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Abstract   Pulmonary valve replacement (PVR) is a pivotal treatment for patients 
who suffer from chronic pulmonary valve regurgitations. Two PVR techniques are 
becoming prevalent: a minimally invasive approach and an open-heart surgery 
with direct right ventricle volume reduction. However, there is no common 
agreement about the postoperative outcomes of these PVR techniques and choos-
ing the right therapy for a specific patient remains a clinical challenge. We explore 
in this paper how image processing algorithms, electromechanical models of the 
heart and real-time surgical simulation platforms can be adapted and combined to-
gether to perform patient-specific simulations of these two PVR therapies. We 
propose a framework where 1) an electromechanical model of the heart is person-
alised from clinical MR images and used to simulate the effects of PVR upon the 
cardiac function; 2) volume reduction surgery is simulated in real-time by interac-
tively cutting, moving and joining parts of the anatomical model. The framework 
is tested on a young patient. The results are promising and suggest that such ad-
vanced biomedical technologies may help in decision support and surgery plan-
ning for PVR. 

                                                           
1 Asclepios, INRIA-Sophia-Méditerranée, Sophia-Antipolis, France 
   tommaso.mansi@sophia.inria.fr 
2 Asclepios, INRIA-Sophia-Méditerranée, Sophia-Antipolis, France  
   barbara.andre@sophia.inria.fr 
   Mauna Kea Technologies, Paris, France 
   barbara.andre@maunakeatech.com 
3 Siemens AG, CT SE SCR2, Erlangen, Germany 
4 Asclepios, INRIA-Sophia-Méditerranée, Sophia-Antipolis, France 
   maxime.sermesant@sophia.inria.fr  
5 Asclepios, INRIA-Sophia-Méditerranée, Sophia-Antipolis, France 
   herve.delingette@sophia.inria.fr 
6 Service de Cardiologie Pédiatrique, Hôpital Necker Enfants Malades, Paris, France 
   younes.boudjemline@nck.ap-hop-paris.fr  
7 Asclepios, INRIA-Sophia-Méditerranée, Sophia-Antipolis, France 
   nicholas.ayache@sophia.inria.fr 



2      Tommaso Mansi , Barbara André , Michael Lynch , Maxime Sermesant , Hervé Delingette , 
Younes Boudjemline  and Nicholas Ayache 

Introduction 

Pulmonary valve replacement (PVR) is a pivotal treatment for patients who 
suffer from chronic pulmonary valve regurgitations. Two PVR techniques are be-
coming prevalent. On the one hand, percutaneous PVR (PPVR) aims at inserting 
new pulmonary valves using minimally invasive methods [11]. However, this 
technique is only possible if the diameter of the right ventricle (RV) outflow tract 
is lower than 22 mm. On the other hand, a recent surgical approach consists in re-
placing the pulmonary valves and directly remodelling the RV [16]. The surgeon 
not only replaces the valves but also intentionally resects the regions of the RV 
myocardium that are impaired by fibrosis or scars, to reduce RV volume and im-
prove its function. However, there is no common agreement about the postopera-
tive effects of these techniques upon the RV function, which most probably de-
pend on patient pathophysiology. Choosing the appropriate therapy for a given 
patient remains a clinical challenge. 

In this paper, we explore how a fast computational model of ventricular elec-
tromechanics can be combined with image processing algorithms and an interac-
tive surgical simulation platform to simulate the direct postoperative effects of 
these two PVR therapies. In the last decade, several electromechanical (EM) mod-
els of the heart have been proposed to simulate the phenomena that govern the 
cardiac activity, from electrophysiology to biomechanics [8, 13, 18]. Primarily de-
veloped for the understanding of the organ, recent research now aims at applying 
them in patient-specific simulations [18, 24]. At the same time, platforms for vir-
tual soft-tissue interventions are becoming efficient enough to allow the real-time 
simulation of complex surgical interventions [4]. In Tang et al. [21], the authors 
proposed a first promising approach for patient-specific virtual PVR and RV vol-
ume reduction surgery. In their study, they made use of an advanced fluid-
structure interaction model and considered the myocardium as a passive isotropic 
tissue. However, although they obtained satisfying results, they did not simulate 
the preoperative regurgitations and the active properties of the myocardium. 

We propose in this study to use an active anisotropic EM model of the heart, 
with a simple model of regurgitations. As in [18, 21], we aim at controlling the 
model with clinically related data. Hence, some simplifications in the model are 
made while still capturing the main features of the cardiac function. 

Fig. 1 shows the different elements of the proposed framework, made as modu-
lar as possible to allow seamless integration of advanced and specific tools. The 
biventricular myocardium is semi-automatically segmented from clinical 4D cine 
MRI, excluding the papillary muscles. The mesh obtained from the time frame at 
mid-diastole is used as 3D anatomical model to simulate patient cardiac function 
and PVR therapies. The variation of the blood pool volumes throughout the car-
diac cycle is computed to calibrate the EM model. After calibration, the EM 
model is used to simulate the patient cardiac functions. To simulate the replace-
ment of the valves, regurgitations are disabled. Virtual RV volume reduction sur-
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gery is interactively performed on the mesh, in real-time, using SOFA [3], an open 
source soft-tissue intervention platform. 
 

 
Fig. 1. Pipeline for model-based simulation of PVR therapies (see details in text). 

Methods 

Anatomical Model 

The first step of the framework consists in creating a 3D anatomical model of 
the patient biventricular myocardium. This model is made up of two main ele-
ments, the geometry of the myocardium and the orientation of the myofibres. 

Myocardium Geometry 

Countless segmentation techniques are available in the literature, often based 
on prior knowledge [9, 12]. However, because patients with serious pulmonary 
valve regurgitations present extreme variability in heart anatomy, such methods 
are unsuitable for our purposes. We thus decided to combine specific image proc-
essing techniques to efficiently extract the biventricular myocardium from the cine 
MRI. 

First, the left ventricle (LV) endocardium and the epicardium are delineated on 
the first frame of the MRI cardiac sequence by using an interactive tool based on 
variational implicit functions [22]. The user places control points inside, on and 
outside the desired surface. The algorithm computes in real-time the implicit func-
tion that interpolates those points and extracts its 0-level set (see Fig. 2). The re-
sulting surface is tracked throughout the cardiac cycle using a diffeomorphic non-
linear registration method [23]. 
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Fig. 2. Interactive segmentation of the left ventricle. The 3D surface (wireframe) is interactively 
modelled by placing surface landmarks (red points), inside landmarks (green point) and outside 
landmarks (blue point). The algorithm automatically updates the underlying implicit function and 
extracts the 0-level set surface. 

Second, because segmenting the RV in patients with chronic pulmonary valve 
regurgitations is more challenging than segmenting the LV due to extreme vari-
ability in shape and reduced image contrast, the RV endocardium is segmented on 
all the frames of the cardiac sequence by fitting an anatomically accurate geomet-
rical model. Its position, orientation and scale in the images are determined using 
minimal user interaction. Boundaries are locally adjusted by training a probabilis-
tic boosting tree classifier with steerable features [25]. The resulting RV endocar-
dium is tracked throughout the cardiac cycle using an optical flow method. 

Finally, the binary masks of the segmented epicardium and endocardia are 
combined together to get a dynamic mask of the biventricular myocardium. The 
valve plane is manually defined and muscle consistency is ensured by preserving a 
minimal thickness of 3 mm (mean thickness of a healthy RV myocardium). Dy-
namic 3D surfaces are computed using CGAL library [1] and simplex-based de-
formable surfaces [14]. The surface mesh at the mid diastole time frame is finally 
transformed into a tetrahedral volume mesh using GHS3D [2] (see Fig. 3). 

Myocardium Fibres 

Next, the orientations of the myocardium fibres are defined. As their in-vivo 
measurement is still an open challenge, we use a computational model based on 
observations on anatomical dissections or post-mortem diffusion tensor images. 
These studies showed that fibre orientation varies from -70° on the epicardium to 
0° at mid-wall to +70° on the endocardium [6]. Synthetic fibres are thus created by 
linearly interpolating their orientation with respect to the short axis plane, from -
90° on the epicardium to 0° at mid-wall to +90° on the endocardium. Angles are 
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over-estimated to account for averaging, one fibre orientation being associated to 
one tetrahedron. 
 

 
Fig. 2. Cine MRI segmentation. a-b) Image and contours at end-diastole: epicardium (green), LV 
(red) and RV (blue). c) Tracked myocardium contour at end-systole (red). d) 3D mesh of the 
biventricular myocardium.  

Electromechanical Model 

Once the volumetric anatomical model is built, computational models of myo-
cardium electrophysiology and biomechanics can be applied on it. Different boun-
dary conditions enable the modelling of the four cardiac phases and the orientation 
of the myocardium fibres is considered to cope with myocardium anisotropy. For 
the sake of interactivity, fast algorithms based on finite element method (FEM) are 
used in this study. Furthermore, because we aim at controlling the model with 
clinical data, simplifications are introduced while still capturing the main features 
of the pathological cardiac function. 

Electrophysiology 

The Eikonal approach [10] detailed in [19] is used to model electrophysiology. 
This method is computationally efficient and has shown good results when simu-
lating the propagation of the electrical wave in healthy subjects and in patients 
with no apparent wave re-entry [10,19], such as in the early stages of the patholo-
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gies we are interested in. Essentially, the depolarisation time dT of the electrical 
wave is computed at each vertex of the volume mesh by solving the anisotropic 
Eikonal equation ( ) 12 =∇∇ d

t
d TDTv . In this equation, v  is the local conduction 

velocity and D  the tensor defining the conduction anisotropy. In the fibre orienta-
tion f coordinates, D writes ),,1(diag ρρ=D , where ρ is the conduction ani-
sotropy ratio between longitudinal and transverse directions. 

Biomechanics 

Biomechanics are simulated by using the FEM model proposed by Bestel-
Clement-Sorine [7], later simplified in [18]. Despite its relative simplicity with re-
spect to other more comprehensive models [8,13], this model is able to simulate 
the main features of cardiac motion as observed in images of healthy subjects and 
patients with less severe diseases [18]. It is controlled by a few clinically related 
parameters and is fast enough to allow personalisation from clinical data. 
 

 
Fig. 3. Scheme of the biomechanical model with related parameters (see details in text). 

The constitutive law is composed of two elements (see Fig. 4). A passive ele-
ment models the properties of the myocardium tissue. We use linear anisotropic 
visco-elasticity, controlled by the Young modulus E  and the Poisson ratio ν . 
The second element is an active contractile element, which is controlled by the 
depolarisation time dT  computed with the Eikonal equation. It generates an ani-

sotropic contraction tensor ff ⊗⋅=Σ )()( tt cσ  which results in a contraction 

force cf  on each vertex. Σ  depends on the time t , the fibre orientation f and the 
strength of the contraction σ c (t) as defined by equation (1): 
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where APD+= dr TT is the repolarisation time, APD  the action potential du-

ration, HP  the heart period, 0σ  the maximum active contraction and cα and  

rα  the contraction and relaxation rates respectively. 

Boundary Conditions and Pulmonary Valve Regurgitations 

The four phases of the cardiac cycle - filling, isovolumetric contraction, ejec-
tion and isovolumetric relaxation - are simulated as detailed in [18]. During ejec-
tion (respectively filling), a pressure constraint equal to the arterial (resp. atrial) 
pressure is applied to the endocardia. Flows are obtained as the variations of the 
blood pool volumes. A 3-element Windkessel model [20] is employed to simulate 
the arterial pressures. During the isovolumetric phases, a penalty constraint is ap-
plied to the endocardia to keep the cavity volumes constant. Then, when the ven-
tricular pressure becomes higher (resp. lower) than the arterial (resp. atrial) pres-
sure, ejection (resp. filling) starts. 

In this study we are interested in the global effects of the regurgitations on the 
RV function. Because of the absence of pulmonary valves, blood can always flow 
between the RV and the pulmonary artery. However, in our implementation of the 
cardiac phases, regurgitations affect the RV isovolumetric phases only, when the 
volume can vary due to the regurgitations. If the regurgitation flows cφ  and rφ  at 
contraction and relaxation respectively are known, by means of echocardiography 
for instance, we can modify the isovolumetric phases as follows. At each instant 
t , we first estimate the volume variation VΔ , during tΔ , that we would have if 
the myocardium was free from isovolumetric constraint. Then: 

• if tV rc Δ∗>Δ },{φ , a penalty constraint is applied to each vertex of the RV 

endocardium such that the resulting volume variation becomes 
tV rc Δ∗=Δ },{φ . The effect of the active force cf  is thus partially compen-

sated. 
• Otherwise, no penalty constraint is applied: cf  is not counterbalanced. 

In this way, the blood pool volume can change during the isovolumetric phases 
according to the measured regurgitation flows. 
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Real-Time Simulation of Soft-Tissue Interventions 

The last component of the proposed pipeline aims at simulating the RV volume 
reduction surgery. This task is implemented in SOFA, an open source soft-tissue 
intervention platform [3]. Interactively, the user remodels the heart geometry by 
resecting any region of the RV myocardium and closing the remaining wall to rec-
reate the cavity. To cope with large displacements and rotations of the elements, 
the myocardium biomechanics are simulated using a corotational FEM model 
[15]. An implicit solver is used to update the mesh position. 

Tissue Resection 

Tissue resection is performed in two steps. First, a sphere of interest is defined 
in the SOFA scene by picking two elements of the myocardium surface that define 
the centre and the radius. Next, all the elements of the mesh laying within this 
sphere of interest and that are connected to the central element are removed. To 
this aim, the method proposed by André et al. [5], available in the SOFA platform, 
is used. To ensure interactivity and real-time execution, the authors store all the 
indices of the mesh elements and all the information attached to them into arrays 
with contiguous memory storage and short access time. In this way, when the 
mesh is locally modified, the time to update the data structures does not depend on 
the total number of mesh elements but only on the number of modified elements. 
On the other hand, this also implies element renumbering to keep the arrays con-
tiguous in case of element removal, but this procedure is transparent to the user 
and does not affect the interactivity in our application. Through iterative selection 
of central elements and radius sizes, the myocardium tissue can be resected as de-
sired (Fig. 5, left panel). 

 

 
Fig. 4. Virtual suture of the RV. Each side of the resected area (left panel) is brought close to 
each other (mid panel). Then, two vertices pw and ps are picked up and pw position is constrained 
to coincide with ps, deforming the RV free wall accordingly (right panel).  
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Tissue Attachment 

After resection, the RV is interactively and carefully reconstructed without de-
forming the LV. The boundaries of the resected area are interactively drawn close 
to each other (Fig. 6). Next, a vertex on one side of the resected area is picked up 
and fixed to a second vertex on the other side (Fig. 5, mid panel). As a result, the 
RV morphology globally deforms until reaching a minimal energy state. As this 
procedure can create holes and generate a chaotic mesh topology in the junction, 
the deformed geometry is remeshed after rasterisation as a binary image. 

 

 
Fig. 5. Screenshot of the SOFA platform. The user is remodelling the geometrical model of a 
heart. After resection, the user is closing the free-wall by pulling it close to the septum (blue 
line). 

Myocardium Fibres Recovery 

As fibre orientations are intrinsic to the elements of the tetrahedral mesh, they 
must be preserved during the virtual intervention. Fibres are mapped from the ori-
ginal model to the deformed geometry using local barycentric coordinate systems, 
preserving in this way their relative orientation in the tetrahedron coordinate sys-
tem. Then, the resulting fibre orientations are transferred to the final remeshed 
model by using an intermediate rasterisation of the fibre directions as a vector im-
age. 

Experiment and Results 

The framework is tested on a randomly selected patient (age=17) with repaired 
Tetralogy of Fallot, a severe congenital heart disease that requires surgical repair 
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in infancy. The clinical evaluation of this patient showed chronic pulmonary valve 
regurgitations, an extremely dilated RV and an abnormal motion of the RV out-
flow tract. LV and RV functions were normal as well as electrophysiology. RV 
pressure at end-systole was about 50 mmHg (estimated using echocardiography). 
To date, this patient has undergone no PVR therapy. 

Magnetic resonance imaging was performed using 1.5T MR scanner (Avanto, 
Siemens Medical Systems, Erlangen, Germany). Retrospective gated steady-state 
free precession (SSFP) cine MRI of the heart were acquired in the short-axis view 
covering the entirety of both ventricles (10 slices; slice thickness, 8 mm; temporal 
resolution, 25 frames). Images were made isotropic (1x1x1mm) and contrast was 
enhanced by clamping the tails of the grey-level histogram.  

 

 
Fig. 6. RV volume curves and pressure-volume loops: (solid green) from segmentation; 

(solid black) preoperative simulation; (dashed blue) simulation after PPVR; (dash-dotted red) 
simulation after PVR with volume reduction. Vertical bars delineate the simulated cardiac 
phases. Regurgitations are visible during the isovolumetric phases, when volume should stay 
constant. As expected, RV volume reduction resulted in a shift of the curves. 
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Anatomical Model 

Visual assessment of the dynamic segmentation showed good agreement (Fig. 
3) despite the extremely dilated RV outflow tract. Table 1 provides the ejection 
fractions (EF) computed from the segmentation. These values will be used as ref-
erence when calibrating the EM model. RV volume curve is illustrated in Fig. 7 
(green curve). The tetrahedral 3D model used for the simulation was made up of 
65181 elements and the dyskinetic region identified on the images was manually 
delineated (Fig. 8a). To improve the numerical stability of the simulation, the 
myocardium was artificially thickened by dilating the epicardium. 

 

 
Fig. 7. a) 3D anatomical model at mid-diastole: (red) LV, (orange) RV, (white) observed dyski-
netic area, (colour lines) fibre orientations. b-c) Radial displacements (in mm) between end-
diastole and end-systole (positive values along the outer normal): b) end-systolic shape computed 
using the model c) end-systolic shape extracted from the images. Similar colour patterns between 
b) and c) confirm that the simulated model b) was able to exhibit in this patient realistic motion 
patterns, in particular the dyskinetic outflow tract. 

EM Model Adjustment 

Electrophysiology 

Since there was no visible anomaly in electrophysiology, electrophysiology pa-
rameters were set as in a healthy heart ( 1ms500 −=v , 3=ρ ). Simulation and 
observations were time synchronised using the beginning of RV systole. Table 2 
reports the computation time of the electrophysiology simulation, without biome-
chanics. 
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Biomechanics 

Passive biomechanical properties were set according to values reported in the 
literature: Poisson ratio was set to ensure near-incompressibility of the myocar-
dium ( 48.0=ν ) and the ratio between fibre stiffness and cross-fibre stiffness 
was set to 3. Active biomechanical properties were manually personalised to the 
patient cardiac function. This was possible since a full cycle simulation only took 
about 15 minutes on a 2.4GHz Intel Core 2 Duo computer with 4GB of memory 
(Table 2). Finally, regurgitation flows cφ  and rφ  were estimated from the Dop-

pler data ( 1ml.s50 −≈= rc φφ ). 
Manual personalisation was performed as follows. We first started with re-

ported values for healthy hearts ( 2
0 kPa.mm100 −=σ ; 1s10 −=cα ; 

1s20 −=rα ). Then, the contractile element of the dyskinetic area was disabled to 
reproduce the abnormal motion of this region and, through a trial-and-error strat-
egy, we manually adjusted the parameters for both ventricles to simulate the ob-
served cardiac function. The manual adjustment was iteratively performed until 
the resulting simulated cardiac motion qualitatively coincided with the cine-MR 
images. The final parameters were: 2

0 kPa.mm100 −=
LV

σ ; 
2

0 kPa.mm70 −=
RV

σ ; 2
0 kPa.mm0 −=

dysk
σ ; 1s10 −=cα ; 1s10 −=rα . We 

thus found a normal LV function whereas the RV contractility was weaker, proba-
bly because of its dilated morphology and possible fibrosis. 

Preoperative Simulation 

Realistic EF (Table 1), volume variations (Fig. 7, black solid curves) and RV 
systolic pressures (≈ 54 mmHg) were obtained. Simulated normal displacements 
of the mesh vertices from their mid-diastole position were locally consistent with 
those computed from the segmentation (Fig. 8b-c). In particular, the simulated 
motions of the dyskinetic area, the RV septum and the LV were similar to those 
estimated from the segmentation. This confirms that the EM model was effec-
tively calibrated and provided, for this patient, realistic motion patterns. Finally, 
despite our simple regurgitation model, the simulated pressure-volume (PV) loop 
was consistent with measurements in ToF reported in the literature [17] (this data 
was not available for this patient). 
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Table 1. Ejection fractions (EF) computed from the segmentation and simulations. 

 LVEF RVEF 
Segmentation 61% 41% 
Simulation: Preoperative 59% 40% 
Simulation: PPVR 59% 40% 
Simulation: PVR with RV Reduction 63% 51% 

Percutaneous PVR Simulation 

As mentioned in the introduction, PPVR consists in replacing the pulmonary 
valves using a minimally invasive procedure. The unique change in the cardiac 
function just after the intervention is thus the stopping of the pulmonary regurgita-
tions. Hence, PPVR therapy was simulated by disabling the regurgitations in our 
model. After PPVR, the myocardium efficiency was improved: simulated iso-
volumetric phases were shorter and the end-systolic pressure higher (Fig. 7, 
dashed curves). However, no significant improvement in the pump function was 
obtained (Table 1). One possible reason could be that our limited regurgitation 
model accounts for regurgitations that occur during the isovolumetric phases only. 
Regurgitated volumes during the other phases may have an impact on the preop-
erative EF. 

Simulation of PVR with RV Volume Reduction 

As for PPVR, valve replacement was simulated by disabling the regurgitations. 
Virtual RV volume reduction was performed as illustrated in Fig. 9. First, the ob-
served dyskinetic area (Fig. 8a) was resected in 3 steps. As reported in Table 2, in-
teractivity was ensured despite the important number of tetrahedra that were re-
moved. Then, the user interactively closes the free-wall. The framerate of the 
whole process was about 3 fps. Finally, the postoperative scar was simulated by 
setting the local conduction velocity v  near the surgical junction to 1ms0 − . 
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Table 2. Computation time. Values are obtained with a 2.4GHz Intel Core 2 Duo, 4GB of mem-
ory. 

Electromechanical Simulation of the Heart 
1 heart beat, electrophysiology ≈ 1 minute 
1 heart beat, electromechanics ≈ 15 minutes 

Virtual Surgery 
Framerate 3 fps 
Resection, step 1/3 (3938 elements) 0.73s 
Resection, step 2/3 (966 elements) 0.08s 
Resection, step 3/3 (1404 elements) 0.12s 

 
After the virtual intervention, RV volume effectively decreased (Fig. 7, dash-

dotted curves) and RV postoperative EF improved significantly (Table 1). Ob-
serve that LV EF also increased, which highlights the close relationship between 
LV and RV function. Finally, RV systolic pressure slightly decreased mainly be-
cause of the scar (non reported simulations without the scar resulted in unchanged 
RV systolic pressure). 

 

 
Fig. 8. Virtual RV volume reduction surgery. From left to right: original mesh, after resection, 
during attachment, final mesh. Colour lines: fibre orientations. Black area: postoperative scar. 

Discussion 

We have studied the potential of image processing techniques, EM models and 
virtual soft-tissue intervention platforms to perform virtual and personalised as-
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sessment of PVR therapies. The results were promising and suggested that such 
tools might be used by the clinicians to test different PVR therapies. 

A modular framework has been proposed. A simplified but fast EM model was 
adjusted to the purposes of the study and an interactive soft-tissue intervention 
platform was adapted. Still, the framework managed to realistically simulate the 
cardiac function of a randomly selected patient with repaired ToF. For this patient, 
we found that PVR with RV volume reduction would yield better results than 
PPVR, just after the intervention. Probable reasons may be the removal of the dy-
skinetic area and the direct reduction of the RV volume. However, this procedure 
is very invasive and may be hazardous for the patient, with possible postoperative 
side effects such as electrophysiological troubles due to the surgical scar. On the 
other hand, it is worth mentioning that the effects of PPVR are often visible late 
after replacement. The myocardium adapts itself to its new loading conditions. We 
thus need to model this phenomenon to simulate the long-term postoperative ef-
fects of PPVR. 

Based on these observations and owing to the modularity of our framework, 
more complex models can be used. In particular, future works include improve-
ments of the regurgitation model, to take into account the other compartments, 
simulation of the long-term effects of the PVR therapies, by considering myocar-
dium remodelling, automated estimation of biomechanical parameters and com-
prehensive validation using preoperative and postoperative clinical data. 
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