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Introduction: Particle therapy using pencil beam scanning (PBS) faces large uncertain- ties related to
ranges and target motion. One possibility to improve existing mitigation strategies is a 2D range modu-
lator (2DRM). A 2DRM offers faster irradiation times by reducing the number of layers and spots needed
to create a spread-out Bragg peak. We have investigated the impact of 2DRM on microdosimetric spectra
measured in proton and carbon ion beams.

Materials and Methods: Two 2DRMs were designed and 3D printed, one for.

124.7 MeV protons and one for 238.6 MeV/u carbon ions. Their dosimetric validation was performed
using Roos and PinPoint ionization chamber and EBT3 films. Monte Carlo simulations were done using
GATE. A silicon-based solid-state microdosimeter was used to collect pulse-height spectra along three
depths for two irradiation modalities, PBS and a single central beam.

Results: For both particle types, the original pin design had to be optimized via GATE simulations. The
difference between the R80 of the simulated and measured depth dose curve was 0.1 mm. The microdosi-
metric spectra collected with the two irradiation modalities overlap well. Their mean lineal energy values
differ over all positions by 5.2 % for the proton 2DRM and 2.1 % for the carbon ion 2DRM.

Conclusion: Radiation quality in terms of lineal energy was independent of the irradiation method. This
supports the current approach in reference dosimetry, where the residual range is chosen as a beam qual-
ity index to select stopping power ratios.
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Introduction

Particle therapy is known for its unique ability to create dose
distributions for complex structures with high conformity using
active scanning [1-3]. However, this precision comes with the
price of increased uncertainties on ranges (due to using CT images
and stopping power databases for treatment planning) and target
motion. The latter can be caused by inter- or intrafractional
motion, with the biggest concern being respiratory motion [4]. Sev-
eral mitigation techniques are in use to counter this, like abdomi-
nal compression, gating, rescanning, or 4D robust optimization [5].
During the last years, an efficient delivery technique was proposed
and could be used to improve mitigation strategies, e.g. in combi-
nation with breath-hold techniques: 2D and 3D range modulators
(2DRM, 3DRM), which are best described as a 3D printed filter,
sometimes in combination with a range shifter [6]. 2DRMs have
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a universal pin design and are suitable for cell studies or pre-
clinical experiments. For more complex applications like the con-
formal irradiation of a tumor, 3DRMs are better with their non-
homogenous pin designs. For both types, other terms have been
used such as 2D ridge filter or 2D pin filter for the 2DRM, and 3D
conformal range modulator or hedgehog filter for the 3DRM.

The concept of passively scattering particle beams to create a
desired dose distribution is not new. In an almost two decades
old review paper by Chu et al. 7], a similar filter is described. These
are called “ridge filters” and several designs are discussed, e.g., sta-
tic bar ridge filters or rotating spiral ridge filters. With an advance
in Monte Carlo (MC) techniques and 3D printing, the new ridge fil-
ter generation is becoming more accessible for many different
applications. The 2DRM and 3DRM publications from recent years
use a single-energy beam that is uniformly delivered over the
whole filter. The shape of the 2DRM/3DRM causes an appropriate
mixing of particles with different transmitted energies, resulting
in a spread-out Bragg peak (SOBP).

A 2DRM eliminates the need for using different energies to cre-
ate a SOBP, instead it modulates a single energy into a SOBP with
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2DRM preserve radiation quality on a microdosimetric scale

its unique pin design. This allows for faster irradiation times while
still resulting in a dose distribution comparable to the energy-
modulated SOBP approach. Dynamic 2DRMs and 3DRMs offer ben-
efits for patients [8,9], which are faster treatment plans and less
interplay effect due to hot and cold spots. 2DRMs have versatile
areas of application, for example in radiobiological studies [10]
they help to reduce the time spent outside of the incubator, there-
fore the stress on the cells is reduced. Another application is in
FLASH radiotherapy, where experiments have been carried out
with a 2DRM [11,30]. Disadvantages of 2DRMs are their depen-
dence on the particle type, energy and target position. Better dose
conformity is also achieved with pencil beam scanning (PBS)
instead of passively scattered beams, due to lower range straggling
and lower lateral diffusion.

If a 2DRM is used for cell irradiations, it is possible to perform
additional measurements at the corresponding depths in water
with microdosimetric detectors. The collected spectra in lineal
energy can be used for the prediction of relative biological effec-
tiveness (RBE) based on the average values of the probability den-
sity distributions in frequency and in dose, yr and yp. The most
prevalent radiobiological model based on microdosimetric spectra
is the microdosimetric kinetic model (MKM) [12,13], which was
proposed by Hawkins in 1996. Since then, the model has served
as a basis for further developments, for example the modified
MKM [14,15] or the Mayo Clinic Florida MKM [16].

Ideally, the collection of microdosimetric spectra and the cell
irradiation for cell survival eurves studies occur under the same
experimental conditions. The sensitive volume (SV) of micro-
dosimeters is naturally quite small (in the order of a few pum) while
the field size of radiobiological SOBP plans is usually larger (in the
order of a few cm). A single pencil beam, broadened by a 2DRM, is
enough to cover the entire SV of a microdosimeter and is a time-
efficient option. But whether such a single central spot (CS) would
result in the same radiation quality as a large volume irradiation
delivered with PBS needs to be demonstrated.

In principle, the modification through overlapping neighbour-
ing beams (during PBS) was expected to have an impact on the
lowest part of the microdosimetric spectra. This is due to a higher
amount of delta rays produced inside of the detector crossing air
gaps as well as contributions from fragments from neighbouring
spots. Using a solid-state detector, microdosimetric spectra were
collected with both irradiation modes (CS and PBS) for protons
and carbon ions. According to dosimetry protocols, such as TRS-
398 [17], CS and PBS are the same in terms of beam quality spec-
ifications. We investigated this in terms of microdosimetry and
showed that the use of 3D printed 2DRMs for microdosimetric
research is feasible and especially useful in combination with cell
survival studies.

Materials and methods

Design of 2DRM

For protons and carbon ions, a pin design (see Fig. 1) was opti-
mized following the approach suggested by Simeonov et al. [6]. The
pins are placed side-by-side over a base plate with a chosen thick-
ness. GATE/Geant4 simulations were performed to create a dose
distribution look-up table with varying scattering materials 5 cm
downstream the nozzle exit window for a single energy (50 steps
with 1 mm resolution in water equivalent thickness (WET)). The
details of the GATE/Geant4 beam model can be found in previous
studies [18,19]. The optimization algorithm was implemented in
Matlab R2020a. The script minimized the sum of the squared dif-
ferences between the desired and current dose distribution, which
was calculated by multiplying a weighting vector with the tabu-
lated dose matrix. A side objective (sigmoidal function) was added

to the cost function to prevent negative and low weights. The
weights resulting from this optimization were then converted to
pin base and height values and exported as Standard Template
Library files (stl) for 3D printing.

The initial goal was to create a SOBP with a 4 cm modulation
length and a range of 10 cm in accordance with the standard setting
for treatment plans for biological research at our institute. Based on
the range, the nominal beam energies were chosen as 124.7 MeV for
the proton beam and 238.6 MeV/u for the carbon ion beam. The fin-
ished designs were printed using a 3D stereolithography (SLA) prin-
ter by Formlabs with an XY resolution of 25 pm.

Both filters were printed using a synthetic resin, a material
named by Formlabs as white resin. Its relative water-equivalent
thickness (rWET) was measured to be 1.18. This was relevant for
the material definition in the MC simulations. Since no chemical
composition was given by the manufacturer, the chemical compo-
sition of PMMA was used with a reduced density of 1.16 g cm~>,
which resulted in the desired rWET = 1.18.

After the dosimetric verification (see II B) the pin design was re-
optimized for better agreement with the measured depth doses
(Roos chamber measurements at different lateral positions). This
so-called virtual pin design (see Fig. 1) will be used for future MC
simulations of spectra in lineal energy.

Dosimetric verification

For each particle type, both 2DRMs were validated using two
different types of ionization chambers (IC) as well as gafchromic
films (EBT3, Ashland, New Jersey, USA). For both IC measurements,
a temperature and pressure correction was performed. The treat-
ment plan had a field size of 17 cm x 9 cm.

First, depth doses at different lateral positions were acquired
with the 0.35 cc Roos® Electron Chamber (PTW, Freiburg, Ger-
many) in a motorized water phantom (MP3-P, PTW, Freiburg, Ger-
many). Twenty-four PTW-31015 PinPoint chambers were used in
combination with a 3D detector block holder, placed at six depths,
four ICs in a row. Details about this set- up can be found elsewhere
[20,21]. PinPoint measurements were performed at five depths
along the SOBP (44.1 mm, 57.3 mm, 76.0 mm, 93.7 mm,
96.5 mm). For each depth six lateral positions were selected, hori-
zontally (X) and vertically (Y) shifted from the isocenter by X/Y =
(£1.5 cm, 0.0 cm/+#4 cm, 0.0 cm).

EBT3 films were cut to 5 cm x 5 cm pieces. A stack of three films
was placed at five depths along the depth dose curve, and for each
depth at the isocenter (0 cm) as well as at two lateral positions (5
cm). This way the majority of the treatment plan could be checked
for local non-uniformities. The EBT3 films were scanned 48 h post
irradiation in transmission mode with an EPSON Expression
11000XL scanner (Seiko Epson Corporation, Nagano, Japan), and
non-irradiated films were used to subtract the background. To
exclude any artefacts from cutting or markings for positioning, a
circle with a radius of 3 cm was defined as a region of interest.
Scanned images were converted to absorbed dose to water apply-
ing a previously established calibration curve for proton and car-
bon ion beams [22].

The homogeneity of the EBT3 films was assessed using the
homogeneity index HI, which was calculated using the formula
Ds/Dgs, with Ds and Dgs being the minimum dose to 5 % and
95 % of the target voxels. Ideally, the HI would be one and it
increases with less homogeneous dose distributions [23].

Microdosimetric verification

Assilicon-based detector, developed at the University of Wollon-
gong [24], was used for the microdosimetric measurements. This so-
called 3D mushroom detector consists of an array of 400 SVs, each
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Fig. 1. The original versus virtual pin design for the two 2DRMs. For both beam types, the pin height was increased and the pin bases remained similar.

with a diameter of 18 um placed on a high resistivity p-type silicon
on insulator active layer with a 10 pm thickness [25]. The 3D mush-
room detector, as well as a low noise pre- and shaping amplifier con-
stituted the MicroPlus probe. All pulses were collected with a multi-
channel analyzer (ORTEC 928 MCB), which transforms the analog
shaping amplifier output into a digital signal and displays the
pulse-height spectrum. The frequency and shape of the pulses were
monitored with an oscilloscope. Some pile-up events were recorded.

The MicroPlus probe with the 400 SVs was placed along the cen-
tral axis inside a stationary water phantom (Water Phantom 41,023
for Horizontal Beams, PTW Freiburg, Germany) with the help of an
in-house developed holder. The 2DRM was set up 40 cm upstream
the water phantom'’s entrance window. Measurements at the same
position were recorded consecutively without entering the irradia-
tion room, guaranteeing no changes in depth between the pulse-
height spectra acquisition of the two irradiation modes.

For both protons and carbon ions, we collected six spectra at
three depths along the central axis. For each depth, either a treat-
ment plan of dimensions 2 cm x 2 cm was delivered with PBS, or a
beam with a single central spot was loaded. For the proton/carbon

proton 2DRM

ion treatment plan, the FWHM of the spots (at isocenter with 80 %
degrader) was 11.8 mm/7.0 mm and the spot spacing was 3 mm/2
mm, respectively.

The multi-channel analyzer output was processed with an in-
house developed Excel file. Detailed information about the differ-
ent steps of calculating microdosimetric spectra, e.g. the lineariza-
tion of the electronic chain or the calibration via the proton edge
technique, can be found elsewhere [26].

Results

(Optimized) design of 2DRM

Fig. 2 shows two different MC simulation results for the proton
and carbon ion 2DRM compared to the dosimetric measurements
with the Roos IC. For the proton 2DRM, the original filter design
shows a shift of 1.9 mm at R80 (range at 80 % dose) between the
two data sets. Based on the Roos data, a new base plate thickness
of (8.5 mm instead of 5.7 mm) was chosen and the pin design
was optimized to fit the measurements. This resulted in excellent

carbon ion 2DRM
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Fig. 2. The results of the MC simulation with the original and virtual pin design for protons (left) and carbon ions (right) in comparison with the Roos measurements.
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2DRM preserve radiation quality on a microdosimetric scale

agreement (AR80 = 0.1 mm) between the measured and simulated
depth dose curve. On average, the pin base was changed by 0.1 mm
while the pin height was changed by 0.2 mm. This changed pin
design, solely used for the purpose of MC simulations, is referred
to as virtual pin design throughout this manuscript.

The same optimization process was repeated for the carbon ion
2DRM (the base plate thickness was 8.5 mm instead of 6 mm).
While the number of individual stacks was increased by only one
for the proton 2DRM, they were decreased by 32 % for the carbon
ion 2DRM, therefore a direct comparison of changes in pin base
and height is idle. An improvement of the shift at R80 between
the measured and simulated depth dose curve was achieved with
AR80 = 0.4 mm instead of AR80 = 3.2 mm.

Dosimetric verification

For the proton/carbon ion 2DRM Roos measurements, the mean
over the relative standard deviations of all measurement points in
the fall-off region below R90 was 2.0 %/7.6 %, which translates to a
depth uncertainty of 0.1 mm/0.3 mm. The reciprocal of the depth
dose gradient at R80 was used as a sensitivity coefficient. The
uncertainty from type B errors for this set-up was estimated to
be 0.2 mm elsewhere [27]. This results in an overall positioning
uncertainty of 0.2 mm for the proton 2DRM and 0.4 mm for the
carbon ion 2DRM.

For the 24 PinPoint set-up, the mean and standard deviation of
each PinPoint IC for each depth was calculated over the seven off-
axis positions, resulting in 120 values. Therefore, the results are
given as a range for the low gradient (plateau and SOBP) and high
gradient (fall-off) regions. In the proton beam, the relative standard
deviations of the low gradient regions were up to 1.8 %, while the

Table 1
Homogeneity index HI = Ds/Dgs for both particle types.

high gradient region showed higher fluctuations resulting in a rel-
ative standard deviation between 0.4 % and 4.4 %. For the carbon
ion 2DRM, the relative standard deviations were up to 0.9 % for
the low gradient regions and between 0.4 % and 2.0 % for the high
gradient region.

The HI was assessed for each film individually. The mean HI
over each stack of films can be found in Table 1. The mean of means
over all five positions was 1.17 for the proton 2DRM and 1.14 for
the carbon ion 2DRM.

Microdosimetric verification

Fig. 3 shows all measured spectra in lineal energy, using the
dose probability distribution representation [28]. Excellent agree-
ment was observed between the two different irradiation modali-
ties, PBS versus a single CS. The differences in the cut-off values
(0.65 keV/um for the proton 2DRM and up to 5 keV/um for the car-
bon ion 2DRM) are explained by different amplifications (medium
and low gain) during the measurements.

The mean lineal energies in frequency yr and in dose yp, calcu-
lated on the linearly binned spectra above the noise threshold, are
shown in Table 2. Overall, the agreement between the mean lineal
energy values of PBS and CS is between 1 % and 6 %. The only out-
lier is the plateau position for the proton 2DRM, where deviations
go up to 14 % for the dose mean lineal energy.

Discussion

The results of the three different dosimetric techniques (Roos,
24 PinPoints, EBT3 films) are consistent with each other. The devi-
ations found between the planned and measured R80 position can

depth along SOBP HI of proton 2DRM

HI of carbon 2DRM

+5cm 0 cm —5cm +5cm 0 cm -5 cm
plateau near 80 % dose 1.10 £ 0.01 1.11 £ 0.03 1.11 £ 0.02 1.08 + 0.00 1.09 + 0.02 1.09 + 0.00
begin of SOBP 1.13 £ 0.04 1.11 £ 0.03 1.13 £ 0.01 1.08 + 0.00 1.09 + 0.00 1.08 + 0.00
middle of SOBP 1.12 £ 0.02 1.11 £ 0.01 1.10 £ 0.01 1.10 £ 0.00 1.10 £ 0.02 1.09 = 0.01
end of SOBP 1.13 £ 0.02 1.16 £ 0.04 1.16 £ 0.05 1.15 £ 0.02 1.11 £ 0.02 1.12 £ 0.01
fall-off near 80 % dose 130+ 0.10 143 +£0.10 1.28 £ 0.12 1.36 + 0.05 1.32 £ 0.01 1.20 £ 0.01
proton 2DRM carbon ion 2DRM
1.5 2.0
o PBS - o PBS =
7 =
------ CS 154 CS m é
. IbYl
1.0 - R I
— "% re
> A by
S LY 1.0 Lo,
> 1S 4 7 ‘l’%
g H # d
0.5 1 A
- H .
0.5 ; 5, ™
& &% & 8
iAW
b _ F A . .~ ?
0.0 = 0 L an2 0.0 0 1 2 3
10 10 10 10 10° 10 10 10 10 10
y [keV/um] y [keV/um]

Fig. 3. Dose distribution of the lineal energy for both particle types at different depths along the SOBP. The scattered data points represent the spectra measured with PBS,
while the dashed lines represent the spectra measured with a single CS. The x-axis is mirrored to show the position along the SOBP where the spectra were collected.
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Mean lineal energy in frequency y, and in dose y,. Values are given for both irradiation modalities, pencil beam scanning (PBS) and central spot (CS). The differences A between

the two modalities are given in percent.

denthyinhvater Yrpos [ke V pm’! Yrcs [ke V pm™ Al%] Yo.pps [ke V pm'™ Ypcs [ke V pum’! AR
proton 2DRM

52.2 mm 1.11 1.10 0.9 % 3.70 4.22 139 %
83.0 mm 1.38 1.31 45 7% 3.10 3.02 27%
95.1 mm 2.26 2.20 29% 4.13 3.87 6.2 %
carbon ion 2DRM

52.2 mm 12.77 12.89 1.0% 16.43 16.34 0.6 %
83.0 mm 24.07 24.67 25% 50.14 50.68 1.1%
98.1 mm 55.44 58.94 6.3 % 124.10 122.90 1.0%

be explained by a thicker base plate while the slightly different
SOBP width is most likely caused by slight differences in the pin
bases. Also, the end of the SOBP showed a high variability based
on the off-axis positioning of the Roos chamber (up to 6 cm), which
is expressed as a high uncertainty of the mean Roos and PinPoint
measurements over all depth dose measurements. This might indi-
cate that the 3D SLA printer by Formlabs is not suitable for such fil-
igree work. Based on these findings, we recommend a thorough
investigation of the off-axis depth dose of 3D printed 2DRMs
before any cell samples are placed in a potential high uncertainty
region.

The differences between the MC simulated dose and the mea-
sured dose were overcome by the optimization of the pin design.
Whether this optimization corrected only uncertainties in the 3D
printing process or also in any physics computations, e.g., a lack
of scattering modelled by Geant4, could not be derived from our
data.

When using a different type of microdosimeter, i.e., a tissue-
equivalent proportional counter (TEPC), a 2DRM could also be ben-
eficial. TEPCs can only be operated with low particle rates (flux). If
the flux is reduced by a few orders of magnitude, the dose delivery
system might not be able to measure the position of the particle
beam anymore and therefore the feedback mechanism to the scan-
ning magnets will not be operational for PBS. In our institute, this
means that low fluxes are only available with a monoenergetic sin-
gle spot, delivered at the isocenter. Even in these cases, spectra
along a SOBP could be collected with TEPCs if a 2DRM is used.

TRS-398 [17] uses the residual range as a beam quality specifier
regardless of initial beam energy or delivery method (scanned vs
scattered). Our findings support this claim for modulated beams
regarding the independence of delivery method used, i.e., that
the residual range as a beam quality specifier represents the radi-
ation quality with sufficient uniqueness for dosimetry purposes,
regardless of the range of the beam.

The expected influence on the microdosimetric spectra by an
increase in delta rays when the 2DRM is irradiated with PBS rather
than a CS was not seen in our measurements with a solid-state
microdosimeter. This would have been especially visible in the
mean lineal energy in frequency, yr, as this quantity is influenced
most by delta rays. Solid state microdosimeters have a moderate
low energy sensitivity [29], leading to higher cut-off values that
could mask any delta ray effects. Further measurements using a
more sensitive microdosimeter, i.e., a TEPC, should be carried
out. This way, any effects down to 0.3 keV/um can be investigated.

In the past, plan libraries with molds for collimators were used
in conventional radiotherapy. For PBS in proton or carbon ion ther-
apy, a 2DRM offers the possibility to advance this idea and create a
plan library basis with a multitude of SOBP widths and ranges. This
would be especially useful for cell and animal experiments.

A more dynamic solution to the rigid design of the 2DRM was
suggested by Maradia et al [8]. They propose the use of two iden-
tical 2DRM, which are placed in front of the isocenter. Their rela-

tive position to each other causes a broadening of the Bragg
peak. This way different dose distributions can be achieved with
the same 2DRMs, by matching peaks to peaks (maximum Bragg
peak broadening) or matching peaks to valleys (no broadening),
and everything in between.

Another advantage of using 2DRM is in the area of FLASH, espe-
cially in combination with animal experiments. Singers Serensen
et al. [30] irradiated the right hind limb of 301 mice with a
monoenergetic proton beam with conventional and FLASH dose
rates. A 2DRM can create a mixed energy field (and therefore a
SOBP) that cannot be created by PBS for FLASH dose rates. In com-
bination with a collimator, more precise treatments could be deliv-
ered. This way, tumor instead of limb irradiations with FLASH dose
rates would be possible.

The next step will be to create a treatment plan matching the
range and SOBP width of the measured 2DRM dose distributions.
This treatment plan will be delivered using active PBS with no pas-
sive beam modifier, and microdosimetric measurements will be
repeated. This way, a complete analysis comparing active PBS, pas-
sive PBS and a passive CS on a microdosimetric scale will be
completed.

Conclusion

The specification of the radiation quality in terms of lineal
energy is independent of the irradiation method in passively scat-
tered beams. This has meaning beyond the 2DRM application. In
reference dosimetry, the residual range is used as a selection
parameter for the stopping power ratios of monoenergetic beams.
A constant radiation quality in terms of lineal energy regardless of
irradiation modality (at the same position along the Bragg peak)
underlines the validity of this approach.
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