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Abstract. Computational models are powerful tools in electrophysiology (EP),
helping us understand and predict arrhythmia associated with heart attack (i.e.,
myocardial infarction), a major cause of sudden cardiac death. Our broad aim is
to combine novel scar imaging methods with fast computational models to
enable accurate predictions of electrical wave propagation, and then to test these
models in preclinical frameworks prior to clinical translation. In this work we
used n = 3 swine with chronic infarct, which underwent MR followed by
conventional x-ray guided electro-anatomical EP mapping. For scar imaging, we
employed our T1-mapping MR method based on multi-contrast late enhance-
ment (MCLE) at 1 � 1 mm in-plane resolution and 5 mm slice thickness. Next,
we used the MCLE images as input to a fuzzy-logic algorithm and segmented
the infarcted area into two zones: infarct core IC (dense fibrosis) and grey-zone,
GZ (i.e., arrhythmia substrate). We further built 3D heart models from the stack
of segmented 2D MCLE images, integrating tissue zones (healthy, IC and GZ)
into detailed tetrahedral heart meshes (*1.5 mm element size). Finally, we
investigated the accuracy of model predictions by comparing measured maps of
activation times (i.e., depolarization times) with simulated maps obtained by
employing a macroscopic formalism and reaction-diffusion equations. We
obtained an acceptable small mean absolute error between the simulated and
measured depolarization times (*12 ms, in average). Future work will focus
on refining MR imaging resolution and use the models to guide ablation
procedures.
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1 Introduction

Malignant arrhythmia due to high heart rates (e.g. fast ventricular tachycardia, VT) is
an important cause of sudden cardiac death in patients with structural disease such as
myocardial infarction [1]. During VT, an aberrant electrical wave anchors around
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electrically inert infarct scars, propagating through viable isthmuses of slow conduc-
tivity (i.e., channels formed by a mixture of viable myocytes and collagen fibrils). For
assessment of electrical function and risk of arrhythmia, these patients undergo an
invasive x-ray guided catheter-based electrophysiology (EP) study, during which a map
of electrical signals are recorded and used to detect the isthmuses within or at the
periphery of infarcted areas, followed by an even more invasive test of arrhythmia
inducibility. Once identified, the isthmuses (i.e., VT foci) become targets for VT
ablation. Unfortunately, the success rate of ablations is currently lower and VT reoccur
in >50% of patients [1]. The ablation failure is often due to inadequate substrate
identification in electrical maps which are limited to catheter-based invasive recordings
acquired only on the surface of the heart.

Owing to its excellent soft-tissue contrast and lack of radiation, MR imaging has
found an increasing role in clinical exams prior to EP interventional studies. Non-
invasive MRI is now routinely used to provide structural information regarding infarct
location and transmural extent, as well as functional information (i.e., wall motion).
Typically, late gadolinium enhancement (LGE) imaging is used for scar imaging [2, 3],
where the VT substrate is identified as a ‘grey zone’ (GZ) due to its intermediate signal
intensity (SI) between scar and healthy tissue [4]. Unfortunately, this method has
several drawbacks, particularly missing subtle sub-endocardial GZ. An alternative is to
use T1-mapping MR methods, which provide superior contrast and sensitivity in
scar/GZ detection compared to LGE images [5].

However, the key limitations due to the surface-derived EP maps and to VT test
invasiveness still need to be addressed. To overcome them, computational modelling
tools can be used [6] in combination with scar information from MR imaging to build
3D heart models coupled with numerical methods. These models can simulate in silico
the abnormal propagation of electrical waves and predict VT inducibility. We previ-
ously built such 3D heart models from ex vivo diffusion tensor MR images of
explanted pig hearts with chronic infarction, and then validated the simulated activation
maps and VT test outcome vs. EP measurements recorded by conventional x-ray
guided electro-anatomical systems [7]. A next logical step is to develop a similar
framework using accurate in vivo MR methods.

In this work we propose a novel pipeline to build preclinical 3D heart models from
T1-mapping images and to test them using data obtained from in vivo x-ray guided EP
studies from a pig model of chronic infarction. Specifically, here we employ our robust
scar/GZ segmentation method which was validated against histology [8], and also
correct the motion-induced errors during multi-phase T1 image acquisition. Lastly, we
compare measured activation times with those simulated using fast computational
models. A simplified diagram illustrating various components of the T1-based pipeline
is shown in Fig. 1.
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2 Materials and Methods

2.1 Animal Preparation

All in vivo animal studies (i.e., infarct creation, MR imaging and EP procedures) were
approved by our Sunnybrook Research Institute. In this work we included results from
n = 3 MR-EP studies performed in chronically infarcted pigs. For infarction, a major
coronary artery was occluded under x-ray by a balloon catheter for 90 min, followed by
reperfusion. The pigs were allowed to heal for *5 weeks prior to MR-EP studies. By
this time point, fibrosis had replaced dead myocytes in the infarct core (IC), whereas a
mixture of viable and collagen fibrils was found in the peri-infarct (i.e., GZ), as
confirmed by collagen-sensitive histological stains.

2.2 Image Analysis Pipeline

Step (1) Data Acquisition: MR Imaging and EP Studies
All MRI studies were performed using a 1.5T GE SignaExcite MR scanner. For heart
anatomy we used a 2D Cine SSFP sequence. For scar imaging we used a T1-mapping
method based on a 2D multi-contrast late enhancement (MCLE) method. The MCLE
images were acquired over one R-R interval about 20 min following the injection of
Gd-based contrast agent, resulting in 20 phases (images) per cardiac cycle at different
inversion times (one of them nulling the signal from blood and healthy tissue). Both
Cine MR images and MCLE images were acquired at 1 � 1 � 5 mm spatial resolu-
tion. For the EP study we used an x-ray guided electro-anatomical CARTO system
(Biosense). The LV endocardial maps (*120 points/map) were acquired via a catheter
introduced in the LV cavity, in sinus rhythm and/or pacing conditions. In the case of
pacing at CL = 500 ms, a second (pacing) catheter was inserted in the RV and posi-
tioned at the apex, while the mapping catheter recorded the intracardiac electrograms
from the LV-endo. The MR images helped guide the mapping catheter such that denser
EP points (*2–3 mm apart) were acquired from within the infarct area.

Step (2) Data Processing: Image Analysis and 3D Heart Model Building
Segmentation: The MCLE images were used to extract steady-state (SS) and T1* maps
(Fig. 2a), which were used as an input to a robust fuzzy-logic segmentation algorithm
(Matlab). The resulting clusters of healthy, GZ, dense scar (IC) and blood pixels

Fig. 1. Diagram for the pipeline to build and test 3D T1-mapping models (including: MR-EP
data acquisition, image processing and model validation).
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(Fig. 2b), were used to generate tissue parametric maps (Fig. 2c), which were com-
pared to tissue histological maps using collagen-sensitive stains (Fig. 2d).

Image Registration: Prior to building 3D heart models from stacks of 2D segmented
MCLE images, we performed amotion correction step to align all segmentedMCLE images
in the same cardiac phase. To do so, we selected a diastole phase in the Cine sequence, and
registered segmentedMCLE andCine images for this phase as in [9]. TheMCLE-cine image
alignment was initialized using a block-matching-based rigid registration approach [10]
followed by a deformable registration refinement step. The deformable registration approach
employed [11]: a self similarity context descriptor for image similaritymeasurements; optical
flow as a transformation model; and a convex optimization to derive the optimal solution.

Mesh and Fibers Integration: Our generated 3D MCLE-based LV meshes were
constructed using CGAL libraries (www.cgal.org) from the stacks of segmented 2D
T1-SS images. These meshes were of sufficiently high density (i.e., between 150–
200 K tetrahedral elements, with mean element size 1.3–1.5 mm) to adequately sim-
ulate the wave propagation. All 3D heart meshes integrated synthetic fiber directions,
which were generated using rule-based methods that obey analytical equations [12].

Step (3) Computational Modelling and Validation Tests
The 3D MCLE-based heart models were further used to simulate the electrical wave
propagation through the heart using amono-domainmacroscopic formalismwith reaction-
diffusion equations. This model proposed by Aliev-Panfilov model [13, 14] solves for the
action potential (V) and recovery term (r), and was implemented by Inria researchers [15]:

@V
@t

¼ r � ðDrVÞ � kVðV � aÞðV � 1Þ � rV ð1Þ

@r
@t

¼ �ðeþ l1r
l2 þV

ÞðkVðV � a� 1Þþ rÞ ð2Þ

Fig. 2. Segmented MCLE image (a–c). Corresponding histology stain (Masson’s Trichrome):
IC (dense collagen) in green, GZ as a mixture of green and red, and healthy tissue in dark red (d).
(Color figure online)
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where a tunes the action potential duration and k corresponds to the recovery phase.
This fiber directions are accounted for via the diffusion tensor D, where d is the ‘bulk’
electrical conductivity of tissue. A reduced value of d results in a low conduction
velocity (c) of wave:

c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 � k � d
p

0:5� að Þ ð3Þ

In this work we personalized only the key model parameter ‘d’ corresponding to the
tissue electrical conductivity, because we compared only the simulated and measured
maps of depolarization times, whereas the other parameters were taken from previous
studies [7, 15]. We calibrated d_healthy in the healthy zone by employing a calibration
curve [16]. We then assigned d_GZ = 0.5*d_healthy to the slow-conductive GZ, and
d_scar = 0 to the non-conductive scar, as in [7, 17].

For all Finite Element simulations, we used a 4,096(1x)MB machine with an Intel®
Core™ i3-2310M processor, 640 GB HD, NVIDIA® GeForce® 315M graphic
adapter. Typically, it took <5 min to simulate 200 ms of the cardiac cycle on a mesh of
about 150K elements (*1.5 mm element size).

Lastly, we compared the simulated and measured depolarization time maps. For
quantitative comparisons, we projected the point-based measured endocardial maps
onto the LV surfaces of each mesh, and then we interpolated these maps using our
image visualization platform, Vurtigo (www.vurtigo.ca).

3 Results

Figure 3 shows results from the MCLE-to-Cine MR image registration step, before
(left) and after (right) motion correction of the myocardial wall seen in a longitudinal
view through the heart segmented in Fig. 2. The registration process was automated,
requiring approximatively 3 min per heart. Note the improved alignment of the
myocardial contours with Dice coefficients (%) of *82%, which resulted in smooth
endocardial/epicardial surfaces of the 3D LV model.

Fig. 3. Motion correction performed through the MCLE-to-Cine image registration, resulting in
smoothly aligned endocardial/epicardial surfaces
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Next, exemplary results from the construction of a 3D LV model for one infarcted
pig heart are presented in Fig. 4. From the stack of 2D segmented MCLE images
(registered to the Cine images as described above), we generated an interpolated 3D
anatomical LV model using CGAL libraries. The model integrated the three classes of
tissue (i.e., healthy zone, GZ and infarct core, IC) determined from the T1-SS mapping
images (Fig. 4a). In addition, shown are also the tetrahedral mesh (Fig. 4b) as well as
synthetic fibers rotating from −70° to +70° (from endocardium to epicardium) inte-
grated into the 3D LV mesh by assigning the fiber directions to each vertex (Fig. 4c).

Figure 5 shows LV models integrating various fiber inclinations. Based on our
previous work [7, 17] and comparisons with EP data in healthy hearts, our results
suggest that an angle inclination range of [−70°/+70°] produces the closest pattern and
smallest error between simulated and measured endocardial activation maps.

Figure 6a shows the calibration curve for the speed of wave vs. d_healthy (bulk
conductivity) used for model personalization. Figure 6b shows simulated depolariza-
tion times (left) and experimental maps (right), with LAT being the local activation
time (blue corresponds to late depolarization times). The scar (IC) was assigned d = 0.
The simulations on this LV mesh were performed in *4 min.

Fig. 4. Results from building a T1-based model for an infarcted pig heart: (a) 3D LV anatomic
model integrating the three MCLE-defined tissue zones (GZ area is in white and the IC area is in
black); (b) corresponding mesh (*150K elements); and (c) synthetic fibers.

Fig. 5. Simulated activation times for LV modes with different fibers inclinations
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Overall, there was a very good qualitative correspondence between computed and
measured activation patterns in all three infarcted hearts. Furthermore, quantitative
comparison led to an acceptable absolute error (*12 ms mean values, in average
among the three hearts) between the simulated depolarization times vs. measured
depolarization maps recorded from the endocardial surface. The largest differences
were observed at the periphery of infarct, which was expected due to the relatively
sparse EP points compared to the MR-derived mesh density. All quantitative com-
parisons were performed using custom codes developed in Matlab.

4 Discussion and Future Work

Innovative biomedical technologies using exquisite cardiac MR scar imaging methods
in combination with predictive image-based computer models can used as powerful
non-invasive diagnostic and treatment-planning tools in the clinical EP lab. To sum up,
in this work we proposed a novel image analysis pipeline to augment the information
from conventional electro-anatomical EP studies with 3D electro-physiology simula-
tions using high-resolution T1-mapping-based computer models. Such models could
supplement important information that is currently lacking in EP maps due to the sparse
point-base recordings, typically limited to the LV endocardial surface. Our T1-mapping
MCLE method for scar imaging was recently validated using quantitative histopathol-
ogy [8], giving us confidence that our 3D anatomical models integrating three zones:
scar, healthy tissue and GZ are sufficiently accurate.

The preclinical results in this work suggest that macroscopic theoretical models can
provide rapid (<5 min) simulation results for depolarization times on relatively dense
MCLE-derived LV meshes, making them attractive for rapid integration into clinical
platforms. Although these preliminary results are promising, we acknowledge that a
modelling limitation was the usage of global parameters (i.e., same conductivity or
speed within the healthy LV tissue). Better predictions may be obtained if the key
parameters in the model will be calibrated locally, using AHA-based 17 segments for
LV [18]. Thus, future work will focus on personalizing local model parameters per
individual heart from EP data using these AHA segments. We envision that this refined
approach will improve the model personalization and further reduce the error between

Fig. 6. Results: calibration curve for speed vs d conductivity (a); and comparison between the
simulated and measured depolarization maps in an infarcted heart (b).
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simulated and measured activation times. We also aim to include the right ventricle into
3D biventricular heart meshes and simulate the VT inducibility.

Lastly, for rapid scar/GZ imaging we are currently developing and testing a high-
resolution 3D MCLE method with navigator, which produces an excellent contrast at
blood-tissue interface at a 1.5 mm isotropic spatial resolution [19]. This voxel size can
overcome potential partial volume effects in the scar/GZ segmentation obtained at the
1 � 1 � 5 mm resolution. This 3DMCLE method will also help avoiding any potential
errors introduced by cardiac and respiratory motion in the segmentation/registration
steps. Thus, we anticipate that 3D heart models built from high resolution MCLE images
will provide robust identification of the VT substrate and a better guidance of the RF
ablation procedure.

5 Conclusion

Our broad goal is to test the predictive power of our 3D T1-based models and predict
risk of scar-induced arrhythmias. Here, we proposed a pipeline to build and test pre-
dictive T1-mapping image-based computer models using a preclinical pig model of
infarction that mimics very well the human pathophysiology of chronic scars. Overall,
our novel 3D computer LV models can give superior information compared to the
surface EP maps, allowing for visualization of transmural activation times and acti-
vation patterns through the myocardial wall, relative to the precise position of the scar
in the infarcted hearts.
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