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Abstract The objective of the current study was to propose a sensitivity analysis of a 3D left ventricle model in order to assess the influence of parameters on
myocardial mechanical dispersion. A finite element model (FEM) of LV electromechanical activity was proposed and a screening method was used to evaluate
the sensitivity of model parameters on the standard deviation of time to peak
strain (TPS-SD). Results highlight the importance of propagation parameters associated with septal and lateral segments activation. Simulated curves
were compared to myocardial strains, obtained from echocardiography of one
healthy subject and one patient diagnosed with intraventricular dyssynchrony
and coronary artery disease. Results show a close match between simulation
and clinical strains and illustrate the model ability to reproduce myocardial
strains in the context of intraventricular dyssynchrony.
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1 Introduction
In the normal left ventricle (LV), all segments contracts almost synchronously.
In patients with LV conduction delay, for instance in the case of left bundle
branch block (LBBB), LV dyssynchrony might occur, since some segments are
stretched in systole whereas others contracts. Assessment of left ventricular
mechanical dyssynchrony is typically based on the echocardiographic analysis
of differences in timing of myocardial strains [1]. In particular, the standard
deviation of time to peak strain (TPS-SD) has been proposed in the literature
as an informative marker [2]. However, these methods neglect the electromechanical phenomena at the origin of cardiac contraction. In this context,
a model-based approach can be used to improve the analysis of myocardial
strain signals.
Mathematical modelling of the cardiac activity is an active field of research
and the state-of-art is wide and very active. A variety of mathematical models
of the ventricular function have been proposed in other studies [9]. The simplest models are based on a time-varying elastance [10, 11]. Cardiac electrical
activity could be represented by: i) biophysical continuous models at different levels of details [8], ii) phenomenological continuous models [36], or iii)
simplified discrete models, often based on cellular automata [7]. Coupling of
cell-level continuous models in order to represent a patch of myocardial tissue, or more complex geometries such as the whole LV, can be performed by
using the monodomain or bidomain approaches [6, 5]. Electrical activity models can be enriched to integrate the ventricular mechanical function, which is
usually described as a function of the active [12, 13] and passive [3, 4] properties of myocardial tissue. In most cases, simulations of these models [16, 17, 18]
require significant computational resources, making these models difficult to
analyze numerically and difficult to apply during clinical measurement protocols. As a consequence, there is still room for tissue-level LV models that may
be numerically analyzed and applied into clinical practice.
The aim of the current study was to propose a sensitivity analysis of a
3D electro-mechanical model of cardiac activity in order to reproduce regional myocardial deformations in the case of intraventricular dyssynchrony.
A tissue-level finite element model (FEM) of LV electro-mechanical activity
was proposed in order to simulate myocardial strains corresponding to the
standardized myocardial segmentation recommended by the American Heart
Association. A screening sensitivity analysis method was applied to study the
influence of electrical parameters on the TPS-SD, in order to determine the
most influent parameters on strain signals and to define a reduced set of parameters, which could be identified in futur works. Finally, simulations were
compared to strain morphologies observed in a healthy subject and a patient
diagnosed with intraventricular dyssynchrony. The document is organized as
follows. In Section 2, the clinical data and a description of the LV model, from
the geometry to the multi-physics modeling and including the coupling procedures, are presented. In Sections 3 and 4, the results of applying the described
methods are presented and discussed.
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Fig. 1 creation of the mesh of the 3D LV model, which was divided in 16 segment according
to the standardized segmentation of the AHA. Myocardial segments appears with different
colors.

2 Method
2.1 Model of the left ventricle
2.1.1 Geometry and segmentation
In this work, the LV model geometry was approximated by a truncated ellipsoid (Figure 1), defined by an endocardial surface (rsi , rli ), the epicardial
surface (rse , rle ) and a base plane height h. These parameters were evaluated
by fitting the truncated ellipsoid to the semi-automatic segmentation of the
endocardial wall, extracted from apical 4 and 2 chamber-views. The uniformity
of LV wall thickness was assumed to evaluate parameters rsi , rli . A mesh was
generated from this truncated ellipsoid by using gmsh (http://gmsh.info/).
The left ventricle was divided into 16 segment, according to the standardized
segmentation of the AHA [22]. The LV is firstly divided into basal (Bas), midcavity (Mid), and apical (Api) thirds. Each slice was then divided in order
to consider the septum (Sept), the inferior (Inf ), anterior (Ant) and lateral
(Lat) walls.
2.1.2 Electrical problem
Propagation of the transmembrane potential Vm was represented under the
hypothesis of equal anisotropy ratio [29, 30, 15]:


∂Vm
+ Iion (Vm , w)
in Ω,
(1)
div(σeq ∇Vm ) = χ Cm
∂t
∂w
= g(Vm , w) in Ω,
(2)
∂t
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in which σeq = (σe−1 + σi−1 )−1 , σe , σi , σeq represent, respectively, the extracellular, intracellular and equivalent electrical conductivities, w is a state variable
of the simplified ionic model, Cm is the membrane surface capacitance, χ is the
rate of cellular membrane surface per volume unit. The functions Iion and g,
representing simplified dynamics of the cellular action potential, are described
as a modified version of the FitzHugh-Nagumo model (FHN) [34].

Vm − B 
Vm − B 
1−
+ kc2 w(Vm − B),
(3)
Iion (Vm , w) = kc1 (Vm − B) a −
A
A
V − B

m
g(Vm , w) = ke
− dw − b ,
(4)
A
where a, b, c1 , c2 , d, e, k, A and B are region specific parameters [31, 15]. A
point Nexct of the domain Ω is electrically stimulated with a value Istim for a
preset time texc (ν is the unit outward normal vector):
(
−(σeq ∇Vm ).ν =

Istim (t)
0

if t < texc
else

on Nexct ,

(5)

The electrical problem was solved with the finite element method (FEM) and
a characteristic timing of the propagation Ts was collected for each node of
the mesh; it corresponds to the peak of transmembrane potential.
2.1.3 Mechanical problem and electrical-mechanical coupling
The Cauchy stress σ was described as the sum of a passive component σ p and
an active component σa :
σ = σ p + σa I.

(6)

In order to avoid the high computational resources required by hyperelastic
mechanical constitutive laws [19], linear elasticity was assumed to describe the
ventricle motion [32, 33] .
(σp )ij = λ εkk δij + 2µεij

(7)

where we denote by λ and µ, the Lame coefficients, by δij the Kronecker
symbol and with
εij (v) =

∂vj 
1  ∂vi
+
.
2 ∂xj
∂xi

(8)

where v is the displacement vector. Active properties are initiated by the
cardiac electrical activity. Electrical-mechanical coupling was described by
phenomenological approaches [12, 13], considering a time-varying analytical
activation function that reach its minimum during diastole and its maximum
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during peak systole [20, 21]. In this work, the active constraint was represented
by a three-steps continuous Gaussian function:

2

 σ0 e−ψ1 (t−Ts ) if t ≤ Ts
2
σa (t) = σ0 e−ψ2 (t−Ts ) if Ts < t ≤ Tc
(9)

 σ e(ψ3 −ψ2 )(Tc −Ts )2 e−ψ3 (t−Ts )2 otherwise
0
where σ0 is the amplitude of the active constraint signal, ψ1 is a growth parameter associated to the contraction phase, ψ2 and ψ3 are growth parameters
associated to the relaxation phase. Ts was extracted from the electrical problem. For each ventricular segment, it corresponds to the time associated with
maximum electrical potential. Tc was defined for each patient as the beginning
of P wave deduced from the ECG. Within the cardiac wall, the equation of
conservation of momentum was used while neglecting volumetric and inertial
forces. To prevent rigid body motion, the displacement of the base to the apex
direction is set to zero and the circumferential motion in the endocardial base
of the LV is prevented (only radial motion is allowed).
2.2 Extraction of myocardial strains
The segmentation of the LV model allowed the definition of 16 couples of
points, each of them belonging to a LV segment seg (Fig 2). The strain Sseg (t)
is defined by:

 kx
seg,1 (t) − xseg,2 (t)k
− 1 × 100
(10)
Sseg (t) =
kXseg,1 − Xseg,2 k
where xseg,1 (t), xseg,2 (t) are the positions of 2 points of interest at a given
time t and Xseg,1 , Xseg,2 are the positions of the same points in the reference
configuration, which was defined as the beginning of the depolarisation of
first node Nexct . This time could be considered as similar to the base of QRS
complex that was considered as reference in experimental data. From simulated
myocardial strains, the standard deviation of time to peak strain (TPS-SD)
were calculated as proposed in [2].
The different physical problems and numerical methods were implemented
in a code, which is based on a finite element library in C++ under the GNU
Public license: GEneric Tools for Finite Elements Methods (GETFEM++,
https://savannah.nongnu.org/projects/getfem). The organization of the
project is based on modules that must be run in a specific order so that the
output produced by the module n could be used as an input for the module n + 1. The first two modules build the mesh and define LV segmentation
that allows the calculation of strain signals. The following module solves the
finite element electrical problem and computes the electrical propagation caracteristic timings used to generate the active constraint in the mechanical
problem. Finally, a mechanical module solves the fully coupled problem, including the electromechanical coupling, and computes the strain signals, by
using the strain points files.
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Fig. 2 LV segmentation (left panel): 1) basal anterior, 2) basal anteroseptal, 3) basal inferoseptal, 4) basal inferior, 5) basal inferolateral, 6) basal anterolateral, 7) mid anterior,
8) mid anteroseptal, 9) mid inferoseptal, 10) mid inferior, 11) mid inferolateral, 12) mid
anterolateral, 13) apical anterior, 14) apical septal, 15) apical inferior, 16) apical lateral.
Segmental strain and time to peak strain (TPS) (right panel)

2.3 Sensitivity analysis method
Using the Morris elementary effects method [14], the sensitivity of each parameter of the model (Xi ) on a given model output Y can be estimated, by
applying repeated simulations of Y while changing one parameter at a time.
Briefly, an elementary effect is defined as:
∗

EEi =

Y (X1 , . . . , Xi , . . . , Xn ) − Y (X1 , . . . , Xi + ∆, . . . , Xn )
,
∆

(11)

where ∆ is a predefined variation. For each parameter Xi , a number r of elementary effects are calculated and the mean (µ∗ ) and standard deviation (σ) of
these elementary effects are then calculated. These values permit to determine
which parameters are negligible (low µ∗ and σ), linear (non-zero µ∗ > σ), and
either non-linear or dependent on interactions with other parameters (nonzero µ∗ ≤ σ). Y was chosen equal to TPS-SD.
In this paper, we choose to analyse only the electrical parameters. In fact,
heart failure with dyssynchronous LV contraction is most often related to a
conduction block in the left bundle of the His. This blockade results in delayed
electrical activation of the lateral LV and leads to abnormal contraction. As a
consequence, it seems essential to first analyse the influence of cardiac electrical
activity on myocardial strains. As we wish to limit computational cost, we have
proceed to a first selection of parameters. Parameter Cm is the membrane
surface and could be considered to have a constant physical value. We have
also excluded c1 , c2 , d, e, k, A and B because they appear to be less influent
on electrical activity in a previous study [15]. Nevertheless, the method was
applied on 3 parameters (χ, a and b) for 16 segments, which represent a total of
48 parameters. Thus, the sensitivity analysis provide us a rank of importance
reflecting both categories of parameters (χ, a and b) and myocardial locations.
Parameter ranges were selected from the nominal values [15] ± 30 %. As each
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cycle arising from the Morris elementary effects method involves completely
independent computations, parallel computing using the MPI library was used
in order to minimize the CPU time.

2.4 Clinical data
We studied data from 1 healthy subject and 1 patient, diagnosed with intraventricular dyssynchrony and coronary arteries disease (CAD). A standard TransThoracic Echocardiography (TTE) was performed using a Vivid
E9 ultrasound system (General Electric Healthcare, Horten, Norway). Images
were recorded on a remote station for off-line analysis by dedicated software
(EchoPAC PC, version BT 13, General Electric Healthcare, Horten, Norway)
and segmental strain signals were obtained from standard apical 4-chamber,
3-chamber, and 2-chamber views. The study protocol was approved by our
local ethics committee (authorization number: 2015-A00347-42).

3 Results
3.1 Sensitivity analysis
Figure 3 illustrates results of the sensitivity analysis. Parameters a appear to
be globally the most sensitive on TPS-SD, mainly due to their impact on intraventricular electrical activity propagation. Although a and b are difficult to
relate to physical properties, since they arise from the FHN phenomenological
model, the resulting sensitivity analysis highlight that their relative influence
is highly region-specific. Sensitivity of χ, which is a homogenization term, is
associated with elevated standard-deviations (µ∗ ) in the Morris plane. Concerning χ, a or even b, basal septal segments are always more influent than
other segments. Since these segments are the first to be depolarized in normal conditions, even the slightest modification of one of their parameters will
modify the tissue depolarization front-wave, having a direct effect on the remaining segments. The sensitivity analysis shows that these parameters could
be selected for subject-specific model identifications in future works.
A local sensitivity analysis on parameters a is depicted in figure 4. Inferior
and lateral wall values of a have been increased in order to study the influence
on electrical propagation and strain morphologies. As a gets higher, strain
curves from the lateral wall are delayed and a stretch morphology appears on
their pre-systolic components. Indeed, in the case where a lateral wall values
are high (right part of the figure), the early systole is associated with a contraction of the septal segments (negative stain), whereas the opposite region,
the lateral wall, is passively stretched (positive strain) due to the contraction
of the septal wall. The delayed intraventricular electrical propagation results
in an increased heterogeneity of strain curves and to a significant increase of
TPS-SD.
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Fig. 3 Morris sensitivity analysis results. Mean (µ∗ ,s) and standard deviation (σ,s) of the
elementary effects for the standard deviation of time to peak strain (TPS-SD). Only the
most influential parameters are labeled.

3.2 Analysis of myocardial strains in intraventricular dyssynchrony
Figures 5 and 6 illustrate the simulated and experimental strains for a healthy
subject and a patient diagnosed with intraventricular dyssynchrony and CAD.
In this work, the parameter estimation was performed manually by varying
the electrical (a) and mechanical (σ0 ) parameters in order to obtain simulated
strains similar to the observed clinical data. Parameter values were presented
in figure 4 concerning a and in the bottom panel of figures 5 and 6 concerning
σ0 . Bull-eyes of figures 5 and 6 show the minimum strains, TPS and maximum
stresses obtained from the simulated and experimental data. In both cases, although the morphologies are not completely reproduced, there is a close match
between simulated and clinical minimal strain values. Correlations between
simulated and experimental strain signals were on average 0.89 (± 0.07) and
0.73 (± 0.38) respectively for the 16 segments of the healthy subject and the
patient diagnosed with intraventricular dyssynchrony and CAD. Root Mean
Square Error (RMSE) were respectively equal to 3.22 % (± 1.16) and 4.34
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Parameter a
dyssynchrony

Healthy

Myocardial strains

Lateral wall

Septum

Fig. 4 Local sensitivity of parameters a for each cardiac segment on corresponding myocardial strains. Two parameter sets, which reflect healthy and dyssynchrony cases, are
presented. Top panel: Bull-Eyes depicting the a parameter values of each segment. Bottom
panel: 16 myocardial strain signals simulated during a whole cardiac cycle for the septal
(red), anterior (yellow), inferior (green) and lateral (blue) walls are shown.

% (± 1.21). Concerning the healthy case, figure 5 shows the homogeneity of
strain curves, which illustrates the synchronous contraction of left ventricle in
normal subjects. Regarding the pathological case in figure 6, strain morphologies and minimum values are highly different depending on the myocardial
segment. Septum values are more elevated compared with other segments and
are associated with a decreased contractility.

4 Discussion
In this paper, a sensitivity analysis of a 3D LV model was proposed in order
to evaluate the influence of electrical activity parameters on intraventricular
dyssynchrony. The main contributions of this study concern: i) the application
of a screening analysis method on parameters of a FEM model of cardiac
electro-mechanical activity, ii) the comparison of simulated and experimental
strain data for a healthy subject and a patient diagnosed with intraventricular
dyssynchrony. Our results show the importance of propagation parameters
associated with myocardial segments, and the feasibility of using a LV model
to reproduce regional myocardial deformations in the case of dyssynchrony.
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Simulated strains

Observed strains

Simulated minimum strains (%)

Data minimum strains (%)

Simulated TPS (ms)

Data TPS (ms)

Simulated maximum stress (σo, kPa)

minimum
strains (%)
TPS (ms)
maximum
stress (σo , kPa)

Fig. 5 Top panels: Comparison between simulated and experimental strain signals for a
healthy case. 2C, 4C, APLAX stand respectively for 2 cavities, 4 cavities and apical longaxis views in echocardiography. Grey markers indicates minimum values of strain. Bottom
panels: Bull-eye plots of minimum strains, TPS and maximum stresses.
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Simulated strains

Observed strains

Simulated minimum strains (%)

Data minimum strains (%)

Simulated TPS (ms)

Data TPS (ms)

Simulated maximum stress (σo, kPa)

minimum
strains (%)
TPS (ms)
maximum
stress (σo , kPa)

Fig. 6 Top panels: Comparison between simulated and experimental strain signals for a
patient diagnosed with intra-ventricular dyssynchrony and ischemia. 2C, 4C, APLAX stand
respectively for 2 cavities, 4 cavities and apical long-axis views in echocardiography. Grey
markers indicates minimum values of strain. Bottom panels: Bull-eye plots of minimum
strains, TPS and maximum stresses.
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Intraventricular dyssynchrony occurs when LV activation sequence is disrupted, resulting in discoordinated contraction of the LV segments. Recent
studies have suggested the essential role of assessing systolic asynchrony by
echocardiography in order to predict improvement of systolic function [23]. Myocardial mechanical dispersion, which could be quantified using the TPS-SD
marker, has shown to be promising to assess systolic asynchrony and quantify
risk in patients with impaired LV function [1]. Our sensitivity analysis results
show that mechanical dispersion is highly influenced by parameters a and χ
of septal and lateral segments. Most basal segments, including anterior and
inferior walls, are also particularly involved in the disparity of the septo-lateral
wall. As a consequence, modifications of the electrical substrate of septal and
lateral segments could induce heterogeneous activation of the LV. The electrical part of the 3D LV model is based on the adapted monodomain formalism
together with the FitzHugh-Nagumo representation. Although it is based on
simplified assumptions on the transmembrane potential fields, this approach
has been widely used in previous works [34, 36, 35, 31, 34, 37] because it allows
a reduction of: i) the computational costs and ii) the number of parameters
that need to be tuned. To our knowledge, our work proposes the first sensitivity analysis of monodomain model, coupled to FitzHugh-Nagumo equations
on myocardial strain signals. Although all parameters do not have a direct
physical interpretation, our results is an important step toward the proposition of personalized models. In fact, it is possible to propose a reduced set of
parameters that need to be identify to propose patient specific models.
Comparisons between simulated and experimental signals, shown in figure
5 and 6, illustrate the model ability to reproduce characteristic strains patterns in healthy and cardiac dyssynchrony cases. The patient, with cardiac
dyssynchrony, was simulated by modifying both myocardial contractility of
septal wall and electrical parameters, especially in lateral segments. By comparing the healthy and dyssynchrony curves, mechanical dispersion becomes
evident and is directly related to the electrical parameter values of each segment. In the desynchronized case, lateral segments are delayed, whereas septal
wall seems to be activated prematurely. Interestingly, in the patient with LV
dyssynchrony, a septal rebound can be observed, whereas the lateral wall has a
typical systolic pre-stretch. The early onset of septal activation relative to the
lateral wall, and its morphology is largely influenced by the septal and lateral
wall contractility, which explains the low absolute value of strain peaks in the
septal region [24, 25, 26]. The lateral wall stretch, on the contrary, is due to the
early septal activation [27]. This systolic pre-stretch occurs before aortic valve
opening and further delays the shortening of the lateral segments [28].
The proposed model and analyses in this work present a number of limitations that should be mentioned. The first limitation is the lack of a model of
the right ventricle, which could highly influence myocardial strain morphology
in the case of interventricular dyssynchrony. Our future work will focus on the
integration of left and right ventricular interactions. A second limitation is related to the manual adjustment of model parameters, which should be replaced
by an identification algorithm, as performed in our previous publications [20].
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Moreover, the analysis was here limited to the parameters of the electrical
activity. Parameter analyses of electro-mechanical coupling and the mechanical functions would provide valuable information to further improve the strain
curve morphologies. Finally, concerning the clinical evaluation of the approach,
only a limited number of subjects have been analyzed. Although these results
are encouraging and show the feasibility of the proposed model to reproduce
segmental strains, a larger clinical evaluation is necessary in order to validate
the interpretations obtained from this model-based approach.

5 Conclusion
A sensitivity analysis method was applied to a LV model that integrates a 3D
description of cardiac electro-mechanical activity. This work contributes to the
identification of important parameters that should be selected for future parameter estimations or further improvements of the underlying mathematical
descriptions. A preliminary patient-specific parameter estimation showed that
the model can represent a significant intraventricular dyssynchrony, while staying stable and able to simulate myocardial strains that are qualitatively similar
to those obtained from echocardiography. Further work will focus on the representation of right ventricular function, an analysis of the electro-mechanical
parameters and the application of an automated estimation procedure in order
to identify model parameters specifically to each patient.

6 Funding
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