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Abstract.  To quantify effects of torso-model construction on the accuracy of inferred heart-surface 
potentials, images of the Visible Human Male were segmented to create full-body, torso- and heart-
model surfaces. Known heart-surface potentials were 90-electrode sock recordings from the ventricles 
of an adult male. Full-body and all torso models were zonal, that is, constructed from adjacent, sampled 
contours. Each model contained the same 163 electrode sites. Relative errors (REs) of forward-problem 
solutions compared to the full-body results at the electrodes were about 2.5% for typical torso models. 
The REs were largest on the left side at the bottom of the torso, in the vicinity of the heart, and on the 
upper left back. REs of inverse solutions with 10µv peak-to-peak noise in body-surface potentials 
increased by 22% at the peak of the R wave and by 24% over the QRS complex. Results suggest that 
selection of electrode locations near body-surface truncation sites and fidelity of surface construction 
near the heart are critical steps in data acquisition and torso modeling needed to minimize inverse-
problem errors. 
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1.  Introduction  
It is well known that the accuracy of heart models clearly affects the quality of solutions to the 

forward and inverse problems of electrocardiography [Tate et al.2018].  Although a given geometric 
error in a heart model has more effect on inverse solutions than the same error in torso geometry, torso 
model errors can have a significant effect on inverse solutions. 

Torso model construction practices vary considerably [van Oosterom1990], [Huiskamp and van 
Oosterom1992], [Zhou and van Oosterom1994], [Johnson and MacLeod1994], [Hren et al.1996], 
[Thivierge et al.1997], [Hren et al.1998], [Arthur et al.1998], [Baysal and Eyuboglu1998], 
[Gulrajani1998], [Hoekema et al.1999], [Johnson and MacLeod1998], [Kauppinen et al.1999], [van 
Oosterom1999], [Smith1999], [Throne et al.1999], [Bradley et al.2000], [Potse et al.2000], [Hren and 
Stroink2001], [Ramanathan and Rudy2001], [Ghanem et al.2003], [Arthur et al.2003], [Cheng et 
al.2003], [Li and He2004], [Modre et al.2004], [Farina et al.2009], [Milanic et al.2009], [Shou et 
al.2011], [Aydin and Dogrusoz2001], [van Oosterom2012], [Kania et al.2014].  Models have usually 
been based on segmenting contours from images, such as CT or MRI scans.  

It is becoming more common, however, to build models from point clouds [Lodka and Franke1999], 
[Arthur and Trobaugh2012].  Whatever the method, there remains the problem of selecting anatomical 
features to use in constructing torso models that minimize errors in inferred cardiac sources.

Here we report the effects on both forward and inverse solutions of systematically reducing the full 
body surface to a torso model by truncating anatomical features. Our objective was to find the increase, 



if any, in relative error (RE) of inferred cardiac sources that could be attributed to body-surface 
reduction methods that are commonly employed. 

Our approach was to truncate the full-body surface of the Visible Human Male [Spitzer et al.1996] to 
form reduced body-surface models, then compare forward and inverse solutions in these torso models 
to full-body results, using measured heart-surface potentials from the ventricles of an adult male 
[Arthur et al.1998]. 

2.  Methods: Simulation and Measurement of Electrocardiograms in Humans 

Heart and full-body models were based on manual segmentation of parallel color images of the 
Visible Human Male [Spitzer et al.1996].  This approach allowed for body-surface truncation without 
affecting the location of remaining model nodes or electrode locations, so that forward solutions could 
be compared at the same electrode sites. Inverse solutions could also be inferred from potentials at 
those same electrode sites in the full-body and reduced-surface torso models. 

2.1 Surface Model Construction from Contours 

To generate full-body and torso models for comparison we segmented color images of the Visible 
Human Male as shown in Fig. 1, in 1-cm steps from head to toe.  Specifically, the surface of the head 
and neck, heart, torso, pelvis, arms and legs were sampled on contours separated by 1 cm. These 
contours were resampled at uniform intervals along each contour and were up-sampled to be sure 
spatial aliasing had not occurred during resampling.  

Surfaces were formed by triangulating between contours. The heart of the Visible Human Male was 
also segmented at 1-cm intervals to form the 93-node heart surface heart model shown in Fig. 2. This 
figure also shows the simulated body-surface potentials near the peak of the R wave. 

Fig. 1.  Image of The Visible Human Male through the heart and lungs 450 mm from the top of the head, along with 
segmentation of the torso, heart, lungs and arms (white dots). 

The full-body surface was systematically reduced by 
removing 1) the legs, then 2) the right arm, 3) the left arm, 
4) the pelvis, head and neck, and 5) the shoulders to form 
the torso models shown in Fig. 3. Positions of 163 
simulated electrodes uniformly distributed over the torso 
surface are also shown in Fig. 3. They were at the same 
position in all torso models, as well as on the full-body 
model. All models had closed surfaces and subtended a 
solid angle of 4π, as expected.

Fig. 2.  Full body surface model of the visible human male, Left) Back 
view with heart model, Right) Front view with of iso-potential map near 
the peak of the R wave found using sock-electrode recordings from an 
adult male. Scale values are in mv. 



Fig. 3.  Torso models reduced from the full Visible Human Male surface shown in Fig. 2. TM#1 is the full body without legs. 
TM#2 is without legs and the right arm. TM#3 is without legs and arms. TM#4 is without legs, pelvis, head and neck. TM#5 is 

without legs, pelvis, head, neck, arms and shoulders. All models show the location of simulated electrode sites (asterisks) used in 
forward and inverse solutions. 

. 

2.2 Forward-Problem Solutions  
To solve the forward-problem, transfer-coefficients ZBH were calculated for the 93-node heart surface 

to the nodes of all body surfaces using the method of Barr and coworkers [Barr et al.1977].   Body-
surface potentials ΦB were calculated at the electrode locations in the full-body and all torso models for 
unit voltages, i.e., with ΦH = [1] and compared to assess forward-problem effects of full-body reduction 
to torso models. 

2.3 Inverse-Problem Solutions  
To assess effects on the inverse problem, inferred potentials were compared to known values. Known 

heart-surface potentials ΦH were taken from 90-electrode sock recordings in an adult male during 
normal sinus rhythm [Hood et al.1992], [Rokkas et al.1994].  Sock-electrode recording were mapped to 
the heart model using methods described previously [Arthur et al.1998].  

Inferred heart-surface potentials were found using zero-order Tikhonov regularization 
[BeetnerandArthur2004].  



    , 

where I is the identity matrix (zero-order) and ΦN , the noise added to the surface potentials ΦB , was 
10µv peak-to-peak [Arthur1983]. Because ΦH was known, an optimal value for the regularization 
parameter τ was found that minimized relative error (RE) at each instant during the QRS complex.  The 
RE reported for each inverse solution was the mean of 10 runs. 

2.4 Model Construction from the TM#4 Point Cloud  

It may not be possible or desirable to construct a torso model from contours. More 
commonly a point cloud is used to build a torso model. To assess possible additional errors 
when reducing a point cloud to a torso model, the point cloud from TM#4 was used to form 
torso models with radial-basis functions [Powell1987], [Carr et al.1997], [Carr et al.2001], [Chuka-
Obah2008], and spherical harmonics [Hren and Stroink1995].  These models along with TM#4 are 
shown in Fig. 5. These surfaces were tested to be sure they were closed by finding the solid angle from a 
point inside each model surface [van Oosterom and Strackee1983]. 

Radial-basis functions were defined by clusters of 16 points from the cloud to determine the inside 
and outside of the model with bi-harmonic interpolation [Hardy1990]. Treece’s isosurface method based 
on regularized marching tetrahedra was used to create surface elements of appropriate size and 
number [Treece et al.1998].  In addition, a 12th degree harmonic at the torso center was matched to 
the point cloud. The spherical-harmonic approximation can be used to generate a model with an 
arbitrary number of surface elements with appropriate choice of the polar and azimuthal angles. 

Models formed from the TM#4 point cloud, however, have nodes that do not match the position 
of points in the original model. Consequently, the RE for forward- and inverse problem solutions 
are no longer meaningful. Distance from the 163 simulated electrode sites to the torso surface was 
used to assess model quality (match to the original Visible Human Male surface). The electrode-to-
surface distance was assessed by finding the nearest neighbor in a radial-basis model with 53094 
nodes and in a spherical-harmonic model with 262146 nodes. 

3. Results  

3.1 RE of Forward-Problem Solutions 
Relative errors (REs) of forward-problem solutions compared to the full-body results at the same 

163 electrode sites are given in Table I for the five torso models in Fig. 3. As might be expected the 
effect of removal of the legs is negligible. Removal of the right arm adds about 1% to the RE. The RE 
increases with the removal of both arms, pelvis, head, neck and shoulders was 0.0258 ± 0.0014 or 
about 2.5%. This error is primarily due to the removal of the left arm. The removal of the pelvis, head, 
neck, and shoulders had negligible additional effect.  

TABLE I 
Relative Error of Forward-Problem Solutions Compared to the Full-Body Solution 

TM#1 TM#2 TM#3 TM#4 TM#5
0.0001 0.0115 0.0242 0.0265 0.0266

Because the REs of the forward-problem solutions in torso models TM#3, TM#4 and TM#5 were 
nearly the same and because TM#4 is representative of many torso models, it was used to study the  



Fig. 4.  Relative errors in percent of forward-problem solutions at 163 simulated electrode sites used in forward and inverse 
solutions on torso model TM#4 compared to the full-body solution. TM#4 is the full body without legs, pelvis, arms, head and 

neck.

detailed distribution of forward-problem REs. Fig. 5 shows the REs at the electrode locations. The REs 
were largest on the left side at the bottom of the torso, in the vicinity of the heart, and on the upper left 
back.  

3.2 RE of Inverse-Problem Solutions 
REs of inverse solutions near the peak of the R wave and over the QRS complex with 10v peak-to-

peak noise added to body-surface potentials at all 163 electrode sites are given in Table II for torso 
models TM#3, TM#4 and TM#5. The RE at the peak of the R wave increased by from 18-24% 
compared to the full-body solution.  Over the QRS complex the RE also increased by about 22%.  

Table II 
Relative Error of Inverse-Problem Solutions with 1% Noise 

Full-Body TM#3 TM#4 TM#5
Peak R Wave 0.34 0.40 0.42 0.42
QRS Complex 0.46 0.56 0.56 0.56

3.2 Quality of Torso Models from a Point Cloud 
Point clouds, rather than contours as used in reduction of the Visible Human Male, are commonly 

used to build torso models.  Two torso models constructed from the TM#4 point cloud are shown in Fig. 
5.  One method uses local interpolation (radial-basis functions) and the other uses global interpolation 
(spherical harmonic) of the point cloud to construct the torso models.  

Fig. 5.  Torso-surface representations.  Left) Point cloud of TM#4 with the 163 simulated electrode locations used in the zonal 
models (TM#1 -TM#5).  Middle) Radial-basis function torso with 802 nodes. Right) 12th-degree spherical harmonic torso with 
962 nodes. Distance from the electrodes to the torso surface as given in Table III was used to assess the quality of each torso 

model

Distance from the 163 simulated electrodes to the torso surface shown in Table III was used to assess 
the quality of each of these torso models.  Mean ± standard deviation of the distances from electrode 
locations to each torso surface is given in Table III. The electrode-to-surface distances are comparable, 
although the radial-basis function mean is slightly smaller with a lower standard deviation.  

Table III 
Electrode Distance to Point-Cloud Model Surface 

Radial-Basis Function Spherical Harmonic
1.75±0.68 mm 1.91±2.36 mm



4.  Discussion 
The increase in relative error of the inverse solutions due to reduction of the body surface to form 

torso models was about 24%. Most of this increase occurred with the removal of the arms, especially 
the left arm.  REs did not significantly increase with the additional removal of head, pelvis, and 
shoulders.  Presumably modeling the torso surface in the vicinity of the heart has the greatest impact 
and should be the subject of further study.  

These findings also suggest that in addition to the need for individualizing torso models shown pre-
viously [Arthur et al.1998], care must be taken in the process of extracting the torso model from the full 
body for each subject. The spatial distribution for the forward-problem REs showed that it was largest 
on the left side at the bottom of the torso, in the vicinity of the heart, and on the upper left back. These 
are areas in which it is suggested that torso models should most closely match an individual’s torso. 

The Visible Human Male measurements were used to create zonal models, that is, they were 
constructed from adjacent, sampled longitudinal contours. It may not be possible or desirable, 
however, to construct a torso model from contours. More commonly, a point cloud is used to build a 
torso model [Lodka and Franke1999]. Because of the relative ease of forming a point cloud with 
inexpensive 3D sensors, such as the Kinect [Khoshelham and Elberink2012], torso models built 
from clouds can more readily retain torso detail in the vicinity of the heart, including more of the 
arms (See Fig. 5). 

Both point-cloud-based models we investigated that had closed surfaces and were good matches to 
Visible Human Male measurements. Electrode-to-torso distances were < 2 mm. The radial-basis 
function model surface was slightly closer to the electrode locations, but by < 0.2 mm on average. The 
spherical-harmonic model, however, gracefully truncated the region of the left arm, which may give it 
an advantage. This contention is yet to be investigated. 

4.  Conclusions 
The RE of forward solutions was 2-3% and the increase in RE of inverse solutions was 24% due to 

torso-surface reduction. The increase in RE was negligible with removal of the legs. Most of the 
increase in error occurred with removal of the arms, especially the left arm. The increase in RE with 
the additional removal of the head, pelvis, and shoulders was not significant. Modeling of the torso 
surface in the vicinity of the arms and the location of electrodes is critical to minimizing error. Model 
formation from point clouds, rather the zonal construction tested here, matched the measured points 
very closely and are therefore are expected to have negligible additional effect on the RE values found 
in this study. 
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