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Purpose: Cardiac radioablation is a novel, non-invasive treatment for ventricular tachycardia (VT), in-
volving a single fractional stereotactic ablative body radiotherapy (SABR) session with a prescribed
dose of 25 Gy. This complex procedure requires a detailed workflow and stringent dose constraints
compared to conventional radiation therapy. This study aims to establish a consistent institutional
workflow for single-fraction cardiac VT-SABR, emphasizing robust plan evaluation and quality assur-
ance.

Materials and Methods: The study developed a consistent institutional workflow for VI-SABR, in-
cluding computed tomography (CT) simulation, target volume definition, treatment planning, robust
plan evaluation, quality assurance, and image-guided strategy. The workflow was implemented for
two patients with cardiac arrhythmia. Accurate target volume definition using planning CT images
and electronic anatomical mapping was critical. A four-dimensional (4D) cone-beam CT (CBCT) and
breath-hold electrocardiographic gated CT images reliably detected target motion.

Results: The resulting plans exhibited a conformity index greater than 0.7 and a gradient index
around G4.0. Dose constraints for the planning target volume (PTV) aimed for 95% or higher PTV dose
coverage, with a maximum dose of 200% or lower. However, one case did not meet the PTV dose
coverage due to the proximity of the PTV to gastrointestinal organs. Plans adhered to dose constraints
for organs at risk near the heart, but meeting constraints for specific cardiac sub-structures was
challenging and dependent on PTV location.

Conclusion: The plans demonstrated robustness against respiratory motion and patient positional
uncertainty through a robust evaluation function. The 4D and intra-fractional CBCT were effective in
verifying target motion and setup stability.
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Introduction

Ventricular tachycardia (VT), a critical cardiac arrhythmia, presents
significant challenges in cardiovascular medicine [1]. VT can origi-
nate idiopathically or from myocardial substrates, such as prema-
ture ventricular contractions (PVCs), leading to re-entrant circuits.
These circuits, often involving an isthmus of slow-conducting fi-
bers, are influenced by the site of ventricular activation, impacting
the electrocardiographic profile of VT [2]. Pathologic changes, in-
cluding post-myocardial infarction or post-inflammatory scars, are
common factors increasing the susceptibility to VT.

Implantable cardioverter-defibrillators (ICDs) have been pivotal
in managing sudden cardiac death from VT since the late 1970s. By
detecting and treating malignant ventricular arrhythmias, primarily
through anti-tachycardia pacing or shocks, ICDs are effective in
treating VT episodes. However, they do not prevent VT onset and
can adversely affect quality of life. antiarrhythmic drugs and cath-
eter ablation (CA) are standard treatments for VT. CA, particularly
with radiofrequency energy, aims to disrupt re-entrant circuits or
modify potential substrates [3-5]. Despite advancements, CA faces
challenges, such as limited efficacy, side effects, and high recur-
rence rates. Furthermore, the recurrence post-CA exceeds fifty per-
cent within the first 2 years [6-9]; this is particularly concerning
for non-ischemic origin VTs.

For patients with refractory VTs unresponsive to or unsuitable for
conventional therapies, novel approaches are being explored.
Among these, stereotactic ablative body radiotherapy (SABR) is
garnering attention [10-12]. SABR, delivering a high radiation dose
(20-25 Gy) in a single fraction, is particularly beneficial for medi-
cally unstable patients or those with slow VT. Advanced noninva-
sive cardiac imaging—including magnetic resonance imaging and
computed tomography (CT) combined with body-surface electro-
cardiographic imaging—is crucial for identifying myocardial scars
and arrhythmogenic substrates, enabling the precise targeting of
lesions. VT-SABR necessitates the integration of multimodal imag-
ing data for accurate target localization, adherence to strict dose
constraints for SABR, and comprehensive image-guided radiation
therapy (IGRT) for a single treatment.

Our institution conducted its inaugural VT-SABR procedure in
2019, initially basing the treatment protocol and radiation therapy
(RT) preparations on a clinical site with prior relevant experience.
Long-term follow-ups demonstrated the effectiveness of SABR for
VT patients, leading to two recent cases being assigned to this
non-invasive radioablation treatment.

The primary objectives of this study were to establish a consis-
tent institutional workflow and intensify secure evaluation and
quality assurance (QA) procedures for the single-fractionated car-
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diac VT-SABR. The first aim encompassed the precise delineation of
target volumes through the integration of multimodal imaging
data, and adherence to strict dose constraints for SABR treatment
planning. The second objective was specified by a robust plan eval-
uation process reflecting several uncertainties from respiratory
movement and positional set-up of patients, thorough observation
of pre-treatment mechanical QA procedure, and rigorous image
guidance on intra-fractional basis.

Materials and Methods

1. Patient history
Case 1, with diabetes mellitus, was diagnosed with dilated cardio-

myopathy (DCMP). An ICD was implanted in September 2017 and
later upgraded to a cardiac resynchronization therapy defibrillator
(CRT-D) in June 2019. Subsequently, the patient underwent radiof-
requency CA for recurrent VT in January 2021, thrice in March
2022, and once more in October 2022. Additionally, the patient had
a sympathectomy in July 2022. This patient, frequently experienc-
ing PVCs and recent ICD shocks, was admitted for the management
of recurrent VT and referred for VT-SABR.

Case 2, with hypertension and chronic kidney disease, was diag-
nosed with DCMP and had a CRT-D defibrillator implanted. The pa-
tient underwent coronary angiography in April 2018. For recurrent
VT with episodes of degeneration into ventricular fibrillation, ra-
diofrequency CA was performed in November 2021, July 2022, Oc-
tober 2022, and November 2022. Like the first patient, this individ-
ual also experienced frequent PVCs. Following over ten ICD shocks
in two days, the patient was admitted for the management of re-
current VT and referred for VT-SABR.

Fig. 1 describes the entire procedure of VT-SABR applied to the
two recent patients, which were specified in the subsequent sec-
tions.

2. CT simulation

Several CT imaging sequences were employed, encompassing
four-dimensional (4D) CT and free-breathing three-dimensional
(3D) CT scans without contrast enhancement, along with breath-
hold electrocardiographic (ECG) gated contrast-enhanced CT imag-
es. These images underwent metal artifact reduction (MAR) proce-
dures to minimize artifacts stemming from implanted cardiac de-
vices like ICDs and stents within cardiac structures. The imaging
process was conducted using a single CT simulator, the Canon One
Prism by Canon Medical Systems Corporation in Tochigi, Japan. This
system allowed for both ECG gating and respiratory gating for the
4D CT scans, followed by MAR operations. These images contribut-
ed to the precise target volume definition in VI-SABR. The con-
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Fig. 1. Flowchart of VI-SABR established in our institution illustrating the steps from CT simulation to image-guided radiation therapy. VT, ven-
tricular tachycardia; SABR, stereotactic ablative body radiotherapy; CT, computed tomography; ECG, electrocardiogram; 4D, four-dimensional;
3D, three-dimensional; GTV, gross tumor volume; ITV, internal target volume; PTV, planning target volume; EAM, electronic anatomical map-
ping; OAR, organ-at-risk; HI, homogeneity index; Cl, conformity index; CBCT, cone-beam CT; QA, quality assurance; IMRT, intensity modulated

radiation therapy.

trast-enhanced cardiac CT scans specifically focused on capturing
cardiac movement during breath-holding, serving as an anatomical
reference for delineating target volumes. These scans were com-
pared against electronic anatomical mapping (EAM) or electrocar-
diographic images acquired during CA procedures [13,14]. Addi-
tionally, the 4D CT images, comprising 10 respiratory phases, pro-
vided reference data for understanding respiratory motion, aiding
in the delineation of the internal target volume (ITV). The
free-breathing CT image was primarily acquired to aggregate con-
tours of target volumes and organs-at-risk (OARs). This data was
instrumental in subsequent treatment planning processes.

3. Delineation of target volume and OARs by multi-
modal imaging data

The integration of multi-modal imaging data is crucial in delineat-
ing target volumes for VT-SABR, aligning with the recommenda-
tions in the International Commission on Radiation Units and Mea-
surements (ICRU) 62 [15]. The target volume for VT-SABR involves
three layers: gross tumor volume (GTV), ITV, and planning target
volume (PTV). Importantly, as stated in the preceding section, the
free-breathing CT image was the reference image for delineations
of target volumes and OARs. GTV referenced ECG-gated CT images
with the EAM image, visualizing the activation map associated
with the VT source using 3D cardiac imaging [16-19] obtained

https://doi.org/10.3857/r0].2024.00262

through the CARTO system (Johnson & Johnson MedTech, New
Brunswick, NJ, USA) by cardiac electrophysiologists. On the cardiac
gating CT images, the activated regions were identified as the GTV,
as depicted in Fig. 2, showcasing the correlation between GTV con-
tours, and activated regions in two recent VT-SABR cases at our in-
stitution. This contouring information was further aligned with the
exhale phase of the 4D CT via image registration to ECG-gated CT.
In this alignment, there was no further registration needed as the
images were acquired at the same CT scanning session. Using a de-
formable image registration algorithm on MIM software (https://
www.mimsoftware.com/), the target volumes in the exhale phase
were extended to other phases, establishing the [TV, which was de-
fined in the primary free-breathing 3D CT image. Alongside 4D CT,
we utilized all phase images from ECG-gated CT to ensure the tar-
get in the planning CT was encompassed within the ITV. PTV was
established by expanding the ITV by 5 mm, considering the spatial
orientation of OARs. This contouring process was then transferred
to the free-breathing 3D CT image for subsequent treatment plan-
ning.

Precise delineation of OARs was crucial for VI-SABR due to the
proximity of several critical organs—including the esophagus,
stomach, and great vessels—to cardiac structures. Given that high
doses of radiation were administered to certain parts of the heart,
the dose constraints for treatment planning had to account for
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Q Electronic anatomical mapping

PTV on planning CT images

Fig. 2. Target volume delineation (right column) with reference to the regions activated in electronic anatomical mapping for two cases: (A)
case 1 and (B) case B. PTV, planning target volume; CT, computed tomography.

cardiac sub-structures. A deep learning-based software (Oncosoft,
Seoul, Korea) automatically segmented critical organs—including
the esophagus, stomach, liver, lung, and cardiac sub-structures—on
the free-breathing 3D CT images. This segmentation was refined by
radiation oncologists. The relative positioning of critical organs,
such as the stomach and esophagus, complicated treatment plan-
ning and influenced the choice of beam arrangement (coplanar vs.
non-coplanar).

4. Treatment planning
The reference CT image for treatment planning was the free-

breathing 3D CT images. All VT patients underwent SABR treatment
in a single fraction at a prescribed dose of 25 Gy for the PTV, al-
lowing for a maximum dose of 200% of the prescribed dose (50
Gy). Dose constraints for critical organs such as the spinal cord,
lung, liver, esophagus, and stomach adhered to guidelines estab-
lished in a prior study [20]. However, for the heart and its sub-
structures, dose constraints varied depending on PTV location. For
these, the median dose outlined in the same study [20] was refer-
enced during the treatment planning process. RayStation v11.1
(RaySearch Laboratories, Stockholm, Sweden) was utilized for
treatment planning. The chosen treatment modality, the Versa HD
conventional C-arm linear accelerator (Elekta AB, Stockholm, Swe-
den), was employed for VT-SABR.

The determination of beam arrangement (i.e., a coplanar or
non-coplanar scheme) critically influences treatment efficiency
and subsequent processes like evaluation, QA, and image guidance
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during actual treatment. As anticipated, while the non-coplanar
arrangement with couch rotation promised greater plan quality
and robustness, it also increased the time required for actual treat-
ment, QA, and image guidance. Therefore, the coplanar treatment
strategy was preferred. However, for the second case where the
stomach and esophagus were proximal to the PTV, the non-copla-
nar scheme was used.

The quality of the resulting treatment plans was evaluated using
parameters such as PTV dose coverage (the volume of PTV receiving
more than the prescribed dose), conformity index (Cl), and gradient
index (Gl) calculated using the following Equations (1) and (2).

Vi s Vi %
1) o = VePrvaos  Vervio
Very Vioo%
Vso0% Vaso Viso
(2) GI = Gliow = —, Glgjen = .
Vioow Vigos, | e Vioow

where Vp, means the volume of PTV, and Vi, 100 is the volume of
PTV receiving 100% of the prescribed dose. And V,gou0 Vosoor Vigow
and V., represent the volumes of the entire body receiving 100%,
75%, 50%, and 25% of the prescribed dose, respectively.

5. QAs and robust evaluation

The stringent dose constraints involved in SABR require mechanical
and dosimetric accuracy [21]. To ensure this, various QA procedures
were implemented. The Winston-Lutz test was conducted to verify
the alignment of radiation and mechanical iso-centers, even during

https://doi.org/10.3857/r0].2024.00262



Intensified VT-SABR planning workflow

Radiation Oncology Journal ROJ

couch rotation. Furthermore, the center shift caused by couch ro-
tation was measured, setting a tolerance of <1 mm for both crite-
ria. In addition to mechanical QA, pre-treatment, patient-specific
intensity-modulated radiation therapy (IMRT) QA was conducted
using the ArcCheck system (Sun Nuclear Corporation, Melbourne,
FL, USA). This assessed dose distribution accuracy through gamma
passing rates and measured point doses at the center of ArcCheck
using an A1SL ionization chamber (Standard Imaging Inc., Middle-
ton, WI, USA).

Plan robustness was assessed using RayStation treatment plan-
ning system evaluating resilience against respiratory motion and
patient setup uncertainty. The optimized treatment plan on the
free-breathing CT image underwent dose recalculation on end-of-
exhale and end-of-inhale CT images derived from 4D CT scans with
the same RT plan data. Accounting for patient setup uncertainty in
all dimensions, a robust evaluation function provided by RayStation
was employed and assessed by dose-volume histograms (DVHs)
and dose distributions.

6. Image-gquidance
Like conventional IMRT and SABR treatments, volumetric cone-

beam CT (CBCT) scans were conducted before treatment for image
guidance. The Versa HD C-arm linear accelerator used for VT-SABR
provided 4D CBCT functionality before treatment to confirm respi-
ratory movement similarity with planning CT and intra-fractional
CBCT during beam-on time to monitor patient position consistency.

Before treatment initiation, 4D CBCT scans were matched. In-
tra-fractional CBCT was performed during the initial arc delivery of
the volumetric modulated arc therapy plan. For non-coplanar plans,
the same procedure was followed, with additional CBCT scans con-
ducted after completing coplanar arcs and before couch rotation

for the non-coplanar arc.

Results

1. Planning results

Table 1 specifies the treatment plans for the two cases. Both used
the arc-based IMRT treatment scheme with 6 MV flattening fil-
ter-free mode. The first case used three arcs with 10900 monitor
unit (MU), which was treated by a coplanar beam arrangement.
The second case had multiple OARs—the stomach, and esophagus—
proximal to the target volume, which affected the non-coplanar

Table 1. VMAT planning information for cases 1 and 2

Case 1 Case 2
Beam arrangement Coplanar Non-coplanar
Energy/mode 6 MV/FFF 6 MV/FFF
MU 10900.5 28474.7
Number of arcs 3 5
PTV (mL) 18.18 247.57

VMAT, volumetric modulated arc therapy; MU, monitor unit; PTV, plan-
ning target volume; MV, megavoltage; FFF, flattening filter free.

Heart
Spinal Cord
Aorta

LCX
Lv
Lung (L)
Lung (R)

Esophagus

Fig. 3. (Top row) Dose distributions, (Bottom row) dose-volume histograms for PTV and organs-at-risk produced from treatment plans of (A)
case 1 and (B) case 2. PTV, planning target volume; LAD, left anterior descending artery; LCX, left circumflex artery; LV, left ventricle; L, left; R,

right; LA, left atrium; RA, right atrium.
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Table 2. Dose constraints and results from the optimized treatment plans for cases 1 and 2

Structure Dose constraints Case 1 Case 2
Target volume
PTV Vig 295 (%) 94.57 73.52
D,... (Gy) 49.69 49.43
Cl 0.79 0.72
Gl 436 4.07
Gliow 13.24 15.87
Glygy 193 1.83
OARs (excluding cardiac adjacent structures)
Spinal cord D, <14 (Gy) 2.98 6.73
D, <8 (Gy) 251 549
Esophagus Dy, <15.4 (Gy) 0.25 9.86
Stomach Dy, <22 (Gy) - 16.59
Lung total RVyg, < 1,500 (ml) 70.54 423.22
Liver RViig, <700 (mL) - 3.49
OARs (Including heart-related structures)
Heart (excluding PTV) Dy, (Gy) 1.31 7.23
Aorta D,.. <200 (Gy) 5.06 19.82
Left coronary artery D, <140 (Gy) 14.05 31.54
Left atrium D, <44 (Gy) 12.05 -

PTV, planning target volume; V., percent volume receiving 100% of the prescribed dose at the structure; Cl, conformity index; Gl, gradient index;
Gl Gl for low dose; Gl Gl for high dose; OAR, organ-at-risk; RV, reverse volume; D,,,, maximum dose irradiated to the structure; D, ,,/Ds,., dose
irradiated to 1.2ml/5ml of the structure; RV, /RV.,s, normal tissue volume receiving < 7 Gy/11 Gy; Dy, dose irradiated to 50% of volume of the

structure.
Numbers in bold indicate violations in dose constraints.
a]Target overlapped with the left atrium.

beam arrangement. Besides the arrangement, the PTV volume be-
ing greater than in the first case required a larger MU (28474 MU)
with more arcs (5 > 3). The first three arcs with a coplanar setting
delivered doses to the upper target of the PTV, while the remaining
two arcs with a couch rotation of 5° delivered doses to the lower
volume of the PTV. Fig. 3 illustrates the dose distributions and DVHs
of PTV and OARs generated by the treatment plans. The treatment
plan yielded inhomogeneous dose distributions inside the PTV,
wherein the PTV coverage was reduced in Case 2 due to the lower
parts of the PTV. In Case 1, most critical organs received low doses
of radiation since the PTV volume was small and no critical organs
were adjacent to the target volume. However, many of the cardiac
substructures, as well as the esophagus and stomach, received high
doses of radiation due to the PTV location and volume.

Table 2 lists the planning results of the two cases for PTV and
OARs along with dose constraints applied. The PTV dose coverage
of the first case almost met the criterion expected to be greater
than 95%, whereas the second case did not satisfy the criterion to
minimize the dose irradiated to the stomach and esophagus adja-
cent to the lower part of the PTV. The maximum allowed dose for
both cases was 200% of the prescribed dose for the steep-dose
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Table 3. Dose constraints and results from the optimized treatment
plans for cases 1 and 2

QA category Case 1 Case 2
Mechanical QA (mm)
Couch rotation - <0.50
Winston-Lutz 0.46 0.89
IMRT QA (%)
Point dose 0.42 -2.90
GPR (3%)/3 mm) 97.40 91.80

QA, quality assurance; IMRT, intensity-modulated radiation therapy;
GPR, gamma passing rate.
“Coplanar arrangement.

fall-off gradient, which resulted in Gls of 4.36 and 4.07. The Cls for
the two cases were 0.79 and 0.72, wherein the lower Cl in Case 2
was mainly due to the decrease in PTV coverage (73.5%) as seen in
Equation (2). The OARs—excluding cardiac adjacent structures such
as the spinal cord, esophagus, stomach, lung, and liver—met the
dose constraints successfully. The stomach and liver in the first
case were not involved since the PTV was defined in the upper por-
tion of the heart. Contrarily, for the heart and its sub-structures,
the resultant plans did not completely satisfy the dose constraints.

https://doi.org/10.3857/r0].2024.00262



Intensified VT-SABR planning workflow

ROJ

The treatment plan for Case 1 violated the dose constraint for the
left atrium, and the plan for Case 2 did not satisfy the constraint
for the left coronary artery and left atrium. Meeting the dose con-
straints for the cardiac sub-structures depended on the location of
the target volume.

2. QA and evaluation

Table 3 summarizes the QA tasks performed on the day for the sin-
gle-fractionated VT-SABR. The coincidence between mechanical
and radiation iso-centers was smaller than the tolerance (1 mm for
SABR). The difference grew when the couch rotation was involved.
The magnitude of center shift from couch rotation, which was con-
ducted only for the non-coplanar RT case, was less than 0.5 mm. In
dosimetry, a patient-specific IMRT QA performed with ArcCheck led
to point dose differences of 0.4% and -2.9% and gamma passing
rates of 97.4% and 91.8%. The IMRT dosimetry error was slightly
worse when the beam arrangement was non-coplanar.

The robustness of the resultant plan was also evaluated for the
respiratory motion and patient set-up uncertainties. For respiratory
motion, the dose re-calculated on CT images during inhalation and
exhalation resulted in the DVHs (solid) in Fig. 4, relative to the
DVHs (dashed) on the reference CT images. The dose distributions

Case 1

4D 0% Phase
(Inhale)

4D 50% Phase
(Exhale)

were not perturbed severely due to the respiratory motion, while
the under-dosage on the PTV occurred in the exhale and inhale
phases for Cases 1 and 2, respectively. For Case 2, cardiac adjacent
structures, such as the aorta and the left ventricle (LV), were un-
derdosed. The dosimetry impact from patient position uncertainty
was evaluated using RayStation by robust evaluation that imposed
the positional uncertainty on the CT images in six different scenar-
ios, wherein the extent of uncertainty was assumed to be 1 mm.
Fig. 5 compares the DVHs (solid) in six different scenarios relative
to the DVHs (dashed) from the original plans for Cases 1 and 2. In
Case 1, dosimetry did not change significantly except for the left
anterior descending (LAD) and left circumflex (LCX) arteries. De-
spite the variations depending on the patient position, the dose of
radiation to the LAD and LCX was quite low. For Case 2, the varia-
tions in dosimetry were enlarged when the patient set-up was per-
turbed craniocaudally. The dose irradiated to the LV was similar or
slightly larger in the superior and inferior set-up errors. However,
the dose of radiation to PTV decreased when the patient set-up er-
ror was imposed inferiorly.

3. Off-line review of patient set-up
IGRT was performed by leveraging the special functions of the Ver-

Case 2

4D 0% Phase
(Inhale)

4D 50% Phase
(Exhale)

Fig. 4. Dose volume histograms from the dose recalculated on the inhale (top) and exhale (bottom) phases of the four-dimensional (4D) com-
puted tomography images investigating the degree of dosimetry impact from the respiratory motion: (A) case 1 and (B) case 2.
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Fig. 5. Robust evaluation of patient set-up uncertainty: comparing DVHs (solid) from patient set-up errors in six different scenarios (1 mm shift
in each direction) to DVHs (dashed) from the original plan: (A) case 1 and (B) case 2. DVH, dose volume histogram; LAD, left anterior descending
artery; LCX, left circumflex artery; LV, left ventricle; PTV, planning target volume.

Q 9 4D CBCT G

Planning CT (Average Intensity Projection)

Intra-fractional CBCT

Case 1

Fig. 6. Cone-beam computed tomography (CBCT) image acquisitions for image-guided radiation therapy for ventricular tachycardia stereotac-
tic ablative body radiotherapy of the first patient case: (A) planning CT image, (B) 4D CBCT image, and (C) intra-fractional CBCT image. 4D,
four-dimensional.

326 https://doi.org/10.3857/r0].2024.00262



Intensified VT-SABR planning workflow

Radiation Oncology Journal ROJ

sa HD linear accelerator. Fig. 6 illustrates the 4D and intra-frac-
tional CBCT images acquired and matched against the planning CT
images of the first patient case. Before the first arc delivery, the 4D
CBCT was acquired such that the PTV covered the respiratory mo-
tion of the patient, as shown in Fig. 6B. The intra-fractional CBCT
was also acquired during the first arc dose delivery to examine if
the patient set-up was well maintained during treatment, as seen
in Fig. 6C. The catheters embedded in the cardiac structures acted
as markers when matching the images.

4. Clinical treatment outcome
Post-treatment, the first patient reported no significant adverse ef-
fects in the outpatient follow-up. Approximately three weeks fol-
lowing SABR, the patient experienced VT episodes at a similar rate
to that before the treatment, averaging about 5 per week. Howev-
er, in the 2 months following this period, no notable episodes oc-
curred. The follow-up for this patient continued for seven months.
The second patient did not experience any VT episodes during
the follow-up. However, one month after treatment, the patient
reported grade 1 epigastric pain in the outpatient. This patient also
reported feelings of fatigue post-treatment. Apart from these
events, no other complications or symptoms were noted. The fol-
low-up for the second patient lasted for 6 months.

Discussion and Conclusion

Cardiac radioablation is a potent treatment alternative for VT.
However, the execution of VI-SABR has been limited due to the re-
quired specialized imaging and treatment facilities, proficient clini-
cal workforce, and interdisciplinary collaboration. This study pri-
marily focuses on establishing and disseminating a systematic clin-
ical workflow for VT-SABR that aligns with our institutional RT
procedures.

Crucial points for each step, depicted in Fig. 1, were highlighted.
The CT simulation containing a series of CT datasets was preferred
to be performed at the same session since the ECG-gated, 4D, and
planning CTs were co-registered for the target volume definition.
Furthermore, as part of the inter-departmental collaboration, both
cardiologists and radiation oncologists had to be involved in the
target volume for the precise target volume definition. The treat-
ment planning must consider the locations of OARs and heart
sub-structures in relation to the target volume when meeting the
strict dose constraints of SABR. Due to the dose constraints of
some of the critical organs, the PTV coverage might be sacrificed.
Non-coplanar beam arrangement may be considered at the ex-
pense of treatment efficiency. The resultant treatment plan was
assessed by robust evaluation with variations in respiratory motion
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and positional uncertainty, which assist image-guiding strategies
during the actual treatment. In the image guiding step, 4D and in-
tra-fractional CBCT were actively adopted to monitor the respira-
tory movement relative to the ITV contour.

The resultant plans met the dose constraints required for the
OARs, excluding the cardiac adjacent structures, for which the re-
sultant plan violated the dose requirements. This was somewhat
inevitable given the PTV locations. The plan was robust under respi-
ratory motion, implying that the PTV extended from the ITV consid-
ering the whole phases from the 4D CT was sufficient to conceal
the respiratory movement. Furthermore, the dose of radiation to
the OARs was too little to be affected by the respiratory motion.
The patient positional uncertainty, however, led to a slightly greater
influence on the dose distribution. For both cases, the dosimetry
impact from position uncertainty was enlarged in craniocaudal di-
rections, which indicated that the CBCT image matching to the
planning CT would require more care in superior and inferior direc-
tions.

This study had certain limitations. The cardiac radioablation
treatment in this study was conducted using the C-arm linear ac-
celerator, but our facility has a non-coplanar, non-isocentric treat-
ment modality (CyberKnife M6; Accuracy, Sunnyvale, CA, USA).
Previous studies [22-25] have compared the quality of plans opti-
mized for different treatment modalities, which claimed that the
CyberKnife resulted in superior plan quality at the cost of the dose
delivery time. Furthermore, aside from the ITV-based management
used in this study, different motion management approaches exist,
including fiducial tracking (available in CyberKnife) and gating-
based methods. Such motion management techniques may sub-
stantially contribute to reducing the PTV target volume while sacri-
ficing the prolonged treatment time. The points stated previously
were greatly associated with delivery efficiency. Although advanced
techniques and modalities might improve the quality of treatment
theoretically, the treatment time might be doubled. Considering
patients experiencing cardiac arrhythmias, trade-offs associated
with delivery efficiency and plan quality must be considered when
establishing the workflow. Finally, the target volume definition re-
lied heavily on the activated regions in the EAM images. The EAM
images provided by CARTO were unable to be co-registered with
the CT images since they did not support the DICOM format. Sever-
al recent studies [16,18,19] concentrated on improving the preci-
sion of the target volume definition based on the EAM images
throughout the file format transformation and open-source soft-
ware. The accuracy of the target volume definition can be en-
hanced using such methodologies.

The clinical workflow for the VT-SABR was established and ap-
plied to actual treatment. Special care was taken for the precise
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target definition, and treatment planning. With a focus on patient
safety, procedures including patient-specific plan evaluation, me-
chanical QA procedure, and intra-fractional IGRT were effectively
conducted. It was demonstrated that the resultant treatment plans
were robust even with respiratory motion and patient position un-
certainty. Also, the volumetric images reconstructed during RT
treatment were well aligned with the planning CT images.
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