Aus der Klinik fur Strahlentherapie und Radioonkgpé
Geschaftsfuhrender Direktor: Prof. Dr. Sebastiaelfeig
des Fachbereichs Medizin der Philipps-Universitartirg

Titel der Dissertation:

Development, manufacturing and validation of patiet
specific 3D range-modulators for the very fast irraiation

of moving tumours in particle therapy

Inaugural-Dissertation zur Erlangung des Doktorgsader Medizinwissenschaften
(Dr. rer. med.)
dem Fachbereich Medizin der Philipps-Universitatrilag
vorgelegt von

Yuri Simeonov

aus Pleven, Bulgarien
Marburg, 2024



Angenommen vom Fachbereich Medizin der Philippsversitat Marburg am:
18.03.2024

Gedruckt mit Genehmigung des Fachbereichs Medizin.

Dekanin: Frau Prof. Dr. Denise Hil ker-Kleiner

Referenten: Frau Prof. Dr. Rita Engenhart-Cabuhd Herr Prof. Dr. Klemens Zink

1. Korreferent: Herr Prof. Dr. Andreas Schrimpf




Main manuscripts published in Peer-Review Journals:

The present cumulative dissertation contains a datigm of the research results
which were published in peer review journals. Themtopic was the development of

2D and 3D range-modulators for the purpose of neduthe irradiation time.

1. Simeonov Y, Weber U, Schuy C, Engenhart-Cabillic R, Penchebiante M
and Zink K 2021 Monte Carlo simulations and dosa@sneements of 2D range-
modulators for scanned patrticle therapyed. Phys31203-14

2. Simeonov Y, Weber U, Schuy C, Engenhart-Cabillic R, Penchevl&tten V
and Zink K 2022 Development, Monte Carlo simulasi@md experimental
evaluation of a 3D range-modulator for a complegetin scanned proton
therapyBiomed. Phys. Eng. Expre8935006

3. Holm K M, Weber USimeonov Y, Krauss A, Jakel O and Greilich S 2020 2D
range modulator for high-precision water calorimetrscanned carbon-ion
beamsPhys. Med. Biol65 215003

The publications are referenced in the text acogrdd the above order with the

numbers 1-3. Publications are printed with perroissi



Conference contributions:

During the dissertation results were presentedffareint conferences. The following

list shows a selection of these conference cortiabs:

DEGRO 25, 2019, Munster, Germany, Poster

DGMP 50, 2019, Stuttgart, Germany, Poster

ESTRO 38, 2019, Milan, Italy, Poster

GSI 1st Meeting of the International Biophysics I@bbration, 2019,
Darmstadt, Germany, Oral presentation

PTCOG 58, 2019, Manchester, United Kingdom, Oratpntation

AAPM, 2020, Vancouver, Canada, Poster

DEGRO 27, 2021, online, Poster

DGMP, 2021, online, Oral presentation

FRPT, 2021, online, Oral presentation

Varian Engineering Colloquium 2022, Troisdorf, Gamy, Oral presentation
as invited speaker

PTCOG 61, 2023, Madrid, Spain, Poster



SUMMARY

Particle therapy has established clinically in et decades as it can deliver dose to
the target in a highly precise and conformal mamamer has been shown to be especially
beneficial and effective for certain types of cance

Its application for moving targets, however, isl#@ying due to the relatively long
irradiation time and the resulting “interplay” effs between the scanned beam and the
target motion, which lead to dose deterioratioraddition, ultra-high dose rate FLASH
irradiation, which is expected to enhance the {heutic window, cannot be achieved
with the conventional active raster scanning mettioel to the switching time between
the single iso-energy layers.

This dissertation presents the concept of statigganodulating devices manufactured
by rapid prototyping for the very fast dose appglmawith only one fixed energy and a
scanned particle beam. The development of 2D ramggulators (RM) is shown and
their application is validated in a research profec high-precision water calorimetry.
The concept is extended to a 3D range-modulatoiRBI, optimized and customized to
a patient-specific target shape.

The modulators are manufactured with high-qualiyBinters, different materials and
printing techniques. The resulting dose distribui®first validated by simulations and
then by fast, completely automated and high regosluneasurements using a water
phantom system.

Overall, an end-to-end process chain is demonstrateam the RM development to the
final dose evaluation. Highly homogeneous doseilligions are achieved with a very
good agreement between the predicted and measat&dml the case of the 3D RM, the
delivered dose is additionally conformed to bothgteximal and distal edge of the target.
Most importantly, the modulators manage to delier prescribed dose in a fraction of
the time required for conventional scanned partivézapy.

The presented work demonstrates the feasibilityusihg 3D-printed 3D range-
modulators in particle therapy. The 3D RM concephbines extremely short irradiation
times with a high degree of dose conformity and dgemeity, promising clinically
applicable dose distributions for lung and/or FLA8Batment, potentially comparable

and competitive to those from conventional irradiatechniques.



ZUSAMMENFASSUNG

Die Partikeltherapie hat sich in den letzten Jaimn klinisch etabliert, da sie die
Dosis hochpréazise und konform im Ziel applizieremrkaund sich fur bestimmte
Krebsarten als besonders wirksam erwiesen hat. géewBumoren stellen allerdings
aufgrund der relativ langen Bestrahlungszeiten ekerausforderung dar, weil
.Interplay” Effekte zwischen dem gescannten Stratd der Tumorbewegung zu starken
Dosisinhomogenitaten fihren kdnnen. Aul3erdem esidiwendung des tblichen Multi-
Energy Rasterscanning-Verfahren fir FLASH-Bestnaglaufgrund der Umschaltzeiten
zwischen den einzelnen Energieschichten nicht rolagli

In dieser Dissertation wird das Konzept statischéuych Rapid Prototyping
hergestellter Reichweitenmodulatoren, vorgest&lltKkombination mit einer einzigen
Energie und einem gescannten Feld kdnnen solchaulsioden die Bestrahlungszeit
deutlich senken. Es wird die Entwicklung von 2D Mtadoren gezeigt und ihre
Anwendung in einem Forschungsprojekt fir hochpei¥iasserkalorimetrie validiert.
Zudem wird das Konzept auf einen 3D-Reichweitenntetdu ausgeweitet, der fir eine
patientenspezifische Tumorform optimiert und angspest.

Die Modulatoren werden mit hochqualitativen 3D-Ckei, verschiedenen
Materialien und Druckverfahren hergestellt. Dieutderende Dosisverteilung wird
zunachst durch Simulationen und dann durch schraltematisierte und hochaufgeltste
Messungen mit einem Wasserphantom validiert.

Insgesamt wird eine komplette Prozesskette demeristr von der
Modulatorentwicklung bis zur abschlieRenden Dosisausing. Die simulierten und
gemessenen Dosisverteilungen stimmen sehr gutiiiherd weisen hohe Homogenitat
auf. Im Falle des 3D RM wird die applizierte Dogissatzlich sowohl an die proximale
als auch an die distale Kante des Tumors angepésstallem aber gelingt es, mit den
Modulatoren die verschriebene Dosis in einem Brither Zeit zu applizieren, die fur
das konventionelle Rasterscan Verfahren benétigt. wi

Die vorgestellte Arbeit demonstriert die mdglicheriWendung von 3D-gedruckten 3D
Modulatoren in der Partikeltherapie. Das 3D RM Kepizkombiniert extrem kurze
Bestrahlungszeiten mit hoher Dosiskonformitat uhdmogenitat und verspricht aber
gleichzeitig klinische Dosisverteilungen fur die lgem- und/oder FLASH-Behandlung,
die mit denen konventioneller Bestrahlungstechnikengleichbar und konkurrenzfahig

sind.
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1. INTRODUCTION

1.1.Cancer therapy

Cancer is a major health problem causing milliohsleaths each year. The World
Health Organization (WHO) estimates that cancernggonsible for roughly 10 million
deaths in 2020, making it the second leading catideath worldwide. Breast, lung and
prostate are the most prevalent types of cancén, lamg cancer being the leading cause
of cancer death (Sureg al2021).

The primary treatment options are surgery, chemmaghe radiotherapy or a
combination of them (Baska&t al 2012). Radiotherapy is especially important inesas
where surgery is not possible. It uses ionizinga@ain to kill cancer cells by damaging
their DNA and preventing them from dividing and gmg Conventional external
radiotherapy makes use of high-energy photons ligedea lethal dose to the tumour.
Healthy tissue surrounding the target is also iat&d, which can cause severe side
effects and limits the maximum dose, which candmiaistered. Therefore, maximising
the dose in the tumour, while sparing the surroogdiormal tissues, especially critical
organs such as the heart, spinal cord, etc., isobriee main challenges towards an
effective and safe treatment.

Although conventional radiation therapy with higheegy X-rays has long established
for the treatment of cancer, photons exhibit somfawourable physical properties. First
of all, photons deposit the maximum energy in ils few centimetres near the surface
of the body and not at the optimal depth for theecBetumour. Moreover, their range is
not finite and therefore unnecessary low dosecgsmclated in the healthy tissue behind
the distal edge of the target (Linz 2012).

Particle therapy with protons and heavier ions.(eagbon and helium ions), on the
other hand, takes advantage of the more favoupdhlsical properties of heavy charged
particles, which deposit most of their energy specific depth in the tissue (the so-called
Bragg peak) before coming to a complete stop (Ciereinal 2017, Schlegett al 2018).
These characteristics enable the delivery of higlese to the target in a highly precise
and conformal manner for a potentially better tumoantrol rate and overall outcome

for patients.



Proton therapy has established clinically in tre¢ teecades and has been shown to be
especially beneficial and effective for certainggpf cancer, such as brain tumours and
pediatric cancer.

Carbon ions have higher biological effectiveness theotons or photons and the
damage to cancer cells per unit dose of radiaidngher, which is especially relevant in
the case of more aggressive or resistant tumouedt(R000, Weber and Kraft 2009).

This work focuses mainly on simulations and irréidia with protons, however, the

fundamental principle is the same for carbon ions.

1.2.Interaction of charged particles with Matter

When a charged particle penetrates an absorbeCoidomb electric field interacts
with the orbital electrons and the nuclei of at@img its path (Podgorsak 2016). As the
energy transfer in each of these interactions regdly small the particle undergoes a
large number of interactions before its kineticrggas completely absorbed (Andreb
al 2017). The loss of energy due to interactions i shell electrons is defined as
collision energy loss, whereas interactions withdbsorber's nuclei cause radiation loss.
Collision energy loss is the dominant process &avy charged particles at high energies
in the therapeutic range, radiation energy losgsplartually no role (Paganetti 2012).
The collision energy loss per unit path lengtheirted as the linear collision stopping

powerSor mass collision stopping powsf and described by the Bethe-Bloch equation:

S col
P

2
— 47TNA§ ( ¢ ) al {m 2mee | g (1— 57 — 52} (1)

dmeg ) mev§ I

whereNa is the Avogadro constar,andA are the nuclear charge and mass number of
the target materiag is the charge of the projectilejs the elementary charges is the
mass of the electron,= v/c is the ratio of particle velocity to the speedight andl is
the mean ionization potential.

The mass collision stopping power is inversely prtpnal to the square velocity of
the heavy charged particle. Therefore, and in contrary to photons, whoseldepse
distribution decreases exponentially as they pgassigh matter, charged particles have

the advantage that their energy loss increasesdeitheasing kinetic energy (Figure 1).
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The energy loss increase results in the charantems/erse depth dose profile with
maximum energy deposition, Bragg peak (BP), aetiteof the range. The sharp, narrow
BP can be positioned precisely in the tumour. Haweit is not clinically applicable
because the dose distribution is not homogeneows the entire target volume.
Therefore, the beam must be scattered both trasedlyeand longitudinally, which can be

achieved by passive scattering or active rastemnscg.

12r — 140 MeV Protons
—290 MeV/u C12
— 6 MeV Photon

o
®

\

Relative dose
o
»

0.4
0.2
0 1 1 \l L J
0 5 10 15 20 25
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Figure 1. Depth dose curves of monoenergetic plsotmmotons and carbot?C) ions. Photons have an
exponential dose decrease with maximum at shalkpti in the order of several cm. Particles, on the

other hand, show an inverted dose profile withtidimange and sharply defined dose maximum.

An additional process that must be considered éawvi particles such &sC ions is
fragmentation. In this process, a primary partcddides with a target nucleus and a
projectile fragment with a low nuclear charge numbdormed, which then continues to
travel at almost the same speed and direction.€lTpegectile fragments have a smaller
energy loss and therefore a longer range, whictisléa additional dose contribution
(fragmentation tail) behind the BP maximum. Due ftagmentation, the beam
composition changes with increasing depth, the nuraberimary ions decreases and
the number of fragments increases.

When traveling through matter, charged particlessaattered laterally in addition to
the energy loss they suffer. This mainly occurstdugastic Coulomb collisions with the
target nuclei, but also due to the fragmentatiatesses mentioned above. The angular

deflection from a single scattering event is vemaB. Therefore, the observed
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broadening of a narrow beam with increasing deptthe absorber material is the result
of many individual scattering events. The resulangular distribution is approximately
Gaussian.

Moliére developed a comprehensive model for desgitmultiple Coulomb scattering
(Moliere 1948). The resulting angular distributicagree very well with experimental
measurements (Gottschakal 1993). Highland parameterized the theory develdped
Moliére for the case of small deflection anglesgitiand 1975). Accordingly, the width

of a Gaussian angular distribution is calculatefo#lows:

— - - - 2)

wherep is the momentumy the velocity,Zp is the atomic number of the projectile,

is the thickness of the target and the radiatiogtleLr is a material-specific constant that
can be taken from the literature (Tsai 1974). Thghtdnd parametrization formula is fast
and convenient. However, in cases, where a detailddvery accurate particle transport
description is needed, e.g. Monte Carlo simulatigese Chapter 1.4. ), more
sophisticated models are utilized. For exampléhénparticle transport code FLUKA an
improved multiple scattering model, based on Melireory, has been developed and
implemented (Ferragt al 1992).

1.3.Proton therapy and beam delivery

1.3.1.Passive Scattering

Passive beam application was the first method deeel and is still used (Figure 2a).
To cover the entire target volume homogeneoushbten must be scattered laterally.
This is achieved either by a single or in most sdsg a double scattering system.
Additional patient-specific hardware is necessargdjust the dose individually for each
patient. For example, a bolus compensates for idsid inhomogeneities and the
curvature of the patient surface and is designesigin a way that the modulated Bragg

peak matches the distal edge of the target volume.
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Figure 2. Schematic representation of the passigtesing (a) and pencil beam scanning (b) methods

for the irradiation of tumors in particle therapygure taken from (Ishikawet al 2019)

A collimator is used to adapt the treatment fiedthie lateral contour of the target
volume. In addition, when using a cyclotron whdre ¢nergy cannot be actively varied,
the narrow depth dose profile of the monoenergeaditicle beam from the accelerator
must be broadened in depth by a modulator, whichbeaachieved by a rotating wheel
with different thicknesses known as a range mochriavheel (Koehleet al 1975) or a
plate with periodically arranged wedge-shaped stres known as a ridge filter (Clet
al 1993, Schaffneet al 2000). In both cases, the modulator is optimizedjive a
predefined homogeneous depth dose profile, thebedcspread-out Bragg peak (SOBP,
Figure 3). To adapt the energy and shift the maddld8ragg peak to the desired
radiological depth in cyclotron facilities, an atioinal "range shifter" is needed. It
typically consists of a number of homogeneous plataifferent thicknesses that can be
inserted into the beam path.

The major disadvantage of the passive beam applicat that the dose distribution
can only be conformed to the distal edge of theowmrbut not to the proximal. Therefore,
a significant portion of the high dose area is dapdsn the healthy tissue in front of the
target volume. In addition, due to the scatterygjem and the collimator, which laterally
cuts off a large part of the particles, the efficig of the passive irradiation method is
poor and varies between ~5 % and ~40 %, dependirigegocomplexity of the scattering
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foils (Paganetti 2016, Jolst al 2020). This becomes especially relevant in casesaev
very short treatment times and high dose ratdseasbcenter are desirable.

1.2
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N
:
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Figure 3. An exemplary 5 cm SOBP in water for a Ml proton beam.

1.3.2.Pencil beam scanning

The pencil beam scanning technique (PBS) has edtatllas the state-of-the-art beam
delivery in proton therapy. The narrow pencil bg&B) is deflected by magnetic dipoles
to irradiate the whole tumour laterally (Figure Abhereas the depth dose distribution is
controlled either by varying the energy in the $yotron or the thickness of the range
shifter in cyclotron facilities. The typical cliratly available energy range is 48-220
MeV/u for protons and 86-420 MeV/u for carbon iombjch corresponds approximately
to a water equivalent depth of 20-300mm. The erachber of particles at each PB
position (scan spot, SS), is calculated by thetrireat planning system. When all scan
spots of an iso-energy layer are irradiated, thd eaergy is chosen and this process
repeats until all layers and thus the whole tumalume are irradiated (Haberet al
1993, Blattmanret al 1990). The raster scan method enables highly henmemus dose
distributions conformed to both the distal and pmed edges of the tumour, thus
minimizing the integral dose in healthy tissue.

However, PBS requires a large number of differemtrgies, which comes at the cost
of increased treatment time. Typical energy switghtimes are in the order of several
seconds even though faster facilities are alsdablai (Safaiet al 2012, Furukawat al
2010). Therefore, a typical treatment plan can llmeamulative dead time of a minute

or even more depending on the facility.



1.3.3.The moving target challenge

The irradiation of moving targets, e.g. lung tunsour the chest area, is generally
challenging. Especially the PBS technique and #seilting dose distribution is very
sensitive to target movement as the irradiatioretioh a multi-energy layer plan is
relatively long and the scanned beam spatiotempaatiern interferes with the target
motion. These interference effects, also calletétplay effects”, can lead to large under-
and overdosage in the healthy tissue and the tuitsalir (Bertet al 2008, Lambereét al
2005).

In the case of passive scattering, on the contiraigrplay effects are reduced to a great
extent or not observed at all as the irradiatioquasi-instantaneous (Paganetti 2012).
However, this comes at the cost of missing proximase conformity with extra
unnecessary dose in the normal tissue. Moreoverp#dam quality deterioration and
neutron production in the predominantly high-Z mials in the beam path (e.g.,
scattering foils) increase the integral dose tohtbadthy tissue.

There are different target motion-mitigation apgtees. One method, called “gating”,
relies on the continuous monitoring of the tumowvement. The beam is switched on
automatically only during a certain predefined bineay phase, ensuring that the tumour
is in the right position (Rietzel and Bert 2010).

Another method is the so-called "beam tracking"esehthe beam follows the tumour
movement in real time. This method requires vescige monitoring of tumor motion
and a very fast adaptive scanning system with respdimes below 1ms (Paganetti
2012).

Rescanning is one of the simplest methods to cdigtie the target motion. In this
case the optimized plan is delivered multiple timgh only a fraction of the prescribed
dose. The underlying assumption is that the matdikced hot and cold spots will
average and cancel out with enough plan repetiaodghe resulting total mean dose will
be more or less homogeneous.

The aforementioned methods have some drawbacksngGahd rescanning, for
example, prolong the treatment time significantijich in turn may lead to positioning
uncertainties due to patient movements. The beackitrg method is very complex and

involves a great deal of technical effort.



1.3.4.Hybrid beam delivery: 3D range-modulator

A feasible approach to mitigate the aforementiomexing-target challenges and to
achieve a conformal, homogeneous dose distributiimvery short irradiation times is
by using a 3D range-modulator (3D RM) irradiatedhwvonly one single energy (Sakae
et al 2000, 2001, 2003, Ishiza&t al 2009, Simeonoet al 2017). It can be denoted as a
hybrid beam delivery technique due to the combamatif active lateral scanning with a
passive dose modulation in depth. The 3D RM cossistivo seamlessly integrated parts:
a conventional range compensator to adjust the tabe distal edge of the target and a
fine static ridge/ripple filter (Weber and Kraft 99). The ripple filter has a novel
pyramid-shaped base structure (Weber and Kraft 1B&®gbacket al 2014). These
structures (pins) have well-defined, optimized d&safp create homogenous SOBPs by
the weighted superposition of BPs from particlegnfi through different material
thicknesses. In addition, the pins have differaterally-dependent heights to conform
the dose distribution also to the proximal targiegee(Figure 4). Modern rapid prototyping
techniques can be utilized to manufacture the naddrd (Juet al 2014, Lindsayet al
2015, 2016).
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Figure 4. A single pyramid-shaped pin optimized &5 cm SOBP in water for 150.68 MeV/u

monoenergetic proton beam (a). Frontal view of tiddle slice from a 3D range modulator for a
spherical target with a diameter of 5 cm. The giase different heights to laterally modulate and

conform the dose to the proximal target edge.



The depth dose distribution , resulting from the pin modulation is described as

follows:
Ly "48%  $& ©)

% is the original pristine BP and defines the distance between the BPs of the
different energies. The weight factog (i being the index for the single BPs) is introduced
to scale each BP and adjust its individual contrdruto the SOBP (Weber and Kraft
1999, Gardey et al 1999, Akagi et al 2003). In otdeobtain a SOBP with high degree
of homogeneity, the weights; must be optimized. As they determine directly the
geometrical shape of the final pin some constramght be necessary to produce a more
favourable, “printer-friendly” form that can alse manufactured easily and reproducible.

Figure 5a illustrates schematically the relatiopshietween the mathematically
optimized weights and the resulting geometricaifaf the beam-modulating structure.
The underlying principle lies in the fact that tlaeger the partial area of the material
thickness $ &, the more particles will fly through it. Conseqtlgnthe weight " 4 of
each BP is proportional to the partial area. Adimnversion of all weights to partial
areas will deliver a “stair-shaped” pin form if is in the order of severall millimeters
(Figure 5b).

Figure 5. Example of a beam-modulating pyramid-lkgect with only 4 weights, corresponding to 4
different material thicknesses and partial areasA@in form with 3mm and larger, visible steps

(b) and a pin form with < 0.5mm (c).



An alternative to the optimization of discrete wegyis to use a fit polynomial/power
function with a set of parameters that must benoged. The advantage of this method
is that the oscillations of the single weights #merefore the oscillations (waves) in the
pin shape are reduced (Simeonov et al 2017). Bt function optimization and the
discrete weight optimization with very high resabdat (very small ) will deliver a
smoother pin contour (Figure 5c). The modulatingperties of both pin shapes in Figure
5 are, however, completely identical and they aea#y suitable for manufacturing.

A 3D RM, consisting of many of these pins, can penized for the shape of complex
targets and creates a static, highly homogeneelds fin contrast to conventional passive
scattering, the dose is conformed both to theldisidh proximal target edge, thus reducing
unnecessary exposure of healthy tissue (FiguréA$)only one energy is used and
consequently energy-switching times are eliminatgdyery fast treatment can be
achieved so that the patient can potentially haddheath during the complete irradiation,

thus avoiding interplay effects.
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Figure 6. Principle of depth modulation by a 3D gammodulator with both distal and proximal
conformity for a spherical target. Monte Carlo siated X-Z midplane profile (a) and center line dept
dose distribution (b):*C, E = 400.41 MeV/u. Figure taken from (Simeordal 2017) — Figure 4.
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1.3.5.FLASH therapy

In recent years, interest in the so-called "FLASidfticle therapy has been growing.
Several studies (Favaudehal 2014, Durantet al 2018, Vozeniret al 2019, Adrianet
al 2019, Hughes and Parsons 2020, Diffendeafed 2020, 2022) indicate that ultra-fast
irradiation (in the order of ms) with dose rategio#0 Gy/s may increase the therapeutic
window by reducing adverse effects in normal tissligh-intensity accelerators and fast,
reliable dose delivery and monitoring systems araesof the requirements to achieve
FLASH therapy (Romanet al 2022). While the biological mechanisms behind the
FLASH irradiation are not yet well understood, drffnt models have been proposed to
define the dose rate and quantify the flash eff@tteret al 2019, Folkertet al 2020,
Kriegeret al 2022).

The commercially available beam delivery technigeash their limits when it comes
to achieving a full irradiation in the order of figeconds for larger, clinically relevant
target volumes. The main bottleneck in PBS is theyd cumulative energy-layer
switching time. The conventional passive scattenmgghod, on the other hand, has very
low efficiency, i.e., number of useful protons thaach the patient behind the (double)
scattering foils and does not meet the very higredage requirement at the isocenter
plane necessary for FLASH.

A relatively simple approach to overcome the enesgigching time limitation in PBS
IS to use one single energy in a transmission maitethe BP outside (behind) the patient
(van Marlenet al 2021, Schwarzt al 2022). Assuming an isochronous cyclotron
(Strijckmans 2001), as it is the only clinical st in particle therapy where Flash
capabilities for clinical target volumes have bdemonstrated, it is necessary to use the
maximum available energy. The reason for thisngpe: smaller energies are modulated
by introducing a degrader in the beam path, whetieribrates the beam quality in terms
of angular and energy spread. An energy seleciistesh (ESS) must then be used to
restore the beam quality, which results in larganbéosses. Most of the particles do not
pass the ESS, do not reach the isocenter and amrshqg the high current requirements
for FLASH are not fulfilled.

Using transmission beam delivery at the highestgneat should be possible to
improve the lateral conformity as the lateral bgemumbra at the target depth is sharper
compared to conventional BP-based IMPT. Moreoveimaithe plateau dose region

results in better robustness with lower sensititatgetup and range uncertainties.
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On the other hand, the advantage of the higher db#ee BP is lost and the overall
integral dose deposition in healthy tissue is lahge to the lack of distal dose conformity
(Rothwellet al2022). In addition, multiple beams are requireshtoease the dose in the
target, which by itself prolongs the total treatingme and might introduce additional
uncertainties.

Another way to approach the challenge of fast iataln in the order of milliseconds
would be by using the aforementioned 3D range-naidul optimized for a single energy
and individual tumour shape. Just as in the caseoving targets, 3D range-modulators
seem as a promising and viable solution for FLAB#tments in particle therapy. This
hybrid beam delivery method might be the most rattvay to adapt existing facilities
and implement FLASH treatment with dose distribusiamilar in homogeneity and
conformity to active PBS (Jollgt al 2020, Diffenderfeet al2022, Webeet al 2022).

1.4.The Monte Carlo code FLUKA

A 3D RM is a complex 3D object composed of a largmber of very fine structures.
Predicting the complex polyenergetic field behinand the resulting dose distribution is
nontrivial, especially for a treatment planning teys (TPS) with analytical dose
calculation algorithms. Therefore, in this work Me@arlo (MC) methods were utilized
to simulate the dose distribution from all modulator

The term “Monte Carlo” refers to a class of compotal techniques that involve the
use of random sampling from given probability disitions to evaluate complex
mathematical expressions or models. These techmilgaee been widely used in fields
such as physics, chemistry, engineering and finaite origins of Monte Carlo
calculations can be traced back to the 1940s, vdtan Ulam and John von Neumann
developed the technique as part of the Manhattajer

The MC transport code FLUKA is a general-purposa for calculating particle
transport and interactions with matter (Feredral 2005, Battistonet al 2006, Béhleret
al 2014, Battistonet al 2015). FLUKA has been extensively benchmarkedussdl by
many research groups and has proven as a reliatléasion tool (Sommeregt al 2006,
Parodiet al 2007, 2012, Battistorat al 2016, Baumanet al 2021). It can be used for a
variety of different tasks, including activation laaations, dosimetry, radiation
protection, etc. Combinatorial geometry logic araxel-based geometry can be used to

build complex shapes. The distribution packageuthes a number of user-routine
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templates. They can be additionally customized larketd to the original code, so that
special cases can be also handled.

The simulation of a range-modulator in FLUKA is@ample of such a special case,
where additional modifications were needed (Simegaia@l 2017). Firstly, the complex
geometric shape of the modulators, consisting afymeery fine structures, cannot be
described with the FLUKA Combinatorial Geometry ilogFor this reason, a custom
routine was implemented based on the Mdller and bare ray-tracing algorithm
(Méller and Trumbore 2005). This routine searchastlfie intersection points of each
particle with the modulator, calculates the totaltenial thickness the particle will travel
in the modulator and shifts it correspondingly desa homogenous slab along its original
trajectory.

In order to compare the simulated dose distributidh measurements from a clinical
facility, an additional routine for intensity modi#d raster scanning was developed and
implemented. Thus, it is possible to irradiate thedulator with single Gaussian scan
spots while varying the number of particles in eachn spot. The raster file, which
contains the energy, the coordinates of the indalidcan spots and their partial particle
number, can be loaded by both FLUKA and the acatder
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2. AIM AND MOTIVATION

The main purpose of this dissertation is to esthtdind validate a process chain for the
development, manufacturing and dose verification patient-specific 3D range-
modulators and thus bring the 3D RM dose deliveeyhrmad one step closer to a potential
clinical application.

The modulators are meant to be printed with advérasel quickly evolving rapid-
prototyping techniques. The manufacturing accurand more importantly the
preservation of the correct hight-dependent papiralarea are of crucial importance in
order to obtain the exact homogeneous dose diftibithe RMs are optimized for.
Therefore, the first objective is to optimize amtprove the design of the fine single
modulator structures (pins). So called 2D RMs, wiimg) of pins with the same height,
are used to verify the improvements and homogerméitiie resulting dose distribution
and thus demonstrate the feasibility of the progodepth dose modulation and
manufacturing workflow. As the dose distributioarfr 2D modulators is not as complex
as from patient-specific 3D RMs, they are bettetesuto identify in a systematic way
dose deviations coming explicitly from manufacturiadefacts and trace them back.
Thus it would be possible to quickly iterate betwebfferent pin shapes to find an
optimum solution and improve the manufacturing pesc

In addition to the more “conventional” PolyJet miaumiuring with photopolymer resin,
an alternative technique, the selective laser ngelt5LM), should be investigated. SLM
uses metal powder and a laser to selectively mélfase the powder layer by layer, thus
producing very well-bonded and high density strresu

Using the aforementioned rapid prototyping techegjudifferent 2D modulators
should be manufactured with polymer resin and natays and investigated with both
MC simulations and measurements. The 2D modulater static element that can be
positioned in a flexible way relatively close tettarget and its SOBP width and shape
can be customized arbitrarily, making it an exa#llend flexible solution for different
research projects in particle therapy facilitiesnkle, in a next step, the usability,
modulating properties, etc. of 2D RMs should beestigated in practical research
applications in the framework of collaborationswalifferent institutions.

Finally, a 3D RM should be developed for a complarying patient-specific target.

The information necessary for the 3D modulator glessuch as the water equivalent
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thickness (WET) and depth of the tumour and itsatliedge can be calculated from
anonymized DICOM CT patient data using ray traceahhiques.

The modulation properties of the 3D RM can be velifusing the established MC
simulation package FLUKA. For this purpose, thegqratDICOM data must be imported
in FLUKA as a voxelised phantom and the relatiopdbetween the DICOM, FLUKA
and IEC coordinates systems must be establishezliioBsly developed in-house
algorithms allow importing the 3D RM and calculatitihe particle transport through its
fine, complex structures. Based on the resulthefMC simulations, the design of the
modulator and the particle fluence needed to iatadit should be improved and
optimized in an iterative process, taking into aetothe clinically optimal dose
distribution.

To validate the simulation results, the 3D RM skdobé manufactured with high-
quality 3D printing techniques with both polymesireand aluminum and the resulting
dose distributions should be measured at a patte@empy facility. It is desirable and
important that the dose distribution of a modulatoould be verified reliably and quickly
during experiments, as well as in a time constdiinknical environment. For this
purpose, the water phantom system WERNER developbduse at the GSI, can be
utilized as it can perform fast, completely autosdatand high resolution dose
measurements. In a final step, the measured doaealysed and compared with the
FLUKA simulations.
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3. SUMMARY OF THE PUBLISHED RESULTS

3.1.Publication 1
Monte Carlo simulations and dose measurements of 2iange-modulators for

scanned particle therapy

3.1.1.Summary of publication 1

In Publication 1 (Simeonoet al 2021) the concept of the 2D range-modulator is
introduced. It is a static device that can genesajeasi-instantaneous spread-out Bragg
peak and can be positioned at a relatively clostadce to the target. It has multiple
advantages, such as fast dose delivery, fast manufzg, flexibility in the SOBP shape
and width, etc. In addition, potential inhomogeiesitin the resulting dose distribution
can be used to identify and even quantify manufagussues and artefacts. Based on
this knowledge, improvements in the pin shape campé&emented and therefore the 2D
RM can be considered as an important, preliminggp sowards a patient-specific 3D
RM.

The aim of this work was to develop, improve, siateé) manufacture and measure a
2D RM and thus validate the complete workflow psscehain.

To begin with, the weights of a 5 cm SOBP, resgltinom a 150.68 MeV/u
monoenergetic proton beam simulated with FLUKA, eveptimized and converted to a

continuous stepless pyramid-shaped pin profilelf@g).

50 50
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— Improved pin profile
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Figure 7. Comparison between the original and imgdopin profile. The main difference is in the pin
base (groove) and the pin tip (a). A single pyrastidped pin optimized for a 5 cm SOBP in water for
150.68 MeV/u monoenergetic proton beam (b). Figaken from (Simeonogt al2021) — Figure 2.
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Several improvements were introduced to the pipsiacomparison with (Simeonov
et al 2017). A more favourable aspect ratio and thusdrngnechanical stability were
achieved by increasing the base side from 1.5 mi@ tom. In addition, the groove
between adjacent pins and the pin tip area wereagdimized to be slightly wider, as
these areas were found to be particularly susdegbldeviations during the 3D printing
process. These changes, although small, significemproved the manufacturing of the
3D printed pins, as confirmed by test prototypes.

Two 2D RMs were manufactured using the improvedf@im. The first one, referred
to as the “polymer RM,” is made of a PMMA-like pbpblymer (RIGUR RGD450, 1.2
g*cm?® density) and consists of 27x27 periodically posiéid adjacent pins. It was
manufactured using PolyJet technique with a Styat&3bjet30 Pro 3D-printer. The
second RM, referred to as the “steel RM,” is madgainless steel (316L alloy with 7.95
g*cm® density) and consists of 19x19 pins. It was martufad with selective laser
melting technique (Krutket al 2005, Konda Gokuldosst al 2017) using a TRUMPF
TruPrint 1000 SLM machine. The metal alloy was dadered worth investigating as it
can further improve the aspect ratio of the pihg, inechanical stability and overall
robustness.

Both RMs have a 1 mm thick base plate and 3 mnk &iabe walls for pin protection.
Positioning bars were also added to accurately #fignmodulators in the treatment field

with the lasers during dose measurements (Figure 8)

(a) (b)
Figure 8. The manufacturggblymer RM (a) and thesteelRM (b) with a protection wall around and
positioning bars. Figure taken from (Simeomal 2021) — Figure 4.
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In a first step, both modulators and their resgltoepth dose distributions were
validated with MC FLUKA simulations. An in-housewi#oped routine was used to
model the shape of the modulators.

A direct comparison between MC simulations and mesasents from particle therapy
facilities with pencil beam scanning (PBS) requiegdimplementation of an intensity-
modulated raster scanning in the FLUKA 'Sourceéruoutine. The information needed
for the simulation, such as energy, beam spot giye;oordinates of the scan spots, etc.,
is contained in a raster file, which can be loalethoth FLUKA and the accelerator. All
simulations were run on several hundred proced$sams an in-house CPU cluster with
enough primary particles, so that the statisticatentainty was below 0.3 % in the

homogeneous SOBP region.
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Figure 9. Schematic drawing of the dose measuresatmp. Panel (a) shows the 2D polymer RM, which
was positioned 40 cm in front of the isocenter aratliated with an undeflected beam. The dose was
measured with the PTW Peakfinder. Panel (b) shbe2D steel RM, which was positioned 30 cm in
front of the isocenter and irradiated with a scahB& cnd rectangular field. The dose was measured
with the newly developed WERNER system using th&/FJctavius 1000P. All measurements were
conducted with a 150.68 MeV/u proton beam. Figaken from (Simeonogt al2021) — Figure 7.
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The next step was to validate the simulations wdke measurements at the Marburg
lon Beam Therapy Center (MIT). The polymer RM waadiated with an undeflected
150.68 MeV/u proton pencil beam with a FWHM of 1inin at the isocenter and the
dose was measured with the variable depth watenooPTW Peakfinder (Figure 9a).

The steel RM was irradiated with the same monoatiergeam and a field size of 32
x 32 mnft. Instead of the PTW Peakfinder, the WERNER sygtgahuyet al 2020) in
combination with the 2D ionization chamber arrap#WPODctavius 1000P was used to
obtain a full, high-resolution 3D dose measuren{éigure 9b). For this purpose, the
same raster plan was irradiated multiple times aftek each repetition the Octavius
detector moved automatically to the next positiime acquired 2D dose distributions at
each depth were post-processed to reconstruct pleta8D dose data set.

Finally, the measured dose was compared to thelaiatlione. Figure 10 shows the
laterally integrated SOBP of the polymer RM measuséth the PTW Peakfinder. An
excellent agreement can be observed with 1.4 % maxi dose deviation and 0.59 %
relative standard deviation in the SOBP region{1n to 15.7 cm).
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Figure 10.Polymer RM: A comparison between the measured and simulat&PS8oth depth dose
distributions are normalized to one in the middléhe SOBP. Figure taken from (Simeorehal 2021)

— Figure 8.

The dose from the steel RM is depicted in FigureThie center line SOBP in panel (a)
has a very good agreement in the proximal regidh aslightly increasing deviation up
to 4 % towards the distal edge. In addition, a Kivdplane profile with its corresponding
Gamma Index, GI (Lowet al 1998) and three lateral profiles at different tepére

plotted. Apart from the small distal edge discregas, which are the result of sub-
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optimal manufacturing process from the SLM printleere is a very good agreement with
the FLUKA simulations.
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Figure 11.Steel RM: Centre line SOBP (a), isodose lines comparisanXfZ midplane profile (b) and
the corresponding local gamma index for 2%/2 mneptance criteria (c). Three lateral X profiles (d)—
(f), plotted at 6 cm, 10 cm and 14 cm respectiv&lye vertical red lines in (a) denote the depths, a
which the X profiles were plotted. Figure takennfr¢Simeonowet al2021) — Figure 10.

Publication 1 introduced the 2D RM as a static, ul@ihg device and verified the
measured dose distribution of the revised and irgaqin shape using two different
modulators. The measurements exhibit excellentemgeat with the MC simulations,
particularly in the case of the polymer RM. Allati, an end-to-end process chain has
been shown, encompassing the development and Mdations of the modulator, its
manufacturing and subsequent dose measurementsaV¥alemonstrated the feasibility
of high-quality 2D RMs, which can create highly hmgeneous SOBPs, thus paving the
way for more complex 3D RMs, which will be the seayd Publication 2.
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optimized the modulators and printed the polymer. & Simeonov conducted all Monte
Carlo simulations and developed the necessaryrosénes. He took part in the dose
measurements and analysed the final results.

U. Weber came up with the original idea of 2D/3Ddulators manufactured by rapid
prototyping and their advantage in the scope of ¥ast moving target irradiation and
potential FLASH treatment. He supported the progext contributed with his expertise
to all steps of the workflow process chain.

C. Schuy developed the water phantom system WERNERVeber and C. Schuy
took part in the dose measurements and were rappoifsr the post processing of the
raw measured data.

P. Penchev contributed with very helpful technicbdas and programmatic skills,
among other things developing routines in the Ma#avironment and for the CPU
cluster used for the simulations.

R. Engenhart-Cabillic supervised the work and sujggathe clinical assessment with
her expertise.

K. Zink took part in the dose measurements, supedvthe work and helped with the
physical assessment.

M. Durante revised the manuscript.

All authors revised this manuscript, substantively.
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3.2.Publication 2
Development, Monte Carlo simulations and experimemat evaluation of a 3D

range-modulator for a complex target in scanned prton therapy

3.2.1.Summary of publication 2

Publication 2 (Simeonoet al 2022) extends the concept of the generic 2D range-
modulator to a 3D range-modulator for a complexdumuUsing only one single energy,
the 3D RM is a feasible application technique foe wery fast treatment of patient-
specific tumours resulting in homogeneous and Kigleinformal dose distribution. It
overcomes the problem of the dead time betweemnkegy layers and does not suffer
from the large beam losses typical for the coneeral passive scattering technique.

The purpose of this work was to develop, simulai@nufacture and measure a 3D RM
for a complex patient-specific target contour iscanned proton therapy beam and thus
validate the complete workflow process chain.

In a first step, a pin database was pre-calculaiida 150.68 MeV/u monoenergetic
beam by optimizing many single pins with differ@eights (10 - 60 mm in 10 mm steps)
for a homogenous SOBP, using the pin profile imprognts and methods presented in
Publication 1 (Simeonoat al2021). A right lung target with a complex, irregutontour
from an anonymized patient CT was chosen for theldpment of the modulator (Figure
12). The contour was expanded by 4 mm to ensuterb@ore homogeneous target

coverage.

Il

Figure 12. One slice of the patient CT with theyioral (inner blue contour) and a 4 mm extended PTV,
used for the development of the modulator (outércantour). Figure taken from (Simeonetval 2022)

— Figure 1.
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For the purpose of reducing complexity, the dgrsitall CT voxels was set to water.
The necessary information, such as pin height hiottriess of the base material under
each pin, was derived by ray-tracing from a simgjlet coplanar beam, utilizing a Matlab
implementation of the Siddon algorithm ‘matRad_sitldayTracer’ (Wiesest al2017).
Based on this information, pins were sampled anerpalated from the database thus
creating a first version of the 3D RM (Figure 13&)ateral margin in the form of some
extra pins was added around the modulator in a@emprove the lateral edge dose
homogeneity. In addition, positioning bars, defgqitme isocenter and walls for better

stability were built on the modulator.

Figure 13. 3D view of the lung target (a), a sirglemm pin (b), a 3D view of the optimized modutato
(c) and the corresponding manufactured prototypeT(de prototype has positioning bars defining the
isocenter, used for alignment with the in-room tasend side walls for better stability and usafilit
Figure taken from (Simeonat al 2022) — Figure 2.

The next step was to investigate the modulatinggnttes by MC FLUKA simulations.
Therefore, the CT was converted to a binary voxaleld file format (.vxl) and imported
into FLUKA. The CT was rotated and translated t® shhme right coplanar beam angle
and isocenter position as during the ray-tracingutation. The previously developed
beam model, already used in (Simeomdal 2021), which combines the “SOURCE.f
user routine for the raster scanning and the “USBMHEuser routine for the modulator
implementation, was utilized to simulate the rasgldose distribution (Simeonat al
2017). A raster plan was created by assigning ia sgat to each pin. The initial weights
in each scan spot were calculated by summing thiemiation weights (the modulating
partial areas, see Figure 5 for reference) of agisesponding pin (Figure 14a). These
initial weights were used only for the first simtidea. A procedure was developed and
implemented in order to optimize these weights iamatove the dose homogeneity. For
this purpose, the source routine and the in-houdd €luster were customized in such a

way that the 3D dose distribution of each scan &pat the raster plan is simulated and

23



scored separately. All 3D dose files (each corredpm to one scan spot from the raster
plan) were subsequently imported into an in-houseeldped Matlab environment,
mapped on the CT grid and assigned an initial weigHactor. Then the weighted sum
of all dose distributions was calculated and optédiinside the original PTV contour in
an iterative process by minimizing the differenae @ prescribed dose value.
Mathematically, this optimization is similar to thérementioned Equation (3) in that
the weighted dose sum is optimized for homogeneig. result of this optimization was
a new set of scan spot weights, which were usethéfinal simulation (Figure 14b). All
simulations were run on several hundred proced$sams an in-house CPU cluster with
enough primary particles, so that the statisticatentainty was below 0.3 % in the

homogeneous SOBP region.

Figure 14. Number of particles in each scan spfuirbga) and after the optimization (b) expressed a
scaling factor. Additionally, the scan path is @dtwith a solid line and the isocenter is denotét a

red cross mark. Figure taken from (Simeorbal 2022) — Figure 3.

Finally, the modulator was manufactured on thet&ss Objet30 Pro printer using
RIGUR RGD450 photopolymer with a density of 1.2 m¢t (Figure 13d). While this
polymer modulator is the main scope of this workadditional aluminum RM was also
manufactured on a different machine (TRUMPF Trut3000) by selective laser melting
(Trevisanet al 2017) to demonstrate the potential of this alteweamaterial and
manufacturing technique (Figure 15). Aluminum ispested to increase both the
scattering and cost of manufacturing, but resultsnore favourable pin aspect ratio,
improved mechanical stability and robustness, thezeenabling the printing of 3D RMs

for much larger targets.
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Figure 15. The aluminum 3D RM with a side wall grasbitioning bars. Figure taken from (Simeonov
et al2022) — Figure 5.

In order to validate the simulation results, thealdistribution from both the polymer
and aluminum modulators was measured at the Matbar§eam Therapy Center. The
WERNER system, synchronized to the dose delivesyesy of the accelerator was used
in a combination with the 2D lonization Chamber &fOctavius 1000P (Schuet al
2020, Simeonoet al 2021).

Figure 16. A schematic drawing of the dose measenérsetup (a) and a picture of the measurement
session (b). The 3D range-modulator was positi@tedm in front of the water phantom. The dose was
measured with the PTW Octavius 1000P. Figure téilen (Simeonowet al2022) — Figure 6.
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Using a measurement setup corresponding exactheté-LUKA simulation (Figure
16) a high-resolution, completely automated and dasimetric verification of the 3D
range-modulators was performed. Delivering ~ 0.5rGe ~ 70 critarget volume took
approximately 6 seconds using the maximum availaitémsity of 1.9x18part/s.

In the end, the measured dose profiles were valibagainst the FLUKA simulations.

Figure 17. Isodose lines of the measured (solie) land simulated (dashed line) dose distributign (a
(b). The corresponding 1D profiles in panel (c) &hdwere plotted at 15 cm depth, denoted as &aért
dotted line in the panel above. Additionally, theasured (thick lines) and simulated (thin lineas
overlaid on top of the raw CT data (e). The bluae lilenotes the PTV contotNote: The modulator was
developed on the basis of the homogeneous “waf€r'nGt the heterogeneous one shown here. Figure

taken from (Simeonoet al 2022) — Figure 7.
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Figure 17 shows the dose comparison in the formsadose lines (a)-(b) and the
corresponding 1D profiles extracted at a depth B (c)-(d). While the dose was
simulated in a modified homogeneous CT overwrittéth water, an additional dose
overlay on the original heterogeneous CT is degictePanel (e), just for the purpose of

better visualization of the original tumour tisared tumour delineation.

Figure 18. A lateral X profile (a) and three degdtise distributions (b)-(d). Additionally, 2D iso@os
line figures are included to denote the exact positait which the 1D profiles were plotted. Figtaken
from (Simeono\wet al 2022) — Figure 8.

Figure 18 shows additional lateral (a) and SOBP hdelutse profiles (b)-(d) from
different positions and slices. Overall, there iveay good agreement between the
measured and simulated dose values, which is alsirmed by the 2D Gl analysis in
Figure 19. A 2%/2 mm local acceptance criteriajiaddo dose values larger than 15 %
of the maximum dose, was used to quantify the desgations for two different slices.

Both the 2D GI and the additional full 3D Gl haveeaay high passing rate of ~99 %.
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Figure 19. The dose distributions (simulated dogbe upper panel, measured dose in the middld)pane
and the resulting Gl (lower panel) for one transak(a) and one sagittal (Bjce. 99 % of the evaluated
voxels were found to pass the dose and distanez=agnt criteria. Figure taken from (Simeorbdal

2022) — Figure 9.

A cumulative Dose-Volume Histogram (DVH) was caiteld from all dose voxels
inside the PTV contour and plotted in Figure 20m&an dose close to 100 % and
approximately 105 % maximum dose were -calculatedh whe applied dose

normalization.
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Figure 20. DVH calculated inside the PTV target fmth the measured and simulated dose and the

resulting statistical information. Figure takenrfr¢Simeono\et al 2022) — Figure 10.

A center line depth dose profile and an isodose pasison from the aluminum
modulator is shown in Figure 21 again showing & \g@od agreement with 99 % Gl

passing rate for the 2D slice and 98 % for the 3D G

Figure 21. A center line depth dose distributioly @omparison between the isodose lines of the
measured (solid line) and simulated (dashed linspdlistribution (b). Results are from #daminum

modulator. Figure taken from (Simeonetval 2022) — Figure 11.
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Publication 2 extended the concept of the gen@icddulator to a target-specific 3D
RM. We have demonstrated an end-to-end process,dhaluding the development of
the 3D RM, its manufacturing using two differeninping techniques and materials and
the subsequent dose verification. Simulations arehsurements are in excellent
agreement confirming the initial expectations afase distribution conformed both to
the proximal and distal edge. Delivering a highlymogeneous and conformal dose
distribution, comparable and competitive to stadddPT, the 3D modulator is a
promising and feasible method for achieving extigralort treatment times, thus paving

the way for a potential clinical application witloring targets and/or FLASH irradiation.

3.2.2.Contribution

Y. Simeonov wrote the manuscript and executed rabshe study. He developed,
optimized the modulators and printed the polyme. & Simeonov conducted all Monte
Carlo simulations and developed the necessaryrosénes. He took part in the dose
measurements and analysed the final results.

U. Weber came up with the original idea of 2D/3Ddulators manufactured by rapid
prototyping and their advantage in the scope of ¥&st moving target irradiation and
potential FLASH treatment. He supported the progext contributed with his expertise
to all steps of the workflow process chain.

C. Schuy developed the water phantom system WERNERVeber and C. Schuy
took part in the dose measurements and were regpoiisr the post processing of the
raw measured data.

P. Penchev contributed with very helpful technicbdas and programmatic skills,
among other things developing routines in the Ma#avironment and for the CPU
cluster used for the simulations.

R. Engenhart-Cabillic supervised the work and sujggathe clinical assessment with
her expertise.

K. Zink took part in the dose measurements, supedvthe work and helped with the
physical assessment.

Veronika Flatten provided the CT data with targemtouring and contributed with
DICOM standard, TPS and clinical expertise.

All authors revised this manuscript, substantively.
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3.3.Publication 3
2D range modulator for high-precision water calorinetry in scanned carbon-

ion beams

3.3.1.Summary of publication 3

Publication 3 (Holmet al 2020) describes a practical, real-world applicatd a 2D
RM in a scanned carbon-ion beam. The modulatoif ifseesented an important
contribution from our working group to another, quetely separate project about high-
precision water calorimetry, conducted at the Rdafsich-Technische Bundesanstalt
(PTB) and Deutsches Krebsforschungszentrum (DKFZ).

The final goal of this project was to determine ekpentally the beam quality
correction factor kfor two Farmer-type ICs at the SOBP depth in agedrcarbon-ion
beam by means of water calorimetry. Necessary tiondifor the reliable calorimetric
measurement of the absorbed dose to water areedpjise values typically larger than
1Gy to induce a detectable temperature rise witlgla signal-to-noise ratio and a large,
homogeneous field, irradiated in a short time tduce the heat conduction ects.
However, the larger the dose and field size, thgdotthe irradiation time, which poses
certain limitations on the calorimetric dose det@ation in a scanned particle beam.
Preliminary studies had shown that irradiating mbgeneous volume of 6x6x6 émith
1.5 Gy and full 3D active scanning, i.e., with npl# iso-energy layers, would take about
8 minutes, which is prohibitively long for the tirgetical calorimetric method.
Therefore, a decision was taken to try producirgrtécessary homogeneous SOBP in a
passive way using a static 3D printed 2D modulaitre final criteria that must be
satisfied were field homogeneity with standard daeh below 2 % for all values less
than 2cm away from the SOBP center, reproducibitifyrepeated measurements
expressed as standard deviation below 0.5 % aathkirradiation time less than 100s,
which represented a set of highly challenging neqaents.

Before proceeding with the finabkneasurements, it is important to first optimize and
then completely characterize the 3D dose distrimjtresulting from the impinging
scanned field on the 2D modulator, in terms of hgemeity, reproducibility, robustness
and sensitivity to modulator positioning misaligmtse etc., which was the main scope
of this work.

In a first step, a 10x10 ci2D RM was developed and optimized for a homogeseou
60 mm wide SOBP using a 278 MeV/u monoenergetibaraion beam. The pin base
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(period) of this first modulator was 2x2 mMnTwo additional RMs, with 3x3 mfrand
4x4 mntwere also designed in order to investigate thepidg effect of the base period
with potential manufacturing artefacts on the dakstribution (Figure 22). After
confirming the SOBP homogeneity by preliminary FLAIKimulations, all RMs were
printed with RIGUR RGD45 material on the Strata®yget30 Pro 3D-printer.

Figure 22. Oblique view of the 2D RM with 3x3 rmpin base area and detailed view of 4x4 pins.
Figure taken from (Holnet al 2020) — Figure 1.

Dose measurements took place at the Heidelbergéam Therapy Center (HIT). A
small positioning table, which allows defined tration, tilting and rotation of the
modulator was used to precisely align the RM tortmem lasers. In order to improve the
homogeneity, the coordinates of the original sqaotssin the raster plan (6x6 érield
with scan spots in 2 mm steps) were modified sottiree additional raster plans were
created. In the first plan the X coordinate wadtetiiwith 1mm, in the second plan the Y
coordinate was shifted with 1 mm and the scan dpdtee third plan were shifted in both
X and Y. The original plan and the three modifiedns were irradiated in sequence for
each measurement. This scan pattern resultedahitadiation time of 90s for a total
dose of 1.5Gy.

The dose was measured by both the PTW Peakfindeth@nOctavius 1000P placed
in a water phantom, similar to WERNER and basethersame procedure developed by
(Schuyet al 2020). Additionally, high-resolution film measurens were carried out to
verify against the 2D Octavius results and enshet ho hot or cold dose spots are

present. These Gafchromic EBT3 films were placethie different depths inside a
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phantom to also investigate the blurring of thadsppin scattering pattern behind the
modulator as a function of depth.

Figure 23 shows the measured depth dose distribtrban the PTW Peakfinder for all
three modulators using a 278 MeV/u carbon ion be&inSOBPs exhibit a similar,
approximately 60 mm wide SOBP, apart from the d&ifee in the dose peaks at the
proximal and especially at the distal edge.

Figure 23. Comparison of the depth dose distrilmstiof 2D RMs with different pin base areas. Measdure
with the Peakfinder. Figure taken from (Hoéhal 2020) — Figure 5.

The maximum and relative standard deviations in @dblcalculated in the plateau
region excluding the dose peaks, confirm a ver lniggree of homogeneity. In the case
of 4x4 mnt RM the SOBP is completely flat even at the proxiaral distal edges.

Table 1. Relative standard deviation and maximulative deviation of doses measured within the
plateau region of the SOBP (excluding the dose paakhe proximal and distal edge) for each 2DRM.
Table taken from (Holnat al 2020) — Table 1.
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This high degree of homogeneity, however, is vadida perfectly aligned modulator,
orthogonal to the impinging field. A potential tof the 2D RM is known to introduce
dose discrepancies. In order to investigate andtydhe sensitivity of a homogeneous
SOBP on the RM alignment, all three modulators w#aeed on the positioning table
and the depth dose distribution was measured fordoenarios: accurate alignment as a
reference and then tilt of the RM around the y-&$.5°, 1° and 2°.

The results are shown in Figure 24. A conclusianlmmade that the larger the tilting
angle and the smaller the pin base side, the nemigts/e and less homogenous the depth

dose distribution.

Figure 24. SOBP sensitivity on the tilting (0.5°,dnd 2°) of the 2D RM as a function of its pin das
(2x2 mn?, 3x3 mnd, 4x4 mn?). Figure taken from (Holrat al 2020) — Figure 6.

The lateral homogeneity was also investigatedviar modulators (3x3 mfrand 4x4
mm? pin base) using EBT3 films. Figure 25 shows 2@dalt profiles at three different
film positions: in front of the calorimeter (65.5dilm to RM distance) and at a 5 cm
and 10 cm depth in water inside the calorimetescéttering pattern, induced by the fine
pin structures of the modulator, can be clearlyeolsd for both RMs, especially at the
first film position. These inhomogeneities blur @md eventually completely disappear
with increasing distance to the RM due to scatterirge larger the pin base, the larger
the distance needed to obtain a homogenous Igbeoéile. At 10cm depth, which
corresponds to the middle of the SOBP and the icaédric measurement position, the
3x3 mnt modulator exhibit a homogeneous profile, wherbagik4 mni has still slightly
visible scattering pattern. The slightly better logmaneity of the smaller pin base at this
depth is also confirmed by the relative standardiatien, calculated inside the red
marked square: 1.32 % for the 3x3 Arase versus 1.51 % for the 4x4 fam
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Figure 25. EBT3 film measurements of the lateraleddistributions in front of the calorimeter (toa),

a 5 cm depth in water inside the calorimeter (n@jléind at a 10 cm depth in water (bottom), which

corresponds to the middle of the SOBP and the icaddric measurement position. Measurements were
performed with the 3x3 mtn(left) and the 4x4 mi(right) pin base area 2DRM in the beam path.

Standard deviations were calculated inside therine@ square, indicated in the lower right picture.

Figure taken from (Holnat al 2020) — Figure 7.

Based on the presented measurements, a decisiotakeasto discard the 2x2 mm
RM (due to the large distal dose peak and sersitiwitilt) and the 4x4 mf(due to the
slightly worse homogeneity at the calorimetric megament depth) and conduct the 3D

water phantom measurements and later on the fatafimetric measurements with the
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3x3 mnt RM. In addition, a second identical 3x3 MRM was manufactured as a backup
and for investigating the printer reproducibility.

In a next step, the Octavius Array was placed invilager phantom and moved in
2.5mm steps to measure and reconstruct the 3Ddistsdution resulting from both 3x3
mn? modulators (original and the backup RM). The deas measured on seven separate
measurement sessions to investigate the robustndseproducibility of the workflow,
positioning, measurement setup, etc.

Figure 26 shows the results from the original RMe BOBP comparison between the
PTW Peakfinder (blue line) and Octavius on thedefe reveals a very good agreement.
Lateral profiles at different depths along bothnd g axis are plotted in the middle and

on the right side.

Figure 26. Results of the field characterizatioraswgements using the Octavius water phantom setup:
Comparison of the depth dose distribution measuitdthe Octavius and the Peakfinder (left). Latera
dose distributions for different depths acrossxhémiddle) and the y-axes (right). The resultsvgho

are for measurements performed with the origindd Bw? pin base area 2D RM. Figure taken from
(Holm et al 2020) — Figure 8.

The relative standard deviation, calculated ingid®0 mm sphere around the SOBP
center, was used to quantify the homogeneity. Esalts are presented in Table 2 and
show very flat 3D dose field around the calorintetneasurement position with all values
from both RMs being less than 1.05 %.

The relative standard deviation between the sepamaasurement sessions was
calculated for each dose point inside the 20 mnergphAn average value of 0.26 % for
both modulators reveal a very stable and reprodedibld.

This paper presented the application of a 3D pii2ie RM to address the challenge
of fast calorimetric measurements in the presehaesoanned carbon ion beam. The 2D
RM can create a quasi-static SOBP and its resul8bg dose distribution was

characterized in detail with repeated measurements.
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Table 2. Relative standard deviations of doses unedswithin a sphere with a 20 mm radius around the
calorimetric measurement position for each fieldrelaterization measurement. The label “Modulator
vers.” in the second column denotes merely thé firanufactured prototype and the second backup
prototype. Table taken from (Holet al 2020) — Table 3.

The 2D RM fulfilled the strict necessary criteria terms of time constraints, dose
homogeneity and reproducibility. All in all, the chdator managed to solve an important
problem and thus contribute to the successful outcofrthe final project, namely the
experimental determination o§Kactors for two ICs by means of water calorimetry.

The final kb measurements were conducted later and publishedsgparate article

which is not the scope of this dissertation.

3.3.2.Contribution

K. Holm conducted the measurements, executed thy,sanalysed the final results
and wrote the manuscript. A. Krauss, O. Jakel an@r8ilich supported and supervised
the whole study.

Y. Simeonov and U. Weber designed and optimize@enodulators. Y. Simeonov
conducted the initial MC simulations of all modwlit to validate the correct modulating
properties and sufficient SOBP homogeneity befoaaufacturing.

Y. Simeonov manufactured all modulators. U. Welvel . Simeonov contributed to
the planning and development of the Octavius wattentom measurement concept.

All authors revised this manuscript, substantively.
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DISCUSSION

The 2D and 3D RMs developed and presented in tbik waanaged to achieve the
desired homogeneous SOBPs and conformal 3D dos@di®ns, which was initially
confirmed by MC simulations. Important progress waade in the process chain by
modifying and improving the filigree structurestbé modulators, so that we eventually
succeeded in translating the theoretical moduldtioction and CAD design into high-
quality prototypes using advanced manufacturingrigpies.

The modulating properties, resulting dose distrdyuaind SOBP homogeneity of these
beam modulating prototypes depend strongly on lbiselate manufacturing accuracy of
the 3D printer and particularly on the preservabbthe correct height-dependent partial
pin areas in the manufactured prototype. As theutabors consist of many adjacent pins,
the small space between the pins (groove areapfima®d to be pretty susceptible to
manufacturing artefacts. Some printers might fiistgroove with unnecessary material,
either due to the lack of sufficient resolution anthrge spot size of the laser curing the
photopolymer or due to the lack of support matdsetiveen the pins. Minor deviations
in this area lead to dose discrepancies and/opghase peaks at the distal SOBP edge,
which is consistent with our observations from pnetotypes manufactured on different
machines over the past years.

The SOBP, resulting from the polymer RM in (Simewabtal 2021), Figure 10, clearly
exhibits a high degree of homogeneity. Systematefacts, previously observed with
this same machine (extra material in the groove,akorter pins, etc.) are not visible
anymore, as the revised pin design has a more fabtau profile, less prone to
manufacturing issues. The measured SOBP has aegty@in excellent agreement with
the FLUKA simulations with 1.4 % maximum deviatiand a relative standard deviation
of 0.59 % in the flat SOBP region, homogeneity adem®d sufficient enough for
radiobiological experiments as well as potentia-plinical experiments.

While we have managed to achieve excellent SOBRef#s with the polymer RM, it
is noteworthy, however, that this was a general furm improvement. Each
manufacturing technique (Stereolithography, Poly&itM) and printer have their
intrinsic weaknesses and strengths and tend tmiate their specific issues and artefacts.
Therefore, additional printer-specific correctiomdl often be necessary to produce pin

shapes with partial areas corresponding exactiyagamriginal CAD models.
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For example, the SOBP of the SLM manufactured f&&lin Figure 11 has a slight
dose tilt particularly towards the distal edge, athicompromises the overall
homogeneity. Quantifying the dose tilt reveals & 4naximum deviation and a relative
standard deviation of 0.86 %. A printer specificreotion can be applied either to the
machine itself or to the pin profile to further iroppe the SOBP homogeneity after a
thorough examination of the fundamental root cause.

In contrast to the polymer 2D modulator in Figafe(Simeonowet al 2021), which
was optimized for a proton beam, (Hoéhal 2020) used polymer modulators optimized
for a carbon ion beam. Carbon modulators are giyermre prone to manufacturing
artefacts and SOBP inhomogeneities than the ptes. The reason for this is twofold:
Firstly, the intrinsic modulation weights distrilbart of a carbon RM results in adjacent
pins with very little space (groove) between eadtentless than the grooves of a proton
RM and thus more prone to manufacturing issues€8novet al 2017). Secondly, the
sharp carbon BP is more unforgiving to small mactufigng artefacts along the pin
profile than the corresponding depth-equivalentgmrd®P. These are some of the reasons
(together with the slight groove profile improveramFigure 7) why the proton polymer
RM in Figure 10 delivered a “perfect” SOBP withautdistal dose peak, whereas the
carbon polymer RM in Figure 23 with the same pisebside of 3x3 mfAexhibits a distal
peak. The filling of the pin grooves with ~ 2.5 naxtra material in the case of the 2x2
mm? and ~1 mm for the 3x3 miRM was identified to be the root cause of the dista
peak, a fact also confirmed by the different reglatiepth shifts of the distal SOBP edges
(blue and yellow curves shifted relative to theegrene). Enlarging the pin base area to
4x4 mnt created enough space between the pins so thatigted peak completely
disappeared. An additional advantage of the lapgebase side is the more favourable
pin aspect ratio leading to less dose sensitivitgnvtilting the modulator (Figure 24).
However, the potential of increasing the pin bade & limited as it comes at the cost of
a more pronounced pin scattering pattern behind RMe (Figure 25) and more
importantly less precise sampling and reproduatibthe 3D proximal and distal target
edges in the case of a patient-specific 3D RM.

Apart from the small distal dose peak, which wassodered negligible for the
calorimetric dose measurement in the SOBP midbke 33 mmpin baseRM chosen
for the final measurements was successful in defigehe homogeneous carbon SOBP
needed. Furthermore, the multiple measurementmessiver a period of 10 weeks

demonstrated the excellent long term mechanicailgyaand integrity of the RM, as
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proven by the low relative standard deviation (0% calculated from the separate
measurements. Therefore, the manufacturing andcagiph of 2D RMs customized for
solving specific problems is viable. They have a hamof intrinsic advantages, i.e.,
relatively low cost, fast (in-house) manufacturiS@QBP easily adjustable for the specific
experiment, etc. (Horset al 2023). As a matter of fact, we have manufactured a
provided multiple 2D RMs to our collaboration parsi&om several different research
institutions, as the interest in the particle tpgreommunity has been constantly growing.
Among them are the Trento proton therapy centiingy a 2D RM for radiobiology
research and cell survival experiments (Tommasihal 2019), the GSI Biophysics
department investigating the biological effectan beam therapy, the Heavy lon Medical
Accelerator at Chiba (HIMAC) testing PET imagingtime SOBP of radioactivE'C
beam, the HollandPTC in Delft and Heidelberg lommeTherapy Center (HIT) for pre-
clinical biological research.

The advantages of these modulators, most impoyttrel quasi-instantaneous SOBP,
can be applied to conform the dose to a complegetao reduce the irradiation time
substantially, as demonstrated in (Simeoabal 2022) with a proton beam and a right
lung target. Due to the outstanding reproducibilify high-quality 3D printers, the
excellent SOBP flatness observed in the case oRih@olymer RM was completely
preserved going to a much more complex 3D modulsttape. Figure 17 - Figure 19
reveal a very good agreement between the measndegredicted dose distribution. The
impact of potential manufacturing artefacts, sustdase oscillations, dose peaks, etc.,
most easily identified in the depth dose distribatis not present (Figure 18). It is at this
stage clear that, although challenging, obtainimg desired pre-calculated modulated
dose distribution by means of 3D-printed prototygepossible for complex fields and
target shapes.

Apart from manufacturing issues, a tilt of the miadlor and/or the Octavius array are
additional uncertainties that can lead to detetioneof the measured dose and deviations
from the MC simulation. As these uncertainties atéeast in our particular measurement
setup, pretty much “user-dependent” and as sudhbtarin nature and to a great extent
preventable, it is important to highly prioritizepeoper alignment of all devices in the
beam path during the measurement.

A tilt of the RM has been shown to modify a flat B® into a Gaussian-like

distribution. No such dose deviation can be obskmehe widest, most sensitive SOBP

40



in Figure 18b. Consulting the multiparameter tilvestigation in Figure 24, the RM
seems to have been aligned with accuracy muchHhassl®.

The accurate alignment of the Octavius array infi@ewater phantom should not be
neglected either. While a small tilt of the detedgtoirrelevant in a homogeneous dose
region, it will manifest in a lateral dose tilt imgh dose gradient regions like the SOBP
distal edge. This is an effect that should be kemhind and not mistakenly associated
with dose artefacts from the modulator itself. ey to minimize the impact of the
detector positioning on the measurements, we ésit@ol a protocol to perform initial
measurements at the sharp pristine BP distal edgéyate the lateral dose symmetry and
fine tune the detector along the correct axis wuce its tilt down to 0.2°. This
procedure was adopted for all dose measuremertisth@tOctavius, including the ones
presented in this work and is one more of the srbatlimportant details, leading to the
excellent agreement between simulations and measuts.

Figure 17e shows an overlay of the dose on théali® TV contour. The 90 % isodose
curve surrounds tightly the target confirming theyvgood distal and proximal dose
conformity. This is relevant in the light of thectathat achieving a good proximal
conformity is considered to be one of the advardaehe 3D RM method compared to
the conventional passive scattering.

An important point to mention is the slight negatimnpact of the 3D RM on the lateral
dose fall-off due to the additional scatteringhe modulator material. While this effect
cannot be prevented, it can be mitigated by bringimeggnozzle holding the modulator
closer to the patient. A slight broadening of éweital penumbra will have to be accepted
as a trade-off for a faster treatment and poteRti&diSH irradiation.

Additional method for assessing the dose distrdvuis by calculating the cumulative
DVH as presented in Figure 20. Both the measurddsenulated curves agree very well
and exhibit a relatively sharp dose fall-off, inaliwe of the high degree of homogeneity
inside the target.

The dose distribution from the aluminium RM, mamid@ed with selective laser
melting is shown in Figure 21. As the material aimdshape of the modulator changed,
additional MC simulations and a new scan spot weaghitnization had to be conducted.
Once again, both data sets are in very good agrdeifteese results are important insofar
as a complete workflow process chain has been demaded and successfully validated

with a new material, different printer and alterwatmanufacturing technique, thus
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completing one more step towards establishing3@shanufacturing as a feasible option
for patient-specific modulators.

The final question that must be answered is reltddtie total irradiation time, as a
very fast dose application is the ultimate goaltlké 3D modulator concept. A
conventional multi-energy treatment plan for thghtilung target in our experiment
would take approximately 60 seconds, mostly dubdanergy switching time, while the
single-energy irradiation in combination with thB ®M lasted only 6 seconds. This
factor of 10 in the delivery time reduction wasyolithited by the synchrotron capabilities
in MIT. A cyclotron, as used with most commerciabton facilities, can deliver much
higher currents thus enabling treatment timessa than 1 second.

The presented results indicate the potential of3DeRM concept. One important
limitation that should be addressed is that, intiast to our “water” CT simulations, a
real patient consists of a complex tissue compmositivhich must be taken into account.
Nevertheless, the fundamental mathematical andigghysinciples of the modulation
concept are still the same. Unpublished results foar latest collaborations have shown
that the 3D RM concept is completely valid for there realistic case of a heterogeneous
patient CT. Moreover, an inverse optimization oé ghins and modulator shape, in
contrast to the presented “forward” approach based pre-calculated pin database, is
expected to further improve the dose conformity &adnogeneity. For example, a
commercial treatment planning system (TPS) withersmphisticated algorithms can be
used to “inversely” optimize one or even more otwecfunctions (dose, dose rate, etc.).
This is especially relevant in the case of FLASkdration, where the minimum dose
rate and dose rate distribution are additional ppatars of vital importance. The final
raster plan resulting from such an optimizationtaots iso-energy layers together with a
scan spot map and the corresponding weights. Bingdhe iso-energy layers per scan
spot, the set of weights can be converted intotaoEein profiles to design a 3D
modulator. Additional parameter constraints sholbéd implemented in this case to
generate more “printer-friendly” pin shapes anditlithe minimum pin tip and groove
area size to realistic values that can be manutedttartefact-free.

In a clinical routine, it would be optimal to firahd in the best case quantify potential
manufacturing issues immediately after producirgrtftodulator and not during the later
stage of dose verification. Potential QA methodsldonclude tactile measurements,
microscopic or uCT imaging of the modulator. Thesethods, however, prove to be

either prohibitively complex and time consumingpractice or deliver unsatisfactory
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results, mostly due to the extremely fine pin sties comprising the modulator.
Therefore, the most reliable method seems to be cibraplete, high-resolution
measurement of the resulting 3D dose distributihile we have demonstrated a fast
measurement procedure, a clinical workflow setulb avifer somewhat. For example,
positioning the RM on the treatment table in frohthe patient is not a practical solution
and anyway impossible in facilities where differgantry angles are used. Moreover, in
the case of FLASH irradiation, where the maximurailable beam energy will most
probably be used to achieve the maximum currengdalitional thick PMMA absorber
iIs needed to shift the BP inside the patient. Gitren additional scattering from the
PMMA block, an aperture might be included too. Afl these beam modifying and
shaping devices will have to find place in the nezxd the gantry and more importantly,
be aligned accurately to each other and the beasn laxs important to ensure that the
rotation of the gantry and the additional combimexight of RM, PMMA and aperture
do not introduce additional alignment and reprobility issues. Given all other range
and positioning uncertainties, etc., not relatethtomodulator, the RM must be aligned
with accuracy way below 1° in order to preservdiraaally acceptable total uncertainty

budget.
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CONCLUSION AND OUTLOOK

This work introduced the concept of static rangedulating devices manufactured by
rapid prototyping for the very fast dose applicatiwith only one fixed energy and a
scanned particle beam. The development of 2D mtalslavas presented (Simeonetv
al 2021) and their application was validated in @agesh project for high-precision water
calorimetry (Holmet al 2020). Finally, the concept was extended to a 3mlutator
customized to a patient-specific target shape (8noeet al 2022).

All modulators were manufactured with high-quaB printers. Different materials
and printing techniques were utilized. The resgltimodulated dose distribution was first
validated by MC simulations. Then a sophisticatedew phantom system (WERNER)
was deployed to obtain fast, completely automated #&igh resolution dose
measurements.

Overall, an end-to-end process chain has been ddmated, from the RM
development to the final dose evaluation. Highlynlegeneous dose distributions were
achieved with a very good agreement between th#iqteel and measured data. In the
case of the 3D RM, the delivered dose was additypoanformed to both the proximal
and distal edge of the target.

Last but not least, the modulators managed to elethe prescribed dose in a fraction
of the time required for conventional scanned pltiherapy.

For a potential clinical application, the developrtorkflow of a 3D modulator must
be first implemented into a commercial treatmeanping system. This will enable the
utilization of the full spectrum of the most advadcoptimization algorithms and
objective functions. Reaching the maximum availabkchine current for millisecond
FLASH irradiation of large targets will probablygure scan spot reduction methods to
increase the number of monitor units (MU) in eacansspot. The implementation and
geometry generation of the 3D RM in a TPS mustarsefally benchmarked whether the
modulator can reproduce the energy spectrum obtiggnal conventional raster plan.
This will be particularly important in the case sfan spot reduced plans where the
missing pin geometry must be interpolated betwhkersparse irregular scan spots in such
a way that the dose homogeneity and conformityhefdriginal plan is preserved. The
integration and thorough validation of the 3D RMhcept workflow in a commercial

TPS is considered to be a fundamental requirenoerthé clinical adoption.
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Regarding the impact of 3D-printed modulators in pleticle therapy community, it
can be stated that the initial research interedtdtarted with the 2D modulators has also
translated to 3D modulators. While several yeass@ag working group was one of the
few if any worldwide developing 3D-printed range-giéators, many others have been
formed in the meantime to investigate the potemtiadhis method. Especially the recent
surge in FLASH radiobiology experiments has gemerat lot of interest towards 3D
modulators not only among research institutions,ab&d among renowned commercial
companies. The reason for this is simple as, dimart transmission therapy, the 3D RM
seems to be the only clinically viable option farASH (Jolly et al 2020).

The growing interest has also manifested in a tapidcreasing number of
contributions on this topic at international coefeces. Our working group was recently
contacted by Varian (Siemens Healthineers compamg,of the major players in the
particle therapy community. We have been collalgatvith VVarian in the framework
of a research project to address remaining chakemgd further advance the technical
development towards a potential FLASH application.

It is noteworthy that, as a result of the recentetlgpments, several companies have
not only filed, but have also been granted patamt§ISA, Europa and China for a
potential modulator development in FLASH therapyor® importantly, our initial
fundamental work (Simeonost al 2017) has contributed to the advancement of this
method and has been accordingly referenced ardlinitdl of these patentsRkRidge filter
and method for designing same in a PBS treatmetéisiyfrom IBA and “Static device
for use in radiotherapy treatment and design metHod such a device from
RAYSEARCH LAB AB are a few to mention.

IBA has registered the trade name “ConformalFLASH®" the application of 3D
RMs for FLASH irradiation and is pushing forward égtablish this method. It has
recently announced different collaboration agredsjeamongst others one with the
University of Kansas Medical Center (KUMC) to adearmreclinical research using their
Proteus®ONE machine. Positive outcome from theasls will be undoubtedly beneficial
for a potential adoption.

The presented work demonstrates the feasibilitysofg 3D-printed range-modulators
in particle therapy. The 3D RM concept combinesesxely short irradiation times with
a high degree of dose conformity and homogenertymysing clinically applicable dose
distributions for lung and/or FLASH treatment, putelly comparable and competitive

to those from conventional irradiation techniquéghile bringing a final, approved
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medical class product to the market and establisaingw treatment procedure, based
and backed by (pre)-clinical studies is a complergtterm process, given the
aforementioned development in this field and thétiple ongoing projects, the author of
this work is hopeful and cautiously optimistic fitve transition of the range-modulator

concept from a purely research topic into a clihyd@asible option.
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Abstract

Abstract: Thispaperintroducesthe concepibfa 2D range-modulatoasa staticdevicefor generatingspread-ouBragg
peaksat verysmalldistancego thetarget. The2D range-modulatohassomedistinctadvantageshat canbehighly useful
for differentresearchprojectsin particle therapyfacilities. Most importantly, it createsan instantaneousguasi-static
irradiation “eld with only oneenergythusdecreasingrradiation timetremendouslyin addition,it canbe manufactured
fastand costef“ciently and its SOBPwidth and shapecan be adjustedeasilyfor the speci“c purpose/experimenfsthe
modulatoris a staticelementthereis no needfor rotation (e.g.like in a modulationwheel)or lateral oscillationanddue
to the smallbasestructureperiodit canbe positionedcloseto thetarget.

Twodifferentrapid prototypingmanufacturingechniquesvereutilized. Themodulationpropertiesof onepolymerandone
steeimodulatorwereinvestigatedvith bothsimulationsandmeasurementgor thispurposega sophisticatedvaterphantom
system(WERNER)that can performfast,completelyautomatedand high resolutiondosemeasurementsyasdeveloped.
UsingWERNERthedosedistributionof a modulatorcanbeveri“ed quicklyandreliably, bothduring experimentsaswell
asin a timeconstrainecclinical environment.

ThemaximundeviationbetweertheMonteCarlo simulationsanddosemeasuremenis thespread-ouBraggpeakregion
was 1.4% and 4% for the polymerand steelmodulatorrespectivelyTheywere able to createspread-outBragg peaks
with a high degreeof dosehomogeneitythusvalidatingthe wholeprocesschain, from the mathematicabptimizationand
modulatordevelopmento manufacturingMC simulationsand dosemeasurements.
Combiningheconveniencégxibility andcost-effectivenesgrapid prototypingwiththeadvantagesfhighlycustomizable
modulators that can be adaptedfor differentexperimentsthe 2D range-modulatoiis considereda very usefultool for
a variety of researchobjectivesMoreover,we have successfullyshownthat the manufacturingof 2D modulatorswith
high quality and high degreeof homogeneitys possible pavingthe wayfor the further developmenof the morecomplex
3D range-modulatorswhich are considerecda viable option for the very fasttreatmentof movingtargetsand/or FLASH
irradiation.

Keywords: ParticletherapyProtontherapy3D range-modulato2D range-modulatoirLUKA, Monte Carlosimulation,
SLM
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1 Introduction

Previousstudieshave shown that the so-called patient-
speci ¢ 3D range-modulatof3D RM) could be a feasible
techniquefor the very fast treatmentof tumorsin scanned
particletherapy[1]. Themodulatorconsistof agroundplate
similar to a conventionarange-compensat@ombinedwith
manypyramid-shapede structuregpins),whoseshapeand
heightareoptimisedandadjustedo theform of anindividual
patient'stumour. The modulatoris manufacturedvith high-
quality 3D rapid prototypingtechniquesBY irradiating the
3D RM with only one xed energyhighly homogeneoudose
distributionscanbe achievedwith a signi cant reductionin
thetreatmentime.Moreoverthedelivereddoseis conformed
not only to the distal edgeof thetarget,but alsoto the prox-
imal edge.Irradiationtime is in the orderof severakeconds,
dependingon the applieddoseandthe acceleratointensity
capabilities.Especiallymoving targets(e.g.,lung canceror
liver cancer)where‘interplay effects” betweenthe tumour
motion andthe scannedon beamleadto a deteriorationin
thedosedistribution[2,3], canbene t greatlyfrom the newly
proposednethodThetremendoudecreasa irradiationtime
canmakethe delivery of ahomogeneoudoseto movingtar-
getsmorereliableandenablethe vastmajority of the patients
to hold their breathduring treatment,avoiding all motion-
inducedinterplayeffects.

Furthermorethere hasbeenincreasednterestin the so-
called“FLASH” particle therapyin the recentyears.Even
thoughthe FLASH effectis controversiabndresearctstill in
its early stagesa numberof studiessuggesthata very fast
irradiation(in the orderof ms) with doseratesover40Gy/s
may reduceside effectsin healthy tissueand increasethe
therapeuticwindow [4—7]. As of now, the major manufac-
turersof particletherapyfacilities aretrying to increaseheir
acceleratorghtensityandimprovethedosedeliveryandmon-
itoring systemgo enableFLASH therapy.Whencomparing
thedifferentcommerciallyavailabledosedeliverytechniques,
a multi iso-energyirradiation seemsto be too slow due to
the relatively long time neededto actively changethe pri-
mary beamenergy,ranging from 80 to 500ms [8,9] up to
severakecondsTheconventionapassivescatteringnethod,
ontheotherhand,hasverylow ef ciency, resultingin lossof
particlesandreducedntensity.

Taking into consideratiorthe aforementionedssuesthe
3D RM in combinationwith only oneenergyanda laterally
scannedeamcouldbeaviable optionfor the extremelyfast
FLASH deliveryof high dosein lessthana second.

Howeverfurtherresearclis neededn orderto improvethe
differentaspect®f the 3D RM dosedeliverytechnique Spe-
cialemphasishouldbeplacedonthemanufacturingiccuracy
andreproducibility,asmanufacturingartefactsareknownto
havea negativeimpacton the homogeneityof the dosedis-
tribution. In addition, a fast, reliable and reproducibledose
quality assurancerocedurewould be very bene cial and

necessaryor the successfuimplementationof the 3D RM
in theclinical routine.

In thispapemwe presentivery usefulvariantof the3D RM,
whichis calleda2D range-modulatof2D RM). In contrasto
the 3D RM, thepinsof the 2D RM havethe sameshapeand
height,notoptimisedor aspeci c tumourform. Similartothe
conventionaRidgeFilters[10-12] the2D RM is developed
todeliveraspread-ouBraggpeak(SOBP)of aspeci ¢ width.
Thesimplermodulatomwith awell-de ned geometryof iden-
tical pinsresultsin asimplerdosedistribution(in comparison
to the 3D RM), becausét shouldprovidea laterally constant
depth-dosalistributionin theinnerpartof thetargetvolume.
Thismakest mucheasietto identify dosedeviationscoming
explicitly from manufacturingartefactsandtracethemback.
Thusit is possibleto quickly iterate betweendifferent pin
shapeso nd anoptimumsolutionandimprovetheaccuracy
andprecisionof the manufacturingorocess.

Justas important, however,is the increasinginterestin
the particletherapycommunityandamongour collaboration
partnerdor the practicalusageof our 2D modulatorsn dif-
ferentapplicationswith particlebeamsastheyhaveanumber
of intrinsic advantagessomparedo the conventionaRidge
Filters:

€ cheape(if printedin plastic)andfastermanufacturing

€ the SOBPwidth and shapecan be adjustedeasily for the
speci ¢ purpose/experiment

€ they canbe usedasa staticelementno needof rotationor
lateraloscillation

€ dueto the smallperiodicity of the pins (3 mm) theycanbe
positionedrelatively closeto the targetandhaverelatively
low scattering,when manufacturedfrom photopolymer.
This enablesan easyandcompactsetup.The structuresof
thepinsareblurredoutatadistancebetweerB0and60cm
in air [1].

We arecurrentlycollaboratingandhaveprovided2D RMs
to severaldifferent research/clinicaintuitions for a number
of differentjoint researclprojects:

€ The Trento proton therapy centre utilizes a 2D RM for
radiobiologyresearctandcell survivalexperiment$13].

€ ThePhysikalisch-TechniscHgundesansta(fP TB)is using
the2D RM for afastSOBPdeliveryfor thedirectdetermi-
nationof thekq factorfor aFarmer-typéonizationchamber
with high-precisiorcalorimetry[14].

€ TheGSIBiophysicsdepartmenperformsalargevariety of
radiobiologicalexperimentsn orderto improvetheunder-
standing(e.g. the RBE dependenciespf the biological
effectinionbeantherapySince2019thebiophysicslepart-
menthasbeerusinga2D RM for SOBPirradiationgFig. 1),
whichis 5-10timesfasterthanthestandaranultilayerscan-
ning andsigni cantly shortenghetime thesamplesemain
outsidetheincubatorreducingthe stresor thecells.
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Figurel. Applicationexamplefor a2D RM in asetupfor irradiation
of biologicalsamplesn theexperimentatoom Cave-Aof GSI: The
scannedeamof 240MeV/u *2C ions passeghe vacuumwindow,
a parallel plate ionization chamberfor beammonitoring,a 3mm
Ripple Filter for additionalsmoothingof the depthdosepro le, the
2D RM for a40mm SOBPwith a max. lateralareaof 10x10c?,
apre-absorbeof ca.90mm thicknesgH,O equ.),beforeit hits the
target.In this way the biological sampleis irradiatedin the middle
of the SOBPregioncreatedby the2D RM.

€ At theHeidelbergdon BeamTherapyCentre(HIT) research
groupsfrom GSlandthe GermanCancerResearciCentre
(DKFZ) areperformingexperimentatHIT with biological
samplesvitha2D RM fora6 cmSOBPin orderto assesthe
biological effectsunderFLASH conditionsin comparison
to conventionalrradiations.

€ TheHeavylon MedicalAcceleratoatChiba(HIMAC) pro-
videsion beamsof 11C and1%0. A 2D RM for a 2.5cm
SOBPwasdesignedmanufacturecandtestedin orderto
enablePETimagingexperimentsn the Braggpeakregion
of theseradioactivebeamg15].

As 3D prototypingtechniguesare advancingrapidly, we
considerthe 2D RM not only a necessaryntermediatestep
towardsa muchimproved3D RM, butalsoavery usefultool
thatcanbeadjustedo thespeci ¢ needof avarietyof differ-
entexperimentsandcanbe developedandmanufacturedn-
housein afastandcost-ef cientmanner.

This work presentsMonte Carlo (MC) simulationsand
the correspondingdose measurement®f two 2D range-
modulators Severalspeci ¢ improvementsn the pin design
have beenimplementedin order to increasethe manufac-
turing accuracyand to achieveclinically acceptabledose
distribution. Besidesthe modulatorsthat we manufacturen
the establishe®D polymerprinting techniquea fastevolv-
ing manufacturindechniqueselectivdasemelting(SLM) is
alsoproposedThetwo modelsshownhererepresenbur lat-
estdevelopmenstatusn thelong seriesof modulatordesigns
andprinting techniguedor variousapplicationgseealsothe
list above)duringthelast4 years.

In addition,a brief descriptionof the successfullyimple-
mentedconcepffor fully automatedfastandhigh resolution
dosimetricveri cation of themodulatorss included.

2 Materials and methods
2.1 2D range-modulators: development

Monoenergetiparticles passinghroughamodulatorpro-
duceBraggpeakqBP)with differentrangeswhoseweighted
superpositiorshouldresultin ahomogeneouSOBP.Conse-
quentlythe rst stepin developinghe2D RM wasto optimize
the BP weightsand convertthemto a high-resolutionstep-
lesspyramid-shapegin pro le (Fig. 2) asalreadydescribed
in Simeonovet al. [1]. The pin form was optimizedfor a
5cm SOBPanda 150.68MeV/u monoenergetiprotonbeam
simulatedwith the FLUKA MC transporicode.

Some slight, but important changeswere implemented
in the pin design, e.g. the pin basewas increasedfrom
1.5mmx 1.5mm to 3mmx 3mm basearea,resultingin a
morefavourablepin aspectatio andbettermechanicalong-
termstability. Additionally, thegroovebetweeradjacenpins
andthepintip areavereoptimisedo beslightlywider(Fig.2),
astheyhaveprovento beespeciallysusceptibléo deviations
from the optimal designduring the 3D printing processilt is
importantto notethatwhile the differencebetweertheorigi-
nalandimprovedpin designmightseemverysmallto theeye,
thisis notthe caseconsideringhe m resolutionof the 3D
printer.Thesubsequentlfabricatedestprototypeson rmed
that the aforementionednodi cations lead to a substantial
improvemenin manufacturingaccuracy.

It is noteworthythatthe original pin pro le exhibitssome
small“ripples”, observedat approximately5—15mm height.
Theseripples are of no signi cant importanceand resulted
from oscillationsin the modulationfunction in the inverse
SOBPoptimization.Neverthelessasthe optimizationalgo-
rithm evolvedslightly in time, the new pin hasa somewhat
smootherpro le.

A 2D RM consistingof 27x 27 periodically positioned
adjacentpins was developed(Fig. 3). This modulatorwas
intendedto be manufacturedwith PMMA-like photopoly-
mer(resin).Eventhoughwe usea proprietyprinting material
(RIGURRGDA450),its propertiesarevery similarto thewell-
establishedMMA. For the sakeof simplicity, we will refer
to this modulatorthroughouthe paperasthe“polymer RM”.

A steel2D RM, consistingof the sameperiodically posi-
tioned adjacentpins (19x 19 pins), was also developed
(Fig. 3). Thismodulatomasintendedo bemanufactureavith
stainlesssteel(316L alloy) andwill bereferredto furtheron
asthe“steelRM".

Both modulatorshavea 1 mm thick baseplateto hold the
pinstogethelandincreaséhemechanicastability.3 mmthick
sidewalls wereimplementedor pin protectionduringtrans-
port andmeasurementgdditionally, so-called*positioning
bars” were added.They were usedlater on during the dose
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Figure2. Comparisorbetweerthe original andimprovedpin pro le. Themaindifferenceis in the pin base(groove)andthepin tip (a). A
singlepyramid-shapegin optimizedfor a’5cm SOBPIn waterfor 150.68VieV/u monoenergetiprotonbeam(b).

Figure3. A 2D RM computermodelwith 27x 27 pinsintendedto be manufacturedvith photopolymer(a). A 2D RM computemmodel
with 19x 19 pinsintendedto be manufacturedvith stainlesssteel316L alloy (b).

measurement® accuratelyalignthemodulatorgo theroom
lasers.

In orderto preservethe correctresultingSOBPwidth in
water, the pin heightsof both modulatorshaveto be scaled
with the correspondingwater equivalentrelative stopping
powerof the fabricatingmaterial.For RIGUR RGD450,the
scalingfactorwascalculatedby measuringwo BPsin water,
a pristineoneandonewith a 5cnm® cubein the beampath.
Dividing thewatershiftbetweerbothBPsby the5 cmmaterial
thicknessesultedn afactorof 1.18.Astheexactstoichiomet-
ric compositionof RIGUR wasnot disclosedbut neededor

theMC simulationsa carbon hydrogenandnitrogen(CHN)
analyserthermogravimetri@nalysisand X-ray uorescence
spectroscopyvere carried out at the chemistrydepartment
of the University of Applied SciencesGief3en.Theresulting
atomic compositionwas implementedn FLUKA usingthe
of cial manufacturedensityspeci cationsof 1.2gcm®3. We
carriedout subsequertC simulationswhich con rmed the
factorof 1.18.

In contrasto RIGUR,thestoichiometriccompositiorof the
316L stainlesssteelmaterialwasknown anddirectly imple-
mentedin FLUKA. Subsequengimulationsshoweda water
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equivalentelativestoppingpowerof 5.60,whichwasusedto
scalethe pin heightof the steelRM.

2.2 2D range-modulators: manufacturing

Rapid prototypingis a quickly evolving group of tech-
niques,usedto createthree-dimensionamodelsmostly by
meansof 3D printing. Recentresearchn this eld showed
the feasibility of using 3D printing in proton therapywith
physicalaccuracyanddosimetriccharacteristicsimilarto or
betterthanconventionatompensatorgl6—-18]

The polymer RM was manufacturedusing the Stratasys
Objet30Pro PolyJet3D-printer (Fig. 4). PolyJetworks by
jetting thousandf photopolymerdropletson a build plat-
form andcuringthemwith UV light. It's amongthe fastest
and most accurate3D printing technologiesavailable. An
advancedimulatedpolypropylend RIGURRGD450) which
exhibitsa high degreeof toughnessand elasticity,wasused
asamaterial.No supportmaterialwasused asit would have
beenimpossibleto removeit withoutdamaginghe pins.

While photopolymerdavepreviouslydemonstratedgood
manufacturingaccuracy[1], utilising a metal alloy, on the
otherhand,will furtherimprovethe mechanicaktability, the

aspectatio of the basestructuresandthe overallrobustness.

Therefore,in additionto the PolyJettechnique,we tried a
different approachfor the secondmodulator,the so-called
selectivelasermelting.

In the SLM processalayerof metalpowderis spreacver
thebuildareaandalasersourcéds directecontothepowderbed
to selectivelymelt andfusethe material[19,20] In this way
very well-bondedandhigh densitystructuresanbe created
[21]. Thebuild platformis repeatedlyoweredby onelayerof
thicknesandanewlayerof powderis appliedandmelteduntil
thecompletepartis built. TheSLM technologyhasundergone
vastimprovementsn the achievableaesolutionandaccuracy
in recentyears.

In order to investigatethe feasibility of this technique,
the second2D RM was manufacturedusing a TRUMPF
TruPrint 1000SLM machinewith stainlesssteel316L alloy
of 7.95gcm>2 density. The size of the steelmodulatorwas
smaller(19x 19 pinsvs 27x 27 for the polymer)dueto the
limitationsin themaximumeffectivebuild area(Fig. 4).

The316L alloyis de nitely notthematerialof choice,due
to its high averageZ andthusincreasedscatteringDueto a
varietyof reasonspotrelevanto thescopeof thispaperjt was
theonly materialavailableatthetime. Anothermetalpowder,
whichis verywidely used,s thealuminumalloy AISi10Mg.
It is expectedo causedessscatteringhan316L steel,when
placedin the beampathandwill mostprobablybethe scope
of futureresearch.

The manufacturingdurationdependsamongotherthings
stronglyon the manufacturingechniquethe heightandvol-
umeof themodulatorsin ourcasét took 15h for thepolymer
RM (90x% 93x 80mm?3) and around7h for the steel RM
(66x 69x 60mm?). Thenewpin designwith 3mmbasisvas

foundto bequiterobust.Theexperiencén ourworkinggroup
and the feedbackcoming from our researchpartnersshow
thatgivendry storageanda properhandling(e.g.nodropson
the oor and/ordeliberateimpacton the pin structureshe
modulatorscanbereusedor years.

2.3 Monte Carlo simulations

2.3.1 FLUKA transportcode

FLUKA is a generalpurposeMonte Carlo transportcode
capableof calculatingparticletransporandinteractionswith
matter[22,23] It is usedin a wide rangeof applications,
suchasactivation radiationprotectionranddosimetryandhas
beerrepeatedlghownto reproduceneasuredosepro les in
water,producedyy particles suf ciently well [24—26] There
area numberof different user-routingemplatesncludedin
the FLUKA distributionpackagewhich canbe customized
andlinked with theoriginal code thusextendingts capabili-
tiestosomemorespeciaktasesTheFLUKA MC codeversion
2011.2x.6wasusedfor this work.

2.3.2 Physicssettings

Foranoptimumsetof parameterghe“HADROTHErapy”
defaultswere activatedin all simulations.This ensureghe
detailedransporbf all primaryandsecondarparticlesLow-
energyneutronsweretransportedlown to thermalenergies.
Electron/positrorntransportcutoff (Ecut) and photontrans-
port cutoff (Pcut) wereleft to the defaultvaluesof 100keV
and33.3keVrespectivelyThe" ukadpm3” executabldéinked
to the relevantlibraries (rgmd, dpmijet, etc) was used.The
averageexcitationenergyof waterwassetto | =78eV.

2.4 Simulation setup

ThestandardLUKA CombinatorialGeometrys notcapa-
ble to exactly describethe form of complex2D and 3D
modulatorsg¢onsistingof numerousery ne pyramid-shaped
structuregthatalsohavedifferentheightsin the caseof a3D
RM). Thereforegxtendingheproposabf Bassleetal.[27],a
speciaFLUKA usemoutine,alreadydevelope@nddescribed
in [1], wasusedto modelthe shapeof themodulatorsin this
routinethefollowing concepis applied:ahomogeneouglate
with thicknesscorrespondingo the maximumthicknessof
the modulator,is usedasa substitute The triangulatedmod-
ulatorin STL (StandardressellatiorLanguage)le formatis
loadedduringsimulationinitializationandsavedn themem-
ory. Usingtheintersectiorpointsbetweerthe projectedpath
of eachparticle and the rangemodulator,the total material
thicknessD the particlewould travel throughthe modulator
is calculatedFinally, the particleis shiftedalongits original
3D directionalvectorin the plate substitutein sucha way,
thatthe materialthicknesswhich remainsn front of thepar-
ticle, equalghe calculatedotal materialthicknes through
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Figure4. Themanufacturegbolymer RM (a) andthe steelRM (b) with a protectionwall aroundandpositioningbars.

themodulator.At this pointthe standard~LUKA executable The surroundingmaterialis setto air. The 30cm thick water

takesbackcontrolandtheparticleis simulatedasusualin the
restof theplate.

This userroutinewaspreviouslybenchmarkegainsthe
well-established~LUKA voxel geometryin a preliminary
study. It wasshownthatit could successfullyreproducethe
accuratenodulationpropertief acomplexgeometricaton-
tour.

To directly compareMC simulationswith measurements

from particle therapyfacilities with pencil beamscanning
(PBS), an intensity modulatedraster scanningwas imple-

mentedin the “Source.f” userroutine. A so-called“raster”

le, containingall the necessarynformation,i.e., the beam
energybeamspotsize,x/y coordinate®f the scanspotsand

the correspondinghumberof particlesin eachof them,can

be loadedand simulated.The exactenergyvalue wastaken
from theMarburglon-BeamTherapyCentre(MIT) accelera-
tor database.

Fig. 5 showsa schematiadrawingof the simulationsetup.
The virtual “isocenter”in FLUKA (equivalentto the room
isocenterin MIT) is de ned at Z=0cm, wherethe positive
z-axisis thebeamdirection.

The “Source.f” routine is called to load the raster le
andgeneraterimaryH particleswith 150.68MeV/u kinetic
energyand energyspreadtypical for the MIT synchrotron
( =1.0< ). The protonsstartin vacuumat Z=S775cm,
which correspondgo the middle position betweenthe ver-
tical and horizontalscanningmagnetsn MIT. The primary
particlesin eachscanspotaresampledrom a Gaussiardis-
tribution, whose FWHM width has beenadjusted,so that
the resultingbeamwidth at the isocentelis the sameasthe
isocentelbeamwidth in MIT.

A 2.5mmhomogeneouwaterslabis placedatthevacuum
region exit, servingas a water equivalentnozzle substitute.

phantomis positionedin sucha way, that the isocenteris

in 20cm water depth.The modulatormaterialcomposition,
densityandits distanceo thewaterphantomcanbechanged
variablyaccordingo therequirementandthe currentmodu-
lator beingsimulatedpolymeror steelRM). Dosedeposition
(GeV/gperunit primaryweight)is scoredn thewaterphan-
tomusingthe USRBIN card.

As the SOBPfrom the polymer RM was measuredvith
a water column (Peak nder, PTW Freiburg, Germany),we
usedan R-Phi-Z scoringregioncorrespondinglyintegrating
over the radiusR andthe anglePhi. R wassetto 41mmin
accordancevith the circular sensitiveareaof the Peak nder
measuringletector.Thevoxel sizein depthwassetto 1 mm.
Thissimulationwasrunwith 2x 1P totalnumberof primary
particles.

A full 3D dosedistributionwasmeasuredh thecaseof the
steelmodulatorthereforeaCartesiark-Y-Z voxelmeshwas
choserfor thesimulation.Thevoxelsizewassetto 2.5mmin
the XY direction(correspondingo the 2.5mm resolutionof
the PTW Octavius1000P)and1 mmin Z. A total numberof
2 x 108 particleswassimulatedThestatisticalincertaintyfor
all simulationsn thisworkis below0.3%in thehomogeneous
SOBPregion.

2.5 Dosemeasurements

2.5.1 PolymerRM

In orderto verify the simulationresults,the polymer 2D
range-modulatowas irradiated at MIT. A 150.68MeV/u
unde ected(X, Y=0) protonbeamwith FWHM of 11.1mm
attheisocentemwasused.Fig. 7 showsa schematiadrawing
of thedosemeasuremergetup. The modulatorwasprecisely
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Figure5. Schematidrawingof the FLUKA simulationsetup.The modulatoris implementedvia a homogeneousubstituteplate. Dose

distributionis scoredin awaterphantom.

positionedandalignedwith thelasers72cm behindthe noz-

zle. Thedosewasmeasuredvith thePTW Peak nder,which

is avariabledepthwatercolumnwith two plane-paralleion-

izationchambersa xed referenceandamovablemeasuring
one.Thecircularmeasuringletectoihasa 41 mm radiusand
canbe movedwith aresolutionof 0.01mm.

2.5.2 Fast,completelyautomatedhigh-resolution3D
dosemeasurements

The PTW Peak ndermeasures laterallyintegrateddepth
dosecurve. However, high-resolution,3D dosimetryis an
absolutelynecessitynot only for conventionalguality assur-
ance putalsofor benchmarking@ndoptimizationof different
beamapplicationmodalities,suchas2D and3D RMs.

For this purposea universal vendor-agnostigvaterphan-
tom was developedat the GSI, (WatER column for 2D
ioNization chamlier aRray detectorst\ WERNER)). It con-
sistsof a PMMA watertank anda stepper-driverwatertight
detectorholderfor a standardmedical2D ionization cham-
ber array (Fig. 6). The systemis synchronizedo the dose
deliverysystenof themedicalacceleratousingtheavailable
digital signals.For a fully automatedneasurementhe user
hasto provide the desiredmeasuremenpositionsin depth
to the controllerof the waterphantomanda treatmentplan,
which consistf manyrepeatingenergylayers,to theaccel-
erator.During irradiation,a digital signalis generatedt the
endof eachenergylayer,whichtriggersthephantonto move
the detectorto the next measuremenposition. All acquired
externalsignalsandthe position (water depth)of the motor
arelogged.

ThesystemwassuccessfullyalidatedatMIT usingproton
andcarbonbeamsandtwo differentdetectorgPTW Octavius
1500XDRand1000P)By usingthenewlydevelopeanethod,
high resolution3D dosimetryof complexradiation elds can
beperformedn afastandcompletelyautomatednanner.

2.5.3 SteelRM

In the caseof the steelRM, theaforementione@VERNER
systemwas usedto carry out high resolution, 3D dose

Figure 6. The WERNER water phantomwith the PTW Octavius
1000Pinsertedin the detectorholder. An exemplarymodulatoris
placedin front of the water phantomon a multi-axis positioning
system.

measurementd.he modulatorwas preciselypositionedand
alignedwith thelasers82cm behindthenozzle(Fig. 7). The
waterphantomwasplaced10cm behindthe modulator.The
lateraldosedistributionat eachdepthwasmeasureavith the
prototype2D ionizationchambemarrayPTW Octavius1000P,
which consistsof 977 air- lled ICs with 11x 11cn? max.
eld size.Thecentrearea(5.5% 5.5cm?) hasavery ne spa-
tial resolutionof 2.5mm. A monoenergetidreatmentplan
with 150.68MleV/uand3.2x 3.2cn? eld sizewasusedThe
eld sizewaslimited by thesizeof themodulatorandtheneed
notto irradiatethethickersidewalls. Thenumberof particles
atthe eld edgeswvasdeliberatelyincreased“edgeboost™)
to accountfor the strongscatteringn steel.

A betaversionof the PTW BeamAdjustSoftware(V2.1
T182) was used,asit offers a continuousmeasuringmode
with atimestampedetectoreadoutThefast,automatediose
measuremeryroceedsasfollows: Firstly, therasterle with
repetitiveenergylayersanda le with theprede nedmeasure-
mentdepthpositionsareloaded. The PTW Octaviusdetector
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Figure7. Schematidrawingof the dosemeasuremergetup.Panel(a) showsthe 2D polymerRM, which waspositionedd0cmin front of
theisocenterandirradiatedwith anunde ectedbeam.Thedosewasmeasuredavith the PTW Peak nder.Panel(b) showsthe 2D steelRM,
which waspositioned30cmin front of theisocenterandirradiatedwith a scanned.2cn? rectangulareld. The dosewasmeasuredvith
the newly developedVERNER systemusingthe PTW Octavius1000P.All measurementwere conductedwvith a 150.68VieV/u proton

beam.

startsa continuousntegratedin time, notamongsinglelCs)
timestampedlosemeasuremer(200ms).At theendof each
energylayerthedetectomovesautomaticallyto thenextposi-
tion. Thewholeprocessepeatantil all prede neddepthsare
measured.

Anin-houselevelopedMATLAB (R2016b)scriptwasused
to combineand processthe timestampednformation, con-
tainedin thedose le itself andthelog les from WERNER
and obtain the separatedosecontributionfrom eachsingle
measuredlepth.In thisway a high resolution3D dosedistri-
butionis reconstructeffom theintegrated?D measurements.
This enablesvery ne doseveri cation of complex elds
generatedy different2D RMsand3D RMs.

Thedepthdosedistributionin the SOBPregionwasscored
in 1 mm steps,whereasthe stepsoutsidethe SOBPregion
variedbetweer and1l0mm.Themeasuredosepro les were
subsequentlgomparedo the FLUKA simulations.

3 Results
3.1 Polymer RM with Peak“nder
Fig.8showsacomparisoibbetweemmeasuredndsimulated

depthdosedistributionsfrom the polymer 2D RM, both of
which were normalizedto onein the middle of the SOBP.

Figure8. A comparisorbetweerthemeasure@ndsimulatedSOBP.
Both depthdosedistributionsarenormalizedo onein themiddle of
the SOBP.

Thereis a very goodagreemenbetweerboth datasetswith
amaximumdosedeviationin the SOBPregionof 1.4%.The
standardieviationof the measurediatapointscalculatedor
the5cm homogeneouSOBPregion(10.7cmto 15.7cm)is
0.59%.
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Figure9. Simulated(a) andmeasuredb) X—Z midplanepro le. Comparisorbetweertheisodosdinesis shownin (c) with solid linesfor
themeasuremeranddottedlinesfor thesimulation.Centreline BP (d) andtwo 1D X pro les (e)—(f). Theverticalredlinesin (d) denotethe
depthsatwhichthe X pro les wereplotted.Both dosedistributionswerenormalizedo onein the centreline BP at 15.8cm, alsodenoted

by the secondverticalredline at 15.8cmin Panel(d).

3.2 Basedata with WERNER

Fig. 9 showsmeasuredndsimulated’basedata”,i.e.,a3D
dosedistributionwithout a modulatorin the beampath.This
basedatawasobtainedmmediatelyprecedinghe modulator
measuremen@ndusedto validatethe simulationmodeland
excludepotentialdosedeviationscomingfrom sourcether
thanthemodulatoritself. The3D dosedistributionswerenor-
malizedto onein the centreline BraggPeak alsodenotedy
thesecondverticalredline at 15.8cmin Panel(d).

A simulatedX-Z midplanepro le (a),ameasureane(b)
and a comparisonbetweenthe isodoselines (c) are plot-
ted in the left panelof Fig. 9. The contourpro les arein
goodagreementvith eachother.Thecorrespondindpcal 2D
gammaindex [28] with strict 2%/2mm acceptanceriteria
hasa 100% passingrate (not shownin the gure). The 3D
gammaindexwith the samecriteriaresultsin 99.8%passing
rate.

Theright panelof Fig. 9 compared D dataextractedrom
the 2D dosedistributionon the left side,a centreline depth

dosedistribution(d) andlateralpro les (e)—(f), takenat two
differentdepths.

3.3 SteelRM with WERNER

Fig. 10 showsthe resultsobtainedwith the steel2D RM
in the beampath.Using the automatedVERNER systema
totalsetof over60000measuredosevalueg63depths< 977
ICs) wereobtainedin 8 min, thusenablinga high resolution
validationof the modulator.

The 3D dosedistributionswere normalizedto onein the
homogeneougentreline SOBP region (Panel(a), 11cm).
Panel(a) showsa centreline SOBPcomparisonThereis a
very goodagreemenin the proximalregionwith dosedevia-
tionswell below1%. Theincreasingliscrepanciesyhichare
observedowardsthe distaledge havea maximumdeviation
of 4% andresultfrom slight manufacturingartefactsof the
SLM producednodulator.

Fig. 10(b) and(c) showsthe isodoselines of a X—Z mid-
planepro le andthe correspondinggammaindex. The dose
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Figure 10. Centreline SOBP(a), isodoselines comparisorof a X—Z midplanepro le (b) andthe correspondindocal gammaindex for
2%/2mm acceptanceriteria(c). ThreelateralX pro les (d)—(f), plottedat6 cm, 10cmandl4cmrespectivelyTheverticalredlinesin (a)

denotethedepthsatwhichthe X pro les wereplotted.

deviationgn thedistalregioncanbeclearlyseerin bothplots.

96.2%o0f thevoxelsin the2D plot pasghelocalgammandex

acceptanceriteriaand97.4%of all voxelspasgshe3D gamma
index.

Fig. 10(d)—(f) compareshreelateralpro les takenat6 cm,
10cmandl4cm. Theslight“edgeboost’implementedn the
treatmeniplan canbe seenasa smallincreasen the doseat
the edgesof theirradiation eld in panel(d), but disappears
almostcompletelywith increasingdepthdueto scattering.

4 Discussion

The SOBP homogeneitystrongly dependson the manu-
facturingaccuracyof themodulatorA perfectprototypewill
deliveraSOBPwith avery high degreeof homogeneitycon-
sistentandlimited only by thehomogeneityndquality of the
mathematicaBOBPoptimisationusedasa basisfor the pin
geometry.

Generallythegrooveareabetweersuccessivpinsis more
susceptibléo manufacturingartefactsand evenminor devi-
ationsfrom the optimal pin form canhavea visible impact

on the dosedistribution,asthe weightsof the corresponding
BPs are herethe highest.The experiencehe authorshave
gainedin the lastyearsfrom numerousnanufacturegroto-
typesandmeasurementsasshownthatdosedeviationgend
to beobservedif atall) mostoftenin thedistal SOBPedge.
In the caseof the polymer2D RM manufacturedvith the
Stratasy9bjet30Pro, we haveclearly achievedto createa
highly homogeneouSOBP.The revisedpin designresulted
in animprovedmanufacturingiccuracyandbettermprototypes.
While eachmanufacturingechniqugPolyJet Stereolithogra-
phy,SLM) hasits intrinsicstrength@ndweaknessesndeach
3D printerin its subclasswill exhibit differentand speci ¢
propertiestheproposegin designis expectedo improvethe
overallprototypequalityamongall classesWith thepolymer
RM, thesystematiartefactgrom previousneasurementse.
tooshortpins,extramaterialin thegroovesetc.[1], whichled
to measurablelosedeviationsin the depthdosedistribution,
arenotobservedanymorein the latestmodels.Accordingly,
themeasured®OBPexhibitsa very goodagreemenivith the
MC simulationswith a maxdeviationof 1.4%. The standard
deviationof 0.59%is certainlysmallenougtto justify notonly
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ahigh quality applicationin radiobiologicalexperimentshut
alsopotentiallyin aclinical environment.

In thecaseof thesteelRM, thehomogeneityf the SOBPis
compromisedby dosedeviationsn thedistalregion.Accord-
ingly, we havea slightly higher, but still satisfactoryvalue
for the standarddeviationof 0.86%.However,a local max-
imum deviationof up to 4% is certainly not acceptabldor
manyexperimentgor for a future clinical applicationwith a
3D RM) andshouldbe reducedfurther by investigatingthe
fundamentatauseandapplyingcorrectionseitherto the pin
pro le or manufacturingnachine.

An in-housedevelopedool, capableof introducingvirtual
manufacturingrtefactsn thepin form and“simulating” their
impacton the dosedistribution, was usedto investigatethe
obtainedresultsfrom the steelRM. This tool is basedon a
puremathematicaimplementationlt addsauserinputoffset
(positive or negative,i.e., additionalor missingmaterial)to
theoriginal pin geometryconvertghenewpin geometryinto
a modulationfunction and performsa convolutionwith the
pristine BP to calculatethe new SOBP.This tool was used
to obtainanapproximatiorof the deviations.Theslight dose
tilt and dosedecreasaowardsthe distal SOBPedgefor the
steelRM couldbereproducedy addingadditionalmaterial
to the pin pro le. However,the exactoffset valuesandtheir
distributiononthe 3D pin geometrycanonly becon rmed by
apreciseandthoroughinvestigationin a CT scan.

A constanaindreproduciblenaterialbffsetdeviationwould
obviouslybethe bestcasescenarioasit could potentiallybe

compensatetby changingthe printer’s internal parameters.

It is noteworthyhoweverthattherearemanyotherparame-
tersthataffectthe manufacturingquality of a SLM machine,
e.g.differentlaserfocussize,powderparticlesize,numerous
internaloffsetsthatcanbe ne-tuned, etc.

Overall, the authorsare very satis ed with the measured
dosedistributionandconsiderthe SLM techniquea promis-
ing alternativemethodfor manufacturindnigh quality 2D and
3D modulators Furtherresearchin this eld is expectedo
improvethe resultsandleadto similar SOBP homogeneity
andmodulatorquality aswith the polymerRM.

5 Conclusion

The conceptof a 2D range-modulatowas introducedin
this paper.A revisedandimprovedpin designwasvalidated
and the successfultilisation of two different rapid proto-
typing techniquesto manufacturemodulatorswith a high
degreeof SOBPhomogeneitywas demonstratedThe mod-
ulation propertiesof one polymer and one steelmodulator
weresuccessfullyeri ed with bothsimulationsandmeasure-
mentsForthispurposeasophisticatedvaterphantonsystem
(WERNER)wasdevelopedUsingafully automateaneasure-
mentsetupfastandhighresolutiordosemeasurementsanbe
performedgenablingareliablemodulatowveri cation notonly

during experimentsput potentiallyin the future, in a busy,
time-constrainedtlinical routine. Overall,a completework-
ow processhain,from the mathematicabptimizationand
modulatordevelopmentto manufacturingMC simulations
anddosemeasurementfiasbeendemonstrated.

The2D range-modulatdnassomedistinctadvantageghat
provedto beespeciallyusefulin avarietyof ongoingresearch
projectsin pencil beamscanningparticle therapyfacilities,
especiallyfor radiobiologicalandsmallanimalexperiments.
Most importantly, it createsan instantaneousguasi- static
irradiation eld with only oneenergythusdecreasingremen-
douslyirradiationtime. In addition,in-housemanufacturing
combinesconvenience,exibility and cost-effectivenessn
onesidewith theadvantagesf highly customizablenodula-
torsthatcanbe adaptedor manydifferentspeci ¢ purposes
andexperiments.

Last, but not least,we have shownthat the manufactur-
ing of 2D RMs with high quality and with a high degree
of homogeneityis feasible,thus paving the way for fur-
therdevelopmenbf themorecomplex3D range-modulators.
Combininghighdoseconformity,verygoodhomogeneitand
extremelyshortirradiation times, the 3D range-modulators
couldpotentiallyopennewpossibilitiesfor theveryfasttreat-
mentof movingtargetsand/orFLASH irradiation.
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Abstract

The purpose of this work was to develop and manufacture a 3D range-modGRatieM) for a

complex target contour for scanned proton therapy. The 3D RM is considered to be a viable technique
for the very fast dose application in patient-spetimors with only one xed energy. The RM was
developed based on atumor from a patient CT and manufactured with high-quality 3D printing
technigues with both polymer resin and aluminum. Monte Carlo simulations were utilized to
investigate its modulating properties and the resulting dose distribution. Additionally, the simulation
results were validated with measurements at the Marburg lon-Beam Therapy Centre. For this
purpose, a previously developed water phantom was used to conduct fast, automated high-resolution
dose measurements. The results show a very good agreement between simulations and measuremet
and indicate that highly homogeneous dose distributions are possible. The delivered dose is
conformed to the distal as well as to the proximal edge of the target. The 3D range-modulator concept
combines a high degree of dose homogeneity and conformity, comparable to standard IMPT with
very shortirradiation times, promising clinically applicable dose distributions for lui@aRHASH
treatment, comparable and competitive to those from conventional irradiation techniques.

1. Introduction (Simeonowet al2017. These 3D RMs are a one-piece
integration of a range-compensator part, responsible
3D-printed range-modulatoréRM) optimized for a for ‘shifting and shaping the dose at the distal target
single energy have been shown to enable a very &lgfe and a modulating part, realized by using many
dose delivery in scanned particle therapy and hgwramid-shaped ne structures(ping). As the pins
proven to be very useful for a wide variety of differeshape and height is optimized and adjusted to the form
experimentgTommasinoet al2019 Holm et al202Q  of an individual patieris tumor, highly homogeneous
Simeono\et al202)). Their application suffers neitherdose distributions are possible with the delivered dose
from the intrinsic ‘dead timé between successiveconformed to the distal as well as to the proximal edge
energy layers in the state-of-the-art pencil beaafthe target.
scanning, nor from the beam losses typically observed By using only one xed beam energy to create a
with conventional passive scattering applicatidaterally modulated homogenous spread-out Bragg
method. peak(SOBR, a large decrease in the treatment time
Especially the so-called 3D range-moduld8id can be achieved with irradiation times in the order of
RM) is considered to be a potential technique for thgeveral seconds or even less than a second in the case
very fast dose application in patient-spectumors of an accelerator with high intensity. This opens up

©2022 The Authds). Published by IOP Publishing Ltd
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new possibilities, for example in the case of movimgadually increased to 3 mm, as this value is not
targets(e.g., lung cancer or liver cangewhere the expected to compromise the dose distribution con-
dose is deteriorated due tmterplay effectdetween formity, while offering many advantages like more
the scanned ion beam and the tumor motiiam- favorable pin aspectratio, increased overall robustness
bertet al2005 Bertet al200§. These modalities areand improved mechanical long term stability of the
expected to bené from the 3D RM as a breath-hold pins, especially the pin tips. Most importantly, the 3
techniqgue can be utilized to make use of them pins exhibit a strongly diminished sensitivity to
decreased treatment time to avoid motion induce@tation and tilting displacement during positioning
interplay effects. compared to the 2 mm ondblolm et al202(Q). This is
Another very interesting application of the 3Dbf particular importance, because the risk of over- or
RM could be in combination with very high doseinderdosage due to a potential misplacement of the
rates for the'FLASH particle therapy. Studies con-RMis signi cantly reduced.
ducted recently indicate that the very fast dose appli- The development of this particular 3D RM was
cation(in the order of mpwith dose rates over 40 Gybased on &orward approach, i.e., using a pre-calcu-
s * might be benecial and less harmful to the heal{ated database of pins with different heights, each of
thy tissue, while simultaneously maintaining tumofhich is optimized to deliver a homogeneous SOBP of
control, thus increasing the therapeutic WindOV& Specied width on its own. In arst step, an anon-
(Favaudoret al2014 Duranteet al201§ Adrianet al  ymjzed patient CT was chosen with a taryeitl be
2019 Vozeninet al 20192 20190 Diffenderferet al referred to as PTMin the middle of the therapeutic
2020. There has been a steadily increasing numbergifergy range. We opted for a 68%tmmor in the right
publications and research interest on this topigng with a non-circular complex 3D contour, irre-
recently. However, numerous technical challengggiar distal and proximal edges.
remain, one of which is the dose delivery in the time-  The original PTV was then extended with 4 mm
frame of milliseconds. While further investigation i gure1, will be referred to as PTV_4 mniThe idea
needed to evaluate the clinical applicability angkhind this was to use PTV_4 mm to create a mod-
explore the limits of the 3D RM approach, it seems {Qator slightly larger than the tumor, in order to
be promising and viable option for the extremely fag{ccount for the pencil beam widfsee belojand the
conformal FLASH lirradiation. The 3D RM concepfesyiting penumbra of theuence distribution of the
was referenced in different publications stating thatdtanned eld and, additionally, the lateral scattering at
presents the most likely route to clinical delivery fahe modulator and in the patient and the resulting
FLASH irradiation with protons and carbon ionstypicaldose decrease.
(Jollyet al202Q Weberet al202). ~ Using an in-house developed MATLAB-based
As a consequent continuation of our extensivg,gare environment a single coplanar beam from
research in theeld of 3D-printed modulating devices g right patient side was chosen. The isocenter was
in this work we present the development of a patienb1aced at the center of volume of PTV 4 mm. The
speci ¢ 3D range-modulator for scanned proton theryairaq implementation of a ray tracing algorithm
apy. The RM was developed using real anonymizgg4irad siddonRayTraceraccording to Siddon
patient CT data, utilizing a ray tracing algorithm 19 985 Medical Physio&Vieseret al2017) was used to
calculate the necessary information. It should be nOtﬁgrate stepwise through the voxels and calculate the
that in order to reduce the comple?dty and validate thr"f‘ecessary information, such as the pin length and the
F:omp[ete workow one step at a time, .the whole C-liengtH form of the integratedcompensatdr During
|_nclud|ng thetargetwere_overvx_/ntten with water. MuI—ray tracing all voxels of the CT including the target
tiple Monte (;arilo(MC) simulations were C_O”F’“CFedwere setto water. The lateral raster step size of the ray-
to further optimize the RM and the dose d'smbuuontracerwas setto 3 meidentical to the 3 mm pin bage

The_ nal mo_dulator was manufactured on a hlghémd the source to isocenter distari¢D) to 775 cm,
quality 3D printer and irradiated at the synchrotron-

which corresponds approximately to the distance
based Marburg lon-Beam Therapy Cer{ivdT, Ger- P app y
. ) . : between the scanning magnets and the treatment
many) in order to validate the simulation results as . . .
. room isocenter at MIT. Such a large distance results in
well as the manufacturing accuracy. . ) .
quasi-paralleirays and scanned beam during the ray

tracing and the real irradiation later on.

2. Materials and methods A 150.68 MeV u! monoenergetic proton beam
was used, an energy, which was already well-tuned to
2.1. 3D range-modulator development previous experimental measurements with and with-

The optimization of the base structufems) has been out 2D modulators. Using this energy, a database of
already extensively describe@imeonov et al many pins, optimized for homogeneous SOBPs with
2017 202). One important point worth mentioning extensions from 10 mm to 60 mm in steps of 10 mm
is the pin base size, i.e. the pin period. Starting withas created. Sampling from this database, the output
1.5 mm in the initial RM prototypes, the pin base wasformation from the ray tracing was used to

2
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Figure 1 A single slice view of the used CT with the original filikler blue contouyand the extended PTV_4 mfouter red
contour).

Figure 2.3D view of the lung targés), a single triangulated 50 mm p(in), a 3D view of the optimized modulat@@) and the
corresponding manufactured prototyfaB. The prototype has positioning bars a@éng the isocenter, used for alignment with the in
room lasers and side walls for better stability and usability.

interpolate the single pins and to develop an initiflhese bars can be aligned to the room lasers so that the
version of the 3D RM. modulator is precisely positioned during irradiation.
While calculating the initial coordinates of the rastekdditionally, side walls were added to the modulator.
le needed to irradiate the modulator, a single scan spicthould be claried that these walls are not irradiated
(scan spot FWHM at the isocenter is approx. 11)mnby scans spots and dbserve the purpose to stop or
was assigned to each pin with a clinically typical valueatfenuate the beam, but only to improve the mechan-
3 mm lateral raster step size. Many of the particles frdeal stability and protect the pins.
the edge scan spots, irradiating the edge pins of the In order to complete the whole workw from
modulator, will y unmodulated around it and cause 4he development of the modulator, through the
measurable and undesirable dose contribution at tBégnulations till the measurements in the treatment
range depth of the maximum energy. Instead of &a0m, the correct relationship had to be established
aperture collimator, we opted for another approach teetween different coordinate systerdATLAB,
mitigate this issue. The lateral edge contour of the RFILUKA, DICOM, accelerator rastete, etg. Based
as seen from the Beéﬂ;rEye Viev(,BE\olwaS extended On this relationShip, it is pOSSible to import and
adding some extra pins, which length was calculatediggition the CT in FLUKA at the same isocenter as
averaging the length of the neighboring pins. Thedering the ray tracing and create the corresponding
additional pins, although not directly irradiated witHaster les for the simulation and the accelerator.
scan spots, but partly by the Gaussian tail of the scan
spots, contribute also to some extent to the dose dix2. Dose calculations
tribution and preserving the lateral dose homogeneity2.2.1. FLUKA
Finally, so-callethbositioning barswere added to The FLUKA Monte Carl§MC) packagdFerrariet al
the modulator to dene the reference centergure?). 2005 Bohlenet al2019 was used to investigate the
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modulating properties of the range-modulator anddditional angle is sampled randomly for each particle
calculate the resulting dose distribution. In-housitom a Gaussian angular distribution with= 1
developed user routines, based ‘@OURCEfand mrad and added to the scan spot speangle. The
‘USRMED f(Simeonowet al2017 202 were addi- coordinates of the primary particles in each scan spot
tionally implemented into FLUKA to enable intensityare sampled from a Gaussian distribution, where the
modulated raster scanning and take into account tiFgyVHM width has been previously adjusted to match
complex geometry contour of the modulator. the beam width at the isocenter at MIT.
The'HADROTHErapydefaults were activated in  Using the established coordinate system relation-
all simulationgBattistoniet al2016 FLUKA202]) to ship and FLUKA rotation deition, the CT voxel
ensure optimal parameters and the detailed transpeglion was translated and rotatesing'ROT-DEFI
of all primary and secondary particles. The PEANUard3 in such a way that the FLUKA isocenter is iden-
model (Battistoni et al 2009 is used to describeyicy) to the isocenter previously set during the ray tra-
nuclear interactions for hadrons and photons. Amodsing Al voxels of the imported CT were set to water.
i ed version of relativistic quantum moleculafhe 3p RM was positioned 25 cm in front of the CT
dynamics(RQMD-2.4 model (Anderseret al2009 aqinn At this distance the lateralence ripple, typi-

lem(;pl\(jmelnﬁd Igorlt ions in the range (éol\\;lvn % ally observed behind the modulator due to pin edge
h. dle n ,I € Bo zrr;an mabstler eqluseglc(M \I/EZ scattering, has already completely blurred out
andies nuclear: reactions below € n(Ringbzaelet al2019. This is in contrast to heavy car-

(Ceruttietal2009. bonions, where a much larger distance of e.g. 40cmto
Low-energy neutrons were transported down tgo cmis needeimeonoet al2017)

:2?:}21; T,Zﬂﬁs};:;uﬁgpg]?ﬁéfﬁﬁ; I:Jr;l;zd The 3D dose depositioj@GeV g per unit primary
amd, dpmjet, " weigh) was scored using the USRBIN card with a

The mean excitation energy of water was set=o | tesian X-Y-7 | h. Th Isi it
78 eV. The CT data was imported and converted o tigg"tesian X-Y-Z voxel mesh. The voxel size was setto

FLUKA voxel basede format(.vxl). Slices, not neces—z': mm in the Iaé[era1 (;Illrezctmn as see;n fromfthhe BPE\\/N
sary for the simulation, were deleted in order tg Is corresponds to the 2.5 mm resolution of the

decrease the memory and storage requirements as S¥/avius 1000P later used for the measurements

eral hundred simulations were conducted in parallel,1 MM in Z. A total number of 10° particles was
simulated resulting in a statistical uncertainty below

2.2.2. Simulation setup 0.3% inthe homogeneous target region. The statistical

The 3D range-modulator must be irradiated with agncertainty is calculated by FLUKA automatically and
intensity modulated scanned beam in order to prd:orresponds to the square root of the variance of the
duce a homogenous dose distribution. TROURCE. Mmean of the estimated quantig.g., doseamong the

f routine was used to sample i.e., the beam energffferent CPUruns.

spot size, ky coordinates and the number of particles.

As.a single scan spot' was .assigned to each pi”’ihf Scan spot optimization

initial number of particles in each scan spot W83 order to increase the dose homogeneity in the target

calculated in such a way that it is related directly to the . . . .
R ) 4 région and to achieve a clinically applicable dose
sum of the optimization weightéthe modulating

. . : . ...~ distribution, an optimization of the initial number of

partial aregsof its corresponding pin. This initial . . .

. - . particles( gure3(a) in each scan spot is necessary.

uence was then simulated and optimized in E thi the FLUKSOURCE  frouti d
subsequent step to obtain theal intensity distribu- Orthis purpose, the : -routine an
tion (see Section.3). our CPU F:Ig_ster were adjusteq so that each.scan spot
The isocenter, equivalent to the room isocenter Hpm th.e |n|tlgl raster le ar.1d its corresponding 3D
MIT ( gure6), isde nedaZ = 0cm, where the posi- dose d!strlbutlon can pe simulated and scoreq sepa-
tive z-axis points in beam direction. Sampling fronfat€ly i-€., a rasterie with 367 scan spots, as in our
the raster le, primary protons with 150.68 MeV &  €2Se, will resultin 367 separate 3D ddes( gured).
kinetic energy are generated in vacuum Zat The whole process is completely automated and the
775 cm, which corresponds to the middle positiofican spots are distributed on a cluster 800 CPUs.

between the vertical and horizontal scanning magnets Atthe end of the simulation all dosées were loa-
atMIT. A scan spot sped angle is pre-calculatétie ded inthe in-house developed MATLAB environment
direction cosines are determined from the latergnd matched to the CT data. An initial weighting fac-
de ection of the scan spots and the distance betwel@hwas assigned to each of these 3D dose distributions
the particle sampling point and the isocejtand and the weighted dose sum inside the PTV was calcu-
assigned to the particles on a per-spot basis, accodated. Optimization was implemented to calculate and
ing for the fact that the laterally dected pencil beam minimize the difference between the weighted dose
from a real accelerator is not parallel to the beasum and a prescribed homogeneous dose distribution.
direction axis. To account for the small beam diveiFhe resulting optimized weighting factors were used
gence of the accelerator from the ion optics, antheraster leforthe nalsimulation gure3(b)).
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Figure 3.Scan spotintensity map befd¢agand after the optimizatio(b) expressed as a scaling factor. Additionally, the scan path |s
plotted with a solid line and the isocenter is denoted with ared cross mark.

Figure 4.The 3D dose distribution, scored separately from two different scan spots and overlaid on top of the target contour in
FLUKA. The rstscan spotis shown on the I}, the second on the riglib) with different views in the top and bottom panel. The
tumor voxels are colored in white for the sole purpose of visibility.

Note that while the original 3D RM was developethaterial with a polymerized density of 1.z 3.
on the basis of the slightly larger PTV_4 mm, the do&einting time was about 12 h in the presented case.
is optimized for homogeneity only inside the originafhis polymer modulator is the main scope of
PTV contour. No OAR were taken into account, thenis work.
only ‘dose constraintvas the homogeneity inside the

PTVtarget.
2.4.2. Aluminum modulator

2.4. 3D range-modulator manufacturing Apart from the photopolymer resin, which is accepted
2.4.1. Polymer modulator and broadly used in many differenélds and applica-
The modulator was manufactured on a high-qualit§fons, our research group has been investigating
PolyJet 3D-printer. These printers use photopolymef§ferent materials and manufacturing techniques.
to additively build detailed prototypes with highBased on this experience a decision was taken to
reproducibility and accuracy. Recently, there has begitionally consider an aluminum modulator manu-

anincreased interest in the deployment of 3D printinictured with the selective laser meltif§LM)
techniques in the eld of radiation therapyJuet al method. Inthe SLM process, alaser is used to meltand

2014 Lindsayetal20152019. fuse metal powder to create high-density structures
The Stratasys Objet30 Pro was used to man{icruth et al 2005 Konda Gokuldosset al 2017

facture the 3D RM gure2). An advanced simulated Trevisanet al2017. Using aluminum, we intend to

polypropylene (RIGUR RGD450 was used as avalidate the complete workw process with a
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Figure 5.The aluminum 3D RM with a side wall and positioning bars.

different material, a second completely different 3D Figure6 shows a schematic drawing of the dose
printer and a new manufacturing technique. measurement setup and a picture of the measurement
Aluminum has some advantages, i.e. much bettsgssion. The positioning setup corresponds exactly to
stability and robustness, much shorter pidige to the the FLUKA simulations setup with the isocenter
higher densitywith better pin aspect ratio, which areplaced at 20 cm depth inside WERNER. The mod-
both easier to manufacture and would enable thdator was precisely positioned and aligned with the
design and printing of modulators for larger target$éasers 25 cmin front of WERNER.
Additionally, at the same stopping power, aluminum The raster le, previously used in the FLUKA
produces less light fragments and neutrons compargithulations, was used to steer the beam delivery sys-
to the polymer resin. This can be shown by the Bradiem of the accelerator. The prototype PTW 2D loniz-
Peters formulgBradt and Peter$95(Q, which indi- ation Chamber Array Octavius 1000877 air- lled
cates that the fragmentation cross section per ardatectorswith very ne 2.5 mm spatial resolution was
density scales to A 3 (Durante and Cucinotta01). placed inside the detector holder and used to measure
On the other hand, there will be increased scatteriitige lateral dose distribution at each depth. The depth
and the cost and complexity of the SLM technique a@@se distribution in the SOBP region was scored in
higher. 1 mm steps. Outside of the SOBP region the steps were
To test the limits of this technique, the 3D RM wasaried between 2 and 10 mm. Subsequently, we com-
manufactured using aluminum on a TRUMPF Trupared the measured dose ples with the FLUKA
Print 3000 SLM printe¢ gure5). Itis out of the scope Simulations.
of this publication to present extensive results from
this modulator, bu'_[ rather demor!strate and _blfve 3. Results
discuss the potential of the aluminum material and

SLMtechnique as an alternative approach. 3.1. Polymer modulator

3.1.1. Dose application
2.5. Dose measurements The raster plan was normalized td..1x 10" total
A fast, completely automated, high-resolution dosirumber of particles and irradiated with the maximum
metric veri cation of the 3D range-modulator waslinically available accelerator intensity of 4.90°
performed at MIT to validate the simulation resultspart' s in approx. 6 s. This resulted irD.5 Gy inside
The universal, water phantom WERNER, developedtaé 70 cnPtargetvolume.
GSlI, was useBchuyet al202Q Simeonowet al202)). A total set of 61,551 measured dose po{8#%&7
It has a holder for a standard medical 2D ionizatiodetectorss3 measurements in different deptigere
chamber array(e.g. PTW Octavius 1500XDR ombtained. The raster plan was irradiated 63 times
1000R and can be synchronized to the dose delivergsulting in a total measurement time of 9 min. Raster
system of the accelerator. planirradiation, the synchronized depth movement of
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Figure 6.A schematic drawing of the dose measurement gatapd a picture of the measurement sesgrrhe 3D range-
modulator was positioned 25 cm in front of the water phantom WERNER. The dose was measured with the PTW 2D Array Octavius
1000P.

the Octavius detector array and the dose scoring weimulation. The 50% transparent color-wash dose
completely automated. corresponds to the simulated dose.

Figure8 shows several more 1D piles extracted
3.1.2. Comparison of dose distributions from simuldftiom the 3D dose distributions. A lateral dose gdeo
and measurement from a broad homogeneous dose region is depicted in
Both the measured and simulated 3D dose distribpanel(d). Panelgb)—(d) show SOBPs from different
tions were interpolated on a regular 1 mm grid. Bothlices and positions. Smaller 2D isodogeres are
dose distributions were normalized to 100 in thadditionally included, denoting the exact positions, at
middle of the central SOBP depth dose, then match@dnich the 1D proles were plotted.
tothe PTV inthe DICOM coordinates and exportedto  Overall, a very good agreement between measured
anRT Dosele. and simulated dose distributions can be observedin all

Figures/(a), (b) show an isodose comparison of &lices.
different slices between the measured and simulated
dose distribution. The corresponding 1D dose pra3.1.3. Gammaindex
les, taken at 15 cm depttienoted as a vertical dottedin order to quantify the agreement between the

line in the 2D plots aboyere additionally plotted in measured and simulated dose distributions, a 2D
panel(c) and (d). Panel(e) shows the measured andgamma indexXGl) of two sliceg gure9) and the full
simulated dose overlaid on top of the raw CT data. It 8D gamma index were calculated. For this purpose,
important to note again, that, as already stated, the @Te PTW VeriSoft software was utilized as an estab-
was rst overwritten with water material and the mod{ished and validated tool. A local Gl with 22omm
ulator was developed on the basis of thiatetf CT acceptance criteria was used, whereby dose values less
with no inhomogeneities inside. However, in order tthan 15% of the maximum dose were not evaluated.
visualize the original tumor tissue and tumor delinedoth 2D and 3D Gl show a high passing rate @8%.
tion, we have plotted the heterogeneous CT datain the
background. The red line denotes the PTV contouB,1.4. Dose-volume histogram
therestare isodose lines, whereby the thick lines corFégure10 shows the cumulative Dose-Volume Histo-
spond to the measurement and the thinner lines to tiggam (DVH) calculated inside the PTV contour and
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Figure 7.Comparison between the isodose lines of the meagsotid line and simulateddashed linpdose distribution(a), (b).
The corresponding 1D prdes in pane(c) and(d) were plotted at 15 cm depth, denoted as a vertical dotted line in the panel
above. Additionally, the measurgtick lineg and simulatedthin lineg dose is overlaid on top of the raw CT désh The red
line denotes the PTV contouXote: The modulator was developed on the basis of the homogeheates CT, not the
heterogeneous one shown here.

the resulting statistical information. The applied dose a very good agreement between the simulations and
normalization results in maximum dose of approximeasurements. The 2D Gl of the shown dose slice is
mately 105% and mean dose close to 100%. 99% and the 3D Gl was found to be 98%.

3.2. Aluminum modulator 4. Discussion

Figure 11 shows a depth dose distribution and an

isodose comparison of one slice between the measudadging by the dose comparisons gures’—9, owing
and simulated dose distribution for the aluminunto our previous research in thi€ld (Simeonowet al
RM. As in the case with the polymer modulator, ther2017 2027, we have managed to obtain a very good
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Figure 8 A lateral X prole(a) and three depth dose distributiofiy—(d). Additionally, 2D isodose lingures are included to denote
the exact position, at which the 1D piles were plotted.

agreement between the predicted and measured dosgection will be necessary with most printers to
distribution. The introduction of a 3 mm pin bagep obtain suf ciently good results.

from 1.5 mmiinitially) improved not only the mechan- ~ Overall, FLUKA delivers a very reasonable predic-
ical (long-term) stability, but also the manufacturingtion of the dose distribution. As all simulations were
of the sharp pin tips and greatly reduced the sensitivipnducted in water, the initial measurement concept
of the modulator to tilt rotation misplacement. The Using a range shifter with multiple PMMA plates
latter was investigated in preliminary simulations arfimeonowet al201) was abandoned and the auto-
also validated with dose measureme(telm et al Mated water phantom WERNER, already developed

2020) by placing the modulator on a positioning tablé@‘r;:.j rl]"t;"zid for previoushmeasurements, was ”Sr?d’
and rotating it with a dened and reproducible anglev‘{ 1€ yrt er improved the agreement between the
around one axis simulations and measurements.

In contrast to some of therst 3D RM prototypes The positioning of the modulator and the Octavius

. o . .. ionization chamber array is also relevant to reduce the
an effect of potential printing artefacts is not visible IHeviations between the measured and simulated dose
the dose distribution of the newly developed Ioro'[Odistribution. While the 3D RM can be aligned fast and

tzpeo.l Su;:]h ddose dQev!gthns alie most ealsny 'Chgh;n precisely with the room lasers and is not very sensitive
the depth dose distribution. For examplgures(b) to minor deviations, the alignment of the water phan-

shows a wide SOBP extracted from the middle of thg, 50 especially the detector inside might be more
target. Common and characteristic dose dete”oréhallenging and present a source of dose deviations.
tions, which originate from manufacturing artefactgq, example, in the case of a tilt of the water phantom
(e.g. too much material in the groove between SUCC@¥ly (not the detectorthe lateral proles of the mea-
sive pins as with the spherical tard&imeonowet al syrement and théperfect simulation diverge with
2017), are not present. The results indicate that th@creasing depth, as the detector moves on an axis not
manufacturing of 3D-printed RMs for dose modulaparallel to the beam axis. In the case of a tilt of the
tion, while admittedly still challenging, should be feadetector (not the water phantoin a dose tilt is
sible. Most probably, some kind of a printer speci observed along the chamber array detectors in high

9
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Figure 9.The dose distributiongsimulated dose in the upper panel, measured dose in the middle padehe resulting Gl
(lower panélfor one transversdh) and one sagittgb) slice. 99% of the evaluated voxels were found to pass the dose and
distance agreement criteria.

dose gradient regions, e.g., the distal edge of the BPaproducible dose measurements were conducted in
SOBP. Both of these effects might be present to sothe course of several measurement sessions leading to
extent and should be kept in mind so that they are nthe presented results.
mistakenly associated with dose artefacts from the Figure7(e) shows the PTV contour from two CT
modulator itself. slices with the overlaid dose distributions. The PTV is
In our initial measurements a dose tilt was observedostly surrounded by the 90% isodose curve in both
in some higher dose gradient regions and especiallytet simulated and measured dose distributions. The
the distal edge, which turned out to originate from &igh dose region is well conformed to the distal as well
0.5 positioning tilt along the longer vertical side of thas to the proximal edge of the target, coming the
Octavius detector. Based on this experience, a measiniial expectations on the modulating properties of
ment protocol was established to minimize these devtae 3D-printed prototype.
tions and obtain the best possible measurement results. The quantitative comparison, shown igure9in
This protocol includes among other things an initihe form of a 2D gamma index, supports the initial
measurement performed at the distal edge of the prisapression from the dose distributions irgure 7.
tine BP with a broad homogeneousld without a Both 2D and 3D Gl exhibit a high passing rate of
modulator to evaluate the dose homogeneity ame-  99% pointing to a very good agreement between the
tune the ion chamber array positioning to reduce its titheasured and simulated values.
down to 0.2. This value represents more or less a In order to obtain a better understanding of the
practical limit and do not have a measurable impact @verall 3D dose distribution, the DVH was calculated
the quality of the dose distribution. and plotted in gurel0. Both curves are in a very good
After gaining some experience with thegreement and have a relatively sharp fall-off indicat-
newly developed water phantom WERNER, highiyg a homogeneous dose distribution inside the target
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Figure 10DVH calculated inside the PTV target for both the measured and simulated dose and the resulting statistical information.

Figure 11 A depth dose distributiofs); Comparison between the isodose lines of the meagswid ling and simulateddashed
line) dose distributior{b).

volume. There is no deterioration of the measured By printing and measuring the aluminum mod-
DVH relative to the simulated DVH, pointing to theulator we have demonstrated the wookv process
improved 3D RM prototype quality. chain with a new material. More importantly, a new
Inthe case of the 3D aluminum modulator, a commanufacturing technique and second completely dif-
pletely new material and manufacturing techniguierent 3D printer were successfully validated, which
were introduced. Moreover, due to the stronger scgiresents one more step towards establishing rapid
tering of the aluminum new MC simulations had to bgrototyping as a viable option for patient-speci
conducted together with new scan spot optimizatiomodulators.
Despite these additional uncertainties there is an The presented results are indicative of the poten-
excellent agreement between the measured and siriial of the 3D RM approach, as we have successfully
lated dose distributions. demonstrated a complete wordw loop for a
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potential clinical implementation of a 3D RM. How-the particle therapy community, make us cautiously
ever, the patient does not consist of water and the 3iptimistic and hopeful for the transition of the RM
RM concept should be further investigated and valioncept from a purely research topic into a clinically
dated for the more complex case of a realistic heterfeasible option.

geneous tissue composition. As the basic mathematical
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THE AUTHOR 5 AND PHE RANE T

glFT-l:AF':'IIEOWNOARNKDé? BWNMIZATION CHAMBER BASEDDOSIMETRY FORCARBON IONBE
STANDARDUNCERTAINTY THANHIGH ENERGY PHOTONDOSIME
STANDARD UNCERTAINTY OF THE COR.REEUEOND FAALCATCKROFFORXBPE
DATA THE GIVEKN WRBEBEASFEIRON THEORETICAL CALCULATIONS
UNCERKAIRACTORS FORDIFFERENT IRRADIATION CONDITIONS
DETERMINED EXPERIMENTALLY BY MEANS OF WATER CALORIME
SPREAD OUT"RAGG PEAK 3/"0 FORASCANNED CARBON ION B!
AN ALMOSTCUBICDOSE DISTR IBMU3OWGCOA SRAVWTGE MODULATO
TOACHIEVEAFIELDHOMOGENEITY WITHA STANDARDDEVIATI(
THE 3/"0 OVERALATERALRANGEANDADEPTHOFABOUT CM I
UNDER S APPLYINGADOSELARGERTHAN 'Y 4HISPAPERDE
CHARACTERIZATIONOF THE DOSEDISTRIBUTIONINDETAIL

JNTRODUCTION

IVER THE LAST SEVERAL YEARS RADIATIONTHERAPY WITIOR LRBICHER
TREATMENETMARGERBEEAL !MALDI AND +RAGWEVER DOSIMETRY FOR
BEAMS IS NOTYETASACCURATEASFORCONVENTIONALHIGH ENERG
DOSIMETRYINTERMS OF THE ABSORBED DOSETO WATERINCLINICAL
CHAMBERS )#S IS AT ABODAI -ITHEHRAELO 6AN $SF KAL WHEREASTHE

STANDARDUNCERTAINTY FORCARBON ION BEAN&LS MBIOY TSTMRIENH Y
DUETOTHEHIGH STANDARD UNCERKAINAREERHE CORRECTION FACT

4HE ABSORBEDDOSETO WATER FORRATERNEINEBAMAQUALITY

Swi= -1 .gwi1 K1,

WITH THE CORREGCTE®D JHEBARNM QIUHH. CHYAMBER SPECIFIGWARORRATI
THEBEAMOQUMWHANYCH THE CHAMBER WA S CA L NSCRREEGELD 0AS WMERAMNAL
4HE CORRECK {1 COORARETCIR FOR THE DIFFERENT RESPQANKBERE TH
# ANID #O K1 ISDEFINEDASTHE RATIOOF THE CHAMBERICAANDBRATI
1 INDREO )TCANBEEXPERIMENTALLYDETERMINEDBY MEASURING

C JNSTITUTEOFOHYSICS AND %NGINEERINGIN -EDICINE



10P Publishing

OHYS -ED "IOL + (OLHET AL

CORRESPONDINGRREMABD)HGNDER THE SAME IRRADIATION CONDITION ¢

w1 _ Swi=- a1,
CE W1 S E W1

&;1:

SUETOALACKOFEXKERVNEWH3ARBEBASED PRIMARILYONTHEORE
EQUATIOMHICHIS GIVEN FOREXAMPLE INTHE )NTERNATIONRMNAIODE
2ADIOTHERAPY "EAMS £2I3AL !NDREO

_ (Sala (7a)r R,
(Sa)r (7a)n R

JNTHE 423 CONSTANT VALUES ARE ASSU§BP FOE MHERA N TEXER TMC
ENERGY PER h:NARMADIRHE PER T U RRBIAO ROMNHEABETAIMYHEAREBYLTING REL/
STANDARD UNCERTKRWINHAGQOIFORSEBRDS TOAHIGH OVERALL STANDARI
DOSIMETRY 4HE 'ERMANDOSIMETRY PROTOCOL $). $). .ORMEN
CALCURAERAS AFUNCTIONOF THE PARTICLE S RESIDUA(LR NGNEDAND /
PR LEADINGTOARELATIVE SKANDFARD UNCERTAINTY FOR

7TITHINTHE SCOPEOF AMOFAOTNORBFORELRIFFERENT IRRADIATION (
BEINGDETERMINED EXPERIMENTALLY USING THEWATER CALORIMET
"UNDESANSTALT 04"+RREABSIS TOREDUCE THEIR STANDARD UNCERT
PREVIOUSLY FORTHEENTRANCE CHANNELOFA MONOENERGEHVCNIA |
ASTANDARD UNCERTAINAYOEHRMAANBINGAS REGIONIS CHARACTERIZE
DEPTH AMONOENERGETICFIELD AND RELRADVELRI POR, % £ URBHEHDFROH
CYLINDRICAL)#S ANDTHREEDIFFERENTPLANE PARALLEL )#S WERE |
ASTANDARDUNCERTAINAYTOEHRMANSIIAGH HBAUSCBNTINUATIOKRIOF THI!
FACTORS AREDETERMINED INTHE SPREAD OUT"RAGG PEAK 3/"0 OF
ACHIEVE ARELATIVE STAKWD AARDHENEANRE O IO ERHOR FIAIGT®IR & NNFPOHRO T
BEAMS ASITWASALSOACHIEVEDFORTHEENTRANCE CHANNEL OF A

40 THISEND AHOMOGENEOUSIRRADIATIONFIELD OF REASONABL)
NEEDED 4HE IRRADIATIONFIELD PARAMETERS THAT SHALL BE ACHIE

40OTALDOSE ANDTHE RASBSIAEION INDUCED TEMPERATURE RISETO B
EXPERIMENT ONLY AMOUNTS MRABCGBTDOSES l(ARGER THAN 'Y ARET
INWATER CALORIME BR®% S«{RASISSAND DRRORMHLIABLE SIGNALTO NOI
SIZECHOSENHADTOBEACOMPROMISEBETWEENIRRADIATIONTIME
APPLIEDWITHINTHISTIMEAND THE FIELD SIZE SINFLUENCE ONTHE |
APPLIED ALARGEFIELD SIZE ASE G TNERECRRENWNE EG KRIIDTAEZ N [DF

WOULD REQUIREALONGIRRADIATIONTIME 'VERY SMALLIRRAD
CONDUCTION EFFECTS MAKING GREATER CORRECTIONS NECESSARY
UNCERTAINTY +RAUSS AND +APISSSHTAKING THE CHARACTERISTIC OF
SYSTEM AT ()4 E G IRRADIATIONTIME INTOGNMANDU NOMS EFE KILSDT®I BE |
APPROPRIAN E BEREHRMINATION INTHISINVESTIGATIONCWEREFO®RB
ALSODONE IMAM/BSTEREARAN FULLY COVERING THE SENSITIVEPARTS O
WELLASTHE )#SUSED 4HE 3/"0 SHOULD HAVEADEPTH OEMCM RESUL

JRRADIATHONDEIMER M(INEABEORS BY MEANS OF WATER CALORIMETR
FACTORS AREREQUIRED E G HEATCONDUCTIONGORREECATR O NCUJ 4R
DEPENDENTONTHEDURATIONOFIRRADIATION ASHEATCONDUCTIO
DISSOLVINGWITH TIMEAKRMNWG WATER CALORIMETRIC MEASUREMENT S
AL OBTAKNEPACTORSINMONOENERGETICPROTONBEAMS WITH AR
OF FORANIRRADIATION TIETEHRENAMNN/ AINGIAVED ASTANDARD UN
THE SAME ORDER OF MAGNITUDE FORTHE ENTRANCE CHANNELTOF A C

S "ASEDONTHAT ANIRRADIATIONTIMEOFLESS THAN SSHOULD

'!'FULLTHREE DIMENSIONALACTIVE SCANNING OFTHE IRRADIATIO!I
THERAPY EABHRERMADAAL WOULD TAKE SEVERAL MINUTES @BOUT
VOLUMEOF 'Y LEADINGTOAHIGHUNCERTAINTYFORTHEHEATCOI
FO&R FACTORSDETERMINED 4HEREFORE APASSIVEMODWLRAHAON O
ALLOWS THE IRRADIATIONTO TAKEPLACEWITHINLESS THAN S 58S
WITHAMOVING RANGE MODULATOR E G AMODULATORWHEWIE ISPO
USEDASTATIC $RANGEMPDALATWHICHMEONMFARABLETO ARIDGE |
ET AL

K1
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2EPRODUCIBILITY AMODHEDO MRPGIENNEETHE CORRECTION FACTORS NEEI
AND IONOMETRIC MEASUREMENTS CORRECTING FOREXAMPLE FOR A
OFF AXISPOSITIONOFTHE THERMISTOR PROBES | NG RDANT)H#ESCQOAQ IORM
EFFECT /AMNIEREMAN ADETAILED KNOWLEDGE OF THEIRRADIATION
LOWUNCERTAINTYINTHESE FACTORS ANDTHUEK A EAWTOWER AHIEU N (
IRRADIATION FIELD MUSTBE REPRODUCIBLE AND HONMC®RENERILATF GR
REPRODUCIBILATTEREN GMN"DETERMINED THE RELATIVE STANDARDD
DISTRIBUTIONS FROMEACHOTHER WHICH WERE REPERAHEDILHIBEAS
AMOUNTEDTO I'MAXIMUMDEVIATION OF MEA S UMRMEIDADTE REA V BIOUBHEES
DISTRIBUTIONATTHE MEASUREMENTDEPTHOF WASFOUND "ECAU
CONTRASTTO THE $DISTRIBUTMNER BEAMNMEEREDHBAROI SONGNAT ICIPATE
MARGINS FORFIELDHOMOGENEITY ANDREPRODUCIBILITY 30 WE CFH
DEVIATIONOF THE REPEATED MEASUREMENTSBELOW AND AFIELCL
DOSEVALUESWITHA MAXIMUMDISTANCEOF MMFROMTHE CENTER
SEVERALCORRECTION FACTORS LIKEFORHERORDNDVOTUWMEEFREE
BE SMALLENOUGH KQ BDETUERDM ANOARTAON WITH A STANDARD UNCERTAIN
4HE RANGEOF MMISMOTIVATEDBY THE OFF AXISMEASUREMENT P (
CALORIMETRICDETEBNOR HRWMBSSOLUME TOBE GENEROUSLY COVE!

4HIS PAPERDESCRIBES THE APPLICATIONOFA $RANGE MODULAT(
FORWATERCALGRIMETRYULAILLTHECRITERIAMENTIONED ABOVE !
ISPRESENTED THATINCLUDES REPEATED THREE DIMENSIONAL MEAS
#ARLO SIMULATIONS TOINVESTIGATE THE PARTICLE SPECTRA

-ATERIALAND METHODS

$ RANGEMODULATOR
4HE SPREAD OUT"RAGG PEAK 3/"0 ISGENERATEDBY ASO CALLED ¢
PYRAMID SHAPED PEN & L3 I4CBMOMNACBAING. 4HE PYRAMID SHAPE IS NOT L
PINSHAVEAWELL DEFINED PROFILEWITHDIFFERENT GRADIENTS AT
FORA MMWIDE 3/"0 GENERATEDBY CARBONIONSWITHANENERGY (
THE RANGE MODULATOR AREDESERMWED4NDBEH AILEEAEDERNEOE/A $
RANGE MODULATORFORWHICHEACHPINCREATES ANINDIV$DUALDE
DOSEDISTRIBUTION LIKEFOREXAMPLEA SPHERE ASGIWEANSHEHE R
MODULATOR FORWHICHTHE PIN SSHAPE AND THEREBY ALSO THE CR|
MODULATOR SLATERAL AREA

40 FULLY COVER THE DESIRED IRRADIATION FIEIMDEABH BIN-HAS A T
HEIGHT OF MM HGIUWRKED WITHDIFFERENT PINBASE AREAS PERIO

MM MMAND MM TESTING THEIRIMPACTONTHERESULTING IR
WERE PRODUCED USING RAPIDPROTOTYPING WITH A 3TRNKNGABATE/MBIA
WAS 2)'522'$

AWO IDENTICAL $2-SWEREPRINTED USINGTHE SAME BPRLNTER A

TOINVESTIGATETHE REPRODUCIBILITY OF THE MANUFACTURIN(

PRINTER CANBETAKENINTO ACCOUNTBY ACORRECTED DEGTGMNO®R®F T
SUCHDEVIATIONS ASASATISFYING SHAPEOFTHEDOSEDISTRIBUTI
ALREADY ACHIEVEDWITHTHE ORIGINALDESIGN

&0OR ALLMEASUREMENTS THEBACKOFTHE $2- WASPOSITIONED A
CALORIMETRIC MEASUREMENTS 4HE PINSWEREPOINTING TOWARDS
POSITIONING TABLE THAT ALLOMVINAXRENATYIVCHRERG UNOANAMNRBEC TION A
ASADEFINEDTILTING AROUNRBAINHD XAXKNEA L BIXSSTHMRAUZRBXIS LSO
TAKING THE POSITIONING ACCURACY USING THRAWRIL AIMONUINI ED LAS
ACCOUNT THISGIVES ANALIGNMENTACCURACY OFTHE $2-OF M M
AROUND EACH SPATIAL AXIS

JRRADIATION
ILLMEASUREMENTS WERE PERFORMED AT THE (EIDELBERIGAION "EAM
USING PENCILBEAM SEAMNING (ABERER
ISTHE 3/"0IS GENERATED BY PASSIVESCATTERING ONLY ONEISO
NEEDED )TSENERGYISDEFINEDBY THE STRUCTURETERMPRAGALORIN
ANDBY T THE DESIRED MEASUREMENTDEPTHIN WATER #HOOSIN
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&IGURBLIQUE VIEWOFTHE MM MINBASE AREAANDDETRAINED VIEW OF

&SIGURBREHEME OF THEIRRADIATIONFIELD CONSISTING OF FOUR LAYE RSACHTIHEYERM E
CONSISTS GPOTS ANDASPOTDISTANCEOF MM 4HELAYERS ARESHIFTED AGAINST

INSIDETHE CALORIMETER CMWATEREQUIVALENTPATHLENGTH
IRRADIATION FIELD WAS OPTIMIZED FORHOMOGENEITY IN NER®S OF
FIELD HOMOGENEITY WERE ACHIEVED FOR FOUR MO N OEANYEERRGETAD AA
SPOTDISTANCEOF MMANDWERE SHIFTED AGAINSTEACHOTHERBY
CONSISTS GPOTSWITHAFOCUS SIZE OF MM FULLWIDTHOFHALFM
$2- THISLEADSTOADOSERUBE®GRTTERNOFTHEIRRADIATIONFIEL

&ORASHORTIRRADIATION THEHIGHEST GDINS PAIR. SBICSENCPWR T IC
ALLOWINGASCANOFTHEWHOLEIRRADIATIONFIELD WITHIN S FOR

OEAKFINDER
4HE 047 OEAKFINDER 7TATER #0OLWAMNUSEBDIBORIGASURE DEPTHDOSE D
CONSISTSOFONEREFERENCEDETECTOR FIXED AT T HEHE WEEANIC/EGV
WATER CONTAININGBELLOWS THAT ARE ADJUSTABLEINLENGTH )N T
BE ADJUSTED ! PLANE PARALLEL"RAGG PEAKTYPE CHARBER IS
CHAMBERISUSED ASAREFERENCEDETECTOR 4HE MEWSTDHRANG I
RADIUSOF MM 4HEOEAKFINDERALLOWSDEPTHDOSEDISTRFBUTIO
M AND POSITIONING AM QUBAMOWEMENT IS SYNCHRONIZED WITH THI
"OTHCHAMBERS WERE OPERATED AT 6 USING A047 4!.$%-8%2 DUAL
&OR ALLOEAKFINDER MEASUREMENTS THE OEAKFINDER SFRONT W
SPATIALCONSTRAINS WHILETHE $2- WASPOSITIONED CMINFRO
WAS TAKENINTO ACCOUNT FORALLMEASUREMENTS

)J# ARRAY ANDWATERPHANTOM
40 MEASURE THE LATERALDOSEDISTRIBUTION APROTOTYPE)# ARR
O CONSISTS OF )J#S ARRENMBEOTNMGLE #OMPARED TO THE /CTAV
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&IGURETUP OF THE WATERPHANTOMFOR/CTAVIUS MEASUREMENTS 3CHEMATIC DR/

323 &REIBURIGHE OISADAPTED FORPARTICLE BEAM APPLICATI
INSTEAD OFLIQUID TO AVOID RECOMBINATIONEFFECTS 4HEM#S HAV
AND MMINTHE OUTER PARTOFTHEDETECTING ARBAM %MCER)# HAS A

ISTHE )# ARRAYISONLYUSED FORRELATIVEDOSE MEASUREMENT ¢
4HEREFORE FORTHE COMPARISONOF MEASUREMENTS THE DOSE VA
DOSE VALUESWITHINA MMRADIUS AROUND THECENTER 4HESRRA
CHAMBERS TOEACHOTHERATAWELLCHARACTERIZEDECE PGIND FAC T
FOREACHCHAMBER WASDETERMINED ANDASTANDARDUNCERTAINT
ESTIMATED

&ORTHE FIELD CHARACTERIZATION MEASUREMENTS THE ARRAY W
WATERPROOFCASE MADEOFO--! BASEDONTHEARIROCHODUSUPEPEKNE EQ
THISCASEISATTACHED TOALINEARDRIVEATONE SIDEAND TO A SMC
THEDEPTHOFTHE ARRAY TOBE ADJUSTED VIAREMOTE @GN T IROONU NNGS
ACCURACY OF MM 4HIS SETUPIS SHOWNINFIGURE

4HE WATER PHANTOM WAS POSITIONED CMBEHINDTHE $2- | E
CALORIMETER !'POLYSTEROLBLOCKWASPOSITIONEDINFRONTOFT
LAYER

AHE DATAMEASURED WITH THE )# ARRAY INSIDETHE WATER PHANT
MEASUREMENTS BY TAKING THE MEASUREMENT POSITIONRELATIVET
O--'WALLTHICKNESSES THELINEARDRIVE SOFFSETANDTHE/CTAV
ACCOUNT !LLDEPTHINDICATIONSINTHE MEASUREMENTDATA AREG
ISOCENTER 40 COMPARETHEDEPTHDOSEDISTRIBUTION MEASURED
OEAKFINDER RESULTS THE/CTAVIUS SIGNALSOFTHEINNERCHAMBE
ROUGHLY CORRESPONDINGTOTHE ACTIVE AREAOFTHE OEAKFINDER

&ILM MEASUREMENTS
!PREREQUISITEFORUSINGTHE )# ARRAY FORFIELD CHARACTHERIZAT
ITISNECESSARYTOENSURETHATTHEDECOMPOSED SPECTRUMOFT
FREQUENCIES THAT AREMISSEDBY THE ARRAY 40 THIS END SIMULT,
PERFORMED TO VERIFY THE ARRAY SSPATIALRESOLUTIONO4O TAKE"
ACCOUNT THEPLOTTED ONE DIMENSIONAL FILM SIGNAL WAS AVERAC(
TOAWIDTHOF MM

JN ADDITION FILM MEASUREMENTS WERE PERFORMED TOINVESTIC
IRRADIATIONFIELDINTRODUCEDBY THE $2- &0ORTHISPURPOSE %"
DEPTHSINSIDEAPHANTOM THAT MIMES THE CALORIMETER

INFRONTOFTHE CALORIMETER CMINAIRBEHIND THE $2- M

ATA CMDEPTHINWATERINSIDETHE CALORIMETER MM 7%4

AT A CM DEPTH IN WATER INCLUDING THE CALORIMETRIC DETE
MM 7%4 THISPOSITIONCORRESPONDSTO  THE CALORIMETRIC

4HE VALUES GIVENIN PARENTHESES ARETHE SUMS OF WATER EQUI
THEBEAMPATHBETWEENTHEBACKOFTHE $2- ANDTHE MEASUREME
CALORIMETER WAS AMODIFIED VERS{OINTEREAEID N ENUFSADTB € US IARG A
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ADDED ADDITIONAL SOLIDWATER 27 047 '"ERMANY SLABS OF CORF
REACHA MEASUREMENTDEPTHOF MAXIMUMATC HE R MTWABNIEIR WHAHEE RE A S
PHANTOM FOR A MAXIMUMDEPTHOF CM 4HE $2-WASPOSITIONED W

DISTANCEBETWEENTHE $2- ANDTHE PHANTOM WAS CM AS IS ALES
&OR ALLFILM MEASUREMENTS '"AFCHROMIC %"4 FILM LOT NUMBET
WERE SCANNED ONAFLATBED %PSON %XPRESSION 8, SCANNERII

TRIPLECHANNEL ANALYESTADEFENEGNBYEMANBATED RELATIVE FILM S|
SINGLE FIXEDDEPTHS PERPENDICULARTO THEBEAMANDVLIMITED T(
PARTICLE SPECTRUMISUNIFORMAND THEREFORE THE , %4 DEPENDE
ANBDKEL #ASTRHTANI

-ONTECARLO &,5+! TRANSPORTCODE
7TEPERFORMED -ONTE #ARLO SIMULATIONS USING THE®RASI+!TCODE VEI
INVESTIGATETHE PARTICLE AND , %4 SPECTRA 4HE SIMULAEDONS WE
3/"OUSING THE $2- ASWELLASFORAZ3/"0OCREATEDBY SEVERALLAYE
SCANNING 4HE ACTIVELY SCANNED IRRADIATIONFIELD CONSISTS OF

-E6 UTO -E6 UTOCREATEA CM3/"OWITHADISTALEDGE AT
$2- MODULATED 3/"0

4HE PARTICLE SPECTRAATTHE CALORIMETRIC MEASUREMENT POS
COMPARED 4HISWASDONETOPROVIDE ARATIONALBHRORATR ONRSFEIR
PASSIVELY MODULATED 3/"0 TOACTIVE SCANNINGIRRADIATION CONI
RADIOTHERAEY AIAMMODA CORRECTS FORTHE DIFFERENTRESPONSE
QUALITIES DEFINED BY ITS PAIRT M LIEHLABNED D% MN $ PEAOTRAWMIRRADIATIO
COMPARABLE SPECTRA

&OR ALL SIMULATIONS THE SETTINGS FORPRECISESIMULATIONS
CARBON IONBEAM WAS SIMULATED 7TEUSED ARECTAMGUDARUBREXM S
COVERTHE AREAOF THE $2-IMPLEMENTED

4HE MMRIPPLEFILTERWASIMPLEMENTED BY MEANS OF SEVERAL
HALF SPACESCROSSINGTHE PARALLELEPIPEDS 4HERIPPLEFILTER
SIMULATEDBY MEANS OFRECTANGULAR MATERIAL SLABS MIMICKING
PATH 4HEWHOLE SETUP CAMBEBEBEFMIMNPRLIEGWREON AND MONITORING
ACCELERATORWASNOTIMPLEMENTED INTHE SIMULATION !SITS 7%-
OFFSET ITWASNOTTAKENINTOACCOUNTFORTHESIMULATIONSTO B
APROOFOFCONCEPTFORTHE SIMULATION SETUP

JMPLEMENTATION OF THE $2-

4HE $2- WASIMPLEMENTED ASVOXELGEOMETRY 7ETESTED DIFFERI
VOXELPERPIN VX PIN ™MX PINTO SIMULATE VWM BAASIHEAREA AND A |
HEIGHT 7TEUSED ANONLINE VOXELIZE®R AN GRRMTHAESFPTERB|BEILE D.
CONTAINING THE GEOMETRICINFORMATIONFOR $PRINTING INTO A
RESHAPING THE VOXEL TEXTFILEWASCONVERTEDINTO A &,5+! VOXE
WRITEGOLEMI AERRANERIVOXEL GEOMETRY FILEWASIMPLEMENTED IN
4HE VOXEL SSIZE WAS SCALEDWITHTHE WATER EQUIVALENT THICKN
MATERIALWASSETTOWATER ASTHE EXACTCOMPOSITIONOFTHE $
MANUFACTURER 4HE 7%4 WAS EXPERIMENTALLY DETERMINED BEFOF
LIMITATIONOFTHE VOXELGEOMETRY WITHINTHE &,5+! CODE WE ON|I
PINS &ORTHIS REASON THE FULLIRRADIATIONPLANCOULD NOT BE !
WITHANINITIALENERGY OF -E6 UAND ARECTAWMTQ AR SIHAC &€ WHR
$2-IMPLEMENTED

3CORING
4HE ABSORBED DOSEWASESTIMATED USING THE 532"). $/3% CARD 41
DOSE WEIGHTED , %4 WEREDETERMINED USING THE 532").!,, 0124 CA|

&/242!'. ROUTINEIMPLEMENTED INTHE &,5+! SIMULATION 4HE PARTIC
NUMBERTO= WEREDETERMINED FOREACH QUANTITY USING THE 158«
DETECTORIMPLEMENTED HADOGWM R YAXAL SNYEHOGNE DETECTING BININ T
Y DIRECTIONS AND BINSINTHE Z DIRECTIONTO ESTIMATE DISTRIE
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&IGURETUP OF THE WATER CALORIMETER EXPERIMENT ASIMPLEMENT

&IGURBMPARISONOFDEPTHDOSEDISTRIBUTIONS FOR $2-SWITHDIFFERENT PIN

2ESULTS ANDDISCUSSION

#HARACTERIZATIONOFTHEDOSEDISTRIBUTIONFROMTHE $2-
4HE $2- SPROPERTIES SUCHASRESULTINGDOSEDISTRIBUEDDNS AN
4HE $2- WASOPTIMIZEDINTERMS OF FIELD HOMOGENEITY

$EPTHDOSEDISTRIBUTION
&IGURHOWS DEPTHDOSEDISTRIBUTHBEAMORWATER-EBTER PASSING
MM BLUE MM ORANGE AMM GREEN PINBASE AREA
!CLEARFORMATIONOFA3/"OCANBE OBSERWMBINO R2ALT HIE235"'0&OF
SHOWS APEAKATTHEBEGINNING ANDATTHE ENDOFTHE PAATEAU RI
MM WHICHBECOME MWAL NSRANDRD ISAPPEMRINGR 4HESE ARTIF
CANBE EXPLAINEDBY ANINACCURACY DURINGTHE $PRINTING PROC
FILLINGOFTHEGROOVESBETWEENTHE PINS WHICH SLIGHTLY CHAN
LOWESTENERGY OF THE 3/"0 SUPERPOSITION RESPECTIVEULREBITH A
BECOME LESSFINEAND THE RELATIVEPRINTINGINACCURACIES AND
4ABLE&EIVES THE RELATIVE STANDARD DEVIATIONS AND THE RELATIV
MEASUREDWITHINTHE PLATEAUREGIONOFTHE 3/"0 WITHOUT PEAK:
AREAS 4HESTANDARDDEVIATIONBECOMES SMALLER WHICH MEANS
LARGER THE PINBASE AREA IS

SENSITIVITYTOTILTING
4HE SENSITIVITY OF THEDOSEDISTRIBUTIONTO THE ALIGNMENT ACC
$2-SWITHDIFFERENT PINBASE AREASWERETESTED -EASUREMENT
SPOTASWELLAS MEASUREMENTS OF THELATERALDOSEDISTRIBUTI
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4ABLEELATIVE STANDARD DEVIATION AND MAXIMUM RELATIVEDEVIATIIONGFRORERNESIME
$2-

$2- 2EL STD DEV -AX DE

MMPINS
MMPINS
MMPINS

&IGURBEPTH DOSEDISTRIBUTIONS FORTHE THREE $2M3MWLIHHTD IM MER EDNOLFEEIN BASE A

MM RIGHT ALIGNED BLUE TO THBEBREAGENDEENTAEAREDY AROUND THEY AXES
-EASUREMENTS WERE PERFORMED WITH THE OEAKFINDER MWD MBERMXA LAHDFIORTIHEEF
ALIGNED $2-

IRRADIATION PLAN ASVERECEIBEORMED %ACH $2- WAS FIRST ACCUF
AND THEN TILTEANBPYAROUNYDADHE WITH THEBEAMINTHE Z DIRECTION
OEAKFINDER ANDA/CTAVIUS MEASUREMENT WITHTHE/CTAVIUSINS
&IGURHOWS THEDEPTHDOSEDISTRIBUTIONS FOREACH $2-FORTHE

&OR EVERY $2- THEMEASUREDDISTRIBUTIONDIFFERS MORE FRO
THETILTING ANGLEIS ANINFLUENCE OF AMISALIGNMENTOF THE $2
THE SMALLERTHE PINBASHE KNREM I$52 8OEAREY NODIFFERENCE IN THE
BEOBSERVEDUPTO A TIHEIMGXAIMGIMEDEHVIATIONOFTHEDISTRIBUTIO
ALIGNED $2- AND TILMEMATAROUNIONTRAST EVENCAEARLNGANSGES
DISTRIBUTION WHEN USINGVIHEINZ- WITH

4HELATERALDOSEDISTRIBUTION ALSO CHANMRKSSIN ANNNCIRTEANSETIH
DOSETOWARDS NEGATIVE VALUESOAIS BEHEBISEREELS TRREOBS ONET £
ABSOLUTEDOSERISESTHE LARGERTHETITLINGANGLE IS (ERE TOC
BASE AREAIS ,ATERSIMULATIONSOFTHISEFFECT SHOWED THAT ON
LATERALPROFILE 4HEEFFECT OBSERVED CANBE EXPLAINEDBY ASL
SHOWNDATAWAS MEASURED 4HIS MISALIGNMENTLEADSTO AVISIBI
WITHHIGH GRADIENTS ASGIVENFORTHEDEPTH DOSE D#SJERBROREN
THEDOSEPROFILEFORAPERFECTLY ALIGNED $2-INTHE FLAT PLATE
MISALIGNMENT

&ILM MEASUREMENTS OF THE LATERALDOSEDISTRIBUTION
4HE PATTERNOFTHE $2- SPINSINTRODUCESAPATTERNINTHE RESI
INCREASINGLYBLURRED THE GREATER THEDISTANCE FROMTHE $2-
WERE POSITIONED ATDIFFERENT DEPTHS INSIDEHEREAVUILA Y AARECHE
FIGURE

I'CLEARPINPATTERNCANBE SEENINTHELATERALDOSEDISTRIBU
BETWEEN $2- ANDFILM FORBOTNMMRIS &DRTHIS PATTERN IS COMPI
ANDBECOMESINVISIBLEATA CMDEPTHINWATER )N CONNRAST TH
PIN $2- ATTHISPOSITION %VENATA CMWDNEPINH$R-WRHE R ADRERNEC
BERECOGNIZED 4HISMEANSTHATTHEDISTANCEBETWEEN THE $2-
AHOMOGENEOUSDOSEDISTRIBUTIONFOR THIS $2-

4HE RELATIVE STANDARD DEVIATIONS FORTHPROSE VAMNESWITH
THEFILM SEGMENTATA CMDEPTHINWATERFOR BMMP KN -S2WERE C
THIS WAS AND FMOMRAIHNE $2- 4HISINDICATES ABETTERHOMOG
DOSEDISTRIBUTIONFORA $2-IFTHEPINBASE AREAIS SMALL
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&IGURE'4 FILM MEASUREMENTS OF THE LATERALDOSEDISTRIBUTIONS IRN FRONT OF "
INSIDETHE CALORIMETER MIDDLE ANDATA CMDEPTHINWATER BOTTOM WHICH
CALORIMETRIC MEASUREMENT POSITION -EASUMEVMHEKEHS WERENPNER EG R MAEIN B ATSHE T
AREA $2-INTHEBEAMPATH 3TANDARDDEVIATION SRXERE EEXAH M RILAR E DNFDO R A HED B N
SQUAREINTHELOWERRIGHTPICTURE

AABLEELATIVE STANDARD DEVIATIONINPERCENTAGE OF MEASURED PDBEEBTHW MAKEN H
FROMOEAKFINDER MEASUREMENT AND WITHINACERTAINRADIUS ARODIDYD EE CHETE
3/"0 TAKENFROM/CTAVIUS MEASUREMENT FOR THEMMRI N BRSEOARBEAF THE $2- WITH /

2EL STANDARDDEVIATION -ODULATOR VERSION

INTERMS OF DEPTH
LATERALLY MM RADIUS
LATERALLY MM RADIUS

SBELECTIONOFTHE $2-TYPEFORFURTHER MEASUREMENTS
&INALLY WE SELECTED TN BIN BPATH AREAFORFURTHER INVESTIGA
COMPROMISEBETWEEN AXIAL ANDLATERALFIELDHOMOGENEITY IN
INDUCED INTHEIRRADIATIONFIELDIS COMPLETELYBLURREDINTHE

!ISABACKUP FORTHIS $2- VIAWHICHALL SUBSEQUENT MEASUREN
$2- WAS PRODUCED "YCOMPARING THBSMEPIWO$ZERSHD RE OFOMEC | B
THE MANUFACTURING PROCESS WASINVESTIGATED 40 CLARIFY THE
GIVES THE STANDARD DEVIATIONS CALCULATED FORBOTH $2-SINTE
FIGURE MMPINS BETWEBMMZAND MM AND LATERALLY WITHIN A RAI
OF THEDOSEDISTRIBUTION (ERE WEUSEDBOTHA MMANDA MMEF
CENTRALBEAMAXISWASCHOSENBECAUSETHE CORRESPONDING AR
INTERMS OF FIELD HOMOG ENERFABIXN/SBMGEDION WHICH WE DEFINED
HOMOGENEITY THAT SHALLBE ACHIEVED &ORALLFOLLGWIANTGEMANL
THE 3/"0 ASPHERICALVOLUMEWITHA MMRADIUSWASUSED

4HE TWO VERSIONS OF THE FINAL $2-CREATEVERY SIMILARDOSE |
LATERALLY EVENTHOUGHTHERE ARE SMALLDIFFERENCES &OR CON
NORMALIZED MEASUREMENT POINTSOFTHEDISTRIBUTIONS CREATE
THESE AREBELOW FORTHE LATERALDOSEDISTRIBUTION AND BEL
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&IGURESULTS OF THEFIELD CHARACTERIZATION MEASUREMENTS USING THE/CTAVI
DOSEDISTRIBUTION MEASURED WITHTHE/CTAVIUS AND THEOEAKFINDER LEFT NO
= MM LATERALDOSEDISTRIBUTIONS FORDIFFERENTDEPTHS ACROSS THE >
MEANDOSE WITHINA MM SPHERE AROUND THE CMNTER UMTHE MM EAHE REIBWLITS N
SHOWN ARE FORMEASUREMENTSRMMEPRNBRBEBREAHS2HEVERSION

THEPLATEAUREGION 4HE STANDARDDEVIATIONSFORTHE MEASUR
AND LATERALLY AREALSOOFTHE SAMEORDER ALTHOUGHTHEY DIFF
THATBOTH $2-SCANBEUSED FORCALORIMETRIC MEASUREMENTS A
INDIVIDUALLY

&IELD CHARACTERIZATION
2EPEATED MEASUREMENTS OF THE THREE DIMENSIONALDOSEDISTR
MEASUREMENTPOSITIONWEREPERFORMED 40 THISEND TWRATERAV
PHANTOM

#OMPARISONOF FILM DATAWITH )# ARRAY DATA
40 VERIFY THE SPATIALRESOLUTIONOFTHE/CTAVIUS BEATORE USING
MEASUREMENTS SIMULTANEOUS %"4 FILM MEASUREMENTS WERE PE
CORRECTEDUSINGTHE TRIPLE CHANNEL ANALYSIS NORMALIZED TO
ICTAVIUS SIGNAL &0OREACHDATASET THEMEASUREMENT WAS PERF
"OTHDISTRIBUTIONS AGREE VERY WELL 4HEFILM DATAHASASTAI
THEINNER PX MM OF FORTHE/CTAVIUSDATA THE STANDAR
MMI1S AND THUSINTHE SAME MAGNITUDE ASTHE FILMDATA S
THE/CTAVIUS RESOLUTION IS SUFFICIENT ANDTHATNOHIGHER SPAT
SUBSEQUENT MEASUREMENTS AREPERFORMED USING ONLY THE /CT/

(OMOGENEITY ANDREPRODUCIBILITYOF THEIRRADIATION FIELI

&OR THE FIELD CHARACTERIZATION MEASUREMENTS THEDEPTH OF T

MMOVERAWIDTHOF MMTOFULLY COVER MMEP3N'B ASSEERARAGH T$\2C
IDENTICALVERSIONS SEVENMEASUREMENTS WERE HERFERMHEDB 60
VERSION OFTHE $2-CANBE SEENINFIGURE

ISCANBE SEENLEFTGUIREE DATAPOINTS AGREEWITH THE OEAKFINL
THE ONE DIMENSIONAL LATERALDOSEDISTRIBUTIONS ACROSS THE X
FIELD ARESHOWNFORDIFFERENTDEPTHS

!ISAVALUEFORTHE FIELD SHOMOGENEITY THE STANDARDDEVIAT
WITHA MMRADIUS AROUNDTHECENTEROFTHE $DOSEDISTRIBUTI
VALUES FOREACHMEASUREMBENTRARRAGIVESTNNBBRD DEVIATIONS A
INDICATINGAVERY FLATANDHOMOGENEOUSIRRADIATION FIELD AR

!ISACRITERIONFORTHE REPRODUCEBILITY OF THE REBBTWHEEENOISE
SIGNALSOFTHE REPEATED MEASUREMENTS FROMEACH WAS CALCUL
THE MM SPHERE 4HEREFORETHE DATAWASNORMAINANEBEGEBRHI|
CALCULATED STANDARD DEVIATION AMOUNTSTO FORBOTHVERS
ISALSOQUITE STABLEOVERTHE GIVENPERIOD OF TIME

-ONTE#ARLO SIMULATIONS
&OR ALL &,5+! SIMULATIONS AWVMNVBRASSESAREASORFHIS IS THE PIN BASE
$2- &0OR ALLRESULTS SHOWN PARTICLES WERE SIMULATED IN
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4ABLEELATIVE STANDARD DEVIATIONS OF DOSES MEASURED WITHINASPHERE WITH A
POSITIONFOREACHFIELD CHARACTERIZATION MEASUREMENT

-EASUREMENT -ODULATOR VERS 2

&IGURES5+! SIMULATION RESULT $EPTHDOSE BEIBERMINTWOAWNER CGFOMPBRED TO OEAK
MEASUREMENTDATA NORMALIZED MMTIMEANOWALMUE ZISGIVENAS GEOMETRICALDE
&,5+! GEOMETRY FIGURE

&IGURHOWS THE RESULTING DEPTHDOSEDISTRIBUTIONOF THIS S|
COMPAREDTOTHEDEPTHDOSEDISTRIBUTION MEASURED WMIWH THE C
PINBASE AREA

4HE SIMULATED DATAISSLIGHTLY NOISIERTOWARDSTHE END OF T
INTHE EXPERIMENTAL DATACANNOTBE OBSERVEDINTHE SIMULATIO
IMPLEMENTED INTHE SIMULATION (OWEVER BOTHDATASETS AGRETE
INTERESTFOR CALORIMETRIC MEASUREMENTS THE MIDDLE OF THE 3
SETUP SUFFICIENTLY MAPS THE REALSETUP WHENLOOKING ATTHE VN
HADTOBE MADEDUETO COMPUTATIONAL CONSTRAINS

TETESTED THEIMPACTOFTHE PINS VOXEL RESOLUTIONON THE RE
SMALLESTRESOLUMBNIN THEDISTRIBUTIONWITHINTHE PLATEAU
BECOMES FLATTERWITHINCREASING RESOLUTION "ECAUSE THE CO|
RESOLUTIONINCREASES ANDDUETOALIMITATIONOFTHE VOXEL GE
TOAMAXIMUMRESOLUTIONXPIN 7TETESTED THE RESOLUTION SIMP.
OBTAINEDASAMEASUREOFTHE RELIABILITYOFTHE RESULTS WITH ¢/
SPECTRAFORTHEPINSXVYPIN RESOLUTIONTOPINSWITHA RKSQONUT I(
ALLDISCREPANCIES CONCERNINGDOSE FLUENEK ANDP R%®% BRESBEQR
RESOLUTIONOF VX PINARECOMPAREDTOTHEHIGHEST RESGLNTIO
EVEN SMALLERDEVIATIONS BELOW ARE GIVEN 4HIS SHOWS THAT

VX PINWOULD NOTCHANGE THE RESULT SIGNIFICANTLY
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&IGURE,5+! SIMULATIONRESULT $ISTRIBUTION OF DOSE#A R B AN FBNRCIEHIEN OALFOTRII MEF
SETUP ZISGIVENASGEOMETRICALDEPTH ASITISDEFINEDINTHE &,5+! GEOMETRY

AABLEEAN VALUES FORPERCENTAGE OFFLUENCEANDDOSE ANDEREQK PACEH GTHO E IF OR
$2- MODULATED 3/"0 ANDFORTHE ACTIVE SCANNED 3/"0INPARENTHESES

Im}

P

LB $ESaLL %4 KE6M

REST

ISTHE RESULT CHANGES ONLY SLIGHTLY BEVWPENANESOLUTION (
VX PIN WHILETHECOMPUTATIONALTIMEDRAMATICALLY I
RESOLUTIONOF VX PINFORTHE SIMULATIONTO OBTAINPARTICLE S
SETUP 4HE RESULTING ABSORBED DOSETO MATTER ANDAHEBEIEQEE P A
DISTRIBUTION SHOWS TWO VERY SIGNIFICANTDROPS THAT APPEAR A
BEEXPLAINEDBY ADIFFERENCEINTHE MASSSTOPPING PONWIRNROF Gl
ACCOUNTWHENPERFORMING HEAT TRANSPORT CALCULA/IPO®M™E IMNIGC
CALORIMETRIC MEASUREMENTS ASDESCRIBEDIN +RAUSS
4HEDOSE FLUENCE AND , %4 PERPARTICLETYPE AT THBMMBNSUREI
FIGURERE GIVEN IR BICEST OF THE PARTICLES AT ¥FHERREOATSAUNRE ME N
DEUTERONS ANDTRITONS ONLY OF THEFLUENCE IS CARBLO NHENS
DOSEIS MAINLYDEPOSITEDBY CARBONIONSONLWPHREERHEBSE PARTTEE
DOSE (ELIUMIOM@KE UP OF THEFLUENCE BUTONLY OFTHEDOS
D= BERYLIEIUMAND BORONWITHINTHE SPECTRUMISBELOW EAC(
UP ABOUT OFTHEDOSE 4ARGEREFRANGWENTSWHHEDELIVERED DOSE
7TECOMPARED THE RESULTS OF THIS SIMULATION SETUPWITHA SIM
IRRADIATING LAYERS OF DIFFERENTENERGIES | E BY MEANS OF ACT
DIFFERENCESINTHE PARTICLE SPECTRAOFTHE ACTIVELY SCANNED
PERCENTAGE OF FLUENGE MORSPARIMABERSMORHHE OTHER PARTICLE!
AND LOWER FORTHE ACTIVELY SCANNND=3/"OORARTBOOTE®PWITMOR
THETOTALDOSEFORTHEACTIVELY SCANNED 3/"0 4HE MAXIMUM DIFI
PERCENTAGE OFDOSE ANDFLUENCE AND FOR , %4 PERPARVELETYP
SCANNED 3/"0 AREGIVENINPARENTHESES INTABLE

#ONCLUSION

4HE OBJECTIVEOFTHISSTUDY WASTODEVELOP AND OPTIMIENEAN IR
3/"0OFORSCANNED CARBON IONBEAMS RESULTINGINIRRADIATIONF
40 THISEND WEINVESTIGATED THE APPLICABILITYOFA $RANGEMO
A $PRINTER 4HE $2-ISVERYWELL SSIZTED FORABSEVERYTCREIAAE RL

'Y DOSECUBE COAMWAS PRODUCED WITHIN S ! RELATIVEFDIRANDRA R
MEASURED VALUESOFTHE $DOSEDISTRIBUTIONWITHA MAXIMUM D
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MEASUREMENTPOSITION WAS ACHIEVED !'DEVIATION OF OF THE!
PERIOD OF WEEKS WASFOUND WHICHSHOWS THAT THE RELATIVETCL

%VENFORTHE IDENTICALDESIGN THE TWO VERSIONS OF THE $2-°
LIMITATIONOFTHEPRINTINGACCURACYOFTHEFINESTRWHTURES )
$2-INDIVIDUALLY

4HEVERYLOWDEVIATIONINTHE SIMULATED PARTICLE SPECTRA F(
ACTIVELY SCANNED 3/"0 GIVES AGOOD RATIONALE F O RA LISACCTTRORNESTH
IRRADIATION FIELDS CREATEDBY ACTIVE SCANNING 4HEWEKNBNEP
UNDER THE GIVEN FIELD PARAME T BQR;:S HOONOTRERIMINEERXR ERINWELNTRE
# BEAM
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