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Abstract

Background: The dynamic collimation system (DCS) provides energy layer-
specific collimation for pencil beam scanning (PBS) proton therapy using
two pairs of orthogonal nickel trimmer blades. While excellent measurement-
to-calculation agreement has been demonstrated for simple cube-shaped
DCS-trimmed dose distributions, no comparison of measurement and dose
calculation has been made for patient-specific treatment plans.

Purpose: To validate a patient-specific quality assurance (PSQA) process
for DCS-trimmed PBS treatment plans and evaluate the agreement between
measured and calculated dose distributions.

Methods: Three intracranial patient cases were considered. Standard uncol-
limated PBS and DCS-collimated treatment plans were generated for each
patient using the Astroid treatment planning system (TPS). Plans were recalcu-
lated in a water phantom and delivered at the Miami Cancer Institute (MCI) using
an lon Beam Applications (IBA) dedicated nozzle system and prototype DCS.
Planar dose measurements were acquired at two depths within low-gradient
regions of the target volume using an IBA MatriXX ion chamber array.
Results: Measured and calculated dose distributions were compared using 2D
gamma analysis with 3%/3 mm criteria and low dose threshold of 10% of the
maximum dose. Median gamma pass rates across all plans and measurement
depths were 99.0% (PBS) and 98.3% (DCS), with a minimum gamma pass rate
of 88.5% (PBS) and 91.2% (DCS).

Conclusions: The PSQA process has been validated and experimentally veri-
fied for DCS-collimated PBS. Dosimetric agreement between the measured and
calculated doses was demonstrated to be similar for DCS-collimated PBS to that
achievable with noncollimated PBS.

KEYWORDS
collimation, dose calculation, dynamic collimation system (DCS), dynamic collimation, pencil beam
scanning (PBS), proton therapy, spot scanning
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1 | INTRODUCTION

Pencil beam scanning (PBS) proton therapy combines
the ability of therapeutic proton beams to provide dis-
tal dose shaping via energy selection with the use of
upstream scanning magnets to magnetically steer the
beam and provide lateral dose conformity around the
target volume."™ The increased spot sizes that occur at
the lower energies required to treat shallow targets in the
brain and head-and-neck, often result in reduced lateral
dose conformity and subsequently lower plan quality.>°
This effect is exacerbated with the use of range shifters
and extended air gaps required for clearance with some
patient anatomy. To combat this, external collimation
may be indicated for use in PBS proton therapy.

One device designed for this purpose is the dynamic
collimation system (DCS). The DCS provides spot-
by-spot collimation for PBS to improve lateral dose
conformity for shallow targets without compromising the
dose to the target./-® Beams are collimated using two
pairs of focused orthogonal trimmer blades of 3 cm
thickness to reduce transmission of beams through-
out the intended energy range of the DCS and made
of nickel to reduce secondary neutron production.®'°
In silico treatment planning studies have demonstrated
that the device is capable of delivering more confor-
mal plans compared to traditional PBS treatments,''~16
and a prototype of the device has been dosimetri-
cally validated with physical measurements of simplistic
phantom plans that were performed at the Miami Can-
cer Institute (MCI) using an IBA dedicated PBS nozzle
system.'®16 Following the recent development and inte-
gration of the DCS beam model into the commercial
treatment planning system (TPS) Astroid,'’ it is nec-
essary to establish a patient-specific quality assurance
(PSQA) process to enable patient treatments with the
DCS. In this work, an approach to PSQA with the DCS
is described and evaluated by measurement for treat-
ment plans generated both with and without the DCS in
the Astroid TPS.

2 | MATERIALS AND METHODS

21 | Treatment planning

For this study, uncollimated PBS plans were generated
for three patients with tumors in the brain that were
previously treated with proton therapy. All plans had
three-beam arrangements with beam angles nominally
chosen to minimize the distance between surface and
target, avoid large density heterogeneities, and prevent
end-ranging in critical structures. Spots were initialized
on a hexagonal grid with 4 mm lateral and distal margins
around the target with lateral spacing of 0.7¢ (in-air spot
size at isocenter) and distal spacing of half the width

of the Bragg peak as measured from the proximal to
distal locations of the 80% maximum dose on the inte-
gral depth dose (IDD) curve. The Astroid TPS allows
planners to select unique dose grid sizes for different
structures to enhance calculation speed while providing
increased resolution and accuracy for smaller or more
critical structures. Structures for which the dose grid size
is not explicitly defined use a default base dose grid that
is unique for each plan. For this study, the base dose grid
for all patients was 4 mm, with select structures such
as the target and nearby organs at risk (OAR) having a
reduced dose grid size of 1 or 2 mm to improve dose cal-
culation accuracy. A summary of the patient diagnoses,
target volumes, prescription doses, and beams used is
shown in Table 1.

For all plans, treatment planning was completed in
the Astroid TPS, an FDA-cleared system (.decimal, San-
ford, FL, USA). Constraints and planning objectives
for all plans were chosen in accordance with recom-
mendations provided by results from the Quantitative
Analysis of Normal Tissue Effects in the Clinic (QUAN-
TEC) program.'®'9 A constraint of Vgys;, = 100% for the
planning target volume (PTV) was applied for all treat-
ment plans, where Vg5, is the volume receiving 95% of
the prescription dose, Dp. This ensures that 100% of
the targeted volume receives a minimum of 95% of the
planned radiation dose The maximum dose constraint,
Dynax, for all plans was 110% of Dp. A ring structure was
created around the target delineating the normal tissue
within a 10 mm radius from the target edge in each direc-
tion. The mean dose to the ring D was calculated for
each patient plan to evaluate dose falloff and normal
tissue sparing around the target. In addition, the Dose
Gradient Index (DGI), defined as the ratio of the vol-
ume encompassed by the 50% prescription isodose line
and the 100% isodose line, was calculated to compare
overall dose falloff among plans2°

Plans were optimized using a multi-field optimiza-
tion (MFO) approach using the ART3+0O algorithm to
perform multi-criteria optimization (MCO).2! Following
the successful construction of a database of Pareto-
optimal plans, the Pareto space of plans was navigated
to minimize mean dose to the 1 cm ring around the tar-
get volume without compromising the target coverage
requirement.

2.2 | DCS planning

Once the uncollimated PBS plan was finalized for a
patient, the plan was exported to a MATLAB-based
plugin, hereafter referred to as HybridTrim (HT). Beam
angles, beam energy, spot coordinates, patient structure
coordinates, and the relative stopping power grid for the
patient were used to generate an initial set of DCS trim-
mer positions based on the methods of Smith et al2?
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TABLE 1 Description of patient cases, prescription doses, and beam orientation/energy.

Patient Target volume Prescription dose Beam orientation Energy range

number Diagnosis (cmd) (Gy [RBE]) (Gantry, Couch) (Min MeV, Max MeV)

1 Meningioma 324 54 (50°,0°) (71.0,126.9)
(90°,0°) (71.4,127.1)
(60°, —90°) (100.0, 159.5)

2 Craniopharyngioma 91 54 (310°,90°) (71.6,131.4)
(270°, 0°) (70.9, 106.9)
(270°, —30°) (71.4,122.9)

3 Chordoma 42 50 (230°,-15°) (71.9,128.8)
(270°, 55°) (82.6,120.0)
(300°, —30°) (71.5,118.4)

Abbreviation: RBE, relative biological effectiveness.

Y [mm)]

-20 -10 0 10 20
X [mm]

FIGURE 1 Proton spot being collimated by DCS trimmers
(shown in gray), with X2 and Y2 trimmers serving as dominant
trimmers. DCS, dynamic collimation system.

For each spot, a single orthogonal pair of trimmers were
chosen to be the dominant trimmers for that spot and
were initialized at the tightest allowed degree of colli-
mation, defined as 0.5 mm between the medial edge
of the trimmer and the spot centroid at isocenter. The
remaining two trimmers were initialized such that they
had no impact on the lateral dose distribution of the spot
(Figure 1).

The location of the spot’s central axis relative to the
target determined which two trimmers to designate as
dominant at the point of initialization. For spots located
outside of the target, the dominant trimmers were cho-
sen to maximize the dose inside the target by calculating
a unit vector ¢ to estimate the direction of the majority
of target voxels in proximity to the spot. The sign of ¥
in each dimension was used to determine the dominant

Y [mm]

FIGURE 2 The value of V for spots located outside of the target
(orange) is calculated with respect to the proximity of the spot to
target voxels. Conversely, the value of ¥ for spots located inside the
target (blue) is calculated with respect to the proximity of the spot to
normal tissue voxels. In the above example, the dominant trimmers
for the external spot are X2 and Y1. For the internal spot, the
dominant trimmers are X1 and Y2.

trimmer in X and Y, with negative values associated with
the X1/Y1 trimmers and positive values the X2/Y2 trim-
mers. For spots located inside the target, the dominant
trimmers were chosen to minimize dose outside of the
target and the unit vector ¢ was calculated to estimate
the direction of the majority of normal tissue voxels. The
sign of " was used to determine the dominant trimmers
in a similar manner to external spots, but with negative
values associated with X2/Y2 trimmers and positive val-
ues the X1/Y1 trimmers. Figure 2 depicts an example
of how v was used to determine dominant trimmers for
spots both inside and outside of the target.
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FIGURE 3 Measurement depths were selected in regions of
both high-dose and low-dose gradient in the proximal/distal direction.
The depth dose along the central axis of the fractional dose of one
DCS field for Patient 2 is depicted here (solid blue line) along with
two selected measurement depths (dashed red lines). DCS, dynamic
collimation system.

After the dominant trimmers were assigned, the spots
were grouped into layers according to the methods out-
lined by Smith et al23 to improve delivery efficiency.
The new spot groups were then exported out of HT
and imported back into the Astroid TPS environment,
where the same constraints and objectives used to
create the PBS plan were used to optimize beamlet
intensities for the trimmed spots and generate a DCS
plan with comparable target coverage and mean target
dose.

2.3 | PSQA delivery and analysis

Following the completion of treatment planning, opti-
mized plans were recalculated within a water phantom
with a dose grid size of 2 x 2 x 2 mm? to balance
computational efficiency and accuracy?*2% They were
delivered at the MCI using the IBA Proteus Plus system
(lon Beam Applications SA, Louvain-la-Neuve, Belgium)
with the DCS mounted to the end of the IBA Dedicated
Nozzle (DN). All plans were calculated and delivered
with the isocenter positioned at the phantom surface. An
air gap of 7 cm was maintained between the phantom
surface and the downstream edge of the X trimmers of
the DCS. Planar dose was captured at two depths per
beam using the IBA DigiPhant in combination with the
IBA MatriXX PT ionization chamber array (IBA Dosime-
try, Germany). Measurement depths were selected using
the depth dose profiles along the central axis of the
beams of calculated distributions to find regions of
both high dose and low proximal/distal dose gradients
(Figure 3). To evaluate agreement between calculated
and measured dose distributions, planar gamma anal-

ysis was performed with a global 3%/3 mm criterion
and low dose threshold of 10% of the maximum dose
in accordance with clinical PSQA criteria at MCI as
well as those of other institutions and recommendations
from the AAPM 24.25.27-32 This criterion was also chosen
to account for uncertainties in the measurement setup
of 1% of the dose based on measurement against a
known standard and spatial uncertainty of 1 mm when
using the kV imager. In accordance with MCI PSQA
standards, a field was considered to “pass” if at least
90% of evaluated points at the depth measured met
the aforementioned criteria. A Wilcoxon rank sum test
was performed on the gamma pass rates for DCS and
PBS measurements to establish if there was a statis-
tically significant difference between the two groups3?
This test was selected assuming the distributions in
gamma pass rates were non-parametric, and the mea-
surements were independent, as DCS and PBS plans
had different spot arrangements and measurements
occurred at different depths. In addition to the gamma
pass rates, per-field delivery times and monitor units
(MU) were extracted from the IBA log files for further
analysis.

24 |
PSQA

MatriXX-PT suitability for DCS

The IBA MatriXX-PT is well established for PSQA of
standard PBS proton therapy®23435 The MatriXX-PT
has 1020 ion chambers with 2 mm electrode spacing
offering measurement uncertainties of < 1%,>* with
center-to-center chamber spacing of 7.6 mm, and
chamber diameters of 3.8 mm. A vendor-supported
approach to improve measurement resolution is to
obtain two acquisitions of each proton therapy field,
one with the array at the nominal position, and one
with the array shifted 3.8 mm in both the vertical
and horizontal directions, resulting in a final mea-
surement grid spacing of 54 mm. To assess the
suitability of the MatriXX-PT system for DCS PSQA,
an exhaustive induced-error analysis was performed
with proposed PSQA failure criteria of less than 90%
of the pixels receiving above 10% of the maximum
dose for a given measurement passing the gamma
criterion at the 3%/3 mm level. This was accom-
plished by defining the error vector e; = (Ax;, Ay;, Ad}),
where Ax=(-4, -3, -2, -1, 0,1, 2, 3, 4) (mm)
represents a dose distribution shift in the x-
direction (parallel to the MatriXX-PT detector array),
Ay =(-4, -3, -2, -1, 0,1, 2, 3, 4) (mm) repre-
sents a dose distribution shift in the y-direction
(parallel to the MatriXX-PT detector array), and
Ad =(—4,-3,-2,-1,0,1,2,3,4) (%) is the percent
change in dose, and i = 1, ..., 93 = 729 is the shift
index that identifies all possible combinations of
AXx;, Ay;, and Ad; values. For each calculated 2-D
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TABLE 2 Selected DVH metrics for each patient and plan.
Patient 1 Patient 2 Patient 3
Structure evaluated Metric (Units) PBS DCS %A PBS DCS %A PBS DCS %A
Target V4009 (%) 95.6% 95.4% 0.209% 95.2% 95.2% 0.00% 95.4% 95.3% 0.105%
- DGI (-) 3.68 3.12 16.5% 2.76 2.33 16.9% 3.53 3.21 9.50%
Ring D (Gy [RBE]) 431 33.8 24.2% 36.6 31.3 14.8% 35.5 30.4 15.5%
Abbreviations: DCS, dynamic collimation system; DGI, dose gradient index; PBS, pencil beam scanning; RBE, relative biological effectiveness.
TABLE 3 Minimum, maximum, and mean doses for select OARs for all patients and plans as a percentage of prescription dose.
Structure Patient 1 Patient 2 Patient 3
evaluated Metric PBS DCS A PBS DCS A PBS DCS A
Brainstem Dnin 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Dpax 105.60% 106.30% 0.70% 104.40% 104.60% 0.20% 106.00% 106.40% 0.40%
D 46.11% 37.22% —8.89% 44.26% 40.74%  -3.52% 24.20% 19.88% —4.32%
Optic chiasm Dmin 39.07% 31.30% -7.77% 80.19% 76.85%  -3.34% 0.91% 0.00% -0.91%
Drax 100.70% 101.50% 0.80% 102.60% 103.50% 0.90% 105.00% 106.20% 1.20%
D 90.00% 81.85% -8.15% 99.26% 99.81% 0.55% 60.80% 52.60% —8.20%
Left cochlea Dnin 82.59% 64.81% -17.78% - - - - - -
Drax 104.30% 104.60% 0.30% - - - - - -
D 98.33% 95.00% -3.33% - - - - - -
Left eye Dnin 0.00% 0.00% 0.00% - - - - - -
Drax 12.30% 12.93% 0.63% - - - - - -
D 2.06% 0.59% -1.47% - - - - - -
L.Optic nerve  Dpin 5.65% 0.70% —4.95% 0.56% 0.02%  -0.54% 0.06% 0.04% —0.02%
Dmax 104.30% 104.40% 0.10% 89.81% 90.37% 0.56% 14.00% 7.16% —6.84%
D 53.89% 40.93% -12.96% 22.59% 15.22%  -7.37% 4.72% 2.36% —2.36%
R.Optic nerve  Dpin 0.000% 0.000% 0.000% 16.26% 6.22% -10.04% 1.19% 0.04% -1.15%
Drax 102.40% 104.10% 1.70% 102.80% 103.90% 1.10% 103.60% 106.20% 2.60%
D 31.11% 25.00% —6.11% 80.56% 75.93%  —-4.63% 39.00% 31.40% —7.60%
L. Temp.Lobe  Dyin 0.00% 0.00% 0.00% - - - - - -
Dpax 104.63% 105.19% 0.56% - - - - - -
D 28.89% 22.04% —6.85% - - - - - -
Pituitary Dmin - - - 57.59% 54.07%  -3.52% 36.60% 16.86% —19.74%
Drax - - - 101.90% 103.30% 1.40% 98.80% 99.20% 0.40%
D - - - 87.41% 86.11%  —-1.30% 62.60% 51.60% —11.00%

Note: Structures receiving zero dose for a given patient are not tabulated.

Abbreviations: DCS, dynamic collimation system; OARs, organs at risks; PBS, pencil beam scanning.

dose distribution corresponding to a PSQA measure-
ment (36 for PBS and 36 for DCS), the calculated dose
distribution was resampled onto the 5.4 mm MatriXX-PT
array grid and then interpolated onto a 2 mm x 2 mm
spatial grid, representing a virtual measurement. All

729 combinations of e;-vectors were applied to each
virtual measurement to simulate shifts and dose scaling
operations, and, for each of those, the gamma test was
run, resulting in a total of 2-36-729 = 52 488 simulated
PSQA tests with the MatriXX-PT system. For all 2-D

dose distributions considered for measurement, the

minimum |e;|-values for which the gamma test failed
for PBS and DCS were 3.11 and 3.01, respectively,
indicating no substantial difference between the PSQA
approach proposed for PBS and DCS, despite the
higher dose gradients present with the DCS. This indi-
cates the proposed approach of using the MatriXX PT
for DCS PSQA using the proposed gamma passage
criteria is as appropriate as using the same approach for
PBS, which is already an established approach.3%:34:35
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FIGURE 4 Treatment planning results for Patient 1. (a) Isodose distribution and gross tumor volume (GTV) (outlined in red) for PBS plan.
(b) Isodose distribution and GTV for DCS plan. (c) DVH for both the PBS plan shown in (a) (solid lines) and DCS plan in (b) (dashed lines). DCS,

dynamic collimation system; PBS, pencil beam scanning.

3 | RESULTS

3.1 | Treatment planning results

All plans met the minimum target dose criteria with
Vgsq, = 100% and no plans exceeded the maximum
target dose criteria of 110% of Dp. The maximum tar-
get dose amongst all plans was 107.7% for PBS plans
and 107.4% for DCS plans. The V4qg4, DGI, and median
dose to the 10 mm ring around the target are summa-
rized for each patient and plan in Table 2, and OAR
doses as a percentage of prescription dose are tabu-
lated in Table 3. A sample dose volume histogram (DVH)
plot and associated dose distributions for Patient 1 are
shown in Figure 4.

3.2 | PSQA measurements

For all beams, all but one measurement passed the
minimum gamma threshold of 90% using gamma crite-

ria of 3%/3 mm with a low dose threshold of 10% of
the maximum dose. Median pass rates between PBS
and DCS fields were similar at 99% (PBS) and 98.3%
(DCS), with minimum pass rates at 88.5% (PBS) and
91.2% (DCS). The difference in gamma pass rates for
all measurements between the two groups was not sta-
tistically significant according to a Wilcoxon rank sum
test (p = 0.14). A sample comparison for one patient is
depicted in Figure 5, and a summary of gamma pass
rates across all measurements for each patient is shown
in Table 4. The distribution of gamma pass rates is also
summarized in Figure 6.

3.3 | Delivery comparison

The median delivery time for DCS fields was longer
than standard PBS fields at 106.8 s for PBS and
201.0 s for DCS fields. Additionally, the spread of deliv-
ery times was greater for DCS fields (IQR = 63.4 s)
compared to PBS fields (IQR = 12.0 s). For the DCS
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Comparison of calculated and measured dose distributions for one DCS field at a depth of 48 mm for Patient 2. Dose values

listed represent the relative biological effectiveness (RBE)-scaled dose. (a) Isodose contours from 10% to 100% the maximum measured dose
for this field at this depth. (b) 3%/3 mm gamma analysis of the same field at the same depth. (c) X = 0 line profile comparison of calculated and
measured dose distributions at 48 mm depth. (d) Y = 0 line profile comparison of calculated and measured dose distributions at 48 mm depth.

DCS, dynamic collimation system.

TABLE 4 Summary of gamma passing rates across all beams
and measurement depths for each patient.

Patient1 Patient2 Patient3 Overall

Mean PBS 99.0% 96.9% 99.1% 98.3%
DCS 97.4% 98.7% 96.1% 96.9%
Median PBS 98.9% 98.5% 99.0% 99.0%
DCS 98.4% 99.4% 97.1% 98.3%
Minimum PBS 97.5% 88.5% 98.0% 88.5%
DCS 91.8% 95.5% 91.2% 91.2%

Note: Gamma criteria was 3%/3 mm with 10% maximum dose threshold.
Abbreviations: DCS, dynamic collimation system; PBS, pencil beam scanning.

plans, longer delivery times were observed for fields
that had a larger number of unique trimmer positions.
The difference in delivery times between PBS and DCS
plans as well as between DCS fields with different
numbers of unique trimmer positions is summarized in
Figure 7.

The number of MU per field was also generally
greater for DCS plans. The median number of MU
across all fields was 31.6% higher for DCS fields
(130.45 MU) when compared with the median num-
ber of MU for PBS fields (94.87 MU). The difference in
MU between DCS and PBS plans on a per-field basis
was not statistically significant when compared using a
Wilcoxon rank sum test (p = 0.22). The distribution of
total MU for PBS and DCS across all patients and fields
is summarized in Figure 8.
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FIGURE 6 Distribution of gamma pass rates for all beams and

measurement depths at the 3%/3 mm gamma criteria. Outliers are
depicted as red crosses. The minimum threshold for a measurement
to pass is depicted at 90%.

The total number of MU for a given plan, defined as
the sum of MU for each beam, was uniformly higher
for DCS plans compared to PBS plans with an average
increase of 22.3%. The difference in per-beam and total
MU for each patient is depicted in Figure 9.

4 | DISCUSSION

Gamma pass rates tended to be slightly higher for
PBS measurements compared to DCS measurements;
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FIGURE 8 Distribution of total MU per field for PBS (left) and

DCS (right) beams. DCS fields had both a wider range and a higher
median value of total MU when compared with the overall distribution
of total MU for PBS fields. DCS, dynamic collimation system; MU,
monitor units; PBS, pencil beam scanning.

however, both sets of measurements were similarly high
with median gamma pass rates at 99.0% (PBS) and
98.3% (DCS), well above the 90% threshold accep-
tance criteria. Additionally, the number of unique trimmer
positions did not appear to impact gamma pass rate
among DCS deliveries (see Figure 7b), suggesting that
the increase in plan complexity introduced with the
trimmers does not have a strong effect on plan deliv-
erability or TPS accuracy. Only a single measurement
failed to meet the 90% passing threshold. This may be
attributed to the high degree of modulation caused by
using MFO techniques to generate the plans. Highly
modular fields often had narrow regions of high dose
and low dose gradient, limiting the depths that were suit-
able for measurement. Measurements obtained outside
of this region were observed to have lower gamma pass
rates (see Figure 10).

The increase in total MU observed in DCS deliv-
eries was expected because the decrease in fluence
for collimated spots necessitated higher beam-on times
to deliver the same amount of dose. However, the

increase in MU for a given patient was not uniform.When
examined on a per-beam basis, the difference in MU
between PBS and DCS beams varied. The variation in
MU between beams may be partially attributed to the
MFO optimization; using a single-field optimized (SFO)
approach would likely result in more stability in MUs
between beams. Although the median value of MU per
field was higher for DCS deliveries, the difference was
not statistically significant.

Although delivery times were higher for DCS plans
compared to their PBS counterparts, the final time
penalty observed during this study is not expected to
be representative of a typical DCS delivery. HT does
not currently include the spot position or trimmer posi-
tion optimization that was present in the in-house TPS
used in previous treatment planning studies with the
DCS.2? Instead, spot and trimmer positions are geomet-
rically determined during initialization (see Section 2.2).
During delivery optimization, wherein spots with simi-
lar trimmer positions are grouped together to improve
delivery efficiency, it was observed that an aggressive
optimization of delivery time returned smaller numbers
of unique trimmers and resulted in plans of lower qual-
ity due to sub-optimal placement of spots/trimmers. To
avoid this, the total number of unique trimmer posi-
tions was kept higher than would be used with fully
optimized spot/trimmer positions to maintain a reason-
able plan quality at the cost of higher plan delivery
time (see Figure 7b). The addition of spot and trim-
mer position optimization algorithms in HT is expected
to improve delivery time efficiency to the extent that
the final number of unique trimmer positions (and
therefore delivery time) may be reduced with minimal
effects on plan quality. Furthermore, the proposed opti-
mization of delivery efficiency does not create more
complex fields, but rather changes the delivery order
of the spots to reduce trimmer motion and treat-
ment time. Therefore, the PSQA results presented here
are not expected to change with time-optimized spot
sequences.
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FIGURE 10 Lower gamma pass rates tended to occur for

measurements obtained in high dose gradient regions. For Patient 2,
the high degree of modulation of the field meant that the region of
high dose and low dose gradient was narrow, limiting the depths for
which measurement was suitable. The measurement obtained at

44 mm depth (black dashed line) passed with 94% of points
exceeding the 3%/3 mm criteria; however, the measurement at

64 mm depth failed with only 88% of sampled points passing due to
the high gradient observed at that depth (red dashed line).

5 | CONCLUSIONS

We have experimentally validated a PSQA process that
is applicable to both standard PBS and dynamically
collimated proton therapy. Additionally, we have shown
that the DCS is capable of delivering plans of equal or
higher conformity compared to PBS without sacrificing
deliverability or accuracy.
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