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Background and Purpose: Few studies on radiotherapy of cardiac targets exist, and none using a gating method
according to cardiac movement. This study aimed to evaluate the dose-volume advantage of using cardiac-
respiratory double gating (CRDG) in terms of target location with additional ECG signals in comparison to
respiratory single gating (RSG) for proton radiotherapy of targets in the heart.

Materials and Methods: Cardiac motion was modeled using a cardiac-gated four-dimensional computed tomog-
raphy scan obtained at the end-expiration. Plans with the prescription dose of 50 Gy (RSG and CRDG plans at
diastole and systole phases) were compared in terms of clinically relevant dose-volume criteria for various target
sizes and seven cardiac subsites. Potential dose sparing by utilizing CRDG over RSG was quantified in terms of
surrounding organ at risk (OAR) doses while the dose coverage to the targets was fully ensured.

Results: The average mean dose reductions were 28 + 10% when gated at diastole and 21 + 12% at systole in
heart and 30 + 17% at diastole and 8 + 9% at systole in left ventricle compared to respiratory single gating. The
diastole phase was optimal for gated treatments for all target locations except right ventricle and interventricular
septum. The right ventricle target was best treated at the systole phase. However, an optimal gating phase for the
interventricular septum target could not be determined.

Conclusions: We have studied the dose-volume benefits of CRDG for each cardiac subsite, and demonstrated that

CRDG may spare organs at risk better than RSG.

1. Introduction

Primary cardiac soft tissue sarcoma is an extremely rare and
aggressive malignancy with a prevalence estimated at only less than
0.03%, with a median survival of less than one year [1-5]. The majority
of these malignancies originate from atria but they can also be found in
other cardiac subsites including the interventricular septum or heart
valves. The primary treatment has been open surgical resection; the role
of chemo- and radiation therapy is not yet well-understood because of
the limited number of cases treated with those modalities [5]. A recent
multi-institutional retrospective study from the French Sarcoma Group
showed that radiation therapy was associated with improved
progression-free survival, using photon techniques [6,7]. For proton and
heavy-ion therapies, even fewer cases have been reported on [8,9].

Radiation treatment of a cardiac target is challenging, complicated
not only by the respiratory motion but also by the cardiac contractile
motion and the interplay between these two motions. The cycle of the
cardiac motion is shorter, less than a second compared to several sec-
onds for a respiratory cycle. These make tracking a cardiac target and
mitigating its motion challenging for delivery of radiotherapy. In the
case of treatment sites affected only by respiration-induced organ mo-
tion, various techniques successfully mitigate the motion with various
strategies such as respiratory gating, or a use of expanded target volume
called internal target volume (ITV) [10]. Recent studies for cardiac irra-
diation have been mainly focused on catheter-free ablation for cardiac
arrhythmia such as atrial fibrillation and ventricular tachycardia
[11-17], although cardiac irradiation of primary cardiac sarcoma has
been around for many years [5-8]. The catheter-free approach has
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attracted attention and also evoked concerns related to the efficacy and
safety of cardiac irradiation [11]. However, research on the dose-
volume impact of cardiac motion has been limited [16,18], or only in
animals [15,17].

In radiation therapy settings, the target motion for cardiac sarcoma
patients is accounted for with an ITV, while the treatment is delivered
with respiratory gating [19,20] or without respiratory gating [6,7,9,11].
While this ensures that the entire motion of the target is included, if a
treatment beam could be delivered at a particular cardiac phase with
additional cardiac gating, the treatment volume can potentially be
further reduced, leading to further sparing of surrounding organs at risk
(OAR) and normal tissues.

The aim of this study was to evaluate the potential dose-volume
advantages of using cardiac gating with ECG as well as respiratory
gating — a technique here referred as cardiac-respiratory double gating
(CRDG). We compared the dose-volume benefits of CRDG over Respi-
ratory Single Gating (RSG) to further reduce OAR doses.

2. Materials and methods

In this article, RSG refers to respiratory single gating using the
average intensity projection of cardiac 4D CT, while CRDG refers to the
ECG-gated technique; both techniques employ exhale respiratory gating.

2.1. Images and target delineation

Multiple targets were defined and studied based on a single patient
subject in order to evaluate the dose-volume effects of target locations
exclusive of patient-specific anatomical variations. The patient was fe-
male and diagnosed with malignant neoplasm of heart at the age of 41,
and the cancer was located in mediastinum. For the study subject, a
time-resolved cardiac four-dimensional (4D) computed tomography
(CT) was obtained on Siemens Somatom Force CT scanner (Siemens
Healthcare GmbH, Erlangen, Germany) with contrast. The cardiac CT
acquisition was made at the end of exhale. The CT slices were sorted
retrospectively using a cardiac gating signal (i.e., ECG) into 10 motion
phases of a RR interval for a cardiac cycle (Supplementary Material
Fig. 1). Diastole was at 0% of RR interval of cardiac cycle and Systole
was at 40% for this scan, where the RR interval is the time between
successive heartbeats. All images were reconstructed at 1 mm slice
thickness with 255 slices. The image resolution was 512 x 512, and the
voxel size was (1.0 x 1.0) mm?. Cardiac substructures such as Left
Atrium, Left Ventricle, Left Ventricular Free Wall, Right Atrium, Right
Atrial Free Wall, Right Ventricle, right coronary artery (RCA), left
anterior descending artery (LAD) and mitral valve and surrounding
OARs were contoured. The study was institutional review board
approved. For this non-interventional planning study, ethics approval
was not needed. Seven mock targets located at various cardiac sub-
structures were also contoured using MiM (MiM Software Inc., Cleve-
land, OH) by an expert radiation oncologist.

2.2. Treatment planning

Treatment planning was performed in the proton XiO planning sys-
tem (Elekta, Stockholm, Sweden) with an in-house developed pencil
beam algorithm for the dose calculation [21]. For both planning and
dose calculation, the HU values of contrast enhanced areas in CTs were
overwritten with a generic density (HU = 50). For each target location,
two CRDG plans were generated, one for a double-gated treatment at the
diastole phase of the cardiac cycle and the other at the systole phase.
RSG targets included a cardiac ITV combined from all 10 cardiac phases
and were planned on the average intensity projection of cardiac 4DCT.
Once RSG plans were made from the average intensity projection CT, the
beams were then applied to each of the 10 cardiac phase CTs, resulting
in 10 dose distributions which were then accumulated onto a reference
phase CT using the deformable registration workflow in MiM to simulate
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the actual 4D dose distribution. Dose-Volume Histograms (DVHs) were
calculated in MiM.

2.3. Dose comparison

The PTV volumes were prescribed to a nominal prescription dose of
50 Gy and PTV coverage of Vg5 > 95% prescribed dose was required for
all treatment plans. The plan quality comparison was therefore in iso-
benefit, meaning that all plans provide a reasonable target coverage and
the plan quality differences were assessed only in terms of dose sparing
to OARs and normal tissues. All plans were generated for double scat-
tered proton beam deliveries with the following planning parameters: an
aperture margin of 1 cm, a range compensator smearing of 0.5 cm, and a
range margin of 3.5% accounting for range uncertainty.

OAR dose sparing was analyzed with the dose limits of OARs listed in
Supplementary Material Table 1 [22-24]. The normal heart is defined as
the whole heart excluding the target volume. The percent reduction was
calculated as a ratio of the mean dose (MD) differences between RSG
plans and each CRDG plan to the mean OAR dose at RSG plans

MD(RSG)—MD(CRDG)
MD(RSG) .

Dose coverages of targets were quantified with three dose-volume
criteria, i.e., dose homogeneity (Ds-Dgs) which is the dose difference
covering 5% and 95% of the target volume, dose coverage Vgs, and Vg7
(volume receiving > 107% prescribed dose) assessing the overdose.

Due to the absence of exit dose with protons, OAR doses are largely
dependent on the orientation of incoming proton beams. The proximity
of surrounding OARs normally constrains the proton beam arrangement;
however, there is generally a trade-off between target coverage and OAR
sparing. To evaluate this trade-off relationship, a total of 29 plans with
26 beam angles were first generated at a diastole phase, where each
incoming beam angle decides an aperture and a range compensator. We
also analyzed the relationship between the dose homogeneity (Ds—Dgs)
and the beam range (where the range is defined and determined by the
water-equivalent thickness to the distal-end of the target).

2.4. Target motion analysis

The residual motions were calculated for 20, 30 and 40% duty cycles
for each gating phase. The displacements were the distances between the
center of PTVs. The volume changes were quantified in terms of absolute
(mL) and relative volume (%).

3. Results

For a total of seven plans with three modes, PTV volumes varied from
2.5 cm® t0 201.8 cm® (median, 86.4 cm3). The median volume reduction
from the RSG targets to the CRDG targets in diastole and systole was
21.7 em® and 23.3 em?, respectively (Supplementary Material Table 2).
PTVgs (%) was 99.6 + 0.9, Vi¢7 (%) was 0.0 + 0.1 and Ds-Dgs (Gy) was
1.8 + 0.7, presented in Supplementary Material Table 3. The RSG plans
irradiated larger cardiac volumes compared to CRDG plans due to the
need to cover an ITV including all motions in a cardiac cycle (Fig. 1).

All OAR metrics met the planning constraints explicitly (Fig. 2).
Median mean doses for the esophagus and lungs were 0.15 Gy and 3.5
Gy, respectively. The median mean doses to cardiac structures (heart,
left ventricle, RCA, and LAD) were 12.4 Gy, 11.5 Gy, 7.8 Gy, and 3.7 Gy
for all plan configurations, respectively.

The considered beam angles for each target are listed in Supple-
mentary Material Table 4. The strong dependence of target coverage and
OAR dose on beam angle is illustrated in Fig. 3A using an example target
located at LVFW while adequate coverage was ensured. All field ar-
rangements provided adequate target coverage (Vgs) and clinically
acceptable hotspots (V1o7) among the target dose metrics (Fig. 3B). For a
choice of beam angle, the homogeneity varied between 1.9 Gy and 5.2
Gy and the hotspots ranged from 0 to 3%. Fig. 3C presents trade-offs in
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Fig. 1. Dose distribution (transverse view) comparing RSG (left) and CRDG plans (diastole (middle) and systole (right)) for two targets (Left ventricular free wall
(LVFW, top) and Right atrium free wall (RAFW, bottom)). The contoured targets are presented as a solid light blue line. Isodose levels are shown on the right. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Dose metric summary (Mean Dose (A) and

(A)

30+ [
N
oae I
080 HUL

Volume (B)) of RSG (red) and CRDG plans (black:
CRDG phase to diastole, blue: to systole). The purple
lines represent the dose constraints used in planning
(also shown in Supplementary Material Table 2). The
box contains medians and 25th and 75th percentiles.
Whiskers are for maximum and minimum and outliers
are presented as a marker (+). (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Mean Lung Dose [Gy] V20 Lung [%]

50

40 ¢ T .

Mean Esophagus [Gy]

30

—RSG
i —— CRDG to diastole
—CRDG to systole

20t

10/

L

L

Mean Heart Dose [Gy] V30 Heart [%]

OAR mean doses with respect to the field geometry. For 29 plans, there
was a strong correlation between the dose homogeneity (Ds-Dgs) and
the beam range (p less than 0.003, Supplementary Material Fig. 3).

Regardless of which CRDG gating phase was used, there is a reduc-
tion in OAR mean doses for CRDG plans in general. Fig. 4 illustrates
mean dose sparing of cardiac subsites between RSG and two CRDG plans
for each cardiac target. The extent of OAR dose sparing varies with the
location of the treatment target.

In the case where CRDG is most beneficial, exemplary DVHs are
shown in Fig. 5A. In the case where CRDG is least beneficial, exemplary
DVHs are shown in Fig. 5B. The mean + SD dose reductions (%) were 28
+ 10 (heart at diastole), 21 + 12 (heart at systole), 30 & 17 (left ventricle
at diastole) and 8 + 9% (left ventricle at systole), presented in Table 1.

The residual motions (mm) when gated at diastole were 0.8 + 0.5

80

with 20% duty cycle, 2.1 + 1.0 (30%) and 2.7 + 1.6 (40%), while when
gated at systole were 1.9 + 1.2 (20%), 2.0 &+ 1.1 (30%) and 4.1 + 2.6
(40%), respectively. The volume changes (%) when gated at diastole
were —0.44 + 2.9 (20%), 1.2 + 7.2 (30%), and 1.2 + 11.4 (40%), while
when gated at systole were —0.1 + 7.0 (20%), —0.9 + 7.0 (30%), and
1.2 + 15.0 (40%), respectively. The volume changes (¢cm®) when gated
at diastole were —0.5 + 1.5 (20%), —0.5 + 8.4 (30%), and —0.4 + 8.7
(40%), while when gated at systole were 0.3 + 6.9 (20%), —0.3 + 6.9
(30%), and 2.9 + 15.9 (40%), respectively. The target motion analysis is
shown in Supplementary Material Table 5.

4. Discussion

In this study we investigated the OAR dose reduction with cardiac



H. Lee et al.

Physics and Imaging in Radiation Oncology 19 (2021) 78-84

(A) w w w ‘ : (B) 6 ; ‘ ‘
1006-0-0-00-a-aemen —o0 o 1100
45 . 145
o
8ol —60 = I 60
_ --90 5,1 = 90 199
2 135 > 135 —
o 60/ —150 5 150 198 2
£ 5 ° 2
S >
S 401 = |
S 2 0 97
Q
20¢ a° 1 196
0 : : : ad 0 . . 95
45 47.5 50 52.5 55 DDy, [Gy] V, 471%] Vgsl%]
Dose [Gy]
(©) 50
40+ M M 1
= - -
S
o 30r il
7]
o
[m)
% 20+ | Il Heart
2 EERCA
= [CILAD
10+ - [JRight Ventricle
I Left Atrium
Il Right Atrium
0 L L L L Bl Whole Lung
0 45 60 90 135 150

Angle [degree]

Fig. 3. Trade-off between the beam geometries. The target (PTV) is at left ventricular free wall. (A): Target coverage in DVH. (B): dose homogeneity (Ds—Dys),
overdose (V¢7) and dose coverage (Vgs). Ds—Dgs and Vo7 use the black label on the left y axis and Vgs reads the red label on the right y axis). (C): OAR mean doses.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

gating, particularly when cardiac targets are irradiated with cardiac and
respiratory dual gating. Radiation treatment of a tumor on the heart is
challenging due to the complexity of breathing and cardiac motions
involved in targeting. The targets included ITVs throughout the whole
cardiac cycle for respiratory single gating and were drawn at a gating
phase for cardiac respiratory single gating. The dose differences in OARs
were more prominent in cardiac subsites. The reductions (mean + SD
(%)) were 28 £ 10 (heart at diastole), 21 4+ 12 (heart at systole), 30 = 17
(left ventricle at diastole) and 8 + 9% (left ventricle at systole).

The extent of cardiac OAR sparing by CRDG varied depending on
how much dose the adjacent OARs received in the RSG plan. For
example, Fig. 5A shows LAD and left ventricle received relatively high
doses in the RSG plan for the target at left ventricular free wall. The LV
mean dose was reduced by 14 Gy and heart mean dose by 6.5 Gy as
shown in Fig. 4. Another example is Fig. 5B presenting RCA received the
highest dose in the RSG plan for the target at right atrium free wall and
the mean RCA dose was reduced by 8.3 Gy (Fig. 4).

However, in the case that the dose to the adjacent OARs was a
concern, the benefit of CRDG may not be clinically meaningful. Also, the
decision of an optimal beam geometry and cardiac gating phase is ul-
timately a balance between plan quality and clinical factors such as the
patient’s comorbidity.

The reported motion analysis indicates that the residual motions can
be accounted for when multiple cardiac phases are used for gating. The
optimal cardiac duty cycle has been investigated mostly in medical
imaging including CT [25-29] and MRI [30]. The goal in these studies
was to minimize residual motion (or motion artifacts) by finding a
quiescent cardiac period to prospectively gate cardiac imaging [25], or
an acquisition window for better reconstruction [26,27]. For cardiac
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imaging typically done with breath hold, a larger gating window (or
duty cycle) will allow for a shorter breath hold period but will also
compromise image quality [29]. Since the onset and duration of the
optimum gating window highly depends on the subject’s heart rate and
inter-individual variability, the best approach is to investigate these
parameters for each subject [28,30]. A few studies have been done for
coronary arteries, suggesting that a 40% gating window [27] or recon-
struction window on the order of 300 ms [26] results in the best image
quality for diagnosis. However, in radiation therapy, longer duty cycles
will require an internal target volume (ITV) to ensure displacement of
the target centroid as well as volume change. No study to find the
optimal cardiac gating window has been conducted particularly for
radiotherapy. Our preliminary analysis is shown in Table VI, but the
optimal duty cycle would require further investigation.

For the relationship between the homogeneity and range, the larger
the range was, the worse the homogeneity, leading to less sharp distal
dose falloff. We could speculate that as protons travel a path through
more tissues, the beam energy gets more degraded due to increased ef-
fects of staggering and coulomb scattering.

Many researchers have been investigating possibilities of a non-
invasive cardiac stereotactic radiosurgery for a non-oncological target,
cardiac arrhythmia, with a radiotherapy equipped linear accelerator
[11,14,31], carbon-ions [17], CyberKnife [12], and MRI-Linac [32].
Even with the recent demonstration of the short-term feasibility and
efficacy of non-invasive cardiac stereotactic radiosurgery [14], potential
long-term side effects such as inflammation and necrosis still remain a
concern [31,32].

However, cardiac ablation treatment is different from cardiac sar-
coma treatment in terms of the dose prescriptions, fractionation, the
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target volume, dose distribution in the target and the OAR constraints.
The decision of an optimal beam geometry and cardiac gating phase is
ultimately a balance between plan qualities and clinical factors such as
the patient’s comorbidity. In practice, a choice of 2-4 fields will be used
for particle therapy to minimize the range uncertainty and increase the
conformality. Cardiac ablation targets are likely also smaller, which
requires a shorter extent of SOBP modulation. The increased proximal
dose will be smaller than the conventional or sarcoma patients. But
clearly, multiple beams provide a robust beam geometry for a motion
and will spread out the entrance or proximal doses. The OAR dose re-
ductions presented in this paper can be relevant to support cardiac ab-
lations if cardiac gating is used, even when an appropriate selection of
fields is used.

Imaging for treatment planning and motion assessment plays an
important role in cardiac irradiation. As Graeff and Bert pointed out
[33], the complex interplay between breathing and cardiac motion re-
quires improved 5D image reconstruction, yet, these two motions can
only be assessed separately until 5D image reconstruction becomes
available. For accurate 4D dose optimization and accumulation, image
registration between respiratory and cardiac 4D images might be
necessary. Although deformable image registration (DIR) methods have
been extensively evaluated for respiratory motions, DIR of the heart
motion may require special attention or validation due to the large
deformation of the heart muscles throughout the contractile motion. It is
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critical to evaluate the quality of DIR for cardiac sarcoma planning since
it could compromise the mapping of voxels in tissue contours and
introduce errors in 4-D dose accumulation. In this study, we used cardiac
4DCTs obtained at end of exhale for planning and dose accumulation,
where doses to reference CTs were accumulated deformably using MIM
[34] and the registrations were reviewed during the process.

This study has limitations. It is important to note that the number of
cases included in this study was limited. However, from a clinical
database of previously treated cardiac sarcoma patients at our institu-
tion, the average target motion (cm) throughout a cardiac cycle was 0.7
+ 0.7, while the average target motion (cm) in this study was 0.4 + 0.5,
summarized in Supplementary Material Table 6. We believe that the
study data can be a good representative of our clinical experience.

We started studying the technical implementation of RSG and CRDG
and their associated dosimetry planning for pencil beam scanning (PBS)
beam deliveries. In particular, the interplay between the spot scanning
and the target motion will be carefully studied and reported using the
time-resolved simulation of beam deliveries with 4D Monte-Carlo
simulation in future studies.

A technical implementation of dual-gated beam delivery to proton
machines requires a careful study of various timing components of
proton accelerator. The time delay and reproducibility of delivery be-
tween the actual cardiac motion and the beam on/off control play an
important role in generating stable and clinically useful dose
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Table 1
Mean dose reductions in percentage for heart and left ventricle at each CRDG gating phase compared to RSG plans.
OAR Target/ Left Left ventricular free Right Right atrium free Right Interventricular Mitral Average +
phase Atrium wall atrium wall ventricle septum valve SD
Heart Diastole 35% 32% 35% 16% 14% 24% 41% 28 +£10%
Systole 12% 5% 19% 18% 39% 37% 18% 21 +£12%
Left Diastole 44% 31% 29% 0% 15% 36% 57% 30 £17%
ventricle Systole 14% 4% 3% 0% 26% 11% 0% 8+ 9%
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distributions. An early investigation of the CRDG implementation to a
proton machine has been made related to this work [35] and its results
will be reported in a separate study.

In conclusion, we have demonstrated that CRDG can spare OARs
better than RSG. Regardless of which cardiac gating phase was used,
there was a reduction in OAR mean doses for CRDG plans.
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