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Purpose: The optimal motion management strategy for patients receiving stereotactic arrhythmia radioablation (STAR) for
the treatment of ventricular tachycardia (VT) is not fully known. We developed a framework using a digital phantom to simu-
late cardiorespiratory motion in combination with different motion management strategies to gain insight into the effect of
cardiorespiratory motion on STAR.
Methods and Materials: The 4-dimensional (4D) extended cardiac-torso (XCAT) phantom was expanded with the 17-seg-
ment left ventricular (LV) model, which allowed placement of STAR targets in standardized ventricular regions. Cardiac- and
respiratory-binned 4D computed tomography (CT) scans were simulated for free-breathing, reduced free-breathing, respira-
tory-gating, and breath-hold scenarios. Respiratory motion of the heart was set to population-averaged values of patients with
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VT: 6, 2, and 1 mm in the superior-inferior, posterior-anterior, and left-right direction, respectively. Cardiac contraction was
adjusted by reducing LV ejection fraction to 35%. Target displacement was evaluated for all segments using envelopes encom-
passing the cardiorespiratory motion. Envelopes incorporating only the diastole plus respiratory motion were created to simu-
late the scenario where cardiac motion is not fully captured on 4D respiratory CT scans used for radiation therapy planning.
Results: The average volume of the 17 segments was 6 cm3 (1-9 cm3). Cardiac contraction-relaxation resulted in maximum
segment (centroid) motion of 4, 6, and 3.5 mm in the superior-inferior, posterior-anterior, and left-right direction, respectively.
Cardiac contraction-relaxation resulted in a motion envelope increase of 49% (24%-79%) compared with individual segment
volumes, whereas envelopes increased by 126% (79%-167%) if respiratory motion also was considered. Envelopes incorporat-
ing only the diastole and respiration motion covered on average 68% to 75% of the motion envelope.
Conclusions: The developed LV-segmental XCAT framework showed that free-wall regions display the most cardiorespira-
tory displacement. Our framework supports the optimization of STAR by evaluating the effect of (cardio)respiratory motion
and motion management strategies for patients with VT. � 2023 The Authors. Published by Elsevier Inc. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
Introduction

The delivery of stereotactic radiation therapy to the arrhyth-
mogenic substrate within the left ventricle (LV) of the heart,
called stereotactic arrhythmia radioablation (STAR), is a
new and promising treatment option for patients with
refractory ventricular tachycardia (VT).1-5 To deliver STAR,
the arrhythmogenic substrate needs to be characterized
using, for instance, invasive electro-anatomic mapping.
However, delineating the identified target on the radiation
Fig. 1. (A) Overview of the 17 segments as defined in the Ame
axis view on the left and the long axis view on the right. (B) Axia
the delineation of the right ventricle in pink and some of the le
showing the parameterized left ventricular 17-segment model in th
tal side of the left ventricle, respectively. In addition, the aorta is vi
therapy planning computed tomography (CT) scan is not
easy as the target is mostly defined based on the electrical
properties, which are not visible on the planning CT scan.
The American Heart Association (AHA) 17-segment LV
model,6,7 a standardized myocardial segmentation for car-
diac imaging commonly used in cardiology (Fig. 1), can be
helpful to identify the target region between different
modalities. Therefore, some centers base their target defini-
tion on the 17-segment segmentation,8,9 where (parts of)
one or more segments are denoted as the target volume for
rican Heart Association 17-segment model,6,7 with the short
l slice of the extended cardiac-torso (XCAT) phantom with
ft ventricle segments visible. (C-E) Three-dimensional view
e digital XCAT phantom from the anterior, lateral, and sep-
sible in gray.
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STAR. However, delivering the prescribed radiation dose
(typically 20-25 Gy) in a single fraction to this target can be
challenging because of target motion due to breathing and
cardiac contraction. We recently performed a literature
review10 that showed average motion due to cardiac con-
traction-relaxation (“cardiac motion”) of STAR targets to be
<5 mm in all directions, with maximum values of 8, 6, and
6.5 mm in the superior-inferior (SI), left-right (LR), and
posterior-anterior (PA) direction, respectively. The com-
bined cardiac and respiratory motion (“cardiorespiratory
motion”) resulted in average motion of 5 to 7 mm in the SI
direction, whereas motion in PA and LR was comparable to
cardiac motion alone. Cardiorespiratory motion can be
incorporated into the treatment planning phase using vari-
ous techniques, such as an internal target volume (ITV)
approach based on time-resolved imaging, gating techni-
ques, or tracking of the target or surrogate structures. How-
ever, clinicians face a difficult decision of whether to
perform patient-specific assessment of cardiac motion. Car-
diac-binned scans, needed to perform such analysis, can
often not be performed within the radiation therapy center,
and assessing cardiac motion from these scans is time-con-
suming. As a result, there is debate among experts on
whether patient-specific cardiac motion assessment is neces-
sary and worth the effort. Gaining more insight into the
effect of cardiac (and respiratory) motion is therefore cru-
cial. Furthermore, the effect of motion management techni-
ques on the efficacy and safety of STAR is also not yet fully
known and should be investigated further.

The Standardized Treatment and Outcome Platform for
Stereotactic Therapy Of Re-entrant tachycardia by a Multi-
disciplinary (STOPSTORM) consortium (STOPSTORM.eu,
Horizon 2020, GA No. 945119)11 project will define quality
requirements for treatment preparation and delivery,
including the assessment of the effect of cardiorespiratory
motion on STAR. To investigate this effect, “ground-truth”
cardiac and respiratory targets and organ motion are
needed. Obtaining ground-truth motion from patient data
can be challenging due to, for example, the time resolution
dependence of the data acquisition and measurement inac-
curacies. In addition, the consistency of patient data is often
affected by differences in image acquisition, image artifacts,
and missing values, making a robust comparison of different
scenarios challenging. Phantom studies, on the other hand,
allow for a thorough evaluation because the ground-truth is
known. Moreover, phantoms allow for the investigation of
different treatment scenarios while other parameters are
unchanged. In addition, the combination of realistic phan-
toms and motion conditions can be used to assess the effect
of imaging artifacts on the accuracy of motion assessment.

Unfortunately, the number of physical phantoms that
mimic both the anatomy and cardiorespiratory motion of
patients is limited. There are, however, digital phantoms
capable of imitating human anatomy and motion/deforma-
tion of patients that can be used to investigate different
motion scenarios while maintaining a reliable ground-truth
motion. A commonly used digital phantom is the 4-
dimensional (4D) extended cardiac-torso (XCAT) phan-
tom,12 which can be used to simulate cardiac and respira-
tory motion for different organs, anatomies, and image
modalities. This phantom has already been used in the con-
text of STAR to validate cardiac tracking algorithms for
both MRI-guided13 and x-ray guided14 treatment for atrial
fibrillation.

In this study, we expand the capabilities of the XCAT
phantom to assess the effect of cardiorespiratory motion on
STAR for patients with VT. Therefore, we built a framework
around the XCAT phantom that mimics cardiorespiratory
motion in patients with VT during different motion man-
agement scenarios for different regions of the heart. The
XCAT phantom was expanded with the AHA LV 17-seg-
ment model. To demonstrate the possibilities of this frame-
work, we used the average motion values10 to simulate
cardiorespiratory motion in patients with VT and evaluate
the geometric effect of this motion for various motion man-
agement scenarios.
Methods and Materials
Digital phantom: 17-segment LV model

The 4D extended cardiac-torso XCAT phantom (Segars et
al15) was used as the starting point for the framework. This
phantom allows for the creation of artificial 4D CT scans,
based on user-defined cardiac and respiratory motion
parameters. The original XCAT phantom was expanded
with the AHA 17-segment LV model.7 The model divides
the LV into a basal, mid, and apical ring, each covering
almost one-third of the LV from base to apex. Subsequently,
the basal and mid rings are divided into 6 segments of 60°
each, resulting in segments 1 to 6 and 7 to 12, for the basal
and mid ring, respectively. The apical ring is separated into
4 segments of 45°, indicated by the numbers 13 to 16.
Finally, segment 17 is placed at the true apex. The individual
segments were parametrized in XCAT based on the ana-
tomic region definitions from the 17-segment model
(parameters provided in Table E1). In this study, we
regarded each one of the 17 implemented segments as an
individual fictive target volume for STAR. This allowed us
to quantify the possible geometric effect of cardiorespiratory
motion on STAR for predefined regions of the LV.
Cardiorespiratory motion simulations

The XCAT phantom was used to create multiple phases of
cardiac- and respiratory-binned CT scans with a voxel size
of 1 £ 1 £ 1 mm3. A complete overview of the parameters
is provided in Table E2. For the free-breathing (fb) scenario,
cardiac motion was divided into 5 phases for 10 different
respiratory levels, resulting in a total of 50 3D CT scans
(Fig. 2). The cardiac and respiratory cycles were set to 1 and
5 seconds, respectively. Translation of the heart due to



Fig. 2. Schematic overview of the respiratory levels included in the 4 different scenarios that were simulated, that is, free-
breathing (fb), cardiac motion only during inspiration breath-hold (bh), free-breathing with reduced respiratory motion (fb-
red), and free-breathing during respiratory-gating (fb-gat).
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breathing was set to population-averaged values of patients
with VT (n = 94) based on the cardiorespiratory motion of
cardiac (sub)structures in our previously performed litera-
ture review,10 that is, 6, 2, and 1 mm in the SI, PA, and LR
direction, respectively. Cardiac contraction was simulated
using baseline XCAT values; however, the end-systolic vol-
ume of the LV was increased to resemble an LV ejection
fraction (EF) of an example patient with VT with an EF of
35%.16 Parameter files used to set up the XCAT simulations
are provided in Supplementary Materials Appendix E1. The
constructed scans were then used to create 3 other scenarios
(Fig. 2): (1) cardiac motion only during inspiration breath-
hold (bh) consisting of the 5 CT scans with the cardiac
phases at the end-inspiration respiratory level, (2) free-
breathing with reduced (“shallow breathing”) respiratory
motion (fb-red) containing 15 CT scans, that is, the 3 respi-
ratory levels that are centered around the mid-breathing
position of the full free-breathing scenario (ie, respiratory
level 7) with 5 cardiac phases each, and (3) cardiorespiratory
free-breathing during gating (fb-gat) that contained 25% of
the total breathing amplitude in the SI direction (20 CT
scans, ie, 4 respiratory levels with 5 cardiac phases each).
Inspiration breath-hold was chosen because it has the
potential to reduce the dose to the organs at risk in a clinical
treatment scenario.17 The respiratory-gating window for the
fb-gat scenario was chosen around full inspiration to make
the comparison between limited respiratory motion versus
cardiac motion only (ie, bh scenario), easier. However, in a
clinical scenario also expiration breath-hold and an expira-
tion gating window are valid options.
Analysis of motion

The 3D target volumes (ie, the 17 individual segments), the
LV, and the heart were extracted from all 3D CT scans for
each of the different scenarios and used to assess cardiac
and/or respiratory motion amplitudes for each segment and
the LV. The organ labels output of the XCAT phantom
were used to automatically segment these structures of inter-
est. Subsequently, the centroids were calculated for each of
the structures of interest and the centroid motion was
tracked in the SI, LR, and PA directions.
ITV definition

Besides the absolute displacement of the segments measured
by the centroids, also the geometric effect of cardiac and car-
diorespiratory motion on the target volume was evaluated.
For this, the 3D target volumes, segmented on each of the 3D
CT scans, were used to construct envelopes (E) that encom-
pass the complete cardiac and/or respiratory motion for each
of the 17 targets for the motion scenarios mentioned previ-
ously (ie, Ebh, Efb-gat, Efb-red, Efb). To investigate the scenario
when cardiac motion is not included in the motion envelopes,
we constructed envelopes that only included the target posi-
tions in the diastolic cardiac phases during all respiratory
scans associated with scenario x (Ex_dia).

Finally, we assessed whether a margin of 3 mm placed
around Ex_dia, could be used to cover cardiac contraction.
This margin was chosen because it is often used to account
for cardiac motion during treatment with respiratory
tracking.18,19 An additional set of envelopes was created by
expanding all envelopes that only included the diastolic car-
diac phase(s) with an isotropic margin of 3 mm. An overview
of the motion envelope construction is depicted in Figure 3.
Analysis of volumes

Volumes and increases in volume with respect to the origi-
nal target volumes were calculated for each of the envelope



Fig. 3. Schematic depiction of the construction of the motion envelopes (E). The cardiac phases, that is, the full cardiac cycle
(orange) and the end-diastolic phase (blue), are identified for each of the respiratory levels and combined in a cardiac motion
envelope (red). Subsequently, the cardiac envelopes for the respiratory levels included in each of the 4 simulated scenarios, that
is, breath-hold, respiratory-gating, reduced free-breathing, and free-breathing, are combined in the cardio(respiratory) enve-
lope (green), resulting in either Ex or Ex_dia, where the latter was also extended with a 3 mm margin to form Ex_dia + 3 mm (yel-
low dotted line). Abbreviation: TV = target volume.
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definitions described previously (ie, Ex, Ex_dia, and Ex_dia + 3

mm), for each of the 4 scenarios (x) and for each segment
separately. In addition, also the geometric coverage and geo-
metric spillage were calculated to evaluate these envelopes.
Here, coverage refers to the percentage of the envelope con-
structed based on all cardiac phases (Ex) that is covered by
the motion envelope that was constructed using only the
diastolic cardiac phases (Ex_dia). This quantifies the amount
of full motion envelope that is covered when only the dia-
stolic cardiac phase is taken into account. Spillage (%) refers
to the amount of Ex_dia + 3 mm that lies outside of Ex, which
quantifies the amount of overcontouring compared with the
full motion envelope, which clinically would lead to an
increased dose to healthy tissue.
Results
Motion amplitudes

Setting the EF to 35% resulted in absolute maximum cardiac
motion (bh) of the LV (center of mass) of 1.3 mm in the SI,
3.4 mm in the PA, and 1.1 mm in the LR direction. Cardio-
respiratory motion of the LV was 7.3 mm in the SI, 5.4 mm
in the PA, and 2.1 mm in the LR direction in the full free-
breathing simulation (fb). The cardiorespiratory motion
decreased to 5.3 (SI), 4.9 (PA), and 1.6 (LR) mm in the
reduced free-breathing simulation (fb-red) and to 2.8 (SI),
3.9 (PA), and 1.4 (LR) mm in the simulation that mimics a
respiratory-gating (fb-gat) approach. Figure 4 shows the
cardiac and cardiorespiratory motion in the 3 principal
directions and the 3D vector for each of the individual seg-
ments. Motion is different for each of the segments where
segments near the free wall of the LV, that is, 4, 5, 6, and 10,
11, 12, and 15 and 16, can move up to 2 times more than
segments located on the corresponding septal side.
Effect of motion on the target volumes

The volumes of the 17 segments and the envelopes for the 4
different scenarios are shown in Figure 5. Segment volumes
in the diastolic phase during full inspiration breath-hold
were on average 6 cm3 (1-9 cm3). Cardiac motion resulted
in a cardiac envelope volume (Ebh) of on average 9.1 cm3

(2-16 cm3), which was 149% (124%-179%) of the original
target volumes. The combination of cardiac and respiratory
motion resulted in an envelope volume (Efb) of on average
14 cm3 (3-21 cm3), which was 226% (179%-267%) of the
initial target volumes, whereas the reduced free-breathing
scenario resulted in an average envelope volume (Efb-red) of
11 cm3 (2-18 cm3), which was 187% (155%-223%) of the
original target volumes. The respiratory-gating approach
resulted in an average envelope volume (Efb-gat) of 10 cm3

(2-17 cm3), which was 169% (143%-201%) of the original
target volumes. Furthermore, motion envelope volumes
were largest for the basal segments located at the free wall of
the LV after the larger motion of these segments.
Coverage and spillage

Average volumes and geometric coverage and spillage for
the envelopes that were constructed using only the diastolic
cardiac phase (in combination with corresponding respira-
tory phases) are shown in Table 1. An overview per target
location can be found in the supplementary materials
(Figs. E1-E4). Coverage increased with increasing



Fig. 4. Boxplots showing the centroid displacement due to cardiac (orange) and cardiorespiratory (green) motion (normal-
ized with respect to its position in the first phase of the respective simulation) for each of the 17 segments in the left-right, pos-
terior-anterior, and superior-inferior directions, as well as the 3D vector displacement. Displacements due to cardiac motion
are taken from the inspiration breath-hold (bh) simulation and consist of 5 phases. Displacements due to cardiorespiratory
motion are taken from the free-breathing (fb) simulation, which contains 50 phases. Abbreviation: 3D = 3-dimensional.

538 Stevens et al. International Journal of Radiation Oncology � Biology � Physics
respiratory motion (ie, coverage for Ebh < Efb-gat < Efb-red <
Efb) for both envelopes with and without margins, whereas
spillage (after adding the margin) decreased. Average cover-
age of target volumes without margin ranged between
67.7% and 74.8%. Although adding the 3 mm margin
around the diastolic envelopes increased the average cover-
age to 93.5% to 95.3%, these margins also resulted in an
increase of geometric spillage to 39.6% to 44.7%. In general,
coverage and spillage were lower for the segments near the
free wall.
Discussion
To determine the optimal approach for STAR in individual
patients with VT, the effect of cardiorespiratory motion
combined with different motion management strategies
must be assessed. Only a limited number of studies investi-
gated the effect of cardiorespiratory motion on STAR.18,20

One reason for this could be the limited number of patients
who are treated per center. Multicenter databases, such as
the registry of the STOPSTORM.eu consortium,11 can help
to optimize STAR by investigating and defining require-
ments for treatment preparation and delivery. In this study,
we developed a digital phantom framework that allows sim-
ulation of patient-specific cardiac and respiratory motion
for patients with VT. The framework can be used to
generate a huge amount of detailed data, such as 3D CT
scans at many different time points, for a wide range of dif-
ferent motion management scenarios. In addition, the
expansion of the XCAT phantom with the AHA 17-segment
model enables the implementation of patient-specific target
volumes. Moreover, within the framework, cardiac contrac-
tion, respiratory motion, geometry, and anatomy, can be
varied while keeping other parameters constant, something
that can be challenging or even impossible in patient studies.
Such individualized customization of a user-defined
“ground-truth” facilitates a thorough and detailed analysis
of motion and its effects on STAR accuracy. We showed a
use case in which we investigated the geometric effect of car-
diorespiratory motion in combination with different motion
management techniques to show the possibilities of the
framework. By prescribing population-averaged cardiorespi-
ratory motion amplitudes of patients with VT, we generated
3D CT scans at 50 different time points for a free-breathing
scenario. Subsequently, we used this benchmark to create 4
other scenarios that mimicked different motion manage-
ment techniques.

Target volumes of the 17 segments ranged between 1.2
and 9.0 cm3. Although these values are within the ranges of
3.5 to 109 cm3 reported in literature,10,19 our target volumes
are on the low side of the spectrum. This can be explained
by the fact that clinical STAR targets often comprise multi-
ple (parts of) segments, whereas our targets consisted of



Fig. 5. Volumes of the 17 segments (TV) and the corresponding motion envelopes (E) for the 4 simulated scenarios, that is,
breath-hold (bh), respiratory-gating (fb-gat), reduced free-breathing (fb-red), and free-breathing (fb). Abbreviations: LV = left
ventricle; RV = right ventricle; TV = target volume.
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single segments of the 17-segment model. This was a delib-
erate choice as our aim was to gain insight into the effect of
motion for different regions of the heart. Nevertheless, more
clinically realistic targets constructed from multiple (parts
of) segments could result in more complex and different
motion results compared with the ones shown here. Espe-
cially when STAR targets consist of segments that each dis-
play large cardiac motion in a different direction, for
example the combination of segments 2 and 3 (both display-
ing larger motion in LR), with segment 4 (large motion in
PA), the contribution of cardiac contraction to the total
motion envelope could become somewhat larger than when
the individual segments are considered. In contrast, the cen-
troid movement of this target could be smaller than for the
Table 1 Volumes, coverage, and spillage of the envelopes cons
and without the additional 3 mm margin, for the following simula
tory-gating (fb-gat), reduced respiratory motion (fb-red), and free

Coverage (%

Volume (cm3) Diastolic D

Ebh_dia 6.0 (1.2 9.3) 67.7 (56.0 80.7) 9

Efb-gat_dia 7.0 (1.5 10.3) 70.2 (59.8 82.6) 9

Efb-red_dia 8.0 (1.7 11.2) 72.1 (61.5 84.7) 9

Efb_dia 9.9 (2.3 13.4) 74.8 (63.2 86.0) 9
individual segments because the motions in opposite direc-
tions cancel each other out. Moreover, applying an isotropic
margin on top of the diastolic volume of such a multiseg-
ment target could result in less spillage compared with a sin-
gle segment target, because the multisegment target shows
movement in more directions during cardiac contraction-
relaxation and thus covers the extra volume created by the
additional margin better.

Although our results cannot be translated directly to clin-
ical target volumes, they give clinicians a better understand-
ing of the cardiac (and respiratory) motion of the different
segments. In addition, they show the effect that cardiac
motion can have on the motion envelope for targets located
in different regions of the heart.
tructed using only the diastolic cardiac phases (Ex_dia), with
ted scenarios: breath-hold/cardiac motion only (bh), respira-
-breathing (fb)

) Spillage (%)

iastolic + 3 mm Diastolic Diastolic + 3 mm

3.5 (80.0 100) 0 (-) 44.7 (36.9 65.9)

4.1 (82.0 100) 0 (-) 43.0 (35.5 63.7)

4.6 (83.6 100) 0 (-) 41.7 (34.5 62.2)

5.3 (84.9 100) 0 (-) 39.6 (32.0 59.4)



540 Stevens et al. International Journal of Radiation Oncology � Biology � Physics
The increase of the cardiac and cardiorespiratory enve-
lope volumes with respect to the target volumes found in
this study, that is, 24% to 79%, 79% to 167%, and 55% to
123% for cardiac motion only, free-breathing, and reduced
free-breathing, respectively, are in agreement with ITV
ranges observed in studies performed on patients with
VT,2,3,18,21-24 indicating that both cardiac and (cardio)respi-
ratory motion of our phantom is comparable to motion in
patients with VT. The effect of cardiac motion, as presented
here, might especially be of importance for centers that
deliver treatment using a respiratory tracking system, such
as CyberKnife. Even though respiratory tracking might not
require a respiratory margin, clinicians still must decide
whether or not a margin is applied to cover cardiac motion.
Some studies that use respiratory tracking do not consider
cardiac motion.10 However, our results show that the car-
diorespiratory envelopes that only included the diastolic
phase of the cardiac cycle (Efb_dia), covered 63% to 86% of
the cardiorespiratory motion, indicating that cardiac motion
can have a major effect. Furthermore, the outcomes of this
study can aid in the decision of treatment margins. Expand-
ing the envelopes with the 3 mm margin to account for car-
diac motion, an approach commonly used for treatments
with robotic respiratory-tracking systems,18,19 showed
increased coverage but also resulted in spillage of 32% to
60% depending on the location of the target volume. More-
over, both our results as well as the study by Bellec et al18

show that fixed margins on top of the diastolic target vol-
ume cannot fully correct for cardiac contraction, especially
when the target is located at the free wall of the LV. Depend-
ing on the location of the target, our segment-wise results
can guide clinicians in considering anisotropic instead of
isotropic margins in their treatment plan, which might
result in a reduction of treated healthy tissue. Moreover,
clinicians can compare the (cardiac) and respiratory motion
of our simulations with the motion of their clinical patient
to obtain a crude estimation of the possible reduction in
treatment volumes that could be achieved by using respira-
tory motion management techniques.

Based on the geometric effect that cardiac motion can
have on the motion envelopes, we advise patient-specific
evaluation of cardiac motion to sufficiently cover the full
motion envelope of the target. In a typical clinical imaging
scenario 4D respiratory-binned CT scans are often used to
assess respiratory motion of targets and organs at risk but
are not synchronized with the heart rate. The frequency of
cardiac contraction is higher than the frequency of breath-
ing motion, causing the heart to go through multiple con-
traction phases during the acquisition of each instance of
the respiratory-binned CT scan. As a result, respiratory-
binned 4D CT scans used to estimate ITVs in a clinical set-
ting will contain a blurred representation of the heart cycle
and thus captures (some) cardiac motion.20 There is still an
ongoing debate about whether a respiratory 4D CT scan can
capture the cardiac motion. If the cardiac motion captured
with a 4D CT covers the cardiac motion of the heart suffi-
ciently, cardiac-binned scans would no longer be required
for patients treated with free-breathing, reducing both cost
and patient burden. The XCAT phantom allows the creation
of CT scans at specified points in time. However, the phan-
tom creates instantaneous snapshots of the motion instead
of blurred CT scans. Although it is possible to create blurred
CT scans by averaging 3D CT scans obtained from different
timepoints, matching the actual 4D data acquisition of the
various CT scanners that are used in the clinical setting is
difficult. Therefore, studies with both physical phantom and
real patients should be performed to investigate the capabil-
ity of respiratory 4D CT scans to capture cardiac motion.

However, full geometric coverage during all the phases
may not be required to achieve adequate dosimetric cover-
age. Dosimetric coverage depends, among others, on the
amount of time the target is in a certain position, which will
change with varying heart rates. Therefore, a full dosimetric
analysis is warranted to assess the level of dosimetric cover-
age for different cardiac and respiratory motion patterns
and target locations in combination with different motion
management scenarios and treatment techniques.

In this study, we simulated an inspiration breath-hold
scenario to estimate the cardiac motion envelope, but we
did not simulate an expiration breath-hold scenario.
Although no large differences in the cardiac motion enve-
lopes obtained during an inspiration or expiration breath-
hold scenario are expected, there will most likely be differen-
ces in the outcomes of a dosimetric analysis. During inspira-
tion, the heart moves farther away from other structures,
such as the stomach and chest wall, which can result in a
lower dose to the organs at risk.17 However, although inspi-
ration breath-holds might be more comfortable for the
patient, they can lead to larger intra-breath-hold variations
in organ position of the heart and other organs due to relax-
ing of respiratory muscles compared with expiration breath-
hold.25-28

Applying respiratory motion management, that is,
breath-hold and respiratory-gating, in our simulations
showed a decrease in the cardiorespiratory motion envelope
volumes. However, the possible gain from motion manage-
ment techniques depends on the location of the target and
the amount of motion within a patient. In addition, gains
might even be smaller due to physiological variations. For
example, variations in the level of breath-hold during
repeated breath-holds have been shown.25 Moreover, the
target may still move due to the aforementioned drifting of
the diaphragm.25,26 Unfortunately, many patients eligible
for STAR are clinically not stable enough to tolerate breath-
ing restrictions.20 Influencing cardiac motion is usually not
possible due to ethical and clinical reasons. New techniques
that aim to deliver radiation only in certain phases of the
cardiac cycle are being developed.29 In addition, also the
combination of cardiac gating with real-time tracking of
respiratory motion is being investigated.30 However, these
techniques are still at an early stage and not clinically avail-
able yet. Nevertheless, cardiac-gated imaging modalities can
be used to assess cardiac motion to incorporate cardiac
motion during treatment planning.
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The XCAT phantom is based on the anatomy and physi-
ology of a healthy population which differs from the VT
population. Although we did not alter the anatomy of the
heart (eg, no dilatation of the heart was simulated) or the
heart rate, we did simulate cardiac contraction and cardiore-
spiratory motion specifically for patients with VT. The fact
that we did not alter the heart rate, however, does not influ-
ence the results of our use case because cardiac motion was
only simulated to obtain the complete cardiac motion enve-
lope. The simulated motion of a patient with VT was imple-
mented by reducing cardiac contraction, that is, the ejection
fraction, and respiratory motion of the phantom based on
population data.10 However, the extent of cardiorespiratory
motion is very patient-specific and can, therefore, vary sig-
nificantly between patients. Moreover, patients might have
heart defects (eg, cardiac hypertrophy) causing reduced
motion/contraction in specific regions of the heart. Such
regional characteristics were not incorporated in the current
version of the framework. Because of large variations
between patients, it is almost impossible to obtain an over-
view of the effect of motion that is applicable to the com-
plete VT patient population without simulating every
patient. Although in theory, this can be done by changing
the framework’s parameters to patient-specific values, it will
be a tremendous amount of work. Therefore, investigations
such as the one presented in this paper together with the
study of Bellec et al18 and Harms et al20 are essential to com-
prehensively understand all the motion patterns and impli-
cations for treatment.
Conclusion
We successfully developed a framework that can simulate
realistic cardiac and respiratory motion in combination
with various motion management strategies in the context
of STAR. As an example, the framework was used to assess
the geometric extent of cardiorespiratory motion of the 17
segments during 4 breathing scenarios. Our results show
that if no motion management strategies are used, cardiac
and respiratory motion significantly affect the motion enve-
lope. Therefore, we advocate patient-specific assessment of
both cardiac and respiratory motion during treatment plan-
ning (and delivery) to achieve optimal STAR. In future
research, the developed framework can also be used to ana-
lyze radiation therapy dose distributions for different treat-
ment and motion management strategies to perform a full
dosimetric analysis.
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