
ORIGINAL RESEARCH
published: 13 October 2015

doi: 10.3389/fphys.2015.00282

Frontiers in Physiology | www.frontiersin.org 1 October 2015 | Volume 6 | Article 282

Edited by:
Omer Berenfeld,

University of Michigan, USA

Reviewed by:
Rob Gourdie,

Virginia Tech Carilion Research
Institute, USA

Thomas Hund,
Ohio State University, USA

*Correspondence:
Natalia Trayanova

ntrayanova@jhu.edu

Specialty section:
This article was submitted to

Cardiac Electrophysiology,
a section of the journal
Frontiers in Physiology

Received: 15 July 2015
Accepted: 22 September 2015

Published: 13 October 2015

Citation:
Deng D, Arevalo H, Pashakhanloo F,
Prakosa A, Ashikaga H, McVeigh E,
Halperin H and Trayanova N (2015)

Accuracy of prediction of
infarct-related arrhythmic circuits from

image-based models reconstructed
from low and high resolution MRI.

Front. Physiol. 6:282.
doi: 10.3389/fphys.2015.00282

Accuracy of prediction of
infarct-related arrhythmic circuits
from image-based models
reconstructed from low and high
resolution MRI
Dongdong Deng 1, Hermenegild Arevalo 1, Farhad Pashakhanloo 1, Adityo Prakosa 1,
Hiroshi Ashikaga 2, 3, Elliot McVeigh 3, Henry Halperin 2 and Natalia Trayanova 1*

1 Department of Biomedical Engineering, Institute for Computational Medicine, Johns Hopkins University, Baltimore, MD,
USA, 2 Division of Cardiology, Department of Medicine, Johns Hopkins Medical Institute, Baltimore, MD, USA,3 Department
of Biomedical Engineering, Johns Hopkins University, Baltimore, MD, USA

Identi�cation of optimal ablation sites in hearts with infarct-related ventricular tachycardia
(VT) remains dif�cult to achieve with the current catheter-based mapping techniques.
Limitations arise from the ambiguities in determining the reentrant pathways location(s).
The goal of this study was to develop experimentally validated, individualized computer
models of infarcted swine hearts, reconstructed from high-resolution ex-vivo MRI and
to examine the accuracy of the reentrant circuit location prediction when models of the
same hearts are instead reconstructed from low clinical-resolution MRI scans. To achieve
this goal, we utilized retrospective data obtained from four pigs � 10 weeks post infarction
that underwent VT induction via programmed stimulation andepicardial activation
mapping via a multielectrode epicardial sock. After the experiment, high-resolution
ex-vivo MRI with late gadolinium enhancement was acquired. The Hi-res images were
downsampled into two lower resolutions (Med-res and Low-res) in order to replicate
image quality obtainable in the clinic. The images were segmented and models were
reconstructed from the three image stacks for each pig heart. VT induction similar to what
was performed in the experiment was simulated. Results of the reconstructions showed
that the geometry of the ventricles including the infarct could be accurately obtained from
Med-res and Low-res images. Simulation results demonstrated that induced VTs in the
Med-res and Low-res models were located close to those in Hi-res models. Importantly,
all models, regardless of image resolution, accurately predicted the VT morphology and
circuit location induced in the experiment. These results demonstrate that MRI-based
computer models of hearts with ischemic cardiomyopathy could provide a unique
opportunity to predict and analyze VT resulting for from speci�c infarct architecture, and
thus may assist in clinical decisions to identify and ablatethe reentrant circuit(s).
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INTRODUCTION

Myocardial infarction (MI), a condition characterized by reduced
viability of cardiac myocardium due to insu�cient blood supply,
is a leading cause of lethal ventricular tachyarrhythmia (VT)
worldwide (Go et al., 2014). A promising therapeutic approach is
to identify and eradicate the arrhythmogenic substrate through
an invasive procedure known as catheter ablation (Delacretaz
and Stevenson, 2001). This technique utilizes catheters in an
electrophysiological (EP) study that records surface electrical
activity to identify the location(s) of the VT reentrant circuits,
which are then targeted for ablation. However, an EP study is
limited to interrogation of the cardiac surfaces alone, which fails
to take into account the complex 3D architecture of the infarct
and could lead to missing intramural arrhythmogenic substrates.
Additionally, the point by point nature of the technique results
in long procedure times that increase risk for complications in
patients (Stevenson et al., 2008). These limitations have resulted
in a success rate of only 58% for �rst time VT ablation procedures
(Callans et al., 1998). Clearly, there remains a need for novel
methodologies to safely and e�ectively identify the speci�c MI
regions that harbor VT reentrant pathways which can then guide
successful post-MI VT ablation.

Recent advances in non-invasive imaging techniques have
shown promise in supplementing the information gained from
EP studies by providing a priori information on infarct structure
(Ashikaga et al., 2007; Dickfeld et al., 2008; Tian et al., 2010;
Rutherford et al., 2012). In particular, contrast-enhanced (CE)
MRI has become the gold standard for assessing the location,
transmurality, and composition of MI (Ashikaga et al., 2007;
Perez-David et al., 2011; Fernández-Armenta et al., 2013).
Recently, the presence of peri-infarct or border zone surrounding
the necrotic scar, also known as gray zone (GZ) based on
their appearance as regions of intermediate intensity in the CE-
MRI scans, have been shown to correlate with increased risk
of post-MI mortality (Yan et al., 2006), increased likelihood
of spontaneous clinical VT (Roes et al., 2009), and increased
VT inducibility via programmed stimulation (Schmidt et al.,
2007). Although CE-MRI is a powerful tool to visualize the
complexity of the MI structure, it does not provide any insight
into the electrical activity in the heart, particularly the location
of the VT reentrant circuits. Additionally, while targeting GZ
for ablation could result in increased procedure success, the
complex distribution of multiple GZs throughout the heart
makes identi�cation of the speci�c arrhythmogenic substrate
di�cult ( Nayyar et al., 2014).

The limitations of EP studies and non-invasive imaging can be
addressed by recent advances in individualized, computational
modeling of the heart. Recently, our group and others have
demonstrated that models of post-MI hearts reconstructed from
high resolutionex-vivoMRI can be used to gain insight into
the mechanisms of post-MI VT initiation and maintenance
(Pop et al., 2011; Rantner et al., 2012; Arevalo et al., 2013).
Importantly, these studies con�rmed that speci�c regions of GZ
within the complex infarct structure promote reentry initiation
and maintenance. Work has also already begun on bringing
the technology closer to clinical applicability by reconstructing

models from low resolution clinical MRI (Ng et al., 2012;
Ashikaga et al., 2013; Ringenberg et al., 2014). However, di�culty
in obtaining electrical recordings during VT has made it
di�cult to fully assess the accuracy of computational models
in predicting the morphology and location(s) of VT reentrant
circuits. Additionally, it is not known whether models generated
from low resolution MRI, with its loss of infarct geometry detail,
can still accurately predict post-MI VT.

Thus, the goal of this study is (1) to develop experimentally
validated, individualized computer models of infarcted pig
hearts based on high resolution images that can accurately
predict post-infarction VT morphology and reentrant circuit
location and (2) to examine the accuracy of the reentrant
circuit location prediction when models of the same hearts are
instead reconstructed from low clinical-resolution MRI scans.
Determining this accuracy will provide the needed information
for the development of patient-speci�c models from clinical MRI
scans and their usilization in predictive simulations regarding
infarct-related arrhythmia treatment.

METHODS

Electrophysiological Data and Image
Acquisition
Part of the research in this study utilized experimental data
and CE-MRI previously published in the study byAshikaga
et al. (2007). In that study, six domestic pigs underwent MI
induction via occlusion of the left anterior descending artery.
Approximately 10 weeks post-MI, bipolar electrograms were
recorded from 300 to 380 ventricular epicardial sites via a
multielectrode sock. VT was then induced via programmed
stimulation delivered to a bipolar electrode randomly placed
on the epicardium. After the procedure, the hearts were
explanted and high resolutionex-vivoCE-MRI was acquired.
The �nal image matrix was 256� 256 � 256, and the image
resolution was 0.39� 0.39 � 0.39 mm3. In two of the six
pig hearts, the induced VT had chaotic and heterogeneous
patterns. These two pig data were excluded from the present
study.

In order to mimic typical clinical MRI resolutions, original
images were downsampled by eliminating the high-frequency
components in the Fourier space of the original images using
a 3D rectangular mask. The size of the rectangular mask
was calculated as a function of the desired resolution in each
dimension (Nishimura, 2010). Following this, an inverse FFT
was applied to reconstruct the downsampled images. As a result,
the corresponding original and the downsampled images had the
same voxel (and matrix) size for the segmentation process. Two
levels of downsampling were performed resulting in medium
resolution (1.5� 1.5� 4 mm3) and low resolution (1.5� 1.5�
8 mm3) image stacks.

Image Segmentation
Hi-res Images
The Otsu threshold method, available in the software package
Seg3D (SCI Institute, Salt Lake City, UT, USA), was used to
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automatically segment the myocardium from the surrounding
bath (Figure 1, top row). The myocardium was then further
segmented into three tissue types, normal tissue, gray zone (GZ),
and scar, using a modi�ed gray-level thresholding algorithm (Ng
et al., 2012; Arevalo et al., 2013). First, the region of infarct was
manually selected within each slice. Next, the mean and standard
deviation (SD) of the voxel intensities in the region outside the
infarct were calculated. The gray-level value corresponding to
meanC 4 SD was assigned as the upper limit for normal tissue
(normalmax). All voxels with intensities less than normalmax were
classi�ed as normal tissue. Finally, the range of intensities within
the infarct tissue (infarctrange) was calculated by obtaining the
di�erence between the maximum intensity within the infarct
region (infarctmax) and normalmax. Voxels with intensity between
normalmax and (normalmax C 50% of infarctrange) were classi�ed
as GZ. Voxels with intensity more than normalmax + 50% of
infarctrangewere classi�ed as scar.

Med-res and Low-res Images
The downsampled image stacks were segmented using a
previously described segmentation and interpolation method
(Prakosa et al., 2014; Ukwatta et al., 2015). Brie�y, CardioViz3D
(INRIA, Sophia-Antipolis, France), was used to seed points and
obtain the surfaces for the epi- and endocardial boundaries
of the ventricles (Figure 1, bottom row). The same gray-level
thresholding method described in the hi-res image processing
section was used to further segment the myocardium. Due to
the overall lower range of pixel intensities resulting from the
downsampling, the gray-level value corresponding to normalmax
was calculated from meanC 3 SD as opposed to meanC 4 SD.
Calculation of the gray-level thresholds for GZ and scar wasdone
as previously described.

Mesh Generation and Fiber Assignment
The �nite element computational meshes were constructed
directly from the segmented images using a previously described
approach (Prassl et al., 2009). The procedure preserved the �ne
geometric details of the ventricles and the di�erent infarctzones.
Finally, �ber orientations were assigned in the mesh using a
rule-based method (Bayer et al., 2012).

Modeling of Electrophysiological
Properties
Mathematical description of cardiac tissue was based on the
monodomain representation (Plank et al., 2008). The scar
was modeled as passive tissue. Anisotropic conductivities in
the normal myocardium were assigned values of 0.28 S/m
in the longitudinal myo�ber direction and 0.026 S/m in the
transverse direction, which resulted in conduction velocity
value of 45 cm/s in the longitudinal direction, matching swine
conduction velocities reported byVetter et al. (2005). Within
the GZ, the transverse conductivity was decreased by 90% to
represent connexin 43 remodeling, as has been done previously
(Arevalo et al., 2013).

Membrane behavior in the normal tissue was represented
by the Luo-Rudy dynamic model (LRd) (Luo and Rudy, 1994).
The same membrane model was used, with modi�cations based

on experimental data, to represent the electrophysiology of GZ
cells, as we have previously described (Arevalo et al., 2013),
namely: peak sodium current was decreased to 38% of the
original value in the LRD model, peak L-type calcium current was
decreased to 31% of the original value, peak potassium currents
IKr and IKs were decreased to 30 and 20% of the original values,
respectively. The modi�cations resulted in a decreased action
potential upstroke velocity, decreased peak action potential
magnitude, and increased action potential duration. Previous
research by our team (Arevalo et al., 2013) has indicated
that representation of the GZ as a homogeneously remodeled
region provides an adequate approximation in the calculation
of the morphology and location of the infarct-related reentrant
circuits.

Simulation Protocol and Data Analysis
All simulations were performed using the software package
CARP (CardioSolv, LLC) on a parallel computing platform
(Vigmond et al., 2003; Plank et al., 2008). To examine the
arrhythmogenic propensity of the post-MI ventricular models,
programmed electrical stimulation (PES), similar to the protocol
used in the pig experimental study, was simulated (Ashikaga
et al., 2007). The models were paced from an epicardial location
for 6 beats (S1) at a cycle length of 600 ms followed by a
premature stimulus (S2) initially given at 90% of S1 cycle length.
The timing between S1 and S2 was progressively shortened until
VT was induced. If VT was not induced, a second premature
stimulus (S3) was delivered after S2. If VT was not induced either,
a third premature stimulus (S4) was delivered after S3. PES was
performed at 10–12 epicardial sites to fully assess VT inducibility.
Three seconds of VT was simulated.

Pseudo-ECGs were calculated in order to facilitate
comparisons of global activation patterns during VT (Bishop and
Plank, 2011). Two points separated by 20 cm were placed near
the base of the heart with the line connecting them perpendicular
to the base-apex axis. The di�erence in the extracellular potential
was then calculated between the two points. To quantify
di�erence between two ECG waveforms, the mean absolute
deviation (MAD) metric was computed.

MAD D

P n
i D 1

�
� � Xi � X

�
� (Yi � Y)

�
�

P n
i D 1 (

�
�Xi � X

�
� C

�
�Yi � Y

�
�)

WhereX andY are the pseudo-ECG waveforms of length n, and
X and Y are the average values of the waveform. MAD varies
between 0 and 100%, corresponding to identical and completely
di�erent waveforms, respectively.

Finally, the di�erence in location of the reentrant circuits
induced in the di�erent models was quanti�ed. VT reentrant
circuit location was estimated from the activation maps. In the
case of reentrant circuits located on the epicardial or endocardial
surface, the midpoint of the scar that anchors the reentry was
identi�ed (Figures 2–5, yellow star). If the epicardial VT pattern
had a breakthrough morphology, intramural slices were used to
locate the reentrant circuit and identify the scar that anchors the
circuit.
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FIGURE 1 | Segmentation of Hi-res and Low-res images. (Top row) Automatic segmentation of Hi-res ventricular epicardium and endocardium (A), gray level
thresholding of infarct into GZ and scar(B), and �nal segmentation (C). (Bottom row) Ventricular segmentation in the low-res images was performed via �tting splines
through manually determined landmark points on the boundaries of the epi- and endocardial surfaces(D). Gray level thresholding to segment the GZ and scar was
performed similar to Hi-res images(E), and the �nal interpolated segmattion was shown in(F).

RESULTS

Accuracy of Volume Reconstructions
Table 1summarizes the volumes of the normal myocardium, GZ,
and scar in the reconstructed hearts. A paired Student'st-test
revealed that there was no signi�cance di�erence between total
ventricular volumes between the Hi-res models (154.4� 7.5 cm3)
and either of the Med-res or Low-res models (155.3� 9.4 and
157.9� 11.5 cm3, respectively). However, in all four hearts, the
models reconstructed from the Med-res and Low-res images
had signi�cantly larger GZ and scar volumes compared to the
Hi-res model (p < 0.05). Looking at the composition of each
model, the Med-res and Low-res models had a signi�cantly
smaller percentage of normal myocardium (90.8� 0.8% and
92.0� 1.1%) compared to the Hi-res model (93.5� 1.5%). This
demonstrated that the increase in GZ and scar volumes was due
to expansion of the infarct onto normal tissue. This was to be
expected since downsampling results in partial volume e�ect at
the infarct periphery.

Accuracy of VT Simulations
For Pig 1, the ventricular geometry reconstructed from the
di�erent resolution images is presented inFigure 2A, 1st row.
The overall structure of the anterior infarct in the Med-res
and Low-res models matched well the Hi-res model. However,
detailed structures in the infarct periphery, particularly near the
apex, were lost as the image resolution decreased.

Despite the loss in infarct structure detail, the induced VT
activation maps remained similar among the three models

(Figure 2A, 2nd row). In the Hi-res model, PES resulted in
the induction of a VT that manifested as breakthrough activity
on the epicardium at the RV-septum junction of the anterior
wall. The same epicardial breakthrough activity was induced
in the Med-res and Low-res models. In the Hi-res model,
a transmural slice through the epicardial breakthrough site
(dashed line) revealed that the reentrant pathway driving VT
was anchored to intramural scar located in the antero-septal
region (Figure 2A, 3rd row). In the Med-res and Low-res
models, the reentrant circuit was anchored to scar located on
the LV-side of the septum endocardium. Despite the di�erence
in the reentrant pathways, the distance between the scar that
anchored the reentrant circuit in the Hi-res model and the scars
that anchored the reentrant circuit in the Med-res and Low-
res models was relatively close (13.6 and 9.4 mm, respectively,
Table 2).

The pseudo-ECGs, further demonstrated the accuracy of the
downsampled models in predicting post-MI VT (Figure 2B). The
representative traces during 1 VT cycle showed that the cycle
length and overall morphology recorded from the three models
were similar. This was evident in the low MAD score when the
Hi-res trace was compared with the Med-res and Low-res traces
(11.8% and 11.0%, respectively).

Finally, all three models accurately predicted the
experimentally induced post-MI VT morphology. In the
experiment, Pig 1 was inducible for VT with epicardial
breakthrough (Figure 2C). The breakthrough was located on the
anterior wall at the RV-septum border toward the base, similar
to what was induced in all three models.
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FIGURE 2 | Pig 1 simulation and experimental results. (A) 1st row: Reconstructed models with the epicardium renderedsemi-transparent. 2nd row: Activation
maps of simulated VT all had breakthrough pattern on the epicardium. Pink arrows denote propagation direction. 3rd row:Intramural (Hi-res) or endocardial (Med-res
and Low-res) view showing reentrant source. In the intramural view, the cross-section location is marked by dashed line in the 2nd row. (B) Pseudo-ECGs for one VT
cycle length and the MAD score.(C) Experimentally recorded epicardial activation map.

The simulation results for Pig 2 followed the same trend
as the Pig 1 results. The 1st row ofFigure 3A shows that the
reconstructed models from the downsampled images accurately
resolved the ventricular and infarct geometry. In all models,
simulated PES resulted in induction of VT with breakthrough
activity on the anterior epicardium (Figure 3A, 2nd row). In
both the Hi-res and Med-res models, the underlying reentrant

activity was an intramural circuit anchored to scar locatedin the
septum (Figure 3A, 3rd row). The reentry-anchoring scar in the
Med-res model was located 14.5 mm from the scar that anchored
the reentry in the Hi-res model (Table 2). The close match
in the reentrant patterns also resulted in a small MAD score
(10.5%,Figure 3B). For the Low-res model, the breakthrough
activity was driven by a reentrant circuit on the RV septum
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FIGURE 3 | Pig 2 simulation and experimental results. (A) 1st row: Ventricular and infarct geometries with the epicardium rendered semi-transparent. 2nd row:
Simulated VTs all had epicardial breakthrough pattern (Pink arrows: propagation direction). 3rd row: Intramural (Hi-res and Med-res) or endocardial (Low-res) view
showing reentrant source. In the intramural view, the cross-section location is marked by dashed line in the 2nd row.(B) Pseudo-ECGs for one VT cycle length and
the MAD score. (C) Experimentally recorded epicardial activation map had breakthrough pattern as well.

endocardial wall. The organizing center of this reentrant circuit
was located 18.3 mm from the reentry-anchoring scar in the Hi-
res model. The di�erence in activation pattern compared to the
Hi-res model resulted in a slightly higher MAD score (17.8%)
compared to the Med-res model. All three models successfully
predicted the epicardial VT activation pattern and location of
breakthrough site that was experimentally recorded in the same
pig (Figure 3C).

Results for Pig 3 are presented inFigure 4; the ventricular
and infarct geometry of the Hi-res model were again successfully
resolved in the models reconstructed from the downsampled
images (Figure 4A, 1st row). In the Hi-res model, PES resulted
in the induction of breakthrough activity on the epicardium at
the RV-septum junction (Figure 4A, 2nd row). The transmural
view reveals that the underlying reentrant circuit was con�ned
within the septum at the RV apex (Figure 4A, 2nd row). The
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FIGURE 4 | Pig 3 simulation and experimental results. (A) 1st row: Reconstructed models with the epicardium renderedsemi-transparent. 2nd row: Activation
maps of simulated VT had epicardial breakthrough pattern for the Hi-res and Med res models and epicardial �gure-of-8 pattern for the Low-res model. Pink arrows
denote propagation direction. 3rd row: Intramural (Hi-res)or endocardial (Med-res) view showing reentrant source. In the intramural view, the cross-section location is
marked by dashed line in the 2nd row. For the Low-res model, endocardial view shows that epicardial reentry manifests as breakthrough on the endocardium.(B)
Pseudo-ECGs for one VT cycle length and the MAD score.(C) Epicardial �gure-of-8 activation pattern recorded during experimentally induced VT.

epicardial activation map of the VT induced in the Med-res
model, had a breakthrough pattern with the site of �rst epicardial
activation identical to the one induced in the Hi-res model. The

reentrant driver for this VT was located on the RV septum; whose
organizing center was located 6.2 mm from the reentrant driver
in the Hi-res model (Table 2). The similarity in the morphology
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FIGURE 5 | Pig 4 simulation and experimental results. (A) 1st row: Image-based models with different regions color coded and epicardium rendered
semi-transparent. 2nd row: Simulated VT activation maps with epicardial �gure-of-8 pattern for Hi-res and breakthrough for the downsampled models (pink arrows:
propagation direction). 3rd row: Activation maps for LV endocardium showing how surface reentry manifests as breakthrough on endocardium (Hi-res model) and the
reentrant source of epicardial breakthrough pattern (Med-res and Low-res models).(B) Pseudo-ECGs for one VT cycle length and the MAD score.(C) Activation map
reconstructed from sock electrodes during an episode of induced VT had an epicardial �gure-of-8 activation pattern.
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TABLE 1 | Normal, GZ, and scar volumes in the reconstructed hear t models.

Hi-res Med-res Low-res

Vol (cm 3) % Vol Vol (cm 3) % Vol Vol (cm 3) % Vol

Pig1 Normal 139.7 94.0 150.5 91.0 155.4 91.7

GZ 5.4 3.6 9.0 5.4 8.0 4.7

Scar 3.5 2.4 5.8 3.6 6.0 3.5

Pig2 Normal 148.3 95.6 128.8 91.9 130.3 93.9

GZ 4.3 2.8 8.1 5.8 7.7 3.3

Scar 2.5 1.6 3.3 2.4 3.7 2.7

Pig3 Normal 153.9 92.5 139.5 89.9 148.1 91.4

GZ 7.5 4.5 10.0 6.4 7.4 4.6

Scar 4.9 2.9 5.7 3.7 6.5 4.0

Pig4 Normal 135.4 91.8 144.8 90.3 147.3 91.3

GZ 8.2 5.6 9.9 6.2 9.6 5.9

Scar 3.9 2.6 5.7 3.6 4.5 2.8

Mean � SD Normal 144.3 � 7.2 93.5 � 1.5 140.9 � 8.0 90.8 � 0.8 145.3 � 9.2 92.0 � 1.1

GZ 6.4 � 1.6 4.1 � 1.0 9.3 � 0.8 6.0 � 0.4 7.4 � 1.8 4.7 � 0.9

Scar 3.7 � 0.9 2.4 � 0.5 5.1 � 1.1 3.3 � 0.5 5.2 � 1.1 3.3 � 0.6

Total 154.4 � 7.5 155.3 � 9.4 157.9 � 11.5

TABLE 2 | Distance between organizing centers of reentrant c ircuits.

Hi-res to
Med-res (mm)

Hi-res to Low-res
(mm)

Med-res to
Low-res (mm)

Pig 1 13.6 9.4 10.3

Pig 2 14.5 18.3 4.5

Pig 3 6.2 7.9 2.4

Pig 4 13.0 9.4 17.1

and location of the reentrant circuit resulted in a low MAD score
of 11.3% (Figure 4B). Meanwhile, in the Low-res model, PES
resulted in the formation of a �gure-of-eight reentrant circuit
on the epicardium that manifested as breakthrough on the RV
endocardium. While the VT morphology di�ered to what was
observed in the Hi-res model, the Low-res model's reentrant
circuit was still closely located to the reentrant circuit induced in
the Hi-res model (7.9 mm). Interestingly, the simulated VT in the
Pig 3 Hi-res model did not match the experimentally induced VT.
In the experiments, Pig 3 was inducible for VT with a �gure-of-
8 epicardial reentry morphology (Figure 4C); the experimental
pattern was matched best by the lLow-res model. Regardless,
the location of the experimental reentrant circuit was closeto
the epicardial breakthrough and reentry site simulated in the
Hi-res and Med-res models. Due to the di�erence in activation
patterns, the Low-res model had a higher MAD score (21.1%)
when compared to the Hi-res model.

Finally, the results for Pig 4 continue the trend of accurate
geometric match between the three models observed in the other
pigs (Figure 5A, 1st row). In this pig, PES in the Hi-res model
resulted in the induction of a �gure-of-eight reentrant pattern on
the epicardium located on the anterior RV-septal junction toward
the apex (Figure 5A, 2nd row) and manifests as breakthrough
activity on the LV endocardial surface (Figure 5A, 3rd row). On

the other hand, the Med-res and Low-res models resulted in
the induction of breakthrough activity on the epicardium with
the epicardial breakthrough located near the �gure-of-8 reentry
site induced in the Hi-res model. In both Med-res and Low-
res models, the epicardial breakthrough was driven by rotors
located on the LV endocardium. The Med-res and Low-res rotors
were located closely to the High-res rotor (13.0 and 9.4 mm,
respectively). Due to di�erence in the VT morphologies between
the Hi-res model and the Med-res and Low-res models, the MAD
score for Pig 4 was higher than the ones calculated for the other
pigs (28.8 and 32.0%, respectively,Figure 5A, 3rd row).

The experimental recording revealed that Pig 4 was inducible
for �gure-of-8 reentry located at the anterior apex (Figure 5C).
The simulation results of the Hi-res model successfully matched
the experimentally induced VT pattern and location. Meanwhile
the Med-res and Low-res models were unsuccessful in accurately
predicting the experimental VT morphology, but the two
models were still able to accurately identify the location ofthe
arrhythmogenic substrate in the heart.

DISCUSSION

In this work, we successfully created image-based models of
post-MI ventricles reconstructed from both high-resolutionex-
vivo MRI and as well as from clinical MRI scans. Simulations
with these image-based models were used to predict the post-
MI arrhythmogenic reentrant circuits following PES. While
there have been previous attempts in simulating post-MI
electrophysiological activity (Vigmond et al., 2009; Pop et al.,
2011; Ng et al., 2012), this is the �rst study to use experimentally
obtained VT activation maps to validate model predictions as
well as demonstrate that the locations of thein-silicopredicted
VT circuits are fairly well preserved in models reconstructed
from low resolution MRI. These results pave the way for the
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translation of in-silico modeling of post-MI arrhythmogenesis
into clinical utility.

Previous experimental and clinical studies have identi�ed the
heterogeneous structure of infarcted tissue as the arrhythmogenic
substrate in post-MI hearts. Speci�cally, studies have shown
that the presence of partially viable tissue interdigitated with
electrically inert scar promote conduction slowing and provide
pathways that could harbor reentrant circuits (Stein et al., 2008;
Suk et al., 2008). The experiments that produced the retrospective
pig data used in the current study were the �rst to combine high
resolutionex-vivoCE-MRI with multi-electrode sock recording
in order to determine the relationship between VT circuits and
speci�c infarct structure (Ashikaga et al., 2007). The results
demonstrated that islands of viable myocardium within the
scar correlated with epicardial breakthrough sites in the case
of centrifugal VT pattern and with the isthmus in the case
of epicardial reentry VT pattern. While this study hinted at
the utility of MRI-based scar analysis to predict the location
of the arrhythmogenic substrate, the image resolution forex-
vivo preparations is currently not achievable in the clinical
setting.

We demonstrate in this study that the complexity of infarct
structure can be reasonably reconstructed from low resolution
images. In all four pigs, the models reconstructed from both
the Med-res and Low-res images had infarct geometries similar
to that obtained from the Hi-resex-vivoimages. In the infarct
periphery, downsampling of the images led to partial volume
e�ect leading slight overestimation of the infarct volume as
compared to the Hi-res images. There was also di�culty in
resolving infarct structure close to the apex. This was due to
uneven di�usion of gadolinium toward the apex resulting in
decreased maximum image intensity close to the apex (Schelbert
et al., 2010). Despite this loss in infarct structural detail, the
overall infarct architecture was preserved in the downsampled
images. Additionally, the percent composition of scar and GZ in
the infarct was comparable between the Hi-res images and the
downsampled images.

Simulations with the reconstructed hearts demonstrated the
accuracy of the models in predicting the location of infarct-
related reentrant circuits. In the Hi-res models, three of the
four hearts successfully predicted the epicardial morphologyof
the experimentally obtained VT in theex-vivo hearts. In all
four hearts, the simulations successfully predicted the location
of the reentrant circuit or the epicardial breakthrough site. In
the three hearts with epicardial breakthrough morphology, the
simulations revealed that the underlying reentrant circuit was
located intramurally or on the endocardium. This was consistent
with the Ashikaga et al's �ndings that swine hearts were more
likely to have endocardial than epicardial reentrant circuits
(Ashikaga et al., 2007).

Using the simulation predictions from the Hi-res models as
ground truth, the predicted VT location remained fairly accurate
for the models reconstructed from the downsampled images.

The VT activation maps in the Med-res and Low-res models
matched the morphology of the epicardial activation recorded
in 75 and 50%, respectively, of the Hi-res pig hearts. In order
to quantitatively measure the di�erence of electrical conduction
between di�erent images resolution, we use MAD score of the
pseudo-ECGs (Vadakkumpadan et al., 2012). The higher overall
accuracy of the Med-res models compared to the Low-res models
was re�ected in the lower mean MAD scores (15.6� 7.6 vs.
20.5 � 7.6%). In any case, the relatively low MAD scores for
both Med-res and Low-res models demonstrate the accuracy of
the downsampled models in simulating overall VT activation
patterns.

The downsampled models had a higher success in predicting
the location of the reentrant circuits. The predicted reentrant
circuits in the Med-res and Low-res models were closely located
from the circuits induced in the Hi-res models (11.8� 3.3 vs.
11.3� 4.1 mm). Since current radiofrequency ablation lesions
can have up to 14 mm width (Petersen et al., 1999), the predicted
circuits in the downsampled models were within one ablation
lesion away from the “true” VT reentrant circuit location
predicted in the Hi-res models. Since clinical ablation usually
involve the delivery of multiple lesions in one area, using models
reconstructed from clinical images to guide VT ablation appears
feasible.

The results of this study could have implications for the
potential use of patient-speci�c simulations of infarct-related VT
in predicting the optimal sites of VT ablation. The relativelyhigh
level of preservation of the locations of the organizing centers
of reentry or sites of breakthrough upon downsampling of the
images, as found here, indicates that it might be feasible touse
patient-speci�c heart models reconstructed from clinical MR
scans to determine the VT morphology in the given patient and
thus to provide guidance as to what ablation lesions would best
terminate VT. Future studies are needed to address this subject
of major clinical signi�cance.

LIMITATIONS

A limitation of the current study is the small sample size of only
four pig hearts. The original experimental study included more
pigs but a few had chaotic epicardial VT patterns, indicative
of complex intramural reentrant activity, which was di�cult
to match in silico. Several of the pigs underwent endocardial
basket electrode recording which was di�cult to register with the
MRI scan. Purkinje �bers were also not included in the models
which might have a�ected the propagation patterns during VT,
especially at sites distal from the reentry origin. Finally,some of
the ex-vivoimages had signal noise due to gadolinium leak. In
these cases, the images had to be manually cleaned.

FUNDING

NIH Pioneer Award (DP1-HL123271) to NT.

Frontiers in Physiology | www.frontiersin.org 10 October 2015 | Volume 6 | Article 282



Deng et al. Predicting location of infarct-related reentrant circuits

REFERENCES

Arevalo, H., Plank, G., Helm, P., Halperin, H., and Trayanova, N. (2013).
Tachycardia in Post-infarction hearts: insights from 3D image-based
ventricular models.PLoS ONE8:e68872. doi: 10.1371/journal.pone.0068872

Ashikaga, H., Arevalo, H., Vadakkumpadan, F., Blake, R. C., Bayer, J. D., Nazarian,
S., et al. (2013). Feasibility of image-based simulation to estimate ablation
target in human ventricular arrhythmia.Heart Rhythm. 10, 1109–1116. doi:
10.1016/j.hrthm.2013.04.015

Ashikaga, H., Sasano, T., Dong, J., Zviman, M. M., Evers, R., Hopenfeld, B.,
et al. (2007). Magnetic resonance-based anatomical analysis ofscar-related
ventricular tachycardia - Implications for catheter ablation.Circ. Res. 101,
939–947. doi: 10.1161/CIRCRESAHA.107.158980

Bayer, J. D., Blake, R. C., Plank, G., and Trayanova, N. A. (2012). A novel rule-based
algorithm for assigning myocardial �ber orientation to computational heart
models.Ann. Biomed. Eng. 40, 2243–2254. doi: 10.1007/s10439-012-0593-5

Bishop, M. J., and Plank, G. (2011). Bidomain ECG simulations using an
augmented monodomain model for the cardiac source.IEEE Trans. Biomed.
Eng. 58, 2297–2307. doi: 10.1109/TBME.2011.2148718

Callans, D. J., Zado, E., Sarter, B. H., Schwartzman, D., Gottlieb, C. D., Marchlinski,
F. E., et al. (1998). E�cacy of radiofrequency catheter ablationfor ventricular
tachycardia in healed myocardial infarction.Am. J. Cardiol. 82, 429–432.

Delacretaz, E., and Stevenson, W. G. (2001). Catheter ablationof ventricular
tachycardia in patients with coronary heart disease: part I: mapping.
Pacing Clin. Electrophysiol.24(8 Pt 1), 1261–1277. doi: 10.1046/j.1460-
9592.2001.01261.x

Dickfeld, T., Lei, P., Dilsizian, V., Jeudy, J., Dong, J., Voudouris, A., et al. (2008).
Integration of three-dimensional scar maps for ventricular tachycardia ablation
with positron emission tomography-computed tomography.JACC Cardiovasc.
Imaging1, 73–82. doi: 10.1016/j.jcmg.2007.10.001

Fernández-Armenta, J., Berruezo, A., Andreu, D., Camara, O., Silva, E., Serra, L.,
et al. (2013). Three-dimensional architecture of scar and conducting channels
based on high resolution ce-CMR: insights for ventricular tachycardia ablation.
Circ. Arrhythm. Electrophysiol. 6, 528–537. doi: 10.1161/CIRCEP.113.000264

Go, A. S., Moza�arian, D., Roger, V. L., Benjamin, E. J., Berry, J.D., Blaha, M. J.,
et al. (2014). Executive summary: heart disease and stroke statistics-2014 update
a report from the american heart association.Circulation129, 399–410. doi:
10.1161/01.cir.0000442015.53336.12

Luo, C. H., and Rudy, Y. (1994). A dynamic model of the cardiac ventricular
action potential. II. Afterdepolarizations, triggered activity, and potentiation.
Circ. Res. 74, 1097–1113.

Nayyar, S., Wilson, L., Ganesan, A. N., Sullivan, T., Kuklik, P.,Chapman, D., et al.
(2014). High-density mapping of ventricular scar a comparison of Ventricular
Tachycardia (VT) supporting channels with channels that do not support,
VT. Circ. Arrhythm. Electrophysiol. 7, 90–98. doi: 10.1161/CIRCEP.113.0
00882

Ng, J., Jacobson, J. T., Ng, J. K., Gordon, D., Lee, D. C., Carr, J. C., et al.
(2012). Virtual electrophysiological study in a 3-dimensional cardiac magnetic
resonance imaging model of porcine myocardial infarction.J. Am. Coll. Cardiol.
60, 423–430. doi: 10.1016/j.jacc.2012.03.029

Nishimura, D. G. (2010).Principles of Magnetic Resonance Imaging. Redwood City,
CA: Stanford University.

Perez-David, E., Arenal, A., Rubio-Guivernau, J. L., del Castillo, R., Atea, L.,
Arbelo, E., et al. (2011). Noninvasive identi�cation of ventricular tachycardia-
related conducting channels using contrast-enhanced magnetic resonance
imaging in patients with chronic myocardial infarction comparison of signal
intensity scar mapping and endocardial voltage mapping.J. Am. Coll. Cardiol.
57, 184–194. doi: 10.1016/j.jacc.2010.07.043

Petersen, H. H., Chen, X., Pietersen, A., Svendsen, J. H., and Haunso, S. (1999).
Lesion dimensions during temperature-controlled radiofrequency catheter
ablation of left ventricular porcine myocardium - Impact of ablation site,
electrode size, and convective cooling.Circulation99, 319–325.

Plank, G., Zhou, L., Greenstein, J. L., Cortassa, S., Winslow, R.L., O'Rourke, B.,
et al. (2008). From mitochondrial ion channels to arrhythmias in theheart:
computational techniques to bridge the spatio-temporal scales.Philos. Trans.
R. Soc. A Biol. Sci.366, 3381–3409. doi: 10.1098/rsta.2008.0112

Pop, M., Sermesant, M., Mansi, T., Crystal, E., Ghate, S., Peyrat, J. M., et al. (2011).
Correspondence between simple 3-D MRI-based computer models andin-vivo

EP measurements in swine with chronic infarctions.IEEE Trans. Biomed. Eng.
58, 3483–3486. doi: 10.1109/TBME.2011.2168395

Prakosa, A., Malamas, P., Zhang, S., Pashakhanloo, E., Arevalo, H.,Herzka, D.
A., et al. (2014). Methodology for image-based reconstruction ofventricular
geometry for patient-speci�c modeling of cardiac electrophysiology.Prog.
Biophys. Mol. Biol. 115, 226–234. doi: 10.1016/j.pbiomolbio.2014.08.009

Prassl, A. J., Kickinger, F., Ahammer, H., Grau, V., Schneider, J. E., Hofer, E.,
et al. (2009). Automatically generated, anatomically accurate meshesfor cardiac
electrophysiology problems.IEEE Trans. Biomed. Eng. 56, 1318–1330. doi:
10.1109/TBME.2009.2014243

Rantner, L. J., Arevalo, H. J., Constantino, J. L., E�mov, I. R., Plank, G.,
Trayanova, N. A., et al. (2012). Three-dimensional mechanisms of increased
vulnerability to electric shocks in myocardial infarction: altered virtual
electrode polarizations and conduction delay in the peri-infarct zone.J. Physiol.
590, 4537–4551. doi: 10.1113/jphysiol.2012.229088

Ringenberg, J., Deo, M., Filgueiras-Rama, D., Pizarro, G., Ibanez, B., Peinado,
R., et al. (2014). Corrigendum to “e�ects of �brosis morphology on reentrant
ventricular tachycardia inducibility and simulation �delity in patient-derived
models.”Clin. Med. Insights Cardiol. 8(Suppl. 1):51. doi: 10.4137/CMC.S22840

Roes, S. D., Borle�s, C. J. W., van der Geest, R. J., Westenberg,J. J.
M., Marsan, N. A., Kaandorp, T. A. M., et al. (2009). Infarct tissue
heterogeneity assessed with contrast-enhanced MRI predicts spontaneous
ventricular arrhythmia in patients with ischemic cardiomyopathy and
implantable cardioverter-de�brillator.Circ. Cardiovasc. Imaging2, 183–190.
doi: 10.1161/CIRCIMAGING.108.826529

Rutherford, S. L., Trew, M. L., Sands, G. B., LeGrice, I. J., and Smaill, B. H.
(2012). High-resolution 3-dimensional reconstruction of the infarct border
zone impact of structural remodeling on electrical activation.Circ. Res. 111,
301–311. doi: 10.1161/CIRCRESAHA.111.260943

Schelbert, E. B., Hsu, L. Y., Anderson, S. A., Mohanty, B. D., Karim, S. M., Kellman,
P., et al. (2010). Late gadolinium-enhancement cardiac magnetic resonance
identi�es postinfarction myocardial �brosis and the border zoneat the near
cellular level inex vivorat heart.Circ. Cardiovasc. Imaging3, 743–752. doi:
10.1161/CIRCIMAGING.108.835793

Schmidt, A., Azevedo, C. F., Cheng, A., Gupta, S. N., Bluemke, D. A.,
Foo, T. K., et al. (2007). Infarct tissue heterogeneity by magnetic
resonance imaging identi�es enhanced cardiac arrhythmia susceptibility in
patients with left ventricular dysfunction.Circulation 115, 2006–2014. doi:
10.1161/CIRCULATIONAHA.106.653568

Stein, M., Noorman, M., van Veen, T. A. B., Herold, E., Engelen, M. A., Boulaksil,
M., et al. (2008). Dominant arrhythmia vulnerability of the right ventricle in
senescent mice.Heart Rhythm. 5, 438–448. doi: 10.1016/j.hrthm.2007.10.033

Stevenson, W. G., Wilber, D. J., Natale, A., Jackman, W. M., Marchlinski,
F. E., Talbert, T., et al. (2008). Irrigated radiofrequency catheter
ablation guided by electroanatomic mapping for recurrent ventricular
tachycardia after myocardial infarction the multicenter thermocool
ventricular tachycardia ablation trial.Circulation 118, 2773–2782. doi:
10.1161/CIRCULATIONAHA.108.788604

Suk, T., Edwards, C., Hart, H., and Christiansen, J. P. (2008). Myocardial
scar detected by contrast-enhanced cardiac magnetic resonanceimaging
is associated with ventricular tachycardia in hypertrophic cardiomyopathy
patients.Heart Lung Circ.17, 370–374. doi: 10.1016/j.hlc.2008.03.080

Tian, J., Jeudy, J., Smith, M. F., Jimenez, A., Yin, X. H., Bruce, P.A., et al.
(2010). Three-dimensional contrast-enhanced multidetector ctfor anatomic,
dynamic, and perfusion characterization of abnormal myocardium to guide
ventricular tachycardia ablations.Circ. Arrhythm. Elecphysiol. 3, 496–504. doi:
10.1161/CIRCEP.109.889311

Ukwatta, E., Arevalo, H., Rajchl, M., White, J., Pashakhanloo, F.,Prakosa, A., et al.
(2015). Image-based reconstruction of three-dimensional myocardial infarct
geometry for patient-speci�c modeling of cardiac electrophysiology.Med. Phys.
42, 4579–4590. doi: 10.1118/1.4926428

Vadakkumpadan, F., Arevalo, H., Ceritoglu, C., Miller, M., and Trayanova,
N. (2012). Image-based estimation of ventricular �ber orientations for
personalized modeling of cardiac electrophysiology.IEEE Trans. Med. Imaging
31, 1051–1060. doi: 10.1109/TMI.2012.2184799

Vetter, F. J., Simons, S. B., Mironov, S., Hyatt, C. J., and Pertsov, A. M. (2005).
Epicardial �ber organization in swine right ventricle and its impact on
propagation.Circ. Res. 96, 244–251. doi: 10.1161/01.RES.0000153979.71859.e7

Frontiers in Physiology | www.frontiersin.org 11 October 2015 | Volume 6 | Article 282



Deng et al. Predicting location of infarct-related reentrant circuits

Vigmond, E. J., Hughes, M., Plank, G., and Leon, L. J. (2003). Computational tools
for modeling electrical activity in cardiac tissue.J. Electrocardiol.36(Suppl.),
69–74. doi: 10.1016/j.jelectrocard.2003.09.017

Vigmond, E., Vadakkumpadan, F., Gurev, V., Arevalo, H., Deo, M., Plank,
G., et al. (2009). Towards predictive modelling of the electrophysiology
of the heart. Exp. Physiol. 94, 563–577. doi: 10.1113/expphysiol.
2008.044073

Yan, A. T., Shayne, A. J., Brown, K. A., Gupta, S. N., Chan, C. W.,
Luu, T. M., et al. (2006). Characterization of the peri-infarct zone
by contrast-enhanced cardiac magnetic resonance imaging is a powerful
predictor of post-myocardial infarction mortality.Circulation114, 32–39. doi:
10.1161/CIRCULATIONAHA.106.613414

Con�ict of Interest Statement: Dr. Natalia Trayanova serves on the scienti�c
advisory board of CardioSolv, LLC. The other authors declare that the research was
conducted in the absence of any commercial or �nancial relationships that could
be construed as a potential con�ict of interest.

Copyright © 2015 Deng, Arevalo, Pashakhanloo, Prakosa, Ashikaga, McVeigh,
Halperin and Trayanova. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 12 October 2015 | Volume 6 | Article 282


