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A B S T R A C T   

Cardiac radioablation with SBRT is a very promising non-invasive modality for the treatment of refractory VT 
and potentially other cardiac arrhythmias. Initial reports indicate that it is relatively safe and associated with 
excellent responses, particularly in reduction of ICD-related events, need for anti-arrhythmic medications, and 
resulting in significantly improved quality of life for patients. Establishment of objective criteria for candidates 
for cardiac radioablation will accelerate the adoption of this important radiation therapy modality in the 
treatment of refractory VT and other cardiac arrhythmias in the coming years. In addition, in order to develop 
more prospective safety and efficacy data, treatment of patients should ideally be performed in the context of 
clinical trials or prospective registries at, or in collaboration with, experienced centers. Taken together, the future 
of cardiac radioablation is rich and worthy of further investigation to become a standard treatment in the 
armamentarium against refractory VT.   

1. Introduction 

In 2020, over 14 million Americans are living with a heart rhythm 
disorder whose incidence increases with age and cardiovascular 
comorbidities [1]. Covering a wide spectrum of disorders, cardiac ar
rhythmias are commonly divided into supraventricular arrhythmias 
such as atrial fibrillation, Wolff-Parkinson-White Syndrome and ven
tricular tachyarrhythmias including ventricular tachycardia (VT) and 
ventricular fibrillation (VF), which can lead to sudden cardiac death 
(SCD) if not managed appropriately. Significant progress has been made 
in the treatment of ventricular tachycardia with individually-tailored 
medical management, implantable cardioverter-defibrillators (ICD) 
placement, and catheter ablations. However, these cardiac arrhythmias 
remain a debilitating problem for millions of patients. Terminal cases 
with frequent ICD discharges are associated with severe anxiety and 
drastically impact patient’s quality of life [2]. Despite clear advances in 
the pharmacologic and non-pharmacologic management of VT and VF, 
more research and additional therapeutic modalities need to be explored 
to treat and improve outcomes in this vulnerable patient population. 

2. Pathophysiology 

Ventricular tachycardia is defined as three or more consecutive beats 
from the ventricles occurring at a rate of >100 beats per minute. VT 
commonly arises from heterogeneous myocardial fibrosis causing 
abnormal automaticity leading to electrical reentry [3]. VT is generally 
categorized as sustained (lasting >30 s) or non-sustained (<30 s). Sus
tained VT is most commonly a result of ischemic heart disease leading to 
potassium leakage, abnormal conduction, and may ultimately culminate 
in polymorphic VT/VF and SCD. Among patients with acute myocardial 
infarct (AMI), 5–10% experience sustained VT or VF prior to hospital 
presentation with the majority experiencing ventricular dysrhythmias 
within 48 h of admission [4]. Beyond ischemic heart disease, structural 
and congenital heart disease, non-ischemic cardiomyopathy, ion chan
nel abnormalities, and other hereditary cardiac conditions can 
contribute to the development of ventricular tachycardia. 

3. Standard treatment paradigm 

The treatment of VT ranges from observation to medical manage
ment to cardioversion and complex surgical interventions like heart 
transplant. Non-sustained VT in asymptomatic patients without 
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underlying cardiac comorbidities can be observed safely. Stable, yet 
symptomatic patients can be medically-managed with antiarrhythmics 
until VT termination is achieved. Hemodynamically unstable patients 
should immediately undergo external defibrillation and advanced car
diovascular life support in the hospital setting. Chronic VT treatment 
consists of pharmacological, catheter-based, and surgical interventions 
[5]. First-line pharmacologic treatment generally consists of Vaughan- 
Williams Class II (Beta blockers) and class III antiarrhythmic drugs. 
Beta-blockers are widely used given their safety profile and have been 
proven to decrease mortality secondary to heart failure and SCD [6]. 
Class III antiarrhythmics (Amiodarone, Sotalol, Dofetilide) are generally 
added for patients with VT refractory to beta-blockers alone [7]. Addi
tionally, mexiletine is a Vaughan-Williams Class Ib agent and has similar 
electrophysiological properties to lidocaine. Mexiletine has been used 
alone and more commonly in conjunction with class III drugs. In cases 
where VT is refractory to pharmacological therapy, catheter ablation 
can be utilized to identify and ablate areas where electrical reentry is 
occurring. Survivors of a SCD event (secondary prevention) and those 
who are deemed at risk of a SCD event due to severe cardiomyopathy 
(primary prevention) should undergo ICD placement. Lastly, when VT 
fails to respond to pharmacological and catheter-based interventions, 
surgical ablation, cardiac sympathetic denervation, and even heart 
transplant may be performed [8–10]. In the past, ablation and other 
surgical interventions were commonly used as a last line of therapy. 
Guidelines and current trends are advocating for earlier implementation 
of ablation and other surgical intervention rather than exhausting 
pharmacologic options upfront [11]. Despite this, these treatments are 
expensive, limited by available resources (e.g. expertise of surgeon, 
availability of orthotopic transplant hearts, etc.), and can result in sig
nificant morbidity leading to changes in quality of life. Thus, there is a 
need for novel therapies for VT that are readily available and are asso
ciated with preservation of quality of life for patients who fail conven
tional therapies. 

4. History of cardiac radioablation 

Stereotactic body radiation therapy (SBRT) is a widely used tech
nique within radiation oncology capable of delivering high doses of 
ablative radiation with sub-millimeter precision. First developed in 
Sweden in the early 1990s for abdominal malignancies, it has since 
become a standard of care in the treatment of prostate, lung, hepato
cellular, breast, and many other metastatic cancers to multiple sites in 
the body (e.g. lungs, liver, adrenal, pancreas, bone) [12]. In 2010 
Sharma et al. published their pioneering work demonstrating SBRT was 
a novel and effective treatment for cardiac arrhythmias using a pre- 
clinical porcine model. Using a CyberKnife platform (CyberHeart) 
with motion management software his team demonstrated 25 Gy in a 
single fraction could produce an electrophysiologic effect on 16 
Hanford-Sinclair mini swine. Pathology performed on the mini-swine 
model 90 days following the single fraction treatment found abnormal 
foci in the targeted area with essentially no damage outside the treat
ment area [13]. In 2016, a German group treated another porcine model 
and found heavy ion radiation doses of 40 and 55 Gy led to a strong 
fibrotic response on histologic analysis, while sparing adjacent normal 
tissue [14]. Taken together, these two pre-clinical models demonstrated 
cardiac radioablation was feasible, induced altered electrophysiologic 
effects through scar formation, and could be accurately delivered in the 
pre-clinical setting, laying the ground work for human clinical trials in 
the coming years. 

The first in-human treatment of cardiac arrhythmia using SBRT 
occurred in 2014 when a group at Stanford University successfully 
treated a 71 year-old male with drug refractory VT who was not a 
candidate for catheter ablation. A radiation treatment plan was created 
targeting the proposed ablation volume using cardiac mapping, and 25 
Gy in a single fraction was successfully delivered over 90 min. Overall 
the patient tolerated the procedure well with no complications and did 

not require sedation. Follow-up ICD interrogations revealed a decrease 
in average episodes from 562 prior to treatment to 52 in the 9 months 
following SBRT [15]. In July 2014, a group in the Czech Republic re
ported the second in-human treatment when they successfully treated a 
72 year-old female with recurrent VT. Again, using a single fraction of 
25 Gy delivered with the CyberKnife platform, the treatment was well- 
tolerated and no episodes of malignant arrhythmia were detected by 
ICD in the 120 days following treatment [16]. 

5. Subsequent clinical studies 

Building on these pre-clinical and first in-human studies, a team at 
Washington University in St. Louis, MO published their sentinel work in 
the New England Journal of Medicine in December 2017 reporting on their 
experience of treating five patients in a seven month window in 2015. 
All five patients had VT refractory to conventional treatment modalities 
and were treated with SBRT, 25 Gy in 1 fraction, similar to the pre- 
clinical models and case studies outlined above. The treating radiation 
oncology and electrophysiology team used single photon emission CT 
(SPECT) or contrast-enhanced cardiac magnetic resonance imaging 
(CMR) to localize the cardiac regions of anatomical scarring, non- 
invasive electrocardiographic mapping, and a four-dimensional CT 
simulation to identify the target volume and develop a radiation treat
ment plan. Patients were immobilized in vacuum-assisted immobiliza
tion devices and treatment was delivered using on-board imaging. Each 
treatment lasted on average for fifteen minutes. In the three months 
prior to radioablation, these five patients had 6577 episodes of VT in 
aggregate. Following a 6 week “blanking period” only 4 episodes of VT 
were identified over the next 46 months, a remarkable 99.9% reduction 
in ICD events from baseline [17]. Equally impressive was how well- 
tolerated the procedures were in this exploratory cohort. No complica
tions occurred during the radioablations or index hospitalizations and 
patients were discharged within 3 days of treatment on average. Base
line and post-treatment echocardiograms demonstrated mean left ven
tricular ejection fraction rose 6% from a baseline score of 23% at the last 
follow-up visit (range − 2 to + 22%). No adverse effects were observed in 
ICD performance and there were no acute heart failure exacerbations 
recorded in the treated patients [17]. Of note, one patient did suffer a 
fatal stroke three weeks after treatment. The patient, an 83-year old 
woman who had a history of atrial fibrillation and severe cardiomyop
athy, was not on anticoagulation therapy during or after her radio
ablation. After post-mortem work-up, it remained unclear whether the 
patient’s stroke was associated with her SBRT or from a pre-existing 
medical condition. 

Building upon the above-mentioned study, the ENCORE-VT Trial 
(Electrophysiology-Guided Noninvasive Cardiac Radioablation for 
Ventricular Tachycardia) was a prospective phase I/II of noninvasive 
cardiac radioablation in adults with treatment-refractory episodes of VT 
or cardiomyopathy. Accruing nineteen patients over a two-year period 
from 2016 to 2018 at Washington University, ENCORE-VT continued 
the promising work outlined in the exploratory case series. With a me
dian follow-up of 13 months, similar outcomes were observed. Using the 
same treatment workflow and cardiac mapping methodology, 94% (17/ 
18) of patients met the primary endpoint of “Reduction in VT episodes or 
PVC burden” along with a concurrent reduction in antiarrhythmic 
medication. In the 16 patients with ICD-treated VT, there were 1778 
episodes in aggregate in the 6 months prior to treatment, followed by 
111 episodes after a 6-week “blanking” period, for an overall reduction 
of 94%. Coinciding with less ICD episodes was a reduction in the dis
tribution of antiarrhythmic medication in the six months before and 
after radioablation. Use of dual antiarrhythmic medication decreased 
47% (p = 0.008) and high-dose Amiodarone (>300 mg per day) 
decreased from 47% to 12% (p = 0.03). Treatments were overall well 
tolerated. There were no acute procedural toxicities or damage to the 
indwelling ICD systems, and the only isolated treatment-related toxicity 
(pericarditis) was successfully managed with medication. Taken 
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together, Robinson et al. reasonably concluded their results support 
cardiac radioablation as a safe, effective, and well-tolerated treatment 
option of intractable VT worthy of further investigation. 

The second largest case series was reported in July 2019 from the 
Czech Republic consisting of ten patients treated with 25 Gy single 
fraction SBRT using CyberKnife for recurrent VT. Mirroring the results 
from the two prior case series, Neuwirth et al. demonstrated a 87.6% 
reduction in VT burden, with a median decrease of ICD episodes from 18 
to 0.93 (p = 0.012). To date, this case series represents the longest 
follow-up on safety and efficacy for SBRT in patient with recurrent VT 
with a median follow-up of 28 months (range 16–54 months) [18]. 
Treatments were again well tolerated. Grade 1 nausea was the only 
acute treatment-related toxicity corresponding to lesions treated along 
the inferior wall of the left ventricle in close proximity to the stomach. 
One possible late grade 3 toxicity was identified when a patient with 
known mitral regurgitation presented with progression of regurgitation 
and changes to valvular morphology 17 months after their treatment. No 
other late radiation-related toxicities were noted. Overall, the authors 
concluded 3D electroanatomical mapping guided SBRT for ventricular 
tachycardia was safe and resulted in a significant reduction in VT 
burden. However, it should be noted that long-term results are not 
available at this time. These studies utilizing cardiac radioablation for 
refractory VT are summarized in Table 1. 

The most recent study from Emory University published in March 
2020 mirrored the results of ENCORE-VT and the Czech Republic. 10 
patients with advanced heart failure (HF) underwent treatment and 
among 8 patients with available ICD data, the total reduction in seconds 
of detected VT was 69% (pretreatment 1065 s/month versus post- 
treatment 332 s/month). The reduction in total ICD shocks after SBRT 
was 68% (2.9 shocks/month pretreatment versus 0.9 shocks/month 
post-treatment). When the researchers excluded a single nonresponding 
patient, there was a significant reduction in VT seconds (94%; P = 0.04) 
with a trend toward ICD shock reduction (90%; P = 0.07) post-SBRT. In 
a similar fashion to the preceding two trials, the work at Emory 
demonstrated cardiac radioablation with SBRT was feasible and effec
tive at reducing VT burden in critically ill patients [19]. 

6. Radiation biology of cardiac radioablation 

External beam and stereotactic radiation therapy capitalize on the 
ability of ionizing radiation to cause double-stranded DNA breaks within 
cancer cells leading to mitotic catastrophe and ultimately cell death 
through apoptosis [20]. DNA damage caused by ionizing radiation also 
occurs through both direct and indirect mechanisms. Direct DNA dam
age occurs with the transfer of energy to the DNA molecule causing 
formation of single and double stranded DNA breaks. Indirect damage 
occurs when ionizing radiation interacts with water within the cellular 
environment, forming hydroxyl radicals which in turn damages nearby 
DNA. Both direct and indirect damage occurs from conventional doses of 
radiation commonly administered over weeks in definitive cases. Ani
mal models have shown increasing doses used with stereotactic body 
radiation therapy (>3Gy per fraction) are associated with cell hypoxia 
and tissue necrosis [21]. High doses (20 Gy or higher) used in stereo
tactic radiosurgery are associated with reduced capillary density, 
myocardial degeneration, and fibrosis in animal models [13,22,23]. 
Regarding cardiac fibrosis specifically, perivascular and interstitial 
collagen deposition caused by ionization radiation leads to decreased 

myocardial perfusion driving cardiac injury. While the underlying 
biology in VT radioablation remains predominately based on animal 
models, myocyte necrosis, microvascular injury, and radiation-induced 
fibrosis may be crucial for the underlying mechanism regarding its 
effectiveness [23]. These changes have been validated in animal models 
where atrioventricular nodal and pulmonary vein ablation were ach
ieved through SBRT. These studies evaluated single fraction doses of 25 
Gy and found them effective at creating myocardial fibrosis and ulti
mately conduction block within months of treatment [7]. These studies 
shed light on the possible biologic mechanism of CRA, but further work 
is needed. 

7. Imaging and electrophysiologic mapping modalities in 
cardiac radioablation 

There are a multitude of cardiac imaging and techniques available to 
aid radiation oncologists in the localization of an arrhythmogenic focus 
and subsequent target delineation for cardiac radioablation. Broadly 
speaking, these techniques can be broken down into structural mapping 
(ECG-gated computed tomography (CT) imaging), CMR, metabolic 
mapping (nuclear imaging SPECT and Positron Emission Tomography 
(PET)) and invasive as well as non-invasive electrocardiographic map
ping. All of these modalities can be used complementarily with one 
another when the treating physician team is creating their target 
volume. 

Contrast-enhanced ECG-gated Cardiac CT: To overcome the motion 
artifact associated with a beating heart, an ECG can be recorded during 
CT imaging acquisition [24]. Using IV contrast, cardiac CT imaging 
provides excellent spatial resolution on static imaging and can provide 
four-dimensional (4D) imaging encompassing systole and diastole when 
using ECG-gating. The 4D component and excellent resolution allows for 
visualization of ventricular wall thinning corresponding to scarred/ 
damaged myocardium (VIDEO) [25]. During CT scanning, post- 
processing algorithms allow for reconstruction of CT images in specific 
phases of the cardiac cycle, much like a respiratory-gated CT used for 
target delineation in thoracic radiation oncology cases [26]. 

Cardiovascular Magnetic Resonance (CMR): CMR with and without 
gadolinium contrast is the gold standard for non-invasive assessment of 
myocardial tissue. Late gadolinium enhancement (LGE) imaging char
acteristics are able to accurately differentiate between healthy and 
scarred myocardium based on washout kinetics and is highly predictive 
of malignant ventricular arrhythmias in ischemic and non-ischemic 
cardiomyopathies (Fig. 1) [27,28]. Technological advances like wide
band MR, 3D LGE sequences, and low-field scanners are reducing the 
long scan times and improving image quality for patients undergoing 
cardiac radioablation and have become integral in the treatment plan
ning process, especially in patients with ICD or pacemaker devices. 

Nuclear Imaging: Single photon emission computed tomography 
(SPECT) employs 99mTc-sestamibi and 99mTc-tetrofosmin radiotracers 
which localize along scarred myocardium in a Na+/K+ ATPase- 
dependent manner. Alternatively, 18-fluorodeoxyglucose positron 
emission tomography (FDG-PET) functions in a similar mechanism 
when its glucose radiotracer congregates in highly metabolic cells while 
being relatively absent in non-functional/scarred myocytes. Use of both 
SPECT and PET together improves their accuracy as it can distinguish 
between an arrhythmogenic scar (low perfusion/low metabolism) and 
hibernating myocardium (normal perfusion/low metabolism) [29]. 

Table 1 
Reduction in ICD events in refractory VTACH patients treated with cardiac radioablation.  

Institution: Patients: Median Follow- 
up: 

Mean Age 
(Range): 

# of ICD Events before RA (3 
months) 

# of ICD Events after Blanking 
Period 

Percent Reduction ICD 
Events 

Exploratory Analysis 
(Wash U) 

5 12 months 66 (60–83) 6577 4 99.90% 

ENCORE-RT (Wash U) 16 13 months 66 (49–81) 1778 111 94% 
Czech Republic 10 28 months 66 (61–78) 212 (Per Patient) 26 (Per Patient) 87.56%  
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Both modalities have a high correlation to voltage-defined scar as 
determined by invasive electro-anatomical mapping and PET/CT may 
even be able to identify successful ablation sites with greater sensitivity 
than voltage mapping. Both SPECT/PET imaging can be fused with the 
planning CT to easily aid with target contouring. 

Invasive Cardiac Mapping: Cardiac mapping encompasses three- 
dimensional (3D) electro-anatomical mapping (EAM) and advanced 
image-guidance platforms that allow electrophysiologists to non- 
fluoroscopically localize intra-cardiac catheters, create a 3D map of 
the cardiac chamber of interest, and automatically measure and display 
electrophysiological data (scar versus healthy tissue based on bipolar 
voltage amplitude) at precise locations (Fig. 2). The coordinates of the 
catheter tip are indexed in real time to a 3D model created from a pre
viously acquired CT or CMR, allowing for the construction of a detailed 
location specific record of the relevant electrophysiological data [30]. 
Different mapping techniques such as pace, activation/entrainment, and 
substrate all utilize an EAM system and can be used in combination with 
one another to identify “candidate” sites for an ablation, while mini
mizing nearby bystander tissue [31,32]. 

Non-Invasive Cardiac Mapping: External vests using multiple skin 
surface electrodes used in conjunction with patient-specific measure
ments gleaned from CT imaging are used to create activation and voltage 
maps similar to invasive cardiac maps. One difference between non- 
invasive and invasive techniques is the source of the “mapped” poten
tial. Non-invasive techniques localize epicardial potentials whereas 
invasive mapping identifies endocardial abnormalities. Some critics 
have noted significant discrepancies between the data collected from 
non-invasive mapping systems and invasive electroanatomical mapping, 
and the latter remains the gold standard. Despite this, non-invasive 
cardiac mapping has been regularly used in cardiac radioablation 
target delineation [33,34]. 

8. Radiation simulation & target delineation 

CT simulation is typically conducted with full body immobilization, 
arms up, abdominal compression (if possible), and both free breathing 
CT with IV contrast and 4DCT to capture respiratory and cardiac motion 
[17]. An alternate to abdominal compression is motion management 
with respiratory gating. The gross target volume (GTV) is defined by EP 
through co-registration of DICOM compatible anatomic imaging (CT, 
SPECT, PET, CMR) and side by side comparison using incompatible 
electrical imaging (EKG, ECHO, electrocardiographic imaging). Fusing a 
contrast-enhanced cardiac CT to the free-breathing and 4DCTs accounts 
for respiratory motion while providing a high resolution cardiac imag
ing specific to diastole or another cardiac phase allowing for anatomical 
delineation of the arrhythmic ventricular scar by identifying regions 
with > 50% wall thinning [35]. The American Heart Association (AHA) 
17-segment left ventricular segmentation using two left ventricular 
“long” and one “short” axes has been proposed to characterize SBRT 
targets within the left ventricle. The left ventricle is split into four re
gions that are further subdivided into segments [basal segments (1–6), 
middle (7–12), apical (13–16), and true apex (17)]. Because this model 
is derived from a cardiac coordinate system, the CT simulation imaging 
must be carefully rotated to transition from an axial, sagittal, and cor
onal based system to ventricular coordinate system. First, the left ven
tricular apex is defined as the rotational axis after being identified in the 
treatment planning software as the most lateral, anterior, and inferior 
location of the LV. Using coronal and then sagittal views, the image is 
rotated around the apex until the sagittal and coronal axis respectively 
evenly divide the mitral valve annulus (base). If oriented correctly, axial 
images will correlate to the “LV short-axis” view used by cardiologists. 

Additional noninvasive imaging can be fused to the planning CT to 
further aid in anatomic scar delineation. CMR LGE myocardial scar 

Fig. 1. Comparison of necrosis stained autopsy slides (left) and magnetic resonance (right). Adapted from Kim et al. Circulation. 1999 Nov 9;100 [19]:1992–2002.  
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correlates with CT at the tissue level (Fig. 1) [27]. SPECT in conjunction 
with PET can reveal scar at regions of reduced radiotracer uptake and 
reduced perfusion [29,36]. DICOM incompatible electrical data pulled 
up “side by side” is also used to fully define the target volume (GTV), 
including echocardiography identifying areas of akinesis and wall 
thinning, and invasive cardiac testing such as pace mapping of induced 
VT [35]. Next, an anisotropic internal target volume (ITV or iGTV) is 
applied by assessing the largest extent of respiratory/cardiac motion 
superior/inferior, medial/lateral, and anterior/posterior. To account for 
setup uncertainty, a planning target volume (PTV) expansion ranging 
from 3 to 7 mm is applied depending on each patient’s setup repro
ducibility. An anisotropic expansion can be considered based on extent 
of respiratory motion and toxicity to nearby organs-at-risk (OARs). 
OARs are drawn on the CT planning average scan and include the left 
ventricle, right ventricle, heart, lungs, esophagus, spinal cord, ICD, and 
any bronchus, great vessels, stomach, small bowel and large bowel in 
proximity to the PTV. 

9. Treatment planning and delivery 

The following summarizes the recommended methodology at our 
institution, recognizing that institutions can vary practices. Twenty-five 
Gy in a single fraction is prescribed to the PTV with at least 95% of the 
PTV expected to receive prescription dose unless necessary to lower dose 
or prescription to meet OAR constraints [17], with a target conformality 
index (prescription volume/PTV) of less than 1.2. At this time, although 
contouring occurs using cardiac segmentation through extensive manual 
adjustments as described above, treatment planning software remains 
based upon conventional axial, sagittal, and coronal axes. Treatment 
planning utilizes volumetric modulated arc therapy (VMAT) with non- 
coplanar arcs and 6X energy. Flattening filter free delivery is preferred 
for increased dose rate, and using less than 10X energy avoids excess 
neutron production (especially important for ICD). Standard single 
fraction SBRT dose constraints are used to limit dose to OARs as per 
TG101, with critical organs taking priority over the PTV [37]. Both the 
treating radiation oncologist and EP evaluate and approve the treatment 

Fig. 2. CRT Substrate Mapping. (A) Right 
Anterior-Oblique Projection. (B) Left Anterior- 
Oblique Projection:. (C) Posterior-Anterior Pro
jection: Left ventricular endocardial bipolar 
voltage mapping in a patient with prior myocar
dial infarction (MI). Three maps in different 
projections (RAO = right anterior oblique (A), 
LAO = left anterior oblique (B), and posterior- 
anterior projection (C)) are displayed with color 
coding based on local voltage measurements. 
Areas with voltage less than 0.5 mV (dense scar) 
are color coded as red whereas the healthy tissues 
(>1.5 mV) are displayed as purple. This patient 
demonstrated extensive basal anterior, basal 
lateral, and basal inferior scar segments, consis
tent with prior MI due to the large left circumflex 
artery occlusion. Surviving tissues within the 
dense scar were identified and extensive ablation 
was carried out to “homogenize” the scar zone 
(scar mapping and ablation). Pink and red circles 
indicate ablation points. The rainbow color bar in 
the top right corner in each figure (yellow arrow) 
indicates the color coding scheme used in this 
map and cut-off values for dense scar (less 
than0.5 mV) and healthy tissues (>1.5 mV). (For 
interpretation of the references to color in this 
figure legend, the reader is referred to the web 
version of this article.)   
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plan prior to implementation. 
On the day of treatment delivery, the patient undergoes a history and 

physical with EP, IV placement, and ICD interrogation 1–2 h prior to 
radiation therapy. The patient’s ICD remains on for treatment. If 
amiodarone is prescribed, delivery is conducted and monitored by EP. 
Both the radiation oncologist and EP are present for treatment set up, 
delivery, and until the patient is deemed stable post procedure and 
monitoring is discontinued. The EP physician determines the appro
priate cardiac monitoring on a per patient basis and is responsible for 
deciding to halt procedures in the event of an acute cardiac event. 

First, radiation therapists reproduce the CT simulation setup, apply 
CT origin to isocenter, and shifts as instructed in the source-to-surface 
distance (SSD) document. MR-guided linear accelerators have proven 
to be effective and feasible in this space as well [38]. Next, the radiation 
oncologist performs the timeout procedure and administers abdominal 
compression as per CT simulation. A cone-beam CT is performed, and 
therapists align the patient to the vertebral bodies before further 
aligning to the ITV and PTV targets. After the radiation oncologist 
confirms alignment, approves shifts, and shifts are applied, a verification 
CBCT is performed and treatment delivery can occur if no further shifts 

are necessary. If an excessive number of CBCTs are performed without 
confidently aligning the patient, re-planning should be considered by 
the multidisciplinary team. Once shifts and imaging are approved, a 
medical physicist confirms treatment parameters prior to each field with 
the therapist. After all fields are delivered, vital signs are monitored for 
up to 2–3 h and the ICD is re-interrogated prior to discharge home if 
there are no noted abnormalities. Regularly scheduled follow up with EP 
and radiation oncology occurs at 1, 3, 6, and 12 months after treatment 
with ICD interrogation and EKG at each visit and CT chest at 3 and 12 
months [7]. Echocardiogram is performed at 3 months and yearly. Of 
note, it is common for arrhythmic events to continue to occur in the 
blanking period before subsiding thereafter. 

CRA is unique within radiation oncology and truly requires a team- 
based approach to contouring as well as treatment planning and de
livery. This modality presents a unique opportunity for researchers to 
develop novel methodologies, treatment algorithms, and quality assur
ance platforms which will likely benefit the CRA field as a whole. A 
common cardiac radioablation workflow is shown in Fig. 3. 

Fig. 2. (continued). 
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10. Future directions 

Non-invasive cardiac radioablation has shown to be a valid new 
therapeutic option for treatment-resistant VT. In the coming years, we 
will begin to see cardiac radioablation spread to additional academic 
and community centers as contouring guidelines and radiation therapy 
workflows become adopted and standardized. In the next decade we will 
see pilot studies explore important unanswered questions about radia
tion dose (is 25 Gy above dose–response curve?), volume of target 
needed to be treated, fractionation (e.g. 1 vs 2–3 fractions), re- 
treatment, and whether radiation therapy can effectively treat other 
atrial arrhythmias like atrial fibrillation and flutter [39]. The future is 
bright for cardiac radioablation and these important clinical questions 
warrant further investigation. Constantly improving linear accelerator 
technology, image guided radiation, and improved motion manage
ment/gating along with high definition cardiac imaging could ulti
mately allow cardiac radioablation to be considered a frontline 
alternative therapy in VT patients. 

Like many other disease sites treated with photon radiation, proton 
beam therapy (PBT) appears to be a promising modality for the delivery 

of cardiac radioablation. Compared with traditional photon-based 
therapies, protons exhibit minimal entrance dose, sharp lateral fall-off, 
and a nearly non-existent exit dose due to the charged particle’s 
inherent physical properties and interaction with the surrounding tissue. 
Using a proton’s sharp dose falloff to their advantage, a clinician may 
successfully treat a lesion along the inferior segment of the ventricle 
while minimizing dose to the rest of the chamber, and adjacent lung/ 
stomach/esophagus. In the same spirit as the work done twenty years 
ago with SBRT, PBT has proven to be effective in porcine models at 
generating cardiac myocyte fibrosis in targeted areas while sparing 
adjacent normal tissue [40]. However, for patients with pacemakers/ 
ICDs, there are concerns that neutron exposure from proton beam 
scattering may cause device failure. While neutron production is 
significantly lower in newer active scanning systems (as opposed to 
older passive-scattering systems), the neutrons produced from scatter 
within tissues may still pose a risk (TG-203), thus further investigation is 
needed [40]. In the coming years we will undoubtedly see the beginning 
of the next chapter in the story of cardiac radioablation as the first case 
reports are published of refractory VT patients being successfully treated 
with PBT. 

Fig. 2. (continued). 
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