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Location of premature ectopic ventricular activity was assessed noninvasively in five patients using integral body surface potential maps 
and inverse solution in terms of a single dipole. Precision of the inverse solution was studied using three different torso models: 
homogeneous torso model, inhomogeneous torso model including lungs and heart ventricles and inhomogeneous torso model including 
lungs, heart ventricles and atria, aorta and pulmonary artery. More stable results were obtained using the homogeneous model. However, 

in some patients the location of the resulting dipole representing the focus of ectopic activity was shifted between solutions using the 
homogeneous and inhomogeneous models. Comparison of solutions with inhomogeneous torso models did not show significantly different 
dispersions, but localization of the focus was better when a torso model including atria and arteries was used. The obtained results suggest 
that presented noninvasive localization of the ectopic focus can be used to shorten the time needed for successful ablation and to increase 
its success rate. 
 
Keywords: Body surface potential mapping, ectopic activation, premature ventricular contraction, inhomogeneous torso model, inverse 
problem of electrocardiography. 

 

 

 

 

1.  INTRODUCTION 

Premature ventricular complexes (PVCs) present an 

asymptomatic finding in many patients. However, especially 

if present in higher frequency, PVCs are associated with 

symptoms such as palpitations or fatigue. Frequent PVCs, 

defined as greater than 20 % of all QRS complexes, can lead 

to the development of left ventricular dysfunction. 

The origin of PVCs can be anywhere in the ventricles and 

adjacent structures with predominant location in the right 

and left outflow tracts (RVOT, LVOT). Several methods 

were developed to noninvasively predict the position of its 

focus. However, their accuracy is limited. 

Generally, PVCs can be treated with anti-arrhythmic 

drugs. If PVCs are symptomatic or in higher frequency, and 

do not respond to pharmacological treatment, they are 

indicated for catheter radiofrequency ablation [1].  

The ablation is an invasive procedure performed during 

the electrophysiological (EP) study in a catheter laboratory. 

The catheter is guided under X-ray control and optionally by 

a 3D navigational system to localize the PVC focus. 

Accurate localization of the PVC focus is the most 

important factor for the success rate of the ablation that 

reached 77 % in a long term follow-up [2]. However, 

duration of such procedure may be up to several hours. 

Therefore, it would be desirable to estimate the PVC origin 

noninvasively before the invasive EP study. This could 

significantly decrease the time of the ablation procedure and 

improve its success rate. Noninvasive localization in 
comparison with the invasive EP study does not introduce 

additional risks as bleeding, infection, damage of the vessel, 

perforation of the heart, etc.  

In order to localize the PVC focus noninvasively, the 

inverse problem of electrocardiography should be solved. 

For its solution multiple ECG leads represented as body 

surface potential maps (BSPMs) and a realistic model of the 

patient’s torso (based on a CT or MR scan) are used.  

The aim of this study was to analyze the influence of the 

complexity of patient-specific torso model on the 

noninvasive localization of the PVC origin. The inverse 

problem was solved using equivalent cardiac generator 
represented by one dipole as proposed in [3], [4], [5]. 
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2.  SUBJECT & METHODS 

Two male (Pat004, 77 years and Pat006, 51 years) and 

three female patients (Pat005, 43 years, Pat007, 54 years, 

Pat009, 74 years) with frequent monomorphic PVCs 

underwent measurements of BSPMs, whole torso CT 

scanning and intracardiac EP study. All procedures were 

approved by the Ethic Committee of the University Hospital 
Kralovske Vinohrady, where the data were collected after 

obtaining written informed consent from the patients.  

Multichannel ECG recording was performed by 

ProCardio-8 system [6]. ECG signals from limb leads and 

96 chest leads organized in 12 strips of 8 leads evenly 

distributed over the patient’s thorax were recorded 

using Ag/AgCl electrodes with active adapters (Fig.1.A). 

Signals were sampled at 1 kHz with 16-bit resolution; the 

record length was several minutes. Five ectopic beats from 

the multichannel ECG records of each patient were selected 

for further processing. In each ectopic beat, the initial 20 ms 

interval from the ventricular activation was selected to 
compute integral BSPMs [4]. 

 

 
 

Fig.1.  Input data for the inverse solution. 

 
A) Multichannel ECG measurement using 96 chest electrodes. 
B) Anterior-posterior projection of the whole torso CT scan. White 
dots indicate electrode positions. 

 

After the multichannel ECG recording, the patients with 

placed ECG electrodes underwent CT scanning of the whole 

torso (slice thickness 0.3 mm) using the Siemens Somatom 

Definition system (Fig.1.B). From the obtained CT images 

patient-specific 3D geometries of the torso, lungs, heart atria 

and ventricles (epi- and endocardial surfaces), aorta and 

pulmonary artery were created using TomoCon PACS® 
software [7]. 

On the next day, EP study and catheter ablation were 

performed. Patients underwent the procedure under mild 

conscious sedation with fentanyl. Intravenous isoproterenol 

was infused as was deemed necessary for the induction of 

ectopy in patients with infrequent extrasystole in the 

beginning of the procedure. Catheter ablation was 

performed using 3-dimensional electroanatomic mapping 

(CARTO®, Biosense Webster Inc.). Endocardial bipolar 

and unipolar electrograms were recorded at bandpass filter 

(30-250 Hz for bipolar and 0.1-100 Hz for unipolar) using 
EP recording system (LabSystem PRO™, Boston Scien-

tific). The right ventricle (RV) was mapped via standard 

femoral approach, and the left ventricle (LV) was mapped 

via a transseptal approach. Intracardiac echocardiography 

(Vivid q, GE) was used to guide the transseptal puncture in 

patients with the PVC origin in the LV. These patients were 

anticoagulated with unfractionated heparin for activated 

clotting time of 250 to 300 s.  

The target site for the radiofrequency ablation was 

determined by activation mapping (finding the earliest local 

activation time preceding the earliest surface QRS) and 

confirmed by pace mapping (requiring concordance of 11 

out of 12 leads between the pace map and the clinical 

PVCs). After the target site was located, radiofrequency 

catheter ablation was performed using an open irrigated 
ablation catheter (Thermocool Navistar, Biosense Webster 

Inc.) in the power-control mode (25-40 W, flow 15-

20 ml/min, max. temperature 43°C). Patients were 

monitored for a minimum of 15 minutes with isoproterenol 

challenge after the last energy application to ensure 

complete abatement of the ventricular ectopy.  

Positions of the intracardiac interventions were compared 

with the location of the resulting dipole from the inverse 

solution. LV was divided into 17 segments according to the 

American Heart Association recommendations [8]. RVOT 

was displayed in the superior view and divided into 12 
segments as on the clock. Then, the positions of the focus 

obtained from the EP study and from the inverse solution 

were assigned to the appropriate segment. The location of 

the focus obtained from the EP study was determined by a 

cardiologist and a technician, who performed the EP study. 

The location of the focus as obtained from the noninvasive 

mapping was determined by the technicians, who performed 

the noninvasive assessment. After that, both results were 

compared. 

The inverse solution was based on single dipole model of 

the cardiac electric generator computed from measured 

integral BSPMs representing the initial activation during 
PVC. Integral BSPMs can be generally defined as  
 

 
I

dttim                             (1) 

 

where im is integral body surface potential map, 

ϕ(t) is body surface potential map in time instant t, 

 I  is examined time interval. 

Assuming that the area activated during the examined time 

interval I from the initial phase of the ventricular activation 

can be represented by single dipole, the inverse solution in 

the predefined position in the ventricles can be computed 

using the equation:  
 

imG  B                              (2) 
 

where G’ is dipolar equivalent integral generator, 

B+ is pseudo-inverse of the transfer matrix B 

representing the relation between the equivalent 

heart generator and potentials on the torso. 

Equivalent generator G’ was computed for all positions in 
a regular 3 mm grid throughout the modeled ventricular 

myocardium. The best position of the equivalent integral 

generator was selected according to the criterion of minimal 

value of the relative residual error (RRE) between the input 

integral BSPM (im) and map (gm) computed from the 

equivalent integral generator G’:   
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where n is the number of points in the maps.  
Three torso models with different complexity were 

constructed from the whole torso CT scan and used in the 
inverse solutions (Fig.2.): H – homogeneous torso; I1 – 

inhomogeneous torso with lungs and heart ventricles; I2 – 

inhomogeneous torso with lungs, heart ventricles and atria, 

aorta (AO) and pulmonary artery (PA). The conductivity of 

lungs was assumed four times lower than the conductivity of 

the torso; the conductivity of heart cavities, AO and PA was 

assumed three times higher than the conductivity of the 

torso.  

In each patient the inverse solution was computed for five 

selected ectopic beats and for all three torso models. 

Standard deviation (SD) of positions of resulting dipoles 
from the selected PVC beats was evaluated for each of the 

torso models.  

Fisher’s test was used to compare dispersions of the 

locations of resulting dipoles obtained from the inverse 

solutions using torso models with different inhomogeneities. 

To evaluate the differences between the inverse results for 

various torso models, the mean distances between the 

positions of resulting dipoles for H and I1 models, H and I2 

models, and I1 and I2 models were calculated for each 

patient. 

 

3.  RESULTS 

All EP studies were without complications. The average 

duration of the procedure was 153 minutes, and fluoroscopy 

time was from 5.4 to 19.6 minutes. Acute success (i.e. an 

absence of PVCs after ablation) was reached in all patients 

but there was an early recurrence in Pat004. In patients with 

a focus in the RVOT, the mean prematurity was 37.6 ms and 

the pacemaps accordance was present in all patients. In 
patients with a focus in the LV, the mean prematurity was 

39 ms and the pacemaps accordance was also 12 of 12.  

Locations of the foci obtained from the EP study and 

positions of the resulting dipoles obtained from inverse 

solutions for all torso models are presented in Table 1. 

 
Table 1.  Positions of the ablation lesions and inverse solutions. 

 

Patient 

Position 

of the ablation 

lesion 

Position 

of the inverse solution  

with H, I1, I2 models 

Pat004 septal RVOT 

septal RVOT 

posterior RVOT 

posterior RVOT 

Pat005 left lateral RVOT  
basal anterior LV 
left lateral RVOT 

left lateral RVOT  

Pat006 basal inferior LV 

basal inferior LV 

basal inferior LV (4/5) 

basal inferior LV  

Pat007 septum RVOT 

septal RVOT 

anterior septal RVOT 

septal RVOT (2/5) 

Pat009 basal anterior LV 

basal anterior LV  

basal antero-lateral LV (2/5) 

basal anterior LV (4/5) 

 
In three patients the PVC focus was located in the RVOT 

and for the other two patients it was located in the LV. For 

all patients (except Pat005 with torso model H) the location 

of the PVC focus obtained from the inverse solution was 

estimated correctly within the particular chamber, 

independent of the used torso model. The result for Pat005 

with torso model H was also close to the true origin of the 
PVC, but it was shifted to anterior side of the left ventricle. 

SDs of positions of resulting dipoles for all patients and 

torso models are depicted in Fig.3. The average SD of the 

positions for all patients was 2.8 mm (range 0.0 to 7.2 mm) 

with model H, 9.9 mm (range 0.0 to 29.5 mm) with model 

I1 and 8.6 mm (range 0.0 to 17.2 mm) with model I2.  

 

 
 

Fig.2.  Torso models with different inhomogeneities: H – homogeneous torso; I1 – inhomogeneous torso with lungs and heart ventricles;  
I2 – inhomogeneous torso with lungs, heart ventricles and atria, aorta and pulmonary artery.
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Fig.3.  Standard deviations of the positions of resulting dipoles 
obtained from 5 heart cycles in a homogeneous (H) and two 
inhomogeneous torso models (I1 and I2) for each patient. 

 

Dispersion of positions of the resulting dipoles obtained 

with the homogeneous torso model was significantly lower 
than the dispersions of the inverse results obtained with both 

inhomogeneous torso models (p < 0.05). Dispersions of 
dipole positions obtained with inhomogeneous torso models 

I1 and I2 were not significantly different.  
The examples of results of the inverse solution for all three 

torso models are demonstrated on Pat005 with PVC focus 
located in the RV (Fig.4.) and on Pat006 with PVC focus 

located in the LV (Fig.5.). 
 

 
 

Fig.4.  Results for patient Pat005 in superior view. Ablation points 
from the EP study (upper left) marked by red markers on clock 9 
and 10. Results of the inverse solution (marked by red squares) for 
five selected PVC complexes as obtained with model H (upper 
right) and with models I1 and I2 (lower left and right).  

 
In Pat005 the pathological source of the premature 

ventricular activity was located in the left lateral RVOT 
during the EP study. The inverse solution with 
homogeneous torso model localized the position of the PVC 
focus as slightly shifted to anterior LV. However, inverse 
solutions with inhomogeneous torso model I1 and I2 
showed position close to the EP study location in left lateral 
RVOT. For all torso models locations of the resulting 
dipoles for all five ectopic beats were very close to each 
other (Fig.4.).  

 
 

Fig.5.  Results for patient Pat006 in posterior view. Ablation points 
from the EP study (upper left) marked by red dots in the posterior 
LV. Results of the inverse solution (marked by red squares) for 
five selected PVC complexes as obtained with model H (upper 
right) and models I1 and I2 (lower left and right). 

 

In Pat006 the focus of the ectopic beat was ablated in basal 

inferior LV during the EP study. Results of the inverse 

solution for five selected PVC complexes with torso 

model H were located in basal inferior LV. Positions of the 

resulting dipoles obtained with torso model I1 were in the 

basal inferior LV with one outlier in basal anterolateral LV 

causing the highest SD of positions of the resulting dipoles 

among all patients. Resulting dipoles obtained with torso 

model I2 were also distributed along the basal inferior part 

of the LV. Nevertheless, they were in accordance with the 

results from the EP study (Fig.5.).  

Mean distances between the groups of resulting dipoles for 

the three used torso models are depicted in Fig.6.  

 

 
 

Fig.6.  Mean distances between the groups of resulting dipoles for 

three torso models: H and I1 models (blue); H and I2 models (red); 
I1 and I2 models (green). 

 
Largest distances between the above mentioned groups of 

resulting dipoles were obtained between torso models H and 

I1 in all patients, except Pat006. Smallest distances were 

between torso models I1 and I2 in all patients with ectopic 

focus located in the RV (Pat004, Pat005, and Pat007). 
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4.  DISCUSSION  

The influence of torso model inhomogeneities on the 

inverse localization of the focus of ectopic ventricular 

activity was studied on five PVC patients. Three torso 

models with different complexity of inhomogeneities were 

created for each patient and the inverse problem was solved 

for five ectopic beats selected from the patient’s 

multichannel ECG records. SD of positions of the resulting 

dipoles was used to estimate the stability of the inverse 

solution. Minimal SD (2.8 mm) was obtained when 

homogeneous torso model H was used for computation of 

the inverse solution. This value is comparable with the 

spatial resolution of the method because predefined dipole 

positions for the possible inverse results were placed in a 

3 mm grid. 

Adding inhomogeneities to the torso model led to 

increased SD of the positions of the resulting dipoles. 

However, for some beats more accurate results, better 

corresponding with anatomical description of the ablation 

positions during the intracardiac EP study were obtained for 

inhomogeneous torso models.  

SDs of the resulting dipoles obtained with all torso models 

were bigger in patients with PVC focus located in the LV, 

which can be caused by the larger distance of the LV 

position to the measuring electrodes.  

Mean distances between the resulting dipoles computed 

for the three torso models were calculated in order to 

determine how the positions of resulting dipoles will be 

shifted if different torso models are used. The biggest 

distances (from 3.5 mm to 21.3 mm) were between the 

results obtained with homogeneous torso model H and both 

inhomogeneous torso models I1 or I2. The smallest 

distances (from 0.0 mm to 9.8 mm) were between the 

groups of resulting dipoles obtained with inhomogeneous 

torso models. This is probably caused by closer similarity of 

the two inhomogeneous torso models. 
Quantitative evaluation of the distance between the 

location of the PVC focus from the inverse solution (using 

the heart model obtained from CT) and the location of the 

successful ablation (using the heart geometry obtained from 

the navigation system CARTO®) is not presented because 
the exact merging of the two geometries has not been 

performed yet. Therefore, evaluation of the accuracy of the 

inverse solution is based only on the anatomical description 

of the positions.  

Comparison of the models showed that homogeneous 

torso model H provides the smallest dispersion of the 

inverse results from different ectopic beats and good 

correspondence with results of the EP study in most cases. 

On the other hand, despite lower stability expressed by 

higher dispersion of results from different ectopic beats, 

most inverse results obtained with the inhomogeneous torso 

model I2 showed very good correspondence with positions 
of the ablation points during the EP studies and the 

remaining results were shifted less than 2 cm. 

The results of inverse solutions can be also influenced by 

other factors: methods for solving the inverse problem, 
number of measured ECG leads, methods for signal 

processing and selection of the time interval for integral 
BSPMs, accuracy of the CT scan segmentation, parameters 

of the thorax model (conductivities of lungs and blood in 

heart cavities), etc.  
The inverse problem is generally ill-posed and therefore 

some regularization is needed for its solution. Usually, the 
Tikhonov regularization method is used. Studies on 

numerical factors of the inverse solution using the Tikhonov 
regularization were reported in [9] and [10]. Another 

approach to solve the inverse problem is to use an 

equivalent cardiac generator in the form of moving or fixed 
dipoles [11], [12] that was used also in this study.  

The number of the electrodes used for BSPMs varies up to 
256 [13]. The amount and positions of BSPM leads required 

for accurate inverse solution was studied by van der Graaf, 
Lux and Hoekema in [14], [15], [16]. They showed that if 

limited number of leads (24 - 64) is used, they should be 
placed non-uniformly on both, anterior and posterior sides 

of the torso with highest density on the left anterior chest 
where the surface electrical potential has the highest 

gradients. In our study 96 evenly distributed leads on the 
patient’s torso were used for the BSPMs. 

It was shown elsewhere that for accurate inverse solution 
patient-specific geometry should be used [13], [17], [18]. 

Precision of the reconstruction of the patient-specific 
geometry from CT images was studied by Prakosa in [19] 

and its influence on accurate electrophysiological imaging 
by Rahimi [20]. In this study specialized image-processing 

software TomoCon PACS® was used to construct precise 
patient-specific torso geometries from whole torso CT 

scans. 
Impact of the complexity of the patient-specific geometry 

(organs and their conductivities in the volume conductor 
model) on surface potentials was studied by Doessel [21] 

and Zemzemi [22]. Global study of the influence of the torso 
inhomogeneities on atrial and ventricular ECG signals was 

performed in [21]. Realistic forward simulations showed 
that the conductivity of blood in the main vessels had high 

impact on the atrial signals. Nevertheless, the influence of 
this conductivity on the inverse solution using ventricular 

signals was not evaluated in the study. Ramanathan 
concluded in [23] that in clinical application it is not 

necessary to include torso inhomogeneities in noninvasive 
electrophysiological imaging but Zemzemi showed in [22] 

that using inhomogeneities in combination with low noise 

ECGs improves the accuracy of the inverse solution. These 
results are in accordance with the results of our study. 

Attempts to find the focus of ectopic ventricular activity 
by solving the inverse problem were performed on 

simulated data [24] and also in animal experiments [24], 
[25], [26]. Few validation studies on patients were published 

in [13], [27], [28]. 

This study was performed on five patients with 

monomorphic PVC and their BSPMs were used as input 
data for the inverse solution to one dipole. Patient-specific 

torso geometries were constructed from the whole torso CT 
scans. Despite the observed dispersion of the resulting 

dipoles, their noninvasively located positions were accurate 
enough to define the correct cardiac compartment, in close 

proximity to the site where the successful ablation procedure 
was performed. Homogeneous torso model H and 

inhomogeneous torso model I2 are preferable for the inverse 
solution to define the right site of the PVC focus.  
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The limitation of the study is that the results are based on a 

small group of five patients, which can be considered 

sufficient for testing the method, however, the clinical 

relevance will require testing this method on a larger group 

of patients. 

 

7.  CONCLUSIONS 

Five patients with PVC underwent multichannel BSPM 

and CT scanning. Integral BSPMs from the initial 20 ms of 

five ectopic beats were computed for each patient. Patient-

specific torso models were created from whole torso CT 

scans and together with integral BSPMs used as input data 

for noninvasive localization of the ectopic focus by inverse 

solution in terms of a single dipole.  

One homogeneous and two inhomogeneous torso models 

were used for evaluation of the impact of inhomogeneities 

on the inverse solution. The most stable results were 

obtained with the homogeneous torso model H. 

Unfortunately, the use of this model might lead to less 
accurate localization of the PVC focus in some cases. The 

use of inhomogeneous torso model I2, despite higher 

dispersion of results from different ectopic beats, led in most 

cases to very good correspondence of the inverse solution 

with the result of the EP study and the remaining results 

were also in close proximity to the location of the ablation 

lesion. Therefore, torso model I2 should be used to clarify 

the position of the PVC focus. Comparison of solutions with 

torso models I1 and I2 did not show significantly different 

dispersions but localization of the focus was better when 

torso model I2 was used.  
Although the proposed localization method is relatively 

time consuming and requires additional BSPM and CT, it is 

noninvasive and the benefits of its involvement into the pre-

EP study protocol could be reduced time of the EP study, 

lower load on the patient and increased success rate of the 

ablation. 

For final conclusion, whether the inhomogeneous torso 

model including lungs, heart ventricles and atria, aorta and 

pulmonary artery filled with blood can increase the accuracy 

of the inverse solution, more cases with exact quantitative 

evaluation need to be studied.  
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