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1 | INTRODUCTION

Abstract

When modeling complex fluid networks using one-dimensional (1D) approaches,
boundary conditions can be imposed using zero-dimensional (0D) models. An
application case is the modeling of the entire human circulation using closed-loop
models. These models can be considered as a tool to investigate short-term tran-
sient and stationary hemodynamic responses to postural changes. The first short-
coming of existing 1D modeling methods in simulating these sudden maneuvers
is their inability to deal with rapid variations in flow conditions, as they are lim-
ited to the subsonic case. On the other hand, numerical modeling of 0D models
representing microvascular beds, venous valves or heart chambers is also cur-
rently modeled assuming subsonic flow conditions in 1D connecting vessels, fail-
ing when transonic and supersonic flow conditions appear. Therefore, if
numerical simulation of sudden maneuvers is a goal in closed-loop models, it is
necessary to reformulate the current methodologies used when coupling 0D and
1D models, allowing the correct handling of flow evolution for both subsonic and
transonic conditions. This work focuses on the extension of the general methodol-
ogy for the Junction Riemann Problem (JRP) when coupling 0D and 1D models.
As an example of application, the short-term transient response to head-up tilt
(HUT) from supine to upright position of a closed-loop model is shown, demon-
strating the potential, capability and necessity of the presented numerical models
when dealing with sudden maneuvers.
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Numerical modeling of 1D flow in networks, coupled with 0D models, can be considered as an alternative to
three-dimensional (3D) modeling when analyzing human blood flow in large/medium arteries and veins'™® and its
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sensitivity to variations in the body positioning'® with only a fraction of the computational cost. A challenging problem
of fluid-structure interactions (FSIs) appear due to the flexibility of veins, that contrary to arteries, in sitting or standing
positions collapse.’ In order to characterize fluid flow in a flexible vessel, it is useful to define the speed index S (the
ratio of flow velocity and pulse wave velocity),'" describing subcritical flow (S < 1), sonic flow (S = 1) and supercritical
flow (S > 1). This parameter allows to explain experimental observations related with flow limitation or sonic blockage.
When sonic blockage is produced, an increase in the difference between upstream and downstream pressures in a ves-
sel is unable to increase the flow across the nozzle throat generated in the same vessel."' Vascular waterfall or a flow
limitation is observed in the venous return in the CVS when the pressure inside the vena cava is smaller than the pres-
sure outside.’>'> This phenomenon is observed at atmospheric pressure when breathing spontaneously. When venous
collapse occurs, further decrease of the right atrial pressure does not improve venous return.'* In the respiratory tract,
during forced expiration, flow limitation is produced with independence of the effort put forward by the patient."” In
general, dealing with highly compliant venous walls lead to problems of FSIs including collapse, shock waves and self-
oscillations, leading to complex problems.'®

The appropriate treatment of all these phenomena requires non-trivial numerical methodologies when using 1D
models for blood flow. 1D models for blood flow approaches'®'® involve mass and momentum conservation, leading to
a hyperbolic system of equations with source terms. Source terms are used to represent the presence of time-dependent
postural maneuvers, pressure variations or muscular activity>'*?° as well as the spatial variations of the mechanical
and geometrical properties of the vessel wall.*!

Even when ignoring transient maneuvers, spurious oscillations in the numerical solution may appear unless the
numerical resolution focus first on the balance between fluxes and source terms. This type of schemes providing well
balanced solutions®'** can be applied to the analysis of the flow in collapsible vessels.”'** Furthermore, exactly well-
balanced methods or energy balanced numerical schemes ensure exact solutions derived from the entropy function of
the system, an energy conservation law.*'**%

Due to gravity, postural changes cause fluid shifts that induce significant changes in pressure and, consequently, in
the area of venous vessels, which can lead to vessel collapse. General pressure-area relations for collapsible vessels
require a complex parametrization that allows to model the much more deformable behavior of veins. In 1D modeling
veins are characterized using tube laws for thin-walled vessels. They have a sigmoid shape where pressure falls expo-
nentially when the area tends to zero. When approaching a collapsed state, it is of utmost importance to control the
approximations made in the numerical scheme, as the eigenvalues of the system do not determine the time step size, as
in such conditions, the pure hyperbolic character of the set of equations is lost. A careless discretization of the source
terms may lead to unrealistic or non-physiological values of transmural pressure or even negative vessel area.”*

For 1D blood flow with constant vessel geometrical and mechanical properties it is possible to provide a flux formu-
lation description of the system®® and a straight forward flux formulation of the numerical solver, avoiding the presence
a source vector term. If variations in vessel properties cannot be ignored, conservation-law form can still be achieved,
and the source term will incorporate additional terms deriving from the spatial variation of vessel parameters. When
involving geometrical and mechanical properties, numerical schemes are usually expressed in fluctuation form.***’
Augmented solvers, as the ARoe solver (Augmented Roe)*” and the HLLS solver®® can be expressed in fluctuation form
or in flux form by transforming the initial Riemann Problem (RP) formulation in an approximate RP written in
conservative-law form. Also, both schemes can be designed to verify the exactly well-balanced property, preserving
energy conservation across contact discontinuities with variations in mechanical and geometrical properties, under sub-
sonic and supersonic flow conditions. In Reference 21 both solvers were adapted for the first time to deal with test cases
involving flow limitation and extreme collapsing conditions in elastic vessels. One property of these family of solvers is
that they allow to describe the underlying set of approximate inner states providing the numerical solution, allowing to
prevent unphysical values of transmural pressure while retaining the eigenvalues of the system in the hyperbolic
region. But these robust and powerful tools become useless in the context of 1D flow in networks unless a methodology
able to deal with discontinuities or high subcritical, transcritical and supercritical flow through junctions can be
applied.

The junction, in a 1D framework, is an internal boundary conditions, that can be defined as a Junction Riemann
Problem (JRP). There are different ways to deal with the JRP. There are methods based on energy or momentum con-
servation coupled with the continuity equation and the characteristic equations®*° that consider the solution in the
subsonic regime represented by rarefactions or decompression waves. It is also possible to use the exact solution of the
JRP at the junction®”***! based on wave relations for shock and rarefactions (or compression and decompression
waves) but the method fails even for subsonic flows at moderately high Froude numbers.>* Another possibility is to
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define bulk mechanical properties'®*® in the junction that depend on the grid size used to the 1D vessels and require
an specific numerical discretization, that even being able to manage supersonic flow conditions, cannot offer solutions
derived by a standard eigen-structure analysis of the hyperbolic system of equations for flow in collapsible tubes in Ref-
erence 26 including transonic and supersonic conditions.

In Reference 33 a new methodology for the JRP was presented for the first time, allowing solutions for all type of
flow transitions, including transonic flow, with independence of the number of vessels, for merging and splitting flows
or any other possible combination in a confluence of vessels for elastic and collapsible tubes. This methodology can be
used together with any numerical scheme of arbitrary order of accuracy, without requiring the definition of any extra
information. The solutions are completely consistent with the underlying hyperbolic system of conservation laws, and
can be applied to merging flows, splitting flows or any other possible combination in a confluence of vessels.

The hemodynamic effect of terminal vessels representing the peripheral circulation, venous valves, heart chamber
time-varying elastance and cardiac valves among others, can be accounted for using lumped parameter or 0D models,
where subsonic flow conditions in the 1D-0D coupling are always considered.® ®**2%**37 Considering that the blood
flow in the arterial circulation is subsonic, it may seem unnecessary to extend the formulation of lumped models
accounting for micro-circulation to include transonic flow conditions. But 0D models can be used to represent vascular
beds connecting arteries and veins, portal venous systems where vascular beds are connected by veins, venous valves or
hear models coupling venous return with the atria. In all these models flow conditions are subject to fast changes
requiring numerical methodologies able to cope with any transient flow.

Hybrid models of networks containing hyperbolic conservation laws and lumped parameter models will be formu-
lated by solving the classical Riemann problem at the junction,*® the first order approach at the junction of the General-
ized Riemann problem. Solving the classical JRP is equivalent to find a set of Godunov states on each junction vessel
that fulfill a set of initial value problems together with a set of algebraic coupling conditions.

In this work, the methodology presented in Reference 33 for the JRP, recalled in Section 2.2, is extended to provide
a correct management of transient flow in 1D-0D coupled models, including: valve modeling in Section 2.3, vascular
bed modeling in Section 2.4 and heart modeling in Section 2.5. Considering that this is the main goal of this work, we
first confirm in each section their robustness by presenting numerical experiments conducted to explore the solutions
when subsonic, sonic, and supersonic conditions are imposed. Once all the numerical methodologies presented in this
work are tested, we apply directly all these methods to a global tool, where the impact of transient maneuvers over the
flow conditions in an integrated closed model of the CVS is analyzed. Therefore, in Section 3, the short-term transient
response of a closed-loop model to HUT from supine to upright is shown, proving the ability of the presented models to
deal with sudden maneuvers.

2 | MATERIALS AND METHODS
2.1 | 1D Mathematical models in arteries and veins

The 1D equations for flow in compliant vessels involve cross section average of the mass and momentum, leading to
the following first-order, nonlinear hyperbolic system,

(91U+8x‘/¢(U):G}(’ (1)
with U=U(x,t) and
A Q 0 0
Uz[ ] FU=|Q@|: G=|_Ad _f_ 9 :[G]’ ?
Q A pox p ox )‘

where x is the axial coordinate along the vessel, ¢ is the time, A is the cross-sectional area, Q = Au is the volume flow
rate with u the cross sectional average axial velocity, p(x,t) is the average internal pressure over the cross section, f is
the friction force per unit length, p is the blood density and # is a coordinate perpendicular to the horizontal plane, that
accounts for the gravitational forces due to the presence of gravity acceleration g. This system of equations is closed by
the following relation for pressure
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P(x,t) = Pe(X, ) = Py (3)

where p, is the external pressure and p,, is the transmural pressure. If only elastic deformation of the vessel wall is con-
sidered, transmural pressure is formulated as

ptr:K06+po’ U(a) =a™ _ana’ (4)

with a=A/A,, A, = A,(x) the vessel cross-sectional reference area for which the transmural pressure p,, is p, and o(a)
the dimensionless transmural pressure difference. Vessel stiffness K,(x) and exponents m, and n, depend on the type
of vessel. Transmural pressure for arteries is commonly defined setting m, =1/2 and n, =0. For veins, typical values
for thin-walled elastic collapsible tubes, m, =10 and n, = —3/2 are used. The hyperbolic character of the equations is
retained only if m, >0 and n, > — 2,?° covering our range of application.

When using the pressure relation in (3) the momentum equation in (1) can be rewritten as follows

9:Q+ dx(Au®) + a&(aaa)(é’xA —a JxA,) +’E3XKO +éaxpe = I gAd\. (5)
p p p p

The following function ¢

AK, - i
9=D, Q, Dy="""2, Q= (—mm+1am”+1 T n+ 1a"”+1), (6)
p - o
where
K K A
ax(pzaj)(&aa)(ax/l— a dxA,) +Q<7°aon —7"9,&)), (7)

can be used to express momentum in Equation (5)

K,
9:Q+9x(Au?) + dxp —— QaAoer(Ao ApQ) K, +— axpe J;ngaxn. (8)

Now system of equations in (1) is written as
3,U+d,F,(U)=S,, (9)

where the new flux vector F,(U) and new vector of source terms S, are

F,= Au S, = |K 1 A ’ f (10)
e Au2+(p(a) R 709 aon—;(AG—AOQ)axKO—p xPe — g143x77 ’
with
(Ao — A, Q) = (m, +1) o™ — (n,+1) a1 (11)
System in (9) can be written in quasi-linear form as follows
Ju Ju
E+J(U)£: S, (12)
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with
0 1 K, K,
J= [02 2 Zu} , C= aj(ﬁaa) = \/7 (m,,af," - n,,af,’), (13)

where c is the Pulse Wave Velocity (PWV). Matrix J has two eigenvalues, ' =u —c and 2> =u + ¢, and two real eigen-
vectors, el = (1,/11)T and e? = (1,/12)T. When vessel mechanical and geometrical properties are considered constant,
external pressure is constant and friction and gravity terms are neglected the source term S, vanishes and the system is
strictly hyperbolic.

2.1.1 | 1D Numerical method in vessels

All the vessels of the domain, a 1D network, are discretized in computational cells of constant length size
AX =X;;1/2 — Xi_1/2, leading to Ny cells in eack k vessel. In k vessel its local numbering is i =1,...,Ny. We will call termi-
nal cells to those cells involved in the coupling with internal boundary conditions where the local numbering is Iy =1
or Iy = Ny, with I} the index of the computational cell of vessel k linked to the boundary condition.

Following the Godunov first order method, by integrating (9), we obtain the following updating formula®'

Atr
Ut =ur- R, -F (14)
with
1 Xi-1/2
Ul=— U(x, ")dx, (15)
Xit1/2

where (15) gives the spatial-integral average at time ¢t =" of the conserved variable, At= "™ — " and Fl 1/2 are the
numerical fluxes, with F= F(]—" , Gx)- Following the quasi-steady wave-propagation algorithm,* the updating formula
in (14) can be rewritten in terms of fluctuations,

At
urt=u - [(SMl+l +oM; . (16)
denoted here by 6M. In this work, we define the following relation between fluxes and fluctuations as follows
F=F, +M; ), Fl.t% =F),— 6Mlt%, (17)

with Fj,; =F, (U}'), where in cases of exact equilibrium 6M;, , =0.

On the other hand, we will refer to the evolved states in time at the terminal interfaces in Iy =1 or I; = N of the
kth vessel as Uy = [Ak* ,Qp ] This state, generated by the imposition of internal boundary conditions, will be used to
compute the updating fluxes at its respective terminal interface

F ,=F,(U;), L=1,
1 =F,(U7), Iy=Ny, (18)

1
l"ri

or in fluctuation form as

F¢ (Uk*) - F(/, (U7, Ix=Ny. (19)
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The hyperbolic system of Equation (1) can be solved using numerous numerical solvers where the numerical fluctu-
ations can be computed using the path-conservative framework as”*”*° or as in References 21,25,33.

2.2 | Solution of the JRP

The definition of the internal boundary conditions for flow at junctions for merging flows, splitting flows or other possi-
ble combinations in a confluence of vessels is revisited here. The Riemann problem at vertex P or JRP, for Np infinitely
long converging vessels sharing vertex P is defined as the following set of initial value problems (IVP)

JU; JF
S L (U) =S Uk(x0)=U, (20)

for k=1,...,Np, together with the following vector of coupling conditions

(U7, U, ) =0, (21)

where U}, with k=1,...,Np are constant vectors. The solution of the JRP with IVP's in (20) with constraints in (21) is a
set of self-similar functions for each kth vessel, defined by 2Np constant states. The constant states are the Np constant
initial conditions provided by the one-dimensional vessels U} = [A,’{’, Q,’{’], with k=1,...,Np, and the Np remaining states
are the evolved states Uy = [A},Q; | = [Af A u |, with k=1,..,Np at the junction.

The initial states U} and the evolved states U] are connected through non-linear waves and among themselves by
the coupling conditions in (21). In this work we consider that the material and geometrical properties can be different
for each kth vessel, and variable inside each kth vessel. On the other hand, as we are using a first-order numerical
method, material and geometrical properties are defined constant inside each cell the computational cells sharing ver-
tex P, leading to S, x =0 in (20).

To couple the Np vessels, we have to compute the unknown cross-sectional area A; and velocity u;’ for each vessel
converging at node P, which means that we have 2Np unknowns. Evolved states Ay and u; will be used to compute
fluxes at the boundary interface of the kth vessel in (18). In this work, all vessels involved in an internal boundary con-
dition will be identified by the following auxiliary function can be defined depending on the position of the terminal
cell™!

{ L =N (22)

I =
8ID=\ 11, i 1,21

This auxiliary function allows to distinguish between outflow vessels, where flow at the boundary cell initially
leaves the domain, (gu); >0, and inflow vessels, where flow initially enters at the boundary cell, (gu), <0. We also
define the following boundary Speed Index (SI)**

Uy
Slgk :gka, (23)

and when [SI|,, <1, subsonic flow conditions will be defined in the I; boundary cell of vessel k.

2.2.1 | Solution of the JRP under subsonic conditions

If we assume that initial and evolved states are under subsonic conditions, |SI |g’k <1 and |SI]| g*, « <1, the coupling condi-
tions that connect the evolved states Uy, with k =1,...,Np, among themselves are
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'Ek:[g(a*Ao u )l ]

[P;,l _P;,z]
(U5, U3, ) = _ =0, (24)

[pﬁ _p;,Np]

where pr =py, +Koa+%pu2, the value of total pressure, with p,; = p, + P +£g1- The first component in the system of
coupling conditions (24) ensures mass conservation. The remaining Np —1 components, guarantee equality of total
pressure in all the vessels meeting at vertex P.

For any boundary cell, and depending on the sign of the jump between the evolved state and the initial state for a,
day =ay —af, the solution of the IVP in (20) for the kth vessel will be a shock (da; > 0), or a rarefaction (da; < 0).%¢
We define the celerities of the system as Ajgp = ug —gicr and Ay = g +gcr. As the solutions of the IVP in (20) can
only be developed in the inner region of each vessel, we will only need to explore solutions where gk/il*g,k <0.

The solution of the IVP in (20) is a non-linear relationship between U} and U}, with k=1,...,Np, and is written as
follows**

uf —uf+ g B =0, (25)
with
dawy if  da} <0
By = fgfk if daf >0, (26)
where
ay ( ) 1 1 1 :
c(a 2
dw;} = —~da, = =—— T —of) | . 27
[ ()i ) -

When the solution of the IVP for the kth vessel is a rarefaction, the solution satisfies the following entropy
conditions

Sihgx <8iArg <0, (28)

and if the solution of the IVP for the kth vessel is a shock, the shock speed S is given by

_on_ ek — 9k
Sek=U =&\ —7n | >  —&S%>0, (29)
fgA
k
where the entropy conditions are
gkﬂl*g,k < ngg,k < gki?g,k' (30)

The set of self-similar solutions provided for the k IVP's posed in the JRP is defined with the following vector
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(u* —u"+gB),
Orvp (U 1 Ug, U U, ) = : =0. (31)
(u* —u"+gB)y,

The solution of the JRP for subsonic flow conditions can be defined by a system of 2Np equations of the form
E(X) =0, with

DPpp

B = [ @,

], X:[uf,...,uﬁp,afm,aﬁp} : (32)

with X the vector of the unknowns of the problem. System of equations in (32) is non-linear is solved here using Picard
iterations between times t and ¢+ At. In terms of notation, iterations are denoted by superscript m. The solution at m
iteration or the initial solution X™ will be updated as follows

XM = X" 45X, (33)
In order to find §X™, we first consider the Taylor expansions of the functions in E(X), with

E(X"™1) =E(X") 4+ Jg(X™)sX" + 0;(6X?) (34)

where Jg(X) is Jacobian matrix defined over the function vector E(X). If the error terms are assumed negligible and
E(X™™) =0, the system of equations can be written in linear form and §X™ is found solving the equation

Jg(X™)5X™ = —E(X™). (35)

Once all variables are updated, the procedure is repeated until E™*! = E(X"*!) is under a desired tolerance.

2.2.2 | Solution of the JRP under subsonic and supersonic flow conditions

When the solutions of the k IVP's are not exclusively subsonic, the formulation of the solution for the IVP's and the
coupling conditions in system of equations in (32) must be modified. One consequence of the generalization of the solu-
tion is that the number of unknowns of the system may change during the iterative search of the solution, changing the
size of the system of equations and the size of the Jacobian in (35), requiring also the reordering of the unknowns of
the problem. In order to preserve the original size of the system of equations and the vector of unknowns during the
computation of the solution, the updating Jacobian matrix is reformulated to return éu; "™ =0 and éa; "™ = 0 when nec-
essary. This is done with the help of a set of dynamic coefficients that will be evaluated after each iteration in each
vessel.

In the case that the solution of the IVP in the kth vessel is a rarefaction or decompression wave, under initial sub-
sonic conditions with SI;’ <1 or under initial supersonic conditions with SIg < —1, the limiting value of Q; is given
by g 47, =0. In this case the velocity is limited by u;” =g,c; with ¢ =¢; (af ), and u} is not any longer an unknown
of the system. On the other hand, further acceleration/deceleration generated by a backward/forward rarefaction wave,
in a vessel under initial supersonic conditions with SI;‘ > 1, must be avoided. In order to include these limits in the evo-
lution of the IVP, the solution to the IVP for the kth vessel in (32) is modified as follows

(" —u"+gB), D+ (u* —u")(1—Dyi) =0, (36)
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with
u, = Ruwk gkC,: + Tw,ku,: s Twi=1—TRyk. (37)

After each iteration, once the vector of unknowns is updated providing the new value X", the coefficients R,
Twy and D, in (36) and (37) are dynamically updated for each k vessel. Coefficient R, is evaluated after each itera-
tion as follows

1 if SI;"<1 and SIj 71>1 and (o™ —af) <0
Rt =14 0 otherwise, (38)

and is zero when sonic conditions are not reached during the iterative search of a rarefaction solution, resulting in
T;v"“ =1. In this case the solution of the IVP is reduced to the subsonic case in (25). When sonic conditions are
reached, R;’j}l =1, and u;’ is not an unknown of the system.

Coefficient D"ﬂl is defined as follows

0 if SIz;>1 and [g(Q*™"'—Q"),>0 or (a®"!—a"), <0
0 if SI7;>1 and —g Syt <0

D' =40 if I, >1 and —dgr <0 (39)
1 otherwise

and will be used to ensure that in outflow vessels with initial supersonic conditions with ST ;"k > 1, when D, =0, the
solution of the IVP for vessel k is Uy = Uy, avoiding further acceleration of the flow in supersonic conditions or
unphysical shock waves traveling in the wrong direction. The new set of self-similar solutions is defined with the fol-
lowing vector

(u* —u"+gB), Dy +du; (1—Dy;)

Piyp (U 1 U5, U U, ) = : =0, (40)
(u* —u"+gB)y, Dun, +duy, (1—Dyn,)

with du; = (u* —u"),. The vector of coupling conditions in (21) has to be modified to accommodate the new solution
of the IVP in (36), and the evolved state for flow, Q; in the kth vessel is given by

Qf =Dywy(a™Ao u” )+ (1 —Dyy) Q. (41)

When extending the solution of the JRP to sonic and supersonic solutions, all the evolved states of the Np vessel
may not participate in the energy conservation equation. The reference value in the energy conservation equation is
defined as follows

Np
pr= Z Luvj P g (42)
with k=1
1 if k=k,
Lyt =< 0 otherwise , ke=min{k, Ty ' D =1}, k=1,..,Np. (43)
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Dynamic coefficient £,k is updated after each iteration. It is always zero except for the first eligible vessel where
energy conservation can be defined. Ineligible vessels do not participate in the energy conservation equation when
Twi =0 (flow limitation) or D,, =0 (conservation of the initial condition). The new vector of coupling conditions is
given by

-§gk [Dw,k(a*Ao u')+(1— Dw,k)Qz]

s * * n n I:pi“ _p;‘,Z} QW,Z
(U 1. U5, U, U, ) = . o )

[P% —P?,;vp} QuN,

where the coefficient Q,, ; is updated after each iteration, and is defined as
Quk = TwiDwi(1— Luwk), (45)

and may become equal to 0 or 1. In the case that £,y =1, Q,x becomes zero as this k vessel will be used as the refer-
ence value in the energy conservation equation. Coefficient Q,,x also becomes zero when the flow reaches sonic condi-
tions in a rarefaction or when the flow is supersonic and cannot be further accelerated with independence of the
gradient of energy across the junction. In both cases, these ineligible vessels do not participate in energy conservation
equation, as their solution becomes independent of the energy level of the other vessels.

The solution of the JRP is defined by the following system of 2Np equations

(u* —u"+gB);Dy1+du; (1—Dy1)

(u* —u"+gB)y, Dwn, +duf,(1—Dyn,)
S8k [Duwi(@* Ao u” )+ (1 — D) Q]
k

[pf *p%(,z} QW,Z =+ dal* (1 — Dw’l)ﬁw,Z + d(lz* (1 — Dw,2)

[Pf _P;,NP} Qun, +day (1—Duw1)Lwn, + daﬁp (1—-Duwn,)

System of equations in (46) is indirectly solved here using an equivalent linear system as in (35), where the number
of unknowns and original equations is reduced to 2Np— >, Rux — 2> (1 — Dy x). Therefore, the iterative search of
the solution will have to deal with two situations, D,y =0 and R, = 1. When D,,x =0 for vessel k, the linearized sys-
tem will ensure that U = U} by returning éu; ™ =0 and a;, ™ = 0. When R, =1 for vessel k, the linearized system
will return du; =0, as the solution will be provided by a*. In order to satisfy these requirements, the following matrix
Jps(X), based on the analytical Jacobian of the system of equations in (46) is defined as

€11 0 €12Np

= : o : ) (47)

Jes1 Jes2
Ip(X) = {

Jes3 JESJ (2Np)x (2Np)
€Np1 ' €2Np2Np

Matrices Jgs 1 and Jgs ; are given by
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1-— 'DWJRWJ Dw,lal )
Jes1=Inne | 1=DuwikRuwk |» Jesz2=Inyxne | Dwiar |, (48)
| 1—Dywn,Ruwn, | | DyNyaN,
with
dJdc dB
ay = Rpy—+—1 . 49
k=8 < v o"o:Jr &’a) k (49)
Matrix Jgs 3 is split into three matrices Jgs 3 = Jgs 3 + I3 5 + J§s 5. Matrix Jg, 5 is of the form
[ & b & b g, bn,
P(ﬁwu*)le,z P(£WU*)ZQW,2 p(qu*)NPQw,Z
aEs,3 = s (50)
p(Lwu™ ) Qun, p(Lwth™ ), Qun, - p(Lyu™ )NP QunNy
L = NPXNP
with
b = (TwDwa™Ao),, (51)
and
[0 0 0 1
0 puy (Luwz—1)Qu2 0
JllJES,3 = 0 (52)
0 puﬁp (‘CW,NP - I)QW»NP
L d NpxNp
Matrix Jgs 5 is given by
I 0 0 0 1
Rw,lpw,lﬁw,Z RW,ZDW,Z e 0
ES,s = : 0 ’ (53)
Rw,l Dw,l ‘CW,N P 0 RW,N P DW,N P
L d NpxNp

and is defined to return éu, ™ =0 for those k vessels with R, x = 1 where sonic conditions are reached.
Matrix Jgs 4 is decomposed in Jgs g4 = Jgs 4 + Jbs,4 +Jgs 40 With
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&N & V2 8Ny VNp

([’wKo g_g) 1 Qw,z (EWKO (3—;) 2 Qw,z e (EWKO 3—2) Np Qw,z
a
E'd4 ™ . . . . ’

(54)

(‘CWKD %) 1 Qw,Np (‘CWKO %)2 Qw,Np e ('CWKO %)Np Qw,Np

L J4 NpxNp
with
. d(ca)”
a g
and
K 0 : 0 i
0 (Ko ﬁ)z(ﬁw,z 1) Qw,Z 0
JI]Z:SA = 0 . . 0 . (56)
0 0 (Ko 52, (Lowny —1) Qu,
L <4 NpxNp
Matrix Jg 4, given by
r 0 0 ... 0 ]
(1—=Dy1)Lwz (1—Dyy) - 0
4= : 0 kS 0 : (57)
(I_Dw,l)['w,Np 0 (1_DW,NP)
L d NpxNp

and is defined to return éa; "™ = 0 for those outflow sections where supersonic conditions are initially imposed and the
solution will not change in time.

The iterative search of the solution start defining a; " = o} and u;™ = uj} in the first iteration with m = 0. For each
k vessel where initial supersonic conditions are imposed, SI;, > 1, only flow variations are allowed when D, =1, and
therefore it becomes necessary to estimate an initial value of Q; ™ different from Qy at the first iteration with m=0.
Here, this initial estimation is computed as the sum of the flow contributions to the junction provided by the rest of ves-
sels with SI'g? <1, as follows

Q=g |- D &Qr|. (8L, =1 (58)

(SIg); <1

allowing the transmission of backward waves through the confluence.

In order to avoid an excessive variation of o between two iterations and ensure convergence to the solution, we
reduce the step size 6X™ by using two damping factors y, . <1 and y, <1. Damping factor y, <1 selected as the
minimum among the damping factors y,,, defined for each k vessel of the junction
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1 if}&ak* ’m’ < Saim
6Xm = yamin 5Xm’ yamin = min{yavk}, ya,k N w&x% lf‘}(Sa; ,m’ > 6allm ’ (59)
ak ’

with Say;, a constant value, defined to limit the variation of a. Next, the updating step 6X™ is corrected again by using
another damping factor, y, <1, selected as the minimum among the damping factors y, , defined for each k vessel of
the junction

1 if|6u*’m| < 5u1,‘m,k
_ ) OUimpk
|6u*-m|

5X™ 5X™

=V umin > Vigin — min{yu,k}’ Tuk if|5u*’m| > 5u1,-m,k’ (60)

where Suy i is not a fixed value. Parameter Suy;, x is computed assuming that the increase in speed index SIg) between
two iterations, = =|SI, * m“ —SI ;,;'" , is small and small enough to control the solution when the solution is in
the vicinity of sonic ﬂow COIldlthl’lS. The maximum variation of velocity in vessel k is approximated by

St = ‘55 m e (61)

with

min (&SLm, [1 - [sI;"||) i€ 0 <1
‘53[* m‘ 5SLim otherwise > (62)

where variation of the seep index is limited by a prefixed constant value, 6SI;,, that can be further reduced to avoid
sonic conditions when 0 < SI7;" <1.

Once the new value of X! is computed, the values of R/ \*, T e and Dip;* are updated, and the velocity and
vessel deformation are defined as

ug ™ =u DI ug (1-DpY), ol ™ =a "D ol (1= D), (63)
until the desired level of error is achieved.

2.3 | 0D valve model

The presence of valves results in changes in resistance to flow. The valve represented in Figure 1, between vessels k;
and k,, generates a pressure drop, Ap,, between two vessels described by the following 0D equation®

dQ,
L
v dt

= Apv _Rva _Bva|Qv|’ (64)

where Q, is the flow through the valve. The coefficients are a linear resistance R,, a quadratic resistance B, and the
inertance L, given by
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FIGURE 1 Lumped parameter model for a valve.

8yl I
_ 8l B, P Lv:&9 (65)

R. e 9’
A 2(K4A,)? A,

with A, and [, the effective valve area and length respectively and K4 a discharge coefficient. When the valves open
allow blood to flow from upstream vessel k1 to downstream vessel k2, and if they close, they stop the blood from
flowing backwards, unless back flow in regurgitant valves is allowed. An index of valve state (0 <{ <1) is used to define
the actual opening of the valve®

A(t)= (Ae,max —Ae,min)C(t) + Aemins (66)

where A, nax and A, min are the maximum and minimum effective orifice areas that the valve can achieve. To account
for valve regurgitation or stenosis, Ae max and A, min are defined as

Ae,min = MrgAan, Ae,max =MyAan, (67)

where 0<M,, <1 and 0 <M, <1 are constant parameters used to represent two important functional properties of the
valve, and A, is the annulus area. When M,, =0 and M, =1 the valve closes and opens to full capacity, representing a
healthy valve. A regurgitant valve is defined by M, > 0. Stenosis is represented by My <1 and the extreme case of
Mg =0 corresponds to valve atresia or complete obstruction to flow. The valve opening {(¢) in time is given by

(1 —{)Kywo(Ap,— Ap,) if Ap,>Ap,,

d ,
¢ = é’ch(Apu - Apo) if Ap, <Ap,, (68)

i

where K,, and K, are rate coefficients for valve opening and closing, respectively. Ap,, is a reference pressure gradient.
In venous valves annulus area A,, can be defined as a multiple of the reference cross-sectional area of the upstream
vein k=1, A, = f,A,*" The effective valve length can be defined as a multiple of the venous reference radius of the
upstream vein k=1, I, = 1, "'

The solution of the JRP in (46) for two vessels, is adapted in Section 2.3.1 to include the dissipation of energy across
a valve given by the lumped model in (64). This problem will be named the Valve Riemann Problem (VRP).

2.3.1 | Numerical solution of the VRP

The solution of the VRP depends on the pressure drop across the valve in (64) between two vessels, N, =2. In the VRP,
the valve will located between two vessels with g,; =1 and g;, = —1, leading to an outflow/inflow boundary section
respectively. The Riemann problem at valve or VRP, for two infinitely long converging vessels sharing a valve is defined
as the following set of IVP's,

JU. OF )
7+7;(Uk)zsx,k’ Uy(x,0) = U, (69)

for k = k1, k,, together with the following vector of coupling conditions
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I Ek:[g(a*Ao )
Pl —Plje— Ap,"H
oy (U7, U5, ) = _ —0, (70)
Qu—Q

involving the energy dissipation across the valve, Ap,, and the continuity equation for the flow across the valve Q,,
where the initial flow conditions across the valve, QJ, can be different from Q}, and Q},.

The solution of the VRP will be defined by a system of 5 equations, E" (X) =0, that will be solved using Picard itera-
tions between times ¢ and ¢+ At. The system of equations is intended to perform not only under subsonic conditions,
but also under sonic and supersonic conditions, with

r (u C—u" +g8)k1Dw,kl + du}:1(1 - Dw,kl) i
(u t—u" +g8)k2Dw,k2 + du}?z(l - DW,kZ)

d(gu'a*Ap) Dy + Ek:gk[(l - Dw)(Au)"}k

EV(X)= A , (71)
[Pﬁkl _p;,kz - Apv] Qw,kz +doy (1 - Dw,kl) + da]&(l - Dw,kz)
(u ' a*Ao)}dDw,kl - Q\f + (1 - ,Dw,kl)QZl
and
X= [“1:1’ Uy Oy Oy Q) ] ) (72)

where Ap, is numerically integrated here using an implicit discretization using Q; as flow rate in the time interval ¢"
to tl’l+1

L* n+1 L* n+1
st = (Geremlol) o (%) e @

The first two equations in EY(X) are relations for non-linear waves for both connecting vessels, followed by the
mass conservation equation, the energy conservation equation, and a continuity equation for the flow across the valve.
Energy losses produced in the valve depend on the level of total energy of the connecting vessels p; to guarantee exact
equilibrium under hydrostatic and non-hydrostatic equilibrium conditions. The continuity equation for the flow across
the valve is modified ensuring that Q, is limited by the constraints defined for the flow in vessel k;. E"(X) is defined to
impose conservation of the initial value conditions in a k vessel depending on the dynamic parameter D, .

System of equations in (71) is indirectly solved using a equivalent linear system with

JEV,I JEV,Z
Jev(X)= | Jgvs Jeva |, (74)
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where
1- Dw,klRw,kl 0 Dw,kl ak1 0 0
Jevi= » Jeva= (75)
’ 0 1—DyioRuwiz ’ 0 Dyi2aiz 0

Matrix Jg 3 is split in Jg 3 = J& 5 +J% ; +J 5, with

81 b 8k2 b2 0 0
a P(»Cwu * )kl Qw,kz P(»Cwu * )k2 Qw,kz b 0 pu}z(z(»cw,kz - 1) Qw,kz
EV3 b 0 »TEY3 T | 0
and
0 0
c (1 - Tw,kl )Dw,kl Ew,kz (1 - Tw,kZ)Dw,kZ
B3 0 0

Matrix Jgv 4 is split in Jgv g =gy , +Jov , +Tgv , + I, Where

0

0

i 8k1 Vi1 8k2 Vk2 0 7
0 0
a (EWKO %) k1l Qw,kz (‘CWKO %) 2 Qw,kz 0 Jb - 0 (Ko 3_2) kz(ﬁw,kz - 1) Qw,kz 0
EV4 > YEV4 T
0 0
Vi1 0 0
and
0 0 0 00 0
¢ _ (1 - ’Dw,kl)ﬁw,kz (1 - Dw,kz) 0 d 00 _vaw,z
EY.4 0 0 o " |oo -1
where

L*
dy= (A—“t+R;+2B;|Q;|).

After each Picard iteration the valve index { is updated first, using auxiliary variable

m+1 m-+1

Ap;=pr> —Pri -

If the valve is opening, Aps — Ap,_ >0, valve state is discretized as follows
p g, Ap; Pyo

(76)

(77)

(80)

(81)
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AZ: Z;VH»I,WH»I _ Z:n .
A= ar =K (A - Ap,,) (82)
leading to

grml _ "+ Ky (Ap;—Ap,,)At (83)

14K, (Apé _ Apvo) At

ensuring always ¢"*"*1 < 1. If the valve closes, Ap; — Ap,, <0, valve index is discretized as follows

AL
A_t:§n+1,m+1ch (Apg _ Appo) (84)
equivalent to
Z:n+1,m+1 —_ é’" (85)

1 7KV0 (Apé - Ava)At

ensuring always "™ > 0. Now effective area is computed as
A:;Hl’m+1 = (Ae,max _Ae,min)cn+1’m+1 +Ae,min, (86)

and the valve parameters (65, 66) and the pressure drop in (73) are updated

I mt1 n+1 I*omtl n+1
Ap:“”"“ _ ( vAt JrR\:c,m+1 JrB‘:<,er1 ’Q;(,erl’) Q‘f’erl _ ( vAt ) Q‘r)z (87)
2.3.2 | Numerical experiments in the VRP

In the numerical experiments presented in this section, two infinitely large and frictionless vessels k1 and k2, defined
in (—oo<x<0) and (0 <x< o) respectively are connected by a valve located at x=0. In both vessels, the boundary
conditions are in equilibrium with the initial conditions and do not participate in the evolution of the problem solution.
Unlike the JRP, where no flow resistance is considered, in this set of VRP's the valve produces a pressure drop and
energy dissipation occurs. Therefore, the exact solution of the VRP is not self-similar and cannot be calculated analyti-
cally. Therefore, the proposed numerical solutions are compared with the exact solutions of the equivalent JRP, in
which the presence of the valve is omitted.

Mechanical and geometrical properties of both vessels in all numerical experiments are identical and given by refer-
ence diameter d,x =30.500 mm, reference pulse wave velocity c,x =200.0 cm s™', reference pressure p,;, =0 mmHg,
m, =10 and m, = —3/2. Initial conditions in each test case are presented in Table 1, providing for the left (k=1) and
right (k = 2) vessels the value of g, depending on the position of the terminal cell, the external pressure p,, the initial
speed index SI" = uj/c and initial relative area o at t=0.

In all cases reported in this work, density is p =1 g/cm? and friction forces are not considered in the vessels. Viscous
energy dissipation is produced only in the valves where x=0.0450 g/cm/s. In all numerical simulations the CFL
parameter will be set constant with CFL=0.5, and two levels of mesh refinement will be tested, Ax=0.1 cm and
Ax=0.01 cm. Valve parameters are constant and given by: M, =0.0, My; =1.0, K4 =1.0, f;=1.0 3, =0.65, k), =0.03
(cms/g), ky. =0.03 (cms/g) and dp,, = 0.0. The numerical solutions also depend on the initial conditions for the flow
across the valve Q, and on the initial state of opening index .
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TABLE 1 VRP configuration.
Test case k 8k Doy ST a ¢
VRP1 1 1 0.0 0.00 1.100 1
2 -1 0.0 0.00 1.000
VRP2 1 1 0.0 0.00 1.100 1
2 -1 0.0 0.00 0.200
VRP4 1 1 0.0 0.00 1.100 0
2 -1 -30.0 0.00 0.200
VRP5 1 1 0.0 1.10 1.100 1
2 -1 0.0 0.00 0.200
VRP11 1 1 0.0 0.00 0.200 1
2 -1 0.0 0.00 1.100
VRP13 1 1 0.0 0.00 0.200 1
2 -1 0.0 —1.10 1.100
VRP15 1 1 0.0 —1.10 0.200 1
2 -1 0.0 —-1.10 1.100

Note: Test case, number of vessel k, father or daughter vessel g, external pressure p,, initial speed index SI" = u /c} and initial relative area a} at t =0.

Test cases will consider initially fully open valves with {(t=0) =1 and Q,(t =0) = Qi (t =0) or fully closed valves
with {(t=0)=0 and Q,(t=0)=0. Figures 2-14 provide in the upper part of each figure the numerical solution for
VRP for vessel area, flow, SI and total pressure at t =0.030 s for vessels k1 and k2, using lines (— o —) and (— o —) respec-
tively. The analytical solution of the equivalent JRP without the valve is also plotted using a black line (—).

In addition, Figures 2-14 provide in the lower part of each figure, the solutions in time for flow across the valve Q,,
for the index of valve state ¢, for the ratios R,/R,({=1), B,/B,({=1), L,/L,({ =1), for the jump in total pressure
between the terminal computational cells in left and right vessels Ap; =pr(ks) —py(ki) and for the pressure drop
across the valve Ap, in (64).

In test case VRPI1, the initial variation of energy produced by the variation in vessel deformation leads to
a flow from left to right. When the analytical solution of the JRP is compared with the numerical solution of the
VRP in Figure 2, the solution for flow in the JRP (with zero resistance), a backward decompression wave
(BDW) and a forward compression wave (FCW), is slightly attenuated in the VRP as the valve exerts a small
resistance over the flow. The valve is completely open during all time and the jump in total energy converges to
the pressure drop in the valve when steady conditions are achieved and the flow across the valve become
constant.

When the variation in the vessel deformation is enlarged in test case VRP2 (Figure 4), the analytical solution of the
JRP and the numerical solution of the VRP reach almost sonic conditions and the flow across the valve is strongly
increased. Valve resistance increases and the jump in total pressure converges to the pressure drop in the valve earlier
than in test case VRPI, as seen in Figure 4.

In test case VRP4 (Figure 6) the initial conditions for area and flow in test case VR2 are kept, but now a suction
is imposed in the downstream vessel, p,,, (——), and the valve is initially closed. Both the analytical solution of the
JRP and the numerical solution of the VRP reach sonic conditions for the upstream vessel k1 and the flow cannot be
further increased by increasing the suction in vessel k2. The initial large variation of energy between vessels leads to a
fast opening of the valve, and flow limitation appears. In consequence, the jump in total energy between the two vessels
is larger than the pressure drop generated by the resistance of the valve.

A large variation in the vessel deformation together with supersonic conditions in the upstream vessel is imposed in
the test case VRP5, being the valve initially opened. The valve resistance generates a subsonic backward compression
wave (BCW) and supersonic conditions appear in the downstream vessel, as shown in Figure 8. Figure 8 shows that
flow across the valve decreases in time and that in this case the initial value of the pressure drop across the valve is
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larger than the difference in total pressure between the vessels. They converge to same value when steady flow condi-
tions are achieved.

In absence of a valve, the initial conditions in test case VRP11 in Figure 10, would lead to a flow from right to left,
but the valve, initially opened, closes stopping the blood from flowing backwards. As initial conditions consider
flow at rest in both vessels, two perturbations arising from the fast valve closing travel upstream and downstream
the valve, as observed in Figure 10. If test case VRP11 is modified and a supersonic backward flow is imposed in
downstream vessel k2 in test case VRP13, the valve immediately closes (Figure 12), generating a FCW in the down-
stream vessel, and a small perturbation traveling in the left direction in the upstream vessel, as shown in Figure 12. If
initial flow conditions are supersonic backward flow in all the domain, as in test case VRP15, Figure 14 shows how the
valve closes again stopping backward flow, leading now to a BDW in the upstream vessel and to a FCW in the down-
stream vessel.

Figures 3, 5, 7, 9, 11, 13 and 15 provide the numerical solutions the VRP's in test cases 1, 2, 4, 11, 13 and 15 with
Ax=0.1 cm. In all cases the numerical solution is equal to the one provided when the cell size is reduced ten times,
Ax=0.01 cm. Differences arise as a consequence of the numerical diffusion produced by the first order Godunov
method used here.

2.4 | 0D Windkessel models

Lumped-parameter or Windkessel models are 0D models used to describe the dynamics of the vascular beds (involving
arterioles, capillaries and venules) by simplifying the governing equations of hemodynamics in local regions.
Windkessel models usually assume constant values of resistance R = R,, inertace L = L, and compliance C = C, for each
single compartment and are combined to form peripheral beds that connect arteries to veins. In each compartments
pressure is defined as

p(t) = p, (1) + P (1), (88)

where p® = p, + pgn. The volume stored in each compartment, V =V, +V,,, is expressed in terms of the stressed volume
V. and the unstressed volume V,,. The relation between transmural pressure and stressed volume is linear and given by

1 1
Ptr:po+c_ove:po+c_(v_vu)’ (89)

(o]

where p, is a reference value. Accordingly, total volume becomes
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Section 2.3.2. Test VRP1. Ax =0.01 cm. Initially open valve. Numerical solutions in space for vessels k1 and k2 located

upstream and downstream the valve at t =0.030 s (upper) and numerical solutions for the valve located at x =0 in time (lower).
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FIGURE 3 Section 2.3.2. Test VRP1. Ax =0.1 cm. Initially open valve. Numerical solutions in space for vessels k1 and k2 located
upstream and downstream the valve at t = 0.030 s (upper) and numerical solutions for the valve located at x =0 in time (lower).
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FIGURE 4 Section 2.3.2. Test VRP2. Ax =0.01 cm. Initially open valve. Numerical solutions in space for vessels k1 and k2 located
upstream and downstream the valve at t =0.030's (upper) and numerical solutions for the valve located at x =0 in time (lower).
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FIGURE 5 Section 2.3.2. Test VRP2. Ax =0.1 cm. Initially open valve. Numerical solutions in space for vessels k1 and k2 located

upstream and downstream the valve at t =0.030 s (upper) and numerical solutions for the valve located at x =0 in time (lower).
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for vessels k1 and k2 located upstream and downstream the valve at t =0.030 s (upper) and numerical solutions for the valve located at x =0

in time (lower).
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in time (lower).
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upstream and downstream the valve at t =0.030 s (upper) and numerical solutions for the valve located at x =0 in time (lower).
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Section 2.3.2. Test VRP11. Ax =0.1 cm. Initially open valve. Numerical solutions in space for vessels k1 and k2 located
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FIGURE 12 Section 2.3.2. Test VRP13. Ax=0.01 cm. Initially open valve. Numerical solutions in space for vessels k1 and k2 located
upstream and downstream the valve at t = 0.030 s (upper) and numerical solutions for the valve located at x =0 in time (lower).

500 T T T T T 16 T T 250 T T T T T 0.2 T T T T T
4l i
0 ! 200 4 o
500 | El T2 02| E
150 - B
- 1E 1 =
2 1000 | 1 cl i 04l ll
£ = 08 B E 100 El @
& -1500 - 1 £ 06 1
06 - 1 S ]
2000 - E| R e — 1 08 B
04t B
-2500 - 4 02 | or 1 b |
-3000 0 -50 12
20 10 o 10 20 20 10 o 10 20 -20 10 0 10 20 20 10 o 10 20
x (cm) (cm) x (em) x (cm)
0 T T T T - 1 0 30
T T T T T T — _ T T T TN
o 1 ApY(mmHg) -+ s R
20l | 08 L | _ -50000 B < r e
-30 L g z g
£ 100000 1 =20 1
@ 40 q 06 [ q = o
e s0f R - § -150000 b £ 5 R
S 60 B 04 | 4 5 K
70 H | £ -200000 B 5 o B
E 1 b 1 z c
&0 ﬁ 02 < 250000 B % s B
o 4 g
oy N 00000 L, g e
0 0005 001 0015 002 0025 003 0 0005 001 0015 002 0025 003 0 0005 001 0015 002 0025 003 0 0005 001 0015 002 0025 003
te) 1) e te)

FIGURE 13 Section 2.3.2. Test VRP13. Ax=0.1 cm. Initially open valve. Numerical solutions in space for vessels k1 and k2 located
upstream and downstream the valve at t = 0.030 s (upper) and numerical solutions for the valve located at x =0 in time (lower).
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FIGURE 14 Section 2.3.2. Test VRP15. Ax=0.01 cm. Initially open valve. Numerical solutions in space for vessels k1 and k2 located
upstream and downstream the valve at t = 0.030 s (upper) and numerical solutions for the valve located at x =0 in time (lower).
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FIGURE 15 Section 2.3.2. Test VRP15. Ax=0.1 cm. Initially open valve. Numerical solutions in space for vessels k1 and k2 located
upstream and downstream the valve at t =0.030 s (upper) and numerical solutions for the valve located at x =0 in time (lower).

V:VM+V€:VM+CO(ptr_po>:Vu—i_co(p_pj_po)' (90)

If we consider that in a vascular segment i variations in volume are provided by the difference between upstream
vascular flow Q;_; and the flow leaving the vascular segment i, mass conservation reads

d Ve+d Vu

dvVv; .
— . — . Il: N
Ql*l Ql+ dt dt

de

(91)

where I is a source term accounting for an hemorrhage or an injection. Variation of transmural pressure in time is
expressed as

APy, . dV
Co,i dztr’l =Qi 1 —Qi+Ii— dtu’ (92)
leading to

dpi dpsgi 1 ; d Vu

dt dt Co,i Ql—l Q1+ i dt ( )
In this 0D model the momentum equation is reduced to
dQ;

Pi—Pis1 = RoiQ; +Lo,id_tl’ (94)

that depends on the difference between the pressure in the vascular segment of interest p; and the pressure in the
downstream vascular segment p;_ ;.

Numerical coupling of vessels with vascular beds can be done using different approaches: from a single compart-
ment where only a feeding vessel is considered to multi-compartment combinations connecting feeding and collecting
vessels. In Sections 2.4.1, 2.4.2, and 2.4.3, we will extend the solution of the JRP in (46) to three vascular models, with
different level of complexity, providing new methodologies able to handle 1D-0D coupling models under any flow con-
dition. In order to test the validity of the proposed techniques, the same numerical experiments will be conducted over
vascular beds with equivalent properties.
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2.4.1 | Four-element (RCLR) Windkessel/inertial model

The four-element (RCLR) Windkessel/inertial model,** defined by a single compartment, is shown in Figure 16, and is
composed by a proximal resistance Z,, a distal resistance R;, an inertance L; and a capacitance C;. Pressure p,,, is the
pressure at which flow to the microcirculation ceases. Volume, pressure and flow in the vascular bed V;, p; and Q
respectively, have to be computed together with the unknown cross-sectional area A}; and velocity uy; in k; vessel. The
solution of the JRP in (46) is adapted here to include the presence of the RCLR model.

In order to face any possible flow transition in the connecting vessel and to extend the methodology presented here
to more complex 0D models, the solution is defined using two systems of equations. The unknowns are solved using
Picard iterations between times ¢ and ¢ + At.

The first system is a non-linear system, involving relations for non-linear waves and the pressure drop between the
boundary cell and the vascular bed, accounting for the Riemann problem at the interface between a 1D domain and
then 0D outflow model, with

(u* —u"+gB)Pwja + duy;(1—Dy)
E(X)= (gkl (Plﬁ _Pilﬂ) - ZOQk*l) Quia + dag(1=Dypa) | =0, (95)

with X = [u,a;;] and g, =1, where the coupling condition has been numerically integrated here using an implicit
discretization. Now, parameter Q,,  is defined as

Owk =T wiDwpk, (96)

as there is only one eligible vessel. System of equations in (95) is indirectly solved using the equivalent linear system in
(35) where the Jacobian matrix Jg is given by

Dyi1(Twja —1)+1 Dyp1 Qra
JE= | —Reja bia Quja +(1— Q) [(ngKo %) i — Reja Vkl] Qui1+(1—=Dyp) |- (97)

The second system of equations, H(Y) =0, is linear and provides the values for pressure and flow in the vascular
segment using equations in (93) and (94) respectively

At 1.
R (Ql:l - Q1n+1) —Ape, = (IlAt— AVMJ) it
C1 Cl
L L n+1
p'11+1 ~Pou — (A1t+R1>Q'11+1+ <A1t) Q}f %

Zo m Ly Q I
Q1 éﬁmwim—iwv»—opm

Pia

Ch
D
el

~ P

FIGURE 16 Lumped parameter element network RCLR.
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where mass and momentum equation in (93) and (94) have been numerically integrated here using an implicit dis-
cretization. Once this system of linear equations is solved it is possible to update the volume stored in the compartment

VIt =Vi+(Qa - Q" +h)AL (99)

using the mass conservation equation.

242 | Serially arranged compartments

The vascular beds can be constructed by serially arranged compartments** including the arteriolar, capillary and ven-
ular compartments (from right to left), as shown in Figure 17. In each compartments pressure and flow (p;,Q;) are
obtained by requiring mass and momentum conservation. The solution is provided by two systems of equations are
solved using Picard iterations between times t and ¢+ At. The first system in (95) provides the unknown cross-sectional
area Ay and velocity u}; in k; vessel. The second system of equations, H(Y) =0, provides the values for pressure and
flow in the three vascular segments, with

B At . . 1 .. _
p" ! _—(Qk1—Q1n+1) —p'f—Ape,l——(IlAt—AVu’l) ) )
Cl Cl pn+1
1
L L
n+l _ . n+l _1 nt+1 _1 n
b p; <At+Rl) 1+ (At) Q] -
1
At 1 . 1 .
p2"+1 — FZ(QI - QZ)"+ —pg - Ape’z — sz (IzAt — Avu,z) pg+1
H(Y) = L2 L2 , Y= ) 100
Y P (ot () e (100)
o 1.
S Qi - Qpy) — Pl — APEy — = (1AL — AV,3) pi
Cs Cs
Ls Ls n+1
pgl+1 —Pout — <E+R3> leﬂ + (Kt) le Q3

Once this system of linear equations is solved it is possible to update the volume in each compartment,

VI =V (QM — QM 4 1) AL, 1=1,2,3. (101)

Pout

FIGURE 17 Vascular bed with serially arranged compartments. Lumped parameter element network.
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FIGURE 18 Vascular bed with serially arranged compartments and a collecting vessel. Lumped parameter element network.

2.4.3 | Serially arranged compartments with collecting vessels

Terminal vessel k1 can be linked to vessel k2 via a 0D lumped-parameter model that includes arterioles, capillaries and
venules, as shown in Figure 4. Two systems of equations are provided to couple the solution (Figure 18). The first sys-
tem is a non-linear system, involving relations for non-linear waves and the pressure drop between the boundary cells
and the vascular bed, with

(" —u"+gB) Dwi + du;(1—Dyi)T]
(u* —u"+gB),Puj + du,(1—Dyyz)
E(X)= , (102)

(gkl (Pl?l _Pglﬂ) —RejaQpy + Leja Qﬁl) Quwja + dogy(1—Dya)

(gkz (pI:Z _Pgﬂ) —Ri2Qpy +Lt,kZsz) Qujz + dagy(1—Dia)

with X = [ug,ub, o, a8, 8 =1, 8, =—1and

Rim =Zo, L =0, Ripo =24 Ry, Ligp— 22 (103)
t,kl — 40 tkl — Y, t,kZ_At 3, t,kZ_At-

System of equations in (102) is indirectly solved using an equivalent linear system where the Jacobian is given by

Je1 Je2
Je= |Je3 JEa ) (104)
4x4
where
Dyjr(Twia —1)+1 Duwja A
Je1=Ls» , Je2=Dh . (105)
Dyj2(Twi2—1)+1 Dz k2

Matrix Jg 3 is split in Jg3 =J% ; + J% 5, with
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—Rija bra Quja (1— Qwk1)
Jgz =T R e : (106)
—Rix2 b Qw2 (1-Qur2)

and matrix Jg4 is split in Jg 4 =J§ , +J3 ,, defined as

[(ngKo %Z) K Rt,kl vkl} Qw,kl (1 - Dw,kl)
PR O . Na=h . (107)
[(ngK 092) o~ Reje sz} Qw2 (1—=Dyx2)

The second system of equations, H(Y) =0, is linear and provides the values for pressure and flow in the vascular
segment using equations in (93) and (94) respectively

= G (@@ - gy — o (hat-ava) | e
p;’ﬂ _pgﬂ _ <1A‘1t+R1) QTH + (ilt) Q! Q;z+1
H(Y)= p" _é_z(Ql — Q)" —pi - Apg, _Ciz (LAt AVy;) , Y= ' (108)
Pt phl (i_zl‘+R2) nl g (i_i) Q" 1
P3n+1 - g( SH - QI:Z) —p3— Apes — CL3 (13At - AVMS) _P'31+1 ]
2.4.4 | Numerical experiments in vascular beds

Although vascular bed models are usually defined to connect terminal arteries with veins, they can be used to accom-
modate incoming flow from veins when modeling a portal venous system. In the numerical experiments presented
here, all vessels are considered veins, more subject to experience large deformations and therefore, helpful to define
complex scenarios. In Sections 2.4.5-2.4.7 a collection of test cases is presented where mechanical and geometrical
properties of the vessels are constant and given by: m, =10 and n, = —3/2, reference diameter d,; = 30.5 mm, refer-
ence pulse wave velocity ¢, =118.72 cm s~ ' and reference pressure p,, =80/5 mmHg for entering/draining flow
vessels.

2.4.5 | Numerical tests in RCLR vascular beds

In this first set of numerical problems in vascular beds, subsonic, sonic, and supersonic conditions appear in the termi-
nal vessel k1 connecting with RCLR the vascular bed. The parameters in the RCLR vascular bed are Ry =R, =0.01
mmHg/(ml/s), C; = C, =10 ml/mmHg, L, = L, = 0.01 mmHg/(ml/s*). In all cases external pressure in vascular models
is p(t) =0. Reference pressure p,,, = 0. The initial conditions for vessel k1 and the lumped model are given in Table 2.
The prescribed external pressure in vessels is kept constant in time in all cases. Numerical results in Figures 19, 21, 23,
25 and 27 (upper) provide the solution at t=0.2s for the vessel area, flow, SI, total pressure and p,,, in the k1 terminal
vessel as well as the pressure and flow in the RCLR vascular bed labeled as segment S;.
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TABLE 2 Numerical test in serially arranged compartments with collecting vessels.
Test case 8 Peja SIia A ) 2 (01 p; Q; D3 Q3 812 Pejo STy (78
SegColl—1 1 0.00 0.90 1.20 80 0 40 0 10 0 —1 0 0 1.0
SegColl-2 1 30.00 0.90 1.20 80 0 40 0 10 0 —1 0 0 1.0
SegColl-3 1 60.00 0.90 1.20 80 0 40 0 10 0 —1 0 0 1.0
SegColl-4 1 60.00 1.10 1.20 80 0 40 0 10 0 —1 0 0 1.0
SegColl-5 1 60.00 1.10 1.20 180 0 40 0 10 0 -1 0 0 1.0

Note: Test case, father or daughter vessel g, external pressure p,, (mmHg), initial speed index SIy, initial relative area oy and initial pressure (mmHg) and
flow (ml/s).

Numerical results in Figures 19, 21, 23, 25 and 27 (upper) provide the solution at t =0.2 s for the vessel area, flow,
SI, total pressure and p,,, in the k1 terminal vessel. Pressure and flow in time in the single vascular compartments
labeled as S; are displayed in Figures 20, 22, 24, 26 and 28 (upper) (Table 3).

2.4.6 | Numerical tests in serially arranged compartments

In this second set of numerical problems in vascular beds, a terminal vessel k1 connects with a vascular bed composed
by serially arranged compartments. Following,43 the parameters in the vascular bed are Ry =2/3R,, R, =1/4R,,
R;=1/12R, mmHg/(ml/s), C; =C,, C, =0.1C, C, =3C, ml/mmHg, L, =2/3L,, L, =1/4L,, L3 =1/12L, mmHg/(ml/
s*). Reference pressure p,,, = 0. The initial conditions are given in Table 4 and for vessel k1 are equal to those pre-
scribed in Section 2.4.5. Numerical results in Figures 19, 21, 23, 25 and 27 (middle) provide the solution at t =0.2 s for
the vessel area, flow, SI, total pressure and p,,, in the k1 terminal vessel. Pressure and flow in time, in the 3 vascular
compartments labeled as segments S;, S, and S; are displayed in Figures 20, 22, 24, 26 and 28 (middle).

2.4.7 | Numerical test in serially arranged compartments with collecting vessels

Test cases 3Seg-1 to 3Seg-5 are modified by replacing the pressure p,,, by an infinitely long collecting vessel, k. Initial
conditions for vessels k1 and k2 and the lumped model are given in Table 4. Numerical results in Figures 19, 21, 23, 25
and 27 (lower) provide the solution at t =0.2 s for the vessel area, flow, SI, total pressure and p,,, in the terminal vessel
k1 and in the collecting vessel k,. Pressure and flow in time, in the 3 vascular compartments labeled as segments S, S,
and S; are displayed in Figures 20, 22, 24, 26 and 28 (lower).

2.4.8 | Numerical results

In test case RCLR-1, initial vessel area and velocity, close to the sonic condition, in the terminal vessel k; enforces flow
towards the vascular bed. The vascular bed generates a strong resistance and pressure p; and flow Q, in the vascular
segment increase in time, as observed in Figure 20 (right). This resistance generates a BCW in the terminal vessel k;, as
observed in Figure 19 (upper) at x ¥ — 16 cm. When the vascular bed is replaced by the three serially arranged compart-
ments with equivalent properties in test case 3Seg-1, the resulting BCW in the terminal vessel k; and pressure p, and
flow Q; evolution in the first vascular segment of test case RCLR-1 are almost identically reproduced, as shown in
Figure 20 (right) and (middle).

When a collecting vessel is defined in 3SegColl-1 differences become more noticeable as the presence of vessel k2
generates an extra resistance to flow advance due to its own impedance, that generates an opposition to passage of pres-
sure waves. While for the upstream vessel k1 the registered waves have the same nature, now pressure and flow evolu-
tion in time vascular segment S; experiment a lower rate, as changes depend on the evolution of the FCW that appears
in vessel k,, as observed in Figure 20 (middle) and (right).

When the pressure difference between terminal vessel k; and the microcirculation is increased by pressurizing the
terminal vessel up to 50 mmHg in test cases RCLR-2, 3Seg-2 and 3SegColl-2, the vascular segment S1 receives the
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FIGURE 19 Section 2.4.4. Numerical solutions for the terminal vessels in test case RCLR-1 (upper), test case 3Seg-1 (middle) and test

case 3SegColl-1 (lower), at t =0.2s.
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FIGURE 20 Section 2.4.4. Numerical solutions in time for pressure and flow in the vascular models in test case RCLR-1 (left), test case
3Seg-1 (middle) and test case 3SegColl-1 (right).

maximum amount of incoming flow that it is accelerated to sonic conditions, leading to BDW in vessel k;, as shown in
Figure 21 (upper), (middle) and (lower). The evolution in time for the pressure p; and flow Q, in the first vascular seg-
ment in the three cases is almost identical. The largest differences among models are provided by the presence of the
collecting vessel, that provides an extra resistance to flow as seen in segment S; in Figure 22 (middle) and (right).
Figures 23 and 24 shows how further pressurization of vessel k; up to 60 mmHg in test case RCLR-3 do not change
the solution in the vessel and in the vascular segment, as flow limitation has been already reached in test case RCLR-2.
When initial conditions in vessel k; are modified to lead to supersonic flow conditions in test cases RCLR-4, 3Seg-4,
and 3SegColl-4, the flow cannot be further accelerated. Except in the vicinity of the coupling point, where a slow mov-
ing BDW appear, the vessel initial conditions remain constant in time, as observed in Figure 25. In this situation, the
flow is transmitted to the vascular segment, and the flow decelerates to reach the subsonic condition, and the pressure
drop between the vessel and the vascular segment is provided by the vessel impedance Z,. The solution for the vascular
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TABLE 3 Numerical tests in RCLR vascular beds.
Test case 81 Peja SIjq A Dy Q:
RCLR-1 1 30.00 0.90 1.20 80 0
RCLR-2 1 50.00 0.90 1.20 80 0
RCLR-3 1 60.00 0.90 1.20 80 0
RCLR-4 1 60.00 1.10 1.20 80 0
RCLR-5 1 60.00 1.10 1.20 180 0

Note: Test case, father or daughter vessel g, external pressure p,, (mmHg), initial speed index SIy, initial relative area oy and initial pressure (mmHg) and
flow (ml/s).

TABLE 4 Serially arranged compartments.

Test case 8ia Peja SIia k1 § 21 Q 123 Q; ps Q;
Seg—1 1 30.00 0.90 1.20 80 0 40 0 10 0
Seg-2 1 50.00 0.90 1.20 80 0 40 0 10 0
Seg-3 1 60.00 0.90 1.20 80 0 40 0 10 0
Seg-4 1 60.00 1.10 1.20 80 0 40 0 10 0
Seg-5 1 60.00 1.10 1.20 180 0 40 0 10 0

Note: Test case, father or daughter vessel g, external pressure p,, (mmHg), initial speed index SIy, initial relative area oy and initial pressure (mmHg) and
flow (ml/s).

segment S; is almost equal for the three vascular models. Differences appear due to the resistance provided by the col-
lecting vessel k,, as shown in Figure 26.

In test cases RCLR-5, 3Seg-5, and 3SegColl-5, the initial condition for pressure in vascular segment S; in test cases
RCLR-4, 3Seg-4, and 3SegColl-4, has been increased up to 180 mmHg, equal to the total pressure in the terminal vessel.
The largest pressure drop between segments S; and p,,, allow to increase the rate of the incoming flow to the vascular
bed. In this case, and despite that initial supersonic conditions have been defined in ki, the initial resistance to the flow
generated by the vascular segment generates a BCW in vessel k;, as shown in Figure 27. The solutions presents almost
no remarkable differences among the three models. Pressure and flow variation when the vascular bed is represented
by 1 or 3 segments is almost equal for vascular segment S;, as shown in Figure 28 (left) and (middle). The resistance
provided by collecting vessel k, has an impact in the evolution of vascular segments S, and S3, as shown in Figure 28
(middle) and (right) leading to an increase in pressure and to a reduction of flow rate for S; when collecting vessel k, is
present.

2.5 | Heart modeling

Heart is modeled using two ventricle-atrium (or half-heart) compartments or chambers, two valves and N vessels, as
shown in Figure 5. The first chamber is connected with M vessels (k1,kM) and the second valve with one vessel ky.
Pressure in each cardiac chamber is modeled using™***

chh,i
dt

pch,i :pext,ch,i + ech,i(Vch - Vu,ch)i + Sch,i Sch,i = Kch,ipch,i’ i= 1, 2, (109)

where e, is the time-varying elastance, V, is the chamber volume, V., refers to the dead volume, and S, is the visco-
elasticity coefficient of the cardiac wall, which is related linearly to the cardiac pressure** by constant K. Pressure in
each cardiac chamber is evaluated using an implicit time discretization in time
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FIGURE 21 Section 2.4.4. Numerical solutions for the terminal vessels in test case RCLR-2 (upper), test case 3Seg-2 (middle) and test
case 3SegColl-2 (lower), at t =0.2's.
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FIGURE 22 Section 2.4.4. Numerical solutions in time for pressure and flow in the vascular models in test case RCLR-2 (left), test case
3Seg-2 (middle) and test case 3SegColl-2 (right).

n+1 n
Ve —Ven

N (110)

Pin ' = [Pocan € (Var" = Viuen)] |1 =Ko

Variations in chamber volume are given by;

dvch,l

_ chh,Z
dt

dt =Qy — Qs (111)

Qin - Qvl s

with Q;, the flow provided by the M terminal vessels,
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FIGURE 23  Section 2.4.4. Numerical solutions for the terminal vessels in test case RCLR-3 (upper), test case 3Seg-3 (middle) and test
case 3SegColl-3 (lower), at t =0.2 s.
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FIGURE 24 Section 2.4.4. Numerical solutions in time for pressure and flow in the vascular models in test case RCLR-3 (left), test case
3Seg-3 (middle) and test case 3SegColl-3 (right).

Qu=Y (U a*ADy)+ Y _[(1-Du)(Aw)");, (112)
k=1 k=1

and Q, and Q,, the flow trough valves 1 and 2 respectively. The pressure drop across each valve is given by
Equation (64) and now, linear resistance R,, a quadratic resistance B, and the inertance L,, are defined as

2 2

Ae,é’:l
A, ’

Ae,{ =1
A,

Aer=
Rv = Rv,i_,‘:l % s Bv = Bv,i_,’:l Lv = Lv,C:l (113)
e
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The solution of the heart model is defined here by system E(X) =0, where

and

(u' —u"+gB)yDwr + dugy(1—Dya)

(u' —u"+gB)inDPwin + dugy(1—Dyin)

(pf —pii') Quia + da;(1—Dya)

(Par =P’ ) Quienr + dagy (1= Dujmr)

(P — Pl +APT) Qi+ dagyy (1= Dypn)
Pl — Pl + APy
AVepa— (Qin - Qﬁ)At

AVs — (Q) — Q) At

[(” TatAo)y— Qv*z] Dyn + (QIY(J - Qv*z) (1—-Dy.n)

T
X=[uf oufaf .af Van Var Q5 Q) |7
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Section 2.4.4. Numerical solutions for the terminal vessels in test case RCLR-4 (upper), test case 3Seg-4 (middle) and test

(114)

(115)
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FIGURE 26 Section 2.4.4. Numerical solutions in time for pressure and flow in the vascular models in test case RCLR-4 (left), test case
3Seg-4 (middle) and test case 3SegColl-4 (right).
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FIGURE 27 Section 2.4.4. Numerical solutions for the terminal vessels in test case RCLR-5 (upper), test case 3Seg-5 (middle) and test
case 3SegColl-5 (lower), at t =0.2 s.

where the first N equations are relations for non-linear waves and the next M equations involve conservation of cham-
ber pressure p,,; in the terminal vessels. Equations 2N and 2N + 1 define the pressure drop in valves 2 and 1. The fol-
lowing equations are the volume variations in chamber 1 and chamber 2. The last equation expresses the continuity of
flow in valve 2 and vessel N. The parameter Q,x =7 ,D,, avoids further acceleration of the flow in sonic and super-
sonic problems. System of equations in (114) is indirectly solved using the equivalent linear system in (35) where the
Jacobian matrix Jg is given by
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FIGURE 28 Section 2.4.4. Numerical solutions in time for pressure and flow in the vascular models in test case RCLR-5 (left), test case
3Seg-5 (middle) and test case 3SegColl-5 (right).

with

where

Je1 Je2 JE3

Jea Jes Jee

I = : (116)
Jeg7 Jes JEo
Dwjr(Twia—1)+1 Dy Ay
Je1=Inxn »  Je2=Inxn ,  JE3=0nxas, (117)
DN (T win —1) +1 DN @iy
— - - ao. -
—Zw, A Ja. - 3
(1—T1)Dua (QwKo%2), 4+ (1—Dy1)
Jea=Inan | (1T ) Dyt |» TBS=INxn (QuwKo92)y+ (1 =Diun) | (118)
_(1_TW,N)DW,N_ _(QWKO%)N+(1_DW,N)_
[ — pch,lgw,l 0 0 0 T
Jpg= | ~Gpa1 Qum 0 0 0 , (119)
0 —dp,29wn 0 dy2QunN
= - Nx4
Ko AVl !
dp,, = [eeh +PchA—ct] [1 —Ken—p } : (120)
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and
0 0 0 0 0 0 0 0
—blAt —bzAt —bMAt 0 —VlAt —VzAt —VMAt 0
Jeo=| © 0 .. 0 0 , Jgs=| © 0 .. 0 0 , (121)
0 0 0 bN 0 0 0 VN
4xN 4xN
_chh,l dpch,z dv,l 0
1 0 At 0
Jgo= 0 1 —At At . (122)

0 0 0 -1

4xN

After each Picard iteration the valve index ¢ is updated with (83) or (85), where pressure drop in valves is computed
as the difference in pressure as follows

ADy =Dihh — D A =Dy — D5 (123)

With the new values of {"*! the valve parameters in (113) are updated and finally pressure drop across the valve is
computed using (64).

2.51 | Numerical test

In this section, five numerical experiments are performed over a half heart model with 3 upstream vessels and one
downstream vessel. Mechanical and geometrical properties of the vessels are constant and given by: m, =10 and
n, = —3/2, reference diameter d,; =30.5 mm, reference pulse wave velocity c,; =118.72 cm s~ '. The reference pres-
sure is p,, =20 mmHg for the 3 terminal vessels and p,, =5 mmHg for the collecting vessel. Initial conditions are
defined in Figure 29 and are equal for the entering vessels. Conditions for pressure and external pressure in chamber
1 are also equal to those prescribed for the entering vessels and conditions for pressure and external pressure in cham-
ber 2 are equal to the ones prescribed for the collecting vessel. In the two first numerical experiments, both valves are
initially closed, and in the rest, both valves are initially open.

The chamber elastances are considered constant in time and equal to e.,; =0.09 mmHg/ml and e, =0.08 mmHg/
ml. In the numerical tests proposed in this section the activation function of the heart has been neglected in order to
define understandable scenarios while involving complex initial conditions.

Dead volumes are V1 =0, V), 2 =100 ml, and the viscoelasticity coefficient is K., =0.0005 ml/s in both cham-
bers. M,, = 0.0, My = 1.0 and dp,, = 0.0 in all cases. The rest of parameters for valve 1 are R,;—; =0.001 mmHg s ml™",
B, ;—1 =0.000016 mmHg s> ml ™%, L,,—; =0.0002 mmHg s> ml"!, R,;—; =0.003 mmHg s ml™', ky,,; =0.002 (cms/g),
ky1=0.004 (cms/g), and the rest of parameters for valve 2 are B,,_;=0.000025 mmHg s* ml 2,
Ly¢—1 =0.0005 mmHg s ml™ %, ky,, =0.003 (cms/g), ke, =0.004 (cms/g). This set of parameters is based on.>”** In
order to assess the robustness of the numerical methods presented in limiting scenarios, in the numerical test per-
formed here, subsonic, sonic, and supersonic conditions, including initial conditions of reversal flow are enforced.

Figure 30 displays the numerical solutions for the feeding vessels and the leaving vessel at time 0.03 s (upper), and
the numerical solutions for the variables of the heart model in time in test case HR1. In this case both valves are ini-
tially closed, but initial conditions for vessel area and velocity generate a flow across both valves, much larger in valve
1 than in valve 2, as shown in Figure 30. As valves are initially closed, they generate a large resistance to flow and a
BCW appears in the terminal vessels. The fast opening of the valves reduces the flow resistance and flow across valve 1,
Q,1, increases dramatically, and overcomes the value of the total flow delivered by the terminal vessels Q;, at t ~
0.015s. At this time, the variation of volume in chamber 1, V,; in time is negative, an pressure in chamber 1, p,;,
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FIGURE 29 Lumped parameter for the heart.
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FIGURE 30 Section 2.5.1. Test case HR1. Initially closed valves. Numerical solutions for the feeding vessels and the leaving vessel at
time 0.03 s (upper), and numerical solutions for the variables of the heart model in time (lower).

decreases, allowing an acceleration of the flow in the upstream vessels. Figure 30 shows how the upstream vessels reach
sonic conditions at t & 0.02s. For t < 0.02s, the pressure in the outflow boundary section of the upstream vessels, p,,,
is equal to the pressure in chamber 1, p,;. When flow in the upstream vessels becomes sonic, p,,; becomes smaller
than p,,, as flow limitation has already started and further flow cannot be delivered to chamber 1 from the upstream
vessels. The total flow entering to the chamber, Q;, in Figure 30, becomes constant and a sonic BDW clearly appears in
the upstream vessels. Regarding the collecting vessel kN, the ejection of flow across valve 2, Q,,, is not high enough to
counteract the inertia of the flow in kN, and a FDW appears. While pressure in chambers 1 and 2 are clearly different,
the small pressure drop across valve 2 leads to almost indistinguishable results for the pressure in the leaving vessel, py,
and the pressure in chamber 2, p ;.

In test case HR2 the flow in the upstream vessel is increased by imposing initial supersonic conditions, leading to a
larger amount of circulating flow, as shown in Figure 30. The valves, initially closed, generate a large resistance to flow
and a BCW appears in the terminal vessels, as shown in Figure 31, but in this case the total flow entering to the cham-
ber, Q,,, is larger than the one leaving the chamber across valve 1, Q,;. An increase of volume in both chambers can be
observed. In this case flow limitation does not appears, and along the simulation p,; =p,;-

In absence of valves, in test case HR3, the initial conditions for vessel deformation would induce reversal flow from
the downstream vessel to the upstream vessels. In this test case both valves are initially open. As shown in Figure 32, at
t =0, Puyn > Pen1» and reversal flow is produced in valve 1 leading to its closure. At the same time, the extra volume
added from chamber 2 to chamber 1 is transmitted to the upstream vessels, leading to small perturbation traveling in
the backward direction. The flow inertia in the collecting vessel generates a suction in chamber 2 and a FDW in the
same vessel. Once valve 1 is almost closed, flow can only be extracted from chamber 2. The FDW leads to a dramatic
reduction of vessel area in vessel kN together with the increase in flow through valve 2, Q,,, that remains fully open.
The tail of the FDW is limited by a sonic point, and therefore flow limitation appears in the second valve governing the
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coupling point between the collecting vessel and chamber 2. Another second peak in the SI appears, this time leading
to supersonic flow conditions. It is generated in the tail of the FDW and can be explained by examining the shape of
the PWV.?* In veins, the dimensionless PWV ¢/c(a=1) is not a monotonically increasing function as in arteries, is a
convex function with a minimum value at a,;, = (n/ m)z/ (m=1) ~0.72. As in this test case the flow velocity increases
between the tail and the head of the FDW, and in the same region the celerity ¢ has a minimum, supersonic conditions
are likely to be achieved.

In test case HR4, the initial condition for velocity in the upstream vessel in test case HR3 is modified by imposing a
flow towards the heart in the upstream vessel. At time t =0.03 s, reversal flow conditions are avoided by the closure of
both valves, as show in Figure 33. Both valves close almost at the same rate, and some fluid migrates from the collecting
vessel to chamber 2, from chamber 2 to chamber 1, and from chamber 1 to the terminal vessels. The closure of valve
1 leads to backward traveling perturbation in the downstream vessels, while the closure of valve 2 leads to FCW in the
upstream vessels. Figure 34 shows how when in test case HR5 the velocity in the upstream vessel is increased and
supersonic flow conditions are imposed, valve 2 closes much faster that valve 1, and the speed of the resulting FCW is
higher than the observed in test case HR4 (Table 5).

2.6 | Ethics statement

No experimentation occurred on human or animal subjects for this work.
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FIGURE 31 Section 2.5.1. Test case HR2. Initially closed valves. Numerical solutions for the feeding vessels and the leaving vessel at
time 0.03 s (upper), and numerical solutions for the variables of the heart model in time (lower).
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FIGURE 32 Section 2.5.1. Test case HR3. Initially open valves. Numerical solutions for the feeding vessels and the leaving vessel at
time 0.03 s (upper), and numerical solutions for the variables of the heart model in time (lower).
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3 | NUMERICAL SIMULATION OF ASUDDEN HEAD-UP TILTIN A
GLOBAL MULTISCALE MATHEMATICAL MODEL

The effect of gravity over the flow regime conditions during a sudden induced postural changed in a closed loop
model during a graded HUT from 0° (supine) to 90° (upright) is analyzed here. The closed loop model used here is com-
posed by a comprehensive 1D model representing anatomically realistic systemic arterial/venous networks (including
cerebral circulation) and pulmonary arterial/venous networks. Lumped parameter 0D models are used to represent car-
diac function for the left and right heart and Windkessel-like 0D models are used to represent microvascular beds. This
numerical experiment will allow to observe the coupling among the different models and numerical techniques
described in this paper. The reflex control of the CVS or the autoregulatory mechanism has not been included, as we
will focus in robustness of the numerical strategies proposed here and their effects when simulating a closed loop
model.

Figure 35 shows the schematic representation of the 1D systemic arterial tree,®” involving 88 vessels. The schematic
representation of the 1D systemic venous tree is plotted in Figures 36 and 37, involving 188 vessels.®” The distribution
of 17 venous valves®’ is shown in Figure 35. Figure 38 shows the 1D vascular networks for the arterial and venous pul-
monary vessels, including 57 arteries and 54 veins.® The complete vessel network is given the Appendix A in Table Al.
The heart is considered as the reference elevation point with # =0. Table A provides proximal and distal values of # for
each vessel. Elevation # varies linearly inside each vessel. In the vascular segments, # is defined as the arithmetic mean
provided by the values of # at the terminal computational cells in arteries and veins involved in each vascular bed.
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FIGURE 33 Section 2.5.1. Test case HR4. Initially open valves. Numerical solutions for the feeding vessels and the leaving vessel at
time 0.03 s (upper), and numerical solutions for the variables of the heart model in time (lower).
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FIGURE 34 Section 2.5.1. Test case HR5. Initially open valves. Numerical solutions for the feeding vessels and the leaving vessel at
time 0.03 s (upper), and numerical solutions for the variables of the heart model in time (lower).

85UB017 SUOLILLIOD) BAIFea1D 3|qedlidde auy Aq pausenob ake Sppiie VO ‘SN 0 SaIn1 10} Al 8UIIUO A8|IM UO (SUORIPLIOD-PUR-SWBY WD A3 | 1M A1 1 [pUIUO//STRY) SUORIPUOD PUe Swiie L 841 335 *[£202/60/70] U0 AfeiqiTauliuo A8|IM ‘(-ul eAnde 1) 8anopesy Aq TSLE WUO/Z00T OT/I0p/W00" A3 1M Afelq i pul|uo//Sdny woiy papeo|umoq ‘0 ‘Ly6.0702



MURILLO and GARCIA-NAVARRO Wl LEY 41 of 66
TABLE 5 Heart model.

Test case k 8k De SI a

HR1 1 1 20.00 0.50 1.00
2 1 20.00 0.50 1.00
3 1 20.00 0.50 1.00
4 -1 0.00 0.50 0.20

HR2 1 1 20.00 1.20 1.00
2 1 20.00 1.20 1.00
3 1 20.00 1.20 1.00
4 -1 0.00 0.50 0.20

HR3 1 1 —20.00 0.0 0.20
2 1 —20.00 0.0 0.20
3 1 —20.00 0.0 0.20
4 -1 20.00 0.50 1.20

HR4 1 1 —20.00 0.0 0.20
2 1 —20.00 0.0 0.20
3 1 —20.00 0.0 0.20
4 -1 20.00 —0.50 1.20

HR5 1 1 —20.00 0.0 0.20
2 1 —20.00 0.0 0.20
3 1 —20.00 0.0 0.20
4 -1 20.00 —-1.10 1.20

Note: Test case, upstream or downstream vessel g, external pressure p,, (mmHg), initial speed index SI) and initial relative area oy in the vessels of the
lumped heart model.

Model parameters used to represent the systemic circulation follow those used in.*” Model parameters used to represent
the pulmonary circulation follow those used in.® Model parameters for the cardiac function, heart chambers parameters
and cardiac valves parameters follow the ones used in.'” Venous valves parameters are defined as in.>” Vascular models
have been modeled using the artery-veins connections described in.”*” The total resistance of the systemic/pulmonary
circulation was 0.85/0.136 mmHg/(ml s ') and the compliance was estimated assuming a time constant of the exponen-
tial fall-off of pressure during diastole given by z=R;Cr=1.79/0.5, according to*’ and*® respectively. The procedure
for the determination of Windkessel parameters presented in Reference 35 is used to calibrate the resistance and com-
pliance of the serially arranged compartments used to define the vascular beds. Compliance and resistance inside each
vascular bed are distributed following.** Peripheral inertances in vascular beds are not considered here, as they can be
neglected in normal conditions.** Vessel are spatially discretized using a cell size Ax = 0.1 cm and the time step evolves
using a Courant-Friedrichs-Lewy (CFL) condition equal to 0.5. The reference wave velocity used to compute the time
step is provided by the initial solution stored in each cell and depends on the evolved solution in the internal boundary
conditions. The time step is uniform for all vessel cells and all internal boundary conditions. The time step is selected
as the most restrictive time step, At = min{At., At,,}, comparing the most restrictive time step provided by all i compu-
tational cells of all vessels, At,

Ax

At, =CFL Atyine, Atpine= W’

(124)

and the most restrictive time step provided by all the boundary walls at the internal boundary conditions At,,
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FIGURE 37 Section 3. Schematic representation of the 1D head veins.®’

FIGURE 38 Section 3. Schematic representation of the 1D pulmonary circulation.®
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Numerical simulation of the passive head-up tilt is performed defining the vessel elevation of each cell vessel as a
function of time #(t) =, sin(ar(t)), where 7, is the effective length of the cell vessel and ar(¢) is the tilt angle, that
represents the orientation of the particular vessel segment with respect to the horizontal plane. The time course of
ar(t) is given by

0, £<0.8
g(t— 1), 0.8<t<18

ar(t) = . : (126)
2 t>18

This rapid tilt from the supine posture to the head-up induces strong accelerations in the flow and changes in the
pressure distribution. The HUT simulated in this section is rapid and completed in only one second. Therefore, the
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centrifugal force might be not negligible compared with gravity. In this work we will not consider this point in the com-
putational model since we are focused on the coupling method. The head-up tilt maneuver is performed after periodic-
ity in supine position is reached. As will be shown in the results, only a few seconds are necessary in the model to
reach periodicity after the postural change. Is this verified on all vessels, including venous vessels and the related
peripheral beds.

3.1 | Effect of HUT in the systemic arterial tree

The evolution of the pressure, flow and SI in different systemic arteries is plotted in Figures 39 and 40 in the proximal
(x0), medium (x;) and distal (x,) computational cell to the heart. In all the arteries, the flow is kept under subsonic
conditions.

Figure 39 (upper) shows how in the ascending aorta a drop in both systolic and diastolic pressure is produced during
the head tilt up, due to the overall shift of fluid volume produced by this postural maneuver. The maximum value of
aortic blood flow increases suddenly during the head tilt up, as heart collects more volume from the neck and cranial
regions, and finally decreases smoothly.

Pressure evolution in the right radius and in the upper limbs is plotted in Figure 39 (middle) and (lower) respec-
tively. In this case and increase in the pressure is observed, due to the presence of the hydrostatic contribution due to
the blood column between the heart and the vessel. Despite of the large amount of flow circulating along the abdominal
aorta, if compared to the flow in the in the right radius, a nearly equal increase in pressure is observed, as the hydro-
static pressure contribution is similar.

A large blood column between the heart and the right posterior tibial artery in the lower limbs results in a large
pressure increase, as plotted in plotted in Figure 40. The maximum value of blood flow increases suddenly during the
head tilt up, decreasing smoothly to achieve a new stationary maximum value, close to the initial one in the supine
position. In the vessels located above the heart, the fluid column produces the opposite effect, and the pressure
decreases, as can be seen in Figure 40 (middle) and (lower), for the right internal carotid artery in the neck and the
right superficial temporal frontal branch in the extracranial region. In this case, the maximum value of blood flow rate
is attenuated during the head tilt up and recovers smoothly over time.

3.2 | Effect of HUT in the systemic venous tree

Contrary to arterial flow, the tracings of the venous flow wave are said to be biphasic due to the presence of alternating
peaks and troughs, as shown in Figure 41. The same applies to the venous pressure pulse, where also, very low varia-
tions around the mean pressure are observed if compared with arteries. The rapid postural change reproduced here
leads to a very interesting description of the fluid dynamics behavior in the venous circulation.

Figure 41 shows the evolution in time for flow and pressure for the superior vena cana I and IT (No. 84 and 85) and
the Azygos vein (No. 160) connected by the same junction. The high compliance of the vena cava leads to large varia-
tions in the ST in this vein. The HUT increases suddenly the flow from the neck and cranial region towards the right
atria while the contribution of the hydrostatic pressure leads to a dramatic reduction of the vena cava area (up to
60%). As a result, while subsonic conditions appear in the connecting cell of vena cava I with the right atrium,
supersonic flow conditions are reached within this vein. Sonic conditions are observed in vena cava II during HUT.
Flow in the Azygos I vein, which is much stiffer than the vena cava, remains subsonic. The methodology used to
solve the JRP is capable of handling the subsonic, sonic and supersonic conditions that appear simultaneously in
these three vessels.

In the Azygos I vein, located below the heart, the effect of HUT causes a displacement of the fluid towards the lower
part of the body and a transient reverse flow appears together with a reduction of the vessel area at the proximal point.
Being much stiffer, the variation in vessel area is not as great as in the superior vena cava. Drainage of the reverse flow
is stopped by the presence of a valve, between veins Azygos I and II (No. 244), which closes during HUT, as shown in
Figure 42. In veins Azygos I and II, flow to the right atrium is restored. In vein Azygos II, which communicates the tho-
rax with the abdomen, due to the presence of a notable fluid column, a large variation in pressure and area from the
proximal to the distal point is observed in Figure 42.
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The HUT also produces an increase in the collected flow through the right and left brachiocephalic veins
(No. 86 and 87) as shown in Figure 43. Being more elevated that the heart, a strong reduction of the vessel area is pro-
duced and pressure becomes subatmospheric at the distal points. Strong variations in the SI are observed, leading
almost to sonic flow in the left brachiocephalic vein. Figure 44 shows how the venous valve between the left internal
jugular vein I and V (No. 93 and 243) is held open during HUT, producing minimal resistance. The internal jugular vein
picks up flow from the intracranial region. The large reduction experienced in vessel area combined with the large flow
acceleration leads to a strong variation in the SI index.

The stiffness of each vessel influences vessel deformation during HUT. Figure 45 shows the evolution of the vessel
ratio area « for the left internal jugular vein II (No. 225), the right transverse sinus I (n° 101) and the confluence of
sinuses (n° 259), both in the dural sinuses. The transverse sinuses are two areas under the brain that allow blood to
drain from the confluence of the sinuses, the back of the head, and send the flow into the internal jugular vein. While
the left internal jugular vein II experiences a huge reduction in vessel area, due to the physiologically rigid nature of
the dural sinuses, the vessel area in the right transverse sinus and sinus confluence remains almost unaltered. All three
vessels experience a large variation in pressure. The flow at the confluence of the sinuses remains almost zero during
HUT, whereas the flow through the right transverse sinus temporarily increases.

The sudden change in posture has also an impact in the flow in the inferior vena cava. Figure 46 shows the evolu-
tion in time for flow and pressure for the inferior vena cava (vessels No. 198 and No. 199) and the hepatic vein (vessel
No. 200) connected by the same junction. The displacement of volume in the thorax and abdomen towards the lower
part of the body leads to reverse flow conditions in these three vessels. This volume shift produces a great acceleration
of the flow. On the other hand, the right atrium controls the pressure wave form and therefore the pressure in the prox-
imal point connecting the inferior vena cava with the right atrium. As consequence, although in this proximal point the
change in vessel are is not of relevance, sonic flow or limiting flow conditions are produced. In the rest of the inferior
cava, a large vessel area deformations are observed, as a result of the presence of the column of fluid.

When HUT is initiated, the valve located between the left subclavian vein III and left subclavian vein II in the upper
limbs closes almost immediately, preventing the evolution of retrograde flow, as shown in Figure 47. During valve clo-
sure, the pressure changes in both vessels according to their position in the fluid column, resulting in large vessel area
deformations. Once the new pressure levels are established, the valve opens and the biphasic flow to the right atrium is
established again.

Being in the most distal position, the performance of the valve located between the left anterior tibial veins I and II dur-
ing the HUT is shown in Figure 48 (upper). The valve is closed for a shorter time interval. In both vessels, area increases up
to 30% leading to an storage of fluid. Figure 49 show the evolution of flow and pressure across the vascular bed connecting
the left posterior tibial artery (No. 54) with the left posterior tibial vein I (No. 256). The raise in pressure in the left posterior
tibial artery is almost immediate, but the raise in pressure of the posterior tibial vein I increases smoothly in time. The evolu-
tion of the transmural pressure in the compartments of the vascular bed implies and increase of the stored fluid in the same
bed, in particular in the venous segment. Once steady conditions are restored, the pressure in the posterior tibial vein
becomes approximately 100 mmHg, which is consistent with the in vivo measurements.*’

3.3 | Effect of HUT in the pulmonary tree

Figure 50 shows the evolution for flow and pressure for the vascular bed 54 (upper) connecting terminal artery RSA4
1 52 (No. 328) (middle) with collecting vein RSV4 1 52 (No. 328) (lower), in the upper part of the lungs. In this model
the effect of the HUT does not lead to relevant changes in the pressure and the flow wave form in the vascular tree in
the lungs.

3.4 | Effect of HUT in the heart model

Figure 51 shows the evolution of flow, pressure and volume in the right heart (upper) and in the left heart (lower). The
injection of flow from the inferior and superior vena cava to the right atrium (Q,. in Figure 51 (upper)) is reduced lead-
ing briefly to reverse flow conditions at its inflow during HUT. This effect is produced by the shift of volume in the infe-
rior vena cava (46) that is attenuated by the increase in flow received towards the right atrium by the superior vena
cava (Figure 41). As a consequence of the appearance of reversal flow, the tricuspid valve briefly closes and reversal
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FIGURE 39 Section 3.1. Numerical solutions for the ascending aorta I in the thorax (No. 84) (upper), for the right radius in the upper
limbs (No. 8) (middle) and for the abdominal aorta v (No. 33) (lower).
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FIGURE 40 Section 3.1. Numerical solutions for the right posterior tibial artery (No. 41) in the lower limbs (upper), for the right
internal carotid artery I (No. 47) in the neck (middle)and for the right superficial temporal frontal branch (No. 81) in the extracranial region
(lower).

flow in the inlet ceases. The decrease in the injection of flow in the right ventricle through the tricuspid valve (Q,;)
leads to a noticeable reduction of the end-diastolic volume (EDV) in the right ventricle and of the peak flow through
the pulmonary valve (Qp,;), that is partially recovered later. Both end-systolic volume (ESV) and EDV decrease in the
right ventricle, but the reduction of the EDV is larger than the reduction in the ESV, leading to a reduction of the car-
diac output in the pulmonary valve. Systolic and diastolic pressures decrease in the main pulmonary artery (No. 274).
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FIGURE 41 Section 3.2. Numerical solutions for the superior vena cava I (upper) (No. 84), for the superior vena cava II (No. 85)
(middle) and for the Azygos vein I (No. 160) (lower), in the thorax.
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FIGURE 42 Section 3.2. Numerical solutions for valve 7 (upper), between the Azygos vein II (No. 244) (middle) and the Azygos vein I
(No. 160) (lower) in the thorax.

The injection of flow from the left/right inferior/superior pulmonary veins (No. 331, 332, 333, 334), Q,, in Figure 51
(lower), to the left atrium does not experience a significant variation, and the same is valid for the mitral valve, Q,,;.
The peak flow in the aortic valve initially increases during the HUT and then decreases smoothly. The reduction of the
end-systolic volume (ESV) and end-diastolic volume (EDV) in the left ventricle due to the HUT is initially similar, but
the EDV continues to reduce smoothly in time leading to a decrease of the cardiac output in the aortic valve.

3.5 | Volume shift after HUT

In this section the fluid volume redistribution is considered. During HUT, gravity induces a primary rapid intravascular
fluid shift. A secondary slow fluid shift appears, from the intravascular to the interstitial fluid compartment. In this
numerical experiment, we only consider primary rapid intravascular fluid shift. Figure 52 shows the variation of
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FIGURE 43 Section 3.2. Numerical solutions for the right brachiocephalic vein (No. 86) (upper) and for the left brachiocephalic vein
(No. 87) (lower) in the thorax.
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FIGURE 44 Section 3.2. Numerical solutions for valve 4 (upper) between the left internal jugular vein I (No. 93) (middle) and the left
internal jugular vein V (No. 243) (lower) in the neck.

stressed or intravascular volume in body regions in time for: (left) the Right upper limbs (RUL), the Left upper limbs
(LUL), the Right lower limbs (RLL)and the Left lower limbs (LLL); (middle) the dural sinuses (DS), the extracranial
region (EC), the intracranial region (IC), the neck and the pelvis; (right) the dural thorax, the abdomen and the lungs
for a 1 s HUT from the supine position to 80°. Numerical results are almost equal to those provided when a 1 s HUT
from the supine position to 90° is performed.

The volume variation in each anatomical region is compared with the results provided a lumped parameter model
in Reference 48 in Table 6. This model includes the left and right heart, ventricular interaction through the septum and
pericardium, the systemic and pulmonary circulations, nonlinear pressure volume relationship of the lower body com-
partment, arterial and cardiopulmonary baroreceptors, and autoregulatory mechanisms. The systemic circulation was
divided in six parallel vascular districts: cerebral, upper body, coronary, splanchnic, renal, and lower body which
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FIGURE 45 Section 3.2. Numerical solutions for the left internal jugular vein II in the neck (No. 225) (upper), for the right transverse
sinus I in the Dural sinuses (No. 101) (middle) and the confluence of sinuses in the Dural sinuses (No. 257) (lower).

S 3
S a
S £
S a
13 T T T T T
P
@ El
% T
E
S ° £
o o
095 . . . . .

FIGURE 46 Section 3.2. Numerical solutions for vessel the inferior vena cava I (No. 198) (upper), for the hepatic vein in the abdomen
(No. 199) (middle), and for the inferior vena cava II (No. 200) (lower).

includes the leg and pelvic region, accounting for the hydrostatic reference point located at the heart level. The model
was optimized using experimental data during graded head-up tilt (HUT) from the supine position to 80°.

In this section we made a rough comparison between the results of this two different models. Figure 52 shows how
once the new stationary state is achieved the volume in the dural sinues is almost unaltered. Dural sinues are located in
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posterior tibial vein I (No. 173) (lower), in the lower limbs.
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Section 3.2. Numerical solutions for valve 5 (upper) between the left subclavian vein III (No. 193) (middle) and the left
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Section 3.2. Numerical solutions for valve 9 (upper) between the left posterior tibial vein I (No. 256) (middle) and the left

the dura mater and are more rigid than cerebral veins. Extracranial and intracranial volume strongly decreases
(—47.77% and —93.84, respectively) with a more moderate variation of volume in the neck (—19.11%). The decrease in
total volume in our model for the cerebral circulation (CC) is attenuated up to —37.43%, smaller than the one predicted

in Reference 48 (—52.40%). Thorax and lungs experience a less severe decrease of stressed volume, —7.14% (—29.20%

48)-
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FIGURE 49 Section 3.2. Numerical solutions for vascular bed 11 (upper) connecting the left posterior tibial artery (No. 54) (middle)
with the left posterior tibial vein I) (No. 256) (lower), in the lower limbs.
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FIGURE 50 Section 3.3. Numerical solutions for vascular bed 54 (upper) connecting terminal artery RSA4 1 52 (No. 328) (middle) with
collecting vein RSV4 1 52 (No. 328) (lower) in the lungs.

The upper limbs experience a moderate increase in volume (11.91%), while in Reference 48 a moderate decrease is
predicted (—16.20%). The lower body region experiences a large increase of fluid volume in our model, up to 46.03%,
almost the double than the one predicted in Reference 48 (25.50%). Differences can be attributed to the lack of regula-
tory systems in our model. The rapid intravascular fluid shift from the cerebral and thoracic regions to the rest of the
vasculature triggers the cardiopulmonary reflex that counteracts the reduction in arterial pressure and central blood
volume.
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FIGURE 51 Section 3.4. Numerical solutions for the right heart (upper) and for the left heart (lower).
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FIGURE 52 Section 3.5. Variation of stressed or intravascular volume in body regions for a 1 s HUT from the supine position to 80° in
time for: (left) the Right upper limbs (RUL), the Left upper limbs (LUL), the Right lower limbs (RLL)and the Left lower limbs (LLL);
(middle) the dural sinuses (DS), the extracranial region (EC), the intracranial region (IC), the neck and the pelvis; (right) the dural thorax,
the abdomen and the lungs.

TABLE 6 Section 3.5. Stressed volume in body regions and stressed volume variation after 80° HUT.

Region 0° HUT 80° HUT AV AV*
DS (ml) 18.05 17.88 —0.96%

EC (ml) 23.13 12.08 —47.77%

IC (ml) 38.63 2.38 —93.84%

Neck (ml) 96.03 77.68 —19.11%

CC (ml) 175.84 110.02 —37.43% —52.40%
Thorax (ml) 171.67 164.06 —4.43%

Lungs 319.07 291.62 —8.60%

Thorax and lungs (ml) 490.74 455.69 —7.14% —29.20%
Abdomen (ml) 197.60 232.62 17.72%

RUL (ml) 65.03 72.79 11.93%

LUL (ml) 64.99 72.72 11.89%

Upper body (ml) 130.02 145.51 11.9% —16.20%
RLL (ml) 71.86 110.28 53.48%

LLL (ml) 71.86 110.28 53.48%

Pelvis 58.51 74.74 27.74%

Lower body (ml) 202.23 295.31 46.03 25.50%
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4 | CONCLUSIONS

The numerical procedure defined for solving the JRP in Reference 33 has been extended to different scenarios. One of
the applications is numerical modeling of valves. The numerical extension of JRP proposed in Section 2.3 can handle
the VRP under any conditions. These include, among others, sonic limiting in an initially closed valve, characterized by
a total energy jump greater than the pressure drop generated by the valve resistance and the closure of an initially open
valve under supersonic backward flow conditions.

The solution of the JRP can be extended if other than subsonic flow conditions are of interest in vascular beds, as
done in Section 2.4. The correct modeling and coupling between terminal vessels and lumped models representing vas-
cular bed has been tested including conditions of limiting flow even when departing from supersonic conditions. We
have shown how the presence of the serially arranged compartments in combination with a proper distribution of the
lumped parameters has almost no influence on the solution for the terminal vessel. Differences are more noticeable
when a collecting vessel is defined. The presence of collecting vessels generates an extra resistance to flow advance due
to its own impedance, that generates an opposition to passage of pressure waves.

In Section 2.5, the coupling between vessels and a heart model has been tested in different scenarios, in which the
activation function of the heart has been neglected in order to define understandable scenarios while involving complex
initial conditions. To analyze the behavior of the proposed numerical methodology for modeling the heart, all vessels
have been defined as veins, which are much more deformable than arteries. Numerical experimentation shows how it
is possible to handle problems with any value of the initial conditions, including those leading to flow limitation or
valve opening and closing under supersonic conditions.

The numerical methods presented for the VRP, vascular beds and heart modeling can be easily modified if other
valve, vascular or heart models are desired. The numerical methods presented are independent of the 1D solver used to
compute the flow evolution in the vessels.

In Section 3 the effect of HUT in an integrated closed model of the CVS has been analyzed. Considering that in this
work we focus only on the mathematical coupling of the vessel network with the internal boundary conditions, the sev-
eral critical auto-regulations mechanism of the cerebro-cardiovascular system, among others, were not included in the
mathematical model of this study. We have demonstrated the potential and capability of the numerical techniques pres-
ented here when dealing with the sudden change in flow conditions. Even the predictions, when the new steady condi-
tions after HUT are achieved, show how venous and arterial pressure are modified by the presence of a continuous
hydrostatic column, the transient flow regime is of great complexity, in particular in the veins located in the thorax,
leading, in this model, to limiting flow conditions in the right atrium.

The set of numerical experiments presented here when testing the different numerical models described in this
manuscript in Sections 2.3, 2.4 and 2.5 have no clinical relevance. But when numerical experiments are used to predict
the evolution of flow and pressure during a sudden postural maneover in a closed-loop, multiscale mathematical model
as done in Section 2.5, it is necessary to ensure that the techniques used are capable of handling any flow condition.
Sonic or supersonic conditions are not expected throughout the simulation, but if the evolved states of the solution do
not converge in a coupling element in a given time the solution methods fail and the simulation is ruined. Therefore,
after first showing the potential and capability the numerical methods in limit situations, we can be assured that the
predictions of the closed-loop model are in agreement with the fundamental basis of the mathematical models used.
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APPENDIX A

A.1 | A Network
Table A1 provides the number, name, length and radii and elevation of each vessel in the network.

TABLE A1l
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Geometrical and mechanical parameters of the network.

Vessel name
Ascending aorta I

Aortic arch I
Brachiocephalic artery
Right subclavian artery I
Right carotid artery

Right vertebral artery
Right subclavian artery II
Right radius

Right ulnar artery I
Aortic arch 1T

Left carotid artery
Thoracic aorta I

Thoracic aorta II
Intercostal artery

Left subclavian artery I
Left vertebral artery

Left subclavian artery II
Left ulnar artery I

Left radius

Celiac artery I

Celiac artery II

Hepatic artery

Splenic artery

Gastric artery

Abdominal aorta I
Superior mesenteric artery
Abdominal aorta II

Right renal artery
Abdominal aorta IIT

Left renal artery
Abdominal aorta IV
Inferior mesenteric artery
Abdominal aorta v

Right common iliac artery
Right external iliac artery
Right internal iliac artery
Right deep femoral artery
Right femoral artery

L (cm)

2

3

3.5

3.5
17.7
13.5
39.8
22

6.7

20.8
5.5
10.5
7.3
3.5
13.5
39.8
6.7
22

6.5
5.8
5.5
53

1.5

1.5

12.5
3.8

5.8
14.5
45
11.3
443

ro (cm)
1.525
1.42
0.65
0.425
0.4
0.15
0.407
0.175
0.215
1.342
0.4
1.246
1.124
0.3
0.425
0.15
0.407
0.215
0.175
0.35
0.3
0.275
0.175
0.2
0.924
0.4
0.838
0.275
0.814
0.275
0.792
0.2
0.627
0.4
0.37
0.2
0.2
0.314

r; (cm)
1.47
1.342
0.62
0.407
0.37
0.136
0.23
0.14
0.215
1.246
0.37
1.124
0.924
0.3
0.407
0.136
0.23
0.215
0.14
0.3
0.25
0.25
0.15
0.2
0.838
0.35
0.814
0.275
0.792
0.275
0.627
0.175
0.55
0.37
0.314
0.2
0.2
0.275

1o (cm) i, (cm)
0 2
2 5
2 5.5
5.5 7.5
5.5 17.89
7.5 21
7.5 —32.3
—32.3 —54.3
—32.3 -39
5 5
5 17.89
5 —0.5
-0.5 —11
—-0.5 —0.5
5 7.5
7.5 21
7.5 —32.3
—32.3 -39
—32.3 —54.3
—11 —11
—11 —11
—11 —11
—11 —11
—11 —11
—11 -16.3
—16.3 —16.3
—16.3 —17.8
—19.3 —19.3
—17.8 —19.3
—17.8 —17.8
—19.3 —31.8
—31.8 —31.8
—31.8 —39.8
—39.8 —45.6
—45.6 —60.1
—45.6 —50.1
—60.1 —-71.4
—60.1 —104.4
(Continues)
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TABLE A1 (Continued)

No. Vessel name L (cm) ro (cm) r; (cm) 7o (cm) 7, (cm)
39 Right external carotid artery I 4.1 0.2 0.15 17.89 21.99
40 Left internal carotid artery I 17.6 0.25 0.2 17.89 22

41 Right posterior tibial artery 34.4 0.175 0.175 —104.4 —138.8
42 Right anterior tibial artery 32.2 0.25 0.25 —104.4 —136.6
43 Right interosseous artery 7 0.1 0.1 -39 —46

44 Right ulnar artery II 17 0.203 0.18 -39 —56

45 Left ulnar artery II 17 0.203 0.18 -39 —56

46 Left interosseous artery 7 0.1 0.1 -39 —46

47 Right internal carotid artery I 17.6 0.25 0.2 17.89 22

48 Left external carotid artery I 4.1 0.2 0.15 17.89 21.99
49 Left common iliac artery 5.8 04 0.37 —39.8 —45.6
50 Left external iliac artery 14.5 0.37 0.314 —45.6 —60.1
51 Left internal iliac artery 4.5 0.2 0.2 —45.6 —50.1
52 Left deep femoral artery 11.3 0.2 0.2 —60.1 —71.4
53 Left femoral artery 443 0.314 0.275 —60.1 —104.4
54 Left posterior tibial artery 34.4 0.175 0.175 —104.4 —138.8
55 Left anterior tibial artery 32.2 0.25 0.25 —104.4 —136.6
56 Basilar artery 2.9 0.162 0.162 21 22
57 Right posterior cerebral artery I 0.5 0.107 0.107 22 22

58 Right posterior cerebral artery II 8.6 0.105 0.105 22 22

59 Right posterior communicating artery 1.5 0.073 0.073 22 22

60 Right internal carotid artery II 0.5 0.2 0.2 22 22

61 Right middle cerebral artery 11.9 0.143 0.143 22 22
62 Right anterior cerebral artery I 1.2 0.117 0.117 22 22

63 Right anterior cerebral artery II 10.3 0.12 0.12 22 22
64 Anterior communicating artery 0.3 0.1 0.1 22 22

65 Left anterior cerebral artery II 10.3 0.12 0.12 22 22

66 Left anterior cerebral artery I 1.2 0.117 0.117 22 22

67 Left middle cerebral artery 11.9 0.143 0.143 22 22
68 Left internal carotid artery II 0.5 0.2 0.2 22 22

69 Left posterior communicating artery 1.5 0.073 0.073 22 22

70 Left posterior cerebral artery II 8.6 0.105 0.105 22 22

71 Left posterior cerebral artery I 0.5 0.107 0.107 22 22
72 Left external carotid artery II 6.1 0.2 0.2 21.99 28.09
73 Right external carotid artery II 6.1 0.2 0.2 21.99 28.09
74 Left superior thyroid artery 10.1 0.1 0.1 21.99 21.99
75 Right superior thyroid artery 10.1 0.1 0.1 21.99 21.99
76 Left superficial temporal artery 6.1 0.16 0.16 28.09 28.09
77 Right superficial temporal artery 6.1 0.16 0.16 28.09 28.09
78 Left maxillary artery 9.1 0.11 0.11 28.09 28.09
79 Right maxillary artery 9.1 0.11 0.11 28.09 28.09
80 Left superficial temporal frontal branch 10 0.11 0.11 28.09 28.09
81 Right superficial temporal frontal branch 10 0.11 0.11 28.09 28.09
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TABLE Al

No.
82

83
84
85
86
87
88
89
90
91
92
93
94
95
9%
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124

(Continued)

Vessel name

Left superficial temporal parietal branch

Right superficial temporal parietal branch

Superior vena cava I

Superior vena cava II

Right brachiocephalic vein

Left brachiocephalic vein

Left subclavian vein I

Right subclavian vein I

Right external jugular vein

Left external jugular vein

Right internal jugular vein I

Left internal jugular vein I

Left vertebral vein IT

Right vertebral vein II

Right deep cervical vein

Left deep cervical vein

Vertebral venous plexus

Right sigmoid sinus II

Left sigmoid sinus IT

Right transverse sinus I

Left transverse sinus I

Sup. sagittal sinus

Straight sinus

Inf. sagittal sinus

Vein of Galen

Left internal cerebral vein

Right internal cerebral vein

Left basal vein of Rosenthal I
Right basal vein of Rosenthal I
Right superior petrosal sinus

Left superior petrosal sinus

Right inferior petrosal sinus

Left inferior petrosal sinus

Right posterior auricular vein

Left posterior auricular vein

Right posterior retromandibular vein
Left posterior retromandibular vein
Right anterior retromandibular vein
Left anterior retromandibular vein
Right retromandibular vein

Left retromandibular vein

Right facial vein II

Left facial vein IT

L (cm)

10.1
10.1

3.67
0.6

5.7
5.7
3.2
3.2

3.52
3.52
3.15
3.15
4.5
4.5

ro (cm)
0.11
0.11
0.8
0.8
0.564
0.535
0.564
0.564
0.252
0.252
0.399
0.564
0.138
0.138
0.16
0.16
0.368
0.252
0.357
0.218
0.437
0.35
0.25
0.16
0.366
0.126
0.126
0.126
0.126
0.149
0.149
0.08
0.08
0.08
0.08
0.25
0.25
0.235
0.235
0.26
0.26
0.132
0.132

r1 (cm)
0.11
0.11
0.8
0.8
0.564
0.535
0.564
0.564
0.252
0.357
0.399
0.618
0.16
0.16
0.16
0.16
0.368
0.252
0.378
0.178
0.309
0.367
0.25
0.16
0.4
0.126
0.126
0.126
0.126
0.149
0.149
0.16
0.16
0.08
0.08
0.25
0.25
0.235
0.235
0.26
0.26
0.178
0.178

1o (cm)

28.09
28.09
1.5
3.5
7.5
7.5
7.5
7.5

17.5

17.5
9.5
9.5

27

22

20

22

20

22

22

22

22

22

22

22

27

22

27

22

20

22

22

22

22

22.5

22.5

19.25

19.25

19.25

19.25

22

20

22

22

Wl LEY 59 of 66

1 (cm)
28.09

28.09
0
15
35
35
7.5
7.5

12.5
12.5
8.5
8.5
12.5
12.5
12.5
12.5
—46.4
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
17.5
17.5
17.5
17.5
16.1
16.1
19.25
19.25
16.1
16.1

(Continues)
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TABLE A1 (Continued)

No. Vessel name L (cm) ro (cm) r; (cm) 7o (cm) 7, (cm)
125 Right common facial vein 0.9 0.18 0.18 16.1 15.2
126 Left common facial vein 0.9 0.18 0.18 16.1 15.2
127 Right superficial temporal vein 5 0.19 0.19 27 22
128 Left superficial temporal vein 5 0.19 0.19 27 22
129 Right maxillary vein 1 0.175 0.175 22 22
130 Left maxillary vein 1 0.175 0.175 22 22
131 Right deep facial vein 0.9 0.25 0.25 22 22
132 Left deep facial vein 0.9 0.25 0.25 22 22
133 Right emissary vein 3 0.1 0.1 22 22
134 Left emissary vein 3 0.1 0.1 22 22
135 Right pterygoid plexus 0.9 0.15 0.15 22 22
136 Left pterygoid plexus 0.9 0.15 0.15 22 22
137 Right marginal sinus 4 0.1 0.1 22 22
138 Left marginal sinus 4 0.1 0.1 22 22
139 Occipital sinus 35 0.235 0.235 22 22
140 Right external jugular vein 10 0.252 0.252 12.5 7.5
141 Right mastoid emissary vein 7.2 0.175 0.175 22 22
142 Left mastoid emissary vein 7.2 0.175 0.175 22 22
143 Right posterior condylar vein 3 0.315 0.315 22 22
144 Left posterior condylar vein 3 0.315 0.315 22 22
145 Right suboccipital sinus 1 0.45 0.45 22 22
146 Right lateral anterior condylar vein 3 0.315 0.315 22 22
147 Left lateral anterior condylar vein 3 0.315 0.315 22 22
148 Left external jugular vein 10 0.252 0.357 12.5 7.5
149 Superior sagittal sinus 433 0.229 0.258 22 22
150 R. Labbe v. 5 0.15 0.15 22 22
151 L. Labbe v. 5 0.15 0.15 22 22
152 Superior sagittal sinus 4.33 0.258 0.287 22 22
153 Superior sagittal sinus 2.5 0.334 0.35 22 22
154 Left cavernous sinus 1.5 0.1 0.1 22 22
155 Right cavernous sinus 1.5 0.1 0.1 22 22
156 Occipital vein 5 0.126 0.126 22 22
157 Superior sagittal sinus 5 0.3 0.334 22 22
158 Cerebral vein 5 0.15 0.15 22 22
159 Cerebral vein 5 0.15 0.15 22 22
160 Azygos vein I 2 0.425 0.425 —0.5 1.5
161 Cerebral vein 5 0.15 0.15 22 22
162 Cerebral vein 5 0.15 0.15 22 22
163 Right vertebral vein I 5 0.16 0.16 12.5 7.5
164 Left vertebral vein I 5 0.16 0.16 12.5 7.5
165 Superior sagittal sinus III 433 0.2 0.229 22 22
166 Left suboccipital sinus 1 0.45 0.45 22 22
167 Right anastomotic vein 2 0.1 0.1 22 22

85UB017 SUOLILLIOD) BAIFea1D 3|qedlidde auy Aq pausenob ake Sppiie VO ‘SN 0 SaIn1 10} Al 8UIIUO A8|IM UO (SUORIPLIOD-PUR-SWBY WD A3 | 1M A1 1 [pUIUO//STRY) SUORIPUOD PUe Swiie L 841 335 *[£202/60/70] U0 AfeiqiTauliuo A8|IM ‘(-ul eAnde 1) 8anopesy Aq TSLE WUO/Z00T OT/I0p/W00" A3 1M Afelq i pul|uo//Sdny woiy papeo|umoq ‘0 ‘Ly6.0702



MURILLO and GARCIA-NAVARRO

Wl LEY 61 of 66

TABLE Al

No.
168

169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210

(Continued)

Vessel name
Left anastomotic vein

Right facial artery

Left facial artery

Right great saphenous vein I
Left great saphenous vein I
Left posterior tibial vein I
Left anterior tibial vein I
Right popliteal vein

Left popliteal vein

Left femoral vein

Right femoral vein

Right deep femoral vein
Left deep femoral vein
Right external iliac vein
Left external iliac vein
Left internal iliac vein
Right internal iliac vein
Right common iliac vein IT
Left common iliac vein II
Right radial vein

Left interosseous vein
Right ulnar vein IT

Left ulnar vein II

Left interosseous vein
Left radial vein

Left subclavian vein IIT
Right subclavian vein IIT
Left subclavian vein II
Right subclavian vein II
Left ulnar vein I

Inferior vena cava I
Hepatic vein

Inferior vena cava II
Inferior vena cava III
Inferior vena cava IV
Inferior vena cava V
Right common iliac vein I
Left common iliac vein I
Right ulnar vein I

Left renal vein

Right renal vein
Ascending lumbar vein

Hemiazygos vein

L (cm)

11.6
11.6
7.5
7.5
17.3
16
19
19
25.4
254
12.6
12.6
144
14.4

40.6

30.6
30.6

40.6
27
27

10

15.3
6.8
1.5
1.5

12.5

3.8
3.8
10
3.2
3.2
23
23

ro (cm)
0.1
0.13
0.13
0.222
0.222
0.15
0.15
0.34
0.34
0.35
0.35
0.35
0.35
0.5
0.5
0.15
0.15
0.575
0.575
0.2
0.1
0.2
0.2
0.1
0.2
0.52
0.52
0.52
0.52
0.2
0.762
0.485
0.762
0.762
0.762
0.762
0.575
0.575
0.2
0.25
0.25
0.2
0.28

r1 (cm)
0.1
0.13
0.13
0.23
0.23
0.15
0.15
0.34
0.34
0.35
0.35
0.35
0.35
0.5
0.5
0.15
0.15
0.575
0.575
0.2
0.1
0.2
0.2
0.1
0.2
0.52
0.52
0.52
0.52
0.2
0.762
0.485
0.762
0.762
0.762
0.762
0.575
0.575
0.2
0.25
0.25
0.2
0.28

1o (cm) i (cm)
22 22
21.99 21.99
21.99 21.99

—66.5 —59
—66.5 —59

—120.7 —103.4

—119.4 —103.4

—103.4 —84.4

—103.4 —84.4

—84.4 —59
—84.4 —59
—-71.6 —59
—71.6 —59
—-59 —44.6
—59 —44.6
—49.6 —44.6
—49.6 —44.6
—44.6 —42.6
—44.6 —42.6
—60.1 —19.5
—36.5 —29.5
—60.1 —29.5
—60.1 —29.5
—36.5 —29.5
—60.1 —19.5
—19.5 4.5
—19.5 4.5
4.5 7.5
4.5 7.5
—29.5 —19.5
—15.3 0
—15.3 —15.3
—16.8 —15.3
—18.3 —16.8
—30.8 —18.3
—38.8 —30.8
—42.6 —38.8
—42.6 —38.8
—29.5 —19.5
—16.8 —16.8
—18.3 —18.3
—42.6 —28.5
—42.6 —28.5
(Continues)
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TABLE Al

No.
211

212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253

MURILLO and GARCIA-NAVARRO

(Continued)

Vessel name
Inferior mesenteric vein

Right posterior tibial vein I
Right anterior tibial vein I
Right anterior tibial vein II
Left anterior tibial vein II
Right lumbar vein

Left lumbar vein

Right superior thyroid vein
Left superior thyroid vein
Right middle thyroid vein
Left middle thyroid vein
Inferior thyroid vein
Thyroid connection

Right internal jugular vein IT
Left internal jugular vein II
Right internal jugular vein III
Left internal jugular vein III
Right internal jugular vein IV
Left internal jugular vein IV
Right sigmoid sinus I

Left sigmoid sinus I

Right transverse sinus II
Left transverse sinus II
Right facial vein I

Left facial vein I

Superior sagittal sinus II
Cerebral vein

Cerebral vein

Cerebral vein
Intracavernous sinus
Inferior sagittal sinus

Right internal jugular vein V
Left internal jugular vein V
Azygos vein 11

Cerebral vein

Left basal vein of Rosenthal II
Right basal vein of Rosenthal II
Inferior sagittal sinus
Cerebral vein

Intercostal vein

Right posterior tibial vein II
Right anterior tibial vein II

Right great saphenous vein II

L (cm)

17.3
16

3.8
3.8

W NN W WA

2.7
2.7
6.8
6.8
1.5
1.5
3.5
3.5

[l R VR S R DY DV D SR )

[\
o

37.5

ro (cm)
0.45
0.15
0.15
0.6
0.6
0.1
0.1
0.15
0.15
0.1
0.1
0.126
0.16
0.357
0.564
0.252
0.564
0.252
0.399
0.252
0.378
0.178
0.309
0.113
0.113
0.287
0.15
0.15
0.15
0.126
0.16
0.399
0.618
0.425
0.15
0.126
0.126
0.16
0.15
0.4
0.15
0.15
0.145

r1 (cm)
0.45
0.15
0.15
0.6
0.6
0.1
0.1
0.15
0.15
0.1
0.1
0.126
0.16
0.357
0.564
0.357
0.564
0.252
0.564
0.252
0.399
0.252
0.357
0.132
0.132
0.3
0.15
0.15
0.15
0.126
0.16
0.399
0.618
0.425
0.15
0.126
0.126
0.16
0.15
0.4
0.15
0.15
0.188

1o (cm)
—30.8

—120.7
~119.4
—136
~136
—46.4
—46.4
12.5
12.5
10.5
10.5
10.5
12.5
12.5
12.5
152
15.2
22
22
22
22
22
22
22
22
22
22
22
22
22
22
8.5
8.5
—28.5
22
22
22
22
22
—285
—138
—134
—134

1 (cm)
—30.8

—103.4
—103.4

—134

—134
—42.6
—42.6
10.5
10.5
9.5
9.5
3.5
10.5
9.5
9.5
12.5
12.5
15.2
15.2

22

22

22

22

22

22

22

22

22

22

22

22
7.5
7.5
-0.5

22

22

22

22

22
—28.5
—120.7
—119.4
-96.5
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TABLE Al

No.
254

255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
280
293
294
295
296

(Continued)

Vessel name
Left great saphenous vein II

Left anterior tibial vein II

Left posterior tibial vein I
Right great saphenous vein III
Left great saphenous vein III
Confluence of sinuses
Cerebral vein

Terminal cerebral vein
Terminal cerebral vein
Terminal cerebral vein
Terminal cerebral vein
Terminal cerebral vein
Terminal cerebral vein
Terminal cerebral vein
Terminal cerebral vein
Terminal cerebral vein
Terminal cerebral vein
Terminal cerebral vein
Terminal cerebral vein
Terminal cerebral vein

Main pulmonary artery

Left pulmonary artery

Right pulmonary artery

Left inferior pulmonary artery
Left superior pulmonary artery

Right inferior pulmonary artery

Right superior pulmonary artery

LIA102
LIAO1 3
LIA204
LIA115
LIA306
LIA217
LIA408
LIA319
LIA5010
LIA4111
LIA1112
LIA0 213
LSA1015
LSA01 16
LSA2017
LSA1118

L (cm)
37.5

16

17.3

W W
oS O

e R R e R N T e e e e T

d "B B T BH S Bd CEBH CBd B
AR o b U WwW o o N R O W

1.3
0.9
1.2
0.8
1.1
0.7

0.7

ro (cm)
0.145
0.15
0.15
0.188
0.188
0.01
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.309
0.15
0.15
1.35
0.9
1.1
0.843
0.481
0.923
0.755
0.757
0.514
0.681
0.461
0.612
0.415
0.55
0.373
0.494
0.335
0.461
0.313
0.433
0.294
0.389
0.264

r1 (cm)
0.188
0.15
0.15
0.222
0.222
0.01
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.366
0.15
0.15
1.35
0.9
1.1
0.843
0.481
0.923
0.755
0.757
0.514
0.681
0.461
0.612
0.415
0.55
0.373
0.494
0.335
0.461
0.313
0.433
0.294
0.389
0.264

1o (cm)
—134

—134

—138
—96.5
—96.5

22

22

22

22

22

22

22

27

22

20

22

20

22

22

22

1.075
1.075
2.325
2.325
2.325
2.325
1.065
1.065
—0.075
—0.075
—1.095
—1.095
—2.055
—2.055
—2.895
—2.895
1.065
1.065
3.525
3.525
4.625
4.625

Wl LEY 63 of 66

1 (cm)
—96.5

—119.4
—120.7
—66.5
—66.5
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
1.075
2.325
2.325
1.065
3.525
1.125
3.275
—0.075
1.065
—1.095
—0.075
—2.055
—1.095
—2.895
—2.055
—2.895
—2.895
1.065
1.065
4.625
3.525
5.625
4.625

(Continues)
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TABLE A1 (Continued)

No. Vessel name L (cm) ro (cm) r; (cm) 7o (cm) 7, (cm)
297 LSA3019 0.9 0.35 0.35 5.625 6.525
298 LSA21 20 0.6 0.237 0.237 5.625 5.625
299 LSA4021 0.8 0.314 0.314 6.525 6.525
300 LSA31 22 0.5 0.213 0.213 6.525 6.525
301 RIA1 024 2.1 0.829 0.829 1.125 0.075
302 RIAO 1 25 1.4 0.562 0.562 1.125 1.125
303 RIA2 026 1.9 0.745 0.745 0.075 —0.875
304 RIA11 27 1.3 0.506 0.506 0.075 0.075
305 RIA3 028 1.7 0.67 0.67 —0.875 —-1.725
306 RIA21 29 1.2 0.454 0.454 —0.875 —0.875
307 RIA4 030 1.5 0.602 0.602 —-1.725 —2.475
308 RIA31 31 1 0.408 0.408 —1.725 —1.725
309 RIA50 32 1.4 0.541 0.541 —2.475 —3.175
310 RIA41 33 0.9 0.367 0.367 —2.475 —2.475
311 RIA6 0 34 1.2 0.486 0.486 -3.175 —3.175
312 RIA51 35 0.8 0.33 0.33 —3.175 —3.175
313 RIA21 36 1.2 0.454 0.454 0.075 0.075
314 RIA1 2 37 0.8 0.308 0.308 0.075 0.075
315 RIA11 38 1.3 0.506 0.506 1.125 1.125
316 RIAO 2 39 0.9 0.343 0.343 1.125 1.125
317 RIA21 40 1.2 0.454 0.454 1.125 1.125
318 RIA1 2 41 0.8 0.308 0.308 1.125 1.125
319 RSA1043 1.7 0.678 0.678 3.275 4.125
320 RSAO0 1 44 1.2 0.46 0.46 3.275 3.275
321 RSA2 045 1.6 0.61 0.61 4.125 4.925
322 RSA11 46 1.1 0.413 0.413 4.125 4.125
323 RSA3 047 1.4 0.548 0.548 4.925 5.625
324 RSA21 48 0.9 0.372 0.372 4.925 4.925
325 RSA4 049 1.3 0.492 0.492 5.625 6.275
326 RSA31 50 0.9 0.334 0.334 5.625 5.625
327 RSA50 51 1.1 0.443 0.443 6.275 6.275
328 RSA41 52 0.8 0.3 0.3 6.275 6.275
329 RSA11 53 1.1 0.413 0.413 3.275 3.275
330 RSAO 2 54 0.7 0.28 0.28 4.925 4.925
331 Left inferior pulmonary vein 21 0.641 0.641 —0.735 0
332 Left superior pulmonary vein 1.2 0.715 0.715 1.864 0
333 Right inferior pulmonary vein 2.4 0.864 0.864 —0.672 0
334 Right superior pulmonary vein 1.9 0.823 0.823 1.349 0
335 LIV102 1.9 0.576 0.576 -1.4 —-0.735
336 LIVO13 1.3 0.391 0.391 —-1.19 —0.735
337 LIV204 1.7 0.518 0.518 —1.995 -1.4
338 LIV115 1.2 0.351 0.351 -1.4 —-14
339 LIV306 1.6 0.466 0.466 —2.555 —1.995
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TABLE Al

No.
340

341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382

(Continued)

Vessel name
LIV217

LIV408

LIV319

LIV5010
LIV4111
LIVli112
LIVO 213
LSV1015
LSV0 1 16
LSV2017
LSV1118
LSV3019
LSV21 20
LSV4021
LSV3 122
RIV10 24
RIVO 1 25
RIV20 26
RIV11 27
RIV3 028
RIV21 29
RIV4 0 30
RIV3131
RIV50 32
RIV41 33
RIV6 0 34
RIV51 35
RIV21 36
RIV1 2 37
RIV11 38
RIVO 2 39
RIV2140
RIV1 2 41
RSV1 043
RSV0 1 44
RSV2 045
RSV11 46
RSV3 047
RSV21 48
RSV4 049
RSV31 50
RSV5051
RSV41 52

L (cm)

1.1
1.4

1.3
0.9
1.2
0.8
1.1
0.7

0.7
0.9
0.6
0.8
0.5
2.1
1.4
1.9
1.3
1.7
1.2
1.5

1.4
0.9
1.2
0.8
1.2
0.8
1.3
0.9
1.2
0.8
1.7
1.2
1.6
1.1
1.4
0.9
1.3
0.9
11
0.8

ro (cm)
0.316
0.418
0.284
0.376
0.255
0.351
0.238
0.643
0.436
0.578
0.392
0.52
0.352
0.467
0.317
0.777
0.527
0.698
0.473
0.627
0.426
0.564
0.382
0.507
0.344
0.456
0.309
0.426
0.289
0.473
0.321
0.426
0.289
0.74
0.502
0.665
0.451
0.598
0.406
0.537
0.364
0.483
0.328

r1 (cm)
0.316
0.418
0.284
0.376
0.255
0.351
0.238
0.643
0.436
0.578
0.392
0.52
0.352
0.467
0.317
0.777
0.527
0.698
0.473
0.627
0.426
0.564
0.382
0.507
0.344
0.456
0.309
0.426
0.289
0.473
0.321
0.426
0.289
0.74
0.502
0.665
0.451
0.598
0.406
0.537
0.364
0.483
0.328

1o (cm)

—1.995
—3.045
—2.555
—3.045
—3.045
-1.19
—-1.19
3.572
1.864
5.125
3.572
6.523
5.125
6.523
6.523
—1.26
—1.064
—1.792
—1.624
—2.268
—1.792
—2.688
—2.268
—3.08
—2.688
—3.08
—3.08
—1.624
—1.624
—1.428
—1.064
—1.428
—1.428
2.556
1.349
3.692
2.556
4.686
3.692
5.609
4.686
6.39
5.609

Wl LEY 65 of 66

1 (cm)
—1.995

—2.555
—2.555
—3.045
—3.045
—1.19
—1.19
1.864
1.864
3.572
3.572
5.125
5.125
6.523
6.523
—0.672
—0.672
—1.26
—1.26
—1.792
—1.792
—2.268
—2.268
—2.688
—2.688
—3.08
—3.08
—1.624
—1.624
—1.064
—1.064
—1.428
—1.428
1.349
1.349
2.556
2.556
3.692
3.692
4.686
4.686
5.609
5.609

(Continues)
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