s1dLIOSNUBIA JoyINy sispund DN 8doin3 ¢

s1dLosnuUep JoyIny sispund DN adoin3 ¢

Europe PMC Funders Group
Author Manuscript
Prog Part Nucl Phys. Author manuscript; available in PMC 2023 July 01.

Published in final edited form as:
Prog Part Nucl Phys. 2023 July ; 131: 104046. doi:10.1016/j.ppnp.2023.104046.

Emerging technologies for cancer therapy using accelerated
particles

Christian GraeffaP, Lennart Volz2, Marco Durante®P.c*

aGSI Helmholtzzentrum fur Schwerionenforschung, Biophysics Department, PlanckstralRe 1,
64291 Darmstadt, Germany

bTechnische Universitat Darmstadt, Darmstadt, Germany

®Dipartimento di Fisica “Ettore Pancini”, University Federico Il, Naples, Italy

Abstract

Cancer therapy with accelerated charged particles is one of the most valuable biomedical
applications of nuclear physics. The technology has vastly evolved in the past 50 years, the
number of clinical centers is exponentially growing, and recent clinical results support the
physics and radiobiology rationale that particles should be less toxic and more effective than
conventional X-rays for many cancer patients. Charged particles are also the most mature
technology for clinical translation of ultra-high dose rate (FLASH) radiotherapy. However, the
fraction of patients treated with accelerated particles is still very small and the therapy is only
applied to a few solid cancer indications. The growth of particle therapy strongly depends on
technological innovations aiming to make the therapy cheaper, more conformal and faster. The
most promising solutions to reach these goals are superconductive magnets to build compact
accelerators; gantryless beam delivery; online image-guidance and adaptive therapy with the
support of machine learning algorithms; and high-intensity accelerators coupled to online imaging.
Large international collaborations are needed to hasten the clinical translation of the research
results.
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1 Introduction

For many millennia, infections and neonatal diseases have been the leading causes of human
mortality worldwide. Only in the XXI century, cardiovascular diseases and cancer got

the first positions [1], as already was the case in the industrialized countries since many
years. The main risk factors for these diseases is age, i.e. they become prevalent when life
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expectancy increase. Cancer is the 2nd most common cause of death worldwide and cancer
therapy is therefore obviously in the forefront of medical research [2,3]. Even if enormous
progress in systemic pharmacological approaches have been accomplished recently, local
therapies — surgery and radiotherapy — remain indispensable. Radiotherapy is indeed used
for over 50% of the cancer patients, sometimes as single treatment option but more often as
a part of the multimodal cancer care.

The ultimate goal of curative radiotherapy is to kill the tumor cells with acceptable toxicity
for the surrounding normal tissues. The effectiveness in killing malignant and normal cells
primarily depends on the ionizing radiation dose i.e. the energy deposited per unit target
mass (measured in gray; 1 Gy = 1 J/kg). Every tumor can be destroyed if the dose is high
enough, but the prescribed dose is limited by the normal tissues surrounding the malignancy.
Treatments of malignancies with radiation started only months after the discovery of X-rays
by Wilhelm Réntgen in 1895, and in over a century of technological progress underwent
many modifications and increasing complexity and automation [4,5]. Currently over 80% of
the patients eligible for radiotherapy are treated with external beams (teletherapy) of X-rays
produced by bremsstrahlung of electrons accelerated in linacs to about 6 MeV. The others
are treated with specialized treatments such as gamma knife or brachytherapy, and less than
1% is treated with accelerated charged particles (protons or heavier ions) [6]. This number
is, however, steadily increasing [7].

According to the Particle Therapy Co-Operative Group (PTCOG) database [8], 324.586
patients were treated with charged particles until the end of 2021. Around 86% of those
patients were treated with protons. The number of facilities in operation is also rapidly
increasing in the past years (Fig. 1) [9]. Whilst most of the facilities are in Japan and in the
USA, many other countries are in rapid expansion such as Spain (11 centers are planned in
addition to the two in operation in Madrid) or China [10].

The rationale for particle therapy lies in its physical properties. Unlike X-rays, the energy
deposited per unit track length increases with depth (Fig. 2), therefore for a single beam the
dose to the normal tissue will be much lower for ions than for photons when delivering the
same dose to the tumor. Particle therapy is therefore intrinsically more conformalthan X-ray
therapy, i.e. can provide excellent high dose distributions in tumors of complex shape with
relatively low dose to the surrounding normal tissue (Fig. 3). The basic physics of particle
therapy has been reviewed many times [11-18] and is not debated. For many years, however,
the cost effectiveness of particle therapy remained controversial because the increased costs
compared to X-rays was not matched by level-1 (i.e. derived from randomized phase-1I|
clinical trials) clinical evidence of superiority [19-21].

In recent years, this criticism became weaker. First, cost has been reduced with compact
superconducting cyclotrons and single-room treatment facilities [22,23]. Second, evidence
showing superiority of charged particles compare to photons in comparative studies is
rapidly emerging. Reduced toxicity of protons in head-and-neck tumors has been shown in
retrospective analysis in different clinical centers [24-27]. A randomized trial comparing
protons to intensity modulated radiotherapy (IMRT) with X-rays for locally advanced
esophageal cancer has demonstrated reduced risk and severity of adverse events when
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particles are used [28]. Finally, a recent prospective trial has shown increased effectiveness
of proton beam therapy in patients treated for leptomeningeal metastasis [29]. Patients with
leptomeningeal metastasis, i.e when cancer spreads to the membranes lining the brain and
spinal cord, have a dismal prognosis with a survival of only 3-6 months [30]. Patients
treated with protons had improved progression free survival and overall survival compared
to those receiving focal X-ray irradiation. This clinical success is entirely due to the physics
of protons. With protons, it is possible to have high-dose full craniospinal irradiation that

is very toxic with X-rays, because the whole body would be irradiated. Proton craniospinal
irradiation is typically employed for treatment of pediatric medulloblastoma (Fig. 4) [31],
and can be now a key method to improve survival of patients with leptomeningeal metastasis
[32], especially those with reduced genomic variability in circulating tumor DNA [33].

Nevertheless, substantial challenges remain for proton or heavy ion therapy physics. First,
even if the cost has been reduced with single-room facilities, it remains substantially higher
than photons. Therefore, more compact and cheaper machines remain absolutely necessary
to further expand particle therapy [37-39]. Second, even if the sophisticated pencil beam
scanning provides excellent coverage of the target, there is a substantial uncertainty on the
beam range in the patient [40], entailing large margins around the target that somehow
jeopardize the Bragg peak accuracy [41]. The problem is complicated by the organ motion,
especially for thoracic tumors, because the movement disrupts the dose distribution. Finally,
patient irradiation takes several minutes and is delivered in several daily fractions. Recently,
it has been shown in pre-clinical studies that ultra-high dose rates (FLASH radiotherapy)
can substantially reduce normal tissue toxicity without affecting tumor control [42]. Beyond
the potential biological advantages, ultra-high dose rate can improve the comfort and patient
workflow and contribute to solve the organ motion problem. The physical challenge will

be to produce particle accelerators and beam delivery systems able to cope with this high-
intensity while maintaining conformality.

In short, the current goal is to make particle therapy cheaper, more conformal and faster.
Emerging approaches toward these goals will be summarized here.

2 Smaller and cheaper systems

The high investment cost of particle therapy is caused by the complexity of the accelerator,
beam transport and delivery technology. The large footprint of these devices brings along
high construction costs to satisfy the radiation protection requirements. For this reason,
cheaper is almost equivalent to smaller [43]. The most bulky technological components are
the accelerator itself (presently either cyclotron plus energy selection system or synchrotron;
see Table 1) and the gantry, i.e. the rotating nozzle that allows the delivery of the beam at
any angle prescribed in the treatment plan. The size of these machines is determined by the
gyroradius p in the Lorentz’s formula:

Bp = P _ myy fc

1
p q @

where Bis the magnetic field, pthe momentum and g the charge of the accelerated particle.
In the relativistic expression of the momentum, mg is the particle rest mass, g the relative
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velocity, ¢ the speed of light and y the Lorentz factor. This means that size increases with
the particle kinetic energy per nucleon and the mass/charge ratio. Accelerators are designed
to reach a desired range in (water-equivalent) tissue, typically 30 cm, which corresponds to a
particle-specific kinetic energy, such as 430 MeV/n for carbon or 220 MeV for protons. As
shown in Fig. 5, the corresponding magnetic rigidity B,, is around 3 times higher for C-ions
than for protons. Therapy with ions heavier than protons is therefore associated to larger and
more expensive accelerators and gantries.

2.1 Current accelerators

The accelerators presently in use in particle therapy are produced by different companies
[44,45]. All of these companies are implementing effort to reduce the size of the
accelerators. According to Eq. (1), this means increasing B, which in turn means using
superconducting magnets [46]. Table 2 gives a summary of the main accelerators currently
on the market for therapy with protons or carbon ions. Clearly the market focuses on
cyclotrons, characterized by a quasi-continuous beam with high intensity and stability; and
synchrotrons, whose main advantage is the possibility of actively changing the energy.

Cyclotrons for therapy need to reach high energies, where relativistic effects cannot be
neglected. The angular frequency w of the electric field for a particle of charge gand rest
mass /m is:

w=3dB

- @

To cope with the variability of the accelerating frequency in Eq. (2), two strategies are used
[47]. In synchrocyclotrons, the angular frequency w of the RF is modified to account for the
variation of y with increasing velocity. In isochronous cyclotrons, w is kept constant but the
magnetic field B in Eq. (2) is changed. Synchrocyclotrons are smaller and more compact
than isochronous cyclotrons, but they have lower output beam current and duty cycle.

Synchrotrons generally use single energy extraction, which requires 1-4 s switching times
between energies. Multiple energy extraction, originally developed at NIRS in Japan for
C-ions [48], decelerates the beam in discrete steps between short extraction phases so that
several energy layers can be delivered in each accelerator spill [49]. This technology reduces
the beam deliver time and allows rapid range adaptation without any additional passive
energy degrader. Multiple energy extraction reduces beam delivery time also in proton
therapy [50] and is indeed implemented in the PROBEAT proton synchrotron (Table 2).

The more stable magnetic field of cyclotrons is more favorable to superconductivity, and it is
indeed employed in all modern cyclotrons [45]. While both cyclotrons and synchrotrons are
used for protons, until now, only synchrotrons are in use for heavy ions (14 in operation with
C-ions by the end of 2022 [9]). However, the C400 IBA compact cyclotron for carbon ions
[51] is about to be commissioned in Caen (France) [52].

Proton machines are smaller than those able to accelerate C-ions, and clearly
superconducting magnets, usually NbTi, result in more compact accelerators. Yet
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superconductivity in a hospital-based center comes with a cost. To achieve high fields (B
>3 T), a large quantity of superconducting material is needed, resulting in high cost and
challenging cooling. Magnets in synchrotrons in addition need field ramp rates >1 T/s, a
curved shape and usually quadrupole integration [53]. For multiple-energy extraction, fast
cycling (>10 Hz) magnets are needed to change energy in small steps, corresponding to the
different tumor slices. However, alternating current in superconducting magnets generates
eddy currents in the coil and the iron yoke that lead to increased losses and transition to

a normal state [54]. High-temperature superconductors can provide a breakthrough in this
direction [55], but they are still in experimental testing. Two main candidates are Bi-2212
round wires [56] and rare-earth barium copper oxide (REBCO) coated conductors [57],
both theoretically able to reach intensities around 20 T, much higher than those currently
achieved with cold superconductors.

2.2 Future accelerators

In Table 1 we show other accelerator concepts that may help reducing cost and footprint of
future particle therapy facilities.

Radiofrequency linear accelerators were proposed already over 30 years ago by Ugo Amaldi
at TERA Foundation and CERN [59,60]. The initial concept was a cyclinac, with a
commercial 30 MeV-cyclotron as injector into a 3 GHz linac. However, cyclotrons and
linacs have different time structures and the injection is therefore very complex and leads to
a large intensity loss (around 95% beam loss in the longitudinal phase space). An all-linac
solution can theoretically reach 100% transmission with clean beam dynamics. The TULIP
all-linac concept developed at CERN is shown in Fig. 6 [58]. The system is based on the
CERN 750 MHz radiofrequency quadrupole (RFQ) that injects 5 MeV particles into an
interdigital H-mode cavity. The 10 MeV beam is then accelerated in a 3 GHz drift-tube
linac up to 70 MeV followed by a couple-cavity linac up to 230 MeV. The company
AVO-ADAM has recently completed a 230 MeV, 16-m long proton linac at the STFC
Daresbury laboratory in UK. The accelerator, called LIGHT, is similar to TULIP [61]. Other
companies are also working on linac concepts for proton therapy. In principle, linacs can
also be used for heavier ions, but their length becomes increasingly long. A project for an
advanced compact heavy ion linac with real-time image-guided capability has been recently
proposed by the Argonne National Laboratory [62]. An issue of the linacs is the high HF
power demand, leading to a low macro cycle of 200 Hz for the current design (Table 1).

The AVO-ADAM first hospital-based installation at the Harley Street Proton Therapy Center
(Marylebone, London) will show if this leads to problems in clinical application. As the
number of involved cavities can be changed from pulse to pulse, in principle very fast energy
changes are possible, offering the possibility of online range adaptation and to operate in
FLASH regime.

Other concepts described in Table 1, such as the rapid cycling medical synchrotron (RCMS)
[63], fixed-field alternating gradient (FFAG) accelerators [64], and the dielectric wall
accelerators [65] have been proposed since several years but have not reached the level

of industrial production as linacs. The big promise for the future is certainly in laser-driven
particle accelerators (LDPA) that have the potential to provide ultra-compact high-intensity
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systems for medical applications [66]. The investment in this technology is very high
worldwide but, despite many recent efforts for designing beam transport and delivery

in therapeutic scenarios [67,68], large problems remain. This includes [69] increasing

the intensity and repetition rate; increasing the maximum particle energy; shielding for
secondary radiation, especially the very abundant low-energy ions, which is likely to be
bulky and expensive; target stability; improving shot-to-shot reproducibility (at least to the
few % level); addressing quality-assurance and patient-safety aspects. To date, the highest
proton energy (~100 MeV) were achieved at the Vulcan laser of the Rutherford Appleton
Laboratory in the UK [70]. Pre-clinical radiobiology studies have been demonstrated at the
Draco PW laser in Dresden (Germany), where a mouse ear tumor was treated with ~60
MeV protons [71]. Full laser-driven ion medical accelerators remain far in the future, but
low-energy linear injectors in ring accelerators could be laser-driven. The current plans for
miniaturized synchrotrons in Japan include the use of a short laser-driven particle accelerator
as injector for a high-B field superconducting synchrotron [72].

While these new accelerator concept are interesting and have the potential to provide a
breakthrough to reduce the footprint of medical accelerators, for the short- and medium-term
future it is likely that most of the progress will come from the superconductive magnets.

2.3 Beam delivery

Pencil beam scanning is now universally accepted as the beam delivery system for particle
therapy (Supplementary video 1). Scanning is essential for intensity-modulated particle
therapy (IMPT) and provides a dose conformity which is impossible to obtain with the
classical passive scattering method initially used in particle therapy [73]. As we will see in
the next section, it brings the problem of interplay between beam and organ motion [74], a
problem that still hampers the application of particle therapy to moving organs, especially
thoracic tumors. Moreover, 3D volumetric scanning with energy changes is relatively slow
and reduces the speed of the treatment.

From the volume/mass point of view, the most massive and expensive element in beam
delivery is the rotating gantry. In conventional radiotherapy, the linac itself rotates around
the patient. In particle therapy, the gantry is a magnetic system that deflects the beam and
can rotate 360° around the patient’s couch [47]. Only the Mevion cyclotron (Table 2) is
designed to rotate itself around the patient, without additional gantry magnets. A typical
proton gantry is about 10 m x 10 m with a weight around 170 tons. As shown in Fig. 5, the
size of a C-ion rotating gantry must be much bigger. The first C-ion gantry was installed at
the Heidelberg lon Therapy facility and is a gigantic 25 m x 13 m structure with a weight
of 670 tons. The superconductive C-ion gantry at NIRS in Chiba (Japan) is still very big
(19 m x 13 m) but significantly lighter (300 tons) [83], and the first commercial C-ion
Toshiba gantry in operation at Yamagata is still lighter (around 200 tons) [84]. It is possible
to further reduce the gantry size using curved canted cosine-tetha superconducting magnets
[85], which should be able to reach size comparable to proton gantries [86]. Other projects
are studying fixed magnets around the patient, where the beam can be directed on the target
from any angle by changing the field strength and beam position [75,87,88] thus eliminating
the need of rotating magnets (Fig. 7).
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Even with the introduction of superconducting technology, gantries remain one of the

most massive and expensive components. Certainly an upright positioning system, where
the patient is sitting on a rotating chair, would allow gantryless systems still saving the
option of irradiation from multiple angles [89,90]. There is a long history of chairs in
particle therapy (Fig. 8), but their use was hampered by imaging, which is normally

done in horizontal position. If a patient is planned on a couch, obviously the anatomic
changes that occur when moving in vertical position can jeopardize the conformality of

the treatment. For these reason, radiation oncologists always included a rotating gantry
among the essential requirements for particle therapy, especially for extracranial targets. The
Shanghai Proton and Heavy lon Center is currently irradiating some patients with cranial
tumors on a hexapod chair [80]. The use of the chairs is currently expanding thanks to

the introduction of vertical CT imaging [91], which is now commercially available (Leo
Cancer Care and p-Cure). Irradiation in upright position has the main advantage of being
gantryless and therefore substantially cheaper in particle therapy, but an additional advantage
is the reduction of organ motion. For lung cancers, MRI [92] and CT [93] studies of healthy
volunteers have demonstrated reduced cranio-caudal lung motion and increased lung volume
in upright compared to supine position. This suggests that the upright position can lead to a
lower mean lung dose. Moreover, a similar reduction in cranio-caudal movement for upper
abdomen tumors is expected. Tests of upright position devices in head-and-neck [94] and
pelvic [82] cancer patients have demonstrated good reproducibility and improved patient
control. A couch will probably remain necessary in clinical practice (e.g. for pediatric
patients), but it is likely that irradiation in upright position can reduce the number of gantries
needed in a particle therapy center and therefore eventually reduce the costs.

3 Highly conformal particle therapy

From the physics point of view, radiotherapy is relatively simple: the goal is to provide the
maximum possible dose to the target at the lowest possible dose to the surrounding normal
tissue. Dose escalation extends progression-free survival and reduces local recurrence rates,
but is limited by normal tissue complications: radiotherapy is not conformal enough. The
prescribed dose is indeed directed to the planned target volume (PTV), which accounts

for the various geometrical uncertainties, such as patient re-positioning and intra- and inter-
fraction organ motion. ICRU [95] defines the malignancy visible in the CT as gross-tumor
volume (GTV) and its extension to account for microscopic extensions as clinical target
volume (CTV). The PTV is an extension of the CTV affected by significant delineation
uncertainty [96]. Its contouring is only based on statistical analysis of a small patient
population and isotropic extension of the volume of interest [97], not personalized on the
individual patient [98]. Ideally, the margin PTV-CTV should be reduced to zero to ensure
maximum effectiveness of the treatment.

3.1 Range uncertainty

Thanks to the Bragg peak (Fig. 2), particle therapy is in principle more conformal than
X-ray therapy, even in its advanced delivery technologies such as IMRT, tomotherapy or
volumetric arc-therapy (VMAT). However, this potential advantage is partly jeopardized
by range uncertainty [99]. The prediction of the particle range in the patient is indeed
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associated with considerable uncertainties due to imaging, patient setup, beam delivery

and dose calculation. Table 3 summarizes some of the sources of range uncertainties

and their magnitude for proton therapy [40]. The issues are very similar for heavy ions.
Some uncertainties depend on dose calculation, while others do not. A major source of
uncertainty is the Brag peak degradation, caused by tissue inhomogeneities that lead to a
wider distal fall-off [100]. This eventually causes an underdosage of the target volume and
an overdosage of normal tissue distal to the target volume [101]. A second major contributor
is the uncertainty on the mean excitation value /, which enters directly in the calculation of
the beam energy deposition and transport [102,103]. The standard value recommended by
ICRU [104] is 75 eV, but values ranging 74.6-81.8 eV are reported in the literature, with an
average value /=79.2 £ 1.6 eV [105].

Clinically, a substantial margin is added to the distal and proximal target edge in order to
ensure tumor coverage, e.g. in proton therapy this range margin is on the order of 3.5%

of the prescribed range, based on initial estimation of Michael Goitein at MGH [106]. The
additional margin corresponds to a significant normal tissue volume uselessly irradiated with
particles that reduces the conformality that would be achieved based on simple physics [41].
If this volume is reduced bringing the PTV close to the CTV, normal tissue complication
probability modeling predicts a reduced toxicity for proton [107] and C-ion therapy [108]
for both serial and parallel organs at risk.

Using dual-energy X-ray CT for treatment simulation instead of the typically used single-
energy X-ray CT can substantially reduce necessary range margins [109], since the two
applied photon energy spectra provide partially complementary information on the target
tissues. This improves the accuracy of the beam range estimate in the patient [110-112],
close to direct particle CT [113].

3.2 Moving targets

For IMPT, not delivering homogeneous doses per field, range uncertainties are often

not explicitly considered but incorporated into robust optimization strategies designed to
minimize the impact of range or setup errors [114]. With robust optimization, the definition
of PTV is not necessary any longer and the treatment optimization is done directly on the
CTV [115].

Robust optimization is now part of the commercial treatment planning systems in particle
therapy. IMPT treatment planning is performed either by single- or multi-field optimization.
Single-field is more robust against motion because it only requires the consistency of the
anatomy during the treatment delivery of one field, while multi-field optimization requires
the integrity of anatomy during the entire treatment session from all treatment fields [116].
Intra-fractional organ motion unavoidably modifies patient anatomy and interferes with the
movement of the pencil beam in the scanning pattern. This “‘interplay effect’” degrades the
target coverage, generating cold- and hot-spots [74] (Supplementary Video 2). Treatment of
moving targets in particle therapy therefore requires motion management techniques aiming
to either reduce the anatomical motion (e.g. breath holding or abdominal compression) or to
adapt the treatment during planning or delivery (e.g. 4D treatment planning [117], tracking).
Despite ongoing attempts to achieve a standardized approach to motion management by
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PTCOG [118], currently every center is using its own approach to treat moving targets with
IMPT.

Even if breath-holding [119] or compression belts [120] reduce the motion of thoracic and
abdominal tumors, these passive methods, routinely used in conventional radiotherapy, have
several pitfalls in particle therapy, such as large variability in patient’s breath hold capability
and compression tolerance. They also do not account for inter-fractional motion [121].

More robust approaches are based on planning on 4DCT images, rather than conventional
static CT images [122]. The boundaries of all CTV positions registered in the 4DCT define
an internal target volume (ITV). Using the ITV as a static PTV is not adequate in IMPT,
considering the interplay effect, the different density of the lung and tumor tissue, range
uncertainty and irregular motions and deformations. A valid strategy to mitigate motion-
induced range changes is a density override of the ITV [123], which is still in clinical

use. ITV can nonetheless be used in association with other motion mitigation strategies,
such as rescanning [124], gating [125] or tracking [126]. In beam tracking the motion of
the pencil beams accurately follows the motion of the tumor, resulting in the optimal dose
distribution comparable to static plan (Supplementary Video 2) [127]. Tracking is, however,
technically far more challenging than rescanning or gating. Due to the additional degree of
freedom provided by the range of the particles inside the patient, tracking can be performed
either only laterally or also in depth, but tracking alone does not regain dose conformity in
irregular motion scenarios [128,129]. In addition, as noted above, conformal radiotherapy
needs robust optimization and, for proper handling of organ motion, this means 4D robust
optimization [130]. These approaches have now been tested both for protons [131,132] and
carbon ions [133-135], the latter being further complicated by the problem of non-linearity
of the RBE-weighted dose [136] used in heavy ion therapy. The best possible option is the
multiphase 4D dose delivery with residual tracking (MP4DRT) [129], where a dedicated
quasi-static treatment plan is delivered to each motion phase of a periodic 4DCT and lateral
beam tracking compensates for the displacement of the tumor center-of-mass relative to the
current phase in the planning 4DCT. MP4DRT can deliver highly conformal particle therapy
to irregularly moving targets (Supplementary Video 3), but it depends on clinically available
motion monitoring like all tracking-based motion mitigation methods [137].

3.3 Online image guidance

Image guidance is generally considered essential for modern, conformal radiotherapy [138].
Modern radiotherapy uses cone beam CT (CBCT) for 3D patient positioning. CBCT
reduces re-positioning errors and shows inter-fractional organ movements, but the image
quality is lower than for conventional CT, and the image has several artifacts that make

a full re-planning difficult. During therapy, optical surface monitoring [139] is offered by
different vendors. Orthogonal X-ray fluoroscopy with or without markers and combined
with different motion models can be used to track the tumor position. In conventional X-ray
therapy, portal imaging of the MV treatment beam is offered on many machines, and is

a valuable tool to monitor therapy and to support online dose calculation [140,141]. The
combined MR-Linac provides excellent image quality during therapy [142,143], which is
also under research for particle therapy [144,145].
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All of the above imaging methods identify the target, but do not provide a direct
measurement of beam range, which is critical for particle therapy. Current strategies for
range estimation rely on different nuclear reactions of the high-energy projectile with the
target [146]. The production of positron-emitting isotopes such as 11C (produced by nuclear
fragmentation of the 12C projectile in carbon ion therapy [147]) or 130 (generated by target
fragmentation of 160 in proton therapy [148]) with half-lives in the order of minutes enables
PET imaging, resulting in 3D images available after delivery [149]. Prompt emission of y
-rays [150] or charged particles [151] provides faster feedback and is currently under clinical
investigation [152]. The INSIDE detector at CNAQ is currently in use in patients treated
with protons or 12C-ions and includes both an in-beam PET [153] and a dose profiler [154]
for the detection of secondary charged particles. However, all these methods are affected by
caveats such as low signal-to-noise ratio and indirect correlation to the Bragg Peak that limit
their applicability in clinical settings. This justifies the intensive research effort in the field
of online range monitoring that is currently ongoing worldwide.

PET imaging is the oldest technique for online beam visualization and range verification,
and many new ideas are under study to improve it [156]. These improvements include
detection of very short-lived isotopes (such as 12N) for online imaging [157], Open-PET
with a full-ring geometry developed at NIRS in Japan [158], and J-PET with inexpensive
plastic scintillators developed at the Jagellonian University in Poland [159]. A caveat of
PET detectors in range verification is the low signal-to-noise ratio because only secondary
products are measured, and the shift between the Bragg peak and the activity peak.

These problems can be solved using radioactive ion beams for both treatment and beam
visualization (Fig. 9). This idea was already proposed many years ago during the pilot

trial of heavy ion therapy in Berkeley [160], but was hampered by the low intensity of the
radioactive ion beams [161]. With the construction of new, intense accelerators dedicated to
nuclear physics with exotic beams [162], a pre-clinical test of this idea becomes possible
and is under investigation in the BARB project at GSI in Germany [155,163]. Within BARB,
it has been shown that sub-mm resolutions are achievable thanks to the high count rate
provided 19C or 11C projectiles [164], and a pe-clinical test using an animal model is
ongoing.

A novel concept is range probing, which uses selected high energy beams fully penetrating
the patient prior to treatment to provide a range verification of setup or control imaging
[165,166]. The idea is based on proton radiography [167,168], which is under study since
many years to eliminate the problem of the conversion between Hounsfield units (from

the CT) to water equivalent path lengths (used in beam transport calculation), but goes
toward an online exploitation using simultaneously one beam in the Bragg peak for therapy
and second, of lower mass, going through the patient for online imaging. Mixed ion beam
guidance has been tested in experiments with subsequent, separate 12C and *He beams with
promising results [169,170].

3.4 Alin particle therapy

There is hardly any field of science nowadays where artificial intelligence (Al) methods
is not producing rapid advances. Radiotherapy is obviously no exception. Because the
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radiotherapy workflow is based on imaging, most Al methods in radiotherapy use deep
learning and in particular convolution neural networks. Al can actually be applied in all
steps of the radiotherapy chain [171]:

- treatment strategy (machine learning is used in normal tissue complication
models [172], radiogenomics [173], and image analysis [174], to support the
decisions on individualized treatment strategy);

- segmentation (in the imaging phase, segmentation algorithms reduce the
human variability [175]; a notable Al system nnU-Net, a deep learning-based
segmentation method that automatically configures itself and adapts to new
datasets [176]);

- treatment planning (automatic dose prediction algorithms are already used in
conventional radiotherapy [177]);

- QA (machine learning can accelerate treatment plan verification and detect
errors for re-planning [178]);

- beam delivery (Al-based algorithms have the potential to monitor organ motion,
reduce treatment uncertainty and improve dose delivery accuracy [179]);

- follow-up care (as well as before the treatment, machine learning can support
decisions in adjuvant settings [180]).

All these applications in conventional radiotherapy are also venturing into particle therapy.
The applications in treatment planning, QA and beam delivery are quite distinct from the
problems faced in X-ray therapy, simply because the physics is profoundly different.

Can Al improve conformality of particle therapy? First, all methods described for online
imaging in Section 3.3 benefit from Al algorithms. For instance, the difference between
dose and activity distribution in range verification by PET can be corrected with machine
learning algorithms [181,182]. Convolutional neural network can calculate proton dose [183]
and improve the resolution of the beam range measurement [184] from prompt-y images;
and deep learning can contribute to the development of new methods for range verification
such as ionoacoustic [185] or luminescence [186] imaging. Machine learning can also be
used to improve CBCT images generating a synthetic CT where it is possible to re-plan
the patient [187-189]. Second, machine learning can make dose calculation in treatment
planning much faster [190,191] ,with an accuracy comparable to the time-consuming
Monte Carlo calculations. Considering that Al can play a decisive role in online imaging
and fast dose calculation, it is clear that it is an ideal tool for online adaptive particle
therapy (Fig. 10). Adaptive therapy is a strategy to take into account re-positioning errors,
inter-fractional anatomical variations including tumor shrinkage, intra-fractional motions,
to make eventually radiotherapy more conformal, as it allows reduction of the margins
[192,193]. Adaptive therapy is more necessary in particle therapy than in conventional
radiotherapy, because the high precision of the Bragg peak and the steep gradient makes

it more sensitive to geometrical uncertainties [194]. It expands to different time scales,
because tumor shrinkage can occur over weeks, inter-fractional organ movements and
repositioning daily, and intra-fractional movements in the time-scale of seconds. The
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clinical workflow, including imaging, segmentation, and treatment planning, makes online
adaptation extremely difficult with conventional computational power. Here Al can play a
decisive role, both for imaging, generation of synthetic CT and fast dose re-calculation to
make particle therapy more conformal. The current results are very promising [195-197]
and the rate of progress in this field extremely fast. The need for large training databases
to develop new Al methods calls for large, international collaborations between particle
therapy facilities, to overcome the limitation that each center treats only a comparatively
small number of patients for each cancer site.

4 Ultra-high intensities

4.1 FLASH

Soon after the first attempts to use ionizing radiation to sterilize tumors, it became clear
that daily dose fractionation was mandatory to reduce the treatment toxicity. The standard
fractionation regime requires 2-3 Gy/fraction up to total doses of 60-80 Gy to the target

at intensities of 0.5-1 Gy/min. Recently, a paradigm-shift experiment by a French-Swiss
collaboration [198] showed that ultra-high dose rates (>40 Gy/s) could spare normal tissue
without compromising tumor control. The FLASH effect holds the promise to widen

the therapeutic window, and it is therefore currently one the most prominent topics in
radiotherapy. The original experiment was performed with electrons accelerated at a high
beam current 4.5 MeV linac. Later the FLASH effect has been observed in different cell and
animal models using synchrotron radiation photons [199], hard X-rays [200], protons [201],
helium- [202] and carbon- [203] ions. The FLASH effect has a lot of unanswered questions
including molecular mechanism, dependence on total dose, instantaneous and average
doserate, irradiation time, fractionation, quantitative assessment of the tissue-dependent
dose-modifying factor, let alone the technological challenges [42]. Notwithstanding these
uncertainties, clinical trials are ongoing with electrons for cutaneous tumors [204] and
protons for bone metastasis [205], and have already shown safety and feasibility of the
FLASH approach in the clinical setting.

impact on medical physics

Whether the FLASH effect will maintain the promise of reducing toxicity and will find wide
applications in clinical settings remains to be demonstrated. However, the technological
efforts to build machines able to deliver safely high dose at ultra-high dose rate can lead

to other benefits from the medical physics side. First, the treatment time is reduced to

less than a second, thus potentially improving the clinical workflow, even if the beam-on
period is making up only a minor fraction of the time needed to treat the patient (that
includes access to the cave, positioning, etc.). Second, FLASH is characterized by high

total doses to be delivered in one or 2—4 fractions, and can potentially expand the number

of tumor cases for which extreme hypofractionation is feasible today [206]. Again, this
results in a benefit for the patient and for the clinics. Finally, FLASH requires a complete
re-assessment of the motion management problem [116]. The concept of tumor tracking
becomes impossible at the required high delivery speeds, and it also becomes irrelevant. The
whole high dose is delivered in a fraction of a second, so the issue is to shoot exactly at

the right time when the tumor and the normal organs are in the right position. Fractionation
itself is a countermeasure for the interplay effect, because it washes-out the inhomogeneities
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over the different fractions, but it is lost in oligofractionated or single-fraction FLASH.
Adaptive online therapy and image guidance becomes even more necessary, considering that
only intra-fractional but also inter-fractional movements and positioning errors can lead to
fatal overdosage in organs at risk. For online imaging, the use of high doses provides an
opportunity for pulse-by-pulse imaging using Cherenkov or ionoacoustic imaging [207].

4.2 Particle FLASH

Considering the small penetration of electrons from linacs and the poor efficiency of
bremsstrahlung for high-intensity X-ray generation, it can be stated that particle therapy

is the most mature technology for the clinical translation of FLASH. Clinical cyclotrons can
reach FLASH intensities at a fixed energy easily, considering that they have a potential to
provide beam currents over an order of magnitude higher than those used in clinical mode
(1-10 nA). This is especially true for isochronous cyclotrons with their higher duty cycle,
typically achieving beam currents ~1 pA. Synchrotrons used for heavy ion therapy have a
low repetition rate (~1 Hz) and therefore the whole dose has to be delivered in a single
synchrotron spill (~100 ms) [208]. A potential alternative is to use fast extraction, using
bunch compression and a kicker magnet to deliver all the particles in the ring in a few ps, but
with this method beam scanning becomes impossible.

For tumor irradiation, the 3D volumetric scanning used in clinics is too slow (each energy
change takes ~1 s) to reach FLASH conditions in the whole tumor, and the speed should
increase at least two orders of magnitude [209]. The most mature approach for clinical
applications of particle is hybrid active—passive systems using patient-specific, 3D-range
modulators [210,211]. The pencil beam is scanned in 2D over a ridge filter specifically
designed to produce passively the desired SOBP. Irradiation time is therefore only limited
by the raster scanning, which is extremely fast. Experimental tests for a lung cancer

case demonstrated the delivery of 0.5 Gy to a ~70 cm3 target volume in just ~6 s at

a contemporary heavy ion facility [212]. 3D range modulators are already employed in
experimental facilities using protons [213] and heavy ions [214] (Fig. 11) and are currently
under test for clinical facilities implementing proton-FLASH [215].

Can particle FLASH be as conformal as conventional treatments? Range modulators can
replace 3D volumetric scanning with virtually no loss of conformality, but the question

is whether a gantry can be used to achieve high conformality with multiple fields. If
irradiation is done from multiple angles, the normal tissue surrounding the tissue will
experience different dose-rates, ranging from zero (while the gantry is rotated) to the
maximum corresponding to the Bragg peak in the distal edge, whereas other sub-volumes
will experience intermediate dose-rates due to the overlap of different beamlets [216].
Whether these conditions maintain the FLASH effect is still unclear. One alternative to
gantry rotation is to use the toroidal concept described previously in Section 2.3 (Fig. 7),
which could be ideal for conformal FLASH. In FLASH treatment planning [217] it will be
necessary to include a dose-rate optimization, and perhaps a combination of Bragg peak and
shoot-through beams to maintain high dose-rate and conformality [218].

Of course laser-driven particle accelerators, discussed in Section 2.2, would be a prime
candidate for FLASH applications. While pre-clinical in vitro cell studies are ongoing [219-
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221], the hurdles described in Section 2.2 for clinical translation remain, but it is possible
that the investment in FLASH radiotherapy will accelerate the development of appropriate
solutions for ultra-high intensity lasers in clinics.

5 Conclusions

Particle therapy is growing so quickly (Fig. 1) that we should ask the question of whether

it will replace conventional X-ray therapy completely. While the physical and biological
(especially for heavy ions) rationale is known since long time, clinical evidence of
superiority is now accumulating. Nevertheless, charged particles are not going to replace
photons, at least in the near future. The cost of a particle therapy center is in fact still
substantially higher than an X-ray linac, and this forces radiation oncologists to select
carefully those patient that can benefit the most from particles. Moreover, particle therapy is
more sensitive than conventional therapy to positioning uncertainties and organ movements.
Finally, with the current outburst of FLASH radiotherapy, particle accelerators should

be able reach higher intensity to remain superior to photons and high-energy electron
linacs. The future of proton and heavy ion therapy therefore depends on technological
improvements to make particle therapy cheaper, more conformal and faster. Promising
solutions include superconductive magnets for more compact accelerators with reduced
footprint; irradiation in upright position to avoid large and expensive gantries; Al-assisted
online imaging and adaptive radiotherapy to reduce treatment margins; and high-intensity
accelerators with 3D-printed range modulators for FLASH radiotherapy. Even if research is
ongoing in several centers on these topics, for clinical translation larger collaborative efforts
are needed. For example, research in proton radiography is ongoing independently in dozens
of proton therapy centers, but as yet they have not produced a single device used in clinical
settings. A platform for collaboration in particle therapy is traditionally PTCOG [9], but
dedicated funding should come from large-scale initiatives such as the Cancer Moonshot in
US [2] or Cancer Mission in EU [3].
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Fig 1. The growth of the particle therapy facilities worldwide.
Source. Data from PTCOG [9].

Prog Part Nucl Phys. Author manuscript; available in PMC 2023 July 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Graeff et al.

Normalized dose

1.4 -

1.2

1.0-

0.8 -

0.6 -

0.4-

0.2 -

0.0~

Page 26

— p, 142MeV — X-ray, 6MV 2.00 - —— Indivudal iso-energy layers
—— 12C, 270MeV/u —— SOBP

Dose [Gy]
=] I = = =
~ o N w ~
wm [ ~ 3 wm o w

o
5
o

20

©
N
v

o

o

)
)

40 60 80 100 120 140 160 180 0.0 25 5.0 7:5 10.0 12.5

Depth in water [mm] Depth [cm]
(A) (B)

Fig 2. Physical advantages of charged particle therapy.
A, depth-dose distributions of high-energy X-rays and monoenergetic beams of protons

or carbon ions. At the same range, C-ions have lower straggling than protons, but a tail

of fragments is visible beyond the Bragg peak. The curves were generated with TOPAS
[34]/Geant4 simulations. In clinical applications, the Bragg peak must be extended to cover
the whole tumor (Spread-Out-Bragg-Peak, SOBP) (B). This can be done by overlapping
different pristine beams at different energy and intensity, as shown for protons.

Source. Data generated with TRiP98 [35].
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Carbon ions

(A) (B)

Fig 3. Comparison of treatment plans for a chordoma patient with a large central tumor for A.
IMRT (9 fields) or B. carbon ions (2 fields). The IMRT plan was generated with the MatRad

[36] open treatment planning toolkit, the carbon plan was generated with TRiP98 [35]. The
substantial reduction in the integral dose to the normal tissue and the sparing of critical
structures is clear using particles.
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Fig 4. Craniospinal irradiation of a pediatric medulloblastoma patient.
A. IMRT plan, B. proton plan. C. full proton plan including the brain and the countering of
the internal organs at risk.
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Fig 5. Magnetic rigidity as a function of the particle energy for protons and carbon ions.
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Fig 6. Sketch of the TULIP all-linac accelerator.
Source. Image from Ref. [58], reproduced with permission.
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Fig 7. Sketch of a toroidal fixed gantry, with 16 superconducting coils, able to deliver the beam
from any angle without rotation.

Source. Image from Ref. [75], reproduced with permission.
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2010s 2020s

Fig 8. Historical overview over different upright positioning systems used for particle therapy.
a upright positioner for the pioneering studies at Lawrence Berkeley National Lab (Source:

imaging archive of the Lawrence Berkeley National Laboratory, © 2010-2019 The Regents
of the University of California, Lawrence Berkeley National Laboratory). b Chair positioner
and vertical CT scanner at the Hyogo HIMAC, Japan [76]. ¢ Chair prototype at the

GSiI carbon ion therapy pilot project [77]. d and e Chair positioners used at the Indiana
University Health Proton Therapy Center and the Oklahoma Proton Center, respectively
[78]. f Chair system in operation at Northwestern Medicine Chicago Proton Center.

Image courtesy to Northwestern Medicine Chicago Proton Center. g Chair system of the
‘PROMETHEUS’ proton therapy center at P.N. Lebedev Physical Institute of the Russian
Academy of Sciences (Protvino, Russia) [79]. h Chair system at the Shanghai Proton and
Heavy lon Center (Shanghai, China) [80]. i Chair design with soft-robotics immobilization
[81]. j Leo Cancer Care upright positioner [82].
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Fig 9. Potential advantages radioactive ion beams for image-guided radiotherapy.
The images show Monte Carlo simulation of 12C and 11C beams stopping in a spherical

water volume and visualized by PET in 20 min. The graphs show the dose (red curve) and
the activity (blue curve) distribution along the beam direction (z-axis) showing the shift
between dose and activity when stable ions are used. Simulation by Monte Carlo code
FLUKA.

Source. Image from Ref. [155], reproduced with permission.
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Fig 10. Potential contribution of Al (here represented as a neural network in the center of the
figure) to online adaptive particle therapy.

The green dashed line corresponds to the possibility to use Al for online beam delivery
adaptation to intra-fractional target motion.
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Fig 11. Beamline for FLASH experiments using carbon ions in the GSI cave A (Darmstadt,
Germany).

Blu arrow: He/CO, filled ionization chamber (beam monitor); red arrow: binary range
shifter; white arrow: 3D-printed SOBP-modulator; green arrow: target station for animal
irradiation.

Prog Part Nucl Phys. Author manuscript; available in PMC 2023 July 01.



syduosnuelA Joyiny sispun4 DA @doing ¢

syduasnuel Joyiny sispund JINd adoin3 ¢

Graeff et al. Page 36
Table 1
Characteristics of the main accelerators potentially used in particle therapy.

In parenthesis are the objectives that are planned but not yet reached.
Accelerator ,(Amgzrage size Energy modulation (Rl_?getition rate (E,\r)lté(?)l/q)range lon species :gdlf;
Linacs 50 Modules on/off ~200 <20 (200) 1(2) Yes
Cyclotrons 5 Absorbers ~108 70-250 1 Yes
Superconducting b 106 . :
cyclotrons 15 Absorbers 10 70-250 (400) 1 (multiple)  Yes
Synchrotrons 20 Ramp 0.5-1 70-430 Multiple Yes
RCMS® 20 Ramp 30 70-430 Multiple No
Cyclinacs 30 Modules on/off 300 70 (430) 2 No
FFAGd 18 Ramp 1000 (70-430) Multiple No
DWA? 2 Modules on/off 50 (200) 1(2) No

Selection from full ]

Lppa’ 2-3 spectrum «1(10) 100 (400) Multiple No

aSuperconducting.

bApproximater 6.3 m diameter for the C-ions prototype C400.
cRapid cycling medical synchrotron.

dFixed field alternating gradient.

6’Dielectric wall accelerator.

f - -
Laser-driven particle accelerators.
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Table 2
Characteristics of the main accelerators currently in use for particle therapy.

Name Company  Accelerator type Particle (max energy) Diameter (m) Magnet type ?.AI.?X field
C230 IBA Isochronous cyclotron  p (230 MeV) 4.3 Normal conducting 17
S2C2 IBA Synchrocyclotron p (250 MeV) 2.2 Superconducting (NbTi) 5.7
Probeam Varian Isochronous cyclotron  p (250 MeV) 3.1 Superconducting (NbTi) 2.4
SC360 ProNova Isochronous cyclotron  p (250 MeV) 2.8 Superconducting (NbTi) 4
SC230 Sumitomo  Isochronous cyclotron P (230 MeV) 2.8 Superconducting (NbTi) 4
S250 Mevion Synchrocyclotron p (250 MeV) 15 Superconducting (NbsSn) 9
PROBEAT Hitachi Synchrotron p (220 MeV) 5.1 Normal conducting 18
Conforma 3000  Optivus Synchrotron P (250 MeV) 8 Normal conducting 14
Radiance ProTom Synchrotron p (330 MeV) 4.1 Normal conducting 1.9
Toshiba Toshiba Synchrotron C (430 MeV/n) 20 Normal conducting 15
PIMMS CERN Synchrotron C (400 MeV/n) 25 Normal conducting 15
PTS SIEMENS  Synchrotron C (430 Mev/n) 20 Normal conducting 1.43
HITACHI Hitachi Synchrotron C (430 MeV/n) 17 Normal conducting 15
C400 IBA Isochronous cyclotron  C (400 MeV/n) 6.6 Superconducting 45
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Table 3
Estimated proton range uncertainties, their sources, and the potential of Monte Carlo for
reducing the uncertainty.

Source: Table modified from ref. [15,40].

Source of uncertainty

Uncertainty type

Range uncertainty

Commissioning

Beam delivery

Positioning
Biology

Dose calculation

Measurement uncertainty in water
Compensator design

Beam reproducibility

Patient setup

Biological range extension

CT imaging and calibration

CT conversion to tissue

CT grid size

Mean excitation value (I-value) in tissue

Range degradation

+0.3 mm

+0.2 mm

+0.2 mm

+0.7 mm

~0.8% (always positive)
+0.5%

+0.5%

+0.3%

+1.5%

+2.5%

Total (excluding biology)

Total (using Monte Carlo dose calculation)

4.6% + 1.2 mm
24% + 1.2 mm
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