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Summary 

Ventricular tachycardia has a significant recurrence rate after ablation for several reasons, including 

inaccessible substrate. A non-invasive technique to ablate any defined areas of myocardium involved 

in arrhythmogenesis would be a potentially important therapeutic improvement if shown to be safe and 

effective. Early feasibility studies of single-fraction stereotactic body radiotherapy have demonstrated 

encouraging results, but rigorous evaluation and follow-up are required. In this document, the basic 

concepts of stereotactic body radiotherapy are summarized, before focusing on stereotactic 

arrhythmia radioablation. We describe the effect of radioablation on cardiac tissue and its interaction 

with intracardiac devices, depending on the dose. The different clinical studies on ventricular 

tachycardia radioablation are analysed, with a focus on target identification, which is the key feature of 

this approach. Our document ends with the indications and requirements for practicing this type of 

procedure in 2020. Finally, because of the limited number of patients treated so far, we encourage 

multicentre registries with long-term follow-up. 
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Background 

Catheter ablation of ventricular tachycardia (VT) is poorly standardized, can be lengthy and is 

potentially associated with significant risks. Despite being performed in expert centres, significant 

recurrence rates have been reported (up to 40–50% arrhythmia recurrence, leading to additional 

interventions) [1-4]. Efficacy is limited when the VT substrate is not easily accessible because of deep 

intramural locations or when catheter access is precluded by the presence of a mechanical prosthetic 

valve or an intracavitary thrombus. Furthermore, its invasive nature and potential complications make 

this procedure less attractive for patients with multiple co-morbidities and haemodynamic compromise. 

A non-invasive technique that can ablate defined areas of myocardium involved in arrhythmogenesis 

would be a potentially important therapeutic improvement if shown to be safe and effective. Early 

feasibility studies of single-fraction stereotactic body radiotherapy (SBRT) have demonstrated 

encouraging results [5-10], but rigorous evaluation and follow-up are required because of potential 

delayed complications [6, 8]. 

 

SBRT: Basic concepts 

SBRT involves directing highly focused external beam radiation therapy to target a well-defined and 

demarcated volume of tissue. The use of stereotactic radiation therapy was first described for the 

treatment of brain diseases, with the goal of delivering a high therapeutic dose to the lesion of interest, 

while minimizing radiation to the surrounding normal tissue [11]. Stereotactic radiation therapy first 

started with the gamma knife, which typically contains a large number of cobalt-60 sources placed in a 

hemispheric array in a heavily shielded assembly. The device delivers gamma radiation intersecting at 

a target point in the patient's brain. The patient is immobilized by a frame that is surgically fixed to the 

skull, so that the brain tumour remains stationary at the gamma ray target point. Nowadays, some 

patients can also be immobilized with a repositionable mask, which is less invasive than the frame, 

and allows fractionation of the treatment. Application of this technology to other organs was initially 

limited by physiological motion and difficulties with accurate targeting [12]. However, the development 

of linear accelerators (LINACs), advances in imaging and new means of treatment, such as gating, 

tracking and intensity modulation, have enabled the application of stereotactic radiation to extracranial 
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organs, and it is now referred to as SBRT [13] (or stereotactic ablative radiotherapy [SABR] when the 

target is outside the central nervous system).  

 LINACs equipped with image guidance, a high-resolution multileaf collimator and improved 

mechanical accuracy are recommended for best practice of SBRT [14], as well as a dedicated linear 

accelerator (LINAC), such as the Cyberknife® (Accuracy Incorporated, Sunnyvale, CA, USA). The 

Cyberknife® uses a 6 MV photon beam, produced by a LINAC mounted on a robot. Compared with a 

conventional LINAC, the arm of which moves in a single rotational plane, the robotic arm of the 

Cyberknife® has 6 degrees of freedom of motion. A computer monitors the patient's position during 

treatment in order to correct for patient movements, to achieve < 1 mm accuracy. It is possible to track 

real-time tumour movement while the patient is breathing, using either image contrast or fiducial 

markers implanted in or near the tumour volume. The Cyberknife® G4™ and M6™ systems, as well 

as the TrueBeam™ and the Edge™ (Varian Medical Systems, Palo Alto, CA, USA) are the systems 

that have been used so far for VT radioablation. Another potential technology suitable for SBRT is 

proton or carbon beam therapy, which is used less frequently than photon therapy, as it requires large 

and costly accelerators. 

 SBRT precisely delivers a high dose to an extracranial well-limited tumour, in a single or a few 

fractions (fewer than six). The radiobiological doses are higher than those used in conventional 

treatment, so the dose must decrease rapidly between the target and the healthy tissue. The key 

requirement for SBRT is therefore a high level of accuracy at each step of the treatment process [15].  

 Patient immobilization should be effective and reproducible between the four-dimensional 

computed tomography (CT) scan and the fraction(s) of treatment. Stereotactic target localization and 

accurate target delineation are crucial; this step requires the use of multimodality imaging to help to 

differentiate healthy from diseased tissue. A highly conformed dosimetry is needed: LINACs should 

have microleaf collimators with thin leaves (≤ 5 mm) or conical collimators. It is necessary to use 

multiple non-overlapping small beams with energy < 10 MV. It is possible to treat with static or 

rotational beams, with or without intensity modulation radiation therapy or volumetric modulated arc 

therapy. To achieve the required dose calculation accuracy, the planning system should be specifically 

commissioned for SBRT, with a dedicated beam model, and the algorithm should account for tissue 

heterogeneities. Improved delivery precision needs a specific quality control programme. Image 

guidance is a prerequisite: each of the commercially available systems uses CT or X-ray imaging to 
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ensure accurate patient positioning before and sometimes during treatment (patients may move during 

treatment, requiring realignment). The integration of magnetic resonance imaging and LINACs into 

new treatment systems (i.e. magnetic resonance LINACs) now allows magnetic resonance online 

guidance. Additionally, the internal location of the target, because of respiratory-, cardiac- or bowel-

associated movement, must be accounted for in the treatment planning and delivery. Motion 

management may be accomplished in a variety of ways, from plans that fully encompass the 

movement of the target to respiratory gating (where the dose is delivered only when the target is within 

a defined region of the respiratory cycle) to respiratory tracking (where the target is tracked throughout 

the cycle). Generally, a radio-opaque fiducial marker serves as a surrogate for the target position and 

is used to image movement with X-ray or CT imaging. Motion compensation can be achieved with: 

dampening/inhibition, which aims to limit respiratory motion using abdominal compression or breath-

hold techniques; gating, which follows the respiratory cycle to deliver radiation during a specific 

segment of this cycle; or tracking systems, which move the radiation beam to follow a moving target. 

 SBRT has emerged as standard therapy for early-stage lung cancer, for localized prostate cancer 

and primary pancreatic, liver, kidney and breast cancer, and for limited metastatic disease. The 

extension of SBRT to cardiac tissue came with the recognition that respiratory gating can effectively 

reduce the treated volume of the heart [16]. 

 

Stereotactic arrhythmia radioablation 

SBRT for cardiac arrhythmias is also referred to as stereotactic arrhythmia radioablation (STAR).  

 

Lesion pathophysiology  

In experimental animal models, STAR has been used to create atrioventricular block, conduction block 

in the cavotricuspid isthmus and lesions in the venoatrial junctions of the pulmonary veins [16]. Unlike 

catheter-directed radiofrequency or cryoablation, in which tissue destruction is affected by thermal 

injury, radiotherapy uses high-dose X-rays (typically 25–30 Gy) directed towards a three-dimensional 

volume of target tissue. The radiobiology of SBRT remains to be completely characterized. The 

mechanism of tissue injury is probably multifactorial, and is not fully understood, being in part the 

consequence of double-strand breaks in deoxyribonucleic acid and intracellular production of oxygen 

reactive species, leading to apoptosis, but also of microcirculation vascular damage and ischaemic 
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cell death. Unlike with catheter-based thermal injury, which produces immediate effects, the results of 

radiotherapy-related ablation probably depend on the dose, and may take days to months to manifest 

fully. In experimental studies of cardiac ablation, conduction block in ablated tissue was not seen until 

30 days after therapy. However, with a single dose of 25 Gy, clinical effects in patients have been 

observed acutely, with an immediate reduction [6] in arrhythmia burden to reduction within days or 

weeks after therapy [5, 8]. Therefore, the effect cannot only be caused by the ischaemic-induced 

fibrosis resulting from the radioablation. Inflammatory cells and oedema in the cardiac tissue have 

been observed acutely in experimental studies, and may explain the early direct effect on 

arrhythmogenesis [17]. 

 Post-mortem cardiac pathological assessments have been performed in some patients. 

Prominent ectasic blood vessels were identified at the interface of dense scar and viable myocardium 

in the series reported by Cuculich et al. [5]. This pattern has been described as a component of the 

acute vascular injury that is usually observed in the early weeks after radiation exposure. In such 

cases, the injury pattern is typically accompanied by endothelial cell swelling, vacuolization and 

perivascular tissue oedema, which were not found in these patients. Lloyd et al. [7] reported 

microscopic analysis of the SBRT-treated regions in the hearts of three patients who underwent 

cardiac transplant. Examination indicated oedema and vacuolization of endothelial cells with mild 

fibrosis. Electron microscopy showed disruption of intercalated disc/gap junction areas, which may 

explain the relatively acute treatment responses using a single high dose of 25 Gy. 

 

Interaction between the heart, devices and radiation 

The immediate attraction of non-invasive SBRT for VT ablation is its suitability for patients in whom 

standard VT ablation has failed or is deemed not feasible, particularly sicker patients and those with 

epicardial substrate with previous cardiac surgery or VT substrates that are not accessible to current 

methodologies, such as deep intraseptal or intramural substrate. However, the limitations of STAR will 

need to be carefully considered. The long-term toxic effect of radiotherapy on the cardiac structures is 

well documented, and is derived from experience with mantle field radiation for the treatment of 

Hodgkin lymphoma and breast cancer [18]. Damage to the coronary arteries, conduction system, 

valve structures, myocardium and pericardium can emerge years later. The pathophysiology of 

cardiac damages involves micro- and macrovascularization [19]. Microvascular damage results from 
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the destruction of capillaries, which provokes myocardial ischaemia and fibrosis that may be 

responsible for valve dysfunction, pericardial fibrosis (constrictive pericarditis) [20], pericardial effusion 

[21, 22] and diastolic dysfunction [19, 23]. Macrovascular damage induces accelerated atherosclerosis 

[24]. Conduction disturbances and arrhythmias have also been described [21, 22]. To limit these 

complications, breast radiotherapy has been adapted to decrease the dose on the heart by delivering 

the energy during breath hold in deep inspiration, which allows irradiation of the breast while the heart 

is far from the target [25]. Although SBRT is designed to minimize toxicity to adjacent structures, 

respiratory and cardiac motion increase the risk of off-target delivery. This risk profile, although 

acceptable when SBRT is used as palliation, might be of concern for patients who have an anticipated 

longer survival. For 16 patients from the ENCORE study [10], detailed information on cardiac structure 

irradiation has been reported [26]. Unsurprisingly, the highest median dose was received by the left 

ventricle (11.3 Gy), followed by the left anterior descending artery (10.1 Gy) and the circumflex artery 

(9.2 Gy), which may increase the risk of delayed atherosclerosis. Irradiation was next-most 

pronounced on the right ventricle (8.3 Gy) and the pericardium (7.2 Gy). The limits of normal tissue 

dose tolerance remain uncertain to date. In the context of conventionally fractionated radiation to the 

lung, patients with > 25% of the heart receiving ≥ 50 Gy had an increased rate of cardiac toxicity and a 

decrease in overall survival [27, 28]. In lung SBRT, the median dose to the left ventricle was 0.2 Gy 

and 0.8 Gy to the left anterior descending artery. No relationship was found between whole-heart or 

substructure dose and cardiac events [29]. No increase in heart failure directly linked to STAR has 

been described so far. However, one patient from the ENCORE-VT study [10] was admitted for heart 

failure exacerbation 65 days after treatment, but it is not known whether this was the normal course of 

his cardiac disease or was caused by STAR. Radioablation of myocardium in close proximity to 

digestive structures (oesophagus, stomach, etc.) may expose to acute or delayed gastrointestinal 

radiation injuries, such as necrosis, ulceration, perforation or chronic enteropathy [30]. The maximal 

dose admitted as safe in the adjacent healthy structure is 16 Gy for the healthy heart in < 15 cc and 11 

Gy for the oesophagus/stomach in multifraction treatments [31]. Of note, no case of radiotherapy -

induced neoplasia has been published since the beginning of SBRT. Moreover, the heart is probably 

relatively protected from this side effect by the usual lack of division of adult cardiac cells. 

 Another potential issue with radiotherapy concerns cardiac implanted electronic devices (CIEDs) 

[32, 33]. Increased radiation sensitivity has been reported with modern versus older CIEDs, 
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independent of the type of ionizing radiation (direct or scattered) [34]. Beam energy ≥ 10 MV was 

demonstrated to be the most important predicting factor for radiotherapy-related CIED malfunction, 

because high-photon energies cause excessive production of secondary neutrons that harm the 

random-access memory or complementary metal oxide semiconductor components present in 

contemporary CIEDs [35]. In addition, a study by Elders et al. [36] reported implantable cardioverter 

defibrillator (ICD) failures with 18 MV beam energy, whereas no radiotherapy-correlated events were 

observed at 6 MV. A maximum photon dose of 2 Gy for pacemakers and possibly 1 Gy for ICDs is 

generally accepted as safe [32, 37]. However, no ICD damage has been reported to date with STAR. 

ICD irradiation is generally as low as 0.13 Gy (0.03–0.6 Gy) [26], as the can is away from the 

irradiated field. The different centres performing these procedures switch off the ICD or apply a 

magnet to the ICD during the procedure, with an external defibrillator close by. 

 Concerning patients with a left ventricular assist device, two patients from the series of Lloyd et 

al. [7] had a left ventricular assist device and one had an intra-aortic balloon pump, and did not 

experience any technical problems. 

 

Clinical experience of VT treatment 

Early experience with the use of stereotactic radiotherapy as palliation for VT has been encouraging, 

but it should be noted that the reports are limited to very small numbers of patients (51 when pooling 

all the studies) with limited follow-up (Table 1) [5-10]. Indications were patients receiving recurrent ICD 

therapies despite antiarrhythmic drugs and previous VT ablation or with contraindication to invasive 

VT ablation. Some of the patients were in arrhythmic storm and/or in advanced heart failure. In a more 

recent study [10], they extended the indication to patients with premature ventricular complex-induced 

tachycardiomyopathy with failed antiarrhythmic drugs and conventional ablation. Of note, they 

excluded patients with previous radiotherapy to the anticipated treatment field. STAR was performed 

in all using 25 Gy in one session, with variable success rates.  

 The distal dipole of the right ventricular ICD lead can be used as a fiducial marker for real-time 

tracking. However, some centres using a LINAC did not use a fiducial marker, whereas others inserted 

a temporary pacing wire (Cyberknife® users). Some centres used the concept of a “safety margin” of 

1–5 mm around the volume targeted to compensate the risk of missing a zone as a result of 

respiratory and cardiac motion during application. It should be pointed out that the motion of the target 
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may be different from the motion of the marker, and has to be carefully assessed and compared with 

imaging and electrophysiological information to avoid inappropriate normal tissue irradiation.  

 Treatment times ranged from 10 to 90 minutes based on the dose rate of the beams, varying with 

the machines used, target size and location (Table 1). The treatment is painless, and requires no 

concomitant invasive procedures. One crucial point developed below is the identification of the target, 

keeping in mind that the volume of the target is correlated to the dose of collateral irradiation to 

healthy tissue and the risk of potential radiation injury of the adjacent structure. In the different series, 

the target volume varied from 14 to 299 mL, with a median of around 70 mL. 

 Concerning efficacy, comparison with catheter ablation is difficult because: (1) all these patients 

had failed catheter ablation or were contraindicated to catheter ablation; and (2) results are presented 

differently – mainly as a decrease in VT burden, which may be an acceptable endpoint in this very sick 

population, resistant to all therapies. However, in terms of recurrence, Neuwirth et al. [9] reported only 

two of 10 patients without VT recurrence. Longer-term efficacy is not well described, with controversial 

data; Gianni et al. [38] reported 100% recurrence at 12 months. 

 Delayed efficacy [5, 8, 9], possibly as a result of ischaemic-induced fibrosis, has been reported in 

several studies, but in others [6, 7] an immediate effect was noted, which makes this strategy possibly 

suitable, even in case of electrical storm.  

 In terms of safety, few complications have been reported so far (Table 1), but no long-term data 

are available, and radiation complications of the heart have been described, sometimes > 10 years 

later. All of the studies reported a low dose per fraction. None of them mentioned with accuracy the 

relationship between the dose delivered and the specific cardiac area receiving irradiation. However, 

this hypothetical risk appears acceptable in these very sick patients with intractable arrhythmias, as 

the mortality from an arrhythmia storm remains high if untreated (~25%). It should be noted, however, 

that most of these complications (pericardial, conductive and coronary artery) can be well managed 

today in these otherwise very sick patients with intractable arrhythmias, and have not been described 

to date. 

 

Target identification  

Identification of the target is the crucial point of STAR. In scar-related ventricular arrhythmias, the 

arrhythmia origin is usually related to the ventricular scar/border zone containing surviving myocyte 
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bundles [39]. However, the entire scar may not be participating in arrhythmogenesis. Entire scar 

homogenization [40], as described for VT catheter ablation, implies too large a volume to treat, 

increasing the dose of collateral irradiation to healthy tissue, and is therefore not recommended. The 

maximal acceptable volume to treat is not well defined, but should be as limited as possible. The 

median volume treated in studies on STAR was around 70 mL (Table 1). To improve target 

identification, several tools can be used.  

 

Cardiac imaging 

Cardiac imaging allows scar identification with different modalities: delayed enhancement cardiac 

magnetic resonance imaging, cardiac CT scan or positron emission tomography scan. The 

advantages are that delineation of the volume to treat by SBRT can be performed on a dedicated CT 

scan, and that an additional CT scan or chest X-ray performed on-line in the radioablation unit may be 

used to optimize the tracking at the cost of additional irradiation. However, even if cardiac imaging 

gives a global idea of the area to treat, it is not specific enough. Therefore, there may be a place for 

new optimized solutions identifying anatomical VT channels/isthmii on cardiac imaging, such as 

MUSIC® (inHEART, Pessac, France) [41, 42] or ADAS 3D® (Galgo Medical, Barcelona, Spain) [43] 

software. 

 

Twelve-lead morphology of the VT  

Twelve-lead morphology of the VT helps to identify the exit of the electrical activity from the scar, and 

can refine the area to target when scar is identified on a CT scan. 

 

Body-surface mapping 

Body-surface mapping may refine VT exit localization compared with twelve-lead electrocardiography 

[5, 10]. However, it requires the VT to be induced, for example using an ICD (i.e. non-invasive 

ventricular stimulation).  

 

Electroanatomical mapping  

Electroanatomical mapping has mostly been performed during the failed VT ablation procedure, and 

may be merged with scar visualized on a CT scan. Even if the VT is not fully mapped (i.e. missing 
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isthmus), it gives a better idea of the substrate and potential isthmus (Fig. 1). However, to date, no 

automatic exportation of such three-dimensional imaging is possible into an on-site CT scan. 

Targeting is still manually based, decreasing the accuracy of target identification in the radiotherapy 

system.  

 

To be effective, it is important to treat the VT isthmus and not just the exit. In the different series, 

isthmus localization (volume) was derived from the different tools mentioned above, and suspected by 

the electrophysiologists, based on their experience (Fig. 1). This defines the gross target volume, 

which is manually delineated on the planning software coupled to the SBRT system, increasing the 

risk of approximation. In the literature, it is sometimes labelled as clinical target volume, which is 

defined as a target volume, including the potential spreading of tumour cells around the gross target 

volume. This then has to be optimized on each of the phases of the cardiac cycle. The union of all 

gross target volumes generates the internal target volume, which allows respiratory/cardiac motions to 

be taken into account. An additional isotropic margin (0–5 mm in studies for VT) can be added to 

compensate for set-up motion uncertainties, creating the planning target volume. In the ENCORE 

study, the median gross target volume was 25.1 cm3 and the internal target volume was 30.1 cm3. The 

planning target volume (97.9 cm3) was generated as a 5 mm volumetric expansion from the internal 

target volume [26]. This raises the problem of compensating for the uncertainties of target localization 

in a moving organ as a result of set-up respiratory/cardiac/patient motion. In this study, it increases the 

volume to treat by 4, and therefore the radiation dose delivered. 

 While we await technological improvements (cardiac on top of respiratory gating) in the SBRT 

system, a platform (Fig. 2) integrating all imaging and electrophysiological information to refine 

delineation of the target volumes is warranted, to optimize the workflow and accuracy of SBRT 

delivery; as a byproduct this will limit the planning target volume, reducing potential side effects. It is of 

particular importance that such a platform proves to be compatible with SBRT software, to define with 

accuracy the internal target volume after merging these data. 

 

Reasonable indications in 2020 

Based on published data and the uncertainty regarding possible long-term complications of cardiac 

irradiation, indications should be carefully evaluated. Eligible patients are those with recurrent VT 
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despite at least one antiarrhythmic medication, who have failed catheter ablation in an experienced 

centre or are contraindicated to VT ablation (intracardiac thrombus and failure of/contraindication for 

epicardial ablation or access, double mechanical valve, epicardial VT with no pericardial access). A 

minimum VT burden of at least three VT episodes in the last 6 months was the inclusion criterion in 

most of the series. Finally, a 12-lead electrocardiogram of the VT, either spontaneously or during an 

invasive or non-invasive electrophysiology study, is important to focus the treatment on the clinical VT, 

particularly in case of large scar/multiple scars.  

 In the different series, exclusion criteria were: (1) patient with a past history of radiotherapy within 

the projected treatment field delivering clinically significant radiation (but this point should be 

discussed on a case-by-case basis with radiation oncologists); and (2) myocardial scar (diffuse 

substrate) that would require stereotactic delivery to a target volume deemed unsafe by the treating 

physician.  

 At the present time, STAR probably should not be proposed for patients without severe heart 

disease or as a first-line therapy until long-term safety has been demonstrated. 

 

Requirements and perspectives 

To perform such a procedure, there is a need for close collaboration between radiation oncologists, 

medical physicists and electrophysiologists trained in VT ablation. The absence of one of these 

specialists would impair the results and may increase patient risk. A standardized workflow should be 

established by each institution. Accurate identification of the target is a key point for an optimal 

efficacy/safety ratio; this identification is currently based on the experience of the electrophysiologist, 

who makes their decision based on multiple data (electrocardiogram, invasive or non-invasive 

mapping, imaging, etc.). Target identification would definitely benefit from machine learning if a large 

amount of data were available. Therefore, we are working on a common nationwide prospective 

registry that should certainly improve our knowledge on the optimal workflow to perform such a 

procedure, with insight into efficacy and longer-term safety profile. 

 We also need better tools to translate from electrophysiology to a radiotherapy system. At 

present, medical physicists and radiation oncologists have to delineate the target identified by the 

electrophysiologist manually into the SBRT system, and undertake treatment planning to eradicate it 

and avoid collateral damage. In terms of material, compatible LINAC equipment is also mandatory. 
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Conclusions 

SBRT appears to be extremely appropriate for the delivery of high energy to a specific part of the 

heart. It seems to be a promising non-invasive technique to treat refractory VTs. As a result of the 

accurate energy delivery and the high gradient between dose delivered to the target versus to the 

adjacent structure (i.e. the organ at risk), acute as well as late toxicity should be minimal [44]. 

However, even if only a limited number of complications have been reported so far after SBRT [10], 

there is a need for a national registry including all patients receiving this treatment, to evaluate long-

term efficacy and safety, and further determine the place of STAR in VT management. 
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Figure legends 

 

Figure 1. Target identification. A. Three-dimensional (3D) activation map of the ventricular tachycardia 

(VT), with the VT morphology on the right. B. Computed tomography (CT) scan of the left ventricle, 

identifying the wall thickness from 1 mm (dark red) to 5 mm (light yellow); heterogeneity of wall 

thickness has been correlated to VT isthmus [42]. In this case, the VT was dependent on the most 

apical channel. Merging of the 3D map and the CT scan allows accurate identification of the target. C. 

The target has been drawn on the CT scan (white circle); it is also important to study its relationship 

with the adjacent organ at risk. D. Translation and delineation of the gross/clinical target volume 

(yellow line), the internal target volume (in pink line) and the planned target volume (blue line) in the 

radiotherapy scanner with dedicated software. 

 

Figure 2: Proposal for an optimal platform to perform ventricular arrhythmia treatment with 

stereotactic body radiotherapy (SBRT). CT: computed tomography; MRI: magnetic resonance 

imaging; Pet: positron emission tomography. 
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Table 1 Summary of the different studies on stereotactic radiotherapy for ventricular arrhythmia. 

 Loo et al. [8] Cuculich et al. [5] Jumeau et al. [6] Neuwirth et al. [9] Lloyd et al. [7] Robinson et al. [10] Gianni et al. [38] 

Number of patients 1 5 1 10 10 19 5 

Sex M 4 M; 1 F M 9 M; 1 F 7 M; 3F 17 M; 2 F 5 M 

Age (years) 71 66 ± 10 75 66 (61–78) 62 ± 9 66 (49–81) 63 ± 12 

Storm No At least two Yes Six with storm - 10/19 - 

Type of cardiomyopathy ICMP Two ICMP; three 

NICMP 

NICMP Eight ICMP; two 

NICMP 

Four ICMP; four 

NICMP; one 

sarcoidosis; one 

postmyocarditis 

Eleven ICMP; five 

NICMP; two 

postmyocarditis; 

one valvular CMP 

Four ICMP; one 

NICMP 

LVEF (%) 24 23 ± 9 30 27 ± 3 ? 25 (15–58) 34 ± 15 

Technique Cyberknife®a TrueBeam™b Cyberknife®a Cyberknife®a TrueBeam™b TrueBeam™b (n = 

3); Edge™b (n = 16) 

Cyberknife®a 

Fiducial marker Yes; temporary 

pacing wire 

placed at the RV 

apex 

No Yes; RV ICD lead Yes; RV ICD lead Yes; RV ICD lead No Yes; temporary 

pacing wire placed 

in the RV 

Dose (Gy) 25 (maximum 33) 25  25  25  25  25  25  

Planning target volume (mL) - 49 ± 23  21  22.2 (14.2–29.6) 81.4 ± 56 (29–238) 98.9 (60.9–298.8) 143 ± 50 
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Treatment duration (minutes) 90  14 (11–18) 45  68 (45–80)  - 15 (5.4–32.3) 82 ± 11  

Delay for efficacy After month 2 Progressive effect 

after ablation, but 

maximum effect 

after 6 weeks 

Immediate Progressive effect Within the first 2 

weeks 

Within the first 6 

weeks 

Four patients had 

marked reduction 

in VT burden during 

first 6 months 

VT free at end of follow-up VT burden 

decrease 

VT burden 

decrease 

1/1 2/10; VT burden 

decrease for the 

others 

VT burden 

decrease in all but 

one 

Decrease in VT 

burden in 17/19 

0 

Follow-up (months) 9  12 (median) 4  28 (median) 6 (4–9) 13  12 ± 2  

Complications        

 Acute None None; fatigue in 

three patients 

None Nausea in four 

patients 

Mild pneumonitis 

responsive to 

corticosteroids in 

two patients 

- None 

 Delayed Died from COPD 

exacerbation at 

month 9 

One fatal stroke 3 

weeks after 

treatment 

None Three died of 

non-arrhythmic 

cause; 

progression of 

mitral valve 

 Pericarditis; heart 

failure exacerbation 

at 2 months 

Two died of heart 

failure  
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regurgitation at 17 

months 

Data are expressed as mean ± standard deviation or median (range) unless otherwise indicated. CMP: cardiomyopathy; F: female; ICD: implantable cardioverter defibrillator; ICMP: 

ischaemic cardiomyopathy; LVEF: left ventricular ejection fraction; M: male; NICMP: non-ischaemic cardiomyopathy; RV: right ventricle/ventricular; VT: ventricular tachycardia. 

a Accuracy Incorporated, Sunnyvale, CA, USA. 

b Varian Medical Systems, Palo Alto, CA, USA. 

 

 

 

 

 

 

 

 

 

 








