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Purpose: Stereotactic arrhythmia radioablation (STAR) is an effective treatment for refractory ventricular
tachycardia (VT), but recurrences after STAR were recently published. Herein, we report two cases of successful
re-irradiation of the arrhythmogenic substrate.

Cases: We present two cases of re-irradiation after recurrence of a previously treated VT with radioablation at a
dose of 20 Gy. The VT exit was localized on the border zone of the irradiated volume, which responded positively
to re-irradiation at follow-up.

Conclusion: These two cases show the technical feasibility of re-irradiation to control recurrent VT after a first

STAR.

Introduction

Stereotactic arrhythmia radioablation (STAR) has been recently
introduced as an effective treatment of ventricular tachycardia (VT)
refractory to catheter ablation (CA) and antiarrhythmic drugs [1-6].
Although STAR significantly reduced VT burden, recurrences were
recently reported [1-4]. So far, only 2 cases of unsuccessful re-
irradiation have been published [3,6]. Herein, we present two cases of
recurrent VT after a first STAR procedure that were successfully
managed with a 2nd STAR.

Methods

All radiotherapies were performed with a CyberKnife® system
(Accuray Inc., Sunnyvale, CA), using a Synchrony technique, in which
the distal dipole of the right ventricular lead of the implanted cardiac
defibrillator (ICD) was used as a fiducial, allowing real-time tracking.
Velocity AI® software (Varian Medical Systems Inc., Palo Alto, Cali-
fornia) was used for structure delineation and image registration. The
ablation volume comprising the arrhythmogenic substrate (AS), which
was outlined by the electrophysiologists according to the electro-
anatomical mapping (EAM). Based on standard dose constraints of SBRT
treatments, inverse planning was utilized to spare organs at risk (OARs)
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according to the report of the AAPM [7]. Due to the lack of consensus on
coronary arteries, an institutional constraint was applied based on a
maximum dose (0.03 cm®) of < 12 Gy. MultiPlan® treatment planning
system was used to calculate SBRT plan. Herein, we report for the 1st
time re-irradiation as bailout procedures for uncontrollable VT.

Case 1

A 73-year-old man with ischemic heart disease, a moderate aortic
stenosis and a history of VT was referred to our hospital for recurrent
symptomatic VT despite amiodarone. In 2012, he suffered from an
inferior myocardial infarction (MI), followed three months later by an
hemodynamically unstable monomorphic VT for which an ICD was
implanted. In 2016, he underwent a CA for recurrent VTs and shocks.
Two distinctive VT morphologies were induced: VT-A exited at the
anterior basal left ventricle (LV) where it was reproduced by pace-
mapping on a limited region of fragmented potentials at the anterior
mitral annulus (Fig. 1A, segment 1); VT-B (not shown) exited at the basal
infero-lateral LV within the MI (segments 4 and 5). Both VTs were tar-
geted by CA. Unfortunately, VT-A recurred after a few months. As VT-A
displayed a pseudo-delta wave suggestive of an epicardial exit (Fig. 1A,
red arrow), a combined epi- and endocardial CA procedure was sched-
uled in November 2018. The EAM revealed no early epicardial
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Fig. 1. Overview of the procedures for
Case 1. A.1. Epicardial anterior VT tar-
geted by STAR. EAM of the LV during the
last CA before STAR: bipolar voltage
maps in RAO (left) and RAO (right)
views, with the tip of the ablation cath-
eter (white star) located in the CS at the
best pacemap spot. A decapolar diag-
nostic catheter is positioned epicardially
facing the ablation catheter. A.2. Bull
eye’s plot displaying the VT substrate
location in the 17-segment AHA model
(in blue). A.3. 12-lead ECG of VT-A,
displaying a pseudo-delta wave (red
arrow) suggesting an epicardial exit. A.4.
RAO and LAO views of the STAR plan
with the PTV in red. A.5. Bull eye’s plot
displaying the location of the PTV in the
17-segment AHA model (in red). B.1.
Second STAR procedure. EAM of the
coronary sinus corresponding to the last
CA before the 2" STAR with the tip of
the ablation catheter (white star) located
at the best pacemap spot. Note that the
ablation catheter lies more laterally as
compared to its 1* location in figure 1A.
Unipolar pacemapping with a guidewire
is displayed on the right. B.2. Bull eye’s
plot displaying the location of the VT exit
in the 17-segment AHA-model (in blue).
B.3. 12-lead ECG of the induced VT (VT-
C). B.4. RAO and LAO views of the STAR
plan with the PTV in red. B.5. Bull eye’s
plot displaying the location of the PTV in
the 17-segment AHA-model (in red). C.
VT from the ischemic scar observed in
2022. C.1. 12-lead ECG and C.2. location
on the 17-segment AHA-model (in blue)
of the exit of the documented VT recur-
rence after the 2"¢ STAR procedure. RAO:
right anterior oblique; LAO: left anterior
oblique; CS: coronary sinus; RCA: right
coronary artery; LAD: left anterior
descending coronary artery: RV: right
ventricle; LV: left ventricle. D. Summa-
tion of the two radiation plans.
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Fig. 2. Overview of the procedures for
A. 1% STAR A3 ) VT-A Case 2. A.1. VT from the septal fibrotic
A.2 —Bull-eye VT AR : = infiltration targeted by STAR. EAM of the
- e LV from the last CA before STAR: bipolar
voltage maps in RAO (left) and RAO
(right) views, with the tip of the ablation
catheter (white star) located at the best
endocardial pacemap spot corresponding
to the inferior basal IVS (blue tags). A.2.
Bull eye’s view displaying the exit of the
VT in the 17-segment AHA-model (in
blue). A.3. 12-lead ECG of the clinical VT
Wy Al (VT-A). A.4. 3-D reconstruction of the
A.4 —STAR planning — irradiation plan with the PTV in red. A.5.
A.6-MRI » Bull eye’s plot displaying the location of
P b the PTV based on the 17-segment AHA-
model (in red). A.6. Late enhancement
N cardiac MRI showing the fibrotic infil-
{pigm— ‘ o g tration of the septum (blue arrowheads)
- and of the infero-lateral MI (yellow
arrow). B.1. VT from the ischemic scar
successfully treated by CA. LV EAM
following the 1% VT recurrence after
B.3 ., VTB STAR: bipolar voltage maps in LAO (left)
B. 1%t recurrence outside the 15t STAR | AAAID v dl IN] and PA (right) views, with the tip of the
_ SR B ﬁ ablation catheter (white star) located at
the successful ablation site. Red tags
indicate ablation spots. B.2. Bull eye’s
plot displaying the location of the VT
substrate in the 17-segment AHA-model
(in blue). B.3. 12-lead ECG of the
induced VT (VT-B) that differed from VT-
A shown in panel A3. C.1. Second STAR
procedure targeting the septal non-
ischemic VT. LV EAM corresponding to
the last CA before the 2°¢ STAR proced-
ure: bipolar voltage maps in RAO (left)
and RAO (right) views, with the tip of the
ablation catheter (white star) located at
the best endocardial pacemap spot at the
intersection of the inferior and middle
third of the basal IVS. C.2. Bull eye’s plot
displaying the location of VT exit in the
17-segment AHA-model (in blue). C.3.
12-lead ECG of the clinical VT (VT-A).
C.4. RAO and LAO views of the STAR
plan with the PTV in red and the com-
plementary and transition volume in pink
and fuchsia respectively. C.5. Bull eye’s
plot displaying the location of the new
PTV in the 17-segment AHA-model (in
red). RAO: right anterior oblique; LAO:
left anterior oblique; PA: postero-
anterior; CS: coronary sinus; RCA: right
coronary artery; LAD: left anterior
descending coronary artery: CxA:
circumflex coronary artery; RV: right
ventricle; LV: left ventricle. D. Summa-
tion of the two radiation plans.
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potentials and endocardial RF ablation with power titration up to 50 W
failed to terminate VT-A. A STAR procedure was planned on January 10,
2019 targeting the intramyocardial AS localized at segment 1 (Fig. 1A).
A dose of 20 Gy (79 % prescription isodose) was delivered over a PTV of
13.57 cm®, with a Dmax of 25.15 Gy and a Dmin of 13.14 Gy. The Dmax
on the left anterior descending (LAD) and on the circumflex arteries was
12.25 Gy. Tolerance doses for the remaining OARs were respected.
Although VT burden decreased by 60 %, shocks were still delivered by
the ICD, leading to a new CA 15 months after STAR, where a new VT
morphology (VT-C) was induced (Fig. 1B), marginally different from VT-
A. VT-C exited slightly more lateral compared to VT-A (towards segment
6) at the border of the previously irradiated zone, in an area poorly
covered during the 1st STAR to respect the 12 Gy tolerance limit for the
coronary arteries. Notably, 15 months after STAR a progression of his
previously stable aortic stenosis was documented, possibly related to the
first irradiation (Dmax 22.31 Gy and Dmean 8.22 Gy at this level).

The patient underwent a transcatheter aortic valve replacement and
aredo STAR procedure targeting VT-C exit on May 5, 2020. A dose of 20
Gy at 82 % isodose was prescribed on this new volume of 3.7 cm®. The
dose delivered during the 1st STAR was also completed with a 15 Gy
prescription over the initially irradiated volume. The cumulated Dmax
on these two volumes were 31.01 and 32.63 Gy respectively, 16.79 Gy
on the LAD and 19.39 Gy on the circumflex arteries. Over the 6 months
after the 2nd STAR, VT burden dropped again, but some isolated VT
episodes still persisted. Finally, 20 months after the second STAR, a slow
VT was documented very similar to post-MI VT-B (Fig. 1C), hence away
from both irradiated zones.

Case 2

A 61-year-old woman developed an electrical storm (ES) 6 years after
an inferior MI (2013), that precipitated a cardiogenic shock successfully
controlled with amiodarone. A double chamber ICD was implanted.
Shortly thereafter she was admitted twice because of recurrent ES. The
morphology of the clinical VT (VT-A) during CA suggested an exit at the
infero-basal IVS (Fig. 2A), corresponding to a fibrotic infiltration (blue
arrows) different from the infero-lateral MI scar seen on the MRI (yellow
arrow). VT-A morphology could not be perfectly reproduced from the
left or right IVS, nor from the coronary sinus, suggesting an intra-
myocardial origin. A STAR was scheduled targeting the inferior third of
the basal IVS (segments 2, 3 and 9) in order to encompass the exit site
and part of the AS (Fig. 2A). On May 9, 2019 a dose of 20 Gy prescribed
at 85 % isodose was delivered with a PTV of 25.54 cm®, with a Dmax of
23.26 Gy and a Dmin of 19.37 Gy. The only OAR that received relevant
doses was the stomach, with a Dmax of 12.59 Gy. Clinical follow-up
showed a VT burden decrease of 95 % over the 1st 6 months and no
ES recurrence. However, VTs recurred 6 months later and a 2nd CA was
scheduled. The inducible VT (VT-B) was different from VT-A, with an
exit at the infero-lateral MI region that was successfully ablated (seg-
ments 5 and 6) (Fig. 2B). The patient remained free from VT for 16
months until she was admitted for a new ES. Surprisingly, the ECG of this
VT was comparable to VT-A. The EAM revealed an exit zone at the basal
mid IVS (segments 2 and 3, Fig. 2C). Ablation from both side of the IVS
(40 W, half-saline irrigation) failed to terminate VT-A due to its intra-
myocardial location. Based on the fibrotic infiltration observed on the
MRYI, a 2nd STAR was performed on June 15, 2021 on a new PTV of 9.69
cm? targeting now the whole AS involved in VT-A (segments 2, 3, 8 and
9, Fig. 2C), upon which a dose of 22.5 Gy at 86 % isodose was prescribed.
The dose delivered to the 1st PTV was completed with an additional 10
Gy (PTV of 30.71 cm®) through a bias plan. Importantly, a transition
volume localized between the other two received a dose of 15 Gy (PTV of
4.78 cm®). The cumulated doses after these two treatments were Dmax
35.07 Gy and Dmean 32.97 Gy over the PTV; the LAD, the circumflex
artery and the stomach cumulated Dmax values of 2.12, 5.17 and 21.72
Gy respectively. The patient remained free of VT for the next 6 months.
No side effect related to re-irradiation was observed.
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Discussion

VT are complex arrhythmias that can involve distinct substrates. Our
patients had a history of MI, but also VT emerging from other LV seg-
ments related to non-ischemic myocardial scarring. Most importantly,
these AS are often intramural such as within the IVS and/or at the basal
anterior LV, and difficult to target with CA [8]. Hence, STAR appears as
a valuable tool to treat such hidden AS.

Many aspects should be weighted in the analysis of these re-
currences. Compared to other groups [4,9] our treatment volumes
appear small. This might be related to the use of a Cyberknife, requiring
less margins to adjust between GTV and PTV, as cardiac movements are
tracked during the treatment. Additionally, our group aims to target
only the clinical arrhythmias and not the whole arrhythmogenic sub-
strate to limit toxicity, as exemplified by very low PTV values. As VT
recurred at the border zone of previously irradiated regions as well as on
previously known but non-irradiated AS, the question arises whether the
first target volume should have covered all potentially AS to prevent late
recurrences. Also, the transfer of information between the EAM and the
radiation treatment planning software is indeed an important critical
step and an unsolved issue [10]. Finally, the most appropriate radiation
dose required to suppress VTs also remains unknown to date. At the time
of the 1st STAR in our 2 patients only the clinical data from the group
from St Louis had been published [1]. Our decision to administrate 20
Gy was based on the preclinical data, where a wide range of doses had
been tried, from 5 to 160 Gy. More than a decade ago, overexpression of
cardiomyocytes CX43 induced by STAR was reported to improve
myocardial conduction and to decrease spatial heterogeneity of repo-
larization, rendering mice refractory to ventricular arrhythmias using
heavy ion radiation with 5-15 Gy [11]. On the other hand, preliminary
animal studies reported the occurrence of persistent conduction block
and fibrosis with radiation doses >30 Gy [12,13], a value above the
20-25 Gy used in clinical practice [1,5,14]. It is therefore unlikely that
the clinical benefit of STAR is only due to fibrosis of the VT substrate.
These findings were confirmed by a recent study showing electrical
conduction reprogramming involving Na' channel and CX43 over-
expression as a possible antiarrhythmic mechanism before radiation-
induced fibrosis occurs [15]. Herein, the administered 20 Gy might
have been insufficient. However, both cases did not recur within the
PTV. Our decision to re-treat the first PTV aimed at homogenizing the
scar as animal studies showed more complete fibrosis with 35 Gy.

In summary, our 1st experience with redo STAR appears positive.
However, data on early and late toxicities are still limited [16] and redo
treatment should be reserved for highly selected patients.

Conclusion

These two cases show the feasibility of re-irradiation for uncontrol-
lable VTs. No radiation toxicity was observed after the 2nd STAR with a
follow-up of 19 and 6 months respectively. However, caution is advised
as data on early and late toxicities remain scarce.

Informed consent statement

The two patients gave their written consent for publication of these
cases.
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