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Summary

Proton therapy has gained popularity for its ability to precisely deposit energy at a
specific depth, allowing for higher tumor doses while minimizing radiation exposure to
surrounding healthy tissue. This advantage is particularly relevant for head and neck
squamous cell carcinoma (HNSCC), the seventh most common cancer globally, where
radiotherapy is challenging due to the tumor’s location near critical organs. Despite ad-
vances in conventional photon-based radiotherapy, treatments still expose nearby criti-
cal organs, often resulting in severe side effects that significantly impact patients’ quality
of life. However, robust clinical evidence supporting the superiority of proton therapy
for HNSCC remains limited, partly due to the tumor’s heterogeneity and variations in
treatment response driven by intrinsic biological factors and the tumor microenviron-
ment. Furthermore, differences in energy deposition at the molecular level between
protons and photons may influence DNA repair mechanisms, potentially affecting treat-
ment efficacy in tumors with DNA repair deficiencies. Understanding these variations
in biological effects is essential for improving HNSCC patient selection for proton and
photon therapy and optimizing personalized radiotherapy strategies.

This dissertation aims to develop and establish a comprehensive radiobiological tes-
ting platform at the Research & Development experimental proton beamline of the Hol-
land Proton Therapy Centre (HollandPTC) in Delft, The Netherlands. The platform
serves two main objectives: (1) to improve the mechanistic understanding of biological
effects induced by proton irradiation, and (2) to enable ex vivo assays using patient-
derived HNSCC tissue to assess radiation responses and facilitate their implementation
in clinical settings. As part of a broader HollandPTC R&D consortium project, conducted
in collaboration with the Department of Molecular Genetics at Erasmus Medical Center
in Rotterdam, this research contributes to advancing the efficacy of proton therapy. Ulti-
mately, these efforts aim to support clinicians in comparing individual tumor sensitivity
to proton versus photon therapy and to optimize personalized treatment strategies for
HNSCC patients. The project is structured around four key milestones, which are de-
scribed in Chapters 3, 4, 5, and 6.

To establish a comprehensive radiobiological testing platform and understand tissue
responses to radiation, it is crucial to look into the interactions and dynamics of pro-
tons with matter across different scales. Chapter 2 provides the necessary background
theory, beginning with proton interactions at the tissue level and progressing to proton
dosimetry and key dosimetric quantities, such as Linear Energy Transfer (LET), which
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is commonly used to assess radiobiological effects. The chapter highlights LET’s limi-
tations and emphasizes the use of lineal energy as a more suitable metric for studying
proton energy deposition in small volumes, such as cells. It also covers lineal energy
measurement techniques, including the use of a 3D silicon-on-insulator microdosimeter.
Given the importance of computer simulations in understanding biological outcomes,
the Monte Carlo radiation transport toolkit GEANT4 is introduced, explaining particle
transport and its relevance in radiotherapy. Finally, the chapter explores the low-energy
extension GEANT4-DNA, detailing its value in simulating early DNA damage and its
contribution to advancing proton therapy research.

Chapter 3 presents the first milestone, focusing on the development and characte-
rization of two proton irradiation platforms at the HollandPTC R&D experimental pro-
ton beamline. The proton beamline was characterized for both pencil beam and double
passive scattering configurations, with key beam properties and behaviors documented
to ensure accurate system performance and precise dose delivery. The double passive
scattering configuration incorporates various beamline components, including scatte-
rers and a dual-ring system, to expand the initial proton pencil beam, creating a large
field with homogeneous dose distribution across its area. This configuration is espe-
cially advantageous for radiobiological experiments that require uniform irradiation of
larger areas, such as cell culture flasks or well-plates, allowing for more accurate and
consistent biological assessments. A key component of this milestone is the develop-
ment of both a water phantom configuration and a water-equivalent polystyrene (RW3)
slab phantom configuration with a flipper system. These setups are optimized at an en-
ergy of 150 megaelectronvolts (MeV) using the double passive scattering configuration
and generate a large, homogeneous dose distribution across a 10 × 10 cm2 field. This
ensures the effective irradiation of cell culture flasks or well-plates containing cell lines
or patient-derived tissue samples for radiobiological studies.

To effectively plan and optimize these radiobiological experiments, predict beam
characteristics, and validate experimental results, the availability of a simulation plat-
form is essential. Chapter 4 presents the development of a GEANT4 based simulation
platform, G4HPTC-R&D, specifically designed for the HollandPTC R&D experimental
proton beamline. G4HPTC-R&D accurately reproduces both pencil beam and large field
characteristics, achieving an accuracy of within ±5% across different proton beam en-
ergies. Most importantly, the large field reproducibility is evaluated by the field uni-
formity, which varies by less than 1% along both axes, and the γ-index global pass rate
– a key metric to compare the accuracy of measured and calculated dose distributions
by evaluating spatial and dose differences – which reaches 96.6% (3 mm, 3% criteria),



76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk
Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025 PDF page: 15PDF page: 15PDF page: 15PDF page: 15

xv

surpassing the 90% threshold required for radiobiological studies. The independent ex-
perimental benchmarking confirms that G4HPTC-R&D reliably replicates the physical
behavior of the proton beamline in both pencil beam and passively scattered configura-
tions, ensuring its suitability for clinical and radiobiological applications.

Building on the validated simulation platform G4HPTC-R&D, the next step is to per-
form a three-dimensional microdosimetric characterization of both proton irradiation
platforms. This process, detailed in Chapter 5, follows the same approach as before
– integrating experimental measurements with GEANT4 simulations – and is essential
for understanding proton energy deposition patterns at the cellular level, a key factor
in interpreting biological outcomes. Utilizing a 3D silicon-on-insulator microdosimeter,
lineal energy spectra and the corresponding dose-mean lineal energy values (yD) are
obtained. Measurements are conducted in the water phantom configuration along the
150 MeV passively scattered Bragg curve and in the RW3 slab phantom setup at various
points across the 10 × 10 cm2 field, as well as along the Bragg curve. The full integration
of the microdosimeter geometry and proton irradiation platforms into G4HPTC-R&D
enabled benchmarking against experimental measurements. Key detector limitations,
such as the low detection threshold, are addressed through spectral unfolding in combi-
nation with a dead time correction model. The resulting experimentally-informed simu-
lated lineal energy spectra and yD values are crucial for understanding how yD evolves
along the Bragg curve across different irradiation configurations. This combined experi-
mental and simulation approach not only validates the G4HPTC-R&D platform but also
provides deeper insights into proton lineal energy distributions, laying the foundation
for future correlations with biological outcomes. This final step marks the completion
of a comprehensive radiobiological testing platform, facilitating more precise investiga-
tions into proton effects at the cellular level.

Chapter 6 demonstrates the application of the established comprehensive radiobio-
logical testing platform, integrating clonogenic survival assays and DNA damage com-
plexity analysis of the FaDu HNSCC cell line. Utilizing the water phantom configu-
ration, FaDu cells are irradiated at three distinct positions along the Bragg curve: the
plateau region, P36 (36% proximal to the maximum dose), P80 (80% proximal to the max-
imum dose), and D20 (20% distal to the maximum dose). At each position, a clonogenic
survival assay is conducted to evaluate the survival fraction of FaDu cells following pro-
ton irradiation. Additionally, the formation of p53-binding protein 1 (53BP1) foci – a key
marker of DNA double-strand break (DSB) repair – is assessed, providing further in-
sight into DNA damage responses at different points along the Bragg curve. The results
demonstrate a significant decrease in FaDu cell survival at D20 compared to P36 and
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P80, corresponding to yD values of 1.10 keV/μm at P36, 1.80 keV/μm at P80, and 7.25
keV/μm at D20. Furthermore, 53BP1 foci analysis reveals a higher number of 53BP1 foci
immediately after irradiation, slower foci resolution, and a greater number of residual
foci 24 hours post-irradiation at D20 relative to P36 and P80. To further interpret these ex-
perimental findings, GEANT4-DNA simulations are employed to mechanistically model
DNA damage induction, including the amount, type and complexity of DNA strand
breaks. The simulations highlight a greater contribution of DSBs and an increased pro-
portion of clustered, complex DSBs relative to the total number of strand breaks at the
distal end of the Bragg curve. When these findings are linked to the higher yD, elevated
53BP1 foci post-irradiation, delayed foci resolution, and more residual foci after 24 hours
at D20, they suggest the presence of complex DNA damage that is more challenging for
cells to repair, leading to persistent damage and reduced cellular survival. In contrast,
irradiation at the plateau and P80, where yD is lower, produces nearly identical biolog-
ical outcomes. This correlation between Bragg curve position, yD, and DNA damage
complexity provides novel insights into the cellular and molecular effects of proton ra-
diation, offering valuable knowledge to enhance the efficacy of proton therapy in cancer
treatment.

Chapter 7 summarizes the key findings of this dissertation and presents the potential
for developing a predictive framework for individual tumor responses to radiotherapy
through three complementary approaches. The cellular mechanistic approach focuses on
predicting radiation responses at the molecular and cellular levels. The tissue biological
approach uses patient-derived tissue samples and identified biomarkers to evaluate and
predict radiation response. The patient clinical approach involves real-time irradiation
of tumor biopsies prior to and during treatment to guide personalized patient selection.
The chapter concludes that the comprehensive radiobiological testing platform devel-
oped in this dissertation provides essential tools for predicting tumor responses, thereby
supporting personalized patient selection and ultimately enhance patient outcomes.
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Samenvatting

Protonentherapie heeft aan populariteit gewonnen vanwege het vermogen om ener-
gie precies af te geven op een specifieke diepte, waardoor hogere tumordoses mogelijk
zijn met minimalisatie van stralingsblootstelling aan omliggend gezond weefsel. Dit
voordeel is bijzonder relevant voor hoofd- en halskanker (HNSCC), de zevende meest
voorkomende vorm van kanker wereldwijd, waarbij radiotherapie uitdagend is van-
wege de nabijheid van kritische organen. Ondanks vooruitgangen in conventionele
foton-gebaseerde radiotherapie, blijft behandeling nabijgelegen kritische organen bloot-
stellen, wat vaak leidt tot ernstige bijwerkingen die de levenskwaliteit van patiënten
aanzienlijk beı̈nvloeden. Er is echter nog steeds beperkt klinisch bewijs ter ondersteu-
ning van de superioriteit van protonentherapie voor HNSCC, deels vanwege de hetero-
geniteit van de tumor en variaties in de behandelingsrespons die worden aangedreven
door intrinsieke biologische factoren en het tumormicromilieu. Verder kunnen ver-
schillen in energie afgifte op moleculair niveau tussen protonen en fotonen de DNA-
herstelmechanismen beı̈nvloeden, wat mogelijk de behandelresultaten beı̈nvloedt bij tu-
moren met DNA-hersteldeficiënties. Het begrijpen van deze variaties in biologische ef-
fecten is essentieel voor het verbeteren van de patiëntselectie voor protonen- en fotonen-
therapie en het optimaliseren van gepersonaliseerde radiotherapiestrategieën.

Dit proefschrift heeft als doel een veelomvattend radiobiologisch testplatform te ont-
wikkelen en te implementeren aan de Research & Development experimentele proto-
nenbundel van het Holland Protonen Therapie Centrum (HollandPTC) in Delft, Ne-
derland. Dit platform heeft twee hoofddoelstellingen: (1) het verbeteren van het me-
chanistisch inzicht in de biologische effecten die optreden na bestraling met protonen,
en (2) het mogelijk maken van ex vivo analyses met patiënt afkomstig HNSCC-weefsel
om stralingsresponsen te evalueren en de implementatie ervan in klinische toepassingen
te faciliteren. Als onderdeel van een breder R&D-consortiumproject van HollandPTC,
uitgevoerd in samenwerking met de afdeling Moleculaire Genetica van het Erasmus
Medisch Centrum in Rotterdam, levert dit onderzoek een bijdrage aan de verdere ver-
betering van de effectiviteit van protonentherapie. Uiteindelijk beogen deze inspannin-
gen clinici te ondersteunen bij het vergelijken van de individuele tumorsensitiviteit voor
protonen- versus fotonentherapie en het optimaliseren van gepersonaliseerde behandel-
strategieën voor HNSCC-patiënten. Het project is opgebouwd rond vier kernmijlpalen,
welke worden beschreven in de Hoofdstukken 3, 4, 5 en 6.
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Om een veelomvattend radiobiologisch testplatform op te zetten en de weefselres-
ponsen op straling te begrijpen, is het essentieel om de interacties en dynamiek van
protonen met materie op verschillende schalen te onderzoeken. Hoofdstuk 2 biedt de
noodzakelijke achtergrondtheorie, beginnend met protoneninteracties op weefselniveau
en verdergaand naar protonendosimetrie en belangrijke dosimetrische grootheden, zoals
lineaire energie overdracht (LET), die vaak worden gebruikt om radiobiologische ef-
fecten te beoordelen. Het hoofdstuk benadrukt de beperkingen van LET en legt de
nadruk op het gebruik van lineale energie als een meer geschikte maatstaf voor het
bestuderen van protonenergieafzetting in kleine volumes, zoals cellen. Het behandelt
ook technieken voor het meten van lineale energie, inclusief het gebruik van een 3D
silicium-op-isolator microdosimeter. Gezien het belang van computersimulaties bij het
begrijpen van biologische uitkomsten, wordt de Monte Carlo toolkit voor stralingstrans-
port GEANT4 geı̈ntroduceerd, met uitleg over deeltjestransport en het belang ervan in
de radiotherapie. Ten slotte onderzoekt het hoofdstuk de lage energie extensie GEANT4-
DNA, waarbij wordt toegelicht welke meerwaarde deze biedt voor het simuleren van
vroege DNA schade en hoe zij bijdraagt aan de vooruitgang van protonentherapie on-
derzoek.

Hoofdstuk 3 presenteert de eerste mijlpaal, gericht op de ontwikkeling en karak-
terisering van twee protonenbestralingplatforms bij de HollandPTC R&D experimentele
protonenbundel. De protonenbundel is gekarakteriseerd voor zowel een staafbundel
als dubbel passieve verspreiding configuraties, waarbij belangrijke straaleigenschappen
en -gedragingen worden gedocumenteerd om nauwkeurige systeemprestaties en pre-
cieze dosislevering te waarborgen. De dubbel passieve verspreiding configuratie bevat
verschillende elementen, waaronder verspreidingselementen en een dual-ring systeem,
waarmee de initiële protonen staafbundel wordt vergroot, wat resulteert in een groot
veld met een homogene dosisverdeling over dat gebied. Deze configuratie is bijzonder
nuttig voor radiobiologische experimenten die uniforme bestraling van grotere gebieden
vereisen, zoals cellen in flesjes of well-platen, wat een meer nauwkeurige en consistente
biologische beoordeling mogelijk maakt. Een belangrijk onderdeel van deze mijlpaal is
de ontwikkeling van zowel een water fantoom configuratie als een water-equivalente
polystyreen (RW3) platen fantoom configuratie met een flippersysteem. Deze opstellin-
gen zijn geoptimaliseerd op een energie van 150 mega-elektronvolts (MeV) met de dubbel
passieve verspreiding configuratie en genereren een grote, homogene dosisverdeling
over een 10 × 10 cm2 veld. Dit zorgt voor de effectieve bestraling van cellen in flesjes
of well-platen met celculturen of patiënt afkomstige weefselmonsters voor radiobiolo-
gische studies.
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Om deze radiobiologische experimenten effectief te plannen en optimaliseren, straal-
eigenschappen te voorspellen en experimentele resultaten te valideren, is de beschik-
baarheid van een simulatieplatform essentieel. Hoofdstuk 4 presenteert de ontwikke-
ling van een GEANT4 gebaseerd simulatieplatform, G4HPTC-R&D, specifiek ontworpen
voor de HollandPTC R&D experimentele protonenbundel. G4HPTC-R&D reproduceert
nauwkeurig zowel staafbundel- als grote veldkenmerken, met een nauwkeurigheid van
binnen ±5% voor verschillende protonenbundelenergieën. Het belangrijkste is dat de
reproduceerbaarheid van het grote veld wordt geëvalueerd door de velduniformiteit,
die langs beide assen met minder dan 1% varieert, en de γ-index globale passpercen-
tage – een belangrijke maatstaf om de nauwkeurigheid van gemeten en berekende do-
sisverdelingen te vergelijken door ruimtelijke en dosisverschillen te evalueren – die een
waarde van 96.6% bereikt (3 mm, 3% criteria), en daarmee de vereiste 90%-drempel
voor radiobiologische studies overschrijdt. De onafhankelijke experimentele validatie
bevestigt dat G4HPTC-R&D betrouwbaar het fysische gedrag van de protonenbundel in
zowel staafbundel- als dubbel passieve verspreiding configuraties repliceert, en beves-
tigt de geschiktheid voor klinische en radiobiologische toepassingen.

Gebaseerd op het gevalideerde simulatieplatform G4HPTC-R&D, wordt de volgende
stap gezet door een driedimensionale microdosimetrische karakterisering van beide pro-
tonenbestralingplatforms uit te voeren. Dit proces, gedetailleerd in Hoofdstuk 5, volgt
dezelfde aanpak als eerder – het integreren van experimentele metingen met GEANT4
simulaties – en is essentieel voor het begrijpen van protonenergieafzetting patronen op
cellulair niveau, een sleutelcomponent voor het interpreteren van biologische uitkom-
sten. Met behulp van een 3D silicium-op-isolator microdosimeter worden lineale en-
ergie spectra en de bijbehorende dosis-gemiddelde lineale energie waarden (yD) verkre-
gen. Metingen worden uitgevoerd in de water fantoom configuratie langs de 150 MeV
passief verspreidde Bragg curve en in de RW3 platen fantoom configuratie op verschil-
lende punten over het 10 × 10 cm2 veld, evenals langs de Bragg curve. De volledige in-
tegratie van de microdosimetergeometrie en protonenbestralingplatforms in G4HPTC-
R&D maakt validatie tegen experimentele metingen mogelijk. Belangrijke detectorbe-
perkingen, zoals de lage detectiedrempel, worden aangepakt door spectrale reconstruc-
tie in combinatie met een dode tijd correctiemodel. De resulterende experimenteel-geı̈n-
formeerde gesimuleerde lineale energie spectra en yD waarden zijn cruciaal voor het be-
grijpen van de evolutie van yD langs de Bragg curve over verschillende bestralingcon-
figuraties. Deze gecombineerde experimentele- en simulatieaanpak valideert niet alleen
het G4HPTC-R&D platform, maar biedt ook diepere inzichten in protonen lineale en-
ergieverdelingen, en legt de basis voor toekomstige correlaties met biologische uitkom-
sten. Deze laatste stap markeert de voltooiing van een veelomvattend radiobiologisch
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testplatform, dat het mogelijk maakt om meer precieze onderzoeken naar protoneffecten
op cellulair niveau uit te voeren.

Hoofdstuk 6 toont de toepassing van het ontwikkelde, veelomvattende radiobiolo-
gische testplatform, door clonogene overlevingsanalyse en DNA schadecomplexiteits-
analyse van de FaDu HNSCC cellijn te integreren. Met behulp van de water fantoom
configuratie worden FaDu cellen bestraald op drie verschillende posities langs de Bragg
curve: het plateau, P36 (36% proximaal van de maximale dosis), P80 (80% proximaal van
de maximale dosis), en D20 (20% distaal van de maximale dosis). Bij elke positie wordt
een clonogene overlevingsanalyse uitgevoerd om de overlevingsfracties van FaDu cellen
na protonenbestraling te evalueren. Bovendien wordt de vorming van p53-bindend ei-
wit 1 (53BP1) foci geëvalueerd – een belangrijke indicator voor DNA dubbelstrengsbreuk
(DSB) herstel – wat verder inzicht biedt in DNA schaderesponsen op verschillende pun-
ten langs de Bragg curve. De resultaten tonen een significante afname van de FaDu
celoverleving bij D20 in vergelijking met P36 en P80, wat overeenkomt met yD waarden
van 1.10 keV/μm bij P36, 1.80 keV/μm bij P80, en 7.25 keV/μm bij D20. Bovendien toont
53BP1 foci analyse een hoger aantal 53BP1 foci direct na bestraling, tragere foci resolu-
tie, en een groter aantal residuele foci 24 uur na bestraling bij D20 in vergelijking met P36

en P80. Om deze experimentele bevindingen verder te interpreteren, worden GEANT4-
DNA simulaties gebruikt om DNA schade inductie mechanistisch te modelleren, in-
clusief de hoeveelheid, het type en de complexiteit van DNA strengbreuken. De si-
mulaties benadrukken een grotere bijdrage van DSB’s en een verhoogd percentage van
geclusterde, complexe DSB’s in verhouding tot het totale aantal breuken aan de distale
kant van de Bragg curve. Wanneer deze bevindingen worden gekoppeld aan de hogere
yD, verhoogde 53BP1 foci post-bestraling, vertraagde foci resolutie en meer residuele
foci na 24 uur bij D20, suggereren ze de aanwezigheid van complexe DNA schade die
moeilijker voor cellen te herstellen is, wat leidt tot persistente schade en verminderde
celoverleving. In tegenstelling tot bestraling bij het plateau en P80, waar yD lager is,
resulteert dit in vrijwel identieke biologische uitkomsten. Deze correlatie tussen Bragg
curve positie, yD en DNA schadecomplexiteit biedt nieuwe inzichten in de cellulaire en
moleculaire effecten van protonenstraling, wat waardevolle kennis biedt om de effec-
tiviteit van protonentherapie in kankerbehandeling te verbeteren.

Hoofdstuk 7 vat de belangrijkste bevindingen van dit proefschrift samen en bespreekt
de mogelijkheden voor de ontwikkeling van een voorspellend kader voor de individuele
tumorrespons op radiotherapie, gebaseerd op drie complementaire benaderingen. De
cellulaire mechanistische benadering richt zich op het voorspellen van bestralingsres-
ponsen op moleculair en cellulair niveau. De weefsel biologische benadering maakt
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gebruik van patiënt afkomstige weefselmonsters en geı̈dentificeerde biomarkers om de
bestralingsrespons te evalueren en te voorspellen. De patiënt klinische benadering om-
vat real-time bestraling van tumorbiopten voorafgaand aan en tijdens de behandeling,
met als doel gepersonaliseerde behandelkeuzes te ondersteunen. Het hoofdstuk con-
cludeert dat het in dit proefschrift ontwikkelde en geı̈mplementeerde radiobiologische
testplatform essentiële hulpmiddelen biedt voor het voorspellen van tumorresponsen.
Daarmee draagt het bij aan gepersonaliseerde patiëntselectie en beoogt het uiteindelijk
de behandeluitkomsten te verbeteren.
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1

Chapter 1

Motivation of the Dissertation
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2 Chapter 1. Motivation of the Dissertation

1.1 Towards Improved Personalized Patient Selection in
Radiotherapy

Despite significant advances in cancer research and treatment over the last decades, can-
cer continued to account for nearly one in six deaths globally in 2022. Amongst the most
prevalent cancer types, head and neck squamous cell carcinoma (HNSCC) ranks as the
seventh most common cancer worldwide [1, 2]. Early-stage HNSCC is often treated
with surgery and/or radiotherapy, but for advanced inoperable cases, radiotherapy re-
mains standard, used in 70-75% of patients [3]. Treating HNSCC patients with radio-
therapy is particularly challenging due to the tumor’s close proximity to critical organs
at risk (OARs), such as the parotid glands, the spinal cord and the brain. While intensity-
modulated radiation therapy (IMRT), the state-of-the-art radiotherapy for HNSCC, has
improved tumor targeting and reduced OAR exposure, its photon dose distribution in-
evitably irradiates nearby critical organs, leading to acute and long-term toxicities that
severely impact quality of life [4]. To this end, proton radiotherapy has gained popular-
ity for its finite range in tissue, enabling precise energy deposition at a specific depth.
This characteristic enables escalation of the dose to the tumor to improve local tumor
control, while simultaneously minimizing dose to surrounding healthy tissue to reduce
acute and long-term radiation-induced side effects. As a consequence, proton therapy
demonstrates considerable potential to improve HNSCC patients quality of life [5, 6].

Even though clinical experience with proton therapy for HNSCC is growing, robust
evidence of its efficacy remains limited [7, 8]. A major challenge lies in the significant
heterogeneity of HNSCC, observed both at the cellular level in controlled in vitro stud-
ies using different cell lines and at the clinical level, where tumor heterogeneity compli-
cates the identification of factors influencing patient outcomes and responses to radia-
tion therapy [9, 10]. This variability in response is driven by intrinsic tumor characteris-
tics and the complexities of the tumor microenvironment, which vary between patients
[11, 12, 13]. Despite numerous studies, the understanding of predictive biomarkers re-
mains insufficient, complicating the ability to predict responses to photon and proton
therapy. Additionally, current data on the variation in linear energy transfer (LET) and
relative biological effectiveness (RBE) of protons across different tissues and cell lines
is still scarce [4]. Furthermore, the unique physical properties of protons and photons
may result in different interactions with DNA, potentially influencing the DNA repair
pathways triggered by radiation-induced damage [14]. Tumors with DNA repair defi-
ciencies, common in many cancers, may exhibit greater sensitivity to high-LET radiation
such as protons compared to low-LET radiation like photons, highlighting the impor-
tance of understanding variations in DNA damage induction [15, 16].
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1.1. Towards Improved Personalized Patient Selection in Radiotherapy 3

In the context of radiotherapy, patient selection refers to the process of determining
the most suitable treatment approach for each patient. This personalized approach op-
timizes the choice between proton and photon therapy, ensuring that patients receive
the treatment most likely to provide the greatest therapeutic benefit [17]. Elucidating
the precise mechanisms driving the biologically distinct effects in individual tumors is
therefore crucial for improving personalized patient selection, enabling both proton and
photon therapies to be more precisely tailored to the unique biological characteristics
of each tumor. To address this need, this dissertation aims to develop and establish a
comprehensive radiobiological testing platform at the Research & Development exper-
imental proton beamline of the Holland Proton Therapy Centre (HollandPTC) in Delft,
The Netherlands, to support personalized patient selection. The following sections offer
background information on HNSCC (Sec. 1.2), conventional photon radiotherapy (Sec.
1.3), proton radiotherapy (Sec. 1.4), and HollandPTC (Sec. 1.5). Section 1.6 reviews the
state-of-the-art radiobiological approaches for proton therapy evaluation, while Section
1.7 presents the aim of this dissertation, along with its key objectives and the dissertation
structure.

FIGURE 1.1: Head and Neck Squamous Cell Carcinoma (HNSCC) develops from the mucosal ep-
ithelium of the oral cavity, nasopharynx, oropharynx, hypopharynx, and larynx. Adjusted from [18].
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4 Chapter 1. Motivation of the Dissertation

1.2 Head and Neck Squamous Cell Carcinoma

HNSCC originates from the mucosal epithelium, which acts as a protective barrier for
the underlying tissues of the oral cavity, nasopharynx, oropharynx, hypopharynx, and
larynx (Fig. 1.1). The incidence of HNSCC is rising and is expected to increase by 30% by
2030, reaching around 1.08 million new cases each year [18]. Although the incidence of
HNSCC has been on the rise, survival outcomes have shown improvement over recent
decades with the HNSCC 5-year relative survival rate increasing from 52.7% in 1982-
1986 to 65.9% in 2002-2006 [19]. These improvements in HNSCC survival rates may be
attributed to several factors. One factor is the rise in human papillomavirus (HPV) asso-
ciated tumors, which tend to respond more favorably to chemotherapy and radiotherapy
compared to non-HPV-associated tumors, thereby enhancing prognosis for some head
and neck cancer patients and contributing to improved survival rates [20]. In addition,
HPV-related tumors are more prevalent among younger patients, potentially explaining
the greater survival improvements observed in this group. Furthermore, the improved
treatment options, especially the combination of concurrent chemotherapy plus radio-
therapy, along with advances in screening and staging, has also likely contributed to im-
proved survival outcomes in head and neck cancer patients [19]. Despite the improved
survival outcomes, head and neck cancers generally remain challenging to cure due to
the complex anatomy and critical structures in the head and neck area.

1.3 Photon Radiotherapy

The most widely used form of external beam radiation therapy utilizes megavoltage
photon beams generated by linear accelerators (LINACs), which are standard equip-
ment in most hospitals. From an electron source, electrons are accelerated and directed
to strike a target, typically made from tungsten. These collisions generate high-energy
photons, which are then guided through a beam delivery system. The beam delivery
system is mounted on a rotating gantry which allows the patient to be irradiated from
various angles [21]. Photons, as uncharged massless particles, consist of a dose – the
average energy imparted per unit mass (Sec. 2.2.1) – distribution characterized by a
moderate dose at the surface, followed by an initial peak at a shallow depth below the
skin after a brief dose build-up phase. After reaching this peak, the dose gradually de-
clines with increasing tissue depth due to attenuation of the photon beam, as illustrated
in Figure 1.2. This process describes the gradual reduction of the number of photons
available to deposit energy as a result of Compton scattering and photoelectric absorp-
tion. Compton scattering involves the interaction of a photon with a free or weakly
bound electron, resulting in a change of the photon’s direction with a reduced energy
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and the creation of a recoil electron. In contrast, photoelectric absorption occurs when a
photon is absorbed by an atom, transferring its full energy to a bound electron, which is
subsequently ejected from one of the atom’s electron shells as a photoelectron [22].

FIGURE 1.2: Top figure: relative depth-dose distributions (%) in water (mm) for a mono-energetic
photon beam (blue) and mono-energetic proton beam (pink) with the direction of the beam from
left to right. The photon depth-dose distribution displays a peak dose near the entrance, followed
by an exponential decrease in energy deposition with depth due to attenuation of the beam. The
proton depth-dose distribution shows an increase in dose with depth, leading to a Bragg peak right
before protons reach the end of their range. Bottom figure: the proton depth-dose profile in the
yz-plane, illustrating the lateral broadening of the proton beam due to multiple Coulomb scattering.

The white dot represents the maximum of the dose.

1.3.1 Intensity-Modulated Radiation Therapy

Over many years, significant advances in radiotherapy planning and delivery have been
made which has driven the development of advanced three-dimensional conformal ra-
diation therapy (3D-CRT) [23]. The aim of 3D-CRT is to shape the prescribed dose to
match the three-dimensional target volume, which includes both the cancerous cells
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and an added margin for spatial uncertainties, while simultaneously minimizing expo-
sure to surrounding healthy tissues. The current state-of-the-art in 3D-CRT is intensity-
modulated radiation therapy (IMRT), which uses multiple optimized, non-uniform pho-
ton beam intensities to achieve a uniform dose distribution at the tumor site. By tailoring
the beam intensity to the specific shape and size of the tumor, clinicians can maximize
treatment effectiveness while minimizing side effects. An example of an IMRT treatment
plan is shown in Figure 1.3. Although IMRT provides a relatively high degree of target
conformity and spares surrounding healthy tissues, the continuous dose distribution of
photons throughout the body (Fig. 1.2) inevitably results in the irradiation of several
critical healthy organs located near the tumor in the head and neck region. Over time,
this exposure can lead to serious side effects for HNSCC patients including difficulties
in swallowing, a dry mouth, and changes in taste, significantly diminishing the quality
of life post-treatment [24]. Additionally, this unwanted dose distribution restricts the
maximum dose that can be safely delivered to the tumor due to the need to protect sur-
rounding healthy tissues, ultimately resulting in decreased tumor control [25, 26]. For
these reasons, there has been increasing interest in exploring tissue sparing radiation
treatment methods such as proton therapy to mitigate treatment related complications
and improve patient outcomes.

1.4 Proton Radiotherapy

Proton therapy, first proposed by Wilson in 1946 [27], is an advanced form of radiation
therapy that utilizes protons to deliver a highly localized dose to the tumor, simulta-
neously sparing surrounding healthy tissue, due to the unique physical properties of
protons. As positively charged subatomic particles with relatively large mass, protons
undergo frequent interactions as they travel through tissue resulting in the characteristic
proton depth-dose distribution shown in Figure 1.2. Upon entering the body, protons de-
liver a relatively low entrance dose in the plateau region. In this region, protons mainly
lose energy through electromagnetic interactions which gradually decelerate them. As
the protons slow down, protons deposit the majority of their energy near the end of their
range, creating a distinct ”Bragg peak” (Fig. 1.2), leading to a sharp increase in energy
deposition at the end of the proton’s path [21, 28]. This sharp energy delivery potentially
allows for targeted tumor irradiation while sparing OARs, and improved control of the
maximum dose to the tumor. To deliver this precise dose distribution, two primary beam
delivery techniques have been developed: pencil beam scanning and passive scattering.
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1.4.1 Pencil Beam Scanning

A pencil beam refers to a highly focused, narrow beam of protons, typically a few mil-
limeters in diameter, used to precisely target a tumor. To fully irradiate a tumor, the
proton beam is moved in a controlled, point-by-point manner across the tumor, dividing
the treatment area into small spots, each of which is precisely irradiated by the narrow
beam. By adjusting the beam’s energy and position, the protons are directed to vary-
ing depths with varying intensities, allowing coverage of the entire tumor volume. This
technique, also known as intensity-modulated proton therapy (IMPT), pencil beam scan-
ning (PBS) or active scanning, effectively ”paints” the tumor layer by layer, achieving a
homogeneous dose distribution [21, 28]. IMPT, unlike conventional photon-based IMRT,
achieves superior dose localization due to the unique finite range of protons. This prop-
erty minimizes the deposition of unnecessary dose to surrounding healthy tissues, as
demonstrated in the example IMPT treatment plan depicted in Figure 1.3. The figure
also highlights the dose distribution differences between IMRT and IMPT, emphasiz-
ing how protons enable higher, more precise doses to the tumor while sparing adjacent
normal tissues [6, 29, 30, 31].

FIGURE 1.3: Treatment plans for a HNSCC patient showing representative axial and sagittal images
for (A) IMRT treatment plan, (B) IMPT treatment plan, and (C) the difference between an IMRT and

IMPT treatment plan, taken from Moreno et al. [29].
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1.4.2 Passive Scattering

Passively scattered proton therapy (PSPT) utilizes a single proton pencil beam which is
then modified to deliver a dose distribution that conforms to the shape and depth of the
tumor. The modulation of the beam occurs both laterally, to uniformly cover the tumor
area, and along the beam’s depth. This is achieved using devices such as scattering foils,
range modulators, and collimators. Lateral broadening of the beam is typically accom-
plished through a double scattering system, where the proton beam is passed through
two scattering materials of varying thicknesses and compositions. These materials of
high and low atomic numbers ensure that the beam spreads uniformly across the target
area. The depth modulation is achieved using range modulators of varying thicknesses,
creating multiple Bragg peaks at different depths. The combination of these peaks results
in a Spread-Out Bragg Peak (SOBP), providing a uniform dose to the tumor volume at
different depths. To further refine the beam and ensure it conforms to the tumor’s shape
before entering the patient, collimators or custom designed field-specific apertures are
employed. While PSPT offers certain clinical advantages, IMPT is considered as the
state-of-the-art method due to its flexibility in delivering a dose that conforms tightly to
complex tumor shapes. This makes it particularly effective for treating HNSCC, where
sparing OARs is critical [24].

1.5 Holland Proton Therapy Centre

The Holland Proton Therapy Centre (HollandPTC) is one of three proton radiotherapy
centers in the Netherlands (Fig. 1.4). Located in Delft, HollandPTC is a collaborative ini-
tiative involving three institutions: the Erasmus University Medical Center Rotterdam
(Erasmus MC), the Leiden University Medical Center (LUMC), and the Delft University
of Technology (TU Delft). Together, these institutions have established the HollandPTC
R&D consortium research program focused on investigating and enhancing the superior
efficacy of proton therapy over conventional photon therapy through cross-disciplinary
research. The program further aims to test new treatment strategies and improve proton
therapy by developing and implementing innovative technologies and methodologies,
and perform physics and biological experiments. In addition, the consortium’s goal
is to evaluate combinations of proton therapy with other treatment methods including
immunotherapy, hyperthermia, and targeted drugs, to optimize its clinical effectiveness
and efficiency. The last critical aspect is to assess the cost-effectiveness of proton therapy.
Given the higher costs associated with building and maintaining proton therapy facili-
ties, research at HollandPTC seeks to determine whether the benefits of proton therapy
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justify these higher costs, especially when considering long-term outcomes and quality
of life [32].

FIGURE 1.4: The Holland Proton Therapy Centre, Delft, The Netherlands.

1.5.1 ProBeam Isochronous Cyclotron

HollandPTC is a ProBeam (Varian, A Siemens Healthineers Company [33]) isochronous
cyclotron-based facility. A cyclotron is a particle accelerator designed to produce charged
particle beams for various applications. At HollandPTC, the ProBeam isochronous cy-
clotron features a central source where hydrogen gas is ionized to produce protons.
These protons are extracted and directed into a circular trajectory by a chamber equipped
with multiple electromagnets. A radio frequency system applies a high-frequency alter-
nating voltage to accelerate the protons, causing them to spiral outward as they gain
energy until they reach the outer edge of the chamber. An extraction system then directs
these accelerated protons into a beam transport system that guides them to the appro-
priate room. Figure 1.5 presents a top-view layout of the HollandPTC facility, which
includes two patient treatment rooms featuring pencil beam scanning through large ro-
tating gantries for multi-angle proton beam delivery. A third room serves as a treatment
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room dedicated to eye treatments, while an additional fixed horizontal beamline serves
the Research & Development (R&D) room, dedicated to advanced research activities.

1.5.2 HNSCC Patient Selection

Proton therapy at HollandPTC is primarily used to treat cancers where precision is crit-
ical. HollandPTC has treated cancer patients that qualify for proton radiotherapy since
2018 [34]. For HNSCC, the process of patient selection for proton therapy follows the
Dutch National Indication Protocol Proton therapy for Head and Neck Cancer patients
(NIPP-HNC) to determine which head and neck cancer patients are most likely to ben-
efit from proton therapy by minimizing late radiation-induced side effects compared
to photon therapy [35]. The NIPP-HNC uses a model-based approach which involves
calculating the Normal Tissue Complication Probability (NTCP) for both photon and
proton therapy plans. NTCP models incorporate dose-volume variables alongside other
independent predictors to enhance the accuracy of complication risk predictions. Pa-
tients are selected for proton therapy if the predicted reduction in NTCP exceeds specific
thresholds, indicating a significant benefit in minimizing potential side effects.

FIGURE 1.5: HollandPTC’s architecture with from left to right the ProBeam (Varian, a Siemens
Healthineers Company) isochronous cyclotron, the R&D experimental room, gantry I, gantry II,

and the eye treatment room.
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1.5.3 Research & Development

The investigation into proton versus photon therapy primarily focuses on Randomized
Clinical Trials (RCTs), retrospective studies, and long-term follow-ups that examine var-
ious aspects of treatment outcomes. In addition to serving as a treatment facility, Hol-
landPTC functions as a research and development hub, collaborating closely with its
three founding institutions to advance proton therapy research. The R&D room, also
known as the experimental bunker, is equipped with a fixed horizontal beamline that
allows all sorts of physics and biology studies, including the refinement of proton’s ther-
apy physical processes, such as the measurement and optimization of radiation doses.
Furthermore, numerous radiobiological studies can be conducted to explore the biolog-
ical effects of proton radiation, examining differences in the response of cancer cells ver-
sus normal cells, as well as comparisons with photon therapy carried out at Erasmus
MC and LUMC. Additionally, other research activities such as radioprotection studies
for space applications can also be conducted.

1.6 State-of-the-Art Radiobiological Approaches for Pro-
ton Therapy Evaluation

The presence of a dedicated experimental proton beamline within a clinical proton ther-
apy center provides a significant advantage by enabling direct collaboration between
clinicians and researches. This unique capability not only facilitates state-of-the-art ra-
diobiological approaches for evaluating proton therapy but also enables personalization
of treatment strategies by combining biological data from ex vivo assays with patient-
specific clinical information.

In Europe, 28 proton therapy facilities are currently in operation. Among these, sev-
eral include dedicated experimental proton beamlines, such as the Heavy Ion Therapy
Centre (Heidelberg, Germany) [36], the University Proton Therapy Dresden (Dresden,
Germany) [37, 38], the MedAustron Ion Therapy Facility (Wiener Neustadt, Austria)
[39], the Danish Centre for Particle Therapy (Aarhus, Denmark) [40], the Christie Proton
Therapy Center (Manchester, United Kingdom) [41], the Trento Proton Therapy Cen-
ter (Trento, Italy) [42, 43], and the Paul Scherrer Institute (Villigen, Switzerland) [44].
Among these, only the facilities in Dresden [37, 38] and Trento [42, 43] consists of a pas-
sively scattered configuration [45]. Additionally, many other facilities have non-clinical
experimental rooms that support radiobiological research. The passive scattering con-
figuration is particularly valuable for radiobiological experiments, as it generates large
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irradiation fields with homogeneous dose distributions, making it well-suited for the ir-
radiation of tissue samples and cell lines. However, despite these research capabilities,
no facility currently provides a radiobiological platform that integrates high-resolution
advanced dosimetry methods within a fully characterized clinical-level system while
also enabling ex vivo assays with patient-derived tumor biopsies for clinical integration
[46].

In radiotherapy, LET is used to quantify radiation quality, representing the amount
of energy deposited by radiation per unit length of tissue traversed. Along the proton
Bragg curve, LET varies significantly, increasing sharply near the Bragg peak. This rise in
LET has critical implications for patients undergoing proton therapy, as regions of high
LET are associated with enhanced biological damage [47]. Therefore, thorough charac-
terization along the entire depth-dose profile is essential for understanding biological
response. Most proton therapy facilities primarily rely on Monte Carlo simulations to
determine dose-averaged LET (LETd) [48, 49, 50, 51, 52]. However, research of Guan
et al. demonstrated that lineal energy (y) distributions better explain variations in RBE
compared to LETd [53]. They revealed that identical LETd values from different proton
energy spectra resulted in distinct survival rates in lung cancer cells, highlighting the
limitations of LETd alone. Microdosimetry, which captures the stochastic nature of en-
ergy deposition at microscopic scales – such as within individual cells – provides crucial
insights into how these variations influence biological effects. Microdosimetric mea-
surements are therefore crucial in correlating physical dose distributions with biological
responses and have been integrated into various clinical proton beamlines, including
both spot-scanning proton beams [54, 55, 56] and passive scattering proton beams [56,
57, 58, 59, 60]. A range of detectors were employed for these measurements, including
the gold standard Tissue Equivalent Proportional Counters (TEPCs), solid-state micro-
dosimeters, crystal diamond-based detectors, and mini-TEPCs [57, 61, 62, 63]. While
these experimental studies have primarily focused on one-dimensional measurements
along the proton Bragg curve, irradiating biological samples using a passive scattering
setup over large fields necessitates three-dimensional microdosimetric mapping, repre-
senting a critical gap in the field.

Despite significant advancements in radiobiological setups and microdosimetric char-
acterizations, a fully biologically-driven mechanistic model that accurately links radiation-
induced DNA damage to cellular outcomes has not yet been established [64]. Achieving
this requires the use of Monte Carlo toolkits capable of track-structure simulations to
model early DNA damage and provide detailed insights into DNA strand breaks and
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their complexity. Several Monte Carlo codes have been developed for this purpose, in-
cluding PARTRAC [65], KURBUC [66], RITRACKS [67], NOREC [68], TOPAS-nBIO [69],
and GEANT4-DNA [70, 71, 72, 73, 74]. Recent advancements in GEANT4-DNA have no-
tably enhanced its capability to simulate DNA damage at nanoscopic scales, offering a
powerful framework for end-to-end modeling of radiation-induced DNA damage. This
includes the integration of realistic cell geometries, with a nucleus encapsulated by a
cytoplasm-like water environment, enabling the precise simulation of energy deposi-
tions. The simulation parameters have been accurately refined to capture both direct
and indirect DNA damage, achieving validation within a 13.3% error margin for proton-
induced double-strand breaks (DSBs) [75].

A key innovation within GEANT4-DNA is the development of the ”molecularDNA”
application, which has been employed to investigate DNA damage yields induced by
ionizing radiation in various biological systems, including human fibroblast cells, bac-
terial cells, and other human cell types [76, 77, 78, 79, 80]. However, a comprehensive
platform that integrates mechanistic insights at the subcellular level with biological out-
comes at the macroscopic tissue level has yet to be developed.

1.7 Aim of the Dissertation and Structure

This dissertation aims to develop and establish a comprehensive radiobiological testing
platform that serves two primary objectives: (1) to enhance the mechanistic understand-
ing of biological outcomes following proton irradiation, and (2) to enable ex vivo as-
says for evaluating HNSCC patient-derived tissue responses to proton irradiation and
support their integration into clinical practice. These approaches will help clinicians
assess the relative sensitivity of individual tumors to proton versus photon therapy, ul-
timately improving personalized patient selection. To achieve these objectives, four key
milestones have been defined. This project is part of the broader HollandPTC initia-
tive aimed at advancing the efficacy of proton therapy. It was launched alongside sev-
eral Varian-funded research projects to strengthen collaboration between HollandPTC,
Erasmus MC, LUMC, and TU Delft. This dissertation presents one such project within
the HollandPTC R&D consortium research program, conducted with the Department of
Molecular Genetics at Erasmus MC in Rotterdam.

Milestones

1. The characterization of the HollandPTC R&D experimental proton beamline and
the development of two proton irradiation platforms utilizing a double passive
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scattering configuration. Characterizing the beamline is essential not only to en-
sure the system operates as intended, delivers precise doses and maintains repro-
ducibility, but also to gain insights into its fundamental properties and behaviors.
This characterization involves a comprehensive set of measurements to under-
stand, document, and optimize the proton’s trajectory through air, a process crucial
for ensuring the accuracy, reliability, and outcomes of experiments involving cells
and tissues.

2. Development of a simulation platform of the HollandPTC R&D experimental pro-
ton beamline using the Monte Carlo radiation transport modeling toolkit GEANT4.
The availability of a simulation platform is highly valuable in the planning and
optimization of radiobiological experiments, the prediction of beam characteristics
which are challenging to measure experimentally, and the validation of experimen-
tal results to ensure accuracy.

3. Three-dimensional microdosimetric characterization of the two proton irradiation
platforms at the HollandPTC R&D experimental proton beamline. This character-
ization is conducted through a combined approach including experimental mea-
surements of proton energy deposition using the 3D silicon-on-insulator Mush-
room microdosimeter, alongside GEANT4 simulations for validation. This mile-
stone is essential for understanding proton energy deposition and lineal energy
spectra at the cellular level along the proton Bragg curve across both platforms,
and provides an essential basis for analyzing biological effects.

4. Employment of the radiobiological testing platform for a HNSCC cell line and
linking mechanistic insights to biological outcomes. The study of in vitro clono-
genic survival and DNA damage foci kinetics of a HNSCC cell line is performed
along various positions along the proton Bragg curve. Additionally, with the use of
GEANT4-DNA a mechanistic understanding of DNA damage induction, its yield
and complexity is obtained and its impact on HNSCC cell survival and foci kinetics
is linked to lineal energy and dose.

Dissertation Structure

To support the understanding of this dissertation, Chapter 2 provides essential back-
ground information on the macro-to-nano dynamics in proton radiobiology, offering in-
sights into their influence on biological outcomes. It covers proton interactions with
matter across different scales to elucidate their physical characteristics, along with an
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overview of proton dosimetry and the important role of microdosimetry in understand-
ing proton energy deposition at the cellular-level. The chapter also outlines various de-
tectors used in microdosimetry, with a particular focus on the solid-state microdosimeter
employed in this dissertation. Additionally, it addresses the importance of computa-
tional simulations in radiotherapy, specifically the application of the radiation transport
Monte Carlo toolkit GEANT4 and its low-energy extension, GEANT4-DNA, in enhancing
the mechanistic understanding of biological responses to proton irradiation.

The development and establishment of a comprehensive radiobiological testing plat-
form are structured around four key milestones, detailed in Chapters 3, 4, 5, and 6.
The first milestone, presented in Chapter 3, involves the characterization of the Hol-
landPTC R&D experimental proton beamline and the development of two proton irra-
diation platforms. The second milestone, introduced in Chapter 4, focuses on the de-
velopment of a GEANT4 based simulation platform for modeling the HollandPTC R&D
experimental proton beamline. Chapter 5 details the third milestone, which consists of a
three-dimensional microdosimetric characterization of the proton irradiation platforms.
Finally, the fourth milestone, described in Chapter 6, demonstrates the platform’s im-
plementation through proof-of-viability experiments using the FaDu HNSCC cell line,
establishing correlations between mechanistic estimates of DNA damage and biological
outcomes.

Chapter 7 concludes this dissertation by summarizing its key findings and empha-
sizing the significance of the developed radiobiological testing platform. It also explores
future research directions, including the potential to establish a predictive framework
for tumor responses and its integration into clinical workflows. These advancements lay
the foundation for more precise, personalized patient selection in radiotherapy.
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Chapter 2

Unraveling Proton
Macro-to-Nano Dynamics for
Biological Insights
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Understanding the proton macro-to-nano dynamics to elucidate their biological effects
refers to examining how protons interact with matter at different scales, from the macro-
scopic scale (tissue level) down to the nanoscopic scale (cellular and molecular levels).
This involves understanding the physical characteristics of proton interactions with mat-
ter (Sec. 2.1), including how protons deposit their energy in terms of dose (Sec. 2.2). At
the microscopic scale, the emphasis lies on how energy deposition patterns translate
to lineal energy, referred to as microdosimetry (Sec. 2.3). The use of a 3D silicon-on-
insulator Mushroom microdosimeter allows for the measurement of cellular-level en-
ergy deposition and is detailed in Section 2.4. The crucial role of Monte Carlo simulations
is described in Section 2.5, making use of the Monte Carlo transport modeling toolkit
GEANT4 (Sec. 2.6). Upon understanding of cellular-level energy deposition patterns, the
emphasis shifts to understanding the interaction with DNA, specifically DNA damage
induction mechanisms and DNA damage complexity, where the use of GEANT4-DNA
(Sec. 2.7) plays an essential role in mechanistically enhancing the interpretation of bio-
logical experiments.

2.1 Proton Interactions in Matter

When protons traverse biological tissue, their interactions with the medium can be clas-
sified into two primary physical processes: electromagnetic interactions and nuclear in-
teractions.

2.1.1 Electromagnetic Interactions

Protons lose the majority of their energy through electromagnetic interactions with atomic
electrons due to the Coulomb forces exerted by the atom’s electric field. These contin-
uous inelastic Coulombic interactions lead to ionizations, in which an electron is com-
pletely removed from an atom (Fig. 2.1), and excitations, which is the transfer of an
electron to a higher energy shell within the atom. Together with the production of sec-
ondary particles, all energy is eventually lost and protons stop [22, 28]. The stopping
depth of protons, the proton’s range, depends on both their initial energy and the ma-
terial they traverse. A critical factor determining the proton’s gradual deceleration and
eventual halt is the stopping power S, defined as S ≡ −dE/dx (MeV/cm), which de-
scribes the increasing rate of energy loss per unit path length [81]. The energy loss rate
is primarily governed by inelastic collisions with target electrons (electronic stopping),
which is described by the Bethe-Bloch formula. Corrected for density, the mass stopping
power of protons is described by
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S
ρ
≡ −1

ρ

dE
dx

= 0.3072
Z
A

1
β2

(
ln

Wm

I
− β2

)
MeV

g/cm2 (2.1)

with atomic number Z, relative atomic mass A, density ρ of the stopping material, β ≡
v/c is the proton’s velocity, Wm = 2mec2β2

1−β2 with 2mec2 ≈ 0.511 MeV being the electron
rest energy, and I the mean ionization energy of the target material [28, 81].

Multiple Coulomb Scattering

In addition to protons eventually stopping, its generally linear trajectory is altered when
collisions occur with atomic nuclei due to the Coulombic force, a phenomenon known
as scattering (Fig. 2.1). This scattering process is typically characterized by numerous
random, small-angle deviations, referred to as Multiple Coulomb Scattering (MCS) and
results in lateral broadening of the beam, shown in Figure 1.2. The spatial distribution of
MCS approaches a Gaussian distribution. This is explained by the Central Limit Theo-
rem which states that when an adequate number of random samples is taken, the distri-
bution of the sample will be approximately Gaussian distributed [22]. The angle under
which the deflections take place is only a few degrees dependent on the material that is
being traversed. The proton angular deviation θ0 is described by Highland’s formula as

θ0 =
14.1MeV

pv

√
L

LR

[
1 +

1
9

log
(

L
LR

)]
rad (2.2)

with p as the proton’s momentum, v as the proton’s velocity, L is the thickness of the
material, and LR is the accompanying radiation length. Materials with a high atomic
number have increased electron density and thus an increased probability of interaction,
resulting in a larger angular deviation [28].

Proton’s Mean Range

The penetration depth of protons in a given material is described by the mean projected
range, R, and is the average straight line distance a proton travels until stopping. R can
be derived by integrating the mass stopping power over the path and is defined as the
depth at which half of the protons have stopped [28]. Within the context of the Bragg
peak, this corresponds to the distal 80% point (D80) of the Bragg peak. Proton’s range R
is given by

R(E0) =
∫ Ef

E0

(
dE
dx

)−1
dE (2.3)
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where dE
dx is described by equation 2.1, E0 is the initial kinetic energy of the proton when

entering the material and Ef the final energy, approaching zero. The range is, however,
not the same for every proton due to the stochastic nature of proton interactions within
the medium. As a result, statistical fluctuations lead to deviations in the range for in-
dividual protons due to scattering, called energy range straggling. Consequently, this
process contributes to an increased width of the Bragg peak [82].

Proton

Electron
Neutron
Recoil nucleus

γ Gamma-ray

γ

(A) (B)

(C)

FIGURE 2.1: A graphical representation of three types of proton interactions with atoms, showing
three atoms (orange nuclei) surrounded by their electron shells: (A) ionization caused by Coulomb
interactions with the atom’s electrons, (B) deflection of the proton’s trajectory due to Coulomb scat-
tering, and (C) a nuclear reaction where the primary proton is removed, accompanied by the emis-

sion of a secondary particle (γ-ray), and the formation of a recoil nucleus. Mimicked from [83].

2.1.2 Nuclear Interactions

Besides the electromagnetic interactions, protons can undergo less occasional nuclear
interactions, where a proton collides with an atomic nucleus and imparts significant
momentum to the nucleus. This phenomenon can result in the formation of a recoil
nucleus when part of the kinetic energy of the primary proton is transferred to the target
nucleus (Fig. 2.1). Furthermore, a nuclear interaction can cause nuclear fragmentation in
which, when the energy transfer is high enough, the interaction results into the break-up
of the nucleus in smaller fragments [22]. The most relevant aspect of these reactions is
that these nuclear reactions initiate the production of secondary particles being either
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protons, neutrons, γ-rays or heavy fragments. Nuclear interactions become increasingly
significant as protons travel deeper into tissue, leading to a gradual reduction in the
number of primary protons as they travel from the entrance toward the end of their
range. Near the end of their range, there is a sharp drop in fluence – the number of
protons per area – due to the protons losing energy and being absorbed by the medium.
In this region of the Bragg peak, nuclear interactions contribute to the formation of a
low-dose tail (Fig. 1.2), caused by secondary particles produced in nuclear reactions [28,
83].

2.2 Proton Dosimetry

As a result of proton interactions with matter, energy is transferred and deposited into
the tissue. This process is quantified as the physical absorbed dose D. Proton dosimetry
refers to the measurement, calculation, and analysis of the absorbed dose delivered by
protons to tissues during proton therapy. The following sections provide a detailed ex-
planation of the concepts of energy deposited, energy imparted and absorbed dose, as
defined by the ICRU [84].

2.2.1 Energy Deposited, Energy Imparted and Absorbed Dose

Energy Deposited

The energy deposited εi is related to a single event i where εi represents a stochastic
quantity and is described by

εi = εin − εout + Q (2.4)

where εin is the kinetic energy of the incoming proton, εout is the total kinetic energy of all
particles leaving the event, and Q represents the alterations in the rest mass energy of the
atoms and all particles participating in that event. It is thus the energy transferred locally
at specific points along the particle’s track through ionization or excitation. Additionally,
energy leaving the region by secondary radiation, known as delta rays, is not included
in the deposited energy within that region.

Energy Imparted

In contrast to energy deposited, the energy imparted ε to matter refers to a broader con-
cept in that it is volume-based and describes the sum of all energy depositions εi in a
defined volume. ε is a stochastic quantity and is described by
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ε = ∑
i

εi (2.5)

including all energy depositions through ionization, excitation, or other interactions, and
subtracts energy carried away by secondary radiation that escape the defined volume.

Absorbed Dose

Absorbed dose D is defined as the average energy imparted per unit mass of the irra-
diated medium and is measured in the unit of Gray (Gy), where 1 Gy equals 1 Joule of
energy imparted per kilogram of mass. D is a non-stochastic quantity and is expressed
as

D =
dε

dm
(2.6)

where dε presents the average energy imparted in mass dm. The amount of energy ab-
sorbed by a material depends on its properties and the type of radiation it is exposed to.
Different materials absorb energy differently, even when exposed to the same type of ra-
diation. In proton therapy, the absorbed dose is used to evaluate the radiation delivered
to both the tumor and the surrounding tissues, commonly referred to as dose.

2.2.2 Linear Energy Transfer

While absorbed dose quantifies the average energy imparted per unit mass, it lacks in-
formation about the microscopic distribution of that energy along the particle’s track,
which is important for understanding specific biological effects. To describe this amount
of energy lost along the track, the term Linear Energy Transfer (LET) was introduced,
defined as the average energy dE transferred through ionization and excitation over a
distance dx of a particle’s track, expressed as dE/dx (keV/μm) and is illustrated in Fig-
ure 2.3 [85, 86]. A lower LET is associated with a lower ionization density, typically
resulting in fewer interactions per micrometer. This is referred to as low-LET radiation,
which accounts for photons, shown in Figure 2.2. In contrast, high-LET radiation, such
as protons, produces denser ionization events along the particle’s track. This results in
more complex track structures, which are characteristic of high-LET radiation (Fig. 2.2).
Such radiation types are generally more effective in inducing biological damage due
to their higher ionization density, making them particularly important in therapies like
proton therapy [87].
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Primary photon

Primary proton

Cell nucleus

Event

Low LET

High LET

FIGURE 2.2: An illustration of the track structure of a primary photon and primary proton through
a cell nucleus. The track structure of a photon consists of sparsely dense ionizations along its track
and is referred to as low LET. The track structure of a proton consists of a higher ionization density

along its track and is referred to as high LET.

Definitions of LET

LET accounts for energy lost through ionization and excitation, as well as through the
production of high-energy secondary electrons (delta rays). This is referred to as unre-
stricted LET (L∞), which is equivalent to the electronic stopping power S (Sec. 2.1.1). In
contrast, restricted LET (LΔ) accounts only for the energy lost by the primary particle,
excluding energy transferred to delta rays that have less biological impact, providing a
more accurate measure of energy deposition relevant to biological effects. Several stud-
ies proposed two methodologies to derive the average LET [49, 88]. The first approach
is averaging over the fluence Φi, which represents the number of tracks produced by
charged particles, also called track-averaged LET, LETt, and is given by

LETt(z) =

∫ ∞
0 Sel(E)Φ(E, z) dE∫ ∞

0 Φ(E, z) dE
, (2.7)

where Sel(E) refers to the primary charged particle electronic stopping power at a given
kinetic energy E, with Φ(E, z) as the primary charged particle fluence as a function of
kinetic energy E and position z. The second approach is dose-averaged LET, LETd, and
weights the stopping power of each individual primary charged particle according to its
relative contribution to the local dose deposition, and is given by
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LETd(z) =

∫ ∞
0 S2

el(E)Φ(E, z) dE∫ ∞
0 Sel(E)Φ(E, z) dE

. (2.8)

2.2.3 LET Limitations

The kinetic energy loss of charged particles as they travel through a medium occurs
in discrete events, leading to statistical fluctuations in energy deposition. As a result,
the actual LET of a particle may deviate from the average LET [49]. Additionally, the
microscopic size of biological targets amplifies the significance of these fluctuations in
energy deposition at the cellular or molecular level. Furthermore, since LET represents
an average value, two different types of radiation with the same LET can exhibit different
energy deposition distributions due to variations in energy straggling, finite range of
particles and their track structure, potentially leading to varying biological effects [55].
Therefore, LET does not capture the detailed radial distribution of energy around the
particle track, limiting its ability to fully explain the mechanisms of biological damage
at the cellular and molecular levels. To address this, the field of microdosimetry was
introduced [85].

2.3 The Role of Microdosimetry

Microdosimetry, introduced by Rossi and Rosenzweig in the mid-1950s [89], investi-
gates the spatial, temporal, and spectral characteristics of the stochastic energy deposi-
tion processes in microscopic structures. Two fundamental quantities, specific energy
(z) and lineal energy (y), serve as the microscopic, stochastic counterparts to dose and
LET, respectively. Both are random variables that can be measured experimentally under
certain conditions.

2.3.1 Specific Energy

Specific energy z represents the energy imparted by ionizing radiation in an individual
microscopic volume per unit mass. z is defined by

z =
ε

m
(2.9)

where ε is the energy imparted and m is the mass. Unlike absorbed dose, which is a
macroscopic quantity where statistical fluctuations in energy deposition are negligible,
specific energy is a microscopic, stochastic quantity that captures significant statistical
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fluctuations in energy deposition. While both are measured in Gy (J/kg), specific energy
varies from one microscopic volume to another due to these statistical fluctuations [90].

2.3.2 Lineal Energy

Lineal energy, y, represents the energy imparted within a defined microscopic volume of
a single event divided by the mean chord length of that volume, providing a stochastic
and volumetric perspective on the energy deposition. Unlike LET, which averages over
a continuous track, lineal energy accounts for the discrete and random nature of energy
transfer events within a microscopic volume, as shown in Figure 2.3, and is given by

y =
ε

l
(2.10)

with ε the energy imparted to the medium of a single event in the volume of interest,
and l the mean chord length of that volume. According to Cauchy’s theorem, the mean
chord length can be calculated according to the formula l = 4V/S, where V represents
the volume and S denotes its surface area [90]. y is extensively used in microdosimetry
and can be experimentally measured, making it an important tool for understanding and
improving the efficacy of proton therapy. The core differences between LET and lineal
energy are summarized in Table 2.1.

2.3.3 Microdosimetric Distributions

Due to the stochastic nature of particle interactions, the energy imparted to microscopic
volumes varies from event to event. To capture this variability, microdosimetric dis-
tributions of lineal energy are used. These distributions offer a more comprehensive
description of the radiation field by reflecting the spread of energy deposition events,
which is crucial for assessing biological effects.

The probability density function of lineal energy f (y) is the y distribution of all indi-
vidual energy deposition events, weighted by the frequency. The frequency-mean lineal
energy, yF, is the first moment of this distribution and equals

yF =
∫ ∞

0
y f (y) dy. (2.11)

While yF describes the average lineal energy of individual events weighted by their
occurrence, it does not directly reflect the biological impact of energy deposition, which
depends on how much energy is actually transferred to the target. To capture this, the
dose-mean lineal energy is introduced, weighting lineal energy by the energy imparted
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Macro scale

Cell nucleus

DNA

SSB

DSB

Tissue

LET (keV/μm)

y (keV/μm)

e.g. tissues (mm)

Micro scale
e.g. cells (μm)

Nano scale
e.g. DNA (nm)

FIGURE 2.3: Three different scales in proton dosimetry: the macro-, micro-, and nanoscale. The
macroscale refers to the tissue level in mm, in which LET describes the average amount of energy
transferred per unit distance. The microscale refers to the cellular level where lineal energy y rep-
resents the amount of energy imparted within a defined volume (e.g., a cell). The nanoscale refers
to radiation-induced DNA damage at the chromosomal level, visualized in terms of a single-strand

break (SSB) and a double-strand break (DSB).
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during each event. This shift from event frequency to energy deposition is reflected in
the dose-weighted y-distribution d(y), given by

d(y) =
y f (y)

yF
. (2.12)

The dose-mean lineal energy, yD, is then given by

yD =
∫ ∞

0
yd(y) dy. (2.13)

Further details on the microdosimetric quantities can be found in [90, 91].

TABLE 2.1: Comparison between Linear Energy Transfer (LET) and lineal energy (y). RB = radiation
biology, sims = simulations.

Feature LET y
Definition Energy deposited per unit path length in a medium. Energy deposited per unit chord length in a volume.
Formula LET = dE

dx y = ε
l̄

Units keV/μm keV/μm
Nature Deterministic, based on S. Stochastic, depends on ε within finite volumes.
Scale Macroscopic (continuous property of particle tracks). Microscopic (random quantity in small volumes).
Dep. on Geometry Independent of microscopic target shape or size. Strongly dependent on target geometry.
Role of δ-rays Considers only primary particle energy loss. Includes stochastic effects of δ-ray energy deposition.
Relevance RB Indicates general radiation quality. Assessing microscopic radiation effects.
Measurement Derived from S calculations or track structure sims. Measured using microdosimetric detectors.

2.3.4 Microdosimetric Measurements

The field of experimental microdosimetry aims to experimentally measure the stochastic
distribution of energy deposition at the microscopic level to gain insights into the impact
of radiation on biological cells. Devices capable of measuring energy depositions at the
microscopic scale are known as microdosimeters. Such microdosimeters typically use
gas or solid-state counters.

Tissue Equivalent Proportional Counters

The first constructed microdosimeter, known as the tissue-equivalent proportional coun-
ter (TEPC), consisted of a hollow sphere made of tissue equivalent plastic and was filled
with a gas that mimicked the properties of human tissue. The pressure of the gas was ad-
justed so that the cavity exhibited the mass stopping power of a 1-2 micrometer sphere of
solid tissue at unit density. The proportional counter utilized an externally applied high
electric field to amplify the ionization generated by charged particles passing through
the gas, so that the energy deposited was roughly proportional to the charge collected
of the counter [92, 93]. In such TEPCs, the dose absorbed by the gas closely matches
the dose that would be absorbed by tissue, allowing it to serve as a reliable substitute
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for tissue. Although TEPCs are commonly used as microdosimeters, they have several
limitations. A significant factor is the wall effect, which introduces measurement uncer-
tainties. The chamber wall can cause the reentry effect, where an electron produced by
the incident radiation exits the active volume and later reenters, increasing the measured
dose. Additionally, electron scattering by the wall can create extra events, further raising
the dose. Finally, delta rays produced outside the active volume are more likely to enter
the chamber than in actual tissue, also leading to higher dose measurements. Along with
the wall effect, density issues can arise when the chemical composition of the wall is not
identical to that of the gas, which is required according to the Bragg-Gray principle to
preserve the secondary particle fluence [94]. Finally, the large physical size of TEPCs
reduces lateral spatial resolution and limits their use in certain applications. To improve
performance, it is necessary to reduce the geometrical size of the TEPC’s sensitive vol-
ume, which lowers the counting rate in high intensity particle beams. Smaller detectors
also provide higher spatial resolution in regions with steep gradients, thus enhancing
the accuracy of measurements [55, 95].

Since the development of the TEPC, various types of microdosimeters have been
developed to overcome their limitations, such as solid-state microdosimeters, crystal
diamond-based detectors, and mini-TEPCs [61, 62, 63]. While mini-TEPCs, such as the
one successfully tested at the 62 MeV proton beam of CATANA, offer advantages like
the ability to sustain higher fluence rates without significant pile-up and eliminating the
need for continuous gas flow [58], solid-state detectors have emerged as a more effective
solution to address the limitations of TEPCs.

Solid-State Microdosimeters

Solid-state detectors utilize solid semiconductor materials, such as silicon, and are also
referred to as semiconductor detectors. The advantage of using a solid material is that
the detector dimension can become smaller due to increased densities of solid materi-
als compared to gas [22]. Additionally, the silicon detector generates electron-hole pairs
upon interaction with ionizing radiation, requiring significantly less energy in silicon
(3.65 eV) compared to the 30 eV needed to create an ion pair in a gas-filled ionization
chamber. This reduced energy requirement enables silicon detectors to achieve superior
energy resolution compared to ionization chambers [96]. Unlike TEPCs, which simulate
a single biological cell using a gas-filled volume, solid-state microdosimeters feature ar-
rays of micron-sized silicon sensitive volumes (SVs). This configuration more accurately
mimics a collection of biological cells, offering improved spatial resolution and enabling
more detailed studies of radiation interactions at the microscopic level. Their compact
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size, improved spatial resolution and their operation without the need for gas flow sys-
tems make them highly effective for microdosimetry applications. Further information
and an in-depth explanation of the solid-state microdosimeter used in this work will be
explained in the next section.

2.4 3D Silicon-On-Insulator Mushroom Microdosimeter

The 3D silicon-on-insulator (SOI) Mushroom microdosimeter is a solid-state detector
fabricated using a semiconductor structure that consists of a thin silicon layer housing
the electronic components, on top of an insulating silicon dioxide (SiO2) layer, resting
on a bulk silicon substrate. The availability of planar and Micro-Electro-Mechanical Sys-
tems (MEMS) 3D detector technology has led to the fabrication of 3D cylindrical SVs
embedded in PolyMethyl MethAcrylate (PMMA), of which a general design can be seen
in Figure 2.4, introduced by the Centre for Medical Radiation Physics (CMRP), Univer-
sity of Wollongong, Australia [97, 98].

FIGURE 2.4: A schematic representation of a general design of a 3D SOI Mushroom microdosimeter.
Taken from Rosenfeld et al. [97].

.

2.4.1 Microdosimeter Design

The 3D SOI Mushroom microdosimeter is a solid-state microdosimeter designed to mea-
sure the stochastic nature of energy deposition at microscopic scales. It operates by
measuring energy imparted within cell-like SVs, allowing for the characterization of mi-
crodosimetric quantities relevant to understanding radiation interactions at cellular and
subcellular levels. It features a 2 × 2 mm2 active detecting area, visible as the central
black chip in Figure 2.5a. This area contains 1520 cylindrical SVs arranged in a 38 × 40
array, as shown in the microscopic image in Figure 2.5d. Each SV is precisely structured,
with a diameter of 18 μm, a thickness of 10 μm, and a center-to-center pitch of 56 μm.
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The design of each SV consists of an n-type (negative charge carriers, n+) polysilicon
electrode core (Fig. 2.4), a p-type (positive charge carriers, p+) polysilicon electrode sur-
rounding ring (Fig. 2.4), and aluminum contacts placed over the n+ and p+ electrodes.
The microdosimeter is housed in a dual in-line (DIL) package, mounted on a printed
circuit board, referred to as the MicroPlus probe or μ+ probe, which is shown in Figure
2.5b. To protect the microdosimeter from light, it is covered with black polyethylene
film. To facilitate measurements in water, the μ+ probe is typically enclosed within a
watertight PMMA sheath (Figure 2.5c). To minimize background noise and electromag-
netic interference, the PMMA sheath is often wrapped in aluminum foil, leaving a small
exposed window where the μ+ probe is positioned (Fig. 2.5e). The complete μ+ probe
assembly, including the shaping amplifier, is shown in Figure 2.5e.

2.4.2 Calibration of Microdosimeters Using Alpha Spectroscopy

Before exposing a microdosimeter to radiation fields, it is essential to calibrate the device
through alpha spectroscopy, utilizing a well-characterized alpha-emitting source. Alpha
particles, due to their short range in matter and high LET, are an ideal choice for assess-
ing the microdosimeter’s response to ionizing radiation. To ensure accurate calibration,
the experimental setup typically involves positioning the alpha source at a distance of 1
to 2 cm above the microdosimeter with a custom 3D-printed holder. The entire assem-
bly can be placed inside an aluminum-wrapped box to minimize external interference.
The microdosimeter’s response can then be analyzed by measuring the resulting pulses
using an oscilloscope, allowing for the evaluation of the microdosimeter’s performance.

2.4.3 Instrumentation and Data Acquisition in Microdosimetry

The measurement of energy deposition relies on precise instrumentation and data ac-
quisition techniques. When a charged particle interacts with a silicon sensitive volume,
electron-hole pairs are created along the charged particle’s path, generating an electrical
signal. A charge-sensitive preamplifier is then used to convert the electrical signal into
a proportional voltage pulse. This allows the signal to be translated into a measurable
format. To further refine the signal, a shaping amplifier is employed, which shapes the
pulse to ensure that its amplitude is proportional to the energy deposited in the detec-
tor. A digital MultiChannel Analyzer (MCA), plays an important role in interpreting
the data. It records the peak amplitude and generates a histogram that represents the
number of events in each pulse height channel, serving as the primary output of the
MCA. To accurately interpret the data, calibration is necessary. The calibration process
involves determining fitting parameters that relate the observed pulse amplitudes to the
actual energy deposited in the detector. These parameters are typically derived from a
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(A) (B)

(C)

(D) (E)

FIGURE 2.5: (A) The 3D SOI Mushroom microdosimeter with the 2 × 2 mm2 active detecting area,
(B) the microdosimeter attached to a printed circuit board, referred to as the μ+ probe, (C) the wa-
tertight PMMA sheath to house the μ+ probe, (D) a microscopic image of the 1520 cylindrical SVs
arranged in a 38 × 40 array, and (E) the μ+ probe assembly, including the shaping amplifier mounted

on a motorized linear stage.

calibration spectrum obtained using a calibrated pulse generator, ensuring that the sys-
tem can convert raw pulse data into meaningful energy measurements. Once calibration
is complete, the raw pulse height spectrum can be converted into an energy deposition
spectrum (ε) by multiplying it with the calibration parameters. Finally, the energy de-
position spectrum is used to calculate the lineal energy spectrum. This is achieved by
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dividing the energy deposition (ε) by the mean chord length (l), which accounts for the
geometry of the detector and the trajectory of the charged particles.

2.4.4 Silicon-to-Tissue Equivalence in Microdosimetry

Whereas TEPCs have the advantage of using tissue-equivalent gas in their sensitive re-
gions, correction factors for silicon-to-tissue equivalence have been established to adapt
SOI microdosimeter measurements for biological relevance. These corrections rely on
the ratio of stopping powers between silicon and tissue, often using Monte Carlo sim-
ulations. The implementation of silicon-to-tissue correction methods ensures that the
microdosimetric quantities derived from SOI detectors remain biologically meaningful
and comparable to TEPC-based measurements [99, 100].

2.5 Computational Approaches in Radiotherapy

Computer simulations have gained significant importance over the last decades and are
extensively used to solve complex problems in radiation therapy for a wide range of
applications. These computer simulations make use of the Monte Carlo (MC) method,
a computational technique that solves mathematical problems by simulating random
variables to model the complex interactions between radiation and matter, further ex-
plained in Section 2.5.1. MC simulations play a key role in accurate dose calculations
and verification of treatment plans to make sure the planned dose distribution is de-
livered with precision to the patient. Additionally, MC simulations are widely used to
simulate complex geometries to optimize beamline configurations. They also contribute
significantly in the field of radiobiology by simulating the biological effects on tissue
structures, which aids in understanding the biological responses to different radiation
qualities [101].

2.5.1 The Monte Carlo Method

After its first suggestion in 1940 [102], the MC method was used to study nuclear dis-
integrations caused by high-energy particles by employing random numbers between
zero and one to determine the momentum of a target particle, with the probability of
a collision being weighted by the corresponding cross-section [103]. In this way, the
generation of random numbers determines the particle’s trajectory, energy loss, and in-
teractions. Since its introduction, several MC radiation transport modeling toolkits have
been developed, such as EGS [104], MCNP [105, 106], FLUKA [107, 108], PENELOPE
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[109], and GEANT4 [110, 111, 112]. The latter is employed in this dissertation and is
discussed in greater detail in the next section.

2.6 Introducing GEANT4: A Monte Carlo Toolkit for Radi-
ation Transport

GEANT4 is a toolkit designed for simulating the passage of particles through matter
using Monte Carlo methods [110, 111, 112]. As the most widely used Monte Carlo ra-
diation transport toolkit, it offers a full range of capabilities, including particle tracking,
geometry, physics models, and hits detection. With its extensive range of physics trans-
port models – covering electromagnetic, hadronic, and optical interactions – GEANT4
finds applications across various fields, including high-energy and nuclear physics ex-
periments, as well as studies in accelerator, space and medical physics. The toolkit fea-
tures a variety of example applications that illustrate both basic configurations, of which
an example geometry is shown in Figure 2.6, and fully developed setups across various
fields. Built in the object-oriented programming language C++, the GEANT4 source code
is freely available from the project website under an open source license [113]. Devel-
oped through an international collaboration of physicists and software engineers, the
GEANT4 Collaboration offers comprehensive documentation and user support for the
toolkit, ensuring accessibility and guidance for its users across various applications.

2.6.1 Particle Transport

Particle transport in GEANT4 is modeled step by step, referred to as the condensed-
history technique. In this method, each step refers to a specific distance traveled by the
particle. After a series of steps, the cumulative effects of multiple collisions are simu-
lated, representing the interactions that occur along the particle’s trajectory. The length
of the steps, the step length, plays an important role in determining the accuracy of the
simulation. Users can define specific step length limits for particular particles or regions,
regulated by production cuts. These production cuts are thresholds that define the min-
imum energy or range that secondary particles must have to be explicitly tracked in
the simulation. These thresholds help optimize simulation performance by excluding
secondary particles that would have negligible effects on the results, thereby balancing
computational efficiency with simulation accuracy [114].
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FIGURE 2.6: Example of a simple GEANT4 geometry showing the particles emitting from a source.

2.6.2 Physics in GEANT4

The selection of an appropriate physics model in GEANT4 depends on the particles of
interest and the physical processes being studied. GEANT4 offers a comprehensive set
of physics models, collectively referred to as a physics list, which defines the particles
and their associated interactions. This allows users to select the most suitable configura-
tion for their application. GEANT4 classifies most of its physics processes into two main
categories: electromagnetic (EM) and hadronic. EM processes involve interactions with
bound electrons or atomic fields, while hadronic processes include reactions that pro-
duce hadrons in the final state, such as neutrons, fission fragments, or unstable isotopes.
This category also covers lepton- and gamma-induced nuclear reactions and radioactive
decay [115].

Electromagnetic Physics

In GEANT4, electromagnetic physics processes are managed through base classes that
incorporate one or more physics models to manage the energy loss, range and cross-
sections tables. Each model applies to a specific energy range and designated region,
allowing for the assignment of models from both low- and high-energy sub-packages to
processes for different particle types. Electromagnetic physics constructors have become
stable in the recent releases of GEANT4 [112], with G4EmStandardPhysics option4 being
the most precise model for describing electromagnetic processes. This physics list han-
dles a range of EM processes, including pair production, multiple Coulomb scattering,
the photoelectric effect, Rayleigh scattering, bremsstrahlung, ionization, and positron
annihilation, for various particles [114].
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Hadronic Physics

GEANT4 provides total, inelastic, and elastic cross-sections for hadron-nucleus and nu-
cleus-nucleus reactions up to and beyond 1 GeV, parameterized based on various datasets
[112, 116, 117]. Total and elastic cross-sections are effectively infinite due to Coulomb
interactions [114], but atomic screening reduces the effective nuclear charge as nuclei
approach each other, limiting these cross-sections, causing small-angle sxattering, which
will therefore be ignored in hadronic physics. Inelastic cross-sections remain the most
significant due to their impact on hadronic physics [112, 115].

Sub-GeV inelastic hadronic interactions are complex and require multiple models.
These interactions start with a hadron-nucleon collision, described by the intranuclear
cascade model, which tracks multiple nucleon collisions. Three models represent this
cascade: Bertini Intranuclear Cascade (BERT), Binary Cascade (BIC), and Liège Intranu-
clear Cascade (INCL++) model. The cascade generates and scatters secondary particles,
resulting in a chain of collisions within the nucleus. The precompound/pre-equilibrium
model describes this propagation, transitioning into the equilibrium phase. As particles
lose energy, the residual nucleus de-excites through (1) nuclear evaporation, (2) fission,
(3) Fermi break-up, or (4) fragmentation, reaching a stable state. If semi-stable radionu-
clides form, their decay is simulated via α, β−, β+, isomeric transition, and electron
capture [114, 115].

Low Energy Physics

Electron transport below 1 keV is generally negligible in macroscopic proton dosimetry.
However, this limitation prevents the modeling of particle tracks and energy deposition
at microscopic and nanoscopic scales, which is essential for understanding radiation
effects on cells and DNA. Specifically, low-energy electron interactions play a crucial
role in chemical processes such as water radiolysis, responsible for the production of
reactive oxygen species (ROS) that indirectly cause DNA damage, making them essen-
tial for mechanistic studies of celullar radiobiological effects. Traditional macroscopic
MC codes, which rely on the condensed-history technique, are inadequate for such ap-
plications. To overcome this, track-structure capabilities were integrated into GEANT4,
leading to the development of its low-energy extension designed to model particle inter-
actions at microscopic and nanoscopic scales.
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2.7 GEANT4-DNA and Simulating Early DNA Damage

GEANT4-DNA [70, 71, 72, 73, 74], introduced in 2007 (Geant4 v9.1), is the low-energy
extension of the GEANT4 MC toolkit. Other general-purpose MC codes with track-
structure capabilities include PARTRAC [65], KURBUC [66], RITRACKS [67], NOREC
[68], and TOPAS-nBIO [69], reviewed by Kyriakou et al. [64]. GEANT4-DNA models
low-energy particle interactions including all associated secondaries at the (sub)cellular
and DNA levels [64, 118]. Unlike GEANT4, which uses the condensed-history technique,
GEANT4-DNA employs a track-structure approach to simulate electron transport down
to energies near the ionization threshold of tissue-like materials (±10 eV). This capabil-
ity enables detailed energy deposition modeling in liquid water, the primary constituent
of biological systems. While other track-structure codes focus solely on physical inter-
actions, GEANT4-DNA also simulates physico-chemical and chemical stages of ionizing
radiation. Users can choose from three validated physics models with different cross-
sections for elastic and inelastic scattering (Option 2, Option 4 and Option 6). These
models have been validated against reference data and, where possible, experimental
results and other MC studies [64].

2.7.1 Physical, Physico-Chemical, and Chemical Stage

Physical Stage

The physical stage involves the individual interactions between charged particles and
the atomic components of the tissue, which can result into ionizations and excitations of
atoms, described by energy-loss models. These models consist of the interaction prod-
ucts, and final states of the physical interactions, while accounting for the molecular
structure of liquid water [72]. Additional details on these models, developed by the
GEANT4-DNA collaboration, are provided elsewhere [74, 75, 119, 120].

Physico-Chemical Stage

The physico-chemical or pre-chemical stage refers to the phase in which electronic alter-
ations in water molecules, such as excited H2O∗ and ionized H2O+, result in the forma-
tion of highly reactive free radicals and other ROS due to water radiolysis within 1 ps
after the irradiation.
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Chemical Stage

The chemical stage describes the diffusion of generated reactive species within the me-
dium. These species can interact with cellular components through rapid chemical reac-
tions, such as DNA strand interactions, potentially leading to molecular damage.

2.7.2 DNA Damage Modeling

To calculate interactions with the DNA geometry, the IRT-sync model provides spa-
tiotemporal data on reactive species at each time step. The induction of a DNA damage
lesion depends on the amount of energy deposited, which must fall within a specific
energy range according to a linear probability model during a physical interaction. Ad-
ditionally, the interaction must occur within 3.5 Å of a DNA base, a distance equivalent
to the radius of nucleotide molecules. Through these calculations, GEANT4-DNA facil-
itates the modeling and quantification of DNA strand break number, distribution and
complexity. This capability is of significant value and serves as a useful tool for enhanc-
ing the understanding of biological outcomes.

FIGURE 2.7: A simplified schematic representation of the human cell geometry in the GEANT4-DNA
”molecularDNA” application. The orange ellipse represents the human cell, containing Hilbert
curve fractals in black to illustrate a continuous DNA chain. The blue bar demonstrates the radi-

ation source and its direction. Mimicked from Chatzipapas et al. [121].
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2.7.3 The ”molecularDNA” Application

The ”molecularDNA” application, publicly released in GEANT4 version 11.1 [121], pro-
vides a user-friendly example for simulating radiation-induced DNA damage. This ap-
plication version has undergone substantial enhancements from its previous develop-
ment iterations [75, 78, 80, 122], specifically including the new chemistry model Syn-
chronous Independent Reaction Time (IRT-sync) model. Most importantly, the simula-
tion results are validated through comparison with previously published data [123].

”molecularDNA” includes several DNA geometries for various modeling purposes:
the cylinders geometry, representing a cell with small DNA fragments modeled as cylin-
drical structures, mainly used for parameter studies. Additionally, a plasmid geometry
is available, consisting of a cubic volume of liquid water containing 10000 plasmids. The
application also consists of an E. coli bacterium geometry designed to simulate the bac-
terium genome. For human cell modeling, ”molecularDNA” offers a simplified human
fibroblast geometry, incorporating a cell nucleus containing a continuous DNA chain
modeled using Hilbert curve fractals (Fig. 2.7), further discussed in Chapter 6.2.2. Next
to geometry selection, users can define the particle source and specify DNA damage
modeling parameters [121]. More detailed information about the features of ”molecu-
larDNA” and its applications can be found in its documentation and on the GEANT4-
DNA website [124, 125].
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Chapter 3

Characterization of the
HollandPTC R&D Proton
Beamline

Parts of this chapter have been published as ”Rovituso, M., Groenendijk, C. F., Van der Wal, E., Van Burik,
W., Ibrahimi, A., Prieto, H. R., Brown, J. M. C., Weber, U., Simeonov, Y., Fontana, M., Lathouwers, D., &
Hoogeman, M. (2025). Characterisation of the HollandPTC R&D proton beamline for physics and radiobiology studies.
Physica Medica, 130, 104883” [126].
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3.1 Introduction

HollandPTC is one of three proton therapy centers in the Netherlands and has been
treating eligible cancer patients with proton therapy since 2018 [34]. It is the only fa-
cility in the country with a dedicated clinical R&D experimental proton beamline, em-
phasizing the need to maximize scientific output during each beamtime session. The
HollandPTC R&D experimental proton beamline, specifically designed and developed
for the HollandPTC, is equipped with a passive scattering system capable of generating
large proton fields of varying sizes. This configuration supports radiobiological studies
using clinically relevant proton energies.

The HollandPTC R&D experimental proton beamline, shown in Figure 3.1, delivers
therapeutic proton beams with energies ranging from 70 MeV to 240 MeV. The nominal
beam current, which quantifies the amount of electric charge transported by the proton
beam per unit time (measured in amperes) at cyclotron extraction, is adjustable from 1
nA to 800 nA. The end of the vacuum beam pipe consists of a Kapton window with a
thickness of 0.125 mm, beyond which the proton beam enters a 3.8 m beamline target
station in air. This station is constructed from modular tables of 750 mm × 750 mm, each
featuring a Thorlabs plate, a type of mounting surface commonly used in experimental
setups for precision alignment and mounting of components. The Thorlabs plates can
be removed and replaced within ±1 mm precision relative to the beam. Additionally,
a fixed room laser system defines an isocenter, the reference point in the experimental
room where the beam is focused, located 911 mm from the Kapton window at the exit
of the vacuum pipe. The laser system extends along the entire target station, enabling
accurate alignment at different distances from the Kapton vacuum pipe exit window.

Conducting a diverse range of experiments requires a beamline design that is versa-
tile for pre-clinical studies while maintaining compatibility with clinical proton therapy
applications. To ensure that the R&D experimental proton beamline system performs
as expected, delivers accurate doses, and remains reproducible, characterization is cru-
cial. This characterization process involves determining and describing its key proper-
ties and behaviors, which are essential for understanding its performance across various
applications. Characterizing the physical properties of the proton pencil beam requires
measuring several parameters, including beam shape, size, intensity, and the depth-dose
distribution [28]. In addition to the pencil beam, a dual-ring passive scattering system
was designed, constructed, and characterized to produce uniform lateral fields rang-
ing from 2×2 cm2 to 20×20 cm2. These large fields were evaluated in terms of field
uniformity, field shape, and dose rate, and are particularly important in radiobiological
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experiments where consistent and reproducible irradiation is needed to evaluate cellular
responses across a broader target region. For this purpose, two unique radiobiological
endstations were developed that enable precise irradiation of biological samples, such
as cell cultures and tumor tissue samples.

This chapter details the characterization of the HollandPTC R&D experimental pro-
ton beamline in both pencil beam and double passive scattering configuration for physics
and radiobiological studies. These characterizations in terms of beam shape, size, inten-
sity, and depth-dose distribution are essential to establish well-defined dosimetric con-
ditions for conducting physics and radiobiological experiments, and offer reproducible
experimental setups in order to study the underlying biological mechanisms of proton
therapy. Section 3.2 describes the two different beamline configurations and the mea-
sured beamline characteristics. The experimental results for both configurations are pre-
sented in Section 3.3, followed by the discussion in Section 3.4 and the conclusion in
Section 3.5.

FIGURE 3.1: The experimental room at HollandPTC.
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3.2 Methods

3.2.1 Measurement Devices

To fully characterize the HollandPTC R&D experimental proton beamline, the following
measurement devices were used.

• A beam monitor (BMI01, DETECTOR, Turin, Italy) consists of two planar integral
chambers and is capable of online proton beam monitoring in terms of beam inten-
sity and time with a 1 ms resolution. The BMI01 is placed 100 mm downstream of
the Kapton vacuum pipe exit window and consists of a sensitive area of 300 × 300
mm2 and a water-equivalent (WE) thickness of 0.6 mm. Moreover, the BMI01 is
connected to the Varian ProBeam system, serving as a trigger for a customized de-
livery system to control the irradiation based on either delivery time or the number
of protons delivered.

• The Lynx® detector (IBA Dosimetry, Schwarzenbruck, Germany) comprises a scin-
tillating screen coupled to a CCD camera, featuring an active surface area of 300 ×
300 mm2 and an effective spatial resolution of 0.5 mm in both the x and y direc-
tions. The detector was utilized to measure the beam spot at the isocenter, as well
as at various distances from the Kapton vacuum pipe exit window to character-
ize the beam envelope. Additionally, it was employed to measure the shape and
profile of large fields.

• The BC-75 Faraday cup (Pyramid Technical Consultants, Inc.) is a charge beam col-
lector used to provide direct measurements of the proton beam current, optimized
for proton energies up to 250 MeV, with a maximum current readout capacity of
4μA. Featuring a sensitive area with a diameter of 70.5 mm, the Faraday Cup was
utilized in this study as a reference device to calibrate BMI01 and to characterize
the beam current at the isocenter.

• The Qubenext (DETECTOR, Turin, Italy) is a device utilized to measure depth-
dose distributions using air vented multi-layer ionization chambers. It features a
sensitive area of 127 × 127 mm2 and consists of 128 channels, each with a pitch of
2.34 mm WE, enabling measurement of proton ranges up to a total of 310 mm WE.
In this study, the Qubenext was employed to evaluate depth-dose distributions.

• The Advanced Markus® ionization chamber of type 34045 (PTW Freiburg, Ger-
many) is a vented plane-parallel ionization chamber equipped with a thin entrance
window and a waterproof protective cap for measurements in water. It has a sen-
sitive volume of 0.02 cm3 and is used to measure absorbed dose. In this study, the
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Advanced Markus® chamber was used for absorbed dose and absorbed dose rate
measurements.

• The OCTAVIUS Detector 1500XDR (PTW Freiburg, Germany) consists of a matrix
of vented plane-parallel ion chambers, each measuring 4.4 × 4.4 × 3 mm3, with a
center-to-center spacing of 7.1 mm. The matrix contains a total of 1405 ion cham-
bers, arranged to provide a maximum field size of 27 × 27 cm2. In this study, the
OCTAVIUS was used to measure absorbed dose and absorbed dose rate measure-
ments across large fields.

3.2.2 Pencil Beam Measurements

Beam Spot Measurements

The pencil beam spot size for energies ranging from 70 to 240 MeV was measured at the
isocenter using the Lynx® detector. A 2D intensity distribution was obtained, and a 2D
Gaussian function was fitted to account for the elliptical, rather than symmetric, spread
of the beam and to determine the beam spot size. The 2D Gaussian function f (x, y) was
described by:

f (x, y) = A · e
−( μx−x

2σx )
2
+
(

μy−y
2σy

)2

(3.1)

where A is the height of the distribution, μx and μy are the mean values in x and y,
respectively, and σx and σy are the standard deviations of the distributions in x and y,
respectively. μx,y was used to confirm that the beam was correctly directed and centered
relative to the reference points provided by the room’s laser alignment system and the
detector setup, while σx,y was used to determine the beam spot size in terms of the Full
Width at Half Maximum (FWHMx,y = 2.355 · σx,y) for both x and y.

Beam Envelope Measurements

The beam envelope refers to the spatial distribution of the beam as it propagates through
air. To determine the beam envelope, intensity distributions were measured using the
Lynx® detector at seven positions along the beam path, at distances of 230, 530, 911,
1230, 1530, 1830, and 2045 mm from the Kapton vacuum pipe exit window, schematically
illustrated in Figure 3.2. These measurements were conducted at proton energies of 70,
120, 150, 200, and 240 MeV. For each position and energy, a 2D Gaussian fit (Eq. 3.1) was
applied to calculate the beam spot sizes. The resulting beam envelope provided insights
into the beam optics and beam’s trajectory through air at varying proton energies.
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FIGURE 3.2: Schematic illustration of beam envelope measurements. The black square represents
the beam exit at 0 mm, with the subsequent Lynx® detector positions indicated as green squares,

illustrating the beam’s propagation through air in pink.

Beam Spot Asymmetry

Beamline components such as focusing magnets can introduce asymmetry in the beam
spot due to non-uniform beam optics. Additionally, interactions with materials like vac-
uum windows or beam monitors, along with misalignment of the detector can lead to
variations in the beam spread. These factors can contribute to asymmetry of the beam
spot. The asymmetry (AS) of the beam spot was calculated as:

AS(%) = 100 ·
σx −

(
σx+σy

2

)
σx+σy

2

(3.2)

with σx the beam spot size in the x-direction, and σy the beam spot size in y-direction
[42].

Transmission Efficiency and BMI01 Calibration

The actual beam current at the isocenter can be reduced due to various factors, such as
traveling through the Kapton vacuum pipe exit window, the BMI01, and interactions
that occur as the beam travels through air. This discrepancy means the nominal current
does not directly reflect the beam current at the location where measurements are taken,
and is defined as the transmission efficiency (TE). Measurements to assess the TE of the
beam were carried out using the BC-75 Faraday cup, which is reported to have an uncer-
tainty of less than 2% in charge readout. TE was measured for different beam energies,
with a readout time of 100 ms for the BC-75, and a readout range spanning from 1 nA
to 50 nA. To quantify the uncertainty in the BC-75 readout values, each measurement
was repeated three times, with each run lasting 20 seconds. For each run the data points
were averaged, and a standard deviation was calculated. The TE is defined as the ratio
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of the measured beam current at the isocenter to the nominal beam current, as expressed
in the following formula:

TE (%) = 100 ·
(

Iiso
Inom

)
(3.3)

with Iiso as the beam current at the isocenter, and Inom representing the nominal beam
current at cyclotron extraction.

Depth-Dose Measurements

Depth-dose distributions for proton energies ranging from 70 to 240 MeV were measured
at the isocenter using the QUBEnext detector, with measurements taken in 10 MeV in-
crements, as schematically illustrated in Figure 3.3. The distributions were analyzed by
fitting them with a Bortfeld function [127]. From the fitted data, the R100 (the depth at
which the dose reaches 100% of its maximum value), the peak width, R80 (the depth at
which the dose reaches 80% of its maximum value), and the peak-to-entrance (P-E) ratio
were determined. The P-E ratio was calculated by dividing the maximum dose value by
the dose value at the first entrance channel [42].

FIGURE 3.3: Schematic illustration of depth-dose measurements. The black square represents the
beam exit at 0 mm, with the blue box representing the Qubenext detector at the isocenter (911 mm).
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3.2.3 Double Passive Scattering Measurements

Passive Scattering Approach

Various passive scattering (Sec. 1.4.2) techniques are available to broaden the initial pen-
cil beam to achieve a large field with a uniform dose distribution. At HollandPTC, a
double passive scattering system with a dual-ring configuration was developed and op-
timized for an energy of 150 MeV [128, 129]. This system incorporates a flat scattering
foil, made of lead, to spread the initial pencil beam into a profile resembling a Gaus-
sian distribution. Following this, a dual-ring structure, consisting of a central disk con-
structed from a high-Z material (lead), surrounded by a ring made of a lower-Z material
(aluminum), further shapes the beam. The central disk generates a Gaussian-like pro-
file, while the surrounding ring produces an annular-shaped profile. Together, these
combine to create a uniform beam profile [28].

Two dual-ring systems were designed to accommodate different field sizes and dose
rates. The ”thick ring” system is optimized for fields up to 20 × 20 cm2 with lower dose
rates, while the ”thin ring” system is tailored for fields up to 8 × 8 cm2 with higher dose
rates. The thick ring system utilizes a 3.4 mm scattering foil, whereas the thin ring sys-
tem employs a thinner 0.8 mm scattering foil. The thicknesses and dimensions of the
rings are reported in Table 3.1. These dimensions were taken from the work of Tom-
masino et al. [43]. The dual-ring setups were mounted on a specialized support system
designed to allow easy insertion and removal from the beamline without compromising
their alignment relative to the beam. Each support system is made in such a way to en-
able precise alignment adjustments in the order of 0.05 mm steps. The support system is
shown in Figure 3.4a.

TABLE 3.1: Specifications of the dual-ring systems in terms of diameter (mm) and thickness (mm)
for the outer ring (aluminum) and inner ring (lead) for the thick ring and thin ring system.

Setup Outer ring (Al) Inner ring (Pb)
Diameter (mm) Thickness (mm) Diameter (mm) Thickness (mm)

Thick ring 200 16 45 5.5
Thin ring 200 5 11 1.5

Longitudinal Beam Spreading and Collimation

In order to spread the monoenergetic beam and create a uniform dose distribution in the
longitudinal direction, a 2D polymer range-modulator was used. It is composed of nu-
merous thin pins, each with a precisely defined shape and varying lengths, designed to
achieve the required modulation to produce a Spread-Out Bragg Peak (SOBP) [130, 131].
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(A) (B)

FIGURE 3.4: (A) The dual-ring systems mounted on the specialized support system, and (B) the 2D
range-modulator.

The 2D range-modulator was optimized for an initial energy of 150 MeV to produce a
SOBP of a specific width and is shown in Figure 3.4b. To shape and control the generated
large field, a two-stage brass collimator system was implemented. Its primary function
was to define a squared field size by laterally restricting the proton beam, ensuring that
the dose is delivered only within the desired field boundaries. The first collimator pro-
vides an initial rough shaping of the beam and blocks the majority of the spread pro-
tons caused by the passive scattering elements. This prevents the spread protons from
bombarding the second collimator, which would otherwise increase the generation of
high-energy neutrons in the brass material. By mitigating neutron production in the sec-
ond collimator, the system reduces the impact on the target [132]. The second collimator,
placed 85 cm downstream and 12 cm upstream of the target, finalizes the beam shaping
and further stops unwanted secondaries to ensure a uniform dose distribution across
the large field. The two-stage system can accommodate different collimator sizes to cre-
ate a variety of square field sizes of 2 × 2, 4 × 4, 10 × 10, 16 × 16, and 20 × 20 cm2.
To address elevated intensity at the field edges, caused by increased scattering from the
passive scattering system and collimators, all collimators were designed with slightly
larger apertures than the nominal field size. This compensatory design enhanced dose
uniformity across the field, minimizing variations between the center and edges.

Figure 3.5 shows a photo and schematic representation of the dual-ring passive scat-
tering configuration. The proton beam exits (1) the Kapton vacuum pipe window, passes
through (2) the first scattering foil, and is monitored by (3) the BMI01. The beam then
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FIGURE 3.5: (A) The experimental setup, and (B) schematic representation (not to scale) of the dual-
ring passive scattering configuration with the distances from Kapton vacuum pipe exit window in
cm. From left to right: the Kapton vacuum pipe exit window (1), the first scattering foil (2), BMI01

(3), dual-ring (4), 2D range-modulator (5), collimator system (6) and detector or target (7).

traverses (4) the dual-ring, interacts with (5) the 2D range-modulator, and is shaped by
(6) the two-stage brass collimator system, which defines field size.

Large Field Uniformity

To achieve maximum beam uniformity across the large field, the distances between the
first scattering foil, dual-ring, and target position were optimized. For this purpose,
GEANT4 simulations were performed to determine the optimal spacing between these
components. The shape and uniformity of the passively scattered field were measured
using the Lynx® detector. The Lynx® was placed at target position, as shown in Figure
3.5. From the obtained 2D beam cross-sections, the uniformity (U) across the field was
calculated as:
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U(%) =

(
1 − Imax − Imin

Imax + Imin

)
· 100%, (3.4)

where Imax is the maximum intensity across the field of interest, and Imin is the minimum
intensity. A uniformity with a maximum deviation of 5% is desired for both pre-clinical
radiobiological experiments and detector characterization in order to mimic the clinical
standards.

Depth-Dose Measurements

Once the field uniformity was assessed, depth-dose distributions for both the thin and
thick ring systems were measured in a water phantom using the Advanced Markus®

chamber. The Advanced Markus® chamber used in the R&D room was cross-checked
against the one used for clinical practice, which is calibrated against a primary standard.
An agreement of 0.5% was observed between the two chambers. To verify the absolute
dose uniformity across the field, measurements with the Advanced Markus® chamber
were performed at the center of the field and at several points along the x and y direc-
tion. Maximum dose rate measurements were conducted along the Bragg peak, and at
the midpoint of the SOBP. To enable BP experiments at various depths, dose rates were
measured at the entrance, at 80% of the maximum dose proximal to the BP (P80), and at
20% of the maximum dose distal to the BP (D20). The irradiation time ranged between
10 and 60 seconds, and the dose rate was calculated by dividing the total measured dose
by the corresponding irradiation time. To fully characterize the total 3D depth-dose dis-
tribution across the large field both laterally and longitudinally, the OCTAVIUS Detector
1500XDR was used. Slabs of WE polystyrene (RW3) were placed in front of the detector,
and x-y dose profiles were measured at each depth. Larger step sizes (1 cm) were used
in the plateau region, while 5 mm steps were employed in the spread-out Bragg peak
(SOBP) region. The 3D dose distribution was then reconstructed by calculating the total
dose at each depth.

3.2.4 Two Endstations for Radiobiological Experiments

At the R&D experimental proton beamline at HollandPTC, clinically relevant conditions
for radiobiological experiments were established. Two unique radiobiological endsta-
tions were designed specifically for radiobiological studies:

• A water phantom configuration was developed to enable precise irradiation of cell
samples within a 10 × 10 cm2 field. In this setup, 3D-printed holders were de-
signed to accommodate either cell culture flasks or well-plates. The holders were
mounted on a motorized linear stage, which allowed for movement along the x, y,



76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk
Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025 PDF page: 76PDF page: 76PDF page: 76PDF page: 76

52 Chapter 3. Characterization of the HollandPTC R&D Proton Beamline

and z axes to position the samples at the desired depth within the Bragg Peak (BP)
or SOBP. Additionally, the holder includes a slot to position an Advanced Markus®

chamber directly behind the cell sample, allowing for real-time dosimetric mea-
surements during irradiation. The BP and SOBP curves were measured using the
Advanced Markus® chamber with and without the cell sample in place to deter-
mine the corrected water-equivalent thickness of the sample. The configuration
for the cell culture flask holder is shown in Figure 3.6.

• A water-equivalent polystyrene (RW3) slab phantom configuration was developed
that uses RW3 phantom slabs to achieve the desired BP or SOBP depth for cell
sample irradiation. This configuration makes use of a dedicated cell irradiation
flipper system designed and built in-house, enabling cells to remain in a horizon-
tal position until just before irradiation. The technical drawings of the system are
presented in Figure 3.7. A remote-controlled motor then flips the culture flask to
a vertical position when the beam is ready to be delivered. After irradiation, the
flask is returned to the horizontal position. This system allows cells to be irra-
diated either immersed in culture medium or not, with no significant biological
impact. Additionally, 3D-printed supports for cell culture flasks, well-plates, and
Petri dishes were created to accommodate various sample types for irradiation us-
ing this flipper system.

(A) (B) (C)

FIGURE 3.6: The water phantom configuration used for cell irradiations and absolute dosimetry
measurements. A cell culture flask with culture medium is placed in the 3D-printed holder, mounted
to the motorized linear stages. (A) and (B) show a side and top view of the configuration showing the
motorized linear stages and 3D-printed holder, and (C) a view from the back where the Advanced

Markus® chamber is visible.
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FIGURE 3.7: Three-dimensional technical drawings of the cell irradiation flipper system realized for
the HollandPTC R&D experimental proton beamline. The sample holder shown in the drawings is

for a T25 cell culture flask. In the figure both the vertical and horizontal positions are shown.

3.3 Results

3.3.1 Pencil Beam Characterization

Beam Spot Size

The beam spot sizes measured at the isocenter with the Lynx® detector for energies rang-
ing from 70 to 240 MeV with 10 MeV steps is shown in Figure 3.8, and are listed in Table
3.2. The beam spot sizes are expressed as the FWHM, obtained from the 2D Gaussian fit
on the 2D beam cross-sections (Eq. 3.1). The beam spot size decreases with increasing
proton energy due to the reduced effect of multiple Coulomb scattering at higher ener-
gies. As proton energy increases, the beam undergoes less scattering in air, leading to
a more focused beam and a smaller beam spot size. At lower energies, the beam spot
size in the x direction is larger than in the y direction. This asymmetry at the isocenter
decreases as the energy increases up to 160 MeV where the asymmetry is 0%, and then
increases again for energies greater than 160 MeV. The AS percentages are listed in Ta-
ble 3.2. Figure 3.9 presents the lateral beam profile in the x direction for energies of 70,
150, and 240 MeV, demonstrating a Gaussian distribution and highlights the decrease
in beam spot size at 240 MeV compared to 70 MeV. This effect is also observed when
comparing the 2D beam cross-sections, shown in Figure 3.10.
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FIGURE 3.8: The beam spot size expressed as the FWHM (mm) in x and y at isocenter, obtained
using Eq. 3.1, as a function of nominal beam energy (MeV).

FIGURE 3.9: Lateral profiles at isocenter for the x (left) and y (right) direction for 70, 150 and 240
MeV.

Beam Envelope

Result of the beam envelope measurements for 70, 120, 150, 200 and 240 MeV are shown
in Figure 3.11, presenting the beam spot size expressed as the FWHM in the x direction
and y direction through air at the seven positions. At lower energies, the beam exhibits
a larger beam envelope due to the combined effects of its initially larger spot size and
more pronounced multiple Coulomb scattering in air. This scattering causes the beam
to diverge more as it travels. At higher energies, the beam envelope is smaller, because
higher energy protons undergo less multiple Coulomb scattering, maintaining a more
focused trajectory. Furthermore, at all proton energies, the beam spot exhibits the great-
est asymmetry (±12%) at short distances from the Kapton vacuum pipe exit window,
with FWHMx consistently larger than FWHMy. The beam spot asymmetry decreases
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70 MeV 120 MeV 150 MeV 200 MeV 240 MeV

FIGURE 3.10: The 2D beam cross-sections measured at the isocenter with the Lynx® detector at 70,
120, 150, 200 and 240 MeV.

as the beam travels through air, achieving greater symmetry (±1%) around the isocen-
ter (911 mm). However, asymmetry increases again at distances beyond the isocenter
(±3%). The observed differences between FWHMx and FWHMy suggest the influence
of non-linear beam optics, likely caused by the quadrupole magnets along the beamline
[133].

Transmission Efficiency

Table 3.2 presents the TE at various energies. TE increases with increasing beam energy
due to the configuration of the ESS. To achieve lower energies, such as 70 MeV, the ESS
uses a greater amount of degrader material to reduce the beam’s energy. This results in
increased scattering within the degrader, leading to a higher loss of protons through the
beam transport system and a reduction in beam quality. Conversely, at higher energies,
the energy degrader is largely retracted, maintaining beam quality more effectively. As
a result, the measured beam current at the isocenter more closely resembles the nominal
beam current. The variation in TE reflects the corresponding difference in proton flux
per 1 nA of nominal beam current at different energies, as shown in Table 3.2. At higher
TE values, thus for higher energies, a significantly greater number of protons reach the
isocenter, delivering a higher proton flux for the same nominal beam current.

Depth-Dose Distributions

The depth-dose distributions obtained with the Qubenext detector for energies between
70 and 240 MeV with 10 MeV steps are shown in Figure 3.12. The effective energy at
isocenter position with respect to the nominal energy at cyclotron extraction is reported
in the second column of Table 3.2. Moreover, for 70, 100, 130, 150, 180, 200, and 240
MeV, the peak position, the peak width, the R80 and the peak to plateau ratio were ex-
tracted modeling the experimental data with a Bortfeld function [127], reported in Table
3.3. Higher nominal energies lead to deeper proton penetration in water, resulting in
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(A) (B) (C)

(D) (E)

FIGURE 3.11: Beam envelope experimental data. The sigma values extracted from the Gaussian fit
expressed in mm are shown as function of depth in air (cm) for (A) 70 MeV, (B) 120 MeV, (C) 150

MeV, (D) 200 MeV, and (E) 240 MeV.

increased R100 and R80 values. The peak width of the depth-dose distribution also in-
creases with energy due to greater energy range straggling at greater depths. At higher
nominal energies, the peak-to-plateau ratio of the Bragg curve generally decreases, ex-
cept for 100 MeV. This occurs because higher energy protons experience increased en-
ergy straggling, leading to a broader Bragg peak (Fig. 3.12) and a more pronounced
buildup of dose in the plateau region. As a result, the contrast between the Bragg peak
and the plateau is reduced.

3.3.2 Double Passive Scattering Characterization

Large Field Uniformity

The two-stage brass collimator system for the dual-ring passive scattering configuration
provides field sizes from 2 × 2 cm2 up to 20 × 20 cm2 with both high and low dose rates.
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TABLE 3.2: Values of nominal beam energy Enom in MeV, measured energy at isocenter Eiso in MeV,
FWHM in x (FWHMx) and y (FWHMy) based on equation 3.1, beam sport asymmetry AS (%) calcu-
lated at isocenter, transmission efficiency TE (%) and measured proton flux per nominal 1 nA beam
current. TE is reported with its relative error calculated from the standard deviation of the measured

values.

Enom (MeV) Eiso (MeV) FWHMx (mm) FWHMy (mm) AS (%) TE (%) Flux/1nA
70 68.3 12.8 12.2 1.6 0.04±0.0024 2.44 · 106

80 78.6 12.0 11.6 1.6
90 88.9 11.4 11.0 1.7 0.071±0.0042 4.44 · 106

100 99.0 10.9 10.6 1.5 0.114±0.003 6.86 · 106

110 109.1 10.5 10.3 1.2
120 119.2 10.1 9.8 0.8 0.16±0.01 8.91 · 106

130 129.2 9.9 9.8 0.5
140 139.4 9.7 9.7 0.2
150 149.3 9.5 9.3 0.3 0.29±0.01 1.78 · 107

160 159.4 9.3 9.3 0.0
170 169.4 9.2 9.3 0.5
180 179.4 9.1 9.2 0.4 0.63±0.01 3.94 · 107

190 189.4 9.0 9.1 0.4
200 199.4 8.9 8.7 0.1 1.01±0.02 7.04 · 107

210 209.4 8.8 8.8 0.0
220 219.4 8.8 8.7 0.3 1.84±0.02 1.16 · 108

230 229.3 8.7 8.5 0.7
240 239.7 8.6 8.1 1.6 5.49±0.26 3.29 · 108

Figure 3.13 presents the 2D beam cross-sections along with their corresponding intensity
profiles through the center x and y direction, for low dose rate field sizes of 4 × 4 cm2, 10
× 10 cm2 and 20 × 20 cm2. The increased intensity at the edges is noticeable, however,
the use of a larger aperture compared to the desired field size ensures dose homogeneity
is maintained. All generated fields, produced using both the thick and thin ring systems,
exhibit large field uniformity levels between 97% and 99%. The uniformity values for all
available fields are summarized in Table 3.4.

TABLE 3.3: Parameters derived from the experimental depth-dose distributions measured with the
Qubenext detector, fitted through the Bortfeld function: peak position (R100) expressed in cm Water-
Equivalent (WE), peak width at R80 in cm WE, range (R80) and peak-to-plateau ratio at 70, 100, 130,

150, 180, 200 and 230 MeV.

E (MeV) R100 (WE cm) peak width ( WE cm) R80 (WE cm) P-E ratio
70 3.62 0.41 3.76 3.9
100 7.29 0.55 7.42 3.7
130 11.66 0.75 12.05 3.9
150 15.04 0.91 15.52 3.9
180 20.87 1.17 21.39 3.7
200 25.25 1.30 25.68 3.6
240 34.28 1.32 34.79 3.7
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FIGURE 3.12: Depth-dose distributions in water (cm) obtained with the Qubenext detector for ener-
gies between 70 and 240 MeV with 10 MeV steps, measured at the isocenter.

TABLE 3.4: Available collimated field sizes and their large field uniformity according to Equation
3.4.

System Field size (cm2) Uniformity (%)

Thick Ring (low dose rate)

2 × 2 99±1
4 × 4 99±1

10 × 10 98±1
16 × 16 97±1
20 × 20 97±1

Thin Ring (high dose rate)
2 × 2 99±1
4 × 4 98±1
8 × 8 98±1

Depth-Dose Distributions

The depth-dose distribution of the 150 MeV double passively scattered proton beam was
measured in a water phantom (Fig. 3.6) using the Advanced Markus® chamber to record
the dose at the center of a 10 × 10 cm2 field. The resulting Bragg curve and SOBP curve
for both the thin and thick ring systems are presented in Figure 3.14. The R80 of the
Bragg curve was measured at 13.79 cm WE for the thin ring and 9.95 cm WE for the
thick ring system. The P-E ratio was approximately 3 for both systems. The middle of
the SOBP was located at 12.2 cm for the thin ring and 7.5 cm for the thick ring system.
The ratio between the mid-SOBP dose value and the entrance value was 1.74 for the thin
ring and 1.57 for the thick ring system. The SOBP width was 2.0 cm for the thin ring
system with a longitudinal uniformity of 98% and 2.5 cm for the thick ring system with
a longitudinal uniformity of 99%.
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FIGURE 3.13: 2D beam cross-sections of the 150 MeV thick ring double passively scattered proton
beam for field sizes of 4 × 4 cm2, 10 × 10 cm2, and 20 × 20 cm2 are shown in the top panel. The
intensity of the distributions are normalized to the maximum value. The bottom panel shows the x

and y intensity profiles through the center of the large field.

Maximum Dose Rates

For the Bragg curve, for the thin ring configuration, dose rates of 3.8 Gy/min, 10.5
Gy/min, and 2.8 Gy/min were observed at the entrance, P80, and D20 positions, re-
spectively. In contrast, for the thick ring configuration, dose rates of 0.9 Gy/min, 1.9
Gy/min, and 0.5 Gy/min were recorded at the same positions. For the SOBP, the max-
imum achievable dose rates in the mid-SOBP were found to be 9.9 Gy/min for the thin
ring system, while a dose rate of 1.6 Gy/min was found for the thick ring system.

3D Depth-Dose Reconstruction

The 3D depth-dose reconstruction obtained using the OCTAVIUS Detector 1500XDR us-
ing RW3 slab phantoms for the thick ring system is shown in Figure 3.15. The beam
profiles in x and y were combined, and the total dose was calculated at all depths to
generate a 3D relative dose map for the SOBP, clearly visualizing the homogeneous dose
region.
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FIGURE 3.14: The 150 MeV double passively scattered BP and SOBP in a water phantom (Fig. 3.6)
using the Advanced Markus® chamber at the center of a 10 × 10 cm2 field. The top panel shows the

result for the thick ring system, and the bottom panel shows the thin ring system.

3.4 Discussion

The characterization of the HollandPTC R&D experimental proton beamline revealed
that the pencil beam configuration exhibited a reduction in beam spot size with increas-
ing energy, accompanied by beam asymmetry, which was more pronounced at lower
energies. The reduced beam spot size at higher energies is an expected effect of reduced
multiple Coulomb scattering in air, which makes the beam more focused. In contrast to
other studies where beam profiles were assumed to be symmetric and therefore analyzed
using a 1D Gaussian fit [42, 133], this study employed a 2D Gaussian fit to capture the
full spatial correlation between the x and y dimensions. This approach provided more
accurate FWHM values by modeling the intensity distribution as a function of both x
and y. Consequently, it allowed for an elliptical Gaussian representation to account for
potential asymmetries in the beam profile. In contrast, fitting separate 1D Gaussians
assumes that the x- and y-profiles are independent which can result in a less accurate
understanding of the beam spot size. Furthermore, the observed difference between the
FWHMx and FWHMy in the beam envelope measurements indicated non-linear beam
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FIGURE 3.15: 3D integrated dose distribution as function of depth in water-equivalent (beam direc-
tion expressed in z mm), for the thick ring system. The x (mm) represents the field size around the

center of the detector which correspond to the center of the field.

optics, a phenomenon common in proton therapy systems [28]. However, when utilizing
a large field for radiobiological experiments, the deviations caused by the beam optics
become less significant, as the broadening of the field averages out localized variations.

A fully characterized 150 MeV double passive scattering configuration was devel-
oped, which includes a scattering foil and a dual-ring system, based on the concept
proposed by Tommasino et al. [43]. While field sizes ranging from 2 × 2 cm2 to 20 × 20
cm2 can be achieved by varying the brass collimator sizes, the configuration using a 10
× 10 cm2 field at an energy of 150 MeV was optimized for radiobiological studies. This
configuration demonstrated a field uniformity of 98%, a result that aligns well with stud-
ies at other proton therapy facilities [37, 38, 43]. Although the double passive scattering
configuration offers great flexibility and versatility, it will not fully match the capabilities
of a fully active scanning system. To address this, HollandPTC provides the option of
utilizing its clinical gantry for research purposes. This approach enables HollandPTC
to combine the advantages of both systems: the passive scattering system’s ease of use,
simple geometry, and well-defined dosimetry, alongside the benefits of an active scan-
ning system, which fully replicates patient treatment, allows for the use of treatment
planning systems, and supports complex geometries. This combination optimizes both
practical simplicity and the advanced capabilities required for radiobiological research,
making it a valuable tool for experimental studies in proton therapy.
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3.5 Conclusion

This chapter presents the characterization of the HollandPTC R&D experimental proton
beamline for both pencil beam and double passive scattering configurations. In the pen-
cil beam configuration, the beamline is characterized in terms of beam spot size, beam
envelope, beam asymmetry, and depth-dose characteristics, evaluated at various ener-
gies and different depths through air. In the double passive scattering configuration,
which includes a scattering foil, dual-ring system, and two-stage brass collimation sys-
tem, the characterization focused on large field sizes, their uniformity and depth-dose
profiles. The development of these configurations has enabled the establishment of two
specialized biological endstations, which, now fully characterized and tested, are avail-
able for high precision physics and radiobiological experiments.
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65

Chapter 4

The Development of a GEANT4
Based Simulation Platform

Parts of this chapter have been published as ”Groenendijk, C. F., Rovituso, M., Lathouwers, D., & Brown, J.
M. C. (2023). A Geant4 based simulation platform of the HollandPTC R&D proton beamline for radiobiological studies.
Physica Medica, 112, 102643” [134].
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4.1 Introduction

To ensure that every allocated experimental beamtime is used efficiently significant plan-
ning, workflow optimization, and pre-irradiation preparation is required. One useful
way to ensure that each experimental configuration will yield the desired proton field
shape, intensity, and incident energy spectra is to undertake in silico trials through the
use of Monte Carlo radiation transport modelling toolkits such as GEANT4 [110, 111,
112], FLUKA [107, 108] and MCNP [105, 106]. This approach is standard for lower en-
ergy proton beamlines [135, 136, 137, 138, 139], and has been shown to be crucial for
clinical energy proton passive scattering beamlines to enable accurate determination of
delivered dose/LET in radiobiological studies [43, 140].

This chapter presents the development of a GEANT4 based simulation platform of
the HollandPTC R&D experimental proton beamline (G4HPTC-R&D) to enable the plan-
ning, optimization, and advanced dosimetry for radiobiological studies in both a pencil
beam and passively scattered field configuration. In contrast to past studies, this work
implements a six parameter non-symmetrical Gaussian pencil beam surrogate model
to simulate the pencil beam properties with only the ProBeam isochronous cyclotron
mean extraction proton energy as input. Section 4.2 describes the development of the
G4HPTC-R&D simulation platform and its individual parameter surrogate functions
for non-symmetrical Gaussian pencil beam model through optimization with respect
to three proton energy experimental datasets, and G4HPTC-R&D’s benchmarking with
respect to an additional three independent experimental datasets. The results of this
process and an accompanying discussion can be found in Section 4.3, with an overall
conclusion following in Section 4.4.

4.2 Methods

4.2.1 G4HPTC-R&D Simulation Platform Development

GEANT4 version 10.06.p01 was utilized to develop the G4HPTC-R&D simulation plat-
form based on the experimental geometry of the HollandPTC R&D beamline in its pas-
sively scattered field configuration seen in Figure 4.1. A total of eight key geometric el-
ements outlined in Table 4.1 were implemented in G4HPTC-R&D that could be enabled
or disabled depending on the beamline operational mode (i.e. pencil beam or passively
scattered field configuration). The scattering foil and dual-ring seen in Figure 4.1 facil-
itate the expansion and shaping of the initial proton pencil beam to generate a uniform
intensity proton field. The expanded and shaped beam is collimated at two stages along
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its path through the use of a first and second stage variable open cross-section brass col-
limator to produce square fields of up to 20 × 20 cm2. At the irradiation/measurement
stage where different radiobiological endstations are placed in Figure 4.1, a Lynx® detec-
tor (Ch. 3, Sec. 3.2.1) can be seen which is used to assess the shape and quality of the
proton field. Finally, an additional geometrical element that is not show in Figure 4.1
was implemented: a water box that mimics the properties of the Qubenext detector (Ch.
3, Sec. 3.2.1). Table 4.1 outlines the dimensions and materials of the different elements,
with additional information relating to their design and orientation along the beamline’s
path outlined in Chapter 3 [126].

1

2

3

4

5

6

6
7

FIGURE 4.1: HollandPTC R&D beamline configured in its passively scattered field configuration.
Seven of the eight implemented geometric elements in G4HPTC-R&D to mimic this experimental
configuration, and their relative distances with respect to the Kapton vacuum pipe exit window
in mm, can be seen in Fig. 3.5. Here the seven of the eight key geometric elements are: (1) the
Kapton vacuum pipe exit window, (2) scattering foil, (3) beam monitor, (4) dual-ring, (5) first stage
beam defining collimator, (6) second stage beam defining collimator, and (7) the front of the irradi-
ation/measurement stage. Note that a Lynx® detector can be seen at the irradiation/measurement

stage, and the Qubenext detector is not shown.

4.2.2 G4HPTC-R&D Proton Pencil Beam Model Optimization

The non-symmetrical Gaussian pencil proton beam of the HollandPTC R&D beamline
was implemented in G4HPTC-R&D using a six parameter surrogate model emerging
after the Kapton vacuum pipe exit window. These six parameters model three impor-
tant characteristics of the proton beam at the Kapton vacuum pipe exit window: the 2D
Gaussian lateral beam spot size (σx, σy), the 2D Gaussian beam spot angular deviation
(θx, θy), and the 1D Gaussian energy spread of the cyclotron generated proton beam
with initial mean energy E0 and energy spread ΔE. Through the optimization workflow
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outlined in Figure 4.2, a set of individual surrogate functions were developed for each
of these parameters to enable the modelling of the Gaussian pencil beam properties us-
ing the ProBeam isochronous cyclotron mean extraction proton energy with respect to
experimental measurements at 70, 150, and 240 MeV. For each combination of these six
parameters and detection media (Lynx® detector or surrogate Qubenext detector water
box) investigated with G4HPTC-R&D, a total of 106 primary protons were run and the
transport of all particles was simulated using a combined GEANT4 ”Standard EM Op-
tion 4” and ”QGSP BIC HP” physics list [112, 141] with atomic deexcitation enabled, a
particle production range cut of 200 μm, and a low-energy cut off of 250 eV.

TABLE 4.1: Name, dimensions, and materials of the geometric elements that were implemented in
G4HPTC-R&D to mimic the experimental configuration seen in Figure 4.1.

Name Dimensions Material
Kapton Vacuum
Pipe Exit Window

Disc (diameter,z):
100, 0.125 mm G4 KAPTON

Scattering Foil Box (x,y,z):
100, 100, 3.4 mm G4 Pb

Beam Monitor Surrogate Box (x,y,z):
400, 400, 0.6 mm G4 WATER

Dual-Ring

Inner Disc (diameter,z):
45, 5.5 mm
Outer Ring (inn., out., z):
45, 200, 16 mm

G4 Pb

G4 Al

First Stage
Collimator

Box Outer (x,y,z):
220, 220, 70 mm
Inner Opening (x,y,z):
120, 120, 70 mm

Brass
Cu:Zn:Pb
58%:39%:3%
ρ = 8.7 g/cm3

Second Stage
Collimator

Box Outer (x,y,z):
220, 220, 70 mm
Inner Opening (x,y,z):
120, 120, 70 mm

Brass
Cu:Zn:Pb
58%:39%:3%
ρ = 8.7 g/cm3

Lynx® Detector

Front Box (x,y,z):
300, 300, 1 mm
Back Box (x,y,z):
300, 300, 0.5 mm

G4 PLEXIGLASS

G4 GADOLINIUM
OXYSULFIDE

Water Box
(Qubenext Detector)

Box (x,y,z):
127, 127, 400 mm G4 WATER
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70 Chapter 4. The Development of a GEANT4 Based Simulation Platform

Beam Spot Size and Angular Deviation

In the first stage, the lateral beam spot size (σx, σy) and angular deviation (θx, θy) were
optimized with respect to the proton pencil beam envelope cross-section measured with
a Lynx® detector in free air at 230, 530, 911, 1230, 1530, 1830 and 2045 mm down-stream
from the Kapton vacuum pipe exit window. Both sets of experimental and simulated
Lynx® detector data 2D beam profiles were fitted with a 2D Gaussian function (Eq. 3.1)
to obtain the Full Width at Half Maximum (FWHM) in x and y. The Full Width at Tenth
Maximum (FWTM) was extracted from the central x- and y-axis planes to investigate the
tails of the distributions as a second figure of merit. The agreement between experimen-
tal and simulated FWHM values as a function of the pencil beam energy was assessed
through the use of the Sum of Squared Errors (SSE) metric:

SSE =
n=7

∑
i=1

(FWHMsim,i − FWHMexp,i)
2 (4.1)

where FWHMsim,i is the simulated and FWHMexp,i is the experimental FWHM summed
over n = 7 distances. Starting with (predefined) initial values for σx, σy, θx and θy from
Chapter 3, a two-step optimization with the SSE metric was undertaken. In the first
step a ±10% offset sweep around initial values was explored, and the combination that
resulted in the smallest SSE was selected as an initial estimates for each parameter. A
second parameter sweep of all four of the initial estimate for each parameter with a ±5%
offset was then undertaken to fine tune and ensure that each parameter value was not a
local minimum in the optimization.

Mean Energy and Energy Spread

In the second stage, the two remaining beam parameters (E0 and ΔE) that modeled the
initial mean energy and energy spread of the cyclotron generated proton pencil beam
were optimized with respect to the experimental proton pencil beam depth-dose distri-
butions at 70, 150, and 240 MeV. Experimental measurements of the proton pencil beam
depth-dose distributions at 70, 150, and 240 MeV were obtained with a Qubenext detec-
tor placed at the beam isocenter 911 mm from the Kapton vacuum pipe exit window1.
Using the optimized lateral beam spot size (σx, σy) and angular deviation (θx, θy) values
at each energy, the mean energy (E0) was varied in steps of 0.1 MeV around the ProBeam
isochronous cyclotron mean extraction proton energy and the energy spread (ΔE) in ±5
steps of 0.05 MeV with respect to initial estimates taken from Chapter 3 to compare to

1The experimental 240 MeV proton pencil beam depth-dose profile was measured with a 100 mm thick and
300 × 300 mm2 cross-sectional area slab of water equivalent plastic placed in front of the Qubenext detector.
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the experimental proton pencil beam depth-dose distributions. Each proton pencil beam
depth-dose profile data was fitted with a Bortfeld function [127], and the position of the
80% dose in the distal falloff (R80), the distance between the distal position of the 80%
and 20% dose values (R80-R20 distal fall-off), and peak-to-entrance (P-E) ratio were ex-
tracted as figures of merit [142]. Comparison of the simulation and experimental results
for these three figures of merit were used to optimise E0, ΔE, and to provided a general
figure of merit.

The set of six parameter values obtained in the first and second stages of the opti-
mization workflow outlined in Figure 4.2 form the basis of the developed individual
parameter surrogate functions (third stage). They were solved through the mapping
of each parameter value at 70, 150 and 240 MeV to second-order polynomial functions.
With these surrogate functions G4HPTC-R&D can model the non-symmetrical Gaussian
pencil beam properties at the Kapton vacuum pipe exit window of the R&D beamline
with only the ProBeam isochronous cyclotron mean extraction proton energy as input.

4.2.3 G4HPTC-R&D Independent Experimental Benchmarking

The refined non-symmetrical Gaussian pencil beam model and G4HPTC-R&D simula-
tion platform was benchmarked with respect to three independent experimental datasets.
Two of these experimental datasets were of the HollandPTC R&D beamline operating in
its pencil beam configuration at 120 and 200 MeV, and the other was the HollandPTC
R&D beamline operating in its passively scattered field configuration at 150 MeV to
generate a 100 × 100 mm2 field at the irradiation/measurement stage. Experimental
measurements and G4HPTC-R&D simulations were undertaken at 120 and 200 MeV in
an identical manner to that outlined above to obtain beam envelope evolution in free
air and depth-dose distributions in water datasets. These experimental and simulated
FWHM, FWTM, R80, R80-R20 distal fall-off, and P-E ratio results at each energy were
compared to assess the validity of the refined non-symmetrical Gaussian pencil beam
model and G4HPTC-R&D simulation platform.

Experimental measurement of the 100 mm × 100 mm field generated at the irradi-
ation/measurement stage for the HollandPTC R&D beamline operating in its passively
scattered field configuration was undertaken using the Lynx® detector at 150 MeV. Large
field simulations were performed using the parameter values outlined in Table 4.2 (E0

= 148.8 MeV, ΔE = 1.35 MeV, σx = 2.819 mm, σy = 2.100 mm, θx = 0.0028 rad, and θy =
0.0033 rad), with all beam elements implemented as shown in Figure 4.1 and for an in-
ner open cross-section of the final stage beam defining brass collimator set to 100 mm ×
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100 mm. A total of 4 × 107 primary protons were run, and the transport of all particles
was simulated using the same physics configuration outlined above for the pencil beam
configuration simulations.

Three figures of merit were utilized to assess the validity of the refined G4HPTC-R&D
simulation platform operating in a passively scattered field configuration: (1) the field
uniformity U, (2) the γ-index mean value, and (3) the γ-index global pass rate. The field
uniformity (U) figure of merit across the field for both the experimental and simulation
data was calculated by:

U [%] =
(

1 − Imax − Imin
Imax + Imin

)
· 100% (4.2)

where Imax is the maximum intensity across the field, and Imin is the minimum intensity
across the field. It should be noted that a uniformity of above 97% is required for radio-
biological experiments [43, 126]. Whereas for the γ-index mean value and global pass
rate figures of merit, the γ-index can be written as:

γ(rE) = min{Γ(rE, rS)}∀{rS} (4.3)

with:

Γ(rE, rS) =

√
Δr2(rE, rS)

δr2 +
ΔD2(rE, rS)

δD2 (4.4)

where rE is the spatial location in the experimental field, rS is the spatial location in
the simulated G4HPTC-R&D field, Δr(rE, rS) is the distance between the two locations,
ΔD(rE, rS) is the difference in dose between the two locations, δr is the distance differ-
ence criterion, and δD is the dose difference criterion [143, 144]. A total of three different
δr and δD criterion combinations were assessed respectively: (1) 3 mm and 3%, (2) 4 mm
and 4%, and (3) 5 mm and 5%.

4.3 Results and Discussion

4.3.1 G4HPTC-R&D Proton Pencil Beam Model Optimization

Table 4.2 presents the optimal values for the non-symmetrical Gaussian pencil beam
surrogate model parameters σx, σy, θx and θy obtained through the optimization work-
flow outlined in Figure 4.2 at 70, 150 and 240 MeV. In the case of σx, σy, θx, θy and
ΔE, all of these parameters decrease with increasing initial mean proton energy as ex-
pected [145, 146, 147]. Whereas for the E0, the obtained values are within less than 2%
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of the requested ProBeam isochronous cyclotron mean extraction proton energy. This
small difference between experimental and G4HPTC-R&D value for the E0 parameter
can be attributed to: (1) generation of the non-symmetrical Gaussian pencil beam spot
after the Kapton vacuum pipe exit window, (2) uncertainties in the alignment and the
resolution of the Qubenext detector, and (3) uncertainties in relevant GEANT4 proton
cross-sectional data and physics models which are on the order of ±10% [141, 147].

TABLE 4.2: Optimized non-symmetrical Gaussian pencil beam surrogate model parameters at 70,
150, and 240 MeV: lateral spread σ in x and y (mm) and angular spread θ in x and y (radians), initial

mean energy E0 (MeV) and energy spread ΔE (MeV).

E (MeV) σx (mm) σy (mm) θx (rad) θy (rad) E0 (MeV) ΔE (MeV)
70 3.383 2.559 0.00371 0.00409 69.8 1.43

150 2.819 2.100 0.00280 0.00330 148.8 1.35
240 2.509 1.890 0.00273 0.00300 235.5 0.80

Beam Spot Size and Beam Envelope

Figure 4.3 presents a comparison between the fitted FWHM and FWTM extracted values
from the experimental and G4HPTC-R&D proton pencil beam envelope cross-section
measurements in free air at 70, 150, and 240 MeV using the optimal values for σx, σy, θx,
and θy outlined in Table 4.2. The dotted lines represent a ±5% deviation with respect to
experimental results to aid in assessing the accuracy of the G4HPTC-R&D results. For
all energies the G4HPTC-R&D FWHM values in both x and y were reproduced to within
less than 5% indicating a high level of correlation. With the FWTM values, the G4HPTC-
R&D 70 and 150 MeV data is also within 5% of experimental results indicating a high
level of correlation. However, at 240 MeV the G4HPTC-R&D 2D proton pencil beam
envelope cross-section FWTM values increase as a function of distance in air with the
furthest two distances having a difference of up to 9% relative to their respective experi-
mental values. It should be noted that this level difference is still within the established
uncertainties in relevant GEANT4 proton cross-sectional data and physics models which
are on the order of ±10% [141, 147], and the fact that this difference is still on the order
of 5% indicates a high level of correlation between the experimental and G4HPTC-R&D
data.

Depth-Dose Distributions

The depth-dose distributions of experimental and G4HPTC-R&D results obtained with
these optimized values of Table 4.2 are shown in Figure 4.4, and their corresponding
proton range (R80), distal fall-off (R80-R20) and peak-to-entrance (P-E) ratio values are
displayed in Table 4.3. The depth-dose distributions are normalized on the maximum
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(A)

(B)

(C)

FIGURE 4.3: Experimental and G4HPTC-R&D 2D beam cross-section FWHM and FWTM values as
a function of distance from the Kapton vacuum pipe exit window at (A) 70 MeV, (B) 150 MeV, and
(C) 240 MeV. Here error bars representing the accuracy of FHWM data fitting cannot be resolved

due to their scale being on the same order as FWHM data symbols.
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dose, and show agreement in R80 and R80-R20 to within less than 0.5 mm (or 2%) for all
energies. As for the P-E ratio, a difference on the order of 5% can be observed for all three
energies. Again given that the difference for all figures of merit are on the order or less
than 5%, a high level of correlation is present between the experimental and G4HPTC-
R&D depth-dose distributions at 70, 150, and 240 MeV.

FIGURE 4.4: Experimental and G4HPTC-R&D relative depth-dose distributions in water (cm) at 70
MeV, 150 MeV, and 240 MeV (from left to right).

TABLE 4.3: Proton range R80 (mm), distal fall-off R80-R20 (mm) and peak-to-entrance P-E ratios of
the experimental (exp) and G4HPTC-R&D (G4) of the 70, 150, and 240 MeV depth-dose distributions

seen in Fig. 4.4.

R80 (mm) R80-R20 (mm) P-E ratio
E (MeV) Exp. G4 Exp. G4 Exp. G4
70 39.1 39.6 1.6 2.1 3.4 3.6
150 155.2 155.2 3.8 3.8 3.4 3.4
240 343.6 343.8 5.4 5.0 3.2 3.4

4.3.2 Refined G4HPTC-R&D Proton Pencil Beam Model Independent
Experimental Benchmarking

Table 4.4 presents the second-order polynomial function constant values of the six re-
fined non-symmetrical Gaussian pencil beam surrogate model parameters obtained via
the optimization workflow outlined in Section 4.2.
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Beam Spot Size and Beam Envelope

A comparison between the fitted FWHM and FWTM extracted values from the experi-
mental and refined G4HPTC-R&D proton pencil beam envelope cross-section measure-
ments in free air for a mean ProBeam isochronous cyclotron extraction proton energy
of 120 and 200 MeV using these values can be seen in Figure 4.5. As in Figure 4.3, the
dotted lines represent a ±5% deviation with respect to experimental results to aid in as-
sessing the accuracy of the G4HPTC-R&D results. Inspection of Figure 4.5 shows that
the G4HPTC-R&D FWHM values in both x and y were reproduced to within 5% of the
experimental data at 120 and 200 MeV. With the exception of a single outlier in the 120
MeV data at a distance of 1830 mm (7.6% difference in the y), it can be seen that the
G4HPTC-R&D FWTM values in both x and y were reproduced again to within 5% of the
experimental data at the 120 and 200 MeV.

TABLE 4.4: The second-order polynomial function constant values of the six refined non-
symmetrical Gaussian pencil beam surrogate model parameters obtained via the optimization work-
flow outlined in Section 4.2. Here the second-order polynomial function is written Parameter(E) =
AE2 + BE + C where E is the mean extraction proton energy of the ProBeam isochronous cyclotron.

Parameter A B C
σx (mm) 2.121 × 10−5 -1.172 × 10−2 4.099
σy (mm) 2.003 × 10−5 -1.014 × 10−2 3.171
θx (rad) 6.234 × 10−5 -2.509 × 10−2 5.161
θy (rad) 3.848 × 10−5 -1.834 × 10−2 5.185
E0 (MeV) -1.561 × 10−4 1.023 -1.151
ΔE (MeV) 2.043 × 10−5 -3.574 × 10−3 1.840

Depth-Dose Distributions

The depth-dose distributions of experimental and refined G4HPTC-R&D results for a
mean ProBeam isochronous cyclotron extraction proton energy of 120 and 200 MeV are
shown in Figure 4.6, and their corresponding proton range (R80), distal fall-off (R80-
R20) and peak-to-entrance (P-E) ratio values are displayed in Table 4.5. For the 120
MeV depth-dose distribution data the G4HPTC-R&D R80 value agrees to within 0.5 mm
(1%) of the experimental data, and R80-R20 value is the same as the experimental data.
Whereas for the 200 MeV depth-dose distribution, the G4HPTC-R&D R80 value is within
1.5 mm (1%) to the experimental data and R80-R20 is on the order of 0.5 mm (11%) less
than the experimental data. Furthermore, Table 4.5 also shows that a difference on the
order or less than 5% is present in the experimental and G4HPTC-R&D P-E ratio values
at both the 120 and 200 MeV.
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(A)

(B)

FIGURE 4.5: Experimental and G4HPTC-R&D 2D beam cross-section FWHM and FWTM values as
a function of distance from the Kapton vacuum pipe exit window at (A) 120 MeV, and (B) 200 MeV.
Here error bars representing the accuracy of FHWM data fitting cannot be resolved due to their scale

being on the same order as FWHM data symbols.

4.3.3 Refined G4HPTC-R&D Large Field Validation

Figure 4.7 presents the experimental and refined G4HPTC-R&D 100 mm × 100 mm fields
and their respective central x-axis lines profiles generated at the irradiation/measurement
stage of the HollandPTC R&D beamline operating in its passively scattered field config-
uration. Both fields appear similar in shape and intensity, with their central x-axis lines
profiles illustrating that the maximum difference in between the two is less than 5%.
Assessment of the field uniformity in the x-axis yields a value of 97.4% and 96.7%, and
in the y-axis yields a value of 97.7% and 96.9% for the experimental and G4HPTC-R&D
data, respectively. This less than 1% field uniformity difference in along both axes indi-
cates a good level of agreement between the experimental and G4HPTC-R&D data, and
that the field quality is sufficient for radiobiological experiments [43, 126].
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TABLE 4.5: Proton range R80 (mm), distal fall-off R80-R20 (mm) and peak-to-entrance (P-E) ratios
of the experimental (exp.) and G4HPTC-R&D (G4) of the 120 and 200 MeV depth-dose distributions

seen in Fig. 4.6.

R80 (mm) R80-R20 (mm) P-E ratio
E (MeV) Exp. G4 Exp. G4 Exp. G4
120 104.7 105.0 3.3 3.3 3.4 3.6
200 255.4 253.9 5.1 4.5 3.5 3.6

Table 4.6 presents the G4HPTC-R&D 100 mm × 100 mm field γ-index mean and
γ-index global pass rate values with respect to the experimental 100 mm × 100 mm
field for three different δr and δD criterion combinations. It can be seen that as the δr
and δD combinations increase in value, the γ-index mean value decreases and the γ-
index global pass rate increases. Under the most strict δr = 3 mm and δD = 3% criterion
combination, the γ-index global pass rate is 96.6% and exceeds the clinically accepted
pass rate threshold of 90% for this criterion combination [148, 149]. For δr = 4 mm and
δD = 4% the γ-index global pass rate increases to 99.9%, and then to 100% for δr = 5 mm
and δD = 5% criterion combination.

These three independent experimental benchmarking trials of the refined G4HPTC-
R&D simulation platform illustrated that it is able to reproduce the physical charac-
teristics of the HollandPTC R&D beamline operating in both its pencil beam and pas-
sively scattered field configurations to within an acceptable level of agreement for clini-
cal and radiobiological applications. The slight differences observed between the refined

FIGURE 4.6: Experimental and G4HPTC-R&D relative depth-dose distributions in water (cm) at 120
MeV (left) and 200 MeV (right).
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FIGURE 4.7: Experimental and G4HPTC-R&D 100 mm × 100 mm fields (top) and their respec-
tive central x-axis line profiles (bottom) generated at the irradiation/measurement stage of the Hol-
landPTC R&D beamline operating in its passively scattered field configuration. The pink horizontal
lines (top) represent where the central x-axis lines profiles were taken, and the blue dotted lines out-

line the target field 100 mm × 100 mm of interest.

G4HPTC-R&D and experimental data for these three independent experimental bench-
marking trials can be attributed to two primary factors: (1) uncertainties in the alignment
of each beamline element and the resolution of the Lynx®/Qubenext detector, and (2)
uncertainties in relevant GEANT4 proton cross-sectional data and physics models which
are on the order of ±10% [141, 147]. The impact of beamline geometric element align-
ment uncertainties is particular relevant in the case of the 100 mm × 100 mm passively
scattered field data where misalignment on the level of a millimeter or two can cause
excessive ”haloing” around the edges of the field. Even under optimal alignment con-
ditions, this ”haloing” effect is still present and can be observed in both 2D field maps
and central x-axis line profiles seen in Figure 4.7 via the increased in relative intensity at



76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk
Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025 PDF page: 104PDF page: 104PDF page: 104PDF page: 104

80 Chapter 4. The Development of a GEANT4 Based Simulation Platform

TABLE 4.6: G4HPTC-R&D 100 mm × 100 mm field γ-index mean and γ-index global pass rate
values with respect to the experimental 100 mm × 100 mm field for three different δr and δD criterion

combinations.

δr (mm), δD (%) γ-index mean γ-index global pass rate
3, 3 0.49 96.6
4, 4 0.36 99.9
5, 5 0.29 100.0

the field edges and corners. Further work is already underway to explore the 3D pro-
ton lineal energy distributions at the cell/tissue surface for the different radiobiological
endstations under development at the HollandPTC R&D beamline [126].

4.4 Conclusion

This chapter both developed and characterized the performance of a GEANT4 based sim-
ulation platform of the Holland Proton Therapy Centre R&D beamline (G4HPTC-R&D)
to enable the planning, optimization, and advanced dosimetry for radiobiological stud-
ies in both a pencil beam and passively scattered field configuration. It implemented
a six parameter non-symmetrical Gaussian pencil beam surrogate model to simulate
the R&D beamline in both a pencil beam and passively scattered field configuration.
Three different experimental proton datasets (70 MeV, 150 MeV, and 240 MeV) of the
pencil beam envelope evolution in free air and depth-dose distributions in water were
used to develop a set of individual parameter surrogate functions to enable the mod-
elling of the non-symmetrical Gaussian pencil beam properties with only the ProBeam
isochronous cyclotron mean extraction proton energy as input. This refined beam model
was then benchmarked with respect to three independent experimental datasets of the
R&D beamline operating in both a pencil beam configuration at 120 and 200 MeV, and
passively scattered field configuration at 150 MeV. It was shown that the G4HPTC-R&D
simulation platform can reproduce the pencil beam envelope evolution in free air and
depth-dose distributions to within an accuracy on the order of ±5% for all tested en-
ergies, and that it was able to reproduce the 150 MeV passively scattered field to the
specifications need for clinical and radiobiological applications.
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Chapter 5

3D Microdosimetric
Characterization for Proton
Energy Deposition Analysis

Parts of this chapter have been submitted as ”Groenendijk, C. F., Tran, L. T., Rosenfeld, A. B., Rovituso,
M., Van Burik, W., Lathouwers, D. & Brown, J. M. C. (2025). 3D Microdosimetric Characterization of the Double
Passive Scattering Proton Beamline at the Holland Proton Therapy Centre. Physics in Medicine and Biology.”
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Analysis

5.1 Introduction

To understand varied biological outcomes and predict future cellular responses, accurate
knowledge of cellular-level energy deposition patterns at the specific locations of irradi-
ated tissues and cells throughout the Bragg curve is essential [150, 151, 152]. This work
presents a novel spectral unfolding approach to analyze cellular-level energy deposition
spectra, aiming to establish a 3D-LET classification system for various biological end-
stations at HollandPTC. Mapping LET in 3D offers a novel contribution to the scientific
community by enabling more accurate and comprehensive evaluations of proton ther-
apy’s biological effects. Furthermore, the use of a double passively scattered Bragg peak
in combination with 3D-LET exploration has not been studied before, making this study
a significant contribution to the field of proton therapy and radiobiology. To establish the
3D-LET classification system, a combined experimental and simulation approach is em-
ployed. Data obtained using a high-resolution solid-state 3D silicon-on-insulator (SOI)
Mushroom microdosimeter [97, 98, 153, 154] informs G4HPTC-R&D, enabling valida-
tion against experimental measurements. Validation is conducted at the three distinct
positions along the BP, with subsequent mapping between these data points performed
through simulations.

Despite the crucial role of detectors in microdosimetry, all detectors face limitations
including low limit detection thresholds due to noise. These thresholds hinder the accu-
rate capture of low-energy depositions in the microdosimeter’s sensitive volumes (SVs),
leading to a loss of spectral information and thus limiting precise analysis of energy
deposition patterns. Furthermore, count losses due to pile-up, a common issue in all
detector systems, further affect the measured energy spectra by the microdosimeter. Fi-
nally, the use of multichannel analyzers (MCAs) to obtain the radiation spectra results in
binning spectral data into discrete intervals, causing the loss of actual energy spectral de-
tails and limiting the assessment of the true energy deposition spectrum. By addressing
these detector constraints, the spectral unfolding approach offers a more accurate rep-
resentation of the true energy deposition spectra at various depths and positions within
the passively scattered proton beam. As a result, the novel 3D-LET classification system
at HollandPTC enables precise assessment of spectra, thereby improving predictions of
future biological outcomes.

This chapter presents the development of a 3D-LET classification system, achieved
through microdosimetric spectral unfolding to map LET in three dimensions across two
biological endstations at HollandPTC. This work aims to enhance the understanding of
energy deposition patterns at the cellular level in proton therapy. Section 5.2 details
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the LET characterization of the two biological endstations, including the experimental
configurations and validation using G4HPTC-R&D. Additionally, the methodology for
spectral unfolding and pile-up correction is introduced. Section 5.3 presents the results
of the microdosimetric spectral unfolding of both endstations, along with the derived
LET spectra. The chapter concludes with a discussion and conclusion of the findings in
Section 5.4 and 5.5, respectively.

5.2 Methods

As detailed in Chapter 3, HollandPTC offers two unique and essential configurations for
radiobiology studies: a water phantom configuration for positioning cell culture flasks
in a water bath within a 10 × 10 cm2 field, and water-equivalent polystyrene (RW3)
slab phantom configuration for positioning cell culture plates in the same field size. The
RW3 configuration includes a flipper system which allows the plates to be flipped back
horizontally after vertical irradiation (Fig. 3.7). This possibility enables the irradiation of
cells in a dry-state, with a minimal layer of medium present in the wells to ensure that the
cells remain in a nutrient-rich environment before and after irradiation. Using the SOI
Mushroom microdosimeter, which measures the lineal energy distribution in cell-sized
volumes yD, was characterized across x, y, and through z (3D-yD). In the water phantom
configuration, yD was characterized along the BP (z) only (1D-yD). The validation in
both configurations was conducted at three distinct positions along the BP: the plateau
region, P36 (36% proximal to the maximum dose), P80 (80% proximal to the maximum
dose), and D20 (20% distal to the maximum dose). Precise positions were determined
through depth-dose measurements to ensure accuracy in these locations.

5.2.1 HollandPTC R&D Beamline and the G4HPTC-R&D Simulation
Platform

The experimental setup of the HollandPTC R&D proton beamline was constructed in a
double passively scattered configuration optimized for 150 MeV proton beams to achieve
a 10 × 10 cm2 field with a homogeneous dose distribution across the entire field. The
use of a scattering foil and dual-ring expand the initial 150 MeV proton pencil beam and
create a uniform field that gets shaped along its trajectory using a two-stage collimation
system. This produces a field of 10 × 10 cm2 at the irradiation stage, where various ra-
diobiological endstations are positioned (Figure 5.1a). Full details of this experimental
configuration and characterization can be seen in Chapter 3. G4HPTC-R&D was bench-
marked experimentally within ±5% to clinically relevant proton energies by employing
a six parameter non-symmetrical Gaussian pencil beam surrogate model to accurately
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replicate the R&D beamline in both pencil beam and double passively scattered field
configurations (Ch. 4). The implementation of the experimental geometry used in this
study for G4HPTC-R&D is illustrated in Figure 5.1b.

(A)

(B)

FIGURE 5.1: (A) A visual representation of the HollandPTC R&D proton beamline in its double
passive scattering configuration optimized for 150 MeV proton beams. (B) The representation of the
experimental geometry in the G4HPTC-R&D simulation platform [134]. The beamline elements are
1. Kapton vacuum pipe exit window, 2. Scattering foil, 3. Beam monitor, 4. Dual-ring, 5a. First stage
beam defining collimator, 5b. Second stage beam defining collimator, 6. Irradiation/measurement

stage with in this configuration a water phantom.

5.2.2 1D-yD Characterization: Water Phantom Configuration

1D-yD: Experimental Configuration

The water phantom configuration is utilized to irradiate cell cultures in a cell culture
flask at different positions along a passively scattered Bragg peak to study variability
in biological outcomes. In this configuration, a water phantom (30 × 30 × 30 cm3)
filled with distilled water positioned at a distance of 2141 mm from the Kapton vaccuum
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pipe exit window was utilized containing motorized linear stages facilitating movement
in the z-direction. To ensure correct position of the flask along the Bragg peak, dose
measurements were performed using an Advanced Markus® ionization chamber of type
34045 (Sec. 3.2.1). Through the fabrication of a custom 3D-printed holder, shown in Fig-
ure 5.2a, the Advanced Markus® chamber was positioned against the back wall of the
flask. This configuration allowed for continuous dose monitoring directly behind the
flask throughout the experiment.

Depth-Dose Measurements Both the flask and Advanced Markus® chamber were ac-
commodated as shown in Figure 5.2b, altogether being able to move through the water
phantom along z with sub-millimeter steps. Alignment was achieved using the room
laser system in x and y to ensure that the center of the Advanced Markus® chamber
aligned with the center of the 10 × 10 cm2 field and is illustrated in Figure 5.3a. Addi-
tionally, the holder was placed against the phantom wall to ensure the incident beam en-
tered the flask perpendicularly. Subsequent measurements were undertaken at various
positions to acquire the complete depth-dose distribution throughout the water phan-
tom and capture the P36, P80 and D20 positions.

Microdosimetric Measurements A second 3D-printed holder was fabricated to hold
the flask in the exact same position as described above, now with the μ+ probe, housed
within a watertight aluminum-coated PMMA sheath, placed behind it to be able to ob-
tain lineal energy values (Figure 5.2c). The positioning of the holder containing both
the flask and the sheath with the μ+ probe can be seen in Figure 5.2d. Optimizing the
holder’s position in x and y ensured that the center of the μ+ probe’s detecting area
aligned with the center of the 10 × 10 cm2 field (Figure 5.3d) and the incident beam
entered the flask perpendicularly. Figure 5.5a illustrates the 1D-yD experimental con-
figuration, showing the setup where the holder, containing the flask and μ+ probe, is
positioned within the water phantom. Three measurements were undertaken at P36,
P80 and D20 taking into account water-equivalent thicknesses of the phantom wall, pro-
tective PMMA cap of the Advanced Markus® chamber, water in between the flask and
sheath, and the entrance window of the sheath to achieve equivalent effective points.

1D-yD: GEANT4 Simulations

The G4HPTC-R&D simulation platform (GEANT4 version 10.06.p01) [111, 112, 141], was
utilized for conducting both depth-dose and microdosimetric simulations. In all simu-
lations, the parameter values as outlined in Table 4.2 (E0 = 148.8 MeV, ΔE = 1.35 MeV,



76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk
Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025 PDF page: 112PDF page: 112PDF page: 112PDF page: 112

88
Chapter 5. 3D Microdosimetric Characterization for Proton Energy Deposition

Analysis

(A) (B)

(C) (D)

FIGURE 5.2: Two custom designed 3D-printed holders. (A) The holder that accomodates the Ad-
vanced Markus® chamber directly behind the cell culture flask, together shown in (B).(C) The holder
that accommodates the μ+ probe housed within a watertight aluminum-coated PMMA sheath, with

the flask positioned in front of the sheath shown in (D).

σx = 2.819 mm, σy = 2.100 mm, θx = 0.0028 rad, and θy = 0.0033 rad) were used to de-
fine the proton source. Further information regarding simulation input parameters and
beamline element characteristics can be found in Chapter 4 [134].

Depth-Dose Simulations The water phantom of 30 × 30 × 30 cm3 was implemented
with distilled water (ρ = 0.9982 g/cm3). A cell culture flask (50 ml, Greiner) of polystyrene
was modeled consisting of cell medium (10% FBS, ρ = 1.009 g/cm3) surrounded by the
3D-printed material (clear resin). The Advanced Markus® chamber was implemented
containing a 0.87 mm waterproof protective PMMA cap (ρ = 1.19 g/cm3), a 0.4 mm thick
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air cavity (ρ = 1.20 mg/cm3), and a 0.03 mm polyethylene entrance foil (ρ = 0.92 g/cm3)
[155]. Each component had a diameter of 9 mm, followed by a 1 mm air cavity with a
diameter of 2.5 mm ending with a disc-shaped graphite collecting electrode with a thick-
ness of 0.03 mm (ρ = 0.44 g/cm3). Encompassed by a 0.37 mm layer of air and a 2 mm
guard ring, the air cavity and graphite collecting electrode formed the scoring volumes
with the effective point of measurement situated 1.015 mm behind the protective cap.
The simulated assembly comprising the holder, flask, and Advanced Markus® chamber
is illustrated in Figure 5.3b with a close-up of the Advanced Markus® chamber imple-
mentation shown in Figure 5.3c. The assembly was moved as a single object throughout
the water phantom (z-axis) whereupon simulations were performed using 107 protons
at each experimental Advanced Markus® chamber position to obtain the depth-dose dis-
tribution. The ”QGSP BIC HP” physics list was utilized combined with the ”standard
EM Option 4” [112, 141] with a low-energy cutoff of 100 eV and a particle production
range cut of 0.01 μm. Subsequently, the deposited energy within the scoring volumes of
the simulated Advanced Markus® chamber was compared to the dose values obtained
in the experimental measurements.

Microdosimetric Simulations The incorporation of the μ+ probe into G4HPTC-R&D
was executed following the full 3D design of the SOI Mushroom microdosimeter to accu-
rately mimic the experimental response. Figure 5.4a shows a photo of the microdosime-
ter used in this work, captured under a microscope to reveal the detailed structure of the
1520 (38 × 40) SVs. The implementation of these SVs into G4HPTC-R&D is depicted in
Figure 5.4b. A closer examination of the array of cylindrical SVs shows the n+ and p+

electrodes (Fig. 5.4c), along with the other components of the individual SVs, as detailed
in Figure 5.4d and outlined in Section 2.4. Additional components including the DIL
package, probe, and sheath were also integrated into G4HPTC-R&D to further enhance
the accuracy of G4HPTC-R&D. The whole simulated assemby, featuring the holder with
the flask and μ+ probe, is depicted in Figure 5.5b. Figure 5.5c shows the measurement
point (position 1) which is the center of the 10 × 10 cm2 field.

To acquire the energy deposition spectra and corresponding lineal energy spectra, a
two-phase simulation approach was conducted to reduce computing time and increase
statistics. In the first phase, the incident proton kinetic energies across the 10 × 10 cm2

field were scored directly behind the back wall of the flask using 108 protons at P36,
P80 and D20. Subsequently, an area three times the dimensions of the microdosimeter’s
detecting area was generated and used as squared input source in the second phase
simulation located behind the back wall of the flask. This new input source location
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was chosen to obtain charged particle equilibrium while traveling through water be-
fore reaching the detector. A probability density function was generated from the inci-
dent proton kinetic energy spectrum at position 1 and used as energy input array. The
momenta of incident protons were determined in x and y and utilized as input param-
eters too. The second phase simulation employed the physics lists used in previous
works [98, 100, 153] with G4EmStandardPhysics option4 physics list for modeling elec-
tromagnetic interactions, G4IonBinaryCascadePhysics to describe hadronic interactions,

(A) (B) (C)

(D) (E) (F)

FIGURE 5.3: (A) Front-view through the second brass collimator of the holder featuring the flask
and Advanced Markus® chamber in the water phantom, aligned with the room laser system in
x and y. (B) Front-view of the same components implemented into G4HPTC-R&D showing the
water phantom (dark blue), brass collimator contour (yellow), 3D-printed holder (green), flask walls
(pink), cell medium (white) and Advanced Markus® chamber (gray). (C) A zoomed-in illustration of
the Advanced Markus® chamber showing the elements including the waterproof protective PMMA
cap (peach), air cavity (red), entrance foil (white), air cavity (yellow), graphite collecting electrode
(white) surrounded by air (red) and guard electrode (orange). (D) Front-view of the holder featuring
the flask and sheath in the water phantom, aligned in the center of the 10 × 10 cm2 field. (E) Front-
view of the same components implemented into G4HPTC-R&D. (F) A zoomed-in illustration of
the watertight PMMA sheath contour with PMMA window (red), high-density polyethylene film

(yellow), microdosimeter (pink) attached to the DIL package (blue) on the probe (green).
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and G4HadronElasticPhysicsHP and G4HadronPhysics using QGSP BIC AllHP were used
to describe the elastic and inelastic scattering of hadrons, respectively. The neutron High
Precision (HP) model was employed to describe neutron interactions of energies up to
20 MeV. Finally, the energy depositions per proton within the silicon sensitive volumes
were scored and summed using 107 protons per position, resulting in a collection of
energy depositions. These values were then binned into a histogram based on the bin
structure of the MCA (MCA-8000D, Amptek) used in the experimental configuration,
together with the employment of the low limit detection threshold. From this histogram
of binned energy depositions, the energy values corresponding to each bin center were
extracted to realize the lineal energy spectrum (Ch. 2.4.3).

(A) (B)

(C) (D)

FIGURE 5.4: (A) Photo of the SOI Mushroom microdosimeter under the microscope. (B) The imple-
mentation of the microdosimeter into G4HPTC-R&D, with (C) a closer view of the array of cylindri-

cal sensitive volumes, and (D) a side-view of a single sensitive volume.
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(A) (B)

�

(C)

FIGURE 5.5: (A) A visual representation of the water phantom configuration and its linear stages
holding the flask and μ+ probe, positioned 12 cm away from the second stage beam defining col-
limator. (B) A side view of the implementation into G4HPTC-R&D: dark blue square is the water
phantom, the holder in green with the flask walls in pink consisting of cell medium in gray. Behind,
the PMMA sheath encompassing the μ+ probe. And (C) the measurement position (1) within the 10

× 10 cm2 field.

5.2.3 3D-yD Characterization: RW3 Slab Phantom Configuration

3D-yD: Experimental Configuration

The RW3 slab phantom configuration was specifically used to irradiate cells in culture
plates in a dry-state. To address this challenge, a 3D-printed flipper system (Fig. 3.7)
was constructed to securely hold the plates in a horizontal orientation prior to irradia-
tion, ensuring that a small layer of medium remains in the wells to keep the cells in a
nutrient-rich environment. When the flipper system is rotated to a vertical orientation,
the medium shifts to the bottom of the wells, leaving the cells dry. This ensures that the
cells are not submerged during irradiation, which can be critical for certain experimental
conditions. This configuration incorporated water-equivalent RW3 slab phantoms (PTW
Freiburg, Germany), positioned at a distance of 2141 mm from the Kapton vaccuum
pipe exit window, therefore replicating positions along the depth-dose distribution. The
slabs’ thicknesses ranged from 1 mm to 10 mm, facilitating incremental measurements
with millimeter precision.

Depth-Dose Measurements The depth-dose distribution was determined by placing
the OCTAVIUS detector 1500XDR (Sec. 3.2.1) behind various thicknesses of RW3 slabs,
thereby measuring the dose across the 10 × 10 cm2 field. The μ+ probe, housed in its
PMMA sheath, was mounted on two linear stages capable of moving in both x and y.
The μ+ probe was placed closely against the RW3 slab phantom and aligned with the
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center of the 10 × 10 cm2 field (position 1), as depicted in the side view seen in Figure
5.6a.

Microdosimetric Measurements To examine yD in three dimensions, various locations
in the middle and only right part of the 10 × 10 cm2 field were selected assuming ho-
mogeneity across the field and are illustrated in Figure 5.6c. The locations were selected
based on the dimensions of the well plate and the anticipated positions of cells within
the large field, ensuring that the irradiation field accurately covered the regions where
cells were most likely to be situated. Measurements were performed in the exact manner
as was done in the 1D-yD configuration and the acquired energy deposition spectra at
these six locations were then utilized to derive the lineal energy spectra at each respec-
tive location. This process was repeated for P36 (30 mm RW3), P80 (96 mm RW3), and
D20 (104 mm RW3), while maintaining a brass-to-RW3 distance of 12 cm.

3D-yD: GEANT4 Simulations

Depth-Dose Simulations To obtain the depth-dose distribution using G4HPTC-R&D,
a 0.5 mm thick 10 × 10 cm2 slab of water was simulated behind the RW3 slabs to mimic
the response of the OCTAVIUS detector, and the deposited energy was scored and com-
pared to the measured values. The water-equivalent RW3 slab phantoms were imple-
mented as slabs of polystyrene (ρ = 1.045 g/cm3) of 30 × 30 cm2 with varying thick-
nesses.

Microdosimetric Simulations The simulated μ+ probe was positioned directly behind
the RW3 slabs as depicted in Figure 5.6b. Similar to the 1D-yD characterization, a two-
phase simulation approach was employed. In the first phase, the incident proton kinetic
energy was scored across the 10 × 10 cm2 field immediately behind the RW3 slabs at
P36, P80, and D20 using 108 protons. This was done to derive the incident proton kinetic
energy probability density function at the six specific locations within the field. At these
locations, an area three times the dimensions of the microdosimeter’s detecting area was
defined, and the probability density functions were then utilized as input for the sec-
ond phase simulation, alongside the determined proton momenta in x and y at those
locations. The second phase simulation was conducted using 107 protons with the same
physics list and secondary particle production cut as outlined in Section 5.2.2. By using
the same approach as described in Section 5.2.2, the energy deposition and lineal energy
spectra were obtained.
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(A) (B)
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(C)

FIGURE 5.6: (A) A visual representation of the RW3 slab phantom setup positioned 12 cm away
from the second brass collimator with the (90◦ rotated) μ+ probe mounted to the linear stages 0.5 cm
behind the RW3 slabs, (B) A side view of the implementation into G4HPTC-R&D with RW3 slabs in

dark blue, and (C) The measurement positions in the 10 × 10 cm2 field.

5.2.4 Spectral Unfolding Approach

Unfolding the true energy deposition spectrum was a detailed process that involved
several critical steps:

1. Determination of the precise energy bin structure, which is essential for accurately
categorizing the energy data. This was accomplished by applying a calibration
file to the raw output spectrum from the MCA. This calibration aligned the raw
data with the appropriate energy bins, ensuring that each bin corresponded to the
correct energy range.

2. Identification of the low limit detection threshold, which varied with each mea-
surement due to differences in background noise at the time of data collection.
This threshold was the minimum energy level that the detector can reliably mea-
sure, and it must be accurately determined to avoid losing critical low-energy data.

3. Optimization of the energy deposition spectrum structure. This was done by us-
ing the same binned structure and detection threshold as those applied to the μ+

probe measurements, allowing for a direct comparison between the G4HPTC-R&D
simulations and experimental data.

During the optimization, adjustments were made to the simulation parameters, such
as the depth of the water phantom, which may be varied by up to ±2 mm. These adjust-
ments helped to refine the simulation, ensuring that the binned data from the simula-
tions aligned well with the experimental measurements. Once alignment was achieved,
the actual full range of energy values recorded in the simulations, including those below
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the detection threshold, could be used. This approach provided a more comprehensive
representation of the true energy deposition spectrum, capturing details that would oth-
erwise be missed due to detection limits. Following this, the lineal energy spectra were
established as detailed in Section 2.4.3, followed by the computation of yD.

5.2.5 Pile-Up Correction Approach

All detector systems inherently experience count rate losses, primarily due to a phe-
nomenon known as dead time (τ). Dead time refers to the minimum interval required
between two consecutive events for them to be recorded as distinct and independent
events [22]. This interval is crucial for ensuring accurate event detection and is often im-
posed by the electronic components associated with the detector, particularly during the
pulse shaping stage in the amplifier [156]. During this stage, if the pulse shaping time is
too long, the resulting amplified signal may develop a prolonged tail or a negative un-
dershoot. This leads to closely spaced pulses merging into a single, combined pulse.
This merging of pulses, a phenomenon termed pile-up, results in a combined pulse
whose amplitude is equal to or less than twice the amplitude of the individual pulses
that merged [22, 157, 158]. Such a combined pulse is then inaccurately recorded by the
MCA in a higher energy channel, distorting the true energy spectrum and resulting in
a loss of count rate. This distortion is particularly problematic because it can lead to
an overestimation of high-energy events while underrepresenting lower energy events,
thereby affecting the overall data interpretation. To address this issue, the approach un-
dertaken in this study was to establish an upper limit for the pile-up estimation. While
this method does not provide a perfect correction, it offers an informed approximation,
as the expected impact of pile-up on the overall count rate was determined to be less than
one percent. One effective method for estimating the pile-up fraction in measurements
involves calculating the true count rate by applying a dead time correction approach
and then comparing it to the measured count rate. Given that experimental count rates
reflect the presence of a lower limit detection threshold, these rates were corrected for
events falling below this threshold by utilizing the unfolded data from G4HPTC-R&D
simulations.

Dead Time Correction Model

Over the past few decades, various dead time correction models have been proposed to
address the described issues. The two primary types of idealized dead time models are
those for a paralyzable system and non-paralyzable system. At low count rates ( <1/τ),
both paralyzable and non-paralyzable systems yield equivalent results [156]. Since this
condition applies to the current study, the true count rate n was determined using a
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non-paralyzable system, which ensures that events occurring during dead time do not
contribute to additional dead time, thereby providing a more accurate correction for
count rate losses, defined by

n =
m

1 − mτ
. (5.1)

Here, m represents the measured count rate and τ denotes the dead time. To estimate τ,
extensive inspection of a series of single pulse waveforms was conducted using an os-
cilloscope. The percentage difference between the threshold-corrected measured count
rate and the true count rate was then calculated to indicate the pile-up fraction, which
was assessed at all three positions along the Bragg curve. These pile-up fractions (%)
were then excluded from the upper part of the spectrum.

5.3 Results

5.3.1 1D-yD Characterization: Water Phantom Configuration

Depth-Dose Measurements & Simulations Figure 5.8a shows the depth-dose distri-
bution obtained from the experimental configuration featuring the flask and Advanced
Markus® chamber within the water phantom for the 150 MeV double passive scatter-
ing configuration (R80 = 103.4 mm). Each data point represents a measurement at that
specific depth and alongside, the corresponding depth-dose distribution derived from
G4HPTC-R&D (R80 = 103.6 mm) demonstrating accurate agreement in the proton range.
The kinetic energy spectra of simulated primary protons at P36, P80, and D20 (Figure
5.8b) demonstrate a decrease in mean energy coupled with an increase in energy spread
as the protons penetrate deeper into the water phantom. At P36, the mean kinetic energy
is 88.2 MeV with a relatively narrow energy distribution width of 2.4 MeV. In contrast, at

FIGURE 5.7: The effect of pile-up where multiple pulses within the pulse shaping time (left) can add
up together to form one big pulse (right) with the amplitude equal or less than twice that of the

individual pulses.
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the distal end of the Bragg peak (D20), the mean kinetic energy drops significantly to 12.9
MeV, while the energy distribution widens to 7.0 MeV. This broadening is due to energy
straggling as the protons traverse through the matter, resulting in numerous low-energy
contributions that are barely visible in the P36 spectrum. This pattern illustrates how
the energy spread increases with decreasing kinetic energy at greater depths within the
water phantom.

(A) (B)

FIGURE 5.8: (A) Normalized depth-dose distributions from the experimental configuration which
includes the holder with the flask and Advanced Markus® chamber in the water phantom for the
150 MeV double passive scattering configuration, and the corresponding G4HPTC-R&D depth-dose
distribution. Each data point represents a measurement at that specific depth. The P36, P80, and
D20 positions of the depth-dose distribution are depicted by the dotted vertical lines. (B) Simulated
kinetic energy spectra of primary protons at the P36, P80 and D20 using a bin width of 1 MeV, de-
scribing the number of counts in each energy bin. The mean kinetic energy (E) and corresponding

energy distribution width (Eσ) are given for each position in the legend.

Microdosimetric Measurements & Simulations The top row of Figure 5.9 presents the
acquired energy deposition spectra in silicon using the μ+ probe of the 1D-yD configu-
ration at positions P36, P80, and D20 in the first, second and third column, respectively.
Throughout the Bragg curve, the amount of energy deposited per event within the SVs
increases and exhibits greater variation, leading to a broader spectrum towards the distal
end of the BP. The G4HPTC-R&D energy deposition spectra with the low limit detection
threshold of 11.65 keV, correlates strongly with the measured spectra at all positions. The
corresponding unfolded spectra, indicated by the dotted black lines, illustrate the influ-
ence of the low limit detection threshold. This effect is most pronounced at P36, which
primarily consists of low-energy depositions within the SVs of the μ+ probe caused by
high energy protons. Disregarding the threshold at this position reveals a substantial
portion of events with low y.
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FIGURE 5.9: 1D-yD configuration. First row: the energy deposition spectra measured by the μ+

probe (μ), the G4HPTC-R&D simulation data (G4) and the unfolded result (UNF) for the P36, P80,
and D20 position in the first, second and third column, respectively. All spectra are normalized by
the sum. Second row: the corresponding lineal energy spectra at the three positions. The lineal
energy spectra are plotted in a semi-log format, showing the fraction of dose (y · dy) deposited by
events with lineal energies (y) in a specific range. Third row shows the μ+ probe pile-up corrected

lineal energy spectra at the three positions after correcting for pile-up according to equation 5.1.

Through multiplication of the energy deposition spectra with the tissue conversion
factor of 0.58, the spectra of lineal energies in tissue were obtained and are shown in the
second row of Figure 5.9. There is a strong correlation between the general shape of the
μ+ probe spectra and the G4HPTC-R&D spectra. However, the μ+ probe data exhibits
a prolonged tail towards high y-values, primarily at P36 and P80. This prolonged tail
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may be attributed to pile-up occurrences during measurement. At P36, with a threshold-
corrected measured count rate m of 770.39 c/s and τ = 10 μs, the true count rate is 776.37
c/s according to equation 5.1. The pile-up fraction is then 0.78%. Excluding the upper
0.78% of the energy deposition spectrum results in the new lineal energy spectrum found
in the third row of Figure 5.9. This spectrum clearly demonstrates the absence of the pro-
longed y-tail and correlates strongly with the G4HPTC-R&D spectrum. For P80, a higher
rate with m = 1298.84 c/s is observed, leading to a true count rate of 1319.41 c/s. At
this position, the pile-up fraction was found to be 1.57% and demonstrates an improved
match with the G4HPTC-R&D spectrum after pile-up correction. At D20, despite the
absence of a prolonged y-tail, the pile-up fraction was determined and equaled 0.22%
with m = 185.84 c/s and n = 186.26 c/s. The pile-up corrected spectra does not show
a notable difference. Overall, the lineal energy distributions clearly shift towards higher
y-values as the penetration depth in the water phantom increases. yD increases from
1.10 keV/μm in the plateau up to 7.25 keV/μm in the distal end of the BP, reflecting
the accompanying rise in lineal energy as the protons reduce in energy and approach
the end of their range. Table 5.1 summarizes derived yD values from the μ+ probe,
G4HPTC-R&D and corresponding experimentally-informed simulated unfolded spec-
trum in the 1D-yD configuration. At P36 and P80, the μ+ data is significantly affected by
pile-up events, leading to elevated yD values such as 4.89 keV/μm in the measurements
compared to 1.40 keV/μm in GEANT4 simulations at P36. This impact diminishes fur-
ther along the Bragg curve. Furthermore, leaving out the low limit detection threshold
at P36, i.e. including all low-energy depositions, leads to a 21% lower yD compared to
G4HPTC-R&D with the threshold applied. This underscores the importance of unfold-
ing the spectrum.

TABLE 5.1: yD values at P36, P80 and D20 using the 1D-yD configuration in the 150 MeV double
passive scattering configuration. yD values are presented for measurements with the μ+ probe (μ+),
pile-up corrected μ+ data (μ+

PUC), simulations with G4HPTC-R&D (G4) and the corresponding
unfolded spectra (UNF).

yD (keV/μm)

P36 P80 D20

Location μ+ μ+
PUC G4 UNF μ+ μ+

PUC G4 UNF μ+ μ+
PUC G4 UNF

1 4.89 1.36 1.40 1.10 2.68 1.66 1.73 1.80 7.12 6.68 6.87 7.25

5.3.2 In-Between Mapping of Experimentally-Informed Simulated yD

The validation of G4HPTC-R&D against μ+ probe measurements, followed by micro-
dosimetric spectral unfolding, enabled the in-between mapping of experimentally-in-
formed simulated yD values along the Bragg curve and across the 10 × 10 cm2 field
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through the use of G4HPTC-R&D. This approach filled in the gaps, offering a more com-
prehensive understanding of the energy deposition patterns at different depths and po-
sitions in water. In the 1D-yD configuration, intermediate μ+ probe measurements were
conducted. Applying microdosimetric spectral unfolding to all 17 measurement points
resulted in the energy deposition and lineal energy spectra presented in Figure 5.10, with
all yD values found in Table 5.2. Furthermore, the simulated kinetic energy spectra of
primary protons and the corresponding lineal energy spectra at all positions throughout
the water phantom are shown in Figure 5.11. For the 3D-yD configuration, no interme-
diate measurements were taken. Instead, G4HPTC-R&D simulations were utilized to
estimate yD at intermediate positions throughout the Bragg curve and across the 10 × 10
cm2 field, effectively filling in the gaps between experimentally-informed simulated yD

values.

TABLE 5.2: The yD values for the μ+ probe, G4HPTC-R&D, and unfolded result, with the simulated
mean proton kinetic energies (E) in MeV and energy distribution width (Eσ) in MeV at all 17 posi-
tions along the 150 MeV double passively scattered Bragg curve of the water phantom configuration.

yD

μ+ G4 UNF E (MeV) Eσ (MeV)

Pos1 6.70 1.30 1.02 90.2 2.4

Pos2 (P36) 4.89 1.40 1.10 88.2 2.4

Pos3 7.57 1.31 1.06 82.4 2.6

Pos4 4.10 1.32 1.12 73.9 2.8

Pos5 3.26 1.27 1.13 65.5 3.1

Pos6 2.51 1.29 1.20 55.0 3.6

Pos7 2.53 1.38 1.36 43.7 4.3

Pos8 2.49 1.49 1.51 37.4 4.8

Pos9 (P80) 2.68 1.73 1.80 33.5 5.2

Pos10 2.61 1.76 2.07 30.8 5.5

Pos11 3.78 2.18 3.06 25.8 6.3

Pos12 4.68 3.64 4.23 20.9 7.1

Pos13 5.06 4.14 4.88 19.4 7.3

Pos14 5.76 5.51 5.84 16.3 7.5

Pos15 6.27 6.22 6.63 14.6 7.3

Pos16 (D20) 7.12 6.87 7.25 12.9 7.0

Pos17 7.68 7.63 8.03 11.8 6.6
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(A)

(B)

FIGURE 5.11: (A) Simulated kinetic energy spectra of primary protons at all positions throughout
the water phantom. (B) The corresponding lineal energy spectra at all positions throughout the

water phantom.

5.3.3 3D-yD Characterization: RW3 Slab Phantom Configuration

Depth-Dose Measurements & Simulations The depth-dose distribution obtained us-
ing RW3 slab phantoms, measured with the OCTAVIUS detector in the 150 MeV double
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passive scattering configuration (R80 = 99.6 mm) is shown in Figure 5.12. The corre-
sponding G4HPTC-R&D depth-dose distribution (R80 = 99.7 mm) is presented as well
and shows good agreement with the OCTAVIUS measurement. The proton kinetic en-
ergy spectra at all six locations within the 10 × 10 cm2 large field at the P36, P80 and D20

of the BP were analyzed too and are shown in Figure 5.13. Visually, there are scarcely
any remarkable differences observed across the fields. Examination of the variances in
mean energy and energy distribution widths across the fields show minimal variations
(1-2%) at all BP positions and are listed in Table 5.3. However, deviations in energy
distribution widths at the specific locations across the field slightly increase as one pro-
gresses further along the BP. For instance, at the D20, comparing the center (position 1)
to the corner positions (positions 4 & 6) reveals a percentage difference of 7.9% and 6.3%,
respectively, in contrast to a 0% difference between these positions at P36. Furthermore,
as was observed in the 1D-yD configuration, a closer examination of the proton kinetic
energy spectra at the P36 position reveals the presence of various low-energy protons,
likely originating due to scattering from the brass components of the double passive
scattering system. These low-energy protons are consistently present in the spectra, but
show no significant differences among the different positions.

FIGURE 5.12: Normalized depth-dose distributions using the OCTAVIUS detector from the config-
uration using RW3 slab phantoms for the 150 MeV double passive scattering configuration, and the
corresponding G4HPTC-R&D depth-dose distribution. Each data point indicates a measurement
position using a certain thickness of RW3, with the dotted vertical lines in the figure representing

the positions along the BP where the energy deposition and lineal energy spectra were obtained.

Microdosimetric Measurements & Simulations The energy deposition spectra and
μ+ probe pile-up corrected, G4HPTC-R&D, and unfolded lineal energy spectra at P36,
P80 and D20 using the RW3 slab phantoms are shown in each row respectively of Fig-
ure 5.14. At P36, all six locations within the 10 × 10 cm2 field show equivalent energy
deposition spectra between the μ+ probe and G4HPTC-R&D. Similar to observations at
P36 of the 1D-yD configuration, the spectra contain numerous high energy depositions,
likely a result of pile-up. Correcting for pile-up (Eq. 5.1) was done for each location
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FIGURE 5.13: Simulated kinetic energy spectra of primary protons at the P36, P80 and D20 using a bin
width of 1 MeV, describing the number of counts in each energy bin. The location 1-6 are visualized
following the representation in Figure 5.6c. The mean kinetic energy (E) and corresponding energy

distribution width (Eσ) at each location of each position are given in Table 5.3.

individually, with an average pile-up fraction of 0.90%. The original, non-corrected yD

values are listed in Table 5.4, alongside the pile-up corrected, G4HPTC-R&D, and un-
folded yD values. Analysis of μ+ probe derived yD across the field reveals significant
deviations, ranging from 3.44 keV/μm to 8.14 keV/μm. After pile-up correction, a value
of 1.16 keV/μm across the field is observed with the exception of position 4, being 10%
lower than the other positions. Despite this, agreement within ±11% with the G4HPTC-
R&D values is observed. The unfolded spectra highlight the impact of the low limit
detection threshold (9.0 keV) across the field and reveal a significant portion of low lin-
eal energy values. The unfolded yD values vary within 7.5% across the field, with no
discernible trend visible based on field position. Further along the BP, at both P80 and
D20, a wider range of energy depositions is observed, leading to a broader range of lin-
eal energies. Overall, the energy deposition spectra obtained with G4HPTC-R&D match
well with the measured data, except for the upper part of the spectra at P80 due to the
occurrence of pile-up (visible upon zooming in the plots). At both positions, the pile-up
fraction was determined at each location specifically within the field. Average pile-up
fractions were 1.30% (P80) and 0.13% (D20). The pile-up corrected lineal energy spectra
and the corresponding yD show a high level of correlation for the lineal energy spectra
compared to the uncorrected spectra, which showed comparable prolonged y tails at
P80 as in the 1D-yD configuration. At position 1, the non-corrected yD (2.97 keV/μm)
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TABLE 5.3: The simulated mean proton kinetic energies (E) in MeV and energy distribution width
(Eσ) in MeV at the six locations of the 10 × 10 cm2 field of the RW3 slab phantom configuration in

the double passive scattering configuration at the at the P36, P80 and D20 of the Bragg peak.

P36 P80 D20

Location E Eσ E Eσ E Eσ

1 95.3 2.3 31.9 5.4 11.6 6.7

2 95.1 2.3 31.6 5.5 11.4 6.6

3 95.1 2.3 31.6 5.5 11.5 6.3

4 94.9 2.3 31.3 5.6 11.6 6.4

5 95.2 2.3 31.6 5.5 11.5 6.5

6 95.0 2.3 31.4 5.7 11.4 6.5

is 1.5 times higher than the G4HPTC-R&D result (1.92 keV/μm), whereas the pile-up
corrected yD (1.95 keV/μm) matches within 1.6% of the G4HPTC-R&D result. The other
five positions, listed in Table 5.4, indicate comparable yD values. Analyzing this effect at
D20 reveals that the original μ+ probe yD values are up to 15% higher compared to the
G4HPTC-R&D yD values, while the difference is reduced to a maximum of 7.8% when
correcting for pile-up. Furthermore, the unfolded yD values vary from 8.17 keV/μm to
8.77 keV/μm, indicating a field variation of 7%. In general, throughout all positions of
the Bragg curve, the yD of μ+ probe data at position 1 seems to be lower compared to the
borders of the large field. However, this trend is not visible in the unfolded yD values.
Comparison of unfolded yD values across the 10 × 10 cm2 field throughout the three
Bragg curve positions reveal deviations between 6.3% and 7.5%.

TABLE 5.4: yD values at P36, P80 and D20 using the 3D-yD configuration in the 150 MeV double
passive scattering configuration. yD are presented for the measurements with the μ+ probe (μ+), the

pile-up corrected (μ+

PUC), G4HPTC-R&D (G4) and the unfolded lineal energy spectrum (UNF).

yD (keV/μm)

P36 P80 D20

Location μ+ μ+
PUC G4 UNF μ+ μ+

PUC G4 UNF μ+ μ+
PUC G4 UNF

1 3.44 1.16 1.20 1.05 2.97 1.95 1.92 2.04 8.32 8.03 7.90 8.43

2 4.54 1.16 1.22 1.06 2.73 1.98 1.95 2.07 8.89 8.36 7.75 8.27

3 5.82 1.16 1.29 1.12 3.12 1.99 1.97 2.09 8.75 8.31 8.04 8.57

4 3.60 1.05 1.21 1.06 3.22 2.04 1.99 2.11 8.50 8.12 7.65 8.17

5 5.45 1.17 1.21 1.06 3.32 1.91 1.96 2.07 8.61 8.29 8.22 8.77

6 8.14 1.16 1.25 1.09 3.13 2.01 2.01 2.13 8.52 8.20 7.71 8.22
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FIGURE 5.14: 3D-yD configuration. First column: energy deposition spectra measured by the μ+

probe, G4HPTC-R&D simulation data and the unfolded result for the P36, P80, and D20 position in
the first, second and third row, respectively. Each figure consists of six sub-figures corresponding
to the locations in the 10 × 10 cm2 field (Fig. 5.6c). All spectra are normalized by the sum. Second
column: the μ+ probe pile-up corrected lineal energy spectra at the three positions after correcting
for pile-up according to equation 5.1, together with G4HPTC-R&D and unfolded spectra. The lineal
energy spectra are plotted in a semi-log format, the standard representation of lineal energy spectra,
showing the fraction of dose (y · dy) deposited by events with lineal energies (y) in a specific range.

In each sub-figure the obtained yD values are displayed to simplify comparison.
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5.4 Discussion

The establishment of a 3D-LET classification system enabled the mapping of LET across
a passively scattered proton beam in three dimensions. For the 1D-yD configuration, the
obtained experimentally-informed simulated yD values, along with the remaining 14
validated positions and in-between LET values led to the result shown in Figure 5.15a.
In contrast, the 3D-yD configuration, which did not include intermediate measurements,
relied solely on the G4HPTC-R&D simulations for estimating dose-mean lineal energy
values at positions throughout the Bragg curve (Figure 5.15b) and across the 10 × 10
cm2 field. G4HPTC-R&D simulations using the spectral unfolding approach can ef-
fectively fill in the gaps to create a continuous LET map that closely aligns with the
experimentally-informed simulated data points. This comprehensive mapping provides
a detailed representation of the spatial distribution of energy deposition in three dimen-
sions, further validating the reliability and accuracy of the G4HPTC-R&D simulation
platform.

In both the 1D-yD and 3D-yD configuration, deviations between the G4HPTC-R&D
yD values and those obtained from the μ+ probe were most likely due to pile-up events
during measurements. Pile-up is primarily associated with the electronics but can also
be influenced by the proton beam current, with the likelihood of pile-up increasing as
the proton beam current rises. Higher beam currents increase the proton flux, leading to
more frequent interactions within the detector and thus a higher likelihood of pile-up,
particularly at positions P36 and P80. Reducing the beam current could mitigate pile-up,
but such a reduction would result in impractically long measurement times given the
available time frame. Although pile-up may affect the entire spectrum, this approach
was designed to establish an upper limit for the pile-up approximation. While not a per-
fect solution, this method provided a reasonable estimate of the pile-up effect, ensuring
that the impact on the overall results remains minimal. Additionally, while the pile-up
correction inevitably removed some high LET values from the measured spectrum, the
alignment with G4HPTC-R&D was still achieved, allowing these high LET events to be
retained in the unfolded spectra. Given that the pile-up contribution appeared to be less
than one percent, this approach offered a practical and sufficient means of addressing
the issue within the context of the current study.
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Removing the estimated pile-up fraction from the energy deposition spectra signif-
icantly improved the agreement of yD values with G4HPTC-R&D results in both end-
stations. This alignment between the portion of the energy deposition spectrum sim-
ulated by G4HPTC-R&D above the low limit detection threshold and μ+ probe facil-
itated spectral unfolding. This approach allowed to use all energy deposition values
from G4HPTC-R&D, rather than relying on binned values, by disregarding the low limit
detection threshold. In the 1D-yD configuration, the threshold concealed 65.3%, 17.9%,
and 6.4% of the spectrum at P36, P80, and D20, respectively. Furthermore, positioning
uncertainties play a crucial role in this work due to the complexity of the experimental
configurations. Positioning the μ+ probe with a laser system in x, y and z is an accurate
way to align but always comes with alignment uncertainties, especially crucial at the
distal end of the BP where sub-millimeter alignment differences can lead to big changes
in yD. However, during radiobiological experiments, the characterization of the BP us-
ing the configuration with the cell culture flask and Advanced Markus® chamber as one
object allows the precise determination of the P36, P80 and D20 positions before irradia-
tion.

(A)
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FIGURE 5.15: Result of the established 3D-LET classification system for the (A) 1D-yD and (B) 3D-
yD configuration showing the depth-dose distribution in the water phantom configuration and RW3
slab phantom configuration, respectively, together with the corresponding experimentally-informed
simulated yD values shown as crosses. In (B), the fields are visualized at P36, P80 and D20 indicating

the mapped yD values at the six locations across the 10 × 10 cm2 field.

The 3D-yD configuration has demonstrated results that are highly comparable to
those obtained from the 1D-yD configuration. Similarly, a prolonged y-tail is observed
specifically at P36 and P80 in the obtained lineal energy spectra. Although the double
passive scattering configuration is optimized for large fields to ensure dose homogeneity,
mapping LET across the field remains crucial to detect any potential deviations. Given
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that no significant deviations are observed, it appears that the center of the field (po-
sition 1) exhibits lower values compared to positions at the borders. Corner positions
were selected taking into account the size of a culture plate well. Although placed at
a significant distance from the field’s actual border, placement of cells closer to these
borders may result in yD being influenced by Coulomb scattered low-energy protons
and secondary particles originating from the brass collimator. Nevertheless, this effect
is anticipated to have minimal impact on biological outcomes and is expected to remain
within acceptable margins of error. The differences in yD between the 1D-yD and 3D-
yD configurations at D20 primarily stem from dissimilarities in their configurations. The
1D-yD configuration utilizes water as the medium, whereas RW3 slabs are employed in
the 3D-yD configuration leading to different high LET secondaries affecting the spectra.
Additionally, the 1D-yD configuration offers sub-millimeter accuracy, whereas the 3D-
yD configuration provides millimeter accuracy.

Finally, inherent uncertainties in positioning also contribute to these observed dif-
ferences. Comparing yD with data from other facilities utilizing the Mushroom micro-
dosimeter is challenging due to differing proton accelerators and beamline configura-
tions, such as variations in proton energies, beam current and BP delivery. However,
comparing yD values with those obtained from a pencil beam configuration utilizing a
different type of SOI microdosimeter (bridge microdosimeter) reveals comparable trends
[56], including the rapid increase in yD towards the distal end of the BP. Nonetheless, yD

values in the plateau region observed in this study are comparatively lower, which can
likely be attributed to the unfolding of the spectrum. The study conducted by Missi-
aggia et al. also focused on the distribution of yD, specifically examining both in-field
and out-of-field radiation quality within the context of a Spread-Out Bragg Peak (SOBP)
in proton therapy [159]. Their in-field yD results are comparable with those observed
in this study. However, they utilized a walled Tissue Equivalent Proportional Counter
(TEPC), which captures energy deposition across a larger volume. In contrast, the μ+

probe employed in this work offers high-resolution insights into the energy deposition
at the cellular level, which complicates direct comparison.

The presented results have demonstrated the experimental and simulated yD explo-
ration in 3D across a large field and through a passively scattered Bragg curve, along-
side the unfolding of spectra to address inherent detector limitations, adding a novel
dimension to LET studies. Looking forward, the integration of cellular responses, such
as linking DNA damage complexity to survival fraction, is the next major challenge for
HollandPTC. This will enhance the predictive capabilities of the 3D-LET classification
system, advancing the ability to correlate yD variations with biological effects.
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5.5 Conclusion

This chapter presented a 3D spectral unfolding approach to analyze cellular-level energy
deposition spectra within a double passive scattering configuration, aiming to establish
a 3D-LET classification system for diverse biological endstations at the Holland Proton
Therapy Centre. The combination of two unique radiobiological endstations allowed
for detailed examination of LET across various depths and positions within a double
passively scattered proton beam. The water phantom configuration provided precise
one-dimensional characterization of energy deposition, essential for evaluating cellular
responses in cell culture flasks. The RW3 slab phantom configuration facilitated three-
dimensional analysis, offering insights into energy deposition variability across cell cul-
ture plates. The integration of high-resolution advanced LET dosimetry together with
GEANT4 simulations has enabled accurate spectral unfolding. This addressed detector
limitations and significantly improved the understanding of cellular-level energy de-
position patterns. This combined experimental and simulation approach has not only
further validated the G4HPTC-R&D simulation platform but also refined the under-
standing of LET distributions, providing valuable information for radiobiological stud-
ies. Overall, this work significantly advances the field by providing a framework for the
3D analysis of cellular-level energy deposition patterns in proton therapy. The novel sys-
tem enables a deeper understanding of cellular energy deposition spectra, overcoming
detector limitations and offering valuable insights into cellular responses under proton
irradiation in a clinical setting.
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Chapter 6

Mechanistic Proton Therapy
Insights: Linking DNA Damage
to Survival

Parts of this chapter have been published as ”Heemskerk, T., Groenendijk, C., Rovituso, M., van der Wal,
E., van Burik, W., Chatzipapas, K., Lathouwers, D., Kanaar, R., Brown, J. M. C., & Essers, J. (2025). Position in
Proton Bragg Curve Influences DNA Damage Complexity and Survival in Head and Neck Cancer Cells. Clinical and
Translational Radiation Oncology, 100908” [160].
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6.1 Introduction

Proton radiotherapy induces tumor cell death by causing DNA damage. Recent radio-
biological research has increasingly focused on understanding the complex relationship
between proton irradiation and DNA damage. As the understanding of DNA damage
complexity deepens, it becomes crucial to elucidate the structural yields of these dam-
ages and their implications for cellular survival. A critical aspect is the investigation
of DSBs, which are among the most lethal forms of DNA damage, particularly when
occurring as complex clustered DNA damage [161]. Complex clustered DNA damage
involves a DSB along with multiple other lesions around the damaged site [162]. Study-
ing these types of DSBs allows researchers to unravel the mechanism of DNA damage
induction and its impact on cell survival.

To further understand the distribution of DSBs, in silico studies can offer valuable
insights into the types and complexities of DNA damage. This requires a thorough un-
derstanding of the proton energy deposition pattern at the cellular level and the accom-
panying Linear Energy Transfer (LET) at the specific location of the irradiated tissue or
cell. Since proton energy and energy spread vary along the Bragg curve, the energy
deposition pattern at the cellular level also changes, affecting DNA damage induction
and resulting DNA damage structures. Variations in the complexity and distribution of
DSBs along the Bragg peak may lead to differences in cell survival fractions at different
positions.

This work aims to study in vitro clonogenic survival and DNA damage foci kinet-
ics of a head and neck squamous cell carcinoma cell line along the double passively
scattered proton Bragg curve of HollandPTC. Complementary in silico studies - which
involve computational simulations of proton energy deposition, DNA damage induc-
tion, and the resulting damage structure at the cellular level - will provide insights into
the link between experimentally yielded foci and the number and complexity of DSBs.
These computational models will help predict how different energy deposition patterns
influence DNA damage and repair processes, enhancing the interpretation of experimen-
tal data. Understanding these interrelations and correlations is crucial for elucidating
the complex mechanisms underlying proton-induced cellular responses. This integrated
approach provides valuable insights into the effects of proton radiation at cellular and
molecular levels, potentially enhancing the efficacy of proton therapy in cancer treat-
ment.
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6.2 Methods

The integrated approach of the study of in vitro clonogenic survival and DNA damage
foci kinetics with the in silico study of proton energy deposition, DNA damage induc-
tion, and the resulting damage structure at the cellular level, was performed in two
phases (Fig. 6.1) by the following sub-steps:

Phase I - Biological experiment:

• FaDu cell culture

• Clonogenic survival assay

• 53BP1 immunofluorescent staining

• Microscopy

Phase II - GEANT4-DNA Simulations

• Modified FaDu cell geometry development

• DNA damage complexity assessment

6.2.1 Phase I: Biological Experiment

A human cell contains a nucleus that houses DNA (deoxyribonucleic acid), which con-
sists of two complementary strands linked by a sugar-phosphate backbone that provides
structural stability [3]. DNA serves as the carrier of genetic information and is essential
for cellular replication, making it the primary target of radiation therapy for tumor erad-
ication [163]. Ionizing radiation damages DNA by inducing ionization and excitation
of molecules, which can lead to strand breaks in the double helix. Single-strand breaks
(SSBs), where only one strand is affected, are generally repairable. However, double-
strand breaks (DSBs), where both strands are damaged, are significantly more challeng-
ing to repair. If multiple DSBs occur in close proximity, forming clustered DNA damage,
they represent the most lethal form of radiation-induced damage, making the study of
proton-induced DSBs essential for understanding cellular survival [164].

Due to cell’s ability to repair strand breaks through DNA damage response (DDR)
pathways, the cell is able to survive. One key biological endpoint to study the effect
of different forms of radiation, i.e. different microscopic energy distributions, is cel-
lular survival. Cellular survival refers to the ability to survive after a given radiation
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Two-phase workflow

Phase I Phase II

Biological experiment

1. Clonogenic Survival Assay FaDu cells

2.   53BP1 Foci Kinetics Analysis FaDu cells

Geant4-DNA simulation
DNA damage complexity assessment

FaDu cell nucleus

FIGURE 6.1: The two-phase workflow applied in this work. Phase I includes the biological experi-
ment consisting of 1. The clonogenic survival assasy of the FaDu cells at P36, P80 and D20 of the 150
MeV passively scattered large field Bragg curve, and 2. The 53BP1 foci kinetics analysis at the same
positions. Phase II includes the in silico assessment of DNA damage complexity using GEANT4-

DNA simulations.

dose, quantified through a clonogenic survival assay. This assay evaluates a cell’s abil-
ity to proliferate and form colonies after irradiation, comparing the number of resulting
colonies to a non-irradiated control sample to determine the survival fraction S/S0. The
relationship between the surviving fraction of cells and the radiation dose can be fitted
by a second-order polynomial, referred to as the linear-quadratic (LQ) model, described
as

S/S0 = exp(−αD − βD2) (6.1)

where S/S0 is the surviving fraction, α represents the average number of lethal single-
particle interactions per cell, proportional to absorbed dose D, and β represents the av-
erage number of lethal two-particle interactions per cell, proportional to the square of
absorbed dose D2. The surviving fraction following the LQ model is plotted in a cell
survival curve following a logarithmic scale to easily assess the low cell survivals [3,
165].

To further investigate DSB formation, the dynamics of ionizing radiation-induced



76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk
Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025 PDF page: 141PDF page: 141PDF page: 141PDF page: 141

6.2. Methods 117

foci can be analyzed. Following DNA damage, the DDR triggers the accumulation of
DDR proteins at or near DSB sites, forming these foci. A key DDR protein is p53-binding
protein 1 (53BP1). Examining the dynamics of 53BP1 foci enables the correlation between
radiation-induced DSBs and subsequent cell survival outcomes [3].

Experimental Configuration at HollandPTC

The HollandPTC proton beamline was constructed using a 150 MeV double passively
scattered configuration (Fig. 6.2a) delivering a 10 × 10 cm2 large field. The biological
experiment was conducted utilizing the water phantom configuration. Detailed descrip-
tions of the experimental characterization of this configuration are available in Chapter
3 and 5. The water phantom configuration, including the custom-designed 3D-printed
holder attached to motorized linear stages, accommodating the T25 cell culture flask
and Advanced Markus® chamber is shown Figure 6.2b. Motorized linear stages enabled
precise alignment of the T25 cell culture flask at the center of the 10 × 10 cm2 field (Fig.
6.2c), and allowed submillimeter-precision movement through the water phantom along
the passively scattered Bragg curve. The previously validated positions P36, P80 and D20

along the passively scattered Bragg curve (Ch. 5) were selected for irradiation. To ensure
accuracy and reproducibility, measurements were conducted prior to irradiation using
the Advanced Markus® chamber and a cell flask filled with cell medium to validate the
precise location of the Bragg peak. Subsequently, the positions P36, P80 and D20 were de-
termined, ensuring precise irradiation of the flask at the specified positions. Throughout
the irradiation process, the Advanced Markus® chamber monitored the dose behind the
T25 flask, ensuring adherence to the prescribed dose and precise positioning relative to
the Bragg curve.

Cell Culture

FaDu cells (HTB-43, ATCC), derived from head and neck squamous cell carcinoma, were
cultured in a 1:1 mixture of DMEM (4.5 g/L Glucose, with Ultraglutamine 1) and Ham’s
F-10, supplemented with 10% fetal calf serum and 1% penicillin/streptomycin. Cells
were maintained in a humidified incubator at 37◦C with 5% CO2.

Clonogenic Survival Assay

The clonogenic survival assay workflow is presented in Figure 6.3. One day prior to
irradiation, 1.5 ×106 FaDu cells were seeded in T25 flasks and were allowed to attach
overnight. Cells were irradiated with doses of 0, 2, 4 and 6 Gy at the three specified
positions in the Bragg curve, with a dose rate of approximately 1.5 Gy per minute. Fol-
lowing irradiation, cells were trypsinized, counted and seeded in triplicates in six cm
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(A)

(B) (C)

FIGURE 6.2: (A) Double passively scattered configuration utilizing the water phantom configura-
tion at the HollandPTC R&D proton beamline, (B) the water phantom with the custom-designed
3D-printed holder mounted to two motorized linear stages, and (C) the positioning of the T25 cell
culture flask and Advanced Markus® chamber directly behind it, within the center of the 10 × 10

cm2 field.

dishes. The number of cells seeded depended on the dose administered, with 300, 600,
1200, and 2400 cells per dish for the doses 0, 2, 4, 6 Gy, respectively. Colonies were al-
lowed to form for 14 days, fixed and stained in Coomassie Blue staining solution (50%
methanol, 7% acetic acid, 43% demi water, 0.1% brilliant blue R). Colonies were counted



76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk
Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025 PDF page: 143PDF page: 143PDF page: 143PDF page: 143

6.2. Methods 119

using the GelCount colony counter (Oxford optronic). To assess the relative sensitiv-
ity of cell survival curves, the data from three independent experiments were pooled
and a linear-quadratic survival curve was fitted to the data points, using weighted least
squares regression in GraphPad Prism 9. The doses required to achieve 37% survival
(D37% (Gy)) and 10% survival (D10% (Gy)) were interpolated from the fitted curves. Both
37% and 10% survival fell within the range of the experimental data points, ensuring the
reliability of the interpolation derived from the curve.

FIGURE 6.3: Clonogenic survival workflow: FaDu cells were seeded and allowed to attach in T25
flasks. The cells were then irradiated at P36, P80 and D20 in the water phantom with doses of 0, 2, 4,
and 6 Gy. Subsequently, cells were trypsinized, counted and seeded in triplicates in six cm dishes
and then incubated for 14 days. Colonies were counted, and cell survival curves were generated by

fitting the data to a linear-quadratic survival model.

53BP1 Immunofluorescent Staining

The p53-binding protein 1 (53BP1) immunofluorescent staining workflow is shown in
Figure 6.4. One day prior to irradiation, cells were seeded on 18 mm coverslips in 6-well
plates at a density of 500.000 cells per well and allowed to attach overnight. Cover-
slips were transferred to a 12-well plate. The coverslips were attached to the well using
PNIPAAm-PEG 3D thermoreversible hydrogel in cell culture medium (MBG-PMW20-
1001, Mebiol Gel). The wells were filled with medium and sealed with Microseal B seals
(MSB1001, Bio-Rad). The samples were irradiated with 2 Gy and fixed at time points 15
minutes, 2, 6, 8, 15, 18 and 24 hours post-irradiation. Unirradiated coverslips were fixed
after 15 minutes and 24 hours. Cells were washed with phosphate buffered saline (PBS),
fixed with 4% paraformaldehyde (PFA) in PBS for 15 minutes at room temperature and
washed again with PBS. Cells were permeabilized with 0.1% Triton X-100 in PBS for two
times 10 minutes and blocked with PBS+ buffer (5 mg Bovine Serum Albumin and 1.5
mg glycine/mL PBS). Primary anti-53BP1 antibody (rabbit, 1:1000, NB100-304, Novus
biologicals) was diluted in PBS+ buffer and cells were incubated with primary antibod-
ies overnight at 4◦C. After washing with PBS+ buffer, secondary antibodies (anti-rabbit
Alexa488; Life Technologies) diluted in PBS+ buffer (1:1000) were applied, and cells were
incubated in the dark for one hour at room temperature. Coverslips were mounted on
microscope slides using Antifade mounting medium with DAPI (Vectashield) and sealed
with nail polish.
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FIGURE 6.4: 53BP1 immunofluorescent staining workflow: FaDu cells were seeded and allowed
to attached in 6-well plates. The cells were then irradiated at P36, P80 and D20 in the water phan-
tom with a dose of 2 Gy. Cells were fixed at time points 15 minutes, 2, 6, 8, 15, 18 and 24 hours
post-irradiation. Following fixation, cells were incubated, and the coverslips were mounted on mi-

croscope slides for analysis.

Microscopy

Immunofluorescence in cells was visualized with a Leica STELLARIS 5 confocal micro-
scope with the laser lines DAPI (405 nm) and Alexa 488 (488 nm). For each sample, four
Z-stack images were captured using a 40x objective. Z-projections were generated and
nuclear area, mean and integrated density of the DAPI signal were measured for each
nucleus. Additionally, the number of 53BP1 foci, average focus size, and average focus
intensity were analyzed for each nucleus using homemade ImageJ scripts. Cell nuclei
were segmented based on the DAPI signal and nuclear area and integrated density of
the DAPI signal were quantified using the measurement function within ImageJ. Foci
within segmented nuclei were identified using thresholds based on the mean + factor
× standard deviation of the 53BP1 signal [166]. The number, size, and intensity of seg-
mented foci were measured using the measurement function within ImageJ. To assess
the resolution rate of 53BP1 foci, a sum of two exponential curves was fitted to the data
points, using least squares regression in GraphPad Prism 9. The fitted curve follows the
form:

# Foci per nucleus = C1 · e−
t

τ1 − C2 · e−
t

τ2 + C3 C1, C2 > 0 (6.2)

where the parameters C1, C2, C3 and τ are determined during the fitting process, with t
representing the time after irradiation. C1 and C2 describe the magnitude of the rise or
decline of the fit, respectively, while C3 represents a constant offset. τ1 is the exponential
time constant for the decline, and τ2 is the exponential time constant for the rise. The
half-life of 53BP1 resolution, τ1/2 was subsequently calculated.

6.2.2 Phase II: GEANT4-DNA Simulations

The second phase of this work involved assessing DNA damage complexity using GEANT4-
DNA [70, 71, 72, 73, 74, 110, 111, 112] (Fig. 6.1). Building on previous work (Ch. 5),
proton kinetic energy spectra at the back of the flask – where the cells were located –
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were obtained from G4HPTC-R&D for the three specified positions along the passively
scattered Bragg curve [167]. Additionally, the FaDu cell nucleus dimensions in x, y and z
were determined by fitting an ellipse onto the maximum projections of the microscopic
z-projections of numerous FaDu cells, enabling extraction of the average semi-axes of
the nucleus. These proton kinetic energy spectra and FaDu cell nucleus dimensions were
then used as input for GEANT4-DNA to investigate DNA damage complexity along the
150 MeV passively scattered proton Bragg curve. The workflow is depicted in Figure
6.5. Simulations were conducted using the ”moleculardna” example of the GEANT4-
DNA toolkit (GEANT4 version 11.1.2), with the “human cell” geometry taken as starting
point.

y = 13.7 μm

Plane
source FaDu cell nucleus

z = 10.6 μm

x = 18.0 μm

G4HPTC-R&D Geant4-DNA

Collimator Water phantom

Flask with cell culture

10 μm

1. Extraction proton
kinetic energy
spectrum at back flask

2. Extraction FaDu cell 
nucleus dimensions

Input

x
y
z

FIGURE 6.5: GEANT4 simulation workflow. The left panel displays part of G4HPTC-R&D with the
second brass collimator visible along with the water phantom featuring the holder containing the
flask with the FaDu cell culture. From here: 1. The proton kinetic energy spectra at the back of
the flask for the P36, P80 and D20 along the passively scattered Bragg curve were obtained. 2. The
FaDu cell nucleus dimensions in x, y and z were determined by fitting an ellipse onto the maximum
projections of the microscopic z-projections. Both were used as input for GEANT4-DNA, shown in
the right panel. A squared 18 μm × 18 μm plane source was implemented and positioned 10 μm
away from the FaDu cell’s boundary. The semi-axes in x, y, z of the FaDu cell nucleus are 9.0 μm ×

6.9 μm × 5.3 μm.

Human Cell Geometry in ”moleculardna”

The modeling of DNA in GEANT4-DNA was initially developed by Lampe et al. [76, 168,
169]. The DNA fiber is composed of phosphate (H3PO4) and deoxyribose (C5H10O4)
molecules that formed its backbone. In this model, both phosphate and deoxyribose
(sugar) molecules were approximated as spheres, supporting the nucleotide bases - gua-
nine (C5H5 N5O), adenine (C5H5N5), cytosine (C4H5N3O), and thymine (C5H6N2O2) -
which, due to their flatter structure, were represented as ellipsoids. The DNA fiber was
further compacted into chromatin by folding around histones. Although the packing
of DNA is highly complex, at larger scales, it follows a roughly fractal geometry that
can be approximated by space-filling curves [168]. This meets two key requirements for
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DNA packing: it must unfold without tangling for replication, and the packing method
should require minimal information. Space-filling curves, a type of fractal, achieve this
by enabling dense compaction without forming knots, and requiring minimal data to
model due to their recursive nature. DNA was modeled using a large-scale fractal ge-
ometry based on the Hilbert curve (Fig. 6.6a) [170]. One iteration of the Hilbert curve is
illustrated in Figure 6.6b, while two iterations are shown in Figure 6.6c. To achieve a suf-
ficiently dense DNA structure, the Hilbert curve was iterated eight times [80]. This frac-
tal DNA representation was divided into cubic regions (voxels) with 750 Å side lengths,
each representing segments of chromatin. Three models of chromatin segments were
used: straight, turned and turned-twisted DNA solenoids. These DNA solenoids were
generated using the FractalDNA tool and were positioned to form a continuous DNA
chain. The human cell geometry example within the ”moleculardna” example appli-
cation was implemented as an ellipsoid with dimensions 14.2 μm × 14.2 μm × 5 μm
acting as a mask over the seeded Hilbert curve to define the chromosomal region. Cubic
regions with centers inside this ellipsoid were included in the simulation. Within this
ellipsoid, the fractal-based DNA chain structure comprised approximately 6.4 Gbp, typ-
ical of normal human cells [171], with an effective DNA density of ∼ 0.012 bp/nm3 [80].
Further details on DNA modeling are available in the work of Lampe et al. [76, 168, 169].

(A) (B) (C)

FIGURE 6.6: (A) 3D Hilbert curve, (B) one iteration of the Hilbert curve, and (C) two iterations of the
Hilbert curve [168, 170].

Modified FaDu Cell Geometry Development

Given the difference in size between the FaDu cell nucleus (18.0 μm × 13.7 μm × 10.6
μm) compared to the human cell geometry in the ”moleculardna” example (Sec. 6.2.2),
and the requirement for a cell to contain approximately 6.4 Gbp [171], it was necessary to
develop a modified geometry for the FaDu cell. To achieve this, the chromatin segments
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(straight, turned and turned-twisted) were adjusted using the FractalDNA tool [172].
FractalDNA is a Python package designed to create DNA geometries that can be assem-
bled like jigsaw puzzles. The tool enables the creation of both simple DNA segments
and solenoidal DNA structures for DNA-level simulations in GEANT4-DNA. Modifica-
tions to the DNA solenoid structures were carried out by adjusting the voxel size and
number of histones. Increasing the voxel size led to a more extended and less compact
DNA solenoid. To maintain a constant linear density of histones and ensure chromo-
somal compaction without altering DNA damage sensitivity [173], the histone-to-voxel
ratio was set at 0.05, corresponding to 51 histones per 1000 Å [172]. These modifications
resulted in a voxel size of 1223 Å with 61 histones per voxel, compared to a 750 Å voxel
size and 38 histones per voxel using the original human cell example. Using a chromoso-
mal region of 18.0 μm × 13.7 μm × 10.6 μm led to 6406270100 base pairs within the FaDu
cell, compared to 6405886128 base pairs using the original human cell example. Given
the ellipsoidal volume of 1369.2 × 109 nm3, this corresponded to a DNA density of ∼
0.0047 bp/nm3. Visual inspection ensured there were no overlaps in the DNA solenoid
structure. The newly modified straight and turned chromatin are illustrated in Figure
6.7a and 6.7b, respectively, with a zoomed-in view presented in Figure 6.7c. The detailed
structure of the chromatin segments are shown in Figure 6.7d, 6.7e and 6.7f, respectively.

Simulation Configuration in GEANT4-DNA

The right panel of Figure 6.5 presents the implementation of the FaDu cell nucleus in
GEANT4-DNA. This model incorporated a modified FaDu cell geometry with an ellip-
soidal chromosomal region defined by semi-axes of 8.974 μm, 6.857 μm, and 5.312 μm
along the x, y and z axes, respectively. A squared plane source of 18 μm × 18 μm was po-
sitioned 10 μm from the nucleus’ boundary, all surrounded by liquid water. This config-
uration was designed to achieve charged particle equilibrium, ensuring that secondary
particle production occured before reaching the cell nucleus. The three proton kinetic
energy spectra (Fig. 5.8b) were implemented as user-defined energy histograms with
0.5 MeV bins, each assigned a specific weight. Simulations were conducted at P36, P80

and D20 with a total of 2 × 104 protons per position. The GEANT4-DNA option4 physics
list [70] was adopted to simulate both the physical and chemical interactions, including
interactions of reactive species, which is the recommended physics list according to the
GEANT4-DNA collaboration [121, 174, 175]. Additional parameters were set to model
DNA damage, which are summarized in Table 6.1 and were optimized in the work of
Sakata et al. [75]. The direct interaction range, defined as the radius within which en-
ergy depositions are assigned to a DNA molecule to induce direct strand breaks, was set
to 3.5 Å. The energy threshold for direct damage induction followed a linear probabil-
ity distribution, ranging from 0 to 1 for energy depositions between 5 eV and 37.5 eV,
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(A) (B) (C)

(D) (E) (F)

FIGURE 6.7: Modified FaDu cell geometry showing a (A) straight chromatin segment, (B) turned
chromatin segment, and (C) a zoomed-in view of the chromatin segment with DNA shown in yellow,
the protein core shown in blue and the linking sections shown in green which were calculated using
3D spline functions [80]. (D), (E), and (F) show the detailed structure of the DNA strands with yellow

lines connecting the phosphate molecules and red lines connecting the sugar molecules.

respectively. The probability of a chemical reaction between a proton and an OH• radi-
cal causing indirect strand breakage was set at 0.405. The chemical reaction simulations
were limited to 5 ns, with a radical kill distance of 9 nm, beyond which chemical tracks
were removed.

Defining and Scoring DNA Damage

The GEANT4-DNA simulations quantified DNA damage based on complexity and inter-
action type, adopting the damage classification scheme proposed by Nikjoo et al. [176].
This scheme includes single strand breaks (SSB), double strand breaks (DSB), and their
more complex variants (DSB+, and DSB++), as well as by the source of damage (direct,
indirect, mixed, and hybrid), as shown in Figure 6.8. A DSB refers to the occurrence of
lesions at opposite DNA strands within 10 base pairs of each other. A more complex
form, DSB+, denotes a DSB accompanied by an additional lesion on one of the DNA
strands within 10 base pairs of the break site. An even more complex variant, DSB++,
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indicates the occurrence of at least two DSBs within a segment of the chromatin fiber,
with a default segment length of 100 base pairs. Additional lesions may include oxi-
dized bases, cross-links, or further strand breaks [121]. Direct damage (DSBD) is caused
by the direct interaction of protons with the DNA molecule itself, while indirect damage
(DSBI) occurs as a result of interactions between protons and other cellular components,
such as water, leading to the production of reactive oxygen species or other free radicals.
Subsequently, these radicals interact with the DNA molecule, causing oxidative damage
to the DNA bases or inducing strand breaks [80]. In cases where a DSB is attributed to
both direct and indirect damage, it is classified as hybrid (DSBHYB), and if the DSB is
caused by direct damage, together with another lesion caused by indirect damage, it is
defined as DSB mixed (DSBM).

TABLE 6.1: GEANT4-DNA damage parameter values and chemistry limits used in the ”molecu-
larDNA” example. Rdir is the direct interaction range in Å, Ebreak

min and Ebreak
max are the lower and upper

values for direct damage in eV, Pbreak
OH is the probability of a chemical reaction to cause indirect strand

damage, Tchem is the time limit of chemical diffusion in ns, and dchem
kill is the radical kill distance in

nm.

Parameter in ”moleculardna” example Value

Rdir (Å) 3.5

Ebreak
min (eV) 5

Ebreak
max (eV) 37.5

Pbreak
OH 0.405

Tchem (ns) 5

dchem
kill (nm) 9

6.3 Results

6.3.1 Phase I: Biological Experiments

Irradiation at D20 Reduces Clonogenic Survival of FaDu Cells

The first aim of this study was to gain insights into the in vitro clonogenic survival of
FaDu cells at different positions along the Bragg curve. A correlation is then sought
between Bragg curve position associated FaDu cell survival and previously obtained
experimentally-informed simulated yD values at those positions [167]. By analyzing the
clonogenic survival rates at these positions, it was intended to understand how varia-
tions in yD affect cell survival. Figure 6.9a shows the yielded experimentally-informed
simulated yD values in keV/μm relative to the depth-dose distribution of the 150 MeV
passively scattered proton Bragg curve, obtained from the work by Groenendijk et al.
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Classification scheme breaks

By complexity By source
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FIGURE 6.8: Classification scheme DNA breaks. DNA breaks are classified into single strand breaks
(SSBs), double strand breaks (DSBs), and complex forms of DSBs (DSB+ and DSB++), along with
classifications based on the damage source. A DSB refers to two lesions on opposite strands within
10 base pairs. DSB+ involves an additional lesion within 10 base pairs of the break site, while DSB++
indicates at least two DSBs within a 100-base-pair segment of chromatin. Direct damage (DSBD)
results from protons directly interacting with DNA, whereas indirect damage (DSBI) arises from
reactive species generated by proton interactions with other cellular components, such as water.
Hybrid (DSBHYB) occurs when both direct and indirect damage contribute to a DSB, while mixed

(DSBM) involves a combination of direct and indirect lesions.

[167], where the relative dose refers to the dose delivered at a given point along the
passively scattered proton Bragg curve, expressed relative to the maximum dose at the
Bragg peak. Figure 6.9b presents the results of the clonogenic survival assay after irradi-
ation of the samples at the P36, P80 and D20 positions. While the clonogenic survival of
samples irradiated at P36 or P80 was not significantly different, a substantial reduction
in the survival of FaDu cells was observed at the D20 position. Specifically, there was a
1.88-fold decrease in the dose required to induce 37% survival (D37%) for samples irradi-
ated at the distal end compared to those irradiated at the plateau (Table 6.2). A slightly
smaller decrease of 1.53-fold was observed for D10%. At this position, yD was substan-
tially higher (7.25 keV/μm) compared to P36 and P80 (1.10 keV/μm and 1.80 keV/μm,
respectively). The marked rise in yD at D20 indicates more localized energy deposition
by protons, leading to increased DNA damage and, consequently, a significant decrease
in cell survival.
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TABLE 6.2: Overview of experimental and in silico results at the P36, P80 and D20, showing the D37%
and D10% (Gy) determined from clonogenic survival, half-life of the 53BP1 foci t1/2 (h), along with
the experimental-informed simulated yD values (keV/μm). The in silico results indicate the number
of SSBs and DSBs per Gy per Gbp, the SSB/DSB ratio and the fraction of complex DSBs (DSB+ and

DSB++) with respect to the total number of stand breaks (%).

Experimental in silico

D37% D10% t1/2 yD SSBs DSBs SSB/DSB DSB+&++/SB

P36 3.0 5.2 2.65±0.36 1.10 291.66 9.51 29.7 0.48%

P80 2.9 4.8 2.97±0.01 1.80 282.91 10.02 27.2 0.55%

D20 1.6 3.4 4.40±0.17 7.25 260.54 11.62 21.4 0.88%

Altered 53BP1 Foci Kinetics After Irradiation at D20

The second aim of this study was to further comprehend the observed FaDu cell sur-
vival outcomes through examination of the kinetics of the DSB repair protein 53BP1 at
the three different positions in the Bragg curve. Analyzing the number and size of 53BP1
foci provides insights into the extent and complexity of DSBs at the specific positions.
Representative images of the samples stained for 53BP1 after irradiation at the three dif-
ferent positions in the Bragg curve and fixed at different time points are shown in Figure
6.10. The general trend in the number of 53BP1 foci per nucleus is the same for all three
positions, with a strong increase in foci after 15 minutes and 2 hours, followed by grad-
ual resolution of the 53BP1 foci, shown in Figure 6.11. For the P36 and P80 samples, the
kinetics of 53BP1 foci per nucleus are similar. However, at the D20 position, where yD

is significantly higher, the number of 53BP1 foci is substantially greater after two hours
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FIGURE 6.9: (A) Depth-dose distribution of the 150 MeV passively scattered proton Bragg peak
in the water phantom configuration, along with the experimentally-informed simulated yD values
throughout the Bragg curve. Positions used for the biological experiments are indicated by the
vertical dotted black lines. (B) Clonogenic survival of FaDu cells irradiated with proton radiation at
P36, P80 and D20. The mean survival of three replicate experiments was plotted. Error bars represent

the standard error of the mean (S.E.M.).
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FIGURE 6.10: Representative images of immunofluorescent 53BP1 staining of FaDu cells irradiated
at the P36, P80 and D20 positions along the Bragg curve, at different time points indicated in the
columns: at 2h, 8h, 15h and 24h post-irradiation. The FaDu nuclei are visualized with yellow con-

tours. The bright spots indicate the 53BP1 foci.

post-irradiation and resolves more slowly compared to the P36 and P80 positions. This
delay in foci resolution suggests that the DSBs are more complex and more challenging
to repair. In addition to the increased number of 53BP1 foci observed at D20, the size of
these foci also shows notable differences. Directly after irradiation, the 53BP1 focus size
decreases compared to the control sample. For the P36 and P80 positions, the foci size
increases over time and aligns with the size observedin control samples after 24 hours.
This indicates a similar repair response to the induced DNA damage at these positions.
Conversely, samples irradiated at D20 exhibit a sustained increase in foci size at 18 hours



76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk
Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025 PDF page: 153PDF page: 153PDF page: 153PDF page: 153

6.3. Results 129

and 24 hours post-irradiation. The larger foci suggest the presence of more clustered
DSBs, which requires a more intensive repair response. To determine whether there is a
difference in the rate of 53BP1 resolution, the sum of two exponential curves was fitted to
the 53BP1 foci per nucleus (Figure 6.11). This analysis allowed for the determination of
the half-life of 53BP1 focus resolution at all three positions (Table 6.2). While the half-life
is similar for the P36 and P80 samples (2.65 and 2.97 hours, respectively), the half-life of
D20 irradiated samples is longer at 4.40 hours. These findings indicate that shortly after
irradiation, D20 samples exhibit a higher number of 53BP1 foci that are resolved more
slowly. 24 hours after irradiation at the D20 position, nearly all foci were resolved, how-
ever, the residual 53BP1 foci at this position were noticeably larger compared to those
observed at the other two positions. The persistence and size of these foci, observed 24
hours post-irradiation, suggest the presence of complex DNA damage.
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FIGURE 6.11: Quantification of the 53BP1 foci kinetics over time. The number of 53BP1 foci per nu-
cleus (left) and the average focus size per nucleus (right) are plotted over time. Error bars represent

S.E.M. Experiment was performed three times, representative data of 1 replicate is shown here.

6.3.2 Phase II: GEANT4-DNA Simulations

To evaluate the mechanistic processes underlying the observed experimental results,
GEANT4-DNA simulations were used to explore the complexity of DNA damage and
provide additional insights into the biological processes. Figure 6.12 illustrates the range
of lineal energy values at each position along the Bragg curve, with yD listed in Table 6.2.
The corresponding proton kinetic energy spectra with mean energies of 88.2 MeV, 33.6
MeV and 12.9 MeV at P36, P80 and D20, respectively, are presented in Chapter 5 [167].
Comparison of DNA damage yields by complexity and source following proton irradi-
ation using three distinct proton kinetic energy spectra reveals several key insights into
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the type and amounts of damage induced in the modeled FaDu cell nucleus. Analysis
of break complexity, as depicted in Figure 6.13, demonstrates that while the number of
SSBs decreases, the number of DSBs increases towards the distal end of the Bragg peak.
Specifically, the contribution of DSBs to the total number of strand breaks is 3.3% at P36

and 3.5% at P80, rising to 4.5% at D20. This results in a reduction of the SSB-to-DSB ratio
from 29.7 and 27.2 at P36 and P80, respectively, to 21.4 at D20 (Table 6.2). Among the total
DSBs induced, the fraction of complex DSBs (DSB+ and DSB++) is 15% at both P36 and
P80 and rises to 20% at D20. Relative to the total number of strand breaks, this represents
a 1.7-fold increase in complex DSBs at the distal end of the Bragg peak compared to P36

and P80. Furthermore, analysis of the source of DSBs reveals that the primary contribu-
tion to double strand breakage comes from indirect damage, although no specific trend is
observed along the Bragg curve. DSBs induced through a combination of direct damage
and other reactions (hybrid or indirect damage) are mostly present at D20, supporting
the observation of more complex DSBs at the distal end of the Bragg curve.

FIGURE 6.12: The acquired experimentally-informed simulated lineal energy spectra at the P36, P80
and D20 positions of the Bragg curve.

6.4 Discussion

This chapter presents a novel approach by integrating experimental and in silico analy-
ses to investigate the effects of proton irradiation along a passively scattered Bragg curve
on cellular survival and DNA damage. While prior studies have focused primarily on
single proton energies or broader LET ranges, this work uniquely combines: 1) biolog-
ical experimental data: detailed analysis of clonogenic survival and 53BP1 foci kinetics



76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk
Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025 PDF page: 155PDF page: 155PDF page: 155PDF page: 155

6.4. Discussion 131

FIGURE 6.13: A bar plot of the acquired DNA damage yields using the “molecularDNA” example
based on break classification (Fig. 6.8) showing single strand breaks (SSBs), double strand breaks
(DSBs) and the more complex DSBs: DSB+ and DSB++. Additionally, DSBs based on source type are
shown: DSBs as a result of direct damage (DSBD), DSBs as a result of indirect damage (DSBI) and

hybrid or mixed DSBs (DSBM / DSBHYB).

across three distinct positions (P36, P80, and D20) along the Bragg curve of a passively
scattered 150 MeV proton beam, 2) simulated DNA damage complexity: experimentally-
informed simulations of DNA damage complexity using GEANT4-DNA, which correlate
mean lineal energy values with increased double-strand breaks (DSBs) and higher pro-
portions of complex DSBs, and 3) integrated interpretation: directly linking experimen-
tal outcomes, such as reduced clonogenic survival and delayed 53BP1 foci resolution at
D20, with simulation-derived insights into DNA damage complexity at this position.

This integrated approach not only elucidates the biological effects of high LET at the
distal end of the Bragg curve but also provides mechanistic insights into the increased
radiobiological effectiveness observed in proton therapy. By directly correlating LET,
DNA damage complexity, and cellular responses, this work advances the understanding
of proton irradiation effects in a way that prior studies, limited to isolated experimental
or simulation approaches, have not achieved. These findings underscore the importance
of integrating experimental data with simulations to improve the understanding of pro-
ton therapy’s efficacy, potentially informing treatment optimization strategies for cancer
patients.

The FaDu cell line was selected as a well-established model for head and neck squa-
mous cell carcinoma (HNSCC), a major indication for proton therapy. Focusing on a
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single cell line enables us to analyze the relative effects of different positions along the
Bragg curve without the confounding variability of inter-cell line differences, such as
distinct radiation sensitivities and repair capacities.

A lower survival of FaDu cells is observed when samples are irradiated at the distal
end of the Bragg curve, a result attributed to the higher yD at this position, while the
obtained D37% and D10% values for the P36 and P80 positions correlate well with other
literature on X-ray and low-LET proton irradiation [177, 178, 179]. These results are
consistent with previous research showing increased radiobiological effectiveness when
LET increases. This has been demonstrated in various experimental models with pro-
tons of various energies, but also with heavier ions [180, 181, 182, 183, 184, 185]. The
reduced survival of FaDu cells at D20 is accompanied by an increase in the number of
53BP1 foci and delayed foci resolution compared to P36 and P80. This observation is sup-
ported by the simulations indicating an increased contribution of DSBs at D20, which
aligns with the observed experimental outcomes. In addition to the relatively increased
DSBs at D20, the contribution of complex DSBs increases as well, indicating greater DNA
damage complexity at the distal end of the Bragg peak. These complex breaks are more
challenging to repair, leading to residual damage, which manifests as persistent 53BP1
foci with increased size. Such residual breaks can eventually lead to cell death, thereby
decreasing cellular survival at this position.

The increased damage complexity with higher LET is thought to contribute to the
observed increase in radiobiological effectiveness. Studies on plasmid DNA irradiated
with various LET have demonstrated that higher LET leads to more fragmented and
complex damage, as shown by atomic force microscopy [186, 187], and electrophoresis
[187]. This work focused on 53BP1 foci kinetics, which reflect complex DNA damage
associated with high-LET radiation. Higher LET radiation induces more complex DNA
damage, which takes longer to repair. This is consistent with previous studies on DSB
induction and repair using γH2AX or 53BP1 as DSB markers, which demonstrated that
higher LET results in increased break induction, followed by slower repair, with 53BP1
foci half-lives ranging from approximately 1 to 5 hours after proton irradiation [188,
189], and more residual breaks after 24 hours [188, 189, 190]. Additionally, higher LET
can lead to increased 53BP1 focus size or intensity [191, 192]. The results presented here
are consistent with these findings, as they align with the observed increase in simulated
DNA damage complexity and residual breaks. This correlation is further supported by
the in silico study, which also indicates elevated damage complexity at higher LET.

Previous research has utilized the GEANT4-DNA application to investigate DNA
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damage yields induced by ionizing radiation in human fibroblasts cells, bacterial cells
and human cells [76, 77, 78, 79, 80]. However, studies examining proton-induced DNA
damage have primarily focused on single proton energies. This approach complicates
direct comparisons with the current work, which incorporates three distinct proton en-
ergy spectra. The complexity is particularly evident at the distal end of the Bragg peak,
which consists of a broad spectrum of LET values (0.08-40 keV/μm [167]), making direct
comparisons with a single LET value challenging. Furthermore, when considering the
mean LET values corresponding to the three proton energy spectra used in this study,
as shown in Table 6.2, the available LET range is relatively narrow. This contrasts with
all studies that examine a broad range of proton energies and LET values (from a few
keV/μm up to 60-80 keV/μm or more), which tend to observe more pronounced differ-
ences in their results. Despite the narrower LET range, this work is unique in its detailed
investigation of proton-induced DNA damage along a proton Bragg curve. Neverthe-
less, assuming the corresponding mean LET values to the three proton energy spectra,
several comparisons can be made with other studies. Sakata et al. evaluated DNA dam-
age in a human cell nucleus model induced by protons [75, 80]. Their findings indi-
cated a decrease in SSB yield as a function of LET, a trend also observed in this study.
Additionally, an increase in DSB yield with increasing LET was observed, and the cor-
responding decreasing SSB/DSB ratio. Similar trends regarding SSB and DSB yields
have been observed in other studies as well [77, 78]. Chatzipapas et al. simulated DNA
damage using the moleculardna example and analyzed DNA damage yield using the hu-
man cell example using mono-energetic proton energies varying between 0.15 and 66.5
MeV. They confirmed that the particle interactions become denser with increasing LET,
therefore exhibiting a higher probability for DSB occurrence [193]. This observation is
reflected in the SSB/DSB ratio which indicates that SSBs form DSBs more often, reflected
by a DSB:SB fraction of 3.3%, 3.5% and 4.5% at P36, P80 and D20, respectively.

Additionally, the majority of the works that study proton-induced DNA damage
have been limited to analyzing only SSBs and DSBs and their corresponding ratios at
different proton energies. This research, however, extends beyond to explore the more
complex forms of DSBs. Because of this, comparisons between DNA damage complexity
and the associated source of the breaks are difficult to make. There have been studies on
the contribution of indirect damage with increasing LET which stated that indirect dam-
age decreased as LET increased, but this was only studies at higher LET values (20 to
2106 keV/μm) [194]. The discrepancy seen in this work could be attributed to the lower
LET range examined, or differences in the specific conditions and models used. Finally,
as highlighted in several studies, it is important to note that the quantification of SSBs
and DSBs and their complexity is highly sensitive to the damage scoring parameters [75,



76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk
Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025 PDF page: 158PDF page: 158PDF page: 158PDF page: 158

134Chapter 6. Mechanistic Proton Therapy Insights: Linking DNA Damage to Survival

76, 77].

The integration of DNA damage simulations with radiobiological experiments has
proven highly valuable, as it provides deeper insights into how variation in radiation
quality affect biological outcomes. This approach facilitates a direct correlation between
LET, DNA damage complexity and survival of FaDu cells across different positions
along a passively scattered Bragg curve. Furthermore, the observed differences in 53BP1
foci kinetics and size correlate strongly with the increased DNA damage complexity
identified in the simulations. Simulations alone cannot directly correlate with biologi-
cal outcomes, such as cell survival or DNA damage repair kinetics, while experimental
data often provides only indirect indicators of DNA damage complexity. Therefore, the
integration of both approaches offers a more comprehensive understanding of the rela-
tionship between radiation quality and its biological effects.

The clear correlation between DNA damage complexity and cell survival opens up
several interesting questions. One critical question is how increased DNA damage com-
plexity affects the corresponding repair mechanisms. Cells have several DSB repair path-
ways available, including non-homologous end joining (NHEJ), homologous recombina-
tion (HR) and theta-mediated end joining (TMEJ), each of which plays a role depending
on the structure of the break [164]. Research has shown that irradiation with high LET
particles leads to increased DNA break end resection in both G1 and S/G2 cells, sug-
gesting a reliance on TMEJ and HR. However, significant differences in resection were
achieved only with heavy-ion radiation, which has much higher LET compared to pro-
tons [192, 195, 196]. While some studies show a stronger dependence on HR for re-
pairing proton-induced DNA damage compared to photon-induced DNA damage [197,
198], others suggest this dependence is specific for high LET protons [199, 200] or occurs
primarily after carbon-ion irradiation [201]. Other groups have not consistently demon-
strated a stronger dependence on HR after proton radiation [202, 203]. While loss of
NHEJ typically results in significant radiosensitization, this effect appears to be mostly
independent of the type of radiation used [197, 198, 199, 201, 202, 203, 204]. Thus, the
dominant repair pathway under different circumstances remains unclear.

The presented combination of biological experiments with simulation data presents
a promising approach to unravel the mechanisms behind pathway choice. By combin-
ing radiobiological experiments with cells deficient in specific repair pathways, together
with simulations, it may be possible to construct a comprehensive framework to gain
more insight into the underlying mechanism of pathway choice. This approach could
offer valuable insights into the mechanism guiding pathway selection and contribute to
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optimizing proton therapy by enhancing the understanding of the cellular and molecu-
lar effects of proton radiation.

6.5 Conclusion

This chapter demonstrates the relationship between DNA damage complexity and the
survival of head and neck squamous cell carcinoma cells irradiated at various positions
along the Bragg curve. In vitro clonogenic assays and 53BP1 foci kinetics were employed
to evaluate cell survival and the number and size of 53BP1 foci. These experimental ob-
servations were complemented by in silico studies to elucidate the relationship between
increased yD, corresponding decreased cell survival and DNA damage complexity. The
results indicate that cells irradiated at the distal end of the Bragg curve exhibit lower sur-
vival rates, increased 53BP1 foci, delayed foci resolution, and larger foci sizes compared
to the plateau position and right before the Bragg peak. These findings are attributed
to the higher lineal energy and increased complexity of DNA damage at D20, as sup-
ported by simulation data showing a higher proportion of DSBs and complex DSBs at
this location. These complex forms of DNA damage are more challenging for cells to
repair efficiently, leading to persistent damage and reduced cellular survival. In con-
trast, irradiating cells at the plateau and at the P80, where LET is lower, results in almost
identical biological outcomes. This correlation between position in the Bragg curve, LET,
and DNA damage complexity showed novel insights into the effects of proton radiation
at cellular and molecular levels, which will be crucial to increase the efficacy of proton
therapy in cancer treatment.
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This dissertation presents the development and establishment of a comprehensive ra-
diobiological testing platform aimed at both enhancing the mechanistic understanding
of biological outcomes following proton irradiation, and enabling ex vivo assessment of
patient-derived tissue responses to proton irradiation, therefore facilitating a connection
to clinical practice through clinical follow-up studies. The main finding of this disserta-
tion are outlined in the following section.

7.1 Summary of Main Findings

1. The first major step in developing a radiobiological testing platform was the char-
acterization of the HollandPTC R&D experimental proton beamline and the de-
velopment of two proton irradiation platforms. This milestone was achieved and
is described in Chapter 3, which presents the characterization of the beamline for
both pencil beam and double passive scattering configurations. The characteriza-
tion of the pencil beam configuration revealed a reduction in beam spot size at
isocenter with increasing proton beam energies. At lower energies, greater beam
asymmetry and a larger beam envelope in air were observed. Additionally, the
Bragg peak width in water increased with higher proton beam energies, accompa-
nied by a reduction in the peak-to-plateau ratio. With the development and opti-
mization of a 150 MeV double passive scattering system featuring two dual-ring
configurations and a two-stage brass collimator system, large fields with uniform
dose distributions (98% uniformity) were achieved, enabling irradiation of biolog-
ical samples. The developed proton irradiation platforms included a water phan-
tom configuration, enabling precise irradiation of cell lines and patient-derived
samples within a 10 × 10 cm2 field, and an RW3 slab phantom configuration, which
facilitated irradiation in a dry state using a flipper system. This well-characterized
experimental environment served as a crucial first step in conducting radiobiolog-
ical experiments.

2. The second step was the development of a simulation platform of the HollandPTC
R&D experimental proton beamline using the Monte Carlo radiation transport
modeling toolkit GEANT4: G4HPTC-R&D. This milestone was achieved and is
detailed in Chapter 4. A refined beam model was developed using three exper-
imental proton datasets to determine the non-symmetrical Gaussian pencil beam
properties based on the ProBeam isochronous cyclotron’s mean extraction energy.
The model was benchmarked against three independent experimental datasets and
demonstrated that the G4HPTC-R&D simulation platform was able to reproduce
pencil beam and large field characteristics to within an accuracy on the order of
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±5% at different proton beam energies. The G4HPTC-R&D platform played a
crucial role in planning and optimizing radiobiological experiments by predicting
beam characteristics that are difficult to measure experimentally and validating
experimental results to ensure accuracy.

3. The third milestone was the 3D microdosimetric characterization of two proton ir-
radiation platforms at the HollandPTC R&D experimental proton beamline. This
milestone was achieved and is presented in Chapter 5. This step was critical for
understanding cellular-level proton lineal energy distributions at the precise loca-
tions where cell lines or patient-derived samples were irradiated to understand bi-
ological outcomes. Initially, experimental microdosimetric measurements of both
proton irradiation platforms were undertaken in three dimensions within the pas-
sively scattered proton Bragg curve using the 3D SOI Mushroom microdosime-
ter, the μ+ probe. Subsequently, both irradiation platforms were simulated using
G4HPTC-R&D, incorporating the detailed geometry and characteristics of the μ+

probe. The application of a spectral unfolding approach, combined with a dead
time correction model, enabled the generation of experimentally-informed simu-
lated dose-averaged mean lineal energy values (yD). For the water phantom con-
figuration, 1D-yD characterization showed an increase from from 1.10 keV/μm in
P36 to 1.80 keV/μm in P80, reaching 7.25 keV/μm in D20 along the passively scat-
tered proton Bragg curve. In the RW3 slab phantom configuration, 3D-yD charac-
terization exhibited a similar trend, with values increasing from 1.05 keV/μm in
P36 to 2.04 keV/μm in P80, and peaking at 8.43 keV/μm in D20, with minimal vari-
ations across the 10 × 10 cm2 field. These key findings offered insights into how
yD evolves along the Bragg curve across different irradiation configurations. This
combined experimental and simulation approach not only validated the G4HPTC-
R&D simulation platform but also enhanced the understanding of proton lineal
energy distributions, supporting future correlations with biological outcomes at
HollandPTC. This step represented the final stage in the establishment of a com-
prehensive radiobiological testing platform, enabling more precise investigations
into proton effects at the cellular level.

4. The final milestone involved the application of the fully characterized radiobio-
logical testing platform for proof-of-viability experiments with the FaDu HNSCC
cell line to correlate mechanistic estimates of DNA damage and yield with bio-
logical outcomes. Clonogenic survival and DNA damage complexity, assessed by
53BP1 foci, were evaluated at various positions along the proton Bragg curve, cor-
responding to distinct yD values. This milestone was achieved and is detailed
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in Chapter 6. The irradiation of the FaDu HNSCC cell line in the water phan-
tom configuration at P36, P80, and D20, revealed that clonogenic survival corre-
lates strongly with yD. Similar survival was observed at P36 (D37%=3.0 Gy) and
P80 (D37%=2.9 Gy), but decreased survival for D20 (D37%=1.6 Gy). Assessment of
53BP1 foci showed a higher number of 53BP1 foci shorty after irradiation, slower
foci resolution, and greater number of residual 53BP1 foci after 24 hours at D20

compared to P36 and P80. This finding suggested the presence of unrepaired com-
plex double-strand breaks (DSBs). To examine the mechanistic processes underly-
ing the observed experimental results, a modified FaDu cell geometry was devel-
oped and incorporated into GEANT4-DNA. Combined with the experimentally-
informed proton kinetic energy spectra at the irradiation sites from G4HPTC-R&D,
this enabled the simulation of early DNA damage in FaDu cells. Irradiation at D20

resulted in a 1.7-fold increase in complex DSBs compared to P36 and P80, highlight-
ing the increased DNA damage complexity at the distal end of the Bragg curve due
to increased yD. The correlation between Bragg curve position, yD, and DNA dam-
age complexity provided novel insights into the cellular and molecular effects of
proton radiation.

7.2 Future Research Directions

With the development and establishment of a comprehensive radiobiological testing
platform, there is an opportunity to develop a framework for predicting individual tu-
mor responses to radiotherapy. This can be pursued through three complementary ap-
proaches:

• A cellular mechanistic approach, which focuses on predicting radiation response
at the molecular and cellular levels.

• A tissue biological approach, which utilizes patient-derived tissue samples and
identified biomarkers to assess and predict radiation response.

• A patient clinical approach, which involves real-time irradiation of tumor biopsies
before patient treatment to directly assess the individual tumor response and guide
personalized treatment selection.

While the cellular mechanistic and tissue biological approaches are supported by a
range of experiments conducted using the platform, the patient clinical approach op-
erates independently of pre-conducted experiments. Crucially, all three approaches rely



76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk
Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025 PDF page: 165PDF page: 165PDF page: 165PDF page: 165

7.2. Future Research Directions 141

on access to a clinical photon-based platform to enable direct proton-versus-photon com-
parisons. The following sections outline these approaches and their associated experi-
ments.

7.2.1 Cellular Mechanistic Approach

Developing a predictive framework through a cellular mechanistic approach involves
establishing clear links between physical characteristics – such as dose and lineal energy
– and molecular and cellular processes, including DNA damage induction, protein in-
teractions (e.g., foci kinetics), repair dynamics, and cell survival. A deeper mechanistic
understanding of DNA damage types, their complexity, and the repair processes could
be achieved through GEANT4-DNA simulations, providing insights into the biological
effects at the molecular scale. To bridge these physical and biological factors, a series of
radiobiological experiments would be required, advancing the development of a cellular
mechanistic predictive framework.

Required Experiments

• The irradiation of additional HNSCC cell lines with both protons and photons and
compare their survival fractions and 53BP1 foci dynamics (or other DSB markers
such as γH2AX), in combination with modified GEANT4-DNA cell geometries.
This would give information about variability in radiation sensitivity, enabling the
assessment of inter-cell line differences in response at various positions along the
Bragg curve and with different yD values. This approach would provide a more
comprehensive understanding of the biological effects of proton therapy on differ-
ent tumor types.

• The creation of knockout HNSCC cell lines through the dissection of certain DNA
damage repair dynamics by isolating specific molecular processes, such as homol-
ogous recombination (HR) and non-homologous end joining (NHEJ). By irradiat-
ing these knockout cell lines with protons and photons, and comparing their DNA
damage response, repair kinetics, and cell survival to wild-type cell lines, these ex-
periments provide critical insights into how different repair mechanisms influence
biological outcomes following proton and photon irradiation.

• The proton and photon irradiation of DNA damage repair pathway deficient HN-
SCC cell lines using other methods, such as the study by Heemskerk et al., which
examined the radiosensitivity of hyperthermia-induced HR-deficient FaDu cells to
both protons and photons, as well as the effects of NHEJ pathway inactivation. A
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key conclusion from these experiments was that HNSCC relies more on HR for
repairing damage induced by proton radiation than by photon radiation [179].

The use of these radiobiological experiments could generate a comprehensive database
of cell line data, serving as the foundation for developing a cellular mechanistic model
capable of predicting tumor responses. Ultimately, this model could be translated into
clinical practice to assess patient-specific radiosensitivity, and supporting the selection
of the most appropriate radiation modality for HNSCC patients.

7.2.2 Tissue Biological Approach

The development of a predictive framework using a tissue biological approach moves
a step closer to clinical relevance by employing patient-derived tissue samples to pre-
dict treatment responses. This approach necessitates a limited study in which biomark-
ers are identified from a large cohort of patient-derived tissue samples, irradiated with
both protons and photons. In this study, the radiobiological testing platform would be
utilized to conduct ex vivo assays for accurately assessing tissue radiosensitivity. The
following experiments are essential for the development of a tissue biological predictive
framework.

Required Experiments

• The proton irradiation of patient-derived HNSCC tumor slices. Together with the
photon irradiation of patient-derived HNSCC tissue slices, this approach facili-
tates the evaluation of DNA repair dynamics, cell death induction, proliferation,
and their relative sensitivity of these tissues to proton and photon therapy. The
collaborating Department of Molecular Genetics at Erasmus MC has developed an
ex vivo functional assay to evaluate the treatment response of HNSCC tissue slices
ex vivo, i.e. outside the patient’s body but in an environment that preserves their
functionality [46].

• The proton irradiation of healthy tissue, including assessments at different posi-
tions along the proton Bragg curve, alongside photon irradiation studies at Eras-
mus MC. This provides critical information for determining the relative sparing
of healthy tissue, thereby influencing the selection of proton or photon therapy
based on the likelihood and severity of potential side effects. Pachler et al. utilized
the established radiobiological testing platform to irradiate healthy oral mucosa
using the ex vivo tissue culture system, investigating DNA repair dynamics, cell
death induction, proliferation, and its radiosensitivity to proton and photon ther-
apy [205].
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• Investigation into the effects of ex vivo treatment on the tumor microenvironment,
with a particular focus on immune cells. Radiation therapy partially modulates
the immune response, particularly cytotoxic T cells and natural killer (NK) cells,
which are critical for tumor cell killing. Given that the immune response may
differ between proton and photon therapy, it is crucial to study how these immune
cells react to each treatment modality.

During the ex vivo experiments with both proton and photon irradiation, a com-
prehensive analysis needs be conducted to identify potential biomarkers predictive of
tumor response, focusing on DNA repair dynamics, cell death induction, proliferation,
and DNA damage markers (e.g., γH2AX and 53BP1 foci) involved in HR and NHEJ
pathways. These biomarkers need to be correlated with clinical outcomes, with the goal
of developing a tissue biological predictive framework that facilitates the selection of
the most effective radiation therapy for individual patients, based on their unique tissue
profiles.

7.2.3 Patient Clinical Approach

The patient clinical approach would incorporate radiobiological testing into clinical prac-
tice to tailor treatment based on individual tumor responses, without relying on molecu-
lar or tissue models. By directly evaluating tumor radiosensitivity, this method could en-
able real-time treatment adjustments and could contribute to the development of a pre-
dictive model. Its implementation in clinical workflows would follow three key phases:

1. Pre-treatment phase. Tumor biopsies are collected during standard diagnostic pro-
cedures and stored in a controlled environment to maintain their viability. The
radiobiological platform is then used irradiate the sample with protons, while a
photon-based platform is employed for photon irradiation. Following irradiation,
radiation sensitivity is assessed, and based on the response, clinicians can deter-
mine the most appropriate radiation modality.

2. Treatment phase. Throughout treatment, the radiobiological platform can be used
to monitor tumor response, enabling real-time treatment adaptation. Follow-up
biopsies can be analyzed to monitor changes in tumor response. If resistance de-
velops, the radiation dose, fractionation scheme, therapeutic combinations or treat-
ment plan can be adjusted in real time. This adaptive approach ensures therapy
remains effective as the tumor evolves.

3. Post-treatment phase. The platform can contribute to ongoing patient monitoring
by analyzing post-treatment biopsy samples to assess the risk of tumor relapse.
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This continuous feedback loop allows for the integration of patient data into pre-
dictive models, refining future treatment strategies and advancing personalized
radiotherapy.

While the concept of tailoring treatments based on individualized tumor responses
is promising, it faces substantial logistical, infrastructural, and cost-related challenges.
Additionally, the approach would require specialized personnel and the development of
robust protocols to effectively manage and interpret the data, which may not be feasible
in standard clinical settings.

7.3 Conclusion

This dissertation presents the development and establishment of a comprehensive radio-
biological testing platform. It encompasses the development and characterization of two
proton irradiation platforms at the HollandPTC R&D experimental proton beamline, the
creation of the G4HPTC-R&D simulation platform, the 3D microdosimetric characteri-
zation of these irradiation platforms, and their successful application to irradiate FaDu
HNSCC cells – demonstrating mechanistic links between proton radiation and biologi-
cal outcomes. This platform not only deepens the mechanistic insight into the biological
effects of proton irradiation but also facilitates ex vivo assays to evaluate patient-derived
tissue responses to proton irradiation. Moreover, it offers several potential approaches
for the development of a predictive framework. Most importantly, this work equips clin-
icians with the necessary tools to evaluate individual tumor sensitivity to proton versus
photon therapy, enabling personalized radiotherapy selection for HNSCC patients and
contributing to improved clinical outcomes.
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Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions
with Materials and Atoms 258.1 (2007), pp. 134–138. ISSN: 0168-583X.

[40] Anders Tobias Frederiksen et al. “Evaluation of in vitro irradiation setup: De-
signed for the horizontal beamline at the Danish Centre for Particle Therapy”. In:
Acta Oncologica 63 (2024), p. 19657.

[41] Neil G Burnet et al. “Proton beam therapy: perspectives on the National Health
Service England clinical service and research programme”. In: The British Journal
of Radiology 93.1107 (2020), p. 20190873. ISSN: 0007-1285.

[42] F. Tommasino et al. “Proton beam characterization in the experimental room of
the Trento Proton Therapy facility”. In: Nuclear Instruments and Methods in Physics
Research, Section A: Accelerators, Spectrometers, Detectors and Associated Equipment
869 (Oct. 2017), pp. 15–20. ISSN: 01689002. DOI: 10.1016/j.nima.2017.06.017.

[43] Francesco Tommasino et al. “A new facility for proton radiobiology at the Trento
proton therapy centre: Design and implementation”. In: Physica Medica 58 (Feb.
2019), pp. 99–106. ISSN: 1724191X. DOI: 10.1016/j.ejmp.2019.02.001.

[44] Wojtek Hajdas et al. “The proton irradiation facility at the Paul Scherrer institute”.
In: Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions
with Materials and Atoms 113.1-4 (1996), pp. 54–58. ISSN: 0168-583X.

[45] Manjit Dosanjh et al. “Overview of research and therapy facilities for radiobio-
logical experimental work in particle therapy. Report from the European Parti-
cle Therapy Network radiobiology group”. In: Radiotherapy and Oncology 128.1
(2018), pp. 14–18. ISSN: 0167-8140.

[46] Marta E Capala et al. “Ex vivo functional assay for evaluating treatment response
in tumor tissue of head and neck squamous cell carcinoma”. In: Cancers 15.2
(2023), p. 478. ISSN: 2072-6694.

[47] Dakota Horendeck et al. “High LET-like radiation tracks at the distal side of ac-
celerated proton Bragg peak”. In: Frontiers in Oncology 11 (2021), p. 690042. ISSN:
2234-943X.



76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk
Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025 PDF page: 175PDF page: 175PDF page: 175PDF page: 175

Bibliography 151

[48] Giuseppe A P Cirrone et al. “Clinical and research activities at the CATANA fa-
cility of INFN-LNS: from the conventional hadrontherapy to the laser-driven ap-
proach”. In: Frontiers in oncology 7 (2017), p. 223. ISSN: 2234-943X.

[49] Fada Guan et al. “Analysis of the track- and dose-averaged LET and LET spectra
in proton therapy using the geant 4 Monte Carlo code”. In: Medical Physics 42.11
(Nov. 2015), pp. 6234–6247. ISSN: 24734209. DOI: 10.1118/1.4932217.

[50] Fada Guan et al. “RBE model-based biological dose optimization for proton ra-
diobiology studies”. In: International journal of particle therapy 5.1 (2018), pp. 160–
171. ISSN: 2331-5180.

[51] Mark Newpower et al. “Using the proton energy spectrum and microdosimetry
to model proton relative biological effectiveness”. In: International Journal of Radi-
ation Oncology* Biology* Physics 104.2 (2019), pp. 316–324. ISSN: 0360-3016.

[52] A Bertolet et al. “Dose-averaged LET calculation for proton track segments us-
ing microdosimetric Monte Carlo simulations”. In: Medical physics 46.9 (2019),
pp. 4184–4192. ISSN: 0094-2405.

[53] Fada Guan et al. “Interpreting the biological effects of protons as a function of
physical quantity: linear energy transfer or microdosimetric lineal energy spec-
trum?” In: Scientific reports 14.1 (Dec. 2024), p. 25181. ISSN: 20452322. DOI: 10.
1038/s41598-024-73619-x.

[54] Sarah E Anderson et al. “Microdosimetric measurements of a clinical proton beam
with micrometer-sized solid-state detector”. In: Medical Physics 44.11 (2017), pp. 6029–
6037. ISSN: 0094-2405.

[55] A Bianchi et al. “Microdosimetric measurements for LET monitoring in proton
therapy. The development of engineered mini-TEPCs for clinical applications:
First results”. In: Radiation Measurements 177 (2024), p. 107271. ISSN: 1350-4487.

[56] Linh T Tran et al. “Characterization of proton pencil beam scanning and passive
beam using a high spatial resolution solid-state microdosimeter”. In: Med. Phys
44.11 (2017). DOI: 10.1002/mp.12563. URL: https://doi.org/10.1002/mp.
12563%5D.

[57] Oluwasayo Loto et al. “Simultaneous measurements of dose and microdosimet-
ric spectra in a clinical proton beam using a scCVD diamond membrane micro-
dosimeter”. In: Sensors 21.4 (2021), p. 1314. ISSN: 1424-8220.

[58] V. Conte et al. “Microdosimetry at the CATANA 62 MeV proton beam with a
sealed miniaturized TEPC”. In: Physica Medica 64 (Aug. 2019), pp. 114–122. ISSN:
1724191X. DOI: 10.1016/j.ejmp.2019.06.011.



76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk
Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025 PDF page: 176PDF page: 176PDF page: 176PDF page: 176

152 Bibliography

[59] Valeria Conte et al. “Microdosimetry of a therapeutic proton beam with a mini-
TEPC and a MicroPlus-Bridge detector for RBE assessment”. In: Physics in Medicine
& Biology 65.24 (2020), p. 245018. ISSN: 0031-9155.

[60] Benjamin James et al. “In-field and out-of-field microdosimetric characterisation
of a 62 MeV proton beam at CATANA”. In: Medical Physics 48.8 (Aug. 2021),
pp. 4532–4541. ISSN: 00942405. DOI: 10.1002/mp.14905.

[61] S. Agosteo et al. “A solid state microdosimeter based on a monolithic silicon tele-
scope”. In: Radiation Protection Dosimetry 122.1-4 (Dec. 2006), pp. 382–386. ISSN:
01448420. DOI: 10.1093/rpd/ncl468.

[62] C. Verona et al. “Toward the use of single crystal diamond based detector for
ion-beam therapy microdosimetry”. In: Radiation Measurements 110 (Mar. 2018),
pp. 25–31. ISSN: 13504487. DOI: 10.1016/j.radmeas.2018.02.001.

[63] L De Nardo et al. “Mini-TEPCs for radiation therapy”. In: Radiation Protection
Dosimetry 108.4 (Apr. 2004), pp. 345–352. ISSN: 0144-8420. DOI: 10.1093/rpd/
nch023. URL: https://doi.org/10.1093/rpd/nch023.

[64] Ioanna Kyriakou et al. “Review of the geant4-dna simulation toolkit for radiobi-
ological applications at the cellular and dna level”. In: Cancers 14.1 (Jan. 2022).
ISSN: 20726694. DOI: 10.3390/cancers14010035.

[65] Werner Friedland et al. “Track structures, DNA targets and radiation effects in the
biophysical Monte Carlo simulation code PARTRAC”. In: Mutation Research/Fundamental
and Molecular Mechanisms of Mutagenesis 711.1-2 (2011), pp. 28–40. ISSN: 0027-5107.

[66] Yusuke Matsuya et al. “Verification of KURBUC-based ion track structure mode
for proton and carbon ions in the PHITS code”. In: Physics in Medicine & Biology
66.6 (2021), 06NT02. ISSN: 0031-9155.

[67] Ianik Plante and Francis A Cucinotta. “Multiple CPU computing: the example of
the code RITRACKS”. In: Computational Intelligence Methods for Bioinformatics and
Biostatistics: 9th International Meeting, CIBB 2012, Houston, TX, USA, July 12-14,
2012 Revised Selected Papers 9. Springer, 2013, pp. 12–25. ISBN: 3642383416.

[68] V A Semenenko, J E Turner, and T B Borak. “NOREC, a Monte Carlo code for sim-
ulating electron tracks in liquid water”. In: Radiation and environmental biophysics
42 (2003), pp. 213–217. ISSN: 0301-634X.

[69] J Schuemann et al. “TOPAS-nBio: an extension to the TOPAS simulation toolkit
for cellular and sub-cellular radiobiology”. In: Radiation research 191.2 (2019), pp. 125–
138. ISSN: 0033-7587.



76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk
Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025 PDF page: 177PDF page: 177PDF page: 177PDF page: 177

Bibliography 153

[70] S. Incerti et al. “Geant4-DNA example applications for track structure simulations
in liquid water: A report from the Geant4-DNA Project”. In: Medical Physics 45.8
(Aug. 2018), e722–e739. ISSN: 24734209. DOI: 10.1002/mp.13048.

[71] Hoang Ngoc Tran et al. “Review of chemical models and applications in Geant4-
DNA: Report from the ESA BioRad III Project”. In: Medical Physics (2024). ISSN:
0094-2405.

[72] Mario A Bernal et al. “Track structure modeling in liquid water: A review of the
Geant4-DNA very low energy extension of the Geant4 Monte Carlo simulation
toolkit”. In: Physica Medica 31.8 (2015), pp. 861–874. ISSN: 1120-1797.

[73] S Incerti et al. “The Geant4-DNA Project”. In: International Journal of Modeling,
Simulation, and Scientific Computing 01.02 (June 2010), pp. 157–178. ISSN: 1793-
9623. DOI: 10.1142/S1793962310000122.

[74] S. Incerti et al. “Comparison of GEANT4 very low energy cross section models
with experimental data in water”. In: Medical Physics 37.9 (2010), pp. 4692–4708.
ISSN: 00942405. DOI: 10.1118/1.3476457.

[75] Dousatsu Sakata et al. “Fully integrated Monte Carlo simulation for evaluating
radiation induced DNA damage and subsequent repair using Geant4-DNA”. In:
Scientific Reports 10.1 (Dec. 2020). ISSN: 20452322. DOI: 10.1038/s41598- 020-
75982-x.

[76] Nathanael Lampe et al. “Mechanistic DNA damage simulations in Geant4-DNA
Part 2: Electron and proton damage in a bacterial cell”. In: Physica Medica 48 (Apr.
2018), pp. 146–155. ISSN: 1724191X. DOI: 10.1016/j.ejmp.2017.12.008.

[77] Konstantinos Chatzipapas et al. “Geant4-DNA simulation of human cancer cells
irradiation with helium ion beams”. In: Physica Medica 112 (Aug. 2023). ISSN:
1724191X. DOI: 10.1016/j.ejmp.2023.102613.

[78] Wook-Geun Shin et al. “A Geant4-DNA Evaluation of Radiation-Induced DNA
Damage on a Human Fibroblast”. In: (2021). DOI: 10.3390/cancers13194940.
URL: https://doi.org/10.3390/cancers13194940.

[79] Sylvain Meylan et al. “Simulation of early DNA damage after the irradiation
of a fibroblast cell nucleus using Geant4-DNA”. In: Scientific reports 7.1 (2017),
p. 11923. ISSN: 2045-2322.

[80] Dousatsu Sakata et al. “Evaluation of early radiation DNA damage in a fractal cell
nucleus model using Geant4-DNA”. In: Physica Medica 62 (June 2019), pp. 152–
157. ISSN: 1724191X. DOI: 10.1016/j.ejmp.2019.04.010.



76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk76116-230171-bw-Groenendijk
Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025Processed on: 19-11-2025 PDF page: 178PDF page: 178PDF page: 178PDF page: 178

154 Bibliography
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