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Abstract: The study of valve asymmetry represents an important avenue for modern cardiac surgery.
The correct choice of leaflet reconstruction may indicate a new path in the quality and long-term sur-
vival of patients. A systematic investigation was performed with a total of 25 numerical simulations
using a healthy ventricle and an ideal valve with varying degrees of valve asymmetry. An overall
assessment is made in terms of vorticity, kinetic energy, dissipated energy, and hemodynamic forces.
The results indicate that the optimal asymmetry to consider for a valve repair or prosthetic design is
between 0.2 and 0.4 with an optimal point of about 0.3. Out of this range, the heart is subjected to an
excessive workload, which can only worsen the patient’s state of health.
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1. Introduction

The function of the mitral valve (MV) is to allow and regulate the correct access of
blood into the left ventricle (LV). The MV has a characteristic elliptical shape and is com-
posed of an annulus and two leaflets, posterior and anterior, respectively. Its function is
crucial for correct ventricular functioning as it directs the flow within it, ensuring correct
mixing and redirection of blood towards the aorta in healthy conditions. On the other hand,
in pathological conditions, the leaflets of the MV have prolapsed and a quantity of the
blood is regurgitated into the atrium during the systole. Depending on the different types
of mitral regurgitation (MR) [1], there are different therapeutic solutions; in particular, in
the cases of severe MR, the therapy is usually a cardiac surgery for valve repair or, less fre-
quently, valve replacement with a prosthesis. Over the years, different methods have been
developed to treat this pathology. The first option was the substitution with a mechanical or
biological prosthetic valve; this, however, brings along several complications [2,3]. To date,
the recommended treatment for degenerative mitral valve disease is mitral valve repair
(MVR), as opposed to valve replacement with a biological or mechanical valve, because
surgical valve reconstruction is associated with improved event-free survival [4,5]. Surgical
MVR is the gold-standard therapeutic procedure for patients with degenerative mitral
valve regurgitation [4,6] and follows two fundamental principles: restoring a good surface
of leaflet coaptation and correcting for annular dilatation [4,7]. Transcatheter solutions
represent additional options that are currently recommended only in patients at risk [5,8,9].
Although the reparation is the gold standard, endovascular replacement is expected to
increase with the improvement in and availability of endovascular prostheses. One im-
portant point to consider during the planning of valve repair or for the good design of a
valve prosthesis is the identification of the appropriate range of valve asymmetry [10]. The
present study uses the approach of direct numerical simulation (DNS) to provide indication
of this range. Several techniques have been introduced in the literature to overcome the
numerical difficulties due to the movement of the numerical domain, including the formu-
lations of space-time finite elements, immersed boundary methods, the method of level sets,
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the fictitious domain method, unfit finite elements and the arbitrary Lagrangian–Eulerian
formulation (ALE) [11–14]. The numerical method, used in this work, was extensively
employed in previous studies, and technical details are described in a dedicated method-
ological validation study [15], where the valvular dynamics were compared with that
obtained with complete fluid–structure interaction [16]. In a previous study [10], the proper
range of valve asymmetry is investigated in terms of false and effective regurgitation, as
well as a thorough distribution of washout in healthy, pathological, and repaired cases
with different levels of valve asymmetry. Therein, the physiological degree of asymmetry
was found to be associated with small regurgitation and a proper ventricular wash-out for
normal ventricles. This work follows up to provide a more comprehensive assessment and
indication of the proper range of valve asymmetry to be used for a repair or prostheses
design, and we extend the previous study and analyze the results from an energetic and
mechanical point of view by investigating how valve asymmetry affects hemodynamic
forces and the amount of kinetics energy produced and dissipated.

2. Materials and Methods
2.1. Geometries

A total of 25 numerical simulations were performed and analyzed using the same
healthy LV for 25 MVs, each with a different degree of valve asymmetry. The time-varying
geometry of a healthy LV has been extracted from 3D echocardiography; the moving borders
were obtained by a semi-automatic procedure within a dedicated software (4D LV analysis,
Tomtec Imaging Systems GmbH, Unterschleissheim, Germany). At every instant, the entire
LV endocardial surface is described by its 3D coordinates, which are then interpolated on a
structured mesh made of 768 points along the circumference and 384 points from the base to
the apex. LV geometry during all phases of the heartbeat is described by the position vector
X(ϑ, s, t) of its endocardial surface, where the structured parametric coordinates (ϑ, s) run
along the circumference and from base to apex, respectively, and t is time. The position
vector marks the material points of the LV, and their velocity is obtained from temporal
differentiation. The LV clinical parameters are: End Diastolic Volume (EDV) = 139 mL, End
Systolic Volume (ESV) = 53 mL, Stroke Volume = 86 mL, Ejection Fraction (EF) = 62%, and
E/A = 1.5.

A controllable geometry of the MV is obtained from an ideal model through a mathe-
matical description introduced in a previous study [17]. The radius of the valve, R = 1.5 cm,
is kept constant (to adapt to the LV geometry) and with the normal elliptical shape (a pa-
rameter that describes the ratio between the length of the flaps in the two perpendicular
directions set at a value of 1/3). The asymmetry of this valve is described by a dimen-
sionless parameter ε that mimics the difference in length between the anterior and the
posterior leaflets, normalized to their sum [17]. The asymmetry is modified starting from
an extreme value ε = 0.6 to the opposite extreme ε = −0.6, where the lengths of the anterior
and posterior leaflet are (1 + ε)R and (1− ε)R, respectively. The analysis varies with
continuity, with 25 positions selected with increments ∆ε = 0.05 between the two extreme
values. In Figure 1, we show the complete geometry (a) with the semi-open valve at an
instant indicated in the volume rate curve (b) and two MVs with asymmetry configurations,
which are ε = 0.6 and ε = −0.6 (c,d). The MV geometries are reorganized for convenience
in terms of another pair of parametric coordinates (ϑ, s), where s ranges from zero at the
annulus to 1 and the trailing edge ϑ is the azimuthal angle.
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Figure 1. LV geometry (a) and its dV/dt curve (b). Ideal MV in semi-open configuration for ε = 0.6
(c) and ε = −0.6 (d), respectively.

The intermediate geometric configurations are reconstructed considering the two
leaflets as moving independently of each other and each one associated with a degree of
opening, say ϕ1(t) and ϕ2(t), for the anterior and posterior leaflets, respectively, that range
from zero (closed leaflet) to π

2 (fully open). Therefore, the valve is mathematically described
by its coordinates Xv(ϑ, s, ϕ1, ϕ2). This parametric expression represents a two-dimensional
set of all the possible valve configurations that are preliminarily calculated depending on
two degrees of freedom (the opening degree of the two leaflets) between a fully closed
configuration, Xv(ϑ, s, 0, 0), when both angles are 0 and a fully open Xv(ϑ, s, π

2 , π
2 ) when

both angles are π
2 . The dynamic equation of the leaflet-opening angles was obtained by

the constraint that the motion of the leaflet surface must match the velocity of the fluid
at the position of the same surface; a brief description is given below. A comprehensive
description and verification of the computational method, including a comparison with
a fluid–structure interaction model with a given set of tissue parameters, are reported
elsewhere [15]. In synthesis, the valvular leaflets are assumed to move with the flow with
no elastic resistance other than the constraint of remaining in the set of configurations
described by the two degrees of freedom. Under this assumption, the leaflet dynamics
are obtained by least-squares minimization of the difference, integrated over the valvular
surface Av, between the fluid and the valve velocity component normal to the valvular
surface. The result is a system of linear equations whose ith term reads[∫

Av

(
∂Xv

∂ϕi
· n
)(

∂Xv

∂ϕj
· n
)

dA

]
dϕj

dt

=
∫

Av
(v · n)

(
∂Xv

∂ϕi
· n
)

dA (1)

where v is the fluid velocity and n the local normal to valvular surface. i = 1, 2, for the
2 degrees of freedom MV, and summation over j = 1, 2 is implicitly assumed. The dynamic
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model described by system (1) represents an asymptotic limit of the loosest MV within the
prescribed two-dimensional set of geometric configurations; as the model reproduces an
asymptotic behavior, it does not require the introduction of mechanical parameters of the
tissues that would otherwise be necessary for solving the momentum equation for the solid.
On one hand, this is an advantage for applications where such properties are not available
or cannot be measured; on the other, this model represents an approximation with respect
to a complete calculation with fluid–structure interaction. This simplifies the solution that
is aimed to reproduce the main properties of the LV fluid dynamics in the presence of
a moving MV, assumed to have loose moving elements when the general properties of
the valvular structure are not available. The absence of papillary muscles and chordae
tendineae represent a limitation of the model. Here, the unidirectional valvular flow,
avoiding the valve from opening towards the atrium, is ensured internally by the constraint
on the degree of freedom that plays a surrogate function for the chordae tendinae. On the
other hand, the presence of these anatomical structures inside the ventricle may influence
the flow; however, the direct influence of these thin elements is expected to be marginal,
and it was not evidenced in detailed analyses of blood flow recorded “in vivo” [18,19].
In this regard, this study has been extensively validated with an FSI model [15,16] and
subsequently with a previous study [10] showing the homogeneity of the ideal MV with
the real one and its movement. In the study by [20], it is shown how the presence of the
chordae tendineae is not influential in the numerical simulation; the models with and
without the cords showed similar results, and the essential thing is that the movement
is faithfully reproduced, which was amply demonstrated for our cases [10,15,21–26]. A
systematic analysis of the properties and limitations of such valvular modeling for flow
simulation is reported in a dedicated methodological study [15]. The aortic valve, which is
downstream of the LV flow fields, is modeled as a simple orifice with a surface that is either
open or closed. This simple orifice model is represented by a surface that opens when two
conditions apply: the MV is closed and the average normal velocity at the valve position
is directed toward the aorta, and it is closed otherwise. In this way, it is not necessary
to prescribe the open or closed state of the valve from global considerations because the
exact start-to-end times of systole and diastole can be difficult to precisely define under
pathological conditions. This AV model includes an explicit influence of the MV on the AV
dynamics; on the other hand, the MV dynamics depends directly on the flow and by the
fact that the AV is open or closed.

2.2. Fluid Dynamics

The numerical method is extensively described and validated in a dedicated method-
ological study [15], where the valvular dynamics are compared with those obtained by
complete fluid–structure interaction [16]. In this section, we briefly recall the main points of
the method used. The intraventricular fluid dynamics is evaluated by numerical solution
of the Navier–Stokes and continuity equations

∂v
∂t

+ v · ∇v = −∇p + ν∇2v, (2)

∇ · v = 0; (3)

where v(t, x) is the velocity vector field, p(t, x) is the kinematic pressure field and ν is
the kinematic viscosity (assumed 0.04 cm2/s). The solution is achieved by the immersed
boundary method in a bi-periodic Cartesian domain as described in previous studies,
e.g., [10,15,21,24,27]. Time advancement is achieved using a fractional step method as
follows. Velocity is preliminarily advanced in time by the Navier–Stokes Equation (2)
using a low-storage, third-order Runge–Kutta explicit scheme. Boundary conditions are
set on the moving immersed boundaries that comprise the ventricle geometry and valve
surface inside a bi-periodic domain with a grid made 128 × 128 × 160 points and 8192 time
steps per heartbeat. Then, the velocity is corrected by an irrotational field that projects the
preliminary solution on a divergence-free vector field space.
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2.3. Kinetic Energy and Dissipation Rate

The kinetic energy (KE) of the blood reflects a fundamental component of the work
performed by the LV [28,29], and it is computed as follows

KE(t) =
ρ

2

∫
V

v2 dV, (4)

where V(t) is the ventricular volume, v the modulus of the velocity, and ρ the blood density.
The KE dissipation rate

D(t) = ρν
∫

V
Sij

∂νi
∂xj

dV, (5)

where S is the rate of deformation tensor and ν is the kinematic viscosity, provides a
measure of the efficiency of blood flow and it is an indicator of ventricular function [25,30].

2.4. Vorticity and Vortex Formation Time

The formation of the vortex and its orientation inside the ventricle influence the correct
course of the flow throughout the cardiac cycle until its expulsion [27,31]. The computation
of the average vorticity inside the ventricle is

ω =
1
V

∫
V
|ω| dV, (6)

where ω(t) = ∇ × v is the vorticity vector field. The vortex formation time (VFT) is
an important parameter used for the evaluation of LV function [32]; this dimensionless
parameter is computed as

VFT =
∫

TE

D−1 vMVO dt, (7)

where vMVO is the mean velocity across the MV orifice [10,21], D the average diameter,
and TE is the diastolic E-wave period. This parameter measures the quality of the vortex
formation process and optimal LV filling. Recent studies [33] have shown that the optimal
range is 3 ≤ VFT ≤ 4, although a value up to 5 is also considered acceptable [34]. High
values are associated with the breakdown of the forming vortex and turbulence, while
lower values correspond to suboptimal propulsion [35].

2.5. Hemodynamic Forces

The forces exchanged between blood and the surrounding tissues have special rele-
vance in ventricular function as they are found to have a role in modulating the response
to morphogenesis in embryonic hearts [36], as well as to pathologies in adult hearts [37].
In particular, the hemodynamic force (HDF) is the global force exchanged that is made by
the integral of the intraventricular pressure gradient and to a minor extent, of the viscous
forces. HDF depends on the intraventricular flow and may help reveal a sub-optimal
cardiac function when contraction or relaxation does not develop in association with a
proper intraventricular pressure gradient. The HDF vector is obtained by the integral over
the volume of the force density that is on the right side of (2) and can be computed by

F(t) = ρ
∫

V(t)

[
∂v
∂t

+ v · ∇v
]

dV. (8)

The volume integral in Equation (8) can also be rewritten, with the aid of the Gauss
theorem, as a surface integral and evaluated from the dynamics of the endocardial boundary
and the exchange of momentum across the mitral and aortic orifices [38]. This gives a
formula equivalent to (8) that reads

F(t) = ρ
∫

S(t)

[
x
(

∂v
∂t
· n
)
+ v(v · n)

]
dS, (9)
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where S(t) is the closed surface bounding the volume, comprising both the tissue and the
valvular orifices, and n is the outward unit normal vector. The second expression (8) is
often simpler to compute numerically and is used here.

3. Results
Fluid Dynamics, Vortex Formation, and Energetic Analysis

Before discussing the results, in Figure 2, we show the dV/dt curve obtained from
the LV geometry superimposed to the diastolic flow rate measured across the MV in the
two limit cases: LV with MV (ε = 0.6 and ε = −0.6, respectively). The three curves are not
distinguishable as they overlap almost exactly; this preliminary validation test is aimed to
confirm the consistency of the numerical results and the equality of the amount of blood
entering for all cases to verify that any variation is imputable to the MV asymmetry only.

Figure 2. Velocity field of MV with (a) ε = 0.6, (b) ε = −0.6; flow field of MV with (c) ε = 0.6,
(d) ε = −0.6 as indicated in the box of the dV/dt curve (e); the normal vorticity is shown in red to
blue color from −200 units to 200 units (cm/s) equal to the inverse of the heartbeat period and the
velocity vector (every 4 grid points) on a longitudinal plane crossing the center of MV of the aorta
and the LV apex; the three-dimensional gray surfaces represent one isosurface of the λ2 parameter.

In Figure 2a,b, we show the directionality of the diastolic flow inside the ventricle in
the two limit cases (ε = 0.6 and ε = −0.6), and a more complete view of the intermediate
points is shown in a previous study [10]. As seen in the previously mentioned study, a valve
with positive asymmetry directs the flow to a physiological rotation with its extreme shape
shown in Figure 2a; in the case of negative asymmetry, the direction of the flow is reversed
and increases its velocity, which maintains the reversed flow direction during the entire
filling phase. A very positive asymmetry highlights the predominance of the posterior
leaflet with a very deviating flow toward the posterior wall; as we approach a more balanced
direction between the two leaflets, the flow takes a more regular and physiological direction,
while negative asymmetry reverses the flow direction and makes the valve behave as if
it were reversed. This demonstrates qualitatively how the leaflet’s asymmetry affects the
direction of the flow. In Figure 2c we show the formation and direction of the vortex



Fluids 2022, 7, 293 7 of 12

ring in case with ε = 0.6. Compared with an ideal healthy case [10,15], the vortex is
inclined and directed towards the left wall of the LV similarly to various pathological valve
cases [10,21,23]. Instead, in Figure 2d, the flow is inverted (ε = −0.6), the vortex breaks very
early, and the vorticity increases due to the generation of turbulence inside the LV.

This point is supported by the result shown in Figure 3a reporting the ωEpeak values
that are higher for ε− and decrease as the curve transits towards ε+. This is also confirmed
by the VFT values in Figure 3b. These results indicate how effectively an MV with ε−
actually affects the ability of the LV to redirect flow to the systolic outlet. In fact, the VFT
reaches more physical values when it approaches the direction of positive asymmetry,
showing how good ventricular functionality corresponds to the correct distribution of the
flow. Taking into account the values published in a previous work [22] and the existing
literature [32–35], we identify an optimal range between ε = 0.15 and 0.6, considering that
after ε = 0.4, fairly stationary values are found.

Figure 3. Graphical representation of (a) diastolic peak values of mean vorticity and (b) VFT values
for different valve asymmetry.

The same behavior is found in terms of KEEpeak , as shown in Figure 4a. The KEEpeak is
higher for ε = −0.6 and the distribution of these values for each level of valve asymmetry
follows the same trend as in Figure 3. This production of KE is due to the higher mitral
jet velocity in line with the orientation of the flow and the vorticity produced. When the
valve asymmetry is reduced, the quantity of KEEpeak decreases until it returns to a more
physiological value. Furthermore, in this case, there is an evident transition between
positive and negative asymmetry. From the literature, it is easy to identify a normal range
from the experimental observation performed with 4D Flow MR; this value is between
6± 0.6 for control cases [28] and 8.9± 1.1 for athletes [39]. The energy dissipation rate,
DEpeak , also follows the same trend and is in line with the existing values [22,40]; eventually
from these results, the optimal values for valve asymmetry appear above ε = 0.2.
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Figure 4. Graphical representation of (a) diastolic peak values of KE and (b) D for different valve
asymmetry.

Figure 5a–c report the three components of the hemodynamic force during the E-
wave curve. In panel (a), it can be seen how the sign of the x-component, Fx, where the
x-axis is the lateral direction along the ideal line connecting the two valves, is largely
affected by the asymmetry level until changing its sign. This is due to the different lengths
and positions that the leaflets assume in different asymmetrical conditions. To confirm
this, there is literature that describes the E-wave of the HDFs in the direction of x as
positive [37,38,41–43], thus again marking the choice of ε− in a valve repair or design as
non-physiologic. In the transverse direction, Fy values are similar and do not vary much;
this is desirable since this direction is not directly affected by the valve movement. In the
longitudinal direction, on the other hand, an increase in Fz can be noted in the ε− cases.
This increase is not very high from the point of view of normality [44], but it may become
relevant when it is a result of a valve repair or replacement. The ε+ values are in line
with the literature for healthy cases, while the ε− values are in line with the literature for
healthy athletes and therefore require a trained heart [41,43]. A patient who undergoes
cardiac surgery usually has a heart with very variable EF and dysfunctions dictated by
valvular pathology. Repairing or replacing an MV with a non-physiological degree of
valve asymmetry could induce higher stress to the ventricular tissues. This is important
because the presence of the physiological components HDF support the correct redirection
of blood from the MV towards the LV outflow tract, which does not occur in ε− cases.
These results are summarized in Figure 5d–f, where the absolute values at peak systole
are reported for different valve asymmetry. values This figure is useful for identifying the
range and the optimal asymmetry value. In |FxEpeak |, there is a minimum point at ε = 0.3,
which corresponds to the asymmetry level that produces no lateral thrust, therefore, where
the intraventricular pressure gradient is directed—on average—from the base to the apex.
The transversal force |FyEpeak | presents a variation in values that is minimal, irrelevant,
and fairly constant for all ε+ cases, while the longitudinal force, |FzEpeak |, displays a rapid
decrease up to ε = 0.3 and then moves into a stationary phase.
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Figure 5. Graphical representation of HDF E-wave curve for different valve asymmetry of (a) Fx,
(b) Fy and (c) Fz projections. Green color represent the SD of ε+, blue line ε = 0, red color the SD of
ε− and black line the mean value for ε+ and ε−, respectively. Graphical representation of the HDF
peak for different valve asymmetries of (d) |Fx|, (e) |Fx| and (f) |Fx| projections. Green represents
ε+, blue represents ε = 0, and red represents ε−.

4. Conclusions

The evaluation and determination of the proper valve asymmetry are crucial in car-
diac surgery because a correct repair or a correct valve implant substantially increases
the possibility of a long and better quality of life [45,46]. In a previous study on valve
asymmetry [10], it was shown that an MV with negative asymmetry behaves like a turned
MV. Those results show how the different asymmetrical positions of the leaflets and their
length influence the flow direction inside the LV, affecting the amount of blood regurgitated
in the atrium during systole in healthy, pathological, and repaired MV conditions. The
ideal range is identified therein between ε = 0.2 and ε = 0.4 based on a global assessment
of the ventricular washout. With this study, we extend the analysis including energetic
and dynamic assessments using a different healthy LV. After verifying and confirming
that the ventricular flow trend is equal to the previous study, we also verified the vortex
formation and the vorticity generated in different situations of valve asymmetry. The
results show how an ε− produces inverted flow and a vortex breaking early, generating
high vorticity, which, associated with VFT, indicates the ventricular difficulty of directing
the flow towards the systole, such that the ventricle is more stressed and fatigued. Con-
sequently, high and non-physiological values of KE and D also confirm this and decrease
with the reduction in ε until more natural values of ε+ are obtained. The HDFs further
highlighted this gap between ε− and ε+ in an evident way in the Fx component, where
the length and position of the two leaflets influence the orientation of the diastolic curve,
making it non-physiological for ε− and positive for ε+. In a more detailed way, the Fz
component shows that the negative asymmetry values produce values similar to each
other and comparable to an athlete’s heart that does not find comfort, as occurs in patients
who undergo these surgical practices in non-optimal conditions even with a preserved EF.
The diastolic function of the LV plays an important role in cardiac physiology. Lusitropia,
the ability of cardiac myocytes to relax, is affected by both biochemical events within the
myocyte and biomechanical events in the LV [47]. An abnormal diastolic function has
been recognized in many cardiovascular diseases and is associated with worse outcomes,
including total mortality and hospitalizations for heart failure [48]. These results show
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how ε− negatively influences diastolic function, indicating that MV repair or replacement
in this direction has to be avoided. The optimal range of ε is between 0.2 and 0.4 with
an optimum point of about 0.3. Despite the modeling limitations of the analysis, optimal
values of asymmetry agree well with physiological values of asymmetry, as visible from the
length of MV leaflets in healthy subjects [49]. The computational model used here should
not be confused with an FSI model, primarily because it does include the elastic proper-
ties of the tissues that would be required to solve the momentum equation for the solid
elements. Therefore, it describes an asymptotic behavior only and was designed to provide
a relatively straightforward application of LV flow simulations in clinical conditions when
the mechanical properties of tissue are not available or cannot be extrapolated. To reach
this objective, the model includes a number of simplifications that correspond to a series
of limitations that are described in a previous methodological article [15]. However, this
model is already used and validated in the clinical setting for the evaluation of various
physiological and pathological conditions [10,15,21–23,50]. Our results provide an indica-
tion before surgery, which can make it clearer to surgeons which type of valve asymmetry
to use for a correct valve repair/replacement and above all what to expect in the case of a
different solution. This could be a great help in preventing disastrous consequences and
in directing the patient towards an optimal clinical condition. A limitation of this study
is the lack of extension to cases with pathological LV; this is a deliberate choice to make a
first complete valvular analysis. This evaluation will be extended to several LV cases in a
subsequent study.
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