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Key points

e Implantable cardioverter-defibrillators (ICDs) with transvenous leads often cannot be
implanted in a standard manner in paediatric and congenital heart defect (CHD) patients.
Currently, there is no reliable approach to predict the optimal ICD placement in these patients.

e A pipeline for constructing personalized, electrophysiological heart—torso models from clinical
magnetic resonance imaging scans was developed and applied to a paediatric CHD patient.

e Optimal ICD placement was determined using patient-specific simulations of the defibrillation
process. In a patient with tricuspid valve atresia, two configurations with epicardial leads were
found to have the lowest defibrillation threshold.

e We demonstrated that determining extracellular potential (®.) gradients during the shock —
without actually simulating defibrillation — was not sufficient to predict defibrillation success
or failure.

e Using the proposed methodology, the optimal ICD placement in paediatric/CHD patients can
be predicted computationally, which could reduce defibrillation energy if the pipeline is used
as part of ICD implantation planning.

Abstract There is currently no reliable way of predicting the optimal implantable
cardioverter-defibrillator (ICD) placement in paediatric and congenital heart defect (CHD)
patients. This study aimed to: (1) develop a new image processing pipeline for constructing
patient-specific heart—torso models from clinical magnetic resonance images (MRIs); (2) use
the pipeline to determine the optimal ICD configuration in a paediatric tricuspid valve atresia
patient; (3) establish whether the widely used criterion of shock-induced extracellular potential
(®.) gradients >5Vcm™' in >95% of ventricular volume predicts defibrillation success. A
biophysically detailed heart—torso model was generated from patient MRIs. Because transvenous
access was impossible, three subcutaneous and three epicardial lead placement sites were identified
along with five ICD scan locations. Ventricular fibrillation was induced, and defibrillation shocks
were applied from 11 ICD configurations to determine defibrillation thresholds (DFTs). Two
configurations with epicardial leads resulted in the lowest DFTs overall and were thus considered
optimal. Three configurations shared the lowest DFT among subcutaneous lead ICDs. The ®.
gradient criterion was an inadequate predictor of defibrillation success, as defibrillation failed

>
(@)
9
IQ
2
>
o
(a
(T
o
©
c
-
=
O
q
(<))
i«
-

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society DOI: 10.1113/jphysiol.2013.255109



4322

L. J. Rantner and others

J Physiol 591.17

in numerous instances even when 100% of the myocardium experienced such gradients. In
conclusion, we have developed a new image processing pipeline and applied it to a CHD patient
to construct the first active heart—torso model from clinical MRIs.
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fibrillation; V,,, transmembrane potential; VT, ventricular tachycardia; ®., extracellular potential.

Introduction

Defibrillation by strong electric shock is the only known
procedure that reliably terminates ventricular fibrillation
(VE). Implantable cardioverter-defibrillators (ICDs) have
recently been implanted with increasing frequency in the
paediatric population and in patients with congenital
heart defects (CHDs) (Berul et al. 2008). In these patients,
it is often not indicated or even impossible to implant a
transvenous lead ICD because of the patient’s small heart
size and congenitally altered anatomy, so non-standard
ICD configurations have to be used (Silka et al
1993; Stephenson et al. 2006). Such ICD configurations
commonly involve individualized epicardial or sub-
cutaneous lead placement (Berul et al. 2001; Gradaus
et al. 2001; Thogersen et al. 2001; Stephenson et al. 2006).
However, there is currently no reliable, personalized way
of predicting which ICD configuration would have the
lowest defibrillation and cardioverstion thresholds (DFT
and CVT) in a patient. In this study, we consider the
configuration that exhibited the lowest DFT and CVT
among tested ICD placement options as the optimal
configuration. A low DFT is desirable because strong
electric shocks damage cardiac myocytes (Walcott et al.
2003), increase mortality (Larsen et al. 2011), and can
cause pain and psychological trauma (Maisel, 2006). Thus,
it is important to be able to predict the optimal ICD
configuration for a specific patient, especially in the case
of a paediatric and/or CHD patient if a transvenous lead
ICD configuration cannot be used.

A previous study has endeavoured to determine
computationally the DFTs associated with different
ICD configurations in an attempt to predict the
optimal ICD configurations in paediatric and CHD
patients (Jolley et al 2008). While patient-specific
torso models have been developed for this purpose
from high-resolution computed tomography (CT) scans
(the latter being a concern for radiation overexposure;
Brenner & Hall, 2007), the models did not simulate the
process of defibrillation, but rather used the criterion of
static extracellular potential (®.) gradient values above

5Vcm™! in more than 95% of the volume of the passive
ventricles during the shock as a surrogate for the DFT
(Jolley et al. 2008). This criterion is based on the critical
mass hypothesis, which postulates that a defibrillation
shock is successful if it produces a strong ®. gradient
over a large amount of ventricular tissue mass (Zipes et al.
1975; Zhou et al. 1993). This surrogate DFT criterion has
been used in a number of computational defibrillation
studies (Eason et al. 1998; de Jongh et al. 1999; Hunt
& de Jongh Curry, 2004, 2006; Russomanno et al. 2008;
Jolley et al. 2010). While ®, gradients are a determinant of
post-shock activity in the heart, other mechanisms are at
play as well (Knisley et al. 1999; Trayanova, 2001): not only
®. gradients but also cardiac tissue structure is responsible
for virtual electrode polarizations (VEPs; depolarizing
and hyperpolarizing changes in membrane potential in
response to an electric field) that can generate or abolish
wavefronts (Sobie et al. 1997; Efimov et al. 1998; Trayanova
et al. 1998; Efimov & Ripplinger, 2006). In addition, not
only what happens during the shock but events after the
shock determine defibrillation outcome, as in the case of
graded responses (Trayanova et al. 2003; Bourn et al. 2006)
or tunnel propagation (Ashihara et al. 2008; Constantino
et al. 2010). Thus, it remains questionable if any measure
that accounts only for static ®. gradients could be a
valid surrogate measure of defibrillation outcome, and
whether such a criterion could be applied in determining
the optimal ICD configurations in paediatric and CHD
patients.

The aims of this study were: (1) to develop a new image
processing pipeline for the construction of patient-specific
heart—torso models from low-resolution clinical magnetic
resonance imaging (MRI) data; (2) using this pipeline,
to develop the first electrophysiological active heart—torso
defibrillation model of a paediatric CHD patient, and to
determine the optimal ICD configuration in that patient
based on simulations of defibrillation outcome and DFT;
and (3) to investigate if a measure of ®. gradients during
the shock in a given volume of the ventricles can be used
to predict defibrillation outcome and the DFT.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Methods

A brief presentation of the methods is given here;
additional detail is provided in the Supplemental methods
section.

Ethical approval

This study analysed de-identified, existing human MRI
scans and was thus not considered human subject research
according to Johns Hopkins Medicine Institutional Review
Board guidelines.

Data acquisition

A clinical MRI (1.5T) dataset had previously been
acquired from a 14-year-old male paediatric patient
with tricuspid valve atresia. The patient had a pre-
vious modified Blalock—Taussig shunt followed by bilateral
bidirectional Glenn shunts. Finally, the patient had a
Fontan procedure using a 12 mm extracardiac conduit.
This patient was chosen for the anatomical complexity of
his congenital condition and for MRI data quality; the
patient did not receive an implanted defibrillator. The
dataset had been de-identified before the study. Because
of the tricuspid valve atresia, the right ventricle (RV) was
hypoplastic and could not be delineated from the clinical
low-resolution MRIs. This dataset included axial torso
scans, and short-axis (SA) and long-axis (LA) cardiac
cine scans. The axial image (27 slices, 384 x 300 pixels
each) had a resolution of 1 x 1 x 6 mm?, and the SA cine
scans (11 slices, 144 x 192 pixels each) had a resolution of
2 x 2 x 10 mm? (Fig. 1A).

Image processing pipeline for heart-torso model
construction from clinical MRI data

A novel pipeline was developed for constructing smooth
and locally refined active heart—torso models with
ventricular fibre architecture from low-resolution clinical
MRI scans, using advanced image processing techniques.
The heart-torso model of the paediatric patient with
tricuspid valve atresia was used as the proof-of-principle
example. The methodology described here can be applied
to any clinical MRI dataset of similar (or higher)
resolution.

In each slice in the axial torso image (27 slices in
this dataset), tissue regions (six regions here: lungs, fat,
bones, blood, muscles, torso outline) were manually
labelled, creating several sets of binary image slices,
each set corresponding to one tissue type. Each set
was then interpolated into 1 mm isotropic resolution
using the variational implicit functions method (Turk
& O’Brien, 1999), and the interpolated data merged to
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form one image. The outer three pixels of the torso
outline were then labelled as skin, and the remainder of
the torso outline tissue type was labelled as conductive
medium. By labelling the above tissue types, a segmented
three-dimensional (3D) image of the torso labelled with
tissue types (seven tissue types here, not yet including
the heart) was generated. This labelled 3D image had a
significantly smaller voxel size than the acquired clinical
MR, as interpolation estimated a large amount of missing
data.

From the low-resolution SA cine image of the patient
heart, a binary image of the ventricular geometry in
diastole was built at a 1 mm isotropic voxel size (only
the left ventricle in this patient as the RV could not
be delineated). In this process, the breathing motion
errors in the SA data were first eliminated based on
horizontal and vertical LA scans, as described elsewhere
(Elen et al. 2010). Epi- and endocardial contours were
manually drawn on the motion-corrected SA slices, with
papillary muscles included as part of the ventricular wall.
The contours were interpolated to create a 1 mm iso-
tropic 3D image of the ventricular geometry with separate
labels for ventricular tissue and blood, as reported pre-
viously (Vadakkumpadan et al. 2012). This image was then
merged with the segmented image of the torso by means
of coordinate transformations calculated from acquired
image header data, to create the final image of the torso
and heart, labelled with different tissue types (eight tissue
types here).

An unstructured mesh was automatically generated
from the final image using the methodology developed by
Prassl et al. (2009). This methodology employs an efficient
octree-based algorithm to produce boundary-fitted,
locally refined, smooth conformal meshes directly from
segmented images. The ventricular region of the mesh
was locally refined, and the rest of the torso coarsened, to
reduce the mesh size without compromising important
geometric detail. Mean edge length, number of nodes
and number of elements of the tricuspid valve atresia
heart—torso mesh in this study are given in Fig. 1B. Fibre
and sheet orientations were assigned to the ventricular
elements using a recently developed and validated
rule-based technique (Bayer et al. 2012). Figure 1C pre-
sents a streamlined visualization of the fibre orientations.
Additional details about the model construction pipeline
can be found in the Supplemental methods section.

Model formulation and parameters

The finite element mesh constructed with the above
pipeline was parameterized as described below to
construct the first human heart—torso defibrillation model
with an active, multi-scale model of the heart. The
mathematical description of current flow in cardiac
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tissue was based on the bidomain and monodomain
representations. The bidomain formulation was used
when shocks were applied, and for computation of the
electrocardiogram (ECG), whereas the computationally
less demanding monodomain formulation was used to
simulate propagation in the absence of externally applied
electric fields. The bidomain and monodomain equations
were solved with the Cardiac Arrhythmia Research
Package (CARP) (Vigmond et al. 2002, 2003).

Tonic properties of cardiac myocytes were modelled with
the ten Tusscher model of the human ventricular myo-
cyte (ten Tusscher & Panfilov, 2006). Realistic apico-basal
(Szentadrassy et al. 2005; Okada ef al. 2011) and trans-
mural (Glukhov et al. 2010; Moreno et al. 2011) electro-
physiological heterogeneities were incorporated into the
model, and longitudinal, transverse and sheet-normal
conductivities (Poelzing et al. 2004; Caldwell et al. 2009)
were chosen to achieve realistic propagation patterns
as described in the Supplemental methods section. The
conductivities of the non-ventricular tissue types (bones,
lungs, skin, blood, muscles, fat, remaining conductive
medium) were the same as in Jolley et al. (2008), with
conductivity values of the skin assumed equal to that of
the torso conductive medium (Jolley et al. 2008).

ICD placement

Due to the tricuspid valve atresia, there was no transvenous
access to the RV and thus placement of a transvenous
lead ICD was not possible. Hence, a non-standard ICD
configuration had to be used. Several ICD configurations
were tested using various locations of the ICD can and of
the ICD lead (or leads in the case of configurations with
multiple leads). Five realistic placement options for the
ICD can were identified. Two of these ICD can locations
were on the upper chest, two on the lower chest, and
one was a sub-axillary location (Fig. 2). The dimensions
of the ICD can were 6 x 5 x 1.5 cm’, roughly the size of
most ICD cans used today. Next, six locations for the
placement of the ICD lead were identified, three on the
epicardium and three subcutaneous (Fig. 2). The choice
of lead placement options was based on Stephenson et al.
(2006), and enabled the exploration of both epicardial
and subcutaneous lead locations and multiple electric
field vectors. ICD lead dimensions were 5 x 0.2 x 0.2 cm?,
roughly the size of the RV coil of a typical trans-
venous ICD lead, as this type of lead is commonly used
‘off-label’ for non-transvenous lead placement in the
paediatric and CHD populations (Stephenson et al. 2006;
Radbill et al. 2012). From the chosen ICD can and lead
locations, 11 ICD configurations were assembled so that
the shock vector would be across the ventricles for each
configuration, and so that configurations with epicardial
leads and with single and multiple subcutaneous leads
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could be tested. Thus, each ICD configuration consisted
of one ICD can and between one and three ICD leads.
Three of the 11 ICD configurations had epicardial leads,
five had single subcutaneous leads and three had multiple
subcutaneous leads (Fig. 2).

Study protocol

The ECGs were computed as described in the
Supplemental methods section. As the heart model lacked
a representation of the atria, the P wave was absent from
the simulated ECGs. Sinus rhythm was simulated using a
cable-based representation of the Purkinje system, where
Purkinje activation in response to His bundle stimulation
was simulated and junctional activation times were used
as pacing timing offsets for sinus rhythm simulation (see
Supplemental Fig. S2). Additional detail on the Purkinje
cable formulation is given in the Supplemental methods
section.

Defibrillation shocks were delivered to the constructed
human heart—torso model, which incorporated the ionic
processes in ventricular myocytes. VI and VF were
induced as described in the Supplemental methods. To
ensure shock delivery during different ‘phases’ of VF
and VT, three different instants (or phases) during VF
and three different instants during VT — ie. different
pre-shock transmembrane potential (V) distributions
in the ventricles during VT and VF — were chosen to
apply electric shocks to. Exponentially truncated, biphasic
defibrillation or cardioversion shocks of 7 ms duration
(3.5ms duration and 50% tilt in each phase, positive
polarity in first phase) as used in our previous study
(Rantner et al. 2012), and based on experimental findings
about effective defibrillation waveforms (Efimov et al.
1998), were applied from the ICD leads of the 11 ICD
configurations, with the ICD can used as ground. A DFT
grid — a 2D grid representing defibrillation outcomes for
the 11 ICD configurations — for the three VF instants, and
for a range of shock strengths, was assembled for shocks
applied to the fibrillating heart, and a CVT grid — an
analogue to the DFT grid, but representing the outcomes
of VT cardioversion shocks — was constructed for shocks
applied during VT. The DFT and CVT were defined as
the lowest energy shocks that terminated the arrhythmia
for all VF and VT phases, respectively. Arrhythmia was
considered terminated if no propagation was present 1 s
after shock onset. Further details on how the DFT and CVT
grids were constructed are provided in the Supplemental
methods.

The rationale for constructing both a DFT and a CVT
grid to be used in choosing the optimal ICD configuration
in the paediatric CHD patient was as follows. To pre-
vent sudden cardiac death, an ICD must be capable of
terminating VE. An ICD also needs to be able to terminate

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society



J Physiol 591.17

VT, as cardioversion by electric shock might have to
be applied if anti-tachycardia pacing (ATP) fails (Kalra
et al. 2012) or if ATP is not possible due to the absence
of a pace—sense lead in certain ICD configurations. The
occurrence of VT in CHD patients, specifically in patients
with repaired tetralogy of Fallot, is well documented
(Walsh, 2002; Nakazawa et al. 2004). ICD configurations
that led to both low DFT and low CVT were considered
favourable here.

Results
Heart-torso model and ECG

The tricuspid valve atresia heart—torso model is pre-
sented in Fig. 2; different tissue regions throughout the
torso are clearly visible (shown are ventricle, bones,
lungs and skin; not shown are blood, muscles, fat and
remaining conductive medium). Select clinically recorded
ECG traces from the tricuspid valve atresia patient as well
as simulated ECGs are shown in Fig. 3. The simulated
ECG traces match the clinical recordings very well,
especially for the limb leads and augmented limb leads,
showing that the heart—torso model is an appropriate
representation of the patient’s overall electrophysiology.
Additional simulation results regarding the ECGs are
provided in the Supplemental results section.

Defibrillation and cardioversion thresholds

Figure 4 shows V,, maps of the three VF and three VT
pre-shock phases, along with 2 s excerpts of limb lead ECG
recordings during VF and VT. Figure 5 presents the DFT
grid for the 11 ICD configurations. DFTs were lowest for
ICD configurations with an epicardial lead. Even the lowest

A B
Short axis Torso Ventricle
3
2x2x10mm No. of nodes
- 3.7 1.2
Axial [millions]
1x%1x%6mmd No. of elements
milions] ~ +3 14
Cc Mean edge 15 05
length [mm)] ’ ’

Figure 1. Model construction

A, axial torso scans and short-axis cine scans of the paediatric CHD
patient. B, the number of nodes, number of elements and mean
edge length of the resulting torso mesh, and of the ventricular
portion of the mesh. C, streamlined image of the fibre orientations
in the ventricular mesh.
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DFT among ICD configurations with subcutaneous leads
was four times the highest DFT for configurations with an
epicardial lead. There was a four-fold difference between
the highest and lowest DFTs among ICD configurations
with a single subcutaneous lead. There was an eight-fold
difference between the highest and lowest DFTs among
ICD configurations with multiple subcutaneous. The
highest DFT amongall 11 ICD configurations was 64 times
the lowest DFT.

Figure 6 shows the CVT grid. Not only DFTs, but also
CVTs were lowest for ICD configurations with epicardial
leads. The lowest CVT for ICD configurations with
subcutaneous leads was twice the highest CVT among
any configuration with an epicardial lead. There was a
four-fold difference between the highest and lowest CVTs
among single subcutaneous lead ICD configurations.
Likewise, the highest CVT of an ICD configuration with
multiple subcutaneous leads was four times the lowest
CVT among multiple subcutaneous lead configurations.
Ofall 11 ICD configurations, there was a 16-fold difference
between the highest and lowest CVTs.

The ICD configuration with a left epicardial lead and
a right chest can (LEpiL2RCC in Figs 5 and 6) as well as
the configuration with a posterior epicardial lead and a
left chest can (PEpiL2LCC in Figs 5 and 6) had both the
lowest DFT and CVT overall. Among the configurations
with a single subcutaneous lead, a left para-sternal lead
and sub-axillary can (LPSL2SAC in Figs 5 and 6) resulted
in the lowest DFT and CVT. The same DFT and CVT was
shared by two configurations with multiple subcutaneous
leads: the ICD configuration with a left subcutaneous lead,
a posterior subcutaneous lead, a left para-sternal lead and
a sub-clavicular can (LSqLPSqQLLPSL2SCC in Figs 5 and
6); and the configuration with a posterior subcutaneous
lead, a left para-sternal lead and a sub-clavicular can
(PSqQLLPSL2SCC in Figs 5 and 6).

Extracellular potentials and the criterion for
successful defibrillation

To determine whether a criterion using only &, gradients
can be used to predict defibrillation outcome and the DFT,
as stated in the Introduction, we calculated ®. gradients
during all defibrillation and cardioversion shocks. Figure 7
presents maps of ®. gradient distributions 1 ms after
the onset of 80] shocks. Data on the ®. gradients
from Fig. 7 are also presented in Supplemental Table S3.
Supplemental Figure S7 presents a plot of the ®. gradients
from Fig. 7 against the corresponding DFTs and CVTs.
The @, gradients were largest during shocks from ICD
configurations with epicardial leads, having a mean @,
gradientof 25.82 & 6.21 V cm ™! in the ventricular volume.
ICD configurations with multiple subcutaneous leads had
a mean ventricular ®. gradient of 7.96+0.26 Vcm ™.
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Single subcutaneous lead ICD configurations had a mean
®, gradient of 7.80 +2.50 V.cm ™! in the ventricle.

While the &, gradient distributions of two
configurations with multiple subcutaneous leads
(LSQLPSqLLPSL2SCC and PSqQLLPSL2SCC in Fig. 7)
looked virtually identical, one configuration had an eight
times higher DFT (Fig. 5) and a four times higher CVT
(Fig. 6) than the other. This indicated that ®. gradients
alone were not determinants of defibrillation outcome.

To determine if a criterion used in many simulation
studies — namely declaring defibrillation success if >95 %
of ventricular tissue experienced ®, gradients >5V cm™!
during the shock — is a valid surrogate measure for
defibrillation success and the DFT, the amount of
ventricular tissue experiencing @, gradients >5V cm™!
was determined for all defibrillation and cardioversion
shocks. The blue numbers in Figs5 and 6 show the
percentage of ventricular volume that experienced &,
gradients >5V cm~! during the shocks (for reference,
the threshold value of 5V cm™ is also marked in the
colour bar of Fig. 7 with the magenta line). For a given
shock energy, this percentage was generally higher for ICD
configurations with epicardial leads than for subcutaneous
leads. All DFT shocks resulted in @, gradients >5V cm™!
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in 100% of ventricular tissue, and CVT shocks caused ®.
gradients >5V cm™! in at least 99.5% of the ventricle.
On the other hand, even a large number of shocks below
the DFT and CVT resulted in ®, gradients >5V cm™! in
100% of ventricular tissue. For certain ICD configurations,
shocks of only 6.25% of DFT strength experienced such
®. gradients in the entire ventricle, demonstrating that ®.
gradients >5V cm™! in a certain fraction of the heart —
or even in the entire heart — were not sufficient to predict
defibrillation success or failure.

Discussion

In accordance with our aims, as stated in the Introduction,
we developed a new image processing pipeline for building
patient-specific heart—torso models from low-resolution,
clinical MRIs. Using this pipeline, we constructed the first
electrophysiological, active, multi-scale heart—torso model
of a paediatric patient with CHD. We then conducted
simulations to determine the optimal ICD configuration
for this patient. Two configurations with epicardial leads
exhibited the lowest DFTs and CVTs here and were thus
the optimal choices. Finally, we endeavoured to establish
whether the widely used criterion of shock-induced &,

F/
4
;—i—/

Infero-superior view

Lead (s) Can Notes
left epicardial (1) right chest (d) single epi lead
posterior epicardial (2) left chest (c) single epi lead
right epicardial (3) sub-clavicular (a)  single epi lead
left subcutaneous (4)  right para-sternal (b) single SQ lead
left subcutaneous (4) right chest (d) single SQ lead
posterior subcutaneous (5) sub-clavicular (a)  single SQ lead
posterior subcutaneous (5) left chest (c) single SQ lead
left para-sternal (6) sub-axillary (e) single SQ lead
posltif:isfts)ﬁgiﬁgzz(s)u(:)(g), sub-clavicular (a) mullt'ia%lg SSQ
left para-sternal (6)
posteror subeuaneons (&) supclavicular (@) ™ ge
porr LGOS O sty () eSO

Notation
LEpiL2RCC
PEpiL2LCC
REpiL2SCC
LSqL2RPSC Figure 2. Implantable
LSgL2RCC cardioverter—defibrillator placement
A, the finite element heart-torso mesh and
PSqL2SCC ICD can (purple; a—e) and ICD lead (black;
PSqL2LCC 1-6) ple_lcement Iloclations. The ventAricIes are
shown in red, skin in transparent pink, bones
LPSL2SAC in transparent white and lungs in transparent
blue. Segmented and modelled, but not
LSqLPSqLLPSL shown here, were fat, blood, muscles and
2SCC remaining conductive medium. B, the 11 ICD
configurations that were tested in this study
(characters and numbers in parentheses refer
PSqLLPSL2SCC to A). Three configurations used epicardial
(epi) leads, five used single subcutaneous
PSQLLPSL2SAC (SQ) leads and three used multiple

subcutaneous leads.
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gradients >5Vcem™' in >95% of ventricular volume
predicts defibrillation success. Our study demonstrated
that this criterion could not reliably predict defibrillation
outcome; the predictions based on that criterion were
very different from the predictions made with the detailed
multiscale simulations used here.

While previous studies have also attempted to pre-
dict DFTs in computational torso models, most recently
by Jolley et al. (2008) in CT-based models of paediatric
and CHD patients, the current study provides three
major advancements over these efforts: (1) our model
was developed from readily available, clinical MRI scans
instead of high-resolution CT scans; (2) we incorporated
fibre architecture instead of using an isotropic ventricular
model; and (3) our study used an electrophysiological,
active ventricular model to simulate actual VF and
defibrillation, as opposed to modelling only the applied
electric field without the myocardial response to the field.

To translate any computer model-based prediction of

optimal ICD placement to the clinic, it would be desirable
to use MRI instead of CT scans for model construction,
circumventing concerns about radiation exposure; our
model presents a major step in this direction. While the
model presented here is, to the best of our knowledge, the

1N

Figure 3. The electrocardiogram

Sample clinically observed ECG traces (left panels) and simulated
ECG traces (right panels) of the paediatric CHD patient with tricuspid
valve atresia.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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first MRI-derived heart-torso model of a CHD patient
reconstructed from MRI scans, attempts to construct
heart—torso models from MRI datasets have been made
in the past, but only for patients with structurally normal
hearts. Such models have been employed in the study
of defibrillation (Eason et al. 1998; de Jongh et al. 1999;
Russomanno et al. 2008) as well as for other uses (Tilg et al.
2002; Berger et al. 2006; Vanheusden et al. 2012). None

VF phase 2

A VFphase 1 VF phase 3

LAO

RPO

o1 .
0.)‘ ‘ .'

0 500 100015002000 500 100015002000
t [ms] t[ms]

C VTphase1 VT phase 2 VT phase 3

LAO

RPO

o ]
0 500 100015002000
t [ms]

500 100015002000
t [ms]

Figure 4. Ventricular fibrillation and tachycardia

A, left anterior oblique (LAO; top row) and right posterior oblique
(RPO; bottom row) Vy, maps of the three VF phases to which
defibrillation shocks were applied. B, limb lead ECG traces of VF. Red
lines mark the three VF phases from A. C, LAO and RPO V;, maps of
the three VT phases to which cardioversion shocks were applied. D,
limb lead ECG traces of VT. Red lines mark the three VT phases from
C.
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of these models, however, included an active ventricular
model, and they were of much coarser resolution than
our model — especially in the ventricular. The resolution
of the finite element mesh of our model was fine enough
to simulate electric propagation in detail, yet the over-
all number of nodes and elements was small enough for
the model to be computationally tractable; in addition to
ventricular tissue, the model also included representations
of bones, lungs, blood, muscles, fat, skin and conductive
medium with realistic conductivities in order to be able to
accurately model the shock-induced electric fields in the
torso. Our model overcomes the limitations of previous
heart—torso models such as the use of a canine heart model
instead of human (Eason et al. 1998), not accounting for
fibre architecture and tissue anisotropy (de Jongh et al.
1999; Tilg et al. 2002; Berger et al. 2006; Russomanno
et al. 2008; Vanheusden et al. 2012), or only estimating
the myocardial surfaces based on a certain distance from
ventricular blood masses, but not detecting and modelling
the myocardial volume itself (Tilg et al. 2002; Berger et al.
2006). The model construction pipeline proposed here
uses advanced image processing and meshing techniques
to combine axial MRI and cine MRI scans to build a
detailed heart—torso model with a high resolution and
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with smooth surfaces in the ventricles, and assigns fibre
orientation based on chamber geometry. The pipeline can
specifically be applied to construct models of paediatric
and CHD patients.

Previous numerical defibrillation studies using torso
models did not determine the actual DFT, but due to
the lack of an active ventricular model, relied on a
‘pseudo-DFT’ criterion (lowest shock strength to result
in ®, gradients >5Vem™! in >95% of the passive
ventricles) instead (Eason et al. 1998; de Jongh et al
1999; Jolley et al. 2008, 2010; Russomanno et al. 2008).
The current study used an active ventricular model, and
enabled us not only to calculate ®. gradients but also
to simulate the defibrillation process and determine the
actual DFT for the tested ICD configurations. Simulating
defibrillation is computationally much more demanding
than only applying an electric field and computing ®.
gradients in the passive heart model, so it would be
beneficial if a pseudo-DFT criterion could be used instead
of the actual DFT in attempts to optimize ICD placement.
Our study demonstrated, however, that the pseudo-DFT
criterion used in previous studies was not an appropriate
predictor of the success or failure of defibrillation, as
determined here: while all shocks at and above DFT
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Figure 5. Defibrillation threshold grid
DFTs for the 11 tested ICD configurations. Red dashed lines mark the DFTs, and blue numbers show the percentage
of ventricular volume experiencing ®. gradients >5V cm~" 1 ms after shock onset. ICD configuration notation
as in Fig. 2, and VF phases as in Fig. 4.
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fulfilled the pseudo-DFT criterion, many shocks below
the DFT fulfilled that criterion as well. For some of
the ICD configurations tested, there were ®. gradients
>5Vem™! in the entire ventricles for shock strengths
as low as 6.25% of DFT. Furthermore, we observed @,
gradient distributions that were virtually identical, where
one configuration had an eight times higher DFT than
the other. Thus, a criterion using the ®. gradient in a
critical mass of tissue was not found to be reliable in pre-
dicting the optimal placement of ICDs. Mechanistically,
®, gradients cannot be used to predict the DFT because
they do not relate to the specific processes responsible
for defibrillation failure, such as propagated graded
responses (Trayanova et al. 2003; Bourn et al. 2006) and
tunnel propagation (Ashihara et al. 2008; Constantino
et al. 2010). Following the shock, a VEP distribution
is established in the tissue, from which the post-shock
activations emanate (Trayanova, 2001; Trayanova et al.
2011). Itis now well understood that not only @, gradients
but also ventricular tissue structures and tissue anisotropy
shape the VEP distribution in the ventricles (Arevalo et al.
2007; Trayanova et al. 2011), which in turn can create
or abolish propagating re-entrant waves (Trayanova et al.
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1998; Efimov & Ripplinger, 2006). A possible compromise
to decrease the computational load would be a two-stage
approach in which the epicardial potentials are calculated
from a passive torso model and then used as boundary
conditions for the active simulation of defibrillation in the
ventricles.

Our simulations demonstrated that ICD configurations
incorporating epicardial leads had lower DFTs and CVTs
than configurations with subcutaneous leads in the
tricuspid valve atresia patient in this study. Specifically,
two configurations with epicardial leads — one with a
left epicardial lead and a right chest can, and the other
a posterior epicardial lead and a left chest can — exhibited
the lowest DFT and CVT and were thus the optimal
ICD configurations tested. Three configurations with sub-
cutaneous leads (one with a single lead and two with
multiple leads) were electrically most favourable among
subcutaneous lead ICD configurations. The single sub-
cutaneous lead option among these three configurations
had a left para-sternal lead and sub-axillary can and
corresponded to the commercially available subcutaneous
ICD (S-ICD™; Cameron Health Inc., San Clemente,
CA, USA; Bardy et al. 2010). Our findings regarding
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Figure 6. Cardioversion threshold grid

CVTs for the 11 tested ICD configurations. Red dashed lines mark the CVTs, VT phases are as in Fig. 4, and other

annotations are as in Fig. 5.
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the optimal ICD configuration are clearly specific to
this patient, and may not be generalizable to the entire
paediatric or CHD population. The depth of the ICD
can placement may also play a role in determining how
electrically favourable an ICD configuration is. As an
example of such placement, we also calculated the DFT
for a deeper sub-axillary ICD can location; the results are
shown in Supplemental Fig. S8.

In addition to choosing an electrically favourable ICD
configuration, the physician may also take additional
considerations into account when deciding on which
placement option to use. First, the invasiveness of the
implant procedure could play a role in decision making,
especially when taking into consideration the possibility
of multiple ICD and lead exchanges over the CHD or
paediatric patient’s lifetime (Alexander et al. 2004; Cecchin
et al. 2010). Second, complications associated with a
particular placement option is an important consideration
(Griksaitis et al. 2013). Non-transvenous shock coil failure
has been shown to be of particular concern in the

Left anterior right posterior
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paediatric and CHD populations (Radbill et al. 2010).
It has been reported that epicardial defibrillation leads
are more vulnerable to lead break and physical damage
than the thinner pace—sense leads commonly associated
with subcutaneous lead placement (with the exception of
the S-ICD™, which does not include a pace—sense lead
and does not have pacing capacity; Griksaitis et al. 2013).
Third, the patient might require pacing, which would rule
out ICD configurations that lack pacing capacity. These
three issues could be taken together with the predictions
of our pipeline to make a decision regarding the best
treatment option for the specific patient.

Large DFT and CVT differences were observed between
ICD configurations, underlining the importance of
choosing the optimal ICD configuration. Furthermore,
clinical data evaluating the DFTs of different ICD
configurations in paediatric and CHD patients are scarce
(Radbill et al. 2012), so physicians cannot currently rely on
published reports when deciding which ICD configuration
to use in a patient of this cohort. The pipeline and
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1 ms after shock onset of 80 J shocks. A, ICD configurations with epicardial leads. B, ICD configurations with
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methodology developed in this study presents a novel
approach to predicting the optimal ICD configurations
before device implantation, a tool particularly important
for paediatric and CHD patients who often have contra-
indications for transvenous lead ICD implantation.

Limitations

There are several limitations in the modelling
methodology presented here. (1) Fibre orientations in
skeletal muscles were not represented, and thus the
skeletal muscles were modelled as isotropic tissue. Seitz
et al. (2008) showed that skeletal tissue anisotropy had a
much smaller effect on the electric fields of transthoracic
defibrillation shocks than myocardial tissue anisotropy. As
ICD shocks have to traverse less muscle tissue than trans-
thoracic shocks, the influence of skeletal muscle anisotropy
would be even smaller here than in the case of transthoracic
shocks, so we do not expect our findings to be affected by
this limitation. (2) Abdominal MRI scans of this patient
were not available, so no abdominal ICD locations could
be modelled. However, the modelling pipeline enables
the modelling of abdominal configurations if abdominal
scans are available. (3) Our model lacked a patient-specific
representation of the Purkinje system, but featured a
generic, cable-based Purkinje representation to simulate
sinus rhythm. Since Dosdall ef al. (2010) demonstrated
that the Purkinje system was not involved in defibrillation
mechanisms after short-duration VT or VF the lack of
a patient-specific Purkinje representation does not affect
the validity of our findings. (4) It is unknown whether
fibre orientations have the same relationship to chamber
geometryin the CHD ventricles as in the normal ventricles.
In the absence of such knowledge, the methodology used
previously in structurally normal hearts was employed
in the modelling pipeline to assign the fibre orientations
based on the ventricular geometry of paediatric and/or
CHD hearts. (5) If paediatric or CHD patients have pre-
vious devices implanted, they might not be able to undergo
MRI scans, unless the prior devices are MRI compatible.
In this case, CT scans could be used instead of MRI scans
in our modelling pipeline. (6) The prediction of optimal
ICD configurations using the modelling pipeline could
not be validated against patient outcomes in this study.
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Translational perspective

ICDs with transvenous leads often cannot be deployed in a standard manner in paediatric and
CHD patients. Currently, there is no reliable approach to predict the optimal ICD placement in
these patients. A pipeline for constructing personalized, biophysically detailed active heart—torso
models from clinical MRI scans was developed and applied to a paediatric CHD patient. Optimal
ICD placement was determined by conducting patient-specific simulations of shock delivery from
different ICD configurations and determining the corresponding defibrillation thresholds. In a
patient with tricuspid valve atresia, two ICD configurations with epicardial leads were found to have
the lowest defibrillation threshold. We demonstrated that determining extracellular potential (®.)
gradients during the shock — without actually simulating defibrillation — was not sufficient to predict
defibrillation success or failure. Using the proposed methodology, the optimal ICD placement in
paediatric/CHD patients can be predicted computationally, which could reduce defibrillation energy
if the pipeline is used as part of ICD implantation planning.
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