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Abstract
Purpose: To investigate the possible advantages of using 4pi-optimized arc
trajectories in stereotactic body radiation therapy of ventricular tachycardia (VT-
SBRT) to minimize exposure of healthy tissues.
Methods and materials: Thorax computed tomography (CT) data for 15
patients were used for contouring organs at risk (OARs) and defining realis-
tic planning target volumes (PTVs). A conventional trajectory plan, defined as
two full coplanar arcs was compared to an optimized-trajectory plan provided
by a 4pi algorithm that penalizes geometric overlap of PTV and OARs in the
beam’s-eye-view. A single fraction of 25 Gy was prescribed to the PTV in both
plans and a comparison of dose sparing to OARs was performed based on
comparisons of maximum, mean, and median dose.
Results: A significant average reduction in maximum dose was observed
for esophagus (18%), spinal cord (26%), and trachea (22%) when using 4pi-
optimized trajectories. Mean doses were also found to decrease for esopha-
gus (19%), spinal cord (33%), skin (18%), liver (59%), lungs (19%), trachea
(43%), aorta (11%), inferior vena cava (25%), superior vena cava (33%), and
pulmonary trunk (26%). A median dose reduction was observed for esophagus
(40%), spinal cord (48%), skin (36%), liver (72%), lungs (41%), stomach (45%),
trachea (53%), aorta (45%), superior vena cava (38%), pulmonary veins (32%),
and pulmonary trunk (39%). No significant difference was observed for maxi-
mum dose (p = 0.650) and homogeneity index (p = 0.156) for the PTV. Average
values of conformity number were 0.86 ± 0.05 and 0.77 ± 0.09 for the conven-
tional and 4pi optimized plans respectively.
Conclusions: 4pi optimized trajectories provided significant reduction to mean
and median doses to cardiac structures close to the target but did not decrease
maximum dose. Significant improvement in maximum, mean and median doses
for noncardiac OARs makes 4pi optimized trajectories a suitable delivery tech-
nique for treating VT.
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1 INTRODUCTION

Ventricular tachycardia (VT) is a heart arrhythmia char-
acterized by a fast and abnormal cardiac rhythm due
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to irregular electrical signals in the lower chambers of
the heart. For some patients, failure to manage the
accelerated rhythm may lead to sudden cardiac death.1

Traditional treatments for VT often include the use of
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an implantable cardioverter defibrillator (ICD)2,3; use
of radiofrequency ablation by feeding a catheter usu-
ally into the femoral artery to access the heart4–6;
or use of antiarrhythmic medications.7 However, these
techniques achieve limited success, for example, with
catheter ablation involving a recurrence rate of approxi-
mately 50%,8–11 likely due to an incapacity to ablate crit-
ical parts of the substrate of the cardiac arrhythmia.12

Moreover, the early mortality rate can be approximately
5% within the first 31 days following radiofrequency
ablation.13

These limitations have prompted the investigation
of the use of single fraction stereotactic body radi-
ation therapy (SBRT) to ablate the substrate of car-
diac arrhythmias. The feasibility was first demon-
strated with an animal study for treating atrial car-
diac arrhythmia using stereotactic robotic radiosurgery
(Cyber-Heart System).14 Thereafter, the first VT patient
treated with SBRT was reported by Loo et al. in 2015
with a single radiation fraction of 25 Gy.15 Recent
studies16–20 employing SBRT have reported a signif-
icant reduction in VT burden without any significant
acute toxicity following a single fraction of 25 Gy to
the arrhythmogenic scar region of the heart. In this
sense, VT-SBRT has become a promising technique
for treating this form of cardiac arrhythmia, offering
an additional option to a narrowly-selected subset of
patients.21

However, since VT-SBRT is a novel technique, a
range of technical issues still need to be further inves-
tigated and optimized.22 These include cardiac and
respiratory motion management, methods for accurate
co-registration of several image modalities (e.g., com-
puted tomography, magnetic resonance and electrocar-
diographic imaging maps), target volume delineation,
and the optimization of treatment beam geometry to
provide maximum sparing of proximal organs-at-risk
(OARs).VT-SBRT treatment planning performed to date
has relied mainly on dose constraints available in Radi-
ation Therapy Oncology Group reports for other SBRT
techniques such as those for lung (RTOG 0915)23 and
spine (RTOG 0631),24 as well as on Task Group Report
101 of the AAPM (TG-101).25 It is clear that treat-
ment planning approaches must emphasize minimiza-
tion of cardiac radiation toxicity.26,27 Recent studies have
shown that cardiac structures are highly radiosensitive
and since they are usually not readily visualized on treat-
ment planning CTs, the use of combined imaging tech-
niques with high soft tissue contrast is crucial in order
to enable cardiac structures sparing in radiation therapy
treatment planning.28

Commonly, SBRT is performed using a volumetric
modulated arc therapy (VMAT) technique, delivering a
set of coplanar or noncoplanar treatment arcs. Often
the arc geometry is chosen arbitrarily by the treatment
planner.Methods of optimizing this geometry in an auto-
mated way have been proposed in the literature.29–34

For example, MacDonald et al. proposed a customiz-
able algorithm in order to generate a navigable ideal tra-
jectory based on the amount of overlap in the beams-
eye-view (BEV) between the planning target volumes
PTVs and OARs, and thus demonstrating the capacity
to improve radiation therapy dose distributions in cra-
nial SRT.33,34 Their results show an average decrease
of 19% and 15% in mean and maximum doses respec-
tively to OARs when compared to conventional treat-
ment trajectories.33

It is well recognized that 4pi methodology has already
been extensively explored, but mainly for stereotactic
techniques for treating brain lesions, to minimize expo-
sure of healthy tissues. Furthermore, stereotactic abla-
tion of ventricular tachycardia presents a geometry of
Organs-at-Risk (OARs) quite unlike any other anatom-
ical site treated with radiation therapy, and given this,
the likely performance of the 4pi approach it is still
not clear based on previous experience. This, combined
with a paucity of previous systematic study of favorable
treatment geometries for VT treatment, compelled us to
investigate the use of 4pi-optimized arc trajectories in
SBRT of ventricular tachycardia to minimize exposure
to healthy tissues,especially for cardiac structures close
to the target.

2 METHODS

2.1 Clinical data and CT contouring

In this study,computed tomography (CT) datasets of the
thorax (voxel size 0.5 mm x 0.7 mm x 0.7 mm) for N = 15
patients obtained from a public repository35,36 were
imported into the treatment planning system (Eclipse
v.15.6, Varian Medical Systems, Inc., Palo Alto, USA) for
contouring of the main OARs and definition of the PTV.
CT datasets were chosen to provide adequate image
quality in the vicinity of cardiac structures, including right
and left atria, right and left ventricles, pulmonary trunk,
pulmonary veins, aorta, superior vena cava (SVC) and
inferior vena cava (IVC). Additional OARs were con-
toured for the purpose of dose sparing, including spinal
cord, esophagus, trachea, lungs, liver, stomach and
skin.

Realistic target regions corresponding to VT substrate
were defined within the endocardium around the left
ventricle based on occurrences reported in the study by
Neuwirth et al.19 with regard to both location and vol-
ume. Figure 1 shows an example of a PTV defined for
one of the CT images used in this work. The mean vol-
ume of the targets averaged over the 15 patients was
23.2 ± 4.9 cm3 which is close to the mean value of 22.2
cm3 reported by Neuwirth et al. Similarly to that study,
no additional margin was added to the PTVs defined in
this work.
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F IGURE 1 Thorax CT image of one of the patients used in this work for VT-SBRT planning showing a realistic PTV based on occurrences
reported by Neuwirth et al.19

2.2 Treatment planning

2.2.1 Conventional beam trajectory

As a novel procedure VT-SBRT has no well-established
delivery technique for treatment planning and delivery.
However, a common arc geometry for SBRT (e.g., of
spine, prostate, lung, liver) includes two or more partial
or full (360◦) arcs of the beam. In some cases, nonzero
couch angles may also be used to avoid overexposure
of critical OARs. Knutson et al.18 used two noncopla-
nar arcs with couch angle of ±15◦ and one with axial
arrangement in their VT-SBRT study. For this work, the
conventional beam trajectory was defined as two copla-
nar, full arcs with ±30◦ collimator angles and without
couch rotation. Isocenters were placed outside of the
target and close to the midline to avoid collision of the
gantry with the couch or patient.

2.2.2 4pi optimized beam trajectories

The method of a dynamic trajectory-based couch
motion proposed by MacDonald et al.33,34 was used in
this work for generating treatment arc geometries with

optimized trajectories that minimize the geometric over-
lap between PTV and OARs in the BEV. The 4pi algo-
rithm was implemented using the Eclipse Scripting API
(ESAPI), thus allowing for definition of optimized tra-
jectories within the Eclipse treatment planning system.
Briefly, the algorithm works by projecting both the PTV
and OAR onto a two-dimensional isocentric plane for
every possible gantry and couch coordinate sampled at
a resolution of 1◦. This resolution is used to balance the
efficiency of calculation and the resolution necessary to
characterize the geometry.The chosen resolution is finer
than the sampling of VMAT arcs in the planning system,
which uses 2◦ per control point. The amount of geomet-
ric overlap, the cost,within each BEV is evaluated based
upon the projected areas of the structures and ranked
with a large amount of overlapping being assigned a
high penalty.33,34 The overlap information is then filed in
a couch-gantry space (θC,θG) and the magnitude of the
overlap is indicated via a color map (an overlap map).
Figure 2(a) shows a particular pair of couch and gantry
angles with the respective BEV (Figure 2b) with selected
structures projected on the isocentric plane.

Since the OARs have different dose tolerances the
overlap ranking for each OAR is weighted according
to dose constraints that are configurable by the user.



REIS ET AL. 75

F IGURE 2 (a) Couch and gantry position corresponding to 292o and 18o eclipse coordinates. (b) Beam’s eye view corresponding to couch
and gantry position shown in (a). (c) Overlap map for the selected OARs shown in (b) with eight final optimized trajectories indicated as straight
lines. Couch and gantry angles shown in the overlap map are defined in the geometric overlap space as defined by MacDonald and Thomas.33

Equivalent Eclipse coordinates for the couch are given by: eclipseCouch = 90o – mapCouch, for mapCouch < 90o, and eclipseCouch = (360o −

mapCouch) + 90o, for 90o
≤ mapCouch ≤ 360o. Similarly, gantry values in Eclipse are obtained by: eclipseGantry = 180o − mapGantry, for

mapGantry < 180o, and ecliplseGantry = (360o − mapGantry) + 180o, for mapGantry ≥ 180o. Darker blue colors are assigned to regions of
minimum overlap in opposite to lighter colors for high overlapping. Collision zones are represented as dark maroon patches on the left superior
corner (eclipse couch from 19o to 90o), on the right inferior corner (eclipse couch from 341o to 270o), on the left inferior corner (eclipse couch
from 11o to 90o) and right superior corner (eclipse couch from 349o to 270o) . (d) A 3D model view of the eight VMAT fields planned with the
optimized trajectories

Table 1 presents constraints used in this work in order
to calculate weighting factors w, defined as 1/Dtol,where
Dtol is the OAR dose tolerance limit in Gy.33 Thus, an
OAR with a low dose tolerance would represent high
cost in the overlap map and those angles would not
be favorable for trajectory optimization. For most OARs,
maximum dose (Dmax) values from Table 1 were used as
Dtol for calculating the weighting factors since that rep-
resents a more restrictive parameter for dose sparing.
Furthermore, Dmax is the most appropriate parameter to
take into account when dealing with serial OARs. It is
important to note that the weighting factors as defined

by MacDonald and Thomas incorporate tolerance dose
values to define the relative importance of OARs when
weighting their overlap with the PTV in the cost func-
tion. In that sense, they do not have the same meaning
as the weighting factors that we usually specify in treat-
ment planning.

Dose constraints presented in Table 1 are recom-
mended values for one single fraction SBRT for lung
(RTOG 0915),23 spine (RTOG 0631),24 as well as rec-
ommendations from TG-101,25 and were also consid-
ered in the VMAT optimization. Since cardiac structures
constraints are not well established for single fraction
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TABLE 1 Dose constraints for single fraction radiation therapy
as recommended in RTOG 091524, RTOG 063125, and TG-10126.
Maximum dose Dmax is reported as the dose at the volume of 0.03
cubic centimeters (cc) of the OAR

OAR Dose constraint
Endpoint
(≥ Grade 3)

Spinal cord Dmax ≤ 14 Gy Myelitis

V7Gy < 1.2 cc

V10Gy < 0.35 cc

Esophagus Dmax ≤ 15.4 Gy Stenosis/fistula

V11.9 Gy < 5 cc

V16Gy < 0.03 cc

Heart/pericardium Dmax ≤ 22 Gy Pericarditis

V16Gy < 15 cc

Great vessels Dmax ≤ 37 Gy Aneurism

V31Gy < 10 cc

Trachea Dmax ≤ 20.2 Gy Stenosis/fistula

V10.5 Gy < 4 cc

Skin Dmax ≤ 26 Gy Ulceration

V23Gy < 10 cc

Stomach Dmax ≤ 12.4 Gy Ulceration/fistula

V11.2 Gy < 10 cc

Lungs V7Gy < 1500 cc Basic lung functions
and pneumonitisV7.4 Gy < 1000 cc

Liver V9.1 Gy < 700 cc Basic liver function

treatment, a conservative maximum dose value of 4 Gy
was used for all cardiac structures in calculating the
weighting factors. That value was estimated based on
the dose limitation value of 8.5 Gy to the heart associ-
ated with poorer survival of lung cancer patients treated
with 55 Gy in 20 fractions reported by McWilliam et al.26

An EQD2 value of 5.8 Gy was found for that constraint
using the linear-quadratic (LQ) model with α/β = 3. The
value of 4 Gy was then determined as an extrapola-
tion to a single fraction treatment to provide the same
EQD2 value. Despite limitations of using the LQ model
to predict cell killing at high dose single fraction, the
value obtained is low enough to prioritize cardiac struc-
tures in terms of overlap ranking when running the 4pi
optimization with the ESAPI.Furthermore,no significant
differences were observed in the optimized trajectories
when using weighting factor with smaller values of Dtol,
for example, 1 Gy, for cardiac structures.

The overlap map can then be calculated as a function
of the couch (c) and gantry (g) coordinates according
to33

E (c, g) =
∑

i

wi × F ×

[
Li (c, g)
At (c, g)

×
Li (c, g)
Ai (c, g)

]
(1)

where wi is the relative weighting factor for the ith
OAR; the factor F was introduced by MacDonald and

Thomas33 to account for the possibility of the OAR being
between the PTV and the source (foreground overlap,
F= 1) or behind the PTV (background overlap,F= 1/10);
Ai(c,g) and At(c,g) are the areas of the ith OAR and
the PTV,respectively,projected onto the isocentric plane;
and Li(c,g) is the overlap area between the PTV and the
ith OAR.

To select trajectories that will be deliverable, colli-
sion zones were experimentally determined on a True-
Beam STx linear accelerator (Varian Medical Systems,
Inc.,Palo Alto,USA) using an anthropomorphic phantom
placed on the treatment couch. Patient size may heavily
influence the set of permissible gantry or couch angles
for treatment planning. A more ambitious goal of the 4pi
method would be to calculate patient specific collision
zones from data of treatment room and patient CT plan-
ning. While this is an active area of development,37 it is
out of the scope of this project. In the present work, an
anthropomorphic solid water phantom with dimensions
equivalent to an average patient was used and set up
on the couch with a wing board and some cushions to
simulate the patient positioned with arms up. Addition-
ally, a margin of 5 cm from the collision points was con-
sidered to account for patient size variability. The couch
was set to position the mechanical isocentre near the
middle of the body. Collision zones were determined by
rotating the gantry and couch through their full range of
motion and recording the limiting angles at which the col-
lision system was activated. The measured gantry and
couch angles were converted into the respective coor-
dinates of the couch-gantry space (θC, θG) defined at
the isocentric plane referred above and were then pro-
vided to the ESAPI application. Figure 2(c) shows an
overlap map calculated for one patient and for selected
OARs with the final optimized trajectories superimposed
as straight lines, and dark maroon patches represent-
ing the forbidden collision zones.The ESAPI application
provides the final optimized set of allowable minimum-
cost arcs as described by MacDonald et al.34 A treat-
ment plan is then created within Eclipse using the set of
optimized trajectories (couch and gantry angles) gen-
erated by the ESAPI. Figure 2(d) shows the corre-
sponding arcs planned in Eclipse with the optimized
trajectories. We note that while, in concept, this 4pi
method can determine complex trajectories involving
simultaneous couch and gantry motion, this study used
an optimized series of arcs with fixed couch angles,34

since such a plan would not be deliverable given cur-
rent limitations of the treatment platform. It is important
to recognize that using multiple arcs at multiple couch
angles may increase positioning uncertainty. However,
we point out that i) other practitioners are already
using multiple couch angles for VT ablation, but with-
out systematic background on the selection of angles,
ii) positioning uncertainty is probably of the same order
of those found in other stereotactic techniques which
also make use of noncoplanar fields using different
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TABLE 2 Specification of OARs used in the trajectory
optimization with their respective weighting factors (w = 1/Dtol)

OARs
Included in the
4pi optimization

Weighting
factor

Esophagus Yes 1/15

Spinal cord Yes 1/14

Skin No –

Liver Yes 1/9

Lungs No –

Stomach Yes 1/12

Trachea Yes 1/20

Heart-PTV No –

Right atrium Yes 1/4

Left atrium Yes 1/4

Right Ventricle Yes 1/4

Left Ventricle No –

Aorta Yes 1/4

IVC Yes 1/4

SVC Yes 1/4

Pulmonary veins Yes 1/4

Pulmonary trunk Yes 1/4

couch rotations such as in cranial SRS, and iii) image
guidance systems exist that are able to confirm posi-
tioning between couch rotations.

When calculating the optimized trajectories with the
ESAPI some OARs were not included since they would
overlap with the PTV at every direction. Table 2 shows
which OARs were included in the geometrical optimiza-
tion with their respective weighing factor.

2.3 Plan evaluation and data analysis

A conventional (two coplanar arcs) plan and a 4pi-
optimized trajectory plan were created for each patient.
A single fraction dose of 25 Gy was prescribed to the
PTV, and both plans were normalized to ensure 95%
coverage of the PTV volume was covered by 100% of
the prescription dose. Consistent with our clinical plan-
ning practice, a tuning structure was created with an
inner margin of 3 mm from the PTV to keep hotspots
(areas receiving doses > 100% of prescription dose)
within the target. An additional tuning structure (3 mm
ring) was also used to surround the PTV in order to
increase dose fall-off. For both plans, the same VMAT
optimization dose objectives for OARs were set, based
on dose constraints presented in Table 1. For cardiac
structures the conservative value of 4 Gy was used
to minimize dose as much as possible. The automatic
normal tissue optimization (NTO) was turned on for all
plans. The VMAT optimization was run following the
same procedure with the optimizer for both plans (con-
ventional and 4pi) in order to allow a consistent com-

parison between the results obtained with the two tech-
niques. Accordingly, after the optimization was started,
the optimizer was paused until reaching stabilization and
subsequently allowed to continue with no further inter-
action, that is, adjustment of objectives or priorities.

The PTV homogeneity index (HI) was calculated and
compared for both plans according to38:

HI = 100% ×
D5 − D95

Dp
(2)

where D5 and D95 are doses to 5% and 95% of the
volume of the PTV respectively, and Dp is the prescrip-
tion dose.Dose conformity was evaluated by calculating
conformity number (CN) according to39:

CN =
VPTV,RI

VPTV
×

VPTV,RI

VRI
(3)

where VPTV, RI is the volume of the PTV in cubic cen-
timeters (cc) covered by the 100% isodose line (refer-
ence isodose), VPTV is the volume of the PTV and VRI is
the volume of the reference isodose line (100%).There-
fore, values of CN range within the interval 0 ≤ CN ≤

0.95 (based on the plan normalization used), where 0
indicates a very poor conformity. The maximum dose
(Dmax) was also recorded, defined as the greatest dose
received by a volume of >= 0.03 cc of the structure.The
near maximum dose (D2%) was also recorded, defined
as the dose to 2% of the volume.

Finally, values of maximum (Dmax), mean (Dmean) and
median (Dmedian) doses for all OARs were also recorded
to for plan comparison. Integral dose (ID) received by
the patient’s body was also calculated since that is an
important dosimetric parameter for evaluating potential
reduction of patient exposure to radiation, especially in
noncancer diseases.40,41 For each patient, ID was cal-
culated for both plans (conventional and 4pi optimized)
according to42:

ID = Dmean × V (4)

where Dmean is the mean dose in gray (Gy) delivered to
the volume V in liter (L).

To determine the significance of difference in these
metrics between plans, a Wilcoxon signed rank test was
performed for the patient population used in this study
with a confidence level of 95% (α = 0.05).This assumes
that data are paired and arise from the same population,
and that each pair is randomly chosen, however does
not require a normal probability distribution.

In order to calculate quantities of interest and expe-
dite analysis, a separate stand-alone ESAPI script was
built allowing access to all calculated dosimetric data
within the planning system. Therefore, after performing
the VMAT optimization of both treatment plans, the
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TABLE 3 p-Values for maximum, mean and median doses to OARs (including cardiac structures) investigated in this study (N = 15 patients)

OAR Maximum dose p-value Mean dose p-value Median dose p-value

Non-cardiac OARs
Esophagus 0.004 0.003 0.001

Spinal cord 0.003 0.001 0.001

Skin 0.140* 0.001 0.001

Liver 0.173* 0.001 0.001

Lungs 0.009 0.001 0.001

Stomach 0.125* 0.211* 0.001

Trachea 0.009 0.001 0.001

Cardiac structures
Aorta 0.532* 0.005 0.001

Right atrium 0.460* 0.053* 0.078*

Left atrium 0.005 0.496* 0.211*

Heart-PTV 0.003 0.03 0.088*

Right ventricle 0.002 0.017 0.011

Left ventricle 0.005 0.004 0.003

IVC 0.955* 0.027 0.078*

SVC 0.570* 0.001 0.001

Pulmonary veins 0.047 0.256* 0.031

Pulmonary trunk 0.691* 0.001 0.001

*Not statistically significant for p > 0.05.

application was run for extracting data of all patients and
performing the statistical analysis described above.

3 RESULTS AND DISCUSSION

3.1 Sparing of noncardiac structures

Table 3 presents the p-values obtained from the
Wilcoxon signed-rank test applied to maximum, mean
and median doses received by each OAR in order to
identify statistically significant differences between con-
ventional and 4pi-optimized trajectory plans. Although
our analysis revealed differences between the two
methodologies, both conventional and 4pi plans would
be deemed acceptable for treatment by our clinicians
due to the agreement between calculated dose met-
rics and recommended dose constraints presented in
Table 1.

For all OARs outside of the heart differences in max-
imum doses between the two approaches were statisti-
cally significant, except for skin, liver and stomach. The
greatest value of maximum dose for the skin was found
to be 9.4 Gy,which is well below the recommended dose
constraint of 26 Gy for one single fraction treatment
shown in Table 1.Similarly, the volume of the liver receiv-
ing 9.1 Gy (V9.1 Gy) for all patients was below 9 cc which
is also much lower than the 700 cc recommended value.

For the stomach, one patient presented Dmax values
of 20 Gy and 27 Gy, respectively, for both conventional

and 4pi trajectories. Due to the proximity of this OAR to
the target this patient also showed the greatest loss of
conformity (≈ 32%). This result shows that OARs dose
sparing using the 4pi technique can be quite challenging
for immediately proximal structures. Beam’s-eye-view
(BEV) overlap is minimized for the entire structure, and
so the optimizer will determine trajectories with the least
amount of overlap between the structures, regardless of
that overlap’s proximity to the target. A potential future
improvement for larger structures would be for the opti-
mizer to prioritize a subvolume of the OAR that is prox-
imal to the target volume. All values of Dmax for the
stomach were below 12 Gy for the remaining patients.
Although values of Dmax for the stomach greater than
the recommended constraint was observed for only one
patient for both, 4pi and conventional trajectories, this
result shows the importance of additional care when
defining treatment plan priorities especially when the
referred OAR is immediately proximal to the heart. As
we stated above, no significant difference (p = 0.125)
was observed between the two techniques in terms of
maximum dose to the stomach (as well as to skin and
liver) for all patients.

Differences in mean doses were found to be sta-
tistically significant for all OARs except the stomach,
although mean dose values to this OAR were below
3.5 Gy for all patients when using the 4pi technique.
Significant differences in median doses between the
two plans were also observed for all OARs outside the
heart.
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Figure 3 compares OARs doses averaged over the 15
patients that showed statistically significant differences
(p < 0.05) between the conventional and 4pi optimized
trajectory plans. We can see from Figure 3(a) that the
4pi optimized trajectory provided significant dose spar-
ing in maximum dose to the esophagus (p = 0.004),
spinal cord (p = 0.003) and trachea (p = 0.009). It
should be noted,however, that maximum dose values for
these OARs are much below the constraints suggested
in Table 1. The improvement in dose sparing can also
be visualized in Figure 3(b) which shows the average
percent reduction in maximum dose to each OAR after
trajectory optimization. Here, differences between max-
imum doses obtained with the two techniques for each
patient were normalized to the value in the conventional
plan before averaging across all patients. A negative
value represents an increase for the referred parameter.

Figure 3(c) shows that significant improvement in
dose sparing with the 4pi optimized plans was realized
in terms of mean dose for esophagus (p = 0.03), spinal
cord (p = 0.001),skin (p = 0.001), liver (p = 0.001), lungs
(p = 0.001) and trachea (p = 0.001). Percent reduc-
tion in mean dose to those OARs were greater than
18% as shown in Figure 3(d). An improvement in dose
sparing with percent reduction of greater than 20% in
median dose (p = 0.001) was also found for all OARs
outside the heart investigated in this work as shown
in Figure 3e,f . Analysis of the averages for all OARs
presented in Figure 3 across all patients shows that
the implementation of an optimized trajectory provided
lower dose values for all sensitive structures for both
mean and median doses.For maximum doses,all OARs,
but one,had improved sparing with the 4pi-optimized tra-
jectory plans compared to the conventional plans. Aver-
age maximum, mean and median doses were found to
decrease by 21.8%, 31.8%, and 47.9% respectively. The
one exception to the consistent finding of reduced spar-
ing, over all metrics, was for the lungs, where a slight
increase of maximum dose (p = 0.01) when using the
optimized trajectory plan was observed.We note that the
dose constraint for lungs is normally not with regard to
the dose maximum as it is a parallel OAR.

A significant reduction (p= 0.001) of the integral dose
received by the body resulted when using the 4pi opti-
mized trajectories, which is likely related to reduced val-
ues of mean doses. Average values over entire popu-
lation were 20.9 ± 3.8 GyL and 17.6 ± 4.3 GyL for the
conventional and 4pi trajectories respectively.

Figure 4(a) compares the total MUs for both treat-
ment plans for each patient with average values of
10 483 ± 970 MUs and 6845 ± 160 for the conventional
and 4pi trajectories respectively. A significant reduction
(p = 0.001) was observed on the amount of MUs when
using the 4pi trajectories with an average of 34.3% ±

5.3 % as it is shown in Figure 4(b). That represents
an important advantage of the 4pi method since it can
reduce the treatment time. Despite changing a single

360o arc at a single couch angle to multiple arcs at mul-
tiple couch angles may increase the total treatment time
due to the time required to move the couch,that increase
may not be significant especially considering the signif-
icant reduction in the amount of MUs delivered with the
optimized arc trajectories.

As demonstrated by MacDonald and Thomas,33 it is
important to confirm that improvements in dose spar-
ing arise from the 4pi-optimized trajectories, and are not
simply provided by the subsequent VMAT optimization.
To verify this, one patient was chosen at random and its
4pi-optimized trajectory plan was reoptimized after omit-
ting all OAR dose objectives (although the automatic
NTO was maintained). In this way the VMAT algorithm is
allowed to prioritize only the PTV coverage and homo-
geneity. Figure 5 gives the comparison between dose
volume histograms (DVHs) obtained for the conven-
tional trajectory plan, the 4pi-optimized trajectory plan
using the same VMAT objectives for the OARs, and the
optimized trajectory plan without OAR objectives. This
comparison is shown for esophagus (Figure 5a), spinal
cord (Figure 5b),trachea (Figure 5c) and liver (Figure 5d)
for one selected patient. As MacDonald and Thomas33

pointed out in their study, it is reasonable to extrapo-
late the result to other test-patients with similar anatom-
ical arrangements if the optimized trajectories for those
other patients involve a similar degree of overlap mini-
mization. This demonstrates the similarity of DVHs with
and without OAR dose objectives, as well as the signifi-
cant improvement of dose metrics relative to the conven-
tional plan. This also underlines a previously-reported33

characteristic of 4pi-optimized plans, that is, when tra-
jectories are selected to avoid overlap with OARs, the
VMAT optimization becomes less important with regard
to sparing. Even for the liver where maximum doses did
not present significant differences, Figure 5(d) shows
significant improvement in dose sparing in terms of
mean (and median) dose provided by the optimized tra-
jectory plans. Similar results were found for the remain-
ing patients and other OARs and are shown in Table 4
by comparison of the dose to 50% of the volume (D50%)
of the OAR. Average values of D50% over all 15 patients
for the plans with and without OAR dose objectives are
closer to each other and lower than the values found
for the conventional plan. Except for IVC and pulmonary
veins where there was not significant statistical differ-
ence between the 4pi plans and the conventional one,
all OARs presented lower values of D50% when using
optimized trajectories. That also confirms the improve-
ment in dose sparing provided by the 4pi trajectories.

3.2 Sparing of cardiac structures

Table 3 shows that most cardiac structures presented
significant differences between conventional and 4pi-
optimized trajectory plans especially in terms of mean
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F IGURE 3 (a) Comparison of average (N = 15) maximum dose values for noncardiac OARs obtained with conventional and 4pi optimized
trajectories that presented statistically significant differences (p < 0.05). Error bars represent the standard deviation of individual data values to
the mean. (b) Average maximum dose reduction obtained with the 4pi optimized trajectory. Panels (c)–(f) show the same as in (a) and (b), but for
mean and median doses, respectively



REIS ET AL. 81

F IGURE 4 (a) Comparison of total MUs obtained for the two treatment plans (conventional and 4pi optimized) for all 15 patients. In (b), the
reduction in total MUs obtained with the 4pi trajectories

F IGURE 5 DVHs for (a) esophagus, (b) spinal cord, (c) trachea, and (d) liver for one selected patient

and median dose. Figure 6 shows the comparison
between those two approaches with significant differ-
ences in terms of dose to cardiac structures. Compar-
ison of average maximum doses over all patients for left
atrium (p = 0.005), heart-PTV (p = 0.003), right ventri-
cle (p = 0.002), left ventricle (p = 0.005) and pulmonary

veins (p = 0.047) are shown in Figure 6(a). This indi-
cates,in general,higher maximum doses for these OARs
when using the 4pi-optimized trajectories, with the rel-
ative change in maximum dose given in Figure 6(b).
While the 4pi optimization method is effective at spar-
ing more distant OARs, sparing immediately proximal
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TABLE 4 Average values of D50% (dose to 50% volume) obtained with conventional, 4pi and 4pi without VMAT objectives plans for OARs of
all 15 patients. p-Values shown between parenthesis in third and fourth columns indicate if there was statistical significant difference between
each 4pi plan (with and without VMAT objecftives) and the conventional one

OAR

D50% (cGy)
Conventional 4pi 4pi without VMAT objectives

Esophagus 48.7 ± 53.8 23.9 ± 35.7 (p = 0.001) 27.2 ± 39.9 7 (p = 0.009)

Spinal cord 26.5 ± 22.2 9.4 ± 5.5 (p = 0.001) 10.4 ± 6.1 (p = 0.005)

Skin 11.7 ± 4.5 7.1 ± 2.7 (p = 0.001) 8.1 ±3.1 (p = 0.001)

Liver 70.68 ± 47.43 20.1 ± 20.3 (p = 0.001) 20.3 ± 18.6 (p = 0.001)

Lungs 50.4 ± 22.6 28.3 ± 11.7 (p = 0.001) 32.1 ± 12.9 (p = 0.001)

Stomach 73.3 ± 39.4 38.2 ± 27.7 (p = 0.001) 44.4 ± 34.0 (p = 0.001)

Trachea 5.7 ± 4.5 2.7 ± 2.2 (p = 0.001) 3.1 ± 2.6 (p = 0.001)

Aorta 45.2 ± 29.4 18.9 ± 7.5 (p = 0.001) 22.4 ± 9.4 (p = 0.003)

IVC 308.0 ± 161.1 260.5 ± 193.8 (p = 0.078)* 319.2 ± 291.5 (p = 0.650)*

SVC 20.5 ± 18.7 9.1 ± 4.0 (p = 0.001) 11.0 ± 5.1 (p = 0.020)

Pulmonary veins 82.8 ± 41.9 61.8 ± 59.7 (p = 0.031) 73.0 ± 68.0 (p = 0.211)*

Pulmonary trunk 49.1 ± 35.2 22.8 ± 12.9 (p = 0.001) 26.9 ± 13.0 (p = 0.020)

*Not statistically significant for p > 0.05.

structures remains challenging, and can even be
reduced when more distant OARs affect the optimiza-
tion. Since the PTV is located (usually) within the ven-
tricular muscle, the optimized trajectory provides lit-
tle advantage for sparing maximum dose for proximal
OARs such as heart chambers and vasculature. On the
other hand, it is important to point it out that the VMAT
optimization was run with one single interaction with the
optimizer to make a reasonable comparison between
conventional and 4pi trajectories, as described above. In
this sense, it is possible that maximum dose to cardiac
structures may be reduced by forcing the optimizer to
improve dose sparing on those referred structures.

Similarly, higher mean dose values were also found
for heart-PTV (p = 0.03), right ventricle (p = 0.017) and
left ventricle (p = 0.004) as shown in Figure 6(c),(d).
On the other hand, the optimized trajectory did pro-
vide improvements in sparing mean doses to aorta
(p = 0.005), IVC (p = 0.027), SVC (p = 0.001) and pul-
monary trunk (p= 0.001).Median dose values were also
lowered by the 4pi approach for aorta (p = 0.001), SVC
(p= 0.001),pulmonary veins (p= 0.031) and pulmonary
trunk (p= 0.001) as shown in Figure 6(e),(f).However,an
increasing in median doses to right ventricle (p = 0.011)
and left ventricle (p = 0.003) were also observed with
the optimized trajectory.

The increase in maximum dose values for structures
near the target can be understood by considering that
the 4pi method optimizes arc trajectories,which may not
have a large impact with regard to shaping the dose dis-
tribution immediately proximal to the PTV. It is important
to note that for most heart substructure OARs evalu-
ated in this study, dose values achieved remain below
recommended values in the literature19 such as those

reported for aorta (Dmax ≤ 20 Gy), heart-PTV (D50% ≤

5 Gy) and SVC (D50% ≤ 0.6 Gy).Our results show a max-
imum value of 17.3 Gy for the maximum dose (Dmax) to
the aorta. Maximum values of dose delivered to 50% of
the volume of the organ (D50%) were found to be 4.3 Gy
and 0.17 Gy to the heart-PTV and SVC respectively.

Although some cardiac structures presented in Fig-
ure 5 were found to increase dose values when examin-
ing the maximum dose, values reported in this study are
not unexpected considering the target is located within
the heart. Furthermore, lower maximum dose values for
cardiac structures can still be pursued during the treat-
ment planning according to specific clinical priorities and
goals.

3.3 PTV coverage

There was no statistically significant difference
(p = 0.650) with regard to PTV metrics in maximum
dose using both techniques. Averaged over all 15 target
volumes, values of Dmax were 31.6 ± 0.9 Gy and 31.6
± 1.0 Gy for conventional and 4pi-optimized trajectory
plans, respectively. Similarly, the near-maximum dose
metric (D2%) did not present any significant difference
(p = 0.334) between the two approaches. Averages
were D2% = 30.8 ± 0.7 Gy and D2% = 30.9 ± 0.8 Gy for
conventional and 4pi-optimized trajectory plans respec-
tively, which is in fair agreement with the limitation of
32.5 Gy suggested by Blanck et al.20 for this parameter.

Similarly, dose homogeneity was not found to be
statistically different (p = 0.156) when using the con-
ventional or the 4pi-optimized approach. The average
homogeneity index, as defined in Equration 2, was
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F IGURE 6 (a) Comparison of average (N = 15) maximum dose values obtained for cardiac structures with conventional and optimized
trajectories that presented statistically significant differences (p < 0.05). Error bars represent the standard deviation of individual data values to
the mean. (b) Average (over all patients) maximum dose reduction obtained with the optimized trajectory. Panels (c)–(f) show the same as in (a)
and (b), but for mean and median doses, respectively

HI = 21.5% ± 2.4% for the conventional trajectory plan
and HI = 22.2% ± 3.1% for the 4pi-optimized one,
respectively. Combined with the results for Dmax and
D2%, this suggests that using a 4pi-optimized trajec-

tory will not compromise PTV dose homogeneity metrics
compared to conventional approaches.

Conversely, the conformity number as defined in
Equation (3) was found to decrease (p = 0.001) when
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using the 4pi-optimized trajectory with average values
(over all PTVs) going from CN = 0.86 ± 0.05 (conven-
tional) to CN = 0.77 ± 0.09 (4pi-optimized). Despite
providing dose sparing to OARs, 4pi trajectory opti-
mization is not expected to improve dose conformity to
PTV since that is not taking into consideration in the
geometric optimization code.Similarly,minimum (D100%)
and near-minimum (D98%) doses were found to
decrease (p-values of 0.003 and 0.005 respectively)
when using the 4pi trajectories.Average values of D100%
were 20.4 ± 1.1 Gy for conventional trajectory and 19.2
± 1.4 Gy for the 4pi one. For D98% average values were
24.3 ± 0.3 Gy and 24.1 ± 0.3 Gy for conventional and
4pi trajectories, respectively.

When VMAT optimization is performed for the ran-
domly selected patient mentioned in Section 3.1, using
the same objectives, the conventional and 4pi-optimized
trajectories gave similar results in terms of target dose
homogeneity and conformality, on average. For the con-
ventional plan, HI = 22.17% and conformation num-
ber was CN = 0.86, while for the 4pi-optimized plan,
HI = 22.26% and CN = 0.81. However, after remov-
ing dose objectives in the VMAT optimization for the
4pi-optimized trajectory these values are altered to
HI = 13.4% and CN = 0.84. This is expected given
that without OAR objectives, the VMAT optimization is
allowed to prioritize the PTV, including dose homogene-
ity without being constrained by OAR sparing.

3.4 Limitations

One of the main limitations of the present study was the
fact that the CT images used from the public database
do not represent real cases (lesions) of ventricular
tachycardia. Hearts with scar related VT are geometri-
cally different from hearts without VT since the former
ones have scars.42,43 However, since targets were delin-
eated in this study to be realistic with direct reference to
actual case studies,19 those differences are expected to
be accounted for in the PTV definition.

Additionally, the impact of combined effect of respi-
ratory and cardiac motion could not be assessed in this
current study since that would demand the availability of
4D-CT images. The use of additional image modalities
to improve organs contouring were not possible either
since there was no other type of image for the patients
used in this study.

4 CONCLUSIONS

In this work, we investigated potential advantages of
using 4pi-optimized arc trajectories in the context of
VT-SBRT in order to improve dose sparing to OARs
around the target. Our results indicate that significant

dose reduction to a range of relevant OARs may be real-
ized. Analysis of integral dose absorbed in the whole
patient body also reveals a potential benefit for reduc-
ing the risk of toxicities for health tissues away from the
treatment field. Additionally 4pi plans were found to pro-
vide a potential reduction in treatment time delivering a
smaller amount of MUs compared to the conventional
trajectory.

Although the sparing of immediately proximal cardiac
sub-structures was not improved with regard to max-
imum dose, improvements were seen with regard to
median and mean dose, and all dose metrics remained
below those reported or recommended in the litera-
ture to date. Furthermore, reduction in dose metrics can
still be achieved for individual VMAT plans by forcing
the optimizer to spare dose to specific structures while
reaching desired coverage according to clinical goals
and priorities. Since dose constraints in the context of
VT-SBRT are still under investigation, dose to relevant
OARs should be kept as low as reasonably achievable,
and the 4pi-optimization of arc trajectories is sufficiently
flexible that the priorities of OARs may be adjusted as
clinical knowledge evolves.
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