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Introduction

In 2017, the New England Journal of Medicine published the results of the highly unusual work
of Washington University of St Louis Missouri (USA), purposely treating the human heart, a
theretofore organ at risk (OAR), with radiation for a non-cancerous (butmalignant nonetheless)
arrhythmogenic focus of ventricular tachycardia (VT).1 This was not a complete surprise since
the literature had been populated with several foundational publications over the past decade.2–5

However, for the radiation oncology profession which spent decades avoiding direct irradiation
of the heart, this was nothing short of astounding.

We are now five years post-publication of the initial cohort and an estimated total number of
patients treated with STereotactic Arrhythmia Radioablation (STAR) numbers still only in the
hundreds of patients.

Current State of the Art

VT: knowing the enemy

Accurate and complete statistics are difficult to confirm in some countries; however, more than
300,000 persons in the United States die of VT annually as the most responsible entity for sud-
den cardiac death.6While prior myocardial infarction underlies VTmost commonly, numerous
non-infarct, structural causes also contribute to this event. Extrapolating these numbers across
the known world, VT is a major cause of sudden death worldwide.

Limitations of the current state of the art: medications and endocardiac ablation

Medications such as amiodarone have been used with some success; however, the success is
often short-lived and toxic. Neurotoxicity frequently becomes untenable, and drugs are often
discontinued. As technology improves, many procedures show improved outcomes, including
new types of cardiac ablation. However, the success rate is variable and depends on many fac-
tors7 with success in only one-half to two-thirds of patients.8,9 Causative factors for failure of
intracardiac or epicardial ablation include inadequate depth of penetration of the ablative energy
(usually less than 5 mm is possible), structural impediments such as cardiac valves (natural or
mechanical), defibrillator or pacing leads, and an inability to completely localise and ablate a
focal lesion. In this patient group where invasive ablation fails, the non-invasive treatment
STAR is tested to prove safety and efficacy.

It must be remembered that this group of patients is among the highest risk for death or
serious complication from poorly controlled VT or toxic therapy. As such, these patients poorly
tolerate many therapeutic interventions such as extended ablation with its inherent risk of per-
foration, cerebrovascular insult and haemodynamic alterations due to procedural fluid and/or
contrast overload. In a controlled low risk environment, intravascular cannulation and pro-
cedural intervention infrequently causes serious events. Not so with this palliative patient
cohort, who frequently undergo STAR while in an intensive care unit and/or have multisystem
instability. Currently, patients who fail or are unable to undergo standard VT ablation proce-
dures have limited and unsatisfactory options. Alternative treatments such as ethanol ablation,
bipolar ablation, needle catheter ablation or sympathectomy/stellate ganglion block may not
effectively treat the VT substrate, often due to anatomic limitations. Surgical ablation as a con-
ventional last resort may be more destructive and carries higher morbidity and risk.

Theories of the mechanism of action

Traditionally in the treatment of cancer, radiation is used to disrupt the DNA of a cell leading to
apoptosis. The therapeutic ratio is achieved from the difference in repair capability between the
normal tissue (capable of repair) and the target malignant tissue (less or incapable of repair).10

Whether by direct DNA damage or the creation of free radicals or another state creating indirect
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DNA damage, the traditional multi-fraction treatment allows
repair of normal tissues between treatment fractions. This is not
so in stereotactic radiation where a single very high dose is deliv-
ered irrespective of this repair process as there is no interfractional
interval. Additionally, complete scarring of the target tissue is not
the goal of STAR as eradication of the cardiac muscle (especially in
a diseased substrate) could be counterproductive or lethal.

Except for cardiac stem cells, myocytes themselves do not
undergo cellular division. As such, they are traditionally radio-
resistant cells. Cardiac and coronary artery radiation-induced
damage following cancer therapy is well described in the litera-
ture.11–13 Interestingly, extensivemyocyte damage was not seen fol-
lowing STAR with the clinically used dose of 25 Gy as up to 80%
cellularity was identified in explanted hearts.14 In porcine models,
doses higher than 32·5 Gy were needed to create scars.15 Recently,
Kim et al. have produced a report outlining a fascinating number of
possible mechanisms.16 In this sophisticated and intricate study,
human-induced pluripotent stem cell-derived cardiomyocytes
were monitored with a multi-electrode array recording system
to use field potential duration as a surrogate for QT interval
analysis. In summary, they identified the following: 1.
Electrophysiologist (EP) changes may be due to ion channel func-
tion; 2. immediate EP changes such as decreased excitability,
increased beat rate and cell-to-cell conduction slowing are restored
within 1–2 days; 3. no acute cell death occurs following high dose
irradiation. The overall summation was that the elimination of the
erratic focus may occur in the cardiomyocytes themselves, sug-
gesting that the post-STAR electrical properties of cardiomyocytes
can be remodelled absent cell death. We highly recommend a care-
ful review of this paper.

Additionally, Zhang et al. at Washington University demon-
strated that STARmay reprogramme the electrical conduction sys-
temwithout inducing cardiomyocyte dysfunction from transmural
fibrosis throughNotch reactivation.17 Notch is a cell-surface recep-
tor, and the Notch pathway regulates cell proliferation and cell
death. In cardiomyocytes, Notch activation reprogrammes/reacti-
vates cells contributing to electrical stability.

Original method

As originally reported,1 localisation of the erratic arrhythmogenic
focus was performed using a 256 lead EKG vest tightly approxi-
mated to the patient. From this vest, data (through the generation
of a standard 12 lead EKG) are collected and then translated onto
the 17-segment left ventricular heart model which correlates the
electro-anatomic activity with an anatomically standardised region
of the left ventricle to determine the focus of generated ectopy. The
VT focus is segmentally identified by translating lead information
to the anatomic subsection of the heart. From there, a cardiac CT
can be used by translating regions of the heart to corresponding
regions of the CT. This CT can be fused to a radiation treatment
planning simulation CT which allows for traditional radiotherapy
planning with one twist: part of the heart, previously an OAR
becomes the target. Volumetric modulated radiation (VMAT) is
then delivered to a stereotactic dose currently set at 25 Gy.

Problems with 17-segment model arrhythmia localisation

Immediately apparent is the potential inherent error of surface
mapping of electrical currents generated from tiny foci deep within
the cardiac muscle substrate. These electrical currents are not vis-
ible to any standard imaging device capable of accurate translation
of the cardio-electric signal into a conventional radiotherapy

treatment planning system. Some authors have also noted interob-
server variability of the assignment of representative segments in
correlation with the surface EKG.18,19 At the second Washington
University Symposium for Noninvasive Radioablation
(SNORAD),20 a concordance rate of identification among cardiol-
ogists, radiation oncologists (RO) and physicists was less than 70%
for exact segment identification. Such variances lead to larger tar-
gets to ensure coverage of a target lesion identified by uncertainties
inherent in the mapping systems. We have noted this in our in-
house comparisons (yet to be published).

Alternative methods

Allegheny Health Network (AHN), in Pittsburgh, PA, USA has
developed an alternative method of identifying and targeting the
VT focus. A CARTO® 3 system (Biosense Webster, Irvine
California) is used through a femoral catheterisation site to map
the disrupted electrical potentials by directly contacting the intra-
cardiac anatomy. Validated in-house software converts the electro-
anatomic (EA) CARTO 3® maps to DICOM compatibility which
can then be translated into conventional radiotherapy treatment
planning systems. Either cardiac MRI (cMRI) or cardiac CT
(cCT) is used to overlay the structural cardiac anatomy with the
electrical anatomy. Cardiac MRI is preferred due to superior ana-
tomic delineation; however, care must be taken with the cardio-
vascular implantable electronic device (CIED) in a high
magnetic field. With this technique, it is imperative to enlist
MRI imagers with extensive CIED experience. Depending on
the presence or absence of image distortion related to the location
of the implanted electrodes and the arrhythmogenic target, either
cMRI or cCT is fused onto the CARTO 3® maps. At a joint plan-
ning conference, electrophysiologists (EP), RO and radiation phys-
icists formulate consensus on the target and planning margins
based on electro-anatomic mapping overlay as an alternative to
application of the anatomic region of interest from 12-lead EKG
localisation using the 17-segment model. The treatment is then
delivered by VMAT or dynamic conformal arc therapy, depending
on the target shape, usually in a two-arc plan. The delivery is con-
firmed by kilovoltage cone beam CT and is delivered within 10–15
total minutes. Most patients stay in house at least overnight
depending on their fitness, although we have moved to outpatient
treatment when possible.

The University Medical Center Utrecht; Utrecht, the
Netherlands has developed and convened the Standardized
Treatment and Outcome Platform for Stereotactic Therapy Of
Re-entry tachycardia by a Multidisciplinary consortium
(STOPSTORM).21 One of the consortium partners (Lubeck
University; Germany) has developed unique software for
electro-anatomic correlation. This STOPSTORM review software
(V 1·0) which is Microsoft Windows® based and runs in Matrix
Laboratory (MATLAB®: versus R2021a) software (MathWorks,
Inc., Natick Massachusetts, USA) is free to the public and open
source. Within this software are two methods for registration of
structures. The first, 2D–3D Registration, also uses electro-ana-
tomic maps as above and the contours are manually overlaid onto
reference structures such as the ascending aorta. The left ventricu-
lar (LV) maps and contours are then registered as related to the
original reference structure (ascending aorta). The target is then
defined on the LVmap and translated from there onto the LV con-
tour of the cardiac CT scan. The second method is the Bullseye 17-
Segment registration, which is registered to the ascending aorta
and LV and then manually co-registered to the 17-segment heart
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model. As the user chooses target segments, the software displays
the selected segment on the cardiac CT. Treatment is then
delivered.

Volume reduction

Not surprisingly, we expect volume and total dose per defined vol-
ume to be critical elements of the safe delivery of STAR.
Preliminary results in comparison of techniques between EAmap-
ping and 17-segment model overlay show mixed results.18,19 There
appears to be a definite volume reduction by EA mapping/fusion;
however, interobserver variability between EP physicians and
small numbers of patients treated to date with this technique
makes formal quantification difficult. We expect that the direct
mapping method and anatomically exact correlation with intracar-
diac EA mapping will diminish target volumes significantly com-
pared to the 17-segment model method as the patient numbers
expand.

Respiratory motion management

Currently, UMC Utrecht is developing a respiratory motion man-
agement protocol for MRI-guided radiotherapy. Due to breathing
and cardiac contraction, the average motion of the heart within
healthy subjects shows values of 10–17 mm (maximum 24 mm)
in superior/inferior and 3–7 mm (maximum 12 mm) in ante-
rior/posterior direction, respectively.22,23 However, due to ana-
tomical changes, for VT patients this is much lower, on the
order of 3–5 mm in the SI, LR and AP directions, with maximum
values up to 8 mm in the SI direction and 6·5 mm in the AP direc-
tion.24,25 To manage this motion, an Internal target Volume (ITV)
concept seems clinically feasible, although MRI-guided radio-
therapy can optimise management of cardiorespiratory motion.

Cardiac motion management

Cardiac motion management, while critical in cMRI, may not be
practicable currently, since the overall treatment times are mea-
sured inminutes, not seconds. In CT andMRI sequencing, slowing
the cardiac rate enhances the images which are obtained within
seconds. However, bradycardic manipulation is not practicable
due to the relatively long delivery time which negates the benefit
of motion control as current gating is not able to deliver sub-sec-
ond photon bursts to account for cardiac muscle contraction.
Additionally, cardiac physiologicmanipulationmay be risky in this
high-risk population.

Initial results

To date at AHN and UMCU, we have treated 10 patients with a
minimum of 8 weeks of follow-up. Eight of 10 had a diminution
of VT episodes, including 7 who were completely event-free.
One patient remained uncontrolled until his death thirteenmonths
post-STAR. However, this patient had no further emergency defib-
rillations, and this should not be overlooked. One patient went
from innumerable episodes post-massive lateral wall myocardial
infarction to a single episode to date (12 months post-STAR).
Another died VT free from rapidly progressive multiple myeloma
2 months post-STAR, and one underwent transplant two weeks
post-STAR. The complete details will be published soon. In gen-
eral, the time to efficacy has varied between studies, but recent
reports demonstrate that the therapeutic effect of STAR can be
expected in days to weeks.24 This mimics our experience as we have
seen reduction of VT episodes within days of therapy. To date, only

one patient has developed an asymptomatic and minor ipsilateral
pleural effusion thought to be resultant from STAR.

The Future

Dose reduction

While 25 Gy was set arbitrarily as a standard by researchers at
Washington University in the initial cohort of patients treated,1

it can be postulated that lower doses may be effective as well.
Researchers in multiple sites are beginning to look at dose de-esca-
lation, although 25 Gy may be the optimal dose based on preclini-
cal and clinical results from two studies. In the first study by Kim
et al.,16 the electrical activity of cloned human-induced pluripotent
stem cell-derived cardiomyocytes was studied after exposures to
multiple-dose regimen of single fraction radiotherapy. Single doses
of 20,25,30,40 and 50 Gy were delivered to the cells and compared
to unirradiated cells as a control. Radiation was delivered using a
conventional linear accelerator, and a multi-electrode array
recording system was used to study the electrical alterations at
the cellular level. This technique has been previously validated.26

While this study did not define the mechanism of cell reprogram-
ming as related to overall efficacy of radio-ablation, it demon-
strated key findings: First, that cardiomyocytes can be
remodelled by irradiation without causing cell death; second, that
conduction velocity is slowed and then restored 1–2 days post-irra-
diation, and third that 25 Gymay be the ideal dose.We should note
that, anecdotally, some centres have reported return of VT after 10
months, although the specifics of these issues are not clear at
this time.

Additionally, the Swiss dose de-escalation DESIRED study
delivered 20 Gy to the target;27 however, the study was stopped
early due to reduced efficacy. The results of these two studies seem
to reveal that 25 Gy may indeed be the optimal dose.

Volume reduction

As with all radiation targets and OAR, volume is the foe of radio-
therapy. With the defined EA map-based targeting described in
both institutions, we expect to demonstrate comparative volume
reduction differences among techniques. Currently, most STAR
centres are considering volume reduction strategies.

Coronary artery sparing

With a large single dose of radiation delivered to the coronary sub-
structure and the uncertainties related to cardiac motion, we realise
that the coronary arteries, long described as vulnerable to irradia-
tion,28,29 are very likely to be OAR designees soon. Currently, work
on coronary sparing is underway in several centres.

Use in non-ventricular arrhythmias

Currently, there are centres which have begun treatment of refrac-
tory atrial fibrillation. However, the published data to date are lim-
ited and in development.

Summary

STAR appears to be an effective therapy for ventricular tachycardia
refractory to conventional therapies. Considering the paucity of
therapies currently available (whether due to ineffectiveness or tox-
icity) and the magnitude of the problem worldwide, stereotactic
ablation appears to show bright promise. The combined
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experience of the ‘OldWorld’ and the ‘NewWorld’ presented here
perhaps mimics a paradigm shift from the ‘Old World’ of invasive
ablation to the ‘New World’ of STAR. Intense work and collabo-
ration in this new and exciting sub-discipline of radiotherapy are
rapidly producing evidence of therapeutic success. Stay tuned.
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