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Purpose: Although proton therapy has become a well-established radiation modality,
continued efforts are needed to improve our understanding of the molecular and cellular
mechanisms occurring during treatment. Such studies are challenging, requiring many
resources. The purpose of this study was to create a phantom that would allow multiple
in vitro experiments to be irradiated simultaneously with a spot-scanning proton beam.
Materials and Methods: The setup included a modified patient-couch top coupled with a
high-precision robotic arm for positioning. An acrylic phantom was created to hold 4 6-
well cell-culture plates at 2 different positions along the Bragg curve in a reproducible
manner. The proton treatment plan consisted of 1 large field encompassing all 4 plates
with a monoenergetic 76.8-MeV posterior beam. For robust delivery, a mini pyramid filter
was used to broaden the Bragg peak (BP) in the depth direction. Both a Markus
ionization chamber and EBT3 radiochromic film measurements were used to verify
absolute dose.

Results: A treatment plan for the simultaneous irradiation of 2 plates irradiated with high
linear energy transfer protons (BP, 7 keV/um) and 2 plates irradiated with low linear
energy transfer protons (entrance, 2.2 keV/um) was created. Dose uncertainty was
larger across the setup for cell plates positioned at the BP because of beam divergence
and, subsequently, variable proton-path lengths. Markus chamber measurements
resulted in uncertainty values of £1.8% from the mean dose. Negligible differences were
seen in the entrance region (<0.3%).

Conclusion: The proposed proton irradiation setup allows 4 plates to be simultaneously
irradiated with 2 different portions (entrance and BP) of a 76.8-MeV beam. Dosimetric
uncertainties across the setup are within =1.8% of the mean dose.

Introduction

Proton therapy is a well-established radiation modality for the treatment of various
cancers and other diseases. Research has shown an increase in cell-death incidence
along the proton Bragg curve (BC), as accounted for in the quantity of relative biologic
effectiveness (RBE), ideally, relative to conventional radiotherapy, although a variety of
photon radiation types have been used as the reference. The variability of proton RBE is
dependent on the change in energy deposition or linear energy transfer (LET) [1-15],
among other factors, such as cell type, biologic endpoint, proton energy, and oxygenation
[16]. The current RBE value used clinically for proton therapy is 1.1, meaning protons are
10% more effective for all biologic endpoints, including cell death, relative to conventional
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Figure 1. Platform setup. (A) Couch with platform holding cell culture
plates suspended above the gantry for posterior irradiation. (B)
Platform holding cells in reproducible manner at 2 positions along the
Bragg curve.

radiotherapy (eg, 6-MV x-rays) [17-20]. This enhancement may provide a small therapeutic advantage; however, finding
methods for further increasing the therapeutic ratio for protons may offer additional benefits when treating traditionally
radioresistant cancers.

Proton radiobiology is an active area of research, with additional work needed to continue to understand the underlying
molecular and cellular mechanisms related to proton-induced cell death. Experiments in this area of research are time and
resource intensive and are limited by beam availability because there are currently 35 operational proton centers in the US, as
of January 2020, according to the Particle Therapy Co-Operative Group [21]. Therefore, the purpose of this study was to
increase productivity in proton radiobiology—related research and maintain excellent dosimetric accuracy. This work introduces
the design of a platform created for simultaneous irradiation of 4 cell culture plates with a spot-scanning proton beam.

Materials and Methods

Phantom Setup

This in vitro proton therapy research platform was created with the intention of mimicking patient treatment workflows for
localization and delivery. Each treatment room in the proton therapy center (Pro Beat V, Hitachi, Japan) has a robotic couch
system, able to localize patients within approximately 1 mm of accuracy. A couch top that docks with the robotic system was
modified by cutting a hole through the center to allow for irradiation with a posterior beam (Figure 1A).

A computerized numeric-controlled milling machine was used to create an acrylic phantom, able to hold four 6-well cell
culture plates (12.8 cm by 8.6 cm). The phantom was fitted over top of the couch cutout and indexed to ensure setup
reproducibility. Cell culture plates were set down into the acrylic phantom such that the top of the phantom and the plate tops
were flush (Figure 1B). Plates were positioned such that cells were located at the low-LET entrance (ENT) and at the high-
LET Bragg peak (BP) portions of the BC. The amount of acrylic underneath the plate was varied to change the water-
equivalent thickness (WET) and, therefore, the position of the cells along the BC.

To verify that the acrylic phantom was properly constructed and to demonstrate the accuracy of the WET, dual-ring
multilayer ionization chamber (Hitachi Ltd, Hitachi Works, Hitachi, Japan) measurements were performed [22]. Physical
measurements with calipers of both the bottoms of the 6-well plates and the acrylic phantoms were also taken to maintain
submillimeter precision. Both sets of measurements allowed for the accurate calculation of the relative stopping power (RSP)
of the material along the beam path to the location of the adherent cells. The RSP values (cast acrylic, RSP = 1.16) were then
accounted for in the treatment-planning system for increased accuracy in the dose calculation of the experimental setup.

Treatment Planning

A treatment plan was created with the clinical treatment-planning system Eclipse (Varian Medical Systems, Palo Alto,
California). A 76.8-MeV monoenergetic spot-scanning proton beam was used to create a uniform field encompassing all 4 cell
culture plates in the acrylic phantom (Figure 2A). A mini pyramid filter (mPF) [23] was used to broaden the BP in the direction
of the beam to a full-width half maximum of 7 mm (Figure 2C), for more-robust delivery. A 25-mm range shifter was also
placed in the nozzle to shift the BP proximally to limit the amount of acrylic needed underneath the cell plates. The range of the
resulting BP was 44.4 mm. A posterior beam arrangement was chosen to limit the air gap between the phantom and the plate
holding the cells. With this arrangement, the air gap was limited to the lateral edges of the wells within the cell plates, which
would have little dosimetric effect.

To ensure the same physical dose was delivered uniformly across all 4 plates, the spot weighting or monitor unit (MU) per
spot was changed based on the difference in dose from the depth-dose profile for the 2 depths that the cells were placed at.

Howard et al (2020), Int J Particle Ther 63
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Figure 2. Treatment planning. (A) Monte Carlo dose for proton
delivery, where red is the prescription dose, covering the plate
bottom. (B) Dose-averaged linear energy transfer (LET) distribution
covering the plate bottom, where blue is 1 keV/um, and red is 10 keV/
um. (C) Dose (blue) and LET (red) profiles relative to depth for the
76.8-MeV proton beam with a mini pyramid filter and 25-mm range
shifter. Circles denote the positions cells are placed along the Bragg

curve in the experimental setup. . -
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For example, the MU per spot delivered to cells positioned at the BP was 0.165 relative to the 0.327 MU/spot for the cells at the
ENT position. To treat with a range of physical doses, the original plan was copied, and total MU was scaled appropriately.

Treatment plans created for in vitro proton irradiation were run in clinical mode, closely mimicking patient treatment
workflows for setup and delivery. Each physical dose point was programmed as a separate treatment plan. The total time for
treatment field delivery was roughly 4.5 min/1 Gy.

Dosimetric Verification

Dosimetric measurements were repeated 3 times with a Markus (PTW, Freiburg, Germany) parallel-plate chamber, placed in
the corner closest to isocenter or at the edge of the radiation field in each of the plate inserts but without cell culture plates. The
cap of the Markus chamber and the bottom of a cell culture plate are similar in WET; therefore, the sensitive volume of the
chamber was at the same plane as the cells. The EBT3 radiochromic film (RCF; Ashland, Bridgewater, New Jersey, USA) was
employed for secondary physical-dose measurements to compare with those of the Markus chamber and to measure the dose
uncertainty across a single well. Film was cut and placed in the bottom of each well of the 4-cell culture plates positioned in the
acrylic phantom. No water or medium was placed into the wells with the film because previous experience showed no
dosimetric difference in measurements with or without 2 mL of water. Three measurements were made for each position (edge
or center of the proton field) in all cell culture plates. Because RCF is known to underrespond in proton radiation fields, a
correction was applied to the film readings for absolute dose measurements based on previous work [24]:

U=-0.0251 X LET,+ 1.02. Measured dose from the film was divided by the correction factor U to obtain the final absolute
dose. Dose uncertainty measured related to the film does not take LET, uncertainty into account but is, rather, a measurement
of variation in film response for a fixed LET 4 value. Average LET 4 values for a given depth of treatment were obtained from our
in-house graphics processing unit—based Monte Carlo (MC) [25] and have been shown to match dose-averaged lineal energy
measurements taken previously [26]. The MC simulated both the geometry and the material composition of all components in
the beam path proximal to the cells, including the mPF, range shifter, and acrylic phantom. Both MC dose (MCD) and LETy4
values were calculated for the 2 positions along the BC, and uncertainty was accounted for by quantifying the change in dose
or LET given a change in depth of = 0.5 mm. A 2-dimensional colorwash image shows the distribution of the MCD (Figure
2A) and LET, (Figure 2B) on a computed tomography scan of the phantom setup.

Biologic Verification

Clonogenic cell-survival assays were conducted with Chinese hamster ovary (CHO) cells (ATCC, Manassas, Virginia) as a
final validation of the in vitro proton-irradiation setup proposed in this study. Detailed cell culture conditions have been
published previously [27] but are briefly described. Cells were plated in triplicate wells 4 hours before irradiation in

Howard et al (2020), Int J Particle Ther
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Table 1. Dosimetric results. Monte Carlo dose and linear energy transfer (LET,) calculations (mean = 0.5 mm). Markus chamber and radiochromic film
(RCF) measurements (mean + 1 SD).

Bragg curve Position in the Markus Monte Carlo LET, corrected
position irradiation field physical dose (cGy) physical dose (cGy) RCF dose (cGy) LET, (keV/um)
BP Edge 202.8 (+ 0.3) 204.4 (+ 2.8) 212.3 (+ 1.4) 7.3 (+ 0.7)

BP Average

206.3 (+ 3.8)

203.7 (+ 3.4) 215.5 (= 3.6) 7.3 (+ 0.7)

ENT Center 191.5 (= 0.5) 196.8 (+ 4.7) 194.7 (+ 1.6) 2.2 (+ 0.1)

Abbreviations: cGy, centigray; BP, Bragg peak; ENT, entrance.

concentrations ranging from 100 to 2000 cells/well depending on the delivered dose. The CHO cells were originally plated in 2
mL of medium before treatment. All cell culture plates were removed from the incubator for treatment and kept at room
temperature for no longer than 1 hour. An additional 2 mL of medium was added 24 hours after exposure, and then, the cells
were allowed to incubate for 1 week after treatment before the staining and analysis took place. Three independent runs were
conducted for each dose point (0, 1, 2, 4, 6, and 8 Gy) and for each experiment (ENT and BP). Plated CHO cells were placed
in each of the 4 inserts of the acrylic phantom. Analysis for cell survival was completed with the linear quadratic model, and
error was propagated in the same way as demonstrated previously [27].

To assess the accuracy of the setup, clonogenic cell-survival assay results were compared with previously published work
that used a single-plate setup and CHO cells at similar proton energies [28].

Results

Dosimetric Evaluation

The average measured doses from the Markus chamber and the RCF agreed to within 1.9% for the cell culture plates located
in the ENT of the 76.8-MeV beam. Similarly, both measured doses for the plates located at the BP were closely matched to
within 4.5%. The average measured doses from the Markus chamber and the MCD agreed to within 3.2% for the ENT and
1.3% for the BP plates. The largest discrepancy across the 2-dose measurements and 1-dose calculations was between the
RCF and MCD data at the BP position where dosimetry differed on average by 5.8%. Dose across each plate, from the edge to
the center, varied at most by 0.7% and 3.3% for ENT and BP plates, respectively. Dose across a single well was found to be
fairly uniform with the average difference being = 1.6%, and the maximum difference was * 2.2%. Table 1 summarizes the
dosimetric results. Overall, positional uncertainty of the experimental setup is on the order of 1 mm, largely driven by the
accuracy of the robotic arm in positioning the couch.

Biologic Verification

Survival curves for the CHO cells positioned at ENT and BP positions in the setup are shown in Figure 3. Fit parameters from
the linear quadratic model are listed in Table 2. Increased cell death is shown in cells at the BP compared with the ENT, as
expected. When comparing cell-survival data to previously published results under comparable experimental conditions,
similar trends are seen between the 2 data sets. Survival curves from CHO cells irradiated with a lower energy of 71 MeV
(LET, BP, 4.4 keV/um; ENT, 1.8 keV/um) showed increased cell death relative to the 76.8 MeV, as expected.

Discussion

Because of the large time commitment and resource requirements needed to conduct these in vitro experiments, a precise,
high-throughput system has been built for cell-based proton radiobiology. Cell work often requires repeat, identical
measurements. Treating individual plates separately is time consuming and increases the risk of introducing additional errors
in the setup and timing of the experiment. Therefore, the platform developed in this study was focused on providing an
accurate, high-throughput method for irradiating multiple in vitro experiments at once. Increased productivity in in vitro proton
experimentation will be useful for studies such as evaluating varying biologic response to proton radiation in cells with genetic
alterations or in combination with other therapeutic drugs.

Howard et al (2020), Int J Particle Ther 65
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Figure 3. Comparison of survival curves for Chinese hamster ovary <. e 6 MV
cells irradigted with 6-MV x-rays [28] and - [28] or 76.8-MeV 76.8 MeV at ENT
protons. Circles (open, data previously published; closed, data
generated in this study) denote the mean survival (n = 3) at each TRENNY L
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The setup facilitates simultaneous irradiation of 4 (6-well) cell culture plates, located at 2 points (ENT and BP) along the BC
of a 76.8-MeV beam. Delivery of 1 Gy takes roughly 4.5 minutes using the proposed workflow. Although a single-plate
workflow uses roughly the same amount of beam on time, the additional time needed between beams for setup decreases the
overall efficiency. Further, our system has the potential to decrease overall human error by limiting the need to change the
setup to change the depth at which the cells are positioned.

Dosimetric accuracy is important in radiobiologic experiments in which differences of biologic effects can be on the order of
10%. To make meaningful conclusions from these studies, associated uncertainties must be minimized. To quantify the
dosimetric uncertainty of the in vitro proton irradiation platform, Markus chamber measurements, serving as the gold standard,
were taken at various positions along the platform. A redundant physical measurement was made with an LET ,-corrected RCF
to confirm our uncertainty and ensure the high standard for dosimetric accuracy was met. A third check on dosimetric accuracy
was performed through the MC simulation, which also calculated the LET,. These 3 methods for verifying the dosimetry of the
setup provided additional confidence in the overall accuracy of the radiobiologic measurements that use this method.

Dosimetric uncertainties across the setup were within = 1.8% of the mean dose on average, as measured with the Markus
chamber. Uncertainty in dose across each plate was found to be larger for plates located at the BP relative to the ENT position.
This may be due to the increase in beam divergence as the scanning beam moves further from isocenter. Because of that
divergence, the proton path length differs depending on the location within the treatment field, where a greater deviation from
isocenter results in an increase in path length. Therefore, beam divergence directly affects the delivered dose because the
treatment plan is optimized to deliver the intended dose at a specific point of the central axis where there is no divergence.
That has negligible effect on the dose delivered in the ENT region because the BC is relatively flat in that region and robust to

Table 2. Biologic verification of the experimental setup using Chinese hamster ovary cells. Fit parameters for the linear quadratic model (= 1 SD) were
used to generate cell survival curves. Relative biologic effectiveness (RBE) values at 50% and 10% survival with errors are as reported in Howard et al

[27] and Howard et al [28].

Position along

Energy and radiation type Bragg curve a(Gy ) B (Gy 3 RBEso9% RBE109%
6-MV x-rays® — 0.15 (+ 0.03) 0.04 (+ 0.00) 1.00 1.00
71.3-MeV protons® BP 0.34 (= 0.10) 0.05 (= 0.02) 1.67 (+ 0.23) 1.46 (+ 0.08)
76.8-MeV protons BP 0.31 (+ 0.05) 0.04 (+ 0.01) 1.48 (= 0.14) 1.28 (= 0.04)

Abbreviations: ENT, entrance; BP, Bragg peak.
?Data reproduced from references [27-28].
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changes in path length. The differences in proton path length do have an effect on the absolute physical dose at the BP
because both the LET and the dose change rapidly in that region. However, at positions within the cell culture plates in which
the proton path length is increased, the deposited dose decreases as the LET increases, resulting in relatively small dosimetric
differences. Variable LET was not accounted for in our film measurements across the BP plates because the film results
agreed well with the Markus chamber measurements, which are independent of LET. Further, the dosimetric uncertainty was
less than = 2.5%, independent of the dose-quantification method used, which is reasonable for radiobiologic experiments,
which generally aim for = 5%. Finally, although there are small variabilities in both dose and LET across the radiation field
because of the beam divergence, those uncertainties result in minimal effect on radiobiologic endpoints such as the RBE.

To verify that our dosimetric measurements corresponded to biologic differences, clonogenic cell survival assays were
conducted with CHO cells. Survival curves showed decreased survival for cells placed at the BP, as expected [17, 18, 28-33]
where increased depth and the slowing down of protons corresponds to increased cell death. Our previously published data
set of CHO cell survival from a 71-MeV proton beam was used for comparison [28]. A higher-energy proton beam was chosen
for this setup to ensure a dosimetrically robust delivery. Lower proton energies have narrower BPs and thus a smaller full-width
half maximum relative to higher energies. Because of the divergence of the beam at locations furthest from isocenter, a wider
beam was needed to maintain dosimetric accuracy for all plates within the radiation field. Cell death in plates irradiated with 71-
MeV protons was more pronounced relative to the cells irradiated in this study with a 76.8-MeV beam and can be seen in the
higher-RBE values in Table 2. Although direct comparisons of biologic data sets measuring proton RBE are difficult because
of the numerous dependencies (eg, cell type, proton energy, and modulation of the proton beam; biological endpoint;
reference radiation; and LET), our data agreed well with previously published data [16, 28]. A study by Marshall and
colleagues [34] measured similar proton RBE at 50% survival values in human fibroblast cells ranging from 1.03 (£ 0.68) to
1.72 (£ 1.14) with LET values ranging from 0.63 keV/um in the ENT to 7.5 keV/um on the distal edge of a 219.65-MeV
spread-out BP [34]. Britten et al [2] studied a similar cell line, the V79 Chinese hamster fibroblast line, measuring proton RBE
at 10% survival values ranging from 1.23 to 1.78 along a modulated 87-MeV spread-out BP.

Other efforts have been made to increase the efficiency of in vitro—based proton radiobiology research. Guan et al [29]
proposed a sophisticated setup for 96-well plates with varying thicknesses of the jig holding the cells to alter the position of the
cells on the BC. Although their setup allowed for multiple measurement points along the BC, it also included additional film on
top of the jig for accurate positioning along the distal falloff region. Our proposed setup, although simpler, avoids a complex
configuration and, therefore, decreases the potential to introduce additional setup errors. This work aimed to expand upon
previous studies by both measuring and simulating the dosimetry and thereby increasing the confidence in reported dosimetric
uncertainty.

Proton radiobiology remains an active area of research, with in vitro studies having a fundamental role. Continued efforts to
understand the intricacies of the biologic effect of proton therapy will aid in more-tailored, patient-specific approaches to
radiation treatments in the future. The platform presented in this work allows for an increase in productivity for in vitro studies
and maintains a high level of dosimetric accuracy.
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