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Abstract
As radio frequency (RF) catheter ablation becomes increasingly prevalent in the management of
ventricular arrhythmia in patients, an accurate and rapid determination of the arrhythmogenic site
is of important clinical interest. The aim of this study was to test the hypothesis that the inversely
reconstructed ventricular endocardial current density distribution from body surface potential
maps (BSPMs) can localize the regions critical for maintenance of a ventricular ectopic activity.
Patients with isolated and monomorphic premature ventricular contractions (PVCs) were
investigated by noninvasive BSPMs and subsequent invasive catheter mapping and ablation.
Equivalent current density (CD) reconstruction (CDR) during symptomatic PVCs was obtained on
the endocardial ventricular surface in 6 patients (4 men, 2 women, years 23–77), and the origin of
the spontaneous ectopic activity was localized at the location of the maximum CD value.
Compared with the last (successful) ablation site (LAS), the mean and standard deviation of
localization error of the CDR approach were 13.8 mm and 1.3 mm, respectively. In comparison,
the distance between the LASs and the estimated locations of an equivalent single moving dipole
(SMD) in the heart was 25.5 ± 5.5 mm. The obtained CD distribution of activated sources
extending from the catheter ablation site also showed a high consistency with the invasively
recorded electroanatomical maps. The noninvasively reconstructed endocardial CD distribution is
suitable to predict a region of interest containing or close to arrhythmia source, which may have
the potential to guide RF catheter ablation.
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1. Introduction
As radio frequency (RF) catheter ablation becomes increasingly prevalent in the
management of ventricular tachyarrhythmia in patients, an accurate and rapid determination
of the arrhythmogenic site is of important clinical interest, especially for the focal
ventricular tachycardia (VT) and symptomatic premature ventricular contraction (PVC),
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which are usually treated with an invasive endocardial surface mapping for detecting those
ectopic activities [1,2]. Many efforts have been made in order to estimate noninvasively site
of arrhythmia initiation using various electrocardiographic (ECG) inverse solutions,
including single moving dipole (SMD) solution [3–7], heart surface activation imaging [8–
11], epicardial inverse potential solution [12–14], intramural activation imaging [15–19],
and endocardial current density (CD) reconstruction (CDR) [20–25,35]. Following up on our
previous animal studies on the recently proposed endocardial CDR approach [25], this study
assessed the feasibility of using endocardial CDR approach to localize the initiation site of
ventricular ectopic activities in patients with symptomatic PVCs, using noninvasively
recorded body-surface potential maps (BSPMs) together with individual heart-torso
computed tomography (CT) images. By noninvasively localizing the site of origin of
arrhythmia or at least estimating a region of interest containing or close to the
arrhythmogenic site before catheterization procedure, the investigated endocardial CDR
technique would provide a useful and applicable pre-surgery guideline for operator, and
potentially reduce the time needed for detailed catheter mapping.

The aim of the present study was to further assess the performance of endocardial CDR
approach in estimating the region critical for maintenance of a clinical ventricular ectopy in
patients in order to provide a quantitative measurement of its source localization accuracy.
In comparison to previous case reports in patients [20–24] and experimental validations in
swine [25], the present study provides the first attempt to quantitatively evaluate the
endocardial CDR approach regarding noninvasive localization of ventricular ectopic activity
in patients, by comparing with invasive three dimensional (3D) electroanatomical mapping
and subsequent successful catheter ablation.

2. Methods
2.1. Subjects

Six consecutive patients (four male, two female patients; age, 58 ± 20 years; range, 23–77
years) were studied. All patients underwent electrophysiological examinations and
subsequent RF catheter ablations for symptomatic PVCs. All patients underlying sinus
rhythm with PVCs had structurally normal hearts except for one patient who had a previous
myocardial infarction and drug-refractory ventricular arrhythmias. Patient characteristics are
given in Table 1. All experimental protocols were approved by the Institutional Review
Board (IRB) of the XinHua Hospital (affiliated to Shanghai Jiaotong University School of
Medicine, Shanghai, China), where data collection was performed, and written informed
consent was obtained from all patients.

2.2. ECG mapping
For the body-surface mapping (Figure 1(a), (c), and (e)), BSPMs were recorded in patients
with PVCs one day before the ablation. Around 10 minutes of data were collected for each
patient. Specifically, 208 conductive-carbon surface electrodes arranged in strips
(ActiveTwo system, BioSemi V.O.F, Amsterdam, the Netherlands) were positioned with
144 electrodes on the chest and 64 electrodes on the back. The body-surface electrodes were
referenced to the Wilson central terminal. Moreover, an electromagnetic localizer (Fastrak,
Polhemus Inc., Colchester, VT, USA) was used to digitize the body-surface electrode
positions on the chest while the patient lay in the supine position during the BSPM
recording, and on the back as the patient sat upright after the BSPM recording. Three
additional fiducial points were located at the precordial, under the left and right armpits,
separately, in order to register the digitized body-surface electrodes with CT images.
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2.3. Geometric modeling
After BSPM recordings, patients underwent both a thoracic CT scan and a contrast-
enhanced cardiac CT angiography scan (ECG gated to 70% of the R-R interval) so as to
construct the patient-specific torso and ventricular endocardial geometry (Figure 1(1b) and
(1d)). The torso CT data were obtained in four of six patients (not available for patients 3
and 6) with a slice thickness of 7.5 mm and a pixel size of 0.78 × 0.78 mm, and the
ventricular geometries were imaged in all patients with a slice thickness of 0.75 mm and a
pixel size of 0.39 × 0.39 mm. With the segmented boundaries of the torso, lungs, heart, and
the endocardial surfaces of the left ventricle (LV) and right ventricle (RV), an individual
numerical volume conductor torso model and the corresponding ventricular endocardial
surface model were constructed for each patient (note that a generic torso model was used to
co-register with the individual ventricular model in patients 3 and 6). Piecewise isotropic
conductivities of 0.2, 0.04, and 0.6 S m−1 for the torso, lungs, and heart were used,
respectively [26]. Each torso model contained over 4000 triangular boundary elements, and
the number of divided small patches on endocardial surface of the LV or RV, which was
used for the subsequent current dipole source estimation using the CDR method [20,25], was
around 2000–3000. An example of a triangulated heart-torso model obtained from CT data
is given in Figure 1(d). Modeling parameters are given in Table 1.

2.4. CDR solutions
The ventricular endocardial CDR method for estimating the cardiac ectopic focus used in
this study has been previously described [20,23,35] and rigorously validated in a pacing
study in a swine model [25]. By combining body-surface potentials and heart-torso
geometric information, the CDR inverse problem was solved with the CURRY software
package (Compumedics, Charlotte, NC, USA). Resultantly, the equivalent cardiac source
distribution was reconstructed noninvasively on the endocardial surface for the early stage
of the ectopic activity (Figure 1(f)). For the relatively small time window of around 20 ms
after initiation of an ectopic activity, only the myocardial tissues near the arrhythmogenic
site are depolarized, which generate a resultant bioelectric current distribution. Meanwhile,
the rest of the heart is still in a resting state, with virtually no electrical activity. The cardiac
electric sources from this small area of depolarized myocardia are assumed to be restricted
near the ectopy on the endocardial surface. Therefore, the current density distribution on the
endocardial surface only of the LV or RV at the early stage of an ectopic activity could
approximate the electrical activity of the whole heart [20,25]. Under such assumption, a
source model constraint was applied on the endocardium either of the LV or RV on basis of
the pattern of BSPMs, and the corresponding ventricular endocardial surface was uniformly
divided into couple thousands of small patches. The equivalent current density source model
used for ectopic source localization consists of couple thousands of myocardial current
dipole sources correspondingly located on these patches. Each of the computed dipoles (at
an assigned fixed-location while with arbitrary strength and direction [20,23]) reflects the
cardiac electrical activity of the small patch it represents, thus resulting in a spatially
segmented image of the cardiac electrical activity, which relates the calculated current
dipole distribution of the heart to the recorded body-surface ECGs for the early stage of an
ectopic PVC activity (Figure 1(g)).

In this study, the initiation of an early ventricular premature beat was defined as the 0th ms
when the magnitude of the measured surface potentials was equal to that of noise (the
signal-to-noise ratio (SNR) was equal to 1); then, the onset instant was determined manually
at the time when the beginning of an apparent activation could be observed clearly from the
ECGs [25]. The resultant cardiac current source, generated by the activated myocardium
close to the arrhythmogenic site during early ventricular premature activity, was computed
on the constrained endocardial surface of the LV (or RV) in steps of 1 ms after the initiation
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of the 0th ms. Specifically, the computed resultant endocardial electrical sources during the
early stage of each PVC beat in terms of the magnitude of CD, represented in a spatial
resolution of 1 mm, were depicted as CDR maps by means of a color-coded endocardial
surface plot of the LV or RV, as labeled with ‘CDR Map’ shown in Figure 1(g) at the onset
instant of a PVC beat coming from RV. Besides the anatomic illustration where an
endocardial ‘hot spot’ region contains or is close to arrhythmogenic sources during the early
depolarization of an ectopic activity, we also evaluated the site of maximum value of CDR
map (labeled with ‘CDRmax’ in Figure 1(g)), and the optimal site by means of the single
moving dipole (SMD) solution (labeled with ‘SMD’ in Figure 1(g)), for quantitative
estimation of the sites of origin of PVC ectopic activity [23,27]. Note that the SMD used to
represent cardiac electrical activity is defined as one dipole source, freely movable within
the heart, whose resultant body surface potentials would be the closest to the measured one
[3–7].

2.5. Statistical analysis
The accuracy of the CDR inverse solution was evaluated in terms of the localization error
(LE) of the initiation sites of PVC ectopic beats. In each patient who had PVCs, ventricular
endocardial activations were mapped invasively with a 3D electroanatomical mapping
system (CARTO, Biosense-Webster Inc., Diamond Bar, CA, USA). After identifying the
earliest ventricular activation, characterized as a ‘hot spot’ in the CARTO map, the RF
ablation procedure was performed. Thereafter, all patients were seen in an outpatient clinic
with a three-month follow-up. The last (successful) ablation site (LAS) in each patient with
PVC was labeled on the CARTO map (labeled with ‘LAS’ in Figure 1(h)), and its location
obtained from contrast venograms and posteroanterior and lateral chest X-rays, was marked
on the cardiac CT images by a cardiac electrophysiologist who was blinded to the body
surface mapping and inverse solution data [9,28,29]. As such, the location of the LAS within
the LV or RV served as a referencewas directly compared with the estimated locations of the
maximum CDR point in the resultant heart-torso model (labeled with ‘LAS’ in Figure 1(g)).
The LE statistical analyses, by measuring the 3D distances between the marked LASs and
the correspondingly maximum CDR points (and the optimal SMD), were carried out in the
resultant heart-torso model over selected 8–10 ectopic beats for each patient, respectively.
The overall average distance and standard deviation (SD) were then computed. Additionally,
the ‘hot spot’ CDR map with a threshold set at 90% of the maximum current density
(μAmm−2), about the extents of the active cardiac areas at the onset of the PVC complex,
was also evaluated qualitatively by comparing that with earlier active areas, as identified
from the CARTO activation map [25,27].

3. Results
In ten-minute BSPM recordings, over 1000 PVC beats were identified in six PVC patients
(about 200 PVC beats per patient). Of those three patients were found being frequently
isolated and monomorphic PVCs (patients 1, 2, and 5), rare but isolated monomorphic PVCs
were recorded in two patients (14 beats in patient 3 and 8 beats in patient 6). Moreover,
previous infarction was found at the posterior base of the LV in the other patient (patient 4),
who had frequent unifocal couplet PVCs. In each patient, RF ablation was performed
successfully at one of the following endocardial areas with up to nineteen ablation sites,
such as the RV outflow tract (RVOT, in patients 1, 3, 5, and 6), the left coronary cusp (LCC,
in patient 2), and the LV Posterior (LVP) base (in patient 4).

Figure 2 shows an example of the reconstructed heart-torso volume conductor model and the
body-surface potential measurements in patient 1. This individual heart-torso model
consisted of 6,270 triangular boundary elements including the torso, lungs and heart. The
endocardial surface of the RV was segmented uniformly into 2406 patches, each of which
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was represented by a corresponding pre-fixed dipole source. The displayed ECGs in a
butterfly format were recorded during a PVC from 202 surface electrodes (data from six bad
channels were excluded). The locations of the body surface electrodes are shown on the
volume conductor model (140 electrodes on the front and 62 electrodes on the back, note
that 6 bad channels were not included in this model). In Figure 2, the initiation and
subsequent onset instant of an early ventricular premature beat are indicated at the 0th ms by
a solid black line and the 21st ms by a dash red line in one of the recorded body-surface
potential signal waveforms, separately (No. F81 channel, the corresponding electrode of this
channel is marked on the volume model). For the surface isopotential maps in figure 2, the
isopotential contour lines with an increment of 0.05 mV are depicted with the 202 surface
electrodes, which are coupled with the reconstructed heart-torso model. The zero potential
contour is indicated by a black curve, and the red lines and the blue lines depict the positive
and negative isopotential contour area, respectively. The innermost red or blue contours
indicate the positions of the maximum or minimum potentials, specifically. The range for
each BSPM is shown as the “P_Range” between the minimum and maximum value of the
surface potential. As is shown in the isopotential map, the BSPM indicates a dipolar pattern
of the projected cardiac activation on the left-anterior upper surface of the torso at the onset
instant. This result was qualitatively in consistency with the corresponding location of the
subsequent LAS recorded on the endocardial surface of the RV in CARTO map (Figure
3(a)).

If the morphology of the recorded BSPM data is constantly monomorphic, the early
depolarization of ventricular ectopic activity generated by sustained spontaneous
arrhythmias should be predictable. Thus, the location of origin of the ventricular ectopy can
be preliminarily constrained either in the LV or RV based on the pattern of BPSMs, and
further theoretically estimated at a detailed spot or region of the corresponding endocardium
using the noninvasive CDR method in one single beat. At various ventricular sites in six
patients, noninvasively obtained regions of interest containing or close to arrhythmia sources
were estimated and provided as color-coded CDR maps on the endocardium of the RV or
LV. Idiopathic and post-infarction PVCs were both investigated. For the endocardial CDR
map, the qualitatively distributed information about the extents of the activated areas is
identified and shown as a color-coded surface plot of the RV, where current densities are
displayed for every patch of endocardial surface of the RV with a threshold set at 90% of the
maximum current density moment. Using the procedure described in the evaluation
protocol, the performance of CDR localization was thus assessed quantitatively by
comparing the predicted locations of origin of PVC beats with the correspondingly recorded
LASs in each patient with ten selected beats (except patient 6 with only eight PVCs
observed).

Figure 3 shows examples of comparison between the noninvasively estimated results by the
CDR/SMD methods and the invasively measured maps by the CARTO mapping system. In
figure 3(a), the idiopathic PVCs in patient 1 have been successfully terminated by a RF
catheter ablation procedure around the area of the RVOT. By applying the CDR inverse
analysis on the BSPMs collected before ablation, the CDR map was estimated for the early
PVC activity (during the time window of 0–21 ms corresponding to the PVC beat shown in
figure 2). For the onset instant of the 21st ms after the initiation of 0th ms, a small area of
CDR map (yellow area), the maximum CDR point (red dipole), and the optimal SMD (blue
dipole) all were estimated around the area of the RVOT, where a successful ablation was
performed (green ball). Qualitatively, the ‘hot spot’region of CDR map (yellow in the left
panel of the Figure 3(a)), predicated at the RVOT, agreed approximately with the view of
the corresponding endocardial ‘hot spot’ activation map (about 0–25 ms, red in the lower-
right panel of the Figure 3(a)) exported from the invasive CARTO system. The predicated
‘hot spot’ area almost centrally contained the actual arrhythmia source identified with the
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LAS as marked on cardiac CT images blindly by a cardiac electrophysiologist (in the upper-
right panel of the Figure 3(a)). Furthermore, the location of the maximum value point
observed from the ‘hot spot’ CDR map and the position of the optimal SMD both coincided
with the position of the LAS. Moreover, in a large number of collected beats, this finding
was repeatedly demonstrated and no significant differences concerning this consistency
were found in patients 2, 4, and 5, although a slight beat-to-beat uncertainty of LEs was
observed, as given in Table 2. It is also noteworthy that there is a small difference in the
shape, area, and location of the ‘hot spot’ between the estimated CDR map and the measured
‘hot spot’ area of the CARTO activation map. Particularly, a lower magnitude of the
estimated maximum endocardial current density (1.00 μAmm−2) and a relative larger area of
the ‘hot spot’ CDR map were observed around the LVP in the post-infarction area in patient
4, compared with other patients who had idiopathic PVC in a higher magnitude of over 2.00
μAmm−2 (Figure 3(b)). The actual measured infarction area and the LAS were shown in the
corresponding CARTO endocardial voltage map (a threshed of 0.5 mV, red in the right
panel of Figure 3(b)). In the absence of individual thoracic CT images, the recorded PVC
data in patients 3 and 6 were analyzed with a co-registered generic torso model and the
individual ventricular endocardial model. Figure 3(c) shows an example of the estimated
locations of a PVC arrhythmia initiation with a generic torso model by the CDR/SMD
methods, which was further evaluated by comparing with the location of the LAS shown on
the CARTO map. In figure 3(c), a catheter ablation procedure was performed successfully
around the area of the RVOT near the septum in patient 3. The ‘hot spot’ CDR area and the
corresponding maximum CDR point of the map at the PVC onset instant were both
estimated approximately at the RVOT near the free wall, while away from the actual area of
the septum, as shown in the CARTO map in right panel of Figure 3(c). Although the
estimated CDR results showed insignificant correlations with the recorded CARTO map and
the location of the LAS, the estimated CDR maps during PVCs were adjacent to the
arrhythmia sources as defined by the LAS.

Table 2 gives statistical analyses on the inversely computed origins of pre-excitation by
comparing the invasively recorded locations of LASs, in terms of the LEs of a total of 58
PVC beats in six patients with and without an individual torso model. For those 4 patients
who have a patient-specific heart-torso model, a total of 40 PVC beats including 30 of the
idiopathic PVC (patients 1, 2, and 5) and 10 of the post-infarction PVC (patient 4) were
analyzed, and the corresponding average CDR LEs and SMD LEs both were statistically
calculated as shown in Table 2. Regardless of possible identification error of the LAS from
the biplane X-ray, the CDR-localized catheter positions were reliably consistent with the
successful ablation site to an accuracy of 10.9 ± 1.4 mm, which is significantly smaller than
the accuracy of 22.6 ± 4.8 mm for the SMD method. Additionally, in both of patients
(patients 3 and 6) without their thoracic CT images, relatively larger LEs of ±20 mm were
observed due to the generic torso model used in these 2 patients as compared with that of
±11 mm of other patients using a patient-specific heart-torso model. As summarized in
Table 2, the LEs in 18 selected PVC beats (10 beats from patient 3 and 8 beats from patient
6) are 19.4 ± 1.1 mm and 31.3 ± 7.0 mm for the CDR and SMD methods, respectively.

4. Discussion
Localization of site of arrhythmia initiation has direct clinical benefits for better
understanding the underlying mechanisms of cardiac pathophysiology, and potentially
guiding therapeutic treatments of cardiac arrhythmia in a cardiac electrophysiology lab. The
present results suggest that the endocardial CDR approach is feasible to inversely
reconstruct cardiac electrical events of focal ventricular tachyarrhythmia in patients from the
measured BSPMs, and thus directly and noninvasively to estimate the location of origin of
the ventricular ectopic activity in terms of the reconstructed CD distribution on the
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endocardial surface. Using the reconstructed endocardial CDR maps, the earlier ventricular
depolarization initiated by a unifocal PVC was able to be identified and located around the
actual ectopic foci on the endocardial surface of the corresponding ventricle. By using a
quantitative measurement in terms of the maximum CD point of estimated CDR maps, the
patients’ data presented in this study further indicate the localization accuracy of the
endocardial CDR at ±15mm, which is comparable to our previously published experimental
data that have been rigorously validated in an in vivo swine model [25]. Moreover, the
agreement of clinical findings from invasive catheter mapping and ablation with the
estimated location of the successful ablation site corroborates well the noninvasive CDR
findings.

A statistical and clinical validation of the noninvasive endocardial CDR approach in cardiac
source localization has not been reported so far, and initial results are available only for case
reports in the human [20–24]. In 2001, Leder et al calculated the pathway of atrio-
ventricular pre-excitation with MCGs in a patient suffering from WPW syndrome [21].
Their one-patient case report showed that the CDR solution in terms of the location of the
highest current density has a good source localization ability at the early stage of the delta
wave (15–35 ms) by comparing with the site of catheter ablation. Similar investigations of
the endocardial surface CDR localization have been performed on the individual LV surface
in patients suffering from previous myocardial infarction (MI) [22,24,35], coronary artery
disease (CAD) [20], and sustained VT [23].

The present study was carried out to evaluate the performance of the endocardial CDR
approach in detecting the location of ventricular arrhythmia initiation in six patients who
underwent subsequent RF catheter ablations for symptomatic PVC. 3D invasively
endocardial electroanatomical mapping and successful catheter ablation were performed in
each of six patients with either idiopathic or post-infarction PVC. The catheter position of
the successful LAS was verified by X-ray imaging and the stability was assured by repeated
short fluoroscopy, which served as a reference for the correct CDR localization. Major
findings of this study include the following. First, a total of 58 PVC beats were analyzed in
all of six patients, and the average LEs of the estimated source of ectopic activities at the
onset instant (around the 20th ms after the initiation of the 0th ms for all of beats) were 13.8
± 1.3 mm for the CDR approach (1 mm, the spatial resolution of the endocardial source
distribution) and 25.5 ± 5.5 mm for the SMD method (within a 3D solution space of the
whole heart), respectively. Although there exist some identification error of the LAS from
X-ray images [28,29], the CDR-localized sites of initiation of PVCs were consistent with the
successful ablation site at an average accuracy of ±12 mm in total of 40 beats of four
patients who have patient-specific heart-torso models. Note the larger LEs of ±20 mm in two
patients (patients 3 and 6) due to numerical modeling error employing a generic torso model
without individual thoracic CT images. The obtained results indicate an improved ability of
the CDR technique to localize the early endocardial ectopic activity, compared to the well
studied SMD localization method. Second, In addition to the quantitative arrhythmia source
localization, the ‘hot spot’ area estimated by the CDR method contained, or was at least
close to the actual arrhythmia sources. As such, the CDR technique with a 3D reconstructed
CDR map on the specific endocardium could give cardiologists more precise information
where the focus of an ectopic activity lies. Third, similar performance of the endocardial
CDR localization was observed among multiple beats in the same patient (beat-to-beat
uncertainty of ±2 mm) at both endocardial surfaces of the LV (LCC, LVP) and RV (RVOT),
and in different conditions including isolated idiopathic PVCs and unifocal couplet PVCs
after infarction. On the other hand, although these six recruited patients suffered from
different types of ventricular pre-excitation as described above, there was no evidence found
that those specific conditions played a role for the CDR approach in cardiac source
localization in this pilot clinical study.
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Furthermore, advantages of this study include the following, by comparing with the previous
reports and related ECG inverse solutions. First, employing the invasive endocardial
mapping and ablation data to quantitatively evaluate the endocardial CDR approach in
patients represents a unique feature of the present study. Since the endocardial surface
current density source model considers equivalent sources only on the endocardial surface of
the LV or RV, the clinically recorded endocardial surface CARTO maps provide a desired
means of assessing this CDR method. Second, compared with the other established source
localization methods with an inverse model either in the whole volume of the heart or on the
epicardial/endocardial surface of the ventricles [8–19], the endocardial CDR approach
validated in this study also shows a relatively higher computational efficacy with a source
model constraint applied only on the endocardium of the LV or RV. Third, in contrast with
described inverse solutions directly with detailed cardiac geometries and performed in one
single beat, the conventional indirect mapping and localization techniques that compare the
BSPMs or 12-leads standard ECGs with databases, demands considerable experience on
pattern recognition, and are time-consuming, especially when treating poorly tolerated or
non-inducible VT [30–34]. The present study suggests that the ECG inverse endocardial
surface CDR approach would provide a rapid and noninvasive determination of the region
critical for maintenance of a clinical ventricular ectopy in patients from a single-beat
BSPMs, and potentially provides a useful complementary, noninvasive localization
approach for catheter based mapping and ablation of cardiac arrhythmias.

Study Limitations
In this study, the endocardial surface CDR approach may be limited in that it does not
account for the 3D nature of cardiac electrical activity and the anisotropic nature of
myocardium. Therefore, estimation errors may be introduced as well, due to such
simplification of the anisotropic myocardium in the numerical torso model and neglect of
the contribution of the 3D myocardial activation involving different myocardial layers even
in the early activation stage [18,36]. Moreover, the clinical validation of CDR is limited by
the finite accuracy of the reference itself. Even if our results showed no significant
difference concerning the LEs between our previous pacing studies in a rigorous near-
clinical setting and present PVC studies with marked LASs on the basis of biplane X-ray
images, there exist errors in the determination of successful ablation sites from co-
registration of CT data with the CARTO data [37]. Recent developments in
CARTOMERGE technique (Biosense-Webster Inc., Diamond Bar, CA, USA) suggest the
possibility that the actual LASs and estimated initiation sites can be possibly shown on the
same CARTO-CT merge image and thus decreasing the co-registration error in future
investigations. Meanwhile, the patient population (n = 6) included in this study is small for
statistical evaluation, and endocardial CDR localization was carried out in only one patient
with post-infarction PVC. Additionally, this study applied a preliminary source constraint on
the endocardial surface either of the LV or RV to reconstruct the endocardial source
distribution of ventricular ectopic activities. Thus, one should be cautious when using CDR
maps with multiple ‘hos spots’ or patchy CD distributions to localize the initial site of such
cardiac ectopic activity, especially for the polymorphic ventricular ectopic activity or
multiple foci existing in both of the LV and RV. However, this study is the first attempt to
systematically apply endocardial CDR in a cohort of patients undergoing treatment for a
symptomatic ventricular arrhythmia. Further investigations in a larger patient population,
especially with various ventricular arrhythmias, such as VT, post-infarction PVC, frequent
PVC, and rare PVC, etc., may establish its clinical validity and applicability.
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5. Conclusions
In conclusion, the present study indicates the utility of the ventricular endocardial electric
reconstruction for localization of the site of origin of ventricular ectopic activity in patients
underlying sinus rhythm with idiopathic PVCs. The present pilot clinical results suggest that
the endocardial CDR approach may offer the possibility of providing an easy and
inexpensive clinical pre-diagnosis of focal arrhythmias with sub-endocardial origins,
guiding initial placement of endocardial mapping, and aiding catheter ablation of ventricular
arrhythmias.
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Figure 1.
Schematic diagram of ECG inverse solution and evaluation procedure. LV and RV
represents the endocardial surface of the left and right ventricular, respectively, AP view
represents anterior-posterior view, CDR model represents the inverse
electrocardiographiccurrent density reconstruction method, SMD model represents the
signal moving dipole method, CDRmax represents the maximum point of the estimated
current density map, SMD represents the estimated origin of the ectopic activity by the SMD
method, LAS represents the successful last ablation sitelabeled on the CARTO map and its
location was marked on the cardiac CT images blindly by a cardiac electrophysiologist on
basis of contrast venograms and posteroanterior and lateral chest X-rays, and CDR Map
represents the estimated ‘activation distribution’ of the ectopic activity on the ventricular
endocardial surface using the CDR method.
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Figure 2.
A heart-torso model with illustration of coupled body-surface electrode positions on the
front and back and the recorded surface ECGs in a butterfly format during a premature
ventricular complex at the RVOT. The surface isopotential map is depicted with effective
surface electrodes by the increment of 0.05 mV.
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Figure 3.
Examples of the endocardial CDR localization. (a) Results in patient 1 with an individual
torso model, who had frequently idiopathic PVCs at the RVOT; (b) Results in patient 4 with
an individual torso model, who had frequently unifocal couplet PVCs after infarction at the
LVP; and (c) results in patient 3 with rare idiopathic PVCs at the RVOT but solved with a
generic torso model. The sub-figures include the ‘Noninvasive CDR/SMD Source
Localization’ and the ‘Transversal CT Images and invasive CARTO Mapping’. Each right
panel shows the view of the corresponding activation (a and c) or potential (b) map directly
recorded by the invasive CARTO system, and the LAS was labeled on the corresponding
map and markedon the CT image blindly by a cardiac electrophysiologist on basis of biplane
X-ray images. The estimated current densities are displayed on the endocardial surface for
every patch of the LV or RV with a threshold set at 90% of the maximum dipole moment
(μA/mm2).
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