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Abstract. Placement of Implantable Cardiac Defibrillator (ICD) leads in
children and some adults is challenging due to anatomical factors. As a result,
novel ad hoc non-transvenous implant techniques have been employed
clinically. We describe an open-source subject-specific, image-based finite
element modeling software environment whose long term goal is determining
optimal electrode placement in special populations of adults and children
Segmented image-based finite element models of two children and one adult
were created from CT scans and appropriate tissue conductivities were
assigned. The environment incorporates an interactive electrode placement
system with a library of clinically-based, user-configurable electrodes. Finite
element models are created from the electrode poses within the torsos and the
resulting electric fields, current, and voltages computed and visualized.

1 Introduction

Implantable cardiac defibrillators (ICDs) are widely used in patients at risk of fatal
cardiac arrhythmias, and indications for their use continue to expand'®" ¥ 1} 1221
Although ICDs are routinely implanted in adult patients using a transvenous system,
there is a growing population of pediatric and adult patients in whom transvenous ICD
systems cannot or should not be implanted"'”’. These include very small patients and
those with intracardiac shunts or anatomical obstruction to lead placement!®" - 1%

In these groups, several novel, non-transvenous approaches to ICD implantation
have been reported (Figure 1)!7: 110k 18- 2311241 - gyych approaches have consisted of ad
hoc adaptations of existing ICD systems, with the goals of minimizing system
invasiveness, adapting to complex anatomy, and achieving low defibrillation
thresholds.”" "2 **  These approaches assume efficacy by extrapolation from limited
animal research, and post-implantation assessment of defibrillation thresholds
(DFTs)!"!.  Although defibrillation research has elucidated reasonably accurate
relations between distribution of myocardial voltage gradient and both defibrillation
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efficacy and myocardial injury, no reports currently describe the effects of
interactions between variations in body size and novel ICD geometries on these
fields™ " 1221 271,

Animal models of defibrillation have shown defibrillation with subcutaneous
electrodes to be feasible, but little is known about ideal placement or the resulting
electric fields”" " #"l In the past, insertable electrodes have been used to map the
epicardium and measure electric fields transmurally in animals but these techniques
are expensive, time consuming and not necessarily applicable to human anatomy.
Furthermore they do not provide detailed descriptions of the electric field throughout
the entire myocardium and can perturb the measured fields.

Finite element modeling (FEM) of defibrillation has been shown to correlate well
with clinically observed DFTs in laboriously constructed conductivity models of the
adult torso!?" [ 114k 1131 1201 21 Thege studies have shown the utility of realistic
models to accurately predict threshold voltages, currents, and impedances, as well as
the electric fields and voltages at known measurement locations. They also may be
used to compare the relative efficacy of electrode orientations in a given torso
model”F ",

The demands of extending these studies to highly variable electrode design and
placement, not to mention body size, habitus and possible gross anatomical
variability, mean that such simulation systems need to allow more automatic model
creation, interactive electrode placement, a wide variety of electrodes, interactive
execution of the simulations, and visualization of the results. In this study, we
describe the creation of an open-source subject-specific, image-based finite element
modeling software environment with the goal of enabling determination of optimal
electrode placement in special populations of adults and children.

2 Methods

2.1 Image Acquisition, Segmentation

Images were constructed by segmenting normal or trivially abnormal 64-detector CT
scans with 1.25mm slices obtained from a radiology trauma database with appropriate
IRB approvals. Of more than 50 studies examined, three patients were selected for
this study based on 1) good tissue contrast, 2) minimal cardiac motion artifact, and 3)
diversity of body size and habitus: a 12 kg, 2 year old female, a 32 kg, 10 year old
male, and a 75 kg, 29 year old male. Torsos were segmented into 10 tissue
compartments using 3D Slicer (Table 1)!'. Various techniques were used for
segmentation including thresholding, confidence connected component analysis, and
level sets. The individual label maps were hierarchically combined into one label map
using the unu command line tool, part of the Teem toolkit'”. Each combined label
map was imported into SCIRun/BioPSE, to solve the bioelectric field problem.”

2.2 Electrode Visualization and Placement

In order to allow interactive electrode placement inside a segmented 3D volume we
created new functionality in the SCIRun/BIOPSE software package. We designed
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new modules which allow the user to interactively insert realistically shaped electrode
wires and electrode cans into rendered images of the segmented volume. The shape
model of the electrode can was generated by creating a triangular surface from the 2-
D scanned images of the electrode and meshing the interior with tetrahedral elements
based on the device's known thickness. The shape of the wire electrodes was
determined interactively by specifying the length and diameter of the contact areas
separately so the model was constrained to the desired shape of electrode. The 3
dimensional path of these “wires” was defined by a set of 5 user-movable spheres
through which a cubic spline was fit and updated in real time. This interface proved to
be sufficient for placing the wire electrodes into realistic clinical positions. A 3D
tetrahedral model of the specified diameter and length was then created over the path
defined by the spheres. The resulting shape of both electrodes could be adapted to
closely resemble those used clinically and all could be moved interactively by the user
in real time.

In order to support proper placement of electrodes, we expanded the visualization
capabilities of SCIRun to render transparent 3D images of the separating surfaces
between different tissue types and added in support to display three dimensional
labels. We altered the way the user can interact with multiple simultaneous
visualizations of the same the electrode placement so that one can look at the same
situation from multiple view points.

2.3 Meshing and Finite Element Calculation

New modules were created in SCIRun/BioPSE to support local mesh refinement of
hexahedral elements as well as finite element calculations on the resultant meshes.of
varying element density.

Table 1. Comparison of conductivies used in this and prior FEM studies'> 11} [141- 113} [21]

Current Jorgenson DedJongh Mocanu  Aguel Gabriel
Tissue type study (S/m) (S/m) (S/m) (S/m) (S/m) (S/m)
Bowel gas 0.0020 0.0020
Connective Tissue 0.2200 0.2220
Liver 0.1500 0.1486 0.3300
Kidney 0.0700 0.0700
Skeletal Muscle 0.2500 0.1429 0.2500 0.2500
Fat 0.0500 0.0459 0.0500
Bone 0.0060 0.0063 0.0100
Lung 0.0670 0.0667 0.0780 0.0700  0.0500
Blood 0.7000 0.6494 0.6670 0.8000 0.7700
Myocardium 0.2500 0.2381 0.2500 0.2500  0.6000

In order to create an electrical model of the torso, we combined the label maps and
the electrode models described previously in a full hexahedral mesh. A regular mesh
of hexahedral elements with a user adjustable spacing was created in the same space
as the label map. Elements contained in a bounding box 1.5 times the 3D volume of
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the electrode were automatically selected and each of these elements was split into 27
smaller elements to allow for a higher local mesh density around the electrodes'>®.
Using a lookup table with conductivity values (Table 1), the segmented label map was
transformed into a conductivity map of the torso, whose values were projected onto
the computational mesh by sampling the conductivities delineated by the label map
segmentation. We assumed the electrical properties of the torso to be defined by one
conductivity value per element. The resulting finite element model created by the
SCIRun software resulted in a set of equations similar to those used in previous
defibrillation studies™" """ In our implementation we assumed a linear, piecewise
constant and isotropic volume conductor model, with negligible capacitance and
inductance. =~ We used the Galerkin finite element formulation with tri-linear
interpolation. Electrodes were assigned a constant potential over their surface. The
mesh size and spacing was interactively adjusted until additional refinements did not
alter the results of the defibrillation threshold parameter by more than 1 percent. We
used a representative selection of electrode positions to evaluate adequate node
spacing subsequently used for each model. This resulted in a basic torso mesh that
was wrapped into a grid of 100 by 100 by 150 nodes in the X, y, and z-direction, with
further refinement around the electrodes as noted.

2.4 Solution Calculation, Defibrillation Metrics, and Data Analysis

After the potential distribution was solved using the finite element method, the
gradients of the potential field were evaluated for the full thorax assuming a tri-linear
interpolation. As the electrical field scales linearly with the potential difference
applied to the defibrillation electrodes, effective electrode defibrillation potentials can
be computed by linear scaling. The critical mass hypothesis was used to define
successful defibrillation"*" ** " This hypothesis proposes that defibrillation depends
on rendering a critical mass of the myocardium inexcitable. A shock is predicted to
be successful if it produces a threshold voltage gradient over a “large” fraction portion
of the myocardial mass. Empirically determined values for these thresholds vary
somewhat. The criteria used in this study of a voltage gradient of 5 V/cm generated
over 95% of the myocardium has been accepted in the literature as a reasonable
predictor of successful defibrillation.

Calculated metrics included the voltage, voltage gradient, current, impedance, and
energy threshold (E) for defibrillation (defibrillation threshold, DFT). The DFT in
this study was calculated by the energy relation E = % CV?, where C is the
capacitance of a typical pulse generator, and V is the potential difference between
electrodes required to produce a voltage gradient of 3 and 5 V/cm in 95% of the
myocardium. We also calculated the percentage of myocardium above 30V/cm and
60V/cm at these thresholds, to predict possible areas of myocardial damage. We
utilized a capacitance of 130uF for these estimates, based on conversations with
contacts in industry. SCIRun was utilized to visualize voltage, voltage gradients, and
current density. In addition the percentage of myocardium above the defibrillation
threshold was calculated and visualized by projecting a color scale onto the
myocardial elements.
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3 Results

We utilized our newly developed functionality in SCIRun for importing segmented
data, which was subsequently used in SCIRun's dataflow environment to create a
computational model of the distribution of the electrical field, as shown in Figure
1(left). These dataflow networks were used for interactive placement of electrodes,
remeshing of volumes around the active electrodes, calculation of FEM solutions, and
presentation of data in graphs with a summary of important numerical values, as
shown in figure 1(right).
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Fig. 1. SCIRUN Network: Example SCIRun Network (left) and of automatically generated
numerical metrics for defibrillation (right) for a standard adult transvenous electrode
configuration with a shock of 500V as well as scaled metrics

Fig. 2. Subcutaneous Electrode placement: Left: Chest x-ray of subcutaneous electrode
placement in child. Middle: Example of subcutaneous electrode placement in 2-yr old model.
Right: Moveable cutting planes to examine detail. Blue spheres are user moveable handles.
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Fig. 3. Transvenous Electrode Placement: Standard adult placement with left subclavian
can, 8cm coil in superior vena cava (green) and 5 cm coil in right ventricle(red) shown with
(left) and without (right) rendering of blood within the 29 year old torso shown with three
moveable cutting planes

Fig. 4. Visualization of defibrillation: 2 year old child with left thoracic subcutaneous
electrode and right abdominal can. Left: Electrode positions and heart within torso. Middle:
Visualization of voltage gradients within the heart with three moveable cutting planes for
exploration. Right: Visualization of absolute voltages on torso of model, note increased mesh
density around electrodes.

Graphical representations of sample FEM solutions are shown in Figure 4
demonstrating the ability to visualize voltage gradient distribution within the
myocardium as well as compute voltage and energy parameters necessary to meet the
criteria of the critical mass hypothesis.

To validate our model, we compared the DFTs obtained in our 75kg adult-sized
torso with standard, transvenous electrode placement to previously published adult
FEM models of defibrillation®" """, The calculated DFT values for our torso using
standard electrode orientation are in close agreement with these models [8-12 joules,
5V/cm metric] as well as empiric clinical values.
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In order to explore the clinical relevance of this newly created functionality for
novel non-transvenous orientations we analyzed several exemplary situations.
Clinicians have begun to use scenarios with an abdominal can and single
subcutaneous 25cm electrode coil as suggested in figure 4. The best positioning of
this combination and effect of small changes in electrode movement is unknown. To
explore the utility of the newly created environment utilized the 2year-12kg torso and
the can in the left abdomen at the level of thoracic vertebrae 12. We then extended
the 25cm subcutaneous electrode to the left from the can to different locations,
placing it at the level of thoracic vertebrae 6, 8, and 10 respectively. The voltage
difference required to achieve 3V/cm varied from 335 volts to 654 volts,
corresponding to a change in work from 7.29 joules to 27.8 joules, with the electrodes
placed caudally at T6 achieving the lowest defibrillation threshold. Thus, very small
changes in electrode placement in these novel configurations are predicted to have
significant effect on clinical DFTs.

To compare the efficiency of the best subcutaneous orientation to a standard
transvenous orientation in the 2 year old torso model we placed the can in the right
and left abdomen, as well as the right and left subclavian positions, and placed a
single Scm long transvenous electrode with a diameter of 3mm in the right ventricle.
The required voltage varied from 58.6 volts to 172 volts, corresponding to 0.22 and
1.92 Joules respectively, with the left subclavian can being the most efficient. In
situations where it is anatomically viable and safe, standard transvenous placement of
electrodes is more efficient than most subcutaneous electrode placement.

To explore the effect of body size and growth we compared the single retrocardiac
electrode with an abdominal can, another orientation utilized clinically in small
children, to assess the efficacy of this orientation with growth. A right abdominal can
with a 5 cm electrode placed in the posterior epicardial region approximately centered
in relation to the heart required 266V, 850V, and 1690V in the 2year-12kg, 10year-
32kg, and 29 year-75kg torsos respectively. This corresponds to a range of
approximately 3 to 185 joules expected with growth, suggesting orientations practical
in one age group might fail with time.

4 Discussion

Utilization of ICD therapy in pediatric and congenital heart populations has risen, as
the numbers of patients who may benefit have increased while apparent risks have
decreased. Transvenous implantation often cannot be performed in children due to
patient size, lack of vascular access and increased risk of embolic phenomena due to
intracardiac shunts''®" ", Children with ICDs have high rates both of lead failure and
of vascular occlusion”" " and long life expectancy, resulting in the anticipated need
for repeated lead extraction and reimplantation with their attendant risks. There is
also growing interest in the development of extracardiac ICDs for the adult
population, both to avoid lead related complications and for patients with vascular
access problems or other contraindications to transvenous implant. We have utilized
existing open-source tools and developed new, interactive functionality in
SCIRun/BioPSE to study this problem using subject-specific FEMs and demonstrated
its application.
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We utilized the interactive electrode placement system to explore several clinical
situations and analyze the effect of electrode placement in a given torso. A four rib
change in subcutaneous electrode position is predicted to triple the DFT in Joules in a
two year old torso. Transvenous electrode placement is predicted to be more efficient
than subcutaneous placements, suggesting these orientation should be utilized in
patients with suitable anatomy. Retrocardiac placement of a single electrode to an
abdominal can is a reasonable orientation in a small child, but not in a older child or
adult as the resulting DFTs are in excess of what current devices can deliver.
Together these examples suggest that the rapidly adaptable environment we have
created will be potentially useful in designing optimal electrode placements in
children and adults with unique anatomy and other technical requirements.

Previous publications have shown that FEM can closely correlate with clinically
observed results”> ! 3151 - Although this is reassuring, both the current and prior
models do not incorporate many factors known to affect defibrillation. These include
patient specific differences in conductivity, myocardial tissue structure, capacitive
effects, the complexities of fibrillation wavefront behavior, and the effects of biphasic
waveforms on membrane repolarization. Although results predicted by the critical
mass hypothesis compare favorably to clinical observation, it is a gross model that
largely ignores cellular level effects and does not account for variability in
susceptibility of a given patient’s myocardium. We expect these models to provide a
platform for reasonable comparison of relative efficacies of electrode position for a
given torso, and as such can serve as a useful tool for comparing novel configurations
to proven electrode positions as well as general trends in comparison of different torso
models. Practical application of this approach is limited at present by the availability
of high resolution CT and MRI scans of children. As such scans obtained for clinical
reasons will provide opportunity for further development of trends across age groups
and anatomy. We plan to utilize the system to systematically explore various
parameters and orientations in children and adults to better guide practitioners in
situations when novel implantations are needed. We have also begun to utilize the
system in a case specific manner with dedicated scans in patients with highly
complicated congenital heart disease and other congenital anomalies to assess the
utility of determining optimal orientations on a case by case basis.

We hope to continue to improve the tools in this open-source pipeline.
Segmentation remains time intensive despite improvements in segmentation
algorithms and we are actively working to create atlas based segmentation systems
such that imaging can be rapidly converted to highly accurate torso models with
minimal user input. The newly developed functionality in SCIRun will be improved.
to be more efficient and incorporate other physically relevant parameters, and a
broader library of electodes. SCIRun also has powerful visualization capabilities, and
we are further exploring optimal parameters for improved perception of visual and
numerical data. Once optimized the platform may be wrapped into a stand alone open
source program once we are satisfied with visualization and simulation performance.

5 Conclusion

We have developed an interactive computational and visualization tool that can be
used to assess the relative efficiency of non-standard ICD electrode placement in
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torso models of various sizes. In patients with contraindications to standard
approaches to ICD implantation, the ability to interactively assess the relative efficacy
of different electrode orientations may provide insight into which orientation might be
optimal in a specific patient. This image-based approach may also be of value in the
design and development of extracardiac defibrillation strategies.
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