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Transthoracic Atrial Defibrillation Energy Thresholds are Correlated
to Uniformity of Current Density Distributions
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Abstract—Previous studies have shown that successful
defibrillation depends on the uniformity of current density in
the heart and the percentage of total current reaching the
heart. This study uses an anatomically-realistic finite
element computer model of the human torso for external
atrial defibrillation to (1) examine the defibrillation energy
thresholds and current density distributions for common
clinical paddle placements and (2) investigate the effects of
electrode shifts on these defibrillation parameters. The
model predicts atrial defibrillation threshold (ADFT) energy
by requiring a voltage gradient of 5 V/cm over at least 95% of
atrial myocardium. This study finds that variation in
electrode placement by only a few centimeters increases
ADFTs by up to 46% with a corresponding change of 38%
between the average current density in the left and right atria
and 34% between the heterogeneity indices of atrial current
density distributions. Additionally, the heterogeneity index,
or degree of uniformity, is linearly correlated to the ADFT
(R’=0.9). We suggest that uniformity of current density
distribution, in addition to minimum current density, may be
an important parameter to use for predicting successful
defibrillation when testing new electrode placements.

I. INTRODUCTION

TRIAL fibrillation (AF) affects two million people in the

United States. AF patients are at an increased risk of
developing blood clots and embolic strokes. In fact, 15% of
all strokes occur in patients with AF [1]. Treatments for AF
include pharmacological therapy, electrical cardioversion,
radiofrequency ablation, and atrial pacemakers.

Electrical cardioversion is used to revert the atria back to
sinus rhythm in patients with both acute and chronic AF.
Computer modeling of defibrillation has been validated for
both external and internal ventricular defibrillation [2-7].
Camacho et al. developed a three-dimensional finite element
model of the human thorax to examine current density
distributions during transthoracic defibrillation. The study
suggests that the spatial distribution of myocardial current
density depends on electrode paddle placement [2]. Karlon
et al.developed a realistic finite element model of the canine
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thorax to study ventricular defibrillation, and this model
compares favorably with in vivo experiments [6, 7]. Panescu
et al. validated a similar three-dimensional finite element
model of the human thorax by comparing predicted
defibrillation values to experimental data from a human
subject and further concluded that density
distribution depends on electrode placement and size [5]. A

current

three-dimensional finite element model of both transthoracic
and transvenous defibrillation constructed by Jorgenson et
al. found that a shift in electrode placement of less than 2 cm
caused a 12% change in average myocardial voltage
gradients [4]. All of these models use the critical mass
hypothesis [8] to predict successful defibrillation, i.e. a
critical mass of myocardial tissue (ranging from 75-95%) must
be above a minimum voltage gradient.

Previous studies have shown that successful defibrillation
depends on the uniformity of current density in the heart and
the percentage of total current reaching the heart [2, 57].
The purposes of this study are to use a three-dimensional,
anatomically realistic, finite element, computer model of the
human torso for external atrial defibrillation to (1) examine the
defibrillation thresholds and current density distributions for
common clinical paddle placements and (2) investigate the
effects of electrode shifts on these defibrillation parameters.
The uniformity of current density in the atria and normalized
ADFTs are compared for each electrode placement.

II. METHODS

A. Model Construction and Formulations

This study was performed using a volume conductor
model of the human torso, previously developed for external
atrial defibrillation simulations [9]. The realistic geometry for
this study was extracted from 90 transverse MRIs. The
images (256x256 pixels) were acquired at 5 mm separation.
Image acquisition coincided with end diastole. The following
tissue structures were digitized from the MRIs: body
surface, fat, skeletal muscle, lungs, great vessels of the heart
(aortic arch, ascending and descending aorta, pulmonary
trunk, and superior vena cava), epicardium, left atrium, right
atrium, left ventricle, and right ventricle [9].

The unstructured mesh contains 60,000 nodes and 381,101
tetrahedra. Each tetrahedral element is defined as a member
of its corresponding region at the completion of the meshing
process. Triangulated surfaces of the model are shown in
Fig. 1.
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Fig. 1. Anterior view of triangulated surfaces of the model. The
body surface, the fat, the lungs, the heart, and the great vessels
are shown.

Each wolume element is assigned a conductivity tensor,
according to the tissue type of the element’s respective
region. All regions are treated as isotropic for the entire
study. The heart chambers and vessels are assigned the
conductivity of blood. Tissue conductivity values are

shown in Table 1[10-13].

TABLE I
TISSUE CONDUCTIVITIES
Tissue Type Conductivity (mS/cm)
Lungs 0.78 [13]
Blood 6.67 [10]
Myocardium 2.50[10]
Connective Tissue 2.22 [10]
Fat 0.50 [12]
Skeletal Muscle 2.50[11]

With knowledge of the applied voltage, defibrillation
electrode location, and tissue conductivity, the model
computes potential gradient distributions using the finite
element method. The potential in a volume conductor can be
represented by:

V-oV®P=0 (1)
where © represents the conductivity tensor and @ is the
electric potential. Nuemann boundary conditions apply on
the torso surface. Equation (1) is solved by the finite element
method to determine the potential at each node, applied
current at the electrode nodes, and voltage gradients in atrial
volume elements.
relation W,=% CV’. V represents the potential difference
required to produce a minimum potential gradient (5 V/cm)
throughout a critical mass (95%) of the atrial myocardium.
The capacitance of the pulse generator, C, is assumed to be
140uF for this study. The current density is obtained by
multiplying the element conductivity value with the electric
field (potential gradient).

ADFT is calculated from the energy

B. Investigation of Defibrillation Parameters

The clinical model for this study consists of rectangular
electrodes (90 cnr’) in clinical anterior-anterior (AA1) and

anterior-posterior (AP1) placements [3] (Figure 2). The effect
of electrode location is determined by shifting AA1 and AP1
2-3 cm to produce six additional electrode placements (AA2-
AA4, AP2-AP4). For AA positions, the apical electrode is
held stationary and the basal electrode is shifted. For AP
positions, the posterior electrode is stationary and the
shifted (Figure 2).

electrode is

anterior

Fig. 2. Anterior electrodes for the baseline anterior-anterior
(AA1) and anterior-posterior (AP1) in black and shifts (AA2-
AA4, AP2-AP4) indicated by dotted lines.

For each simulation, current densities are calculated for the
volume elements of both the right and left atria. In order to
examine the uniformity of current density in the atria,
histograms of the current density in both the left and right
atria were examined. From these histograms, the median
(Psp), inhomogeniety (Ps.os), and the heterogeneity index (Ps.
os/ Psg) were calculated [14]. In addition, the percent
difference of the volume-weighted average current density
between the left and right atria was calculated for each
placement.

III. RESULTS

The clinical electrode placements selected correspond to
the two placements used in a clinical study [15]. These
baseline AA1 and API positions yield ADFTs of 18.9 J and
15 J, respectively. All ADFTs for this study are normalized
to the ADFT for AA1. The results compare favorably with
[15], which found that the AP placement required 20% less
energy to successfully defibrillate. AP1 also has a more
uniform overall current density than AAl (Table 2).
Differences in ADFT vary from 14% to 46% for AA1 and 0%
to 15% for AP1.

TABLE 2
CURRENT DENSITY COMPARISONS
Electrode %
Placement | ADFT Difference Ps95/Ps
RA-LA
AAl 1.00 24.4 0.623
AA2 1.42 37.1 0.843
AA3 0.86 24.5 0.622
AA4 1.46 38.5 0.939
AP1 0.79 16.2 0.528
AP2 0.67 11.8 0.517
AP3 0.79 4.8 0.425
AP4 0.84 22.5 0.589
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A. Current Density Distribution

Table 2 shows the percent difference of the volume-
weighted average current density between the left and right
atria and the heterogeneity index for the atria. For all
placements except AP3, the percent difference between the
left and right atria of the weighted average current density is
higher for placements with higher ADFTs. Current density
heterogeneity indices in the atria are also higher for
placements with higher ADFTs, except for AP3. Linear
regression was performed to determine the relationship
between ADFT and each of the measures of uniformity of
current density. The R® values were 0.90 for heterogeneity
index and 0.80 for the percent difference between the right
and left atria. Regression lines for the heterogeneity index
and the percent difference are shown in Figures 3 and 4.
Figures 5 and 6 show current densities for a cross section of
the right atria for and AA4, respectively.
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Fig. 3. Heterogeneity indeces of the current density in the atria
versus normalized ADFTs for the eight electrode placements.
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Fig. 4. Percent differences of the average current density in the left
and right atria versus normalized ADFTs for the eight electrode

IV. DISCUSSION

The clinical placements AA1 and AP1 represent the two
placements investigated in a clinical study by Botto, which
found that the AP placement required 20% less energy than
AA to successfully defibrillate [15]. The clinical model of
this study finds that AP1 requires approximately 20% less
energy than AA1 to achieve defibrillation. This suggests
that the model can predict relative differences in ADFTs
among different electrode placements. AP1 also has a more
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Fig. 5. Current density (pA/cm?) distributions throughout a cross
section of the right atrium for AAl. The percent difference
between the average current density in the right and left atria is
24.4%. The heterogeneity index is 0.623.
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Fig. 6. Current énsity (uA/cm?) distributions throughout a cross
section of the right atrium for AA4. The percent difference
between the average current density in the right and left atria is
38.5%. The heterogeneity index is 0.939.

uniform overall current density than AA1 (Table 2). This
agrees with previous research indicating that a more uniform
current density distribution corresponds to a lower DFT [2,
5-7].

A. Current Density Distribution

Our heterogeneity index of current density uniformity
shows a strong relationship with ADFT (R® = 0.90).
However, the relationship between the percent difference of
volume-weighted average current density between the left
and right atria is not as strong (R”> = 0.80). This lower R® is
due the value for AP3. The AP3 placement has a lower
average current density than the other AP placements, but
also a lower heterogeneity index. The ADFT for AP3 falls in
the middle of the range for AP placements. Nonetheless, our
measures of heterogeneity support the idea that successful
defibrillation is correlated to the uniformity of current density
in the heart.
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B. Limitations

Our model is limited by the accuracy of the selected tis sue
conductivities and isotropic tissue properties. An
anisotropic representation of the heart tissue would change
the current density distributions and could affect our
heterogeneity indices. Our assumption of critical mass is
supported experimentally 6r ventricular defibrillation [16],
but there is no empirical data to support this assumption for
the atria. ADFTs calculated in this study are not clinically
accurate, even though the relative differences in ADFT agree
with clinical data. There may be a parameter missing from the
external atrial defibrillation model, such as tissue-electrode
interface impedance, that causes the ADFT magnitudes to be
much lower than clinically reported values.

This model cannot account for some additional factors
that may affect ADFTs such as the type of shock waveform
applied (monophasic or biphasic) patient’s history of
antiarrhythmic drug treatment [17], and duration of AF [15,
18]. In addition, there is a lack of clinical studies reporting
atrial defibrillation thresholds for direct comparison. Recent
comparing monophasic and biphasic shock
waveforms have shown that biphasic shocks significantly
improve atrial defibrillation success rates up to 99% [19, 20].
However, this high level of success still requires multiple
shocks since defibrillation attempts are commonly delivered
with a step-up protocol.

Electrode placement optimization could prevent some

studies

failed defibrillation shocks and reduce skin-related morbidity,
especially for those patients with longer duration AF.

V. CONCLUSIONS

In our investigation of the uniformity of current density
distribution during atrial defibrillation shocks, we find that
atrial defibrillation thresholds depend on both the uniformity
of current density in the atria and the differences in average
current density magnitude between the atria. We suggest
that the uniformity of current density distributions in the
atria, in addition to minimum current density, may be an
important parameter to use for predicting successful
defibrillation when testing new electrode placements.

REFERENCES

[1] "Arial Fibrillation," American Heart Association, 2004.

[2] M. A. Camacho, J. L. Lehr, and S. R. Eisenberg, "A three-
dimensional finite element model of human transthoracic
defibrillation: paddle placement and size," /EEE Trans Biomed
Eng, vol. 42, pp. 572-8, 1995.

[3] F.J.Claydon, 3rd, T. C. Pilkington, A. S. Tang, M. N. Morrow,
and R. E. Ideker, "A volume conductor model of the thorax for
the study of defibrillation fields," /EEE Trans Biomed Eng, vol.
35, pp- 981-92, 1988.

[4] D.B. Jorgenson, D. R. Haynor, G. H. Bardy, and Y. Kim,
"Computational studies of transthoracic and transvenous
defibrillation in a detailed 3-D human thorax model," /EEE Trans
Biomed Eng, vol. 42, pp. 172-84, 1995.

[5] D. Panescu, J. G. Webster, W. J. Tompkins, and R. A.
Stratbucker, "Optimization of cardiac defibrillation by three-
dimensional finite element modeling of the human thorax,"
IEEE Trans Biomed Eng, vol. 42, pp. 185-92, 1995.

[6] W.J.Karlon, S. R. Eisenberg, and J. L. Lehr, "Effects of paddle
placement and size on defibrillation current distribution: a three-
dimensional finite element model," IEEE Trans Biomed Eng,
vol. 40, pp. 246-55, 1993.

[71 W.J.Karlon, J. L. Lehr, and S. R. Eisenberg, "Finite element
models of thoracic conductive anatomy: sensitivity to changes in
inhomogeneity and anisotropy," IEEE Trans Biomed Eng, vol.
41, pp. 1010-7, 1994.

[8] D.P. Zipes, J. Fischer, R. M. King, A. d. Nicoll, and W. W. Jolly,
"Termination of ventricular fibrillation in dogs by depolarizing a
critical amount of myocardium," 4m J Cardiol, vol. 36, pp. 37-
44, 1975.

[9] L. C.Huntand A. L. de Jongh Curry, "Electrode Placement
Significantly Affects Transthoracic Atrial Defibrillation
Thresholds," Cardiovascular Engineering, vol. 10, pp. 62-68,
2005.

[10] S. Rush, J. A. Abildskov, and McFeer, "Resistivity of body tissues
at low frequencies," Circ Res, vol. 12, pp. 40-50, 1963.

[11] E. Zheng, S. Shao, and J. G. Webster, "Impedance of skeletal
muscle from 1 Hz to 1 MHz," IEEE Trans Biomed Eng, vol. 31,
pp- 477-81, 1984.

[12] W. Kaufman and F. D. Johnston, "The electrical conductivity of
tissue near the heart," American Heart Journal, vol. 26, pp. 42-
54, 1943.

[13] L. A. Geddes and L. E. Baker, "The specific resistance of
biological material--a compendium of data for the biomedical
engineer and physiologist," Med Biol Eng, vol. 5, pp. 271-93,
1967.

[14] D. Li, S. Fareh, T. K. Leung, and S. Nattel, "Promotion of atrial
fibrillation by heart failure in dogs: atrial remodeling of a
different sort," Circulation, vol. 100, pp. 87-95, 1999.

[15] G. L. Botto, A. Politi, W. Bonini, T. Broffoni, and R. Bonatti,
"External cardioversion of atrial fibrillation: role of paddle
position on technical efficacy and energy requirements," Heart,
vol. 82, pp. 726-30, 1999.

[16] X. Zhou, J. P. Daubert, P. D. Wolf, W. M. Smith, and R. E.
Ideker, "Epicardial mapping of ventricular defibrillation with
monophasic and biphasic shocks in dogs," Circ Res, vol. 72, pp.
145-60, 1993.

[17] J. Galperin, M. V. Elizari, P. A. Chiale, R. T. Molina, R.
Ledesma, A. O. Scapin, and M. Vazquez Blanco, "Efficacy of
amiodarone for the termination of chronic atrial fibrillation and
maintenance of normal sinus rhythm: a prospective, multicenter,
randomized, controlled, double blind trial," J Cardiovasc
Pharmacol Ther, vol. 6, pp. 341-50, 2001.

[18] T. P. Mathew, A. Moore, M. Mclntyre, M. T. Harbinson, N. P.
Campbell, A. A. Adgey, and G. W. Dalzell, "Randomised
comparison of electrode positions for cardioversion of atrial
fibrillation," Heart, vol. 81, pp. 576-9, 1999.

[19] R. W. Koster, P. Dorian, F. W. Chapman, P. W. Schmitt, S. G.
0'Grady, and R. G. Walker, "A randomized trial comparing
monophasic and biphasic waveform shocks for external
cardioversion of atrial fibrillation," Am Heart J, vol. 147, pp.
€20, 2004.

[20] M. J. Niebauer, J. E. Brewer, M. K. Chung, and P. J. Tchou,
"Comparison of the rectilinear biphasic waveform with the
monophasic damped sine waveform for external cardioversion of
atrial fibrillation and flutter," Am J Cardiol, vol. 93, pp. 1495-9,
2004.

4377



	MAIN MENU
	Go to Previous Document
	CD-ROM Help
	Search CD-ROM
	Search Results
	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for export to IEEE PDF eXpress. May 2005. PaperCept.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


