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Abstract

Background The short-coupled variant of torsade de pointes (sc-TdP) is a malignant arrhythmia that frequently presents
with ventricular fibrillation (VF) electrical storm. Verapamil is considered the first-line therapy of sc-TdP while catheter
ablation is not widely adopted. The aim of this study was to determine the origin of sc-TdP and to assess the outcome of
catheter ablation using 3D-mapping.

Methods and results We retrospectively analyzed five patients with sc-TdP who underwent 3D-mapping and ablation of sc-
TdP at five different institutions. Four patients initially presented with sudden cardiac arrest, one patient experienced recur-
rent syncope as the first manifestation. All patients demonstrated a monomorphic premature ventricular contraction (PVC)
with late transition left bundle branch block pattern, superior axis, and a coupling interval of less than 300 ms. triggering
recurrent TdP and VF. In four patients, the culprit PVC was mapped to the free wall insertion of the moderator band (MB)
with a preceding Purkinje potential in two patients. Catheter ablation using 3D-mapping and intracardiac echocardiography
eliminated sc-TdP in all patients, with no recurrence at mean 2.7 years (range 6 months to 8 years) of follow-up.
Conclusion 3D-mapping and intracardiac echocardiography demonstrate that sc-TdP predominantly originates from the
MB free wall insertion and its Purkinje network. Catheter ablation of the culprit PVC at the MB free wall junction leads to
excellent short- and long-term results and should be considered as first-line therapy in recurrent sc-TdP or electrical storm.
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Graphic abstract
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The short-coupled variant of torsade de pointes
(sc-TdP) frequently presents with VF electrical
storm. Verapamil is considered the first-line
therapy of sc-TdP while catheter ablation is not
widely adopted.
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Retrospective analysis of 5 patients with sc-TdP
using multipolar mapping catheters and ICE to
determine the precise origin of sc-TdP and to
assess the outcome of catheter ablation.

sc-TdP originates from the free wall insertion of
the moderator band and its Purkinje network.
High-resolution 3D mapping facilitated exact
localization and ablation of the culprit PVC
trigger with no recurrence at mean 2.7 years of
follow-up.

Keywords Short-coupled variant of torsade de pointes - Moderator band - Purkinje - 3D-mapping

Introduction

The short-coupled variant of torsade de pointes (sc-TdP)
was originally described by Leenhardt et al. in 1994 who
reported 14 patients with structurally normal hearts, absence
of QT interval prolongation, and TdP induced by a prema-
ture ventricular contraction (PVC) with late transition left
bundle branch block (LBBB) pattern, left superior axis, and
a coupling interval of less than 300 ms consistent with a
right ventricular (RV) moderator band (MB) origin [1-3].
However, based on the introduction of imaging techniques
such as 3D-mapping [4] and intracardiac echocardiogra-
phy (ICE) [5], sc-TdP and idiopathic ventricular fibrillation
(iVF) from the MB have been characterized as different clin-
ical entities which still translates into different therapeutic
approaches [1-3]: Verapamil is still considered the first-line
therapy in sc-TdP [6] whereas catheter ablation is the treat-
ment of choice for iVF from the MB [2, 3]. Over the past
25 years, numerous reports have highlighted the malignant
phenotype of sc-TdP and the insufficient pharmacological

treatment (failure of amiodarone, p-blocker, Mg2+, lidocaine,
procainamide, quinidine, and cilostazol) while catheter abla-
tion is not widely adopted [1, 7-11]. Indeed, one-third of
patients with sc-TdP, being treated with either verapamil or
B-blockers, die suddenly during a mean follow-up of 7 years
[1]. The aim of this study was to assess the precise origin
of sc-TdP and to assess the short- and long-term outcomes
of catheter ablation of sc-TdP using 3D-mapping and ICE.

Methods

We retrospectively reviewed the databases of five institutions
for sc-TdP treated with 3D-mapping and radiofrequency
(RF) catheter ablation. The patients had to have electrocar-
diographic evidence of sc-TdP, i.e. PVC-induced polymor-
phic ventricular tachycardia or PVC-induced VF triggered
by a monomorphic PVC with late transition LBBB pat-
tern, left superior axis, and a coupling interval of less than
300 ms. Electrophysiological (EP) studies were performed at
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the discretion of the individual operators. All patients have
given written informed consent for publication and ethics
approval was not required.

Results
We identified five patients (mean age 36.6 + 13 years) with

sc-TdP who underwent 3D-mapping and ablation of sc-TdP
between 2011 and 2019 at five different institutions. Four

patients initially presented with sudden cardiac arrest, one
patient experienced recurrent syncope as the first manifesta-
tion of the arthythmia. Two patients developed electrical storm
either during or 2 years after initial admission (Table 1). Struc-
tural and ischemic heart disease had been excluded by echocar-
diography and coronary angiography in all patients. Cardiac
MRI was unremarkable in three patients. All patients demon-
strated late transition, left superior axis PVCs with extremely
short coupling intervals ranging from 280 to 240 ms (Fig. 1)
triggering recurrent sc-TdP or VF. Anti—arrhythmic drug

Table 1 Study cohort of patients with a short-coupled variant of Torsade de Pointes (sc-TdP), 3D-mapping and catheter ablation at the free wall

moderator band (MB) insertion or MB complex

Patient #1 Patient #2 Patient #3 Patient #4 Patient #5
Age at onset (years), 56, f 33, f 22, m 43, m 29, m
sex
History of arrhythmic  No Yes No No No
syncope
Sudden cardiac arrest/ SCA No SCA SCA SCA
death
Short-coupled PVC Yes Yes Yes Yes Yes
with LBBB pattern
in V1, late precor-
dial transition (>V4)
and left superior
frontal axis
Coupling interval 280 270 240 280 240
[msec]
Sc-TdP Yes Yes Yes Yes Yes
VF Yes Yes Yes Yes Yes
Time to electrical 2 years No No No admission
storm
Absence of struc- Yes Yes Yes Yes Yes
tural heart disease
(normal TTE and
coronary angiogra-
phy or CT)
Effective AAD to n.a Ajmaline n.a n.a Verapamil
prevent PVCs and
sc-TdP
Ineffective AAD n.a B-blocker n.a f -blocker Verapamil Lidocaine
3D-Mapping Yes Yes Yes Yes Yes
Anatomical PVC MB free wall insertion MB free wall insertion MB free wall insertion MB free wall insertion Inferoseptal right
origin ventricle
Preceding Purkinje No Yes No Yes No
potential at MB
complex
Absence of late Yes Yes Yes Yes Yes
potentials
Successful catheter Yes Yes Yes Yes Yes
ablation of culprit
PVC
Time free from VF 8 years without AADs 15 mo without AADs 6 mo without AADs 15 mo without AADs 2.5 years on flecainide

after catheter abla-
tion

n.a.not available
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Fig. 1 12-lead ECG PVC trig-

ger morphology among five |

patients with sc-TdP demon-

strating a left superior frontal
axis (Rin I and aVL with

Sur> Sy, late (> V4) precor-

dial transition and a coupling {
interval < 300 ms. The QRS is

relatively narrow (<130 ms.)

with fast intrinsicoid deflection

(<60 ms.) indicating an origin

within or close to the Purkinje
network (paper speed 25 mm/

sec)
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therapy was ineffective to control the arrhythmia (Table 1)
except for Verapamil and Ajmaline. Ajmaline not only led to
the suppression of short-coupled PVCs in patient #2 but also to
VF termination (Fig. 2). Three-dimensional electro-anatomical
activation mapping of the culprit PVC was performed in all
patients. Intracardiac echocardiography (ICE) (AcuNav, Sie-
mens Medical Solutions, USA and Soundstar/Cartosound,
Biosense Webster, USA) was available in four patients. In the
last three patients high-resolution 3D-mapping, i.e. multipolar
mapping catheters with close interelectrode spacing (Penta-
ray, Biosense Webster, USA; Orion, Boston-Scientific, USA;
LiveWire, Abbott; USA) and a steerable sheath (Agilis NxT,
Abbott, USA) were used. Ectopy was spontaneous in four and
induced by atrial pacing in one patient. In all patients, normal
bi- and unipolar voltages without any late or fragmented poten-
tials were demonstrated on endocardial voltage maps. In four
patients, the culprit PVC was mapped to the free wall insertion

of the moderator band (MB) with a preceding Purkinje poten-
tial in two patients (Fig. 3 and Suppl. 1) which were effectively
targeted with RF ablation. In one patient without distinct MB
the culprit PVC was ablated at a right ventricular (RV) papil-
lary muscle. All patients were implanted with a transvenous
(2) or subcutaneous (3) implantable cardioverter-defibrilla-
tor (ICD) for secondary prevention. Device interrogations
confirmed the elimination of sc-TdP in all patients, with no
recurrence at mean 2.7 years (range 6 months to 8 years) of
follow-up.

Discussion
To our knowledge, this is the first study using high-reso-

lution 3D-mapping to specify the free wall insertion of
the RV MB as the predominant origin of short-coupled
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Fig.2 al2-lead ECG of sc-TdP in patient #2 who initially experi-
enced arrhythmic syncope. b Recurrent sc-TdP in patient #2 which
eventually degenerated into VF. Ajmaline bolus (black arrow) was
given which led to VF termination and suppression of short-coupled
PVCs. Ajmaline infusion (0.8 mg/kg body weight/min) was contin-
ued until the next morning when frequent ectopy returned during
EP study. Ajmaline can have pro-arrhythmic and fatal consequences
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when given to patients with Brugada syndrome (BrS) or malignant
Purkinje ectopy [27] who may also present with an electrical storm.
It is, therefore, essential to recognize the pathognomonic PVC trig-
ger morphology of sc-TdP (late transition, left superior axis with cou-
pling interval <300 ms). In contrast, VF triggers in BrS show an infe-
rior axis with a longer coupling interval (> 300 ms) [28]
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Fig.3 High-resolution 3D activation maps of the culprit PVC in three patients demonstrating earliest activation at the free wall insertion of the MB. a The electrode
pair (17,18) records a Purkinje potential fused with local activation during sinus rhythm that is separated from local activation and precedes the QRS onset with a
unipolar QS pattern by 20 ms. during short-coupled PVC. The course of the MB—spanning from septum to lateral free wall—can be appreciated by the impressions
in the electroanatomic shell of the RV. b Induction of short-coupled PVCs by atrial overdrive pacing. To locate the MB without ICE the earliest activation of the right
ventricular free wall in sinus rthythm (right, brown tag) was mapped matching the earliest activation during short-coupled PVC (brown tag in the left picture), con-
firming the PVC origin to be at the free wall insertion of the MB. After focal ablation at this site short-coupled PVCs were no longer inducible by atrial pacing. ¢
Assuming a RV MB site of origin the MB geometry was created on the electroanatomic mapping system and confirmed by ICE. The earliest activation of the short-
coupled PVC was mapped to the free wall insertion of the RV MB, where it was preceded by a prominent Purkinje potential. RF ablation at the site of earliest activa-
tion (26 ms pre-QRS) promptly terminated the PVC, and addition ablation was performed at adjacent Purkinje potential sites on the free wall insertion of the MB
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PVCs triggering sc-TdP. As the right bundle branch and its
Purkinje network run along with the MB and arborize via
the MB at the free wall, it is possible to record myocardial
as well as Purkinje potentials in this region as seen in our
patients. In one patient ablation was performed at an papil-
lary muscle, i.e. at the MB complex. RV Purkinje VF trig-
gers display an uniform morphology which has first been
reported by Haissaguerre et al. who pioneered mapping and
ablation of Purkinje-related idiopathic VF (iVF) [12-14].
In addition, Haissaguerre et al. provided non-invasive ECG
imaging data of RV Purkinje triggers that point to the MB
free wall insertion as PVC breakthrough site in these patients
[14, 15]. Walton et al. also demonstrated ex vivo that uncou-
pled myocardial and Purkinje MB cells have different action
potential durations facilitating re-entry and short-coupled
PVCs in this region [16]. The identical PVC morphology
has been found to represent a RV MB origin using ICE
in a patient with VF storm [2] and a series of 10 patients
with monomorphic VT, VF, and recurrent ICD shocks [3].
According to the recently proposed mechanistic classifica-
tion of primary arrhythmogenic diseases causing sudden car-
diac arrest by Haissaguerre et al., sc-TdP should be classified
as iVF from Purkinje-myocardial sources [17].

Three-dimensional activation mapping is essential for the
understanding of complex ventricular arrhythmias and espe-
cially in cases of papillary muscle or moderator band sources
[18]. However, 3D activation mapping of these endocardial
structures may carry certain technical challenges. As seen
in one patient, the mapping system may erroneously project
internal activation points to the surface geometry (Fig. 3a
and Suppl. 1) which can be misleading. Activation map-
ping of the earliest free wall activation site in sinus rhythm
(Fig. 3b) may help to correctly localize the MB free wall
junction. The novel point density exclusion (PDX) mapping
algorithm (Fig. 3c)—that uses absent 3D mapping points
within a ventricular lumen to create an endocavitary geom-
etry—may represent an optimal approach in these cases as
it allows to generate a separate internal geometry facilitat-
ing precise activation mapping [19]. In addition, as seen in
two of our patients, multielectrode mapping catheters with
close interelectrode spacing may enhance the detection of
Purkinje potentials [20]. To monitor and improve contact
and stability during mapping and ablation at the MB free
wall junction, the use of ICE integrated into the 3D-mapping
system as well as the cryoballoon have been advocated [5,
21]. Finally, pace-mapping, in case of non-inducibility of
the clinical PVC, may also yield good results as the Purkinje
network is an entirely endocardial structure.

The genesis of sc-TdP is currently incompletely under-
stood. Two recent studies have linked sc-TdP with RyR-2
mutations leading to either a decreased RYR2 function or
increased RYR2 leak which may promote triggered activity
and early afterdepolarizations via an increased Ca* release.

@ Springer

The PVC morphologies reported in those two studies are
also typical of a MB-free wall origin [22, 23]. The induc-
tion of short-coupled PVCs with atrial overdrive pacing and
suppression with Verapamil and Ajmaline in our patients
also support triggered activity as the underlying mecha-
nism of sc-TdP. The Dutch iVF cohort linked to the DPP6
risk haplotype shows identical PVC trigger morphologies
(Xiao et al., Supp. Online Figure 1), however, based on a
different mechanism. In these patients, the DPP6 mutation
results in selectively accelerated Purkinje fiber repolariza-
tion which may lead to strong repolarization gradients with
adjacent ventricular muscle creating an electrophysiological
substrat for re-entry and short-coupled PVCs [24, 25]. The
susceptibility of the RV MB free wall junction to generate
short-coupled PVCs may also be related to a mechanical
stretch of the MB during early diastole “mechanoelectrical
feedback’ which may involve stretch-activated ion channels
[26]. A link between short-coupled PVCs from the MB and
mechanical function is supported by the beneficial effect of
mechanical unloading in a single patient with intractable VF
due to sc-TdP [8].

Conclusion

We have demonstrated that sc-TdP predominantly originates
from the free wall insertion of the RV MB and its Purkinje
network and particularly high-resolution 3D-mapping and
ICE may be useful to precisely locate the triggering PVC
in this region facilitating successful catheter ablation. Cath-
eter ablation of sc-TdP leads to excellent short- and long-
term results and should be considered as first-line therapy
in patients presenting with recurrent TdP or electrical storm.
Our observations support triggered activity as the underlying
mechanism of sc-TdP which should be classified as iVF from
Purkinje-myocardial sources.

Limitations

We are aware of the fact that it may be difficult to draw con-
clusions from five patients with relatively short follow-up
and without a control group of non-ablated patients. How-
ever, sc-TdP is an extremely rare entity and our patients
show consistent results. Most importantly, our findings may
aid in successful catheter ablation of sc-TdP—a potentially
life-threatening arrhythmia with a high incidence of electri-
cal storm and intractable VF.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00392-021-01840-z.
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