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Abstract
Purpose We present the preliminary results of the STRA-MI-VT Study (NCT04066517), a spontaneous, phase Ib/II study, 
designed to prospectively test the safety and efficacy of stereotactic body radiotherapy (SBRT) in patientswith advanced 
cardiac disease and intractable ventricular tachycardia (VT).
Methods Cardiac computed tomography (CT) integrated by electroanatomical mapping was used for substrate identifica-
tion and merged with dedicated CT scans for treatment plan preparation. A single 25-Gy radioablation dose was delivered 
by a LINAC-based volumetric modulated arc therapy technique in a non-invasive matter. The primary safety endpoint was 
treatment-related adverse effects during acute and long-term follow-up (FU), obtained by regular in-hospital controls and 
implantable cardioverter defibrillator (ICD) remote monitoring. The primary efficacy endpoint was the reduction at 3 and 
6 months of VT episodes and ICD shocks.
Results Seven out of eight patients (men; age, 70 ± 7 years; ejection fraction, 27 ± 11%; 3 ischemic, 4 non-ischemic cardio-
myopathies) underwent SBRT. At a median 8-month FU, no treatment-related serious adverse event occurred. Three patients 
died from non-SBRT-related causes. Four patients completed the 6-month FU: the number of VT decreased from 29 ± 33 
to 11 ± 9 (p = .05) and 2 ± 2 (p = .08), at 3 and 6 months, respectively; shocks decreased from 11 to 0 and 2, respectively. At 
6 months, all patients. showed a significant reduction of VT episodes and no electrical storm recurrence, with the complete 
regression of iterative VTs in 2/2 patients.
Conclusion The STRA-MI-VT Study suggests that SBRT can be considered an alternative option for the treatment of VT in 
patients with structural heart disease and highlights the need for further clinical investigation addressing safety and efficacy.

Keywords Ventricular tachycardia/ventricular arrhythmias · Stereotactic body radiotherapy/radioablation · Catheter 
ablation · Structural heart disease/dilated cardiomyopathy · Multimodal imaging

Abbreviations
AAD  Antiarrhythmic drugs
ACBPG  Aortocoronary bypass graft
ATP  Antitachycardia pacing

BMI  Body mass index
CKD  Chronic kidney disease
COPD  Chronic obstructive pulmonary disease
CRT-D  Cardiac resynchronization therapy 

defibrillator
CT  Computed tomography
CTCAE  Common Terminology Criteria for Adverse 

Events
CTV  Clinical target volume
DDD ICD  Dual-chamber implantable cardioverter 

defibrillator
DE  Delayed enhancement
EAM  Electroanatomical mapping

STRA-MI-VT is the acronym for “STereotactic RadioAblation by 
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ECG  Electrocardiography
ECGI  Non-invasive electrocardiographic imaging
EF  Ejection fraction
ES  Electrical storm
FU  Follow-up
ICD  Implantable cardioverter defibrillator
ICM  Ischemic cardiomyopathy
IGRT   Image-guided radiotherapy
ITV  Internal target volume
LA  Left atrium
LAD  Left anterior descending artery
LV  Left ventricle
NICM  Non-ischemic cardiomyopathy
NIVT  Near-incessant ventricular tachycardia
NYHA  New York Heart Association
OAR  Organ at risk
PTV  Planning target volume
QoL  Quality of life
RFCA  Radiofrequency catheter ablation
SAE  Serious adverse event
SBRT  Stereotactic body radiotherapy
TDI  Tachycardia detection interval
VA  Ventricular arrhythmia
VF  Ventricular fibrillation
VMAT  Volumetric modulated arc therapy
VT  Ventricular tachycardia

1 Introduction

Radiofrequency catheter ablation (RFCA) has evolved into 
a first-line modality of therapy for patients with scar-related 
ventricular arrhythmias (VAs) [1–3], being effective in the 
prevention of ventricular tachycardia (VT) recurrences and 
in the reduction of implantable cardioverter defibrillator 
(ICD) interventions [4, 5]; furthermore, RFCA has been 
recognized as the treatment of choice in the management of 
incessant VT and electrical storm (ES), where the patient is 
exposed to a high risk of cardiac death [6].

The conventional catheter-based approach is, how-
ever, limited mainly in patients with non-ischemic cardio-
myopathies, in whom the complexity and location of the 
arrhythmogenic scar [7, 8] critically favor the persistence 
of the arrhythmic condition. Moreover, the possibility of 
treating the epicardial aspect of the heart is frustrated in 
the case of prior cardiac surgery, and even the endocardial 
access to the ventricles may be limited by the presence of 
a mechanical prosthesis. Of note, VT RFCA is a complex 
procedure and exposes the patient with advanced cardiomyo-
pathy to several potential complications, whereas in case of 
significant comorbidities, the high procedural risk may even 

constitute a contraindication for any interventional approach, 
with a negative prognostic impact.

Single-session high-dose stereotactic body radiotherapy 
(SBRT) has emerged as an alternative option for the treat-
ment of refractory VT, with the potential to overcome limi-
tations of conventional RFCA [9–15]. This non-invasive 
approach eliminates the procedural risk during both map-
ping and ablation phases and allows the delivery of energy 
to any theoretical target without the need for anatomical con-
tact. We present the preliminary safety and efficacy results of 
a phase Ib/II study where SBRT was applied in a cohort of 
patients with advanced cardiomyopathy as bailout treatment 
for refractory VTs.

2  Methods

STRA-MI-VT is a spontaneous, prospective, single-arm, 
phase Ib/II single-center study. The design of the study has 
been detailed elsewhere [16]. Fifteen patients are expected 
to be enrolled and final results will be available after Sep-
tember 2022.

2.1  Patient population

Patients were selected from the population admitted at the 
Centro Cardiologico Monzino IRCCS, Milan, Italy, as the 
nationwide referral center for VT ablation; SBRT was car-
ried out at the Istituto Europeo di Oncologia IRCCS, Milan, 
Italy. Each patient case was discussed by a multidisciplinary 
institutional expert panel to exclude other treatment options 
and confirm eligibility.

2.1.1  Enrollment criteria

Patients were included if they had a structural heart dis-
ease and relapsing VT (≥ 3 VT episodes conditioning ICD 
intervention) refractory to any form of pharmacological and 
non-pharmacological therapy, and either showed a contrain-
dication to conventional RFCA, in relation to the high risk 
associated with the procedure, or, alternatively, were not 
suitable for any interventional or surgical approach.

Additional inclusion criteria were the following: left 
ventricle (LV) ejection fraction (EF) ≥ 20%; age ≥ 50 years; 
the presence of an ICD or subcutaneous ICD; and informed 
consent signed.

Exclusion criteria were the following: previous tho-
racic radiotherapy; active myocardial ischemia; cardiac 
revascularization < 120 days; NYHA class IV; life expec-
tancy < 1 year, or other major contraindication.
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2.2  Safety and efficacy endpoints

2.2.1  The primary safety endpoint

The primary safety endpoint was represented by safety of 
SBRT during the early first month phase after SBRT and 
at the 3-, 6-, and 12-month follow-up (FU). Adverse effects 
were classified according to the International Common 
Terminology Criteria for Adverse Events v 5.0 / CTCAE 
document.

The following were considered serious adverse events:
Death; cardio-circulatory arrest; acute myocardial 

infarction; cardiogenic shock; pericarditis, myocarditis, 
and/or endocarditis; acute heart failure; gastro-esophageal 
lesion; bronchopulmonary infection; injury to the respira-
tory system; and radio-induced oncogenesis.

2.2.2  Primary efficacy endpoint

The primary efficacy endpoint was represented by the total 
number of VT/ventricular fibrillation (VF) episodes detected 
by the ICD at 3, 6, and 12 months, compared to the 3-month 
period preceding SBRT.

We identified the following:
Number of VT/VF episodes causing antitachycardia pac-

ing (ATP); number of VT/VF episodes causing ICD shock; 
total number of ICD shocks; and number of VT episodes 
below the tachycardia detection interval (TDI). Accord-
ing to literature [11, 12, 15], a 6-week “blanking period” 
after SBRT was taken into account in the analysis of VT 
recurrences. As a rule, pharmacological therapy, including 
antiarrhythmic drugs, was maintained the same as before 
SBRT and changes were determined only by specific clini-
cal reasons.

2.2.3  Secondary endpoints

Secondary endpoints, evaluated at 3, 6, and 12 months, were 
as follows:

Global mortality (at 12 months); variations in quality of 
life (QoL), using the SF-36 Health Questionnaire [17]; and 
changes in cardiac function assessed by LV EF on echocar-
diographic examination.

2.3  Interventional workflow

Electroanatomical mapping (EAM) in combination with 
delayed enhancement (DE) cardiac computed tomography 
(CT) was employed in as many patients as possible to char-
acterize the arrhythmia substrate and to define the target area 
(Fig. 1). A 12-lead ECG analysis of all documented VTs 
was implemented to identify the VT breakthrough based on 

the QRS pattern. Non-invasive electrocardiographic imag-
ing [18] (ECGI, EP Solutions SA) was achieved in selected 
cases. Detailed methods are reported in the Supplementary 
data.

2.3.1  Cardiac computed tomography

As previously described [16, 19], cardiac CT was performed 
using a whole-heart-coverage CT scan (Revolution CT, GE 
Healthcare): a first CT scan was obtained at the angiographic 
phase as routinely performed for coronary CT angiography, 
and a second delayed series of breath-hold and ECG-gated 
images was acquired for the detection of myocardial DE 
(Fig. 2, upper panel). Myocardial wall thinning (< 5 mm) 
and DE involving > 50% of myocardial thickness identified 
transmural DE. Dedicated post-processing reconstructions 
were applied to extrapolate single DICOM files for subse-
quent integration with EAM and with simulation-CT scans 
for SBRT target volume identification.

2.3.2  Electroanatomical mapping

High-density EAM was obtained with the CARTO system 
(Biosense Webster, Inc.); when possible, both an endo- and 
an epicardial LV map were used for an accurate 3D charac-
terization of the scar and to facilitate CT image integration. 
Pre-acquired DICOM files were elaborated and merged by 
imaging fusion with EAM to characterize the VT substrate 
and validate the correspondence between diseased myocar-
dium identified by EAM and fibrosis revealed by CT (Fig. 2, 
central panel and Movie 1 in the Supplementary data). EAM 
was not included in patients with a contraindication to any 
interventional procedure in whom SBRT was guided by non-
invasive imaging only.

2.3.3  Treatment plan preparation and radioablation 
session

The treatment plan was prepared by an experienced panel 
that involved two electrophysiologists, one clinical cardiolo-
gist, one cardio-radiologist, one biomedical engineer, two 
radiation oncologists, and two medical physicists, achieving 
a consensus on the target area, identified based on cardiac 
CT and EAM analysis, also considering all additional ECG 
and ECGI information.

A simulation free-breathing CT, a cardiac CT with con-
trast medium, and a “breathing-triggered” 4D-CT were 
performed and imported into the Eclipse Varian Treat-
ment Planning System (Varian Medical System) to iden-
tify the following: (1) on the free-breathing CT, through 
a semi-automatic fibrosis localization (Fig. 1S), the target 
scar representing the clinical target volume (CTV), the 
surrounding organs at risk (OARs), and the ICD; (2) both 
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on free-breathing CT and on 4D-CT, the heart in order to 
evaluate any displacement during the breathing cycle and to 
expand the CTV to create the internal target volume (ITV), 
taking into account heart respiratory motions. The planning 
target volume (PTV) was built further expanding the ITV in 
three dimensions considering residual uncertainties caused 
by patient positioning and movements, and by any displace-
ment due to the heartbeat alone. On the free-breathing CT, 
a volumetric modulated arc therapy (VMAT) treatment 
plan was processed by Eclipse RapidArc Planning System 
(Varian Medical System), in order to deliver a total dose of 
25 Gy in a single fraction (Fig. 2, lower panel) using the Var-
ian Trilogy linear accelerator (Varian Medical Systems) with 
the patient in the immobilization cast. Patient set-up posi-
tioning was verified and corrected, if necessary, performing 
two cone-beam CT (image-guided radiotherapy, IGRT).

2.4  Pre‑discharge evaluation and management

After SBRT, all patients were continuously monitored for 
at least 5 days; routine laboratory tests and echocardiog-
raphy examination were provided within 24 h after SBRT 
and before hospital discharge. All patients received dexa-
methasone plus additional gastro-protective agents for 
20 days starting on the procedure day. ICD interrogation 
was performed immediately after SBRT and before patient 
discharge to verify device and lead parameters and exclude 
malfunctions. ICD VT detection and therapy parameters 
were maintained the same as before SBRT; sustained VT 
below the TDI were computed by the analysis of “VT mon-
itored” and “ventricular sensed” events, after appropriate 
ICD reprogramming. ICD remote monitoring was set up for 
all patients.

Fig. 1  Interventional workflow. Step 1—cardiac CT data, integrated 
with endo-epicardial electroanatomical mapping, are merged with 
simulation “free-breathing” CT, acquired together with a “breathing-
triggered” 4D-CT. Step 2—integrated “free-breathing” simulation-CT 
imaging is used as platform for the identification and contouring of 
the clinical target volume and of the organs at risk. The volumetric 
modulated arc therapy treatment plan is processed by the Eclipse 
RapidArc Planning System to deliver a single-fraction total dose of 
25 Gy. Step 3—patient’s positioning setup is ensured by means of a 

vacuum immobilization cast on the treatment couch and is verified 
during the whole treatment process; two to three cone-beam CT scans 
are performed (image-guided radiotherapy), if necessary, for setup 
optimization. Step 4—the volumetric modulated arc therapy treat-
ment is eventually delivered using the Varian Trilogy linear accel-
erator with the patient in the conscious state, lying down in a com-
fortable position in his/her immobilization cast. Abbreviation: CT, 
computed tomography
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2.5  Follow‑up

FU comprised weekly visits for the first month after SBRT 
and regular in-hospital controls at 3, 6, and 12 months after 

SBRT, including 12-lead ECG and ICD interrogation, echo-
cardiography examination, and SF-36 Health Questionnaire. 
A radiotherapy evaluation and a thorax CT were planned at 
3 and 12 months.

Fig. 2  CT imaging with myocardial fibrosis evaluation, integrated 
electroanatomical mapping, and SBRT-treatment plan in one patient 
undergoing SBRT are represented. Upper panels. CT myocardial 
fibrosis evaluation in the long-axis view is represented. CT scan was 
acquired 8  min after the injection of iodinated contrast medium, as 
per protocol indication. No hyperdense myocardial areas are evident 
with regard to the anterolateral wall (A, blue arrowheads). Areas of 
hyperdense myocardium are shown (B, C): red arrowheads point 
at a transmural (ischemic pattern) myocardial fibrosis in the infe-
rior and posterolateral wall of the left ventricle. The left ventricular 
apex appears free from lesions (green arrowheads). Middle panel. 
High-density epicardial electroanatomical mapping combined with 

CT imaging (D). Mid- and basal segments of the inferior and pos-
terior wall are covered by diseased electrograms, represented in red 
and yellow by the “color-coded” map, as expression of the underly-
ing electrical scar (left). In the same location, CT shows a pattern of 
discrete transmural fibrosis, which perfectly matches with the lesion 
revealed by the electroanatomical map (right). The intracardiac echo 
fan acquired during the mapping procedure is visualized in the map 
with the corresponding view in the small box. Lower panels. The 
planning target volume in the axial (E), coronal (F), and sagittal (G) 
view, as delineated by the red contour line, is depicted. The colored 
area represents the dose coverage, from the 95% to the maximum of 
the prescription dose. Abbreviation: CT, computed tomography
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2.6  Statistical analysis

Continuous variables were expressed as mean ± standard 
deviation and discrete variables as absolute numbers and 
percentages. The primary efficacy endpoint (reduction of 
ventricular arrhythmic episodes) and secondary endpoints 
(clinical, echocardiographic, and psychometric character-
istics) were evaluated with the Student’s T test for paired 
data (continuous variables with normal distribution) or 
with the Wilcoxon sign rank test (variables with non-nor-
mal distribution). All tests were two-tailed and a p < 0.05 
was considered significant.

3  RESULTS

3.1  Patients

Among 127 patients (pts.) with structural heart disease 
admitted for VT ablation at our Center between Sep-
tember 2019 and October 2020, 8 pts. (males, mean age 
71 ± 8 years.; mean LVEF 27 ± 10%; 4 with ischemic car-
diomyopathy (ICM), 4 with non‐ischemic cardiomyopathy 
(NICM)) were enrolled in the study, with alternative treat-
ment options being excluded (Table 1). Seven pts. (mean 
age 70 ± 7 years) underwent SBRT: pt. #5, showing after 
enrollment a progressive hemodynamic decompensation due 
to intractable incessant VTs, was for this reason excluded 
from the study and eventually underwent an emergency 
endo-epicardial extracorporeal membrane oxygenation–sup-
ported percutaneous RFCA. Three of seven pts. had ICM, 4 
pts. had NICM, and mean LVEF was 27 ± 11%. All patients 
presented with recurrent VT refractory to antiarrhythmic 
drugs (AADs) conditioning multiple ICD interventions; 4 
pts. (#3, #4, #6, #8) presented with ES, 3 pts. (#1, #2, #7) 
had a coexistence of iterative VT below the TDI.

Five pts. had received a previous EAM LV mapping 
(endo- and epicardial in two pts.); 2 pts. were unsuitable for 
any electrophysiological mapping (pt. #2 had mitral-aortic 
mechanical prosthesis and a cardiac-support device; pt. #6 
presented with a mobile LV thrombus detected by CT and 
had undergone aortocoronary bypass graft plus pericardiec-
tomy). In pt. #2, VT ECGI during non-invasive electrophysi-
ological study was obtained.

3.2  Procedural outcome

Treatment characteristics for each patient are depicted in 
Table 2. No procedural adverse effect was observed.

At a median FU of 8 months (Fig. 3), 3 pts. died: pt. #1 
died 11 months after SBRT because of worsening heart fail-
ure; pt. #6 in the post-SBRT hospitalization phase because 

of multiorgan failure following bacterial pneumonia and sep-
sis, in the absence of arrhythmia recurrence. Patient #7 was 
found dead at his home during the third month after SBRT, 
and no reason for death was found. The patient died few days 
before the 3-month FU visit, but he was strictly followed up 
because of symptomatic VT episodes below the TDI recur-
ring in the early post-ablation phase, episodes that com-
pletely resolved 2 months after SBRT. Even if an arrhythmic 
event was not the cause of death, a cardiac non-arrhythmic 
death in this patient cannot be excluded, as no autopsy was 
performed. Four patients fulfilled the 6-month FU program. 
All pts. maintained continuous ICD remote monitoring. In 
pt. #2 and pt. #4, amiodarone was down-titrated to 800 mg/
week, starting 4 months after SBRT; in pt. #3, mexiletine 
was permanently withdrawn less than 1 month after SBRT.

3.2.1  Safety

No acute toxicity and no adverse effect with ICD were 
observed during SBRT and during early post-SBRT phase. 
During the entire FU period, no treatment-related SAE 
occurred. Pt. #1, in whom the CTV was very close to the 
stomach, complained of nausea and vomiting for few days 
after SBRT and was effectively treated with additional 
antiemetic drugs. In patient #4, the 6-month CT scan showed 
a small area of paramediastinic pulmonary fibrosis in the 
absence of symptoms or hypoxia. Table 3 shows the com-
plete list of adverse events.

3.2.2  Efficacy

Four patients (pt. #1, pt. #2, pt. #3, pt. #4) have completed 
the 6-month post-procedural FU; pt. #8 has just entered the 
third follow-up month, had no VT recurrence, but is not 
included in the analysis.

In comparison with the 3-month period preceding 
SBRT, the total mean number of VT episodes decreased 
from 29 ± 33 to 11 ± 9 at 3 months (p = 0.05), and to 2 ± 2 at 
6 months (p = 0.08) (Fig. 4A). The number of VT episodes 
with ATP was reduced from 27 ± 35 to 11 ± 9 (p = 0.05) and 
to 2 ± 2 (p = 0.2), at 3 and 6 months, respectively; the num-
ber of VT episodes with shock was reduced from 2 ± 3 to 0 
(p = n.s.) and 0 (p = 0.13), at 3 and 6 months, respectively. 
The number of appropriate shocks decreased from 11 to 0 
and to 2, at 3 and at 6 months, respectively. Three out of 
four patients showed a substantial reduction of VT episodes 
and ICD interventions at 3 and 6 months (Fig. 4B, C, D, 
E). Pt. #3 contracted shortly after SBRT a serious COVID-
19-related pneumonia necessitating prolonged respiratory 
assistance and full steroid therapy; as already mentioned, 
mexiletine was stopped at this time. The patient partially 
recovered approximately 4 months after SBRT; an impres-
sive clearing from arrhythmias was achieved contextually 
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Table 2  Treatment characteristics

CT computed tomography, EAM electroanatomical mapping, ECG electrocardiography, ECGI non-invasive electrocardiographic imaging, LAD 
left anterior descending artery, LV left ventricle

Patient #1 Patient #2 Patient #3 Patient #4 Patient #6 Patient #7 Patient #8

Tools used for 
target scar 
definition

Endo-epi 
EAM, CT, 
ECG

CT, ECGI, 
ECG

Endo EAM, 
CT, ECG

Endo-epi 
EAM, CT, 
ECG

CT, ECG Endo EAM, 
CT, ECG

Endo EAM, 
CT, ECG

Target scar 
location

Infero-postero-
lateral

Basal perival-
vular

Subepi basal 
anteroseptal 
(close to 
LAD)

Subepi 
mid-basal 
anteroseptal 
(close to 
LAD)

Anteroseptal, 
apex (LV 
aneurysm)

Anteroseptal, 
apex (LV 
aneurysm)

Basal infero-
postero-
lateral

Clinical target 
volume  (cm3)

43.7 16.04 55 14.1 41.1 53.35 51.4 39 ± 17

Internal target 
volume  (cm3)

115.9 54.4 120.9 93.9 131.8 145.5 116.4 111 ± 30

Planning target 
volume  (cm3)

198.3 88.1 187.6 138.7 225.3 239 203.7 183 ± 53

D95% (%) 94.9 96.2 94.6 97 94.9 95 96.1 96 ± 1
V95% (%) 94.8 97 94.1 98.3 94.5 95 97.2 96 ± 2
Treatment time 

(min)
25 22 28 24 21 27 37 31 ± 6

Fig. 3  Follow-up summary. 
Months after SBRT for each 
patient are depicted, no patient 
was lost on follow-up and 4 
patients completed the 6-month 
follow-up period. Red circles 
highlight the time for in-hospi-
tal check-ups; cross indicates 
patient’s death. Abbreviation: 
SBRT, stereotactic body radio-
therapy

Table 3  Adverse events Event Patient Grade
(1–5)

Correlation with SBRT Time of 
apperance 
(month)

Nausea 1 patient (P01) 2 Definite 1
Gastrointestinal disorders 1 patient (P01) 2 Definite 1
SARS-CoV-2 1 patient (P03) 3 Unrelated 1
Vertebral fracture 1 patient (P03) 3 Unrelated 5
Pulmonary fibrosis 1 patient (P04) 1 Definite 4
Cardiac death (heart failure) 1 patient (P01) 5 Unrelated 11
Non-cardiac death (sepsis) 1 patient (P06) 5 Unrelated 1
Unexplained death 1 patient (P07) 5 Not evaluable 3
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in this patient in the second 3-month FU period (Fig. 2S). 
In pt. #1 and pt. #2 also the complete remission of the VTs 
below TDI was observed (Fig. 5), with restoration of stable 
cardiac resynchronization. No patient presented with ES or 
underwent subsequent RFCA; all 4 pts. are in good condition 
at the time of paper submission.

Given the few patients enrolled so far, analysis of mor-
tality was not performed. At the 3- and 6-month FU, LVEF 

changed from 29 ± 10% to 28 ± 5% (n.s.) and 32 ± 5%, 
(n.s.), respectively. The SF-36 QoL questionnaire showed 
at 6 months a global slight improvement in the items con-
cerning physical functioning (16 to 35), role physical (25 
to 38), health perception (37 to 52), and vitality (34 to 
53), without univocal changes in the mental component 
summary (Fig. 3S).

Fig. 4  Outcome of SBRT for the patients having completed the 
6-month follow-up. From left to right, the number of VT episodes 
occurring during the 3 months preceding SBRT and during follow-up 
(up to 3 months from SBRT and in the following 3-month period) is 
depicted by bars. Blue bars refer to all VT episodes, red bars to VT 

causing ATP, green bars to VT causing shock. A Cumulative number 
of VT episodes, as average of events. B, C, D, and E Absolute num-
ber of VT episodes for each patient. Abbreviations: ATP, antitachy-
cardia pacing; SBRT, stereotactic body radiotherapy; VT, ventricular 
tachycardia

Fig. 5  Outcome in patients with iterative slow VTs, not account-
ing for ICD interventions. The numbers of VT episodes during the 
3  months preceding SBRT and during follow-up (up to 3  months 
from SBRT and in the following 3-month period) for pt. #1 (A) and 
for pt. #2 (B) are represented. Gray dots and lines refer to the overall 

number of VTs, orange to VT episodes lasting > 3 h, light blue to VT 
episodes lasting < 3 h. An early favorable trend is observed in these 
patients starting from the «blanking period». Abbreviations: SBRT, 
stereotactic body radiotherapy; VT, ventricular tachycardia
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4  Discussion

Preliminary results of the phase Ib/II STRA-MI-VT study 
show that SBRT, applied as a bailout for VT in patients with 
severe cardiomyopathy, is feasible and presents a high safety 
profile. Efficacy in VT prevention has been demonstrated in 
the whole cohort over a middle-term FU.

To the best of our knowledge, STRA-MI-VT is the first 
European prospective study investigating the role of SBRT 
for the treatment of malignant arrhythmias. Due to the small 
number of patients enrolled, our current findings have a limited 
statistical power but convincingly promote the curative role of 
this novel technique, which has the prerequisites to be further 
investigated in selected groups of patients.

4.1  Main findings

In our study, SBRT was addressed to patients with severe 
cardiac disease and an unconditioned indication for the treat-
ment of recurrent VTs, not eligible to any other therapy option. 
Results on safety have been acquired over the mid- to long 
term in 4 patients (#1, #2, #3, #4) with reassuring evidences, in 
the absence of adverse effects. Among the 3 additional patients 
(#6, #7, #8) in whom data is available from the short-term 
period only, two deaths occurred: one (pt. #6) just after SBRT 
and clearly unrelated to the treatment and the other (pt. #7) 
completely unexplained but not related to arrhythmic causes. 
No SBRT-related relevant complication was observed.

On the other hand, favorable effects of SBRT on ventricular 
arrhythmias have been observed in all patients on follow-up, 
while maintaining AADs unchanged or slightly reduced in 
selected cases. In fact, pts. #1, #2, and #4 showed the substan-
tial regression of the arrhythmia burden after completion of 
the blanking period, with a clear reduction in VT episodes and 
the absence of ES, at 3-month and 6-month follow-up. In pt. 
#3 the regression of the VT burden was postponed to the sec-
ond 3-month FU period: one may speculate that severe acute 
comorbidities may have impacted on the early outcome of this 
patient. Moreover, in pts. #1 and #2, the clear-cut evidence 
of an early remission of iterative VTs confirms the particu-
larly favorable effect of SBRT on slow VT circuits [15]. As 
a consequence, overall QoL showed a perceivable improve-
ment, impacting as reasonable mainly on physical well-being: 
given both the very small sample size and the observed high 
intrasubject variability, a larger sample is obviously required 
to predict the effects of SBRT on the patients’ short- and long-
term quality of life.

4.2  Analysis of previous experiences

In the clinical setting, starting from the leading experience 
of Cuculich and Coll. [11], data on SBRT referred to single 
case reports or small patient series [14], while one retro-
spective observational study comprising 10 pts. showed a 
favorable outcome over the long term in patients treated with 
CyberKnife [13]. Currently, only two prospective US stud-
ies [14, 15] have investigated the potential role of SBRT in 
patients with ventricular arrhythmias. From the ENCORE-
VT Study, Robinson and Coll. [15] reported the results of 
a series of 19 pts. with ventricular arrhythmias and either 
structural heart disease or “premature ventricular complex”-
induced tachycardiomyopathy, in whom SBRT determined 
the significant reduction of the arrhythmia burden in 94% of 
patients with a discrete incidence of serious adverse events 
(pericarditis, 28%; pneumonitis, 11%). At a 12-month fol-
low-up, 6 patients died, 3 for cardiac reasons. Gianni and 
Coll. [14] reported the results over the long-term follow-up 
in 5 patients undergoing SBRT using the CyberKnife: in the 
face of good outcomes in the early phase, a high probability 
of recurrences over the mid- to long term was noted, and, at 
a mean FU of 12 months, 2 patients died of advanced heart 
failure. Interestingly, smaller PTV, but also a more invasive 
approach and longer procedural times were noted with the 
use of CyberKnife. In both studies, no SBRT-related death 
was identified, but the overall survival at 1 year ranged from 
60 to 72% with a prevalence of cardiac death. In our popula-
tion of patients with advanced cardiac disease and a bailout 
indication for SBRT, 2 patients died (intractable heart failure 
after 1 year and unexplained death at 3 months), showing a 
comparable outcome in terms of cardiac mortality.

4.3  Technical issues

Delayed enhancement cardiac CT was the imaging of 
choice for LV scar characterization in the present study. 
Extra-coronary application of cardiac CT is gaining a piv-
otal role in cardiac imaging, and previous data [19, 20] 
supported the use of cardiac CT for myocardial fibrosis 
identification. Of most importance, a last-generation CT 
scan combined with a dedicated algorithm in the post-pro-
cessing phase was employed to enhance accuracy in scar 
detection [19]. Cardiac CT imaging was imported directly 
on the simulation CT and eventually merged with 4D CT, 
thus improving the accuracy of target area identification 
and translation into the treatment plan. This process may 
have contributed to optimize the effectiveness of SBRT 
and to limit radiation toxicity; more specifically, we dis-
regarded the use of cardiac magnetic resonance imaging, 
which is widely taken as the gold standard for myocardial 
fibrosis evaluation [19], considering the characteristics of 
this very selected group of patients, in whom the presence 

436 Journal of Interventional Cardiac Electrophysiology (2021) 62:427–439



1 3

of an ICD and the arrhythmic presentation would signifi-
cantly impact accuracy and safety of this technique.

4.4  Expectations and concerns

SBRT was applied to a selected cohort of patients in whom 
SBRT was the only feasible option, as an extreme bailout, 
based on clinical characteristics and severity of the underly-
ing cardiomyopathy.

Theoretical disadvantages refer, however, to the fact 
that this novel therapeutic approach has been tested only in 
selected groups of patients and there is no current evidence 
of its efficacy as a standard treatment. Moreover, differently 
from conventional RFCA procedures, given the complex 
lesion maturation process caused by SBRT, therapeutic 
effects develop within a few months [12, 15]. This evidence 
was confirmed in our experience and may restrict the indica-
tions for its use in unstable patients.

At this time, our study reasonably confirms the absence 
of SBRT-related SAEs, over a median 8-month FU. Even if 
preclinical studies support the hypothesis that lesion forma-
tion is achieved within a maximum of 6 months, SAEs over a 
longer time frame cannot be completely excluded, underlin-
ing the need for longer surveillance. Equally, the potential 
risk for late radiation–induced lesions deserves great caution 
and may limit the use of SBRT in young patients.

Thus, we stand in favor of larger controlled studies where 
strict enrollment criteria and a rigorous methodology must 
be adopted in order to guarantee a favorable risk–benefit 
ratio for this still investigational form of treatment.

Further investigation may contribute to optimize cost-
effectiveness, with particular respect to imaging and treat-
ment modalities, including doses, delivery, and regimens 
in the radioablation setting. Currently, the diagnostic and 
therapeutic workflow required for SBRT is complex and 
requires a thorough cooperation among different medical 
and technical figures with specific competences in the field 
of electrophysiology, cardiac imaging, and radiation therapy.

4.5  Limitations

This is a non-randomized study conducted at a single center; 
moreover, results are preliminary and refer to a small num-
ber of patients and a relatively short FU. For these reasons, 
further evaluation is required, with respect to effectiveness 
but also to safety, particularly over the long term.

5  Conclusions

Preliminary results of the STRA-MI-VT Study demon-
strate a favorable cost-effectiveness ratio of SBRT, in the 
absence of major adverse events over the mid- to long 
term. Further investigation in patients with structural heart 
disease not suitable for conventional options of treatment 
will help in clarifying the effective role of SBRT in light 
of the attractive possibility to treat arrhythmia substrates 
that are inaccessible to conventional approaches in a safer 
and less-invasive manner.

6  Data and material availability
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10.5281/zenodo.5547476).

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10840- 021- 01060-5.

Acknowledgements The authors are grateful to Rosario Cervellione 
(RN), Alberto Somenzi (RN), and Massimo Sarra Fiore (RTT) for 
clinical assistance and data analysis; to Viviana Biagioli (MA) for 
cooperation in manuscript revision; and to Roberto Ceriani (MD), 
Claudio Brambillasca (MD), Maurizio Roberto (MD), Giancarlo 
Marenzi (MD), Carlo Cipolla (MD), Nicola Colombo (MD), Giusep-
pina Lamantia (MD), and Giulia Riva (MD) for their precious medical 
support and consulting.

Author contribution CC and BAJF are the principal investigators of 
the STRA-MI-VT study; CC, BAJF, DA, and VC made substantial con-
tributions to the conception or design of the work; GPiperno, VC, EC, 
FC, AB, ER, CP, SV, AF, MPepa, MG, SM, AS, LC, AG, and FV are 
responsible for data acquisition, analysis, and interpretation; CC, BAJF, 
DA, GPiperno, VC, EC, FC, AB, CP, MG, AG, and FV have drafted the 
work; GPontone, MPepi, ET, RO, GPompilio, and CT revised the work 
critically for important intellectual content. All of the authors approved 
the version to be published, and agree to be accountable for all aspects 
of the work in ensuring that questions related to the accuracy or integ-
rity of any part of the work are appropriately investigated and resolved.

Funding This study was supported by the Italian Ministry of Health 
with 5 × 1000 funds and Ricerca Corrente (RC 2019 – EF 5A—ID 
2754331 to Centro Cardiologico Monzino IRCCS). This study was 
supported by a research grant from the Fondazione IEO-CCM entitled 
“STereotactic RadioAblation by Multimodal Imaging for Ventricular 
Tachicardia (STRA-MI-VT).” The sponsors did not play any role in the 
study design, collection, analysis, and interpretation of data, nor in the 
writing of the manuscript, nor in the decision to submit the manuscript 
for publication.

Code availability Not applicable.

Declarations 

Ethics approval The study complies with the Declaration of Hel-
sinki and was approved by the Ethics Committee of “Centro Cardio-
logico Monzino IRCCS” and “Istituto Europeo di Oncologia IRCCS” 
(R918/19-CCM 968). On August 26th 2019, the Study was prospec-
tively registered at clinicaltrials.gov (NCT04066517).

437Journal of Interventional Cardiac Electrophysiology (2021) 62:427–439

https://doi.org/10.1007/s10840-021-01060-5


1 3

Consent to participate Written informed consent was obtained from 
each patient prior to the study participation.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Al-Khatib SM, Stevenson WG, Ackerman MJ, et al. 2017 AHA/
ACC/HRS guideline for management of patients with ventricular 
arrhythmias and the prevention of sudden cardiac death: a report 
of the American College of Cardiology/American Heart Asso-
ciation Task Force on Clinical Practice Guidelines and the Heart 
Rhythm Society. Heart Rhythm. 2018;15(10):e73–189.

 2. Sapp JL, Wells GA, Parkash R, et al. Ventricular tachycardia abla-
tion versus escalation of antiarrhythmic drugs. N Engl J Med. 
2016;375(2):111–21.

 3. Tung R, Vaseghi M, Frankel DS, et al. Freedom from recurrent 
ventricular tachycardia after catheter ablation is associated with 
improved survival in patients with structural heart disease: an 
International VT Ablation Center Collaborative Group study. 
Heart Rhythm. 2015;12(9):1997–2007.

 4. Kuck KH, Schaumann A, Eckardt L, et al. Catheter ablation of 
stable ventricular tachycardia before defibrillator implantation 
in patients with coronary heart disease (VTACH): a multicentre 
randomised controlled trial. Lancet. 2010;375(9708):31–40.

 5. Reddy VY, Reynolds MR, Neuzil P, et al. Prophylactic catheter 
ablation for the prevention of defibrillator therapy. N Engl J Med. 
2007;357(26):2657–65.

 6. Carbucicchio C, Santamaria M, Trevisi N, et al. Catheter ablation 
for the treatment of electrical storm in patients with implantable 
cardioverter-defibrillators: short- and long-term outcomes in a 
prospective single-center study. Circulation. 2008;117(4):462–9.

 7. Muser D, Santangeli P, Castro SA, et al. Long-term outcome 
after catheter ablation of ventricular tachycardia in patients with 

nonischemic dilated cardiomyopathy. Circ Arrhythm Electro-
physiol. 2016;9(10).

 8. Piers SR, Tao Q, van Huls van Taxis CF, Schalij MJ, van der Geest 
RJ, Zeppenfeld K. Contrast-enhanced MRI-derived scar patterns 
and associated ventricular tachycardias in nonischemic cardio-
myopathy: implications for the ablation strategy. Circ Arrhythm 
Electrophysiology. 2013;6(5):875–883.

 9. Zei PC, Soltys S. Ablative radiotherapy as a noninvasive alterna-
tive to catheter ablation for cardiac arrhythmias. Curr Cardiol Rep. 
2017;19(9):79.

 10. Loo BW Jr, Soltys SG, Wang L, et al. Stereotactic ablative radio-
therapy for the treatment of refractory cardiac ventricular arrhyth-
mia. Circ Arrhythm Electrophysiol. 2015;8(3):748–50.

 11. Cuculich PS, Schill MR, Kashani R, et al. Noninvasive cardiac 
radiation for ablation of ventricular tachycardia. N Engl J Med. 
2017;377(24):2325–36.

 12. van der Ree MH, Blanck O, Limpens J, et al. Cardiac radioabla-
tion-a systematic review. Heart Rhythm. 2020;17(8):1381–92.

 13. Neuwirth R, Cvek J, Knybel L, et  al. Stereotactic radio-
surgery for ablation of ventricular tachycardia. Europace. 
2019;21(7):1088–95.

 14. Gianni C, Rivera D, Burkhardt JD, et al. Stereotactic arrhythmia 
radioablation for refractory scar-related ventricular tachycardia. 
Heart Rhythm. 2020;17(8):1241–8.

 15. Robinson CG, Samson PP, Moore KMS, et al. Phase I/II trial of 
electrophysiology-guided noninvasive cardiac radioablation for 
ventricular tachycardia. Circulation. 2019;139(3):313–21.

 16. Carbucicchio C, Jereczek-Fossa BA, Andreini D, et al. STRA-
MI-VT (STereotactic RadioAblation by Multimodal Imaging for 
Ventricular Tachycardia): rationale and design of an Italian exper-
imental prospective study. J Interv Card Electrophysiol. 2020.

 17. Stewart AL, Ware JE. Measuring functioning and well-being: the 
medical outcomes study approach. Duke University Press; 1992.

 18. Revishvili AS, Wissner E, Lebedev DS, et al. Validation of the 
mapping accuracy of a novel non-invasive epicardial and endo-
cardial electrophysiology system. Europace. 2015;17(8):1282–8.

 19. Conte E, Mushtaq S, Carbucicchio C, et al. State of the art paper: 
Cardiovascular CT for planning ventricular tachycardia ablation 
procedures. J Cardiovasc Comput Tomogr. 2021.

 20. Esposito A, Palmisano A, Antunes S, et al. Cardiac CT with 
delayed enhancement in the characterization of ventricular tachy-
cardia structural substrate: relationship between CT-segmented 
scar and electro-anatomic mapping. JACC Cardiovasc Imaging. 
2016;9(7):822–32.

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Authors and Affiliations

Corrado Carbucicchio1  · Daniele Andreini2,3 · Gaia Piperno4 · Valentina Catto1 · Edoardo Conte2 · 
Federica Cattani5 · Alice Bonomi6 · Elena Rondi5 · Consiglia Piccolo5 · Sabrina Vigorito5 · Annamaria Ferrari4 · 
Matteo Pepa4 · Mattia Giuliani7 · Saima Mushtaq2 · Antonio Scarà8 · Leonardo Calò8 · Alessandra Gorini7,9 · 
Fabrizio Veglia6 · Gianluca Pontone2 · Mauro Pepi10 · Elena Tremoli11 · Roberto Orecchia12 · Giulio Pompilio13,14 · 
Claudio Tondo1,14 · Barbara Alicja Jereczek‑Fossa4,9

1 Department of Clinical Electrophysiology and Cardiac 
Pacing, Centro Cardiologico Monzino IRCCS, Via Carlo 
Parea 4, 20138 Milan, Italy

2 Department of Cardiovascular Imaging, Centro Cardiologico 
Monzino IRCCS, Milan, Italy

438 Journal of Interventional Cardiac Electrophysiology (2021) 62:427–439

http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0001-5954-537X


1 3

3 Department of Clinical Sciences and Community Health, 
University of Milan, Milan, Italy

4 Division of Radiotherapy, IEO European Institute 
of Oncology IRCCS, Milan, Italy

5 Unit of Medical Physics, IEO European Institute of Oncology 
IRCCS, Milan, Italy

6 Biostatistics Unit, Centro Cardiologico Monzino IRCCS, 
Milan, Italy

7 Psycho-Cardiology Service, Centro Cardiologico Monzino 
IRCCS, Milan, Italy

8 Unit of Cardiology, Policlinico Casilino, Rome, Italy
9 Department of Oncology and Hemato-Oncology, University 

of Milan, Milan, Italy

10 Clinical Area Directorate, Centro Cardiologico Monzino 
IRCCS, Milan, Italy

11 Prevention Program Directorate, Centro Cardiologico 
Monzino IRCCS, Milan, Italy

12 Scientific Directorate, IEO European Institute of Oncology 
IRCCS, Milan, Italy

13 Scientific Directorate, Centro Cardiologico Monzino IRCCS, 
Milan, Italy

14 Department of Biomedical, Surgical and Dental Sciences, 
University of Milan, Milano, Italy

439Journal of Interventional Cardiac Electrophysiology (2021) 62:427–439


	Stereotactic radioablation for the treatment of ventricular tachycardia: preliminary data and insights from the STRA-MI-VT phase IbII study
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	1 Introduction
	2 Methods
	2.1 Patient population
	2.1.1 Enrollment criteria

	2.2 Safety and efficacy endpoints
	2.2.1 The primary safety endpoint
	2.2.2 Primary efficacy endpoint
	2.2.3 Secondary endpoints

	2.3 Interventional workflow
	2.3.1 Cardiac computed tomography
	2.3.2 Electroanatomical mapping
	2.3.3 Treatment plan preparation and radioablation session

	2.4 Pre-discharge evaluation and management
	2.5 Follow-up
	2.6 Statistical analysis

	3 RESULTS
	3.1 Patients
	3.2 Procedural outcome
	3.2.1 Safety
	3.2.2 Efficacy


	4 Discussion
	4.1 Main findings
	4.2 Analysis of previous experiences
	4.3 Technical issues
	4.4 Expectations and concerns
	4.5 Limitations

	5 Conclusions
	6 Data and material availability
	Acknowledgements 
	References


