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Abstract

Purpose: To evaluate different approaches for generating a cardiorespiratory 1TV for cardiac
radioablation.

Methods: Four patients with ventricular tachycardia were included in this study. For each patient,
cardiac-gated and respiration-correlated 4D-CT scans were acquired. The cardiorespiratory ITV was
defined using registrations of the cardiac and respiratory 4D-CT images. Five different approaches,
which differed in the number of incorporated cardiac phases (1, 2, 10, or 1 with a fixed 3 mm margin
(FM) expansion) and respiratory phases (2 or 10), were evaluated. For each approach, a VMAT
treatment plan was simulated. Target coverage (TC) and spill were evaluated geometrically and
dosimetrically for each approach.

Results: When employing one cardiac phase, the TC did not exceed 85%. Using the two extreme
phases of the cardiac and respiratory cycles resulted in a geometric TC < 88% for two patients, with a
dosimetric TCof 83% for one patient. An acceptable TC for all patients (geometric TC>89%,
dosimetric TC>92%) was only achieved when combining 10 respiratory phases with either 2 or 10
cardiac phases or a single cardiac phase with FM. The use of a single cardiac phase with FM
combined with 10 respiratory phases lead to a mean geometric and dosimetric spill of 43% and 35%,

respectively.
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Conclusion: For cardiac radioablation, the use of two extreme cardiac phases combined with 10
respiratory phases is a robust approach to generate a cardiorespiratory ITV. The use of a single cardiac

phase with or without fixed margin expansion is not recommended based on this study.
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1. Introduction

Cardiac radioablation (CR) has recently emerged as a therapeutic option to treat cardiac arrhythmias in
patients with recurrent ventricular tachycardia (VT) after being treated using the standard workflow,
including antiarrhythmic drugs and/or catheter radiofrequency ablation [1]. CR involves the delivery
of a single 25 Gy dose to the cardiac substrate identified as the source of abnormal electrical
propagation. Both C-arm linear accelerators (linacs) (Elekta and Varian platforms) and the CyberKnife
robotic system (Accuray), which are typically implemented for stereotactic body radiotherapy
(SBRT), have been considered for CR of VT [2,3].

One of the main technical challenges when implementing CR is the management of target motion
induced by both heart beats and respiration. It has been shown in the literature that both cardiac and
respiratory motions impact target position. Prusator et al. [4] reported mean amplitudes of cardiac
target displacements caused by heart contraction of 3.4 mm left/right, 4.3 mm anterior/posterior, and
4.1 mm superior/inferior. Mean target displacements induced by respiration have been reported as 3.9
mm left/right, 4.1 mm anterior/posterior, and 4.7 mm superior/inferior. Additionally, these motions are
highly patient-specific, depending on the location of the target in the heart and the respiration
amplitude [4,5]. The main target motion management technique used in CR, especially when using a
C-arm linear accelerator, is the generation of a cardiorespiratory internal target volume (ITV) based on
cardiac-gated and/or respiration-gated four-dimensional computed-tomography (4D-CT) scans [3]. A
cardiorespiratory ITV is defined as encompassing all positions of the target during heartbeats and
respiration. However, there is no consensus on the optimal approach for its generation, with the
methods considered in the literature generally only weakly described. Therefore, a clinically feasible
approach for defining the cardiorespiratory ITV must be defined and validated. It should answer

several questions that remain open. For example, should cardiac motion be specifically integrated into
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the definition of cardiorespiratory ITV? What is the efficiency of a fixed-margin-based approach
versus a personalized strategy? How can cardiac and respiratory 4D-CT scans be utilized and
combined? This study sought to answer these questions. Hence, we evaluated different methods of
defining the cardiorespiratory ITV based on cardiac-gated and respiration-gated 4D-CT scans, from
the use of fixed margins to the utilization of the full dynamic sequences. To identify the most
appropriate method, the proposed approaches were evaluated and compared using both geometric and

dosimetric criteria.

2. Materials and methods

2.1.4D imaging description

CT images were acquired from four patients who were candidates to receive cardiac SBRT for VT.
For each patient, two CT sequences were acquired: a cardiac-gated 4D-CT scan [6] and a respiratory-
gated 4D-CT scan. Depending on the patient, other imaging modalities were used to delineate the
clinical target volume (CTV) (TEP and/or electro-anatomical mapping).

Cardiac CT scan acquisition was performed with breath holding at submaximal inspiration, after
thorough training, on a Somaton Force 384 slice CT scanner (Siemens, Munich, Germany). The
reconstruction field of view was adjusted to include the entire heart, and intravenous contrast was
administered to visualize the cardiac cavities. To demonstrate the entire cardiac cycle, 10 CT images
sets were retrospectively reconstructed based on the electrocardiogram (ECG) with a slice thickness of
0.5 mm. Additionally, an average cardiac CT dataset was reconstructed from the 10 phases of the
cardiac 4D-CT scan.

The respiratory-gated 4D-CT images were acquired under free breathing on a Confidence 24-slice CT
scanner (Siemens, Munich, Germany). A sentinel surface-guided system (C-RAD, Stockholm,
Sweden) was used to record respiratory signals during image acquisition and binning. A total of 10
respiratory phase-sorted CT datasets were retrospectively reconstructed with a slice thickness of 2
mm. Additionally, an average respiratory CT dataset was reconstructed from the 10 phases of the

respiratory 4D-CT scan.



Cardiac 4D-CT datasets, respiratory 4D-CT datasets, and other useful imaging datasets, if available,
were all imported into a MIM platform v7.0 (MIM Software Inc, Cleveland OH, USA), which was

used for target volume definition.

2.2. Cardiorespiratory ITV creation

For each patient, five different methods were employed to generate the cardiorespiratory ITV. Figure 1
illustrates the concept of the methods. All were decomposed in two steps: first, the cardiac motions
were integrated to define a cardiac ITV using the cardiac 4D-CT information, and then the respiratory
motions were incorporated through respiratory 4D-CT images to generate the final cardiorespiratory
ITV. The five evaluated methods differed in the number of phases incorporated from the 4D-CT scans
to characterize cardiac and respiratory motions as defined below:
- Card 10ph/resp_10ph: 1t utilizes all the available images, i.e., combined all 10 cardiac phases
with all 10 respiratory phases to generate the cardiorespiratory ITV.
- Card 2ph/resp 10ph: 1t generates cardiorespiratory ITV using the two extreme phases of the
cardiac cycle combined with all 10 respiratory phases.
- Card _Iph/resp 10ph: 1t simulates a commonly used approach that consists of evaluating the
combined cardiorespiratory target motions using only the respiratory 4D-CT scan [1,7-10].
The assumption behind this approach is to consider that respiratory-phase-binned 4D-CT
images are blurred by cardiac contraction and thus implicitly integrate cardiac motion
information.
- Card FM/resp 10ph: It simulates the use of fixed margins to compensate cardiac motions. An
isotropic 3 mm margin has been used since it was reported in a study where patients were
treated using a Cyberknife [11]. In our study, the resulting volume was propagated over the 10
respiratory phases for the integration of respiratory motions.
- Card 2ph/resp 2ph: It integrates cardiorespiratory motions using only the two extreme

phases of both the cardiac and respiratory cycles.



The practical flowchart for generating cardiorespiratory ITV with the card 10ph/resp 10ph method is

described in detail in Figure 2. The creation of the cardiorespiratory ITV was divided into three main

steps:

First, the arrhythmogenic substrate (defined as the CTV in this study for consistency with
conventional radiation oncology terminology) was delineated by a cardiologist on the end-of-
diastole CT dataset. Delineation of the end-of-diastole CTV was performed manually after
aligning image planes with the three main axes of the heart [12].

Next, the end-of-diastole CTV was propagated from the end-of-diastole phase to the nine
other cardiac phases through diffeomorphic demons deformable image registration (DIR) [13].
A cardiac ITV was generated by merging the CTV from different numbers of phases, based on
the method being considered. For the card 10ph/resp 10phmethod, the cardiac ITV was
created by the union of all 10 cardiac phase-related CTVs. For the card 2ph/resp 10ph and
card 2ph_/resp_2ph methods, the cardiac ITV was defined as the union of the end-diastole
CTV and the end-of-systole propagated CTV. For these three approaches, the resulting cardiac
ITV was transferred to the average cardiac 4D-CT dataset. For the card Iph/resp 10ph, no
cardiac ITV was used, and only the end-of-diastole CTV was considered from the cardiac 4D-
CT information. With the card FM/resp_10ph method, a non-patient-specific cardiac ITV
was defined as the end-of-diastole CTV, plus a fixed 3 mm isotropic margin expansion.
Finally, the cardiorespiratory ITV with combined cardiac and respiratory target motions was
generated by incorporating the respiratory 4D-CT scans. For this purpose, the cardiac ITV (or
the end-of-diastole CTV for the card Iph/resp_10ph method) was propagated on the 10
respiratory phases using a registration of the average cardiac 4D-CT image (or the end-of-
diastole phase CT for the card Iph/resp_10ph and card FM/resp_10ph methods) to each of
the 10 phases of the respiratory 4D-CT scan. The registration process was performed as
follows. Initially, automatic rigid registration based on intensity values was performed on the
full volume of both images to roughly align the structures. Then, a second automatic rigid
registration was performed on a volume of interest encompassing the whole heart only, to

adjust the heart-to-heart registration while ignoring other high-intensity structures. Each



registration result was visually inspected and validated by a radiation oncologist and a
cardiologist. Using the resulting transformation matrices, cardiac ITV (or end-of-diastole CTV
for the card Iph/resp 10ph method) were propagated to all 10 phases of the respiratory 4D-
CT scan and finally merged to generate the cardiorespiratory ITV.
The resulting cardiorespiratory ITVs from the five methods were finally associated with the average
respiratory 4D-CT dataset, which is the commonly used 4D-CT dataset for treatment planning and

dose calculation when implementing an ITV-based strategy [14,15].

2.3. Geometric evaluation

For evaluation purposes, the cardiorespiratory ITV from the card 10ph/resp 10ph method was
considered as the reference as it incorporates all available information from the cardiac and respiratory
4D-CT scans. For each method, the geometric target coverage (Cg) and geometric spill (Sg) were
quantified. The concepts of coverage and spill are illustrated in Figure 3. Here, C, refers to the
proportion of the evaluated cardiorespiratory ITV overlapping the reference cardiorespiratory ITV
(i.e., generated with the card _10ph/resp 10ph method), and S, refers to the proportion of the

evaluated ITV that did not overlap with the reference cardiorespiratory ITV.

2.4. Dosimetric evaluation

For each patient and each method, a planning target volume (PTV) was generated using an isotropic 3
mm margin around the cardiorespiratory ITV. The 3 mm expansion was chosen based on the previous
work of our group, which demonstrated that a 3 mm margin ensured correct target coverage for lung
targets when using an ITV-based strategy in a Carm linac with advanced 4D-CBCT-based image
guidance [16]. A volumetric modulated arc therapy (VMAT) treatment plan was simulated using a
v9.10 treatment planning system (Philips Radiation Oncology Systems, Milpitas, USA) with a
VersaHD linac (Elekta, Crawley, UK). The treatment plans were created using two coplanar arcs of

358° with a 6 MV flattening filter free (FFF) photon beam. A dose of 25 Gy was prescribed to the



PTV in a single fraction. For each treatment plan, the goal was to cover at least 95% of the PTV with
at least 95% of the prescription dose (PTV D95% > 23.75 Gy) while respecting target and organ-at-
risk dose constraints from the RAVENTA trial [17]. Treatment plans were optimized to place hotspots
within the [TV (with a maximum allowed dose of 35 Gy). Tuning structures (3, 15, and 40 mm rings)
were used to increase the dose fall-off. Over all the patients and PTV approaches, treatment plans have
been optimized to achieve a PTV coverage equal or higher than 95% (Vprv, 23.75 6y > 95%). To avoid
any biases, a PTV coverage normalization was performed, for each patient, over the different PTV
approaches. In practice, all patient-specific treatment plans were normalized after the optimization
process in order to achieve the same PTV coverage with a coverage variation within +/- 0.5% over all
approaches.

Each method was evaluated dosimetrically by calculating the dosimetric coverage (Cq) and dosimetric
spill (Sq¢) indices following the definitions described in Figure 4. Here, Cq refers to the proportion of
the prescription isodose volume overlapping the reference PTV, and S refers to the proportion of the
prescription isodose volume that did not overlap with the reference PTV. The prescription isodose
volume was considered 95% of the prescribed dose (i-e. 23.75 Gy). The isodose value covering 95%
of the reference PTV (D95%) and the median dose (D50%) to the heart volume minus the reference

PTV were also reported for each method.

3. Results

The data of the four patients enrolled for CR for VT in our institution were processed using different

approaches.

3.1. Geometric impact of cardiorespiratory motions on the target volume

Figure 5 illustrates the CTV, cardiac ITV, and cardiorespiratory ITV obtained using the
card_10ph/resp 10ph method. The CTV differed among patients, both in terms of localization (septal,
infero-basal, infero-lateral, and inferior, respectively, for patients 1—4) and volume (CTV ranging from

15 cc to 78 cc).



Compared to the CTV, when incorporating all cardiac CT images, the cardiac ITV increased by a
proportion of 39% to 75%. When incorporating respiratory motion using all respiratory CT images,
the ITV was increased between 27% and 100%. In total, the generation of the cardiorespiratory ITV
using all cardiac and respiratory 4D-CT images increased the target volume by between 76% (patient

1) and 249% (patient 4).

3.2. Geometric evaluation

Figure 6 presents the values of C, and S, obtained for the cardiorespiratory ITVs of the evaluated
methods, with respect to the reference ITV (i.e., the ITV obtained by the card 10ph/resp "10ph
method). The values obtained by this method are considered, by definition, as being optimal (C, =
100%, Sy = 0%). The highest C obtained by another approach was the card FM/resp 10ph method.
However, this method resulted in large S, values, ranging from 34% (patient 3) to 52 % (Patient 1).
The card 2ph/resp 10ph method produced a C, larger than §9% for all patients. The C, obtained by
the card Iph/resp 10ph method ranged from 67% and 85%, and the values obtained by the
card_2ph/resp_2ph method were between 72% and 88%. These methods produced a S, value equal to

0%, except for card _Iph/resp 10ph of patient 2, with 4%.

3.3. Dosimetric evaluation

Figure 7 reports the volumes of the PTV generated using the five evaluated methods. As the
card_10ph/resp 10ph method can be considered as the most robust approach for defining the
cardiorespiratory [TV, the resulting PTV was considered as the reference PTV. Table 1 reports the
variation of PTV volumes as a function of the cardiorespiratory ITV approach implemented. By
comparison, the method using fixed margins for cardiac motion management (i.e.,

card_FM/resp 10ph method) systematically overestimated the PTV by 20% (patient 3) to 37 %
(patient 1). Conversely, the exclusion of cardiac motion using the card 1ph/resp 10ph method
produced the largest underestimation of PTV, with a mean underestimation of 18%. Meanwhile, the
card_2ph/resp_10ph and card_2h/resp 2ph methods produced mean underestimations of 7% and

15%, respectively.



The PTV coverage (Verv, 2375 gy) over all evaluated approaches ranged from 96.8% to 97.2%, from
95.4% to 95.6%, from 95.0% to 95.5% and from 96.0% to 96.2% for patients 1, 2, 3 and 4,
respectively. The dose distribution optimized on the PTV created with the card 10ph/resp _10ph

method is illustrated in Figure 8 for the four patients.

Figure 9 shows the Cq and Sq values obtained by the five methods with respect to the reference PTV.
Further, the D95% of the target and D50% of the heart minus the PTV were reported.

The highest Cq (Fig. 9a) was obtained using the card FM/resp 10ph method, with a mean Cq of 99%.
In decreasing order of performance, the methods card _10ph/resp 10ph, card 2ph/resp. 10ph,

card 2ph/resp 2ph, and card_Iph/resp_10ph produced mean Cq4 values of 96%, 93%, 91%, and 89%,
respectively. This was confirmed using the D95% of the reference PTV, with the highest values for the
card_FM/resp 10ph method producing a mean value of 26.3 Gy (higher than the prescribed dose of
25 Gy). The lowest values were obtained by using the card Iph/resp 10ph method with 21.5 Gy for
patient 4 (86% of the prescribed dose).

For dosimetric spill, the worst results (i.e., the highest Sq values) were obtained by the
card_FM/resp 10ph method, with a mean value of 35%, and a maximum of 41%. In contrast, the
lowest Sq was obtained by the card 2ph/resp 2ph and card _1ph/Resp 10ph methods, with mean Sy
values of 12%, followed by the card 2ph/resp 10ph and card 10ph/resp 10ph methods, with mean
Sqvalues of 15% and 19%, respectively. The D50% delivered to the heart minus PTV were all below

the recommended 5 Gy value, except for the card FM/resp 10ph method for patients 1 and 2.

4. Discussion

Due to the high delivered dose (25 Gy in a single fraction), CR of VT requires optimal definition of
the PTV to obtain the expected therapeutic ratio, which involves the accurate incorporation of both
cardiac-induced and respiratory-induced target motion. However, there is no consensus on the ideal
management of these motions. In this study, we compared the geometric and dosimetric impacts of
different methods used to generate a cardiorespiratory ITV by utilizing cardiac and respiratory 4D-CT

scans. The variability among all considered indicators for these patients must be noted. Target



volumes and localizations and the impact of cardiac and respiratory motions, such as coverage of
target and organs at risk, varied significantly. To date, CTVs ranging from 3.5 to 89.0 mL have been
reported [3]. The volumes obtained in our study were included in this range (between 15 and 78 mL).
For patient 2, a larger CTV volume was observed compared to other patients since the CTV was
delineated using only CT and PET imaging because of a contraindication to electro-anatomical
exploration.

When using conventional C-arm linacs, different approaches have been reported to incorporate the
cardiorespiratory motion uncertainties into the PTV [1,9,10,18]. Most approaches rely on a passive
motion-encompassing technique using an ITV-based strategy. Some teams assessed combined
cardiorespiratory motions on the sole respiration-correlated 4D-CT scan [1,7-10], while others
employed ECG-gated cardiac 4D-CT scans to isolate cardiac motion [ 18—20]. When using a
CyberKnife system, an active respiratory compensation technique was systematically implemented
[21]; thus, only cardiac ITV was considered [19,20,22,23]. Gianni et al. [11] used fixed margins to
account for cardiac motion. Other teams did not explicitly take into account the cardiac target motion
when defining the planning target volume [24,25].

By considering all phases of both CT scans, we first demonstrated that both cardiac and respiratory
motions have an impact on the target volume. Cardiac motion alone produced an increase in target
volume up to 75%, while respiratory motion alone could double the target volume. When combining
both motions, the increase in the target volume reached up to 249%. When implementing an [TV-
based strategy, the integration of cardiorespiratory motion into the PTV during treatment planning is
thus considered essential to ensure optimal treatment delivery.

In this study, we propose a workflow (card 10ph/resp 10ph) to generate a patient-specific
cardiorespiratory ITV using all phases of both cardiac and respiratory CT scans. The workflow is
based on the definition of a cardiac ITV from all phases of the cardiac 4D-CT scan using deformable
image registration, and its propagation to all phases of the respiratory 4D-CT scan. However, its
implementation is complex. In the absence of validated deformable registration tools enabling the

propagation of the CTV from one phase of the cardiac CT scan to the others, the delineation of each



phase may be required, which is time consuming and prone to variability. Thus, simplified approaches
based on a subset of images would be clinically useful.

To define the cardiorespiratory ITV, methods based on the incorporation of a unique cardiac phase,
with or without margins (card_FM/resp _10ph and card Iph/resp 10ph), were not able to generate
adequate target volumes for all patients. For example, the card Iph/resp 10ph method resulted in
geometric coverage C, and dosimetric coverage Cq values for patient 1 of only 75% and 84%,
respectively, which cannot be considered acceptable. The addition of a fixed 3 mm margin to the CTV
improved target coverage for all patients, although it also increased the size of the PTV, and
consequently the prescription isodose volume that spilled outside the target volume. Thus, the
surrounding organs were unnecessarily exposed to risk. Other margin values may be considered,
however, since the dynamics are highly patient specific, no unique value would be optimal for all the
patients. The high spill phenomenon observed while using fixed margins is amplified when the shape
of the target is close to a “C”, which happens frequently considering the conical shape of the left
ventricle (e.g. for patient 2). In this study, we evaluated the utilization of the two extreme phases of
both CT scans, that is, end-of-diastole and end-of-systole for the cardiac CT scan, and end-of-
inspiration and end-of-expiration for the respiratory CT scan. The method based on the two extreme
phases for both CT scans (card. 2ph/resp. 2ph) did not produce adequate geometric and dosimetric
target coverage for all patients (e.g., patient 1 produced a geometric coverage C, of 74% and a
dosimetric coverage of 83%). In contrast, utilizing the two extreme cardiac phases and all respiratory
phases (card 2ph/resp. 10ph) correctly characterized the cardiorespiratory motion, with a geometric
coverage C, ranging from 89% to 94%, leading to a clinically acceptable dosimetric target coverage,
Cq, for all patients (ranging from 92% to 95%). All these approaches except the card FM/resp 10ph
method were, by definition, smaller than the reference approach (card 10ph/resp 10ph), thus
resulting in geometric spill values equal or close to 0. The non-zero geometrical spill values
corresponded to a registration between cardiac and respiratory CTs based on another image than the
reference approach. Indeed, if the methods based on a dynamic cardiac CT exploited the average CT
image, the method card Iph/resp 10ph exploited the registration of the end-of-diastole phase, thus

potentially leading to a difference in terms of resulting geometrical transform. Concerning the



dosimetric indices, the ranking of the different methods was confirmed by the D95% index, yet it was
important to note that no method presented here resulted in a D95% that was below 20Gy. The median
dose to heart confirms the spill induced by card FM/resp 10ph. It should also be noted that, in the
context of CR for VT, the balance between efficacy (represented by the coverage in this study) and
safety (represented by the spill) is an open question, especially because CR is still considered a last
resort treatment for patients for whom standard treatments have failed.

This study demonstrates that using a single static cardiac CT scan combined with a respiration-
correlated 4D-CT scan is not a sufficiently robust approach to define the cardiorespiratory ITV. The
method card 2ph/resp_10ph may be considered an acceptable compromise in terms of accuracy and
clinical feasibility for incorporating cardiorespiratory motions into the target volume. It may be
reasonable to manually delineate the target on the two cardiac phases corresponding to the end-of-
diastole and end-of-systole. Moreover, the incorporation of all respiratory phases can be considered
clinical routine as it is implemented in the context of lung SBRT [14,15].

The main limitation of this study is the small patient cohort, which is due to the treatment of VT by
SBRT still being an emerging technique that is only applied to a quite limited number of patients
fitting specific criteria. Some uncertainties wete not considered in the study, especially those related to
the delineation of the target and the registration process. However, as all methods that were compared
used the same delineations and registration method, these uncertainties should not have an impact on
the conclusions drawn. Other imaging modalities to integrate cardiac motion may have been
considered, such as echography [22,26]. Other methods to incorporate cardiorespiratory motions into
the PTV may also have been considered such as probabilistic approaches as the mid-ventilation
concept [27,28]. The evaluation of a probabilistic approach in the context of CR would deserve further
studies as it would require specific metrics estimating the target coverage over time. The impact on
target delineation of the breath holding method when acquiring the cardiac CT scan may also be
studied, since the shape of the left ventricle may be influenced by the respiration phase [29]. In
addition, the development of a dynamic anthropomorphic phantom would be a useful tool to simulate
and evaluate the different approaches used for the management of cardiorespiratory motion in CR

[30]. Finally, all treatment plans were generated by considering treatment on a C-arm linac; we did not



consider the use of CyberKnife robotic systems, which is a promising modality for the treatment of
tachycardia [19]. MRI-linac is another quite promising modality, owing to its ability to visualize the
heart in detail during the entire treatment [25]. Methods to derive the PTV from the CTV must be
designed specifically to take advantage of the target localization abilities of these treatment devices
[31].

This study demonstrates that the method implemented to integrate cardiac and respiratory motions into
the target volume has an important impact on the geometry of the PTV and on the dose received by the
target and surrounding organs at risk. Considering that the approaches used in the literature are
heterogeneous, defining standardized approaches should be considered as a priority to safely deliver

cardiac SBRT.

5. Conclusion
Cardiac and respiratory motions induce a large increase in target volume in CR when no active motion
compensation technique is implemented. These patient-specific cardiorespiratory motions should be
assessed for each patient by combining information from cardiac-gated and respiratory-gated 4D-CT
scans to optimize the PTV. If the incorporation of the entire 4D-CT datasets may be challenging in
clinical practice, we have shown that using only two extreme cardiac phases combined with the 10
respiratory phases is a good compromise between efficiency and clinical feasibility for the generation
of a cardiorespiratory ITV. The use of only a single cardiac phase with or without a fixed margin is not
be recommended for optimal delivery of CR. Further studies with larger patient cohorts are warranted

to support this conclusion.
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Fig 2. Reference workflow. Workflow used to generate the cardiorespiratory ITV using the card_10ph/resp_10ph method
(i.e., the method utilizing all 10 cardiac and respiration phases). All other methods employed the same framework,
differing in the number of CT images incorporated.
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cardiorespiratory ITV volumes for the four patients generated with the exhaustive approach
(card_10ph/resp_10ph method). For each patient, the upper image represents the different volumes
overlaid on one respiratory CT image in a sagittal plane (not to scale).
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Fig 7. PTVs from the different cardiorespiratory ITV approaches.

Fig 8. Planning dose distribution for the four patients.
Planning average respiratory-correlated 4D-CT with overlaid
PTV obtained using the card_10ph/resp_10ph method (blue
line) and dose distributions in axial (A), sagittal (B), and
coronal (C) planes for the four patients. Treatment plans
were simulated using the VMAT coplanar dual arc
technique.
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Fig 9. Dosimetric evaluation of the methods used to generate the cardiorespiratory ITVs. Each resulting 23.75 Gy isodose
(95% of the prescribed dose) is compared to the PTV generated with the method utilizing all 4D-CT images
(card_10ph/resp_10ph method). The comparison criteria are dosimetric target coverage C, (a), dose received by 95% of the
reference PTV (b), dosimetric spill S, (c), and median dose (D50%) received by the heart minus the PTV (d).

Table 1. Variation of PTV volumes as a function of the cardiorespiratory ITV approach implemented

PM,,,_,M_ 10ph cord_2ph/resp_10ph card_lIph/resp_10ph PTVCWJ_ FM/resp_10ph card_2ph/resp_2ph

Absolute PTV volume

Mean (min, max) [cc] 120 (47, 250) 113 (43, 239) 103 (38, 233) 157 (65, 337) 100 (37, 202)

Relative PTV volume difference
with reference to PTV org_sopiress_toph - -7% (-4%, -9%) -18% (-7%, -25%) +28% (+20%, +37%) -15% (-9%, -20%)
Mean (min, max) [%]






