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Executive Summary 
The main objective of D4.2 the development of a processing pipeline for translating segmented clinical 

image data on 4D cardiac anatomy into finite element models of the ventricles and the attached vessels 

which are suitable for being used in computer simulations of electrical activity and concommitant 

mechanical deformation of the heart. The processing pipeline provided in this deliverable expects 

segmented MRI image data as input as they are acquired in WP 2.2 and pre-segmented in WP T2.3. The 

medical image stack to in-silico model generation pipeline consists of four main stages, segmentation post-

processing, anatomical FE mesh generation, tag transfer and assignment of structural properties as well as 

the generation of activation and repolarisation sequences.  

Introduction 
The overall objective of WP4 is to develop, apply and validate modelling methodology for performing 

patient-specific in-silico simulations of ventricular electro-mechanics. Such simulations provide deformation 

data which can be used as a boundary condition for fluid flow simulations as used in WP5 and WP7. Model 

development aims at both cardiac anatomy and physiology with sufficient detail to facilitate a direct clinical 

interpretation of computed simulation results. Moreover, besides serving as input for CFD simulations, 

physiologically important parameters such as regional distribution of strains, stresses, myocadial work and 

energy consumption can be computed. This report is on deliverable 4.2 which implements the model 

generation pipeline. Segmented clinical image data stacks are processed to generate FE meshes of cardiac 

anatomy, assign tissue-specific structural properties and to generate all auxiliary information required for 

defining electrical and mechanical boundary conditions. The overall workflow is visualized in Figure 1. 



D4.2  Implementation of image stack to finite element 
mesh generation pipeline 

CARDIOPROOF -  FP7-ICT-2013-10 (611232) 

 

6 
 

 

Figure 1 Visual illustration of workflow in image to FE mesh pipeline. Binary anatomical segmentations are provided by WP T2.3 
as input. Anatomical tags are added and jaggedness in segmented data is reduced by applying a TGV surface smoothing 
algorithm. Smoothed surfaces are resampled to generate high resolution image stack holding both anatomical as well as tag 
information and fed into a 3D volumetric image-based FE mesh generator. A rulebased algorithm is employed to assign 
orthotropic eigenaxes to the ventricles. Tags which encode Neumann or Dirichlet boundary for bioelectric or mechanic 
simulations are automatically extracted from the mesh for executing electromechanics simulation. A movie showing a 
representative simulation results is found here: http://youtu.be/93Tam1r69k8 
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Processing Stages of Model Generation Pipeline 
The model generation pipeline expects segmented MRI image data of the heart in enddiastolic 

configuration as input as they are acquired in WP T2.2 and pre-segmented in WP T2.3. The processing 

pipeline consists of four stages main stages, namely, segmentation post-processing, anatomical FE mesh 

generation and tag transfer, assignment of structural properties as well as the generation of activation and 

repolarisation sequences. The development of the model generation pipeline aimed at achieving maximum 

flexibility, allowing to generate complete four chamber models of the entire organ including the attached 

large vessels. Such four chamber models are preferible from a modeling point of view as they allow 

imposing more realistic mechanical boundary conditions. However, the cost of segmentation is much 

higher, thus hampering an application of such models in high throughput modeling studies where time 

devoted to segmentation should be kept as short as possible. Therefore, for the clinical scenario this 

project is aiming for, simpler models of LV and aorta will be used. Nonetheless, the entire processing 

pipeline is set up to accommodate the more complex four chamber scenario as we anticipate that this 

modeling approach will provide predictive advantages in the long run. Therefore, for the sake of illustrating 

the full functionality of the developed pipeline, a high resolution four chamber heart is used. It is important 

noting that the exact same pipeline easily accommodates the less expensive LV modeling with the only 

difference being that several steps during the initial processing stage are not required and can be skipped. 

The various stages are summarized in Figure 1 and will be described in detail in the following. 

Anatomical Segmentation 

To meet the specific requirements of the model generation pipeline in terms of anatomical segmentation a 

number of tools have been implemented in the CAIPI software developed by Fraunhofer MEVIS to provide 

the clinical partners (WP2) with means to segment the image. Because of varying grey value contrasts and 

sometimes partially occluded anatomy, the tools are semi-automatic to allow a robust segmentation even 

on difficult image data. The starting point for the segmentation is a whole-heart data set showing an end-

diastolic timepoint. 

In the first step, valves and lumina (including all chambers and the aorta) have to be segmented. The valves 

are modelled as spline-interpolated 3D contours based on a small number of supporting points set by the 

user. The lumina are then obtained using a watershed-based segmentation that is bounded by the valve 

regions. For correction of the lumina segmentations, a brush tool, a connected component extraction and 

filling of small holes are available. 

In the second step, the left myocardium is segmented using an image gradient-steered expansion of the left 

chamber, which is constrained by the structures that have been segmented in the previous step. 

In an optional third step, thin walls that are hardly discernible in the image data can be approximated by 

dilating a given structure, which is again constrained by previously segmented structures.  

The final tagged segmentation includes all structures that can be robustly segmented with the given tools: 

left ventricle, right ventricle, left atrium, right atrium, left myocardium, all four valves, and the aorta. 
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Figure 2: 3D rendering of segmented structures 

Input Interface 

WP T2.3 applies the customized segmentation tools to provide anatomical baseline segmentations. In the 

basic scenario only blood pool in LV and aorta as well as LV myocardium including the septum and the 

aortic valve are segmented. In the case of four chamber models also RV, LA and RA as well as all the 

attached larger vessels such as IVC and SVC in the RA and LA antrum and PV ostiae in the LA, are identified. 

The input interface of the pipeline accepts segmented image datastacks which are provided in the standard 

clinical DICOM format. Exchange of segmentation data is managed through the TrialConnect system 

(https://dhzb.trialconnect.de). 

Technical Implementation 

The entire processing pipeline consists of various command line tools each of which serves a particular 

function. Almost all of the tools develeoped were implemented in C. The more costly operations support 

MPI to enable the management of larger high resolution datasets which would not fit into memory 

otherwise. Automatization of workflows is achieved by linking these individual tools together using bash 

and Python scripts. In the course of the project, bash will be entirely replaced by Python to reduce 

heterogeneity of the software stack and take advantage of the higher flexiblity and better debugging and 

visualization capabilities. 

Segmentation Post-processing 

This initial stage of the processing pipeline is dedicated to the refinement of the provided baseline 

segmenation. In particular, minor segmentation errors are corrected and additional classification tags are 

added, if necessary, to further discriminate between different tissue types and anatomical landmarks 

relevant to the subsequent model parametrization. There are two major distinct operations implemented, 

the assignment of classifcation tags referred to as “tagging” and geometric smoothing of the organ’s 

anatomy, which would be jagged otherwise due to the limited resolution of the acquired clinical data. The 

latter stage is referred to as “surface smoothing”. 

https://dhzb.trialconnect.de/
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Tagging: MRI data acquired in WP T2.2 and segmented in WP 2.3 serve as input to the processing pipeline. 

Clinical segmentation, peformed by using the tool CAIPI, developed by WP6, provides the essential 

information on cardiac anatomy. For model generation and simulation runs further refinements of the 

baseline segmentation are required. Various regions of the heart which are characterized through different 

material properties are tagged to allow flexible assignment of parameters to these various regions during 

the simulation stages. In particular, in the most general case, every voxel of the image stack is assigned one 

classifying tag out of the following list: 

Tag Entity Tag Entity Tag Entity 

1 LV 8 LA 15 Mitral valve 

2 LV blood pool 9 LA blood pool 16 LA antrum 

3 RV 10 Aortic wall 17 LIPV ostium 

4 RV blood pool 11 Aortic blood pool 18 LSPV ostium 

5 Septum 12 Tricuspid valve 19 RIPV ostium 

6 RA 13 Pulmonary valve 20 RSPV ostium 

7 RA blood pool 14 Aortic valve 21 Apex 
Table 1 Numerical tags and their correspondence with anatomical entities. Entities which are mandatory for the basic scenario 
are highlighted in bold, other tags are optional. 

A fully automatic classification is not feasible. The various regions of the heart are anatomical entities, but 

the underlying tissue composition is the same everywhere. As such, there is no region-specific signature in 

the acquired imaging data which would allow for an automatic discrimination based on image features 

alone. Anatomical expertise is necessary to achieve a detailed and correct classification of the various 

anatomical regions. Existing tools have been reused for the semi-automatic processing steps, namely CAIPI 

(Fraunhofer, MEVIS), itksnap (University of Pennsylvania, USA) and Seg3D2 (University of Utah, USA). While 

interactive processing is required, tag assignment and minor correction of segmentation errors is achieved 

quite swiftly. It is important to note that this is the only manual process in the entire processing pipeline. 

Once all required regions are appropriately tagged, all subsequent steps including the definition of 

electrical and mechanical boundary conditions, as they are used during simulation runs, proceeds fully 

automatically. 
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Figure 3 Illustration of tissue classification assignment using itksnap: Individual tag IDs are color encoded. RV (red), RV outflow 
tract and root of pulmonary artery (light green), LV (grey), LA and RA (blue), PV ostiae (brown), tissue surrounding ventricular 
apex (magenta), SVC (dark green). 

Surface Smoothing: Depending on the resolution of a given MRI datastack, the geometric appearance of 

the heart’s surfaces is jagged which is neither ideal for visual represention nor for computational accuracy. 

Similar to WP6.1, staircasing artefacts in segmented image stacks are reduced by using the marching cubes 

method, as implemented in the vtk, to generated a triangulated surface representation first. Jaggedness is 

reduced through an iterative optimization procedure based on a TGV paradigm[13]. The TGV approach 

avoids volumetric shrinking and allows limiting the maximum nodal displacements. By default our 

implementation limits nodal displacement to be +/- 0.5 voxels. The effectiveness of this newly developed 

algorithm is demonstrated in Figure 4. 



D4.2  Implementation of image stack to finite element 
mesh generation pipeline 

CARDIOPROOF -  FP7-ICT-2013-10 (611232) 

 

11 
 

 

Figure 4 Effect of TGV smoothing of a cardiac surface. Left panel: Surface based on raw segmented data, as provided by WP T2.3. 
Right Panel: Same surface after TGV smoothing. The maximum displacement of any one node in the surface mesh due to TGV 
smoothing can be prescribed and is set by default to +/- 0.5 voxels. 

The smoothed triangulated surface is resampled using the 2D cairo library which converts the triangulated 

surface mesh slice by slice into high resolution 2D images which are stacked together again to recover the 

3D volume. These high resolution isotropic 3D stacks which hold now anatomical information with 

smoothed surfaces, serve as input for the subsequent FE mesh generation step. While only the anatomical 

mask is smoothed in this step, all previously assigned tagging information is preserved and stored as a 

separate image stack. Both image stacks, that is anatomical and tag stack, are of the exact same resolution. 

Typically, the output of this processing stage yields image stacks which are markedly oversampled as 

compared to the original clinical input data. Clinical datasets are provided at a resolution of around 1-2 mm 

in plane and even coarser out of plane resolution. The resolution in the preprocessed image stacks is 

typically chosen to be 100-200µm. This fine resolution is beneficial when aiming at generating high fidelity 

models which allow converged computation of electrical activation sequences. For mechanical simulations, 

as they are in the focus of this project, resolution of the resulting FE mesh can be reduced down to about 1 

mm, however, with smooth representation now of the organ’s surface. 

Anatomical Mesh Generation 

To be suitable for numerical simulation, anatomical information of the high resolution image stacks is 
tesselated into unstructured FE meshes. Mesh resolution is chosen to allow for simulation of electrical 
activation sequences with acceptable convergence error [2]. Typically, this necessitates mesh resolutions < 
400µm. For this task, an image-based unstructured mesh generation technique is employed which has been 
developed previously in our laboratory. The fundamental description of the algorithm has been published 
previously [1]. A robust implementation of the method has been implemented in the commercial mesh 
generation software Tarantula (CAE Software Engineering, Eggenburg, Austria). Briefly, the method uses 

http://cairographics.org/
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the dual mesh of an Octree applied directly to segmented 3D image stack. This method produces 
conformal, boundary-fitted, hexahedra-dominant meshes. The algorithm operates fully automatically with 
no requirements for interactivity and generates accurate volume-preserving representations of arbitrarily 
complex geometries with smooth surfaces. The meshing software computes isosurfaces from the binary 
segmented image stack where the transition between 1 (tissue) and 0 (surrounding medium) encodes the 
surface. The algorithm refines element sizes to pad the volume between the isosurface the inner volume of 
the mesh while attempting to keep element sizes constant further away from surfaces in the depth of 
tissue. This is advantageous as it allows controling numerical errors by prescribing the inner resolution of 
the mesh. The natively generated meshes consist of four different element types which are hexahedra, 
prisms, pyramids and tetrahedra. These hybrid meshes are converted into purely tetrahedral meshes as our 
non-linear mechanics solver does not support hybrid meshes yet. Finally, classification tags as they were 
previously assigned during the segmentation post-processing phase, are seamlessly carried over onto the 
corresponding unstructured FE grid (Figure 5, rightmost panel). 

 

Figure 5 Left panel: Finite element mesh of a generated four chamber geometry of a human heart. FE mesh is built from 
anatomical segmentation informatio. Inset illustrates the tesselation of the cardiac domain, revailing how fine-scale anatomical 
detail is resolved in the model. Right panel: Tags as assigned on a per voxel base in the segmentation post-processing phase, are 
transferred over to the FE mesh. Blueish color encodes location where homogeneous Dirichlet boundary conditions are 
employed when simulating mechanical deformation.  

Assignment of Material Properties 

Cardiac tissues are orthotropic in both electrical as well as mechanical properties. Three principal axes can 

be distinguished as a consequence of the microscopic tissue composition. Tissue is made up of cylinder 

shaped elongated myocytes which organize in strands and sheets. The orientation of strands and sheets 

vary as a function of space. In general, at any point in space, x, one distinguishes between longitudinal axis, 

l, (along the prevailing myocyte orientation), sheet axes, s, (perpendicular to the myocyte orientation, but 

within a sheet) and a sheet normal axes, n, (perpendicular to the sheets). Thus, material in the volume of 

the heart is characterized by the three eigenaxes l(x), s(x) and n(x) which are mutually orthogonal. In 

principle, measuring the eigenaxes in intact ex-vivo hearts is feasible using DT-MRI. However, this is not the 

case in a clinical setting as DTI acquistion is not feasible yet in beating hearts. Based on histological 

investigations which justify the assumption that orthotropic properties between individuals are similar, 

either atlas-based or rule-based methods have been employed for this purpose. Departing from our own 

previous work on a rule-based approach referred to as Laplace-Dirichlet rule based method (LDRB), we 

enhanced the overall approach, implemented the necessary solver steps efficiently and tightly integrated 

all steps into the processing pipeline. For efficiency reasons, all processing steps involved in orthotropy 

assignment have been implemented in C. All operations of major computational cost, particularly the 



D4.2  Implementation of image stack to finite element 
mesh generation pipeline 

CARDIOPROOF -  FP7-ICT-2013-10 (611232) 

 

13 
 

computation of harmonic solutions through solving the Laplace-Dirichlet problem, support parallel MPI 

execution. 

The LDRB algorithm necessitates various surfaces to generate harmonic solutions from which various 

weighted gradients are computed to provide the local reference frames relative to which orthotropic axis 

can be assigned[3]. In particular, five surfaces, summarized in Table 2 and visulized in Figure 6, are required 

as inputs.  

apex Apex of the ventricles 

base Base of the ventricles 

epi Epicardial surface of the ventricles 

lv Endocardial surface of the LV 

rv Endocardial surface of the RV 
Table 2 Surfaces required as inputs for LDRB method. 

 

Figure 6 Stylized representation of surfaces required as inputs for the LDRB orthotropy assignment algorithm. 

A detailed description of the overall approach has been reported in a previous study in which the method 

was carefully valildated by comparing against available ex-vivo DTI data. The baseline algorithm has been 

modified and its suitability in the more complex four chamber scenario, as well as for LV only geometries, 

has been tested. Validation results from our previous study and the application of the method to a four 

chamber geometry model are summarized in Figure 7. 
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Figure 7 LDRB method validation and application to four chamber geometry model. Leftmost LDRB panel: Streamline 
visualization of primary eigenaxis referred to as “fiber orientation”; DTI panel: streamline visualization of fiber orientations 
based on ex-vivo DTI measurements; Comparison between LDRB and DTI fiber orientations. Difference in fiber angle between 
DTI and LDRB is colorcoded; rightmost panel: application of LDRB algorithm to four chamber geometry model. For the sake of 
simplicity fiber orientations are plotted over the epicardial surface. 

Generation of Electrical Activation Sequences 

Motivation: Electrical activation of the ventricles is mediated via the specialized conduction system. The 

ventricles are electrically isolated from the atria, except for a signal impulse conducting connection referred 

to as atrio-ventricular node (AV). The AV node transduces the atrial impulse to the His bundle which 

branches off into a left bundle branch for activating the LV, and a right bundle branch for activating the RV. 

Both branches split into fascicles which bifurcate repeatedly, thus forming a network of 1D conducting 

cables referred to as Purkinje system (PS). At the distal ends of this network, the PS is connected to the 

ventricles via Purkinje-ventricular junctions (PVJ) which feature specific transmission characteristics, 

depending on whether transmission takes places in the normal orthodromic direction or in the antidromic 

direction. The tight PS network lines the endocardium in both the LV and RV which makes for a fast and 

relatively synchronous activation of the endocardium. The earliest sites of activation occur typically in the 

apical septum as well as at sites around the distal endings of the main fascicles, and thus determine the 

endocardial activation sequence. The cardiac impulse travels then transmurally, at a significantly lower 

conduction velocity, to activate the entire ventricular myocardium and trigger mechanical contraction.  

Governing Equations: Electrical activity of the heart is governed by the cardiac bidomain equations. While 

the bidomain equations faithfully capture various effects which are of importance when the response of 

tissue to externally applied electric fields is under study, the computationally cheaper monodomain 

equation suffice when only the spread of electrical activation is modeled. This is the case in this project 

where electrical activation patterns are computed to provide either Calcium transients or activation time as 

inputs for triggering active stress transients in mechanical simulations. Briefly, the monodomain equations 

can be stated as 

  (     )                     ( )  

  
   
  

      (    ⃗ )                            ( )

  ⃗ 

  
  (    ⃗ )      ( )
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where m = diag(σml, σmt, σmt) is the harmonic mean conductivity tensor or the effective bulk conductivity; 

Vm is the transmembrane voltage; β is the bidomain surface to volume ratio; Im is the transmembrane 

current density; Cm is the membrane capacitance per unit area; Iion is the density of the total ionic current 

flowing through the membrane channels, pumps and exchangers; and Istim is the stimulus current density. 

Iion depends on Vm as well as on a set of state variables  ⃗ , which describes channel gating and ionic 

concentrations according to the vector-valued function  (    ⃗ ). An operator splitting approach is used to 

solve the system. Numerical techniques to solve the discretized linear systems of equations as well as the 

systems of ordinary differential equations describing cellular dynamics have been described in great detail 

previously [11,12]. 

Modeling Approach: Modeling of this initial phase of a heart beat can be achieved either by modeling the 

physics of the PS directly [4,5], or by devising approriate endocardial stimulation profiles where impulse 

propagation is initiated through carefully chosen and timed electrical stimulation currents at the LV and RV 

endocardium[8]. Prototypes for both modeling approaches have been implemented and are currently 

being evaluated. Endocardial stimulation profiles are simpler to implement and use. For the intended 

clinical application which aims at modeling ventricular contraction and relaxation of patients suffering from 

aortic valve stenosis or aortic coarctation, the use of endocardial stimulation profiles is preferible as 

patients are assumed to have normal orthodromic activation of the endocardium. In such cases the use of 

topologically realistic PS models is not necessary as antidromic retrograde activation of some PS branches 

cannot occur, as it would be the case in patients suffering from bundle branch blocks or in patients with 

implanted pacemakers. Stimulation profiles are defined interactively by selecting sites of initial activation 

and by prescibing a radius within which adjacent tissue is affected by the stimulus. Indices of all affected 

nodes in each electrode are exported to individual files which can be used directly as input in simulation 

runs. A representative example of an activation sequence initiated by an endocardial stimulation profile is 

show in Figure 8. The dynamics of this process is illustrated in a movie:  http://youtu.be/h1JbJUwE02I 

Validation: This deliverable 4.2 focused on implementing the basic methodology for generating the 

electrical activation sequence which drives mechanical contraction. A careful parametrization and 

validation against clinical data has not been performed yet. As planned this will be implemented in D4.3 by 

using ECG data.  

 

Figure 8 Electrical activation pattern of the ventricles initiated by an endocardiac stimulation profile. Color encodes 
transmembrane voltage Vm (blue=-80 mV, red=+40mV). Left upper panel shows quiescent ventricles, right lower planel shows 
late repolarization 350 ms after initial activation. 

http://youtu.be/h1JbJUwE02I
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Summary 

A basic image to FE-mesh generation pipeline has been assembled. Except for the initial tagging of 

anatomical segmentation, all steps are implemented to allow a fully automatic execution of the entire 

processing pipeline. Computationally, the most expensive step is the mesh generation stage which lasts on 

the order of minutes up to an hour, depending on the chosen resolution. Due to the modeling approach 

used in the first phase of the project where we rely on solving the monodomain equation with biophysically 

detailed ionic models [6,7] for the generation of activation sequences, rather high resolution meshes are 

used (~400µm). This is due to the fast transients and steep wavefronts of electrical depolarization which 

are captured by the monodomain equations. In this case high mesh resolutions are necessary to arrive at 

reasonably converged simulation results. At a later stage once the implementation of eikonal solvers is 

completed [9,10], mesh resolution is governed by the non-linear deformation equation only. Then much 

coarser meshes will suffice, reducing both mesh generation as well as model execution time. We anticpate 

that overall model generation time will be feasible within less than 10 minutes. 
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