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ABSTRACT 1 

Objectives: To evaluate the accuracy of noninvasive reconstructions of epicardial potentials, 2 

electrograms, activation and recovery isochrones and beat origins by simultaneously performing 3 

electrocardiographic imaging (ECGI) and invasive epicardial electrography in intact animals. 4 

Background: Noninvasive imaging of electrical potentials at the epicardium, known as ECGI, is 5 

increasingly applied in patients to assess normal and abnormal cardiac electrical activity. 6 

Methods: Body-surface potentials and epicardial potentials were recorded in normal anesthetized 7 

dogs. CT scanning provided a torso-heart geometry that was used to reconstruct epicardial potentials 8 

from body-surface potentials. 9 

Results: Electrogram reconstructions attained a moderate accuracy compared with epicardial 10 

recordings (median correlation coefficient (CC): 0.71), but with considerable variation (interquartile 11 

range (IQR): 0.36-0.86). This variation could be explained by a spatial mismatch (overall resolution 12 

was < 20 mm) that was most apparent in regions with electrographic transition. More accurate 13 

derivation of activation times (Pearson’s R: 0.82), recovery times (R: 0.73), and the origin of paced 14 

beats (median error 10 mm, IQR 7-17 mm) was achieved by a spatiotemporal approach that 15 

incorporates the characteristics of the respective electrogram and neighboring electrograms. 16 

Reconstruction of beats from repeated single-site pacing showed a stable localization of origin. 17 

Cardiac motion, currently ignored in ECGI, correlates negatively with reconstruction accuracy. 18 

Conclusions: ECGI shows a decent median accuracy, but variability in electrogram reconstruction can 19 

be sizable. Thus, at present, clinical interpretations of ECGI should not be based on single 20 

electrograms only. Incorporating local spatiotemporal characteristics allows for accurate 21 

reconstruction of epicardial activation and recovery patterns, and beat origin localization to 10 mm 22 

precision. Even more reliable interpretations are expected when the influences of cardiac motion are 23 

accounted for in ECGI. 24 
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CONDENSED ABSTRACT 5 

Noninvasive imaging of electrical potentials at the epicardium, known as electrocardiographic 6 

imaging (ECGI), is increasingly applied in patients to assess normal and abnormal cardiac electrical 7 

activity. We evaluated the accuracy of noninvasive reconstructions of epicardial potentials, 8 

electrograms, activation and recovery isochrones and beat origins by simultaneously performing 9 

ECGI and invasive epicardial electrography in intact anesthetized dogs. ECGI showed a decent median 10 

accuracy and beat origins could be localized at 10-mm precision. Upon translation, this could 11 

expedite catheter-based diagnostic evaluation and ablation in clinical settings. The results presented 12 

here support adequate applications of ECGI at the ventricles during regular and abnormal rhythm.   13 
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Abbreviations 1 

CC: correlation coefficient 2 

dV∕dt: derivative of potential 3 

ECGI: electrocardiographic imaging 4 

IQR: interquartile range 5 

LV: left ventricle 6 

RV: right ventricle 7 

RMS: root mean square 8 

VES: ventricular extrasystole  9 
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Introduction 1 

Noninvasive electrocardiographic imaging (ECGI) reconstructs epicardial potentials, electrograms and 2 

activation/recovery isochrones from body-surface electrograms (1), see Figure 1A. It is based on the 3 

relation between potentials at the heart surface and on the torso, dictated by the laws of 4 

electromagnetism. Inverting this relation enables to reconstruct epicardial potentials from 5 

electrocardiograms recorded at the body surface. This requires a thorough understanding of the 6 

heart-torso relation based on the patient-specific geometry and conductivity. Anatomical input is 7 

mostly provided by computed tomography (CT) or magnetic resonance imaging (MRI). Additionally, 8 

mathematical methods are necessary to overcome the uncertainties that emerge when assessing 9 

epicardial potentials from their attenuated and superimposed projections on the torso. A recent 10 

review addresses these technical aspects and their clinical implications (2). 11 

ECGI has been used to noninvasively characterize normal activation and recovery in healthy human 12 

subjects (3). A main focus has also been to detect the origin of ventricular or atrial tachyarrhythmias, 13 

thus expediting diagnostic catheter-based electrophysiology studies and potentially promoting the 14 

successful outcome of ablation (4). ECGI of atrial fibrillation (AF) has helped to reduce invasive 15 

procedural time during ablation (5). Noninvasive mapping with ECGI provided detailed electrical 16 

activation patterns of the left (LV) and right ventricle (RV), which could improve resynchronization 17 

therapy (6). Likewise, ECGI can benefit risk stratification for sudden cardiac death by imaging of 18 

activation and recovery abnormalities, as important arrhythmogenic substrates (7, 8). 19 

Considering all these applications, it is remarkable that invasive validation studies of ECGI in intact 20 

organisms have been limited. Previous investigations were performed using analytical and computer 21 

models (9), and computer models with partially real data (8), or were based on torso-tank 22 

experiments with isolated canine hearts (10), and to some extent experiments in humans (11-13). 23 

Each of these studies had distinct advantages, such as the amount of control in the torso-tank 24 

experiments and the potential of clinical application in the human studies. However, none of these 25 
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studies compared noninvasive reconstructions with simultaneous invasive electrograms in an intact, 1 

closed-chest organism. For the present study, we examined the reconstruction accuracy and 2 

capabilities of ECGI with high-precision simultaneous heart and torso recordings from uniquely-3 

instrumented anesthetized dogs. 4 

Methods 5 

For a detailed description of the Methods, we refer to the Online Data Supplement. 6 

Animal experiments 7 

This investigation conformed to the Guide for the Care and Use of Laboratory Animals published by 8 

the United States National Institutes of Health (National Institutes of Health Publication 85-23, 9 

revised 1996). Animal handling was in accordance with the European Directive for the Protection of 10 

Vertebrate Animals Used for Experimental and Other Scientific Purposes (86/609/EU) and was 11 

approved by the institutional review committee for animal studies. 12 

In four normal anesthetized dogs, two silicone bands with 99 electrodes were implanted around the 13 

basal and mid-basal ventricular epicardium after thoracotomy. The position of the epicardial 14 

electrodes can be observed in Figure 2. Each band consisted of two rows of electrodes. Additional 15 

electrodes were placed at the LV apical epicardium, the LV endocardium, the RV apical endocardium, 16 

and the right atrial endocardium, providing a total of 103 electrodes. After chest closure, body-17 

surface electrodes (184-216, depending on torso size) were attached to the chest. Reference 18 

electrodes were attached on the abdomen near the right lower paw. Unipolar potential recordings 19 

were obtained simultaneously by the epicardial and body-surface electrodes. Recordings were 20 

performed on the CT table to avoid a change in the geometry or disconnection of the electrodes by 21 

moving the animals. A helical ECG-gated CT scan was performed with intravenous iodine contrast 22 

medium and a diastolic reconstruction of the torso-heart geometry was performed. 23 
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Inverse reconstruction 1 

Inverse reconstruction of epicardial potentials was identical to the human application illustrated in 2 

Figure 1A, and is based on the potential-based formulation of ECGI. This formulation assumes that 3 

there is a numerical relation between electrical potentials at the heart and body surface (2). It is 4 

currently the most used formulation, and is also available in commercial setups. 5 

A torso-heart geometry was digitized from the CT scan and contained the body-surface electrodes 6 

and the ventricular epicardial surface (consisting of on average 1693 nodes, mean node-to-node 7 

distance 4 mm). Additionally, the position of the 103 implanted electrodes was digitized. 8 

Inverse reconstruction of epicardial potentials from the recorded body-surface potentials is subject 9 

to uncertainty due to attenuating and dispersing effect of the electromagnetic propagation from 10 

heart to body surface (2). As a consequence, most implementations of the inverse problem are 11 

strongly affected by noise in the body surface signals and approximations in the heart-torso 12 

geometry, and require mathematical regularization methods to obtained physiologically meaningful 13 

reconstructions. Commonly used methods were applied to address this in our study, to reconstruct 14 

epicardial potentials (2). We refer to ‘nodes’ as the virtual points on the epicardial surface on which 15 

potentials are reconstructed, and to ‘electrodes’ as the physically implanted electrodes that record 16 

epicardial potentials. 17 

Post-processing to obtain electrograms, isochrones and activation origin 18 

After reconstruction of epicardial potentials, electrograms were reconstructed per node by 19 

concatenating potentials over time. Activation times were determined per electrogram with two 20 

different methods: the temporal-only and a spatiotemporal method. The temporal-only approach 21 

defines the moment of activation as the moment of steepest voltage downslope (maximum -dV∕dt) 22 

during the QRS complex. The spatiotemporal approach, proposed by Erem et al (14), takes advantage 23 

of the spatial relationship between neighboring nodes and their potentials, and could be better 24 

suited to estimate the activation time in noisy or fractionated electrograms. This approach selects 25 
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the moment that matches the change in temporal derivative with the change in spatial derivative 1 

(14). Recovery times were defined as the moment of maximum dV∕dt during the electrographic T 2 

wave. 3 

All reconstructions and analyses were performed automatically to prevent bias by the researchers 4 

and investigate the robustness and practicality of the technique. 5 

Statistical analysis 6 

For each epicardial electrode, Pearson's correlation coefficient (CC) was computed between the 7 

recorded potentials and the reconstructed potentials at the corresponding (closest) virtual epicardial 8 

node. CCs computed over an electrogram are called temporal CCs (and mean temporal CCs are 9 

averaged over the electrograms of all electrodes); CCs computed over spatial distributions of 10 

potentials are called spatial CCs (and mean spatial CCs are averaged of all time instants of a 11 

recording). Linear correlation between measured and reconstructed activation/recovery timings was 12 

assessed by means of Pearson's correlation coefficient R. Statistical comparison of correlation 13 

coefficients and activation and recovery timings was achieved by Wilcoxon signed-rank (for paired 14 

measurements) or Wilcoxon rank-sum (for unpaired measurements) tests. 15 

Results 16 

In the 4 dogs, 140 beats were analyzed: 93 morphologically unique beats (where only one beat per 17 

pacing site was included), and 47 additional non-unique beats (repeated single-site pacing) at 4 18 

different locations. In the 93 unique beats, on average 60 epicardial electrodes provided high-quality 19 

potential recordings, resulting in 5552 pairs of recorded and reconstructed electrograms. A large 20 

diversity of beats was analyzed: normally conducted sinus beats (n=6 beats), atrially paced beats with 21 

normal ventricular activation (n=7), and beats paced from the LV endocardium (n=3), RV 22 

endocardium (n=2), ventricular epicardium (n=71) or by biventricular epicardial pacing (n=4). The 23 
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additional 47 beats occurred upon repeated pacing at 4 different locations, to determine the stability 1 

of origin localization. 2 

Accuracy of reconstructed electrograms 3 

Figure 2 shows representative examples of recorded and reconstructed electrograms for a sinus beat 4 

(panel A) and an LV epicardially paced beat (panel B). Median correlation coefficient calculated for 5 

the entire signals was 0.71 for all 5552 pairs of recorded and reconstructed electrograms. There was 6 

a considerable (skewed) spread in correlation coefficients, resulting in an interquartile range (IQR, 7 

spanning the 25-75% range of data) of 0.36-0.86. Of the electrograms with a correlation 8 

coefficient <0.40, 65% was found in a region with changing electrogram morphologies, as illustrated 9 

in panel C for electrode 88 of the paced beat (computational details in online supplement).   10 

Figure 2 also shows activation and recovery times in the recorded and reconstructed electrograms, 11 

defined as the moment of max -dV∕dt (in the QRS complex) and max dV∕dt (in the T wave), 12 

respectively. The sinus beat (Figure 2A) shows early epicardial breakthrough at the anterior RV. The 13 

paced beat (Figure 2B) shows early activation at the location of pacing on the LV, and consequently 14 

late activation of the RV. For locations on the epicardium for which recorded electrograms were 15 

available, generally there was an activation time mismatch of only a few ms, unless the 16 

reconstructed electrogram deviated considerably from the recorded one (e.g., electrode 15 in 17 

Figure 2A). Overall, recovery times had a larger error than activation times.   18 

Figure 3A shows the temporal CC for different locations on the heart: LV anterior, lateral, posterior, 19 

RV lateral, and LV apical epicardium, respectively. Medians for the LV anterior and RV lateral regions 20 

were significantly different from the other regions (p<0.05); however, the large overlap in data 21 

suggests that this is mainly an effect of the large sample size and has limited practical value. The CC 22 

at the apex, determined from only a single electrode and not an ensemble of electrodes as the other 23 

regions, was significantly higher than at the other regions. 24 
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Figure 3B shows the temporal CC for the entire QRST complex and its different segments. Again, 1 

these were statistically significantly different, although due to the large overlap, these differences 2 

will have limited clinical value. 3 

Figure 3C depicts the average spatial CC between the recorded and reconstructed potentials for all 4 

epicardial electrodes, averaged for all 93 beats. In general, the spatial CC decreased at the end of the 5 

QRS complex and the end of the T wave. 6 

In Figure 3D, spatial resolution of reconstructed electrograms is depicted. For each recorded 7 

electrogram, the distance was calculated between the recording electrode and the closest epicardial 8 

node that resulted in a good-enough correlation (defined as CC>0.70). For 84% of all recorded 9 

electrograms, a good-enough CC was found with a reconstructed electrogram at some location on 10 

the heart surface, and the distance to the closest epicardial node resulting in a good-enough 11 

correlation was less than 20 mm in 90% of these cases. 12 

Accuracy of reconstructed activation and recovery times 13 

Figure 3E shows the association between timings determined from the recorded and from the 14 

reconstructed electrogram. Activation times as determined with the spatiotemporal approach (red 15 

dots, R = 0.82) showed a stronger association (p<0.05) than those determined with the temporal 16 

approach (gray dots in the background of the red dots, R = 0.73). Recovery times were significantly 17 

more accurately (p<0.05) determined after spatial smoothing (blue dots, R = 0.73) than without (gray 18 

dots, R = 0.60). Activation times could be determined more accurately than recovery times. 19 

Localization of beat origin 20 

One major application of ECGI has been its ability to localize the origin of ventricular extrasystolic 21 

(VES) beats and focal tachycardia. We have investigated this by noninvasively reconstructing the 22 

origin of beats that were paced by ventricular electrodes. The reconstructed location of earliest 23 

activation was compared to the known location of ventricular pacing for 80 beats in the 4 dogs. Each 24 

pacing location was included only once. Figure 4A shows that the median error of the temporal-only 25 
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approach for activation timing was 33 mm, with a range from 5-79 mm. These results improved 1 

significantly by using the spatiotemporal approach, which resulted in a median error of only 10 mm 2 

(range 3-47 mm, p<0.05). Also the range of errors decreased considerably: for the temporal-only 3 

approach, the origins of 90% of the beats lay within a 60 mm range from the known pacing location, 4 

whereas this range decreased drastically to 25 mm with the spatiotemporal approach. 5 

We also analyzed reconstructions of beats paced repeatedly at the same location, to investigate the 6 

stability of detection of the origin of these beats. For this purpose, 4 different pacing sites were 7 

investigated with in total 47 additional beats (these beats were not included in the previous analysis 8 

to avoid bias), Figure 4B. In general, all the detected origins (yellow spheres) for the same beat were 9 

within a confined region around the pacing location (blue sphere). Moreover, the median location 10 

(green sphere) of all detected origins had a lower mismatch than the mean mismatch of individual 11 

detected origins. 12 

Cardiac movement and reconstruction accuracy 13 

We refer to the Online Data Supplement for the analysis of cardiac movement and reconstruction 14 

accuracy, where we show that reconstruction accuracy is smaller when motion is larger. The Online 15 

Data Supplement furthermore provides an analysis of the endocardial or epicardial origin of paced 16 

beats, which is clinically relevant to select the correct ablation approach. The supplement also 17 

provides examples of canine cardiac activation and recovery patterns, and a link to our freely shared 18 

data, to stimulate further research. 19 

Discussion 20 

Noninvasive ECGI is increasingly applied in clinical settings. Table 1 summarizes recent validation 21 

studies that evaluated ECGI with quantitative data, e.g., from artificial torso tank setups to non-22 

simultaneous invasive recordings in humans. In the present study, we acquired simultaneous 23 

recordings of body-surface and invasive epicardial potentials in normal anesthetized dogs under 24 
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closed-chest conditions to compare reconstructed with recorded epicardial electrograms, 1 

activation/recovery timings and beat-origin localization. 2 

Variable accuracy of reconstructed electrograms 3 

Direct comparison of reconstructed and recorded electrograms showed that in general noninvasively 4 

reconstructed epicardial electrograms correlated well with the invasively recorded signals, with an 5 

overall median CC for the entire signals of 0.71. However, single electrograms could be discrepant, 6 

resulting in a lower CC. For 90% of all recorded electrograms for which direct comparison to the 7 

closest node showed a suboptimal correlation (defined as CC<0.70), a ‘good-enough’ match 8 

(CC>0.70) was found within a 20 mm region, and 77% within a 10 mm region. These results suggest 9 

that low correlations are primarily caused by a spatial mismatch between reconstructed and 10 

recorded electrogram, and that this spatial shift is generally small but important.   11 

Our findings are in agreement with previous studies (Table 1), and extend these results on several 12 

levels. Previous torso-tank experiments, with explanted canine hearts suspended in a container with 13 

electrolyte solution, showed a mean CC for observed and reconstructed signals (over 4 beats) of 0.81 14 

(15). The higher accuracy of that study might be explained by the lack of torso inhomogeneities (such 15 

as lungs), no breathing motion artifacts, and the distance of the recording electrodes to the 16 

epicardium (approximately 1 cm). In a previous human study, non-simultaneous invasive recordings 17 

during open-heart surgery were compared to preprocedural noninvasive reconstructions (11). These 18 

investigators showed a mean cross correlation of 0.72±0.25 over 5 beats in 3 subjects. ‘Cross 19 

correlation’ is defined by shifting the reconstructed electrogram over the recorded one and 20 

computing the maximum correlation coefficient during this process. The results of that study should 21 

thus be compared to our ‘time-shifted’ correlation coefficients, as presented in the Online Data 22 

Supplement. The mean values of time-shifted correlation coefficients (CCmean = 0.72) by Ghanem et al 23 

(11) are comparable with our ones (CCmean = 0.71). Our study extends these previous results by 24 
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reporting medians and ranges, and by examining many more beats under closed-chest conditions, 1 

i.e., much closer to the non-invasive clinical situation. 2 

Moreover, in the Online Data Supplement we show that there is a negative association between 3 

cardiac movement and reconstruction accuracy. This should be investigated further, and it is to be 4 

expected that incorporating cardiac movement in ECGI will improve accuracy of reconstructed 5 

electrograms. 6 

Spatiotemporal approach enhances reconstruction accuracy 7 

Accuracy of activation has been evaluated previously by qualitatively comparing activation 8 

isochrones in torso tank experiments and human studies, see Table 1. To the best of our knowledge, 9 

such an evaluation does not exist for recovery isochrones. We found that single electrograms could 10 

deviate considerably from the true (recorded) electrogram, and consequently, activation and 11 

recovery times could deviate considerably between reconstruction and recording. Noise, 12 

fractionation and reconstruction inaccuracies can lead to suboptimal results when using temporal-13 

only criteria. By concatenating the characteristics of local electrograms as suggested by Erem et al 14 

(14), more robust interpretations were made, and this spatiotemporal approach led to high 15 

correlation coefficients (R = 0.82) for activation timings. Recovery timings attained slightly less 16 

accuracy (R = 0.73), which could be explained by lower amplitudes and less steep slopes of the 17 

electrographic T wave, making it more sensitive to noise compared to the QRS complex. Additionally, 18 

when ignoring cardiac motion, the assumption of a static diastolic geometry has its largest negative 19 

impact on the reconstruction of the ST-T segment. Thus, activation time maps, and to a lesser extent 20 

recovery time maps, can be interpreted with confidence if a spatiotemporal algorithm is used. 21 

ECGI-based localization of ectopic beats is accurate within the cm range 22 

ECGI has been commonly applied to localize the origin of VES beats (see Table 1). The first study to 23 

investigate localization accuracy in humans found a precision of approximately 1 cm, based on three 24 

paced beats (11). In another study, ventricular pacing was performed in humans with simultaneous 25 
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recording of body-surface potentials, and inverse reconstruction of the earliest site of activation had 1 

a median error of 1.3 (±0.9) cm in healthy hearts (13). In a similar study, an accuracy of 0.9 (±0.6) cm 2 

and 0.7 (±0.2) cm was obtained (16). In atria, pacing sites could be localized with 0.6 (±0.4) cm 3 

accuracy (12). In the present study, we have shown that a spatiotemporal approach to determine the 4 

site of origin of paced beats resulted in a median error of 1.0 cm. Importantly, the range of errors 5 

was limited, with 75% of the beats having an error less than 1.7 cm, and 90% less than 2.5 cm.  6 

During ablation therapy, the location of ablation is confirmed with invasive activation and pace 7 

mapping, with an assumed accuracy of several millimeters. Although ECGI is accurate to a cm-level, 8 

not mm-level, it is much more accurate in origin localization than human interpretation of the 12-9 

lead ECG (17) and could thus help speeding up ablation procedures by reducing the initial mapping 10 

area to an area with a 2 cm radius. This study was the first to investigate the reproducibility of beat 11 

localization and to show that noninvasive localization of pacing yields consistent and stable results, 12 

which is important for reliable clinical application.  13 

Additionally, ECGI could influence ablation strategies before start of the procedure. Most 14 

importantly, the ability to distinguish between an endocardial or epicardial origin could facilitate the 15 

choice between an endocardial vascular or transthoracic epicardial catheter approach, reducing the 16 

need to convert from one to the other in specific cases. Although we could not investigate this 17 

extensively due to a limited number of endocardial pacing opportunities, Online Figure 3 shows an 18 

example where an endocardial origin on the LV gave an rS morphology on the epicardial electrogram, 19 

and a Q morphology for an epicardial origin. One should keep in mind that inaccuracies in 20 

reconstruction can incorrectly result in small r deflections suggestive for an endocardial origin, and 21 

that it is unknown whether the thinner RV wall also gives rise to a detectable r deflection in case of 22 

endocardial origins.  23 

Thus, the localization error found in this study and others appears low enough for ECGI to support 24 

(but not blindly steer) catheter-based diagnostic evaluation, thereby potentially improving 25 
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therapeutic outcome. However, for completely noninvasive treatment, as suggested recently by 1 

Cuculich et al (18), a more precise localization might be necessary. Currently, these results apply only 2 

to healthy hearts and are based on beats that were mostly paced from the epicardium. 3 

 4 

Comparison to other approaches 5 

Many modeling choices are possible in ECGI. We have aimed at following common choices, but other 6 

approaches may yield better results. For example, we have applied Tikhonov zeroth order 7 

regularization, while other regularization methods may yield improved results in certain situations, 8 

e.g., the GMRes method might better distinguish between multiple pacing sites (19). A method that 9 

employs meshless surfaces has been shown to be more accurate than when triangulated surfaces are 10 

used (20), as here. Furthermore, it has been shown that beat origin localization could be more 11 

accurate when not activation times are used, but the location of deepest negative potential during 12 

early activation (21). These different approaches in different laboratories illustrate the challenge in 13 

comparing and generalizing accuracies. 14 

In this study, we investigated the potential-based formulation of the inverse problem. Originally, it 15 

was thought that this method could only lead to the reconstruction of epicardial potentials. 16 

Meanwhile, researchers have tried to reconstruct endocardial potentials as well (22). These methods 17 

have not yet been investigated extensively or validated. A follow-up of this validation study could 18 

include endocardial potential recordings as well, to evaluate the accuracy of noninvasive 19 

reconstructions of endocardial potentials. 20 

A radically different approach to the inverse problem is the wave-front formulation, which aims at 21 

reconstructing activation and recovery times directly, without intermediate reconstruction of cardiac 22 

potentials (23). If one is only interested in activation and recovery times, this approach would have 23 

the theoretical advantage that by skipping the step of reconstruction of electrograms (with its 24 

inherent uncertainty), more reliable timings are obtained. However, no in vivo validation studies 25 
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have been published, and these methods did not yet find widespread clinical application. We plan to 1 

compare the potential-based formulation and wave-front formulation in future research. 2 

Limitations 3 

By using two electrode bands, there was no uniform recording coverage of the ventricles. However, a 4 

balance was achieved by positioning these bands at the basal and midbasal sections of the ventricles 5 

(covering the circumferentially largest parts of the ventricles) and an additional electrode at the 6 

apex. The single electrode at the apex achieved a significantly higher correlation for reconstructed 7 

electrograms than the other epicardial regions. This suggests that our results, which are based mainly 8 

on recordings in basal and midbasal regions, represent the lower bounds of reconstruction accuracy 9 

of the full heart. 10 

Implantation of electrodes, contained by silicone bands, could alter local conductivity and 11 

propagation of electrical signals to the torso. Bear et al (24), however, did not find any difference 12 

when comparing body-surface electrograms before and after electrode implantation in their recent 13 

study. 14 

We investigated a large diversity of rhythms: sinus, atrially paced, and endocardial and epicardial 15 

ventricular paced rhythm, with rates ranging from 85 to 143 beats/min. We did not investigate atrial 16 

or ventricular fibrillation, which is much more complex and most likely more difficult to reconstruct.  17 

To comply with most commonly used ECGI implementations, we have chosen a torso-heart geometry 18 

that did not contain any inhomogeneities with distinct conductivity, such as lungs, fatty tissue and 19 

bones. Although these inhomogeneities may alter propagation of electromagnetic fields, their 20 

inclusion is time consuming and increases complexity of the inverse reconstruction, making it more 21 

sensitive to noise. In a recent forward study, Bear et al showed that inclusion of torso 22 

inhomogeneities did not improve most of the forward computations. (24) 23 
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We did not obtain any atrial recordings. Due to the lower potential amplitude of atrial activity on the 1 

body surface compared to ventricular activity, reconstruction of atrial epicardial potentials likely is 2 

more sensitive to noise. This might be exaggerated in more disorganized, low-amplitude rhythms 3 

such as AF. Other studies have suggested that ECGI is able to reconstruct AF activation patterns, 4 

either by direct electrogram reconstruction (12) or by applying so-called ‘phase mapping’ as post-5 

processing (5). Pace origin localization in the atria was shown to be accurate to 6 mm (12). To the 6 

best of our knowledge, no study has compared reconstructed and recorded atrial electrograms, 7 

neither in normal atrial rhythm nor in AF.  8 

Conclusions 9 

This validation study addressed the accuracy of electrogram reconstructions for normal and 10 

abnormal electrical ventricular activity in intact anesthetized dogs, filling the gap between previous 11 

experiments with explanted hearts and ECGI application in humans. Noninvasive reconstruction of 12 

epicardial potentials is generally attained at a decent median accuracy, but with considerable spread. 13 

Generally, the spatial resolution was far smaller than 20 mm. Results on activation and recovery 14 

timing were most reliable when the characteristics of neighboring electrograms were incorporated as 15 

well, allowing for accurate and consistent reconstruction of single beat origins (median error 10 mm; 16 

90% within 25 mm). Upon translation, this supports adequate applications of ECGI at the ventricles 17 

during regular and abnormal rhythm, which could expedite catheter-based diagnostic evaluation and 18 

ablation in clinical settings. Accurate reconstruction of activation and recovery isochrone maps, as 19 

validated in this study, will help improve understanding of (and risk stratification for) cardiac 20 

arrhythmias in future applications. 21 

  22 
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Perspectives 1 

Competency in Medical Knowledge: Noninvasive imaging of activation and recovery isochrones is 2 

accurate compared with invasive measurements. 3 

Translational Outlook 1: Noninvasive imaging of activation/recovery isochrones might yield 4 

important patient-specific insights in arrhythmia mechanisms. 5 

Translational Outlook 2: Noninvasive electrocardiographic imaging might be improved further when 6 

cardiac and thoracic motion are accounted for. 7 

Translational Outlook 3: Noninvasive localization of ventricular extrasystolic beats could guide 8 

catheter-based therapy and improve clinical outcome; this should be studied in a randomized 9 

controlled trial. 10 
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Figures 1 

 2 

Figure 1 / Central Illustration: Electrocardiographic Imaging (ECGI) noninvasively reconstructs 3 

electrograms and activation and recovery isochrones on the epicardium, which were evaluated in 4 

canine experiments. Panel A: Noninvasive ECGI as it is generally applied in humans. Body-surface 5 

ECGs are combined with a torso-heart geometry obtained with CT. By carefully reversing models of 6 

the physical laws of electromagnetism, epicardial potentials can be reconstructed. From these, 7 

epicardial electrograms and isochrones are deducted. Panel B: The experimental setup as applied in a 8 

normal anesthetized dog in the validation experiments of this study, illustrating the body-surface 9 

electrodes (blue), the epicardial surface (green) and the epicardial electrodes (red). The graph shows 10 

that activation and recovery times are accurately reconstructed with ECGI. 11 
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 1 

Figure 2: Paired examples of invasively recorded and noninvasively reconstructed electrograms, 2 

and activation and recovery times in a normal anesthetized dog. Spheres at the heart surface 3 

indicate the position of epicardial electrodes. For the numbered purple spheres, the recorded (red, 4 

left) and reconstructed (black, right) electrograms are depicted below. For each pair of electrograms, 5 

the correlation coefficient (CC) is given. Additionally, activation and recovery times are indicated with 6 

vertical green lines. The mismatch between the recorded and reconstructed time is given in ms at the 7 
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right of each pair. The epicardial colors indicate noninvasive ventricular activation isochrones. Panel 1 

A shows a sinus beat, and panel B a beat paced at LV epicardial electrode 75 (blue sphere). Panel C 2 

zooms in on the region of electrodes 84-88-91 of the paced beat (only QRS complex shown), showing 3 

that the polarity change in the recorded electrograms (red) is more distal of the pacing site then in 4 

the reconstructed electrograms (black). 5 

   6 
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 1 

Figure 3: Accuracy of noninvasive reconstruction of epicardial potentials. Panel A: Temporal 2 

correlation coefficients for different locations on the heart: LV anterior/lateral/posterior sides, RV 3 

lateral side (all based on multiple electrodes) and apex (single electrode). Panel B: Temporal 4 

correlation coefficients for the full QRST segment of the cardiac beat (left), for only the QRS complex 5 

(middle) and only the ST-T segment (right) of all beats, respectively. Panel C: Spatial correlation 6 

coefficient per time instant (solid line), averaged over all electrograms. The root mean square (RMS) 7 

of the recorded epicardial potentials shows the average moment of the QRS complex (first peak) and 8 

T wave (second peak). Panel D: Histogram for recorded electrograms, showing the distance between 9 
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the recording electrode and the closest virtual epicardial node which resulted in a good-enough 1 

correlation (CC>0.70). Panel E: Activation (red dots) and recovery (blue dots) times as determined 2 

with the spatiotemporal approach from recorded electrograms (vertical axis) versus the timings 3 

determined from reconstructed electrograms (horizontal axis); gray dots in the background show the 4 

times as determined with the less accurate temporal-only approach. Timings are relative to QRS 5 

onset. Data collected over 93 beats in the 4 dogs (5552 pairs of electrograms). 6 
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 1 

Figure 4: Accuracy of noninvasive localization of the origin of paced beats. Panel A: Scatter plots 2 

and box plots for localization mismatch with two different methods (temporal-only and 3 

spatiotemporal method) for 80 paced beats in 4 dogs. Localization mismatch is defined as the 4 

distance between the known pacing location and the location of earliest activation from 5 

noninvasively reconstructed epicardial electrograms. Panel B: Reconstructed origins of consecutive 6 

beats paced at the location indicated with the blue dot. Epicardial surface color indicates the 7 

reconstructed activation time for the first beat of that series (red: 0 ms, isochrone lines drawn at 5 8 

ms intervals). Yellow dots indicate the reconstructed origins for all beats of that series, all paced at 9 

the same location. The green dot is the median location of earliest activation and usually has a lower 10 

mismatch with the known pacing location than the mismatch of all beats. 11 
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Torso tank  
Single site epicardial pacing in torso tank  

- - - < 1.0 Qal - 10 

Torso tank 
Single and dual site epicardial pacing in torso 
tank 

- 4 0.81 0.2 Qal - 15 

Humans 
Intraoperative mapping in patients while 
pacing (nonsimultaneous recording, open 
chest) 

3 5 0.72 ± 0.25* ~ 1.0 Qal - 11 

Humans 
Ventricular pacing by implanted pacemaker 
 

4 6 - 0.5 - - 15 

Humans 
Endocardial atrial pacing in AF patients 

6 37 - 0.6±0.4 - - 12 

Humans 
Epicardial ventricular pacing 

4 79 - 1.3±0.9 Qal - 13 

Humans 
Pacemaker atrial/ventricular pacing 

29 456† - 0.9±0.6 - - 16 

Humans 
Endocardial atrial/ventricular pacing 

5 412† - 0.7±0.2 - - 16 

Canines 
Epicardial and endocardial ventricular pacing 

4 93 0.71  

[0.36-0.86]‡ 

 

1.0  

[0.7-1.7]‡ 

0.82 0.73 Present 
study 

Table 1: ECGI validation studies. Overview of recent in vivo validation studies of the potential-based 2 

problem of ECGI. Only studies providing quantitative data (i.e., pacing location mismatch or invasive 3 

electrogram comparison) on ECGI validation were included.  4 

* Determined by allowing a time-shift (cross-correlation); † Includes beats paced from identical 5 

locations (non-unique morphology); ‡ (median [IQR]); Qal: Qualitative comparison, no quantitative 6 

comparison. 7 


