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Abstract
Background—ICD implants in children and patients with congenital heart disease are complicated
by body size and anatomy. A variety of creative implant techniques have been utilized empirically
in these groups on an ad hoc basis.

Objective—To rationalize ICD placement in special populations, we used subject-specific, image-
based finite element models (FEMs) to compare electric fields and expected defibrillation thresholds
(DFTs) using standard and novel electrode configurations.

Methods—FEMs were created by segmenting normal torso CT scans of subjects aged 2, 10, and
29 years and one adult with congenital heart disease into tissue compartments, meshing and assigning
tissue conductivities. The FEMs were modified by interactive placement of ICD electrode models
in clinically relevant electrode configurations, and metrics of relative defibrillation safety and
efficacy calculated.

Results—Predicted DFTs for standard transvenous configurations were comparable to published
results. While transvenous systems generally predicted lower DFTs, a variety of extracardiac
orientations were also predicted to be comparably effective in children and adults. Significant trend
effects on DFTs were associated with body size and electrode length. In many situations, small
alterations in electrode placement and patient anatomy resulted in significant variation of predicted
DFT. We also demonstrate patient specific use of this technique for optimization of electrode
placement.

Conclusions—Image-based FEMs allow predictive modeling of defibrillation scenarios, and
predict large changes in DFTs with clinically relevant variations of electrode placement. Extracardiac
ICDs are predicted to be effective in both children and adults. This approach may aid both ICD
development and patient-specific optimization of electrode placement. Further development and
validation are needed for clinical or industrial utilization.
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Introduction
Implantable cardiac defibrillators have become standard of care for patients at risk of fatal
cardiac arrhythmias, and indications for their use continue to expand.1–4 Although ICD
systems are routinely implanted in adult patients using a transvenous approach, there is a
growing population of pediatric and adult patients in whom transvenous ICD systems cannot
or should not be implanted.5 These include patients of very small size and those with
intracardiac shunts or anatomical obstruction to lead placement.6–9

In these patient populations, a variety of innovative approaches to ICD implantation have been
reported, including subcutaneous, epicardial and caval electrode placements and/or abdominal
can implants (Figure 1).7–12 Employing ad hoc adaptations of existing ICD components, these
approaches attempt to minimize system invasiveness, incorporate patient specific options to
adapt to complex anatomy, and achieve low defibrillation thresholds. Assumptions of efficacy
are based on extrapolation of data from the use of subcutaneous arrays in adults, limited animal
research and post-implantation assessment of defibrillation thresholds.7, 9 Although
defibrillation research has elucidated predictive relationships between distribution of
myocardial voltage gradient and both defibrillation efficacy and myocardial injury, no
information currently exists that describes the effects of interactions among variations in body
size, habitus, and novel ICD geometries on these fields.13, 14

Finite element modeling of defibrillation has been shown to correlate well with clinically
observed defibrillation thresholds in laboriously constructed conductivity models of the adult
torso.15–23 These studies have validated the use of realistic models for accurate prediction of
intrathoracic electric fields, allowing estimation of the defibrillation threshold voltages,
currents, and impedances that would be associated with such fields. Extension of these studies
to allow modeling of different electrode orientations, within variable body sizes and habitus
and under anatomically variable conditions, requires simulation systems that can facilitate
rapid model creation, interactive electrode placement, and clinically relevant visualization of
the results. The desire to make such tools part of the repertoire of the defibrillation research
and clinical communities motivates the use of open-source tools for this purpose, so that the
underlying computer code is available to the community to be improved and altered for a variety
of purposes.

In this proof-of-concept study, we describe the results of subject-specific, image based finite
element modeling of standard and non-standard ICD electrode placement using a novel,
interactive, open-source computing environment. The driving hypothesis of this research was
that alterations in electrode placement, reflecting realistic variations of surgical practice, would
result in clinically significant changes in the electric fields predicted in the myocardium and
thus support the goal of determining optimal electrode placements for special populations of
adults and children.

Methods
Image Acquisition and Segmentation

Anatomically realistic torso models and a computer modeling environment were created in
which the effect of varying ICD electrode placement on myocardial voltage gradients could
be assessed as a proxy predictor of effective defibrillation. Models were constructed by
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segmenting 64-detector CT scans (1.25mm slices) from normal or trivially abnormal subjects
obtained from a radiology trauma database with appropriate IRB approvals. Three scans 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 female (2 yrs old), a 32 kg male (10 yrs), and a
75 kg male (29 yrs). A high-quality CT scan of a 75 kg adult female with congenital heart
disease was also analyzed. Torsos were segmented into tissue compartments using the open
source software package 3D Slicer (Surgical Planning Laboratory, Brigham & Women’s
Hospital, Boston, http://www.slicer.org). Techniques used for segmentation included
thresholding, confidence connected component analysis, and level sets. The individual
segments were hierarchically combined into a single “label map” using the “unu” command
line tool (TEEM, http://teem.sourceforge.net). The combined label map was then imported into
SCIRun, an open-source package for scientific visualization and computation, for electrode
placement and solution of the bioelectric field problem (Scientific Computing & Imaging
Institute, University of Utah, Salt Lake City, http://software.sci.utah.edu/scirun.html).

Electrode Visualization and Placement
Custom modular software developed within the SCIRun package allowed the user to insert
realistically shaped coil and can electrodes into images of the segmented volume with
anatomical precision (Figure 1). The defibrillator can model was generated from scanned
images of multiple devices by meshing the interior with tetrahedral elements. Coil electrodes
were modeled by specifying the length and diameter of the contact areas separately so as to
support independent variation of both parameters. The existing visualization capabilities of
SCIRun were modified to support the rendering of variably-transparent, three-dimensional
images of the separating surfaces between different tissue types. This interface allowed
placement of coil electrodes using virtual widgets in clinically realistic positions, as judged by
comparison of resulting models with AP and lateral X-rays of lead positions in exemplary
patients.

Meshing and Finite Element Calculation
To complete the electrical model of the torso, we combined the label map and the user-placed
electrode models into a computational mesh composed of hexahedral elements suitable for
finite element modeling. Software modules were created in SCIRun to support local refinement
of mesh geometry around electrodes and calculations on the resultant meshes. Elements within
a 5 element thick region surrounding the electrodes were split into smaller elements to allow
for a higher local mesh density.24 Using a lookup table with conductivity values, the segmented
label map was transformed into a conductivity map of the torso, whose values were then
projected onto the computational mesh by sampling with linear interpolation. Conductivities
for the individual tissues were based on values derived from the literature as follows (all in
siemens/meter): bowel gas 0.002, connective tissue 0.220, liver 0.150, kidney 0.070, skeletal
muscle 0.250, fat 0.050, bone 0.006, lung 0.067, blood 0.700, myocardium 0.250.15, 17, 19,
22, 25

The resulting finite element model incorporated a set of equations similar to those used in
previous defibrillation studies. In this implementation, we assumed a linear and isotropic
volume conductor model, with negligible capacitance and inductance, and applied the Galerkin
finite element formulation with tri-linear interpolation. Electrodes were assigned a constant
potential over their surface. The mesh size and spacing was adjusted until additional
refinements did not alter the results of the defibrillation threshold parameter by more than 1
percent from that obtained using a standard, dense mesh (250 × 250 × 250 elements). This
resulted in a torso mesh of 1–1.5 million elements depending on the electrode configuration.

Jolley et al. Page 3

Heart Rhythm. Author manuscript; available in PMC 2009 September 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.slicer.org
http://teem.sourceforge.net
http://software.sci.utah.edu/scirun.html


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 using tri-linear spatial derivatives. The
critical mass hypothesis was then used to define metrics for intrapatient comparison of
defibrillation “success” in different electrode configurations.15, 17, 26 Note that this approach
is not intended to calculate the actual DFT which would be recorded in clinical study, but to
establish a yardstick by which the intrathoracic field strength over the myocardium can be
compared given differing electrode configurations. The critical mass hypothesis proposes that
a defibrillation shock will be successful if it produces a threshold voltage gradient over a “large”
fraction of the myocardial mass, rendering it transiently inexcitable. The criteria used in this
study was a voltage gradient of 5 V/cm generated over 95% of the myocardium, values which
have been accepted in the literature as a reasonable predictor of successful defibrillation.26 As
the computed electrical field in our simplified model scaled linearly with the potential
difference applied to the defibrillation electrodes, once the potential distribution for nominal
voltages was calculated, the defibrillation voltage meeting this threshold could be simply
computed.

Calculated metrics included the applied electrode voltage necessary to meet critical mass
defibrillation criteria, the calculated voltage gradients and currents predicted in the myocardial
elements of the model, and energy threshold (E) required for defibrillation (defibrillation
threshold, DFT). The DFT in this study was calculated by the energy relation E = ½ CV2, where
C is the estimated capacitance of a typical pulse generator (130 μF), and V is the electrode
voltage required to meet the critical mass defibrillation criterion. We also calculated the
percentage of myocardium with voltage gradient above 30V/cm at defibrillation threshold, to
predict possible areas of myocardial damage.27,28 SCIRun was utilized to visualize all these
parameters interactively (see Figures for examples). In addition, the percentage of myocardium
above the defibrillation threshold was calculated and visualized by projecting a color scale
onto the myocardial elements.

Results
Comparison to Prior Modeling and Clinically Observed Results

We carried out simulations on a reference model of a standard implant in the 75 kg adult torso,
(left pectoral can to SVC and RV, transvenous orientation, shock vector AX>B). The predicted
DFT in this model was 8.3J, conforming closely to both previously simulated and clinically
observed results.15,17,29,30

Evaluation of Electrode Configurations
Four basic classes of electrode placement variants were simulated in each torso: can site,
transvenous coils, epicardial coils and subcutaneous coils. Metrics were calculated and
visualization performed for possible electrode configurations (Figure 2).

A variety of transvenous, epicardial, and subcutaneous configurations all predicted feasible
defibrillation within the range of energies currently provided by ICD discharge. Transvenous
orientations typically resulted in the lowest DFTs, but subcutaneous arrays and epicardial
placements were also clinically feasible in all three torsos, and could be optimized by
manipulation of electrode and can position. Larger body size was correlated with higher DFTs
(median DFT in 10kg torso 14J [0.7 – 72J], 32kg torso 48J [4.9 – 183J], 75kg torso 85J [13 –
377J], for comparable, single can –single electrode models, p<0.0001, Kruskal-Wallis) (Figure
3).
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Can placement opposite a subcutaneous electrode resulted in lower DFTs than orientations in
which the can and electrode were placed on the same side of the body (median for contralateral
placement 34J [12 – 89J] vs. ipsilateral 63J [16 – 242J], p= 0.0002, Wilcoxon). The
effectiveness of a can placement also depended on the relative position of the electrode and
can to the heart (Figure 4 and Table 1).

Relatively small changes in electrode position could result in significant changes in predicted
DFT. Figure 3 shows the effect of a 4 rib change in placement of the 25cm subcutaneous
electrode across the left chest with a right abdominal can in each torso. This change resulted
in an approximately three-fold change in predicted energy needed for defibrillation, a trend
observed in all three torsos.

When more than one electrode was utilized with an active can, multiple variations of the shock
vector were possible. Variation of these vectors had significant effect on predicted DFTs. This
is demonstrated for the standard SVC and RV electrode orientation with multiple can positions
and shock vectors, shown in Table 1.

Voltage gradient distribution within the heart was highly dependent on the location and size
of the electrodes. Subcutaneous electrodes tended to create a relatively homogeneous
distribution of myocardial voltage gradient, while transvenous and epicardial placement
resulted in a broader distribution of voltage gradient, with significant volumes of the
myocardium in close proximity to the electrode exposed to voltage gradients > 30V/cm (median
subcutaneous 2.1% [0 – 16.3%], median epicardial 28.2% [10.5 – 46.3%], median transvenous
18.4% [1.6 – 44.4%], p<0.0001, Kruskal-Wallis) (Figure 4). This effect was accentuated for
low efficiency orientations due to the need for higher energy to meet the threshold for
defibrillation.

Optimization of specific electrode configurations
Effective clinical DFTs using epicardial electrode placement have been reported9, but our
model predicted relatively high DFTs for this configuration, particularly in the largest torso.
Optimization of electrode/can placement was performed in this torso by changing the
anatomical relations of electrodes to the heart and by varying the length of the epicardial
electrode. Figure 5 demonstrates the effects of anatomical variations in electrode configuration
designed to position the heart more directly in the vector created from anode to cathode,
displaying a ten-fold difference in predicted DFT based on the details of electrode position.

Examination of the voltage distributions created by epicardial electrodes revealed high local
gradients around the electrode. Holding a single left epicardial electrode position constant in
the adult torso with a right abdominal can, the electrode length was varied from 5 to 20 cm in
length. The effect on predicted DFT and the distribution of the myocardial voltage gradient,
measured as the percentage of myocardium >30V/cm, is shown in Figure 6. Increasing the
length of the electrode length tended to narrow the distribution and lower the DFT, particularly
with an initial increase in electrode length from 5 to 10 cm.

Therapy planning in a patient with congenital heart disease
We tested the utility of this system for the case of patient specific modeling and simulation,
using an obese adult female with single ventricle physiology who underwent submammary
implant of an ICD with two epicardial electrodes. After segmentation of her preoperative CT
scan, electrodes and can placement were modeled to closely approximate postoperative
anatomy (Figure 7). We compared simulations of various possible shock vectors with available,
limited clinical implant data and found agreement between predicted and measured result
trends.
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Discussion
Utilization of ICD therapy in pediatric and congenital heart populations has risen, as the
numbers of patients who may benefit from defibrillator therapy have increased and the apparent
risks of the procedure 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.5,31 Children with ICDs have high rates both of lead failure and
vascular occlusion, and also have long life expectancy compared to adult patients, resulting in
the anticipated need for repeated lead extraction and reimplantation with their attendant risks.
1,6 There is now also growing interest in the development of extracardiac, subcutaneous ICDs
for the adult population with normal cardiac anatomy, with the goal of simplifying ICD
implantation, avoiding lead related complications, and/or addressing vascular access problems
or other contraindications to transvenous implant. A variety of novel implantation techniques
have already been explored to address problems of body size and cardiovascular anatomy.9
These attempts have been empirical, and there are little general patient-specific data available
to guide optimal ICD system placements in patient populations with wide variations in body
size and cardiothoracic anatomy.

In this study, we modeled a spectrum of standard and unconventional ICD electrode
orientations in silico in torso models of various sizes, using an interactive electrode placement
and modeling environment. The intention of this approach was not to predict defibrillation
thresholds in a quantitative manner, but rather to explore trends and to provide relative
comparisons of electrode performance. The principle finding of this study is that many of the
surgical decisions made prior to and during ICD implant in a given patient have the potential
to result in large variations of the predicted efficiency of the system. In fact, predicted DFTs
generated in this initial study by modeling a range of clinically reported electrode
configurations varied by as much as 10 fold in a single subject. Our results suggest that
prediction of efficient defibrillation strategies using interactive, image-based models is feasible
and may be used to optimize ICD electrode placement in specific patients with non-standard
anatomy, to develop alternatives to standard transvenous techniques, and to test innovative
ideas for the design of new devices.

As an initial benchmark, we compared results obtained in an adult torso with standard,
transvenous electrode placement to previously published adult FEM models of defibrillation
as well as to clinically determined values. The predicted DFT values were in close agreement
with these models for standard shock vectors. Jorgensen, et al. have previously compared FEM
models of defibrillation with experimental measurements in pigs, finding a correlation of 0.927
between measured and predicted thoracic and myocardial voltage, suggesting that FEM can
be used to provide a good relative approximation of thoracic defibrillation fields.19 Mocanu,
et al. created 7 FEM models of adult patients with prior ICD implants and compared predicted
to clinically measured DFTs.22 Predicted DFTs ranged from 150 to 400 volts (approximately
4–8 joules) with four of the patients having high concordance between the predicted and clinical
DFTs. Patients with poor concordance had clinical features that the investigators did not include
which would be anticipated to affect either the thoracic electric field (large pleural effusions)
or the response to defibrillation (infarcted myocardial tissue). Aguel and DeJongh both utilized
FEM to compare transvenous electrode orientations with results closely approximating those
published clinically.15,17,29,30

Although these comparisons are reassuring, neither the current nor prior models incorporate
many factors (particularly myocardial) known to affect defibrillation (see below). Furthermore,
the threshold predicted by the critical mass hypothesis, while supported by considerable
experimental evidence, is a generalization. In this study, the myocardium is modeled using a
simple monodomain approach, without anisotropy. This limits our findings to prediction of
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the effect of the thoracic anatomy and electrode positions on the delivery of a defibrillation
field to the heart, as opposed to the response of the heart to that field. Therefore, while we do
not expect this type of modeling to provide quantitatively accurate estimates of defibrillation
energy, we do expect them to provide a consistent platform for comparison of relative effects
of electrode position and cardiothoracic anatomy, when multiple options of electrode
implantation exist. As such, they can serve as a useful tool for comparing novel electrode
configurations to proven clinical standards and for evaluation of new or alternative options in
a given case.

Several trends were predicted using these models. The default dual-coil implant technique
employing an RV → SVC + generator shock vector generally produced the lowest defibrillation
thresholds, supporting the use of this orientation when circumstances permit. Adaptation of
the RV + SVC electrode with abdominal cans was also predicted to be feasible, and in some
cases was slightly more efficient than the typical infraclavicular can placement. Successful
defibrillation using subcutaneous electrodes also has been reported clinically, but further
modeling of patients of different size, gender and habitus could provide insight into optimal
electrode placement and suitable populations for this alternative implant strategy. Our results
suggest that complete subcutaneous ICD systems are feasible in adults, but that the sensitivity
of electrode configurations to the anatomical details of specific thorax is high and merits further
exploration. Variations of the position of subcutaneous electrodes led to large changes in
predicted defibrillation energy (as much as three fold with a four-rib difference in electrode
placement), and lower DFTs were predicted when the subcutaneous electrode and the can were
on contralateral sides of the body.

Leads close to the heart, whether transvenous or epicardial, created a resultant myocardial
electric field that was less homogenous than those created by ICD electrodes remote from the
heart such as the subcutaneous arrays. Such a finding necessitates that a portion of the heart to
be subjected to high voltage gradients in order to raise the rest of myocardium above the voltage
gradient threshold. Such gradients have been shown experimentally to have the potential to
cause electroporation and potential arrythmogenesis27,28. The actual clinical morbidity
associated with these effects is unknown, and perhaps represent a competing risk of certain
defibrillation strategies.

Our results also predicted that defibrillation gradients may be attenuated and DFTs reduced by
the use of longer electrodes in special situations, demonstrating the potential for this technique
for optimization of defibrillation strategies by invention or modification of ICD generators and
electrodes. For example, use of standard, 5 cm electrodes in the epicardial position was efficient
in the infant torso, but resulted in impractically high DFTs as well as locally high voltage
gradients using the same model in the adult torso. Extending the electrode from 5 to 10 cm
resulted in the DFT being cut in half, with additional smaller gains realized by extending the
electrode to 15 and 20 cm. Although 10cm coil electrodes are not currently clinically available,
our results suggest that they might be useful in several clinical settings. This type of modeling
allows exploration of a wide variety of system modifications prior to prototype fabrication,
potentially increasing the efficiency of subsequent in vivo and clinical studies.

We thus foresee four potential uses for this modeling approach. First, using further systematic
modeling studies, optimal transvenous, subcutaneous, and epicardial orientations for an
average patient of a given size can be determined. This would allow clinicians to choose from
a variety of known “good” configurations for the majority of patients. Second, in a smaller
group of patients with normal anatomy but in whom typical orientations cannot be utilized,
one could model novel electrode configurations using standard torso models of the approximate
size and shape of the patient. Third, in patients in whom unique cardiothoracic anatomy dictates
inventive electrode placement, dedicated imaging could be performed to create a patient
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specific model, as demonstrated in Figure 8. Finally, engineers tasked with the design of ICD
systems could utilize this modeling environment to explore novel electrode designs and/or
configurations prior to animal and human trials.

Limitations
Limitations to the FEM technique as implemented in this model are related to the various
simplifications necessary to allow for effective image analysis and modeling. They include
ignoring the effects of temporal (during the shock) and spatial (within organ) variability in
tissue conductivity, as well as patient specific differences in the same, myocardial cellular
tissue structure and fiber curvature and their effects on anisotropy of conductivity, the effect
of the electrode/tissue and tissue/tissue interfaces, capacitive effects, and the effects of biphasic
waveforms on membrane repolarization, all of which may affect the actual transmembrane
potential induced by the potential gradient at the epicardial surface. 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 the complexities of fibrillation wavefront
behavior, and does not account for variability in susceptibility of a given patient’s myocardium.
The direction of current flow between electrodes is not taken into account, nor is the interaction
of the modeled field with the myocardial tissue.32

Thus the major argument against models such as this one is that they fail to completely model
the phenomena of defibrillation, which at the tissue level are still not fully understood.
Countering these important methodological limitations, these models are intended to explore
the relative effects of variations in cardiothoracic and electrode geometries, rather than to
predict DFT’s per se. Simple monodomain models such as the one presented in this study have
been well-validated for that purpose, and thus we expect these models to provide a platform
for reasonable comparison of the electric fields created by ICD electrodes and to be a useful
tool for comparing novel configurations to proven electrode positions as well as elucidating
general trends in comparison of different torso models.

It would be feasible to add to the complexity of this model by incorporating some of the more
sophisticated cardiac modeling techniques pioneered by Trayanova and Efimov including
bidomain models and cardiac structure.33 A bidomain model including cardiac structure could
be incorporated by transferring the boundary conditions calculated from our torso model as
input to a generic but more sophisticated model of cardiac excitation. However, it is unclear
at this point whether addition of these features would improve the predictive utility of this
model. Preliminary study of the effects of adding myocardial tissue anisotropy to models of
defibrillation using the critical mass hypothesis suggests that it adds considerably to the
computational complexity of the model while predicting differences in the myocardial voltage
gradient field of <10%. 34, 35 Although our simpler monodomain model may not provide
unbiased predictions of clinical DFTs, they may be sufficient for the purpose of optimizing
electrode position, the only variable the implanting clinician can easily control.

In addition to methodological limitations, the practical implementation of our tool will benefit
from further development to improve speed and ease of use. A challenge intrinsic to patient
specific modeling in many fields is the implementation of accurate and rapid image
segmentation with minimal need for user input. Despite improvements in image processing
algorithms, model creation remains time intensive, and the goal of ongoing research is to create
improved segmentation algorithms similar to those utilized in brain segmentation.36 The open-
source software model used to develop these tools will allow incorporation of further
contributions in these areas by academic and industrial communities.
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Conclusion
We developed and used an interactive computational and visualization tool to compare relative
efficiency of standard and non-standard ICD electrode placement in torso models of various
sizes, demonstrating significant differences in myocardial voltage gradients associated with
different strategies. In patients with contraindications to standard approaches to ICD implant,
the ability to interactively assess the relative efficacy of different electrode orientations would
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 novel devices and extracardiac
defibrillation strategies.
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Figure 1. A. Examples of nonstandard subcutaneous, epicardial and transvenous electrode
orientations
Left: Infraclavicular can with single subcutaneous electrode, Middle: Abdominal can with
epicardial lead, Right: Infraclavicular can with SVC and RV transvenous electrode as well as
left subcutaneous electrode. B. User interface for electrode placement. A subcutaneous
electrode (red) extending left posterior with right abdominal can (green) is shown in two year
old torso shown in two views used while placing electrodes in finite element model. Moveable
cutting planes allow the user to examine anatomical detail during electrode placement. The
blue spheres on the red electrode and bounding cage on the can indicate handles for user
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interaction. Electrodes can be placed with similar precision in epicardial and transvenous
orientations.
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Figure 2. Example of calculation of defibrillation metrics and visualization
Results from exemplary model of subcutaneous right posterior electrode coil and left
abdominal can in 29 year old torso. Upper left: Voltage and defibrillation metrics for
myocardial elements. Upper right: Projection of voltage gradient onto portion of myocardial
compartment. Lower left: Visualization of voltage gradients using interactive cutting plane.
Lower right: Visualization of current density using cutting plane.
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Figure 3. Effect of varying position of 25cm subcutaneous electrode with right abdominal can
This figure also demonstrates the observed trend for increased DFT with torso size.
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Figure 4. Relation between electrode placement class and distribution of myocardial voltage
gradient
Analysis of configurations in 75 kg torso employing a single electrode coil and can shows that
placement of electrodes further from heart (subcutaneous coil) results in more homogenous
distribution of myocardial electrode field and smaller fraction of myocardial compartment
>30V/cm when the energy applied meets criterion for defibrillation, i.e., elevation of exactly
95% of myocardial elements to a voltage gradient ≥ 5V/cm. Median, upper and lower quartiles,
and range are presented.
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Figure 5. Optimization of epicardial coil and can electrode placement in 75 kg torso
Coils are shown as colored lines overlying heart silhouette in following locations: red –
inferoposterior, blue – apical, green – anterosuperior.
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Figure 6.
Effect of electrode length on predicted DFT and distribution of myocardial voltage gradient
for left lateral epicardial electrode with right abdominal can
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Figure 7. Patient specific modeling in patient with congenital heart disease
Top: Post-implantation chest X-ray and corresponding finite element model showing can and
epicardial coil electrode placement. Middle: Epicardial voltage gradient distribution for three
alternative shock vectors tested using model. Bottom: Predicted and observed defibrillation
energies.
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Table 1
Effect of shock vector and can position on predicted DFTs and myocardial voltage gradients using standard,
two-coil transvenous electrode
Joules indicate predicted necessary field energy to elevate 95% of myocardial elements to a voltage gradient of 5V/cm
or greater.

Electrode configuration Joules % myocardium >30V/cm

RIC → RV + SVC 93.2 18.4

RIC + SVC → RV 14.3 30.3

RIC + RV → SVC 22.9 32.2

LIC → RV + SVC 15.1 4.9

LIC + SVC → RV *** 8.3 18.3

LIC + RV → SVC 40.3 44.4

RAC + RV → SVC 10.8 19.7

RAC → RV + SVC 13.4 4.0

RAC + SVC → RV 11.9 28.6

LAC + RV → SVC 10.0 27.1

LAC + RV → SVC 7.5 14.3

LAC → RV + SVC 11.0 3.6

Can Position Key

LIC: Left infraclavicular

RIC: Right infraclavicular

LAC: Left abdominal

RAC: Right abdominal

Electrode Type Key

RV: 5cm right ventricular electrode

SVC: 8 cm superior vena cava electrode

***
Standard configuration
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