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Abstract. Real-time MRI-guided electrophysiology (EP) interventions hold the
potential to replace conventional X-ray guided procedures aimed to eliminate
potentially lethal scar-related arrhythmia. Furthermore, although cardiac MR can
provide excellent structural information (i.e., anatomy and scar), these
catheter-based procedures have limited electrical information due to sparse
electrical maps recorded from endocardial surfaces. In this paper, we propose a
novel framework to augment such sparse electrical maps with 3D transmural
electrical wave propagation obtained non-invasively using computer modelling.
First, we performed real-time MR-guided EP studies using a preclinical pig
model (i.e., in 1 healthy and 2 chronically infarcted animals). Specifically, the
MR scans employed 2D T1-mapping (1 x 1 x 5 mm spatial resolution) based
on a multi-contrast late enhancement method. For the EP studies we used an
MR-compatible system (Imricor). Second, the stacks of resulting segmented
images were used to build 3D heart models with various zones (i.e., healthy, scar
and gray zone). Lastly, the 3D heart models were coupled with simple mon-
odomain reaction-diffusion equations (e.g. eikonal and Aliev-Panfilov). Our
simulations showed that these mathematical formalisms are advantageous due to
fast computations, allowing us to predict the electrical wave propagation
through dense LV meshes (e.g. >100 K elements, element size ~1.5 mm) in
<3 min on a consumer computer. Overall, preliminary results demonstrated that
the 3D MCLE-based models predicted close activation times and patterns
compared to our measured EP maps, while also providing 3D transmural
information and a precise location of the infarction. Future work will focus on
calibrating directly (in near real-time) T1-based personalized heart models from
electrical maps obtained during real-time MR-guided EP mapping procedures.
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1 Introduction

Ventricular tachycardia (VT), a dangerous arrhythmia, is a major cause of sudden
cardiac death in patients with structural disease such as myocardial infarction (MI) [1].
In VT, an abnormal electrical wave propagates around unexcitable scars and through
viable channels of reduced functionality [2]. The structural characteristics of infarcted
areas are evaluated in the clinics using MR imaging, which has excellent soft tissue
contrast. In addition, the changes in electrical properties due to collagenous scar
development are identified in the electrophysiology (EP) lab typically under X-ray
fluoroscopy, using catheter-based systems (e.g. CARTO, NOGA, Ensite). During the
EP study, clinicians aim to thermally ablate the “viable channels” (i.e., the VT substrate
where the foci reside). These channels are often found in the peri-infarct area and
consist in a mixture of viable and non-viable myocytes. Unfortunately, the success rate
of the VT ablations is currently low [1-3] due to various limitations of the EP systems
(i.e., sparse electrical maps, surface data, exposure to high X-ray dose during long
procedures, invasiveness of VT inducibility test, etc.).

To improve the mapping and VT ablation procedures, many centers fuse
contrast-enhanced MR and EP data [4], but currently there is a clear need to further
reduce: (a) the total procedure time associated with a typical MR study followed by
conventional EP study, and (b) the errors between the location of scar/channels iden-
tified in MR and EP data. Thus, an attractive alternative is the use of real-time
MR-guided EP systems, which employ MR-compatible catheters. Such systems have
been recently implemented in several research centers in the world, with pre-/clinical
feasibility studies yielding promising results [5, 6]. Notable, the MR-guided EP
mapping systems do not use ionizing radiation and produce significantly lower location
errors (~3 mm) compared to CARTO system [3].

However, despite considerable efforts and the development of complex systems,
two major limitations remain the sparsity of electrical points along with the lack of
transmural electrical information (since the electrical maps are recorded only from the
endocardial and/or epicardial surfaces). To overcome this limitation, one can use
computational modelling [7]. This powerful non-invasive tool can be combined with
structural information extracted from cardiac MRI to build 3D anatomical models that
can be used to predict the abnormal propagation of electrical impulse in the presence of
non-conductive scars and to simulate the generation of VT waves looping around dense
scars. We have previously used such computational tools by employing 3D MRI-based
heart models (histologically validated) obtained from high-resolution ex vivo diffusion
tensor images of explanted porcine hearts. Some of our heart models were previously
personalized from surfacic EP data (i.e., maps of activation times) recorded via
x-ray-guided EP systems [8].

In this work, we propose a novel preclinical framework that integrates real-time
MR-guided EP data with computerized 3D models of healthy/infarcted hearts. Notable,
for scar imaging we used a high-resolution T1 mapping method, recently validated
using quantitative histology [10]. This gave us confidence that our 3D heart models
(integrating three zones: scar, healthy tissue and channels) are anatomically accurate.
We then dissected the propagation of electrical wave through the heart using fast
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Fig. 1. Diagram of the workflow (see text for more details)

computer models. A simplified diagram of the workflow illustrating various compo-
nents of the framework is included in Fig. 1.

2 Materials and Methods

2.1 Animal Preparation

In this paper we included results from three MR-EP studies performed in a pre-clinical
animal model (i.e., one healthy swine and two swine with chronically infarcted hearts).
All interventional procedures received approval from Sunnybrook Research Institute.
The methodology of generating myocardial infarction was previously described [8].
Briefly, in this current work, the left ascending artery (LAD) was occluded by a balloon
catheter for ~90 min, followed by balloon retraction and tissue reperfusion in order to
create a heterogeneous infarction that mimicked typical pathological characteristics of
MI in humans.

The infarcted animals were allowed to heal for approximately 5-6 weeks prior to
the MR-EP studies and to develop chronic fibrosis. By this time point, a dense col-
lagenous scar (i.e., fibrosis) had replaced dead myocytes in the infarct core, while a
mixture of viable and non-viable collagen fibrils was found in the peri-infarct. This was
confirmed by a collagen-sensitive histological stain as in our previous studies [8].

2.2 Real-Time MR-Guided EP Studies and Data Processing

All MR-EP studies were performed using a 1.5 GE MR scanner. For MR imaging of
the heart anatomy we used a cine SSFP sequence, while for scar detection we used our
T1 mapping method based on a 2D multi-contrast late enhancement (MCLE) pulse
sequence, as previously described [9]. Both types of MR images were acquired using a
1 x 1 x 5 mm spatial resolution.
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Our real-time MR-EP system consisted of 8.5 Fr catheters MR-compatible and a
prototype EP Recording System (Bridge™, Imricor Medical Systems). We recorded
MR signals, tracking data, and intracardiac electrograms (EGMs) from the catheter
tip. The MR images acquired for roadmaps were sent to an in-house developed visu-
alization software, Vurtigo (www.vurtigo.ca). Vurtigo also received real-time tracking
data and converted them into MR position coordinates for fusion with EP data.
Notably, MR and MR-guided EP data are co-registered (by default).

The EGM waveforms gathered from the tip of the catheters were used in con-
junction with the catheter coordinates to produce endocardial activation maps. This
was achieved by placing a reference catheter on the septum of the RV, and a mapping
catheter in the LV. Our system simultaneously recorded the two EGMs and the
coordinates of the tracking coils in the catheters. By holding the mapping catheter at
one point, we were able to associate a section of the EGMs with a particular coordinate
in the endocardium.

The activation time at each of these points was measured manually in Vurtigo by
comparing the reference and mapping EGMs. For this, we used a caliper (Fig. 2a) that
measured the delay between two peaks in the signals. Example of EGM waveforms
from the tip of catheters inserted in RV (for pacing) and LV (for mapping), are shown

in Fig. 2b.
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Fig. 2. Electrocardiograms recorded with the Imricor catheter and visualized in Vurtigo: (a) the
caliper (in red) measures egm amplitude; and (b) example of recordings from RV and LV under
pacing at 400 ms. (Color figure online)

Figure 3a shows an example of fused MR-EP data that was obtained in one
infarcted pig. The endocardial contours (drawn in white) were semi-automatically
detected in the prior cine SSFP images. The resulting co-registered fused MR data with
the EP isochronal map is shown in Fig. 3b. Note that for the color map, early
activation/depolarization times are in red and late local activation times in blue. The
EGMs were further used to construct endocardial activation maps (i.e., isochrones of
depolarization times). The activation maps were recorded from the endocardium of the
LV, either in sinus rhythm or under pacing conditions (i.e., at 400 ms, with the pacing
catheter placed in the right ventricle, RV, touching the septum).
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Fig. 3. Visualization of real-time MR-guided EP data in an infarcted pig heart: (a) co-registered
MR-EP data; and (b) fused MR image with interpolated isochronal EP map.

For infarcted cases, the MCLE images were used to extract the steady-state and T1*
maps, which were used as an input to a fuzzy-logic segmentation algorithm [9], which
is a robust algorithm to cluster infarct core, peri-infarct (grey zone, GZ, where the
arrhythmia substrate resides) and healthy pixels.

2.3 Mesh Generation

We generated 3D volumetric LV meshes of sufficiently high density (i.e., between
100-300 K elements, with mean element size approximately 1-1.5 mm), to capture
accurately the wave propagation in the peri-infarct areas. All anatomical meshes were
constructed using CGAL libraries (www.cgal.org) and Inria tools, from the stacks of
segmented 2D MCLE images for infarcted pigs, and from cine SSFP images for the
healthy case, respectively.

All 3D meshes integrated synthetic fiber directions generated using rule-based
methods that obey analytical equations [10]. For the tissue properties corresponding to
the key model parameters, we assigned a different electrical conductivity value per each
zone (i.e., healthy tissue, slow-conductive GZ and non-conductive scar) to mimic the
electrophysiological properties of chronic infarct (see below).

2.4 Computational Modelling

The 3D MCLE-based heart models were further used for simulations. Specifically, we
simulated the electrical wave propagation through the heart using two fast
mono-domain macroscopic formalism. We then compared the models’ output (i.e.,
isochronal maps) and computational times (tractability) between them and also against
the measured isochronal maps. Both mathematical models have a reaction-diffusion
term.
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The Aliev-Panfilov (A-P) model solves for the action potential (V) and recovery
term (r) as described in the reaction-diffusion equations [11, 12]:

%gzir(vay—m4V—aXV—d)—rv (1)
or wr
E%““+ﬁ;3ﬁ“wv_“_n+” (2)

where a tunes the action potential duration and k corresponds to the recovery phase.
This simplified model accounts for tissue anisotropy (i.e., fiber directions) via the
diffusion tensor D, where d is the ‘bulk’ electrical conductivity of tissue. A reduced
value of d results in a slow wave propagation, as per the relation between the speed
(i.e., conduction velocity) ¢ and d:

c=V2-k-d(0.5—a) 3)

The Eikonal (EK) model is the fastest existing model. This fast model computes
only the wave front propagation (i.e., the depolarization phase Ty of the electrical
wave) based on the anisotropic Eikonal equation [13]:

A(VTDVT,) = 1 (4)

where the c is the local speed of the wave and D is the diffusion tensor as in the A-P
model described above.

Note that in both computational models, we worked with the following value for
speed: ¢ = 30 cm/s in the GZ (which is a value reduced by 50% compared to c healthy
tissue 60 cm/s). We also assigned ¢ = 0 in the dense core (which is non-conductive). In
both models (A-P and EK) the anisotropy ratio was set to 1:3 (to account for the
anisotropic propagation of the electrical wave in transverse vs. longitudinal direction of
the fiber).

For all Finite Element simulations, we used a 4,096(1x) MB machine with an
Intel® Core™ i3-2310 M processor, 640 GB HD, NVIDIA® GeForce® 315 M gra-
phic adapter.

3 Results and Discussion

Figures 4a—c show exemplary results from the construction of the 3D anatomical
model from one of the infarcted hearts, with the scar in the territory of the left anterior
descending artery (LAD). From the stack of 2D segmented MCLE images we obtained
an interpolated 3D anatomical heart model, which integrated the three types of tissue
(GZ, healthy zone and dense scar). The synthetic fibers generated using rule-based
methods rotated from —70° to +70° (from endocardium to epicardium), were integrated
into the 3D mesh by assigning the fiber directions at each vertex (see example in
Fig. 4d).
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Fig. 4. Construction of the T1-based heart model for one infarcted heart: (a) stack of 2D
segmented T1 maps; (b—c) corresponding 3D model and tetrahedral mesh (CGAL); and
(d) rule-based synthetic fibers. Notable, the 3D model has three zones: healthy (dark blue), GZ
(white) and dense scar (light blue) resulted from segmenting MCLE images. (Color figure online)

Figure 5 presents simulation results obtained for the healthy heart. The outputs of
the both EK and A-P models were compared with the recorded endocardial EP map
(which was projected onto the endocardial surface of the mesh). Overall, we observed a
close correspondence between simulated and measured isochronal maps, as illustrated in
Fig. 5-top. The A-P model yielded a slightly better match of activation pattern with and
a smaller absolute error (8 ms) compared with the measured map, while the simulated
isochrones by the EK model lead to a larger absolute (12 ms). Figure 5-bottom shows a
qualitative comparison of epicardial isochrones (simulated depolarization times) using
the EK and A-P models, respectively. A small difference (i.e., mean error for all vertices
<5 ms) and a very good correlation coefficient (0.92) was found between the simulated
isochrones predicted by A-P model vs. the EK model. Note that all quantitative com-
parisons were performed using in-house tools developed in Matlab.
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Fig. 5. Comparison between simulated and measured isochrones for the healthy heart (see text
for details). For the color scale, red represents the early activation time (EAT), while in blue are
late activation times, LAT (ms). In the epicardial maps, EAT corresponded to the location of
pacing catheter tip in the MR image. (Color figure online)
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Figure 6 shows the results obtained in an infarcted heart (i.e., the same one pre-
sented in Fig. 4). The generated mesh had approximately 122 K elements. The sim-
ulations with A-P model were performed in <3 min, while the E-K simulations in 18 s
(with a time-step of 1 x 10™*s). For simplicity, we included below only the com-
parison between the A-P model and experimental isochrones (the latter being projected
and interpolated on the endocardial mesh). Overall, there was a good correspondence
between of the activation patterns between the maps. The absolute error between the
simulated vs. measured endocardial values was 14 ms, which was larger than the error
obtained in the healthy case. This can be explained by the fact that the endocardial
measurements are sparse (e.g. <60 points), leading to small differences in the activation
times within in the peri-infarct areas and adjacent zones, compared to the values
computed on 3D meshes.

Overall, the 3D models give superior information compared to the surfacic EP
measurements, since they allow visualization of transmural activation times and
resulting activation pattern through the myocardial wall, relative to the precise position
of the scar in the infarcted hearts.

A-P model Measured isochrones

o
(a) (b)

Fig. 6. Comparison between simulated (A-P model) and measured isochrones in one infarcted
heart (see text for details).

4 Conclusion and Future Work

Non-invasive evaluation methods of myocardial infarct, such as cardiac MR imaging
and predictive image-based computer models can be integrated to provide powerful
tools for the clinicians, particularly in EP labs. Such integrative tools can be also used
for surgical training [14]. In this work, we proposed a novel framework to augment the
information from real-time MR image-guided EP studies with 3D simulations using
high-resolution T1-mapping-based computer models. These models could supplement
important information that is currently lacking during catheter-based EP procedures
due to the sparse and surfacic nature of endocardial electrical maps.

Our preclinical results suggest that macroscopic theoretical models such as A-P and
EK can provide very fast simulation results (in <3 min for A-P model, and <20 s for
EK model, respectively) for relatively dense MR-based heart meshes, making them
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attractive for a rapid integration into the 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 tissue of LV).
Likely better predictions can be obtained if these key parameters in the A-P and EK
models will be calibrated directly from measured EP maps and using the local
17-segment AHA model for LV.

Future work will focus on personalizing local model parameters per individual
heart from EP data as in [15]. We envision that such refined approach will improve the
model personalization, particularly in pathological hearts with structural disease. This
will enable more accurate predictions of activation maps and, later, an improved out-
come of MR-guided EP ablation of scar-related VT patients. Furthermore, for both
rapid scar/GZ imaging and image-based model generation, we will use our newly
developed high resolution 3D MCLE scan based on a reconstruction method using
compressed sending [16], which will avoid cardiac motion and respiratory registration
erTors.
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