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ing phase to compensate for the tumor motion and shape changes. Plans for a
phantom and five lung cases were included in this study to evaluate the proposed
technique. Dosimetric comparisons were performed between 4D and 3D VMAT plans.
Plan verification was implemented by delivering the 4D VMAT plans on a moving
QUASAR™ phantom driven with patient-specific respiratory curves. The phantom
study showed that the 4D VMAT plan generated with the DAD method was compara-
ble to the ideal 3D VMAT plan. DVH comparisons indicated that the planning target
volume (PTV) coverages and minimum doses were nearly invariant, and no significant
difference in lung dosimetry was observed. Patient studies revealed that the GTV cov-
erage was nearly the same; although the PTV coverage dropped from 98.8% to 94.7%,
and the mean dose decreased from 64.3 to 63.8 Gy on average. For the verification
measurements, the average gamma index pass rate was 98.6% and 96.5% for phantom
3D and 4D VMAT plans with 3%/3 mm criteria. For patient plans, the average gamma
pass rate was 96.5% (range 94.5-98.5%) and 95.2% (range 94.1-96.1%) for 3D and
4D VMAT plans. The proposed 4D VMAT planning technique using the DAD method
is feasible to incorporate the intra-fraction organ motion and shape change into a 4D
VMAT planning. It has great potential to provide high plan quality and delivery effi-

ciency for moving targets.
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1 | INTRODUCTION

Volumetric Modulated Arc Therapy (VMAT) is delivered through syn-
chronized variation in the gantry angle, dose rate, and multi-leaf col-
limator (MLC) leaf positions. Studies have shown that VMAT can
provide high delivery efficiency without compromising plan quality
compared to static beam IMRT.?"> Verbakel et al.® have shown that
for patients with Stage | lung cancer, the VMAT stereotactic ablative
body radiotherapy (SABR) technique achieves better target dose
conformity than a conventional 10-field non-coplanar IMRT plan.
However, tumor motion due to respiration during radiation therapy
for cancer radiotherapy is a significant problem. The compilation of
data in the American Association of Physicists in Medicine (AAPM)
Task Group Report 767 revealed that out of 22 lung tumor patients,
12 patients had tumor motion from 3 to 22 mm (mean 8 + 4 mm)
in the Superior—Inferior direction. In such a situation, the delivered
dose distribution could be different from the original planned dose
distribution if the intra-fraction tumor and organs-at-risk motions
were not taken into account properly.7'8'9

Several methods have been proposed to manage the intra-frac-
tion tumor motion, including margin expansion,'® gating tech-

11714 and tracking techniques.'®>Y” Important considerations

niques
for SABR treatment include minimizing the volume of the normal tis-
sues outside the tumor receiving high doses per-fraction and achiev-
ing acceptable dose inhomogeneity inside the tumor. Therefore, the
common use of large treatment margins in lung cancer is in conflict
with SABR’s requirement of minimal treatment field sizes.!® Gating
techniques reduce the volume of healthy tissue exposed to high
doses of radiation.!** However, gating techniques have limited
beam output, therefore, gating techniques increase the treatment
delivery time especially for SABR treatments. Rigid tracking tech-
niques can be used to compensate for tumor motion but cannot deal
with deformable motion effects.*>~%”

Four-dimensional volumetric modulated arc therapy (4D VMAT)
is a treatment strategy for lung cancers that aims to exploit relative
target and tissue motion to improve target coverage and organ at
risk (OAR) sparing.282° With the development of sophisticated imag-
ing techniques that provide information on tumor motion and defor-
mation, such as 4D-CT?%%and 4D-CBCT,**2¢ the 4D plan
optimization strategy presents a logical solution to account for the
intra-fractional organ motion. An inverse planning framework for 4D
VMAT was proposed by Ma® to provide tempo-spatially optimized
VMAT plans. The cumulative dose distribution was optimized by iter-

atively adjusting the aperture shape and weight of each beam
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through the minimization of the planning objective function. The
proposed 4D VMAT planning formulism provided useful insight on
how the “time” dimension could be exploited in rotational arc ther-
apy to maximally compensate for the intra-fraction organ motion.
Chin??%° investigated a novel algorithm for true 4D-VMAT planning
by incorporating the 4D volumetric target and OAR motions directly
into the optimization process. During optimization, phase correlated
beam samples were progressively added throughout the full range of
gantry rotation. The resulting treatment plans had respiratory phase-
optimized apertures whose deliveries were synchronized to the
patient’s respiratory cycle. The 4D VMAT system has the potential to
improve radiation therapy of periodically moving tumors over 3D
VMAT, gating or tracking methods. However, the complex dose calcu-
lation and optimization may prolong the treatment planning time and
cannot be implemented on commercial treatment planning systems.

In this work, we propose a 4D VMAT planning technique by apply-
ing a direct aperture deformation algorithm to a 3D VMAT plan. This
method accounts for both the rigid and non-rigid respiration-induced

target motion and is simple and feasible for clinical setup.

2 | METHODS

Plans for a QUASAR™ phantom with a tumor insert and for five
patients who received lung SABR treatments were included in this
study. Figure 1 shows the scheme of this study from 4D CT to 4D
VMAT plan verification. First, a 3D VMAT plan was optimized based
on patient’s anatomy on the reference (50%) phase of a 4D CT data-
set using Eclipse treatment planning system. The 3D VMAT plans
consisted of a sequence of control points each defining the gantry
angle, dose weight, and MLC aperture, the gantry speed for each
control point was also calculated as can be seen from the beam
properties for each control point in Eclipse. Second, the gantry angle
for each control point generated from the 3D VMAT plans could be
used to link the plan time points and the tumor motion, which is
illustrated in the next paragraph. Once the 4D VMAT plan and the
tumor motion was synchronized, the DAD method was used to mod-
ify the MLC leaf positions at each control point of the plan to syn-
chronize the VMAT delivery with the respiratory motion. Third, the
quality of the resultant 4D VMAT plan was investigated by compar-
ing its isodose distribution and DVHs with the 3D VMAT plan.
Fourth, plan verification was implemented by delivering the 4D
VMAT plans on a moving QUASAR™ phantom driven with patient-

specific respiratory curves.
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4D CT
TPS
3D VMAT plan PTV  contours
> at reference at each of 10
(50%) phase. phases

A

Virtually separated into 10
parts corresponding to 10
phases by using the temporal
information of the gantry
angle and respiratory curve.

In-house
Comparing |

program

DAD

A 4

A deliverable 4D VMAT plan was

.| Deliver on a moving

generated.

A4

Physically separated into 10 sub-files of
4D VMAT plan, corresponding 10 phases

TPS

Dose calculation on each phase of 4D CT by

using corresponding sub-file of 4D VMAT plan.

Velocity Al

4D dose matrix summation on reference
(50%) phase images was generated by
deforming registration.

TPS

v
4D dose distribution and DVHs of target
and OARs were calculated

The gantry angle and gantry speed information could be used to
synchronize the plan time points with the phase of breathing motion.
Since the only difference between the 3D and the 4D VMAT plans
was the MLC apertures, and the dose rate for each control point
was less than the maximum value, therefore, the 4D VMAT plans
could be delivered with the same gantry angle and gantry speed for
each control point once the MLC leaf travel speed be constrained to
a value less than the physical maximum speed. (a) During the 3D
VMAT optimization, preserving the maximum speed of leaf motion
to below the speed of v had to be compromised such that the
leaf velocity in the target-reference frame could be constrained to
Vmax- The MLC leaf travel speed was set to 1.5 cm/s for 3D VMAT
planning optimization in this study; other planning parameters were
gantry speed 0.5 to 4.8 degrees/s, and dose rate 0 to 1400 MU/
min, and the physical maximum leaf travel speed 2.5 cm/s (b) once
the 4D VMAT plan was generated based on the DAD method, the
speed of a MLC leaf at position X as a function of gantry angle g, V
(g) = dX/dg, could be related with gantry speed dg/dt and MLC
physical leaf speed as follows

phantom

A

Measured planar  dose
distribution

Gamma
Analysis

Fic. 1. The scheme of this study,
including 4D treatment planning,
dosimetric comparison and plan
verification.

export  planar  dose
distribution

(g)= X _9X dt
3 =dg " dt dg

Where % denotes the leaf travel speed and % denotes the recip-
rocal of gantry speed. The MLC leaf speed should be less than 2.5 %
at each control point. (c) We compared the gantry angles recorded
at each control point within the trajectory log files with the 3D and
the 4D VMAT plans. Once the 4D VMAT plan could not be deliv-
ered with the planned gantry speed due to limited leaf travel speed,
the MLC leaf position at that control point had to be modified such
that the 4D VMAT plan deliveries could be synchronized with the
breathing motion.

2.A | Plan preparation

4D CT images were acquired on a GE Discovery PET/CT scanner.
Audio coaching was used to improve the reproducibility and stability
of the breathing motion. For the phantom study, the QUASAR™
phantom was driven by a periodic sinusoidal curve with the motion
amplitude of 1.0 cm and the motion cycle of 5 s. The 4D CT images
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were imported into the Varian Eclipse treatment planning system
(TPS) for contouring and treatment planning. The gross tumor vol-
umes (GTVs) were delineated on each of the ten respiratory phases
of the 4D CT. The planning target volumes were defined as the
GTVs plus a 5 mm isotropic margin. The amplitude of tumor motion
was determined by measuring the peak-to-peak tumor position from
different phases of the breathing cycle for each patient. The target
volumes and motion amplitudes are listed in Table 1. For the 5
patients in this study, the tumor motion was greater than 5 mm. The
prescription dose to the PTV was 60 Gy to be delivered in three
fractions with a 6 MV Flattening Filter Free (6X-FFF) X-ray beam
from a TrueBeam™STx linear accelerator. The prescribed isodose line
was individually selected for each plan such that at least 95% of the
PTV was covered by the prescription dose. In our study, the 50%
respiratory phase of the 4D CT image sets (corresponding to end
exhalation) was selected as the reference image for 3D VMAT plan-
ning and dose verification.

2.B | 4D VMAT plan generation algorithm

A DAD method is used to modify the MLC leaf positions at each
control point to synchronize the VMAT plan delivery with the respi-
ratory motion. The target translation and shape deformation are
taken into account in the modification while the total monitor unit
(MU) for each beam and the MU fraction and gantry angle for each
control point are kept unchanged as those in the original plan. Once
the correlation between the Gantry angle and the target position
from the 4D CT scan is established using the temporal information
of the gantry angle and respiratory curve, the projected outlines for
both reference phase (50% phase) and the target phase (Nth phase)
in the BEV at the gantry angle of the corresponding control point
are generated using an in-house program. To modify the MLC aper-
ture from the reference phase to the Nth phase, the first step is to
calculate the shift in the X-direction (corresponding to the right-left
direction of the patient) in terms of geometric center of the pro-
jected outlines (the collimator is set to 90° for all the plans). This
shift is accounted for by moving the open subfields right or left by
an integral number (k) of MLC leaves. The k is determined by the
quotient of the shift in the X-direction and the width of MLC leaf.
Therefor the (i + k)th leaf pair in the new plan is corresponding to
the ith leaf pair in the original plan. The (i+k)th leaf pair positions in

the new beam are calculated by

TaeLe 1 Target volumes and motion amplitudes in studied cases.

Motion
Case no. GTV volume (cm®) PTV volume (cm®)  amplitude (mm)
1 2.2 9.9 16
2 0.8 5.5 7.0
3 0.8 6.0 6.5
4 0.9 7.2 6.0
5 16.1 40.9 10
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AN, = (A — Y2) x Scale; + YN, and
BN, = (BY — YP) x Scale; + Y}, (1)

Where A; and B; are the position of the leading and trailing
leaves of the ith leaf pair. The superscript “O” stands for the target
and leaf sequence in the original plan. The superscript “N” stands for
the target and new leaf sequence for the Nth Phase. Y; is the geo-
metric center of the projected outline in the Y-direction under the
ith leaf pair and can be obtained by
Y+ _ Yl + Vil

Yo and YN

i 2 itk — 2 ()

While Yg and Y,? are the superior and inferior boundaries of the
outline projection in the Y-direction under the ith leaf pair for the
ik and YIN(I+k)
aries of the outline projection in the Y-direction under the (i + k)th

original plan, Yg‘( are the superior and inferior bound-

leaf pair for the Nth phase. Scale; is calculated by

Ygl(H-k) - Yﬁ‘wk) 3)

SCa’e,‘ = W
J U

If the projection of the target for the Nth Phase is shorter than
the reference target in the X-direction, or there is no new target
under the corresponding (i+k)th leaf pair, the leaf pair would be
closed in the new leaf sequence. On the other hand, if the ith leaf
pair is originally closed while there is a new target under the corre-
sponding (i + k)th leaf pair, the (i + k)th leaf pair should be opened
based on its adjacent opened leaf pair and the target projection
under these two leaf pairs. Figures 2 and 3 showed the apertures
for ten consecutive control points covering a full breathing cycle in
the 3D and the 4D VMAT plans. The first picture represents the
MLC aperture at 0% phase and the last picture represents the MLC
aperture at 90% phase.

2.C | Dosimetric comparison of 4D VMAT plans
with 3D VMAT plans

To investigate the 4D VMAT plan quality, the 4D VMAT plans were
compared with their corresponding 3D VMAT plans. It consisted of
the following steps (Fig. 1). First, the 4D VMAT plan DICOM file
was physically separated into 10 files corresponding to 10 phases
based on the known correlation between the target position and the
beam aperture of each control point. Second, the 10 sub-files of the
4D VMAT plan were imported back to the TPS. The dose matrix
was calculated on each phase of the 4D CT data set using the corre-
sponding sub-file of the 4D VMAT plan. Third, the dose matrices
from the 10 phases were then deformed to the reference phase to
generate a 4D dose matrix summation using the Varian VelocityAl
3.1.0 software. The differences between the deformable and the
rigid registration for the QUASAR™ phantom 4D VMAT plans were
also studied. The 4D dose matrix summation was imported back to
Eclipse to calculate the dose distribution and DVHs for the target
and OARs on the reference phase. Fourth, the dosimetric parameters
of the 4D plan were compared with those of the ideal 3D VMAT
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Fic. 2. The MLC apertures for ten consecutive control points of a 3D VMAT plan for the lung case #1.

plan using the coverage of planning target volume (PTV) and the
sparing of organs-at-risk. The conformity indices (Cl) were also calcu-

lated and compared. The Cl was defined as:

TV TVp
A= T
Where TVp, is the target volume within the prescribed isodose

volume PI, TV is the target volume.

2.D | 4D VMAT plan verification

3D and 4D plan verifications were performed using EDR 2 film in a
QUASAR™ phantom (see Fig. 4). First, the phantom was positioned
on the couch using a laser based patient positioning system. Then,
the target was accurately localized using kilo-Voltage (kV) orthogonal
setup images to ensure the accuracy of target positioning. 3D VMAT
plan was delivered to the static phantom and validated using gamma
analysis between the film measurement and the planar dose distribu-
tion from the TPS. The gamma index criterion was set to 3%/3 mm.
For 4D VMAT plan validation, the QUASAR™ phantom was ani-
mated using the real patient-respiration curve, the amplitude of the
respiratory curve of a patient was normalized to match the tumor
motion amplitude. The variation in the amplitude and frequency was
not translated to change for the internal target. The Varian RPM sys-
tem was used to synchronize the treatment delivery with the phan-

tom motion. The measured dose distribution was compared with the

calculated 4D dose distribution. In our work, the 50% phase of respira-
tory was used as the beam starting time for the treatment delivery.

We assumed that the characteristics of the motion are known
(from 4D-CT data) at the treatment planning stage, the adaptive
planning strategies from fraction to fraction would not be discussed.
However, in this study, the effects of the changes of breathing
amplitude and the phase shift between the tumor motion and the
treatment delivery to the total dose distribution were simulated
using the Eclipse treatment planning system. The motion amplitude
was manually changed and the breathing cycle was shifted for the
treatment delivery, the resultant dose distributions were calculated
and compared with the original 4D VMAT plan dose distributions
(see fig. 5).

3 | RESULTS

3.A | Dosimetric comparison of 4D VMAT plan
with 3D VMAT plan

Figure 6 presents the dose distributions of the 3D (a, b, and ¢) and
the 4D (d, e, and f) VMAT plans for the phantom. The 4D VMAT
plan quality is comparable to that of the 3D VMAT plan. The DVH
comparison in Figure 7 indicates that the PTV coverage is nearly the
same for both plans; the maximum dose to the PTV decreases from
64.3 Gy to 63.8 Gy for the 4D VMAT plan. The changes in lung
dosimetry are insignificant. Figure 8 compares DVHs of the 4D dose
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Fic. 3. Resultant apertures for ten consecutive control points for the lung case #1. The collimator angle was set at 90° to make sure the

MLC can track the tumor motion.

Fic. 4. Computed Tomography (CT)
images of a QUASAR™ phantom in the
transverse plane (left) and coronal plane
(right). A 3 cm diameter lung tumor model
insert was used for 4D imaging and
planning.
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Fic. 5. The effects of the breathing amplitude change and phase shift during 4D VMAT deliveries were simulated in Eclipse. The motion
amplitude was manually changed by 1 mm, 2 mm, and 3 mm (a) and a 10% breathing cycle shift (b) was introduced during the 4D VMAT
deliveries, the resultant dose distributions were calculated and compared with that of the original 4D VMAT plans.



ZHANG ET AL

Fic. 6. Dose distribution Comparison
for 3D (a), (b), (c) and 4D (d), (e), (f) VMAT
plans. The 60 Gy, 54 Gy, 48 Gy, 30 Gy,
and 15 Gy isodose lines are shown in
transversal view (a), (d), coronal view (b),
(e) and sagittal view (c), (f). The 4D VMAT
plan has comparable dose distribution to
that of the 3D plan for the QUASAR™
phantom with periodic motion.

Fic. 7. DVH comparison for 3D and 4D
VMAT plans. The PTV coverage and the
lung DVHs are virtually the same, the PTV
maximum dose for the 4D plan decreases
from 64.3 to 63.8 Gy for the QUASAR™
phantom with periodic motion.
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Fic. 8. DVH comparison of the 4D
VMAT plans calculated with the rigid
registration (lines with rectangle symbols)
and the deformable registration (lines with
triangle symbols). The GTV coverage and
the dose to the lungs are similar for both
registration methods, though the PTV
coverage for the rigid registration is lower
(96.5%) than that for the deformable
registration (99.5%).

distribution calculated with the rigid registration and the deformable
registration. The GTV coverage and the dose to the lungs are similar
for both registration methods, though the PTV coverage for the rigid
registration is lower (96.5%) than that for the deformable registration
(99.5%).

Figures 9 and 10 present the dose distributions and DVHs of 3D
and 4D VMAT plans for the patient #1. Comparing the 4D with the
3D plan, the PTV prescription dose coverage decreases from 98.5%
to 97.0% (Table 2) while the maximum esophagus dose reduces from
20.7 Gy to 19.6 Gy (Table 3) for the 4D plan.

Table 2 lists the dosimetric statistics for GTV and PTV for the
patient studies. The results show that 100% of the GTV is covered
by the prescription dose, the minimum and mean doses to the GTV
are nearly invariant; Comparing with the 3D plans, the PTV coverage
decreases from 98.8% to 94.7%, and the mean dose drops 0.8% for
the 4D plans.

Table 3 lists the dosimetric parameters for various critical struc-
tures such as the mean doses for lungs and heart and the maximum
doses for spinal cord and esophagus. The average mean lung dose is
2.3 Gy for 4D VMAT plans and 2.4 Gy for 3D VMAT plans. The
average mean dose for heart is 4.2 Gy for 4D VMAT plans and
4.3 Gy for 3D VMAT plans. The spinal cord receives an average
maximum dose of 6.5 Gy for both the 4D and 3D VMAT plans, and
the esophagus average maximum point dose is 11.9 Gy for 4D and
12.4 Gy for 3D VMAT plans, respectively. These data illustrate that
there is no significant differences between the 3D and 4D VMAT

plans.

3.B | Plan verification

The results of the phantom plan verification for 3D and 4D VMAT
plans are shown in Fig. 11. The gamma pass ratio is 98.6% for the
3D VMAT plan and 95.7% for the 4D VMAT plan with the criteria
of 3%/ 3 mm.

The DVH comparisons for the tumor motion amplitude of
1.0cm, 1.1 cm, 1.2 cm, and 1.3 cm are shown in Fig. 12. Results
indicate that dose alterations to GTV and lungs are not significant,
but the D95 to the PTV dropped from 61.0 Gy to 52.4 Gy when
the breathing amplitude changed from 1.0 cm to 1.3 cm during the
4D VMAT plan delivery. The DVH comparisons were shown in
Fig. 12.

Fic. 9. Comparison of isodose distributions for the 3D (a), (b), and
(c) and 4D (d), (e), and (f) VMAT plans are shown in the left and right
panels respectively. Both plans were generated on the 50% CT
image for a lung case with target motion amplitude of 1.6 cm for
patient #1.

Figure 13 shows the effect of phase shift between the tumor
motion and the treatment delivery to the total dose distribution sim-
ulated in Eclipse. The D95 dropped from 61.0 Gy to 56.1 Gy when
the phase shift was 10%. Dose alterations to GTV and lungs were
not significant.
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Fic. 10. DVH comparison of 4D and
3D VMAT plans for the lung case #1. The
lines with triangle symbols represent the
4D VMAT plan whereas the lines with
rectangle symbols represent the 3D VMAT
plan. The 4D plan has similar GTV
coverage and comparable critical structure
doses for this patient.

TasLe 2 Comparison of dose statistics for the GTV and PTV for the patient studies. The 4D VMAT plans have comparable GTV minimum
and mean doses to that of the 3D VMAT plans. The PTV coverage decreases from 98.8% to 94.7%, but the mean dose has only 0.8%
difference (from 64.3 Gy to 63.8 Gy) and the conformity indices of the PTV for the 4D VMAT plans were comparable to the 3D VMAT plans.

GTV PTV

Min dose Mean dose Min dose Coverage (%) Cl
Patient no. 3D 4D 3D 4D 3D 4D 3D 4D 3D 4D
1 61.9 62.7 66.1 65.9 57.7 56.1 98.5 97.0 0.80 0.79
2 61.3 61.8 63.7 63.9 57.7 54.1 99.0 92.1 0.86 0.83
3 60.8 60.9 63.3 63.9 58.4 55.5 99.4 93.9 0.77 0.78
4 60.5 60.1 61.8 62.0 54.0 523 98.2 97.3 0.81 0.81
5 60.8 60.8 67.8 68.0 523 46.1 98.8 93.5 0.72 0.72
Average 61.1 61.3 64.5 64.7 56.0 52.8 98.8 94.7 0.79 0.78

TasLe 3 Dosimetric comparison of mean doses for lung and heart and the maximum doses for spinal cord and esophagus between 3D and
4D VMAT plans. No significant difference is seen between the two sets of plans.

Lung mean dose

Spinal cord max dose Esophagus max dose

(Gy) Heart mean dose (Gy) (Gy) (Gy)

Case no. 3D 4D 3D 4D 3D 4D 3D 4D

1 2.8 27 3.2 3.3 1.6 1.6 20.7 19.6
2 1.5 1.5 0.7 0.7 5.1 4.9 5.2 438
3 1.8 1.8 2.9 2.9 8.5 8.3 10.0 9.7
4 0.9 0.9 32 3.1 6.6 6.2 9.9 9.6
5 4.9 4.8 11.2 111 10.7 11.7 16.3 15.9
Average 24 2.3 4.3 4.2 6.5 6.5 12.4 11.9

The results of the patient plan verification for 3D and 4D VMAT
plans are shown in Fig. 14. The measured dose distribution has a
good agreement to that of the calculation. The gamma passing ratio
is 94.5% and 94.1% for 3D and 4D VMAT plans separately. The
statistics of the gamma pass ratio for 3D and 4D VMAT plans is
shown in Fig. 15. The average gamma pass ratio is 96.5% for 3D
and 95.2% for 4D VMAT plans, respectively.

4 | DISCUSSION

The 4D VMAT has the potential to improve radiation therapy of
periodically moving tumors over 3D VMAT, gating, or tracking

methods. Generally, the 4D VMAT plans can be implemented
either by independently optimizing each of the phases or by con-
sidering all the phases simultaneously.??2° The inverse planning
frameworks proposed by Ma?®and Chin?*?° are realized by incor-
porating 4D volumetric target and OAR motions directly into the
optimization process. During optimization, phase correlated beam
apertures are optimized throughout the full range of gantry rota-
tion so that the resulting treatment plans have respiratory phase-
optimized apertures. Our 4D VMAT planning using the DAD
method simplifies the optimization process. The plan quality is
comparable to an ideal plan. The mean dose is only 0.8% lower
than the optimal 3D plan for the PTV and doses to the normal
tissues are nearly identical.
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(a) 3D plan verification

Fic. 11. Measured isodose distributions
for 3D (a) and 4D (b) VMAT plans. The
measured (solid lines) 90%, 70%, 50%, and
30% isodose lines are compared to the
calculated isodose lines in the figure. The
gamma pass ratio is 98.6% for the 3D
VMAT plan and 95.7% for the 4D VMAT
plan with the criteria of 3%, 3 mm for the
QUASAR™ phantom with periodic motion.

Fic. 12. The effects of the breathing
amplitude change to the total dose
distribution are simulated using the Eclipse
treatment planning system. The DVHs for
motion amplitude of 1.0 cm (lines with
rectangle symbols), 1.1 cm (lines with star
symbols), 1.2 cm (lines with dot symbols),
and 1.3 cm (lines with triangle symbols) are
compared. Dose alterations to GTV and
lungs are not significant, but the D95 to
the PTV drops from 61.0 Gy to 52.4 Gy
when the breathing amplitude changes
from 1.0 cm to 1.3 cm during the 4D
VMAT plan delivery.

Fic. 13. The effect of phase shift
during the treatment delivery to the total
dose distribution is simulated in Eclipse.
The D95 drops from 61.0 Gy to 56.1 Gy
when the phase shift between the tumor
motion and the treatment delivery is 10%.

The 4D VMAT plan is created based on the patient 4D CT. It is
not always true that the 4D CT image set represents the patient
motion pattern during treatment delivery, so issues exist with the
4D VMAT plan delivery to a patient. First, the 4D CT scan is usually
taken long before the plan delivery. Second, even with 4D CT, the
free-breathing simulation is only a snapshot and a single stochastic
sampling of the patient's breathing, thus a change in patient’s
breathing pattern during the simulation or treatment may greatly

affect the dose delivery accuracy. Guckenberger®® presented that a

(b) 4D plan verification

Lungs

single 4D CT scan cannot accurately predict pancreatic tumor

motion during delivery for radiosurgery. If 4D cone-beam CT& 2%

s
available, the most recent information on the patient’s anatomic
locations can be used accounting for the tumor motion more effec-
tively and the 4D dose delivery will be more accurate.?

The phantom plan maintains the PTV coverage, but for patient
plans, the PTV coverage for 4D VMAT plans is lower than 3D VMAT
plans. The reasons for the decrease in the PTV coverage are: (a) the

reproduction of the breathing motion is essential for the 4D VMAT
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Fic. 15. Comparison of 3D and 4D VMAT plan verifications. The
average gamma index pass ratio is 96.5% for 3D and 95.2% for 4D
VMAT plans, respectively. The gamma pass ratio was more than
90% for all five patients.

planning and treatment delivery. For patient plans, audio coaching
can reduce variation in the breathing motion, but any uncertainties
of the breathing motion will be transferred to the 4D CT images and
the treatment planning. (b) The DAD method deforms the optimized
MLC apertures to the other phases based on the deformation and
translation of target contours, the difference between the DAD MLC
aperture deformation and the 3D dose deformation algorithm in Var-
ian VelocityAl introduces uncertainties for the 4D VMAT dose sum-
mations, especially when complex deformation and rotation occur in
the lung region.

The repeatability of the patients’ breathing pattern may greatly
affect the accuracy of the dose delivery. Our experimental measure-
ments show that the gamma pass ratio of the VMAT plans is 95.2%,
but we should point out that real patient respiration sometimes exhi-
bits very complicated patterns with continuously changing amplitude
and periodicity, drifting baseline and envelope effect.?”Although sev-
eral methods discussed in AAPM TG report76,” such as audiovisual
biofeedback, breath-hold, and abdominal compression, can be used
to manage the respiratory motion and improve breathing repeatabil-
ity, the availability of real-time monitoring of the tumor motion and

(b) 4D plan verification

Fic. 14. Plan verifications for 3D and
4D VMAT plans. The 30%, 50%, 70%, and
90% isodose lines are shown in solid lines
(measured dose distribution) and dashed
lines (calculated dose distribution) for
patient #1. The gamma pass rate is 94.5%
for the 3D VMAT static delivery and
94.1% for the 4D VMAT plan (3%, 3 mm).

effective feedback of the tumor motion information play an impor-
tant role in dealing with realistic clinical situations where breathing
irregularities may occur. Action thresholds must be established to
determine when a beam interlock must be triggered to account for
the amplitude change and phase shift during the treatment delivery.
The motion effects should be carefully evaluated and will be the

focus of our future work.

5 | CONCLUSIONS

The work presented a 4D VMAT planning technique for dynamic
targets using a DAD method. The proposed method is a practical
and simple approach to account for both rigid and non-rigid target
motion. The plan quality of the 4D VMAT plans is comparable to the
3D optimal plans in terms of the tumor coverage and the normal tis-
sue sparing. Because the target motion is continuous, this DAD
method generates continuous MLC sequences between apertures of
successive phases. The 4D VMAT plans were verified with the QUA-
SAR™ phantom, and the effects of the motion amplitude and the
phase shift were simulated in Eclipse. The 4D treatment delivery
time is the same as the optimal 3D VMAT plan.
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