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Summary 

 
 

External beam radiotherapy (RT) is considered a cornerstone in the treatment of head-

and-neck cancer (HNC). The main goal of RT is to administer a sufficient dose to 

induce a cell killing effect in the targeted malignant cells, hereby maximizing tumor 

control, while limiting the dose to the healthy organs-at-risk (OAR), hereby minimizing 

radiation-induced toxicities. Enhanced geometric targeting has been crucial to reduce 

toxicities in photon beam RT of HNC, through technical developments such as 

radiation beam intensity-modulation and image-guided treatment delivery. The 

increased time demands of these more complex treatment approaches conflict with the 

under-provision of RT, however, such that improved time-efficiency of state-of-the-art 

photon beam RT of HNC is required. In addition, the dose distributions achievable 

with photon beam RT are ultimately limited by the governing exponential dose 

deposition profile, which advocates the implementation of alternative RT beam 

modalities.  The absence of exit dose in intensity-modulated proton therapy (IMPT), 

for instance, due to the finite range of protons, could allow for improved OAR sparing 

compared with photon beam RT and may therefore reduce toxicities for a 

subpopulation of the patients with HNC. The relatively immature technique of IMPT, 

however, still requires optimization of many technologic and physical aspects, such as 

the lateral penumbra and the workflow efficiency when using a range shifter (RS) to 

treat superficial target volumes. This dissertation focusses on the optimization and 

implementation of emerging technologies to improve the abovementioned aspects in 

photon and proton beam RT of HNC.  

 

Implementation of emerging O-ring linac technology may increase the time-efficiency 

of image-guided volumetric intensity-modulated arc therapy (VMAT) with photon 

beams. The encapsulation of the moving parts, namely, allows for higher gantry 

rotation speeds than with conventional C-arm linacs. In chapter II of this thesis, a fast-

rotating O-ring linac was clinically implemented and compared with a C-arm linac in 

terms of plan quality and delivery time. For a cohort of 30 patients, treatment plans 

for VMAT of HNC on both systems were optimized, plan delivery accuracy was verified 

and plan delivery times were measured. The results show that for VMAT of HNC, the 

fast-rotating O-ring linac at least maintains the plan quality of dual-arc VMAT on a C-
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arm linac while reducing the volumetric image acquisition and plan delivery time. The 

expected reduction in treatment time associated with the fast-rotating O-ring linac 

could increase clinical throughput of image-guided, highly conformal photon beam RT 

of HNC and could contribute to improved patient comfort in standard- or hyper-

fractionated RT of HNC. In addition, the fast-rotating O-ring linac provides inherent 

availability of daily volumetric images, which could facilitate clinical deployment of 

adaptive RT of HNC. 

 

IMPT of HNC may be optimized by using bolus RS, integrated within the patient 

immobilization. Such integrated device could reduce the spot size and the number  of  

hardware  manipulations  –  with  collision  risk  –  compared  with conventional nozzle-

mounted RS. In chapters III, IV and V of this thesis, the emerging manufacturing 

technology of 3D printing was implemented towards the realization of such device. 

Firstly, the normal tissue sparing with 3D printed, patient-specific bolus RS for IMPT 

of HNC was compared with nozzle-mounted RS using Monte Carlo based plan 

optimization. The results show clinically relevant toxicity reductions and thus motivate 

the development of patient-specific bolus RS for IMPT of HNC. Secondly, the 

suitability of 3D printing to achieve RS integrated patient immobilization was 

evaluated for a range of 3D printed materials and techniques. Dual-energy computed 

tomography based range shift predictions were verified with proton beam 

measurements, and mechanical stiffness measurements were performed before and 

after irradiation with a therapeutic dose. The results show a proof-of-concept for the 

use of 3D printed RS and immobilization in a clinical workflow. Thirdly, the feasibility 

of 3D printed immobilization (3DPrIm) was evaluated in a pilot study on patients with 

HNC, using weekly cone-beam computed tomography imaging and a patient 

questionnaire. The results show that 3DPrIm is feasible in terms of workflow, patient 

comfort and setup reproducibility. As such, with the implementation of 3D printing 

technology, important steps were taken towards a single, patient-specific device that 

achieves spot size reduction, hardware manipulation minimization and patient 

immobilization for IMPT of HNC. While the clinical implementation of such device is 

yet to be achieved, the enhanced toxicity reduction could increase the overall number 

of patients eligible for IMPT of HNC. Moreover, the potentially increased clinical 

throughput could facilitate the clinical evidence gathering for IMPT of HNC.  

 



ix 
 

Samenvatting 

 
Radiotherapie (RT) met externe bundels wordt beschouwd als een hoeksteen van de 

behandeling van hoofd- en halskanker (HHK). Het hoofddoel van RT is het toedienen 

van een voldoende dosis aan de kwaadaardige cellen om een celdodend effect te 

induceren, waardoor de tumorcontrole wordt gemaximaliseerd, terwijl de dosis aan de 

gezonde risico-organen zo veel mogelijk wordt beperkt, waardoor 

bestralingsgeïnduceerde toxiciteiten worden geminimaliseerd. Verbeterde 

geometrische doelgerichtheid is cruciaal gebleken om toxiciteiten in fotonenbundel RT 

van HHK te verminderen, door middel van technische ontwikkelingen zoals 

intensiteitsmodulatie van de bestralingsbundels en beeldgeleide toediening van de 

behandeling. De toegenomen tijdsvraag van deze meer complexe 

behandelingsbenaderingen is echter in strijd met het huidige onderaanbod van RT, 

zodat een verbeterde tijdefficiëntie van moderne fotonenbundel RT van HHK 

aangewezen is. Bovendien worden de met fotonenbundel RT realiseerbare 

dosisdistributies finaal beperkt door het heersende exponentiële 

dosisafzettingsprofiel, hetgeen pleit voor de implementatie van alternatieve RT 

bundelmodaliteiten. De afwezigheid van uitgangsdosis in intensiteitsgemoduleerde 

protonentherapie (IMPT), bijvoorbeeld, door het eindige bereik van protonen, laat 

mogelijk een verbeterd sparen van risico-organen toe met in vergelijking met 

fotonenbundel RT en zou derhalve bestralingsgeïnduceerde toxiciteiten kunnen 

verminderen voor een subpopulatie van de patiënten met HHK. De relatief immature 

techniek van IMPT vereist echter nog steeds optimalisatie van vele technologische en 

fysieke aspecten, zoals de protonenpenceelbundelgrootte en de werkstroom-efficiëntie 

bij het gebruik van een energie pre-absorbeerder of ‘range shifter’ (RS) voor de 

behandeling van oppervlak gelegen doelvolumes.  Dit proefschrift richt zich op de 

optimalisatie en implementatie van opkomende technologieën om de bovengenoemde 

aspecten in fotonen- en protonenbundel RT van HHK te verbeteren. 

 

Implementatie van opkomende O-ring lineaire versneller (linac) technologie kan de 

tijdsefficiëntie van beeldgeleide, volumetrisch intensiteitsgemoduleerde boogtherapie 

(VMAT) met fotonenbundels mogelijk verhogen. De inkapseling van de bewegende 
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delen zorgt namelijk voor hogere rotatiesnelheden van het bestralingstoestel dan bij 

conventionele C-arm linacs. In hoofdstuk II van dit proefschrift werd een snel 

roterende O-ring linac klinisch geïmplementeerd en vergeleken met een C-arm linac 

wat betreft plankwaliteit en toedieningstijd. Voor een cohorte van 30 patiënten werden 

behandelplannen voor VMAT van HHK op beide systemen geoptimaliseerd, werd de 

nauwkeurigheid van de plantoediening geverifieerd en werden de 

plantoedieningstijden opgemeten. De resultaten tonen aan dat voor VMAT van HHK, 

de snel roterende O-ring linac tenminste de plankwaliteit van twee-bogen VMAT op 

een C-arm linac handhaaft, terwijl de volumetrische beeldacquisitie en de 

plantoedieningstijd worden verkort. De verwachte reductie van de behandelingsduur 

geassocieerd met de snel roterende O-ring linac zou de klinische doorstroom van 

beeldgeleide, zeer conforme fotonenbundel RT van HHK kunnen verhogen en zou 

kunnen bijdragen aan een verbeterd patiëntencomfort in standaard- of hyper-

gefractioneerde RT van HHK. Bovendien biedt de snel roterende O-ring linac 

inherente beschikbaarheid van dagelijks volumetrische beelden, wat het klinisch 

inzetten van adaptieve RT van HHK zou kunnen vergemakkelijken. 

 

IMPT van HHK kan worden geoptimaliseerd met behulp van bolus RS, geïntegreerd in 

het patiëntimmobilisatiemateriaal. Een dergelijk geïntegreerd apparaat zou de 

protonenpenceelbundelgrootte en het aantal hardwaremanipulaties - met 

botsingsrisico – kunnen verminderen in vergelijking met een conventionele, op het 

bestralingstoestel gemonteerde RS. In hoofdstuk III, IV en V van dit proefschrift werd 

de opkomende productietechnologie van 3D-printen geïmplementeerd ter realisatie 

van een dergelijk apparaat. In eerste instantie werd het sparen van de normale weefsels 

met 3D-geprinte, patiëntspecifieke RS voor IMPT van HHK vergeleken met 

conventionele RS met behulp van op Monte Carlo gebaseerde planoptimalisatie. De 

resultaten tonen klinisch relevante toxiciteitsreducties en motiveren dus de 

ontwikkeling van patiëntspecifieke bolus RS voor IMPT van HHK. In tweede instantie 

werd dan de geschiktheid van 3D-printen ter realisatie van RS-geïntegreerd 

patiëntimmobilisatiemateriaal geëvalueerd voor een reeks 3D-geprinte materialen en 

technieken. Op duale-energie computertomografie gebaseerde predicties van 

protonenbereikverschuivingen werden geverifieerd met protonenbundelmetingen en 

mechanische stijfheidsmetingen werden uitgevoerd voor en na bestraling met een 

therapeutische dosis. De resultaten tonen een proof-of-concept voor het gebruik van 
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3D-geprinte RS en immobilisatiemateriaal in een klinische workflow. In derde en 

laatste instantie werd de haalbaarheid van 3D-geprinte patiëntimmobilisatie (3DPrIm) 

geëvalueerd in een pilootstudie bij patiënten met HHK, met behulp van wekelijkse 

volumetrische beeldvorming en een patiëntenvragenlijst. De resultaten tonen aan dat 

3DPrIm haalbaar is in termen van werkstroom, patiëntencomfort en 

reproduceerbaarheid van de instelling van de patiënt. Als zodanig werden met de 

implementatie van 3D-printtechnologie belangrijke stappen gezet in de richting van 

een enkel, patiëntspecifiek apparaat dat reductie van de 

protonenpenceelbundelgrootte, minimalisering van hardwaremanipulatie en 

patiëntimmobilisatie voor IMPT van HHK realiseert. Hoewel de klinische 

implementatie van een dergelijk apparaat nog moet worden gerealiseerd, zou de 

verbeterde toxiciteitsreductie het totale aantal patiënten kunnen verhogen dat in 

aanmerking komt voor IMPT van HHK. Bovendien zou de potentieel verhoogde 

klinische doorstroom het verzamelen van klinische evidentie voor IMPT van HHK 

kunnen faciliteren. 
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Introduction 

 
ANCER IS A COMPLEX DISEASE IN WHICH AFFECTED CELLS OF THE BODY 

proliferate in an uncontrolled manner [1]. This disease is expected to rank as the 

leading cause of mortality in the current century and to be the most important barrier 

to increasing life expectancy worldwide [2]. According to the World Health 

Organization, cancer was responsible for the death of 9 million people worldwide in 

the year 2016 [3]. Five percent of these cancer-related deaths are attributed to head-

and-neck cancer (HNC), a broad term that refers to a heterogeneous group of 

malignancies originating from the oral cavity, nasal cavity, paranasal sinuses, 

nasopharynx, oropharynx, hypopharynx and larynx, anatomic regions visualized in 

Figure 1 [4]. 

 

Figure 1. Visualization of the anatomic regions where head-and-neck 
cancer can originate from. Reproduced and adapted with permission from 
[5], Copyright Massachusetts Medical Society.  
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Pathologic diagnosis of HNC is performed based on a surgical biopsy sample. Type and 

extent of the disease largely determines the prognosis of an individual patient and is 

assessed by staging.  HNC staging takes into consideration anatomic subsite, tumor 

size, cervical lymph node involvement and the presence of distant metastasis [6,7]. 

Routine staging activities involve physical examination, chest X-ray or computed 

tomography (CT), head-and-neck endoscopy and head-and-neck CT or magnetic 

resonance imaging (MRI) [8]. The treatment decision is then made by the 

multidisciplinary oncology board of the treating center.  

 

Treatment of HNC may consist of surgery, chemotherapy, radiotherapy (RT), 

immunotherapy or a selected combination of these modalities [9]. The use of a single 

modality, i.e. surgery or radiotherapy, can achieve fairly high local control and overall 

survival in the case of early-stage disease [8,10–13]. The majority of patients with HNC, 

however, present with loco-regionally advanced disease at the time of diagnosis [8,14]. 

Generally, for these later-stage cases a combined modality treatment is selected, 

consisting of either definitive RT with concomitant chemotherapy or cetuximab (a 

monoclonal antibody targeting the epidermal growth factor receptor), or surgery 

followed by adjuvant (chemo-)RT [6,8,11,15–19]. Overall, it is estimated that RT forms 

part of the treatment for 75% of patients with HNC [20,21]. 

  

RT uses ionizing radiation to pursue eradication of the malignant cells. External beam 

RT is the type of RT most commonly used for the treatment of HNC. In this technique, 

the ionizing radiation is administered to the patient using an external source of high-

energy waves or particles. As these waves or particles interact with the body tissues, 

damage is inflicted to the cells’ DNA, which may or may not be lethal [22]. The cell 

damaging effect of ionizing radiation, however, does not differentiate between 

malignant cells and normal tissue cells. Nevertheless, the biologic outcome of each 

irradiated cell is affected by several factors, such as the cell type and the associated 

radio-sensitivity, the dose received per fraction, the total dose and the total time in 

which the RT course is administered [23–25]. The clinical outcome at the level of the 

patient can be predicted by means of dose-volume models for tumor control probability 

(TCP) and normal tissue complication probabilities (NTCP) [26–29]. Common normal 

tissue complications – or toxicities – associated with RT of HNC are xerostomia and 

dysphagia [30]. The main goal of RT is to administer a sufficient dose to induce a cell 
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killing effect in the targeted malignant cells, hereby maximizing tumor control, while 

limiting the damage to normal cells, hereby minimizing radiation-induced toxicities.  

 

I.1 Radiotherapy of head-and-neck cancer 

 Radiotherapy prescription  
 
Following the decision for RT from the multidisciplinary oncology board, the treating 

physician sees the patient on consultation and determines the dose prescription, which 

depends on tumor stage and location, treatment intent and selected treatment 

approach [31]. Specifically for HNC, the administration of RT in several fractions of 

relatively low dose is known to improve the repair capability of normal tissue cells 

relative to that of malignant cells [23–25]. For definitive (chemo-)RT of locally 

advanced head-and-neck cancer (LAHNC), a commonly used prescription is a 

therapeutic dose of 70 Gy, to be delivered in fractions of 2 Gy to the primary tumor 

volume and pathologic lymph nodes. Additionally, a prophylactic dose of 54.25 Gy, to 

be simultaneously delivered in fractions of 1.55 Gy, is prescribed to the lymph nodes 

which are considered to be unaffected but which are at risk for harboring subclinical 

disease, the so-called elective lymph nodes [32]. Submission of the physician’s dose 

prescription is then followed by the treatment preparation phase.   

 

 Treatment preparation 
 

I.1.2.1 Planning CT acquisition 
 
The first step of the treatment preparation phase consists of the creation of a digital 

model of the patient. To this end, a CT-scan of the patient in treatment position is 

acquired, commonly referred to as the reference or planning CT. This planning CT is 

used for all subsequent steps in the treatment preparation phase. Physician approval 

of the treatment plan prior to actual treatment, hence, assumes that the planning CT is 

representative of the patient’s anatomy during the delivery of all treatment fractions. 

Minimization of any differences between the planned and the actually delivered 

treatment therefore requires the planning CT to be acquired with the patient in a 

position that is both reproducible and stable, i.e. with minimal inter- and intra-

fractional variation, respectively [33–36]. A common way to pursue this in RT of HNC 

is by positioning the patient in supination, by means of a standard or customized 

headrest and a 5-points thermoplastic mask [35,37–39]. Any of these patient-specific 
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immobilization devices are molded around the patient’s body outline before 

acquisition of the planning CT (see Figure 2). Based on the acquired planning CT, a 

localization point is then defined by the attending physician, preferably centrally in the 

primary tumor. The localization point is stored in the treatment planning software 

(TPS) as the initial isocenter of the treatment plan, projected onto the patient using the 

laser system present and marked on the immobilization mask, as a reference for patient 

setup during each treatment session.  

 

Figure 2. Picture of a patient with head-and-neck cancer during acquisition of the 
planning CT. A 5-points thermoplastic mask, molded around the patient’s body 
outline, is used for stable and reproducible patient positioning. The localization point 
is marked on the mask as a reference for patient setup during each treatment session. 
Patient-specific characteristics have been censored for reasons of privacy. 

 

I.1.2.2 Delineation of target volume(s) and organs at risk  
 
The second step of the treatment preparation phase comprises the delineation of the 

anatomic structures relevant to the treatment planning. In this delineation process, the 

physician first contours the primary and/or the nodal gross tumor volume (GTV). To 

this end, both clinical information and additional imaging such as MRI and positron 

emission tomography-CT (PET-CT) gathered during pre-treatment work-up are used 

[8, 31]. Subsequently, the GTV is expanded to include microscopic extension of the 
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tumor with correction for natural anatomic boundaries [40–42]. The resulting high-

risk clinical target volume (CTV) is then given a therapeutic dose prescription. 

Additionally, elective lymph node levels are selected for delineation depending on the 

primary tumor stage and location [41]. The resulting low-risk CTV is given a 

prophylactic dose prescription [43]. Organs-at-risk (OAR), such as the parotid glands, 

pharyngeal constrictor muscles and oral cavity, are delineated as well [44]. As dose-

effect relationships are known for these OARs, such as the probability of xerostomia in 

function of the contralateral parotid gland, sparing of these OARs is pursued to limit 

NTCPs related to the treatment [28,29]. The typical complexity of the anatomy in RT 

of LAHNC, however, with large, complex-shaped target volumes in close proximity to 

several OARs as shown in Figure 3, often results in a compromise between fulfilling 

the target dose prescription and reducing the dose to OARs.  

 

 
Figure 3. Visualization of an axial (left) and a coronal (right) slice of the planning CT 
for a patient with a locally advanced tumor of the supraglottic larynx. The GTV and the 
associated high-risk CTV are delineated in red. The low-risk CTV, consisting of the 
elective lymph nodes, is delineated in orange.  A number of important organs-at-risk 
are delineated as well: the parotid glands, submandibular glands, oral cavity, middle 
pharyngeal constrictor muscle and the spinal cord.  

 

 

 



 

6 
 

I.1.2.3 Treatment planning  
 
The third step of the treatment preparation phase constitutes the creation of a patient-

specific treatment plan, using the anatomic information acquired in the previous steps. 

The used software, the TPS, contains validated beam models and associated dose 

calculation engines for the external beam RT modalities available at the treating center, 

such as electron, photon and proton beams [45,46]. Treatment planning then consists 

of selecting an external beam RT modality that is suitable for the clinical case under 

consideration and subsequently optimizing the expected dose distribution, by directing 

the selected beam towards the target volume from one or more angles, shaping and/or 

modulating the beam. As such, the degrees of freedom for the different machine 

settings are optimized in order to meet the physician’s target dose prescription while 

sparing the OARs as much as achievable.  

 

Dealing with geometric uncertainties 
 
The anatomic information used during treatment planning is known to be subject to 

geometric uncertainties. The definition of the CTV in the treatment preparation phase, 

for instance, contains geometric uncertainties due to variability in the delineation 

process [47,48]. In addition, the patient’s anatomy during treatment delivery deviates 

from the anatomy used for treatment planning, for example as a result of daily setup 

variations during treatment [34,36]. To prevent these geometric uncertainties to result 

in geographic misses, i.e. part of the CTV not receiving the prescribed dose due to these 

geometric uncertainties, treatment planning and evaluation is performed based on an 

auxiliary planning target volume (PTV), consisting of the CTV isotropically expanded 

with a margin [49]. Alternatively, different error scenarios may be directly included in 

the treatment plan optimization process, to minimize for instance the deviation of the 

worst case with so-called minimax robust optimization [50–52].  

 

Beam modalities and treatment techniques 
 

Figure 4 shows characteristic depth-dose curves for typically used modalities for RT of 

HNC, such as electron beams and photon beams, produced with a linear accelerator 

(linac), and proton beams, for instance produced with a cyclotron. Photons, being 

uncharged, exhibit an increasing dose deposition in a build-up region, after which the 

dose deposition exponentially decays with depth. Electrons and protons, being 
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charged, exhibit an exit dose that is largely reduced or even absent, respectively. The 

distal fall-off for protons is much sharper than for electrons. In addition, protons of 

clinically used energies are able to penetrate much deeper into tissue than electrons 

[53]. 

 

 

Figure 4. The shape of the depth-dose curves considerably differs between a 6 MV 
flattened photon beam (blue), a 12 MeV electron beam (green), a pristine Bragg peak 
of quasi-mono-energetic 150 MeV protons (red) and a proton spread-out Bragg peak 
(yellow), composed of multiple pristine Bragg peaks (yellow). Abbreviation: SOBP = 
spread-out Bragg peak. 
 
 
Electron beam RT is a relatively simple technique that allows to treat superficial 

tumors with minimal dose to the underlying normal tissue, due to the high dose at the 

body entrance and the relatively steep dose fall-off beyond. The penetration depth 

achieved with common beam energies (up to 20 MeV), however, is only a few 

centimeters. In addition, routine field shaping to conform to the target is restricted to 

the use of patient-specific aperture blocks. Therefore, the use of electron beams in RT 

of HNC is limited to the treatment of target volumes at shallow depth and of simple 

geometry, that do not require any beam modulation to spare OARs in the vicinity 

[54,55].  
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RT of more complex-shaped, extended target volumes in close proximity to a large 

number of OARs, as often encountered in HNC, requires the use of more deeply 

penetrating beams such as photon beams, directed to the target from multiple angles. 

In three-dimensional conformal radiotherapy (3D-CRT) with photons, each field is 

conformed to the beam’s eye view with a multi-leaf collimator (MLC), consisting of a 

large number of leaf pairs for which the positon can be independently controlled. 

Improved OAR sparing in RT of HNC can be achieved, however, by using the MLC to 

vary the photon intensity – or fluence – within each incident field in function of the 

position in the field aperture [56,57]. The basic idea of such intensity-modulated 

radiotherapy (IMRT) is to subdivide each field into smaller segments and to reduce the 

intensity of rays going through particular OARs while increasing the intensity of rays 

that primarily ‘see’ the target volume [49,58]. Although each beam intentionally 

delivers a non-uniform intensity to the target, the desired dose distribution in the 

target is achieved after superimposing all fields from the different directions [58]. 

Faster delivery of highly-conformal, intensity modulated photon beam RT of HNC can 

be achieved with volumetric modulated arc therapy [59]. In this technique, the photon 

fluence is dynamically shaped while rotating the gantry of a C-arm linac around the 

patient, by continuously adjusting the gantry speed, MLC leaf positions and the dose 

rate [60]. Figure 5 shows the dose distribution for a VMAT plan clinically delivered to 

treat a patient with LAHNC. 
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Figure 5. Visualization of the dose distribution for the clinical volumetric modulated 
arc therapy (VMAT) plan created for the case shown in Figure 3. The dose prescription 
was 70 Gy in fractions of 2 Gy to the primary CTV and 54.25 Gy in fractions of 1.55 Gy 
to the elective CTV. A CTV-to-PTV margin of 5 mm was used.  

 
Further reduction of the volume of irradiated normal tissue in RT of HNC can be 

expected using proton therapy (PT), due to the favorable depth dose characteristics of 

proton beams compared to photon beams [61,62]. In intensity-modulated proton 

therapy (IMPT) with pencil beam scanning (PBS), thousands of small proton pencil 

beams – or spots – are delivered to the tumor one by one. The depth at which these 

spots are deposited, is selected layer-by-layer by varying the energy of the proton beam. 

The lateral position of the spots within a layer is adjusted by magnetically deflecting 

the proton beam with scanning magnets. The local intensity of each of these spots is 

controlled by the time during which the pencil beam resides at each target position 

[63]. As such, by varying the position and the intensity of all the spots, the dose can be 

conformed tightly to the tumor shape without any exit dose for each field. The actual 

range of the protons within the patient, however, is highly sensitive to the thickness 

and the physical properties (specifically the stopping power [64]) of the traversed 

tissues. The particular dose deposition profile of protons, therefore, is subject to both 

setup and range uncertainties, which requires thorough mitigation [65–68]. Added to 

that, the potential improvement in OAR sparing of IMPT is partly limited by the pencil 

https://www.sciencedirect.com/topics/medicine-and-dentistry/pencil-optics
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beam spot size achieved by current PT technology [68–72]. Also, current PT systems 

are substantially more expensive than photon beam systems, such that cost-

effectiveness has yet to be realized [73]. Moreover, the dosimetric advantage of IMPT 

has yet to be shown to translate into an effective reduction of side-effects [74–77].  

 

Given that broader adoption of PT thus may require further maturation and 

optimization of the technology [68–72] and increased clinical evidence [74–77], 

photon beam VMAT may still be considered the current standard for RT of HNC [78–

80]. Nevertheless, PT can be the selected treatment modality in the setting of a 

randomized clinical trial [74,75], based on a plan-comparison suggesting clinically 

relevant NTCP reductions [76,77,81] or based on insurance coverage policy [82].  

 

Treatment plan optimization   
 

Treatment planning for relatively simple treatment techniques can be performed with 

basic forward planning. In 3D-CRT with photons, for instance, the relative 

contribution of each field is manually adjusted after each evaluation of the dose 

distribution in an iterative process. The greatly increased number of degrees of 

freedom for advanced intensity-modulated treatment techniques such as IMRT/VMAT 

and IMPT, however, can only be managed by computerized inverse planning. Such 

inverse planning is driven by optimization objectives, which are representative of the 

clinical goals and are introduced by the user for each target and for each considered 

OAR. The computerized algorithm then iteratively adjusts the different parameters 

specific to the treatment technique until an optimal dose distribution is found [49,58]. 

For VMAT of HNC, for instance, these parameters are the gantry speed, MLC leaf speed 

and dose rate in function of the time. For IMPT of HNC, these parameters are the 

intensities, energies and lateral positions of the different spots to be delivered. Robust 

optimization of HNC IMPT involves optimization of the spot intensities and positions 

while taking into account predefined setup and range errors, in such a way that the 

optimization objectives are still met for these errors scenarios [50,52]. 

 

Treatment plan quality assurance 
 

The result of the optimization process is a physician-approved treatment plan, 

containing the treatment machine settings capable of delivering the intended dose 
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distribution to the patient. Before treatment of a patient with an approved treatment 

plan, however, it is recommended to verify that the planned dose distribution can be 

actually delivered with sufficient accuracy by the treatment machine [49]. To this end, 

the clinical plan is recalculated and delivered to a phantom containing one or more 

radiation detectors. The degree of agreement between measurement and calculation is 

then evaluated and compared with the clinically accepted tolerance [83].   

 

 Treatment delivery 
 

Image-guided radiotherapy 
 
For the actual treatment delivery, the patient is positioned on a daily basis on the 

treatment couch using the immobilization devices created prior to the acquisition of 

the planning CT. Initial setup is performed by aligning the localization points on the 

immobilization mask with the lasers mounted in the treatment room. The localization 

points on the immobilization mask mark the isocenter as defined during treatment 

planning, whereas the lasers project onto the treatment machine isocenter. Hence, the 

initial setup procedure intends to reproduce the patient’s position at the time of the 

planning CT acquisition and to align the target with the planned treatment beam.  

 

Despite the use of immobilization devices in combination with a standard patient setup 

protocol, variations between the patient’s position during daily treatment delivery and 

during planning CT acquisition do occur [34,36]. Image-guidance prior to delivery is 

an effective method to reduce the magnitude of these setup errors and thus to reduce 

the associated margins that prevent geographic misses [84,85]. In image-guided 

radiotherapy (IGRT), the initial setup is followed by X-ray imaging of the patient. The 

acquired images are rigidly registered with the planning CT or planning CT-derived 

images using a global region-of-interest (ROI) that contains the relevant anatomy 

[34,86]. Based on the performed image registration, a correction vector is calculated 

to further align the patient’s treatment position with respect to the position on the 

planning CT. One possible image-guidance modality is the megavoltage (MV) 

treatment beam itself of a linac, in combination with a detector mounted opposite to 

the linac head by means of an insertable and retractable support arm. Improved 

contrast can be obtained with a kilovoltage (kV) X-ray tube-detector pair, mounted 

stationary in the treatment room or attached to the treatment machine. The use of 

combined planar imaging allows for corrections mostly based on the visualization of 
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bony anatomy. An on-board source-detector pair, however, can be used to obtain 

volumetric imaging as well, using cone-beam CT (CBCT) or fan-beam CT , which allows 

for corrections obtained from soft-tissue information [84]. The obtained correction 

vector is then applied by means of translation and possibly also rotation of the 

treatment couch.  

 

Reproducible positioning of a large, flexible anatomic region such as in locally 

advanced HNC can be considered challenging, but has been facilitated by the use of 

immobilization in combination with daily volumetric image-guidance. Nevertheless, 

residual setup errors remain present [34,86,87], the magnitude of which directly 

impacts the required CTV-to-PTV margins. For the image-guided delivery of current 

highly conformal treatment techniques such as VMAT, a PTV margin of 3 to 5 mm is 

commonly used [51,88–90]. For IMPT of heterogeneous sites such as HNC, however, 

the use of a PTV margin is considered sub-optimal, as the underlying assumption of a 

rigid shift of the dose distribution in case of setup errors is not valid [50,52]. In 

appropriate robust optimization for IMPT of HNC, a setup error robustness setting of 

3 to 5 mm likewise is commonly used [52,65,91,92]. In any case, either approach to 

ensure robustness of the target coverage against geometric uncertainties such as setup 

errors results in an increase of the normal tissue volume irradiated. Any effort to 

improve the patient setup accuracy, for instance by improving the quality of the 

immobilization, may therefore positively affect patient’s outcome [52,89,90,93]. 

 

Anatomic deformations and adaptive radiotherapy 
 
Couch movements for patient alignment in IGRT of HNC are typically based on a rigid 

registration that makes use of a large, global ROI. Within the considered anatomy, 

however, different smaller sub-ROIs can be identified, such as the occiput bone, 

mandible and cervical vertebrae, each of which can translate and rotate with respect to 

each other. The associated daily variations in posture may result in varying distances 

and orientations between the different sub-ROIs [34,86,87,94]. Such type of geometric 

variations is referred to as anatomic deformations. Besides changes in posture, other 

important sources of anatomic deformation have been identified during the RT 

treatment course of HNC, such as weight loss and tumor regression but also shrinkage 

of the lymph nodes and parotid glands [95–98].  
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The initial treatment plan is based on a single planning CT, which merely represents a 

snapshot of the anatomy, i.e. only one posture and only the anatomy prior to the 

treatment. Use of the initial treatment plan in the presence of the described anatomic 

deformations likewise deforms the actually delivered dose distribution, which may 

result in overdosage of OARs such as the parotid glands or underdosage of the target 

volumes [98–101]. Such dosimetric effects due to anatomic deformations may be even 

more pronounced in IMPT due to its increased sensitivity to uncertainties [102].  

 

Adaptive radiotherapy (ART) is a widely proposed approach to mitigate the described 

dosimetric effects, by means of treatment plan adaptation using imaging that captures 

the patient-specific anatomic deformations throughout the treatment course 

[65,91,97,103–109]. Treatment plan adaptation may be based on repeated CT-imaging 

throughout the treatment course or may use the anatomical information captured 

during daily volumetric image-guidance. Clinically relevant benefits, however, may 

only be achieved for a selection of the considered patients. In addition, ART is still 

considered a labor- and equipment-intensive approach. General consensus is that 

broad clinical application of ART requires further optimization of adaptation frequency 

and timing, patient selection and workflow efficiency [97,100,110,111].  

 

I.2 Emerging technologies to improve head-and-neck cancer radiotherapy 

 
In the past few decades, substantial improvements in the efficacy of RT for HNC have 

been realized. Loco-regional control and survival rates have been increased through 

treatment intensification strategies, such as altered fractionation schedules and/or 

concomitant chemotherapy [15,18,19]. Treatment-related side-effects have been 

decreased by reducing the dose to healthy OARs. This has been achieved by the steeper 

dose gradients and the reduced safety margins allowed by technological advances such 

as intensity modulation [56,57] and volumetric image-guidance [89,90], respectively. 

Nevertheless, the outcome of patients with LAHNC remains relatively poor, with 5-

year overall survival rates not exceeding 50% [15,17]. In addition, acute and late 

toxicities such as xerostomia and dysphagia remain frequent, with significant impact 

on patients’ quality of life [112,113]. Further advances in both radiation biology and 

radiation oncology technology, therefore, are considered crucial to improve outcomes 

[25,114,115]. This thesis focusses on advances in radiation oncology technology, 
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specifically the optimization and implementation of emerging technologies to improve 

photon and proton beam RT of HNC.  

 

 Implementation of a fast-rotating O-ring linac for VMAT of HNC 
 
Conventional C-arm linear accelerators (linac), with gantry-mounted, extendable 

devices for image-guidance, have been making up the bulk of radiotherapy treatment 

machines since long [116]. In recent years, these C-arm linacs have been gradually 

supplemented by O-ring systems, the geometry of which allows for designs with 

distinct technological features [117,118]. O-ring gantry designs for instance are allowed 

to rotate at higher speeds than the one rotation per minute of conventional C-arm 

linacs, due to the encapsulation of the moving parts. Such encapsulation also could 

achieve continuous readiness of image-guidance devices, without the need to insert 

and retract associated support arms. O-ring linac systems thus may be optimized for 

increased time-efficiency of IGRT.  

 

Increased time-efficiency may increase the adoption rate of highly conformal IGRT. 

Indeed, while the use of image-guided, highly conformal RT has been shown crucial to 

reduce treatment-related toxicities [56,89], IGRT in an hyper-fractionated setting may 

be considered time-consuming, which limits the number of patients treated per 

machine. At the same time, the actual utilization of RT already is significantly lower 

than the optimal use, for instance due to shortage of resources. As the need for RT will 

continue increasing, this field of tension between quality and time-efficiency can be 

expected to become even more pronounced [119–121]. The clinical implementation of 

a fast-rotating O-ring linac, optimized for fast image-guidance and treatment delivery, 

is discussed in chapter 2 of the thesis.  

 

 Optimization of IMPT for HNC 
 

Despite the advances in outcome achieved so far with photon beam VMAT of HNC, 

acute and late toxicities remain extensive, with significant impact on the patients’ 

quality of life [112,113]. In this regard, the use of charged particles such as protons is 

highly promising, as their finite range and the sharp dose fall‐off may offer improved 

OAR sparing compared to state-of-the-art photon beam VMAT [72]. For the often 

complex geometries of HNC, with close proximity of various OARs to the target 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/encapsulation
https://www.sciencedirect.com/topics/medicine-and-dentistry/radiation-therapy
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volume, this improved conformity of IMPT may reduce treatment-related side-effects 

for a subpopulation of the patients [76,77,81].  

 

The potential advantage of PT has been recognized already since 1946 [122]. A few 

decades later, the use of PBS to deliver IMPT was clinically introduced in dedicated 

facilities [123]. Nevertheless, only since the past few years more broad clinical adoption 

of IMPT has been emerging [124,125]. Indeed, the increased costs associated with 

IMPT highlights the need for rationalized use for non-standard indications such as 

LAHNC [76,77,81]. In addition, full realization of the potential of IMPT is generally 

acknowledged to still require optimization of many technologic and physical aspects 

[68,70,72]. Predominant issues such as spot size minimization [69,71], treatment 

delivery workflow efficiency [68,70,72] and treatment delivery uncertainties [65], for 

instance, may be effectively dealt with through increased treatment individualization 

using patient-specifically manufactured devices, which is discussed in the following 

chapters.  

 

I.2.2.1 Patient-specific bolus range shifter for spot size reduction in IMPT of HNC 
 

Modern PBS systems are limited in the minimal energy hence depth at which they can 

deliver spots, typically around 4.1-7.7 cm depth in water. IMPT of more 

superficial target volumes, such as in LAHNC, requires a pre-absorbing range shifter 

(RS), which is typically attached to the nozzle. The air gap between the nozzle-mounted 

RS and the patient however is known to compromise the spot size [126–129] and 

therefore the dose conformity of IMPT [68–72]. To minimize these air gap effects, the 

RS is often positioned as close as possible to the patient using a movable snout 

extension. Air gap minimization in IMPT of LAHNC, however, requires careful 

attention to avoid any collision and moreover is often prevented due to the presence of 

curved geometries combined with large target volumes. Novel solutions for 

individualized, on-skin ‘bolus’ RS would avoid the detrimental effect of air gaps, hereby 

optimizing the potential OAR sparing in IMPT for LAHNC. The clinical benefit of such 

approach is shown in chapter 3 of the thesis. 

 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/lesion
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I.2.2.2 Implementation of 3D printing to create patient-specific devices in IMPT of 
HNC 

 

Patient-specific bolus RS could be realized using 3D printing, an emerging 

manufacturing technology with a high degree of flexibility in object creation through a 

layer-by-layer shaping process. 3D printing is already in clinical use for the creation of 

bolus in electron beam RT [130]. When considering clinical implementation of bolus 

RS for IMPT, the sensitivity of the proton range to the thickness and the stopping 

power of the traversed materials requires detailed consideration. Part of chapter 4 of 

the thesis therefore describes an in-depth characterization of the geometrical and 

proton beam modifying properties of possible 3D printed materials and techniques for 

bolus RS. Moreover, the clinical use of 3D printed materials for bolus RS requires 

reliable quality assurance that fits within the clinical workflow. To this end, a potential 

work-up for the clinical use of 3D printed RS is investigated as well in chapter 4: from 

the material printing to in-house prediction of the beam modification properties, with 

a verification through proton beam measurements. Lastly, bolus RS may be 3D printed 

as an individual add-on or may be 3D printed together with the patient immobilization. 

The latter, integrated approach would ensure presence and correct placement of the 

RS for each treatment field and may simplify the overall IMPT delivery workflow by 

reducing the number of hardware manipulations. Such integrated device, however, 

would have a mechanical functionality as well, besides proton beam modifying 

functionality. The remaining part of chapter 4, therefore, elaborates on mechanical 

characterization of 3D printed materials and techniques.  

 

Along with realization of bolus RS integration, 3D printed immobilization may offer 

enhancements with respect to the currently used thermoplastic masks. Certain types 

of these masks, namely, are known to shrink after the initial application, which can 

cause patient discomfort and reduce patient‐specificity [131]. Also, substantial residual 

inter-fractional variations in patient positioning have been reported [36]. While the 

impact of these setup variations on the target coverage is typically minimized using 

robust treatment planning, plan robustness does have a significant cost in terms of 

OARs dose [52]. The potentially increased patient-specificity of 3D printed 

immobilization may reduce inter-fractional setup variations and hence could optimize 

the OAR sparing in IMPT of LAHNC.  
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Combined with the integration of RS bolus, 3D printed immobilization may reduce the 

spot size, the number of hardware manipulations – with collision risk – and the 

treatment delivery uncertainties in IMPT of HNC using a single, patient-specific 

device. The proposed method of immobilization, however, differs greatly from the 

widely adopted method using thermoplastic masks.  Indeed, immobilization masks are 

molded in the physical presence of the patient, whereas 3D printed immobilization is 

to be created offline based on any captured information on the patient’s anatomy. In 

addition, tolerability and comfort cannot be assumed given the novelty of the proposed 

immobilization technique. In chapter 5 of the thesis, a pilot study of 3D printed 

immobilization on patients with HNC is performed, in order to prove feasibility of the 

proposed immobilization approach. 

 

I.3 Summary of general aim and specific objectives 

 
The general aim of this thesis is to improve RT of LAHNC by the optimization and the 

implementation of emerging technologies. To this end, the clinical implementation of 

a system optimized for fast image-guidance and treatment delivery of highly conformal 

photon beam VMAT is discussed.  In addition, optimization of the promising proton 

beam IMPT is investigated. To this end, the implementation of 3D printing technology 

to effectively deal with a number of predominant issues is examined.  

 
The specific objectives of the thesis are:  

• O-ring linac systems may allow for increased time-efficiency of image-guided 

VMAT. The first objective is to compare an early-adopted, fast-rotating O-ring 

linac with a conventional C-arm linac in terms of plan quality and treatment 

delivery time for VMAT of LAHNC (chapter II). 

• Spot size preservation using patient-specific bolus RS may substantially improve 

the dose conformity for IMPT of LAHNC and may reduce the number of hardware 

manipulations with collision risk compared with conventional RS solutions. The 

second objective is to quantify the potential benefit of individualized bolus RS in 

terms of OAR sparing and normal tissue complication probability (NTCP) 

reduction (chapter III). 

• 3D printing technology may provide the flexible object shaping needed for 

individualized bolus RS and for other functionalities such as patient 

immobilization. The third objective is twofold: to characterize the mechanical, 
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geometrical and radiological properties of different 3D printing materials and 

technologies in detail for the aforementioned purposes and to perform a potential 

work-up for the clinical use of 3D printed RS (chapter IV). 

• 3D printing technology may allow for immobilization with integrated bolus RS and 

may improve patient immobilization. The fourth objective is to prove the feasibility 

of the proposed approach in terms of patient comfort and in terms of workflow 

(chapter V).  
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Abstract 

 

Background & Purpose 

Linac improvements in gantry speed, leaf speed and dose rate may increase the time-

efficiency of volumetric modulated arc therapy (VMAT) delivery. The plan quality 

achievable with faster VMAT however remains to be investigated. In this study, a fast-

rotating O-ring linac with fast-moving leaves is compared with a C-arm linac in terms 

of plan quality and delivery time for VMAT of head-and-neck cancer (HNC).  

 

Material & Methods  

For 30 patients with HNC, treatment planning was performed using dual-arc (HA2) 

and triple-arc (HA3) VMAT on a Halcyon fast-rotating O-ring linac and using dual-arc 

VMAT on a TrueBeam C-arm linac (TB2). Target coverage metrics and complication 

probabilities were compared. Plan delivery was verified using 3%/3mm gamma-index 

analysis of helical diode array measurements. Volumetric image acquisition and plan 

delivery times were compared.  

 

Results 

All studied VMAT-techniques fulfilled the target coverage objectives. D2% to the boost 

volume was higher for HA2 (median 103.7%, 1st-3rd quartile [103.5%; 104.0%]) and 

HA3 (103.2% [103.0%; 103.7%)] than for TB2 (102.6% [102.3%; 103.0%)], resulting in 

an increased boost target dose heterogeneity for HA2 and HA3. Complication 

probabilities were comparable between HA2 and TB2, while HA3 showed a xerostomia 

probability reduction (0.8% [0.2%; 1.8%]) and dysphagia probability reduction (1.0% 

[0.2%;1.8%]) compared with TB2. Gamma-index agreement scores were never below 

93.0% for HA2, HA3 and TB2. Volumetric imaging and plan delivery time was shorter 

for HA2 (1m24s±1s) and HA3 (1m54s±1s) than for TB2 (2m47s±1s).  

 

Conclusion 

For VMAT of HNC, the fast-rotating O-ring linac at least maintains the plan quality of 

two arcs on a C-arm linac while reducing the image acquisition and plan delivery time. 
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ADIATION THERAPY OF HEAD-AND-NECK CANCER (HNC) IS OFTEN    

challenging due to the large, complex-shaped target volumes in close proximity 

to a large number of organs at risk (OAR). The introduction of intensity-modulated 

radiotherapy (IMRT) has led to reduced salivary dysfunction probability because of 

improved parotid gland sparing [1]. Moreover, IMRT has the potential to reduce 

swallowing dysfunction probability thanks to the improved sparing of swallowing 

structures [2]. The improved dose conformity of IMRT however generally comes at the 

expense of plan delivery time [3].  

 

Increased time efficiency compared with 7-9 fields IMRT can be achieved with 

volumetric modulated arc therapy (VMAT) [4–8]. Single-arc plans have been shown to 

yield clinically acceptable plans for VMAT of HNC [8,9], while improvement in target 

coverage homogeneity and OAR sparing can be achieved by increasing the number of 

arcs [5,7,10,11]. This however requires additional beam-on time, indicating a trade-off 

between plan quality and delivery time [11].        

 

A reduction in delivery time may positively impact clinical throughput and patient 

comfort. Such faster delivery could be achieved by utilizing increased dose rates, for 

instance using flattening filter free (FFF) beams [12]. The use of FFF for HNC VMAT, 

however, has not yet shown improvement in delivery efficiency, attributed to the 

current limitations in gantry and multi-leaf collimator (MLC) speed [12–14]. 

Improvements in speed of these linear accelerator (linac) components may therefore 

help in exploiting the potential advantage in delivery efficiency of FFF beams.  

 

O-ring gantry designs are allowed to rotate at higher speeds than the one rotation per 

minute of current C-arm linacs, due to the encapsulation of the moving parts. The plan 

quality achieved with a faster VMAT delivery however remains to be quantified, since 

VMAT fluence distributions result from the interplay between gantry rotation, MLC 

leaf motion and dose rate [15]. Provided that a faster gantry rotation is supported by 

improved dose rate and leaf speed, the question remains open as well to which extent 

an effective improvement in delivery efficiency compared with a C-arm linac can be 

achieved.  
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A commercially available O-ring linac, Halcyon (Varian Medical Systems, Palo Alto, 

CA), combines a FFF beam with a higher gantry and MLC speed than current C-arm 

linacs, which may allow for improved time-efficiency of VMAT delivery. In the current 

study, this fast-rotating O-ring linac with fast-moving leaves is compared with a C-arm 

linac in terms of plan quality and delivery time for VMAT of HNC.  

 

II.1 Materials & Methods 

 Linac systems  
 
The Halcyon IMRT/VMAT delivery system consists of a 6 MV FFF straight-through 

linac mounted on an O-ring gantry, , which allows for a maximum rotation speed of 4 

rpm. The jawless MLC is composed of two staggered layers of 28 leaf pairs, with a 

projected leaf width of 10 mm. The maximum leaf speed is 5 cm/s and the leaf span is 

28 cm. For the delivery of VMAT for HNC, this fast-rotating O-ring linac was compared 

with a selected C-arm linac (TrueBeam, Varian Medical Systems), which has a 

maximum rotation speed of 1 rpm. On this C-arm linac, the used Millennium 120 MLC 

consists of 40 central leaf pairs of 5 mm width and 20 peripheral leaf pairs of 10 mm 

width, with a maximum leaf speed of 2.5 cm/s. The leaves are mounted on opposing, 

movable carriages and are subject to a maximum leaf span of 15 cm. On both systems 

the maximum dose rate was used, namely 6.0 Gy/min (at isocenter, for a 10x10 cm² 

field at 10 cm depth in water) on the fast-rotating O-ring linac and 4.8 Gy/min on the 

C-arm linac.  

 

 Patients and dose prescription 
 
Computed tomography (CT) data of 30 patients with HNC, evenly distributed over 

three subsites (larynx, oropharynx and nasopharynx), were used (Table 1). The primary 

clinical target volume was delineated according to the clinical protocol in use. Neck 

lymph nodes and OAR were delineated according to published guidelines [16,17]. 

Planning target volumes (PTV) were created by isotropically expanding  the clinical 

target volumes with 5 mm. For laryngeal and oropharyngeal cases, 70 Gy was 

prescribed to the high-risk PTV (PTVBoost; primary tumor and positive neck) and 54.25 

Gy to the low-risk PTV (PTVElective; elective neck), to be delivered in 35 fractions with a 

simultaneously integrated boost (SIB). For nasopharyngeal cases, prescription doses 

were 66.96 Gy and 59.4 Gy, to be delivered in 33 fractions with a SIB.  
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Table 1. Patient characteristics. 
 Larynx Oropharynx Nasopharynx 

Volume of 
target  [cm³]  

PTVBoost  134 (110 – 192) 237 (181 – 427) 253 (172 – 310) 
PTVTotal 462 (406 – 477) 573 (505 – 772) 861 (681 – 933) 

 
Number of 

patients per 
UICC-stage 

I 0 (0) 0 (0) 1 (0) 
II 1 (0) 0 (0) 2 (2) 
III 5 (1) 3 (3) 5 (5) 
IVa 4 (4) 6 (5) 2 (2) 
IVb 0 (0) 1 (1) 0 (0) 

Abbreviations: UICC = International Union Against Cancer; PTV = Planning Target 
Volume.  
The median PTV-volumes per subsite are shown, together with the 1st and 3rd quartile 
(between brackets). The number of patients per stage was determined according to the 
7th UICC staging-edition. The number of patients with positive lymph nodes is shown 
between brackets.  

 

 Planning objectives 
 
PTV objectives were such that 98% of the PTVBoost and PTVElective volume received more 

than 95% of their respective dose prescription. Additional objectives were a near-

maximum dose D2% below 107% [18] of the high-dose prescription for PTVBoost and 

PTVTotal (defined as the union of PTVBoost and PTVElective). The objective for PTVElective 

only (defined as PTVElective minus PTVBoost isotropically expanded with 5 mm) was a D2% 

below 107% of the low-dose prescription. Planning risk volumes (PRV) were defined 

for the spinal cord (5 mm margin) and brainstem (3 mm margin). Hard constraints 

were used for their D2% to remain strictly below 45 Gy and 50 Gy, respectively. For the 

OAR, priority was given to minimize the mean dose (DMean)  to the contralateral (and if 

possible also to the ipsilateral) parotid gland to reduce risk of salivary dysfunction [19]. 

The next priority was to minimize DMean to the pharyngeal constrictor muscles (PCM) 

and supraglottic larynx, to reduce risk of swallowing dysfunction [20,21]. Finally, DMean 

to the oral cavity, glottic area and submandibular glands was minimized. 

 

 Planning techniques 
 
Dual-arc VMAT on a C-arm linac (TB2) 

A commonly used planning technique for VMAT of HNC on a C-arm linac 

[6,11,13,22,23], namely two arcs using a 6 MV flattened photon beam (TB2), was 

selected as a reference for comparison. For these TB2 plans on the C-arm linac, 

collimator angles were set at 10°/80°, with orthogonal leaf orientations for maximal 

OAR sparing but with a slight inclination with respect to the orientation plane and axis, 
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respectively, to avoid cumulative tongue and groove effects [24]. For the frequent cases 

in HNC where the craniocaudal dimension of PTVTotal exceeded 15 cm, this setup would 

violate the 15 cm leaf span limitation for the second arc. Therefore the collimator angles 

were set at 10°/350° in those cases, using an 8 cm overlap symmetric around the 

isocenter.  

 

Dual-arc (HA2) and triple-arc (HA3) VMAT on a fast-rotating O-ring linac 

The VMAT planning technique studied on the fast-rotating O-ring linac consisted of 

two arcs (HA2), with collimators set at 10°/80° given the absence of any leaf span 

limitation. As the MLC system of the fast-rotating O-ring linac consists of broader 

leaves, an additional arc could be needed to achieve plan quality comparable to the TB2 

reference on a C-arm linac. Therefore triple-arc VMAT (HA3) with collimators 

10°/45°/80° was studied as well, where the 45° angle was added to give more degrees 

of freedom to the optimizer for potentially improved OAR sparing.  

 

 Plan optimization and dose calculation 
 
Plan optimization was performed in the Eclipse (Varian Medical Systems) treatment 

planning system (TPS) using the photon optimizer version 15.1. Patient-specific sets of 

optimization weights for the different objectives were determined for HA2, with user-

interaction exclusively in the first step of the first multi-resolution level. Optimization 

weights were determined such that the cost function was dominated by the PTV 

objectives, albeit in a balanced competition with the OAR objectives according to the 

described priorities. HA3- and TB2-plans were generated using the same patient-

specific sets of optimization weights, to avoid a weight-difference bias in the 

optimization. Intermediate and final dose calculation was performed using the 

anisotropic analytical algorithm (AAA) version 15.1 with a voxel size of 2.5x2.5x2.5 

mm³. The dose distributions were normalized to the prescribed DMean to PTVBoost for all 

created plans.  

 

Currently the fast-rotating O-ring linac is available with MV-imaging only. Daily 

imaging is imposed by the TPS and the imaging dose is automatically included in the 

plan optimization. For this study, a daily low-dose cone beam CT (CBCT) (16 cm 

craniocaudal field size, symmetric around the isocenter) was included in each plan. For 

TB2-plans the daily imaging dose from MV-CBCT was included as well by calculating 
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its dose over all the fractions and using it as a base plan for the optimization. This 

integral dose bath affects achievable OAR doses and dose gradients but was also taken 

into account during the plan optimization for TB2 to avoid bias in the plan quality 

comparison. 

 

 Plan quality evaluation 
 
PTV and OAR dose metrics were evaluated for all plans. A homogeneity index (HI) was 

calculated for PTVBoost and PTVElective only according to ICRU 83 [18]. A conformity index 

(CI) was calculated for PTVBoost and PTVTotal as the ratio of the volume enclosed by the 

95% isodose to the volume of the considered PTV [25]. Probability of grade 2-4 patient-

rated xerostomia after 6 months [19] and grade 2-4 physician-rated dysphagia after 6 

months [20] were calculated. For all metrics, two-sided Wilcoxon matched-pairs 

signed-rank tests (p<0.05) were performed between HA2 and TB2 and between HA3 

and TB2.  

 

 Plan delivery verification  
 
Patient-specific quality assurance (QA) was performed for a subset of 10 patients 

distributed over the different subsites. These patients were selected based on the 

largest differences in DMean to the parotid glands and to the swallowing structures 

between HA3- and TB2-plans. For these patients, all the plans were delivered on an 

ArcCHECK helical diode array (Sun Nuclear Corporation, Melbourne, FL)  [26,27]. The 

agreement between calculated and measured dose distributions was evaluated with 

gamma-index (3%, 3mm) analysis, using 3% (local)/3mm dose difference and distance-

to-agreement criteria and a 20% lower dose exclusion threshold [28].  

 

 Image acquisition, plan delivery and treatment time 
 
For the subset of patients for which plan delivery was verified, the acquisition time for 

a full-fan CBCT on the respective machines (MV-CBCT on the fast-rotating O-ring 

linac, kV-CBCT on the C-arm linac) was recorded. For these patients, the time needed 

to deliver the HA2-, HA3- and TB2-plans in automation mode was recorded as well.   

 

Clinical timings were recorded for a number of actual treatment fractions delivered on 

the fast-rotating O-ring linac using HA3. Recordings were acquired for 40 fractions in 
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total, distributed over seven patients with a diagnosis and dose description similar to 

the patient characteristics shown in Table 1, with a minimum of 5 recordings per 

patient. During each fraction, image-guidance was performed using MV-CBCT. The 

time was recorded from the moment the patient entered the vault to the moment the 

patient stepped off the treatment couch. On a day on which monthly QA was performed 

on the fast-rotating O-ring linac, five patients received a TB2 fraction on the C-arm 

linac using kV-CBCT image-guidance, for which the time was recorded as well. Given 

the small sample size of these TB2-recordings, these measurements were supported 

with average treatment slots reported in recent literature [29,30].      

 

II.2 Results 

 Plan quality 
 
Target coverage metrics, OAR doses and NTCP-values are shown in Table 2 for the 

whole studied population and in the supplementary table per individual subsite. When 

considering the former, D2% to PTVBoost was increased for HA2 (median 103.7%, 1st-3rd 

quartile [103.5%; 104.0%], p<0.001) and HA3 (103.2% [103.0%; 103.7%], p<0.001) 

compared with TB2 (102.6% [102.3%; 103.0%]). HI was increased as well for HA2 

(8.6% [7.8%; 10.0%], p<0.001) and HA3 (7.6% [6.9%; 8.7%], p<0.03) compared with 

TB2 (7.3% [6.5%; 8.5%]).    

 

DMean to the contralateral parotid gland showed no difference between HA2 and TB2 

but was reduced for HA3 (23.2 Gy [17.7 Gy; 26.9 Gy], p<0.001) compared with TB2 

(25.1 Gy [19.2 Gy; 27.5 Gy]). The associated xerostomia probability was reduced for 

HA3 (41.2% [35.2%; 45.5%], p<0.001) compared with TB2 (43.4% [36.8%; 46.2%]). 

 

DMean to the superior PCM showed no difference between HA2 and TB2 but was 

reduced for HA3 (63.0 Gy [46.5 Gy; 67.9 Gy], p=0.03) compared with TB2 (63.4 Gy 

[47.3 Gy; 68.2 Gy]). DMean to the supraglottic larynx showed no difference between HA2 

and TB2 but was reduced for HA3 (45.6 Gy [42.0 Gy; 68.3 Gy], p<0.001) compared 

with TB2 (46.9 Gy [43.3 Gy; 68.4 Gy]). The associated dysphagia probability was 

increased for HA2 (31.1% [21.9%; 38.6%]) compared with TB2 (30.9% [21.3%; 37.0%], 

p=0.049), but was reduced for HA3 (29.1% [20.1%; 36.6%], p<0.001) compared with 

TB2.  
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 Plan delivery verification 
 

The median 3%,3mm agreement score was 97.5% (range [96.6%; 98.6%]) for HA2, 

96.9% ([95.2%; 97.7%]) for HA3 and 93.5% ([93.0%; 95.2]) for TB2. The agreement 

scores for the delivered TB2-plans were lower than for the HA2-plans (p=0.02) and 

HA3-plans (p=0.02), but all agreement scores exceeded a clinical acceptance threshold 

of 90% as reported in literature [31] and as used at the authors’ institute.  

 

 Image acquisition, plan delivery and treatment time 
 
The group mean of the treatment time recordings for HA3 (n=40) was 8m50s ± 1m17s. 

The mean of the treatment time recordings for TB2 (n=5) was 11m12s ± 01m12s.  

The mean acquisition time for a full-fan CBCT was 14s ± 0s on the fast-rotating O-ring 

linac and 35s ± 0s on the C-arm linac. The mean plan delivery time was 1m10s ±1s for 

HA2, 1m40s ±1s for HA3 and 2m12s ± 1s for TB2.   
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Table 2. Target coverage metrics, OAR mean doses and NTCP-values for the 
whole studied patient population. 

 
Abbreviations: OAR = organ at risk; NTCP = normal tissue complication 
probability; TB2 = VMAT on a C-arm linac using 2 arcs; HA2 & HA3 = VMAT 
on a fast-rotating O-ring linac using 2 and 3 arcs, respectively; PTV = 
Planning Target Volume; Dxx% = dose covering xx% of the target volume; HI 
= homogeneity index according to ICRU 83 [18]; CI = conformity index 
calculated as the ratio of the volume enclosed by the 95% isodose to the 
volume of the considered PTV [25]; CL = contralateral; IL = ipsilateral; PCM 
= pharyngeal constrictor muscle; Subm. = submandibular.  

 
The median values are shown, together with the 1st and 3rd quartile (between 
brackets). HA2- and HA3-metrics yielding p < 0.05 for a Wilcoxon matched-
pairs signed-rank test compared to TB2 are shown in bold. 
*   Grade 2-4 patient-rated xerostomia after 6 months [19].               
** Grade 2-4 physician-rated dysphagia after 6 months [20]

 All subsites 

TB2 HA2 HA3 

 
 
 
 
 
 
 

Target coverage 

metric 
 
 

 
 
 

PTVBoost 

D98% [%] 95.7  
(95.2-96.1) 

95.3  
(95.0-95.8) 

95.9  
(95.5-96.4) 

D2% [%] 102.6  
(102.3-103.0) 

103.7 
(103.5-104.0) 

103.2 
(103.0-103.7) 

HI [%] 7.3  
(6.5-8.5) 

8.6  
(7.8-10.0) 

7.6  
(6.9-8.7) 

CI [%] 114.5 
(110.4-116.6) 

114.8  
(111.7-120.9) 

114.4  
(110.6-117.5) 

 
 

PTVElective only 

D98% [%] 95.5  
(95.0-96.1) 

95.2  
(94.8-95.5) 

95.8  
(95.4-96.2) 

D2% [%] 105.6  
(104.6-106.0) 

105.9  
(105.3-106.5) 

105.0  
(104.6-105.7) 

HI [%] 10.5  
(9.7-11.8) 

11.3  
(10.1-12.4) 

9.6  
(8.6-10.9) 

PTVTotal CI [%] 145.7  
(138.7-151.6) 

146.5  
(141.2-155.0) 

144.4  
(137.8-153.3) 

 
 
 
 
 
 
 
 
 

OAR mean dose 

Parotid gland, CL [Gy] 25.1 
(19.2-27.5) 

24.6 
(18.9-27.2) 

23.2 
(17.7-26.9) 

Parotid gland, IL [Gy] 36.8 
(24.8-45.6) 

37.0 
(25.2-47.4) 

35.4 
(24.8-44.8) 

PCM, Superior [Gy] 63.4 
(47.3-68.2) 

63.3 
(49.2-68.0) 

63.0 
(46.5-67.9) 

PCM, Middle [Gy] 53.1 
(40.8-65.7) 

53.1  
(41.5-65.9) 

52.6  
(40.1-64.3) 

PCM, Inferior [Gy] 41.6  
(31.3-65.1) 

42.2  
(31.9-62.7) 

38.3 
(29.0-63.6) 

Supraglottic larynx [Gy] 46.9 
(43.3-68.4) 

47.2 
(44.5-68.6) 

45.6 
(42.0-68.3) 

Glottic area [Gy] 36.5 
(30.7-69.3) 

37.4 
(31.4-69.3) 

35.2 
(28.6-69.3) 

Oral cavity [Gy] 43.7 
(30.0-50.2) 

44.6 
(31.9-49.9) 

42.7 
(29.0-50.1) 

Subm. gland,  CL [Gy] 53.6  
(47.6-60.0) 

53.6  
(46.1-60.2) 

52.4  
(45.4-59.1) 

Subm. gland,  IL [Gy] 64.6 
(58.0-68.4) 

63.7 
(57.7-68.6) 

64.0  
(57.6-68.3) 

 
 

NTCP 

Xerostomia* [%] 43.4 
(36.8-46.2) 

42.9 
(36.5-45.9) 

41.2 
(35.2-45.5) 

Dysphagia** [%] 30.9 
(21.3-37.0) 

31.1 
(21.9-38.6) 

29.1  
(20.1-36.6) 
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II.3 Discussion 

In this study, a Halcyon fast-rotating O-ring linac with fast-moving leaves was 

compared with a C-arm linac in terms of plan quality and delivery time for VMAT of 

HNC. Since the fast-rotating O-ring linac has been used clinically since only recently, 

this is one of the first quantifications of its performance. For VMAT of HNC, the fast-

rotating O-ring linac at least maintains the plan quality of two arcs on the C-arm linac 

while reducing the image acquisition and plan delivery time. At the authors’ institute, 

HA3 has been implemented as the preferred planning technique for VMAT of HNC on 

the fast-rotating O-ring linac, due to the minor improvements in target dose 

homogeneity and OAR sparing compared with HA2. Treatment time recordings using 

HA3 on the fast-rotating O-ring linac showed a mean of 8m50s ± 1m17s.  

 

Differences in treatment planning processes were avoided as much as possible, to 

minimize bias in the plan quality comparison. Currently the fast-rotating O-ring linac 

is only available with MV-imaging. Daily imaging is imposed by the TPS for the fast-

rotating O-ring linac and the imaging dose is automatically included in the plan 

optimization. In this study, a daily low-dose MV-CBCT was included in each plan, 

including the TB2-plans. This way, observed plan quality differences between the 

studied VMAT-techniques should not result from differences in image-guidance but 

from each machine’s specific combination of MLC, beam and gantry characteristics. In 

addition, kV-CBCT will become available on the fast-rotating O-ring linac in the short 

term, so that simulating the same imaging modality could be considered reasonable for 

current comparisons.  

 

HA2 and HA3 make use of the only beam available on the fast-rotating O-ring linac, 

namely 6MV FFF. One could argue that the TB2 reference on a C-arm linac should use 

the same beam profile and energy. Indeed, differences in these beam characteristics 

between HA2/HA3 and TB2 can result in differences in OAR sparing capability and 

target dose homogeneity [12]. In a comparison of 6MV FFF and 6MV flattened for 

VMAT of HNC on a C-arm linac, the flattened beam was reported to achieve similar 

OAR sparing but improved target dose homogeneity compared with the FFF beam, 

although it was not clarified whether this plan quality difference originated from 

differences in beam profile or in mean energy [13]. In addition, a 6 MV flattened beam 

has been shown to deliver VMAT for HNC with similar or increased time-efficiency 
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compared with a 6 MV FFF beam [13,14]. As the current study focussed on plan quality 

and time-efficiency of VMAT delivery, a 6 MV flattened beam was used for the TB2 

reference on a C-arm linac. 

The selected TB2 reference for VMAT of HNC on a C-arm linac consists of two arcs.  A 

number of studies however indicated that a single arc already yields clinically 

acceptable plans with sufficient OAR sparing [8,9,14]. On the other hand, 

Guckenberger et al. [10] reported that at least two arcs are required for VMAT of HNC 

to achieve OAR sparing and boost target dose homogeneity comparable to fixed-field 

IMRT. Tol et al. considered four arcs as an optimal balance between plan quality and 

delivery efficiency [11]. Overall, the intermediate number of two arcs has been a widely 

described setup for VMAT of HNC on a C-arm linac [6,11,13,22,23]. The TB2 planning 

technique used in the current study can therefore be considered a relevant reference 

on a C-arm linac.   

 

HA2 and HA3 on the fast-rotating O-ring linac showed a lower target dose 

homogeneity than TB2 on the C-arm linac, although the D2% and D98% target coverage 

objectives were fulfilled for nearly all cases. Complication probabilities were 

comparable between HA2 and TB2, while HA3 showed a xerostomia probability 

reduction (median 0.8%, 1st-3rd quartile [0.2%;1.8%]) and dysphagia probability 

reduction (1.0% [0.2%;1.8%]) compared with TB2. Though these reductions showed 

statistical significance, differences actually observed in clinical practice may be limited. 

When comparing HA3 with HA2, the additional arc for HA3 likewise improved the 

target dose homogeneity and OAR sparing slightly. Other studies reported comparable 

to larger differences for these plan qualities when increasing the number of arcs on a 

C-arm linac, namely from one arc to two arcs [5,7] and from two to four arcs [11]. 

Further increasing the number of arcs on the fast-rotating O-ring linac may further 

improve plan quality on the fast-rotating O-ring linac as well. Adding more arcs 

however would likely undo the gain in delivery efficiency observed for HA2 and HA3 

compared with TB2 on the C-arm linac.    

 

The maximum gantry rotation speed for the fast-rotating O-ring linac is 4 times as high 

as for the C-arm linac. Nevertheless, the rotation speed during VMAT plan delivery is 

only 2 times as high as for the C-arm linac, as the MLC leaf speed for the fast-rotating 

O-ring linac is only two times as high as for the C-arm linac.  The resulting volumetric 
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image acquisition and plan delivery time was reduced for HA2 (1m24s ± 1s) and HA3 

(1m54s ± 1s) on the fast-rotating O-ring linac compared with TB2 (2m47±1s) on the C-

arm linac.  

 

Besides volumetric imaging and plan delivery time, however, actual treatment times 

are influenced by other workflow steps as well. On one hand, matching times may 

currently be advantageous for the C-arm linac due to the superior soft tissue contrast 

of kV-CBCT [33]. On the other hand, overall workflow efficiency may be advantageous 

for the fast-rotating O-ring linac due to an increased number of automated steps. A 

recent study showed that workflow efficiency on C-arm linacs can be improved as well 

using a dedicated streamlining approach [30]. Differences due to C-arm linac 

characteristics however cannot be overcome, such as volumetric image acquisition 

time, plan delivery time and the need to insert and retract imaging device support 

arms. A reduction in treatment time on the fast-rotating O-ring linac can therefore be 

expected.   

 

In the current study, treatment time recordings using HA3 on the fast-rotating O-ring 

linac showed a mean value of 8m50s ± 1m17s, while TB2-recordings on the C-arm linac 

showed a mean value of 11m12s ± 01m12s. A limitation of the TB2-recordings was the 

small sample size, although the mean value was in line with treatment slots of 12 

minutes widely reported in literature for current C-arm linacs [9,29,30]. To quantify a 

potential benefit in clinical throughput on the fast-rotating O-ring linac, a comparison 

of streamlined treatment slots on both machine types, with a sufficient number of 

paired samples, would be needed. 

 

In conclusion, a commercially available O-ring linac, which combines a FFF beam with 

a higher gantry and MLC speed than current C-arm linacs, was evaluated for the 

delivery of VMAT for HNC. The fast-rotating O-ring linac at least maintains the plan 

quality of two arcs on a C-arm linac while reducing the image acquisition and plan 

delivery time. A reduction in treatment time for VMAT of HNC on the fast-rotating 

linac can be expected owing to its inherent machine characteristics, however this needs 

to be quantified in further study.  
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Supplementary table. Target coverage metrics, OAR mean doses and NTCP-values per individual subsite.   
 

Abbreviations: OAR = organ at risk; NTCP = normal tissue complication probability; TB2 = VMAT on a C-arm linac using 
2 arcs; HA2 & HA3 = VMAT on a fast-rotating O-ring linac using 2 and 3 arcs, respectively; PTV = planning target volume; 
Dxx% = dose covering xx% of the target volume; HI = homogeneity index according to ICRU 83 [18]; CI = conformity index 
calculated as the ratio of the volume enclosed by the 95% isodose to the volume of the considered PTV [25]; CL = 
contralateral; IL = ipsilateral; PCM = pharyngeal constrictor muscle; Supragl. = supraglottic; Subm. = submandibular.  

 Larynx Oropharynx Nasopharynx 

TB2 HA2 HA3 TB2 HA2 HA3 TB2 HA2 HA3 

 
 
 
 
 
 

Target 
coverage 

metric 

 
 
 

PTVBoost 

D98% [%] 95.5  
(95.1-96.1) 

95.6  
(95.3-95.9) 

96.2  
(95.9-96.6) 

95.5  
(94.6-95.8) 

95.0  
(94.6-95.5) 

95.7  
(95.3-96.0) 

95.7  
(95.3-95.8) 

95.1  
(94.0-95.9) 

95.6  
(94.6-95.9) 

D2% [%] 102.5  
(102.3-102.6) 

103.6 
(103.5-103.7) 

103.1 
(103.0-103.3) 

102.8  
(102.1-103.2) 

103.6  
(103.5-104.1) 

103.2  
(103.0-103.6) 

102.8  
(102.6-103.3) 

104.0  
(103.8-104.2) 

103.5  
(103.2-103.8) 

HI [%] 7.0  
(6.5-7.5) 

8.2  
(7.8-8.5) 

7.0  
(6.6-8.0) 

7.7  
(6.4-8.9) 

8.7 
(8.1-9.9) 

7.7  
(7.1-8.5) 

7.2  
(6.7-8.0) 

8.9  
(7.5-10.2) 

8.0  
(7.1-9.0) 

CI [%] 113.8  
(110.8-115.2) 

114.5 
 (112.0-117.5) 

112.0 
 (110.9-114.5) 

111.7 
(110.2-113.4) 

112.1 
(109.1-115.8) 

110.5 
(108.1-113.9) 

119.2 
(116.4-127.9) 

120.9 
(118.7-128.0) 

119.0 
(116.3-126.6) 

 
 

PTVElective 

only 

D98% [%] 95.8  
(95.6-96.1) 

95.4  
(95.3-96.0) 

96.3  
(96.1-96.5) 

95.3  
(94.9-96.1) 

95.2  
(95.0-95.4) 

95.8  
(95.6-96.1) 

95.3  
(95.0-95.7) 

94.4  
(93.9-94.8) 

95.1  
(94.6-95.6) 

D2% [%] 105.7 
(105.1-106.0) 

105.9 
(105.5-106.3) 

104.9  
(104.6-105.1) 

105.3  
(104.6-106.0) 

105.3  
(104.9-106.6) 

104.8  
(104.1-105.9) 

105.9  
(105.5-106.0) 

106.1  
(105.7-106.9) 

105.3  
(105.1-105.9) 

HI [%] 9.6  
(8.7-10.3) 

10.1  
(9.6-10.6) 

8.4  
(8.1-8.9) 

11.8  
(10.3-12.1) 

11.6  
(10.0-12.8) 

10.1  
(8.7-11.6) 

10.6  
(9.9-11.2) 

12.4  
(12.0-13.1) 

10.8  
(10.7-11.3) 

PTVTotal CI [%] 146.4 
(143.3-147.5) 

149.8 
(145.3-153.2) 

148.0  
(142.4-150.2) 

151.0 
(148.0-159.1) 

154.5  
(146.8-161.8) 

152.4  
(146.2-159.2) 

131.2  
(127.1-136.5) 

133.4 
(128.6-139.8) 

129.5  
(125.5-136.7) 

 
 
 
 
 
 
 
 

OAR 
mean 
dose 

Parotid gland, CL [Gy] 20.8 
(16.9-25.1) 

20.6 
(16.5-24.2) 

20.4 
(16.1-23.1) 

21.1  
(19.7-28.9) 

21.1  
(18.8-28.6) 

18.2  
(18.2-27.3) 

26.7  
(25.4-28.3) 

26.1  
(24.4-28.6) 

25.4  
(24.0-27.0) 

Parotid gland, IL [Gy] 24.6  
(19.5-26.1) 

24.8 
(19.7-26.4) 

24.0 
(18.7-25.1) 

37.4  
(33.9-38.8) 

38.4  
(34.3-38.2) 

35.6  
(33.1-37.5) 

48.0  
(42.8-51.1) 

48.6  
(44.6-51.7) 

47.8  
(42.5-50.1) 

PCM, Superior [Gy] 40.0  
(35.2-46.4) 

40.4  
(36.2-47.8) 

38.7  
(34.5-46.5) 

67.9 
(65.8-68.5) 

68.0  
(66.0-68.8) 

67.9  
(66.1-68.6) 

65.1  
(63.4-68.8) 

64.5  
(63.2-68.5) 

64.4  
(62.8-68.6) 

PCM, Middle [Gy] 67.1 
(58.3-70.2) 

66.7  
(58.7-69.9) 

66.3  
(58.3-70.2) 

41.8  
(39.6-53.9) 

41.7  
(39.9-53.1) 

41.1  
(39.0-52.8) 

47.5  
(39.5-56.5) 

48.0  
(40.3-55.9) 

47.0  
(38.5-55.7) 

PCM, Inferior [Gy] 69.0  
(64.1-69.6) 

68.9  
(63.6-69.2) 

68.8  
(63.1-69.6) 

31.0  
(29.5-41.7) 

31.9  
(28.5-41.5) 

29.5  
(26.8-38.4) 

35.7  
(31.4-39.3) 

36.4  
(30.6-41.3) 

34.5  
(29.2-37.9) 

Supragl. larynx [Gy] 70.1 
(70.0-70.2) 

69.9  
(69.9-69.9) 

69.8  
(69.8-70.0) 

45.4  
(38.6-47.3) 

45.9  
(38.6-47.6) 

45.2  
(36.8-45.6) 

43.4  
(41.5-45.6) 

44.7  
(40.9-46.0) 

42.3  
(39.9-43.7) 

Glottic area [Gy] 69.9  
(69.6-70.1) 

70.0 
(69.6-70.0) 

69.7  
(69.6-70.1) 

32.5  
(27.7-35.6) 

31.8  
(28.0-35.8) 

29.3  
(26.7-33.4) 

33.6  
(30.0-37.0) 

33.9  
(30.7-37.6) 

31.8  
(27.8-36.1) 

Oral cavity [Gy] 23.1  
(18.1-27.9) 

23.2  
(17.2-29.8) 

22.4  
(16.4-27.4) 

50.0  
(46.6-53.5) 

49.8  
(45.7-52.8) 

48.4  
(44.7-51.3) 

46.5  
(42.9-51.4) 

48.4  
(43.7-51.1) 

45.8  
(42.7-50.8) 

Subm. gland,  CL [Gy] 48.0  
(45.4-52.0) 

47.4  
(45.0-52.7) 

45.5  
(43.6-51.1) 

51.9  
(49.7-58.1) 

51.0 
(49.3-59.4) 

50.9  
(47.9-58.3) 

60.0  
(58.9-60.9) 

59.9  
(58.3-60.4) 

59.0  
(57.8-60.0) 

Subm. gland,  IL [Gy] 56.0  
(51.0-58.5) 

55.8  
(51.7-58.2) 

54.8  
(50.7-57.7) 

69.0  
(66.3-70.2) 

69.4  
(66.4-69.9) 

69.1 
(66.2-69.8) 

64.6  
(62.4-66.7) 

64.0  
(61.6-66.3) 

63.7  
(61.1-65.4) 

 
NTCP 

Xerostomia* [%] 38.6  
(34.3-43.4) 

38.3  
(33.9-42.4) 

38.1  
(33.5-41.2) 

38.9  
(37.3-47.9) 

38.9  
(36.4-47.5) 

37.0  
(35.7-46.0) 

45.3  
(43.8-47.2) 

44.6  
(42.6-47.5) 

43.8  
(42.2-45.7) 

Dysphagia** [%] 22.4 
(18.4-30.5) 

22.4  
(19.2-31.5) 

20.8 
(17.7-30.0) 

36.5  
(31.7-39.2) 

37.0  
(31.4-41.4) 

35.8  
(29.9-38.8) 

31.1  
(27.4-38.0) 

31.1  
(27.1-38.1) 

29.0  
(25.9-36.2) 
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The median values are shown, together with the 1st and 3rd quartile (between brackets). HA2- and HA3-metrics yielding p 
< 0.05 for a Wilcoxon matched-pairs signed-rank test compared to TB2 are shown in bold.  
*   Grade 2-4 patient-rated xerostomia after 6 months [19].               
** Grade 2-4 physician-rated dysphagia after 6 months [20].
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Abstract 

 

Background & purpose 

Intensity-modulated proton therapy (IMPT) of superficial lesions requires pre-

absorbing range shifter (RS) to deliver the more shallow spots. RS air gap minimization 

is important to avoid spot size degradation, but remains challenging in complex 

geometries such as in head-and-neck cancer (HNC). In this study, clinical endpoints 

were investigated for  patient-specific bolus and for conventional RS solutions, making 

use of a Monte Carlo (MC) dose engine for IMPT optimization. 

 
Methods and Materials 

For 5 oropharyngeal cancer patients, IMPT spot maps were generated using beamlets 

calculated with MC. The plans were optimized for three different RS configurations: 

3D printed on-skin bolus, snout- and nozzle-mounted RS. Organ-at-risk (OAR) doses 

and late toxicity probabilities were compared between all configuration-specific 

optimized plans.  

 

Results 

The use of bolus reduced the mean dose to all OARs compared to snout and nozzle-

mounted RS. The contralateral parotid gland and supraglottic larynx received on 

average 2.9 Gy and 4.2 Gy less dose compared to the snout RS.  Bolus reduced the 

average probability for xerostomia by 3.0%. For dysphagia, bolus reduced the 

probability by 2.7%.   

 

Conclusions 

Quantification of the dosimetric advantage of patient-specific bolus shows significant 

reductions compared to conventional RS solutions for xerostomia and dysphagia 

probability. These results motivate the development of a patient-specific bolus solution 

in IMPT for HNC.
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ROTON THERAPY (PT) CAN OFFER IMPROVED ORGAN-AT-RISK (OAR) 

sparing compared to state-of-the-art photon radiotherapy. Combined with cost 

reduction of modern intensity-modulated proton therapy (IMPT) systems, this 

expected clinical advantage is currently driving a rapid increase in the number of 

proton therapy facilities [1]. Randomized clinical trials are being established for a wide 

range of indications [2]. For the often complex geometries of head-and-neck cancer 

(HNC) for instance, with close proximity of various OARs to the target volume, the 

improved conformity of IMPT is expected to result in reduced treatment-related side-

effects [3,4]. 

 

In IMPT with pencil beam scanning (PBS), pencil beam spots are magnetically scanned 

across the target volume. The depths at which these spots are delivered, are selected 

layer-by-layer by varying the energy. Modern PT systems however are limited in the 

minimal energy they can deliver, ranging from 60 to 100 MeV which corresponds to a 

minimal range in water between 3.1 and 7.7 cm. For the treatment of more superficial 

lesions, such as in HNC, a pre-absorbing range shifter (RS) is typically attached to the 

nozzle. The air gap between the RS and the patient however is known to increase the 

PBS spot size, which can compromise the dose conformity of IMPT [5–7]. Also, various 

authors have reported on the sub-optimal modelling of RS air gaps by current 

treatment planning systems (TPS) [8,9].  

 

To minimize these air gap effects, the RS is often positioned as close as possible to the 

patient using a movable snout extension. Careful attention however is needed to avoid 

any collision, especially when applying couch adjustments based on image guidance 

during patient positioning. Both et al. [10] implemented a universal bolus RS, a U-

shape with a constant thickness positioned around the patient’s head. Universal bolus’ 

application mainly lies in cranial applications and is not always suited for HNC, since 

often the elective nodes extend beyond the lung apices. Also, such universal bolus has 

been reported to limit the close positioning of a prompt gamma camera, reducing the 

obtained useful signal for in-vivo range verification in clinical conditions [11].  

 

Novel solutions for on-skin range shifting tailored to the patient treatment would avoid 

air gaps altogether and could simplify the workflow for IMPT in HNC. The emerging 

P 
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3D printing technology is already in clinical use for the creation of individualized 

devices such as bolus for electron radiotherapy [12]. This technology could also be used 

to create patient-specific range shifting bolus for IMPT, applicable to the complex 

curved geometries encountered in HNC while still allowing full flexibility in the 

selection of treatment beam angles. The use of 3D printing may also enable integration 

of bolus RS within the patient immobilization. Such integrated approach would ensure 

presence and correct placement of the RS for each IMPT treatment field. Issues related 

to the design and construction of such devices are subject of dedicated, ongoing studies 

and are not within the scope of this work.   

 

In order to justify further investigation of 3D printed on-skin RS, the current study 

focused on the quantification of the dosimetric benefit compared to conventional RS 

solutions with air gaps. Although the influence of an air gap on the spot size has been 

subject of previous publications [13,14], the actual deteriorating effects on dose 

distributions and treatment plan quality were yet to be quantified. IMPT plan 

optimization in this study was fully based on Monte Carlo (MC) calculated beamlets to 

accurately account for RS air gap effects. The aim of this study was to quantify the 

potential gain of individualized bolus in terms of OAR sparing and normal tissue 

complication probability (NTCP) reduction in IMPT of HNC.   

 

III.1 Materials and methods 

 Patient data and planning objectives 
 
Computed tomography (CT) data of 5 patients with oropharyngeal cancer were used 

for the treatment planning study. A dose of 66 GyRBE (assuming a constant 

radiobiologic effectiveness RBE of 1.1) was prescribed to the high-risk clinical target 

volume (CTVHigh; primary tumour and positive neck levels) and 54 GyRBE to the low-

risk CTV (CTVLow; elective neck levels), to be delivered in a simultaneously integrated 

boost scheme of 30 fractions [15,16]. Planning target volumes (PTV) were defined as 

the CTVs with a 5 mm margin [16,17].  

 

The PTV constraints were such that 98% of the volume received more than 95% of the 

prescribed dose DPrescr (D98% ≥ 95%) and that no more than 2% of the volume received 

more than 107% (D2% ≤ 107%) [15,18,19]. The constraint on the spinal cord was a 

maximum dose of 40 Gy. A minimum mean dose DMean was used as objective for the 
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parotid glands, submandibular glands, oral cavity, larynx, supraglottic larynx and 

superior pharyngeal constrictor muscle (PCMSup). 

 

 Range shifter configurations and plan optimization 
 
A 3-beam arrangement with gantry angles 50, 180 and 310 degrees was used [16], with 

RS of 4 cm PMMA. For each patient, 3 different RS configurations were compared: 

applied as bolus or mounted either on a snout or on the nozzle. The bolus was created 

by expanding the body contour 4 cm parallel to the beam axis for each field. A 3 mm 

air gap was maintained between the body contour and the bolus to include the potential 

effect of non-ideal bolus set-up on the spot size in the modelling. For the snout RS, an 

extendable device attached to the nozzle that can hold accessories such as a RS or an 

aperture, a 25 cm diameter was chosen. This was the minimum size required to cover 

the total PTV for every gantry angle. For the nozzle RS, dimensions of 40x30 cm² were 

adopted from an IBA (Ion Beam Applications, Louvain-la-Neuve, Belgium) dedicated 

nozzle. For both the snout and nozzle RS, a safety distance, equal to the shortest 

distance between the RS and the patient, was maintained at 3 cm, to avoid collision 

with the patient (see Figure 1). This translated into a maximum air gap of 10 cm and 12 

cm for the snout and nozzle, respectively, on the more cranially located slices.   

 

 
 
Figure 1. Range shifter (RS) applied as bolus, mounted on a snout or on the nozzle.  
a) A 3 mm air gap was maintained between the body contour and the bolus RS to 
include non-ideal set-up in the modelling. A 3 cm safety gap was maintained for the 
snout and nozzle RS to avoid collision with the patient. b) This translated into a 
maximum air gap of 10 cm and 12 cm, respectively, on the more cranially located slices.  
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 Treatment planning system and MC dose engine  
 
To achieve the desired plan constraints (D98% ≥ 95% of Dprescr) for the IMPT plans, an 

in-house TPS, MIROpt, was used for all RS configurations. MIROpt is fully coupled 

with the MC dose engine MCsquare, which has been validated in heterogeneous 

geometries [20] against GATE/GEANT4 [21], allowing to accurately model the effect 

of RS multiple Coulomb scattering (MCS) and density heterogeneities within the 

patient. A clinical PBS system was modelled in MCsquare to reproduce commissioning 

data [21]. Initial spot sizes in air at isocenter were σ = 7 mm at 70 MeV and σ = 2.5 mm 

at 230 MeV. 

 

In MIROpt, spots were placed on a hexagonal grid with 5 mm lateral spot spacing and 

5 mm layer spacing. A CT number to tissue parameter conversion was applied to each 

voxel [22]. The dose deposition matrix was computed with MCsquare using 5x104 

protons per spot. Simultaneous optimization of all spot weights was done using the 

large-scale non-linear solver IPOPT [23]. A final MCsquare forward dose calculation 

was performed with 5x108 protons on a 2x2x2 mm³ dose grid. A median statistical 

uncertainty of 0.19 Gy was found for the PTV voxels using a batch method [24]. 

 

 Evaluation of different RS configurations  
 
Target doses and OAR doses were compared between the patient-specific bolus, 

nozzle-mounted and snout-mounted RS configurations. In addition, expected 

endpoints for late toxicity in head-and-neck cancer patients receiving radiotherapy 

were evaluated in terms of their normal issue complication probability (NTCP). The 

probability of salivary flow <25% of pre-treatment after 1 year for the individual parotid 

glands was quantified based on Dijkema et al. [25]. Grade 2-4 patient-rated xerostomia 

probability after 6 months was calculated based on Beetz et al. [26]. Grade 2-4 

physician-rated dysphagia probability after 6 months was calculated based on 

Christianen et al. [27].  

 

III.2  Results 

 
For the bolus plans, the average number of spots per field was 8596. The delivered 

energies ranged from 75 MeV to 207 MeV. Table 1 shows the target coverage metrics 

when the spot maps are optimized for each RS configuration individually, hence taking 
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into account the air gap during optimization. The planning objectives for the PTVs were 

achieved for all RS configurations. The PTV homogeneity index however, calculated 

according to ICRU report 83 [19], was slightly higher for the snout and nozzle RS. More 

distinctively, achieving target coverage for the RS configurations with air gap (snout 

and nozzle RS) came at the expense of a decreased radiation conformity index as 

calculated according to Knöös et al [28]. This resulted in an increased mean dose to all 

parallel OARs, as shown in Table 2. The mean dose to the contralateral parotid gland, 

for instance, increased on average by 2.9 Gy (snout RS) and 3.4 Gy (nozzle RS). The 

Dmean to the supraglottic larynx increased by 4.2 Gy (snout RS) and 5.5 Gy (nozzle 

RS). The dose distributions and dose-volume histograms for one representative patient 

are shown in Figure 2.   

 

Table 3 shows the NTCP predictions for the different RS configurations. Averaged over 

the patients, the use of patient-specific on-skin bolus reduced the probability of 

individual parotid gland dysfunction [25] by 3.5% (ipsilateral) and 3.0% (contralateral) 

compared to the snout RS and by 5.0% (ipsilateral) and 3.8% (contralateral) compared 

to the nozzle RS. The probability of xerostomia [26] with a bolus was 3.1% and 3.6% 

lower compared to a snout and nozzle RS, respectively. A similar trend was seen for the 

probability of dysphagia with on-skin bolus RS (respectively -2.7% and -3.6% 

compared to snout RS and nozzle RS).  
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Table 1. Target coverage metrics for the RS configuration-specific optimized plans.  

 

  CTVLow   PTVLow   CTVHigh   PTVHigh 

  HI [-] *   D50 [Gy]   RCI [-] **   HI [-]   D50 [Gy]   HI [-]   D50 [Gy]   RCI [-]   HI [-] D50 [Gy] 

Bolus 
RS 

0.28   55.9   0.58   0.24   55.3   0.11   67.1   0.86   0.12 67.0 

(0.18, 0.32)   (54.9, 57.3)   (0.43, 0.79)   (0.11, 0.33)   (54.5, 57.2)   (0.10, 0.12)   (66.8, 67.2)   (0.81, 0.91)   (0.12, 0.13) (66.7, 67.3) 

                                      

Snout 
RS 

0.28  
(p=0.31) 

  
55.8 

(p=0.39)   
0.55  

(p=0.02)   
0.25  

(p=0.02)   
55.5 

(p=0.004)   
0.11  

(p=0.15) 
  

67.3 
(p=0.03)   

0.84 
(p=0.007)   

0.12  
(p=0.02) 

67.2  
(p=0.01) 

(0.19, 0.32)   (55.0, 57.1)   (0.42, 0.73)   (0.11, 0.33)   (54.8, 57.3)   (0.10, 0.12)   (67.0, 67.6)   (0.79, 0.88)   (0.12, 0.13) (66.9, 67.5) 

                                      

Nozzle 
RS 

0.27 
(p=0.90) 

  
55.9 

(p=0.46)   
0.55  

(p=0.01)   
0.25  

(p=0.02)   
55.6 

(p=0.001)   
0.11  

(p=0.15) 
  

67.7  
(p=0.1)   

0.82 
(p=0.003)   

0.12  
(p=0.01) 

67.2  
(p=0.01) 

(0.19, 0.31)   (55.1, 57.3)   (0.42, 0.73)   (0.11, 0.33)   (54.9, 57.4)   (0.10, 0.12)   (66.9, 69.2)   (0.77, 0.88)   (0.12, 0.13) (66.9, 67.5) 
                                      

All plans were optimized for a PTV coverage D98% ≥ 95% DPrescr, corresponding to 51.3 Gy for PTVLow and 62.7 Gy for PTVHigh. 
Metrics are shown averaged over all the patients, together with the range values (between brackets). p-Values are for a single-
sided paired t-test and are shown in bold when below 0.05. 
 
Two patients had positive neck disease. The median volume of PTVHigh and PTVLow was 148 cm³ and 393 cm³, respectively.  
 
Abbreviations: RS = range shifter; PTV = planning target volume; Dxx% = dose covering xx% of the target volume; DPrescr = 
prescribed dose; CTV = clinical target volume; PTV = planning target volume.  
                                                       
(*) The homogeneity index (HI) was determined according to ICRU report 83 [19]. The closer to zero, the better the homogeneity 
(**) The radiation conformity index (RCI) was determined according to Knöös et al. [28] based on 50% (for PTVLow) and 95% (for 
PTVHigh) isodoses. The closer to one, the better the conformity.   
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Table 2. Organ-at-risk doses for the RS configuration-specific optimized plans.  

                                    

  

Parotid 
gland, 

Ipsi 
  

Parotid 
gland, 
Contra 

  
Subm. 
gland, 

Ipsi 
  

Subm. 
gland, 
Contra 

  
PCM,  

Superior 
  

Supraglottic  
larynx 

  Larynx 
  

Oral 
cavity 

  
Spinal 
cord 

  Dmean [Gy]   Dmean [Gy]   Dmean [Gy]   Dmean [Gy]   Dmean [Gy]   Dmean [Gy]   Dmean [Gy]   Dmean [Gy]   Dmax [Gy] 

Bolus 
RS 

20.6   14.8   65.2   34.3   56.8   18.8   25.5   35.7   30.4 

(9.0, 32.8)   (3.7, 25.0)   (62.7, 66.6)   (22.3, 50.2)   (47.4, 64.8)   (8.6, 36.0)   (15.9, 38.2)   (28.6, 41.2)   (20.6, 40.2) 
                                    

Snout 
RS 

23.4 
(p=0.001) 

  
17.7 

(p=0.001) 
  

66.2  
(p=0.12) 

  
37.3  

(p=0.007) 
  

58.7  
(p=0.01) 

  
23.0 

(p=0.001) 
  

30.3 
(p=0.004)   

38.3 
(p=0.001) 

  
32.11  

(p=0.11) 

(11.0, 36.5)   (5.1, 28.7)   (62.8, 70.3)   (23.5, 55.4)   (47.9, 68.2)   (10.9, 41.5)   (19.4, 44.2)   (30.4, 44.7)   (23.3, 40.5) 
                                   

Nozzle 
RS 

24.3 
(p=0.001) 

  
18.2 

(p=0.001) 
  

66.5  
(p=0.11) 

  
38.7  

(p=0.002) 
  

59.2  
(p=0.01) 

  
24.3 

(p=0.001) 
  

31.5 
(p=0.001)   

39.0 
(p=0.001) 

  
32.9  

(p=0.09) 

(11.9, 37.9)   (5.6, 29.6)   (62.8, 71.0)   (24.1, 56.3)   (47.9, 69.1)   (12.6, 42)   (20.4, 44.7)   (31.2, 45.5)   (25.5, 40.7) 

                                    

 
Metrics are shown averaged over all the patients, together with the range values (between brackets). p-Values are for a 

single-sided paired t-test and are shown in bold when below 0.05. 
  

Abbreviations: RS = range shifter; Ipsi/Contra = ipsi-/contralateral; Subm. = submandibular; PCM =  pharyngeal 
constrictor muscle. 
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Table 3. Normal tissue complication probability-values for the RS configuration-
specific optimized plans. 

 
  

Ipsilateral 
PG  

dysfunction*  
[%]   

Contralateral 
PG  

dysfunction*  
[%]   

 
Xerostomia ** 

[%] 

   
Dysphagia*** 

[%] 

Bolus RS 
15.0   7.2   32.6   11.8 

(2.4, 32.8)   (2.4, 32.8)   (22.0, 43.3)   (5.9, 25.1) 

                

Snout RS 

18.5 
(p=0.014) 

  
10.2  

(p=0.021) 
  

35.7  
(p=0.003) 

  
14.5 

(p=0.002) 

(3.5, 39.5)   (2.7, 38.7)   (23.1, 47.4)   (7.5, 29.0) 

                

Nozzle RS 

20.0 
(p=0.015) 

  
11.0  

(p=0.022) 
  

36.2  
(p=0.002) 

  
15.4 

(p=0.001) 

(3.7, 41.9)   (2.9, 40.7)   (23.6, 48.4)   (8.4, 29.6) 

                

Metrics are shown averaged over all the patients, together with the range values 
(between brackets). p-Values are for a single-sided paired t-test and are shown in bold 
when below 0.5. 
 
(*) Individual parotid gland (PG) salivary flow < 25% of pre-treatment [25].  
(**) Grade 2-4 patient-rated xerostomia after 6 months [26].  
(***) Grade 2-4 physician-rated dysphagia after 6 months [27]. 
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Figure 2. Dose distributions and dose-volume histograms for the RS configuration-
specific optimized plans for one patient.  

 
All plans were optimized for a PTV coverage D98% ≥ 95% DPrescr, corresponding to 51.3 
Gy for PTVLow and 62.7 Gy for PTVHigh. For the snout and nozzle RS configuration, dose 
difference distributions relative to the bolus configuration are given.  

 
Abbreviations: RS = range shifter; PTV = planning target volume; Dxx% = dose covering 
xx% of the target volume; DPrescr = prescribed dose; PCMSup = superior pharyngeal 
constrictor muscle; LARSupGl = supraglottic larynx; PG = parotid gland; Contra = 
contralateral. 
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III.3  Discussion 

In this study, the impact of RS air gaps on plan quality was investigated for IMPT of 

HNC. Although the influence of air gap on the spot size has been subject of previous 

publications [13,14], to our knowledge this is the first quantification of the dosimetric 

effects at actual patient level for HNC. Conventional snout-/nozzle-mounted RS were 

compared to a no-air-gap configuration by applying RS as patient-specific on-skin 

bolus. In this regard, it was shown that individualized bolus can considerably improve 

plan quality, with significant reductions in NTCP. The used safety gap of 3 cm for the 

conventional RS configurations can be considered at the limit of what is acceptable in 

terms of safety. A more conservative safety gap would result in larger air gaps for the 

conventional RS configurations, with an even more pronounced dosimetric advantage 

for the bolus configuration. 

 

Although the planning parameters used in this study were based on literature [15–19], 

one could argue that for heterogeneous sites such as HNC robust planning methods 

[29,30] would be more suitable than a PTV approach. A margin expansion indeed 

increases the dose to the OARs, potentially shifting the generated plans upwards on 

the considered NTCP curves. On the other hand, robust optimization might increase 

the weight of spots at superficial depths, where the lateral penumbra is dominated by 

the initial spot size rather than by MCS in the patient [13], which in turn might enhance 

the advantage of bolus over nozzle-/snout-mounted RS. In any case, as the air gap 

effects do not change with the way treatment uncertainties are dealt with, the adopted 

approach should provide a fair basis to compare the simulated RS configurations.  

 

Given that various authors have reported on the sub-optimal modelling of RS by 

clinical TPS [7,8,31], IMPT plan optimization in this study is fully based on MC 

calculated beamlets to accurately account for RS air gap effects. The current study is 

therefore representative for dose calculation with the newest generation of TPS which 

includes MC. It was shown that plan optimization using MC-calculated beamlets 

cannot fully compensate for OAR dose increase due to spot degradation. This indicates 

the clinical relevance of air gap reduction, which is currently pursued in clinical 

practice but can complicate the clinical workflow. Air gap reduction by positioning the 

RS as close as possible to the patient using a snout requires additional hardware 

manipulation for each individual field resulting in additional set-up time. In addition, 
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careful attention is needed to avoid any collision of the snout RS with the patient, 

especially when applying couch adjustments based on image guidance during patient 

positioning. Irradiating smaller areas at a time by splitting the fields in the 

craniocaudal direction can enhance gap reduction options, but requires robust field 

matching and results in higher treatment times due to the couch position adjustments 

needed between different fields.  

 

A recent alternative approach for the reduction of air gap effects is the in-axis ‘beam 

splitting’ technique [7], in which a field is split along the beam axis into two sub-beams: 

one with RS for the proximal layers and one without RS for the remaining layers. Since 

this allows to only use the RS when actually needed, better spot penumbra than 

conventional RS solutions can be achieved resulting in increased kidney sparing in 

craniospinal irradiation with PT [7]. On the other hand, the spot degradation however 

is still present for the spots with lower energies, where spot sizes typically are already 

largest. Nevertheless, such technique can be a beneficial approach, for which the 

feasibility will depend on a number of factors, such as the physician’s policy with 

respect to creating in-field junctions in a target volume, the presence of OARs in the 

shallow layers and the weight of the spots with lower energies. On a whole, the selection 

of a beam splitting approach or an individualized bolus approach ideally would be 

made indication- or even patient-specific.  

 

Complete elimination of the air gap could be achieved by bolus RS, for which the 

improvement in plan quality was shown in this study. Other potential advantages 

compared to snout-/nozzle-mounted RS can be identified, such as improved safety and 

more efficient treatment workflow due to reduced hardware movements. The flexibility 

needed to create patient-specific bolus for challenging geometries such as in HNC 

could be provided by 3D printing technology. Michiels et al. [32] provided a proof of 

concept for PT range shifting using 3D printed materials. Investigation on the 

development of patient-specific RS is currently ongoing and the results found in this 

paper support these efforts. 

 

Clinical implementation of patient-specific 3D printed bolus for IMPT would require 

to attend to a number of practical challenges. Expectations about the matching of 3D-

printed bolus to the body contour, for instance, should be realistic. To include the effect 
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of non-ideal bolus set-up on the spot size in the modelling, a 3 mm air gap was 

maintained between the body contour and the bolus in current study. To assess the 

dosimetric impact of uncertainty in the bolus positioning relative to the patient, the 

bolus plan was recalculated on a number of perturbed geometries for one patient. For 

a systematic shift of the bolus with 2 mm in each direction individually, the impact on 

the target coverage and on the OAR dose was found comparable with the statistical 

uncertainty on the dose calculation (data not shown). Moreover, the increasing 

utilization of surface monitoring techniques should allow to keep the bolus positioning 

error well below the simulated perturbation [33,34]. An integrated approach, where 

the RS and the immobilization functionality are combined within one structure, could 

also aid in reducing the uncertainty in the bolus positioning.  

 

All things considered, RS bolus implementation hindrances and costs should be 

weighed against the achievable workflow efficiency improvements and NTCP 

reductions. Although the current NTCP-models have been established using only 

photon radiotherapy treatment data, the used dysphagia and xerostomia models 

performed reasonably well (area under the curve ≥ 0.7) in an external validation with 

PT [35]. Using these models, the improved plan quality achieved with bolus RS yielded 

significant NTCP reductions compared to snout- and nozzle-mounted RS for individual 

parotid gland dysfunction, xerostomia and dysphagia. Though patient selection 

thresholds for the model-based comparison of IMPT with photon techniques are yet to 

be defined [36,37], these improved NTCP reductions with bolus could increase the 

overall number of HNC patients eligible for IMPT.  

 

In conclusion, accounting for the air gap in IMPT plan optimization using MC dose 

calculation cannot fully cancel out the impact of spot degradation on OAR dose. 

Quantification of the dosimetric advantage of patient-specific bolus compared to 

conventional snout-/nozzle-mounted RS solutions yields significant reductions for 

parotid gland dysfunction, xerostomia and dysphagia probability. These results 

motivate the development of a patient-specific bolus solution in IMPT for 

oropharyngeal cancer. 
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Abstract 

 

Purpose 

3D printing technology is investigated for the purpose of patient immobilization during 

proton therapy. It potentially enables a merge of patient immobilization, bolus range 

shifting and other functions into one single patient-specific structure. In this first step, 

a set of 3D printed materials is characterized in detail, in terms of structural and 

radiological properties, elemental composition, directional dependence and structural 

changes induced by radiation damage. These data will serve as input for the design of 

3D printed immobilization structure prototypes. 

 

Methods & Materials 

Using four different 3D printing techniques, in total eight materials were subjected to 

testing. Samples with a nominal dimension of 20x20x80 mm³ were 3D printed. The 

geometrical printing accuracy of each test sample was measured with a dial gage. To 

assess the mechanical response of the samples, standardized compression tests were 

performed to determine the Young’s modulus.  To investigate the effect of radiation on 

the mechanical response, the mechanical tests were performed both prior and after the 

administration of clinically relevant dose levels (70 Gy), multiplied with a safety factor 

of 1.4. Dual Energy Computed Tomography (DECT) methods were used to calculate 

the relative electron density to water e, the effective atomic number Zeff and the proton 

stopping power ratio to water SPR. In order to validate the DECT based calculation of 

radiological properties, beam measurements were performed on the 3D printed 

samples as well. Photon irradiations were performed to measure the photon linear 

attenuation coefficients, while proton irradiations were performed to measure the 

proton range shift of the samples. The directional dependence of these properties was 

investigated by performing the irradiations for different orientations of the samples.   

 

Results 

The printed test objects showed reduced geometric printing accuracy for 2 materials 

(deviation > 0.25 mm). Compression tests yielded Young’s moduli ranging from 0.6 

MPa to 2940 MPa. No deterioration in the mechanical response was observed after 

exposure of the samples to 100 Gy in a therapeutic MV photon beam. The DECT-based 

characterization yielded Zeff ranging from 5.91 to 10.43. The SPR and e both ranged 
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from 0.6 to 1.22. The measured photon attenuation coefficients at clinical energies 

scaled linearly with e. Good agreement was seen between the DECT estimated SPR 

and the measured range shift, except  

for the higher Zeff. As opposed to the photon attenuation, the proton range shifting 

appeared to be printing orientation dependent for certain materials. 

 

Conclusions 

In this study, the first step towards 3D printed, multifunctional immobilization was 

performed, by going through a candidate clinical workflow for the first time: from the 

material printing to DECT characterization with a verification through beam 

measurements. Besides a proof of concept for beam modification, the mechanical 

response of printed materials was also investigated to assess their capabilities for 

positioning functionality. For the studied set of printing techniques and materials, a 

wide variety of mechanical and radiological properties can be selected from for the 

intended purpose. Moreover the elaborated hybrid DECT methods aid in performing 

in-house Quality Assurance (QA) of 3D printed components, as these methods enable 

the estimation of the radiological properties relevant for use in radiation therapy. 
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HE CONTINUOUS IMPROVEMENT OF RADIATION THERAPY TECHNIQUES 

mainly aims at improved local tumour control with reduced side effects of the 

treatment. In this pursuit, the use of protons is highly promising due to their 

advantageous depth dose profile. The finite range and the sharp fall-off of the dose 

deposition in the Bragg peak enable a potentially better target dose conformity and 

normal tissue sparing compared to photons. The accurate dose deposition control of 

proton pencil beam scanning however comes with an increased sensitivity to various 

range and setup uncertainties [1–3]. As these uncertainties may cause the delivered 

dose to considerably deviate from the planned dose, effectively dealing with them is 

the biggest challenge in realising the full potential of proton therapy (PT) [4]. In an 

effort to increase the PT treatment effectiveness for head-and-neck cancer (HNC), for 

which intensity-modulated proton therapy (IMPT) is an attractive modality [5,6], novel 

solutions using 3D printing technology are proposed.  

 

3D printing or additive manufacturing is an appealing technique as it offers a high 

degree of flexibility in object shaping from a wide range of materials. Large-scaled 

printers with print bed side lengths of a few meters require a considerable capital 

investment, but desktop sized printers at entry-level prices have become readily 

available on the market. A variety of printing techniques exists, which allows to exploit 

each technique’s relative strengths in function of the envisioned application. Fused 

deposition modeling (FDM) for example can be used to reduce costs in the industrial 

manufacturing of components, such as lightweight airplane parts. PolyjetTM (PJ) or 

Stereolithography (SLA) can be selected for applications where the highest achievable 

printing accuracy is required, such as in the fabrication of patient-specific implants [7] 

or in the 3D model creation for complex surgery planning [8]. Selective laser sintering 

(SLS) allows to produce heat-resistant metallic components in complex shapes for 

example for automotive engine parts. 3D printing in general is increasingly 

investigated for use in radiotherapy, for the manufacturing of amongst others electron 

bolus, proton range compensators and range modulator wheels [9–11]. The technology 

has been considered as well for the construction of anthropomorphic phantoms for 

dosimetry purposes [12].  We aim to use 3D printing to manufacture a customized 

immobilization device fitted to the patient’s body outlines. 

 

T 
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Such a 3D printed device could yield improvements in the accuracy and reproducibility 

of patient positioning and immobilization during treatment. The current practice of 

thermoplastic masks can encompass significant inter-fractional variation in the 

positioning of structures [13,14]. Also, substantial changes occur in the head-and-neck 

anatomy during  the treatment course, with potentially a detrimental influence on the 

quality of the immobilization hence on the delivered dose distribution [15]. Lastly, 

certain types of thermoplastic masks are known to shrink after the initial application 

which can reduce the patient-specificity and can cause patient discomfort. In this 

regard, the ability to use different 3D printed materials with different degrees of 

elasticity in patient-specific shapes would enable to pursue a balance between accurate, 

reproducible immobilization and patient comfort. Moreover a modular approach of the 

design would allow to reprint substructures in function of the anatomical changes, 

aiding in implementing an adaptive immobilization.  

 
 

3D printing could also yield a number of additional treatment enhancements, such as 

the integration of range shifter (RS) in the immobilization device for the treatment of 

superficial lesions, i.e. as bolus. The attachment of RS to the nozzle namely causes the 

presence of an air gap between the nozzle and the patient skin, which is not properly 

modelled by the current generation of pencil beam dose calculation algorithms [16]. 

Moreover the air gap length is known to have a strong impact on the lateral dose fall-

off of proton beams due to the angular spread created in the RS [17–19] with negative 

dosimetric consequences. Integrating RS as bolus in the 3D printed device itself would 

solve this issue, as the air gap would be completely eliminated. Moreover, such an 

integrated solution would allow a safer clearance between moving gantry parts and 

patient, eliminating collision risk and allowing for a more time-efficient treatment 

delivery due to the omission of hardware movements. Lastly, the degrees of freedom 

in the generated shapes offered by 3D printing could allow to integrate other 

functionalities besides bolus. In-vivo dosimetry with a high positional accuracy of 

detectors relative to the patient anatomy for instance comes into reach, which could 

live up to the strong demand for patient specific dosimetry and QA techniques in IMPT. 

 

Given that the intended device has both a mechanical and radiological functionality, in 

a first step a broad characterization of possible 3D printed materials and techniques is 

to be carried out, which is the scope of this paper. Due to the discrete nature of the 
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printing process, a different overall behaviour of 3D printed materials could be 

expected compared to the same materials produced in their more established manner. 

Topics such as dimensional accuracy, mechanical elasticity including its potential 

change induced by radiation and interaction with protons and photons are covered. 

Moreover, successful clinical implementation of a device consisting of 3D printed 

supporting and beam modifying structures requires reliable material assessment 

methods that fit within the clinical workflow. Therefore Dual-Energy Computed 

Tomography (DECT) methods for the determination of radiological properties are 

elaborated and applied to 3D printed materials for the first time. These methods are 

verified as well by photon attenuation and proton range shift measurements. 

 

IV.1 Materials & Methods 

 3D printing technologies and materials 
 

In total eight materials were subjected to testing in this work, using four different 

printing techniques. An overview of the considered printing techniques and materials 

is given in Table 1. The FDM process is based on the heating and layering of 

thermoplastics. A temperature-controlled extrusion head is fed with thermoplastic 

material, which is heated to a semi-liquid state. The head extrudes and directs the 

material layer by layer onto a fixtureless base. After being deposited, the material cools 

down and hardens. The result of the solidified material laminating to the preceding 

layer is a plastic 3D model built up one layer at a time. The filling degree of the printed 

object can be varied freely in this technique. As it takes time for the thermoplastic to 

harden and for the layers to bond together, the use of support structures is required 

when generating objects with overhanging geometries. An advantage of FDM is that 

dual-nozzle configurations exist, which allow to create these support structures in 

water-soluble material. In general this printing technique is the cheapest and most 

accessible one, but is also the least capable in terms of printing speed, accuracy and 

surface finish.  

 

The other techniques use a slice by slice technique similar to FDM, but require 

exposure to laser light for the material to harden or ‘cure’. The SLA process uses a tank 

of liquid polymer resin in which the layers are cured and solidified by an UV laser. In 

general SLA provides the best accuracy and surface finish.  Support structures however 

are to be removed by hand, which tends to be time-consuming. This printing technique 
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is mostly used for building large parts or parts where different finishing degrees are 

required. The PJ technique simultaneously jets multiple photopolymer materials onto 

a layer on a build tray, after which the layer is immediately cured by an ultraviolet (UV) 

laser. At the expense of the highest cost, this technique offers multi-material 

capabilities with fine detail. A trade-off however is that exposure of the materials to 

ambient heat or humidity can cause dimensional changes. Also these materials in 

general have limited mechanical properties. Lastly, in the SLS technique powder-based 

materials are used with particle size in the order of magnitude of 50 µm. Successive 

powder layers are spread on top of each other on the build platform. After deposition, 

the particles are selectively bound together by the elevation of the powder temperature 

due to the exposure to a CO2 laser beam. This technique offers the possibility to print 

metallic materials as well. In addition, no support structures are needed as support is 

provided by the print bed itself, which allows to print complex shapes. On the 

downside, because of the elevated temperatures required for SLS, cooling times can be 

considerable. Also the use of particles result in rather rough surfaces.  

 

Table 1. Overview of the considered printing techniques and materials. The 
manufacturer-quoted maximum part dimensions [20], standard accuracy, 
printing process layer thickness and used materials are displayed.  

 
Property 

Production technique 

FDM SLA PJ SLS 
Max. 

dimensions 
[mm³] 

914x610x914  2100x700x800 500x400x200 650x330x560 

Standard 
accuracy 

[m]   

±200 ±150  ±100-200  ±300  

Layer 
thickness 

[m] 

100-300  50-200 16-32 60-180 

Materials ABS TuskXC2700T TangoPlus PolyAmide (PA)-12 
   VeroWhite PA-Alumide 
    PA-GlassFibre 
    TPU 

 

 Printing of test object samples  
 
In order to perform the different characterization methods, two identical test objects 

were printed for each of the eight materials. A specified dimension of 20x20x80 mm³ 

was used. The actual dimensions of each sample were measured with a dial gauge 

(model: 2046S – Mitutoyo, Kawasaki) with a spatial resolution of 10 m, and 
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compared with the specified nominal values. The distance between the 20x20 mm² 

faces was measured at one central point. The distance between the 20x80mm² faces 

was measured at 6 points distributed equally over the surface. 

 

 Mechanical response measurements  
 
In order to assess the mechanical response of the 3D printed samples, compression 

tests were performed to determine the Young’s modulus. To investigate the effect of 

radiation on the mechanical response, the compression tests were performed both 

prior and after the administration of clinically relevant dose levels, multiplied with a 

safety factor.  

 

Compression tests - Young’s modulus      

The samples were compression tested according to the ASTM D695 standard [21]  in a 

tensile testing machine (model: 5800R – Instron, Norwood, MA). Three linear variable 

differential transformers were used to measure the displacement between top and 

bottom face of the compression plates. To avoid plastic deformation of the samples, the 

applied strain levels were kept as low as possible. For the stiff materials (> 100 MPa), 

the compressive strain level was limited to 0.5% and the loads were recorded with a 

100 kN load cell. For the flexible materials (< 100 MPa), a compressive strain of 5% 

was applied and a 1 kN load cell was used in order to obtain a more accurate 

measurement. 

 

Photon irradiation – radiation impact   

Irradiation of the samples was done in a clinical photon beam of 6MV, which was 

calibrated to deliver 0.8 Gy per 100 Monitor Units (MU) at a depth in water of 10cm 

(Source-to-Surface Distance SSD = 90cm). To each sample positioned at a depth in 

solid water of 1cm using the same SSD, 10000 MU were delivered, yielding a delivered 

dose of roughly 100 Gy. This corresponds to a typical target dose of 70 Gy to a HNC 

boost volume, elevated with a safety factor of around 1.4. 

 

 Radiological properties calculations based on DECT data 
 
DECT-methodologies were used to calculate various radiological properties of the 

samples. In order to verify the deployed DECT characterization methods, tissue 

surrogate reference rods (RMI 467 Electron Density Phantom, Gammex, Middleton) 
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and a Plastic Water (PW – CIRS Inc., Norfolk) rod with a known elemental composition 

were included in the set of scanned samples. The relative electron density to water 𝜌𝑒 ≡

𝜌𝑒,𝑚𝑒𝑑𝑖𝑢𝑚/𝜌𝑒,𝑤𝑎𝑡𝑒𝑟, the effective atomic number Zeff and the proton stopping power ratio 

to water SPR were calculated from the acquired images.  

 

Reference samples and basic formulae     

The composition and the properties of the reference materials are provided in the 

supplementary material 1 [22]. The relative electron density to water e of each 

reference material was determined from its electron density per volume 𝜌𝑒,𝑚𝑒𝑑𝑖𝑢𝑚 =

𝑁𝐴 𝜌 ∑ 𝑤𝑖𝑖  𝑍𝑖/𝐴𝑖, with wi the mass fraction weight of element i. The effective atomic 

number was calculated [23,24] as 𝑍𝑒𝑓𝑓 = (∑ 𝛼𝑖𝑖 𝑍𝑖
𝑚)1/𝑚, where a value of 3.1 for the 

exponent m was adopted from Hünemohr et al.[25] as the same scanner spectra were 

used in this work. The proton Stopping Power Ratio to water SPR was calculated using 

the simplified [26] Bethe-Bloch formula 𝑆𝑃𝑅 = 𝜌𝑒 .  𝑓(  c, mediummI , , watermI , ) (equation 

1), where βc is the velocity of the proton and Im is the mean ionization energy [22]  of 

the considered medium. To put the calculations in line with the experiments (see 

section 2.5.2), a value of 0.347 was taken for  which corresponds to protons with a 

kinetic energy of 62MeV.   

 
DECT image acquisition  

The reference samples as well as the 3D printed test samples under characterization 

were scanned with a dual source CT scanner (model Somatom Definition FLASH - 

Siemens Medical, Forchheim). One sample at a time was inserted in a cavity on the 

inner circle of a RMI 467 phantom. The dual energy mode applied 80kVp and 140kVp, 

the latter with additional Sn filtration to improve spectrum separation. A tube current 

ratio of 360mAs/148mAs was used. The image reconstruction was done with a 

clinically used abdomen protocol with a D30f convolution kernel and using a 2mm slice 

thickness. Scans of the reference samples were taken in single energy mode as well, 

with a tube voltage of 120kVp. For each volume-of-interest (VOI), the inner 90% of the 

voxels was used to extract the average number of Hounsfield Units (HU). For the single 

energy scan, the standard deviation, skewness and kurtosis of the CT-numbers 

distribution were extracted as well. 
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Calculation of e      

The extraction of e from the DECT scans was done using the HU-e  conversion 

method from Saito [27]. In this procedure, the weighted subtraction of the CT numbers 

measured at two different energies was introduced, ∆𝐻𝑈 ≡ (1 + 𝛼) 𝐻𝑈𝐻 −  𝛼 𝐻𝑈𝐿, 

where HUH and HUL are, respectively, the CT numbers in HU at the high and low kVp, 

and  is a scanner-specific weighting factor for the subtraction. A linear function for 

the calibrated ecal was then fitted to the dataset of e and HU() for the reference 

materials: 
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where the final value for the parameter  was optimized to yield the largest coefficient 

of determination R2 . The found correlation was finally used to calculate the e for the 

3D printed materials with unknown elemental composition from the DECT data.  

 
Calculation of Zeff       

Effective atomic numbers were extracted from DECT images using the Tissue 

Substitute Method (TSM) from Landry et al [28]. This method employs the Rutherford 

parameterization [29] of the linear attenuation coefficients to derive a correlation (3) 

between Zeff and the ratio of the linear attenuation coefficients measured at the low and 

high kVp of the CT scanner, where the fit parameters m, C80kVp, A140kVp and C140kVp are 

constrained to positive values and where the inversed function can be expressed 

analytically (4). The theoretical Zeff was calculated as previously described. The TSM 

then consisted in fitting (3)  

to the calculated Zeff and 80kVp/140kVp for the reference materials. Equation (4) then 

enabled to estimate Zeff for the 3D printed materials as well. 
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(4) 

 
Calculation of SPR    

Equations (2-4) allow to determine the proton SPR of the known reference materials 

using their elemental composition. For the 3D printed materials however, the 
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elemental composition is not always known or available. Therefore the formalism 

presented in the previous sections to calculate e  and Zeff using DECT data was used to 

estimate their SPR as well. For the missing information, namely Im, a 

parameterization[25] through Zeff from 71 tissue surrogate compositions was used as 

follows: ln 𝐼𝑚 = 𝑎 𝑍𝑒𝑓𝑓 + 𝑏  (equation 5), where the parameter couple (a,b) has a value 

of (0.125; 3.378) for Zeff < 8 and (0.098; 3.376) for Zeff > 9. Through the combination 

of (1) and (5), the SPR can then be approximated by a function of the estimated e  and 

Zeff : 

 

41.7

)Z(73.11 eff ba
SPR e

+−
   

(6) 

   

 Beam measurements 
 
In order to validate the DECT based calculation of radiological properties, beam 

measurements were performed on the 3D printed samples. Photon irradiations were 

performed in order to measure the photon linear attenuation coefficients of the 

samples. Proton irradiations were performed in order to measure their proton range 

shift. As a means to estimate the accuracy of the performed measurements, one sample 

with a known photon attenuation coefficient and  proton range shift, namely a block of 

PW with the same nominal dimensions, was included in the set of irradiated samples.  

 
Photon attenuation measurements      

Photon irradiations were performed in clinical photon beams of 6MV and 10MV to 

measure the photon linear attenuation coefficients of the samples. A narrow beam 

geometry with a PW mini-phantom as proposed by Georg and Dutreix [30] was used 

to ensure that the primary beam alone is considered and that the influence of scattered 

rays from the head and from the attenuating material is excluded as much as possible. 

The dose rate was measured while inserting samples with different thicknesses in the 

beam. Fitting the measured data to an exponential curve allowed to determine the 

spectrum averaged attenuation coefficients tr. 

 
Proton range shift measurements 

Range shift measurements of the samples were performed at the Cyclotron Resources 

Center of the Université catholique de Louvain (Louvain-la-Neuve, Belgium), in a 62 

MeV non-modulated broad proton beam. A 20mm diameter brass aperture was used 
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as a final collimator. Radiochromic film (type Gafchromic EBT-XD – Ashland Inc., 

Covington) was sandwiched between two CIRS PW plates, with the film edge matched 

to the proximal surface of the plastic plates. The stack was positioned in-line with the 

beam axis, but with a tilt angle θ of 3° (verified with a digital level) in order to minimize 

the impact of the difference in proton stopping power between the interfacing media 

[31]. The distance between the collimator and the PW edge was 15 cm. Bragg peaks 

were acquired as such (see Figure 1).  

 

To determine the realized range shifts, Bragg peaks were acquired as well with the 3D 

printed samples inserted between the collimator and the stack. The samples were 

positioned with the 2cm nominal length sides parallel to the beam axis. The samples 

were pressed against the stack edge in order to avoid any air gap. To measure the 

orientation dependency of the range shift due to the discrete 3D printing 

manufacturing process, irradiations were performed for two orthogonal orientations 

of the samples.  

 

Figure 1. Tilted set up of the radiochromic film sandwiched between PW plates. 

RGB 48-bit scans of the irradiated films were acquired using a flatbed scanner (model 

10000XL – Epson, Suwa). Pre-calibration of the films using the method developed by 

Crijns et al [32] prior to the proton beam measurements allowed to convert the films 

scans to dose maps. Three depth dose profiles were extracted from the central region 

of each broad Bragg peak and averaged out. The true depth dose curve was finally 

obtained by a 1/cos  scaling of the averaged depth dose curve to correct for the  tilt 

of the setup.  

 

The range of each Bragg peak was determined by normalizing the profiles to the 

maximum dose and by taking the distal 80% position (d80) of the peak [33] relative to 

the surface/edge of the film. The range shift realized by any of the materials inserted 

was determined by subtracting the d80 with the material inserted from the d80 without 

any material inserted. This measured range shift was compared with the expected 

range shift as calculated by the DECT estimated SPR:  
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 waterPW to

water to
exp,80

SPR

medium
sampleected

SPR
tR = , 

(7) 

where tsample represents the measured sample thickness traversed by the protons, 

SPRmedium to water represents the stopping power ratio to water as estimated before and 

where SPRPW to water equals a value of 0.9984 and represents the SPR of PW to water, 

which compensates for the measurements being performed in PW instead of in real 

water. In order to quantify the uncertainty on the range shift determination, the 

aforementioned procedure was performed 6 times for a sample of PW with the same 

nominal dimensions.   

 

IV.2 Results 

 Geometrical printing accuracy  
 
Table 2 provides a summary of the results from the dial gauge measurements 

performed on the 3D printed samples. TangoPlus, which was the most flexible 

materials from the set, was the only material with an average thickness value below the 

lower limit. It exhibited a significant variation of the thickness over the surface as well, 

which resulted in a visible curvature of the surfaces. VeroWhite, which was made using 

the same printing technique (PJ) but had a significantly higher stiffness, did not show 

any out of tolerance dimensions. All measured dimensions, both thickness and length, 

of the TPU samples were above their upper limit. This resulted in an average deviation 

in thickness and in length of more than 0.5mm. The other laser sintered materials did 

not show out of tolerance behaviour, except for one measured length for the PA-12 

samples. Tusk, the only material printed by stereolithography, had all length 

measurements out of tolerance. 

 

 Mechanical response 
 
Table 3 shows the Young’s modulus prior and after irradiation as measured in the 

compression test. Initial Young’s moduli as low as 0.6MPa were seen for TangoPlus. 

VeroWhite, which was also printed with the PJ technique, exhibited a significantly 

higher stiffness, indicating that significantly different degrees of stiffness could be 

obtained using the same printing technique . In the group of laser sintered materials 

the influence of additives such as alumide grains or glass fibres to PolyAmide was 
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clearly seen, with Young’s moduli observed up to 2940MPa. The results suggest that 

most materials experienced a stiffening effect due to exposure to radiation.  
 

Table 2. Average and standard deviation of the centrally measured thickness, 
together with the range over which the thickness and length span over the complete 
surfaces of the different 3D printed samples. The shown tolerances represent the 
worse of the manufacturer-quoted tolerances. The nominal dimensions are 
20x20x80mm³. 

Material  

(Printing 

technique) 

 

 

 

Tole-

rance 

[mm] 

Thickness  Length 

Central  Overall  Central 

Average 

[mm] 

Standard  

deviation  

[mm] 

 

Min  

[mm] 

Max  

[mm] 

 

Min  

[mm] 

Max  

[mm] 

ABS (FDM) 0.2 20.18 0.19  19.99 20.42  79.95 80.00 

Tusk (SLA) 0.15 19.88 0.10  19.77 19.98  80.58 80.85 

TangoPlus (PJ) 0.2 19.39 0.25  18.8 19.7  78.55 79.85 

VeroWhite (PJ) 0.2 20.05 0.08  19.98 20.15  80.02 80.2 

PA-12 (SLS) 0.3 20.03 0.06  19.84 20.1  79.95 80.85 

PA-Alu (SLS) 0.3 20.12 0.06  20 20.25  80.11 80.35 

PA-GF (SLS) 0.3 20.09 0.14  19.94 20.22  80.1 80.28 

TPU (SLS) 0.3 20.63 0.16  20.4 20.79  80.58 80.65 
 

Table 3. Young’s modulus measured according to ASTM D695 compression test of 
the 3D printed samples before and after irradiation with 100 Gy. The shown 
measurement uncertainties depend on the load cell capacity, the Young’s modulus 
and the applied strain.  

Material  

(Printing technique) 

Young’s modulus   

Prior to 

irradiation 

[MPa] 

After  

irradiation 

[MPa] 

Relative  

difference 

[%] 

Uncertainty 

Relative  

[%] 

Absolute  

[MPa] 

ABS (FDM) 629 655 4.1 4 31 

Tusk (SLA) 1874 2200 17.4 1.3 25 

TangoPlus (PJ) 0.6 0.6 0 3.1 0.03 

VeroWhite (PJ) 1981 2450 23.7 1 21 

PA-12 (SLS) 1633 1800 10.2 1.5 25 

PA-Alu (SLS) 2940 3445 17.2 0.7 21 

PA-GF (SLS) 2705 3017 11.5 0.9 25 

TPU (SLS) 33 34 3.0 0.9 0.3 
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Relative electron density e     

For the reference materials, a value of 0.0041 for the standard error of the estimate 

(Sest) was obtained for e. The maximum relative error was found to be 1% for the lung 

insert LN-300, while for 8 out of the 12 reference materials, the relative error of the 

DECT method was below 0.43%. All the relative errors can be found in the 

supplementary material 2. As the application of the Saito method provided satisfactory 

results for the prediction of e, the method was applied as such on the 3D printed 

samples, for which Figure 2 visualizes the predicted values. Inspection of the Bethe-

Bloch equation (1) indicates that the SPR is primarily influenced by e  and only in 

secondary order by Zeff due to the logarithmic operation on the latter. Therefore the e 

estimations already suggest that different materials can be distinguished in terms of 

proton range shifting, namely the significantly less than water-equivalent ABS, the 

approximately water-equivalent PA-12 and the at least 9% more than water-equivalent 

remaining materials. Moreover the impact of the use of additives within the same 

production technique (e.g. SLS) is clearly visible, as both PA-Alu and PA-GF have an 

increased e compared to PA-12. Caution should be exercised when interpreting the 

found value for ABS, as these samples were produced using a sparse filling pattern. 

Different values can be obtained when using a filling percentage of 100%. 

 
Effective atomic number Zeff 

For the reference materials, a standard error of the estimate Sest of 0.1268 was found 

for Zeff. The largest absolute error for the reference materials was 0.32 for LN-450, 

while the largest relative error was 4.67% for AP-6. For 9 out of the 12 materials35 the 

absolute error was below 0.13 and the relative error below 2.16%.   

 
The calculations for Zeff of the 3D printed samples are shown in Figure 3. Two groups 

can be distinguished: the majority of the samples with a Zeff equal to or lower than 6.52 

and Tusk, PA-Alu and PA-GF with a Zeff between 9.56 and 10.43. The Zeff  estimations 

can be linked to the observed CT numbers: while the one group of materials yields a 

lower HUL (80kVp) than the HUH (Sn, 140kVp), the other group shows the opposite 

trend. The significantly higher values for HUL than for HUH suggest the increased 

occurrence of the photo-electric effect at diagnostic energies for Tusk, PA-Alu and PA-

GF due to the presence of elements with higher Z.  
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Stopping power ratio to water SPR 

For the reference materials, a standard error of the estimate Sest of 0.0112 was found 

for the SPR. The largest relative error of 1.6% occurred for LN-300. For 10 out of the 

12 reference materials, the error was smaller than or equal to 1.04%. For the 3D printed 

samples (see Figure 2), the different behaviours relative to water as already observed 

in the calculation of  e are confirmed. 

 

 

Figure 2. Calculated e and SPR (± 1 Sest) for the 3D printed 
materials using the Saito method. 

 

 

Figure 3. Calculated Zeff (± 1 Sest) for the 3D printed samples using 
the Landry method. 
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 Beam measurements 
 

Photon linear attenuation coefficient tr   

The attenuation coefficients tr measured at the two energies are displayed in table 4. 

No directional dependency was observed. For the measured tr versus the predicted e 

a linear relationship (R²>0.95) was found, as documented in the supplementary 

material 3.   

 

Table 4. Measured linear attenuation coefficients at two photon energies for the 3D 

printed samples and for PW. 

 

Proton range shift 

Figure 4 displays a selection of the acquired Bragg peaks, with and without 3D printed 

material inserted. Repeated application of the measurement method on the PW insert 

with known composition yielded deviations from the theoretical range shift of +/- 0.25 

mm. Figure 5(a) shows the error on the DECT calculated range shift for the 3D printed 

samples. For one sample material, Tusk, the range shift calculation differs more than 

1mm from the measured range shift. For 7 out of 8 materials, the deviation is no more 

than 0.66 mm. In Figure 5(b) the difference in measured range shift for the two 

measured orientations of the samples is shown. For 3 of the sample materials (ABS, 

VeroWhite and PA-12) the range shift difference between two orientations was 

observed to be above 0.5 mm, which was the maximum difference between the 

repeated measurements on the PW sample. This suggests the existence of an 

orientation dependency for range shifting for these materials.  

Material 

tr [cm-1]  tr [% of PW] 

6MV 10MV  6MV 10MV 

ABS 0.0297 0.0227  62.2 62.5 

Tusk 0.0538 0.0409  112.6 112.7 

TangoPlus 0.0517 0.0396  108.1 109.0 

VeroWhite 0.0546 0.0416  114.2 114.5 

PA-12 0.0472 0.0351  98.8 96.7 

PA-Alu 0.0598 0.0463  125.1 127.6 

PA-GF 0.0572 0.0446  119.7 122.9 

TPU 0.0521 0.0397  109.1 109.4 

PW 0.0478 0.0363  100.0 100.0 
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Figure 4. Selection of acquired Bragg peaks with and without 3D printed material 

inserted.  

 

Figure 5. a) Error on the calculated range shift for one 

orientation and b) measured range shift difference between two 

orientations. 



 

94 
 

IV.3  Discussion  

The first goal of this study was to perform a broad characterization of 3D printed 

materials for the future construction of a novel, multifunctional immobilization 

structure. The resulting data can be used for an optimal design of such a device in terms 

of structural strength, elasticity and geometrical and radiological properties. The wide 

range of Young’s moduli encountered in the compression tests, from the rubber-like 

flexibility of TangoPlus to the polystyrene-like rigidity of Tusk and PA, makes a set of 

materials available to fulfil specific mechanical functionalities. The feature of high 

elasticity of these former materials for instance could be used advantageously to 

increase comfort in regions of elevated contact pressure. Such flexibility might also be 

an advantage to maintain a close fit for some parts of the immobilization in a situation 

with small anatomical changes. On the other hand, for regions requiring a tight 

tolerance on the positioning accuracy, a more rigid material should be used rather than 

a flexible material. For the case of a uniform load q on a beam supported at both ends, 

with a Young’s modulus E, a length L and a square section with side a, the maximum 

deformation can be calculated as 𝛿 =
5𝑞

32𝐸
(

𝐿

𝑎
)4. This simplified calculation can be 

applied to the structural support of a head by a beam in for example 3D printed ABS 

with the same dimensions as the test samples. As such, a realistic but overestimated 

load of 10 kg of a patient head would result in an deformation below 0.1 mm, which is 

clearly acceptable. Obviously, such simplified calculations can be only indicative for 

the conception of a design. Also, the stiffness measurements were performed on 

standardized, simple shapes. As the design of the printed immobilization device 

proceeds, a necessary next step would be to assess the mechanical integrity and the 

deformations of more complex structures by means of experiments and/or in-silico 

finite element method (FEM) analysis. 

 

Besides the mentioned mechanical stiffness and deformation itself, the change in 

mechanical response due to the administration of clinically relevant dose levels of 70 

Gy (multiplied with a safety factor of around 1.4) is a point of consideration as well. In 

this regard, the performed compression tests prior and after irradiation provide 

valuable information. In general, the results suggest that most of the tested materials 

experience a stiffening effect due to the exposure to radiation. This may be explained 

by a facilitation of the chain forming due to the irradiation, which could result in an 

increased polymerization hence stiffening of the materials. Depending on the type of 
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polymer and the printing process used, the susceptibility to this effect indeed may 

differ from one material to another. A side effect of this stiffening could be that the 

material becomes more brittle, meaning less deformation can be sustained before 

breaking and material rupture occurs more abruptly. These results however may be 

less pronounced when using clinical dose levels without the multiplication factor. Also, 

as only the influence of photon irradiation on the mechanical stiffness was assessed, it 

might be valuable to repeat this exercise for proton irradiation, since the interaction of 

protons with matter yields additional processes such as nuclear interactions which 

might cause additional effects to occur. 

 

The measured interaction of both photons and protons with the 3D printed materials 

allows to assess their beam modifying properties when used in an immobilization 

structure. The three observed degrees of water-equivalence for both types of 

interaction can namely be deliberately exploited in the design. For instance, ABS may 

be used for parts where minimal beam interaction is desired, such as support 

structures, whereas the near water-equivalent PA-12 may be used for parts where the 

radiological behaviour of soft tissue is to be mimicked. The elevated beam interaction 

of the remaining materials, in various degrees compared to water, may be selected for 

regions where a maximum proximal dose shift for the same thickness of material is 

aimed for, for example bolus. Given the extensiveness of this latter group of materials, 

additional material properties may be included in the selection process for bolus 

material, depending on the design requirements to be met such as the mechanical 

stiffness, the cost per unit of volume or the DECT estimated Zeff to minimize the 

amount of scattering. However the use of the most flexible materials in zones where a 

beam portal is assigned should be done with caution, given the poor agreement of the 

sample dimensions with the nominal dimensions and given the high degrees of 

curvature observed. The uncertainty on the thickness hence on the water-equivalent 

path length may result in dose delivery deviations from the planned dose. The reported 

printing inaccuracy however might be overcome by optimizing the used print direction. 

Moreover the testing of a larger amount of samples might reveal better dimensional 

compliance for these materials. 

 

The DECT based calculations of the radiological properties offer a first step towards 

the clinical implementation of in-house assessment of 3D printed materials for the 
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proposed use in immobilization, which was the second goal of this study. Such an 

approach could offer possibilities to reduce the number of device-specific quality 

assurance (QA) tests needed before clinical use. The calculated e was (albeit indirectly) 

experimentally verified and appears to serve as an excellent predictor for the photon 

attenuation. Indeed, the governing relationships for the atomic mass cross section at 

respectively electronic cross section el for the Compton effect can be written [34] as: 
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Since at clinical MV photon energies the Compton effect dominates and at scales 

linearly with e, the observed linear variation of tr with e is as expected.  

 

The found uncertainty of ±0.25mm on the used range shift measurement method is in 

line with the findings of Zhao and Das [31]. Given this uncertainty, in general the DECT 

derived SPR provides a good estimation for the range shifting of 3D printed materials. 

The systematically larger deviations for the higher Zeff materials however might 

indicate that the used parameterization I=f(Zeff) which is used in the SPR estimation 

can be improved for this group of materials. This explanation seems viable since the 

used parameterization was derived from a large set of tissue-equivalent materials, 

whereas the 3D printed materials that yield the larger deviations do not belong to this 

group since they contain elements such as Si and Al.  

Additionally, the SPR estimation method does not allow to take into account the 

sample orientation dependency of the achieved range shift as observed for certain 

printed materials. The CT-numbers distribution however might hint at the presence of 

this effect, as some correlation was observed between the orientation dependency and 

the CT-numbers distribution of the ABS and VeroWhite samples, as these exhibited a 

relatively high skewness and kurtosis (see supplementary material 2). Since the 

necessarily used tilt in the measurement setup might already have dampened or even 

concealed this orientation dependency, this effect might even be more pronounced 

when proton beam incidences perfectly parallel or orthogonal to the printed layers are 

used. An altered measurement set up using a Bragg peak ionization chamber to 
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longitudinally scan the range shifted beam incidence in a water tank could provide 

more information on this effect, as this set up enables to measure the residual range 

under perfectly aligned beam incidence and with a better accuracy. In any case, the 

orientation dependency should be carefully considered when selecting and validating 

3D printed materials for the intended multifunctional immobilization device. 

 

In conclusion, 3D printing technology opens new possibilities to design immobilization 

devices, which could include multiple functionalities beyond fixation only. Today, 

however, little is known about the relevant properties for this application. Due to the 

additive manufacturing process, 3D printed materials cannot be considered to exhibit 

the same behaviour as their traditionally manufactured counterparts, which is for 

instance illustrated by the observed orientation dependency of the range shift for 

certain printed materials.  In this study, the first step towards 3D printed, 

multifunctional immobilization was performed, by going through a candidate clinical 

workflow for the first time: from the material printing to DECT characterization with 

a verification through beam measurements. Besides a proof of concept for beam 

modification, the mechanical response of printed materials was also investigated to 

assess their capabilities for positioning functionality. For the studied set of printed 

materials and techniques, a wide variety of mechanical and radiological properties can 

be selected from for the intended purpose. Moreover the elaborated hybrid DECT 

methods aid in performing in-house QA of 3D printed components, as these methods 

enable the estimation of the radiological properties relevant for use in radiation 

therapy.  
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Supplementary material 1. Elemental weight fractions wi (%) of the Gammex RMI 467 inserts and of CIRS Plastic Water 
Original as provided by the manufacturers. The mass density r of the Gammex inserts was provided batch-specific. The mean 
ionization energy Im of each composition was calculated using Bragg's additivity rule [23], where the ionization energy Ii of 
the elements was taken from Seltzer and Berger [24]. For water an Im value of 75 eV was adopted [23]. The remaining 
properties were calculated using the equations described in section 2.4.1. 

                                

Element H C N O Mg Si P Cl Ca    ρ  
(g cm-

3) 

ρe  

(-) 
Zeff  

(-) 
I  

(eV) 
SPR  
(-) Z 1 6 7 8 12 14 15 17 20   

A 1.008 12.011 14.01 15.99 24.31 28.085 31 35.45 40.08   

Lung (LN-300) 8.46 59.38 1.96 18.14 11.19 0.78 0 0.1 0   0.28 0.27 7.49 73.91 0.27 

Lung (LN-450) 8.47 59.57 1.97 18.11 11.21 0.58 0 0.1 0   0.4 0.39 7.46 73.78 0.39 

Adipose (AP6) 9.06 72.3 2.25 16.27 0 0 0 0.13 0   0.94 0.92 6.17 66.56 0.94 

Breast 8.59 70.11 2.33 17.9 0 0 0 0.13 0.95   0.98 0.95 6.81 68.19 0.97 

Solid Water 8.02 67.23 2.41 19.91 0 0 0 0.14 2.31   1.02 0.99 7.54 70.41 1.00 

Brain 10.83 72.54 1.69 14.86 0 0 0 0.08 0   1.05 1.05 6.05 63.54 1.07 

Liver (LV1) 8.06 67.01 2.47 20.01 0 0 0 0.14 2.31   1.10 1.07 7.55 70.33 1.07 

Inner bone 6.67 55.64 1.96 23.52 0 0 3.23 0.11 8.86   1.14 1.09 10.14 80.10 1.09 

Bone (B200) 6.65 55.52 1.98 23.64 0 0 3.24 0.11 8.87   1.15 1.11 10.15 80.18 1.10 

Bone (CB2-30) 6.68 53.48 2.12 25.61 0 0 0 0.11 12.01   1.34 1.28 10.61 80.75 1.27 

Bone (CB2-50) 4.77 41.63 1.52 32 0 0 0 0.08 20.02   1.6 1.47 12.26 93.17 1.43 

Cortical Bone (SB-3) 3.41 31.41 1.84 36.5 0 0 0 0.04 26.81   1.83 1.70 13.38 104.55 1.62 

Plastic Water Original 7.79 59.82 1.78 23.57 0 0 0 0.23 6.76   1.03 1.00 9.22 74.43 1.00 
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Supplementary material 2. Hounsfield Units (HU) and standardized moments of the CT acquisitions for both the 
reference materials and the 3D printed materials. An overview of the DE-CT based estimated radiological properties is 
given as well. 
                              

Reference  
material 

CT acquisition   e   Zeff   SPRw 

HUmean  
(80 

kVp) 

HUmean 
(140 

kVp, Sn) 

  

( 

kVp) 

Skewness  
(120  
kVp) 

Kurtosis 
(120 
kVp)   

Predicted  
value  

[-] 

Relative  
error 
[%]   

Predicted  
value  

[-] 

Relative  
error 
[%]   

Predicted  
value  

[-] 

Relative  
error 
[%] 

LN-300 -720 -723 31 - -   0.27 -1.00   7.77 3.78   0.27 -1.60 

LN-450 -595 -600 30 - -   0.39 0.79   7.77 4.22   0.39 0.15 

Adipose AP6 -116 -82 4 - -   0.93 0.36   5.90 -4.67   0.94 1.45 

Breast -62 -44 4 - -   0.96 0.43   6.79 -0.21   0.97 0.36 

Solid Water 5 -1 4 - -   0.99 0.16   7.63 1.07   1.00 -0.86 

Brain 0 33 4 - -   1.04 -0.67   6.18 2.16   1.07 -0.66 

Liver 80 74 5 - -   1.07 0.08   7.59 0.58   1.07 -0.89 

Inner Bone 299 161 5 - -   1.09 -0.03   10.06 -0.82   1.09 0.26 

Bone B200 314 175 5 - -   1.11 0.19   10.06 -0.84   1.10 0.48 

CB2-30 592 374 6 - -   1.27 -0.57   10.72 1.07   1.27 -1.04 

CB2-50 1094 664 11 - -   1.47 -0.06   12.27 0.12   1.43 -0.68 

SB3 Cortical 1653 996 18 - -   1.70 0.21   13.37 -0.10   1.62 -0.30 

PW 128 42 5 -0.17 0.21   1.00 0.13   9.4 1.98   1.00 0.28 

ABS -416 -401 16 0.83 -0.92   0.60 -   6.51 -   0.61 - 

Tusk 361 214 8 0.16 0.15   1.14 -   10.10 -   1.14 - 

TangoPlus 67 94 5 0.03 0.27   1.10 -   6.48 -   1.12 - 

Verowhite 119 147 5 1.40 0.94   1.15 -   6.52 -   1.17 - 

PA-12 -62 -26 4 0.01 -0.19   0.98 -   5.91 -   1.01 - 

PA-Alu 437 260 23 -0.15 -0.37   1.18 -   10.43 -   1.16 - 

PA-GF 396 280 12 -0.08 -0.29   1.22 -   9.56 -   1.22 - 

TPU 49 82 5 0.10 0.01   1.09 -   6.25 -   1.11 - 
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Supplementary material 3. Measured tr versus calculated e for the 
3D printed samples and for PW.  
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Abstract 

 

Background & purpose 

Due to the large flexibility in object shaping, 3D printing could enhance patient 

immobilization in head & neck cancer (HNC) radiotherapy (RT). In intensity-

modulated proton therapy (IMPT), for instance, 3D printed immobilization (3DPrIm) 

may allow the integration of range shifter (RS) with minimal air gap, hereby reducing 

spot size and hardware collision risk compared with nozzle-mounted RS. In addition, 

the potentially improved patient-specific approximation of the body outline with 

3DPrIm may reduce inter-fractional setup variations compared with thermoplastic 

masks (TM). 3DPrIm, however, cannot be created in the physical presence of the 

patient and thus requires a new RT workflow. In addition, tolerability and comfort 

cannot be assumed, given the novelty of the proposed 3DPrIm device. In this pilot 

study, the feasibility of 3DPrIm was evaluated on patients with HNC in terms of 

workflow, patient comfort and setup accuracy. Being the first application on actual 

patients, the study focused on 3DPrIm of the head region. 

 

Methods and Materials 

3D PrIm was achieved for three HNC patients and was compared with the clinically 

used TM (5-points, closed face, generic headrest) using repeated CBCT on a linac. For 

the creation of the 3DPrIm, an additional planning CT was acquired of the patients 

immobilized without a TM. The segmented pristine body contour was used to design a 

closed posterior shell with cranial back-stop and an anterior shell with open face. Five 

weekly study CBCTs (3DPrIm) and clinical CBCTs (TM) of the same day were rigidly 

registered with the respective planning CT, based on a global, composite ROI 

consisting of the occiput and mandible. Residual local setup errors were determined 

for five sub-ROIs (occiput, mandible, C2, C6 and larynx) by subsequent rigid 

registration based on each individual sub-ROI and quantification of the difference 

relative to the global registration. At the end of the RT course, the patients and RTTs 

completed a questionnaire polling their experience in terms of comfort and 

immobilization usability.  

 

 



 

108 
 

Results 

Based on the 3D-errors at population level and on the 1D error components (group 

mean error M and systematic error ), 3DPrIm achieved a setup accuracy of the occiput 

and mandible which appeared to be at least comparable with TM. 3DPrIm setup 

accuracy was reduced for the more caudally located sub-ROI’s (C6 & larynx), as the 

current absence of lower neck immobilization resulted in considerably larger group 

mean errors than with TM. All patients and RTTs evaluated the 3DPrIm as usable and 

patient-friendly. 

 

Conclusions 

3DPrIm is feasible in terms of workflow, is tolerable by HNC patients and can achieve 

clinically acceptable setup accuracy for the head region. 3DPrIm therefore is a valid 

option to pursue enhancements in RT of HNC, such as spot-size reducing bolus in 

IMPT. Further optimization of the initial design, however, with added lower neck 

immobilization, is required towards clinical use of 3DPrIm in RT of HNC. 
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EAD-AND-NECK CANCER (HNC) REQUIRES A MULTIDISCIPLINARY        

approach with most patients undergoing radiation therapy (RT) as an integral 

part of a treatment with curative intent [1]. RT of HNC, however, is often challenging 

due to the large, complex-shaped target volumes in close proximity to a large number 

of organs-at-risk (OAR). While the introduction of intensity-modulated radiotherapy 

using photon beams has led to reduced normal tissue irradiation, the occurrence of 

normal tissue complications remains frequent, with significant impact on patients’ 

quality of life [1,2]. In this regard, the use of protons is highly promising due to their 

advantageous depth dose profile compared to photons. The finite range and the sharp 

fall-off of the dose deposition in the Bragg peak enable potentially improved sparing of 

normal tissues, which is expected to result in reduced normal tissue complications 

[3,4].  

 

The highly conformal dose distribution of intensity-modulated proton therapy (IMPT) 

is associated with considerable sensitivity of the target dose coverage to patient setup 

uncertainties [5]. To minimize such daily setup variations in IMPT of HNC, patient 

positioning is typically performed using a thermoplastic mask (TM), molded around 

the patient’s body outline during treatment simulation. Alternative patient 

immobilization using 3D printing, however, could offer a number of advantages 

compared with TMs. Specifically, 3D printed patient immobilization (3DPrIm) may 

allow for the integration of bolus, a range shifter (RS) technique for which clinically 

relevant toxicity reductions compared with conventional nozzle-mounted RS have 

been theoretically shown for IMPT of HNC [6]. Such integrated device also would 

ensure presence and correct placement of the RS for each treatment field and may 

simplify the overall IMPT delivery workflow by reducing the number of hardware 

manipulations – with collision risk – compared with nozzle-mounted RS. Added to 

that, a 3DPrIm may achieve a potentially improved patient-specific approximation of 

the body outline, which could reduce inter-fractional setup variations compared with 

TMs. 

 

The proposed method of 3DPrIm, however, differs greatly from the widely adopted 

method using TMs. Unlike TMs, namely, a 3DPrIm cannot be created in the physical 

presence of the patient and thus requires a new RT workflow using any captured 

information on the patient’s external anatomy. Moreover, tolerability and comfort 

H 
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cannot be assumed, given that to date 3DPrIm of patients with HNC has not yet been 

reported. Moreover, any improvement in setup reproducibility with 3DPrIm remains 

to be shown. In this work, a pilot study of 3DPrIm on patients with HNC was 

performed. The aim of the study was to show the feasibility of 3DPrIm in terms of 

workflow and patient comfort and to quantify the obtained setup reproducibility. The 

clinically used immobilization technique, with a TM and a standard headrest, hereby 

served as a reference for comparison. Being the first application on actual patients, this 

pilot study focused on 3DPrIm of the head region.  

 

V.1  Materials and methods 

 

 Study patients & study activities 
 
Local ethics committee approval was obtained for a study to evaluate feasibility of 

3DPrIm on patients with HNC receiving RT at the authors’ institute. The study 

activities consisted of the acquisition of an additional planning CT for the design of a 

3DPrIm, weekly cone-beam computed tomography (CBCT) imaging of the study 

patients immobilized with the 3DPrIm and completion of a questionnaire by the study 

patients and radiation therapy technologists (RTT). Three patients were included 

based on willingness to participate, Karnofsky performance status at least 70% and age 

at least 18 years old, after which written informed consent was obtained. The patient 

characteristics are given in Table 1.  

 
 

Table 1. Characteristics of the included study patients. 

  Patient A Patient B Patient C 
Gender  Male Male Male 

Age [years old]  62  62 66 
Height [cm]  176 185 170 
Weight [kg]  63.5 70 84 
Tumor site  Floor of mouth Tongue Supraglottic larynx 

TNM [8th ed. UICC]  pT2N1M0 pT3N0M0 cT3N0M0 
RT type  Postop. RT Postop. RT Definitive chemo-RT 

Dose prescription  60Gy/2Gy 60Gy/2Gy 70Gy/2Gy + 
54.25Gy/1.55Gy 

Abbreviations: UICC = International Union Against Cancer; Postop. = postoperative; 
RT = radiotherapy.  
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 3D printed immobilization  
 

Study planning CT acquisition 

To obtain a pristine body contour for the design of the 3DPrIm, an additional planning 

CT – or study planning CT – was acquired of each patient immobilized without a TM. 

To this end, the patient was positioned as visualized in Figure 1, i.e. in supination on a 

treatment couch overlay that forms part of a commercially available stereotactic RT 

head immobilization dual-mask system (BrainLAB AG, Feldkirchen, Germany) [7]. A 

foam mattress (Orfit Industries, Wijnegem, Belgium) and a soft travel pillow were used 

as body support and headrest, respectively. A hook-and-loop fastener and inflatable 

cushions (Type Multipad Slim, Pearl Technology AG, Schlieren, Switzerland) were 

used to immobilize the chin and the temporal bones, respectively. These 

immobilization items were held in place with 3D printed adapter pieces, attached to 

the lateral sides of the treatment couch overlay with plastic clamps. A localization point 

was defined close to the temporal bones, to be marked on the anterior part of the 

3DPrIm during the design stage. CT imaging was performed on a SOMATOM 

Definition EDGE scanner (Siemens Healthineers, Forchheim, Germany), in single-

energy mode at 120 kVp, using 1mm slice thickness and a HR38 convolution kernel for 

reconstruction. 

 

 

Figure 1. Patient position during acquisition of the study planning CT scan to obtain 
the body contour. The patient was positioned in supination on a treatment couch 
overlay (a) (visualized in dark grey), which forms part of a commercially available 
stereotactic RT head immobilization mask system. A foam mattress and a soft travel 
pillow were used as body support and headrest, respectively (visualized in brown) (b). 
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A hook-and-loop fastener and inflatable cushions were used to immobilize the chin and 
the temporal bones, respectively (visualized in brown). These immobilization items 
were held in place with 3D printed adapter pieces, attached to the lateral sides of the 
treatment couch overlay (visualized in light grey). Patient-specific characteristics have 
been censored for reasons of privacy. 

 
Body contour segmentation 

The patient’s body contour was determined with image thresholding of the study 

planning CT in 3D Slicer (version 4.10.1, [8]), using a threshold range of [-300 HU; 

3071 HU].  The lower threshold value was experimentally determined by creating 

several 3DPrIm assemblies for an anthropomorphic head phantom (Proton Therapy 

Dosimetry Head, Model 731-HN, CIRS, Norfolk, VA). Each 3DPrIm assembly was 

based on a different lower threshold value, incremented in steps of 50 HU starting from 

-350 HU, the threshold value used by the body segmentation functionality in 

commercially available software (Eclipse v.15.6, Varian Medical Systems, Palo Alto, CA 

and MIM v.6.6, MIM Software Inc., Cleveland, OH). The threshold value of -300 HU 

was finally retained, as this was the largest value that generated an immobilization 

assembly that could still be physically fit to the phantom.  

 

Design of the 3D printed immobilization 

A 3D printable immobilization assembly was designed to fit the patient’s body contour 

using the software 3-matic (research version 13.0, Materialise NV, Leuven, Belgium). 

The detailed steps of the design process are shown in supplementary material 1. Figure 

2 visualizes the 3DPrIm as designed for one of the study patients. The 3DPrIm 

assembly consisted of a posterior shell with 3 mm thickness, containing a cranial back-

stop, and an anterior shell with 5 mm thickness, with cut-outs to leave the patient’s 

face open. The anterior shell was given projection lines that mark the localization point 

as stored during virtual treatment simulation, for daily assistance in initial patient 

setup. The 3DPrIm assembly was attachable to the treatment couch overlay with plastic 

clamps.  
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Figure 2. 3D printed immobilization assembly as designed for one of the study 
patients. A posterior shell with a cranial back-stop stop can be mounted on a 
commercially available treatment couch overlay (a) and serves as a patient-specific 
headrest (b). An anterior shell is then mounted and fastened with plastic clamps (c). 
Patient-specific characteristics have been censored for reasons of privacy. 

 

Production of the 3D printed immobilization 

The .STL‐file of the posterior shell was converted to GCODE, printable on a fused 

depositioning modeling 3D printer (type N2 Plus, Raise3D, Costa Mesa, CA, USA), 

using the ideaMaker slicing engine software (version 3.1.6, Raise3D). Support 

structures were used for overhang angles above 60°, but support structures attached 

to the region touching the patient were avoided through careful orientation of the .STL 

during slicing. The main slicer settings were an infill density of 90%, six shells and a 

layer height of 0.25 mm. Polylactic acid (PLA) was used as filament material for the 3D 

printer, using an extrusion temperature of 215°C and a heated bed temperature of 

60°C. 3D printing of the anterior shell was subcontracted to an external 3D printing 

service company (3D Hubs, Amsterdam, The Netherlands), due to the more complex 

shape of the object. The subcontractor was requested to use the same slicer settings as 

for the in-house 3D printed posterior shell and to likewise avoid support structures on 

regions touching the patient. The combined cost to obtain the 3DPrIm assembly was 

comparable with the price of the TM.   

 

 Clinical immobilization with a thermoplastic mask 
 
The patients were treated when immobilized with the standard immobilization 

technique, using a reusable neck cushion (Orfit Industries) selected from a standard 

set to best conform to the patient’s neck, and using a five-points TM with closed face 

(Type 33770/2MI, Orfit Industries). The TM was molded around the patient’s head 

and shoulders prior to the acquisition of the planning CT and was mountable with 
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push-pins on a treatment couch overlay (Type 32148, Orfit Industries). A localization 

point was defined anteriorly to the C2 vertebra and was marked on the TM for daily 

initial patient setup. Treatment consisted of volumetric modulated arc therapy 

(VMAT) on a Halcyon fast-rotating O-ring linac (Varian Medical Systems) [9]. Daily 

initial setup in the treatment room consisted of aligning the marks on the TM with the 

in-room lasers. Image-guided treatment delivery was performed daily with kilovoltage 

(kV) CBCT, using the vendor-provided “Head” scan protocol (100 kVp, 139 mAs, full-

fan, mm slice thickness) [10]. 

 

 Evaluation of 3D printed immobilization 
 
Quality assurance of the 3D printed immobilization 

Weekly study CBCTs were acquired of the patients immobilized on the linac treatment 

couch with the 3DPrIm and compared with the clinical CBCTs of the patients 

immobilized with the TM on the same day. Prior to the first study CBCT-imaging of 

each patient, quality assurance (QA) of the 3DPrIm was performed, consisting of dry-

run CBCT-imaging of the mounted 3DPrIm and subsequent in-silico evaluation of the 

fit to the patient’s body. To this end, the 3DPrIm assembly was mounted on the 

treatment couch overlay, in its turn attached to the treatment couch. The treatment 

couch was manually moved such that the localization point marks on the 3DPrIm were 

aligned with the in-room lasers. The image acquisition isocenter of the study CBCT was 

positioned anteriorly to the C2 vertebra to match the clinically used acquisition 

isocenter. The same scan protocol was used as well. The described procedure thus 

allowed for study CBCT-imaging in a manner consistent with the clinically used image-

guidance. For the QA procedure, the obtained CBCT-image of the 3DPrIm mounted on 

the treatment couch overlay was manually rigidly registered with the study planning 

CT, using six degrees of freedom (DOF) in the image registration module of the Eclipse 

treatment planning software (TPS) (Varian Medical Systems). Subsequently, gaps or 

overlapping regions between the blended images were qualitatively assessed and 

approximately measured manually on axial slices.   

   

 

 

 

 



 V – Pilot study of 3D printed immobilization for IMPT of HNC  

115 
 

CBCT-based evaluation of setup accuracy 

 

Regions-of-interest for setup accuracy evaluation 

 

Evaluation of the setup accuracy achieved with either immobilization type was based 

on bony regions-of interest (ROI) in the head-and-neck region, as visualized in Figure 

3: the occiput, mandible, C2, C6 and thyroid cartilage. These sub-ROIs were created 

with image thresholding of the respective planning CTs in the contouring module of 

the TPS, using a threshold range of [150 HU; 2000 HU] and with subsequent manual 

corrections. 

 

 

Figure 3. Sagittal view of a study planning CT, with bony 
landmark regions-of-interest used to evaluate setup accuracy 
of the 3D printed immobilization. 
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Global initial setup error 

 

The global initial setup error was quantified by rigid registration of the weekly study 

CBCT and the clinical CBCT of the same day with their respective planning CT. The 

image registration was performed in the image registration module of the TPS and was 

based on a so-called “registration ROI (regROI)”, i.e. a sub-ROI selected by the user to 

guide the image registration. The image registration then used six DOFs to maximize 

the normalized cross-correlation between the selected regROI (expanded with a 5 mm 

margin) on both images. As the focus of this feasibility study was on the head region, 

the rigid registration to quantify the global initial setup error was based on a composite 

regROI that consisted of the combined occiput and mandible. The obtained 

translations and rotations then represented the global setup error of the head region 

after initial patient setup in each fraction.  The translations and rotations were defined 

as left-right (LR), anterior-posterior (AP) and cranio-caudal (CC). 3D-vector 

displacement errors – or 3D-errors – were calculated as well, as the root sum square 

of the errors in the three translational axes. 

  

Local residual setup errors after virtual couch correction 

 

A six DOF couch correction derived from the global registration allows to correct for 

the global initial setup error. Local residual setup errors remain present, however, due 

to the relative non-rigidity between the global, composite regROI and the individual 

sub-ROIs [11,12]. These local residual setup errors were quantified per sub-ROI by 

repeated additional registration, starting from the previous global registration. Each 

time, each individual sub-ROI served as the regROI for the additional registration. The 

local residual setup error per sub-ROI was then quantified as the difference between 

the global registration and the additional registration. These local residual setup errors 

were again quantified in the individual translational and rotational axes and the 3D-

errors were calculated as well.  

 

Statistical analysis 

The 3D-errors at population level were tested for equality of the median between 

3DPrIm and TM, using a Mann-Whitney U test with significance level p = 0.05.  To 

distinguish the nature of the errors with either immobilization type, the different error 

components were calculated for the 3D-errors and for the errors in the individual 
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translational and rotational axes. The calculated error components were the group 

mean error M (= the mean of the intra-patient mean errors), the systematic error  (= 

the standard deviation of the intra-patient mean errors) and the random error  (= the 

root means square of the intra-patient standard deviations of the error) [13]. These 

error components represent any bias in the patient-setup due to a deviation in the 

process (M), the inter-patient variation of the setup () and the inter-fraction variation 

of the setup (), respectively [13,14].  

 

Questionnaire-based evaluation of comfort and usability 

At the end of the RT course, the patients completed a questionnaire polling their 

experience in terms of claustrophobic feeling, experienced comfort, perceived residual 

movement, general experience, usability and patient-friendliness of either 

immobilization type. The three RTTs that were present at the largest number of study 

CBCTs completed a questionnaire as well, polling their experience in terms of ease of 

application, ease of patient positioning, perceived patient comfort, general experience, 

usability and patient-friendliness. The possible response to each question consisted of 

a five-level Likert scaling. The translated questions are listed in supplementary 

materials 2A and 2B. 

 

V.2 Results  

QA of the 3D printed immobilization 

Figure 4 visualizes the study planning CT of a selected patient (patient B), blended with 

the CBCT of the 3DPrIm as used for the QA prior to the first usage. Rigid registrations 

to match both images required translations smaller than 5 mm in each axis and 

rotations smaller than 0.5° in each axis for all patients. Gaps between the 3DPrIm and 

the patients’ body contour as measured manually were always below 1 mm for all 

patients.  
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Figure 4. Visualization of the study planning CT of patient B, blended with the 
CBCT of the 3D printed immobilization as used for the quality assurance prior to 
the first usage. The visualized regions are the temporal bone region (a) and the 
mandible region (b). 
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CBCT-based evaluation of setup accuracy 

Five study CBCTs were acquired per patient. Figure 5 shows the last study CBCT, i.e. 

in the seventh of seven weeks of treatment, for patient B immobilized with a 3DPrIm.  

An enclosing fit of the 3DPrIm to the patient’s head region can be observed. 

 

Figure 5. Visualization of the last study CBCT, i.e. in the seventh of seven weeks 
of treatment, for patient B immobilized with a 3D printed immobilization. The 
visualized regions are the temporal bone region (a) and the mandible region (b). 
The study patient is the patient for which the QA of the 3D printed immobilization 
is shown in Figure 4. 
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Figure 6 shows the second study CBCT, i.e. in the second of seven weeks of treatment, 

for patient A immobilized with 3DPrIm. Despite the theoretical fit of the 3DPrIm to 

the patient’s head region based on the QA, a gap can be observed in the mandible 

region.  
 

 
Figure 6. Visualization of the second study CBCT, i.e. in the second of seven 
weeks of treatment, for patient A immobilized with a 3D printed immobilization. 
The visualized regions are the temporal bone region (a) and the mandible region 
(b). The inner border of the 3D printed immobilization is locally marked in red 
to highlight the gap in the mandible region observed for this particular patient.  
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3D-errors at population level 

 

Figure 7(a) shows the boxplots for the global initial 3D-error of the head region, while 

figure 7(b) shows the local residual 3D-errors after virtual couch correction. The 

median of the global initial 3D-error and the median of the local residual 3D-error for 

the occiput and mandible were lower with 3DPrIm than with TM, but a statistically 

significant difference was only found for the occiput. For the more caudally located 

sub-ROIs, the median local residual 3D-error was comparable between both 

immobilization types for C2 and for the thyroid cartilage, but was notably higher with 

3DPrIm for C6, although without statistical significance. The maximum local residual 

3D-error for C2, C6 and the thyroid cartilage was higher as well with 3DPrIm than with 

TM. 

 

Figure 7. a) Boxplots for the global initial 3D-error of the head region, based on a 
global 6DOF registration of the CBCT after initial patient setup with the planning CT. 
b) Boxplots for the local residual 3D-errors per sub-ROI, based on subsequent 6 DOF 
registration with each individual sub-ROI serving as the registration ROI. The 
boxplots are based on 15 CBCTs per immobilization type.  
 

Group mean errors M, systematic errors  and random errors   

 
The different error components are displayed in Table 2 (global initial setup errors of 

the head region), in Table 3 (local residual setup errors of the sub-ROIs in the head 

region) and in Table 4 (local residual setup errors of the more caudally located sub-

ROIs).  
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Figure 8 visualizes the 1D group mean error M and the systematic error  in two 

directions in the sagittal plane. Herein, the group mean error M represents any bias in 

the patient-setup due to a deviation in the process [13,14]. This group mean error 

appeared to be reduced with 3DPrIm compared with TM for the occiput and appeared 

to be similar between both immobilization types for the mandible and for C2. For C6 

and for the thyroid cartilage, the group mean error was notably larger with 3DPrIm 

than with TM. Furthermore, the systematic error  represents the inter-patient 

variation in setup and therefore the inter-patient systematics in patient positioning 

[13,14]. For all the studied sub-ROIs, this systematic error appeared to be similar to 

reduced with 3DPrIm compared with TM.  

 

Figure 8. 1D group mean errors M and systematic errors 

 in two directions in the sagittal plane. The group mean 
error M is represented by the scaled arrow length. The 

systematic error  is represented by the scaled length of 
the two axes of each ellipse. The shown error scale does not 

apply to M3DPrint for C6 and to Thermoplast for the thyroid 
cartilage: these metrics are visualized shorter than their 
real value to maintain clarity of the figure.
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Table 2. Group mean (M), systematic () and random () error components for the global 
initial setup errors of the head region as determined with a rigid registration between the 
CBCT and the respective planning CT, making use of a composite registration ROI of the 
occiput combined with the mandible. 

 
   M  ∑  σ 
   3DP TM  3DP TM  3DP TM 

 
Translation 

3D [mm]  4.0 4.4  1.0 2.7  1.2 1.3 
LR [mm]   1.1 -1.0  1.9 3.0  0.9 1.2 
AP [mm]   1.0  0.7  2.3 2.4  1.6 1.5 
CC [mm]  -1.0  1.3  2.5 2.3  1.2 1.6 

 
Rotation 

LR [°]  -1.2 -1.7  1.4 0.5  1.0 0.9 
AP [°]   0.5  0.1  0.4 1.6  0.4 0.5 
CC [°]  -0.1 -0.5  0.3 1.1  0.6 0.9 

Abbreviations: M = group mean error;  = systematic error;  = random error; 3DPrIm = 
3D printed immobilization; TM = thermoplastic mask with generic headrest; LR = left-right; 
AP = anterio-posterior; CC = cranio-caudal.     

 

 

 

 

 



   

124 
 

Table 3. Group mean (M), systematic () and random () error components for the local residual setup errors of the sub-
ROIs in the head region. 

 
   Occiput  Mandible 
   M  ∑  σ  M  ∑  σ 
   3DP TM  3DP TM  3DP TM  3DP TM  3DP TM  3DP TM 

 
 

Translation 

3D [mm]   2.1  2.9  0.6 0.9  1.1 1.1   1.3  1.6  1.0 1.0  0.7 1.2 
LR mm]  -0.5 -0.2  0.2 1.7  0.6 1.1  -0.1 -0.3  0.1 0.6  0.2 0.4 
AP [mm]   1.0 -0.9  0.7 1.5  1.4 1.4  -0.4  0.3  1.0 0.7  0.6 1.3 
CC [mm]   0.3 -1.0  0.6 1.2  0.8 0.8   0.4 -0.3  0.7 0.8  0.7 1.1 

 
Rotation 

LR [°]  -0.8  1.0  0.3 1.0  1.0 0.8  -0.1 -1.8  1.0 1.3  0.6 0.5 
AP [°]  -0.3  0.0  0.2 0.6  0.3 0.4   0.0 -1.0  0.1 1.1  0.1 0.6 
CC [°]  -0.2  0.1  0.4 1.2  0.4 0.6  -0.4 -0.3  0.9 0.4  0.4 1.1 

Abbreviations: M = group mean error; ∑ = systematic error; σ = random error; 3DP = 3D printed immobilization; TM 
= thermoplastic mask with headrest; LR = left-right; AP = anterio-posterior; CC = cranio-caudal.     

Table 4. Group mean (M), systematic () and random () error components for the local residual setup errors of C2 and of the sub-
ROIs in the neck region. 
 

  C2  C6  Thyroid cartilage 

  M  ∑  σ  M  ∑  σ  M  ∑  σ 

  3DP TM  3DP TM  3DP TM  3DP TM  3DP TM  3DP TM  3DP TM  3DP TM  3DP TM 
3D [mm]  3.0  2.6  0.2 0.5  0.9 1.0  4.8  3.5  0.9 0.6  2.6 1.4  3.5  4.3  1.0 0.7  1.4 1.1 
LR [mm]  -0.7  0.3  0.7 1.6  1.0 1.5  -0.8  1.2  0.4 1.8  1.1 2.1   0.6 -0.3  0.1 1.7  1.0 1.8 
AP[mm]  -0.7  0.0  0.6 0.6  0.9 1.8  -4.4 -0.3  0.9 2.1  2.7 1.8  -1.4  0.6  1.3 1.3  1.5 1.4 
CC mm]  -0.7  0.5  0.5 0.4  1.0 1.1  -0.1  0.4  0.1 0.5  0.7 0.9   2.0  0.7  1.4 3.9  1.9 1.1 
LR [°]   3.0 -0.6  1.4 0.6  2.4 1.5  -0.2  0.3  3.2 0.4  1.8 1.0   1.2  2.1  2.9 2.0  1.9 1.9 
AP [°]  -0.7  0.0  0.2 0.4  0.8 0.6  -0.6 -0.1  0.6 2.5  1.5 1.2  -2.1 -1.5  0.8 2.3  2.0 1.9 
CC [°]  -1.7  1.1  1.0 2.4  0.9 1.1  -0.7  0.3  1.3 1.3  1.5 1.3  -1.2 -0.9  2.0 2.7  1.4 1.1 

Abbreviations: M = group mean error; ∑ = systematic error; σ = random error; 3DP = 3D printed immobilization; TM = 
thermoplastic mask with headrest; LR = left-right; AP = anterio-posterior; CC = cranio-caudal.     
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Questionnaire-based evaluation of comfort and usability 

The responses to the patient and RTT questionnaires are visualized in Figure 9. No 

patients reported feelings of claustrophobia or discomfort with 3DPrIm. One patient 

reported increased perceived residual movement allowed by 3DPrIm compared with 

TM. All three RTTs reported easy positioning of the patient with and easy application 

of the 3DPrIm. All patients and RTTs reported a positive general experience with 

3DPrIm and evaluated 3DPrIm as a usable and patient-friendly auxiliary for 

immobilization.  

 

Figure 9. Questionnaire responses as given by the three study patients 
(a) and by the three most involved RTTs (b). The lowest, middle and 
highest Likert-score per question are shown. The higher the Likert-
scores, the better the immobilization performed.  
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V.3 Discussion 

3D printing is a versatile manufacturing technology that could enhance patient 

immobilization for RT of HNC. The use of 3DPrIm instead of molded TMs may allow 

to integrate additional functionalities within the immobilization, such as bolus RS for 

IMPT of HNC, hereby reducing spot size and hardware collision risk compared with 

nozzle-mounted RS. Such integrated device also would ensure presence and correct 

placement of the RS for each treatment field and may simplify the overall IMPT 

delivery workflow by reducing the number of hardware manipulations. While 3DPrIm 

of the head region has been previously studied on healthy volunteers [15], to the 

authors’ knowledge the current study is the first to report on 3DPrIm of actual patients, 

including CBCT-based evaluation. 3DPrIm was shown feasible in terms of workflow, 

was shown tolerable by patients with HNC and achieved clinically acceptable setup 

accuracy for the head region. Nevertheless, further optimization of the initial design, 

with added lower neck immobilization, is required towards clinical use of 3DPrIm in 

RT of HNC. 

 

The proposed method of 3DPrIm greatly differs from the widely adopted method using 

TMs. Specifically, 3DPrIm cannot be made in the physical presence of the patient and 

thus requires a new RT workflow using any captured information on the patient’s 

external anatomy. Other studies have used optical scanning to capture this information 

[16–19], but the required 360° field of view and the presence of opaque hair may limit 

the use of such approach for the creation of 3DPrIm for the head-and-neck region. 

Therefore, in the current study a mask-less planning CT acquisition workflow was 

established. Extraction of the body contour from this CT image, however, generates an 

uncertainty on the fit of the 3DPrIm to the patient. The optimal threshold value to 

obtain the body contour was experimentally determined on an anthropomorphic 

phantom, but may be different for actual patients. The QA procedure used in this study 

provided some level of confidence of the fit, but cannot be considered a fully 

independent verification method, as both the creation and the verification of the 

3DPrIm were based on volumetric kV-imaging. Nevertheless, the fit of the 3DPrIm to 

the patients was deemed acceptable based on the study CBCT images (see for instance 

Figure 5). Further increasing the threshold value used for the body contour 

segmentation may improve the quality of the immobilization, but may go at the 

expense of patient comfort, a trade-off that could be optimized in further study.  
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As a first step towards 3DPrIm of patients with HNC, the current study focused on 

immobilization of the head region. Both the residual 3D-errors (Figure 7) and the 1D 

error components (Figure 8) for the sub-ROIs in this region suggested a setup accuracy 

of the head with 3DPrIm which was at least comparable to that with a TM and a 

standard headrest. The small patient sample size, however, only allowed for a limited 

statistical comparison. In addition, the immobilization technique used as a reference 

for comparison may be considered sub-optimal, as the use of an individualized 

headrest has been shown to improve patient setup reproducibility compared with a 

standard headrest [20]. Nevertheless, this reference technique is clinically used to 

effectively treat patients with HNC and showed local residual setup errors similar to 

those reported elsewhere [11]. In this regard, the presented data on setup accuracy 

achieved with 3DPrIm, combined with the positive general experience reported by all 

study patients, indicate feasibility of 3DPrIm of patients with HNC, which was the 

purpose of this study.  

 

The potentially increased patient-specific approximation of the body outline with 

3DPrIm may be expected to reduce inter-fractional setup variations compared with 

TMs. For high-precision TM solutions, however, using a patient-specific headrest and 

biteblock, smaller local residual setup errors have been reported than the group errors 

found for the 3DPrIm in the current study [21]. A large conceptual difference exists 

between both types of immobilization, however, as only for the 3DPrIm the face region 

remains open. On one hand, open face immobilization may increase patient comfort 

and allows for intra-fraction motion monitoring using optical surface scanning [22,23]. 

On the other hand, open face immobilization allows for more degrees of freedom for 

the head position prior to application of the immobilization, which may increase inter-

fractional positional variation. In the current study, this has been observed for a 

number of study CBCTs for patient A, of which an example was shown in Figure 6. 

Although the QA of the 3DPrIm for this patient showed no notable gaps between the 

3DPrIm and the patient’s body, considerable (>1 mm) gaps at the level of the mandible 

were seen on three out of the five study CBCTs. Such effects may be mitigated by the 

use of optical surface scanning to guide initial patient positioning prior to application 

of the anterior part of the 3DPrIm assembly. In addition, the 3DPrIm design may be 

further optimized, for instance by further enclosing the anterior shell around the 

patient, at the level of the cranial back-stop, the nose bridge and the upper lip.  
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The systematic errors  with 3DPrIm were similar to reduced compared with a 

clinically used TM solution for all the studied sub-ROI’s. Such reduced  may result 

from a more systematic immobilization approach achieved with a fully patient-specific 

3DPrIm compared with a TM and a generic headrest. On the other hand, considerably 

larger group mean errors M could be observed with 3DPrIm compared with TM for the 

more caudally located sub-ROIs (C6 and thyroid cartilage and to a lower extent C2). 

Such increased M may indicate a deviation at the process level, with inherent position 

differences between the study planning CT and the study CBCT [13,14]. Indeed, the 

current design of the 3DPrIm provided no immobilization of the shoulders and lower 

neck, such that for instance relaxation as the RT course evolves may result in different 

positions of C6 between the study CBCTs and the study planning CT. The use of hand 

grip poles during both the planning CT and study CBCTs and caudal extension of both 

shells of the 3DPrIm assembly, down to the lower neck region, therefore presumably 

are necessary improvements steps for 3DPrIm to serve as a valid immobilization option 

for RT of HNC. 

 

A caudal extension of the 3DPrIm likewise is necessary to provide clinically relevant 

bolus RS integration options, since IMPT of HNC commonly involves superficial 

irradiation of the lower neck levels [6,24–27]. 3DPrIm extended to the neck area, 

however, is likely not attachable to the treatment couch overlay used in the current 

study. In addition, the used treatment couch overlay presents geometric and 

potentially stopping power related gradients perpendicular to the proton beam 

directions, which are to be avoided in clinical IMPT [28–30]. Further development of 

3DPrIm for IMPT of HNC, therefore, would require adaptation of the current design 

to be attachable to a suitable treatment couch overlay or insert.  

 

In conclusion of this study, 3DPrIm of the head region is feasible in terms of workflow, 

is tolerable by HNC patients during their course of RT and can achieve clinically 

acceptable setup accuracy for the head region. 3DPrIm therefore is a valid option to 

pursue enhancements in RT of HNC, such as spot-size reducing bolus in IMPT. 

Although HNC patients were subject of this 3DPrIm study, the proposed design 

requires further optimization and extension to the lower neck region to serve as a valid 

immobilization option for RT of HNC. 
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Supplementary material 1. Design steps to create a 3D printable immobilization assembly fit to the patient’s body contour. 
Patient-specific characteristics have been censored for reasons of privacy. 
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Supplementary material 2A. Questionnaires polling the experience of the three study patients in terms of comfort, perceived 
immobilization quality and usability of either type of immobilization.  
 

- The used immobilization made me feel claustrophobic. 
- The used immobilization is comfortable.  
 

- The used immobilization still allowed for residual movement.  
- The used immobilization gave me a good general experience.  
- The used immobilization is a usable and patient-friendly auxiliary for immobilization during radiotherapy.   

 

 

Strongly 

disagree 

Disagree Neutral Agree Strongly  

agree 

     

 

  

Supplementary material 2B. Questionnaires polling the experience of the three radiation therapy technologists in terms of 
comfort, perceived immobilization quality and usability of either type of immobilization.  
 

- The used immobilization can be easily applied.  
- The used immobilization allows for easy positioning of the patient.  
- The used immobilization allows to realize patient comfort.  
- The used immobilization gave me a good general experience.  
- The used immobilization is a usable and patient-friendly auxiliary for immobilization during radiotherapy. 
 

Strongly 

disagree 

Disagree Neutral Agree Strongly  

agree 
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VI General discussion & future perspectives 

 
 
The general aim of this thesis was to improve radiotherapy (RT) of head-and-neck 

cancer (HNC) by the optimization and the implementation of emerging 

technologies. To this end, a fast-rotating O-ring linac, optimized for fast image-

guided delivery of intensity-modulated photon beams, was clinically implemented for 

volumetric modulated arc therapy (VMAT) of HNC. The fast-rotating O-ring linac was 

demonstrated to maintain the plan quality of a conventional C-arm linac, while 

reducing the volumetric image acquisition and plan delivery time. Next, the potential 

of 3D printing technology to optimize intensity-modulated proton therapy 

(IMPT), with the use of range shifter (RS) air gap minimizing bolus integrated within 

the patient immobilization, was shown. Firstly, the development of patient-specific 

bolus RS for IMPT of HNC was motivated by theoretically showing clinically relevant 

toxicity reductions compared with conventional snout-mounted RS. Secondly, an in-

depth characterization of different 3D printing materials and technologies was 

performed and a proof-of-concept for use of 3D printed RS in a clinical workflow was 

presented. Lastly, the use of 3D printing to realize immobilization of patients with HNC 

was proven feasible in terms of workflow, patient comfort and setup reproducibility. 

As such, with the implementation of 3D printing technology, important steps were 

taken towards a single, patient-specific device that achieves spot size reduction, 

hardware manipulation minimization and patient immobilization for IMPT of HNC.  

 

VI.1 Clinical implementation of O-ring linac technology 

 
VI.1.1  Specific objectives and main findings 
 

In recent years, the use of O-ring linac systems in RT has been gradually increasing. 

The enclosed and toroidal geometry of such systems allows for designs with specific 

advantages compared with conventional C-arm linacs [1,2]. A commercially available 

fast-rotating O-ring linac with fast-moving leaves, for instance, was optimized for time-

efficient image-guided delivery of intensity-modulated photon beams. The first 

objective of this thesis was to compare the fast-rotating O-ring linac with a 

conventional C-arm linac in terms of plan quality and delivery time for VMAT of HNC, 

as elaborated in chapter II. For a cohort of 30 patients with HNC, triple-arc VMAT on 
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the fast-rotating O-ring linac achieved the target coverage objectives while minorly 

reducing the expected xerostomia probability (median reduction 0.8%]) and dysphagia 

probability (median reduction 1.0%) compared with the commonly used dual-arc 

VMAT on a C-arm linac. In addition, plan delivery accuracy of triple-arc VMAT on the 

fast-rotating O-ring linac was proven with 3%,3mm agreement scores for helical diode 

array measurements never below 95.2%. Lastly, volumetric imaging and plan delivery 

time was reduced with 53s  on average compared with a C-arm linac. The presented 

study hereby was the first to show at least maintained plan quality for VMAT of 

HNC on the fast-rotating O-ring linac while improving time-efficiency 

compared with a C-arm linac.  

 

VI.1.2  Clinical implementation and system evolution 
 

Based on the results of presented study, daily CBCT-guided triple-arc VMAT of 

HNC was implemented on the fast-rotating O-ring linac at the authors’ 

institute. Prior to actual patient treatment, a complementary study independently 

verified plan delivery accuracy with end-to-end testing using radiochromic film and 

ionization chamber measurements on an anthropomorphic head phantom [3].    

 

The studied fast-rotating O-ring linac contains a jawless multi-leaf collimator, 

composed of two staggered layers of 28 leaf pairs. The Eclipse (Varian Medical 

Systems, Palo Alto, CA) treatment planning software (TPS) version 15.1 as used for the 

study in chapter II, however, allowed for the field shaping to be performed only by the 

distal leaves, while the corresponding proximal leaves were obliged to assume the same 

position. Independent optimization of both leaf layers, allowed by Eclipse version 15.6, 

could increase the effective modulation resolution and could therefore improve organ-

at-risk (OAR) sparing [4]. Nevertheless, even with independent leaf layer optimization, 

Cozzi et al. found only minor differences in plan quality for VMAT of HNC on the fast-

rotating O-ring linac compared with a C-arm linac [5]. The improvement in OAR 

sparing associated with independent leaf layer optimization, therefore, presumably is 

negligible for VMAT of large, complex target geometries such as in HNC.   

 

Since the start of treatments on the fast-rotating O-ring linac, kV imaging has 

become available on the system. Cai et al. [6] performed an in-depth 

characterization of the mechanical accuracy, geometric accuracy, image quality and
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dosimetry of the kV imaging system, all of which met the AAPM recommendations [7–

9]. The reported acquisition time for a full-fan kV-CBCT was 3s longer than for MV-

CBCT, an increase which is negligible compared with the total image acquisition and 

plan delivery time. On the other hand, the improved soft tissue contrast of kV-CBCT 

[8] may facilitate the online image-guidance process compared with MV-CBCT. 

Overall, the transition from MV-CBCT to kV-CBCT can be expected to maintain the 

time-efficiency for VMAT of HNC on the fast-rotating O-ring linac reported in chapter 

II of this thesis. 

 

VI.1.3  Clinical relevance 
 

The presented plan quality and delivery time achieved with VMAT of HNC on the fast-

rotating O-ring linac should be put into clinical perspective. Firstly, although the 

reductions in expected toxicities compared with a C-arm linac showed statistical 

significance, differences actually observed in clinical practice presumably are 

negligible. Secondly, a reduction in image acquisition and plan delivery time of roughly 

one minute could be considered limited compared with reported treatment slots of 12 

minutes [10–12].  

 

Added to the reduced image acquisition and plan delivery time, however, overall 

workflow efficiency may be advantageous for the fast-rotating O-ring linac as well, due 

to an increased number of automated steps and due to the continuous readiness of the 

imaging devices. Resulting treatment time recordings (n=40, 7 patients) for triple-arc 

MV CBCT-guided VMAT of HNC on the fast-rotating O-ring linac showed a group 

mean of 8m50s ± 1m17s. In contrast, Kapur et al. recently reported an average time of 

12.3 minutes for non-stereotactic treatments on three C-arm linacs, after a dedicated 

time-efficiency improvement process [11]. In addition, time recordings (n=5) of kV 

CBCT-guided dual-arc VMAT of HNC on a C-arm linac at the authors’ institute showed 

a group mean of 11m12s ± 01m12s. Therefore, although a statistical comparison of a 

sufficient number of paired samples is lacking, a relevant reduction in treatment time 

for VMAT of HNC can be expected with the fast-rotating O-ring linac. The use of dual- 

instead of triple-arc VMAT may further reduce treatment times on the fast-rotating O-

ring linac while still maintaining the plan quality of a C-arm linac. O-ring linac 

technology thus enables fast, CBCT-guided, highly conformal RT of HNC, 

which may hold a number of clinical implications.  
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VI.1.4  Potential implications 

 
VI.1.4.1 Increased throughput of high-quality RT for HNC 
 

 

RT is considered a cornerstone in the treatment of HNC. To reduce treatment-related 

toxicities in RT of HNC, the use of image-guided, highly conformal IMRT/VMAT has 

been shown crucial [13,14]. These more complex treatment approaches demand more 

time, however, which reflects in the lower patient numbers for all personnel categories 

in actual RT practice [15]. At the same time, the actual utilization of RT already is 

significantly lower than the optimal use, for instance due to shortage of resources. As 

the need for RT will continue increasing, this field of tension between quality and time-

efficiency can be expected to become even more pronounced [16–18].  

 

Reduced treatment times achieved with fast-rotating O-ring linac 

technology may increase clinical throughput, hereby closing the gap 

between demand and access to image-guided, highly conformal RT of 

HNC. Increasing clinical throughput, however, would require increased time-

efficiency of the treatment preparation phase as well. The treatment preparation phase, 

namely, still consists of a large number of manual, time-consuming steps, such as 

target volume and OAR delineation, treatment planning and quality assurance. In this 

regard, the increasing application of automation in RT through artificial intelligence 

may provide reductions in time required for the different preparation steps as well.  

 

Automatic delineation of high-risk clinical target volumes and OARs using 

convolutional neural networks (CNN), for instance, has been shown more time-

efficient and more consistent than full manual delineation in RT of HNC [19,20]. 

Likewise, the use of automated treatment planning of VMAT for HNC using a 

knowledge-based approach [21,22] has demonstrated improvements in time-efficiency 

and consistency compared with full manual treatment planning. The workload of 

treatment plan quality assurance for VMAT of HNC also may be safely reduced, as a 

random forest classification model was validated to accurately (100% specificity) 

predict unacceptable plan delivery accuracy without having to actually perform the 

measurements [23].  
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The treatment preparation for VMAT of HNC thus may be performed more time-

efficiently using automation, which could complement the improved time-efficiency of 

the treatment delivery shown in chapter II of this thesis. Successful broad application 

of artificial intelligence in RT, however, requires attending to a number of potential 

pitfalls [24]. For instance, building high-quality prediction models requires extensive, 

peer-reviewed and standardized datasets as input. In addition, generalizability of 

models cannot be assumed and model performance is to be extensively validated 

beyond the training data prior to deployment. Moreover, the developed models 

themselves require regular quality assurance [25].  

 

VI.1.4.2 Enhanced patient comfort  
 

Patients with HNC receiving (chemo-)RT commonly experience acute side-effects 

during treatment, such as mucositis, nausea, dysphagia and xerostomia [26,27]. Under 

these circumstances, spending less time per fraction on the treatment couch may be 

beneficial for the experienced patient comfort. This especially may hold true for a 

treatment during which the patient’s head-and-neck region is immobilized during each 

fraction and in which the delivery of two fractions daily actually is considered the 

standard of care [28,29]. In this context, reduced treatment times with fast-

rotating O-ring linac technology could contribute to improved patient 

comfort in standard or hyper-fractionated RT of HNC.  

 

VI.1.4.3 Inherent availability of daily volumetric images 
 

Anatomic deformations are a known challenge in highly-conformal RT of HNC, as the 

resulting differences between the delivered and the planned dose distributions may 

cause underdosage of the target [30–34]. Nevertheless, target coverage robustness 

against anatomic deformations was theoretically shown in VMAT of HNC when a 5 mm 

planning target volume margin was used [33]. A margin reduction to 3 mm, on 

the other hand, has been shown to reduce toxicity in VMAT of HNC while 

maintaining locoregional control [13], but is suggested to require repeated 

volumetric imaging in an adaptive radiotherapy (ART) approach 

[13,33,35,36]. Indeed, anatomic changes resulting in loss of target coverage require 

to be flagged, in order to select patients for treatment plan adaptation [13,33,35]. In 

addition, volumetric imaging biomarkers have been identified for patient-specific 
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prediction of late toxicities [37,38], such that the acquired volumetric information may 

be used to trigger specific OAR-sparing ART. Patient-specific evaluation of the need 

for plan adaptation may be based on dose recalculation on repeated fan-beam CT-

imaging scheduled throughout the treatment course. The optimal time point(s) for 

repeat CT-imaging, however, remains to be determined [39]. In addition, the absence 

of robust and validated criteria to select patients for plan adaptation likewise may 

result in unnecessary repeat CT-imaging [30,40]. Alternatively, treatment plan 

adaptation may be triggered based on measured weight loss, poor fit of the 

immobilization or anatomic changes judged significant on visual examination [39,41]. 

Such criteria, however, are only qualitative, which may result in false positive or false 

negative plan adaptation triggering [39,41]. 

 

A more time-efficient and objective ART decision-making process could be established 

using the daily volumetric information acquired during CBCT-guided VMAT of HNC. 

These CBCT’s, namely, could be used for daily dose accumulation, based on which plan 

adaptation could be quantitatively triggered if predefined dosimetric criteria are 

violated [39]. Moreover, CBCT-measured image biomarkers have been shown 

predictive for late xerostomia [38], such that on-board volumetric imaging could also 

be used to identify patients eligible for specific OAR-sparing ART. An American survey 

report from 2014, however, stated that CBCT was acquired on a daily basis only in 55% 

of HNC RT fractions [42]. The fast-rotating O-ring linac studied in chapter II of this 

thesis, on the other hand, imposes daily imaging and the time expense to acquire 

volumetric imaging can be considered negligible. Fast-rotating O-ring linac 

technology thus provides inherent availability of daily volumetric images, 

which may facilitate clinical deployment of ART of HNC.  

 

Exploitation of the inherent availability of daily CBCT’s for ART decision-making still 

necessitates overcoming a number of challenges. Dose accumulation based on daily 

CBCT’s, namely, requires the presence of the relevant contours on the CBCT, 

subsequent dose calculation on the CBCT, followed by warping of the contours and 

dose to the reference CT. In addition, these processes ideally run in an automated way 

in the background, allowing for easy evaluation before the next treatment fraction. 

Contour segmentation and dose calculation on CBCT’s, however, are hampered by the 

inferior image quality compared with fan-beam CT, requiring for instance conversion 
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of the CBCT’s to synthetic CT’s using CNN’s. In addition, dose warping from CBCT to 

CT is not straightforward due to the non-rigid nature of the anatomic deformations, 

requiring more complex deformable image registration (DIR) techniques. While proof 

of concepts to overcome these limitations have been presented [43–45], uncertainties 

and inaccuracies remain, so that manual corrections and intensive quality assurance 

of the techniques used for automated ART decision making currently are still needed 

[39,43,46–48].  

 

Besides for dose accumulation or image biomarkers in HNC ART decision-making, 

daily acquired CBCT’s could as well be used for the treatment plan adaptation itself. 

An average anatomy model can be constructed based on the daily CBCT’s during a full 

week of treatment, for instance, to deform the initial planning CT for weekly plan 

adaptation [49]. A more extreme ART strategy that could be envisioned, is daily online 

plan adaptation[50]. Such online ART strategy holds the same challenges as daily dose 

accumulation, with a number of additional complexities. Besides online contouring or 

contour propagation and dose calculation, namely, online treatment planning is 

required as well. In addition, the physician is to formally correct and approve the 

contours and the treatment plan online. Lastly, quality assurance of the newly 

generated plan is to be performed online as well, prior to the delivery to the patient.  

 

The added complexity and workload of online ART for HNC should be weighed against 

the potential benefits. On one hand, given the slowly progressive nature of the 

anatomic changes in HNC [51], less frequent treatment plan adaptations may suffice. 

On the other hand, in case aggressive PTV margin reduction or even elimination is 

pursued in VMAT of HNC  [33,36], daily online ART may be a necessity to maintain 

target coverage. In any case, while the inherent availability of daily volumetric images 

offered by O-ring linac technology may facilitate ART of HNC in general, the added 

complexity of online ART still requires a number of technical hurdles to be taken prior 

to clinical deployment. In addition, potential reductions in toxicity achieved with 

aggressive margin reduction in combination with online ART in standard fractionated 

VMAT of HNC remains to be confirmed in prospective studies.   
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VI.1.5  Future research & development 
 

Based on the described potential implications of fast, CBCT-guided, highly conformal 

RT of HNC enabled by fast-rotating O-ring linac technology, a number of future 

developments and improvements of the studied system can be identified:  

 

• Utilization of the daily volumetric images for treatment monitoring using dose 

accumulation and image biomarkers, including subsequent ART decision-making 

and execution, requires associated processing and visualization software. Given the 

governing uncertainties of the required algorithms (DIR, CNN), the user preferably 

is visually informed on the dose confidence intervals for the different anatomic 

regions to guide the decision-making process [52,53]. 

• Utilization of the improved time-efficiency requires the fast-rotating O-ring linac 

technology to be used for RT of other indications than HNC as well. A limited 

number of treatment planning studies have been reported in that regard, showing 

plan quality equivalent to C-arm linacs for standard fractionated whole-breast and 

prostate RT [5,54]. Improved time-efficiency for these indications, however, 

remains to be confirmed.            

• Effective utilization of the 4 rpm maximum rotation speed of the fast-rotating linac 

instead of the current restriction to 2 rpm would further improve the time-efficiency 

of VMAT delivery. This, however, would again require increased dose rate and leaf 

speed, necessitating re-design of the beam production system and the multi-leaf 

collimator (MLC). 

• A limitation of the fast-rotating O-ring linac is that the treatment couch only allows 

for three instead of six degrees-of-freedom (DoF) corrections. Implementation of a 

6 DoF couch would increase the possibilities for patient setup correction [55,56]. On 

the other hand, the necessity of patient-individualized immobilization may be more 

stringent to increase setup accuracy in RT of HNC [56–58], as rigid couch rotations 

cannot correct for the encountered non-rigid deformations.  
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VI.2 Optimization of proton therapy by implementing 3D printing 

technology 

 
VI.2.1 Rationale 

 
Ongoing technical improvements, such as the implementation of O-ring linac 

technology as previously discussed, may optimize the delivery of photon beam RT. 

Ultimately, however, the differential irradiation of malignant and normal tissue 

achievable with photons is physically limited by the governing exponential dose 

deposition profile. In this regard, the finite range of protons could improve target dose 

conformity, which may reduce toxicities compared with state-of-the-art photon beam 

RT while achieving the same tumor control. It is expected that increased clinical 

throughput and improved treatment quality could facilitate access to IMPT [59–64] 

and could hereby facilitate clinical evidence gathering. In chapters III, IV and V of 

this thesis, 3D printing technology was implemented for the creation of a 

patient-specific device to improve target dose conformity and workflow 

efficiency in IMPT of HNC. 

 

VI.2.2 Specific objectives and main findings 

 
Pre-absorbing RS is necessary for the delivery of IMPT to superficial targets, but the 

air gap between conventional snout-mounted RS and the patient increases the proton 

pencil beam size and hence the lateral penumbra. The second objective of this thesis 

was to quantify the dosimetric advantage of spot size minimizing, patient-specific 

bolus RS compared with conventional snout-mounted RS. In chapter III of this 

thesis, Monte Carlo based IMPT plan optimization for five patients with 

HNC showed a theoretical reduction in grade 2 xerostomia and dysphagia 

probability by on average 3.0% and 2.7%, respectively, when bolus RS was 

used instead of snout-mounted RS. As these results motivated the development 

of patient-specific bolus RS in IMPT of HNC, the third objective was to characterize 3D 

printing materials and technologies for use as bolus RS. In chapter IV, a proof-of-

concept for clinical use of 3D printed RS was presented by performing 

dual-energy CT-based range shift predictions and subsequent verification 

with proton beam measurements. The fourth and the last objective was to show 

the feasibility of 3D printed immobilization, as this could allow to integrate 
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functionalities within the immobilization, such as integrated bolus RS to simplify IMPT 

workflow. In chapter V it was shown in a patient study that 3D printed 

immobilization of the head region is feasible in terms of workflow, is 

tolerable by HNC patients during their course of RT and can achieve 

clinically acceptable setup accuracy for the head region. As such, with the 

implementation of 3D printing technology, important steps were taken towards a 

single, patient-specific device that achieves spot size reduction, hardware 

manipulation minimization and patient immobilization for IMPT of HNC. 

 

VI.2.3 Clinical relevance 

 
The lateral penumbra achieved with pencil beam scanning is generally acknowledged 

as one of the key areas to improve IMPT treatment quality [59–64]. In this regard, the 

use of bolus RS (chapter III) theoretically showed reduced normal tissue irradiation in 

IMPT of HNC, which translated into expected reductions in normal tissue complication 

probabilities (NTCP). Although the used NTCP models are “photon-derived” [65],  

these models have been externally validated for IMPT of HNC [65] and are clinically 

used to cost-effectively select patients for IMPT of HNC [66]. Indeed, it has been 

argued that the increased cost of IMPT is only justified if a large enough benefit is 

expected, such as certain NTCP reductions exceeding a predefined threshold [66–68].  

 

The consensus in the Netherlands, for instance, is to select a patient for IMPT of HNC 

if the expected joint grade 2 xerostomia and dysphagia probability is at least 15% lower 

than with photon beam RT ánd if each individual probability is at least 5% lower than 

with photon beam RT [69]. The average expected xerostomia and dysphagia reductions 

of 3.0% and 2.7%, respectively, found in chapter III, were for bolus RS IMPT compared 

with snout-mounted RS IMPT, nót for IMPT compared with photon beam RT. The use 

of bolus RS thus represents an improvement in IMPT treatment quality, in the same 

order of magnitude as the Dutch consensus’ thresholds to decide between IMPT and 

photon beam RT. As such, bolus RS could increase the overall number of 

patients with HNC eligible for IMPT, which shows the clinical relevance of 

the proposed method to optimize IMPT treatment quality. 
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Besides improving IMPT treatment quality to increase the benefit with respect to 

photon beam RT, reducing the treatment time likewise could contribute to making 

IMPT more cost-effective [59–64]. In this regard, the proof-of-concept for 3D printed 

RS (chapter IV) and 3D printed immobilization of the head region (chapter V) provided 

the necessary steps towards integration of bolus RS and patient immobilization within 

a single device. As such, the workflow for IMPT delivery could be simplified compared 

with the conventional workflow using snout-mounted RS: field-per-field snout 

movements for air gap reduction would no longer be needed, field-per-field presence 

and correct placement of RS would be automatically ensured and potential collisions 

between the RS and the couch would no longer be an issue. The elements provided 

towards RS-integrated patient immobilization using 3D printing 

technology, thus, could offer improvements in treatment time for IMPT of 

HNC. Effective integration of the RS and immobilization functionality, including 

clinical implementation, is yet to be achieved, however. In the meantime, any potential 

reduction in treatment time likewise remains to be confirmed.  

 

VI.2.4 Related studies 

 
The potential benefits of RS-integrated patient immobilization for IMPT of HNC 

should be weighed against alternative developments. Improved treatment quality by 

lateral penumbra reduction, namely, is being pursued with other techniques as well. It 

would be interesting to reflect on the applicability of each of these techniques for IMPT 

of locally-advanced HNC (LAHNC) and on the advantages and disadvantages of each 

technique compared with the proposed RS-integrated patient immobilization.   

 

A first alternative approach for penumbra reduction in IMPT is collimation, which 

could be achieved with a custom aperture [70–72]. Aperture-based collimation, 

however, provides optimal collimation only for the energy layer with the largest cross-

sectional size of the target in the beam’s eye view. The spots at the target edge in other 

energy layers are either sub-optimally collimated or not collimated at all [73]. A more 

flexible, layer-specific collimation could be achieved with an MLC [74,75] or with a 

dynamic collimation system (DCS) consisting of two orthogonal pair of trimmer blades 

[73,76]. While the dosimetric advantage of DCS has been theoretically shown for IMPT 

of brain tumors [76,77], the proposed design only allows for a maximum field size of 
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15 x 15 cm², which generally is not sufficient for IMPT of LAHNC. Moreover, air gap 

reduction for the superficial layers delivered with RS remains important [72,76], which 

would still be problematic in case a larger field size could be obtained.  

 

A second alternative approach for penumbra reduction is the so-called ‘automated RS’ 

[78,79]. In this technique, the nozzle- or snout mounted RS is automatically removed 

when it is not needed, i.e. for the delivery of spot layers at a greater range than the 

minimally deliverable range. As such, the spot size degradation due to the combination 

RS/air gap is avoided for the deeper delivered spots. Automated RS effectively has been 

reported as clinically used for cranio-spinal, intra-cranial and abdominal IMPT [78–

80]. This ‘automatic RS’ approach is not possible with an RS-integrated patient 

immobilization, which represents a limitation of the solution proposed in this thesis. 

On the other hand, even with ‘automatic RS, the amplifying effect of the air gap on the 

RS spot size degradation would still be present for the shallow layers of IMPT of HNC. 

In addition, the use of ‘automatic RS’ needs to be supported by the treatment planning 

system, which is not trivial [78]. Moreover, the complexity added to the delivery has 

been reported to moderately increase treatment time [80]. Nevertheless, it would be 

interesting to compare the differences in NTCP obtained with automated RS and with 

RS-integrated patient immobilization in IMPT of HNC.  

 

A third alternative approach for penumbra reduction in IMPT is edge-enhancing 

optimization, in which the spots in a layer are positioned on a pattern following the 

target contour instead of a traditional rectangular grid [72,77]. During treatment plan 

optimization, the lateral spots are then preferentially weighted such that the lateral 

field penumbra approaches that of a single spot, i.e. the smallest possible. The benefit 

of combining edge-enhancing optimization with collimation, as opposed to the 

individual use of each technique, has been theoretically shown in a water phantom 

study and for a selection of intra-cranial IMPT plans [72,77]. Based on the results 

presented for the water phantom study  [72], it may be hypothesized that edge-

enhanced optimization likewise could be complementary to the use of bolus RS, which 

warrants further study.   
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VI.2.5 Clinical implementation 

 
With the theoretical demonstration of clinically relevant NTCP reductions using bolus 

RS (chapter III), the proof-of-concept of 3D printed materials used as RS in a clinical 

workflow (chapter IV) and the feasibility of 3D printed immobilization of the head 

shown on patients (chapter V), necessary steps were taken towards RT-integrated 

patient immobilization for IMPT of HNC. In order to effectively achieve the associated 

potential benefits, however, the proposed device is to be clinically implemented and 

clinically used. To this end, a number of subsequent steps are yet to be carried out.  

 

Firstly, while 3D printed immobilization achieved clinically acceptable setup accuracy 

for the head region, excessive positional variations of the studied sub-regions-of-

interest in the neck region were observed (chapter V). This finding was expected, given 

the absence of immobilization of the lower neck and shoulders with the studied 3D 

printed assembly. The 3D printed immobilization therefore requires caudal extension 

in order to serve as a valid immobilization option for IMPT of patients with HNC. Such 

extension likewise is necessary to provide clinically relevant bolus integration options, 

since IMPT of HNC commonly involves superficial irradiation of the lower neck levels 

with anterior oblique fields [81–85]. Successful immobilization of the lower neck and 

shoulder using a caudally extended 3D printed assembly remains to be shown in future 

work.  

 

Secondly, a commercially available treatment couch overlay, dedicated for 

immobilization of the head, was preliminarily used to show the feasibility of 3D printed 

immobilization (chapter V). 3D printed immobilization extended to the neck and 

shoulders area, however, is likely not attachable to the used treatment couch overlay. 

In addition, the used treatment couch overlay presents geometrical and stopping 

power related gradients perpendicular to the proton beam directions, which are to be 

avoided in IMPT [86–88]. Further development of 3D printed immobilization for 

IMPT of HNC, therefore, would require adaptation of the current design to be 

attachable to a suitable treatment couch overlay or insert. A commercially available 

BoSTM insert (QFix, Avondale, PA), for instance, is already dosimetrically optimized for 

clinical use in IMPT of HNC [88,89] and facilitates the attachment of immobilization 

material over a large cranio-caudal extent. Given that it was already shown feasible to 
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customize a 3D printed immobilization assembly such that it attached to a selected 

treatment couch overlay (chapter V), feasibility of attachment to a BoSTM insert 

likewise can be assumed.  

 

Thirdly, the range of protons is very sensitive to the thickness and the stopping power 

of the traversed material. The use of patient-specific, 3D printed bolus RS thus requires 

accurate knowledge of the geometric and range shifting properties of the selected 3D 

printed material and technique prior to clinical use. In this regard, the orientation 

dependency of the range shift as observed for instance for ABS (chapter IV), created 

with fused deposition modeling (FDM), cannot be easily anticipated and therefore 

presumably renders this material or even this printing technique unusable for use as 

bolus RS. Two other, independent studies likewise advised against the use of FDM to 

create proton beam modification devices, due to geometric dependency  [90] and 

internal inhomogeneities [91]. While FDM was the 3D printing technique used for the 

feasibility study of 3D printed immobilization (chapter V), Tusk material created with 

stereolithography would be a viable alternative for effective clinical use (chapter IV): 

no orientation dependency of the RS was observed and large enough build volumes to 

create an extended 3D printed immobilization assembly are possible.  

 

Fourthly, the feasibility study of 3D printed immobilization (chapter V) involved a 

labor-intensive design process, which may not be justified in clinical use of 3D printed 

immobilization on a routine basis. The used software, however, does allow to design 

patient-specific devices based only on a number of landmarks input by the user to 

define the intended geometry. Such semi-automation may improve the time-efficiency 

of the design process and could facilitate clinical introduction of 3D printed 

immobilization. In any case, the range shifting effect of the designed immobilization is 

to be taken into account during treatment planning. This can be achieved by converting 

the .STL-file of the designed immobilization to a DICOM RT structure and subsequent 

importing in the TPS. The dimensions of the to be integrated bolus RS, however, are to 

be defined during treatment planning itself, in function of the patient-specific target 

volume and the used beam angles. Therefore, the design of the RS-integrated 

immobilization ideally occurs in the TPS, simultaneously with the treatment planning. 

Commercially available TPS currently provide such functionality for patient-specific 

design of IMPT apertures, but not for RS-integrated patient immobilization.  
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Fifthly, RS-integrated patient immobilization for IMPT of HNC requires thorough 

commissioning prior to clinical use, like any conventional immobilization or RS device 

[86]. Hereto, for the candidate 3D printed material (Tusk) and technique 

(stereolithography), extensive range shift  measurements should be performed for 

various geometries and orientations with respect to the proton beam, to exclude any 

geometric and orientation dependency of the range shift. In addition, any measured 

range shift should correspond with the TPS-predicted range shift. In this regard, the 

measured range shift for Tusk, created with stereolithography, deviated more than 1 

mm or 5 % from the dual-energy CT based range shift prediction (chapter IV). In 

clinical practice this could be corrected for, however, by overriding the RS material 

properties in the TPS during commissioning such that correspondence between 

prediction and measurement is achieved [86]. In any case, the commissioning process 

is preferably concluded with an end-to-end verification test with multiple detector 

measurements in an anthropomorphic phantom, immobilized with a 3D printed, RS-

integrated device. During routine clinical use, quality assurance of each newly created 

patient-specific device could be performed with a pre-treatment CT-scan, by verifying 

correspondence of the Hounsfield units with those of the 3D printed device used for 

commissioning. 

 

VI.2.6 Future research & development 
 

Besides clinical implementation of RS-integrated patient immobilization for IMPT of 

HNC, a number of research questions currently remain open: 

 

• The future use of RS-integrated patient immobilization would have an  impact on 

the general clinical workflow for RT of HNC in case a model-based approach is used 

[68]. In this approach, namely, it is not yet known whether a patient will receive 

photon beam RT or IMPT, at the moment the planning CT is acquired. The proposed 

methodology to create RS-integrated patient immobilization for IMPT of HNC, 

however, assumes the planning CT being acquired without a thermoplastics mask 

on the patient (chapter V). Acquisition of a mask-less planning CT in a model-based 

approach, consequentially, would imply consistent use of 3D printed 

immobilization, which would unnecessarily add cost and workload to a photon beam 

RT treatment of HNC. On the other hand, 3D printed immobilization could show 

benefits for photon beam RT of HNC as well. Specifically, 3D printed immobilization 



 

150 
 

may be better able to approximate the patient’s body outline than a thermoplastic 

mask, which could reduce inter-fractional setup variations.  

 

While this could allow for reduced margins/robustness settings in both photon 

beam RT and IMPT of HNC, reduced setup variations with 3D printed 

immobilization could not be conclusively shown in this thesis. Therefore, the pilot 

feasibility study of 3D printed immobilization on patients (chapter V) could be 

elaborated in further study, with a larger patient sample size and with an improved 

immobilization design and setup procedure. Potential improvements compared 

with the methodology used in chapter V could be:  

o Optimization of the threshold value used for the body segmentation, as to 

obtain a tighter fit of the 3D printed immobilization around the patient 

o Further enclosing the 3D printed immobilization assembly around the patient, 

for instance at the level of the upper lip, the nose bridge and the temporal bone 

o Use of optical surface scanning to guide the patient positioning prior to 

applying the anterior 3D printed shell 

 

• Owing to the distinct dose deposition profile of protons, the sensitivity of the dose 

distribution to anatomic changes presumably is even more pronounced in IMPT 

than in photon beam RT of HNC [81,82,84,92,93]. The previous comments on ART 

of HNC with a fast-rotating O-ring linac, therefore, all the more apply to IMPT of 

HNC. As the availability of in-room volumetric imaging in IMPT has been lagging 

significantly behind photon beam RT [59], anatomic changes currently are often 

assessed based on weekly out-of-room verification CT scans [81,92]. This situation 

is rapidly changing, however, since in-room CT- or CBCT-imaging is becoming more 

common [59]. Like in photon beam RT of HNC, the feasibility of both online [93] 

and offline [94] plan adaptation based on on-board CBCT-images already has been 

reported for IMPT of HNC. Therefore, increased patient-individual treatment 

delivery monitoring and plan adaptation, based on daily volumetric imaging, 

likewise could be expected in IMPT of HNC. 

 

The occurrence of anatomic changes, however, can not only compromise the dose 

delivered dose distribution but also the immobilization quality in RT of HNC [51]. 

Loss of immobilization may be corrected for, which however requires additional 
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labor-intensive and online workflow steps. The flexibility on object shaping of 3D 

printing technology compared with conventional thermoplastic masks may be used 

to increase the robustness of immobilization against anatomic changes. A 3D 

printed design could allow to mainly immobilize on regions with high anatomical 

stability, such as bony structures surrounded by few soft tissue. The hypothesis of 

increased robustness of immobilization against anatomic changes, however, 

remains to be shown in further study.  

 

VI.3 Other developments in radiotherapy of head-and-neck cancer 

 
The efforts presented in this thesis to improve RT of HNC, by the optimization and the 

implementation of emerging technologies, are accompanied by many other ongoing 

developments. For instance, the favorable prognosis of human papillomavirus positive 

HNC has led to the exploration of treatment de-intensification strategies, in 

order to reduce toxicities while maintaining treatment control for this sub-population 

of patients [95]. Attempts to increase tumor control in HNC subtypes with a less 

favorable prognosis include local dose escalation based on multi-modal 

imaging such as positron emission tomography with 18F-deoxyglucose, dynamic 

contrast-enhanced magnetic resonance imaging (MRI) and diffusion-weighted MRI 

[96,97]. The combined use of RT and molecular-targeting agents is increasingly 

investigated in the treatment of HNC [98], also in ultra-hypofractionated salvage RT 

of recurrent HNC [99]. To conclude this non-exhaustive listing of actual research 

topics in RT of HNC, the suggested increased normal tissue sparing of RT at 

ultra-high dose rate (> 40 Gy/s) is promising but still requires solid evidence, 

clinical translation and technological advances [100,101].  
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“The birds they sang 

At the break of day 

Start again 

I heard them say 

Don't dwell  

On what has passed away 

Or what is yet to be 

 

Yeah the wars they will 

Be fought again 

The holy dove 

She will be caught again 

Bought and sold 

And bought again 

The dove is never free 

 

Ring the bells that still can ring 

Forget your perfect offering 

There is a crack in everything  

That's how the light gets in 

That's how the light gets in 

That's how the light gets in.” 

 
L. Cohen 
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