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Figure 6.
Top panels: Examples of two-electrode configurations, with predicted DFT ratios. Bottom
panels: Examples of electrode array configurations, with predicted DFT ratios.
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Optimization of specific electrode configurations
Effective clinical DFTs using epicardial electrode place-
ment have been reported,9 but our model predicted rela-
tively 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 shows the effects of anatom-
ical variations in electrode configuration designed to posi-
tion the heart more directly in the vector created from anode
to cathode, displaying a 10-fold difference in predicted DFT
based on the details of electrode position.

Examination of the voltage distributions created by epi-
cardial 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 myocar-
dial voltage gradient, measured as the percentage of myo-
cardium !30 V/cm, is shown in Figure 6. Increasing the
length of the electrode length tended to narrow the distri-

bution and lower the DFT, particularly with an initial in-
crease 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 patient with single-ventricle physiology who under-
went submammary implant of an ICD with 2 epicardial
electrodes. After segmentation of her preoperative CT scan,
electrodes and can placement were modeled to closely ap-
proximate postoperative anatomy (Figure 7). We compared
simulations of various possible shock vectors with avail-
able, limited clinical implant data and found agreement
between predicted and measured result trends.

Discussion
Use of ICD therapy in pediatric and congenital heart pop-
ulations has increased as the numbers of patients who may
benefit from defibrillator therapy have increased and the
apparent risks of the procedure have decreased. Trans-
venous implantation often cannot be performed in children
because of patient size, lack of vascular access, and in-
creased risk of embolic phenomena due to intracardiac
shunts.5,31 Children with ICDs have high rates of both lead
failure and vascular occlusion, and also have long life ex-
pectancy compared with adult patients, resulting in the
anticipated need for repeated lead extraction and reimplan-
tation, with their attendant risks.1,6 There is now also grow-

Figure 5 Optimization of epicardial coil and can electrode placement in
a 75-kg torso. Coils are shown as colored lines overlying the heart silhou-
ette in the following locations: red " inferoposterior, blue " apical, green
" anterosuperior. DFT " defibrillation threshold.

Figure 6 Effect of electrode length on predicted defibrillation threshold
(DFT) and distribution of myocardial voltage gradient for left lateral
epicardial electrode with right abdominal can.

Figure 7 Patient-specific modeling in a patient with congenital heart
disease. Top: Postimplantation chest radiograph and corresponding finite
element model showing can and epicardial coil electrode placement. Mid-
dle: Epicardial voltage gradient distribution for 3 alternative shock vectors
tested using the model. Bottom: Predicted and observed defibrillation
energies. DFT " defibrillation threshold.

569Jolley et al Finite Element Modeling of Defibrillation
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The sensitivity of forward solutions to sources of error has 
been investigated in several studies, but only one has allowed 
direct experimental validation. Ramsey et al15 recorded cor-
responding cardiac source potentials and body surface poten-
tials in dogs. Correlation coefficients (CCs) between measured 
body surface potential maps (BSPMs) and those simulated 
with a homogeneous forward solution were high. Despite this, 
they reported substantial differences between observed and 
predicted potential distributions in regions around maximum 
and minimum potentials on the body surface. Using the same 

data, Stanley et al13 demonstrated the inclusion of inhomoge-
neities (lungs, sternum, spine, and anisotropic skeletal muscle) 
markedly reduced differences between predicted and measured 
BSPMs, although there was no significant difference in CCs. 
These findings seem to have received relatively limited atten-
tion, perhaps because the spatial and temporal resolution of the 
experimental data were low by modern standards. However, 
they indicate that (1) homogeneous forward models produce 
qualitatively inaccurate body surface potential simulations, 
and (2) CCs are a relatively insensitive measure of the corre-
spondence between observed and measured BSPMs.

This study addresses these issues by obtaining a complete 
experimental data set with simultaneously recorded body sur-
face and epicardial potentials, as well as corresponding infor-
mation on torso anatomy and 3-dimensional (3D) electrode 
locations. Using the experimental data, we developed and ana-
lyzed a forward model by comparing simulated and recorded 
body surface potentials. We also developed methods to quantify 
the differences seen in the BSPM patterns, and finally deter-
mined the effects that anisotropic skeletal muscle, subcutaneous 
fat, and the lungs have on simulated potential distributions.

Methods
All surgical procedures were approved by the Animal Ethics 
Committee of the University of Auckland and conform to the Guide 
for the Care and Use of Laboratory Animals (National Institutes of 
Health publication No. 85-23). Detailed Methods are available in the 
Data Supplement.

A midline sternotomy was performed on 5 anesthetized pigs 
(30–40 kg). The heart was exposed, and supported in a pericardial 
cradle. A custom-made elastic sock containing 239 unipolar silver-
wire electrodes (5- to 10-mm spacing) was drawn over the ventricles 
(Figure 1A), after which the thorax was closed and air expelled. 
Flexible strips (BioSemi, Amsterdam, The Netherlands) containing 
184 electrodes (30- to 45-mm spacing) were attached to the body 
surface (Figure 1B). Epicardial and body surface potentials were 
bandlimited (0.05–1000 Hz) and recorded simultaneously at 2 kHz 

Figure 1. Mapping and simulation of body surface potentials. A, Epicardial potentials are recorded using an elastic sock containing 239 
electrodes and (B) body surface potentials are recorded simultaneously. Body surface potentials are simulated from epicardial potentials 
using magnetic resonance imaging–based forward models, and compared with experimental recordings.

WHAT IS KNOWN

Inverse body surface mapping is being used increas-
ingly as a noninvasive means of identifying arrhyth-
mogenic substrates in the atria and ventricles.
Robust solution of the inverse problem of electrocar-
diography depends critically on the accuracy with 
which the forward problem is formulated.

WHAT THE STUDY ADDS

A unique data set for the systematic validation of for-
ward and inverse problem solutions.
Commonly used metrics such as relative root-mean-
squared error and correlation coefficients provide 
weak estimates of the accuracy of the body surface 
potential maps.
Body surface potential maps predicted with the for-
ward models most commonly used for inverse elec-
trocardiographic mapping differ substantially and 
consistently from measured body surface potentials, 
raising important questions about the accuracy with 
which arrhythmogenic substrate can be located using 
existing inverse methods.
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The sensitivity of forward solutions to sources of error has 
been investigated in several studies, but only one has allowed 
direct experimental validation. Ramsey et al15 recorded cor-
responding cardiac source potentials and body surface poten-
tials in dogs. Correlation coefficients (CCs) between measured 
body surface potential maps (BSPMs) and those simulated 
with a homogeneous forward solution were high. Despite this, 
they reported substantial differences between observed and 
predicted potential distributions in regions around maximum 
and minimum potentials on the body surface. Using the same 

data, Stanley et al13 demonstrated the inclusion of inhomoge-
neities (lungs, sternum, spine, and anisotropic skeletal muscle) 
markedly reduced differences between predicted and measured 
BSPMs, although there was no significant difference in CCs. 
These findings seem to have received relatively limited atten-
tion, perhaps because the spatial and temporal resolution of the 
experimental data were low by modern standards. However, 
they indicate that (1) homogeneous forward models produce 
qualitatively inaccurate body surface potential simulations, 
and (2) CCs are a relatively insensitive measure of the corre-
spondence between observed and measured BSPMs.

This study addresses these issues by obtaining a complete 
experimental data set with simultaneously recorded body sur-
face and epicardial potentials, as well as corresponding infor-
mation on torso anatomy and 3-dimensional (3D) electrode 
locations. Using the experimental data, we developed and ana-
lyzed a forward model by comparing simulated and recorded 
body surface potentials. We also developed methods to quantify 
the differences seen in the BSPM patterns, and finally deter-
mined the effects that anisotropic skeletal muscle, subcutaneous 
fat, and the lungs have on simulated potential distributions.

Methods
All surgical procedures were approved by the Animal Ethics 
Committee of the University of Auckland and conform to the Guide 
for the Care and Use of Laboratory Animals (National Institutes of 
Health publication No. 85-23). Detailed Methods are available in the 
Data Supplement.

A midline sternotomy was performed on 5 anesthetized pigs 
(30–40 kg). The heart was exposed, and supported in a pericardial 
cradle. A custom-made elastic sock containing 239 unipolar silver-
wire electrodes (5- to 10-mm spacing) was drawn over the ventricles 
(Figure 1A), after which the thorax was closed and air expelled. 
Flexible strips (BioSemi, Amsterdam, The Netherlands) containing 
184 electrodes (30- to 45-mm spacing) were attached to the body 
surface (Figure 1B). Epicardial and body surface potentials were 
bandlimited (0.05–1000 Hz) and recorded simultaneously at 2 kHz 

Figure 1. Mapping and simulation of body surface potentials. A, Epicardial potentials are recorded using an elastic sock containing 239 
electrodes and (B) body surface potentials are recorded simultaneously. Body surface potentials are simulated from epicardial potentials 
using magnetic resonance imaging–based forward models, and compared with experimental recordings.

WHAT IS KNOWN

Inverse body surface mapping is being used increas-
ingly as a noninvasive means of identifying arrhyth-
mogenic substrates in the atria and ventricles.
Robust solution of the inverse problem of electrocar-
diography depends critically on the accuracy with 
which the forward problem is formulated.

WHAT THE STUDY ADDS

A unique data set for the systematic validation of for-
ward and inverse problem solutions.
Commonly used metrics such as relative root-mean-
squared error and correlation coefficients provide 
weak estimates of the accuracy of the body surface 
potential maps.
Body surface potential maps predicted with the for-
ward models most commonly used for inverse elec-
trocardiographic mapping differ substantially and 
consistently from measured body surface potentials, 
raising important questions about the accuracy with 
which arrhythmogenic substrate can be located using 
existing inverse methods.
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JORGENSON et al.: PREDICIING CARDIOTHORACIC VOLTAGES DURING HIGH ENERGY SHOCKS 
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Fig. 2. An illustration of the recording electrodes used to measure the voltage 
within the thorax. The needle electrode is plunged into the tissue, then the 
introducer and shaft is withdrawn leaving only the needle tip in place. 

one in a left side rib, one intervertebral, six in the lateral 
and back muscles (two subscapularis, two latissimus dorsi, 
and two pectoralis major), two in the sternocleidomastoid 
muscle of the neck, one in the liver, and one in the rectus 
abdominis muscle. There were also three recording electrodes 
placed subcutaneously beneath each of three stimulating chest 
patch electrode sites in order to evaluate the voltage drop near 
the electrode-tissue interface (step 3). To help identify the 
recording electrodes in the subsequent CT images, photographs 
were taken of the heart surface and torso during the surgery 
and electrode implantation. 

After the recording electrodes had been positioned, the peri- 
cardial edges were approximated and the chest tightly closed. 
A chest tube was placed into each pleural cavity, tunneled out 
through the sixth intercostal space, and connected to suction to 
evacuate air and fluid. Wires from the internal recording elec- 
trodes were externalized by tunneling subcutaneously to a site 
inferior and lateral to the median sternotomy incision (step 4). 

Small-sized, three-coil, platinum-iridium-alloy, subcu- 
taneous chest patch (CP) electrodes (Medtronic, Inc., 
Minneapolis, MN, model 6895) and a 5-cm platinum-iridium- 
alloy coil electrode (Medtronic model 6884) were used for 
stimulation. The conductive surface area is 6.6 cm2 for the 
CP electrodes and 2.9 cm2 for the coil electrode. Fig. 3 
shows a diagram of the electrode placement used in the 
experiments. One transthoracic and two transvenous electrode 
configurations were used. In the transthoracic configuration, 
the cathode CP was positioned over the right posterior scapula 
and the anode CP was positioned over the cardiac apex. In 
one transvenous configuration, the cathode 5-cm coil electrode 
was positioned in the apex of the right ventricle and the anode 
CP was positioned over the left posterior scapula. In the other 
transvenous configuration, the cathode 5-cm coil electrode was 
positioned in the apex of the right ventricle and the anode CP 
was positioned over the cardiac apex. In these experiments, 
both transthoracic and transvenous electrode configurations 
were analyzed in order to evaluate the FEM technique over 
a wide range of electrode positions. The right ventricular 
(RV) coil electrode was inserted via the right internal jugular 
vein. Fluoroscopy was used for positioning and verifying 
the electrode location between shocks. The CP electrodes 

Anterior Posterior 

~ 

561 

Fig. 3. Schematic representation showing the positions of the electrodes 
on the pig: Transthoracic configuration # I :  right posterior scapula patch 
(D)/cardiac apex patch (B); transvenous configuration #2: right ventricular coil 
(A)fleft posterior scapula (C); transvenous configuration #3: right ventricular 
coil (A)/cardiac apex patch (B). 

were positioned subcutaneously in each of the locations listed 
above (step 5). The subcutaneous placement of CP electrodes 
was used with both the transvenous and the transthoracic 
configurations in order to ensure good contact and maintain 
the position of the electrode. The animal was placed in a 
specially designed CT-compatible holder so that no further 
movement of the pig was necessary after electrode placement. 

modi- 
fied mapping system (C. R. Bard, Tewksbury, MA, model 
200172) was used to record unipolar thoracic voltages. Since 
the commercial system is capable of recording physiologic 
voltages only, a 20 OOO : 1 voltage attenuator (custom designed 
and built by Seamed Inc., Seattle, WA) was interfaced with the 
standard mapping system so that simultaneous potentials could 
be recorded from 54 channels during high energy stimulation 
voltages (up to lo00 V). This resulted in a maximum voltage 
input to the Bard system of f 50 mV. The Bard system 
includes 54 sample and holds and a 12-b A D  converter. 
The sampling rate of the system is 1000 Hz and the frequency 
response is 0.05 to 300 Hz. All potentials were sampled simul- 
taneously at each of the 52 locations with the modified Bard 
mapping system. In addition, two channels of the Bard were 
used to record the anode and cathode voltages. The waveform 
used for the synchronized defibrillation pulse was a modified 
version of the truncated exponential waveform that is clinically 
used. A 37-mH inductance was added to the 260 pF capacitor 
of the external pulse generator (Medtronic model 2394) to 
limit the high-frequency content of the waveform due to the 
limited bandwidth of the recording system. The waveform 
took approximately 1.5 ms to rise to the maximum amplitude, 
then slowly decreased (Fig. 4) for a duration of 11 ms. 

Each of the three stimulation paths described above was 
tested sequentially. In order to avoid distortion of the fields by 
the presence of inactive stimulating electrodes, any electrodes 
not required for a configuration were removed prior to testing 
the next configuration. The two transvenous electrode configu- 
rations were always tested last in order to avoid reinserting the 
RV coil electrode. However, the order of the two transvenous 
configurations was randomized for each animal study. All 

2)  Recording System and Stimulation Protocol: A 

Jorgenson, et al., IEEE Trans. Biomed. 
Eng., VOL. 42, NO. 6, JUNE 1995
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The sensitivity of forward solutions to sources of error has 
been investigated in several studies, but only one has allowed 
direct experimental validation. Ramsey et al15 recorded cor-
responding cardiac source potentials and body surface poten-
tials in dogs. Correlation coefficients (CCs) between measured 
body surface potential maps (BSPMs) and those simulated 
with a homogeneous forward solution were high. Despite this, 
they reported substantial differences between observed and 
predicted potential distributions in regions around maximum 
and minimum potentials on the body surface. Using the same 

data, Stanley et al13 demonstrated the inclusion of inhomoge-
neities (lungs, sternum, spine, and anisotropic skeletal muscle) 
markedly reduced differences between predicted and measured 
BSPMs, although there was no significant difference in CCs. 
These findings seem to have received relatively limited atten-
tion, perhaps because the spatial and temporal resolution of the 
experimental data were low by modern standards. However, 
they indicate that (1) homogeneous forward models produce 
qualitatively inaccurate body surface potential simulations, 
and (2) CCs are a relatively insensitive measure of the corre-
spondence between observed and measured BSPMs.

This study addresses these issues by obtaining a complete 
experimental data set with simultaneously recorded body sur-
face and epicardial potentials, as well as corresponding infor-
mation on torso anatomy and 3-dimensional (3D) electrode 
locations. Using the experimental data, we developed and ana-
lyzed a forward model by comparing simulated and recorded 
body surface potentials. We also developed methods to quantify 
the differences seen in the BSPM patterns, and finally deter-
mined the effects that anisotropic skeletal muscle, subcutaneous 
fat, and the lungs have on simulated potential distributions.

Methods
All surgical procedures were approved by the Animal Ethics 
Committee of the University of Auckland and conform to the Guide 
for the Care and Use of Laboratory Animals (National Institutes of 
Health publication No. 85-23). Detailed Methods are available in the 
Data Supplement.

A midline sternotomy was performed on 5 anesthetized pigs 
(30–40 kg). The heart was exposed, and supported in a pericardial 
cradle. A custom-made elastic sock containing 239 unipolar silver-
wire electrodes (5- to 10-mm spacing) was drawn over the ventricles 
(Figure 1A), after which the thorax was closed and air expelled. 
Flexible strips (BioSemi, Amsterdam, The Netherlands) containing 
184 electrodes (30- to 45-mm spacing) were attached to the body 
surface (Figure 1B). Epicardial and body surface potentials were 
bandlimited (0.05–1000 Hz) and recorded simultaneously at 2 kHz 

Figure 1. Mapping and simulation of body surface potentials. A, Epicardial potentials are recorded using an elastic sock containing 239 
electrodes and (B) body surface potentials are recorded simultaneously. Body surface potentials are simulated from epicardial potentials 
using magnetic resonance imaging–based forward models, and compared with experimental recordings.

WHAT IS KNOWN

Inverse body surface mapping is being used increas-
ingly as a noninvasive means of identifying arrhyth-
mogenic substrates in the atria and ventricles.
Robust solution of the inverse problem of electrocar-
diography depends critically on the accuracy with 
which the forward problem is formulated.

WHAT THE STUDY ADDS

A unique data set for the systematic validation of for-
ward and inverse problem solutions.
Commonly used metrics such as relative root-mean-
squared error and correlation coefficients provide 
weak estimates of the accuracy of the body surface 
potential maps.
Body surface potential maps predicted with the for-
ward models most commonly used for inverse elec-
trocardiographic mapping differ substantially and 
consistently from measured body surface potentials, 
raising important questions about the accuracy with 
which arrhythmogenic substrate can be located using 
existing inverse methods.
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the cases. First, the potential magnitudes were substantially 
greater in simulated than in measured BSPMs. Second, the 
maximum and minimum potentials were inaccurately local-
ized by the forward model. Specifically, the vector between 
extrema was substantially longer in the simulated BSPMs and 
at a different angle with respect to the X–Z plane. Finally, the 
attenuation of potential adjacent to extrema was steeper in 

the simulations. Although inclusion of inhomogeneity in the 
model reduced the differences between simulated and mea-
sured BSPMs, they remained substantial nonetheless.

In Figure 4, RMS potential, rRMSE, and CCs were cal-
culated during ventricular activation for both the case studies. 
RMS potentials predicted by homogeneous (red) and inho-
mogeneous (blue) simulations were nearly twice as great as 

Figure 3. Typical potential distributions on epicar-
dial and body surfaces during ventricular activa-
tion and repolarization for case studies (A) in sinus 
rhythm and (B) during left ventricle apical pacing. 
The left most column shows anterior and posterior 
views of recorded epicardial potentials. Representa-
tive electrograms are presented with a bar indicat-
ing times corresponding to the potential maps. The 
central columns show anterior views of simulated 
body surface potential maps (BSPMs) generated 
from epicardial potentials, using homogeneous and 
inhomogeneous models. Corresponding measured 
BSPMs are presented in the right most column. 
Magnitudes of black contours indicated on associ-
ated color bars.

Figure 4. A and B, Quantitative comparison of 
body surface potential maps during the QRS com-
plex for case studies. In the left column, root-mean-
square (RMS) potentials are compared throughout 
a 100-ms window over the QRS for experimental 
measurements (black), and simulated results using 
homogeneous (blue) and inhomogeneous (red) 
models, respectively. In the middle and rightmost 
columns, root-mean-squared error (rRMSE) and 
correlation coefficient (CC) between measured and 
simulated potentials are given for the same time 
interval.
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The sensitivity of forward solutions to sources of error has 
been investigated in several studies, but only one has allowed 
direct experimental validation. Ramsey et al15 recorded cor-
responding cardiac source potentials and body surface poten-
tials in dogs. Correlation coefficients (CCs) between measured 
body surface potential maps (BSPMs) and those simulated 
with a homogeneous forward solution were high. Despite this, 
they reported substantial differences between observed and 
predicted potential distributions in regions around maximum 
and minimum potentials on the body surface. Using the same 

data, Stanley et al13 demonstrated the inclusion of inhomoge-
neities (lungs, sternum, spine, and anisotropic skeletal muscle) 
markedly reduced differences between predicted and measured 
BSPMs, although there was no significant difference in CCs. 
These findings seem to have received relatively limited atten-
tion, perhaps because the spatial and temporal resolution of the 
experimental data were low by modern standards. However, 
they indicate that (1) homogeneous forward models produce 
qualitatively inaccurate body surface potential simulations, 
and (2) CCs are a relatively insensitive measure of the corre-
spondence between observed and measured BSPMs.

This study addresses these issues by obtaining a complete 
experimental data set with simultaneously recorded body sur-
face and epicardial potentials, as well as corresponding infor-
mation on torso anatomy and 3-dimensional (3D) electrode 
locations. Using the experimental data, we developed and ana-
lyzed a forward model by comparing simulated and recorded 
body surface potentials. We also developed methods to quantify 
the differences seen in the BSPM patterns, and finally deter-
mined the effects that anisotropic skeletal muscle, subcutaneous 
fat, and the lungs have on simulated potential distributions.

Methods
All surgical procedures were approved by the Animal Ethics 
Committee of the University of Auckland and conform to the Guide 
for the Care and Use of Laboratory Animals (National Institutes of 
Health publication No. 85-23). Detailed Methods are available in the 
Data Supplement.

A midline sternotomy was performed on 5 anesthetized pigs 
(30–40 kg). The heart was exposed, and supported in a pericardial 
cradle. A custom-made elastic sock containing 239 unipolar silver-
wire electrodes (5- to 10-mm spacing) was drawn over the ventricles 
(Figure 1A), after which the thorax was closed and air expelled. 
Flexible strips (BioSemi, Amsterdam, The Netherlands) containing 
184 electrodes (30- to 45-mm spacing) were attached to the body 
surface (Figure 1B). Epicardial and body surface potentials were 
bandlimited (0.05–1000 Hz) and recorded simultaneously at 2 kHz 

Figure 1. Mapping and simulation of body surface potentials. A, Epicardial potentials are recorded using an elastic sock containing 239 
electrodes and (B) body surface potentials are recorded simultaneously. Body surface potentials are simulated from epicardial potentials 
using magnetic resonance imaging–based forward models, and compared with experimental recordings.

WHAT IS KNOWN

Inverse body surface mapping is being used increas-
ingly as a noninvasive means of identifying arrhyth-
mogenic substrates in the atria and ventricles.
Robust solution of the inverse problem of electrocar-
diography depends critically on the accuracy with 
which the forward problem is formulated.

WHAT THE STUDY ADDS

A unique data set for the systematic validation of for-
ward and inverse problem solutions.
Commonly used metrics such as relative root-mean-
squared error and correlation coefficients provide 
weak estimates of the accuracy of the body surface 
potential maps.
Body surface potential maps predicted with the for-
ward models most commonly used for inverse elec-
trocardiographic mapping differ substantially and 
consistently from measured body surface potentials, 
raising important questions about the accuracy with 
which arrhythmogenic substrate can be located using 
existing inverse methods.

 by guest on February 27, 2017
http://circep.ahajournals.org/
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Epicardial Sock 
(Ventricle Only)

Missing 
Sources?

Bear, etal., Circ A & E.2015;8:677-684.
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Test sampling strategies of the atrial region 
to reduce error in forward simulation



Cardiac Sources

�47

CARP KIT CAGE



Varied Sampling

�48



ECG Forward Simulation
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Effect of Missing Ventricle Sampling

Ground Truth Ventricle Only Full Sampling

Ground Truth Reduced Ventricle Sampling
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More electrodes are better

Sparse placement can reduce error

Missing ventricular sampling 
increases error further



Specific Aims
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2. Record potentials in a torso-tank 
preparation to validate the simulation 
pipeline

3. Measure body-surface potentials in 
patients to validate the simulation pipeline

Place
Defibrillator
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Potentials

Evaluate
Electric Field

Build
Mesh



Defibrillation Simulation
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Jorgenson, et al., IEEE Trans. Biomed. Eng., VOL. 42, NO. 6, JUNE 1995
JORGENSON er al.: PREDICTING CARDIOTHORACIC VOLTAGES DURING HIGH ENERGY SHOCKS 

experimental 
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LOCATION 

Fig. 8. The voltages measured experimentally and calculated by the finite element model are plotted at each of the 14 locations in the heart (animal 
#6, configuration #3). The original finite element model predictions, the transformed values, and the values resulting from transformation and resistivity 
adjustment are shown. 

voltage gradient. In this section, however, we present an 
example of how FEM voltage gradient data might be used 
in defibrillation studies. The heart region is the area where we 
are most interested in being able to predict voltage gradient 
distributions. Investigators who have attempted to quantify 
the voltage gradient needed for defibrillation have suggested 
that a minimum of 5-6 V/cm should be achieved in greater 
than 90% of the ventricular myocardium for defibrillation 
with a truncated monophasic waveform [18]. Fig. 9 contains 
the graphs of the predicted distributions of voltage gradient 
within the myocardium in two animals for each of the three 
electrode configurations. The data in Fig. 9(a), (b), and (c) 
were calculated from animal #6, while the data in Fig. 9(d), 
(e), and (f) were calculated from animal #4. In these graphs, 
the distributions of the voltage gradient magnitude found 
in the atrial myocardium, right ventricular myocardium, left 
ventricular myocardium, and the combination of both left and 
right ventricular myocardium are shown. Each configuration 
is normalized for 400 V applied voltage and the data has been 
linearly transformed to adjust for the lead-wire and interface 
impedance as discussed in Section 111-A. 

By comparing the data corresponding to the same electrode 
configurations in each of the animals, a significant variation in 
the myocardial voltage gradient distribution is revealed. For 
example, by comparing configuration #3 in animal #6 and an- 
imal #4 (Fig. 9(c) and (f)), the data from animal #4 are shifted 
to the left, i.e., for the same percentage of myocardial tissue, 

the voltage gradient is smaller. The magnitudes of the voltage 
gradient found in 95%, 50%, and 5% of the myocardial tissue 
are listed in Table V for each of the animal models. In animal 
#4, configuration #3, the voltage gradient in 95% of the ven- 
tricular myocardium was 3.92 V/cm, while in animal #6, the 
voltage gradient was 8.16 V/cm. Using the criterion that a min- 
imum of 5-6 V/cm is needed to defibrillate, this electrode con- 
figuration would be unsuccessful in animal #4 (at this applied 
voltage) and successful in animal #6. This type of significant 
variability seen among animals reinforces the potential benefit 
of patient-specific modeling and also demonstrates the need for 
a set of criteria for selecting effective electrode configurations. 

If we attempt to rank the electrode configurations in order of 
the highest voltage gradient achieved in 95% of the ventricular 
myocardium, there is some variation among the animals. In 
four of the animals (#2, #3, #5, and #6), the transvenous 
electrode configuration with the subcutaneous patch placed 
over the cardiac apex (configuration #3) provides the highest 
voltage gradient. This voltage gradient ranges from 4.86 to 
8.16 V/cm. In animal #4, the transvenous configuration with 
the subcutaneous patch placed over the left posterior scapular 
(configuration #2) provides the highest voltage gradient value 
of 5.18 V/cm. The electrode configuration that results in the 
second highest voltage gradient value is configuration #2 in 
three animals (#2, #5, and #6) and configuration #3 in animal 
#4. However, in animal #3, the transthoracic configuration 
ranked second. 

Claydon, etal., IEEE EMBS 10Th Ann.  Int.  
Conference 1988

Sparse or Local Recordings
No Validation in Patients
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Measure high spatial resolution volumetric 
potentials within a torso-tank to validate the 

defibrillation simulation

Measure body-surface potentials during ICD 
testing for validation purposes
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Two Validation Environments 
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Access Experimental 
Complexity

https://www.army.mil/article/202490/
advancements_in_technology_change_the_way_health_care_is_delivered_at_the_tamc_cath_lab



Tank Experiment

�59

Excised
Heart

Apply
Cardiac

Sock
(247) 

Insert
Plunge

Needles
(20 x 10)

Plunge
Needle

(10 each)

Insert
ICD
coil

Suspend
in Tank
(192)

Attenuated
ICD

Generator

Scan Heart

Digitize
Points for

Registration



�60

ICD can ICD coil sock needles

Record ICD potentials within heart 
and on torso tank surface 
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ICD Testing During Implantation
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https://www.drugs.com/health-guide/implantable-cardioverter-
defibrillator-icd.html

https://www.army.mil/article/202490/
advancements_in_technology_change_the_way_health_care_is_delivered_at_the_tamc_cath_lab
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Compare DFTs

�68

Table 3: Comparison of the DFTs found during clinical testing and predicted by simula-
tion via the critical mass hypothesis.

Subject age Empirical DFT Predicted DFT
6 years 0 – 3 J 2.7 J
8 years 10 – 15 J 8.31 J
9 years 10 – 15 J 14.5 J
15 years 3 – 5 J 5.2 J
16 years 14.6 – 20.7 J 20 J
17 years 5 – 10 J 19.9 J
17 years 20 – 25 J 26.8 J
29 years 15 – 20 J 18 J
32 years 10 – 12 J 12.9 J

to those found clinically. These findings support the e↵ectiveness of the our
simulation pipeline in predicting defibrillation in humans.

This study contains a new application of a well established approach, us-
ing limited lead selection and body surface estimation algorithm to estimate
potential maps during ICD shocks. The lead selection algorithm resulted
in locations that were as close as possible to the sources and sinks (ICD
and active leads), which is similar to findings using the same approach to
identify limited leads to capture cardiac sources.31 We found that the num-
ber of leads for which the error statistics became stable was approximately
60, compared to 30 found in Lux et al.

31,38 However, the error using 30
leads to measure ICD shocks was still acceptably low (Figure 3), supporting
our decision to use existing 32-lead acquisition systems. (Section 3.1 and
Figure 4), demonstrating values similar to those produced by Lux et al.

31

Another important finding is that the estimation was insensitive to changes
in the limited lead set used, allowing the use of this method on multiple
clinically motivated variations of the lead set. The accuracy of body surface
maps estimated from simulated potentials demonstrates a proof of concept
for use of the estimation algorithm on ICD impulse with a training dataset
of simulated potentials, and that the ICD potential map can be accurately
estimated if the appropriate training set is used. A previous application of
the limited lead and estimation approach has also been reported in the set-
ting of activation mapping on the epicardium of the heart from leads located
in the coronary veins.39 All these results support the utility and robustness

14
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Simulation accurately predicts BSPM

Simulation accurately predicts DFTs in 
most cases

LLS and BS Estimation can be effectively 
applied to defibrillator potentials 
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Proof of concept for measuring within 
myocardium for validation of simulation

Low variation over multiple shocks shows 
stability of the preparation

Adequate needle sampling remains a 
challenge
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ECG Forward Simulation
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Defibrillation
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Pediatric Defibrillation
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Stephenson, JCE, 2006Gasparini, JCE, 2005 Children’s Hospital Boston
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