
Jess Tate jess@sci.utah.edu

The Effect of Patient-Specific Cardiac 
Anatomical Models on ECGI Accuracy

Jess Tate

mailto:jess@sci.utah.edu


Jess Tate jess@sci.utah.edu

ECG Imaging
Medical Imaging Geometric Model

Potential MapsECG Recordings

Cardiac Activity
Forward 

Model

Solve
Inverse

mailto:jess@sci.utah.edu


Jess Tate jess@sci.utah.edu

ECG Imaging
Medical Imaging Geometric Model

Potential MapsECG Recordings

Cardiac Activity
Forward 

Model

Solve
Inverse

mailto:jess@sci.utah.edu


Jess Tate jess@sci.utah.edu

ECG Imaging Relies on Accurate Forward Models

ECG Imaging

Fo
rw

ard Simulation
φ t = A φh

Inverse Calculatio

nφ
h = A-1  φ t

Heart Potentials (φh) Torso Potentials (φt)

mailto:jess@sci.utah.edu


Jess Tate jess@sci.utah.edu

Modeling Pipeline

FEM
BEM
MFS

[A]

Mesh
Generation

Segmentation

ECGI

Registration

Forward
Modeling

mailto:jess@sci.utah.edu


Jess Tate jess@sci.utah.edu

Improving Model Generation

Segmentation

mailto:jess@sci.utah.edu


Jess Tate jess@sci.utah.edu

CEI: Modeling Error Workgroup
(Consortium for ECG Imaging)

Workgroup is to identify/quantify 
errors and uncertainties
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Segmentation Error
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Segmentation Variation
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Segmentation Variation
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Quantify the effect of 
segmentation variation on 

ECGI solutions
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Variance Over Time

0 0.1 0.2 0.3 0.4 0.5
time (s)

0

0.5

1

1.5

2

2.5

Va
ria

nc
e 

(m
V2 )

0 0.2 0.4 0.6 0.8
time (s)

0

0.5

1

1.5

2

2.5

Va
ria

nc
e 

(m
V2 )

0 0.1 0.2 0.3 0.4 0.5
time (s)

0

0.5

1

1.5

2

2.5

Va
ria

nc
e 

(m
V2 )

0 0.1 0.2 0.3 0.4 0.5
time (s)

0

1

2

3

4

5

R
M

S 
Vo

lta
ge

 (m
V)

aggregate
segmentation 1
segmentation 2
segmentation 3
segmentation 4
segmentation 5

0 0.1 0.2 0.3 0.4 0.5
time (ms)

0

0.5

1

1.5

rR
M

SE

0 0.1 0.2 0.3 0.4 0.5
time (ms)

0.5

0.6

0.7

0.8

0.9

1

0 0.1 0.2 0.3 0.4 0.5
time (s)

0

1

2

3

4

5

R
M

S 
Vo

lta
ge

 (m
V) aggregate

segmentation 1
segmentation 2
segmentation 3
segmentation 4
segmentation 5

0 0.1 0.2 0.3 0.4 0.5
time (ms)

0

0.5

1

1.5

rR
M

SE
0 0.1 0.2 0.3 0.4 0.5

time (ms)

0.5

0.6

0.7

0.8

0.9

1

0 0.2 0.4 0.6 0.8
time (s)

0

1

2

3

4

5

R
M

S 
Vo

lta
ge

 (m
V) aggregate

segmentation 1
segmentation 2
segmentation 3
segmentation 4
segmentation 5

0 0.2 0.4 0.6 0.8
time (ms)

0

0.5

1

1.5

rR
M

SE

0 0.2 0.4 0.6 0.8
time (ms)

0.5

0.6

0.7

0.8

0.9

1

Si
nu

s
LV

 s
tim

RV
 s

tim

mailto:jess@sci.utah.edu


Jess Tate jess@sci.utah.edu

Variation Over Time
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ECGI can be 
sensitive to 

segmentation errors
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High variance in ECGI solution 
corresponds to high variance 
in Segmentation

Anterior region is more 
sensitive to segmentation 
variation
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What’s Next?
Shape Analysis
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Uncertainty Quantification

Communicating accuracy of ECG and ECGI
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Torso Variability?

Low Variability

High Variability
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Electrode Variability
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In Figure 1 is the 3D image of a subject recorded in 

the Antero-posterior position with the attached 
electrodes. Therefore the accuracy of the V5 and V6 
electrodes could not be determined.  

Torso model construction to detect electrode 
misplacement 

In order to make 3D computer models triangles are 
used to describe the surface of the human torso. To detect 
the misplacement of the electrodes a common reference 
point must be created. This requires the definition of a 
reference point. For the reference model the z-coordinate 
of the reference point was defined at ¼ of the height of 
the torso model (figure 3B). The height of the torso was 
taken as the distance between the shoulders and the 
crotch. The center of the horizontal plane at the middle of 
the torso resulted in the x-coordinate and y-coordinate of 
the reference point. All subsequent torso models were 
scaled to match the height of the common reference 
model. The distance in the z direction with respect to the 
reference point was used to detect the misplacement of 
leads. 

Method for ECG Lead correction 
Three common electrode misplacements 

configurations were used to reconstruct the ECG signals 
at the standard positions: 

1) V1,2 higher, V3 standard, and V4-6 lower 
2) V1,2 and V6 standard, and  V3-5 higher 

3) V1-3 higher, and  V4-6 standard 
The ECGs recorded at these misplaced electrode 

positions were used to reconstruct the ECGs at the 

standard positions with a surface laplacian based 
interpolation method [3]. 

The differences between reconstructed and recorded 
12 lead ECG data were quantified using the relative 
difference (rd) measure: the root mean square value of all 
matrix elements involved relative to those of the recorded 
ECG data.  

 
3. Results  

As seen in table 1, the KINECT torso models derived 
chest circumferences had a close calibration to the 
measured chest circumferences.  

The distance between the standard electrodes and the 
electrodes placed one intercostal space above was 43 ± 
3.5 mm and 42 ± 3.5 mm for the electrodes below. 

Table 2. Correction of misplaced electrode ECGs: 
Relative difference (rd) before and after correction of the 
ECG signals. See Figure 2 for the used lead 
misplacement configurations. A rd of 0.2 corresponds to 
a correlation coefficient of more than 98%. 

 1 
before after 

2 
before after 

3 
before after 

KP001  0.37   0.44   0.22   0.20 0.28   0.47  
KP002 0.24   0.27   0.34   0.34 0.21   0.26 
KP003 0.23   0.26 0.20   0.09 0.24   0.19 
KP004 0.23   0.27 0.20   0.13 0.24   0.22 
KP005 0.41   0.26 0.39   0.24 0.36   0.15 

Standard positions 
1) V1,2 higher, V3 standard, 

V4-6 lower  

2) V
1-2,6

 standard, V
3-5

 higher 3) V
1-3

 higher, V
4-6

 lower

Figure 2. Torso models with electrodes: The standard 
12 lead ECG positions and the three misplaced 

electrode configurations 1), 2), and 3). 

higher 

lower 

standard 

Figure 1. Left panel: the 3D image as taken with the 
Kinect camera. Clearly visible are the electrodes of 
V1-V4 at the standard positions and one intercostal 

space below and above.  
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Electrode Variability

 
As shown in Figure 3A, the electrodes placed one 

intercostal space above or below were calculated by the 
program to be significantly misplaced using the distance 
from leads V1-V6 to the reference point (P ≤ 0.01). 

 
The standard 12 lead ECGs were reconstructed from 

the 3 different misplaced lead configurations (figure 2). 
In table 2 the relative differences (rd) are listed for all 
subjects and the 3 different lead configurations. In five 

Figure 5. Misplaced Lead Reconstruction: standard 12 
lead ECG of case 5 (black), misplaced electrode 
positions (red), and reconstructed ECG at the standard 
positions (blue). Note; V2 and V3 were completely 
reconstructed whereas V1 was not.  

Figure 4. Precordial electrodes one intercostal space 
higher and lower: The standard 12 lead ECG of case 4 
(black) one intercostal space higher (blue) and one 
intercostal space lower (red). Note: the major 
differences in V1-4 that need to be corrected. 

Figure 3. Left panel: the scaled height of the electrodes of the precordial leads with respect to the reference point of 
all 5 subjects. In black the electrodes at the standard positions, in blue electrodes were shifted one intercostal space 
up and in red one intercostal space lower. Right panel: extremity leads shown in the frontal plane (black). The red 
line indicates the location of the LL electrode in the Mason-Likar position, which can easily be detected as 
misplaced. 
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van Dam, etal.  Computing in Cardiology 2013; 40:1175-1178
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Electrode Variability
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In Figure 1 is the 3D image of a subject recorded in 
the Antero-posterior position with the attached 
electrodes. Therefore the accuracy of the V5 and V6 
electrodes could not be determined.  

Torso model construction to detect electrode 
misplacement 

In order to make 3D computer models triangles are 
used to describe the surface of the human torso. To detect 
the misplacement of the electrodes a common reference 
point must be created. This requires the definition of a 
reference point. For the reference model the z-coordinate 
of the reference point was defined at ¼ of the height of 
the torso model (figure 3B). The height of the torso was 
taken as the distance between the shoulders and the 
crotch. The center of the horizontal plane at the middle of 
the torso resulted in the x-coordinate and y-coordinate of 
the reference point. All subsequent torso models were 
scaled to match the height of the common reference 
model. The distance in the z direction with respect to the 
reference point was used to detect the misplacement of 
leads. 

Method for ECG Lead correction 
Three common electrode misplacements 

configurations were used to reconstruct the ECG signals 
at the standard positions: 

1) V1,2 higher, V3 standard, and V4-6 lower 
2) V1,2 and V6 standard, and  V3-5 higher 

3) V1-3 higher, and  V4-6 standard 
The ECGs recorded at these misplaced electrode 

positions were used to reconstruct the ECGs at the 

standard positions with a surface laplacian based 
interpolation method [3]. 

The differences between reconstructed and recorded 
12 lead ECG data were quantified using the relative 
difference (rd) measure: the root mean square value of all 
matrix elements involved relative to those of the recorded 
ECG data.  

 
3. Results  

As seen in table 1, the KINECT torso models derived 
chest circumferences had a close calibration to the 
measured chest circumferences.  

The distance between the standard electrodes and the 
electrodes placed one intercostal space above was 43 ± 
3.5 mm and 42 ± 3.5 mm for the electrodes below. 

Table 2. Correction of misplaced electrode ECGs: 
Relative difference (rd) before and after correction of the 
ECG signals. See Figure 2 for the used lead 
misplacement configurations. A rd of 0.2 corresponds to 
a correlation coefficient of more than 98%. 

 1 
before after 

2 
before after 

3 
before after 

KP001  0.37   0.44   0.22   0.20 0.28   0.47  
KP002 0.24   0.27   0.34   0.34 0.21   0.26 
KP003 0.23   0.26 0.20   0.09 0.24   0.19 
KP004 0.23   0.27 0.20   0.13 0.24   0.22 
KP005 0.41   0.26 0.39   0.24 0.36   0.15 

Standard positions 
1) V1,2 higher, V3 standard, 

V4-6 lower  

2) V
1-2,6

 standard, V
3-5

 higher 3) V
1-3

 higher, V
4-6

 lower

Figure 2. Torso models with electrodes: The standard 
12 lead ECG positions and the three misplaced 

electrode configurations 1), 2), and 3). 

higher 

lower 

standard 

Figure 1. Left panel: the 3D image as taken with the 
Kinect camera. Clearly visible are the electrodes of 
V1-V4 at the standard positions and one intercostal 

space below and above.  
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In Figure 1 is the 3D image of a subject recorded in 

the Antero-posterior position with the attached 
electrodes. Therefore the accuracy of the V5 and V6 
electrodes could not be determined.  

Torso model construction to detect electrode 
misplacement 

In order to make 3D computer models triangles are 
used to describe the surface of the human torso. To detect 
the misplacement of the electrodes a common reference 
point must be created. This requires the definition of a 
reference point. For the reference model the z-coordinate 
of the reference point was defined at ¼ of the height of 
the torso model (figure 3B). The height of the torso was 
taken as the distance between the shoulders and the 
crotch. The center of the horizontal plane at the middle of 
the torso resulted in the x-coordinate and y-coordinate of 
the reference point. All subsequent torso models were 
scaled to match the height of the common reference 
model. The distance in the z direction with respect to the 
reference point was used to detect the misplacement of 
leads. 

Method for ECG Lead correction 
Three common electrode misplacements 

configurations were used to reconstruct the ECG signals 
at the standard positions: 

1) V1,2 higher, V3 standard, and V4-6 lower 
2) V1,2 and V6 standard, and  V3-5 higher 

3) V1-3 higher, and  V4-6 standard 
The ECGs recorded at these misplaced electrode 

positions were used to reconstruct the ECGs at the 

standard positions with a surface laplacian based 
interpolation method [3]. 

The differences between reconstructed and recorded 
12 lead ECG data were quantified using the relative 
difference (rd) measure: the root mean square value of all 
matrix elements involved relative to those of the recorded 
ECG data.  

 
3. Results  

As seen in table 1, the KINECT torso models derived 
chest circumferences had a close calibration to the 
measured chest circumferences.  

The distance between the standard electrodes and the 
electrodes placed one intercostal space above was 43 ± 
3.5 mm and 42 ± 3.5 mm for the electrodes below. 

Table 2. Correction of misplaced electrode ECGs: 
Relative difference (rd) before and after correction of the 
ECG signals. See Figure 2 for the used lead 
misplacement configurations. A rd of 0.2 corresponds to 
a correlation coefficient of more than 98%. 

 1 
before after 

2 
before after 

3 
before after 

KP001  0.37   0.44   0.22   0.20 0.28   0.47  
KP002 0.24   0.27   0.34   0.34 0.21   0.26 
KP003 0.23   0.26 0.20   0.09 0.24   0.19 
KP004 0.23   0.27 0.20   0.13 0.24   0.22 
KP005 0.41   0.26 0.39   0.24 0.36   0.15 

Standard positions 
1) V1,2 higher, V3 standard, 

V4-6 lower  

2) V
1-2,6

 standard, V
3-5

 higher 3) V
1-3

 higher, V
4-6

 lower

Figure 2. Torso models with electrodes: The standard 
12 lead ECG positions and the three misplaced 

electrode configurations 1), 2), and 3). 

higher 

lower 

standard 

Figure 1. Left panel: the 3D image as taken with the 
Kinect camera. Clearly visible are the electrodes of 
V1-V4 at the standard positions and one intercostal 

space below and above.  

1176

Patient-Specific Positions

mailto:jess@sci.utah.edu


Jess Tate jess@sci.utah.edu

Cardiac Source Geometry?

Cardiac Surface

 
In Figure 1 is the 3D image of a subject recorded in 

the Antero-posterior position with the attached 
electrodes. Therefore the accuracy of the V5 and V6 
electrodes could not be determined.  

Torso model construction to detect electrode 
misplacement 

In order to make 3D computer models triangles are 
used to describe the surface of the human torso. To detect 
the misplacement of the electrodes a common reference 
point must be created. This requires the definition of a 
reference point. For the reference model the z-coordinate 
of the reference point was defined at ¼ of the height of 
the torso model (figure 3B). The height of the torso was 
taken as the distance between the shoulders and the 
crotch. The center of the horizontal plane at the middle of 
the torso resulted in the x-coordinate and y-coordinate of 
the reference point. All subsequent torso models were 
scaled to match the height of the common reference 
model. The distance in the z direction with respect to the 
reference point was used to detect the misplacement of 
leads. 

Method for ECG Lead correction 
Three common electrode misplacements 

configurations were used to reconstruct the ECG signals 
at the standard positions: 

1) V1,2 higher, V3 standard, and V4-6 lower 
2) V1,2 and V6 standard, and  V3-5 higher 

3) V1-3 higher, and  V4-6 standard 
The ECGs recorded at these misplaced electrode 

positions were used to reconstruct the ECGs at the 

standard positions with a surface laplacian based 
interpolation method [3]. 

The differences between reconstructed and recorded 
12 lead ECG data were quantified using the relative 
difference (rd) measure: the root mean square value of all 
matrix elements involved relative to those of the recorded 
ECG data.  

 
3. Results  

As seen in table 1, the KINECT torso models derived 
chest circumferences had a close calibration to the 
measured chest circumferences.  

The distance between the standard electrodes and the 
electrodes placed one intercostal space above was 43 ± 
3.5 mm and 42 ± 3.5 mm for the electrodes below. 

Table 2. Correction of misplaced electrode ECGs: 
Relative difference (rd) before and after correction of the 
ECG signals. See Figure 2 for the used lead 
misplacement configurations. A rd of 0.2 corresponds to 
a correlation coefficient of more than 98%. 

 1 
before after 

2 
before after 

3 
before after 

KP001  0.37   0.44   0.22   0.20 0.28   0.47  
KP002 0.24   0.27   0.34   0.34 0.21   0.26 
KP003 0.23   0.26 0.20   0.09 0.24   0.19 
KP004 0.23   0.27 0.20   0.13 0.24   0.22 
KP005 0.41   0.26 0.39   0.24 0.36   0.15 

Standard positions 
1) V1,2 higher, V3 standard, 

V4-6 lower  

2) V
1-2,6

 standard, V
3-5

 higher 3) V
1-3

 higher, V
4-6

 lower

Figure 2. Torso models with electrodes: The standard 
12 lead ECG positions and the three misplaced 

electrode configurations 1), 2), and 3). 

higher 

lower 

standard 

Figure 1. Left panel: the 3D image as taken with the 
Kinect camera. Clearly visible are the electrodes of 
V1-V4 at the standard positions and one intercostal 

space below and above.  

1176

Electrode Location

mailto:jess@sci.utah.edu


Jess Tate jess@sci.utah.edu
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Missing Coverage?
Undersampled?
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Effect of Missing Source Coverage
On ECG Forward Simulation
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Test sampling strategies of the 
atrial region to reduce error in 

forward simulation
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Effect of No Atrial Sampling
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Effect of Missing Ventricle Sampling



Progressive Sampling

�42

0 20 40 60 80 100
number of extra electrodes

1

1.5

2

2.5

3

3.5

4

KI
T

m
ea

n 
pe

ak
 rR

M
SE

from AV plane to A. roof
from A. roof to AV plane
random distribution
uniform distribution
combined, 11 roof leads
combined, 22 roof leads

0 20 40 60 80 100
number of extra electrodes

0.6

0.8

1

1.2

1.4

C
AR

P
m

ea
n 

pe
ak

 rR
M

SE

from AV plane to A. roof
from A. roof to AV plane
random distribution
uniform distribution
combined, 15 roof leads
combined, 30 roof leads

0 50 100 150 200 250
number of extra electrodes

0.4

0.6

0.8

1

1.2

C
ag

e 
Ex

pe
rim

en
t

m
ea

n 
pe

ak
 rR

M
SE

from AV plane to A. roof
from A. roof to AV plane
random distribution
uniform distribution
combined, 40 roof leads
combined, 81 roof leads

0 50 100 150 200 250
number of extra electrodes

0.2

0.4

0.6

0.8

1

1.2

C
ag

e 
Si

m
ul

at
io

n
m

ea
n 

pe
ak

 rR
M

SE

from AV plane to A. roof
from A. roof to AV plane
random distribution
uniform distribution
combined, 40 roof leads
combined, 81 roof leads



Possible Sampling

�43

More electrodes are better

Sparse placement can reduce error

Missing ventricular sampling 
increases error further
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Validation of the ECG Forward Simulation
and Subsequent ECGI
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Questions: 

Errors in the cardiac electrode placement?

Undersampling of the heart?
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Source Undersampling

Mapping
Forw

ard

Sim
ula

tio
n

Mesh

Cardiac Sources

BSPM

Schuler, etal., Tate, etal., FIMH Friday, 16:00
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Interpolation

Effects of Interpolation on the Inverse Problem of Electrocardiography 
Y S Dogrusoz, L R Bear, J Bergquist, R Dubois, W Good, R MacLeod, A Rababah, J Stoks 

 
Background: Electrocardiographic Imaging (ECGI) aims to reconstruct electrograms from the body 
surface potential measurements. “Bad leads” with poor quality signals are usually excluded before 
solving the inverse problem. Alternatively, interpolation can be applied. This study explores how 
sensitive ECGI is to different interpolation methods.  
Methods: Experimental data from a Langendorff-perfused pig heart suspended in a human-shaped 
torso-tank was used. Epicardial electrograms were acquired during 30s (31 beats) of RV pacing using 
a 108-electrode array, simultaneously with torso potentials from 128 electrodes embedded in the tank 
surface. Six different bad lead cases (2-7) were designed based on clinical experience. The inverse 
problem was solved by applying Tikhonov regularization for i) bad leads removed data and ii) 
interpolated data. We used three different interpolation methods: inverse-distance weighting (IDW), 
Kriging, inverse-forward method (I-F). Reconstructed electrograms and activation times (AT) were 
compared to those directly recorded by the sock. 
Results: IWD and I-F improved the overall mean correlation of reconstructed electrograms (CCEGM) 
by 0.01 and 0.07 compared to removing bad leads. Kriging reduced CCEGM by 0.01. I-F and IWD 
provided the best reconstruction of activation maps and showed similar accuracy with mean 
correlation (CCAT) 0.09 larger than removing bad leads. Kriging also improved CCAT by 0.01. There 
was no significant difference in localization error for all methods, providing an accuracy of 
approximately 2±0.1 mm. Bad lead locations also affected performance; IWD provided best 
interpolation for case 4 (bad leads over the chest) with only a small reduction in CCEGM and improving 
AT results. I-F was the only interpolation to improve EGM accuracy in case 7 (combining all bad 
leads).  
Conclusions: Interpolation improves results when removed electrodes are not over the chest. Best 
interpolation method depends on bad lead locations. IWD seems the most stable, but I-F can give the 
biggest improvement.   
 
 

 
Figure 1. Mean correlation coefficient values of the reconstructed electrograms (CCEGM) (left), and 
correlation values of the AT maps (CCAT) (right) for all bad lead configurations and all methods. 
 Dogrusoz, etal., CinC 2019

What to do with bad electrodes?
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Registration Pipeline

Bergquist, etal. FIMH Thursday, 11:10
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Improve ECGI

Quantify Uncertainty

Fo
rw

ard Simulation
φ t = A φh

Inverse Calculatio

nφ
h = A-1  φ t

Heart Potentials (φh) Torso Potentials (φt)
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