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Abstract

One approach, commonly used in the field of electrocardiography, involves solving an inverse
problem whereby electrical potentials on the stomach surface are directly reconstructed from
dense potential measurements on the skin surface. To investigate this problem, an anatomically
realistic torso model and an electrical stomach model were used to simulate potentials on stomach
and skin surfaces arising from normal gastric electrical activity. The effectiveness of the
Greensite-Tikhonov or the Tikhonov inverse methods were compared under the presence of 10%
Gaussian noise with either 84 or 204 body surface electrodes. The stability and accuracy of the
Greensite-Tikhonov method was further investigated by introducing varying levels of Gaussian
signal noise or by increasing or decreasing the size of the stomach by 10%. Results showed that
the reconstructed solutions were able to represent the presence of propagating multiple wave
fronts and the Greensite-Tikhonov method with 204 electrodes performed best (Correlation
coefficients of activation time: 90%; Pacemaker localization error: 3 cm). The Greensite-Tikhonov
method was stable with Gaussian noise levels up to 20% and 10% change in stomach size. The use
of 204 rather than 84 body surface electrodes improved the performance; however, for all
investigated cases, the Greensite-Tikhonov method outperformed the Tikhonov method.

1. Introduction

Omnipresent electrical impulses in the stomach musculature termed *slow waves', generated
by interstitial cells of Cajal, are a prerequisite for mechanical contractions. Abnormalitiesin
the patterns of slow wave propagation have been associated with several functional gastric
disorders such as gastroparesis and functional dyspepsia (Bortolotti ef & 1990, Leahy ef &/
1999, 2001, O’ Grady ef & 2012). The ability to non-invasively characterize slow wave
activity would be beneficial for diagnosis of gastric motility disorders and therapeutic
strategies.

Gastric slow waves can be non-invasively detected using cutaneous el ectrodes on the body
surface, giving rise to what has been termed the electrogastrogram (EGG) (Alvarez 1922).
The corresponding magnetic fields have also been measured external to the body in what is
known as a magnetogastrogram (MGG) (Bradshaw et a/ 2006). Despite the wide spread
clinical acceptance of the standard 12-lead el ectrocardiogram (ECG), to date, the use of
EGGs and MGGs has largely been restricted to research studies. Thisis partly due to the fact
that it has been difficult to reliably relate EGG and MGG signal's back to the underlying
gastric electrical activity. A number of studies confirmed EGG frequency correlates with the
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gastric slow wave frequency but it remains uncertain how the multiple slow waves actually
summate to generate what is recorded in EGG (Verhagen er & 1999, Du ef & 2010). Only
few studies have attempted to characterize gastric electrical activity using MGG (Allescher
et al 1998, Bradshaw er & 2009, Cheng er & 20053, Kim e & 2010), but these methods have
also had limited success, in part because the underlying source has been restricted to be a
single moving dipole.

One approach, commonly used in the field of electrocardiography, involves solving an
inverse problem whereby electrical potentials on the stomach surface are directly
reconstructed from large numbers of dense potential measurements on the skin surface.
However, it remains unknown if such algorithms can be successfully applied to gastric field.
In the cardiac field, inverse methods and algorithms to reconstruct the electrical activity of
heart from the body surface measurements have been afertile research ground for many
decades. Recently, several inverse studies (Cheng ef & 2005, Han ef & 2008, Liu er & 2006,
Ramanathan ef &/ 2004) have successfully reconstructed activation time maps and validated
the results against experimental measurements. No similar potential based inverse methods
have been attempted in the gastric field.

Gastric slow wave activity has very different characteristics to cardiac activity. In humans,
dow waves initiate in the greater curvature in the upper corpus region of the stomach at a
frequency of approximately 3 cycles per min (cpm) (Hinder and Kelly 1977). The slow
waves organize into aring and propagate longitudinally down the stomach towards the
pylorus. Due to the slow conduction velocity of the slow waves, 3 or more slow wave events
can be present in the stomach at any point in time. In contrast, the normal heart has only one
wave front present at any one time, with afrequency of approximately 60 cpm. In addition,
the main stomach axisis generally oriented in the anterior/posterior direction. This means
that the body surface recordings may be biased towards the activity located at the antrum of
the stomach.

It isdifficult to reliably obtain electrogastrograms from cutaneous el ectrodes. The signals
aretypically of low amplitude and corrupted by cardiac activity and electrode or movement
artifacts (Chang et a. 2005). However, with careful experimental technique, the abdominal
cavity noise caused by respiration or heartbeat can largely be removed using well-designed
filters or breath-holds (Changer & 2001, Koch and Stern 1994). Other methods designed to
remove movement or electrode artifacts have also been studied (Liang ef & 1997, Camilleri
et a1998). In this study, we investigated the ability and accuracy of two established
potential based inverse algorithms to reconstruct and resolve the presence of multiple
simultaneous gastric slow waves using simulated human data. We have assumed that the
body surface potentials have only been corrupted by either Gaussian signa noise or that the
stomach geometry has been incorrectly reconstructed.

2. Methods

2.1 Geometric & Source Models

The anatomical model used in this study was derived from the Visible Human dataset (Buist
et al 2006, Spitzer et a/ 1996). The model (shown in figure 1) consisted of boundary element
surfaces representing the stomach and skin. The meshes were interpolated using cubic
Hermite basis functions and the stomach and skin surfaces had 626 and 290 nodes
respectively. Two additional models with different stomach sizes were also constructed by
enlarging or reducing the original stomach size by approximately 10% while maintaining the
size of the skin surface (figure 1(b)).
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The underlying electrical activity was represented by a sequence of moving dipoles. To
represent a single propagating slow wave event, solution points (at approximately 1 mm
resolution) representing continuum cells were embedded within the stomach musculature.
The Aliev (2000) cell model wasthen used at each solution point to represent the ionic
current and the continuum-based bidomain equations were used to simulate the propagation
of aslow wave at each time point. Lastly, dipole sources were derived from the
transmembrane potential gradient at each solution point and combined to produce asingle
dipole with varying location and orientation (Komuro ef & 2010). In this study a sequence of
up to 3 simultaneous waves were present in order to mimic the recent findings of high-
resolution mapping studies (O’ Grady ef & 2010, Lammers ef & 2009). In summary, the slow
wave initiated on the greater curvature in the upper corpus and progressed towards the
antrum. A new slow wave event initiated in the pacemaker region when a previous slow
wave was approximately on athird of the way down the length of the stomach, at an
approximate spacing of 60 mm between waves (based on a period of 20 s) in the corpus.
Thisis consistent with experimentally recorded data (Hinder and Kelly 1977, O’ Grady ef &
2010). The relative locations of the dipole sources are shown in figure 2.

The gastric sources were used to simulate the potential solutions at either 84 or 204
electrodes spread uniformly over approximately 30 or 70% of the skin surface respectively.
The electrode locations are shown in figure 3 by the dark blue spheres.

2.2 Forward and Inverse Solutions

Methods mathematically similar to those used in cardiac forward/inverse simulations were
used to compute potentials on the stomach and skin surfaces (Pullan et & 2001). In our case,
the epicardia surface was replaced with the stomach surface. By solving the generalized
Laplace' s equation the potentials on both the stomach surface and skin surface due to the
dipole sources can be simulated.

A transfer matrix (A) that mapped the potentials on the stomach surface to the potentials on
the skin surface was constructed using methods outlined in Pullan ef & (2001). Using the
noise corrupted body surface potentials, stomach potentials were reconstructed by solving
equation (1) using either the Greensite-Tikhonov or the Tikhonov inverse method (Cheng et
al 2003, Greensite and Huiskamp 1998, Messinger-Rapport and Rudy 1990) with
regularization levels determined using an L-curve method (Hansen and O’ Leary 1993).

b5 0, 0) =A)) [ ¢, (x,1)] @

where ¢ 5(x,§) and ¢ s(),9) represent the noise corrupted body surface and stomach surface

potential distributions at location x or y at timet, respectively. A isthe regularized inverse
of the transfer matrix A at timet.

The Tikhonov method regularizes only in the spatial domain and inverse solutions are
obtained by minimizing the objective function

¢ (1) =min (Il Agy (1) = ¢, (1) P+ R () IP) @

where A ;is the regul arization parameter, Risthe regularization function and Il-ll is the
Euclidean norm. On the other hand, the Greensite-Tikhonov method regularizes in both the
spatial and temporal domain by treating the body surface potentials as afamily of solutions
(3) rather than treating each the temporal information in ¢ g(x,§ independently (Greensite
2001).
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where ug jand vg,arethe " element of spatial and temporal basis, respectively and op is
the M singular value.

The L-curve method was chosen to determine the regularization parameter since it was
shown as one of favoured methods in previous studies (Cheng et & 2003). The
regularization parameter playsan important role since the optimal choice of the parameter
provides a balance between accuracy and smoothness of the solution (M essinger-Rapport
and Rudy 1990, Cheng et a 2003). L-curve method determines the regularization parameter
A ;at the maximum curvature of L shaped curve drawn using the residual (Il A¢ (v, -9 5(X, 1)
) and the solution norm (lle (y,HI).

2.3 Sensitivity Studies

The effects of different levels of Gaussian signal noise and correlated geometrical error were
investigated on the solution accuracy of the Greensite-Tikhonov inverse method. Three
different levels of Gaussian noise were added determine the sensitivity and stability of the
inverse algorithms. The noise levels were 0.005, 0.01 or 0.02 mV RMS corresponding to
approximately 5, 10 or 20% of the average peak to peak signal (as shownin figure 4).

The effect of geometric error was investigated by either enlarging or reducing the stomach
size by approximately 10% (as shown in figure 1(b)). Due to the variahility of stomach
geometry it isimportant to understand how geometric error may affect the accuracy of the
inverse solutions.

2.4 Comparison Methodology

The numerical accuracy of the reconstructed stomach potentials were evaluated by
comparing with the “known” stomach potentials derived from the dipole sources.
Specifically, we compared the stomach potentials and derived entities such as wave front
locations (activation times), pacemaker localization and wave speeds. Potential traces were
normalized over time and as such signal amplitudes were not explicitly considered.

The activation times were defined as at the points of greatest negative gradients (shown in
figure 5) and the activation time map was constructed. The potential or activation time errors
were calculated using the correlation coefficients (CC) (4) and relative root mean square
(RMS) (5) over the electrodes defined by:

N .. -
>t —Nt,.T
= o )

RelRMS = ®

where, o and o} are potentials or activation times for the forward and inverse solutions at

node /and Nis the total number of comparison sites. 7, and 7, are the standard o Fand o/ are
the means, deviations of potentials or activation times.
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The average velocities were calculated using a finite difference approximation with the
distances between electrodes assumed to be constant (Du ef & 2009). The pacemaker
location was determined by the constructed activation time map and the pacemaker
localization errors were calculated by the difference of pacemaker locations between the
known and inverse solutions.

3.1 Effect of Inverse Method and Number of Body Surface Electrodes

Weiinitialy investigated the accuracy of the different inverse methods using either 84 or 204
body surface electrodes. In all cases 10% of Gaussian noise was included to represent “best-
case” experimental conditions.

3.1.1 Activation Time Maps—Activation time (AT) maps comparing the known and
inversely reconstructed wave profiles on the stomach surface for a single wave are shown in
figure 6. The corners of grids correspond to the electrodes on the stomach mesh in the blue
coloured region of figure 1(c).

Results showed that the AT map reconstructed using the Greensite-Tikhonov method with
204 electrodes (shown in figure 6(b)) provided the best approximation of the known
solution. The Tikhonov method with 84 electrodes provided the poorest representation
(shown in figure 6(€)). The location of the pacemaker (red/yellow coloured region) was
observed in the upper part of the stomach for all inverse solutions in the first 10 s except
when using the Tikhonov method with 84 electrodes. In this case, the earliest AT wasat 26 s
and was not localized to the pacemaker region. All of the inverse solutions were able to
accurately reconstruct the distal portion of the wave front as it approached the pylorus (dark
blue coloured region).

In all cases, when the same number of body surface electrodes were used, the Greensite-
Tikhonov method (figures 6(b) and 6(d)) was able to produce a better approximation to the
known solution than the Tikhonov method (figures 6(c) and 6(€)). The AT maps were closer
to the known solution when using more electrodes if the same method was used.

3.1.2 Slow Wave Locations—L ocations of the activation waves at specific times were
obtained by calculating the difference between ATs of all waves at a specific time and then
choosing the minimum value of each signal. Three specific time points (21, 28 and 35 s
from left to right at each case shown in figure 7) wereconsidered with results using 10% of
noise level. The red regions correspond to the depolarized wave front and the white regions
to the areas where the tissue was at rest.

At 21 s, al solutions showed the presence of the wave located closer to pylorus region. The
presence of the wave in the upper-corpus region was observed only for the inverse solutions
when using the Greensite-Tikhonov method (figures 7(b) and 7(d)). None of the inverse
solutions were able to resolve the wave which had just initiated at the pacemaker region. At
28 s, al inverse solutions showed the wave closer to pylorus even though the wave was not
clear when using Tikhonov method with 84 electrodes (figure 7(€)). The other two waves
were not distinctly shown for all inverse solutions, but were best approximated when using
the Greensite-Tikhonov method with 204 electrodes. At 35 s, when using the Greensite-
Tikhonov method the inverse solutions showed the presence of all three waves. When using
the Tikhonov method with 204 electrodes (figure 7(c)) the wave at pylorus region and alittle
depolarized region for the wave at the entrance of antrum region were shown. However,
when using the Tikhonov method with 84 electrodes, only the wave at pylorus region was
present.
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Overdl, the Greensite-Tikhonov method performed better than the Tikhonov method. The
wave in the pacemaker region was reconstructed most poorly while the waves located
closest to pylorus region was reconstructed most accurately for all methods and number of
electrodes.

3.1.3 Numerical Comparisons—A series of simulations were conducted to investigate
the stability and accuracy of the Greensite-Tikhonov and the Tikhonov inverse methods
when using either 84 or 204 body surface electrodes. The potential, AT and pacemaker
localization errors of the inverse solutions to the known solution and velocities of the known
and the inverse solutions are illustrated in figure 8.

The correlation coefficients (CC) and relative RM S errors of potentials between the known
and inverse solutions are illustrated in figures 8(a) and 8(b), respectively. The inverse
solutions reconstructed using the Greensite-Tikhonov method were able to better represent
the known solution compared to the Tikhonov method. The Tikhonov method with 84
electrodes had the poorest reconstruction (with the largest RM S errors).

When the AT maps were compared, figures 8(c) and 8(d) showed that both inverse methods
had similar values of CC or RM S of ATswhen either 204 or 84 body surface el ectrodes
were used. The correlation coefficients of the ATs were higher (while RMS was smaller)
when using the Greensite-Tikhonov method than when using the Tikhonov method.

Figure 8(e) depicts pacemaker localization errors of the inverse solutions corresponding to
the known solution. Results showed localization errors were less when using the Greensite-
Tikhonov method with 204 or 84 electrodes than when using the Tikhonov method with 204
electrodes. However, the Tikhonov method with 84 electrodes was not able to reliably
determine the pacemaker site.

Figure 8(f) compares the velocities of the slow wavesin the forward and inverse solutions.
The velocities were observed to be highly variable amongst different methods. The best
results were obtained when using the Greensite-Tikhonov method with 204 electrodes with
little difference in average velocity.

3.2 Effect of Geometric Error and Gaussian Noise

The effects of various levels geometric error and Gaussian signal noise on the Greensite-
Tikhonov method areillustrated in figure 9. The size of the stomach was either increased
(1.2) or decreased (0.9) by 10% compared to the default model (1.0) and 10% of Gaussian
signal noise was included for all simulations. Figures 9(a) and 9(b) show the changesin
potential fields, while figure 9(c) and 9(d) show the changesin ATs due to varying levels of
geometric noise. In general, a smaller stomach resulted in a poorer reconstruction of the
inverse solutions. Surprisingly, an increased stomach size resulted in slightly better
reconstruction of potentials and activation times despite an increased localization error than
when using the correct stomach geometry. When the site of initial activation was compared
(figure 9(e)) enlarged stomach geometry resulted in alarger localization error, whilst the
default and reduced stomach models produced similar results. There were no clear trendsin
velocity between the different stomach geometries, with al results lessthan 1 mm st
difference from the forward solution.

The effects of Gaussian signal noise on the accuracy of the inverse solutions was also
investigated by varying the levels of signal noise by 5, 10 and 20%. Figures 9(a) and 9(b)
show the changes inpotential fields, while figure 9(c) and 9(d) show the changesin ATs due
to varying levels of Gaussian noise. In all cases, there was a clear trend that lower levels of
signal noise resulted in more accurate inverse solutions. There was minimal difference for
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localization of the initial activation site or for estimation of the wave velocity when either 5
or 10% signal noise was introduced.

4. Discussion

We have presented results showing the feasibility for potential based inverse algorithmsto
reconstruct individual slow wave events from body surface electrograms using simul ated
data. Thisisthe first known attempt to reconstruct the multiple wave fronts in the stomach
from EGG signals using potentia based inverse methods. The results presented here
demonstrate that in the presence of Gaussian noise and sufficient body surface electrodes it
is possible to resolve and identify individua wave front distributions on the surface of the
stomach. In addition, a 10% change of stomach size did not have a significant effect on
accuracy or stability of the inverse solutions. To date, the use of EGGs has achieved limited
clinical acceptance. This has been, in part, due to the limited ability to reliably relate the
EGGs to the underlying electrical activity in the stomach and to distinguish between
individual wave fronts known to be present in the stomach (Verhagen ef &/ 1999). The
proposed methods provide an alternative method for non-invasively relating the measured
body surface directly to the underlying stomach potentials.

The simulation study has shown that the Greensite-Tikhonov method produced the most
accurate inverse solutions in the presence of Gaussian signal noise. When 204 body surface
electrodes were used, it resulted in the smallest error when comparing potentials, activation
times and pacemaker sites. Even when 84 electrodes were used the performance was better
than when using Tikhonov method with 204 electrodes. The Tikhonov method with 84
electrodes was unable to accurately determine the pacemaker site. It should be noted that the
electrode density was approximately the same when comparing the 204 and 84 electrode
setup. Therefore, when more electrodes were used alarger spatial coverage of the potential
fields was actually supplied. In the future, it would may be beneficia to determine the
optimal electrode set that uses either more el ectrodes closer to the stomach (or less
electrodes further away from the stomach).

The accuracy of the inverse solutions improved when more torso surface electrodes were
used or when the most distal wave front was located nearer to the antrum. This may be due
to the fact that the main stomach axisis oriented in the anterior/posterior direction and the
body surface recordings may be strongly affected by the activity at the antrum of the
stomach which islocated closer to the recording electrodes (Smout ef & 1980, Y oshitomi et
al 1996). There was only a slight decrease in the accuracy of solutions generally observed
when Gaussian signal noise levels were increased up to 20% of peak-to-peak amplitude for
the Greensite-Tikhonov method with 204 electrodes. When the stomach was reduced in size
by 10%, RMS errorsincreased 2% and the CC values decreased 3% for the potentials and
ATs. Similar localization errors to the default model were observed with the reduced
stomach size. Surprisingly, when the stomach was enlarged by 10% RMS errors dlightly
decreased, CC value slightly increased, however, the localization errors increased about 6
mm. The increase in solution accuracy despite using incorrect stomach geometry is partially
counter intuitive. However, when the stomach size was further increased by 20% the
solution accuracy began to decrease again. Thisindicated that the global RMS and CC
measures may have detected some instability in the solutions due to the enlarged stomach
geometry. We also showed that velocities were shown to be an unsuitable method to
quantify the solution accuracy due to their high variability. Thisis because the calculation of
the velocity vectors involves a derivative, amplifying any errors. The addition of a
smoothing term in these cal cul ations may help to stabilize the velocity calculations, although
will also reduce the sensitivity when comparing different inverse methods. In summary, we
found that the Greensite-Tikhonov method was able to produce accurate and stable results
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with up 20% signa error and 10% change in stomach geometry. In the presence of Gaussian
noise, the Greensite-Tikhnov significantly out-performed the Tikhonov method.

These simulations have included number of assumptions and simplifications to reality. We
assumed skin potentials in our model were only affected by Gaussian signal noise. We have
assumed that appropriate filtering methods have removed other biological signals such as
cardiac and respiration. We have also assumed that each gastric slow wave cycle can be
accurately represented by a single dipolar source and stomach motility and movement were
ignored. The smplified and idealized representation of torso models was used by two
boundary element surfaces (representing the stomach and the skin surfaces). Organs such as
the lungs and liver, which are in close proximity to the stomach, were not explicitly
represented. However, previous studies have indicated that the inclusion of such
inhomogeneity has limited effect on the resultant body surface potentials (Cheng ef & 2006).
In addition, errors were introduced when the activation times were derived from the
potential traces. Despite these limitations, the potential-based inverse algorithms applied in
this study provide a significant improvement of EGG interpretation in the presence of
multiple wave fronts, which have not successfully shown yet in gastric field.

At this stage we have investigated Gaussian signal noise and change in stomach size
(geometric noise) independently. Previous studies in the cardiac field have shown that
geometric noise such as model geometry and position or electrode location had the largest
effect upon inverse solutions. Generally, it has been known that an increased number and
density of electrodes enabled accurate mapping of the inverse solution. Future studies will
need to investigate the relationship between the location and number or density of electrodes
and the accuracy of inverse solution. Moreover, future studies will need to investigate the
effects of additional types of geometric error and the effect of combining multiple errors.
While the slow waves used in this study represented only normal gastric electrical activity,
this model can and should be extended to represent gastric dysrhythmias. Recent studies
have obhserved complex and dysrhythmic electrical propagation patterns in the stomach
(Lammers et & 2008, O’ Grady et a/ 2011). Similar dysrhythmic patterns have also been
observed in gastroparetic human subjects (O’ Grady et & 2012). The ability to accurately
distinguish between subjects with normal and abnormal gastric electrical activity will be an
important advancement in screening of patients.

A critical next step involves with validating these methods experimentally, ideally by
obtaining simultaneous recordings on the stomach and body surface should be conducted.
Such experiments are both technically and logistically challenging and methods for
recording across the whole stomach are logistically difficult. One way to achieve such data
may involve measuring stomach potentials using endoscopic mucosal sensors (Coleski and
Hasler 2004). However, existing techniques currently only acquire signals from few
channels.

In conclusion, multiple simultaneous gastric slow waves can be reconstructed from potential
based measurements on the body surface in the presence of Gaussian noise when a suitable
inverse method was chosen. The proposed methods have the potential to improve the
reliability of electrogastrograms and provide key insights into gastric motility disorders.
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Figurel.

Boundary element models of the skin and stomach. In (b) the original stomach is shownin
wire frame and the stomach enlarged (transparent surface) and reduced (red surface) by
10%. In (c), the shaded (blue) region on the stomach corresponds to the area represented in
figures 6-7. The highlighted (gold) nodes are the locations of the signal traces shown in
figure 5.
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Figure2.

Location of dipole sources as afunction of timein the (a) horizontal and (b) vertical
directions which represented asH and V in figure 1, respectively. Between two and three
slow wave events are always present in the stomach.
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Figure3.

Thelocations of the (a) 204 and (b) 84 electrodes are shown by the highlighted (dark blue)
spheres. The simulated el ectrogastrograms at these electrodes were then used to reconstruct
the stomach potentials.
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Figure4.

The signals traces at one electrode on skin surface with an average of (a) 5%, (b) 10% and
(c) 20% of Gaussian noise. The black traces correspond to the original signal and blue traces
to the noise corrupted signals.
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Figure5.

Signal tracesillustrating the propagation of individua wave fronts. The signal traces
correspond to the gold nodesiillustrated in figure 1(b) for the known solution. The activation
times (red circles) were marked at the points of greatest negative gradients and grouped
(solid line) to illustrate the propagation from pacemaker to pylorus.

Phys Med Biol. Author manuscript; availablein PMC 2013 August 21.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Kimet al.

Page 16

l10§

-19s

L

NN

T
a
|
H

[N

~28s

-365 L]
45s

(a) (b) ()

Figure6.

Activation time maps for (a) the known solution and inverse solutions using 204 electrodes
using (b) the Greensite-Tikhonov or (c) the Tikhonov method and using 84 electrodes with
(d) the Greensite-Tikhonov or (€) the Tikhonov method. In all cases, the body surface
signals had been corrupted by 10% Gaussian noise and the waves propagated from the
pacemaker region (red/yellow area) towards the pylorus (blue area).
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Figure7.

Therelative activation times to a specific time at 3 time points (21, 28, 35 s) for (a) the
known solution, (b)-(e) Inverse solution using 204 el ectrodes with (b) the Greensite-
Tikhonov or (c) the Tikhonov method and using 84 electrodes with (d) the Greensite-
Tikhonov or (e) the Tikhonov method. The red regions correspond to the depolarized wave
front and the white regions to areas where the tissue was at rest.

Phys Med Bial. Author manuscript; availablein PMC 2013 August 21.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Kimet al.

086 08

06
04
123
8 =Greensite E 04
= Tikhonov &
02
02
[ 0

Pacemaker Localization Error
(mm)
&
Velocity (mm s*')
-

E204 E84 Forward
(U]

Figure8.

E204

8 .
60 "
6 } |
= Greensite
= Tikhonov ]
20
2
0 0

E84

= Greensite
uTikhonov

= Greensite
w Tikhonov

= Greensite
 Tikhonov

Page 18

Comparison of the accuracy of the Greensite-Tikhonov and Tikhonov inverse methods using
either 84 or 204 body surface electrodes. The potential fields were compared using (a) CC
and (b) Rel RMS. The activation fields were also compared using (c) CC and (d) Rel RMS.
In addition, the accuracy of the (€) location of the pacemaker and the (f) velocity fields were

compared.
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Figure9.
Comparison of the accuracy of the Greensite-Tikhonov inverse method using 204 body

surface electrodes while varying the amount of geometric noise (varying stomach size by
10%) and Gaussian signal noise. The potential fields were compared using () CC and (b)
Rel RMS. The activation fields were also compared using (¢) CC and (d) Rel RMS. In
addition, the accuracy of the (€) location of the pacemaker and the (f) velocity fields were
compared.
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