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C A R D I O L O G Y

Noninvasive detection of spatiotemporal  
activation-repolarization interactions that prime 
idiopathic ventricular fibrillation
Matthijs J. M. Cluitmans1,2*, Laura R. Bear3, Uyên C. Nguyên1, Bianca van Rees1, Job Stoks1, 
Rachel M. A. ter Bekke1, Casper Mihl1,4, Jordi Heijman1, Kevin D. Lau2, Edward Vigmond3, 
Jason Bayer3, Charly N. W. Belterman5, Emma Abell3, Louis Labrousse3,6,7, Julien Rogier3,6,7, 
Olivier Bernus3,6, Michel Haïssaguerre3,6,7, Rutger J. Hassink8, Rémi Dubois3,  
Ruben Coronel3,5, Paul G. A. Volders1

A comprehensive understanding of the interaction between triggers and electrical substrates leading to ventric-
ular fibrillation (VF) and sudden cardiac arrest is lacking, and electrical substrates are difficult to detect and local-
ize with current clinical tools. Here, we created repolarization time (RT) dispersion by regional drug infusion in 
perfused explanted human (n = 1) and porcine (n = 6) hearts and in a computational model of the human ventricle. 
Arrhythmia induction was tested with a single ventricular extrastimulus applied at the early or late RT region. 
Arrhythmias could only be induced from early RT regions. Vulnerability to VF increased with RT gradient steep-
ness and with larger areas of early RT, but not with markers on the body-surface electrocardiogram. Noninvasive 
electrocardiographic imaging was performed in survivors of idiopathic VF (n = 11), patients with frequent premature 
ventricular complexes (PVCs) but no history of sudden cardiac arrest (n = 7), and controls (n = 10). In survivors of 
idiopathic VF, RT gradients were steeper than in controls, without differences in the clinical electrocardiogram, 
consistent with the ex vivo results. Patients with idiopathic VF also showed local myocardial regions with distinctly 
early-versus-late RT that were more balanced in size than in controls. Premature beats originated more often 
from the early RT regions in idiopathic VF survivors than in patients with frequent PVCs only. Thus, idiopathic VF 
emerges from the spatiotemporal interaction of a premature beat from an early-repolarization region with criti-
cal repolarization dispersion in that region. Electrocardiographic imaging can uncover the co-occurrence of these 
abnormalities.

INTRODUCTION
One in four cardiovascular deaths worldwide occurs suddenly and 
is often caused by ventricular fibrillation (VF) (1, 2). Although sud-
den cardiac arrest (SCA) is often associated with ischemia or struc-
tural heart disease after infarction, these are absent in up to half of 
deaths (1, 3). If no cause is identified, VF is diagnosed as “idiopathic” 
(1, 4). Because nonstructural, purely electrical substrates are diffi-
cult to detect and localize with current clinical tools (4), a compre-
hensive understanding of the interaction between triggers and 
(subtle) electrical substrates leading to life-threatening arrhythmias 
in the structurally normal heart is lacking.

Electrical activation excites myocardial tissue and is followed by 
electrical recovery from inexcitability (repolarization). Abnormali-
ties in repolarization can become arrhythmogenic even in the absence 
of structural abnormalities (5, 6) and can lead to an abnormally early 
or late repolarization time (RT) of cardiac tissue. Regional differ-
ences in RT yield local RT gradients (RTGs), may promote reentry 
through unidirectional block of a next activation, and can form the 

basis for ventricular tachycardia (VT) and VF. The arrhythmogenic 
importance of RTGs has been shown previously in animal experi-
ments (6) and patients (7, 8). However, it is currently unknown how 
the steepness of RTGs and the relative sizes of the regions with dis-
parate repolarization contribute to arrhythmia in relation to the 
coupling interval and spatial origin of the premature beat.

In addition, only overt repolarization abnormalities can be de-
tected in current clinical practice, such as in the short- and long-QT 
syndromes. Subtle, regional repolarization abnormalities are likely 
not reflected in the clinical 12-lead electrocardiogram (ECG) (1). 
Recently, it has become possible to detect regional repolarization 
differences noninvasively in patients using electrocardiographic 
imaging (ECGI). (7–12) ECGI is a noninvasive technique to recon-
struct electrical activity directly at the heart surface using approx-
imately 200 electrodes at the torso surface and a geometrical 
representation of the heart and torso. It may provide more detailed 
and localized information than the ECG.

We hypothesized that the following elements are required for 
reentry to occur in the presence of a repolarization substrate: (i) 
myocardial regions of relatively early and relatively late repolariza-
tion, with a critically steep RTG in between; (ii) a critical size of the 
two regions; (iii) premature ventricular activation originating from 
a region that repolarizes relatively early; and (iv) critical timing of 
the premature ventricular activation. These abnormalities currently 
go largely undetected in patients because of insufficient accuracy of 
available clinical diagnostic modalities. To address these hypotheses, 
we combined electrophysiological studies on perfused explanted 
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human and pig hearts with in silico modeling and applied the 
newly acquired insights to patients who survived VF undergoing 
noninvasive ECGI.

RESULTS
Figure 1 shows observations in a survivor of idiopathic VF. Figure 1A 
demonstrates the induction of polymorphic VT (later degenerating 
into VF) after a short-coupled premature beat (R-on-T phenome-
non) as recorded by the standard 12-lead ECG. Clinical workup did 
not reveal a cause for the arrhythmia, but noninvasive ECGI al-
lowed us to reconstruct local RT isochrones that highlighted a re-
gion with a short repolarization duration and steep RT dispersion 
(Fig. 1B). Figure S1 illustrates how the combination of such repolar-
ization substrate and a trigger may lead to reentry.

Trigger-substrate interaction ex vivo shows increased 
arrhythmia susceptibility
We mimicked these clinical findings in an explanted heart setup 
with a perfused pig heart placed within a torso tank (Fig. 2A and fig. 
S2). Local arrhythmia inducibility was tested at baseline, during lo-
cal drug infusion (drug concentrations are specified in table S1), 
and after drug washout. During drug infusion, the posterior side 
(POST) of the heart was first infused with the repolarization- 
prolonging drug dofetilide, and later, the anterior side of the heart 
was simultaneously infused with the repolarization-shortening drug 
pinacidil [through the left anterior descending (LAD) artery]. Local 
unipolar electrograms (EGMs) were recorded directly at the heart 
surface to determine the local RT. The epicardial RT isochrones 
during a typical experiment showed that drug infusion resulted in 
two distinct regions with pronounced early and late RT and a tran-
sition with steep RTGs (Fig. 2B) that normalized after drug wash-
out. At the heart surface, the repolarization waves in the local 

unipolar EGMs changed from positive (early RT region) to negative 
(late RT region) over the RTGs (Fig. 2C and fig. S3). We confirmed 
that the repolarization wave upslope of the epicardial EGM was a good 
marker of RT and of the time of recovery from inexcitability (fig. S4).

Arrhythmia induction was tested with an S1-S2 protocol by pro-
viding a single ventricular programmed stimulus (S2) after a train 
of eight atrial paced beats (S1). In a typical explanted pig heart 
(Fig. 3A), atrial pacing resulted in a homogeneous activation of the 
ventricles through the native conduction system. Repolarization was 
more heterogeneous because of local drug infusion, with distinct re-
gions of early and late RT (Fig. 3B). The activation isochrones of a 
subsequent single ventricular S2 stimulus from the early RT region 
(Fig. 3C) showed that this premature beat blocked against the RTG, 
traveled around the gradient, and then reactivated the previously re-
fractory tissue (unidirectional block). This resulted in a sustained 
arrhythmia (Fig. 3D) that was maintained by a reentry circuit along 
electrodes a to f with continuous reactivation of the tissue (Fig. 3E).

These observations were confirmed in a series of six pig heart 
experiments (Fig. 3, F to H). Although the heart rate corrected QT 
interval (QTc) determined from the body-surface ECG during 
maximum drug infusion did not differ from the baseline condition, 
the RTGs determined from the ventricular EGMs were increased 
(P = 0.02; Fig. 3F). In the presence of drug-induced RTGs, arrhyth-
mia inducibility increased (Fig. 3G). Arrhythmias could only be in-
duced when pacing from the early RT region (LAD) and not from 
the late RT region (POST; Fig. 3H). The QTc interval was not differ-
ent between inducible and noninducible hearts (fig. S5A). Con-
versely, the maximum RTG was a significant arrhythmia predictor 
(P < 0.05; fig. S5B). Also, in the explanted human heart, arrhyth-
mias could only be induced from the early RT region and only in 
the presence of a steep (drug-induced) RTG (fig. S6).

Figure 3I shows examples of the S1-S2 induction protocol with the 
“R-on-T” phenomenon on lead II of the tank-surface ECG. Despite 

the presence of an R-on-T morphology, 
arrhythmia induction was absent if re-
polarization heterogeneity was absent or 
if the premature stimulus was applied to 
the late repolarizing region.

The spatiotemporal vulnerability 
to arrhythmias increases 
with stronger repolarization 
abnormalities
We next studied the spatial and temporal 
vulnerability to arrhythmias in the ex-
planted hearts and in a computer model. 
The computational experiments were 
performed with a previously published 
human ventricular model (13) in which 
the local potassium channel conduc-
tance was changed to create a region of 
variable size with early RT and a region 
with late RT (Fig. 4A). Arrhythmia induc-
ibility was tested with an S1-S2 protocol 
on multiple locations. In agreement with 
the ex vivo observations, the computer 
model showed that arrhythmias could 
only be induced with an S2 stimulation 
in early RT regions and not in late RT 
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Fig. 1. Electrocardiographic findings in a patient who suffered from idiopathic ventricular fibrillation. The 
patient’s 12-lead ECG (A) shows the initiation of a polymorphic ventricular tachycardia, induced by a single prema-
ture beat occurring closely to the preceding repolarization (R-on-T phenomenon). Noninvasively mapped activation 
time and repolarization time (RT) isochrones during sinus rhythm (B) demonstrate apparently normal electrical acti-
vation pattern but locally dispersed RTs. Unipolar electrograms (EGM) demonstrate a large local RT difference 
(arrow). X, activation time marker; RVOT, right ventricle outflow tract; RA, right atrium; RV, right ventricle; LV, left 
ventricle. Vertical dashed lines represent RT marker.
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regions (Fig. 4B and figs. S7 to S9). These simulations also showed 
that the maximum temporal vulnerable window (the range of S1-S2 
intervals resulting in arrhythmias) increased with the steepness of 
the RTG, but not with the size of the area of early RT (Fig. 4C). This 
was in agreement with the observations from the explanted heart 
experiments (Fig. 4D). Conversely, the simulations show that the 
size of the spatial vulnerable region (reflected by the number of 
arrhythmia-inducing pacing locations) increased mainly with the size 
of the area of early repolarization above a threshold RTG (Fig. 4E). 
In the explanted heart experiments, the size of the early RT region 
could not be changed, but the number of vulnerable locations did 
increase with steeper RTGs (Fig. 4F).

Observations in survivors of idiopathic VF uncover 
repolarization abnormalities
We then studied the clinical relevance of these findings. Patients 
were determined to have idiopathic VF if they had documented 
VF but no identifiable cause during extensive clinical workup (4). 

Patients were included in the prema-
ture ventricular complex (PVC) group 
if they had frequent monomorphic PVCs 
requiring catheter ablation but had no 
history of SCA, VT, or VF and no struc-
tural abnormalities on echocardiography 
or magnetic resonance imaging (MRI). 
Control subjects had no history of car-
diac arrhythmias, a normal ECG, a normal 
computer tomography angiography, and 
no structural abnormalities. All patients 
underwent ECGI as previously described 
(see fig. S10) to reconstruct epicardial 
ventricular unipolar EGMs, activation 
times, RT, and RTGs for selected beats 
(11, 12). Table 1 and table S2 show char-
acteristics of the three groups of patients.

Representative examples from each 
group are shown in Fig. 5. In all three 
examples, ECGI identified regions of 
local RT differences, but they were most 
pronounced in patients with VF (Fig. 5A). 
In agreement with the explanted heart 
observations, local reconstructed EGMs at 
the heart surface (Fig. 5B) typically showed 
a repolarization wave that changed po-
larity between these regions of pronounced 
local RT differences. RT isochrones and 
histograms (Fig. 5C) showed relatively 
large regions of early RT in the patient 
with idiopathic VF; PVCs emerged from 
this region in the patient with idiopath-
ic VF, but from the late RT region in the 
patient with PVCs. Regions with pro-
nounced RT differences resulted in steep 
local RTGs (Fig. 5D).

Survivors of idiopathic VF have 
clinically concealed repolarization 
abnormalities
Standard clinical markers for repolar-

ization (QTc and Tpeak-Tend intervals on the 12-lead ECG) were 
not significantly different between the patient groups (Fig.  6,  A 
and B): P = 0.29 and 0.057 for QTc and P = 0.91 and 0.22 for Tpeak-
Tend, for PVC versus control and idiopathic VF versus control, 
respectively. However, ECGI uncovered significantly more RT het-
erogeneity with steeper RTGs in survivors of idiopathic VF than in 
controls (Fig. 6D): P = 0.47 for PVC versus control and P = 0.02 for 
idiopathic VF versus control. This was also true for alternative met-
rics of local RT heterogeneity such as local RT dispersion (fig. S11). 
Histograms of the epicardial RTs (Fig. 5C) showed multiple peaks, 
corresponding to the presence of organized regions with early and 
late repolarization. Survivors of idiopathic VF typically had more 
peaks in the RT histogram (figs. S12 and S13). Their “surface ratio” 
(the ratio of surface areas of the two largest RT regions) was signifi-
cantly closer to 1, indicating that those relatively early and late RT 
zones were similar in size, whereas in the other patient groups, one 
RT zone was much larger than all other zones (Fig. 6E): P = 0.25 for 
PVC versus control and P = 0.005 for idiopathic VF versus control. 
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Fig. 2. Local drug infusion produces RT gradients reflected by local EGM changes. (A) Explanted hearts are 
placed in a torso-shaped tank; gray dots on the torso indicate torso-surface electrodes; blue dots on the heart indi-
cate the heart-surface (sock) electrodes. The hearts have different perfusion beds of the left anterior descending 
(LAD) artery and the remaining (aorta-perfused) region. These regions are infused with pinacidil (Pin.) and dofetilide 
(Dof.), respectively, creating substantial RT gradients (RTGs) between the perfusion beds. Pacing electrodes (stars) are 
positioned at the right atrium, the LAD perfused regions (LAD-LV and LAD-RV), and the posterior, non-LAD perfused, 
region (POST). Unipolar epicardial EGMs were recorded with a 108-electrode sock. (B) Representative results from an 
explanted pig heart show RT isochrones at baseline (row 1), when locally infusing dofetilide (Dof; row 2), when infus-
ing dofetilide and pinacidil (Dof + Pin; row 3), and during washout (row 4). (C) During baseline (S1) pacing, selected 
sock EGMs in the early (EGM 1) and late (EGM 3) RT region and the transition zone (EGM 2) show the resulting 
repolarization-wave morphology changes. The RT dispersion increases during drug infusion (black arrow). The moment 
of steepest EGM repolarization-wave upslope (reflecting local RT) is indicated by the blue triangle.
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Survivors of idiopathic VF had relatively large regions of early RT 
(fig. S12).

Thus, ECGI showed that idiopathic VF survivors had regions of 
relatively early and late RT, with relatively large early RT regions, 
and steep RTGs. This was true even after excluding two idiopathic 
VF survivors who had a left-bundle-branch-block morphology on 
their clinical ECG (fig. S14).

Premature beats manifest from early-repolarizing regions 
in survivors of idiopathic VF
In most patients from the idiopathic VF group, PVCs occurred fre-
quently (table S2). In line with literature findings (14), the shortest 
coupling interval for PVCs (the interval to the preceding beat) was 
shorter for patients in the idiopathic VF group than for patients in 

the PVC group (Fig. 6C): P = 0.027. Patients from the PVC group 
predominantly displayed extrasystoles manifesting from regions 
that showed late repolarization during sinus rhythm, whereas idio-
pathic VF survivors more often had PVCs manifesting from early- 
repolarizing regions (Fig. 6F): 7 of 11 idiopathic VF survivors versus 1 
of 7 PVC individuals had their PVCs originate from the early RT 
region (P = 0.04). In three idiopathic VF survivors, ECGI captured 
a “clinically suspect” PVC (a PVC that on 12-lead ECG initiated a 
sustained or nonsustained VT). In two of three cases, ECGI identi-
fied the macroscopic origin of this PVC well within the early RT 
region (figs. S15 and S16); in the other case, it appeared to come 
from the late side of the RTG, but its distance to the gradient fell 
within the spatial uncertainty of ECGI. These observations are in 
agreement with our ex  vivo and in silico results: The temporal 
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(R-on-T) and the spatial relationship of a premature beat to the pre-
ceding repolarization pattern are key determinants of risk for ar-
rhythmia induction.

Simultaneous occurrence of triggers and substrate is 
common in survivors of idiopathic VF
Next, we determined the presence of a repolarization substrate in 
each individual using the following cutoff values: (i) a maximum 
RTG of >200 ms/cm and (ii) an RT surface ratio of >0.4 (Table 1 
and table S3). This substrate was present more often in survivors of 
idiopathic VF than in controls (P = 0.02). PVCs originating from 

the early RT region also occurred more often in survivors of idio-
pathic VF (P = 0.02). The combined observation of substrate (steep 
RTG with high RT surface ratio) and trigger (PVCs from early RT 
regions) was only present in survivors of idiopathic VF (P = 0.02). A 
Venn diagram illustrates the increased co-occurrence of these ECGI- 
identified abnormalities in the idiopathic VF group compared to 
the other groups (Fig. 6G).

Figure S20 (A to C) shows a patient case that illustrates our main 
clinical findings. It represents the heart of an idiopathic VF survivor 
with steep RTGs (fig. S20A) and frequent PVCs that have their mac-
roscopic breakthrough at an early RT region (fig. S20B). A subtle 
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and small, medium, or large early RT areas. (C) The temporal vulnerable window increased with the steepness of the RTG but was independent of the size of the early RT 
area. (D) In the explanted hearts (with a fixed area of early RT), a similar dependency between vulnerable window and RTG was found. (E) The computational model 
demonstrated that the spatial vulnerable region increased with a larger size of the early RT area, although only for RTGs of sufficient size. (F) The explanted hearts showed 
an increasing number of inducible pacing locations at the early RT region with steeper RTGs. *P < 0.05.

Table 1. Presence of key trigger-substrate arrhythmia elements in humans.  

Control (n = 10) PVC (n = 7) Idiopathic VF (n = 11) Difference from control

Patients with potential RT 
substrate* 1 (10%) 1 (14%) 7 (64%) P = 0.02

Patients with potential trigger† 0 (0%) 1 (14%) 6 (55%) P = 0.01

Patients with substrate and 
trigger‡ 0 (0%) 0 (0%) 5 (45%) P = 0.02

*Substrate defined as sinus rhythm RTGs > 200 ms/cm and RT surface ratio > 0.4.   †Defined as a PVC from a region that has an early RT during sinus 
rhythm.   ‡Defined as the simultaneous presence of the previously defined substrate and trigger.
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change in PVC origin or timing may fulfill all requirements of the 
arrhythmia hypothesis to explain the patient’s SCA (fig. S20C).

DISCUSSION
Our combined data demonstrated that a critical interaction of four 
factors determines the inducibility of reentry in a setting of purely 
electrical substrate (fig. S20D): (i) the timing of the inducing pre-
mature beat, (ii) its macroscopic origin location from a region of 
early repolarization, (iii) the presence of a steep RTG, and (iv) the 
relative sizes of the tissue with long and short repolarization. The 
stronger the abnormalities, the larger the spatiotemporal arrhyth-
mia vulnerability: Steeper RTGs result in a larger temporal vulnera-
bility (Figs. 4, C and D, and 6D), whereas a larger region of early 
repolarization results in larger spatial vulnerability (Figs. 4E and 6E). 
Survivors of idiopathic VF have steeper RTGs and more spatially 
size-balanced regions of RT abnormalities compared to controls, 
and PVCs’ origins manifest more often from an early RT region. 
These abnormalities were not evident on the standard 12-lead ECG 
but were unmasked by ECGI. Exercise or other provocative condi-
tions may lead to further abnormalities being uncovered (15). Al-
ternative metrics on the 12-lead ECG may contain more information 
than the QTc or Tpeak-Tend interval (16), because these intervals 
are a measure of repolarization duration and repolarization hetero-
geneity in the entire heart. The 184-lead ECG shows a broader 
T wave in survivors of idiopathic VF than in controls (fig. S13). ECGI 

may allow better identification of pa-
tients at risk for idiopathic VF, in par-
ticular when combining multiple ECGI 
metrics (Fig. 6G) in the absence of le-
thal arrhythmias; this may hold prom-
ise to identify such patients before their 
arrhythmia occurs.

There are several important limita-
tions to our study. In the explanted 
heart experiments and computer mod-
els, the effect of electromechanical cou-
pling, central nervous system, and other 
systemic effects could not be studied. 
These factors are strong modulators of 
repolarization heterogeneity (17) and 
have been detected by ECGI. Although 
the ex vivo and in silico studies focused 
on reentry initiation (and did not differ-
entiate between subsequent VT or VF), 
our ECGI observations were performed 
in patients who had VF. In our ex vivo 
experiments, most induced arrhythmias 
appeared to be polymorphic VT or VF.  
Further investigations are required 
to study how reentry initiation subse-
quently develops to VF. Because of the 
relatively rare occurrence of idiopathic 
VF, only a limited number of patients 
could be included, and ECGI was per-
formed in the absence of spontaneous 
arrhythmias.

We surmise that the spatiotemporal 
trigger-substrate interaction concept can 

be applied to other electrical diseases of the heart. For example, in 
long-QT syndrome (LQTS), repolarization is prolonged to such an 
extent that it is detectable from the clinical ECG, but not all patients 
with overt LQTS have a similar risk for SCA (18). Experimental re-
sults have confirmed our hypothesis that it is not the absolute (ho-
mogeneous) prolongation of RT, but the local differences in RT that 
determine arrhythmia susceptibility (19). The application of ECGI 
in clinical cohorts of patients with LQTS and Brugada syndrome 
has suggested that the presence and steepness of RTGs are associat-
ed with arrhythmia risk (7, 8). In the early-repolarization syndrome, 
although its underlying mechanisms (abnormalities in depolariza-
tion or early phase 2 repolarization) may not directly link to an ac-
tual early end of (phase 3) repolarization, arrhythmogenic patients 
had steeper RTGs than controls (9). On a smaller scale, RTGs may 
exist between the voluminous and relatively slow-conducting myo-
cardium and the fine and fast-conducting Purkinje network and may 
play a role in particular for Purkinje-mediated premature beats (20).

The concept of R-on-T is classically associated with arrhythmia 
risk, but, as we show here, it is not sufficient to explain VF initia-
tion. Also, in the setting of ischemia, R-on-T PVCs may occur fre-
quently without inducing arrhythmias (21). Conversely, SCA is 
frequently initiated in the absence of R-on-T (22), but it is currently 
unknown whether the premature beat may then be on top of clinically 
concealed repolarization abnormalities of sufficient magnitude. It 
has been suggested that steep RTGs may generate triggers (23). In 
our ex vivo experiments, we did not typically observe spontaneous 

A B C D

Fig. 5. Noninvasive mapping of repolarization substrate and premature beats in a control, a patient with fre-
quent premature beats only, and a patient who survived idiopathic ventricular fibrillation. Electrocardiographic 
imaging (ECGI) was used to study repolarization characteristics for a typical control, and individuals with premature 
ventricular complex (PVC) and idiopathic ventricular fibrillation (iVF). (A) Ventricular RT isochrones highlight RTGs for 
a sinus beat. (B) Selected epicardial unipolar EGMs show the morphology changes across the RTG. Symbols in the 
EGMs correspond to their location in (A). The symbol position in (B) reflects the local RT (repolarization-wave upslope) 
in the EGM. (C) Histograms of all RTs during a sinus beat may show multiple distinct regions of RT. Yellow circles indi-
cate the spatial origin of PVCs [in (A)] and the sinus beat RT corresponding to that region [in (C)]. (D) Local RTGs are 
shown. AO, aorta.
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PVCs at baseline or in the presence of steep RTGs. Also, the origin 
of clinically suspect premature beats was not necessarily located at 
the RTG in survivors of idiopathic VF (fig. S15). However, we did 
not investigate modulating factors such as adrenergic stimulation, 
which have been suggested to generate spontaneous beats from re-
gions of large RT heterogeneity (“R-from-T”) (23). Convincing evi-
dence also suggests a key role of Purkinje cells in generating 
triggering PVCs in idiopathic VF (20). This is within the scope of 
our findings, as in this study we could only observe the apparent 
(macroscopic) epicardial breakthrough of PVCs and not their (mi-
croscopic) cellular origin. The observed PVCs in the idiopathic VF 
group may very well be Purkinje-mediated, and further studies are 
required to confirm this. More research is also needed to explain the 
apparent breakthrough of PVCs at an early-repolarizing region, 

which could be either mechanistic (early 
triggers from Purkinje cells can only exit 
the Purkinje system at locations with ex-
citable myocardium, thus early-repolarizing 
regions, or RTGs intrinsically generate 
triggers that then can only excite early- 
repolarizing regions) or stochastic (trig-
gers from the Purkinje system may develop 
anywhere but will only induce VF when 
originating from an early-repolarizing 
region).

Here, we studied VF initiation based 
on a single ventricular beat on top of 
preceding sinus rhythm RT heteroge-
neity. This concept may be extended to 
arrhythmias that start with multiple fo-
cal beats by considering the interaction 
of a focal beat with the RT of the previ-
ous focal beat. In addition, RT is the 
summation of local activation time and 
local duration of repolarization, and in 
our ex  vivo and in silico experiments, 
we studied heterogeneity in repolariza-
tion duration. RT heterogeneity may also 
result from heterogeneity in activation, 
for example, due to zigzag conduction 
through small conducting channels with-
in the permanently inexcitable scar (24), 
sodium channel abnormalities (25), or 
post-repolarization refractoriness (26). 
Considering these various sources of 
“excitability heterogeneity” would al-
low us to extend our reasoning to other 
myocardial substrates or even arrhyth-
mias of other electromechanical organs. 
For example, the role of (premature) ac-
tivation and conduction block has been 
recently studied in dysrhythmias of the 
gastrointestinal system (27) and uterus 
(28), but the role of excitability disper-
sion in such organs is still unknown.

Our proposed concept has implica-
tions for diagnosis, risk stratification, 
and preventive therapy of idiopathic VF.  
Noninvasive methods such as ECGI 

now enable detection of the four identified conditions and suggest 
selective therapy targeted to one or more of the four spatiotemporal 
trigger-substrate elements (fig. S20D) to prevent SCA, although this 
will require further study. For example, if PVCs occur frequently in 
the presence of RT heterogeneities and from an early RT region, 
one may consider aggressive therapy to reduce the RTGs or abolish 
the PVCs. In particular, previous studies suggest that Purkinje- 
mediated PVCs play an important role in idiopathic VF (20) and 
indicate that PVC ablation prevents the recurrence of SCA (29).

In this study, we identified critically timed activation-repolarization 
interactions to prime arrhythmogenesis, in which spatial vulnerability 
increased with the size of early RT regions and temporal vulnerability 
with the steepness of RTGs. These findings provide a comprehen-
sive and clinically relevant perspective on the trigger-substrate 
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Fig. 6. Noninvasive mapping in patients with idiopathic ventricular fibrillation uncovers a repolarization sub-
strate and its relation to premature beats. Group statistics for all individuals for the standard 12-lead ECG (A to C) 
and ECGI (D to F). Scatter plots display mean (horizontal line) and 95% confidence interval (whiskers). (A) Heart rate 
corrected QT intervals (QTc) and (B) Tpeak-Tend interval from the clinical 12-lead ECG on the standard ECG. (C) The 
shortest observed coupling interval (CI) of PVCs on standard ECG is earlier in idiopathic VF survivors. (D) ECGI reveals 
that the maximum local RTG and (E) the ratio between the “surface” (histogram count) of the two largest RT regions 
are larger in idiopathic VF survivors. (F) PVC origins categorized as coming from a region with early versus late RT 
during sinus rhythm. (G) A Venn diagram illustrates the occurrence of ECGI-identified substrate and trigger abnor-
malities, highlighting an increased concurrent occurrence in survivors of idiopathic VF. *P < 0.05; ns, not significant.
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interaction resulting in VF and suggest avenues for risk stratifica-
tion of life-threatening arrhythmias.

MATERIALS AND METHODS
Study design
Here, we studied RT heterogeneity in explanted pig and human 
hearts, in computer models, and in humans. The goal was to study 
the presence of RT heterogeneity in survivors of idiopathic VF and 
to better understand the interaction between triggers and RT sub-
strate in ex vivo and in silico hearts.

Patients were recruited at Maastricht University Medical Center 
with approval from the local ethical committee (ClinicalTrials.gov 
NCT03947021). Patients were included in the idiopathic VF group 
if they had documented VF but no identifiable cause during exten-
sive clinical workup. Diagnostic procedures to exclude known causes 
of VF were based on (exercise) ECG, blood chemistry, toxicological 
screening, Holter monitoring, echocardiography, coronary angiog-
raphy or computed tomography angiography (CTA), MRI, and targeted 
genetic testing (4). Patients were included in the PVC category if 
they had frequent monomorphic PVCs requiring catheter ablation 
but had no history of SCA, VT, or VF and no structural abnormali-
ties on echocardiography or MRI. Control subjects had no history 
of cardiac arrhythmias, a normal ECG, and a normal CTA and no 
structural abnormalities on echocardiography or MRI. They un-
derwent CTA for thoracic complaints requiring coronary analy-
sis, which proved negative. All patients provided written informed 
consent.

Explanted heart experiments
Langendorff-perfused explanted heart experiments were performed 
on six porcine hearts and one human donor heart. Procurement 
and use of the human donor heart with informed consent from 
family members were approved by the French National Biomedical 
Agency and in a manner conforming to the Declaration of Helsinki. 
The animal study was carried out in accordance with the recom-
mendations of the Directive 2010/63/EU of the European Parlia-
ment on the protection of animals used for scientific purposes and 
approved by the local ethical committee of Bordeaux CEEA50.

The pig hearts were from males with an average age of 3 months 
and weight of 38.5 ± 1.8 kg. The human heart was from a 76-year-
old female (weight, 50 kg) who died of ischemic stroke and had a 
history of hypertension; her heart was rejected for human trans-
plantation because of her age. The hearts were explanted and put in 
a Langendorff setup with retrograde perfusion of the aorta. Repo-
larization substrate was mimicked by creating local regions of early 
and late repolarization. This was achieved by providing these 
Langendorff-perfused hearts with a separate infusion of the LAD 
coronary artery and the remaining (aorta-perfused) coronary arter-
ies (fig. S2A). Hearts were perfused with a 1:9 mixture of blood and 
Tyrode’s solution, oxygenated with 95%/5% O2/CO2 (pH 7.4, 37°C). 
Dofetilide, blocking the potassium current IKr in cardiomyocytes, 
was infused in the aorta, resulting in local RT prolongation at the 
posterior side of the heart. Pinacidil, activating ATP (adenosine 
5′-triphosphate)–sensitive potassium channels, was infused in the 
LAD, resulting in local RT shorting at the anterior side of the heart. 
A 108-electrode sock (fig. S2B) wrapped around the heart provided 
EGM recordings from which local RTs were determined. By placing 
the heart in a tank shaped like a human torso with 256 electrodes 

and filled with perfusate, simultaneous body-surface ECGs could be 
obtained (fig. S2C) (30).

A pair of bipolar pacing electrodes on the atria was used to pro-
vide a baseline paced rhythm to mimic normally conducted sinus 
rhythm (“S1 pacing”). To test arrhythmia inducibility, after a train 
of eight S1 beats, a single ventricular stimulus was provided (“S2 
pacing”) at one of three available pacing electrodes: the left side of 
the LAD (LAD-LV), the right side of the LAD (LAD-RV), and the 
posterior side of the heart (POST). From these pacing locations, the 
refractory period was defined as the shortest S1-S2 interval where 
the S2 beat was still conducted (either as a single beat or leading to 
an arrhythmia). This was usually tested with 10-ms intervals. When 
capture was detected without arrhythmia, 1-ms intervals were used 
to determine the refractory period with higher resolution. Arrhyth-
mia inducibility was considered positive when pacing from these 
electrodes resulted in a sustained arrhythmia (VT or VF) for at least 
30 s. If an arrhythmia was induced, the heart was defibrillated after 
30 s to restore normal rhythm. During arrhythmia, perfusion to the 
heart was kept intact and there was no ischemia. In some cases, the 
protocol had to be aborted early if ischemia was increasing or ar-
rhythmias could not be cardioverted.

A drug infusion protocol was used to create RT differences. 
Dofetilide target concentration was taken from literature as 100 nM 
in a no-blood preparation (31). To compensate for the use of blood, 
we corrected for known plasma binding of 60 to 70% of dofetilide 
(32) by multiplying this concentration by 2.5, resulting in a 250 nM 
target concentration. Pinacidil target concentration from literature 
was 20 M in a no-blood preparation (6) and multiplied by 1.67 to 
compensate for its 40% plasma binding (33), yielding a final target 
concentration of 35 M. Both drugs were also infused at half con-
centrations (125 nM for dofetilide and 17.5 M for pinacidil) to test 
gradual increases. Each drug was infused for at least 15 min before 
testing arrhythmia inducibility and taking recordings. The drugs 
were given in the following order (table S1): baseline (no drugs), 
dofetilide at 125 nM (“Dof 1/2”) and 250 nM (“Dof 1/1”) in the 
aorta-perfused region (thus everywhere except LAD), and, on top of 
Dof 1/1, an additional infusion of pinacidil at 17.5 M (“Dof 1/1 + 
Pin 1/2”) and 35 M (“Dof 1/1 + Pin 1/1”) in the LAD, followed by 
washout. This resulted in regions with pronounced RT prolonga-
tion (in the non-LAD region) and RT shortening (in the LAD re-
gion) with steep gradients at their border.

Use of the “epicardial T wave” upslope as a marker for RT
The T wave on the 12-lead ECG represents the cardiac repolariza-
tion phase. In local intracardiac EGMs, the repolarization wave 
(“intracardiac T wave” or “epicardial T wave”) is not completely 
understood. In particular, the relationship between the morphology 
of the repolarization wave of local unipolar EGMs and local RT re-
mains a topic of debate and has not been validated in pronounced 
RT dispersion. In the ex vivo setup described, we studied the time 
of upslope of the repolarization wave (tup) in epicardial unipolar 
EGMs as marker of time of local refractoriness (trefr; a surrogate for 
RT) in intact hearts with RT dispersion. tup was determined from 
recorded unipolar EGMs. Pacing was used to determine trefr, de-
fined as the shortest coupling interval with capture. Both local met-
rics were determined relative to global R-peak in the root mean 
square of the body-surface potentials. In seven hearts (including 
some that were not included in the main manuscript), selective 
dofetilide and pinacidil infusion resulted in pronounced regions 
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with negative and positive repolarization waves, respectively (see 
fig. S3). Investigating this in more detail, fig. S4 illustrates the cor-
relation between EGM upslope and local refractory time. Thus, the 
moment of steepest upslope of the repolarization wave in a unipolar 
epicardial EGM accurately reflects end of local refractoriness in intact 
hearts, even in pronounced RT dispersion, under these conditions. 
When local RT is defined by moment of reexcitability (allowing to 
link it to conduction block and reentry), repolarization wave upslope 
can be taken as a reliable marker of local RT.

Results from an explanted human heart
In an explanted human heart, the refractory time at that location 
became much earlier during pinacidil infusion in the LAD (fig. S6). 
This resulted in a large RTG between the LAD and POST regions. 
In line with the ex vivo porcine heart results, this resulted in a large 
vulnerable window for which S1-S2 pacing yielded sustained ar-
rhythmias. During dofetilide infusion in the POST region, the RTG 
was much smaller. In line with the ex vivo porcine heart results, this 
resulted in a smaller vulnerable window. After drug washout, the 
RTG was absent, and no arrhythmias could be induced. In all cases, 
arrhythmias could only be induced when S2 was from the early RT 
region, not from the late RT region, confirming the ex vivo porcine 
heart results.

In silico experiments
Computational ventricular experiments were performed with a pre-
viously published human ventricular model (13). Two regions were 
created: a region reflecting the LAD-perfused tissue versus the rest 
of the heart. In the first region, the conductance of the potassium 
channel IKr was increased to shorten the action potential duration 
(APD), decreasing the local RT; in the latter region, the conduc-
tance of IKr was decreased to prolong the APD, increasing the local 
RT. We changed the conductance in these regions to create three 
different in silico heart models, resulting in an APD difference over 
the transition zone of 74, 126, and 190 ms, respectively. In conjunc-
tion with these “small,” “medium,” and “large” RTGs, we also var-
ied the size of the affected regions from a small, medium, to large 
LAD-perfused region. Combined, this resulted in nine different heart 
models with varying areas of abnormalities and varying degrees of 
gradient steepness. All models were initialized with a baseline “S1” 
paced rhythm mimicking sinus rhythm. Subsequently, arrhythmia 
inducibility was tested on selected locations by providing a sin-
gle ventricular stimulus “S2” at 10-ms increments after the last 
S1 stimulus.

Electrocardiographic imaging
The patients underwent ECGI as previously described and validat-
ed (fig. S10) (11, 12). In brief, 184 Ag-AgCl electrodes (BioSemi) 
were attached to the torso of the individual to record body-surface 
potentials at 2-kHz sampling rate for at least 10 min and typically 
1 hour. A CT scan of the heart with intravenous contrast was per-
formed, as well as a low-dose thoracic CT scan to image the elec-
trode positions. From these, a 184-electrode torso and ~2000-node 
cardiac geometry were digitized, enabling the determination of the 
electrostatic relationship between the torso electrodes and epicardi-
al ventricular nodes. Previously detailed ECGI methods were used 
to reconstruct epicardial ventricular EGMs for selected beats (11). 
For each EGM, the activation time and recovery time were deter-
mined from the steepest downslope (of the activation complex) and 

steepest upslope (of the repolarization wave), respectively; this was 
done with a spatiotemporal approach that took into account the 
EGM morphology of neighboring nodes to reduce the influence of 
outliers and noise (11). EGMs were disregarded at the “artificial” (ECGI- 
required) base of the ventricles. EGMs with a low repolarization- 
wave amplitude were manually disregarded as well (on average, 13% 
of nodes). When PVCs were captured during the ECGI procedure, 
all PVCs with distinct morphology were analyzed to determine 
their origin.

Data processing
RTs recorded with experimental sock electrodes (for the explanted 
hearts) or with ECGI (in the clinical study) were determined from 
epicardial EGMs after several postprocessing steps. Details can be 
found in the Supplementary Materials (figs. S17 to S19). RT was 
defined as the steepest upslope of the local epicardial EGM (which 
accurately reflected the time of local refractoriness; fig. S4) and fil-
tered with a 15-mm spatial filter. For each epicardial node, its local 
RTG (in ms/cm) was then defined as the largest local gradient (RT 
difference divided by internode distance) in a 10-mm region. Sub-
sequently, for each patient, a single value for RTG (in ms/cm) was 
defined as the maximum over all local RTGs. In addition, to each 
RT histogram (colored bars in Fig. 5C), a Kernel distribution with a 
width of 10 ms was fitted (black line in Fig. 5C) to determine the 
number of peaks in this distribution, reflecting the number of dis-
tinct RT zones in each sinus beat. The origins of PVCs were deter-
mined from spatially smoothed activation isochrones with ECGI as 
described previously (11). PVCs were considered “clinically suspect” 
when their 12-lead ECG morphology during the ECGI recording 
was similar to PVCs that initiated doublets or triplets, nonsustained 
VT, sustained VT, or VF during clinical follow-up.

Statistical analysis
For the nonnormally distributed clinical data, the Mann-Whitney 
U test was used to assess group differences, with two-tailed tests for 
all metrics except PVC coupling interval (which, based on previous 
data, was suspected to be shorter in idiopathic VF survivors). To 
compare the occurrence of substrate and trigger elements between 
idiopathic VF individuals versus controls and PVC individuals ver-
sus controls, a one-sided Fisher’s exact test was used. For the group 
characteristics in table S2, a Kruskal-Wallis one-way analysis of 
variance was performed to study differences in baseline characteris-
tic distributions for the numerical variables; a 2 test was used for 
nominal variables (sex). Statistical outcomes were deemed signifi-
cant when P < 0.05.

SUPPLEMENTARY MATERIALS
www.science.org/doi/10.1126/scitranslmed.abi9317
Materials and Methods
Figures S1 to S20
Tables S1 to S3
Data files S1 and S2
References (34, 35)

View/request a protocol for this paper from Bio-protocol.
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Noninvasive detection of spatiotemporal activation-repolarization interactions that
prime idiopathic ventricular fibrillation
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Detecting arrhythmogenic electrical interactions
The interactions between triggers for ventricular fibrillation (VF) and subtle repolarization abnormalities of the heart
have been difficult to study because these changes are not typically detected on a standard electrocardiogram. Here,
Cluitmans and colleagues combined perfused explanted human and pig heart studies with computational modeling
and electrocardiographic imaging of survivors of idiopathic VF to better understand how the steepness of repolarization
time (RT) gradients and the sizes of different repolarization regions contributed to idiopathic VF development. The
authors found that the timing of a premature beat and its origination from an early RT region, as well as the presence
of a steep RT gradient and the sizes of regions with early and late repolarization, led to the development of idiopathic
ventricular fibrillation, suggesting that targeted interventions may be possible.
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