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Description
Noninvasive cardiac radioablation using stereotactic body radiation therapy (SBRT) techniques has emerged as a potential sal-

vage treatment option for patients with ventricular tachycardia who have either failed procedural or medical management, or have 
contraindications to receive those therapies again. The recently published phase I/II Electrophysiology-Guided (EP) Noninvasive 
Cardiac Radioablation for Ventricular Tachycardia trial (ENCORE-VT, NCT02919618) demonstrated early safety and efficacy of 
this novel use of SBRT. This article reviews the lessons learned from ENCORE-VT, current use and workflow for treatment refrac-
tory ventricular tachycardia patients, and future directions for this emergent treatment modality. 

Learning Objectives
After completing this activity, participants will be able to:
 1.  Identify the patient population that may be considered for noninvasive cardiac radioablation as a salvage therapy. 
 2.  Understand the anatomical and electrophysiological data that must be obtained prior to noninvasive cardiac  

radioablation and how targets are identified in collaboration with an electrophysiologist.
 3.  Increase awareness of potential short- and long-term toxicities from noninvasive cardiac radioablation.
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Among the many types of car-
diac arrhythmias, ventricular 
tachycardia (VT) represents 

a potentially fatal arrhythmia in the 
setting of abnormal anatomical and 
physiological pathways of the heart. 
Specifically, these aberrant pathways 
result from cardiac injury to the ventri-
cles, either by ischemic causes (post-
myocardial infarction) or nonischemic 
causes (inflammatory or secondary to 
other systemic pathologies). Regard-
less of the underlying etiology, these 
arrhythmias are associated with a high 
mortality rate. Gold standard therapies 
for VT include catheter ablation and 
medical therapies. Catheter ablation 
is a procedure performed over several 
hours under anesthesia in which vas-
cular access is obtained, the location of 
the ventricular arrhythmia is mapped 
using the catheter, and electrical tracts 
are ablated using thermal ablation, es-
sentially converting a functional scar 

into a nonfunctional scar. Anti-arrhyth-
mic drugs generally work by affecting 
the repolarization phases of the heart 
through sodium, potassium and/or cal-
cium channels to slow the conduction 
rate. While these are effective for many 
patients with VT, both approaches can 
be associated with significant toxicities. 
For example, a recent national retro-
spective analysis including more than 
4600 patients receiving catheter abla-
tion for ischemic VT showed the over-
all rate of any in-hospital complication 
was 11% with an in-hospital mortality 
of 1.6%.1 The cornerstone of medical 
management has been amiodarone, 
which unfortunately can cause pul-
monary fibrosis, hypothyroidism, and 
other systemic effects. Even for patients 
who can tolerate procedural and medi-
cal management, these therapies are not 
always durable and can result in treat-
ment refractory VT.2-4 For patients with 
refractory disease, one series exploring 

noncatheter ablation salvage such as 
transcoronary alcohol ablation, epicar-
dial window, and cryoablation demon-
strated a 25% complication rate and 
10% 30-day mortality.5

In a similar lineage to other appli-
cations of stereotactic body radiation 
therapy (SBRT), noninvasive cardiac 
radioablation has emerged as a potential 
salvage treatment option for patients 
who have either failed procedural or 
medical management, or have contra-
indications to receive those therapies 
again. The recently published phase 
I/II Electrophysiology-Guided (EP) 
Noninvasive Cardiac Radioablation 
for Ventricular Tachycardia trial (EN-
CORE-VT, NCT02919618) demon-
strated early safety and efficacy of this 
novel use of SBRT.6 In this review, we 
will discuss the lessons learned from 
ENCORE-VT, our current use and 
workflow for treatment refractory ven-
tricular tachycardia patients, and future 
directions for this treatment modality. 

Development of Noninvasive Cardiac 
Radioablation 

Prior to implementing noninvasive 
cardiac radioablation in humans, preclin-
ical studies laid the groundwork for this 
treatment approach.7-10 Previous work 
by Zei and colleagues demonstrated the 
effectiveness of using SBRT to target 
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the superior pulmonary veins (as done 
in atrial fibrillation ablative procedures) 
with 25 Gy.11 Similarly, Packer and col-
leagues demonstrated the effectiveness 
of creating a complete atrioventricular 
nodal block using 25 Gy in a single frac-
tion in a porcine model.12 Additionally, 
these animal models were monitored for 
3 to 6 months following the procedure, 
with no evidence of collateral injury 
found at the time of histopathological 
assessment at study conclusion. Of note, 
these preclinical studies were done in 
animal models with structurally normal 
hearts and were found to create fibrotic 
changes in the distribution of the target 
volume, over a period of months from 
the time of treatment. This mechanism of 
ablation is fundamentally different from 
catheter-based approaches, which use 
radiofrequency energy to cauterize the 

arrhythmogenic circuit, over the period 
of days to weeks.13 However, no preclin-
ical studies to date have examined elec-
trophysiologic and histologic changes 
in models with aberrant conduction 
pathways due to intrinsic cardiac disease 
and, therefore, it is unknown how the la-
tent period and tissue changes may differ 
from healthy models. 

While these studies demonstrated 
the feasibility of cardiac radioablation 
to alter electrical conduction, use in hu-
mans was limited because the arrhyth-
mogenic pathways in the ventricular 
muscle needed to be mapped so a treat-
ment volume could be appropriately 
delineated. With conventional catheter 
ablation, the mapping and treatment are 
done as one procedure, as the catheter 
can be used to both map the arrhythmo-
genic circuit and then provide ablation 

to that delineated area. Therefore, the 
attractiveness of a noninvasive cardiac 
radioablation option was significantly 
limited as the patient still needed a cath-
eter-based mapping procedure. If the 
catheter is already placed directly at 
the target, one can see the willingness 
to ablate (or re-ablate), vs ending the 
procedure without direct treatment at 
that time. While conventional imaging 
tests such as cardiac MRI, single pho-
ton emission computed tomography 
(SPECT), positron emission tomogra-
phy (PET), and echocardiogram can 
provide some gross/anatomical features 
of areas of fibrosis in which the arrhyth-
mia likely originates, it gives us no 
electrical information to delineate the 
actual pathway of the arrhythmia. One 
development able to bridge anatomi-
cal information with aberrant electrical 

FIGURE 1. Multimodality imaging including radiologic studies and electrophysiologic mapping are used offline to identify the target volume in 
patients with monomorphic ventricular tachycardia for treatment planning.
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pathways normally obtained by inva-
sive catheter mapping is electrocardio-
graphic imaging (ECGI).14,15 During 
this procedure, the patient wears a vest 
containing 256 electrodes that individ-
ually capture electrocardiograms based 
on their distance and orientation from 
the heart. While still wearing the vest, 
the patient also undergoes a CT scan 
to generate anatomical coordinates for 
each of the electrodes in relation to the 
heart. With the anatomical and elec-
trical mapping, an algorithm is used to 
translate the body surface potentials 
back to the electrical potentials on the 
epicardial surface.16 This technology 
has now been formally developed as the 
CardioInsight Noninvasive 3D Map-
ping System (Medtronic).  

With the integration of electrocar-
diographic imaging to identify the VT 
substrate externally, the stage was then 
set for an entirely noninvasive cardiac 
radioablation workflow. On the EN-
CORE-VT phase I/II trial, we elected 
to deliver linac-based SBRT (Edge, 
Varian) as this would allow us to take 
advantage of a well-established thoracic 
workflow in terms of motion control, 
treatment planning, on-board fluoros-
copy, and minimization of neutron ex-
posure for implantable cardioverter 
defibrillators (ICDs). This workflow 
and dosimetric objectives were recently 
described by Knutson et al.17 Briefly, 
the treatment target (here, a gross target 
volume [GTV]), is compiled upon re-
view of all available radiologic imaging 
and electrophysiologic data including 
12-lead ECG and ECGI. A respiratory 
correlated 4-dimensional CT (4D-CT) 
with abdominal compression is acquired 
and co-registered to a free-breathing CT 
to assess target motion. Recently, we 
upgraded our CT simulator to perform 
a respiratory 4D-CT with ECG-gated 
imaging to assess cardiac motion (Sie-
mens). With this summation of respira-
tory and cardiac movement, an internal 
target volume (ITV) is then generated. 
Of note, ITV delineation for cardiac 

radioablation planning presents a new 
challenge for radiation oncologists who 
may be used to contouring based on ex-
cursion of a mass. For this, we have no-
ticed that superimposing a 5-mm grid 
directly onto the CT images during ITV 
delineation helps document the extent of 
target movement and provide appropriate 
coverage boundaries. Initially, a 5-mm 
expansion was done to create the plan-
ning target volume (PTV) from the ITV, 
although with additional experience we 
have now decreased our PTV margin to 
2 to 3 mm. A dose of 25 Gy in a single 
fraction is then delivered (with allow-
ance of up to a 35 Gy hotspot within the 
ITV). Our current institutional workflow 
for noninvasive cardiac radioablation  
is shown in Figure 1.

In July 2016, ENCORE-VT was 
opened to evaluate safety and efficacy 
of noninvasive cardiac radioablation 
in patients with refractory VT, defined 
as failure of ≥ 1 antiarrhythmic med-
ications and ≥ 1 catheter ablation or 
having a contraindication to catheter 
ablation.6 The primary safety endpoint 
was defined as the rate of ≤ 90-day se-
rious adverse events (SAE, ≥ grade 3) 
and the primary efficacy endpoint was  
defined as the number of subjects with 
any reduction in the number of ICD 
therapies, including shocks and/or an-
titachycadia pacing (ATP). The results  
of this clinical trial demonstrated low 
risk of SAEs, significantly decreased VT 
episodes in 95% of patients, decreased 
use of amiodarone and dual-antiarrhyth-
mic medications, and significant im-
provements in quality-of-life metrics.  

Current Use of Noninvasive Cardiac 
Radioablation for Refractory 
Ventricular Tachycardia

A substantial clinical need for patients 
with refractory VT has led to continued 
off-label use of noninvasive cardiac ra-
dioablation in select patients as we await 
opening of the next prospective trial. As 
of February 2020, we have now treated 
39 patients. As more patients are treated 

and our follow-up becomes longer, our 
focus is shifting to continued improve-
ments in workflow, close monitoring for 
long-term toxicities, and collaboration 
with other centers planning to use nonin-
vasive cardiac radioablation. 

In examining our treatment plan-
ning patterns over time, we have seen 
evidence of a learning curve during the 
course of ENCORE-VT. Specifically, 
we saw with the more recent cohort of 
patients a significant decrease in PTV 
volume, which was reflective of smaller 
GTV volumes as there was no changes 
in motion management or PTV mar-
gins during the clinical trial.17 Subjec-
tive decreases in the R50 (ratio of the 
volume of the 12.5 Gy isodose to the 
PTV), gradient measure (average dis-
tance between the 12.5 Gy equivalent 
spherical volume and the 25 Gy equiv-
alent spherical volume), homogeneity 
index (ratio of the maximum dose to 
the prescription dose), and treatment 
time were also observed in this small 
group of patients (n = 16), but this did 
not reach significance. These findings 
have helped establish a new range of 
objectives in treatment planning and 
evaluation that are now implemented 
in our clinic. For example, examining 
the clinical outcomes and target volume 
size, we saw that no patients with a PTV 
> 200 cc lived to 1 year.18 An associa-
tion between SAEs and PTVs was not 
found, suggesting that the mortality rate 
with large volumes was more likely a 
surrogate for more severe heart disease/
dysfunction rather than cardiac toxicity 
from radiation therapy. However, this 
value now serves as a possible prognos-
tic factor for early mortality.  

As our follow-up of patients partic-
ipating in ENCORE-VT lengthens, we 
continue to become aware of possible 
short- and long-term toxicities. In the 
longer-term follow-up presented at 
ASTRO 2019, we have now described 
2 cases of late-grade 3 pericarditis 
(both occurring > 2 years from the time 
of radiation, treated with steroids) and 
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1 patient with a grade 4 gastropericar-
dial fistula (2.4 years after radiation) 
requiring surgical intervention.19 In 
reviewing the plan of the patient who 
developed the gastropericardial fistula, 
we did see that the target was in the 
apex of the left ventricle – the portion 
of the heart closest to the anterior left 
diaphragm and stomach. Currently, 
any targets including the left ventricu-
lar apex are now planned to optimize 
on the stomach, and the patient is con-
sented regarding the risk of gastric ul-
ceration and fistula. Diligent clinical 
follow-up for these patients will be 
crucial in the years to come. From the 
ENCORE-VT trial, we documented 
that the left anterior descending artery 
(LAD), which is the major blood sup-
ply to the left ventricle for the majority 
of the population, received a median 
dose of 10 Gy (IQR 10.7, EQD2 26.4 
Gy). Similarly, the left circumflex ar-
tery received a median dose of 9.2 Gy 
(IQR 6.3, EQD2 22.4 Gy).17 While we 
have yet to see any direct evidence of 
radiation-related coronary adverse 
events among treated patients, these 
late effects could take years to develop. 
This will be crucial to document and 
understand as durable control of ven-
tricular arrhythmias improves survival 
to a point that radiation late effects 
must be considered.  

With this demonstration of clini-
cal efficacy for salvage therapy, in-
ternational interest in this therapy 
continues to develop. To date, the re-
cently formed Center for Noninvasive 
Radioablation (CNCR, pronounced 
“Conquer”) at our institution has col-
laborated with 27 domestic and inter-
national hospitals to remotely review 
patient cases, target mapping, and 
treatment planning. Similarly, other 
groups have initiated collaborative 
work to treat and manage patients 
receiving noninvasive cardiac ra-
dioablation such as the Standardized 
Treatment and Outcome Platform for 
Stereotactic Therapy of Re-entrant 

Tachycardia by a Multidisciplinary 
Consortium (StopStorm), represent-
ing the efforts of radiation oncologists, 
electrophysiologists and physicists 
from 7 European countries.  

Noninvasive Cardiac Radioablation: 
Going Forward

The future of noninvasive cardiac 
radioablation involves many potential 
avenues for research: elucidation of the 
mechanisms of radiobiologic effective-
ness, continued refinement of target 
delineation, dose finding studies, dili-
gent monitoring for late toxicities, and 
scalability of this workflow to centers 
regardless of geography. Ultimately, 
multi-institutional phase II and III tri-
als to compare noninvasive cardiac 
radioablation against repeat cathe-
ter ablation for refractory ventricular 
tachycardia will help further delineate 
the role of this therapy. These trials will 
only be possible through continued col-
laboration on both the institutional level 
(electrophysiology, radiation oncology 
and medical physics) and through co-
operative groups with specific end-to-
end testing metrics, quality control, and 
central plan review. Another question 
that will be addressed in the future is 
understanding the relative benefits and 
risks of various treatment modalities 
that could deliver this modality. While 
intensity-modulated proton therapy 
(IMPT) could offer dosimetric advan-
tages to organs at risk including nontar-
get heart tissue, potential issues include 
neutron scatter that could damage ICDs/
pacemakers in patients who depend 
on these devices, significant sensitiv-
ity to motion, and changes in volume 
status of the patient from the time of 
simulation to the time of treatment. In 
ENCORE-VT, most patients had class 
III or IV heart failure, and as such may 
have had significant changes in weight 
and cardiac filling from week to week. 
Another challenge to proton therapy 
would be confirming target localiza-
tion on the day of treatment — in our 

current workflow process we use both 
a cone-beam CT and fluoroscopy to 
adjust positioning immediately prior 
to treatment if required. It is also pos-
sible that intrafraction cone-beam im-
aging could be of benefit in complex 
anatomical targets and/or targets im-
mediately adjacent to the esophagus or 
diaphragm/stomach. 

Another treatment approach could 
involve MR-guidance, which would 
offer the benefit of real-time imaging 
during treatment. However, while a 
benefit of MR-guided therapy in cancer 
therapy is the ability to gate tumor tar-
gets relative to surrounding soft tissue 
through continuous real-time imaging, 
this has not yet been shown to apply to 
cardiac targets as there is no discern-
able difference between the treatment 
volume and the nontarget heart tissue. 
Therefore, gating would have to occur 
based on the entire heart or a surrogate 
structure in the thorax, which may not 
offer a clear benefit compared to a stan-
dard ITV approach. However, we have 
described the use of MR-guided ther-
apy for a case in which VT was being 
caused by a cardiac fibroma where 
the mass was visible and able to be 
tracked.20

Conclusions
Similar to SBRT use for other ma-

lignancies, early clinical trial work 
has shown that noninvasive cardiac 
radioablation for VT is a potentially 
safe, effective, and durable salvage 
treatment for a patient population that 
has exhausted procedural and medical 
management options. However, un-
derstanding the threshold of potential 
benefit and long-term risk of toxici-
ties will be crucial in delineating the 
patient population that should receive 
this treatment. Future endeavors in 
radiobiology mechanisms, clinical 
trial development, and quality im-
provement will facilitate the continued  
development of this new application 
of SBRT. 
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