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Abstract. We have developed finite element modelling techniques to semi-
automatically generate personalised biomechanical models of the human left 
ventricle (LV) based on cardiac magnetic resonance images. Geometric 
information of the LV throughout the cardiac cycle was derived via semi-
automatic segmentation using non-rigid image registration with a pre-
segmented image. A reference finite element mechanics model was 
automatically fitted to the segmented LV endocardial and epicardial surface 
data at diastasis. Passive and contractile myocardial mechanical properties were 
then tuned to best match the segmented surface data at end-diastole and end-
systole, respectively. Global and regional indices of myocardial mechanics, 
including muscle fibre stress and extension ratio were then quantified and 
analysed. This mechanics modelling framework was applied to a healthy human 
subject and a patient with non-ischaemic heart failure. Comparison of the 
estimated passive stiffness and maximum activation level between the normal 
and diseased cases provided some preliminary insight into the changes in 
myocardial mechanical properties during heart failure. This automated approach 
enables minimally invasive personalised characterisation of cardiac mechanical 
function in health and disease. It also has the potential to elucidate the 
mechanisms of heart failure, and provide new quantitative diagnostic markers 
and therapeutic strategies for heart failure.  

Keywords: Personalised FE modelling, left ventricle, in vivo myocardial 
mechanics, myocardial stiffness, maximum activation level, heart failure. 

1 Introduction 

Heart failure (HF) is a leading cause of morbidity and mortality with increasing 
prevalence. Whilst HF symptoms have been conventionally linked with compromised 
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pump function (known as systolic HF), it has recently been recognised that equal 
numbers of patients with HF symptoms appear to have normal systolic function, but 
impaired diastolic filling, which has been termed diastolic HF. The inter-relationship 
between diastolic and systolic HF is poorly understood. To investigate changes in 
ventricular mechanics, personalised heart mechanics models have been used to 
characterise ventricular mechanical behaviour with the development of advanced 
cardiac imaging techniques. Such methods typically utilise geometric information of 
the heart derived from 3D cardiac magnetic resonance images (MRI) to build 3D 
mechanics models, then use them to estimate myocardial mechanical properties using 
dynamic MRI. Previous studies have compared healthy and diseased hearts by 
estimating either the passive tissue stiffness [1] or the myocardial contractility [2][3] 
in isolation. The primary aim of this study was to develop automated methods for 
creating personalised biomechanical finite element (FE) models of the heart from 3D 
cardiac image data and to use these models to estimate tissue stiffness and systolic 
contractile properties in the same hearts to investigate mechanisms of cardiac 
dysfunction. 

This paper describes the automated fitting of a 3D cardiac mechanics model to 
human left ventricular (LV) surface data extracted from the Sunnybrook Cardiac 
database [5]. A semi-automated segmentation method was used to generate 
ventricular surface data for individual human hearts. The reference LV FE mechanics 
model was customised to surface data defined at the unloaded state (diastasis) using a 
nonlinear least squares fitting technique. After incorporating fibre orientations from 
the Auckland canine heart model  [11]  and cavity pressure boundary constraints, the 
LV FE model was used to solve the governing equations for finite deformation 
continuum mechanics to simulate ventricular deformation throughout the cardiac 
cycle. Estimations of the diastolic tissue stiffness and systolic contractile properties of 
the heart were derived by fitting to the geometric data extracted at the end-diastolic 
(ED) and end-systolic (ES) LV states, respectively. Personalised estimates of the 
distributions of myocardial fibre extension and stress were also obtained using this 
modelling framework. We demonstrate this approach using cine magnetic resonance 
(MR) images from hearts of a healthy human and patient diagnosed with non-
ischaemic HF to investigate the underlying mechanisms of dysfunction.  

2 Methodology 

2.1 Cardiac Images and Segmentation 

The LV geometries were extracted using an active shape model (ASM) based 
approach [6] developed specifically for segmentation of sparse image data. The 
training set for the statistical shape model was obtained from Computed Tomography 
studies and comprised shapes of 100 subjects, with 15 shapes per subject sampled 
throughout the cardiac cycle [7]. The MR image intensity model was obtained from 
30 cardiac MR data sets, independent from the Sunnybrook database, after fitting the 
shape model to their manual segmentations. 
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longitudinal and 1 radial element) interpolated using C1 continuous tricubic Hermite 
basis functions. The human LV surface data were separately projected onto the 
epicardial and endocardial surfaces of the scaled canine FE model. Nonlinear least-
squares optimisation was used to adjust the geometric parameters of each FE model 
surface to best match the corresponding LV surface data (Fig. 1). 

Ventricular Fibre Structure. In order to account for the LV myocardial architecture, 
we incorporated histologically derived fibre-sheet orientation data from the Auckland 
canine LV model [9,11]. This choice was primarily due to the lack of detailed in vivo 
or ex vivo measurements on human muscle fibre orientation.  

Boundary Constraints. LV cavity pressures and displacement boundary constraints 
were applied during the simulations. The epicardial basal nodes of the model were 
constrained to match the motion of the segmented surface data, whereas the apex was 
unconstrained. Due to the lack of in vivo cavity pressure data in this study, pressure 
loading constraints were taken from the literature. During diastolic filling, a LV 
cavity pressure of 1.48 kPa [12] was applied to the endocardial surface of the 
reference FE model, whilst the afterload was set to 15.1 kPa [13]. 

LV Mechanics. LV mechanics was simulated in two phases: 1) passive diastolic 
filling (slow filling) to ED; and 2) active systolic contraction to ES, which included 
the isovolumic contraction (IVC) and ejection phases of the cycle. The governing 
equations of finite deformation elasticity were solved using the FE method. 

LV Passive Mechanics and Passive Property Estimation. The passive inflation 
phase was simulated by incrementally applying pressure to the LV endocardial 
surface of the model until the preload was reached. The passive mechanical behaviour 
was modelled using a transversely-isotropic constitutive equation (Eq. 1) [14].  
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where Eαβ are the components of Green’s (Lagrange) strain tensor referred to fibre (f), 
cross-fibre (c) and radial (r) material coordinates, and C1 - C4 are the passive 
myocardial constitutive parameters. An estimate of the tissue stiffness (C1) was 
obtained after matching the inflated FE mechanics model to the segmented ED 
surface data. During this optimisation, the segmented data were projected onto their 
corresponding FE model surfaces, and the overall root-mean-squared error of the 
projections was then minimised by varying C1. Other parameters describing the 
anisotropy (C2 - C4) were not included in the estimation due to the lack of regional 
strain information in the segmented data. Instead, their values were taken from our 
previous study based on MR tagging in canine hearts [9]. 

 

LV Systolic Mechanics and Active Property Estimation. After tuning the passive 
properties, the simulation was continued through IVC, to the end of ejection.  
Contraction of the LV model was driven by a calcium-dependent activation transient 
(TCa) throughout systole as part of a steady-state model for contractile stress (Ta) [15]:  
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where λ is the fibre extension ratio and β is a material parameter that describes the 
length-dependence of the activation level. Note that this model is independent of the 
velocity of muscle shortening. Following the end of inflation, the activation level, TCa, 
was gradually increased to represent the release of calcium from the sarcoplasmic 
reticulum. During IVC, the LV cavity pressure was raised to counteract the contractile 
force in order to hold the cavity volume constant at its ED value. Simulations ran until 
the LV cavity pressure reached an afterload of 15.1 kPa [13]. The maximum 
activation level at ES (TCa_max) was estimated by matching the model predicted ES 
state to the segmented human ES data.    

3 Results 

Fig. 2 illustrates the segmented ED (top) and ES (bottom) epicardial (green) and 
endocardial (gold) surface points derived from the automatic segmentation procedure 
described in section 2.1. Global geometric and functional measurements, such as wall 
volume, EDV, ESV and ejection fraction (EF) were calculated from geometric models 
fitted to the surface contours at ED and ES. These indices are summarised in Table 1.  

 

Fig. 2. Epicardial (green) and endocardial (gold) surface points at end-diastole (top) and end-
systole (bottom) for LVs from a normal human (left) and non-ischaemic HF patient (right) 

 
For the two cases studied in this paper, both the wall volume and the EDV for the 

non-ischaemic HF case were approximately double the values for the normal, 
indicating severe remodelling of the LV geometry with both wall thickening and 
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ventricular dilatation.  The non-ischaemic HF case also exhibited a larger ESV 
compared to the normal, but the stroke volumes between the two cases were only 
moderately different (81ml versus 62 ml). The significant reduction in EF seen in the 
non-ischaemic HF case was primarily due to its increased EDV.  Fig. 3 shows the 
error projections of the segmented data at ED and ES onto the corresponding surfaces 
of the associated predicted models. 

The estimated passive tissue stiffness parameter (C1) was substantially larger for 
the non-ischaemic case (Table 2). In contrast, estimated values of the maximum 
activation level (TCa_max) were relatively similar. As indicated in Fig. 4, fibre extent of 
shortening was lower for the non-ischaemic HF case compared to the normal case. 
This resulted in an increased active fibre stress (Ta) at ES, due to its dependence upon 
length (the Frank-Starling mechanism), even though the estimated activation levels 
(TCa) were similar for the two cases. 

Table 1. Geometric and functional data for normal and non-ischaemic heart failure LVs 

 Normal Non-ischaemic Heart Failure 
Wall Volume (ml) 105 194 

EDV (ml) 119 247 
ESV (ml) 38 185 
EF (%) 68 25 

 

Fig. 3. Predicted ED FE models following passive parameter estimation (upper), and ES 
models following active contractile parameter estimation (lower). Epicardial (green) and 
endocardial (gold) surface data error projections (blue) are shown for a normal human LV 
(left), and a LV of a non-ischaemic heart failure patient (right).  
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Table 2. Estimated passive and active mechanical properties for normal and non-ischaemic 
heart failure LVs 

 Normal Non-ischaemic HF 
Passive Stiffness (C1 (kPa)) 2.3 7.6 

ED Fibre Extension Ratio (λ) 1.1 ± 0.03 1.04 ± 0.02* 
ED Passive Fibre Stress (kPa) 4 ± 1.9 4 ± 2.6 

Maximum Activation Level (TCa_max (kPa)) 93 94 
ES Fibre Extension Ratio (λ) 0.89 ± 0.07 0.95 ± 0.07* 
ES Active Fibre Stress (kPa) 70 ± 14 81 ± 13* 

* indicates significant difference (P<0.05) compared to the normal case.  

 

 

Fig. 4. FE model predictions of end-systolic fibre extension ratio and active fibre stress for two 
case studies 

4 Discussion 

This paper presents a workflow to construct LV surface segmentations from cardiac 
MR images, and to create personalised FE biomechanical models to characterise 
global mechanical properties of the LV. Although a manual step was required to start 
the segmentation process by identifying a small number of landmarks, the automatic 
detection of landmarks is currently feasible and could be applied to produce a fully 
automated method. These models were used to generate personalised estimates of 
passive and active mechanical properties by matching model predictions to the 
kinematic information derived from the cardiac MR images. These methods not only 
provided estimates of global mechanical function, but also estimates of regional fibre 
stretch and stress.  

A key limitation of this study was the lack of subject-specific cavity pressure 
measurements, which were not recorded. Therefore, we assumed the same diastolic 
(preload) and systolic (afterload) blood pressures for both the normal and HF cases. 
Estimated mechanical properties were shown to be correlated with preload and 
afterload (data not shown). Lack of pressure transient measurements also limited our 
mechanical analysis to consider only two time-points for both phases of the cardiac 
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cycle. If personalised pressure recordings were available, these data could be readily 
incorporated into this workflow to provide estimates of the activation level transients 
throughout the cardiac cycle.  

A second limitation was the lack of subject-specific microstructural information for 
the human hearts studied. This may have been particularly limiting for the analysis of 
the failing hearts. In vivo imaging of the myofibre architecture may be made possible 
using in vivo diffusion tensor MR imaging (DTMRI) techniques. Recent attempts to 
acquire in vivo DTMRI of beating heart include [16][17], however the data collected 
are still rather sparse and the techniques require extensive validation before in vivo 
DTMRI becomes a clinical routine. This framework is capable of incorporating in 
vivo fibre orientation data should they be available in future studies. In [18], statistical 
atlases of human myocardial fibre orientations for both healthy and abnormal hearts 
were proposed based on ex vivo DTMR imaging of 10 healthy and 6 abnormal hearts. 
Incorporating the data from this atlas into this modelling framework was beyond the 
scope of the present study, partly because the physical conditions of these hearts 
remain unclear. However, in a separate study we are presently underway to 
investigate the sensitivity of strain predictions on the underlying fibre structure [19] 
by embedding the fibre data extracted from normal human hearts [18] into the LV 
mechanics model.  

For this paper, we focused on only the LV. The next stage of this study is to extend 
the analysis to consider both ventricles, and this inclusion can potentially improve the 
RMSE during parameter estimation.  

We tuned the mechanical properties to match the shapes of the LV at ED and ES, 
and assumed that the distributions of these properties were homogeneous. This 
assumption may be violated for diseased cases where tissue remodelling (e.g. due to 
myocardial infarction) may induce regional variation of mechanical properties.  
However, this choice was made solely due to the lack of regional motion data because 
the 3D MR images used in this study only allowed derivation of surface information 
of the LV. To incorporate heterogeneity, regional kinematic data are required. This 
framework could be readily extended to estimate material parameters on a regional 
basis.  

By applying this automated method to LV images from a normal heart, and the LV 
of a non-ischaemic HF patient, we were able to compare the estimated mechanical 
properties. For this study, we focused on the effects of geometric remodelling during 
HF on mechanical properties estimates. Using this modelling workflow, the estimated 
passive tissue stiffness for the LV with non-ischaemic HF was greater than that for 
the normal LV. This is consistent with the fibrosis that is known to occur during HF 
[12]. The estimated maximum activation levels (TCa_max) were similar for the two 
cases, suggesting that non-ischaemic HF is not associated with a change in the 
systolic mechanical properties of the myocardium. In this study, the geometric 
remodelling as a result of non-ischaemic HF was fully accounted for by an increase in 
passive stiffness. We speculate that the increased active fibre stress (Ta) for the non-
ischaemic HF case may be responsible for triggering myocardial tissue and chamber 
remodelling.  
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5 Conclusions 

We have developed an automated segmentation and FE modelling workflow to 
generate personalised human LV mechanics models using geometric and kinematic 
information derived from semi-automatic segmentation of cardiac images. The 
methods presented will be used in a larger-scale study to generate personalised FE 
mechanics models, and extract patient-specific mechanical properties of hearts from 
patients with HF. Determining more specific variations in mechanical properties 
between diseased and normal human hearts will help in the understanding of the 
underlying mechanisms of HF.  
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