INTERNATIONAL
JOURNAL

of PARTICLE
THERAPY

Submitted 28 Jul 2020
Accepted 19 Oct 2020
Published 25 June 2021

Corresponding Author:
Daniel E. Hyer, PhD
Department of Radiation
Oncology

University of lowa

01615 Pomerantz Family
Pavilion

200 Hawkins Drive

lowa City, IA 52242, USA
Phone: -+1 (319) 356-2441
daniel-hyer@uiowa.edu

Original Article

DOI
10.14338/IJPT-20-00039.1

@Copyright
2020 The Author(s)

Distributed under
Creative Commons CC-BY

OPEN ACCESS
http://theijpt.org

Innovations and the Use of Collimators in
the Delivery of Pencil Beam Scanning
Proton Therapy

Daniel E. Hyer, PhD'; Laura C. Bennett, MS'; Theodore J. Geoghegan, MS";
Martin Bues, PhD?; Blake R. Smith, PhD'

"Department of Radiation Oncology, University of lowa, lowa City, IA, USA
2Department of Radiation Oncology, Mayo Clinic Arizona, Phoenix, AZ, USA

Purpose: The development of collimating technologies has become a recent focus in
pencil beam scanning (PBS) proton therapy to improve the target conformity and healthy
tissue sparing through field-specific or energy-layer—specific collimation. Given the
growing popularity of collimators for low-energy treatments, the purpose of this work was
to summarize the recent literature that has focused on the efficacy of collimators for PBS
and highlight the development of clinical and preclinical collimators.

Materials and Methods: The collimators presented in this work were organized into 3
categories: per-field apertures, multileaf collimators (MLCs), and sliding-bar collimators.
For each case, the system design and planning methodologies are summarized and
intercompared from their existing literature. Energy-specific collimation is still a new
paradigm in PBS and the 2 specific collimators tailored toward PBS are presented
including the dynamic collimation system (DCS) and the Mevion Adaptive Aperture.
Results: Collimation during PBS can improve the target conformity and associated
healthy tissue and critical structure avoidance. Between energy-specific collimators and
static apertures, static apertures have the poorest dose conformity owing to collimating
only the largest projection of a target in the beam’s eye view but still provide an
improvement over uncollimated treatments. While an external collimator increases
secondary neutron production, the benefit of collimating the primary beam appears to
outweigh the risk. The greatest benefit has been observed for low- energy treatment
sites.

Conclusion: The consensus from current literature supports the use of external
collimators in PBS under certain conditions, namely low-energy treatments or where the
nominal spot size is large. While many recent studies paint a supportive picture, it is also
important to understand the limitations of collimation in PBS that are specific to each
collimator type. The emergence and paradigm of energy-specific collimation holds many
promises for PBS proton therapy.

Keywords: collimation; PBS; proton therapy

Introduction

The field of proton therapy has grown rapidly since its initial proposal, fueled by the
prospects of increased local tumor control and reduction of treatment toxicities in
comparison to conventional photon-based treatment modalities. One of the most
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impactful developments since the advent of proton therapy has been pencil beam scanning (PBS), a treatment delivery
modality where a narrow proton beam (beamlet) is steered within the treatment field by using a time-variant magnetic field [1,
2]. Pencil beam scanning offers 2 clinical advantages over passive scattering proton beam therapy: PBS can significantly
spare healthy tissues proximal to the planning target volume (PTV) owing to its ability to create variable width spread-out
Bragg peaks across the target; and with the addition of computer-aided beamlet weight optimization, PBS gives rise to
intensity-modulated proton beam therapy (IMPT), which is analogous to IMRT in external photon beam therapy. From a
technical standpoint, these advantages allow PBS to shape a dose distribution to closely match the target outline while
minimizing the neutron production relative to its passive scattering counterpart [2-5]. For these reasons, the introduction of
PBS was thought to largely mitigate the need for external apertures [1-3, 6]. However, both computational and clinical trial
studies have recently emerged that paint an alternative picture: while proton therapy, in a theoretical sense, can provide
superior healthy tissue sparing and increased target conformity over photon-based modalities, the conditions necessary to
observe a significant clinical benefit are seldom achieved with PBS alone due in part to treatment planning uncertainties and
increased lateral dose spread [7—10]. In any case, the potential benefit of proton beam therapy over other forms of external
beam therapy may lie, depending on the clinical application, in a reduction of lateral beam penumbra, the reduction of integral
dose, the increased radiobiological effectiveness (RBE) of protons, or in a combination of these factors. The clinical
importance of these parameters is not particularly well understood, and the overall benefit of proton beam therapy is currently
being tested in numerous clinical trials for various disease sites.

While protons exhibit a distinct depth-dose advantage over photon beams, a composite treatment plan’s target conformity
can be worse for the proton therapy treatment because of the lateral penumbra at the depth of the target [7]. For PBS without
additional beam collimation, the size of the lateral penumbra is governed by the multiple Coulomb scattering in the patient and
the initial size of the beamlet as it enters the patient. A recent treatment planning study by Widesott et al [11] suggests that for
IMPT to have comparable organ-at-risk (OAR) sparing relative to advanced photon techniques necessitates that the size of a
proton beamlet, defined by the standard deviation of the lateral spatial distribution in air, must be less than 3 mm, 4 mm, and 6
mm for prostate, head and neck, and malignant pleural mesothelioma cancers, respectively. Another investigation also
demonstrated that a spot size of 4.3 mm at low energies is necessary for proton PBS to be superior to state-of-the-art photon
therapies for intracranial radiosurgery [12]. As summarized in the Table, many of the worldwide, state-of-art facilities fail to
meet these criteria.

The impact of spot size has also been shown to affect local tumor control between PBS and x-ray therapies [13, 14]. In each
of these studies, spot size was a limiting factor toward a plan’s performance relative to IMRT and tomotherapy treatments of
head and neck targets. Thus, an underlying hypothesis behind the use of collimators in PBS is that collimated proton fields can
provide superior healthy tissue sparing, compared to their uncollimated PBS counterparts, through the reduction of the lateral
penumbra. This is especially true for lower beam energies that tend to have larger spot sizes and worsens for shallow targets
that require external range shifters, such as for the head and neck.

For many facilities, external collimators may be necessary to increase target conformity or assist in OAR avoidance, since
the spot sizes are an inherent characteristic of the beam line and accelerator. In response to this limitation, a multitude of
existing collimating techniques have been adapted from passive scattering proton therapy and contemporary photon IMRT.
Fixed, per-field apertures, as shown in Figure 1, have been used in the treatment of intracranial targets near critical structures
[15-17] and to spare the lens, macula, and optic disc during intraocular treatments [18]. Multileaf collimators have also been
adapted from x-ray Linacs [19, 20]. However, a large effort has been made within the last few years to develop novel
collimating technologies tailored toward PBS [21-23]. The dynamic collimation system (DCS), as shown in Figure 3, was

Table. Beam spot widths for several proton therapy centers worldwide.

Beamline facility Width ¢ (mm) MeV
IBA DN system at the University of Pennsylvania [65] 4.7-2.6 100225

Hitachi system at the Mayo Clinic 5.3-2.0 71.3-228.7

Centro Nazionale di Adroterapia Oncologica [68] 8.5-3.0 60—250

Note: Beam widths are provided as in air sigma at isocenter.
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Figure 1. A brass aperture milled for small and large field (left) and a brass aperture mounted in the IBA Universal Nozzle for pencil beam scanning at
the Northwestern Proton Center (right). Image courtesy of Dr Mark Pankuch, Northwestern Chicago Proton Center.

initially proposed by Hyer et al [24] in 2013 as a sliding-bar collimator capable of energy-layer collimation in spot scanning
proton therapy that can sculpt the dose distribution uniquely to each planned energy layer. In addition to the work that has
been published developing this technology, the DCS has also served as a vehicle to develop several treatment-planning—
specific optimization methods and perform proof-of-principle treatment planning studies showcasing the capabilities of energy-
layer—specific collimation in PBS. Following the DCS, the Adaptive Aperture by Mevion Medical Systems (Littleton,
Massachusetts), as shown in Figure 2, is a multileaf collimator (MLC)-based energy-specific collimator that is actively used
across a wide range of PBS proton therapy treatments [25, 26].

Within the past decade, the development and application of external collimating devices in PBS has played an increasingly
popular role in improving PBS proton therapy, particularly with intracranial and head and neck cancers. To date, the most
common collimators discussed in the literature for use with PBS include patient-specific apertures, MLCs/Mevion Adaptive
Aperture, and the DCS. Given the variety of collimating devices currently available, it is important to understand their inherent
differences and how these differences may manifest clinically with respect to both their technical design advantages and
disadvantages as well as the treatment planning methods and optimization techniques that are unique to each device. Within
this report, collimating technologies are referred to by their manufacturer and advertised product name for identification and
comparison purposes only. The authors do not endorse any of these commercial or research collimating devices or
recommend that any of these collimating devices are necessarily the best available for any proton therapy treatment.

Materials and Methods

There are universal features consistent among all external collimating devices that influence their performance and efficacy.
These include the choice of collimating materials, inclusion and positioning of an external range shifter, relative positioning
to the patient, and technology- specific algorithmic approaches that have been developed for clinical implementation. Active
research in collimated PBS has used a mixture of Monte Carlo methods and clinical dosimetry to design and develop
apertures, multileaf collimators, and sliding-bar collimators in addition to treatment planning studies that have evaluated
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Figure 2. (Left) Frontal view of the Adaptive Aperture while the leaves are fully closed. Image taken by and courtesy of Kang and Pang [59]. (Right) The
HYPERSCAN treatment head consisting of the (a) scanning magnet, (b) ionization monitor chambers, (c) variable range shifter (energy selector), and
(d) the adaptive aperture.

their efficacy [15, 16, 21-23, 27-32]. Quality assurance of collimators and collimated treatment plans consist of
measurements prioritizing field-edge penumbra and in-phantom, planar dose distribution agreement among multiple water-
equivalent depths and have been done using film dosimetry, micro-ionization chambers, ion chamber arrays, and
scintillation plates [25, 33—-36].

Apertures

Brass apertures, in particular, have been used to collimate treatment fields since the first patient was treated with passive
scattering in the United States [37]. In addition to its machinability, brass is a cost-effective metal that is ideal for aperture
construction given that apertures must be created uniquely for each treatment field. By design, an aperture will generally
collimate the largest projection of a target in the beam’s eye view, making the beamlet-to-aperture margin an important
parameter, as the lateral projection will affect various energies differently depending on the tumor shape and surrounding
tissues. A notable exception is in the use of an aperture for patch combos, in which a portion of the target is occluded to
prioritize OAR sparing.

Historically for passive scattering systems, the dimensions of the aperture are often defined as an expansion about the PTV
in the beam’s eye view [38]. While there is no standard method for determining aperture margins in PBS, similar methods have
been adapted from passive scattering practices to determine the physical dimension and spot positions for aperture-based
treatments [16, 39]. Retrospective methods have also been used with advanced beamlet models for novel technologies, such
as proposed by Wang et al [40], to select an aperture margin from the maximum centroid spot shift.

Treatment planning studies have investigated the use of patient-specific apertures for single field, uniform dose (SFUD)
treatment plans [15, 16, 41] and IMPT-optimized plans [39, 42]. SFUD optimization was a common choice for studies using
Monte Carlo simulations among traditional Monte Carlo algorithms, such as Geant4 [41], as well as the fast Monte Carlo
algorithms available in commercial treatment planning systems, such as RayStation (RaySearch Laboratories AB, Stockholm,
Sweden) [16, 42].

Multileaf Collimators

As with apertures, MLC-based collimation systems in proton therapy have been used for shallow targets situated near
radiosensitive OARs, such as those in the head and neck region [43, 44]. Early PBS MLC systems adopted tungsten leaves
from their photon counterparts but have since been customized with advantageous metals and mechanical designs resulting
from a mixture of Monte Carlo and clinical dosimetry studies [21, 22, 30, 44] and PBS-specific optimization methods [45].
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Figure 3. (Left) Beam’s-eye-view of the DCS with the set of 4 orthogonal trimmer blades (shown in yellow) retracted from the center of the field. (Right)
The side view of the whole DCS as it would be mounted on a PBS nozzle. Abbreviations: DCS, dynamic collimation system; PBS, pencil beam
scanning.

Owing to their large mechanical footprint and mass, MLCs must be installed in the gantry head. As a result, this tends to
increase the collimator-to-patient air gap, resulting in a larger penumbra in practice [16, 20].

Treatment planning studies have been conducted by using Monte Carlo [44, 46] and RayStation [43] to determine the
advantages between MLC-based PBS in comparison with standard PBS both with SFUD and IMPT techniques. At least 1
study has simulated the treatment of lung tumors in small animal irradiation by using the Mevion Adaptive Aperture, which
consists of nickel collimating leaves placed downstream of a Lexan polycarbonate energy modulation system [26, 46]. The
viability of MLC-based PBS combined with contour scanning as well as grid scanning has also been explored [44] in addition to
studying the limits of collimation during PBS, which includes interleaf transmission, scalloping effects from large leaf sizes, and
beam energy constraints [21, 45].

DCS/Sliding-Bar Collimators

Conceptually, the DCS is a sliding-bar collimator that uses a common set of 3-cm-thick orthogonal trimmer blades placed
downstream of an external 4-cm-thick polyethylene range shifter to intercept the proton beam as it scans near the target
periphery [24]. To provide focused collimation, the DCS rotates the collimators to match the beam deflection angle as the
collimators travel in a single plane, which can improve the lateral conformity [47, 48]. By design, the DCS can effectively
provide any aperture shape for all energy layers. Like an aperture, the DCS is a nozzle-mounted accessory, which allows the
device to be placed near the patient and integrated among a variety of beamlines. Unlike apertures or MLCs, the conceptual
framework and design of treatment planning optimizers specific to the DCS has treated collimation on a per-beamlet basis,
rather than as a holistic fluence that is collimated by a common projection. This is apparent when considering how PBS
systems can scan faster that the translation speed of the collimator, introducing treatment time penalties. Spot and collimator
placement algorithms have been developed to minimize collimator travel and treatment times while maintaining coverage [49,
50].

The ability of the DCS to generate conformal treatment plans has been evaluated on both brain and head and neck cases
within an in-house treatment planning system [51-53] using both SFUD and IMPT optimization algorithms [32]. Given the high
conformity offered by the DCS, the robustness of the device to setup error and random uncertainty in beam spot and collimator
rod position is of concern owing to the potential for any error to change the overall dose distribution. A mixture of Monte Carlo
methods and model-based beamlet algorithms within a research treatment planning system has been used to investigate the
robustness of the trimmer positioning by evaluating the treatment variability from randomly distributed uncertainties in spot and
trimmer position and DCS mounting alignment [54].
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Results

From a collimator material selection standpoint, nickel provides the best combination of small scattering angle with low neutron
production and activation when compared to alternatives such as brass, tungsten, iron and plastic [28, 31, 32, 55]. While
plastic produces the least number of neutrons, it requires the largest thickness of material, which in turn leads to larger air gaps
and subsequently larger spot sizes [27]. Tungsten performs well to collimate protons, but neutron activation and production are
worse than for nickel [27, 30]. There is some benefit to using brass compared to nickel or tungsten for apertures as it is
cheaper, easier to machine, and does not produce toxic dust during the manufacturing process [27, 56].

A range shifter is often necessary to cover superficial targets but degrades lateral conformity owing to scattering of the
beam, therefore the placement and material selection of the range shifter should also be considered when designing a
collimation system. When considering the placement of the range shifter, the material and thickness of both the range shifter
and collimator dictate the best sequence of the two devices to minimize lateral penumbra. This means the optimal sequence
will be specific to individual collimation systems [15, 23, 29]. In general, for most collimation systems used in PBS proton
therapy, the range shifter should be placed upstream of the collimator [29].

For all collimation systems, the distance from the patient to collimator should be minimized to reduce the geometric growth
of the lateral penumbra [16]. This is best accomplished by designing a collimator that has a small footprint to allow for
clearance around the patient anatomy. Both apertures and the DCS have a smaller footprint than MLC-based designs and
should provide minimal air gaps when combined with a telescoping nozzle.

Apertures

The selection of an aperture’s blocking margin, which defines the aperture shape, is an important parameter to consider. One
strategy chooses the aperture margin from the maximum shift of the beamlet center owing to collimation [40]. Practically
speaking, most studies have used aperture margins of 4.0 to 15.0 mm [17, 39, 40, 57, 58]. The second consideration is
whether to mill the aperture to match the divergence of the beam. By using divergent-cut apertures, the dose near the field
edges at the surface can be reduced up to 9.5% and neutron contamination can be reduced by 6% at the surface [48].

Patient-specific apertures have been shown to reduce the mean dose to healthy organs [17, 39] and offer superior dose
falloff [15, 16] when compared with uncollimated PBS. The improvement in the plan quality offered by patient-specific
apertures is dependent on several factors, which include spot size, air gap, and the depth of the target in tissue. Larger spot
sizes (8 mm and beyond) benefit the most from the addition of apertures [17] followed by mid-sized spots (~5 mm &) [12]. Air
gaps less than 5 cm were associated with greater improvement in the penumbral width and target conformity when an aperture
was introduced into a PBS field for shallower targets [16]. When considering complicated targets, such as those found in the
head and neck, apertures may not be the optimal collimator choice, since they cannot discriminate collimation among different
energy layers, but may still afford sparing of specific OARs [17].

Multileaf Collimators

It has been shown that a theoretical unfocused, nickel MLC can reduce the lateral penumbra from 1.3 mm to 0.3 mm at 72
MeV. At 118 MeV, the lateral penumbra was reduced from 0.9 mm to 0.5 mm. At energies higher than 159 MeV, there was no
benefit for the MLC owing to multiple Coulomb scattering in the patient becoming the dominant source of penumbra size [21].
The Mevion Adaptive Aperture has also been shown to provide penumbra reduction over a range of energies and is capable of
per-spot collimation to improve in-field gradients. The initial spot size of the Mevion system is much larger than a traditional
PBS delivery system and therefore the results of the penumbra reduction are much more drastic than seen with other systems.
For example, between 2-mm and 13-mm reduction in the field penumbra width of a 10 cm X 10 cm uniformly scanned field has
been observed between beam energies of 227 MeV and 28 MeV, respectively, where a 28-MeV spot has a hominal spot size
(o) of 26 mm at isocenter [59].

MLC-based PBS treatment planning studies have been observed to reduce dose to healthy tissue outside of the PTV [43,
44]. A study by Sugiyama et al [43], examining patients with maxillary sinus cancer undergoing IMPT with and without MLC,
found that plans developed with MLCs were able to reduce the maximum dose to the optic nerve and the mean dose to the
ipsilateral nerve when compared with the non-MLC plans [43]. As MLCs have limited benefit at greater depths, the combination
of collimated PBS and contour scanning to treat targets at depths less than 15 cm water equivalent thickness creates the
greatest improvement in healthy tissue sparing when compared with plans generated with contour-scanned PBS alone;
however, target dose homogeneity was not shown to be significantly different between the 2 cases [44].
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DCS/Sliding-Bar Collimators

The DCS has been the subject of several recent investigations about collimator design and potential use cases. From a design
perspective, the placement of the collimators downstream of the range shifter reduces the lateral spread by 15% to 30%,
compared to placing the collimators upstream of the range shifter [29, 47]. Polyethylene was chosen as the range shifter
material because it has the lowest scattering angle of all suitable plastics [60]. Through the use of novel sequencing and
grouping algorithms, it has been shown that the time penalty from using the DCS was on average 60 seconds per treatment
field while maintaining high levels of conformity [49]. The robustness of DCS plans has also been evaluated. As with all
collimators, the dose distribution of an individual beamlet is highly sensitive to the relative distance of the centroid of the
beamlet to the medial edge of the collimator. To combat this sensitivity, a minimum allowable off-axis trimmer distance was
implemented for the DCS to improve robustness. For treatments planned by using a model of the Northwestern IBA Universal
Nozzle (UN) beamline, introducing a small 1.5-mm offset from the center of the beamlet to the face of the trimmer improved the
PTV D95% robustness to within 2% of the nominal coverage even when accounting for uncertainties from the mounting
alignment, spot and trimmer positioning [54].

Head and neck PBS plans generated by using the DCS have consistently demonstrated greater reduction in mean dose to
healthy tissue adjacent to the target and improved target conformity relative to uncollimated PBS plans as well as fixed aperture
plans [51, 52, 61]. When comparing the DCS to uncollimated treatment to both the IBA Universal and Dedicated Nozzle systems,
the DCS reduced the mean dose delivered to the nearby 10-mm margin of healthy tissue surrounding the target by 11.5 % to
13.7% for brain treatments and 6.3% to 7.1 % for head and neck targets in comparison to uncollimated treatments with an
equivalent prescribed dose to the 95% PTV volume [51]. Significant OAR avoidance could also be achieved by using the DCS
relative to an uncollimated treatment with an equivalent PTV coverage, as much as an 86% reduction to the left optic nerve
during a dual-field chordoma treatment and a 35% reduction to the spinal cord during a treatment of a squamous cell carcinoma
of the left supraglottic larynx [51]. Compared to uniform scanning plans generated with a brass aperture, DCS-generated plans
were subject to less secondary neutron contamination owing to the use of nickel as a preabsorber material; however, they still
present an increase in neutron generation as compared with an uncollimated PBS plan [31].

Discussion/Conclusion

External collimating devices play an important role in low-energy PBS proton therapy and will most likely become a common
accessory for PBS systems with a nominally large spot size, especially at lower beam energies that include an external range
shifter where spot sizes may prohibit a notable dosimetric advantage in healthy tissue sparing or OAR avoidance when
compared to contemporary photon treatments. While proton therapy delivery technology continues to improve and spot sizes
continue to get smaller, these small spots open the door to increased sensitivity of spot misplacement [62]. In this regard,
collimating a larger spot size can improve the achievable conformity near to that of a smaller spot size [63] with the added benefit
of improving target coverage robustness, which can be a concern for moving targets or intrafraction motion [64].

Commercial availability remains an important factor to consider when implementing new technologies into the treatment
planning and delivery workflow. Apertures remain the most commercially available and can either be machined in-house or
ordered from a supplier. Although their performance does not match that of the energy-layer—specific systems, they are much
cheaper and generally do not require any specialized software for treatment planning given that most contemporary PBS
proton therapy treatment planning systems are capable of modeling single, per-field apertures. When an external range shifter
is necessary to cover depths proximal to the minimum energy of the beamline, the sequence of collimator and range shifter
can influence the beam spread. For the DCS and Adaptive Aperture, both elect to place the collimator downstream of the
range shifter. The DCS and Adaptive Aperture require extensively more hardware and software to operate than conventional
apertures. Each system requires a special mount that is beamline specific. Additionally, only a few commercial treatment
planning systems are capable of treatment planning with energy-layer—specific collimation, namely Astroid from .decimal and
RayStation for the DCS and Adaptive Aperture, respectively. While a clinical prototype exists for the DCS, the Adaptive
Aperture is currently the only commercially available energy-layer—specific collimator.

A reduction in spot size from collimation during PBS treatment plans is associated with a reduction in dose to healthy tissue
and steeper dose falloff for shallow targets. Beyond a depth of 15 to 20 cm, apertures, MLCs, and the DCS rarely provide a
notable benefit in reducing the penumbra owing to the increased multiple Coulomb scattering relative to the nominal spot
penumbra size [16, 21, 44].
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However, for instances where the initial spot penumbra is very large, collimation may still provide some benefit for higher
nominal beam energies as a field-defining collimator, which has been demonstrated with the Mevion Adaptive Aperture
system [59]. While there is a clear benefit from improvements to the primary beam, collimation induces unwanted secondary
radiation from nuclear interactions between the collimating material and the incident proton beam. As such, the use of
collimation in PBS carries an increased risk of secondary complications due to increased neutron dose as compared with
uncollimated PBS proton therapy [32]; however, the risk is lower than what is expected for uniform scanning with brass
apertures. Additionally, the relative risk due to increased neutron dose may be mitigated by the improved conformity
provided by these technologies. A study by Geng et al [58] found the lifetime attributable secondary malignancy risk for in-
field tissues treated with a patient-specific aperture to be reduced for both large and small spot sizes when compared with
standard PBS alone. The DCS was likewise observed to have a reduction in acute side effects such as brain necrosis
among intracranial treatment plans [32].

ADDITIONAL INFORMATION AND DECLARATIONS

Conflicts of Interest: Daniel E. Hyer, PhD, holds a patent for the dynamic collimation system that is currently licensed to IBA.
Funding: This work was supported in part by NIH Cancer Center Support Grant R37CA226518 (PI: Daniel E. Hyer, PhD).
Ethical Approval: This study was reviewed by the authors’ institutional research infrastructure and was determined to be
exempt from IRB approval.

References

1. Pedroni E, Bacher R, Blattmann H, Béhringer T, Coray A, Lomax A, Lin S, Munkel G, Scheib S, Schneider U. The 200-MeV
proton therapy project at the Paul Scherrer Institute: conceptual design and practical realization. Med Phys. 1995;22:37-53.

2. Paganetti H, Bortfeld T. Proton therapy. N Technol Radiat Oncol. 2006;345—63.

3. Bortfeld T, Paganetti H, Kooy H. MO-A-T-6B-01: proton beam radiotherapy—the state of the art. Med Phys. 2005;32:2048—
9.

4. Smith AR. Vision: proton therapy. Med Phys. 2009;36:556—68.

5. Lomax AJ, Pedroni E, Rutz HP, Goitein G. The clinical potential of intensity modulated proton therapy. Z Med Phys. 2004;
14:147-52.

6. Safai S, Bortfeld T, Engelsman M. Comparison between the lateral penumbra of a collimated double-scattered beam and
uncollimated scanning beam in proton radiotherapy. Phys Med Biol. 2008;53:1729.

7. Jéakel O. Medical physics aspects of particle therapy. Radiat Protect Dosimetry. 2009;137:156—66.

8. Muzik J, Soukup M, Alber M. Comparison of fixed-beam IMRT, helical tomotherapy, and IMPT for selected cases. Med
Phys. 2008;35:1580-92.

9. Palta J. MO-A-BRA-03: promises and perils of proton therapy. Med Phys. 2011;38:3705.

10. Yu JB, Soulos PR, Herrin J, Cramer LD, Potosky AL, Roberts KB, Gross CP. Proton versus intensity-modulated
radiotherapy for prostate cancer: patterns of care and early toxicity. J Natl Cancer Inst. 2013;105: 25-32.

11. Widesott L, Lomax AJ, Schwarz M. Is there a single spot size and grid for intensity modulated proton therapy: simulation of
head and neck, prostate and mesothelioma cases. Med Phys. 2012;39:1298-308.

12. Wang D, Dirksen B, Hyer DE, Buatti JM, Sheybani A, Dinges E, Felderman N, TenNapel M, Bayouth JE, Flynn RT. Impact
of spot size on plan quality of spot scanning proton radiosurgery for peripheral brain lesions. Med Phys. 2014;41:121705.

13. Steneker M, Lomax A, Schneider U. Intensity modulated photon and proton therapy for the treatment of head and neck
tumors. Radiother Oncol. 2006;80:263-7.

14. Stuschke M, Kaiser A, Abu-Jawad J, Péttgen C, Levegrin S, Farr J. Re-irradiation of recurrent head and neck
carcinomas: comparison of robust intensity modulated proton therapy treatment plans with helical tomotherapy. Radiat
Oncol. 2013;8:93.

15. Baumer C, Janson M, Timmermann B, Wulff J. Collimated proton pencil-beam scanning for superficial targets: impact of
the order of range shifter and aperture. Phys Med Biol. 2018;63:085020.

Hyer et al (2020), Int J Particle Ther 80



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

INTERNATIONAL
JOURNAL
of PARTICLE
THERAPY

Innovations in collimated pencil beam scanning proton therapy

Maes D, Regmi R, Taddei P, Bloch C, Bowen S, Nevitt A, Leuro E, Wong T, Rosenfeld A, Saini J. Parametric
characterization of penumbra reduction for aperture-collimated pencil beam scanning (PBS) proton therapy. Biomed Phys
Eng Express. 2019;5:035002.

Moteabbed M, Yock TI, Depauw N, Madden TM, Kooy HM, Paganetti H. Impact of spot size and beam-shaping devices on
the treatment plan quality for pencil beam scanning proton therapy. Int J Radiat Oncol Biol Phys. 2016;95:190-8.
Ciocca M, Magro G, Mastella E, Mairani A, Mirandola A, Molinelli S, Russo S, Vai A, Fiore MR, Mosci C. Design and
commissioning of the non-dedicated scanning proton beamline for ocular treatment at the synchrotron-based CNAO
facility. Med Phys. 2019;46:1852—62.

Ainsley C, Scheuermann R, Avery S, Dolney D, Maughan R, McDonough J. MO-EE- A2-02: Monte Carlo simulation and
development of a multileaf collimator for proton therapy. Med Phys. 2009;36:2702.

Daartz J, Maughan RL, Orton CG. The disadvantages of a multileaf collimator for proton radiotherapy outweigh its
advantages. Med Phys. 2014;41: 020601-1-3.

Bues M, Newhauser W, Titt U, Smith A. Therapeutic step and shoot proton beam spot-scanning with a multi-leaf
collimator: a Monte Carlo study. Radiat Protect Dosimetry. 2005;115:164-9.

Daartz J, Bangert M, Bussiere MR, Engelsman M, Kooy HM. Characterization of a mini-multileaf collimator in a proton
beamline. Med Phys. 2009;36:1886—-94.

Winterhalter C, Lomax A, Oxley D, Weber DC, Safai S. A study of lateral fall-off (penumbra) optimisation for pencil beam
scanning (PBS) proton therapy. Phys Med Biol. 2018;63:025022.

Hyer DE, Hill PM, Wang D, Smith BR, Flynn RT. A dynamic collimation system for penumbra reduction in spot-scanning
proton therapy: proof of concept. Med Phys. 2014;41:091701.

Vilches-Freixas G, Unipan M, Rinaldi |, Martens J, Roijen E, Almeida IP, Decabooter E, Bosmans G. Beam commissioning
of the first compact proton therapy system with spot scanning and dynamic field collimation. Br J Radliol. 2019;93:
20190598.

Zwart GT, Jones MR, Wagner MS, Cooley J, Pedroni E, Silva R, inventors; Mevion Medical Systems, Inc, assignee.
Adaptive aperture. US Patent 20170128746. September 29, 2020.

Brenner DJ, Elliston CD, Hall EJ, Paganetti H. Reduction of the secondary neutron dose in passively scattered proton
radiotherapy, using an optimized pre-collimator/collimator. Phys Med Biol. 2009;54:6065—-78.

Brenner DJ, Hall EJ. Secondary neutrons in clinical proton radiotherapy: a charged issue. Radiother Oncol. 2008;86:165—
70.

Geoghegan T, Gutierrez A, Flynn R, Wang D, Hyer D. Determining optimal collimator and range shifter sequence for a
proton dynamic collimation system. Presented at: AAPM 61st Annual Meeting & Exhibition. July 14, 2019; San Antonio,
TX.

Moskvin V, Cheng C-W, Das IJ. Pitfalls of tungsten multileaf collimator in proton beam therapy. Med Phys. 2011;38:6395—
406.

Schneider U, Agosteo S, Pedroni E, Besserer J. Secondary neutron dose during proton therapy using spot scanning. Int J
Radiat Oncol Biol Phys. 2002;53:244-51.

Smith BR, Hyer DE, Hill PM, Culberson WS. Secondary neutron dose from a dynamic collimation system during
intracranial pencil beam scanning proton therapy: a Monte Carlo investigation. Int J Radiat Oncol Biol Phys. 2019;103:
241-50.

Bunker AG. Patient specific quality assurance using machine log files for the Mevion S250i Proton Therapy System.
Masters Abstracts Int. 2019;58-06:139.

Chiang B-H, Bunker A, Jin H, Ahmad S, Chen Y. Developing a Monte Carlo model for MEVION S250i with HYPERSCAN
and Adaptive Aperture™ pencil beam scanning proton therapy system. J Radiother Pract. 2020:1-8.

Park SA, Kwak JW, Yoon MG, Shin DH, Lee SB, Cho KH, Kang SK, Kim KJ, Bae HS, Park SY. Dose verification of proton
beam therapy using the Gafchromic EBT film. Radiat Meas. 2011;46:717-21.

Arjomandy B, Taylor P, Ainsley C, Safai S, Sahoo N, Pankuch M, Farr JB, Yong Park S, Klein E, Flanz J. AAPM task
group 224: comprehensive proton therapy machine quality assurance. Med Phys. 2019;46:e678-705.

Hyer et al (2020), Int J Particle Ther 81



37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

INTERNATIONAL
JOURNAL
of PARTICLE
THERAPY

Innovations in collimated pencil beam scanning proton therapy

Tobias C, Lawrence J, Born J, McCombs R, Roberts J, Anger H, Low-Beer B, Huggins C. Pituitary irradiation with high-
energy proton beams a preliminary report. Cancer Res. 1958;18:121-34.

Lee NY, Leeman JE, Cahlon O, Sine K, Jiang G, Lu JJ, Both S, eds. Target Volume Delineation and Treatment Planning
for Particle Therapy. Cham, Switzerland: Springer; 2018.

Yasui K, Toshito T, Omachi C, Hayashi K, Tanaka K, Asai K, Shimomura A, Muramatsu R, Hayashi N. Evaluation of
dosimetric advantages of using patient-specific aperture system with intensity-modulated proton therapy for the shallow
depth tumor. J Appl Clin Med Phys. 2018;19:132—7.

Wang D, Smith BR, Gelover E, Flynn RT, Hyer DE. A method to select aperture margin in collimated spot scanning proton
therapy. Phys Med Biol. 2015;60:N109-19.

Dowdell SJ, Clasie B, Depauw N, Metcalfe P, Rosenfeld AB, Kooy HM, Flanz JB, Paganetti H. Monte Carlo study of the
potential reduction in out-of-field dose using a patient-specific aperture in pencil beam scanning proton therapy. Phys Med
Biol. 2012;57:2829—-42.

Su Z, Indelicato DJ, Mailhot RB, Bradley JA. Impact of different treatment techniques for pediatric Ewing sarcoma of the
chest wall: IMRT, 3DCPT, and IMPT with/without beam aperture. J App! Clin Med Phys. 2020;21:100-7.

Sugiyama S, Katsui K, Tominaga Y, Waki T, Katayama N, Matsuzaki H, Kariya S, Kuroda M, Nishizaki K, Kanazawa S.
Dose distribution of intensity-modulated proton therapy with and without a multi-leaf collimator for the treatment of
maxillary sinus cancer: a comparative effectiveness study. Radiat Oncol. 2019;14:209.

Winterhalter C, Meier G, Oxley D, Weber DC, Lomax AJ, Safai S. Contour scanning, multi-leaf collimation and the
combination thereof for proton pencil beam scanning. Phys Med Biol. 2018;64:015002.

Gustafsson A, Lind BK, Svensson R, Brahme A. Simultaneous optimization of dynamic multileaf collimation and scanning
patterns or compensation filters using a generalized pencil beam algorithm. Med Phys. 1995;22:1141-56.

Almeida IP, Vaniqui A, Schyns LE, van der Heyden B, Cooley J, Zwart T, Langenegger A, Verhaegen F. Exploring the
feasibility of a clinical proton beam with an adaptive aperture for pre-clinical research. Br J Radiol. 2019;92:20180446.
Geoghegan TJ, Nelson NP, Flynn RT, Hill PM, Rana S, Hyer DE. Design of a focused collimator for proton therapy spot
scanning using Monte Carlo methods. Med Phys. 2020;47:2725-34.

Zhao T, Cai B, Sun B, Grantham K, Mutic S, Klein E. Use of diverging apertures to minimize the edge scatter in passive
scattering proton therapy. J Appl Clin Med Phys. 2015;16:367-72.

Smith BR, Hyer DE, Flynn RT, Hill PM, Culberson WS. Trimmer sequencing time minimization during dynamically
collimated proton therapy using a colony of cooperating agents. Phys Med Biol. 2019;64:205025.

Smith BR, Hyer DE, Flynn RT, Culberson WS. Optimization of spot and trimmer position during dynamically collimated
proton therapy. Med Phys. 2019;46:1922-30.

Moignier A, Gelover E, Smith BR, Wang D, Flynn RT, Kirk ML, Lin L, Solberg TD, Lin A, Hyer DE. Toward improved target
conformity for two spot scanning proton therapy delivery systems using dynamic collimation. Med Phys. 2016;43:1421-7.
Smith B, Gelover E, Moignier A, Wang D, Flynn RT, Lin L, Kirk M, Solberg T, Hyer DE. A treatment plan comparison
between dynamic collimation and a fixed aperture during spot scanning proton therapy for brain treatment. Med Phys.
2016;43:4693-9.

Moignier A, Gelover E, Wang D, Smith B, Flynn R, Kirk M, Lin L, Solberg T, Lin A, Hyer D. Theoretical benefits of dynamic
collimation in pencil beam scanning proton therapy for brain tumors: dosimetric and radiobiological metrics. Int J Radiat
Oncol Biol Phys. 2016;95:171-80.

Smith BR, Hyer DE, Culberson WS. An investigation into the robustness of dynamically collimated proton therapy
treatments. Med Phys. 2020;47:3545-53.

Gustafsson B. Optimization of Material in Proton-Therapy Collimators with Respect to Neutron Production [thesis].
Uppsala, Sweden: Uppsala University; 2009.

Fay M. Toxicological Profile for Nickel. Atlanta, GA: Agency for Toxic Substances and Disease Registry; 2005.

Ding X, Li X, Zhou J, Stevens C, Yan D, Chinnaiyan P, Kabolizadeh P. Explore the potential clinical and dosimetric
improvements for brain cancer proton beam treatment based on the new delivery and planning technique developments—
collimator based intensity modulated proton therapy and spot-scanning proton arc therapy. Int J Radiat Oncol Biol Phys.
2018;102:e490.

Hyer et al (2020), Int J Particle Ther 82



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

INTERNATIONAL
JOURNAL
of PARTICLE
THERAPY

Innovations in collimated pencil beam scanning proton therapy

Geng C, Moteabbed M, Xie Y, Schuemann J, Yock T, Paganetti H. Assessing the radiation-induced second cancer risk in
proton therapy for pediatric brain tumors: the impact of employing a patient-specific aperture in pencil beam scanning.
Phys Med Biol. 2015;61:12.

Kang M, Pang D. Commissioning and beam characterization of the first gantry-mounted accelerator pencil beam scanning
proton system. Med Phys. 2019;47. doi:10.1002/mp.13972.

Shen J, Liu W, Anand A, Stoker JB, Ding X, Fatyga M, Herman MG, Bues M. Impact of range shifter material on proton
pencil beam spot characteristics. Med Phys. 2015;42:1335—-40.

Moignier A, Gelover E, Wang D, Smith B, Flynn R, Kirk M, Lin L, Solberg T, Lin A, Hyer D. Improving head and neck
cancer treatments using dynamic collimation in spot scanning proton therapy. Int J Particle Ther. 2016;2:544-54.

Farr JB, Dessy F, De Wilde O, Bietzer O, Schénenberg D. Fundamental radiological and geometric performance of two
types of proton beam modulated discrete scanning systems. Med Phys. 2013;40:072101.

Hyer DE, Hill PM, Wang D, Smith BR, Flynn Rt. Effects of spot size and spot spacing on lateral penumbra reduction when
using a dynamic collimation system for spot scanning proton therapy. Phys Med Biol. 2014;59:N187.

Grassberger C, Dowdell S, Lomax A, Sharp G, Shackleford J, Choi N, Willers H, Paganetti H. Motion interplay as a
function of patient parameters and spot size in spot scanning proton therapy for lung cancer. Int J Radiat Oncol Biol Phys.
2013;86 380-6.

Lin L, Ainsley CG, Solberg TD, McDonough JE. Experimental characterization of two-dimensional spot profiles for two
proton pencil beam scanning nozzles. Phys Med Biol. 2013;59:493.

Lin L, Ainsley CG, McDonough JE. Experimental characterization of two-dimensional pencil beam scanning proton spot
profiles. Phys Med Biol. 2013;58:6193.

Smith A, Gillin M, Bues M, Zhu XR, Suzuki K, Mohan R, Woo S, Lee A, Komaki R, Cox J, Hiramoto K, Akiyama H, Ishida
T, Sasaki T, Matsuda K. The M. D. Anderson proton therapy system. Med Phys. 2009;36:4068—-83.

Giordanengo S, Garella M, Marchetto F, Bourhaleb F, Ciocca M, Mirandola A, Monaco V, Hosseini M, Peroni C, Sacchi R.
The CNAO dose delivery system for modulated scanning ion beam radiotherapy. Med Phys. 2015;42:263-75.

Hyer et al (2020), Int J Particle Ther 83



	b01
	b02
	b03
	b04
	b05
	b06
	b07
	b08
	b09
	b10
	b11
	b12
	b13
	b14
	b15
	b16
	b17
	b18
	b19
	b20
	b21
	b22
	b23
	b24
	b25
	b26
	b27
	b28
	b29
	b30
	b31
	b32
	b33
	b34
	b35
	b36
	b37
	b38
	b39
	b40
	b41
	b42
	b43
	b44
	b45
	b46
	b47
	b48
	b49
	b50
	b51
	b52
	b53
	b54
	b55
	b56
	b57
	b58
	b59
	b60
	b61
	b62
	b63
	b64
	b65
	b66
	b67
	b68

