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ACKGROUND Use of implantable cardiac defibrillators (ICDs) in
hildren and patients with congenital heart disease is complicated
y body size and anatomy. A variety of creative implantation
echniques has been used empirically in these groups on an ad hoc
asis.

BJECTIVE To rationalize ICD placement in special popula-
ions, we used subject-specific, image-based finite element
odels (FEMs) to compare electric fields and expected defibril-

ation thresholds (DFTs) using standard and novel electrode
onfigurations.

ETHODS FEMs were created by segmenting normal torso com-
uted tomography scans of subjects ages 2, 10, and 29 years and
adult with congenital heart disease into tissue compartments,
eshing, and assigning tissue conductivities. The FEMs were mod-

fied by interactive placement of ICD electrode models in clinically
elevant electrode configurations, and metrics of relative defibril-
ation safety and efficacy were calculated.

ESULTS Predicted DFTs for standard transvenous configurations
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ystems generally predicted lower DFTs, a variety of extracardiac
rientations were also predicted to be comparably effective in
hildren and adults. Significant trend effects on DFTs were asso-
iated with body size and electrode length. In many situations,
mall alterations in electrode placement and patient anatomy
esulted in significant variation of predicted DFT. We also show
atient-specific use of this technique for optimization of electrode
lacement.

ONCLUSION Image-based FEMs allow predictive modeling of de-
brillation scenarios and predict large changes in DFTs with clin-
cally relevant variations of electrode placement. Extracardiac ICDs
re predicted to be effective in both children and adults. This
pproach may aid both ICD development and patient-specific op-
imization of electrode placement. Further development and val-
dation are needed for clinical or industrial utilization.

EYWORDS ICD; Defibrillation; Modeling; Pediatric electrophysi-
logy

Heart Rhythm 2008;5:565–572) © 2008 Heart Rhythm Society. All

ere comparable with published results. Although transvenous rights reserved.
ntroduction
mplantable cardiac defibrillators (ICD) have become the
tandard of care for patients at risk of fatal cardiac
rrhythmias, and indications for their use continue to
xpand.1– 4 Although ICD systems are routinely im-
lanted in adult patients using a transvenous approach,
here is a growing population of pediatric and adult
atients in whom transvenous ICD systems cannot or
hould not be implanted.5 These include patients of very

This work was supported in part by National Institutes of Health grant
41 RR12557 (Scientific Computing Institute) and National Institutes of
ealth grant P41 RR13218 (Surgical Planning Laboratory). Dr. Jolley was

upported by National Institutes of Health grant T32 HL07572 and a
ast-Forward Award from the Center for Integration of Medicine and
nnovative Technology (CIMIT). Address reprint requests and corre-
pondence: Dr. John K. Triedman, Children’s Hospital Boston, 300 Long-
ood Avenue, Boston, Massachusetts 02115. E-mail address: john.

riedman@cardio.chboston.org. (Received November 26, 2007; accepted
mall size and those with intracardiac shunts or anatom-
cal obstruction to lead placement.6 –9

In these patient populations, a variety of innovative
pproaches to ICD implantation have been reported, in-
luding subcutaneous, epicardial, and caval electrode
lacements and/or abdominal can implants (Figure 1).7–12

sing ad hoc adaptations of existing ICD components,
hese approaches attempt to minimize system invasive-
ess, incorporate patient-specific options to adapt to com-
lex anatomy, and achieve low defibrillation thresholds
DFTs). Assumptions of efficacy are based on extrapola-
ion of data from the use of subcutaneous arrays in adults,
imited animal research, and postimplantation assessment
f DFTs.7,9 Although defibrillation research has eluci-
ated predictive relationships between distribution of
yocardial voltage gradient and both defibrillation effi-

acy and myocardial injury, no information currently
xists that describes the effects of interactions among
ariations in body size, habitus, and novel ICD geome-

ries on these fields.13,14

. doi:10.1016/j.hrthm.2008.01.018
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Finite element modeling of defibrillation has been
hown to correlate well with clinically observed DFTs in
aboriously constructed conductivity models of the adult
orso.15–23 These studies have validated the use of real-
stic models for accurate prediction of intrathoracic elec-
ric fields, allowing estimation of the DFT voltages, cur-
ents, and impedances that would be associated with such
elds. Extension of these studies to allow modeling of
ifferent electrode orientations, within variable body
izes and habitus and under anatomically variable condi-
ions, requires simulation systems that can facilitate rapid
odel creation, interactive electrode placement, and clin-

cally relevant visualization of the results. The desire to
ake such tools part of the repertoire of the defibrillation

esearch and clinical communities motivates the use of
pen-source tools for this purpose, so that the underlying
omputer code is available to the community to be im-
roved and altered for a variety of purposes.

In this proof-of-concept study, we describe the results of
ubject-specific, image-based finite element modeling of
tandard and nonstandard ICD electrode placement using a
ovel, interactive, open-source computing environment.

igure 1 A: Examples of nonstandard subcutaneous, epicardial, and
ransvenous electrode orientations. Left: Infraclavicular can with single
ubcutaneous electrode. Middle: Abdominal can with epicardial lead.
ight: Infraclavicular can with superior vena cava and right ventricular

ransvenous electrode as well as left subcutaneous electrode. B: User
nterface for electrode placement. A subcutaneous electrode (red) extend-
ng left posterior with right abdominal can (green) is shown in a 2-year-old
orso shown in 2 views used while placing electrodes in a finite element
odel. Moveable cutting planes allow the user to examine anatomical

etail during electrode placement. The blue spheres on the red electrode
nd bounding cage on the can indicate handles for user interaction. Elec-
rodes can be placed with similar precision in epicardial and transvenous
rientations.
he driving hypothesis of this research was that alterations l
n electrode placement, reflecting realistic variations of sur-
ical practice, would result in clinically significant changes
n the electric fields predicted in the myocardium and thus
upport the goal of determining optimal electrode place-
ents for special populations of adults and children.

ethods
mage acquisition and segmentation
natomically realistic torso models and a computer model-

ng environment were created in which the effect of varying
CD electrode placement on myocardial voltage gradients
ould be assessed as a proxy predictor of effective defibril-
ation. Models were constructed by segmenting 64-detector
omputed tomography (CT) scans (1.25-mm slices) from
ormal or trivially abnormal subjects obtained from a radi-
logy trauma database with appropriate internal review
oard approvals. Three scans were selected for this study
ased on (1) good tissue contrast, (2) minimal cardiac mo-
ion artifact, and (3) diversity of body size and habitus: a
2-kg female patient (2 years old), a 32-kg male patient (10
ears old), and a 75-kg male patient (29 years old). A
igh-quality CT scan of a 75-kg adult female patient with
ongenital heart disease was also analyzed. Torsos were
egmented into tissue compartments using the open-source
oftware package 3D Slicer (Surgical Planning Laboratory,
righam and Women’s Hospital, Boston, Massachusetts;
ttp://www.slicer.org). Techniques used for segmentation
ncluded thresholding, confidence-connected component
nalysis, and level sets. The individual segments were hi-
rarchically combined into a single label map using the unu
ommand line tool (TEEM, http://teem.sourceforge.net).
he combined label map was then imported into SCIRun, an
pen-source package for scientific visualization and com-
utation, for electrode placement and solution of the bioel-
ctric field problem (Scientific Computing and Imaging
nstitute, University of Utah, Salt Lake City, Utah; http://
oftware.sci.utah.edu/scirun.html).

lectrode visualization and placement
ustom modular software developed within the SCIRun
ackage allowed the user to insert realistically shaped coil
nd can electrodes into images of the segmented volume
ith anatomical precision (Figure 1). The defibrillator can
odel was generated from scanned images of multiple de-

ices by meshing the interior with tetrahedral elements. Coil
lectrodes were modeled by specifying the length and di-
meter of the contact areas separately to support indepen-
ent variation of both parameters. The existing visualization
apabilities of SCIRun were modified to support the ren-
ering of variably transparent, 3-dimensional images of the
eparating surfaces between different tissue types. This in-
erface allowed placement of coil electrodes using virtual
idgets in clinically realistic positions, as judged by com-
arison of resulting models with AP and lateral X-rays of

ead positions in exemplary patients.

http://www.slicer.org
http://teem.sourceforge.net
http://software.sci.utah.edu/scirun.html
http://software.sci.utah.edu/scirun.html
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567Jolley et al Finite Element Modeling of Defibrillation
eshing and finite element calculation
o complete the electrical model of the torso, we combined

he label map and the user-placed electrode models into a
omputational mesh composed of hexahedral elements suit-
ble for finite element modeling. Software modules were
reated in SCIRun to support local refinement of mesh
eometry around electrodes and calculations on the result-
nt meshes. Elements within a 5-element-thick region sur-
ounding the electrodes were split into smaller elements to
llow for a higher local mesh density.24 Using a lookup
able with conductivity values, the segmented label map
as transformed into a conductivity map of the torso, and
alues were then projected onto the computational mesh by
ampling with linear interpolation. Conductivities for the
ndividual tissues were based on values derived from the
iterature as follows (all in siemens/meter): bowel gas 0.002,
onnective tissue 0.220, liver 0.150, kidney 0.070, skeletal
uscle 0.250, fat 0.050, bone 0.006, lung 0.067, blood

.700, myocardium 0.250.15,17,19,22,25

The resulting finite element model incorporated a set of
quations similar to those used in previous defibrillation
tudies. In this implementation, we assumed a linear and
sotropic volume conductor model, with negligible capaci-
ance and inductance, and applied the Galerkin finite ele-
ent formulation with tri-linear interpolation. Electrodes
ere assigned a constant potential over their surface. The
esh size and spacing was adjusted until additional refine-
ents did not alter the results of the DFT parameter by more

han 1% from that obtained using a standard, dense mesh
250 � 250 � 250 elements). This resulted in a torso mesh
f 1 to 1.5 million elements depending on the electrode
onfiguration.

olution calculation, defibrillation metrics, and
ata analysis
fter the potential distribution was solved using the finite

lement method, the gradients of the potential field were
valuated for the full thorax using tri-linear spatial deriva-
ives. The critical mass hypothesis was then used to define
etrics for intrapatient comparison of defibrillation success

n different electrode configurations.15,17,26 Note that this
pproach is not intended to calculate the actual DFT, which
ould be recorded in a clinical study, but to establish a
ardstick by which the intrathoracic field strength over the
yocardium could be compared given differing electrode

onfigurations. The critical mass hypothesis proposes that a
efibrillation shock will be successful if it produces a
hreshold voltage gradient over a large fraction of the myo-
ardial mass, rendering it transiently inexcitable. The crite-
ion used in this study was a voltage gradient of 5 V/cm
enerated over 95% of the myocardium, values that have
een accepted in the literature as a reasonable predictor of
uccessful defibrillation.26 Because the computed electrical
eld in our simplified model scaled linearly with the poten-

ial difference applied to the defibrillation electrodes, once

he potential distribution for nominal voltages was calcu- 4
ated, the defibrillation voltage meeting this threshold could
e simply computed.

Calculated metrics included the applied electrode voltage
ecessary to meet critical mass defibrillation criteria, the
alculated voltage gradients and currents predicted in the
yocardial elements of the model, and energy threshold (E)

equired for defibrillation DFT. The DFT in this study was
alculated by the energy relation E � ½ CV2, where C is the
stimated capacitance of a typical pulse generator (130 �F)
nd V is the electrode voltage required to meet the critical
ass defibrillation criterion. We also calculated the percent-

ge of myocardium with voltage gradient above 30 V/cm at
FT to predict possible areas of myocardial damage.27,28

CIRun was used to visualize all of these parameters inter-
ctively (see Figure 2 for examples). In addition, the per-
entage of myocardium above the DFT was calculated and
isualized by projecting a color scale onto the myocardial
lements.

esults
omparison with prior modeling and clinically
bserved results
e carried out simulations on a reference model of a

tandard implant in the 75-kg adult torso (left pectoral
an to superior vena cava [SVC] and right ventricular
RV] transvenous orientation, shock vector AX � B).
he predicted DFT in this model was 8.3 J, conforming
losely to both previously simulated and clinically ob-
erved results.15,17,29,30

valuation of electrode configurations
our basic classes of electrode placement variants were
imulated in each torso: can site, transvenous coils, epicar-
ial coils, and subcutaneous coils. Metrics were calculated
nd visualization was performed for possible electrode con-
gurations (Figure 2).

A variety of transvenous, epicardial, and subcutaneous
onfigurations all predicted feasible defibrillation within the
ange of energies currently provided by ICD discharge.
ransvenous orientations typically resulted in the lowest
FTs, but subcutaneous arrays and epicardial placements
ere also clinically feasible in all 3 torsos, and could be
ptimized by manipulation of electrode and can position.
arger body size was correlated with higher DFTs (median
FT in 10-kg torso 14 J [range 0.7 to 72], 32-kg torso 48 J

range 4.9 to 183], 75-kg torso 85 J [range 13 to 377], for
omparable, single can–single electrode models, P � .0001,
ruskal-Wallis test) (Figure 3).
Can placement opposite a subcutaneous electrode re-

ulted in lower DFTs than orientations in which the can and
lectrode were placed on the same side of the body (median
or contralateral placement 34 J [12 to 89] vs ipsilateral 63
[16 to 242], P � .0002, Wilcoxon rank sum test). The

ffectiveness of a can placement also depended on the
elative position of the electrode and can to the heart (Figure

, Table 1).



s
t
s
a
a
d

m
a
D
o
s

d
c

n
t
d
t
t
[
m
K
f
h

F
t
e
V
P
L
p

F
w
i

F
t
t
e
e
o
c
e
t

T
D
t

E
c

R
R
R
L
L
L
R
R
R
L
L
L

�
5

m

568 Heart Rhythm, Vol 5, No 4, April 2008
Relatively small changes in electrode position could re-
ult in significant changes in predicted DFT. Figure 3 shows
he effect of a 4-rib change in placement of the 25-cm
ubcutaneous electrode across the left chest with a right
bdominal can in each torso. This change resulted in an
pproximately 3-fold change in predicted energy needed for
efibrillation, a trend observed in all 3 torsos.

When more than 1 electrode was used with an active can,
ultiple variations of the shock vector were possible. Vari-

tion of these vectors had a significant effect on predicted
FTs. This is shown for the standard SVC and RV electrode
rientation with multiple can positions and shock vectors,
hown in Table 1.

Voltage gradient distribution within the heart was highly
ependent on the location and size of the electrodes. Sub-
utaneous electrodes tended to create a relatively homoge-

igure 2 Example of calculation of defibrillation metrics and visualiza-
ion. Results from an exemplary model of subcutaneous right posterior
lectrode coil and left abdominal can in a 29-year-old torso. Upper left:
oltage and defibrillation metrics for myocardial elements. Upper right:
rojection of voltage gradient onto a portion of myocardial compartment.
ower left: Visualization of voltage gradients using an interactive cutting
lane. Lower right: Visualization of current density using a cutting plane.

igure 3 Effect of varying positions of 25-cm subcutaneous electrode
ith right abdominal can. This figure also shows the observed trend for
ncreased defibrillation threshold (DFT) with torso size. *
eous distribution of myocardial voltage gradient, whereas
ransvenous and epicardial placement resulted in a broader
istribution of voltage gradient, with significant volumes of
he myocardium in close proximity to the electrode exposed
o voltage gradients � 30 V/cm (median subcutaneous 2.1%
0 to 16.3%], median epicardial 28.2% [10.5% to 46.3%],
edian transvenous 18.4% [1.6% to 44.4%], P � .0001,
ruskal-Wallis test) (Figure 4). This effect was accentuated

or low efficiency orientations because of the need for
igher energy to meet the threshold for defibrillation.

igure 4 Relationship between electrode placement class and distribu-
ion of myocardial voltage gradient. Analysis of configurations in a 75-kg
orso using a single electrode coil and can shows that placement of
lectrodes further from heart (subcutaneous coil) results in more homog-
nous distribution of the myocardial electrode field and a smaller fraction
f myocardial compartment �30 V/cm when the energy applied meets
riterion for defibrillation, i.e., elevation of exactly 95% of myocardial
lements to a voltage gradient �5 V/cm. Median, upper and lower quar-
iles, and range are presented. DFT � defibrillation threshold.

able 1 Effect of shock vector and can position on predicted
FTs and myocardial voltage gradients using standard, 2-coil
ransvenous electrode

lectrode
onfiguration Joules

Myocardium
�30 V/cm (%)

IC ¡ RV � SVC 93.2 18.4
IC � SVC ¡ RV 14.3 30.3
IC � RV ¡ SVC 22.9 32.2
IC ¡ RV � SVC 15.1 4.9
IC � SVC ¡ RV* 8.3 18.3
IC � RV ¡ SVC 40.3 44.4
AC � RV ¡ SVC 10.8 19.7
AC ¡ RV � SVC 13.4 4.0
AC � SVC ¡ RV 11.9 28.6
AC � RV ¡ SVC 10.0 27.1
AC � RV ¡ SVC 7.5 14.3
AC ¡ RV � SVC 11.0 3.6

Can position key: LAC � left abdominal; LIC � left infraclavicular; RAC
right abdominal; RIC � right infraclavicular. Electrode type key: RV �

-cm right ventricular electrode; SVC � 8-cm superior vena cava electrode.
Joules indicate predicted necessary field energy to elevate 95% of

yocardial elements to a voltage gradient of 5 V/cm or greater.

Standard configuration.
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569Jolley et al Finite Element Modeling of Defibrillation
ptimization of specific electrode configurations
ffective clinical DFTs using epicardial electrode place-
ent have been reported,9 but our model predicted rela-

ively high DFTs for this configuration, particularly in the
argest torso. Optimization of electrode/can placement was
erformed in this torso by changing the anatomical relations
f electrodes to the heart and by varying the length of the
picardial electrode. Figure 5 shows the effects of anatom-
cal variations in electrode configuration designed to posi-
ion the heart more directly in the vector created from anode
o cathode, displaying a 10-fold difference in predicted DFT
ased on the details of electrode position.

Examination of the voltage distributions created by epi-
ardial electrodes revealed high local gradients around the
lectrode. Holding a single left epicardial electrode position
onstant in the adult torso with a right abdominal can, the
lectrode length was varied from 5 to 20 cm in length. The
ffect on predicted DFT and the distribution of the myocar-
ial voltage gradient, measured as the percentage of myo-
ardium �30 V/cm, is shown in Figure 6. Increasing the
ength of the electrode length tended to narrow the distri-

igure 5 Optimization of epicardial coil and can electrode placement in
75-kg torso. Coils are shown as colored lines overlying the heart silhou-

tte in the following locations: red � inferoposterior, blue � apical, green
anterosuperior. DFT � defibrillation threshold.

igure 6 Effect of electrode length on predicted defibrillation threshold
DFT) and distribution of myocardial voltage gradient for left lateral
tpicardial electrode with right abdominal can.
ution and lower the DFT, particularly with an initial in-
rease in electrode length from 5 to 10 cm.

herapy planning in a patient with congenital
eart disease
e tested the utility of this system for the case of patient-

pecific modeling and simulation, using an obese adult
emale patient with single-ventricle physiology who under-
ent submammary implant of an ICD with 2 epicardial

lectrodes. After segmentation of her preoperative CT scan,
lectrodes and can placement were modeled to closely ap-
roximate postoperative anatomy (Figure 7). We compared
imulations of various possible shock vectors with avail-
ble, limited clinical implant data and found agreement
etween predicted and measured result trends.

iscussion
se of ICD therapy in pediatric and congenital heart pop-
lations has increased as the numbers of patients who may
enefit from defibrillator therapy have increased and the
pparent risks of the procedure have decreased. Trans-
enous implantation often cannot be performed in children
ecause of patient size, lack of vascular access, and in-
reased risk of embolic phenomena due to intracardiac
hunts.5,31 Children with ICDs have high rates of both lead
ailure and vascular occlusion, and also have long life ex-
ectancy compared with adult patients, resulting in the
nticipated need for repeated lead extraction and reimplan-

igure 7 Patient-specific modeling in a patient with congenital heart
isease. Top: Postimplantation chest radiograph and corresponding finite
lement model showing can and epicardial coil electrode placement. Mid-
le: Epicardial voltage gradient distribution for 3 alternative shock vectors
ested using the model. Bottom: Predicted and observed defibrillation
nergies. DFT � defibrillation threshold.
ation, with their attendant risks.1,6 There is now also grow-
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ng interest in the development of extracardiac, subcutane-
us ICDs for the adult population with normal cardiac
natomy, with the goal of simplifying ICD implantation,
voiding lead related complications, and/or addressing vas-
ular access problems or other contraindications to trans-
enous implant. A variety of novel implantation techniques
as already been explored to address problems of body size
nd cardiovascular anatomy.9 These attempts have been
mpirical, and there are few general patient-specific data
vailable to guide optimal ICD system placements in patient
opulations with wide variations in body size and cardio-
horacic anatomy.

In this study, we modeled a spectrum of standard and
nconventional ICD electrode orientations in silico in torso
odels of various sizes, using an interactive electrode

lacement and modeling environment. The intention of this
pproach was not to predict DFTs in a quantitative manner,
ut rather to explore trends and to provide relative compar-
sons of electrode performance. The principal finding of this
tudy is that many of the surgical decisions made before and
uring ICD implantation in a given patient have the poten-
ial to result in large variations of the predicted efficiency of
he system. In fact, predicted DFTs generated in this initial
tudy by modeling a range of clinically reported electrode
onfigurations varied by as much as 10-fold in a single
ubject. Our results suggest that prediction of efficient de-
brillation strategies using interactive, image-based models

s feasible and may be used to optimize ICD electrode
lacement in specific patients with nonstandard anatomy, to
evelop alternatives to standard transvenous techniques,
nd to test innovative ideas for the design of new devices.

As an initial benchmark, we compared results obtained in
n adult torso with standard, transvenous electrode place-
ent to previously published adult FEM models of defibril-

ation as well as to clinically determined values. The pre-
icted DFT values were in close agreement with these
odels for standard shock vectors. Jorgensen et al.19 have

reviously compared FEM models of defibrillation with
xperimental measurements in pigs, finding a correlation of
.927 between measured and predicted thoracic and myo-
ardial voltage, suggesting that FEM can be used to provide

good relative approximation of thoracic defibrillation
elds. Mocanu et al.22 created 7 FEM models of adult
atients with prior ICD implants and compared predicted to
linically measured DFTs. Predicted DFTs ranged from 150
o 400 V (approximately 4 to 8 J) with 4 of the patients
aving a high concordance between the predicted and clin-
cal DFTs. Patients with poor concordance had clinical
eatures that the investigators did not include, which would
e anticipated to affect either the thoracic electric field
large pleural effusions) or the response to defibrillation
infarcted myocardial tissue). Aguel et al.15 and DeJongh et
l.17 both used FEM to compare transvenous electrode ori-
ntations, with results closely approximating those pub-

ished clinically.29,30 e
Although these comparisons are reassuring, neither the
urrent nor the prior models incorporate many factors (par-
icularly myocardial) known to affect defibrillation (see
elow). Furthermore, the threshold predicted by the critical
ass hypothesis, although supported by considerable exper-

mental evidence, is a generalization. In this study, the
yocardium is modeled using a simple monodomain ap-

roach, without anisotropy. This limits our findings to pre-
iction of the effect of the thoracic anatomy and electrode
ositions on the delivery of a defibrillation field to the heart,
s opposed to the response of the heart to that field. There-
ore, although we do not expect this type of modeling to
rovide quantitatively accurate estimates of defibrillation
nergy, we do expect them to provide a consistent platform
or comparison of relative effects of electrode position and
ardiothoracic anatomy, when multiple options of electrode
mplantation exist. As such, they can serve as a useful tool
or comparing novel electrode configurations to proven clin-
cal standards and for evaluation of new or alternative op-
ions in a given case.

Several trends were predicted using these models. The
efault dual-coil implant technique using an RV ¡ SVC �
enerator shock vector generally produced the lowest DFTs,
upporting the use of this orientation when circumstances
ermit. Adaptation of the RV � SVC electrode with ab-
ominal cans was also predicted to be feasible, and in some
ases was slightly more efficient than the typical infracla-
icular can placement. Successful defibrillation using sub-
utaneous electrodes also has been reported clinically, but
urther modeling of patients of different size, gender, and
abitus could provide insight into optimal electrode place-
ent and suitable populations for this alternative implant

trategy. Our results suggest that complete subcutaneous
CD systems are feasible in adults, but that the sensitivity of
lectrode configurations to the anatomical details of specific
horax is high and merits further exploration. Variations of
he position of subcutaneous electrodes led to large changes
n predicted defibrillation energy (as much as 3-fold with a
-rib difference in electrode placement), and lower DFTs
ere predicted when the subcutaneous electrode and the can
ere on contralateral sides of the body.
Leads close to the heart, whether transvenous or epicar-

ial, created a resultant myocardial electric field that was
ess homogenous than those created by ICD electrodes re-
ote from the heart, such as the subcutaneous arrays. Such
finding necessitates that a portion of the heart to be

ubjected to high voltage gradients to raise the rest of the
yocardium above the voltage gradient threshold. Such

radients have been shown experimentally to have the po-
ential to cause electroporation and potential arrythmogen-
sis.27,28 The actual clinical morbidity associated with these
ffects is unknown, and perhaps represents a competing risk
f certain defibrillation strategies.

Our results also predicted that defibrillation gradients
ay be attenuated and DFTs reduced by the use of longer
lectrodes in special situations, showing the potential for
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his technique for optimization of defibrillation strategies by
nvention or modification of ICD generators and electrodes.
or example, use of standard 5-cm electrodes in the epicar-
ial position was efficient in the infant torso, but resulted in
mpractically high DFTs as well as locally high voltage
radients using the same model in the adult torso. Extending
he electrode from 5 to 10 cm resulted in the DFT being cut
n half, with additional smaller gains realized by extending
he electrode to 15 and 20 cm. Although 10-cm coil elec-
rodes are not currently clinically available, our results sug-
est that they might be useful in several clinical settings.
his type of modeling allows exploration of a wide variety
f system modifications before prototype fabrication, poten-
ially increasing the efficiency of subsequent in vivo and
linical studies.

We thus foresee 4 potential uses for this modeling ap-
roach. First, using further systematic modeling studies,
ptimal transvenous, subcutaneous, and epicardial orienta-
ions for an average patient of a given size can be deter-
ined. This would allow clinicians to choose from a variety

f known good configurations for the majority of patients.
econd, in a smaller group of patients with normal anatomy
ut in whom typical orientations cannot be used, one could
odel novel electrode configurations using standard torso
odels of the approximate size and shape of the patient.
hird, in patients in whom unique cardiothoracic anatomy
ictates inventive electrode placement, dedicated imaging
ould be performed to create a patient-specific model, as
hown in Figure 7. Finally, engineers tasked with the design
f ICD systems could use this modeling environment to
xplore novel electrode designs and/or configurations be-
ore animal and human trials.

imitations
imitations to the FEM technique as implemented in this
odel are related to the various simplifications necessary to

llow for effective image analysis and modeling. They in-
lude ignoring the effects of temporal (during the shock)
nd spatial (within organ) variability in tissue conductivity,
s well as patient-specific differences in the same, myocar-
ial cellular tissue structure and fiber curvature and their
ffects on anisotropy of conductivity, the effect of the elec-
rode–tissue and tissue–tissue interfaces, capacitive effects,
nd the effects of biphasic waveforms on membrane repo-
arization, all of which may affect the actual transmembrane
otential induced by the potential gradient at the epicardial
urface. Although results predicted by the critical mass
ypothesis compare favorably with clinical observation, it is
gross model that largely ignores cellular level effects and

he complexities of fibrillation wave front behavior, and
oes not account for variability in susceptibility of a given
atient’s myocardium. The direction of current flow be-
ween electrodes is not taken into account, nor is the inter-
ction of the modeled field with the myocardial tissue.32

Thus the major argument against models such as this one
s that they fail to completely model the phenomena of

efibrillation, which at the tissue level are still not fully e
nderstood. Countering these important methodological
imitations, these models are intended to explore the relative
ffects of variations in cardiothoracic and electrode geom-
tries, rather than to predict DFTs per se. Simple monodo-
ain models such as the one presented in this study have

een well validated for that purpose, and thus we expect
hese models to provide a platform for reasonable compar-
son of the electric fields created by ICD electrodes and to
e a useful tool for comparing novel configurations to
roven electrode positions as well as elucidating general
rends in comparison of different torso models.

It would be feasible to add to the complexity of this
odel by incorporating some of the more sophisticated

ardiac modeling techniques pioneered by Trayanova.33 A
idomain model including cardiac structure could be incor-
orated by transferring the boundary conditions calculated
rom our torso model as input to a generic but more sophis-
icated model of cardiac excitation. However, it is unclear at
his point whether addition of these features would improve
he predictive utility of this model. Preliminary study of the
ffects of adding myocardial tissue anisotropy to models of
efibrillation using the critical mass hypothesis suggests
hat it adds considerably to the computational complexity of
he model while predicting differences in the myocardial
oltage gradient field of �10%.34,35 Although our simpler
onodomain model may not provide unbiased predictions

f clinical DFTs, it may be sufficient for the purpose of
ptimizing electrode position, the only variable the implant-
ng clinician can easily control.

In addition to methodological limitations, the practical
mplementation of our tool will benefit from further devel-
pment to improve speed and ease of use. A challenge
ntrinsic to patient-specific modeling in many fields is the
mplementation of accurate and rapid image segmentation
ith minimal need for user input. Despite improvements in

mage processing algorithms, model creation remains time
ntensive, and the goal of ongoing research is to create
mproved segmentation algorithms similar to those used in
rain segmentation.36 The open-source software model used
o develop these tools will allow incorporation of further
ontributions in these areas by academic and industrial
ommunities.

onclusion
e developed and used an interactive computational and

isualization tool to compare relative efficiency of standard
nd nonstandard ICD electrode placement in torso models
f various sizes, showing significant differences in myocar-
ial voltage gradients associated with different strategies. In
atients with contraindications to standard approaches to
CD implantation, the ability to interactively assess the
elative efficacy of different electrode orientations would
rovide insight into which orientation might be optimal in a
pecific patient. This image-based approach may also be of
alue in the design and development of novel devices and

xtracardiac defibrillation strategies.
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