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1 Synonyms

Mathematical modeling of the cardiovascular system.

2 Definitions

Mathematical foundation and numerical approximation of the cardiocirculatory
system are addressed.

3 Background

Cardiovascular diseases represent the major cause of death in western countries,
leading to more than 17.3 million deaths per year worldwide (about half of all
deaths in Europe).

The cardiovascular system is composed by the heart, the vascular circulation
(both arteries and veins), and the microcirculation (capillaries), see Figure 1.
Here, the mathematical and numerical description of the first two components
is considered.

The heart is composed by four chambers, two atria that collect blood coming
from the vascular network, and two ventricles pumping blood into the vascular
network. Atria and ventricles are connected by valves which open up when the
atrial pressure is higher than the ventricular one allowing the blood to fill the
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Figure 1: Representative scheme of the cardiovascular system.

ventricles, and close when blood starts flowing back to the atria. Valves govern as
well the blood exchange between the ventricles and the vascular circulation. The
heart wall is composed by the internal thin endocardium, the thick myocardium
composed by fibers, and the external thin epicardium.

The pumping of blood into the vascular circulation is made possible by the
heart contraction which is triggered by the propagation of an electrical signal
(action potential), generating at the sino-atrial node in the right atrium, prop-
agating through the atria and the Purkinje network, and finally spreading in
all the ventricles myocardium. Electric propagation is due to the excitability
of the heart cells, which produce a variation in membrane voltage when stim-
ulated. The stimulation of an individual cell produces an action potential and
the corresponding current allows for the excitation of the neighbour cells, and
thus of the whole myocardium. The excitation of a heart cell corresponds to
migration of ions through the cell membrane. In particular, there is an inward
flux of extra-cellular calcium ions which allows for their binding with specific
substances in the cell producing the contraction of the cell itself and of all the
myocardium in a coordinated way.

The vascular circulation is composed by the arteries that bring the blood from
the heart to the lungs and the microcirculation, and by the veins that allow the
blood to return to the heart. Two circulations can be identified: the systemic
circulation (left ventricle — systemic arteries — capillaries — systemic veins
— right atrium), and the pulmonary circulation (right ventricle — pulmonary
arteries — lungs — pulmonary veins — left atrium).

Blood is composed mainly of water and blood cells (red, white, and platelets).
The diameter of blood cells is approximately 1073 ¢m, whereas that of the small-



est arteries and veins is about 10! ¢m. Thanks to heart contraction, blood is
pumped into the vascular circulation by means of discrete pulses with a pressure
in the ranges 70— 130 mmH g and 20— 30 mmH g for the systemic and pulmonary
arterial networks, respectively, and equal to about 10 mmH g in the veins due to
the high resistance in the microvasculature. Blood Reynolds number in arteries
ranges from about 400 (in coronaries) to about 4000 (in the ascending aorta). In
any case, the pulsatile nature of blood flow prevents full transition to turbulence
to develop.

Blood flows in compliant vessels allow the proximal arteries to store a great
amount of blood during the systole (the peak of the heart pulsatility) and the
veins to act as reservoirs. This yields the propagation of a pressure wave along
the arterial network. Vessel wall displacements are quite large, reaching up to
10% of their diameter. The vessel walls are mainly elastic; they are made of
elastin, which is responsible for the linear behavior at small displacements, and
by collagen which forms stiff fibres that induce a non-linear response at large
strains.

4 The vascular circulation

4.1 Mathematical modeling

As stated above, blood flows in compliant vessels. From a mathematical point of
view, this process can be described as a fluid-structure interaction (FSI) problem.

For the fluid (blood), well accepted hypotheses are incompressibility and
homogeneity. Its rheology could be considered Newtonian for medium and large
vessels [32] or non-Newtonian for small vessels such as coronaries or in presence
of stenosis [40].

The deformation of the vessel wall is mathematically described by the elasto-
dynamics equation. It is often assumed that a non-linear finite elastic law relates
the stress tensor to the strain, and a nearly incompressible behavior [23]. To
account for the preferred direction of the collagen fibres, anisotropic laws are usu-
ally considered. Unlike the fluid problem which is usually written in an Eulerian
framework, the vessel wall problem is generally written in a Lagrangian configu-
ration. To do so, given a function g defined in the current solid configuration Qf,
we denote by g = g o £ the same function in the reference configuration €2, with
L denoting the Lagrangian map. F = Vx is the deformation tensor, x are the
coordinates in the current configuration, J = det(F) represents the change of
volume between the reference and the current configuration. The stress tensor in
the reference configuration (First Piola-Kirchhoff stress tensor) is mapped into
the current configuration (Cauchy stress tensor), as follows: T,=JT,FT.

Figure 2 illustrates a representative situation with fluid and structure do-
mains, whose common boundary is the fluid-solid (FS) interface ¥!: it coincides
with the physical fluid boundary and the internal vessel wall boundary. The



mathematical coupled problem at each time reads as follows:

Py (%: + (v V)V) —V-Ty(v,p) =0 in O, (1a)
V-v=0 in QF, (1b)
v = 88_(: at 2, (1c)
T,(d)n = Tf(V,p)Il at Eﬂ (1d)
92d ~ 4 :
pSW_V.TS(d):() in g, (Le)
d;=d at Xt (1f)

where v is the blood velocity, p the blood pressure, Tf the (Newtonian or non-
Newtonian) Cauchy fluid stress tensor, d the vessel wall displacement, and d s the
fluid domain displacement; p; and p, denote the fluid and vessel wall densities.
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Figure 2: Representation of the fluid domain on the left and structure domain
on the right. The bulge represents an abdominal aortic aneurysm.

In the coupled problem above, together with the Navier-Stokes equations
(1a)-(1b) and the elasto-dynamics equation (1le), three interface coupling condi-
tions are identified: the kinematic condition (1c) stating a no-slip assumption
between fluid and structure particles; the dynamic condition (1d) expressing
the action-reaction principle (III Newton law); and the geometric condition (1f)
enforcing the perfect adherence between fluid and structure domains.

Problem (1) should be completed with suitable initial condition for v, d and
él, and boundary conditions. For the structure, the latter typically prescribe
at the artificial sections homogeneous Dirichlet and Neumann conditions in the
normal and tangential directions, respectively, and a Robin condition to account



for the presence of the surrounding tissue at the external surface. For the fluid
problem, classical choices prescribe for example a Dirichlet condition for the
blood velocity at the inlet and an absorbing Neumann or resistance condition
at the outlet [30]. These values could be obtained either by means of clinical
measures or by coupling the 3D model with reduced ones (1D or 0D), obtaining
the so called geometric multiscale approach [39]. In both cases, the 3D problem
is often supplemented with defective conditions which prescribe only average in
space velocity or pressure data. Suitable numerical treatments are in this case
mandatory to solve a well-posed problem [39].

4.2 Numerical approximation

For the numerical solution of the FSI problem (1), segregated algorithms are
often considered, where the solution of the fluid and structure problems are
solved separately in an iterative way. This allows to use pre-existing solvers to
solve the coupled non-standard problem.

After time discretization (e.g. BDF2 or Crank-Nicolson for the fluid and
Newmark for the structure), the fluid problem is linearized by means of a semi-
implicit approach, where the convective term is extrapolated from previous time
steps. This choice introduces a (mild) CFL-like restriction on the time step At
to preserve absolute stability. We indicate with * extrapolated quantities. Given
oy # 05, a general segregated algorithm reads as follows:

For n > 1, k > 1, at time step t" /iteration k, until convergence or k = kjqq,

1. solve the Oseen problem with a Robin condition at the FS interface:

pro

(2a)
Vv =0 in Q%
(2b)
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2. then, solve the non-linear vessel wall problem with another Robin condition
at the FS interface:
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where o and 3 are coefficients of the time discretization and the terms g account
for the quantities at previous time steps.

Due to the fact that py ~ p,, in hemodynamics the choice oy — oo, 0, = 0
and kmar = 1, i.e. the classical explicit Dirichlet-Neumann (DN) scheme used
e.g. in aerodynamics, is unconditionally absolute unstable (high added mass
effect, [6]). To obtain stable results in general, at least an implicit coupling
between the fluid pressure and the vessel wall displacement is mandatory [12].
More in general, implicit algorithms should be considered, where iterations are
solved until fulfillment of the interface conditions [38]. The convergence of the
DN scheme requires a very small relaxation parameter and thus it is very slow
[6]. To improve the convergence, suitable choices of the interface parameters o s
and o could be considered, see e.g. [2, 46].

In any case, at each iteration the fluid problem is solved in a (known) moving
domain Q;‘c This corresponds to an explicit treatment of the geometric interface
condition (1f). This choice produces stable results in hemodynamics, due to the
restrained wall displacements [12]. For its solution, the fluid problem is often
written in the Arbitrary Lagrangian-FEulerian configuration, i.e. in a frame-
work moving with the fluid domain [20]. For the reconstruction of the latter,
an harmonic extension of the geometric interface condition is usually adopted.
The corresponding fluid linear system arising, e.g., after a Finite Elements dis-
cretization could be numerically solved e.g. with projection methods [7, 43] or
block-preconditioned GMRES iterations [10].

On the other side, the vessel wall problem is linearized by means of the
Newton method and the corresponding linear system arising at each iteration of
the segregated algorithm could be solved e.g. by the coniugate gradient method
preconditioned with FETT methods [3].

Instead of segregated algorithms, a different numerical approach to solve the
FSI problem (1) is a monolithic approach, where an exact or inexact Newton
method is applied to the whole non-linear FSI problem. The corresponding full
linear system is solved by means of GMRES iterations preconditioned e.g. with
additive Schwarz methods [4], global algebraic multigrid strategies [16], or block
preconditioners [19, 9].

5 The heart

5.1 Mathematical modeling

From the modeling point of view, the heart function is the result of the inter-
action between blood flow inside the heart chambers and the electro-mechanical
activity occurring in the myocardium. Mathematically, this is an FSI problem
similar to that presented in the previous section, with F'S interface being by the
endocardium. However, a major difference is that unlike the vascular case where
the vessel wall is completely passive and its deformation is determined only by
the interaction with blood, here the structure problem has an active component



which produces the contraction. The forces generating this active component
of the displacements are provided by the electrical propagation of the action
potential.

Referring to Figure 3, left, the coupled problem occurring in the heart can
be formally written as in (1), where the FS interface is now ¥ = ¥.,4, and the
structure problem (1le) is replaced by the following electro-mechanical problem:

Pd (g n o dd |
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Figure 3: Left: longitudinal section of a complete heart domain. Right: fluid
cavity in the left ventricle.

In this problem, (4a) represents the equation of elasto-dynamics for the my-
ocardium, where TZ is the passive component of the stress tensor given by a
non-linear elastic law similar to that of arteries where however two preferential
directions (fibers and sheets) are often considered [22], and T2 is the active
component of the stress regulated by the opening of calcium channels as a re-
sponse to the depolarization. Equations (4b) used the most classical form of
the active component, which acts in the fibers direction a; and whose inten-
sity P4 depends, through ordinary differential problems represented here by A,
on the ion (in particular calcium) concentration ¢, the displacement d, and the
deformation rate d [26, 27, 17]. Equation (4c) is the classical monodomain prob-
lem to describe the evolution of the transmembrane potential V,,,, where C,, is
the membrane capacitance multiplied by the surface area-to-volume ratio, 3 the
conductivity tensor, 1°** and external applied current; I;,, are the ionic currents
whose expression is suitably modeled by means of reduced models that provide



a description of the action potential and disregard sub-cellular processes [13], or
first and second generation models that allow explicit description of the kinetics
of different ionic currents [21]; Ig4c is the current activated by the deforma-
tion and provides a mechano-electrical feedback [28]. Finally, the monodomain
problem is coupled with the systems of ordinary differential problems (4d), rep-
resenting the cardiac cells model in the gating variables w, i.e. the percentage of
open channels per unit area of the membrane, and ion concentration variables c.
A more sophisticated model alternative to the monodomain one which allows a
better description of pathological scenarios, is the bidomain model, see e.g. [8].

The coupled electro-mechanical-fluidic problem (1a)-(1b)-(1c)-(1d)-(4)-(1f)
should be completed with suitable initial conditions for V;,,w,c,v, d and d,
and boundary conditions. For the electrical problem, the latter usually prescribe
homogeneous Neumann conditions at 3., and ¥¢,q,, whereas for the mechanics
a Robin condition similar to the vascular case is prescribed at X.p;, even if more
sophisticated models of interaction with the pericardium have been also proposed
[15]. Moreover, for the electrical problem, forcing terms in correspondence of
the junctions connecting the myocardium to the Purkinje network should be
considered to account for the propagation in such a network [45, 44]. For the
fluid problem, boundary interfaces are provided by the valves (except from the
interface between atria and vascular circulation), see Figure 3, right, where the
case of the left ventricle is depicted, I';, and I';, being the interfaces with the left
atrium (mitral valve) and arterial circulation (aortic valve). In this case, another
FSI problem should be considered between blood and valve leaflets [33, 5, 18].
However, often simplified valve models have been considered in order to reduce
the complexity of the problem, see e.g. [25, 1, 11].

5.2 Numerical approximation

For the numerical discretization of the electrical problem (4c)-(4d), a special
care should be taken in the choice of time and space discretization parameters,
which should be fine enough to capture the very steep and fast propagating
electrical front. Classical numerical strategies include semi-implicit methods
where the transmembrane potential V,, is treated explicitly both in the ODE
systems (4d) and in the ionic term I;,,, [24], and operator splitting-based methods
that separate the reaction operator from the diffusive one [35].

For the electro-mechanical coupled problem (4), a possible splitting strategy
consists in solving first the electrical problem (4c)-(4d) with an explicit treatment
of the displacements, then update the active stress contribution (4b), and finally
solve the mechanics (4a) by means of Newton iterations [26]. An alternative,
more stable, scheme is obtained by updating the active stress contribution at
each Newton iteration [29]. A different scheme has been proposed in [31], where
the ODE systems (4d) are solved first, then Newton iterations are applied to the
mechanical problem (4a)-(4b), and finally the electrical problem (4c) is solved.

Once the solution of the electro-mechanical problem is obtained, it could be



coupled by means of segregated schemes with the fluid solution in order to obtain
a numerical solution of the whole coupled electro-mechanical-fluidic problem
(1a)-(1b)-(1c)-(1d)-(4)-(1f). Alternative strategies are obtained by considering
block-preconditioned monolithic solvers for the solution of the whole coupled
problem [36].

6 Conclusions

Several books, monographs and review papers have been published in recent
years for the mathematical description of the cardiovascular system, see e.g.
[34, 41, 14, 42, 8, 37], highlighting the great interest of the mathematical, en-
gineering, and clinical communities on this topic. However, many important
related fields are still far from being throughly investigated and/or have not still
been coupled with the cardiovascular system. This is the case e.g. of the venous
system, metabolic system, respiratory system, cerebro-spinal fluid circulation,
nervous system, and limphatyc system. This opens new and attractive chal-
lenges for future development of mathematical and computational methods to
have a complete representation of the cardiovascular system.
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