KaK (aKTOp, YCHIMBAIOIIMNA TPOMOOTHYE-
CKUil OTeHIMAaI [IpU yCI0BUsIX cTa3a. [lodydeHHbIe pe3yabTaTbl OTKPBIBAIOT HEPCIEKTUBBI AJIS ALUCHT-OPUCHTHPOBAHHOTO
nporsHosuposanus pucka TBB y kaHIunaroB Ha TpaHCILIAHTALUIO [ICUCHU.

KitoueBbie citoBa: cucTeMa CBEpPTHIBAaHHMSA KPOBHU, MPOU3BOJICTBO TPOMOMHA, IPOTOYHBIN peaxTop,
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Introduction

The portal vein (PV) is a large blood vessel that collects blood from the abdominal organs
and transports it to the liver. Unlike other veins, the PV system is located between two networks of
capillaries. The first network gives rise to the venous trunks that make up the PV, and the second
network is located within the liver parenchyma where the PV divides into its terminal branches. The
portal vein is a large vessel. Its normal dimensions are a length of 6-8 centimeters and a diameter
of about 1.5 centimeters. The average linear blood flow velocity in the portal vein is approximately
15-20 cm/min and depends heavily on the vein’s geometry.

Portal vein thrombosis (PVT) is an occlusion or partial obstruction of the portal vein by
thrombotic masses. For liver transplantation (LT), this condition is significant in two ways: it acts
both as a pre-transplant complication (in patients with liver cirrhosis and portal hypertension) and as
a postoperative complication that directly threatens the viability of the transplant.

The prevalence of PVT in patients with liver cirrhosis awaiting transplantation varies widely,
from 5% to 26 %, depending on the stage of the disease and the diagnostic criteria used [Francoz
et al., 2012; Sarin et al., 2016]. In patients with decompensated cirrhosis, the incidence of PVT is
significantly higher, exceeding 30 % [Nery et al., 2015]. After transplantation, portal vein thrombosis
develops in 2-13 % of cases. Early postoperative PVT (within the first 30 days) is associated with graft
loss in 50-80 % of cases when diagnosis is delayed [Hibi et al., 2014; Englesbe et al., 2010].

Pre-transplant portal vein thrombosis

The etiology of PVT in liver cirrhosis is multifactorial and can be formalized using Virchow’s
classic triad, each component of which undergoes significant changes in cirrhosis:

Blood flow stasis. Portal hypertension leads to a progressive slowing of the linear blood flow
velocity in the portal vein. It has been shown that a flow velocity of less than 15 cm/s is an independent
predictor of PVT development [Zocco et al., 2009]. Decreased flow velocity increases contact time
between procoagulant factors and the endothelium, raising the likelihood of initiating the coagulation
cascade.

There are few studies of processes in PV depending on the time of contact of procoagulant
factors with the subendothelium. This work is devoted to a model study of such a dependence.

Changes in the vascular wall. Chronic inflammation, fibrosis of periportal tissues, and
endothelial dysfunction in the portal vein basin create conditions conducive to platelet adhesion and
activation of the intrinsic coagulation pathway [Tripodi, Mannucci, 2011].

We believe that blood clots, consisting mainly of fibrin fibers, form in the portal vein. We
will disregard platelet adhesion. Below, we will focus solely on studying the extrinsic pathway of
coagulation.

Hemostatic disorders. This component is the most paradoxical and deserves separate
consideration. Liver cirrhosis is accompanied by a simultaneous deficiency of both procoagulant and
anticoagulant factors simultaneously, resulting in a state of so-called “rebalanced hemostasis”, which
can shift toward either bleeding or thrombosis [Lisman, Porte, 2010].

In the present article we will examine how the body’s response is affected by a deficiency of
key clotting factors produced by the liver — fibrinogen and protein C. Protein C is one of the main
inhibitors of the coagulation system.

Additional risk factors for pre-transplant PVT include: previous abdominal surgery (particularly
splenectomy), hepatocellular carcinoma (HCC) with tumor invasion of the portal vein, hereditary
thrombophilias (Factor V Leiden mutation, prothrombin gene G20210A mutation, protein C and S
deficiency), and myeloproliferative disorders, including latent forms with the JAK2V617F mutation [Qi
et al., 2015; Kiladjian et al., 2008].
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[Boccatonda et al., 2024] lists the main risk factors considered in predicting PVT. The authors
divide all risk factors into three groups. The first — acquired permanent risk factors — is associated with
liver diseases, such as cirrhosis, or oncological diseases. The second group — transient acquired risk
factors — is associated with surgical procedures, sports injuries, and the use of hormonal medications.
The group of inherited (genetically determined) risk factors is directly related to the functioning of the
blood coagulation system (BCS). The mutations mentioned above are classified as genetic factors.

It should be noted that this list of risk factors boils down to a reduced ability of activated
protein C to halt the rapid clotting process. The Leiden mutation, for example, prevents normal
binding of factor V to protein C [De Stefano, Leone, 1995]. The prothrombin G20210A mutation
is associated with elevated prothrombin levels in the blood and may be accompanied by reduced
protein C levels [Rosendaal, Reitsma, 2009].

The JAK2V617F mutation is directly linked to red blood cell production and, consequently, to
hematocrit [Nielsen et al., 2010]. Using rheological models such as the Quemada model [Quemada,
1978], it is hematocrit that determines the rheological properties of blood and the progression of
the disease [Hund et al., 2017]. Among the listed hereditary risk factors, only the JAK2V617F
mutation is associated with portal vein hemodynamics; the other mutations are associated with slow
inhibition of coagulation factors. According to [Manzano-Robleda et al., 2015], the JAK2V617F
mutation and other myeloproliferative disorders occur in approximately 40 % of portal vein thrombosis
cases. These disorders are the primary risk factor in PVT. The next most significant risk factors,
according to [Manzano-Robleda et al., 2015], are prothrombin mutations (40 %) and the Leiden factor V
mutation (32 %). The least significant factors are protein C and S deficiency (less than 30 % each). Since
the total percentage of all factors significantly exceeds 100 %, it can be concluded that clinical cases
typically involved a combination of the listed factors.

Unfortunately, data on genetic mutations in patients with PVT are not available. Therefore, in
this work we will focus on studying the effect of fibrinogen and protein C. These data can be compared
with known clinical cases.

Post-transplant portal vein thrombosis

The etiology of early post-transplant PV T differs from that of pre-transplant PVT and primarily
involves surgical and anatomical factors:

e Technical aspects of portal anastomosis creation: size mismatch, excessive vessel length resulting
in kinking, vessel rotation;

e Presence of residual thrombus in the recipient’s portal vein;

e Low portal blood flow, including that caused by persistent splenorenal or gastro-renal collaterals
“stealing” blood from the portal bed (portal steal phenomenon);

e Small-for-size syndrome, in which excessive portal flow through a relatively small volume
of parenchyma causes damage to the sinusoidal endothelium with subsequent activation of
coagulation [Kazymov et al., 2025; Ghabril et al., 2016];

e Use of vascular conduits in portal vein reconstruction — synthetic grafts in this location carry
a high risk of thrombosis due to the absence of an endothelial lining and contact with the
contaminated environment of the abdominal cavity [Zilla et al., 2007].

To predict post-transplantation deep vein thrombosis, it is necessary to develop mathematical models
that would allow for the assessment of the likelihood of thrombotic complications.
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Paradoxes

The hemostatic paradox of cirrhosis

For decades, classical hepatology considered liver cirrhosis to be a condition that increases
the risk of bleeding, based on prolonged prothrombin times, decreased fibrinogen levels, and
thrombocytopenia. However, this interpretation proved to be overly simplistic.

The liver synthesizes not only procoagulant factors (II, V, VII, IX, X, XI) but also key natural
anticoagulants (antithrombin III, protein C, protein S). In cirrhosis, there is a parallel decrease in
both groups of factors, resulting in the hemostatic system reaching a new state of equilibrium — an
unstable one, with a small “safety margin” in both directions [Lisman, Porte, 2010; Tripodi et al., 2009].
Standard coagulation tests (INR and APTT) only reflect the procoagulant component and cannot assess
anticoagulant potential. This creates a false impression of hypocoagulation. The issue of hemostatic
paradoxes in liver disease is discussed in detail in the review by [Hoffman, 2015].

The paradox of “protective” thrombosis

A number of observations suggest that partial (non-occlusive) portal vein thrombosis in patients
with cirrhosis may resolve spontaneously in 40-45 % of cases [Luca et al., 2012]. Furthermore, some
authors hypothesize that the organization of a mural thrombus may contribute to the remodeling of
the portal vein wall — a process remotely analogous to physiological vascular remodeling via the
“thrombus — organization — neointima” mechanism. The clinical significance of this phenomenon
remains controversial. However, it raises the question of whether PVT is always pathological and
requires aggressive treatment or if, in some cases, it is an adaptive response.

The paradox of anticoagulant therapy

Until recently, it was considered contraindicated to prescribe anticoagulants to patients with
liver cirrhosis and portal vein thrombosis (PVT) due to the presumed high risk of bleeding. However,
recent studies have demonstrated that anticoagulant therapy (low-molecular-weight heparins, direct
oral anticoagulants) is not only effective in achieving portal vein recanalization (recanalization rate
of 42-75 % versus 0-40 % without treatment). Furthermore, these therapies are not associated with
a statistically significant increase in the incidence of clinically significant bleeding when variceal
bleeding is adequately prevented [Delgado et al., 2012; Pettinari et al., 2019].

Furthermore, several studies have shown that anticoagulant therapy in patients with cirrhosis
may exert an antifibrotic effect by inhibiting thrombin-mediated activation of hepatic stellate cells
and reducing microthrombus formation in the sinusoids — a mechanism known as “parenchymal
extinction” [Villa et al., 2012; Wanless et al., 1995]. Thus, anticoagulants potentially affect not only
thrombosis itself but also the underlying disease that created the conditions for thrombosis.

The three paradoxes described above can be resolved by developing patient-oriented
mathematical models. In particular, even the simplest zero-dimensional mathematical models can
describe hemostatic paradoxes and (with the necessary modifications) the paradoxes of anticoagulant
therapy. To investigate the role of protective thrombi, it is necessary to develop more detailed models
that account for the spatial heterogeneity of the distribution of key coagulation factors.

The paradox of classification and stratification

Existing PVT classifications [Kazymov et al., 2022; Sarin et al., 2016] are primarily based on
the anatomical extent of the thrombus [Kazymov et al., 2022]. However, clinical outcomes do not
always correlate with the anatomical extent of the process. For example, partial thrombosis involving
the confluence of the superior mesenteric vein may have a worse prognosis than complete thrombosis
of the main portal vein trunk with preserved mesenteric inflow. Without a comprehensive classification
system that simultaneously accounts for anatomy, hemodynamics, etiology, and the chronology of
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thrombosis, patient stratification and decision-making regarding management strategies are significantly
more complicated.

In response to these limitations, the N. V. Sklifosovsky Research Institute of Emergency Medicine
has developed and implemented the MLTR classification, in which each capital letter denotes an
anatomical segment of the portal system: M (mesenteric) — mesenteric venous basin, L (lienalis) —
splenic venous basin, T (truncus) — portal vein trunk, R (ramus) — portal vein branches. Each segment
is assessed on a three-point scale: 0 — no thrombosis, 1 — mural thrombosis with lumen stenosis of
less than 50 %, 2 — subtotal or total thrombosis; an additional modifier C indicates calcification. Thus,
a four-letter code with numbers unambiguously characterizes the condition of the entire portal basin of
each specific patient and directly correlates with the reconstruction strategy. The MLTR classification
was published in [Kazymov et al., 2022] and, unlike the Yerdel (2000) classification, which did not
account for L-segment involvement and calcification, provides complete anatomical mapping while
maintaining clinical simplicity.

Impact on transplant outcomes

Historically, the presence of PVT at the time of transplantation has been considered a relative or
absolute contraindication to transplantation. However, as surgical experience has grown, this position
has been revised. Nevertheless, PVT remains associated with increased intraoperative blood loss,
longer operative times, higher rates of postoperative complications, and the need for complex vascular
reconstructions [Zanetto et al., 2018; Bhangui et al., 2019].

Recent meta-analyses have shown that the presence of pre-transplant PVT is associated with
an increased 30-day mortality rate (odds ratio: 1.5-2.1) and reduced five-year survival. The degree of
prognosis deterioration correlates with the severity of thrombosis according to the MLTR classification:
minimal impact in M,T, (isolated trunk thrombosis) and significant impact in M,T, (occlusive
thrombosis of the trunk and mesenteric veins) [Ravaioli et al., 2011; Rodriguez-Castro et al., 2012].

Complete portal vein and superior mesenteric vein thrombosis (M,T,) requires non-standard
surgical approaches, such as multivisceral transplantation, portal vein arterialization, reno-portal
anastomosis, or caval-portal hemitransposition. Each approach carries specific risks and debatable
efficacy [Selvaggi et al., 2007].

Current trends and unresolved issues

The following key research areas have emerged in recent years:

e The development of predictive models (including those using machine learning methods) to
assess the risk of venous thromboembolism (PVT) in patients on the transplant waiting list [Stine,
Northup, 2019];

e Investigation of the role of direct oral anticoagulants (DOACs) in PVT in patients with cirrhosis,
taking into account altered drug metabolism in the liver [Kazymov et al., 2022];

e Investigation of the value of thromboelastography (TEG) and rotational thromboelastometry
(ROTEM) as more adequate methods for assessing “global” hemostatic potential in cirrhosis
than standard coagulation tests [De Pietri et al., 2016];

e Optimization of surgical strategies for various degrees of VTE, including preoperative and
intraoperative thromboectomy, selection of vascular conduits, and issues related to postoperative
anticoagulant prophylaxis [European Association for the Study of the Liver, 2016].
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Thus, portal vein thrombosis in the context of liver transplantation is a clinically problematic
condition with unclear causal relationships, limited value of classic diagnostic tests, and counterintuitive
standard therapeutic approaches. The multifactorial etiology, the paradoxical state of hemostasis in
cirrhosis, the heterogeneity of classification approaches, and the dependence of outcomes on surgical
technique highlight the need for further clinical research and the development of formalized decision-
making models.

The aim of this study is to use a simple mathematical model to examine the influence of various
coagulation factors on the likelihood of thrombus formation in the portal vein in the presence of fluid
flow. Based on numerical simulations, the study aims to determine the significance of potential risk
factors for thrombus formation in a large blood vessel.

Mathematical models of coagulation dynamics in blood vessels

There is an extensive body of literature on the mathematical modeling of blood coagulation
dynamics and fibrin clot growth in an in vitro system. Some of the current mathematical models of
thrombin generation are analyzed in the review [Owen et al., 2024]. Twenty-four mathematical models
were examined, and a historical retrospective of model development was provided. Patient-oriented
testing of some of the models was conducted. Predictive properties were investigated using 348 datasets
from healthy donors. None of the mathematical models examined provides complete agreement with
laboratory data. A comparison based on the value of endogenous thrombin potential (ETP) showed that
the model [Panteleev et al., 2010] provides the best agreement with laboratory data. For this reason,
we will use this model to describe the reaction kinetics.

To describe thrombus growth in blood vessels, simplified (reduced) systems for thrombin
production are typically used. Accounting for spatial effects is reduced to incorporating diffusion
for coagulation factors and describing the passive convective transport of these factors. For small
blood vessels with low Reynolds numbers, “reaction —diffusion —convection” models with a simplified
description of thrombin production were considered in [UymuukoB u np., 2000]. Most modern
mathematical models are based precisely on the consideration of systems of partial differential
equations of the “convection —reaction — diffusion” type. Among the works in this area, we note the
articles [Rukhlenko et al., 2015; Bouchnita et al., 2020; Bouchnita et al., 2023; Terekhov et al., 2023].
In [Rukhlenko et al., 2015], based on numerical experiments with the equations of the mathematical
model, a threshold dependence of the thrombus formation scenario is established as a function of the
Reynolds number, which is equivalent to a dependence on a specific vein. A phenomenological model
of thrombin production is used [Araymraxanos u mp., 1994].

In a series of studies [Bouchnita et al., 2020; Bouchnita et al., 2023; Terekhov et al., 2023],
the problem of fibrin clot growth in a flow was examined based on a reduced mathematical model of
thrombin production. The parameters of the mathematical model were selected based on experimental
results [Shen et al., 2008]. In [Bouchnita et al., 2023], neural network technologies were used to
estimate the parameters of the mathematical model. Based on this selection of mathematical model
coefficients, calculations of fibrin clot growth in veins were performed [Terekhov et al., 2023]. In
doing so, changes in flow characteristics during clot growth were taken into account. Veins with non-
cylindrical shapes were considered. To describe fibrin polymerization, a very simple approach was
used, in which the concentration of the fibrin polymer was assumed to be proportional to the time
integral of the fibrin-monomer concentration.

Another approach to mathematical modeling of fibrin clot growth in blood vessels also relies
on reaction-diffusion-convection equations. The model considers a large blood vessel with a fast blood
flow. It is assumed that coagulation reactions are initiated via the intrinsic pathway (on the damaged
vascular endothelium). It is further assumed that all reactions occur only within a thin reaction layer.
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The size of the layer is determined by the diffusion coefficients of the factors and the shear rate of
the flow near the vessel wall. The work in this series began with the article [Fogelson, Tania, 2005].
Since this approach involves mathematical models of the flow-through reactor type, which reduce
to systems of ODE, it became possible to use detailed mathematical models of thrombin generation.
Modern mathematical models account for membrane reactions on the surface of platelets, in particular,
the role of TFPI [Miyazawa et al., 2023a] and a detailed description of the inhibition of coagulation
reactions by antithrombin, including upon the administration of heparin [Miyazawa et al., 2023b]. It
should be noted that mathematical models of this type have been used only to describe the formation
of fibrin layers several micrometers thick on the damaged endothelial surface. Thus, these models are
used primarily to describe hemostatic processes in the case of minor injuries, rather than to describe
thrombus growth.

Problem statement and mathematical model

We are considering a straight segment of a large vein with a circular endothelial injury. Such a
case may correspond, for example, to a circular anastomosis (Fig. 1, ). We assume that the geometric
characteristics of the damaged section are known — length L and radius R. In the section under
consideration, blood flows at a constant average velocity v across the vessel cross-section. A diagram
of the model vessel is shown in Fig. 1, b.

(b)

Figure 1. a) Circular anastomosis during transplantation. b) Model of a damaged vascular segment. A flow with
an average velocity v passes through the damaged vascular segment, which is L units long and has a radius of R

The coagulation reactions that occur during the formation of a fibrin clot can be divided into
three broad groups. Some of these reactions occur in blood plasma. Others occur on the surface of
activated platelet membranes and/or extracellular vesicles. Tissue factor (TF) complex formation and
breakdown occur on the surface of a vessel with damaged endothelium. Both volume-dependent and
membrane-bound reactions can be described by identical “convection —reaction” equations. The Peclet
number for the transport of coagulation factors can be estimated as

Pe = E,

D

where D is the characteristic value of the diffusion coefficient. The characteristic flow velocity in the
portal vein is approximately 15-20 cm/min. Assuming a characteristic length of the portal vein of 10 cm
and a diffusion coefficient of thrombin of 107 ¢cm?/min (according to estimates from [Zarnitsina et
al., 2001]), we can estimate the Peclet number. The diffusion coefficient for platelets is at least two
orders of magnitude smaller [Menichini, Xu, 2016]. Thus, the estimated Peclet number for coagulation
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factors is on the order of 10%. Convection dominates to such an extent that diffusion transport can be
neglected. For platelets and extracellular vesicles, the Peclet number is significantly larger.

The flow in the portal vein is highly non-stationary. This is due to the vessel’s location in the
abdominal cavity, in close proximity to the diaphragm. Respiratory rhythms superimpose on the flow in
the portal vein. In healthy individuals, the amplitude of respiratory modulation is 20—40 % of the mean
flow velocity [Abu-Yousef, 1992]. Normally, the transmission of cardiac pulsation to the portal blood
flow is minimal. The appearance of marked cardiac pulsatility is a pathological sign. The shape of the
portal vein differs from a cylinder. Reverse blood flow is possible within the vessel. The complex, non-
stationary flow in the portal vein leads to significant convective mixing. The characteristic mixing time
is on the order of the duration of a respiratory cycle (1-5 s). During this time, the blood does not have
time to leave the portal vein. We assume that due to rapid convective mixing, coagulation factors and
activated platelets are uniformly distributed throughout the vessel’s volume. Under these assumptions,
the model can be considered zero-dimensional. Since the time required for a fibrin clot to form in the
portal vein exceeds the duration of the respiratory cycle by several orders of magnitude, when studying
the basic patterns using numerical modeling, time-averaged flows can be taken into account. Under
conditions of significant convective mixing, the entire vessel acts as the reaction volume, whereas
when convective mixing plays a minor role, the main coagulation reactions will occur in relatively thin
reaction layers. Under conditions of significant convective mixing, the entire vessel acts as the reaction
volume, whereas when convective mixing plays a minor role, the main coagulation reactions will occur
in relatively thin reaction layers.

Let us consider the extrinsic pathway of coagulation initiation, which begins with the contact of
coagulation factor VII with tissue factor TF on the surface of the damaged endothelium. Tissue factor
is present in all cells of the body, except for blood cells and the monolayer of vascular endothelial
cells. Reactions involving TF and its complexes occur only on appropriate surfaces. Exchange with
coagulation factors VII, Vlla, IX, and X present in the plasma occurs only upon the formation of the
corresponding complexes.

Some of the cascade reactions occur in the plasma volume and on the membranes of active
platelets upon the entry of active forms of factors IX and X into the circulation. These reactions may
be flow-sensitive. The intrinsic coagulation pathway, initiated by Hageman factor, leads to a faster
cascade activation compared to the extrinsic pathway [Panteleev et al., 2020].

Given these assumptions, the system of differential equations for the mathematical model of
a vein as a flow reactor takes the following form.

1. Initiation of the coagulation cascade. Reactions in the subedothelium:

d[TF
dirr] - I_ —k)PTEVINITFY + K0 vl = TF) = k)" TF VLT F] + Ky TR v, - TF,

d[VII - TF KIETEXary T TR|X
[ ] — kXII’TF[VII][TF] _ kXII—TF[VII _ TF] _ cat [ ][ g]

dt KXIH_TF’XQ + [Xa]

dVIIl, - TF

dvil, ~ TF] . I kT ILTF] = Ky TF v, - TF] -

Xa—VIla-TF.TFPI koo 1T
) ke [TFPI]W[X][WL; - TF] KH-TEXary 1r _ TR)(X,]
VII-TF.X
KV (14 olftlrr + rfilr Ky K]
M M

This set of equations includes differential equations for the surface density of the tissue
factor [TF] on the vascular subendothelium. All coagulation factor complexes with TF are
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4,

also bound to the vascular wall. The variables have the meaning of the surface density of the
corresponding complex.

Initiation of the coagulation cascade. Exchange between plasma volume and subendothelium. In
all equations here and below, % = 1, v is the average flow velocity in the vessel, L is the length of
the damaged section, then r has the meaning of the average residence time of the liquid particle
in the reaction zone. For the zero-dimensional model, the convective term (vV) ¢ is replaced by

the value averaged over the volume of the portal vein, w:

daiviny -2 2 v 1
o= ch‘{”’” [VIITF] + Ekg” v -TF) - —(VIn = [VINO)),
VIl -2 2 1
% = ?k;/”“’TF [VIL][TF] + EkX”“‘TF [VII, - TF] - ;([VIIQ] — [VIL,](0)).

In this block, the variables have the meaning of the volumetric concentration of different forms
of coagulation factor VII. When taking into account the exchange between the reaction volume
and the reacting surface, the equations include the ratio of volume to surface area. In the case of
a cylindrical vessel, it is equal to 1%’ R is the radius of the vessel.

Activation of factors by extrinsic tenase and the transition of active factors into volume, initiating
a positive feedback loop. All model variables, except TF complexes, have the meaning of
volumetric concentrations of the corresponding coagulation factors:

duxy =2 kv, - TRIX] CkMMIXLIIX] 1 (X1 - X100
dt R _IX\VIla-TF [IX] [X] KXXla x1 1 '
KM 1+ KIX,VIIafTF + KX.VIIH*TF M
M M
IX,VIla-TF IX, X1
diIX,) _ 2 kg "TUIVIL - TFIUX] ki M IX X
dt R - 1X,XIa
KV (1t + ) K™+ U
M M
1Xa 1
—h 1IX,] - ;([IXa] - [1X,100)),
X, VIila-TF X, IX
dix] _ -2 KXV HaTE vy — TF[X] ke XX
dt R - X.IXa
KT (1t b + bt ) K X
M M
JXAXa=Villa g (VI (X] 1
Vi X Villa - —([X] - [X1(0)),
(KiXe-Vila 1 [IX,] + [VIIL,)) (K} +[X]) T
dix,] _2 kS TEy I — TF)[X] N KEXarrx 11X]
dt R - X,[Xa
Kl)‘(/I,VIIa TF(I + KIX,[\{IJSJ—TF + KX,\%(LTF) KM + [X]
M M

jXoXa=Villaprx g1y )X

cat

+
(KIIV}I(a—VIIIa +[IX,] + [VIIIa]) (Kl)‘(/[,IXa—VIIIa " [X])

1
= g "1X] = —(1X,] = [X,10).

Thrombin production. Positive feedback loops:

din  —kXex k!LXa=Vax [y (1]

1
= - — 2(U - [1100)),
di Kl (KXY X+ V) (K ) 7 (LA = LHIO)
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d[1r,] kX KXa=Varx V(v (1]

cat cat

= +
di KX (KEV (X ]+ V) (Kie Y+ 1)

— hllarrr -

1
= 2 (UL,] = L)),

vl —kEvx, ear VU1, 1
V] _ ~kear '[VIIX,] c VLY 1 o,

dt KX+ (X, Kﬁ‘f}”"(l+ LFg) )+[11a]

Fglla
K

div,]  kZXUVIX,] KCtaryr, KerCary ipc,] 1

— cat + cat _ cat — —([V ] - [V ](O))’
i KX+ (X, KX;”“(I 4 LFg) )+ 1] K v vap ot ‘

Fglla
KM

davin  —kMvin,)

cat
dt
KA‘;III,IIa (1 4 LFel ) + [I1a]

- %([VIII] — [VIIT](0)),

Fg.lla
KM

v kytvanu) R kg “TUIVIHIIIPC,]
dr VI ila [Fg] ¢ KVHaPCa 1y
K 1+ + [11,] M

M Fglla
KM

- %([VIIIG] - [VII1,](0)),

axn —KEexnuL)
= L - X - X110,
KAI;g,IIa

dixi,) kg XD,
dt 14 1Fsl

Fglla
KM

1
- X, - —(IX1,1 = [X1,)(0)).

5. Fibrinogen cleavage:
diFg] _ ke IFgILIL,]

dt F
g.lla [Fgl
K, (1 + Kzg_,,n)

1
- —([Fgl - [Fgl(0)),

dIFn] _ KEst Falli, ]

cat

dt Fall [Fel
KMg, ¢ 1 + KFg%Ia
M

1
= Z([Fn] = [Fn(0)).

6. Activation of protein C. Activation of the negative feedback loop:

d[PC] —kb M IPCII,] 1
yr : - —([PCI = [PCI(O)),
KoM (1 + Klgs),a) +[11,]
M
d[PC,] KPS pe(il,)

1
— WPCYPC,] - =(IPC,] - [PC,](0)).
dt g PCilla (1 + LFel )+ 1] T
M KFg,IIa a

M

The constants of the mathematical model are given in Tables 1-3. The initial concentrations
of the factors for the physiological norm are given in Table 4. In the case of a reversible reaction,
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Table 1. Formation of external tenase. Activation of factors IX and X by external tenase

Reaction Constants Values Source
VILTF 0.155 nmol™!
[VII|+[TF] & ko, Y
o [VII - TF] RVI-TF L mm. g [Sen et al., 2010]
d 0.014 min™"
Vila,TF 0.155 nmol™!
[VIL]+[TF] & ka0, L min-!
a _ ) [Sen et al., 2010]
VII —TF Vila-TF
© Vi, - TF] ki 0.014 min"!
VII-TFXa
[VII-TF]+[X,] - ke 7, 912 min™',
S IVII-TF 2 X, KT 1200 nmol/L [Butenas, Mann, 1996]
X.VIla-TF
[VII,-TF]+[X] — kear , 435 min~, )
VI, - TF - X] Kj;v”“_TF 238 nmol/L. [Baugh, Krishnaswamy, 1996]
IX.VIa-TF
[VII,-TF)+[IX] — Kear , 5.8 min~!, ..
N [VIIa —-TF — IX] Kgyvna,]']: 200 nmol/L [Warn-Cramer, Ba_]a_], 1986]
[_‘)/I[% I;aii ;]f][)z] JeXa-Via=TE 770 min~! [Panteleev et al., 2002]
E}/I[I“};ITI_:})I(,“};([T_F;IIT]PX gXa-VHa=TETFPL 1 6 nmol~! L min™! [Panteleev et al., 2002]

the forward reaction constant is listed first, followed by the reverse reaction constant. For enzymatic
kinetics described by the Michaelis —Menten model, the first constant listed is the catalytic reaction
constant, and the second is the Michaelis constant. When factors IX and X are activated by the external
tenase complex, it is assumed that only free (unbound to tenase) molecules of the corresponding
factors can participate in the reaction. The number of free molecules is estimated in accordance with
the Michaelis —Menten kinetic model [Michaelis et al., 2011]. This accounts for the appearance of
characteristic denominators in the equation. Therefore, Table 1 does not list the values for the forward
and reverse reactions for reactions 3-5, but only provides estimates of the product formation rate
(subscript cat) and the Michaelis constant.

Although the rate of the reaction involving the activation of factor XI by thrombin is small, it
cannot be ignored — if this reaction is neglected, the simulation results do not match the experimental
data for the intrinsic pathway [Anapeesa u np., 2022].

For most reversible reactions, the arrows corresponding to the reverse reactions are not shown
in the table. For such reactions, only estimates of the product formation rate (subscript cat) and the
Michaelis constant are provided. For the factor XI activation reaction, the effective reaction constant is
given as

kXI,IIa
XLIlla _ "™cat
eff = XLlla®

KM

The mathematical model accounts for the fact that thrombin can form complexes with fibrinogen
and fibrin monomers. The estimation of free thrombin for the mathematical model variant used was
performed under the assumption that the thrombin monomer rapidly undergoes polymerization and its
concentration is negligible; therefore, the concentration of free thrombin depends only on the current
concentration of fibrinogen.

The final system of equations does not include equations for the intrinsic tenase 1X,- VIII, and
prothrombinase V,—X, complexes. When reducing the system of equations, it was assumed that for
these complexes, there is equilibrium between the forward and reverse reactions, and the concentration
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Table 2. Thrombin activation and positive feedback loops

Reaction Constants Values Source
11Xa 1 min~!
]+ [X,]— Kear s ’ .
a ’ 32 [Rosing et al., 1980]
= UL +IX] K™ nmol/L
[V]+[II,] — ki, 14 min™!, 3
- [V,1+11,] Kﬂvl,ug 79 nmol/L [Monkovi¢, Tracy, 1990]
VIILIla .
(VI + [11,] — ki s 54 min~!, .
— [VIIL) + [I1,] K,t/”’”” 147 nmol/L [Hill-Eubanks, Lollar, 1990]
[XIT+[1,] — XI,Ila 1.5- 1077 nmol™!
— [XL,]+11,] ks L min-! [Panteleev et al., 2010]
V.Xa
[Vl+I[X,] — Kear 2.6 min~!, g
S V] +(X,] KA‘;X{I 104 nmol/L [Monkovi¢, Tracy, 1990]
% X KXa—Va —
[(_f][;r/a[ —;(T zd b 1 nmol/L [Krishnaswamy, 1990]
11, Xa-Va .
Ui+v,-X,1- kear , 1919 min™", .
— [ +[V,~X,] K!1XaVa 72 nmol/L [Rosing et al., 1980]
IXXIa
[IX] +[XI,] — Kear™ s 20 min~", .
— [IX,] + [X1,] Kixxta 2100 nmol/L [Bajaj, 1982]
X.IXa
[(X]+[IX,] - Kear " 0.00247 min™", .
- [X,] + [IX,] Kff/xa 58 nmol/L [van Dieijen et al., 1981]
X+ [VIIL] & | K& =
a a (lXa=Vilia 0.07 nmol/L [Mathur et al., 1997]
o [IX,-VIII,] - k?ixw
IXa-Villa
[X]+[IX, = VIIL] > | K , 73 min~!,
— [X,1+[IX,—VIIL,] K,’;’IXWWH“ 18 nmol/L [Panteleev et al., 2006a]
Fglla .
[Fgl+[I1,] — Kear 5040 min~!, .
— [Fnl+[IL,] K,Zg'na 7200 nmol/L. [Higgins et al., 1983]

of the complexes will be directly proportional to the product of the concentrations of the corresponding
factors. Since the complexes form primarily on the membranes of activated platelets, the proportionality
coefficient can vary over a fairly wide range depending on platelet concentration. Table 4 lists the
corresponding constant values for the physiological norm.

The mathematical model incorporates the effective inhibition constants for all inhibitors,
including antithrombin III. These effective constants are denoted by the letter 4. A negative feedback
loop is identified separately. Thrombin is an activator of proprotein C. Proprotein C, in turn, inhibits
the active forms of factors V and VIII, which ultimately leads to a slowing of thrombin generation.
The concentration of TFPI is considered a parameter. Its value, according to [Panteleev et al., 2002],
is 1.6 nmol/L.

The surface density of tissue factor [TF](0) = 2 ,um‘2 [Govindarajan et al., 2018]. For
calculations in more convenient units, [TF](0) = 3.32 - 1077 nmol/cm?® was assumed. The initial
concentrations of the remaining active blood coagulation factors, as well as all complexes, are zero.
The system of ODEs was solved numerically using the one-step Rosenbrock method with complex
coefficients. The properties of the method are described in detail in [AnbmmH u ap., 2006].
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Table 3. Inhibition. Negative feedback loop

Reaction Constants Values Source
Thrombin inhibition Ila .
by all the inhibitors h, 0.94 min [Panteleev et al., 2010]
Factor IX,, inhibition IXa N .
by all the inhibitors h; 0.01 min [Lipets et al., 2014]
Factor X, inhibition Xa .
by all the inhibitors h; 1 min [Panteleev et al., 2006b]
Factor XI, inhibition Xla I .
by all the inhibitors h, 0.01 min [Lipets et al., 2014]
Factor VIII, inhibition
by all the inhibitors hytla 0.35 min! [Panteleev et al., 2006b]
except of the PC,
PClla
[PC] +[11,] — Keat ™™ 1.2 min~!,
— [PC,] +I1,] K;[C'”“ 60 000 nmol/L [Panteleev et al., 2006b]
Villa,PCa
[VIIL] +[PC,] — kear s 7.5-107" min~!, T
— VI, - PC,] | gVmerca | 25107 nmol/L [0 Brien et al., 2000]
Va,PCa
[Vl +[PC,] > Kear™ ™" 19.7 min~',
S, - pPC,] KX;‘PC“ 3.7 nmol/L. [Solymoss et al., 1988]
PC, inhibition by all |, pcq 0.034 min-"! [Panteleev et al., 2006b]

the inhibitors

Table 4. Initial concentrations of blood clotting factors for the physiological norm

Factor Initial value,
nmol/L
11 1400
Vv 20
VII 10
VII, 0.1
VIII 0.7
X 90
X 170
X1 30
PC 60
Fg 7600

According to the current classification [Park, Park, 2024], the process of fibrin clot growth
can be broadly divided into three stages. The first is the initiation stage. During this stage,
the concentration of thrombin rises from zero to a threshold value of 1 nmol/L, which can be
experimentally determined. This phase corresponds to the thrombin lag period. The amplification
stage is characterized by accelerated thrombin growth. It is for this stage that the auto-modeling
solutions were developed [Andreeva et al., 2025]. During the propagation phase, active forms of factors
(primarily factor V) are transferred to the membranes of activated platelets. Since the mathematical
model used does not explicitly account for the platelet component of the cascade, there is no distinction

between the amplification and propagation phases in our calculations.

Sometimes, in addition to these three phases, the clot stabilization phase is also included in the
analysis [Furie, Furie, 2008; Versteeg et al., 2013]. During this stage, protein C is activated, halting
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the growth of the clot. Factor XIII is activated, leading to thrombus contraction. The lysis process is
initiated.

In our calculations, we will focus primarily on the process of thrombin generation. We assume
that mixing processes in the blood are rapid. The main focus is on the initiation and amplification
stages. When considering a mathematical model of a flow reactor with rapid mixing, there is no need
to distinguish a propagation stage.

Calculation results

For the model calculations, the length of the portal vein was assumed to be 8 cm and its
radius 0.6 cm, which corresponds to anatomical measurements. Let us examine the main patterns
of thrombus formation in a system with a flow channel.

The case of a physiological norm

Figure 2 shows the calculated dynamics of thrombin for the case of a physiological norm. All
constants and initial conditions correspond to the data in Tables 1-4. The normal level of fibrinogen
in the blood, according to various sources, ranges from 1.8-2 g/L to 4 g/L. The value chosen for
calculation was 2.5 g/L. For ease of perception, the graph is shown in double logarithmic coordinates.

103 J T T
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t, min

Figure 2. Thrombin production dynamics for the case of physiological norm (fibrinogen concentration
of 7600 nmol/L or 2.5 g/L) at different flow rates. The colors correspond to the following flow rates: red —
v = 0 (stationary fluid), green — v = 0.1 cm/min, blue — v = 0.2 cm/min, purple — v = 0.3 cm/min. The black
curve corresponds to the subthreshold flow rate, and the gray curve to the threshold flow rate. For this fibrinogen
concentration, these values are 0.30904 cm/min (black curve) and 0.30905 cm/min (gray curve)

The flow rate values are given in the figure caption. In the absence of flow, thrombin production
ceases after a finite time. This is due to the depletion of prothrombin in a closed system. In the case of
a flow reactor, a significant amount of unactivated factors is introduced into the reaction zone, where
they undergo reactions. In addition, active factors are always carried out of the reaction zone, where
they are deactivated on the surface of healthy endothelium. At relatively low flow rates, the inflow of
active forms of coagulation factors due to volume reactions dominates over the convective outflow of
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these active factors. As a result, an equilibrium configuration of all coagulation factors, in particular
thrombin, is established in the system.

The initial rising phase of all curves corresponds to the formation of TF-factor VII complexes,
in both active and inactive forms, on the subendothelial surface and the subsequent activation of the
factor VII-TF complex. These reactions depend neither on flow rate nor on wall shear rate and are
determined solely by TF density and the concentration of factor VII forms. The appearance of the
external factor VII,—TF complex in the system triggers the activation of factor X and, consequently,
the initiation of thrombin production. The peak in Fig. 2, occurring at times of the order of several
minutes, corresponds to the active inhibition of external tenase complexes by the tissue factor pathway
inhibitor (TFPI). Since these reactions involve complexes located on the vascular wall and factors in
blood plasma, the rate of such inhibition depends on the flow rate in the flow-through reactor. This
region determines the duration of the lag period (the initiation phase of coagulation).

When the thrombin concentration increases to a certain value (in the calculation provided, this
is approximately 1072 nmol/L), the initiation phase is replaced by the amplification phase — a rapid
increase in thrombin concentration. Positive feedback loops are activated. Note that in experiments, the
lag period is defined as the time it takes for thrombin to reach a concentration of 1 nmol/L [Wolberg,
Campbell, 2008]. According to our simulation results, this value is already reached during the
amplification phase.

As the flow rate increases, the initiation time of the cascade (lag period) increases. At the same
time, the equilibrium concentration of thrombin also rises slightly as the flow rate in the blood vessel
increases. When the flow rate exceeds its threshold value, the convective transport of active factors
begins to dominate over the reactions occurring within the blood volume. In this case, the initiation
phase is not followed by an amplification phase (accelerated growth of thrombin concentration). The
thrombin concentration drops to low levels.

102 T T T

10!

10°
= )
= ;
= 107! §
=
10—2 -
1073 .
10—4 1 1 1
1 10 100 1000

t, min

Figure 3. Production dynamics of the active form of factor V for the physiological norm (fibrinogen concentration
of 7600 nmol/L or 2.5 g/L) at different flow rates. The colors correspond to the same average flow rate values
as in Fig. 2
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The threshold nature of the phenomenon is clearly evident in the dynamics of factor V
concentration (Fig. 3). It can be seen that, at a subthreshold velocity, following a prolonged lag period,
the concentration of the active form of factor V rises sharply, reaches its maximum value, and then
approaches the equilibrium value. The threshold value of the rate (black curve in Fig. 3) is characterized
by a long lag period. With a slight increase in the rate, the threshold value is already exceeded, and
after the initiation stage, the concentration of the active form of factor V rapidly approaches zero (gray
curve in Fig. 3).

It should be noted that the flow velocity (the residence time of a liquid particle in the reaction
zone) acts as a bifurcation parameter. However, due to the high dimensionality of the system’s phase
space, it is difficult to conduct an analytical study of this type of bifurcation.
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Figure 4. Concentration profile of activated protein C for a physiologically normal case (fibrinogen concentration
of 7600 nmol/L or 2.5 g/L) at various flow rates. The colors correspond to the same flow rate values as in Fig. 2

Figure 4 shows the dynamics of production in the system of active forms of protein C (PC)). It
can be seen that, for all subcritical flow rates, an equilibrium concentration is established that is low
compared to the initial value (approximately 1 nmol/L for PC, at an initial concentration of 60 nmol/L).
It can be concluded that a change in the initial concentration of protein C in the system has a negligible
effect on thrombin production and its equilibrium concentration at subthreshold flow rates. Unlike the
other factors, the final equilibrium concentration of protein C is almost independent of the flow rate.

Numerical calculations based on reducing the initial protein C concentration to 40 and 20 nmol/L
confirm this hypothesis. In these calculations, a deficiency of protein C resulted in only a slight increase
in the equilibrium concentration of factor V,,.

Low fibrinogen levels

It is known that a fibrin polymer network can form even in the presence of fibrinogen deficiency,
down to levels as low as 0.2 g/L.

Fibrinogen is a glycoprotein produced by the liver. In cases of liver dysfunction, fibrinogen
concentrations may deviate significantly from the physiological norm. Let us assume that the
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Figure 5. Thrombin dynamics as fibrinogen concentration decreases. Initial prothrombin concentration:
a) 3000 nmol or 1 g/l and b) 760 nmol or 0.25 g/L. Colors correspond to the following flow rates: red —
v = 0 (stationary fluid), green — v = 0.1 cm/min, blue — v = 0.2 cm/min, purple — v = 0.3 cm/min, light blue —
v = 0.4 cm/min, yellow — v = 0.5 cm/min. The black curve corresponds to the subthreshold flow velocity value,
the gray curve to the threshold value. Flow rate threshold values for a fibrinogen concentration of 1 g/L, top
panel: 0.44435 (black curve) and 0.44435 (gray curve). Flow rate threshold values for a fibrinogen concentration
of 0.25 g/L, bottom panel: 0.56510 (black curve) and 0.56511 (gray curve)

concentrations of the other coagulation factors have not changed compared to the physiological norm,
and consider the effect of fibrinogen concentration on the dynamics of blood coagulation.

Figure 5 shows the results of calculations of thrombin production dynamics in the PV model as
a flow-through reactor for initial concentrations of 3000 nmol/L (1 g/L) and 760 nmol/L (0.25 g/L).
In this case, the equilibrium concentrations of thrombin do not depend on the initial fibrinogen
concentration but depend on the flow rate. In turn, the threshold (bifurcation) value of the flow rate
depends on the initial fibrinogen concentration. As the initial fibrinogen concentration decreases, the
flow rate threshold increases. The dependence of this threshold on the fibrinogen concentration is given
by a simple formula obtained by interpolation of experimental data

0026
"= [Fel0) + 25

where fibrinogen concentration is measured in g/L and velocity in centimeters per second.

It can be concluded that at reduced fibrinogen concentrations, the system becomes more sensitive
to stasis. When fibrinogen concentration is reduced, the risk of thrombus formation in the venous
system arises over a wider range of flow velocities than under normal conditions; even minor reductions
in velocity can trigger activation of the extrinsic coagulation pathway.

A model of thrombocytopenia

It is known that in most cases, PVT is accompanied by thrombocytopenia — a disorder
of the platelet component of hemostasis characterized by a decrease in the number of platelets
per unit volume of blood. Although the platelet count is not explicitly included in the system of
equations, it can be accounted for within the system. External tenase (the IX,— VIII, factor complex)
is formed on the membranes of activated platelets. Therefore, a decrease in platelet concentration
should cause a decrease in the rates of the corresponding reactions, which is accounted for by

kIX(FVIIIa . .
the constant KéX“‘W”“ = IJLIX"*W The calculations performed showed that a simple account of
a
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thrombocytopenia confirms these qualitative conclusions. Thrombin generation in these cases slows
down as expected, and the equilibrium concentration of thrombin in the flow reactor decreases.

Discussion and conclusions

The results of our calculations using a mathematical model lead to the conclusion that protein C
deficiency does not affect the nature of thrombus formation in the portal vein. This conclusion is
consistent with the findings of [Manzano-Robleda et al., 2015] regarding the low significance of
protein C deficiency for assessing the risk of PVT. Furthermore, [Manzano-Robleda et al., 2015]
do not provide data on the presence of other risk factors in patients with protein C deficiency.

Fibrinogen distribution
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Percentage of patients
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Figure 6. Histogram showing the distribution of patients by fibrinogen level. The wide red bars in the chart
correspond to blood fibrinogen levels for a sample of 3693 patients, according to [Saadalla et al., 2025]. The
thin bars represent data for 932 patients diagnosed with “portal vein thrombosis” according to data from the
N. V. Sklifosovsky Research Institute of Emergency Medicine. The green bars correspond to the physiological
norm

Based on the calculations performed, we can formulate a hypothesis regarding the increased
sensitivity of the coagulation system in DVT to stasis in the presence of low fibrinogen levels.
Figure 6 shows a distribution chart of patients in the population by blood fibrinogen level. The
light red bars show data [Saadalla et al., 2025] for a sample of 3693 patients in the United States,
characterizing the distribution in the population. The blue and green bars show the distribution by
fibrinogen level of patients diagnosed with “portal vein thrombosis” according to data from the
N. V. Sklifosovsky Research Institute of Emergency Medicine (932 patients). The green bars correspond
to the physiological norm.

A shift in the distribution toward lower values is to be expected — as noted above, fibrinogen is
produced by the liver. The fact that a larger proportion of patients have fibrinogen deficiency compared
to the general population does not contradict the hypothesis that these patients are more susceptible
to stasis.
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Data on patients with DVT were obtained using different methods for determining fibrinogen
levels. To test the hypothesis of increased susceptibility to stasis, it is necessary to carefully account
for the errors introduced by different methods in the range of elevated or reduced fibrinogen levels.

The introduction above noted some paradoxes of DVT. For example, a decrease in the
procoagulant activity of the main factors of the coagulation system does not necessarily lead to
hypocoagulation. The conclusion drawn regarding susceptibility to stasis at reduced fibrinogen levels
falls within the scope of these paradoxes. To draw definitive conclusions about the role of fibrinogen
in DVT, it is necessary to conduct a modeling study of the influence of other coagulation factors on
the rate of thrombin formation. In addition, it appears necessary to consider models of the “protective
thrombus” separately. Concurrently with modeling, a specialized analysis of the accumulated clinical
data is required.

In [Wachsberg et al., 1995], the portal vein pulsatility index (PPI) was proposed as a quantitative
marker. In [McNaughton, Abu-Yousef, 2011], the resistance index (RI) is introduced alongside the PPI:

Vmax B Vmin

RI =

Vmax

A normal RI value ranges from 0.55 to 0.7. A high RI value (RI > 0.7) may correspond to
a postprandial state (immediately after a meal), peripheral vasoconstriction, or a post-transplant state.
In such cases, the minimum blood flow velocity in the VV decreases compared to normal levels.
For low blood flow velocities and small shear stresses, rheological models of the [Quemada, 1978]
type show a significant deviation from the ideal fluid model. In this case, under non-stationary flow
conditions, convective mixing occurs throughout the entire volume of the blood vessel. At normal or
reduced RI values, convective mixing occurs in a relatively thin layer near the vessel wall. In this
case, the mathematical model described in the article must be modified — the volume of the mixing
layer should be selected as the reaction volume. In this case, the nature of thrombus growth will be
determined by the wall shear rate, as in the experiments [Shen et al., 2008]. If, at high RI values,
thrombi are pathological in nature, then at low RI values, protective thrombi should primarily form.

To validate the model, it is necessary to account for the resistance index, and for the same
patients, the composition of the blood in the portal vein should be determined. Unfortunately, obtaining
such a dataset is difficult. The response of the blood coagulation system depends on the magnitude
of the stimulus (for example, on the size and nature of endothelial damage). The extent of endothelial
damage can only be assessed for models of postoperative thrombosis. Unfortunately, data are not
available for preoperative thrombosis.

The following areas could be identified as directions for further research. The mathematical
model should be modified to account for the thickness of the convective mixing layer as a function of
RI. It is necessary to account for reduced levels in the blood not only of fibrinogen but also of other
coagulation factors produced by the liver. A thorough analysis of the simulation results is required,
based on clinical data from specific patients.
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