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A B S T R A C T   

Background: Stereotactic arrhythmia radioablation (STAR) appears to be beneficial in selected patients with 
therapy-refractory ventricular tachycardia (VT). However, high-dose radiotherapy used for STAR-treatment may 
affect functioning of the patients’ implantable cardioverter defibrillator (ICD) by direct effects of radiation on 
ICD components or cardiac tissue. Currently, the effect of STAR on ICD functioning remains unknown. 
Methods: A retrospective pre-post multicenter study evaluating ICD functioning in the 12-month before and after 
STAR was performed. Patients with (non)ischemic cardiomyopathies with therapy-refractory VT and ICD who 
underwent STAR were included and the occurrence of ICD-related adverse events was collected. Evaluated ICD 
parameters included sensing, capture threshold and impedance. A linear mixed-effects model was used to 
investigate the association between STAR, radiotherapy dose and changes in lead parameters over time. 
Results: In total, 43 patients (88% male) were included in this study. All patients had an ICD with an additional 
right atrial lead in 34 (79%) and a ventricular lead in 17 (40%) patients. Median ICD-generator dose was 0.1 Gy 
and lead tip dose ranged from 0-32 Gy. In one patient (2%), a reset occurred during treatment, but otherwise, 
STAR and radiotherapy dose were not associated with clinically relevant alterations in ICD leads parameters. 

Abbreviations: CTV, Clinical target volume; ICD, Implantable cardioverter-defibrillator; ITV, Internal target volume; IQR, Interquartile range; LV, Left ventricle; 
PTV, Planning target volume; RA, Right atrium; RV, Right ventricle; STAR, Stereotactic Arrhythmia Radioablation; VT, Ventricular tachycardia. 
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Conclusions: STAR treatment did not result in major ICD malfunction. Only one radiotherapy related adverse 
event occurred during the study follow-up without patient harm. No clinically relevant alterations in ICD 
functioning were observed after STAR in any of the leads. With the reported doses STAR appears to be safe.   

Background 

Ventricular tachycardia (VT) is a potentially life-threatening 
arrhythmia associated with a reduced quality of life and increased 
morbidity and mortality [1]. To prevent sudden cardiac death in pa-
tients at risk for VT, an implantable cardioverter-defibrillator (ICD) is 
recommended [2]. Anti-arrhythmic drugs and (repeated) invasive 
catheter ablations are used to prevent and manage VT [2]. These con-
ventional therapies are not always successful in preventing VT. The 
optimal treatment strategy for those therapy-refractory patients is un-
certain. Stereotactic arrhythmia radioablation (STAR) appears to be 
beneficial in selected patients with therapy-refractory VT [3–6]. In 
STAR, the ventricular arrhythmogenic substrate is noninvasively tar-
geted with high doses of radiotherapy, ranging between 20–25 Gy in a 
single fraction [3,5–8]. 

These high doses of radiotherapy used for STAR treatment may, 
however, affect cardiac implantable electronic devices, as has previously 
been described for non-cardiac radiotherapy targets [9,10]. Radiation- 
induced malfunction of the ICD includes software errors related to in-
teractions with ionizing particles and signal interference as a conse-
quence of the electromagnetic field during treatment. This may result in 
(partial) resets leading to loss of memory, changes in programming, 
restoration of factory-programmed settings, and transitory oversensing 
[9]. 

Furthermore, ICD functioning may be altered by changes in cardiac 
tissue after STAR. The exact tissue effects and subsequent anti- 
arrhythmic mechanism(s) of STAR remain to be completely eluci-
dated, however. Based on current evidence, radiation-induced reprog-
ramming of cardiac electrophysiology and myocardial fibrosis formation 
are likely to play a role [3,11–13]. When alterations in myocardial tissue 
and cardiac electrophysiology are induced, this may also affect ICD 
functioning, especially when the site of lead tip insertion is in (proximity 
to) the target area [14]. Potential problems that may arise as a conse-
quence are loss of capture and changes in intracardiac signals and 
herewith undersensing issues [10,15–17]. In preclinical work, a reduc-
tion of amplitudes and increased capture thresholds have indeed been 
reported after STAR [18,19]. 

Currently, the effects of STAR on ICD functioning are unknown. 
Because of the potential issues associated with radiotherapy and the 
cardiac remodeling after STAR, effects on ICD functioning are conceiv-
able and should be studied, as proper ICD function is critical for these 
patients. Therefore, we performed a multicenter pre-post safety evalu-
ation of patients treated with STAR. 

Methods 

The study data are available from the corresponding author upon 
reasonable request. The study was approved by the Institutional Com-
mittee on Human Research at the Amsterdam UMC. 

Study design 

This retrospective study was designed as pre-post multicenter study 
evaluating ICD related adverse events and ICD parameters in the 12 
months before and up to 12 months after STAR. The occurrence of 
radiotherapy- and ICD-related adverse events (e.g. under- or over-
sensing, partial reset of device) were collected. Evaluated ICD parame-
ters included sensing of the intracardiac signal in millivolt (mV), capture 
threshold in volts (V) and the impedance in Ohm (Ω) of all inserted 
leads. All available ICD readouts, both (out)patient clinic visits and 

home monitoring, within the 12 months before and after treatment were 
included and collected using Castor EDC [20]. ICDs of all manufacturers 
were included in this analysis. Efficacy and non ICD-related safety were 
not investigated. 

Patients and STAR treatment 

Patients with (non)ischemic cardiomyopathies with therapy- 
refractory VT who underwent STAR in prospective clinical studies or 
registries (e.g., within the Standardized Treatment and Outcome Plat-
form for Stereotactic Therapy Of Re-entrant tachycardia by a Multidis-
ciplinary [STOPSTORM] consortium) [21] or as compassionate use 
according to expert recommendations [22] treated between 2017 and 
2022 were included in this analysis without restrictions on STAR tech-
niques (e.g., radiation dose, target motion management, treatment de-
vice [23]). All patients were required to have an ICD implanted prior to 
STAR. Patients with a device and/or lead change after STAR were 
excluded. The pro-arrhythmic substrate (i.e. the clinical target volume 
[CTV]) was delineated based on clinical and electrophysiological in-
formation with various methods according to clinical or local protocols 
[24,25]. The CTV was expanded to account for cardiorespiratory motion 
based on the selected motion management strategy [23]. The addition of 
a treatment uncertainty margin resulted in the final planning target 
volume (PTV) for radiotherapy treatment planning. Dose escalation was 
allowed according to local treatment protocols. During treatment 
planning, the ICD generator was considered an avoidance structure in all 
patients to meet the strict dose limits for radiotherapy [26]. In contrast, 
the ICD lead tip(s) were not considered during treatment planning and 
were retrospectively delineated for research purposes according to a 
study delineation protocol designed as pragmatic and user-friendly 
approach, prioritizing reproducibility in dose estimation over accuracy 
and precision to allow for mean dose calculations (Supplementary 
material). 

Statistical analysis 

Descriptive analysis was performed with SPSS Statistics (version 
28.0, IBM Corporation, Armonk, NY USA). The median value and 
interquartile range (IQR) were used as summary statistic. The associa-
tion between STAR and changes in the lead parameters over time was 
evaluated using linear mixed-effects models with the time of measure-
ments (months) and STAR (0 = before, 1 = after) as fixed effects, and 
with the time of measurements and subjects as random slope and 
intercept, respectively, to allow both the rate of change and mean value 
to vary by subject. For each individual patient, spaghetti plots with all 
measurements were visually inspected for changes in lead functioning 
before and after STAR. Linear fixed models for repeated measures were 
also used to assess the dose effect on lead parameters. The models 
included the time of measurements, mean lead-tip dose (Gy), lead type 
(Right atrium [RA] and Right ventricle [RV]) and interaction between 
them, using two random intercepts to allow for variance between indi-
vidual leads and between subjects and a random time slope. For this 
analysis, the RA and RV lead data were pooled and only measurements 
after STAR were included. 

The smaller numbers of left ventricular (LV) measurements did not 
allow for evaluating the effect of STAR using linear-mixed-effects model 
and only descriptive statistics are presented. The implementation of the 
linear mixed-effects model was conducted using R version 4.2.2 
(https://www.r-project.org/). A p-value of < 0.05 was considered sta-
tistically significant. 
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Results 

In total, 43 patients (n = 38 males [88%], n = 5 [12%] female) from 
eight international centers were included in this STAR ICD safety eval-
uation. Table 1 shows an overview of the baseline characteristics and 
device information. Median age at time of STAR was 68 (range: 47–84) 
years and the median left ventricular ejection fraction was 34% (range: 
10–64). The majority of STAR treatments were on a compassionate use 
base (n = 30, 70%). All patients had a transvenous ICD with an addi-
tional right atrial lead in 34 (79%) and left ventricular lead in 17 (40%) 
patients. Table 2 shows an overview of STAR treatment details. All pa-
tients were treated using photon beam energies of 6–10 MV (median 6; 
interquartile range: 6–6). Most of the patients were treated using a c-arm 
linear accelerator with volumetric-modulated arc therapy (n = 22, 51%) 
or other techniques (n = 3, 7%) and a robotic-mounted linear acceler-
ator with step-and-shoot technique (n = 18, 42%). The median ICD 
generator dose was 0.1 Gy (range: 0–2.8) and the median dose received 
by the lead tips was 3.6 Gy (range: 0.04–32) for all leads (Table 2). 

The 12-month follow-up was completed by 30 (70%) patients, 8 
(18%) patients died and 5 (12%) patients did not yet complete the full 
12-month follow-up (range: 4–9 months in these patients). The median 
follow-up was 12-months with a total follow-up of 38 patient-years. The 
median number of ICD readouts was 8 (interquartile range: 4–16) during 
the study period. 

In one (2%) patient, a radiotherapy- and ICD-related adverse event 
occurred during the study follow-up. In this patient a restoration of 
factory-programmed settings occurred during treatment. Directly after 
STAR treatment, the ICD was manually reprogrammed to the pre-STAR 
settings without any further sequela. 

The trend in RV and RA lead parameters over time before and after 
STAR was evaluated using a linear mixed model. Fig. 1 shows the trend 
in lead parameters over time for the RV sensing, RV capture, RV lead 
impedance and shock lead impedance. For the RV sensing amplitude, 
non-significant regression coefficients for STAR of − 0.13 (95% CI: 
− 0.78, 0.50; p = 0.68) and time − 0.06 (95% CI: − 0.13, 0.09; p = 0.09) 
were observed. For the RV capture threshold, also non-significant 

regression coefficients for STAR of 0.10 (95% CI: − 0.006, 0.21; p =
0.065) and time of − 0.0004 (95% CI: − 0.01, 0.01; p = 0.92) were 
observed. This was also the case for the RV lead impedance (STAR: 
− 8.68 [95% CI: − 19.9, 2.48; p = 0.12] and time of − 0.41 [95%CI: 
− 1.18, 1.05; p = 0.58]) and for the shock impedance (STAR: − 1.05 
[95% CI: − 3.44, 1.32; p = 0.38] and time of − 0.031 [95% CI: − 0.27, 
0.33; p = 0.84]). 

The results for RA analysis showed a modest, but significant, effect 
on the sensing regression coefficient (-0.21 [95% CI: − 0.37, 0.04; p =
0.001]). For the capture threshold and lead impedance no significant 
effect of STAR was observed (0.02 [95% CI: − 0.096; 0.14], p = 0.68 and 
− 6.28 [95% CI: − 14.2; 2.5], p = 0.15 respectively). Supplemental 
Figure 1 shows the detailed results of the RA analysis. For the LV lead 
parameters, no clinically relevant alterations were observed (Sensing: 
+7%, capture: 0% and lead impedance − 8%) comparing the median 
values before and after STAR. 

For sensing and capture parameters, no significant effect of radio-
therapy dose was observed and no interaction between time and lead 
type was found. For impedance, a significant interaction between time 
of measurement and radiotherapy dose was found with a regression 
coefficient of − 0.19 (p < 0.001) indicating that during the 12-month 
follow-up with increasing time and radiotherapy dose there is a minor 
decrease in the lead impedances. Detailed results of the dose-dependent 
evaluation are presented in Supplementary Tables S1-S3. 

Discussion 

This is the first study evaluating the effects of STAR on ICD func-
tioning on a significant number of patients with refractory VT. In only 
one patient a radiotherapy-related ICD adverse events occurred during 
the study follow-up. We observed no clinically relevant alterations in the 
sensing, capture or impedance measurements in any of the implanted 
leads after STAR in this multi-center and multi-platform study. 

Radiotherapy could result in ICD malfunction in two ways. Firstly, as 
a consequence of electromagnetic field and interaction of the ICD with 
ionizing particles during treatment and secondly by inducing alterations 
in myocardial tissue characteristics [9,10]. 

Importantly, despite the high doses of radiotherapy used for STAR 
treatment, we observed no under- or oversensing because of electro-
magnetic field during treatment and only 1 patient (2%) experienced an 
adverse event potentially induced by an interaction between the ICD and 
ionizing particles. Despite a relatively low ICD generator dose of 0.02 Gy 
and a beam energy of 6 MV, a restoration of factory-programmed set-
tings occurred during treatment that resulted in asymptomatic VVI 
pacing at 70 beats per minute. The dose in this patient was below the 
median ICD generator dose and the device was blocked from the primary 
beam. As previously reported, it appears that the dose for the occurrence 
of such ICD adverse events might not be directly correlated to 

Table 1 
Overview of the baseline characteristics and device information.  

Baseline characteristics 

Age at STAR 68 (IQR: 62–75) 
Sex, n (%) 

Male 38 (88) 
Female 5 (12) 

Body mass index, kg/m2 27 (IQR: 24–30) 
Left ventricular ejection fraction at baseline 34 (IQR: 25–45) 
Treatment type 

Compassionate use, n (%) 30 (70) 
Prospective trial, n (%) 13 (30) 

Type of cardiomyopathy 
Ischemic, n (%) 23 (54) 
Nonischemic, n (%) 20 (46) 
Dilated 14 (70) 
Inflammatory 4 (20) 
Hypertrophic 1 (5) 
Idiopathic 1 (5) 

Previous catheter ablation, n (%) 37 (86) 
Device information 
Type of ICD 

Transvenous, n (%) 43 (100) 
ICD manufacturer 

Biotronik, n (%) 4 (9) 
Boston Scientific, n (%) 6 (14) 
Medtronic, n (%) 18 (42) 
Abbott (formerly St. Jude Medical), n (%) 14 (33) 
Microport (formerly Sorin), n (%) 1 (2) 

Implanted leads 
Right atrial lead, n (%) 34 (79) 
Right ventricular lead, n (%) 43 (100) 
Left ventricular lead, n (%) 17 (40)  

Table 2 
Overview of treatment details.  

STAR treatment planning technique 
Robotic-Guided Step-and-Shoot, n (%) 18 (42) 
Dynamic Conformal Arcs, n (%) 2 (5) 
Intensity-Modulated Step-and-Shoot, n (%) 1 (2) 
Volumetric-Modulated Arc Therapy, n (%) 22 (51) 

Photon treatment, n (%) 43 (100) 
Energy of the beams, MV 6 (IQR: 6–6) 
VT- target 

Prescribed dose, Gy 25 (IQR: 20–25) 
Clinical target volume, cc 22 (IQR: 12–43) 
Planning target volume, cc 73 (IQR: 33–112) 

ICD doses 
ICD generator, Gy 0.1 (IQR: 0.03–0.12) 
Right atrial lead tip, Gy 2 (IQR: 0.7–3.7) 
Right ventricular lead tip, Gy 6.8 (IQR: 3.2–12.4) 
Left ventricular lead tip, Gy 6.7 (IQR: 2.2–9.6)  
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radiotherapy dose [10]. From the literature, a prevalence of 2–7% is 
reported for ICD-related adverse events such as reprogramming, mem-
ory loss and (partial) resets [17,27,28]. When such malfunctions do 
occur, they are usually well tolerated and easily corrected by (re)pro-
gramming [9]. This was also the case in the patient of our study; after 
STAR treatment the ICD was reprogrammed to the pre-STAR settings 
without any further sequela. 

The strongest predictor for radiotherapy-induced ICD malfunction is 
the exposure to neutrons formed during radiotherapy treatment, espe-
cially with energies of > 10 MV, but radiotherapy dose rate may also 
play a role [9,29]. In our study, the energy of the beams ranged between 
6–10 MV, which may explain the low prevalence of ICD malfunction. It 
is also important to acknowledge that our cohort is small when taking 

the low prevalence of such radiotherapy-related ICD malfunction into 
account, albeit that deliberate cardiac radiotherapy was certainly not 
intended in previous literature [17,27,28]. This notwithstanding, the 
number of patients treated with STAR is low globally and our STAR 
study cohort is one of the largest reported yet. 

STAR could induce alterations in myocardial tissue and cardiac 
electrophysiology, which, in turn, may affect ICD functioning. 
Radiation-induced edema, reprogramming of cardiac electrophysiology 
and myocardial fibrosis formation are thought to play a role 
[3,11–13,30]. From preclinical work we know that doses of >15 Gy 
might already be able to induce reprogramming in cardiac electro-
physiology and that doses of 30–40 Gy may induce fibrosis from three 
months onwards [3,11,31]. The RV and LV leads received a dose >15 Gy 

Fig. 1. The trend in lead parameters over time for the RV sensing, RV capture, RV lead impedance and shock lead impedance. 
The black line indicates the predicted value for the ICD measurement over time and the grey surface represent the 95% confidence interval. STAR treatment is 
performed at time point 0 as indicated by the grey line. b: regression coefficient and SE: standard error of b (regression coefficient). 
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in ten and three patients respectively. The effects of such alterations in 
cardiac electrophysiology of STAR on the intracardiac signal amplitude 
in the ventricles is currently unknown. Fibrosis induction at the site of 
the ICD lead tip insertion after STAR could potentially result in lower 
signal amplitudes, as it has been observed in preclinical work, and 
higher capture tresholds [16,18,19]. We did observe a mild decrease in 
signal amplitude, however this was only significantly associated with 
STAR treatment for the RA lead. Interestingly, this effect was not 
dependent on radiotherapy dose. A potential explanation why this 
reduction in RA signal amplitude only has been observed in our study, 
may be the differences in tissue thickness between the atria and the 
ventricles. As a consequence of a smaller atrial myocardial tissue mass, 
the effect of fibrosis after STAR on local signal amplitude could be more 
pronounced. A trend towards higher capture threshold (positive 
regression coefficients after STAR) was also observed, but this was not 
significantly associated with STAR nor radiotherapy dose. Lastly, 
radiotherapy could in theory also change lead impedances, either by 
direct damage of the lead (although leads are thought to be radiation 
resistant) [32] or by changes in the conduction properties of the tissue. 
There is one report of a patient with rising shock lead impedance after 
radiotherapy, but whether this increase is caused by actual radiation- 
induced damage to the leads or by alterations in (local) tissue is unde-
cided [33]. A decrease in lead impedances after radiotherapy, indicative 
of insulation defects within the lead, has not been reported in literature. 
Interestingly, although our findings appear inconsistent (decrease in RV 
and RA lead impedance, but increase in shock lead impedance), we did 
observe a significant association between time and radiotherapy indi-
cating that a mild decrease in RV and RA lead impedance may occur over 
time and radiotherapy dose. It remains unknown how STAR could 
induce such alterations in lead impedances and we feel this finding 
should be explored in larger cohorts with longer follow-up duration (e.g. 
within the STOPSTORM consortium). 

As we observed no relevant alterations in lead functioning after 
STAR, it could be that higher radiotherapy doses in proximity to the lead 
tips are required to induce clinically relevant alterations in ICD func-
tioning, or that effects may develop over a longer follow-up period. It 
should be noted that the mortality of patients with therapy-refractory VT 
receiving STAR within these first 12-months is high, ranging from 20- 
50% in studies [4–6,34–39]. 

Clinical implications 

Based on the current study results, with a median generator dose of 
0.1 Gy (range: 0–2.8) and median lead-tip dose of 3.6 Gy (range: 
0.04–32), STAR did not result in clinically relevant alterations in ICD 
functioning. For the ICD generator we suggest following the current 
available constraints [9,32]. For the ICD lead tips, we propose not to use 
a dose constraint. Presence of an electrophysiologist and/or ICD tech-
nician during STAR should be discussed based on VT burden and risk of 
recurrence during treatment. The observed results are reassuring also for 
the use of single fraction high-dose radiation for the treatment of ma-
lignancies in proximity to the heart (e.g. lung cancer). 

Furthermore, for this study ICD lead tip delineation instructions were 
designed that allow for future reproducible comparisons of ICD lead-tip 
dose between centers, previously such delineation instructions were not 
available. They were designed as pragmatic and user-friendly approach, 
prioritizing reproducibility in dose estimation over accuracy and pre-
cision and should be seen as a starting point. Potential future improve-
ments may include evaluation of the lead tips in all scan phases of the 
4D-CT scan instead of using the average. 

Conclusion 

In this multi-center multi-platform study, the effects of radiotherapy 
in the context of STAR treatment on ICD functioning was evaluated in 
the largest STAR study cohort to date. STAR treatment did not result in 

major ICD malfunction. Only one radiotherapy-related adverse ICD 
event occurred during the study follow-up and no clinically relevant 
alterations in ICD parameters including the sensing, capture and 
impedance were observed after STAR in any of the leads. STAR appears 
to be safe with regards to ICD function when appropriate measures are 
taken. 
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