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a b s t r a c t
The mechanics of the mitral valve (MV) are the result of the interaction of different anatomical structures
complexly arranged within the left heart (LH), with the blood ﬂow. MV structure abnormalities might
cause valve regurgitation which in turn can lead to heart failure. Patient-speciﬁc computational models
of the MV could provide a personalised understanding of MV mechanics, dysfunctions and possible interventions. In this study, we propose a semi-automatic pipeline for MV modelling based on the integration of state-of-the-art medical imaging, i.e. cardiac magnetic resonance (CMR) and 3D transoesophagealechocardiogram (TOE) with ﬂuid–structure interaction (FSI) simulations. An FSI model of a patient with
MV regurgitation was implemented using the ﬁnite element (FE) method and smoothed particle hydrodynamics (SPH). Our study showed the feasibility of combining image information and computer simulations to reproduce patient-speciﬁc MV mechanics as seen on medical images, and the potential for
eﬃcient in-silico studies of MV disease, personalised treatments and device design.
© 2019 The Authors. Published by Elsevier Ltd on behalf of IPEM.
This is an open access article under the CC BY license. (http://creativecommons.org/licenses/by/4.0/)

1. Introduction
The mechanics and function of the mitral valve (MV) depend
on the interaction of different anatomical structures – annulus,
leaﬂets, chordae tendinae and papillary muscles (PMs) – complexly
arranged within the left heart (LH), with the blood ﬂow. Structurally, the two MV leaﬂets are attached to the valve annulus, at
the junction between the left atrium (LA) and left ventricle (LV)
[1]. The role of the MV is to open during diastole and close in
systole, thus allowing unidirectional ﬂow from the LA into the LV.
Structural abnormalities of the MV or functional abnormalities of

List of Abbreviations:: AoV, Aortic valve; CMR, Cardiac magnetic resonance;
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ventricular outﬂow tract; MR, Mitral regurgitation; MV, Mitral valve; MVR, Mitral
vortex ring; PMs, Papillary muscles; SPH, Smoothed particle hydrodynamics; SV,
Stroke volume; TOE, Transoesophageal echocardiography; WH, Whole heart.
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the LV might result in abnormal leaﬂet closure during systole and
regurgitation of blood back into the LA, which in turn leads to
chronic LV volume overload and possibly evolving into heart failure
over time [2].
Open-heart surgery MV repair or replacement remains the standard of care for these cases [3], although, in the past decade, considerable efforts have been devoted to the development of less
invasive (i.e. transcatheter) techniques [4–7], with several devices
currently under development. Widespread use of such devices as
seen for the aortic valve has not yet been achieved due to the
complexity of the MV architecture, which makes it diﬃcult to approach via catheter. In addition, MV disease is characterised by a
wide spectrum of aetiologies, thus complicating the diagnosis and
requiring an individualised approach in treatment selection (repair
or replacement, interventional or surgical) [4,8]. In this context,
computational models could offer a thorough evaluation of structural and hemodynamics factors of disease and potentially predict
the outcomes of each procedure, thus providing a desirable preprocedural planning tool to enhance safety and eﬃcacy [9–12].
Indeed, ﬂuid–structural interaction (FSI) models which take
into account the complex MV structure and function have been
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proposed over the last decade. Mesh-based FSI methods – the
ﬂuid mesh is ﬁxed and the ﬂow/structure interface is indirectly
deﬁned by altering the equilibrium equations [13] – based on the
Arbitrary-Lagrangian–Eulerian formulation were ﬁrst introduced
by Kunzelman et al. [14] on an idealised MV and further tested by
Lau et al. [15] on an anatomically sized MV in an idealised LV geometry to simulate MV edge-to-edge repair [16]. A patient-speciﬁc
MV model was ﬁrst reported by Ma et al. [17] with the immersed
boundary method [18] implemented to simulate MV function with
physiological, dynamic transvalvular pressure loads. The model
has been extended in subsequent works from the same group by
including a transversely isotropic material constitutive model for
the MV tissue [19], and a patient-speciﬁc LV with an active and
passive material model [20–21].
The main limitation of such mesh-based FSI methods [22,23] is
the lack of complete valve coaptation at systole. To overcome
this, mesh-free methods such as smoothed particle hydrodynamics
(SPH) have recently been proposed that allow simulation of complex physical problems, involving large deformation, ﬂuid ﬂow and
FSI [24]. A MV FSI model achieved by using SPH and ﬁnite element
(FE) was ﬁrst validated by Toma et al. [25,26] against an in-vitro
setup and used to simulate the impact on regurgitation of different chordal ruptures. SPH-FE was also adopted by Mao et al. [27] to
investigate both the aortic valve and MV structural responses and
the LV hemodynamics in a realistic LH model during the entire cardiac cycle.
In this study, we present a workﬂow to set up a patient-speciﬁc
FE-SPH model built by combining in vivo 3D anatomical patient
data from different image modalities, and that can provide detailed
information on both LH and the MV structures with personalised
boundary conditions.
2. Materials and methods
A workﬂow was set up in this study to derive a patient-speciﬁc
model from multi-modality medical images and to simulate
pathophysiological conditions (Fig. 1). First, a fully automatic
process was developed to extract the MV patient-speciﬁc virtual
anatomical model by combining 3D anatomical information from
cardiac magnetic resonance (CMR) imaging for the LH with 3D
transoesophageal echocardiography (TOE) data for the MV. Then,
such reconstructed patient-speciﬁc anatomical model, including

LH temporal information, was used to reproduce personalised MV
mechanics and dysfunction.
2.1. Image data acquisition and processing
A 63-years-old male patient referred to our Centre for mitral
regurgitation (MR) assessment underwent routine TOE and consecutive CMR investigation as part of the research protocol. Ethical approval was obtained for this study (London Central Research
Ethics Committee) and the patient provided informed consent.
CMR images were acquired on a 1.5-T Magnetom Aera (Siemens
Medical Solutions, Erlangen, Germany) including the following
two sets of sequences: (i) balanced steady-state free precession
(bSSFP) 3D whole heart (WH) (isotropic voxel size of 1.4 mm), acquired during the diastasis in free breathing and with ECG-and
respiratory-gating; and (ii) retrospectively gated bSSFP cine images (CINE), acquired in breath-hold (24 frames per cardiac cycle)
in the short-axis (SAX) from the valves plane to the apex (slice
spacing ∼8 mm, in-plane isotropic voxel size of 1.4 mm). CMR clinical report provided information about LV volumes (EDV=307 ml
and ESV=132 ml) and MV regurgitant volume. The latter, computed as the difference between left and right ventricle SVs, was
recorded between 60 and 70 ml. The patient heart rate at the time
of CMR was 75 bpm. TOE was performed using an iE33 xMatrix DS (Philips, Eindhoven, Netherlands) ultrasound machine with 3D
zoomed MV leaﬂets and annulus acquisition for a full cardiac cycle
(10 frames/cardiac cycle, isotropic voxel size of 0.4 mm). Findings
were of severe MR with one eccentric, anteriorly directed regurgitant jet due to posterior MV leaﬂet prolapse secondary to chordae
rupture.
2.1.1. CMR image processing
To overcome the limitations of out of plane and axis error
of CINE SAX images acquired at different breath holds, the SAX
dataset was combined with the static WH 3D volume in order
to create the LH 4D information. CINE SAX images at the same
phase of the cardiac cycle were ﬁrst stacked using DICOM slice
spacing and orientation, thus providing a non-isotropic 3D dataset
of the LH for each frame of the cardiac cycle. Synthetic WH images were obtained for each of the 24 acquisition frames via nonrigid image registration [28,29] of the end-diastolic WH with each
non-isotropic CINE stack. An atlas-based segmentation method

Fig. 1. Workﬂow used to derive a patient-speciﬁc MV and LH model from clinical data and to simulate pathophysiological conditions. First, a fully automatic process is
applied to extract the MV from TOE and the LH anatomical and dynamic information from CMR. Then, MV and LH meshes are manually merged and the resulting patientspeciﬁc anatomical model, including LH temporal information, is used to reproduce personalised MV mechanics and dysfunction.
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Fig. 2. The patient-speciﬁc model of LH and MV used in the FSI simulation. (A) WH CMR at end diastole with the superimposed mask of LA, LV, LVOT; (B) 3D TOE at end
diastole with the superimposed mask of the MV; (C) Whole model consisting of image-derived LA, MV, LV, LVOT, rigid AoV, rigid inlet and outlet cylindrical extensions and
piston. The ﬂuid part is represented in red by means of SPH particles; (D) zoom on the patient-speciﬁc LH, highlighting the MV model with solid leaﬂets (i.e. AML – anterior
leaﬂet and PML - posterior leaﬂet) and variable thickness, the 62 chordae tendinae and the positions used to simulate the presence of the anterior (APM) and posterior
(PPM) PMs; (E) side and (F) top views of the MV model.

[30] able to label automatically the main cardiac structures was
used to segment each of the synthetic WH images. An LH mask,
produced by merging LA, LV endocardium and left ventricular outﬂow tract (LVOT), was obtained per each time step and converted
into a surface mesh. The open source code Deformetrica [31] was
used to non-rigidly register each LH surface mesh to the enddiastolic LH, and the transformation was propagated to the latter
thus achieving nodal correspondences between LH meshes at different time frames. The LH displacement ﬁeld throughout the cardiac cycle was computed from nodal displacements and ultimately
interpolated using piece-wise cubic splines. A detailed explanation
of the method is reported in an earlier study by Biﬃ et al. [32].
2.1.2. TOE image processing
The automatic segmentation tool adopted for the CMR images
was adapted to segment also MV leaﬂets and annulus from the 3D
TOE images in the 10 frames during the cardiac cycle acquired for
this patient. The segmentation included MV leaﬂets local thickness.
The obtained end-diastolic MV segmentation was converted as a
solid mesh and integrated into the end-diastolic LH model, while
the MV meshes corresponding to the remaining frames were used
for simulation validation purposes.
2.2. Fluid–structure modelling approach: FE–SPH
FE and SPH [24] methods were used within Abaqus/Explicit
2017 (SIMULIA, Dassault Systèmes) to implement the patientspeciﬁc FSI model of the LH and MV. After sensitivity analysis, the
MV leaﬂets were meshed with 56,540 tetrahedral elements (average element edge length = 3 mm) and modelled with uniform
isotropic linear elastic material (density = 1146 kg/m3 , E = 3 MPa,
Poisson ratio = 0.49). As TOE image quality did not allow to identify the chordae tendinae insertion point on the patient image, the
distribution of the chordae tendinae was adapted from adapted
from the work of Baillargeon and co-workers [33,34] to interface
with the patient-speciﬁc leaﬂets geometry and PMs position as

seen on TOE and CMR images. Each chord was discretised using
truss elements. The blood was modelled as incompressible Newtonian ﬂuid (density = 1060 kg/m3 , dynamic viscosity = 0.004 Pa s,
c0 = 150 m/s) and discretised with 8749 uniformly distributed SPH
particles (average particle distance at the beginning of the simulation was 3 mm). Two rigid conduits were introduced to extend the
LH model beyond LA and LVOT, thus providing a volume reservoir
for SPH particles at inlet and outlet. The modiﬁed LH model was
meshed with 19,456 triangular surface elements (average element
edge length = 3 mm). A simpliﬁed aortic valve was modelled with
2 semicircular rigid leaﬂets. The complete model is illustrated in
Fig. 2.
The image-derived nodal displacements of the LH were imposed to LV, LA and part of the LVOT through a user-deﬁned
subroutine (VDISP). The ﬂow rate through the MV, computed as
the time derivative of the LV volume, was prescribed at the inlet
by imposing corresponding translational velocity to a rigid disk
acting as a piston. The disk was positioned 250 mm upstream the
MV plane to allow enough ﬂuid reservoir and avoid ﬂow boundary
effects. Outlet boundary conditions were reproduced by forcing
opening and closing of the rigid aortic valve at the patient-speciﬁc
cardiac cycle timings, and the systemic effect was mimicked by
the presence of a reservoir of particles downstream the AoV. The
effect of the papillary muscles was reproduced by a kinematic
coupling between LV wall and extremities of the chordae tendinae.
Using the implemented ghost particle method [35] a no-slip
boundary condition was adopted between SPH particles and FE
surfaces, and the FE–SPH interaction was activated via general
contact algorithm. Starting from the end-diastolic conﬁguration,
two cardiac cycles were simulated and the second was considered
for processing the results. The cardiac cycle duration was set at
0.8 s matching the patient heart rate. The structural parameters
MV kinematics, leaﬂets stress and strain, and the ﬂuid-dynamics
parameters LV volume variations, global and local blood velocity
were evaluated in the simulation. The blood velocity at the level
of the MV tip was measured by averaging the velocity of the
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Fig. 3. LV volume variation throughout the cardiac cycle as derived from the surface meshes, and ﬂow-rate upstream the MV, computed as the LV volume time derivative
and imposed as the inlet boundary condition.

particles in a 10 mm diameter sphere positioned just below the
open conﬁguration of the MV tips. In addition, the time-dependent
ﬂow ejected in the aorta was computed by multiplying the average velocity normal to the aortic valve plane with the section
area.
3. Results
The implemented image processing methods were able to successfully segment CMR and TOE images in a fully automatic way.
Minimal user intervention was required to visually check the quality of the segmentation, and little to none manual reﬁnement was
applied. The time required to complete the model was ∼8 h, i.e.
∼4 h for TOE and CMR processing providing MV and LH mesh on a
double processor 2.93 GHz, RAM 48GB machine, and ∼4 h for manual model setup including merging of MV and LH meshes, chordae tendinae insertion, boundary conditions and material properties deﬁnition. The SPH simulation required ∼48 h to complete 2
cardiac cycles on a double processor 2.93 GHz, RAM 48GB machine.
LV mesh volumes varied from 322 ml at end diastole to 163 ml
at end systole, resulting in 23.5% and 5.6% of discrepancy with the
corresponding values computed from the CINE CMR. Fig. 3 shows
the LV volume variation throughout the cardiac cycle as computed
from CMR-derived surface meshes (dark blue), and its time derivative, i.e. the ﬂow rate imposed at the inlet (cyan). The peak ﬂow

rate at diastole was found to be 800 ml/s. All the results in the
coming section will refer to the second simulated cardiac cycle.
The imposed image-derived displacement boundary conditions
on the LV FSI model are superimposed to the 3-chamber long-axis
reformatted CMR cine-images in Fig. 4 to illustrate the matching
between the simulated and the CMR LV displacement at representative times of the cardiac cycle.
Realistic LH and MV ﬂuid and structural behaviours were
achieved throughout a full cardiac cycle by means of the FE–SPH
interaction and thanks to image-derived patient-speciﬁc geometry
and boundary conditions.
The MV kinematics resulting from successful interaction between simulated blood ﬂow and MV structure was visually compared to the 3D MV TOE reconstructions at representative times of
the cardiac cycle (Fig. 5). Despite an overall satisfactory similarity
of 3D geometry in terms of MV leaﬂets aperture angle (side view)
and valve oriﬁce area (top view), a consistent delay in the simulated valve opening and closing times was recorded. Speciﬁcally,
the simulated valve opening was 8 ms late compared to the TOE
images (tsim,open =0.16 s vs tTOE,open =0.08 s), while the valve closure
was 16 ms late (tsim,close =0.64 s vs tTOE,close =0.48 s).
Fig. 6 shows the MV leaﬂet maximum principal strain (A-C)
and maximum principal stress (D-F) distributions at representative opening/closing times from LV and LA views. Highest circumferential strains (41%) were observed at the MV edge during sys-

Fig. 4. 3-chamber CMR superimposed with simulated LV displacement at representative times of the cardiac cycle. The red dotted line highlights the epicardium as seen
from CMR images. The difference seen at peak systole (C) is due to the presence of the PMs which have been included in the LV blood pool during segmentation.
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Fig. 5. Comparison between the simulated MV kinematics and 3D TOE reconstructions at representative times of the cardiac cycle in top and side views. Despite equivalent
initial conditions (t = 0.0 s), the simulated MV opens only at t = 0.16 s, with a delay of 0.08 s with respect to the clinical timings. The same happens at closure, i.e. the
simulated MV closes at t = 0.64 s while the real one at t = 0.48 s.

Fig. 6. (A–C) MV maximum principal logarithmic strain and (D–F) maximum principal stress at representative opening-closing times. The MV is depicted from the atrial and
ventricular views. During systole and early diastole, a degree of circumferential strain (41%) can be observed at the level of the annulus, while lower values of strain develop
during the diastolic phase (13%). Similarly, maximum stress values (7.9 MPa) are on the annulus during the systolic phase, located on the atrial side of the posterior leaﬂet
during early diastole and on the ventricular side of the aortic-mitral curtain during systole. Zones of compression are visible in the area of the aorto-mitral curtain, with
maximum stress values of 11 MPa.
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Fig. 7. Simulated ﬂow ﬁeld within the LV throughout diastole and early systole. A small MVR is visible close to MV tips during early diastole (A, B), while late diastole and
early systole are characterised by a larger clock-wise rotating vortex directed towards the LVOT (C–F).

Fig. 8. Comparison between the simulated ﬂow velocity across the MV and the TOE colour Doppler maps at different times of the cardiac cycle.

tole (C) as a result of annulus and LV contraction. Lower values of
strain were registered during the diastolic phase (B) (13%). Similarly, maximum stress values (7.9 MPa) were reached at the annulus during the systolic phase, located on the atrial side of the posterior leaﬂet during early diastole (D) and on the ventricular side of
the aortic-mitral curtain during systole (F). Compression was seen
in the area of the aorto-mitral curtain, with maximum stress values of 11 MPa (D, F).
In terms of ﬂow assessment, the results of the SPH simulation
showed realistic global and local velocity patterns throughout the
cardiac cycle. Fig. 7 shows the ﬂow velocity ﬁeld within the LV during diastole and early systole. Through early diastolic ﬁlling (A, B),
the development of small vortices in the upper part of the LV due
to the roll-up of the shear layer arising from the MV leaﬂets, i.e.
the so-called mitral vortex ring (MVR), was identiﬁed. Moreover,
a larger, asymmetric, clockwise rotating vortex developed at the
centre of the LV towards the end of diastole (C-E), thus facilitating the blood ﬂowing towards the LVOT during systole (F). The rise
of these vortex phenomena during ventricular ﬁlling has been reported in various computational and clinical studies [36,37].
Moreover, the ﬂow pattern around the MV during systole was
compared to the colour Doppler echocardiography maps at different times of the cardiac cycle (Fig. 8). On the colour Doppler images, blue represents areas where the blood is ﬂowing away from

the TOE probe, i.e. from LA to LV, while red represents areas where
the blood is ﬂowing towards the probe, i.e. from LV to LA. Areas of
turbulent ﬂow for which the velocity value cannot be measured by
colour Doppler are characterised by a mosaic pattern of colour and
indicated with “T” in the pictures. Taking into account the time
lag between simulated and actual data already reported above, an
overall good correspondence of velocity pattern and direction between simulated and imaging results was found. In particular, the
development of an anteriorly directed regurgitant jet can be observed from the simulated frames (Fig. 8-F) as from the Doppler
images.
The blood velocity at the level of the MV tip is shown in Fig. 9.
Early (E, gravity) and late (A, atrial contraction) ﬁlling waves
were detected at t = 0.4 s and t = 0.3 s, with peak mean velocities of 1.33 m/s during E-wave and 0.73 m/s during A-wave. E/A
ratio = 1.82 and E-wave deceleration time DT=90 ms were in agreement with the patient diagnosis of severe MR. Although transmitral velocity was not measured during TOE, the computed values
resulted comparable with pathological ranges in the literature
[38–39].
In addition, analysis of the time-dependent ﬂow ejected in the
aorta showed a peak velocity during ejection of 1.4 m/s, in agreement with average values from the literature [38]. By integrating
the aortic ﬂow over time, the total volume ejected during systole
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Fig. 9. Blood velocity after the MV (just below the leaﬂets tip, in open conﬁguration) throughout the cardiac cycle.

Table 1
Numerical values of the available clinical quantities compared with that computed
by the simulation. LVEDV- LV end diastolic volume; LVESV- LV end systolic volume;
topen , tclose - MV opening and closing time.

LVEDV
LVESV
topen
tclose
MV regurgitant volume

Clinical

Simulation

307 ml
132 ml
0.08 s
0.48 s
60–70 ml

322 ml
163 ml
0.16 s
0.64
60 ml

was estimated at 99 ml. By subtracting the latter to the LV SV, the
MV regurgitant volume was estimated to be 60 ml, corresponding
to a regurgitant fraction of 38% and in agreement with CMR ﬁndings (Table 1).
4. Discussion
In this study, we have proposed the implementation of a
patient-speciﬁc model of MV regurgitation, which takes into account both anatomical and functional characteristics through a
novel workﬂow combining multi-modality imaging data and an FSI
numerical approach. The model proved to mimic reliably and accurately this case of MV regurgitation, opening the possibility of
implementing such modelling for the decision-making process and
in-silico device testing.
Patient-speciﬁc models of LH and MV were derived from
different source clinical data, integrated through a reliable and
fully automatic image processing method: CMR is ideal to render
both detailed intra-cardiac anatomy and LH dynamics with high
spatiotemporal resolution, while the novel 3D TOE enables to capture the complex dynamics of the MV annulus and leaﬂets with
actual thickness. Parallel processing of these large imaging datasets
provided automatic generation of both geometry (i.e. anatomical
model) and boundary conditions (i.e. LH displacement) with none
to minimal user interaction, thus dramatically decreasing processing time and improving accuracy by overcoming user-dependent
errors. The generated LH and MV model was found indeed to
be consistent with the clinical observations in terms of ventricle
volumes and dynamics, as demonstrated both visually and numerically. The largest difference between clinically measured and automatically reconstructed ventricular volumes was at end systole.
This may be due to registration errors between the actual synthetic frame and the WH image, largest at the end systolic frame,

but also to the potential underestimation of the clinical methods
of volume calculation based on slice addition, that may not account for the apex slice or for some partial volume at the valve
plane.
The SPH method was successfully implemented to simulate the
blood ﬂow and its interaction with the MV and cardiac structures.
The commercial code allowed a full integration of SPH parts
within an FE model, i.e. the ﬂuid particles were automatically
generated at the beginning of the simulation and the interaction
between the ﬂuid and the solid was handled with a general
contact algorithm; no exceptions had to be implemented to guarantee leaﬂet coaptation, numerically handled as in conventional
structural simulations. Such FSI approach was particularly suitable to replicate not only the ﬂuid-dynamics of such a complex
apparatus but also the MV kinematics and geometry throughout
a full cardiac cycle. As a result, our simulation was able to show
local ﬂow patterns within the LV throughout the cardiac cycle,
i.e. the development of MVR during early diastole and of a bigger
anti-clockwise vortex during late diastole and early systole. This is
known to develop as a consequence of the MV eccentricity and in
order to facilitate ejection of blood into the aorta, as recent studies investigating intracardiac haemodynamics have demonstrated
[40].
The accuracy of the simulation results was evaluated by comparison with medical images. Blood velocity around the MV was
in satisfactory agreement with available colour Doppler values. The
simulated ﬂow velocity near the MV tips and in the aorta reﬂected
values in literature, giving credit to the reliability of the simulation. Finally, although diﬃcult to quantify directly on the simulation, the regurgitant ﬂow could be indirectly computed from the
difference between SV and volume ejected in the aorta providing
a regurgitant fraction of 38%, as conﬁrmed by the CMR report and
the patient diagnosis of severe MV regurgitation.
Computer simulations can provide additional important information on the patient-speciﬁc condition that would be otherwise
unachievable with non-invasive in-vivo measurements or through
conventional imaging. Local stress and strain ﬁelds were in fact
analyzed on the MV leaﬂets modelled with actual variable thickness. Such values could be relevant for understanding tissue
degeneration under not physiological loading conditions or in
studies of tissue–device interaction.
Albeit an overall good accuracy of the patient-speciﬁc MV
model was achieved, we identiﬁed areas for improvement of the
modelling workﬂow and for further validation.
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We can hypothesise that the main cause of the difference
between TOE images and simulated results in terms of MV geometry is the lack of precise patient-speciﬁc information about
the number and position of the chordae tendinae, as it is well
known that these have great inﬂuence on MV coaptation. As this
information is not retrievable from the patient using medical
images available in current clinical practice, the geometry and
connection of the simulated chordae was based on data from
the literature. However, we do not foresee any issue in adapting
our model with patient-speciﬁc data as soon as this information
becomes available. Furthermore, the MV leaﬂets were simpliﬁed
as linear elastic isotropic. This choice was justiﬁed by the need of
containing both model uncertainties and computational time.
Despite available from CMR reconstruction, the PMs were
not included explicitly in the LV mesh, but their presence was
simulated by means of a kinematic coupling between the chordae tendinae extremities and the LV wall. The rationale of not
including them in the presented model is based on both applied
boundary conditions and parameters of interests. The applied
kinematic conditions fully govern the dynamic of the LV apparatus
in our model. Hence, the papillary muscles would have not had
an active role. Therefore, we decided to mimic their presence with
kinematic constraints in order to reduce the computational costs.
We believe that this choice does not radically affect the main
magnitudes of interest of our simulations, i.e. ﬂuido-structure
response of the mitral valve. This assumption could be validated in
future works by comparing our results with those obtained adding
the PM structures in the model.
Although the ratio of systole and diastole was correctly reproduced by the second cycle analysed in this simulation, we reported
a slight delay in the simulated MV opening-closing times, due
to, ﬁrst, a component related to the particle residual inertia. The
particles are not moving at the beginning of the simulation, and
they are therefore accelerated throughout the ﬁrst cardiac cycle,
whose role is to “start the system”. We can indeed reasonably
hypothesise that simulating more than 2 cardiac cycles would
help the system to be fully at speed, and therefore could reproduce the real MV dynamics more accurately. On the other hand,
the more the cardiac cycles to simulate, the bigger the particle
reservoir required, which would furtherly increase the complexity
of the model and the computational cost of the simulation. For
this reason, we decided to analyze the results at the end of the
second cardiac cycle, identiﬁed as the one to provide the best
trade-off between accuracy and time. Second, although blood is
usually modelled as an incompressible ﬂuid, a small degree of
compressibility had to be introduced to increase time increment
stability and achieve a reasonable computational time, i.e. a speed
of sound of c0 = 150 m/s was imposed instead of 1500 m/s.
With regards to the validation of the ﬂuid-dynamic parameters,
the lack of velocity values from the clinical data above the Doppler
Nyquist threshold did not allow to conﬁrm the simulated velocities around the MV regurgitant jet. In forthcoming studies, we
aim to thoroughly verify these values against the corresponding
continuous Doppler curves, which were not clinically available
for this case. Also, as reported by Belohlavek [37], the TOE could
be a suitable image modality to capture intraventricular vortex
pattern, and could potentially be used in future works for further
validation of the ﬂow results. Given the resulting maximum velocity of 0.6 m/s, hydraulic diameter 0.02 m, density 1060 kg/m3
and viscosity 0.003 Pa, a peak velocity Reynolds of 4240 was
found, which is borderline between laminar and turbulent ﬂow.
Despite that, the ﬂow behaviour was modelled as laminar, due to
the current ABAQUS SPH implementation that does not include
turbulence models. Such models may become available in the
SPH formulation in the future which may provide more realistic

hemodynamics [41]. Therefore the turbulent pattern of the MV
regurgitant jet could only be hypothesised.
In conclusion, our study showed the feasibility of combining
multiple image modalities and computer simulations to replicate and investigate the LH and MV mechanics in a pathological
patient-speciﬁc case. In future work, we aim to apply the presented framework to a larger cohort of simulated cases, which
will allow an attempt of statistical validation. Being mostly automatic, the entire workﬂow from images to FSI simulations
has the potential for eﬃcient patient-speciﬁc in-silico studies,
requiring minimal user input at the pre-simulation stage. The
capability and reliability of this approach have been tested in
this study, and we envision that the developed tool could serve
several purposes, i.e. to better understand the mechanical causes
underlying patient-speciﬁc MV disease; to test different surgical
and interventional solutions, therefore supporting the clinicians
with insightful information for planning personalised treatments;
and ﬁnally to provide device companies with an eﬃcient tool to
test and optimise their prototypes in realistic models representing
the real pathological anatomy and conditions, hence facilitating
the device design process.
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