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Abstract. This work encompasses together a number of diverse disciplines
(physiology, biomechanics, fluid mechanics and simulation) in order to develop a
predictive model of the behaviour of a prosthetic heart valve in vivo. The applica-
tion of simulation, for the study of other cardiovascular problems, such as blood
clotting is also discussed. A commercial, finite volume, computational fluid dy-
namics (CFD) code (ANSYS/CFX) is used for the 3D component of the model.
This software provides technical options for advanced users which allow user-
specific variables to be defined that will interact with the flow solver. User-
defined functions and junction boxes offer appropriate options to facilitate
multi-physics and multi-scale complex applications. Our main goal is to present a
3D model using the internal features available in ANSYS/CFX coupled to a mul-
tiscale model of the left ventricle to address complex cardiovascular problems.

Keywords: Multi-scale models, cardiovascular modelling & simulation, me-
chanical heart valves, coupled 3D-lumped parameter models, simulation software.

1 Introduction

Modelling and simulation can be used to explore complex interactions which occur in
the human body. In order to model these biological processes, a multi-scale approach
is needed. One of the “success stories” in bioengineering is the study of the fluid dy-
namics of blood (haemodynamics) within the cardiovascular system and the relation-
ship between haemodynamics and the development of cardiovascular disease [1].
Cardiovascular models present a particular challenge in that they require both a
multi-scale and a multi-physics approach. Using finite elements for the whole system
is computationally prohibitive thus, a compromise is needed. The most sophisticated
fluid-solid interaction structures [2] provide exquisite detail in the fluid domain, but
are limited in that the boundary conditions are prescribed. An alternative multiscale
solution is to couple lumped parameter models of the boundary conditions with a fi-
nite element model of the part where detail and accuracy are needed [3]. Significant
improvement can be made in terms of the understanding of the underlying physics if
the lumped parameter approach includes more physiologically representative
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mechanisms rather than traditional “black-box” models. Usually, boundary conditions
are expressed in terms of pressure and flow. These are the macroscopic expression of
physiological or pathological conditions. These macroscopic variables can be related
to the microscopic level of the physiology/pathology through molecular/cellular
aspects of the process with the definition of a new range of variables. These new
variables will not be available to the user as normal boundary conditions, as they are
totally dependant on the level of modelling chosen for the problem under study.

2 ANSYS/CFX Special Features: Crossing the Flow Interface
Towards Biological Modelling

ANSYS/CFX is highly specialized software, built in such a way that interaction with
specific features of the solver is kept to a minimum. Whilst this is appropriate for
many applications, in order to run multi-scale applications, the user must be able to
interact with the solver at a lower level. The user needs to be able to define where,
when and how the equations and variables imposed as boundaries (i.e. mathematical
models) will participate in the solution. In this paper we describe two options which
ANSYS/CFX provides for advanced users: Command Expression Language (CEL)
functions/subroutines and Junction Boxes. We will use CEL functions/subroutines at
the flow interface to solve the equations of the boundary conditions at different scales
and Junction Boxes to provide a structure to update the variables.

Initialisation Subroutine Location specified in CFX: Start of Run
(Junction Box) Description: Definition of data areas and variables.
¢ Initial values and/or values for a restarted run

Start of Timestep Location specified in CFX: Start of Time step
> Subroutine(Junction Box) Description: Update/storage of variables @tstep

_____________* ____________ Start of coefficient Loop

Linear solution and
User CEL Function(s)

Description: Solver. CEL functions will be accessed every
time information about the boundaries is needed.

End of Coef. Loop Location specified in CFX: End of Coefficient Loop
Subroutine (Junction Box) Description: Update of variables @coefficient loop
------------------------- End of run
------------- ;—----——----—- End of Timestep
User Output Location specified in CFX: User Output
Subroutine (Junction Box) Description: Output files and values

Fig. 1. Structure of an ANSYS/CFX model using Junction Boxes and CEL Subroutines

Definitions [4]:

e CEL Subroutines: These are used in conjunction with User CEL Functions to de-
fine quantities in ANSYS CFX-Pre based on a FORTRAN subroutine. The User
CEL Routine is used to set the calling name, the location of the Subroutine and the
location of the Shared Libraries associated with the Subroutine.
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e CEL Functions: User CEL Functions are used in conjunction with User CEL Rou-
tines. User Functions set the name of the User CEL Routine associated with the
function, and the input and return arguments.

e Junction Box Routines: Are used to call user-defined FORTRAN subroutines dur-
ing execution of the ANSYS CFX-Solver. A Junction Box Routine object must be
created so that the ANSYS CFX-Solver knows the location of the Subroutine, the
location of its Shared Libraries and when to call the Subroutine.

A general form of a transient and structured model in ANSYS/CFX is shown in
Fig. 1. When solving differential or partial differential equation models as boundary
conditions for an ANSYS/CFX model the equations describing the boundary condi-
tion must be discretized in such a way that variables are solved and passed to
ANSYS/CFX at each time-step and updated within coefficient loops. Using
ANSYS/CFX functions, the value of physical quantities at specific locations of the
3D modelare passed as arguments to the boundary condition model and a specific
value is returned to ANSYS/CFX to update the boundary condition for that region.
Using this approach, the boundary conditions of the 3D model are updated at each co-
efficient loop of the flow solver, providing close coupling of the 3D ANSYS/CFX
model and the boundary condition model.

3 Case Study: Coupling a Model of the Left Ventricle to an
Idealized Heart Valve

This section describes the development of more complex boundary conditions to rep-
resent the behaviour of the left ventricle (LV). We also describe the coupling of the
LV model to a fluid-structure interaction (FSI) model of an idealized heart valve.

Input model Output model c A
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Fig. 2. Representation of the LV model and its different physical scales. Cardiac contraction
starts at protein level in the sarcomere. Protein contraction produces tension in the cardiac wall
that then is translated into pressure.
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Fig. 2 shows the sub-levels of organisation of the ventricle that are taken into ac-
count to give a “more physiologically realistic” model of the LV. Following the pro-
cedure described in ex vivo isolated LV preparations, a constant pressure source is
connected to the ventricle via the mitral valve (input model). The blood fills the LV
(output model) and ejects a volume of blood into the arterial network via the aortic
valve. Contraction in the cardiac muscle is described starting from the microscopic
level of contractile proteins (actin and myosin), up to the tissue (muscle level) and to
the LV level to finally reach the haemodynamic part of the LV and its arterial load.

3.1 A Multi-scale Model of the Left Ventricle

The contractile proteins (actin and myosin) acting at the level of the sarcomere pro-
duce cardiac contraction. These slide over each other [5], attaching and detaching by
means of cross-bridges, to produce shortening of the sarcomere and hence contraction
of the ventricular wall (Fig. 2). To represent the chemical reaction from the detached
state (Xp) to the attached one (X,) and vice-versa we use the simplest model available:
ka
X, X, (D
ka
The periodically varying kinetic constants of attachment and detachment are k, and k.
The chemical potential of a thermodynamic system is the amount by which the energy
of the system would change if an additional particle were introduced, with the entropy
and volume held fixed. The modified Nernst formula provides a first approximation:

#, =(A, +B,(T)in(x,))B(,) )

Uy =A,+B, (T)ln(XD) 3

The only non-classical feature is the  factor of equation (2). For a more detailed ex-

planation, the reader is referred to [6],[7]. Using the usual expression of the reaction
rate in chemical thermodynamics, the reaction flow may be expressed as:

dX ,

dt

= kA (t) e(#d—Ad )IBy kD(l)- e(#a—ﬂAa)/Ba @
This can be reduced to the following expression:

Ch k(0= X )=k, 00X, 1) ®

We can now relate the chemical and mechanical aspects of the model, to describe the
chemo-mechanic transduction in the cardiac muscle. A single muscle equivalent to all
the muscles of the heart is considered. Its length is /,, and X}, is its number of attached
cross bridges. Neglecting the energy in free cross bridges, the energy of the muscle is
given by:

Em :Em(lm’XA) (6)
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The mechanical power is obtained by derivation:

(N

JoE,, dl, +8Em ax , ¥ X
= —_— = Vv
m alm dt aXa dt mYm “’a A
As shown in equation (7), the mechanical force is obtained by derivation of the en-
ergy equation of the muscle with respect to the attached cross-bridges (Ey) and the

length of muscle fibers (/,,).
fmZEX(XA)E'a (lm)+(1_EX(XA))E') (lm) (8)

E’, and E’, are respectively, the derivative of the energy of the muscle in active (a)
and resting (r) state respect to /,, and they are expressed as functions of the muscular
force f,,. Full details of the formulation and assumptions may be found in [6],[7]. In
our model, the cardiac chamber transforms muscular force into pressure and volumet-
ric flow into velocity of the muscle. We assume an empiric relationship @g between
volume Q;y and equivalent fibre length /,,

0y (1)= 6 (1, (1) & 1, (1) = 95 (Qu (1)) ©)

Assuming ¢ is known and by differentiation of (9), a relationship between the veloc-
ity of the muscle dl,/dt and the ventricular volumetric flow dQ;,/dt is obtained:

do,( _  dl,

10
dt S dt (19)

Where yg =ys(Q,y) is the derivative of g with respect to [,,. If the transformation is
power-conservative, mechanical power (depending on muscular force f,,) =hydraulic
power (depending on pressure P).

dQl v dlm

=N- m 11
dt N1 dt an

P

Where we have supposed that pressure P is created from the forces of N identical fi-
bres. Equation (12) is then obtained:

— 1
P=t=N.f, (12)

A simple multi-scale model of the left ventricle has been presented, starting from the
mechanisms of cardiac contractions at the protein scale. In our case, the ventricular
pressure P defined (12) will be the input to the 3D model shown in the next section.

3.2 Computational Model of the Mitral Valve and Coupling with the LYV Model

The computational approach presented here is based on the use of a fluid-structure in-
teraction model, built within ANSYS/CFX v10. It describes the interaction of a
blood-like fluid flowing under a pressure gradient imposed by ventricular contraction,
and the structure of a single leaflet valve. A generic CAD model, consisting of a flat
leaflet (the occluder) which moves inside a mounting ring (the housing), was built to
represent the geometry of the valve (Fig. 3). The thickness of the disc-shaped
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occluder is h=2 mm and its diameter is d=21 mm. In the fully closed position, the gap
between the mounting ring and the occluder is g=0.5 mm. The movement of the oc-
cluder is considered to be purely rotational, acting around an eccentric axis situated at
distance from its centroid (OX axis). The occluder travels 80 degrees from the fully
open to the fully closed position,. To complete the CAD model, two cylindrical
chambers were added to represent the atrium and ventricle. The atrial chamber, posi-
tioned in the positive OZ direction, is 66 mm in length whilst the ventricular chamber,
positioned in the negative OZ direction, is 22 mm in length. Only half of the valve
was considered in the 3D model. Blood is considered an incompressible Newtonian
fluid with density p =1100 kg/m3 and dynamic viscosity u=0.004 kg/ms.

The unsteady flow field inside the valve is described by the 3D equations of conti-
nuity and momentum (13) with the boundary conditions suggested by Fig. 3 (left).

o

p§+(ﬁ.V)ﬁp:—Vp+,uAﬁ;V-ﬁ=0 (13)
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Fig. 3. Left: CAD model and boundary conditions: Snapshot of CFXPre implementation. At
the inlet the ventricular pressure (P) is coming from the ventricular model. A constant pressure
is applied at the outlet. Right: General representation of a rigid body demonstrating the princi-
ples of fluid-structure interaction and rotation of a leaflet. The variables are defined in the text.

The principle used to model the fluid-structure interaction is outlined in Fig 3 (right).
The occluder rotates under the combined effects of hydrodynamic, buoyancy and gravi-

tational forces acting on it. At every time step, the drag, fp , and lift, fp‘ , forces exerted
by the flowing fluid on an arbitrary point P of the leaflet’s surface, are reduced to the
centroid, G. The total contribution of drag, FG , and lift FG” are added to the difference

between the gravitational and buoyancy forces. Conservation of the kinetic moment is
imposed, resulting in the dynamic equation that describes the motion.

dl9=w'0,ddt+%dt2 (14)
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In equation 14, d@ represents the leaflet’s angular step, dt is the time step, @

C

1 1s the

angular velocity at the beginning of the current time step and M is the total momen-
tum acted on the leaflet from the external forces:

M:rG[FGZsin6’+(FGy—G+A)COS‘9] (13)

The total moment of inertia is J=6.10° kg.m?.
Some simulation results of the model are shown in Figure 4:
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Fig. 4. Left: Closure degree vs. time. Right: Ventricular pressureand Volume vs. time.

It is interesting to notice that from the implementation point of view, closure is
continuous and smooth, although when compared to experimental data, closure time
is too long [8] and closure is reported too early during systole. This could be due to
several reasons, including an insufficient pressure rise and/or an overestimation of the
mass of the occluder. This issue is being addressed and will be the object of a future
publication. As automatic remeshing tools are not available in the software, remesh-
ing was carried out by hand and the simulation was stopped several times before full
closure. Re-start and interpolation tools are available within the software and are ap-
propriate to tackle this particular problem. A restriction in the use of the commercial
software chain is that efficient implementation of an automatic remeshing capability
is very difficult without close collaboration with the software developers.

4 Towards Other Biological Applications

Another feature of the ANSYS/CFX solver enables the user to define additional vari-
ables which can be used to represent other properties of the flow field. Previous work
described the use of such additional variables to model the change in viscosity of
blood during the formation of blood clots [9]. This is based on the work of Friedrich
and Reininger [10] who proposed a model of the clotting process based on a variable
blood viscosity determined by the residence time of the blood t, the viscosity at time
0, wo, and the rate constants k; and k,, which are dependent on thrombin concentra-
tion. Fluid residence time can be modelled within ANSYS/CFX by the introduction
of an additional variable which convects throughout the fluid domain. A source term
of 1 is defined for the additional variable, resulting in the value of the additional
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variable for each element of the fluid increasing by a unit for every unit of time that it
remains within the domain. A model of blood clotting was implemented within CFX
5.5.1 using an additional variable, labelled AGE, to represent the residence time. Due
to the method of implementation in CFX, the residence time is expressed as a density
and has units of kgm™. Additional user functions allow the viscosity of the fluid to be
defined as a function of the additional variable. Whilst this is a very simple model, it
demonstrates the power of custom routines that can be utilized in such modeling. This
technique has possible applications for other convective-diffusive processes.

5 Conclusions and Perspectives

In this paper, we presented a multi-scale and fully coupled model of the LV with a 3D
model of the mitral valve in ANSYS/CFX. The preliminary results are encouraging.
Use of advanced features of the software allows describing biological applications. A
second application demonstrates the versatility of the software.
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