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ARTICLE INFO ABSTRACT

Keywords: Background and purpose: Postmastectomy radiotherapy (PMRT) is complex to plan and deliver, but could be
3D printing improved with 3D-printed, patient-specific electron tissue compensators. The purposes of this study were to
Compensator develop an algorithm to design patient-specific compensators that achieve clinical goals, to 3D-print the planned
Ef:ﬁlns compensators, and validate calculated dose distributions with film and thermoluminescent dosimeter (TLD)

measurements in 3D-printed phantoms of PMRT patients.

Materials and methods: An iterative algorithm was developed to design compensators corresponding to single-
field, single-energy electron plans for PMRT patients. The 3D-printable compensators were designed to fit into
the electron aperture, with cerrobend poured around it. For a sample of eight patients, calculated dose dis-
tributions for compensator plans were compared with patients’ (multi-field, multi-energy) clinical treatment
plans. For all patients, dosimetric parameters were compared including clinical target volume (CTV), lung, and
heart metrics. For validation, compensators were fabricated and irradiated for a set of six 3D-printed patient-
specific phantoms. Dose distributions in the phantoms were measured with TLD and film. These measurements
were compared with the treatment planning system calculated dose distributions.

Results: The compensator treatment plans achieved superior CTV coverage (97% vs 89% of the CTV receiving
the prescription dose, p < 0.0025), and similar heart and lung doses (p > 0.35) to the conventional treatment
plans. Average differences between calculated and measured TLD values were 2%, and average film profile
differences were < 2 mm.

Conclusions: We developed a new compensator based treatment methodology for PMRT and demonstrated its
validity and superiority to conventional multi-field plans through end-to-end testing.

1. Introduction

Post-mastectomy radiation therapy (PMRT) is the standard of care
for node-positive breast cancer, because it has been shown to markedly
reduce the risk of breast cancer recurrence and mortality [1]. However,
planning and delivering PMRT is technically difficult. The desired ra-
diation dose distribution should cover the chest wall and proximal
lymph nodes but avoid the heart, lungs, and contralateral breast. Ad-
ditionally, the chest wall thickness varies greatly, and large hetero-
geneities in tissue density must be accounted for in the treatment plan.

Because of these difficulties, most PMRT plans involve multiple radia-
tion fields that, despite being carefully matched, still result in hot and
cold spots at field junctions [2].

Tissue compensators have been applied in PMRT as one approach to
reducing treatment complexity, improving dose homogeneity, and
eliminating hot and cold spots at field junctions [3-5]. Tissue com-
pensators have also been used for similar purposes in a variety of dis-
ease settings, such as head and neck [6], soft tissue sarcomas [7], total
body irradiation [8], and paraspinal muscle treatment [9]. Tissue
compensators are versatile because they can even out almost any
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surface, which makes simple, single-field treatments possible [10].
Despite the dosimetric advantages they provide, however, tissue com-
pensators are not used frequently. Conventional techniques for com-
pensator fabrication, such as wax molding and machine milling, are
time-consuming and labor-intensive [10], and quality assurance of
compensator devices is difficult. While there is a body of literature
describing compensator design algorithms [11,12], these methods are
generally not included as part of commercial treatment planning soft-
ware.

Three dimensional (3D) printing technology has the potential to
overcome the limitations of conventional fabrication techniques and
reduce operational and production costs compared to conventional
fabrication. 3D printers can be used to manufacture almost any arbi-
trary 3D volume by slicing that volume into layers and laying down one
layer of solid material at a time. Fused deposition modeling (FDM)
printers melt and extrude thermoplastics and then trace the extruder to
fill the design for each layer, which can be as thin as 0.1 mm, allowing
very fine printing resolution. These recent advancements in 3D printing
require a reexamination of previously used techniques, and indeed
there is a growing body of research showing interesting radiotherapy
applications of 3D printing, including phantom production [13-17] and
patient-specific devices [12,18-20], as well as extensive material ana-
lysis [12,21-23].

The purpose of this study was to prove the clinical feasibility of
using 3D printed patient-specific compensators to improve and simplify
PMRT relative to conventional 3D based photon plans with multiple
energies and fields. Our aims were to 1) develop an algorithm within
our commercial TPS to calculate compensator shapes and export them
for 3D printing, 2) compare dose distributions from compensator based
plans and clinical plans for actual patients with varying BMIs, and 3)
validate calculated dose distributions with physical measurements by
delivering compensator based plans to patient-specific phantoms.

2. Materials and methods
2.1. Algorithm design

We designed an iterative, four step algorithm (Fig. 1) to calculate
patient-specific compensators. Between each step the user has oppor-
tunities to change settings or stop the script altogether. All but the end
of step four are implemented as an internal script we wrote in RayS-
tation 6R (RaySearch Laboratories, Stockholm, Sweden), which is a
research version of the commercial TPS used in our clinic. This version
of Raystation was specially modified to allow dose calculation with a
compensator in the electron tray. All dose calculations were performed
using Raystation’s electron Monte Carlo algorithm.

Before starting the script a CTV must be defined. Once started, step
one of the script will automatically create a new plan and add an
electron beam, and then ask the user to set an appropriate en face gantry
angle and isocenter position. Next, the algorithm automatically creates
ROIs designating the cerrobend block and an initial, thin, flat com-
pensator within the tray. Finally, an initial dose distribution is calcu-
lated, and the algorithm progresses to step two.

Step two of the algorithm modulates the shape of the compensator
according to the previously calculated dose distribution. The difference
between the actual, and prescribed dose is calculated at the distal edge
of the CTV in a grid of user chosen size. Based on this dose difference,
the anterior surface (that is, the target side) of the compensator is
modulated along the ray line projected to that point. If the dose at the
deep edge of the CTV is too high, the compensator thickness is in-
creased, and if it is too low, the compensator thickness is decreased
(with a minimum thickness of 1 mm). Once all grid points have been
evaluated and the compensator shape modulated accordingly, a
smoothing function is applied to reduce sharp edges.

Step three recalculates the dose in the patient using the newly
modulated compensator shape from step two. At this point the script
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pauses, allowing the user to evaluate how well the plan meets clinical
goals such as target coverage, lung dose, heart dose, skin dose, and
more. If necessary, the user may change the electron energy or any
other setting. If any settings are changed or if clinical goals are not met,
the algorithm will go back to step two, then return to step three. This
iterative process continues until the user is satisfied with the treatment
plan.

Once the treatment plan is approved, the patient’s ROI structures
are exported and the compensator ROI is converted into a 3D model
(with no smoothing) using the open-source DICOM image processing
software 3DSlicerRT (Version 4.6, http://www.slicer.org) [24]. Finally,
the 3D compensator model is turned into a 3D printable .gcode file
using the 3D slicing software Simplify3D (Simplify3D; Cincinnati, OH).
Printer settings are provided in Section 2.4.

2.2. Patient dose comparisons

Compensator plans were compared with conventional multi-field,
multi-energy 3D plans for a sample of PMRT patients previously treated
at our institution. As part of an Institutional Review Board approved
protocol, we selected eight patients consecutively from a population of
patients treated by the American Board of Radiology (ABR)-certified
collaborating radiation oncologist (WW) between 12/1/2014 and 12/
1/2015. The patients all had left-sided disease, were treated with deep
inspiration breath hold, and are representative of the body mass index
range in our clinic. All of the patients were treated with mixed energy
(both 6 MV and 18 MV) photon opposed tangents and field-in-field
modulation. Additionally, all patients’ internal mammary nodes were
treated with 1-2 electron beams of varying energy (4-16 MeV). The
prescription for all patients was 50 Gy.

For each patient’s standard of care treatment plan various dose
metrics were recorded, including CTV coverage, heart dose, ipsilateral
and total lung dose, extent of hot spots, skin dose, and CTV hetero-
geneity index. Heterogeneity index is defined according to Equation (1)
[25].

Dy — Dgg
D, €

HI = 100 =*

D2, D98, and Dp stand for the minimum dose in 2% of the CTV (es-
sentially the maximum CTV dose), minimum dose in 98% of the CTV
(essentially the minimum CTV dose), and the prescription dose, re-
spectively.

A new plan was then created for each patient using the algorithm
described above, and the same dose statistics were recorded.
Differences between each dose metric were tested for statistical sig-
nificance using paired t-tests with an applied Bonferroni correction.

2.3. Film profile measurements

Due to the relatively rapid dose fall off in the distal edge of electron
beams, we wanted to ensure we could accurately model the dose profile
in patients when using compensator devices. To do this we designed a
simple wedge shaped compensator in the TPS, printed it in polylactic
acid (PLA), poured cerrobend around it to affix it in the electron tray,
and measured dose profiles in solid water using EBT3 GAFchromic
(Ashland, Bridgewater, NJ) film. We calibrated our film response using
a 16 MeV electron beam in standard output check conditions. Film
profiles were measured by placing film in line with the electron beam,
surrounded by solid water. Five total sheets were irradiated; one at
12 MeV, three at 16 MeV, and one at 20 MeV. Measured and calculated
film dose profiles were compared in four ways: depth of the central 80%
isodose line, width of the 80% isodose line, and depth of the 80% isodse
line 2 cm to the left and to the right of the central line.
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Fig. 1. Algorithm and compensator planning flow diagram. The four steps of the algorithm are shown, as well as the progression from step one to step two, the
iteration between step two and step three until satisfactory plan conditions are met, and the final export and printing of the compensator as shown in step four.

2.4. Phantom validation measurements

In order to validate the full complexity of patient-specific compen-
sators we designed compensator plans and printed physical compen-
sators for six patient-specific anthropomorphic phantoms. Two phan-
toms each were based on patients in BMI category 2 (normal weight),
category 3 (overweight) and category 4 (obese). These phantoms were
3D printed using our previously developed methods [13], and were
based on the same population of patients described earlier (Section
2.2). Completed phantoms ranged from 11 to 13 slices and had masses
ranging from 12.5 to 19.0 kg. The average material cost per phantom
was $650, and the average printing time per phantom was 344 h.

Both the phantoms and compensators were printed out of PLA,
using a Gigabot 3.0 printer (re3D, Houston, TX). All devices were
printed using a nozzle temperature of 220 °C, a bed temperature of
55°C, a print rate of 60 mm/s, 90% infill, two external walls, and a
0.3 mm layer height. 3D printed compensators took 10-15h to print,
and material costs averaged $30. Completed phantoms and compen-
sators were CT imaged to ensure there were no internal air gaps or
printing defects.

Each phantom was designed with cylindrical holes to hold 17 TLD
detectors: five in the contralateral breast, three in the heart, and nine
throughout the CTV. An additional three TLD skin packs were placed in
the surface of each phantom directly anterior to the CTV. For each
phantom the compensator plan was delivered as designed by the pre-
viously described algorithm using a Varian TrueBeam linear accelerator
(Varian Medical Systems, Inc., Palo Alto, CA), and the TLD were
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analyzed following the methodology described by Kirby et al. [26],
having an uncertainty of < 2.3%. Dose was also recorded in the TPS for
each TLD location in the phantom, and these calculated and measured
values were compared to determine the ability of the TPS to accurately
model dose in patients for compensator based PMRT plans. The final
phantom doses were calculated with the measured physical density of
the printed phantom corrected in the TPS, according to recommenda-
tions regarding 3D printed devices previously published by our group
[21].

3. Results
3.1. Patient dose comparisons

Compared to the standard of care clinical plans, the compensator
based plans on average had superior dose coverage of the CTV with
reduced hot spots. Statistically significant (p < 0.0025) improvements
were achieved for CTV coverage (97% for compensator plans vs. 89%
for 3D plans), heterogeneity indices (35.9 for compensator plans vs.
56.4 for 3D plans), and reduced hot spots in the lungs (1.7% receiving
40 Gy for compensator plans vs. 13.3% for 3D plans). Full results are
summarized in Table 1.

Fig. 2 shows all eight patients’ dose volume histograms averaged
together into two DVH plots comparing the conventional 3D plan and
the compensator based plan. As can be seen in the figure, CTV coverage
is improved, while high dose regions in the lungs and CTV are reduced.
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Table 1
. Comparison of dose metrics between conventional 3D plans and compensator
based plans.

Dose Metric Average 3D Average Average p-value
Plan Comp Plan Difference (Comp-
3D)
CTV D98 39.0Gy 44. 6 Gy 5.6 Gy < 0.001
CTV Mean Dose 52.3Gy 53.1Gy 0.7 Gy >0.1
CTV D2 67.2Gy 62.5 Gy —4.7Gy 0.06
CTV V45 Gy 89.1% 97.1% 8.0% < 0.001
Heart Mean Dose 2.8Gy 3.0Gy 1.6 Gy >0.1
Heart V30 Gy 0.01% 0.3% 0.3% 0.06
Ips. Lung D2 52.1 Gy 39.0 Gy -13.1Gy < 0.001
Ips. Lung V20 Gy  30.6% 34.3% 3.7% >0.1
Ips. Lung V40 Gy  13.3% 1.7% —-11.6% < 0.001
Total Lung Mean 7.5Gy 7.6 Gy 0.1 Gy > 0.1
Dose
Skin Mean Dose 40.8 Gy 52.2Gy 11.5Gy < 0.001
Skin D2 57.7 Gy 62.1 Gy 4.4Gy 0.02
HI 56.4 35.9 -20.5 < 0.001
110% Hotspot 257 cm® 170 cm® —87 cm® 0.08
Volume
130% Hotspot 32cm® 5cm® —27 cm® 0.09
Volume
150% Hotspot 8cm® 0cm?® -8 cm® >0.1
Volume

3.2. Film profile measurements

The average absolute differences between film measurements and
TPS calculations were < 2 mm for all energies examined, see Table 2.

3.3. Phantom validation measurements

Fig. 3 shows photographs of a phantom and compensator plan, and
TLD results are summarized in Table 3. Average disagreement between
TPS and TLD doses in the CTV was 2% (as calculated with TLD doses
assumed to be correct), and measured TLD doses outside the treatment
area (heart and contralateral breast) agreed with TPS calculations
within 17% (which for the out-of-field doses corresponds with an
average absolute error of 5.6 cGy). Skin TLD pack doses agreed with the
TPS within 3%.
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Table 2
Average differences between calculated and measured dose profiles in film.

Energy Average Error in 80%  Average Error in 80%  Overall Average
(MeV) Isodose Width (mm) Isodose Depth (mm) Error (mm)

12 2.2 0.8 1.1

16 1.9 2.0 2.0

20 1.5 21 2.0

Average 1.9 1.7 1.7

4. Discussion

In this study we developed an in-house algorithm scripted within a
commercial TPS to design patient-specific, 3D printable compensators
for PMRT. These compensators are unique in that they are designed to
fit within a standard electron tray, meaning we can use fast-printing,
rigid materials that won’t come in contact with the patient surface. We
additionally have validated the dosimetry of the algorithm and 3D
printed materials using film measurements in solid water and TLD
measurements in 3D printed, patient-specific phantoms. Our results
show that using 3D printing to fabricate patient specific PMRT com-
pensators is clinically feasible, and in many ways superior to conven-
tional 3D based PMRT treatment planning.

There are several advantages to using 3D printed compensators for
PMRT treatments over the conventional plans the patients in this study
previously received. In our treatment planning studies our compensator
based plans show improved target coverage with the prescription dose,
and reduced hot spots throughout the patient volume. While slightly
more of the ipsilateral lung receives low dose than in conventional
plans, our compensator plans dramatically reduce the high dose cov-
erage in the lung (Fig. 2) because there are no tangent fields passing
through the lung volume. Additionally, while the heart dose is elevated,
the difference is not statistically significant and the doses are below all
plan constraints for all cases. One dosimetric disadvantage of using
these compensators is the elevated skin dose relative to conventional
plans, which is not always desirable. This can be reduced by increasing
the distance between the compensator and the skin, but this also ne-
gatively affects most other dose metrics.

CcTv
Heart

= |psilateral Lung

Total Lung

CTV Comp

Heart Comp
Ipsilateral Lung Comp

Total Lung Comp

40 50 60 70 80

Dose (Gy)

Fig. 2. Cumulative DVH comparison. The average of all compensator plan DVHs are shown with dotted lines, while the average of all conventional plans are shown

as solid lines.
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Fig. 3. Compensator plan delivery to a phantom. A) Photograph of the compensator in the cerrobend tray. B) Photograph of the compensator and phantom in
treatment position, and C) Slice of the TPS view of the plan. In (C) the compensator is contoured in orange, the cerrobend in dark blue, the CTV in light blue, and the
heart in pink. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3 Beyond dosimetric considerations, compensator plans are easier to
set up and align than conventional multi-field plans due to the fact that
there is only one field and one energy. With further testing the true

Summary of TLD dose calculation and measurement error.

Phantom  Average In-  In-field ~ Average Out-of-  Average Skin extent of time saving will be elucidated, but in our experience we were
field TLD TLD Out-of-field field Skin TLD Error bl d deli 1 h .
Error Error LD Error  Error  Error P able to set up and deliver a plan to a phantom on average every 15 min

SD SD compared to the standard 30 min scheduled for PMRT patients at our
clinic currently.

L 1% 1% 16% 9% NA NA Another important aspect of this study was the use of 3D printed
2 3% 1% 10% 7% 2% 1% hant X lidate d leulati . lex. 3D printed
3 2% 1% 25% 25% 5% 2% phantoms to validate dose calculations using complex, printed,
4 2% 1% 20% 12% 30 1% patient-specific compensators. These phantoms allowed us to accu-
5 4% 2% 24% 17% 4% 1% rately reflect the complex anatomy that exists in PMRT treatments, and
6 2% 2% 7% 9% 2% 2% to fully validate the accuracy of our treatment plans. Specifically, our
Average 2% 2% 17% 13% 3% 1%

film errors (2 mm), in-field TLD errors (2%), and skin TLD errors (3%)
all showed high agreement with TPS calculations. Our out-of-field TLD
agreed within 17% = 13%, which is acceptable uncertainty compared
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to other treatment planning systems and disease sites for out-of-field
dose [27,28].

While many advantages exist for 3D printed compensators, there are
also some disadvantages to our system. 3D printing is relatively in-
expensive and straightforward, but does require some level of expertise
and investment in resources. Additionally, much care must be taken to
make sure that the unique composition of 3D printed materials is ac-
counted for with density corrections in the TPS. Depending on the
printing technique used, many standard materials, including PLA, may
not fall on the standard CT calibration curve [21].

Another consideration is that not all PMRT patients can be ade-
quately treated using this technique. For one of the patients in our study
we were unable to meet our ipsilateral lung dose constraints due to the
extreme thinness of the chest wall, and the large curvature of the full
target area. For this patient the use of bolus in conjunction with the
compensator could have improved the dose distribution, but to keep the
comparison with other patients identical this was not attempted. For all
other patients in our study we were able to meet all constraints.
Additionally, the general methodology and underlying principles of our
algorithm could be easily adapted to multiple other superficial treat-
ment sites such as the head and neck, scalp, and extremities, potentially
opening up 3D printed based compensator treatments to a much larger
population of patients.

In conclusion, our results show the clinical feasibility of using pa-
tient specific 3D printed compensators for PMRT. Specifically, we were
able to demonstrate statistically significant improved CTV coverage and
reduced hot spots, as well as a simplified planning and delivery.
Additionally, we found that we could accurately calculate dose in our
TPS using custom compensators, with all in-field TLD errors < 3%.
Additional work must be done to establish a clear patient workflow and
QA procedure, but our results prove that 3D printed compensators are a
clinically acceptable option for PMRT.
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