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Background: Cardiac arrhythmias, such as ventricular tachycardia, are disruptions in
the normal cardiac function that originate from problems in the electrical conduction of
signals inside the heart. Recently, a non-invasive treatment option based on external
photon or proton beam irradiation has been used to ablate the arrhythmogenic
structures. Especially in proton therapy, based on its steep dose gradient, it is crucial
to monitor the motion of the heart in order to ensure that the radiation dose is delivered
to the correct location. Transthoracic ultrasound imaging has the potential to provide
guidance during this treatment delivery. However, it has to be noted that the presence
of an ultrasound probe on the chest of the patient introduces constraints on usable
beam angles for both protons and photon treatments. This case report investigates the
possibility to generate a clinically acceptable proton treatment plan while the ultrasound
probe is present on the chest of the patient.
Case: A treatment plan study was performed based on a 4D cardiac-gated computed
tomography scan of a 55 year-old male patient suffering from refractory ventricular
tachycardia who underwent cardiac radioablation. A proton therapy treatment plan was
generated for the actual treatment target in presence of an ultrasound probe on the
chest of this patient. The clinical acceptability of the generated plan was confirmed by
evaluating standard target dose-volume metrics, dose to organs-at-risk and target dose
conformity and homogeneity.
Conclusion: The generation of a clinically acceptable proton therapy treatment plan
for cardiac radioablation of ventricular tachycardia could be performed in the presence
of an ultrasound probe on the chest of the patient. These results establish a basis
and justification for continued research and product development for ultrasound-guided
cardiac radioablation.
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INTRODUCTION
Treatment of cardiac arrhythmias using a non-invasive treatment
technique based on external beam radiation has recently shown
promising results (1–6). This technique involves delivery of
photon or proton beams in a single out-patient session with
the aim to stop the electrical conduction in the arrhythmogenic
substrate. The surrounding tissues, typically referred to as
organs-at-risk (OARs), should be spared from radiotoxic effects
as much as possible. This might be achieved, for example, by
choosing protons beams over photons beams, as proton therapy
has to ability to precisely deliver a radiation dose via the Bragg
peak phenomenon (7).
In addition to beam choice, it is of critical importance to
take cardiac motion into account during treatment planning and
treatment beam delivery. Several solutions have been proposed
to handle the cardiac motion during treatment including
enlargement of the treatment targets with margins (3, 8) or
inferring the cardiac motion based on ECG signals (9–11),
electrical impedance signals or X-ray imaging of implanted leads
(3, 12). The limitations of these solutions are, among others,
the requirement to implant fiducial markers, additional ionizing
radiation dose deposition to the patient and the need for a motion
surrogate (13).
Transthoracic ultrasound (US) imaging allows for real-time
cardiac motion monitoring during the treatment. This image
modality has been used for radiation therapy guidance for
oncological targets before (14–16) and it overcomes some
limitations associated with the currently available motion
monitoring solutions. The usage of US imaging, however,
requires placing an US probe on the chest of the patient. The
presence of the US probe in the path of the radiation beam during
the treatment can potentially cause dose delivery errors, which
may influence the treatment outcome of the patient.
In literature several options to deal with the presence of
an US probe during photon radiation treatment of oncological
targets have been described (12, 17–19). To the best of our
knowledge, none of the published works focused on dealing
with a US probe during the irradiation of cardiac targets with
protons. For this reason, this work presents a case report of a
patient with ventricular tachycardia (VT) for whom a proton
treatment planning study was performed. The aim of this
treatment planning study was to design a clinically acceptable
cardiac radioablation proton treatment plan for a real VT target.

FIGURE 1 | Prototype version of the EBAMed proprietary US probe system (a)
equipped with an optical localization marker (b) and a probe holder with strap
(c) that allows for fixation to the patient’s chest.

descending coronary artery, the circumflex coronary arteries and
the non-involved left ventricle were OARs near the target.
First, the 4D CT scan of the VT patient was loaded into the
Raysearch R Raystation treatment planning system (version 10B,
Raysearch Laboratories AB, Stockholm, Sweden). Subsequently, a
virtual representation of the prototype version of the proprietary
US probe system of EBAMed (Geneva, Switzerland) was
manually inserted as volume of interest (VOI) in two locations
representing the estimated position of the apical and parasternal
US viewing windows. A separate study has already verified that
these US viewing windows provide US images of sufficient quality
for VT patients in supine position (21). The US probe was
simulated as a cube of 2 × 2 × 2 cm. It is equipped with infrared markers such that the probe can be localized by an optical
camera (see Figure 1) and it is attached to a holder such that it
can be fixed on the chest of the patient allowing for hands-free
imaging during the treatment. To account for uncertainties in
repositioning of the US probe during the treatment, including
probe position uncertainties due to respiration and breath-hold
differences, an isotropic safety margin of 10 mm has been added
to the union of the US probe, holder, and optical marker.
The parasternal US probe position allowed entrance of
the treatment beams from optimal directions with respect to
dosimetry for this particular patient. After selection of this
virtual US probe position, a pencil-beam scanned proton therapy
treatment plan was generated with the treatment planning system
using the CNAO (Pavia, Italy) synchrotron proton beam model
adapted to the Hitachi PROBEAT gantry system with 360◦
range of beam angles (22). During planning, the solid angle was
restricted to take into account the US probe, the probe holder
and the localization marker. Two fields were applied both with
a gantry angle of 25◦ and a couch rotation of 0◦ and 90◦ for
beam 1 and 2, respectively. The treatment volume was planned
with an internal target volume (ITV) approach in order to
compensate for shape and position changes of the target due to

CASE DESCRIPTION
For this proof-of-concept study the 4D cardiac-gated CT scan
from a 55 year-old male patient suffering from VT was used. The
CT data of this VT patient has been previously used for other
purposes in a work published by Gianni et al. (20). The treatment
target for this patient had a size of 45 cm3 and it was located on
the left ventricular free wall. This clinical target volume (CTV)
was determined by electrophysiological mapping and contoured
prior to the treatment by a medical doctor from the Texas
Heart Arrhythmia Institute in Austin, USA. The left anterior
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TABLE 1 | Evaluation metrics for a clinically acceptable plan (all constraints must be satisfied for a plan to be considered clinically acceptable).
Structure

Dose-volume metric

Dose-volume limit

Source dose-volume limit

Target volume

D95%

100% dose (25.0 CGyE) to 95%
volume

Prescription isodose (100%)

Target volume

D2% (near max dose)

120% dose (30 CGyE) to 2%
volume

Hot spot allowable in target
volume up to 120% of
prescription dose for stereotactic
body RT (23)

Target volume

D98% (near min dose)

95% dose (23.75 CGyE) to 98%
volume

Cold spot allowable at 95%
prescription isodose

Spinal cord

D (max)

7 CGyE

(23)

Coronary arteries

D (max)

14 CGyE

(24)

Skin

V (23Gy)

10 cm3

(23)

ICD

D (0.03cc)

2 CGyE

(25)

Aorta

D (max)

20 CGyE

(24)

FIGURE 2 | Sagittal slice of the single beam proton plan generated for the VT patient. The location of the virtual US probe with localization marker on the chest of the
patient is shown in orange.

the heartbeat. It was assumed that the motion of the heart due
to respiration would be mitigated using a breath-hold technique
or respiratory gating. The envisioned role of the US imaging
during this treatment was real-time cardiac motion monitoring
and sending an alert to the operator in case the measured motion
was outside of predefined limits.
For the generation of the ITV, the heartbeat motion envelope
was extracted from the 4D CT scan by deformable registration
of each phase of the 4D CT scan to the planning CT scan. The
resulting ITV is the union of the CTVs at all phases of the 4D
CT. Finally, the planning target volume (PTV) was generated by
adding a 5 mm margin to the ITV based on typical patient set-up
errors which are expected when no image guidance tool like US
imaging is used.
Dose constraints on dose-volume tolerances (Table 1) in
agreement with prior investigators were set as planning
objectives. All doses are reported in Cobalt Gray Equivalent Dose
(CGyE). The plan required the ITV to be covered by the 25
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CGyE isodose, which is a dose level used in prior clinical studies
to achieve safe, efficacious radioablation. To achieve this, the
plan was normalized so that PTV D92% = 25 CGyE. Also, in
order to arrive at a satisfactory treatment plan (26, 27), robust
optimization with 2 mm set-up error in all directions and 2%
range uncertainty was used during planning.
To verify the clinical acceptability of the generated plan,
evaluation of standard target dose-volume metrics D98, D95 D50
and D2 was performed. In addition, the dose to OARs and the
target dose conformity and homogeneity were evaluated.

DISCUSSION
Figure 2 shows a sagittal slice of the proton treatment plan that
has been generated for the patient studied in this case report.
It can be observed that the beams do not intersect the orange
contour of the virtual US probe.

3

May 2022 | Volume 9 | Article 849247

Perrin et al.

US-Based Real-Time Cardiac Motion Monitoring

example, be accomplished by cardiac phase gating with a careful
definition of the gate range, instead of only monitoring the
cardiac motion as considered in this work.

TABLE 2 | Proton treatment plan characteristics.
Dosimetric parameter
ITV -> PTV margin

Value
5 mm

D95 (ITV)

25.1 CGyE

D98 (ITV)

21.8 CGyE

D2 (ITV)

30.2 CGyE

D50 (ITV)

26.6 CGyE

Homogeneity Index (ITV)
Conformity Index to PTV
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Dose to Nearby OARs
• Non-involved left ventricle (V20Gy)
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• Circumflex coronary arteries (D0.03cc)
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Table 2 details the proton treatment plan characteristics.
Target coverage and dose conformity as well as sparing of OARs,
were found to be acceptable. The D98 was less than the value
required in Table 1, due to the coronary arteries abutting the PTV
in the superior extent of the target. Limiting the dose received by
these structures was prioritized over target coverage in this region
of the target.
This case report describing a treatment planning study for
a VT patient has shown that the use of an US probe in
parasternal viewing position during treatment delivery will not
prevent a clinically acceptable treatment with proton radiation
for this particular patient. These findings establish a basis and
justification for the continued research and product development
to arrive at an integrated solution for ultrasound-guided cardiac
radioablation. The usage of US imaging during the treatment
will potentially allow for ITV margin reductions. However,
before final conclusions can be drawn, more extensive treatment
planning studies are necessary in which actual US probe positions
(both parasternal and apical US viewing windows) instead of
estimated probe positions are considered. In addition, future
research efforts are planned to focus on improved OAR sparing,
which can be achieved by more precise targeting. This can, for

FUNDING
This publication is part of a project that has received
funding from the European Union’s Horizon 2020 research and
innovation program under grant agreement no. 954783.

ACKNOWLEDGMENTS
The authors would like to thank the Electrophysiology team at
St. David’s Hospital and the Texas Cardiology Arrhythmia and
Research Foundation. Specifically, a sincere thank you to Andrea
Natale, Amin Al-Ahmad, and Deb Cardinal, RN, was offered for
their assistance in obtaining data. A special debt of gratitude goes
to Douglas Wong MD PhD for his early and continued support
of cardiac radiosurgery, his radiation oncology expertise, and the
review of this manuscript.

REFERENCES

4. Miszczyk M, Jadczyk T, Gołba K, Wojakowski W, Wita K, Bednarek
J, et al. Clinical evidence behind stereotactic radiotherapy for the
treatment of ventricular tachycardia (STAR)—a comprehensive
review. J Clin Med. (2021) 10:1238. doi: 10.3390/jcm1006
1238
5. Siedow M, Brownstein J, Prasad R, Loccoh E, Harfi TT, Okabe T, et al. Cardiac
radioablation in the treatment of ventricular tachycardia. Clin Transl Radiat
Oncol. (2021) 31:71–9. doi: 10.1016/j.ctro.2021.02.005
6. van der Ree MH, Blanck O, Limpens J, Lee CH, Balgobind B, Dieleman
EMT, et al. Cardiac radioablation-a systematic review. Heart Rhythm. (2020)
17:1381–92. doi: 10.1016/j.hrthm.2020.03.013
7. Graeff C, Bert C. Noninvasive cardiac arrhythmia ablation with particle
beams. Medical Phys. (2018) 45:e1024–35. doi: 10.1002/mp.12595

1. Chiu MH, Mitchell LB, Ploquin N, Faruqi S, Kuriachan VP. Review of
stereotactic arrhythmia radioablation therapy for cardiac tachydysrhythmias.
CJC Open. (2021) 11:6. doi: 10.1016/j.cjco.2020.11.006
2. Cuculich PS, Schill MR, Kashani R, Mutic S, Lang A, Cooper
D, et al. Noninvasive cardiac radiation for ablation of ventricular
tachycardia - supplementary appendix. N Engl J Med=. (2017)
377:2325–36. doi: 10.1056/NEJMoa1613773
3. Lydiard S, Blanck O, Hugo G, O’Brien R, Keall P. A review of
cardiac radioablation (CR) for arrhythmias: procedures, technology and
future opportunities. Int J Radiat Oncol Biol Phys. (2021) 109:783–
800. doi: 10.1016/j.ijrobp.2020.10.036

Frontiers in Cardiovascular Medicine | www.frontiersin.org

4

May 2022 | Volume 9 | Article 849247

Perrin et al.

US-Based Real-Time Cardiac Motion Monitoring

8. Ipsen S, Blanck O, Oborn B, Bode F, Liney G, Hunold P, et al. Radiotherapy
beyond cancer: target localization in real-time MRI and treatment planning
for cardiac radiosurgery. Med Phys. (2014) 41:120702. doi: 10.1118/1.4901414
9. Lee H, Pursley J, Lu HM, Adams J, DeLaney T, Chen YL, et al. A
proof of concept treatment planning study of gated proton radiotherapy
for cardiac soft tissue sarcoma. Phys Imag Radiat Oncol. (2021) 19:78–
84. doi: 10.1016/j.phro.2021.06.001
10. Poon J, Kohli K, Deyell MW, Schellenberg D, Reinsberg S, Teke T, et al.
Technical note: cardiac synchronized volumetric modulated arc therapy for
stereotactic arrhythmia radioablation — proof of principle. Med Phys. (2020)
47:3567–72. doi: 10.1002/mp.14237
11. Kohli K, Liu J, Schellenberg D, Karvat A, Parameswaran A, Grewal P, et
al. Prototype development of an electrical impedance based simultaneous
respiratory and cardiac monitoring system for gated radiotherapy. Biomed
Eng Online. (2014) 13:144. doi: 10.1186/1475-925X-13-144
12. Schlosser J, Hristov D. Radiolucent 4D ultrasound imaging: System design
and application to radiotherapy guidance. IEEE Trans Med Imaging. (2016)
35:2292–300. doi: 10.1109/TMI.2016.2559499
13. Prusator MT, Samson P, Cammin J, Robinson C, Cuculich P, Knutson NC,
et al. Evaluation of motion compensation methods for noninvasive cardiac
radioablation of ventricular tachycardia. Int J Radiat Oncol Biol Phys. (2021)
111:1023–32. doi: 10.1016/j.ijrobp.2021.06.035
14. Camps SM, Fontanarosa D, de With PHN, Verhaegen F, Vanneste
BGL. The use of ultrasound imaging in the external beam radiotherapy
workflow of prostate cancer patients. Biomed Res Int. (2018) 2018:1–
16. doi: 10.1155/2018/7569590
15. Fontanarosa D, der Meer S, Bamber J, Harris E, O’Shea T, Verhaegen F. Review
of ultrasound image guidance in external beam radiotherapy: I. Treatment
planning and inter-fraction motion management. Phys Med Biol. (2015)
60:R77. doi: 10.1088/0031-9155/60/3/R77
16. O’Shea T, Bamber J, Fontanarosa D, van der Meer S, Verhaegen F, Harris
E. Review of ultrasound image guidance in external beam radiotherapy part
II: intra-fraction motion management and novel applications. Phys Med Biol.
(2016) 61:R90–R137. doi: 10.1088/0031-9155/61/8/R90
17. Bazalova-Carter M, Schlosser J, Chen J, Hristov D. Monte Carlo modeling of
ultrasound probes for image guided radiotherapy. Med Phys. (2015) 42:5745–
56. doi: 10.1118/1.4929978
18. Schlosser J, Salisbury K, Hristov D. Telerobotic system concept for real-time
soft-tissue imaging during radiotherapy beam delivery. Med Phys. (2010)
37:6357–67. doi: 10.1118/1.3515457
19. Schlosser J, Gong RH, Bruder R, Schweikard A, Jang S, Henrie J, et al.
Robotic intrafractional US guidance for liver SABR: system design, beam
avoidance, and clinical imaging. Med Phys. (2016) 43:5951–63. doi: 10.1118/1.
4964454
20. Gianni C, Rivera D, Burkhardt JD, Pollard B, Gardner E, Maguire
P, et al. Stereotactic arrhythmia radioablation for refractory
scar-related
ventricular
tachycardia.
Heart
Rhythm.
(2020)
17:1241–8. doi: 10.1016/j.hrthm.2020.02.036
21. Casula M. Valutazione di un sistema di acquisizione automatica di immagini
ultrasonografiche associato ad un algoritmo di intelligenza artificiale per il
monitoraggio in tempo reale del movimento cardiaco in pazienti con storia

Frontiers in Cardiovascular Medicine | www.frontiersin.org

22.

23.

24.

25.

26.

27.

di aritmie ventricolari: fattibilità. (Thesis), Cardiovascular Disease Medical
School, University of Pavia, Pavia, Italy. (2020).
Rossi S. The national centre for oncological hadrontherapy
(CNAO):
status
and
perspectives.
Physica
Medica.
(2015)
31:333–51. doi: 10.1016/j.ejmp.2015.03.001
Videtic GMM, Hu C, Singh AK, Chang JY, Parker W, Olivier KR,
et al. NRG Oncology RTOG 0915 (NCCTG N0927): a randomized
phase II study comparing 2 stereotactic body radiation therapy (SBRT)
schedules for medically inoperable patients with stage I peripheral
non-small cell lung cancer. Int J Radiat Oncol Biol Phys. (2015)
93:757. doi: 10.1016/j.ijrobp.2015.07.2260
Blanck O, Buergy D, Vens M, Eidinger L, Zaman A, Krug D, et
al. Radiosurgery for ventricular tachycardia: preclinical and clinical
evidence and study design for a German multi-center multiplatform feasibility trial (RAVENTA). Clin Res Cardiol. (2020)
9:1–14. doi: 10.1007/s00392-020-01650-9
Weidlich GA, Hacker F, Bellezza D, Maguire P, Gardner EA.
Ventricular tachycardia: a treatment comparison study of the
cyberknife with conventional linear accelerators. Cureus. (2018)
10:3445. doi: 10.7759/cureus.3445
Dusi V, Vitolo V, Frigerio L, Totaro R, Valentini A, Barcellini A, et al. First-inman case of non-invasive proton radiotherapy for the treatment of refractory
ventricular tachycardia in advanced heart failure. Eur J Heart Failure. (2020)
23:195–6. doi: 10.1002/ejhf.2056
Widesott L, Dionisi F, Fracchiolla F, Tommasino F, Centonze M, Amichetti
M, et al. Proton or photon radiosurgery for cardiac ablation of ventricular
tachycardia? Breath and ECG gated robust optimization. Physica Medica.
(2020) 78:15–31. doi: 10.1016/j.ejmp.2020.08.021

Conflict of Interest: PM is founder and owner of MedDevicePharma LLC. GW
is founder and owner of National Medical Physics and Dosimetry Company. PM
and GW are consultants to EBAMed SA. RP was previously employed and AG is
still employed by EBAMed SA.
The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.
Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.
Copyright © 2022 Perrin, Maguire, Garonna, Weidlich, Bulling, Fargier-Voiron, De
Marco, Rossi, Ciocca, Vitolo and Mirandola. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

5

May 2022 | Volume 9 | Article 849247

