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Over the past 75 years, proton beam therapy has emerged as a promising
modality for cancer treatment, boasting precise targeting and reduced

collateral damage to healthy tissue. Here we discuss the evolution of
accelerator technology in proton therapy, examining advancements

in cyclotron, synchrotron and linear accelerator technology, and their
implications for modern treatment delivery. Additionally, we explore
advancesindelivering accelerated carbon or heliumions for therapeutic
treatments. We also discuss the integration of advanced imaging modalities,
such as multienergy X-ray, magnetic resonance imaging and ion-based
imaging, for real-time monitoring and adaptive radiotherapy. These
advancements position particle therapy to offer personalized and effective
cancer treatment strategies, heralding improved patient outcomes.

Cancer treatment typically involves several options (Table 1), includ-
ing surgery, chemotherapy and radiotherapy—the use of high-energy
radiation to destroy cancer cells. Conventional radiotherapy, such as
X-ray (photon) therapy, is widely used to treat many types of cancer.
However, its limitationliesin the fact that photons deposit energy along
their entire path, which can result in damage to surrounding healthy
tissues, particularly for tumours located near critical organs, such as
brain, lungs, liver, heart and spinal cord.

Proton therapy represents a promising approachincancer treat-
ment, offering precise localization of radiation dosage. Protons exhibit
acharacteristic peak in energy deposition within tissue known as the
Bragg peak’. In proton therapy, the dose is delivered by overlapping
individual Bragg peaks through successive beam energy adjustments
tailored to the tumour size and location, producing precise and uni-
form dose distributions. Compared with the spread-out Bragg peak,
the depth-dose distribution of a large 10-MV photon field shows a
substantial variation in dose deposition outside the target, as can be
seenin Fig. 1. The two red-shaded areas highlight that photon radia-
tiondeliversa2.2 times higher dose to the surrounding healthy brain

tissue than protonradiationin this scenario, which involves atumour
near the brainstem. For protons, the only higher doses occur at the
skinand entry points, indicated by the blue-shaded area. A metric for
comparing the biological effectiveness of various radiation types is
theso-called relative biological effectiveness. It is defined as the rela-
tive ability of a specific type of radiation to cause biological damage
compared with a reference radiation—usually X-rays or gamma rays.
For protons, this measure is typically 1.1, suggesting that protons are
approximately 10% more effective atinducing biological damage than
conventional X-rays.

Emerging evidence suggests potential clinical advantages of pro-
ton therapy, particularly inmitigating acute toxicities in head-and-neck
cancer treatment and reducing late effectsin paediatric brain tumour
treatment?’. Furthermore, proton therapy shows promise inameliorat-
ing secondary cancer induced by radiotherapy, including enhanced
quality of life after treatment®?, improved tolerance to chemoradio-
therapy regimens*° and decreased incidence of radiation-induced
complications such as leukopenia, a condition characterized by alow
white blood cell count’.
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Table 1| Radiotherapy options

Radiotherapytype Description Advantages Disadvantages
X-ray therapy Utilizes Widely Can damage
high-energy accessible and surrounding
X-rays effective for healthy tissue
to target treating various and may lead
tumours. cancer types, to substantial
with advanced acute and late
imaging side effects.
capabilities.
Proton therapy Employs Reduces Higher cost,
protons radiation limited
to deliver exposure to availability
targeted healthy tissues as it requires
radiation and has a lower specialized
doses with risk of secondary  facilities.
minimaldose  cancers.
delivered
to tissues
beyond the
tumour.
Helium-ion therapy  Utilizes helium  Provides better Limited
ions, offering tumour control availability
better dose while sparing as it requires
localization normal tissue. specialized
than protons facilities, more
with reduced costly than
lateral proton therapy.

scattering.

Carbon-ion therapy

Uses carbon

Higher biological

Expensive and

ions for a effectiveness in less widely
more targeted  radio-resistant available, needs
approach than tumours longer treatment
with protons compared with planning time.
and helium. healthy tissue.

Brachytherapy Involves Allows for high Requires
placing doses of radiation  highly precise
radioactive while sparing placement, often
sources surrounding invasive, and not
directly inside  tissue. suitable for all
or near the tumour types.
tumour.

A proton therapy system consists of three main components: an
accelerator, a beam transport system and a gantry. The accelerator,
which canbeacyclotron, synchrotron or synchrocyclotron, generates
high-energy protons required for treatment. Once accelerated, these
protons travel through afixed beamline in the beam transportsystem,
which directs and shapes the beam as it moves from the accelerator
to the treatment room. The final component, the gantry, is arotating
structure that allows for precise beam delivery from multiple angles.
By rotating around a horizontal axis, the gantry enables clinicians to
target the tumour from various directions, ensuring optimal dose dis-
tribution while minimizing exposure to surrounding healthy tissues.
Figure 2 illustrates a typical cyclotron- or synchrocyclotron-based
proton therapy facility.

Since its modest origins, proton therapy has evolved through
successive innovationsinaccelerator design, engineering and applica-
tion. This Review focuses on these technological advancements and
discusses potential future directions for the continued evolution of
proton therapy’s accelerator technology.

Accelerators for proton therapy

Thefirststep in producing a proton beamis asource of protons that
canbeaccelerated to treatment-level energies. Hydrogen is the most
common protonsource, withits electron removed using an electric
field®. Once generated, the protons are accelerated to ensure that
they have sufficient energy to reach the tumour’s distal edge, which
isthe farthest point within the tumour. Cyclotrons and synchrotrons

are commonly used for proton acceleration, but there is growing
interestin developing linear accelerators (linacs) for this purpose.

Cyclotrons and synchrocyclotrons

Cyclotrons, invented in the 1930s, became the cornerstone of early
proton therapy efforts and have been used for this purpose since the
1950s. The cyclotronaccelerates charged particles, such as protons,ina
circular path usingalternating electric fields and a static magnetic field.
Particles are injected and accelerated between D-shaped electrodes,
while a magnetic field causes them to spiral outward. Synchronized
electricfields boost their energy with each revolution. Once particles
reachthe desired energy level, they are extracted for applications, such
as proton therapy or nuclear physics research’.

Modern cyclotrons for proton therapy have fixed energies of
230 or 250 MeV and are compact'®". To shrink a cyclotron’s diameter,
stronger magnetic fields are needed, which is achievable through
superconducting coils. However, in cyclotrons with very strong
magnetic fields (4-10 T), iron saturation prevents the iron core from
increasing magnetic flux beyond a certain point, and along with coil
geometry this causes the field strength to decrease with radius, limit-
ing particle containment at larger radii’. This elongates the time for
onerevolution, reducing the particles’ energy and eventually leading
to their loss. To counteract this, the frequency of the radiofrequency
signal is lowered over time, matching the particles’ revolution time.
This process, known as frequency shifting, allows a group of particles
tobeaccelerated fromsource to extraction while ensuring that others
are not accelerated prematurely.

Synchrocyclotrons were originally developed in 1945 to address
the relativistic limitations of standard cyclotrons by modulating the
radiofrequency to keep particles in sync as their mass increases at
higher energies. Unlike conventional cyclotrons, which produce a
continuous beam, synchrocyclotrons generate a pulsed beam, but can
achieve higher energies without requiring substantially larger mag-
netic fields. Modern superconducting synchrocyclotrons have been
adapted for proton therapy due to their compactsize, reduced energy
losses and lower shielding requirements, making them a cost-effective
alternative to conventional cyclotrons.

For effective tumour treatment, varying beam energies—ranging
from 70 to 230 MeV—are required to distribute the dose across the
tumour’s depth. In (synchro)cyclotron-based facilities, beam energy
is reduced using energy degraders, but scattering in these materials
(for example carbon or boron carbide) increases beam emittance and
momentum spread, necessitating the use of collimatorsandslitsinan
energy selection system to minimize losses in the beamline™. Currently,
most cyclotron-based facilities maintain amaximum emittance, which
indicateshow spread out a particle beamisinterms of bothits position
and angle, of 30m mm mrad, limiting transmission of low-energy beams
with energies between 70 MeV and 100 MeV to around 0.1% from the
cyclotron to the patient™.

By using other degrader materials, such as boron carbide™
and beryllium®, the transmission can be improved by up to 50%
for low-energy beams. Additionally, employing asymmetric col-
limators, optimizing the energy selection system and using specifi-
cally designed gantry beam optics can enhance transmission by
around afactor of five'>'®", Combining these methods could lead to
almost a100-fold increase in transmission compared with current
facilities'.

To achieve precise and efficient treatment delivery, cyclotrons
offer numerous benefits, such asa continuous beam, adjustable beam
intensity, rapid and precise intensity control, high reliability due to
minimal components, and arelatively small spatial footprint. However,
there are drawbacks to consider: cyclotrons can become radioactive
duetobeamlosses; they offer only afixed energy, requiring a degrader
in the beamline for energy adjustment, and components near the
degrader canbecome activated as well.
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Fig.1| Absorbed dose as a function of water depth for photons and protons.

A dosimetric comparison of conventional radiotherapy with 10-MV photons
(red) and proton therapy (blue). The spread-out Bragg peak is a superposition of
individual Bragg peaks (grey). The grey-shaded area represents the tumour’s size,
the blue-shaded area primarily corresponds to the skin and the red-shaded area
indicates healthy brain tissue. Figure reproduced with permission fromref. 53,
V.Maradia.

FLASH proton therapy is an innovative technique that delivers
ultrahigh dose rates of radiation (>40 Gy s™) in a fraction of asecond,
demonstrating promising results in preserving normal tissues while
effectively targeting tumours. Currently, (synchro)cyclotrons are
used at high energies (250/230 MeV) to achieve these FLASH dose
rates”. Theimproved transmission capabilities of (synchro)cyclotron
beamlines may help achieve FLASH dose rates across all energy beams
while maintaining the Bragg peak for optimal treatment precision.

Although current cyclotrons focus on proton acceleration, there
are ongoing developments for heavier-particle acceleration, such as
helium or carbonions.

Synchrotrons
Synchrotrons were proposed in the mid-1940s, and used for proton
therapy in1969°°. A synchrotron consists of an injector, a ring of mag-
nets,abeam pipe thatis guided through the magnets, anaccelerating
structure and a beam extraction mechanism. By passing the beam
repeatedly through the accelerating structure and synchronizing
the ramp of the magnetic field with increasing particle momentum
to maintain a constant orbit, charged particles can be accelerated.
This method allows for complete electromagnetic control of the beam
energy by stoppingthe acceleration at preprogrammed energies up to
and including the maximum energy of the synchrotron.

Synchrotrons do not require amechanical degrader to reduce the
beam energy. Moreover, a synchrotron contains multiple small mag-
nets rather than one large magnet as required for a cyclotron, which
simplifiesinstallation, maintenance and upgrades. Other advantages of
synchrotrons are that—due to minimum beam losses—radiation levels
arenotas highasfor cyclotrons and that fewer or lighter components
are needed in the beamline”. Synchrotron rings are, however, larger
indiameter than their cyclotron counterparts (5-20 m compared with
1.5-4.3 m; refs. 21-23), although other factors contribute to the overall
facility size, such as the injector in the former or additional shielding
requirementsin the latter.

The main drawback of synchrotrons is the pulsed nature of the
beam, meaning that the beam is turned off for the acceleration and

injection parts of the treatment delivery. This negatively impacts the
irradiation time. Considerable effort has been made to reduce the
irradiation time and footprint of synchrotrons. The number of protons
per extraction process hasbeenimproved through multiturninjection
and raising the injection energy. Higher-energy injection provides
more captured beam per pulse” through improved matching of the
beam phase spaceto the synchrotronacceptance, throughreduction
indefocusing due to space-charge forces, which occur when particles
repeleach other duetotheir like charges, and by raising ring magnetic
fields substantially above the residual fields of the ring magnets® ¢,
butatincreased cost and size of theinjector.

In addition, the rise of pencil beam scanning, where a narrow,
focused beam of protons is scanned across the tumour in a grid-like
pattern, over the past decade has helped toreduce theirradiation time,
as it uses almost 100% of the protons in the synchrotron beamline to
treat patients. There is, however, renewed interest in increasing the
average dose rate even further for FLASH and to mitigate the interplay
effect, as we will discuss later. In addition to the high average dose
rate, FLASH treatment requires at least 4 Gy per treatment session or
fraction, roughly double that of a typical treatment. Achieving both
requirements in a synchrotron with a small footprint is challenging
due to space-charge limitations in the ring®?”.

Similarly, narrow, precisely targeted beams of protons deliveredin
agrid-like pattern, so-called minibeams, allow for high doses of radia-
tion tobe concentrated on tumours while sparing surrounding healthy
tissue. These beams may also be combined with the FLASH effect® to
achieve FLASH with synchrotrons as minibeams do not overlap later-
ally in the entrance region, hence high dose and dose rates could be
delivered for each beam sequentially.

Linear accelerators

Linacs are ubiquitousinthe medical accelerator technology sector as
the source of few-megaelectronvolt electrons to produce X-rays for
conventional radiation therapy. However, linac technology has not
been readily commercialized to produce therapeutic proton beams.
Unlike electronbeams, which attain relativistic speed atabeam energy
of only a couple of megaelectronvolts, proton beams stay far below
relativistic speeds even up to the highest beam energy needed for
therapeutic applications, typically around 230 MeV. The design of a
linac structure for arelativisticbeam can rely on areasonable approxi-
mation thatthe beamis simply travelling at the speed of light and can
therefore use a uniformly periodic cavity design regardless of beam
energy. At non-relativistic beam energies, the structure must accom-
modate the changing travel time of the beam through each section of
the accelerator as the beam gains energy, introducing complexity and
inhomogeneity to the design. Furthermore, the comparatively high
beam energy requires an accelerator much longer than conventional
medical electron linacs.

Accelerator technology for proton beams has been thoroughly
explored and developed for high-energy physics applications, with
CERN’s Large Hadron Collider as today’s most recognized example.
The maturity of this technology has opened the door to applying these
designs to proton therapy?”*°. Instead of relying on an energy range
shifter in the proton beam path, which limits the speed of changes
and can increase in emittance of the beam, rapid adjustments to the
amplitude and phase of the radiofrequency energy used todrive alinac
can enable high-speed control of the final proton energy. Research
conducted at SLAC National Accelerator Laboratory hasinvestigated
the development of anormal-conducting standing wave linacin which
each accelerating cell receives radiofrequency power from its own
compact klystron. This enables maximum flexibility in the phase and
amplitude driving the acceleration, meaning that the linac can oper-
ate efficiently over a broad range of desired proton energies®. SLAC
will test this radiofrequency-driven proton beam scanning system to
enable high-dose-rate treatment modalities, such as FLASH therapy®.
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Fig. 2| Schematic layout of a cyclotron- or synchrocyclotron-based proton
therapy system. The machine consists of three main components: (1) an
accelerator (cyclotron or synchrocyclotron) that generates a 250-MeV or
230-MeV proton beam, (2) a fixed beamline that transports the beam from

the accelerator to the gantry entrance, incorporating an energy degrader,
quadrupole magnets, dipole magnets and collimators for beam shaping, and
(3) arotating gantry that directs the beam to the patient, enabling dose delivery
from multiple angles. Figure adapted with permission from ref. 53, V. Maradia.

Accelerators for heavy-ion therapy

Radiotherapy with charged particles heavier than protonsis attractive,
for both physical and biological reasons®. Heavy ions have areduced
lateral scattering compared with protons (Fig. 3a), which makes the
dose gradients much sharper®. Ameasure for the energy deposited by
charged particlesasthey travel throughamediumisthelinear energy
transfer, where higher values indicate greater biological effective-
ness and higher potential for damaging cancer cells. Compared with
sparsely ionizing photons and protons with low linear energy transfer,
heavyions with high linear energy transfer are much more efficient in
destroying cancer cells. The increased relative biological effectiveness
of heavy ions compared with protons can, however, lead to a higher
risk of toxicity on normal tissue. The relative biological effectiveness
for cell killing increases with linear energy transfer and depends on
the dose, dose rate and inherent susceptibility of different cell types to
damage from radiation or harmful agents, influenced by factors such
as genetics, cell cycle phase and DNA repair capability.

Theideal particle for radiotherapy would have alow linear energy
transfer in the entrance channel, where the normal tissue is exposed,
and a high linear energy transfer in the spread-out Bragg peak, at the
tumour location. Carbonrepresents agood compromise, whichis why
Cionswere chosen for usein cancer therapy®*”. Currently, 118 proton
therapy centresarein operation, having treated over 320,000 patients
with protons by the end of 2023, whereas 14 carbon-ion centres are in
operation, with more than 57,000 patients treated with carbon ions by
the same time®**’, and many more centres under construction.

In current systems, the linear energy transfer of carbon ions is
quite diluted along the spread-out Bragg peak, especially for large
tumour volumes*’, Therefore, carbon-ion therapy does not fully exploit
the radiobiological properties of radiation with high linear energy
transfer®. It is possible to increase the linear energy transfer in the
gross tumour volume with different beam delivery strategies or using
heavierions such as oxygen*. Ideally, multi-ion treatments would allow
highlinear energy transferin the target and low linear energy transfer
innormal tissue®.

Another interestingion for therapy is helium**, which has alateral
spread that is similar to that of carbon, and thus better than protons
(Fig. 3a). From the radiobiological point of view, the linear energy

transfer is—similarly to that of protons—low, which makes helium
safe also for paediatric patients. Over 2,000 patients were treated
with helium ions during a heavy-ion pilot project between 1975 and
1992 (ref. 45). Almost 30 years after the shutdown of this pilot project,
one patient was treated again with helium ions at the Heidelberg lon
Therapy centre in Germany, where heliumion therapy is now planned
for routine use along with protons and carbonions*.

The main accelerator challenge in heavy-ion therapy compared
with protonsis that it relies on larger and more expensive machines.
The most bulky technological components are the accelerator itself
and the gantry. The size of these machines increases with the particle
kinetic energy per nucleon and the mass-over-charge ratio. Accelera-
torsare designed toreach adesired range in water-equivalent tissue,
whichrefers to any material that interacts with radiation similarly to
water, because human tissues consist mostly of water. This range is typ-
ically30 cm, which corresponds to a particle-specific kinetic energy,
such as 430 MeV per nucleon for carbon or 220 MeV for protons. As
showninFig. 3c, the corresponding magnetic rigidity, ameasure of a
charged particle’sresistance to bendingin amagnetic field, increases
substantially with ion mass. Therefore, heavy-ion accelerators will
have a larger spatial footprint, resulting in a substantial increase
incost.

Currently all accelerators for heavy ions are synchrotrons. How-
ever,acarbon-ionclinical cyclotronis currently under commissioning
in Caen (France)”. In either case, the research effort to democratize
heavy-ion therapy is focusing on reducing the magnetic rigidity to
achieve smaller spatial footprints*®. These efforts are mostly directed
toward the use of superconducting magnets*, which increase the
strength of the magneticfield (fromaround 1.8 T inresistive magnets
to4-9 T for superconductive), thus allowing areduction of the radius
at the same rigidity. In Japan®’, work towards a multi-ion synchro-
tron (hydrogen, helium, carbon and oxygenions with energies up to
430 MeV n') isongoing. By using niobium-titaniumsuperconducting
wires and optimized beam optics, the device is expected to have half
the circumference of current heavy-ion medical accelerators. How-
ever, there are several hurdles to building magnets with high fields,
highramp rates and fast cycling, required to change energy in small
steps, using current superconductive technology. High-temperature
superconductors may provide abreakthrough in this direction, but
they are still in experimental testing. Further research and develop-
ment in superconductive magnets is likely to lead to substantially
smaller and cheaper®** heavy-ion machines in the next ten years.

Innovations in proton and ion beam therapy
delivery techniques

There aretwomainlines ofinnovationin treatment delivery approaches
that may substantially change the proton and ion beam therapy land-
scape in the next decade: treatment geometries as well as ultrahigh
doserates and the FLASH effect.

New treatment geometries

Nearly all radiation oncology treatments are delivered by rotating the
beam around a patient lying in a prone or supine position. In proton
therapy, this requires the construction of gantries that—due to the
magneticrigidity of protons—are large (around 10 min diameter), heavy
(around 100 ton) and expensive. In addition, there is the engineering
challenge of maintaining a 1-mm rotational accuracy over 15-20 yr of
continuous use. Inthe pastdecade, there have been efforts to produce
smaller and cheaper systems by reducing the available beam angles™
or by redesigning the energy selection and beam delivery system, so
that the accelerator is mounted on a rotating gantry>. There is now
increasinginterestin making an additional step towards size reduction,
designing treatment solutions with a fixed horizontal line with the
patienteither sitting or standing on arotating positioning system*. In
addition to the further reduction in the spatial footprint, complexity
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Fig. 3 | Physical properties of heavy-ion beams for therapy. a, Lateral spread of
differentions in water, obtained from Monte Carlo simulations. The y axis shows
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ionsasafunction of their range in water. Panel areproduced with permission
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and cost, this will facilitate high-quality imaging, such as dual-energy
computed tomography (discussed below) in treatment position, and
may increase the number of patients receiving heavier-ion treatments,
where rotating gantries are typically unavailable.

However, the transition to this new treatment geometry faces
several technical issues. Diagnosticimages that are routinely used for
treatment planning, such as magnetic resonance imaging or positron
emission tomography, are acquired in supine position, which is not
going to change for the foreseeable future. In principle, the problem
canbetackled with dedicated deformable image registration methods
thatalignimages of the same anatomical area taken at different times
or with different modalities by allowing complex shape changes, but
a substantial difference between imaging position and treatment
position will inevitably result in an additional source of uncertainty.
The extensive knowledge accumulated in radiation oncology about
intrafraction motion, referring to the movement of a tumour or sur-
roundingtissues during aradiation therapy session due to breathing,
for example, is based on patients lying down, and it remains to be
seen how much of it canbe translated to asitting or standing position.
Not all beam configurations currently being used may be achievable.
This question has been addressed in a planning study including seven
head-and-neck and brain tumours”, but additional systematic analysis
isnecessary.

The clinical experience of the centres that will soon implement
upright proton therapy for a broad spectrum of clinical indications
willbe crucialtoachieve a full assessment of the trade-offs associated
with this approach. Nevertheless, there may be situations, such as in
the treatment of frail patients or paediatric patients under anaesthesia,
where the conventional geometry remains the best option.

Ultrahigh dose rate and FLASH

Although anincreased radiation resistance of healthy tissues at ultra-
high dose rates exceeding 40 Gy s™ was observed decades ago*, this
phenomenon has recently come back to prominence and is now referred
toasthe FLASH effect™. Early FLASH treatment of ahuman patient was
delivered with electrons®’, but proton therapy is the only approach
allowing ultrahigh-dose-rate treatments for abroad spectrum of clini-
calindications with technology availablein clinical environments. The
clinicalimpact of FLASH over the next five to ten years will therefore be
largely determined by the results achieved with ultrahigh-dose-rate
protontherapy. Despite the capability of current protontherapy systems
to reach such dose rates, these devices were designed for much lower
dose rates”. Therefore, ultrahigh-dose-rate proton therapy requires
redesign of treatment planning and delivery®. The two key bottlenecks
of current systems in this regard are a rapidly decreasing beam trans-
mission efficiency as a function of energy (generally <1% for energies
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Fig.4 | Comparison between a conventional and an ultrahigh-dose-rate
proton therapy plan. In the latter case, arange shifter, a three-dimensional range
modulator and an aperture were combined to enable the treatment delivery. Left:
the target volume is show as a blue contour. The large pink contour represents
the heart, whereas the green contour outlines the oesophagus. In the colour wash
distribution, green, yellow and red show 50%, 95% and 100% of the prescribed
dose, respectively. In the high-dose region (95% and 100% of the prescribed dose
region) the two dose distributions are very similar, whereas at lower dose levels

3,000 5,000

Dose (cGy)

6,000

% of 5,600 cGy

10.0
5.0

20

0
-2.0
-5.0
-10.0

IAREAR
(50% or less of the prescribed dose region) the ultrahigh-dose-rate planis slightly
inferior. Upper right: the cumulative dose-volume histogram, with the blue
line representing the dose to the target, the pink line that to the heart and the
green line that to the oesophagus. Solid lines indicate the dose distribution from
the conventional proton plan, whereas dashed lines represent the ultrahigh-
dose-rate (UHDR) proton plan. Lower right: the difference between the two
distributions normalized to the prescribed tumour dose. Both plans comply with
the clinical requirements set for this patient.

below 100 MeV) and the time required for changing the proton energy
(depending on the machine, each energy change takes between 80 ms
and 2,000 ms; ref. 62). Thismeans that current ultrahigh-dose-rate pro-
ton treatments are delivered with a single predefined energy, namely
the highest available, which can be achieved with two methods. Ina
‘shoot-through’approach®, the distal end of the Bragg peak is located
outside the patient. This approach has the advantage of not requiring
beam-specific hardware; it has been tested in multiple planning stud-
ies and has been used in a proton trial on human patients®*. The other
approach combines arange shifter, whichadjusts the protonbeam’s pen-
etrationdepthtotarget tumours moreaccurately, a three-dimensional
range modulator for fine-tuning the range of protons for precise dose
distribution®>*® and an aperture that shapes the dose distribution lat-
erally to conform to the tumour’s contours to achieve dose confor-
mality. This approach has the disadvantage of requiring patient- and
field-specific equipment tailored for individual patient treatments in
protontherapy, designed to optimize dose delivery on the basis of the
unique characteristics of eachtumour andits surrounding tissues, but it
allows dose distributions that are much closer to those of a conventional
proton therapy planto be achieved (see Fig. 4).

There are still radiobiology research questions on which beam
delivery parameters are key to benefit from FLASH®’—for example, what
the minimum dose rate or minimum dose per fraction s, or the effect
of fractionation®® and of 1-2-min-long pauses within a fraction®”°.
Therefore, current research efforts in ultrahigh-dose-rate proton
therapy aim for the development of new beam delivery approaches
that address the limitations of existing systems, the maximization of
the dose rate achievable by explicitly including dose rate metricsinthe
optimization cost function” or optimizing the spot delivery sequence’
and the investigation of ultrahigh dose rates for applications other
than FLASH—for example, to address the issue of breathing or cardiac
motion” during treatments.

Imagingin particle therapy

Full clinical exploitation of the aforementioned physical and biologi-
cal advantages of particle beams for radiotherapy is still hampered
by uncertainties in the delivery of the intended treatment. A major
obstacleto overcomein clinical practiceis the uncertainty in the knowl-
edge of the stopping position of ions in the patient due to the limited
understanding of the tissue-stopping properties with respect to water
in which the clinical beams are calibrated’. Another issue pertains to
changes of the treatment with respect to the planning situation—for
example, anatomical variations and organ motion, caused by gastro-
intestinal, cardiac and respiratory motion”. To this end, several efforts
areongoingtodirectly integrate imagingin the treatmentsite, ideally
with the patient already in position and even during treatment.

X-ray and ion imaging

Forimproved accuracy in the knowledge of the stopping power proper-
ties of the patient tissue relative to water, the so-called stopping power
ratio, oneissuetoresolve isthe ambiguous calibration of the typically
used single-energy-spectrum X-ray computed tomography, which
often lacks specificity in differentiating between various tissue types
andtheir corresponding attenuation characteristics. To overcome this
limitation, different variants of advanced multienergy X-ray imaging
are being put forward. Several studies have shown the superiority of
computed tomography using two different X-ray energy spectra (dual
energy) atthe source or detector level to better differentiate between
tissue types and photon counting to provide highly detailed imaging
for retrieval of the stopping power ratio in tissue-equivalent phan-
toms, ex vivo samples and even human applications’””. This is due to
their ability to better disentangle the relevant physical dependences
of the stopping power ratio on the tissue effective atomic number and
relative electron density. Although the adoption of advanced X-ray
diagnostics in particle therapy is still relatively slow, ongoing efforts
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Reference Proton CT Helium CT

Zoom-in view

Fig. 5| Examples of advanced imaging techniques in particle therapy.

a, Comparison of axial slices of a reference X-ray computed tomography image
calibrated using stopping power ratio (left) with the reconstructed ion computed
tomography (CT) images simulated for proton and helium- and carbon-ion
beams delivering the same physical dose and imaged with anideal single-
particle tracking detector®. b, Enlarged views of a selected region within the
images of a, with arrows and ellipses indicating anatomical features imaged with
differentlevels of spatial resolution and contrast in the considered scenarios.

Carbon CT

[+ .
CTand B
emitter map

CT and prompt
Y map

CT and dose map

¢, Different modalities for treatment verification of the planned dose (left). The
simulated spatial distributions of irradiation-induced positron emitters (middle)
and prompt gamma yields (right) are well correlated to the planned dose. All
distributions (the contour represents the target volume and coloured maps show
the comparison of dose, with red showing high intensity and blue showing low
intensity) are superimposed onto the same representation of the patient givenin
greyscale by an X-ray computed tomograph. Panel ¢ adapted from Figure 5in
ref.108 under a Creative Commons license CC BY 4.0, G. Dedes.

aimto develop customized solutions for computed tomography inte-
grated into treatment sites that make use of fan-shaped X-ray beams
for high-resolution two-dimensional imaging on a helical trajectory
or of cone-shaped X-ray beams for capturing larger volumes of datain
three dimensions’”’. These solutions will offer multienergy acquisition
capabilitiesin three and even four dimensions, enhancing dosimetric
calculations in online adaptive radiotherapy workflows.

Because X-ray imaging methodsstill rely on calibration procedures
with tissue-equivalent materials and entail a non-negligible radiation
burden, especially in the envisioned prospect of daily adaptation, a
promising alternativeis to directly determine the stopping power ratio
by imaging the patient using the same type of radiation as employed
for treatment. In first approximation, the stopping power ratiois inde-
pendent of energy and of ion type. Therefore, it can be determined at
sufficiently high energies where theions traverse the patient and then
be applied to estimate the ion stopping position in the tumour at the
clinically used lower therapeutic energies. For this purpose, several
detector concepts, in particular from high-energy physics, are being
explored®®. The most advanced solutions aim at tracking the position
and direction of individual particles before and after the patient and
then determine their exit residual energy by complete stopping in a
range telescope or calorimeter® or by a time-of-flight measurementin
the same detectors as used for particle tracking®. Due to the practical
limits of what datarates can be processed for single-particle detection,
accelerator and beam delivery systems must reduce the beam inten-
sity relative to therapeutic levels while maintaining the capability to
monitor and steer the beam. Thelatter is particularly important forion
imaging using pencil beam scanning. Achieving this requires a wide
dynamicrange of beam currents, especially in machines designed for
ultrahigh-dose-rate delivery, such as those intended for exploiting
the FLASH effect?.

In selecting the ideal ion species for imaging, it is essential to
consider trade-offs, particularly regarding spatial resolution, stopping
power retrieval accuracy and imaging. These aspects are driven by
lateral scattering that reduces spatial resolution for lighter ions, range
straggling thatincreases stopping power retrieval accuracy for heavier
ions and linear energy transfer or nuclear fragmentation reactions
thatincrease imaging dose for heavierions (Fig. 3a,b)®. In thisregard,
helium has been suggested to offer an optimal compromise. However,
theincreasingion charge constrains the achievable highest beam ener-
gies, whereas compact proton synchrotrons produce beams with ener-
gies up to 330 MeV to support transmission imaging applications in
additiontotherapy. Another intriguingideais to exploit the possibility

to accelerate differention species with equal charge-over-mass ratio,
such as *He and *C, in the same machine. Given the different penetra-
tion depths at the attained kinetic energies up to around 450 MeV u,
this opens up the prospects of stopping the less penetrating ?C ions
in the tumour, while using the longer-ranging *He for simultaneous
radiographic imaging®*. Having various ion species available at the
same treatment site will allow for the selection of the most suitable ion
species for the imaging required for planning the treatment (Fig. 3a,b),
regardless of which ion species is utilized for dose delivery.
Although advanced X-ray and ion imaging solutions could be
used totrack patient motion and its consequence for range variations
withrespect totheinitial treatment plan, ideally informing areal-time
correction, soft-tissue contrast of these techniques remains poor.
Therefore, correctidentification of the tumour and organs atrisk for a
reliable adaptationis challenging. Hence, another promising develop-
mentis theintegration of magnetic resonanceimage guidancein parti-
cletherapy, requiring us to overcome the unfavourable interference of
the electromagnetic fields on beam delivery and imaging. To thisend,
human-scale magnets with a field strength between 0.2 and 0.5 T are
being integrated in experimental beamlines of pencilbeam scanning
delivery, along with the exploration of technologically less complex
solutions relying on low magnetic fields of less than 0.1 T (ref. 85).

Positron emission tomography and prompt gamma-ray
imaging
Whereasthe techniques described so far focus on capturing the correct
description of the patientanatomy and its stopping properties shortly
before or evenduring treatment, other imaging methods aim at detect-
ingirradiation-induced physical emissionstoinferinformation onthe
actualbeamrange and delivered dose during treatment (Fig. 5)*. In the
context of conventional radiotherapy beams, recent progress in posi-
tron emission tomography has opened the prospect of quasi-real-time
imaging, despite the limitations of the finite (from milliseconds to sev-
eral minutes) half-life of the created isotopes, and the challenges of
biological washout in the time elapsing between isotope creation and
detection of annihilation photons®*®, The latter is the process by which
radioactiveisotopes are gradually removed or redistributed in the body,
potentially compromising the accuracy of real-time imaging and dos-
age information in radiation therapy. In addition, positron emission
tomography may enable direct imaging of the stopping position of
radioactive ions to verify the correct dose delivery®’.

To overcome the intrinsic shortcomings of positron emission
tomography, such as non-negligible half-life, positron range and
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biologicalwashout, for accurate, real-time monitoring of the treatment
delivery, considerable research efforts are being directed to the more
challenging detection of the energetic photons released in fast (subna-
nosecond) deexcitation nuclear processes. Prototypes of collimated
cameras are reaching the stage of clinical evaluation for detection of
these prompt gammarays generated by individual proton pencilbeams
delivered to the patient, possibly also resolvedin energy®*’. Inaddition
to less mature concepts that explore combined detection of multiple
nuclear emission products®, including charged particles and neutrons®,
therearealsotechniquesthatare moreintrinsically linked to the energy
deposition mechanism rather than nuclear reaction processes. Espe-
cially withthe development of accelerators delivering intense pulses on
microsecond timescales, such as compact synchrocyclotrons or novel
linac solutions, the detection of radiation-induced thermoacoustic
emissions is receiving renewed attention. This could pave the way to a
cost-effective solution providing quasi-real-time multilateration of the
Bragg peak position and even two- or three-dimensional reconstruc-
tion of the delivered dose, co-registered to the underlying anatomical
location forsites that canbe accessed using ultrasound imaging®*. This
isespecially of interestin combination with the latest developments of
FLASH® and minibeam therapy, which are both expected to enhance
the strength of the thermoacoustic emissions for easier detectability.

Outlook

Accelerators for particle therapy are continually being developed fur-
ther. Future synchrotrons will probably have faster irradiation times
and smaller spatial footprints. This may be accomplished through
more compactinjectors providing beams with higher energy or wider
adoption of multiturn injection, where multiple pulses of particles
areinjected over several turns to increase beam intensity and density
without requiring a larger injector. Reducing the spatial footprint of
accelerators can be achieved with highly pulsed, normal-conducting
magnets’®’’ that operate in short, powerful bursts instead of continu-
ously. This approach allows for smaller, less massive magnets that still
maintain strong magnetic fields as needed, making them more compact
and cost-effective—ideal for facilities with limited space. The smallest
cyclotrons use superconducting magnets, adevelopment that has not
yet transferred to proton therapy synchrotrons due to the need for
fast magnetic field changes’®. If these challenges can be overcome,
proton therapy synchrotrons could be superconducting® or fixed-field
alternating-gradient-style machines'*°.

Fixed-field alternating gradient accelerators extract beams
at variable energy, as in a synchrotron, have the high-current,
fixed-magnetic-field and variable-radiofrequency characteristics of a
synchrocyclotron and have the capability to change energy faster thana
rapid cycling synchrotron. Inaddition, the fixed-field alternating gradi-
entaccelerator lattice has large geometricand momentumacceptance'”’.
They come in different types on the basis of how they manage energy
changes: scaling accelerators maintain stable particle trajectories dur-
ing acceleration'”'°?, non-scaling types allow this stability to vary for
greater efficiency'®° and quasiscaling types mostly keep it steady with
slight adaptability'®. Variable energy extraction is achieved by turning
off the radiofrequency at the desired energy'®* and these accelerators
canoperateatfast cyclingrates, reaching thousands of cycles per second
(kilohertz range). These features are still under development.

Larger uncertainties are associated with the development of alter-
native accelerator technologies, such aslaser-driven particle accelera-
tors'®. Although having great potential, those accelerators are still far
from clinical applications as standalone machines for radiotherapy'*®.
However, using lasers as injectors in superconducting synchrotrons
may result in a substantial reduction in spatial footprint and appears
morerealistic, given that theinjection energy is of the order of 10 MeV.
Plansinthisdirection are currently ongoinginjapan® and in the UK'”".

Inaddition to offering personalized and effective cancer treatment
strategies, advancements in particle therapy could lead to reduced side

103

effects and an enhanced quality of life for patients. As research contin-
ues, particle therapy may play an increasingly vital role in addressing
complex cancer cases and improving overall patient outcomes.
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