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Abstract

Radiotherapy should have low toxicity in the entrance channel (normal tissue) and be very
effective in cell killing in the target region (tumour). In this regard, ions heavier than protons have
both physical and radiobiological advantages over conventional X-rays. Carbon ions represent an
excellent combination of physical and biological advantages. There are a dozen carbon-ion clinical
centres in Europe and Asia, and more under construction or at the planning stage, including the
first in the USA. Clinical results from Japan and Germany are promising, but a heated debate

on the cost-effectiveness is ongoing in the clinical community, owing to the larger footprint and
greater expense of heavy ion facilities compared with proton therapy centres. We review here the
physical basis and the clinical data with carbon ions and the use of different ions, such as helium
and oxygen. Research towards smaller and cheaper machines with more effective beam delivery
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is necessary to make particle therapy affordable. The potential of heavy ions has not been fully
exploited in clinics and, rather than there being a single ‘silver bullet’, different particles and their
combination can provide a breakthrough in radiotherapy treatments in specific cases.

Radiotherapy with photons started shortly after the discovery of X-rays, but, as early

as 1946, Robert R. Wilson proposed using accelerated charged particles—instead. The
motivation for doing so was the Bragg peak of charged particles, that is, a plot of energy loss
versus distance travelled through matter (the Bragg curve) shows a distinct peak before the
particles come to rest (FIG. 1), suggesting that charged particles would be more conformal
and produce lower toxicity to normal tissue than photons?. Wilson’s proposal involved
protons, but the use of heavier ions in cancer therapy was proposed and pursued at Lawrence
Berkeley Laboratory (LBL) by Cornelius A. Tobias?, with the idea that heavier ions have
radiobiological properties that can lead to better tumour control than X-rays or protons3.

Patients at LBL were treated in the period 1975-1992 with several ions: He, N, O, C, Ne, Si
and Ar (REF.4). Although most of the patients were treated with light He ions, very heavy
ions were also used with the goal of overcoming hypoxia, one of the major causes of cancer
radioresistance®, which requires charged particles with very high ionization density (linear
energy transfer; LET), according to experiments on cells performed at the LBL Bevalac
accelerator®, However, the entrance channel LET of very heavy ions is relatively high,
resulting in unacceptable patient toxicities. Carbon represents a good compromise, with an
LET in the entrance channel of ~12 keV pm™1 and a fairly high LET on the spread-out Bragg
peak (SOBP), ranging from 40 to 80 keV pum™1 (REF.”) (FIG. 2). As a result, therapeutic
C-ion beams have the advantage of a track structure that is similar to protons in the entrance,
but densely ionizing in the tumour, like that of neutrons or a-particles (see FIG. 2 insets and
Supplementary Video 1 for the physical and biological tracks). For this very reason,'2C ions
were chosen for use in cancer therapy first in Japan® and then in Europe®.

Although heavy ion therapy is the most advanced radiotherapy technology, patient access
is problematic, owing to limited capacity. Radiotherapy technology has been continuously
upgraded’9, but not all patients benefit from cutting-edge technologies, including particle
therapy or X-ray modern techniques, such as stereotactic body radiotherapy (SBRT)!1.

In the USA, most patients are still treated with conventional 3D conformal radiotherapy,
followed by intensity-modulated radiotherapy (IMRT), with only about 1% receiving SBRT
or proton therapy2:13, In Europe, about a quarter of cancer patients do not receive the
radiotherapy they need®. As for heavy ion therapy, according to the Particle Therapy Co-
Operative Group (PTCOG) database®, by the end of 2019, there were eight C-ion centres
in Asia and four in Europe that have treated approximately 34,000 patients, with eight
more centres under construction or in the planning stage. For comparison, proton therapy is
administered at over 100 centres worldwide and has treated over 220,000 patients.

In the US context, the Mayo Clinic in Jacksonville (FL) has advanced plans for building

a C-ion therapy facilityl6:17. Its opening would mark a much awaited return of heavy

ion therapy in USA after the end of the LBL pilot trial. Until now, concerns about cost-
effectiveness and lack of U.S. Food and Drug Administration certification and approved
reimbursement have hampered the introduction of C-ion therapy in the USA18. The financial
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support to treat patients will need to come from federal grants until enough clinical data

are available to approach third-party payers in the USA to consider supporting such therapy.
Although high investment costs also affect the well-established proton therapyl?, the cost

is even higher for carbon, causing resistance even in the proton therapy community2°, Yet,
some of the clinical results, summarized in this Review, suggest possible improvements in
outcomes in some malignancies compared with both X-rays and protons?1:22, These results
have triggered interest in international comparative trials with C ions and investments in
preclinical radiobiological research also in the USA, resulting in recent P20 and R01 NCI
grants on planning a C-ion facility and heavy ion radiobiology research. In addition, centres
with experience in heavy ion therapy such as the National Institutes for Quantum and
Radiological Science and Technology (NIRS-QST) in Chiba (Japan) and the Heidelberg lon
Beam Therapy Center (HIT) at the University of Heidelberg in Germany are now testing the
use of different ions (especially He (REF.23) and O (REF.24)) and their combination?>~ 29 for
optimized treatments.

In this Review, we address the question of whether the investment in C-ion therapy is
currently justified. Is carbon the ‘silver bullet’ in radiotherapy or should treatments rather
use lighter or heavier ions? We first outline the physics and technology of heavy ions, before
discussing their radiobiology and surveying relevant clinical results. Finally, we discuss new
ions and technologies.

Physics and technology of heavy ions

All charged particles share the same physics of deposition of energy along their path in
matter30. The Bragg peak makes particles so appealing compared with X-rays, characterized
by a depth-dose curve that decreases exponentially after the initial build-up (FIG. 1). The
Bragg peak is the main motivation for charged particle therapy3L, but there are some notable
physical differences as one moves from hydrogen to heavier nuclei32.

The energy loss per unit mass length is known as stopping power Sin physics and LET in
radiobiology and radiotherapy. It is described by the Bethe-Bloch equation in the framework
of the continuous slowing down approximation theory33:
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where ¢is the electronic charge, /A the Avogadro number, /mthe mass of the electron, cthe
speed of light; 2, is the effective charge of the projectile, Bits relative velocity and y the
Lorentz factor; Zis the atomic number of the target material and A 1 is its mass number.
The factor /in the logarithmic term is the mean excitation energy34:3; in human tissues and
water, it represents one of the main sources of range uncertainty in particle therapy36:37. The
additional correction terms are the shell correction C, Barkas correction L 1, Bloch term L
2, and Mott and density corrections L 3. Sis expressed in MeV-cm? g1 in physics but, in
radiobiology and radiotherapy, LET is expressed in keV um in water (density 1 g cm3).

Equation 1 shows that the LET is proportional to the square of the ion charge and, therefore,
it can be much higher for heavy ions than for protons, depending on the energy. This is the
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key to the biological advantages of heavy ions, because the relative biological effectiveness
(RBE) increases with LET, owing to the production of more clustered DNA lesions, which
are difficult to repair (Supplementary Video 2). Other differences are related to the nuclear
interactions and the scattering, as discussed below.

Beam dispersion in the longitudinal and lateral directions is an important feature in particle
therapy. Longitudinal straggling o determines the width of the Bragg peak at a range ~. For
two particles of different mass M at the same range R, it can be shown that30:

oR1 _ |M3

== 2
OR2 M @

Equation 2 shows that longitudinal straggling is lower for heavy ions compared with
protons, resulting in a sharper and more precise Bragg peak (FIG. 1).

Lateral scattering for thick targets is dominated by multiple Coulomb scattering and is well
described by Moliére’s theory of multiple scattering®®. At small scattering angles, Moliére’s
theory approximates the scattering distribution as a Gaussian with standard deviation ogthat
can be described as:

14.1 MeV d 1 d
%0 = " Zp\/ﬁ[”ak’gm(m)] @

where dis the total mass thickness and L (44 is the radiation length, which depends on the
atomic number Zof the target material. Equation 3 shows that multiple Coulomb scattering
increases for thick and heavy targets (because L r5q ~ Z2), whereas it decreases with
particle velocity and, at the same range, with particle mass (FIG. 1). For instance, protons
have a lateral scattering that is approximately three times greater than C ions at a depth of
15 cm. However, at greater depths, C-ion projectiles gain substantial contributions to the
lateral dose from secondary fragments from nuclear interactions, and the C-ion lateral dose
distributions become similar to those of protons3®.

Lateral scattering is responsible for the dose halo in treatment planning, and makes dose
fall-off sharper for heavy ion treatments (FIG. 3). This property is, of course, attractive for
sparing organs at risk (OAR), especially in hypofractionation, when the smooth fall-off can
produce substantial doses to the OAR surrounding the tumour.

Fragmentation

Nuclear fragmentation is another major difference between protons and heavy ions. Both
produce target fragments (that is, fragmentation of target nuclei, which, in the body, are
mostly 160), but protons do not undergo fragmentation after nuclear interactions, whereas
heavy ions break into lighter projectile fragments. The nuclear fragmentation cross section o
¢ at high energies is well described by the geometric Bradt-Peters approximation?0:
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where rpis the nucleon radius (~1 fm) and 6 the overlapping parameter. Equation 4 shows
that the cross section increases ~(A ,[,)2’3 and is, therefore, more significant in heavier ions.
The projectile fragments have similar velocity and direction to the primary ion but lower
charge, and, consequently, have larger range30. They generate a ‘dose tail’ beyond the Bragg
peak, which is not observed with protons (FIG. 1). The mean free path for 350 MeV/n
carbon ions in water (range 20 cm) is approximately 25 cm (REF.39), meaning that only
about 50% of the accelerated 12C ions actually reach a deep tumour, the others undergoing
nuclear fragmentation. However, in most practical cases, the tail is within the high-dose
region in the patient, because two parallel opposed beams are often used for treatment (FIG.
3). Treatments with single beams are indeed generally avoided because of the problem of
the range uncertainty, which is the main physics problem limiting the precision of particle
therapy and which also affects proton therapy*1.

At the same time, fragmentation can be beneficial for treatment monitoring and reducing
range uncertainty. Image guidance is indeed essential for heavy ions, even more so than for
X-rays. In fact, the sharp dose gradients in heavy ion therapy become a problem if the target
is missed and the Bragg peak occurs in an OAR. In clinical particle therapy, a substantial
margin is added to the prescribed range in order to ensure tumour coverage. For instance, in
proton therapy, this range margin is on the order of 3.5% of the prescribed range*2. Wide
margins jeopardize one of the main advantages of the Bragg peak: the steep dose gradients
and the potential high accuracy and precision®3. It is, therefore, desirable to monitor heavy
ion treatments precisely and, thereby, reduce these margins.

Unfortunately, image guidance was originally developed for X-rays and is taking time

to be fully exploited in particle therapy, where additional complications can occur, for
instance, in using magnetic resonance imaging online guidance. However, the physics of
charged particles offers unique opportunities for in vivo range verification3044, The range
verification method that has been tested most extensively in clinical practice is positron
emission tomography (PET)*?. In C-ion therapy, fragmentation of the primary ion generates
positron-emitting isotopes, especially 11C. Positron annihilation with electrons produce two
511-keV -y-rays emitted at 180° to each other that can be visualized by PET. An online PET,
that is, a PET system that is positioned around the patient and works during the treatment,
was used at GSI for treatment monitoring and range verification6, and offline PET imaging
(that is, imaging of the patient with a PET in a different room following the treatment)

is currently in use in other C-ion centres*’. A similar approach can be used with heavier
ions. For example, 160 produces positron-emitting 150, which can be visualized by PET. In
proton therapy, only target fragments can be used for imaging, whereas in heavy ion therapy,
the projectile fragments provide a large part of the signal.

However, the activity peak invariably occurs upstream of the Bragg (dose) peak, because the
light fragments have shorter range at the same velocity of the primary ion30. The peak shift,
along with biological washout and the efficiency of the detectors systems, makes resorting
to Monte Carlo simulations in data analysis currently unavoidable. All these corrections
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currently limit the accuracy of PET-based range verification to about 2-5 mm (REF 44). The
problem could be solved by using radioactive ion beams directly for treatment. Radioactive
ion beams would improve the count rate by an order of magnitude8, reduce the shift
between measured activity and dose, and mitigate the washout blur of the image with short-
lived isotopes and in-beam acquisition, eventually leading to sub-millimetre resolutions.
However, attempts to use these beams in therapy have been hampered by the low intensity of
the secondary beams produced by fragmentation of the primary, stable ion#°. With modern,
high-intensity accelerators, it is possible to produce radioactive ion beams with an intensity
sufficient for therapeutic treatment®0, and such beams would pave the way to PET-guided
heavy ion treatment. Several studies are ongoing to assess the advantages of radioactive ion
beams for therapy®?, and a prototype for a compact PET cyclotron producing 11C beams as
an injector for a medical synchrotron has been proposed by CERN®>2,

Accelerators

In the past, orthovoltage X-ray tubes and 60Co -y-rays sources were used for cancer therapy,
but, today, all radiotherapy is based on electron or hadron accelerators®3. Compact linear
accelerators (linacs) are used to accelerate electrons to 6-25 MeV. The electrons then
produce high-energy X-rays by bremsstrahlung in a metallic target. Although there are many
research projects on the use of linacs for particle therapy®?, at present, all particle therapy
facilities use circular accelerators, either cyclotrons or synchrotrons39, in which particles are
bent by a magnetic field B and accelerated by an electric field. The gyroradius p in a particle
accelerator is determined by the magnetic rigidity (expressed in Tm):

Bp=+ 5)

where pis the momentum of the particle and gis its charge. According to Eq. 5, a
synchrotron accelerating 400 MeV/n 12C ions must have a diameter approximately three
times larger than a 250-MeV proton synchrotron for equal B field. Most proton therapy
centres are based on cyclotrons, but for heavier ions, a cyclotron would be very massive
and, currently, all C-ion centres use large synchrotrons. The comparison in FIG. 4a shows
the impact of magnetic rigidity on the footprint and complexity of the machine, resulting in
increasing cost.

Currently, there are many efforts to reduce the footprint and cost of accelerators. These
efforts are mostly directed towards the use of superconducting magnets®® that increase the
strength B of the magnetic field (from approximately 1.8 T in resistive magnets up to 4-9

T for superconductive magnets), thus, allowing a reduction of the radius at the same rigidity
(Eq. 5). Superconducting cyclotrons are already in use for proton therapy (such as IBA S2C2
and Varian ProBeam), and several projects for heavy ion superconducting cyclotrons56 or
synchrotrons®’:58 (FIG. 4b) are ongoing. Superconducting magnets in medical accelerators
pose several problems. 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
need field ramp rates >1 T s1, a curved shape and, usually, quadrupole integration. The
options are Nb-Ti (Nb3Sn)>9, cosine theta or canted cosine theta® and high-temperature
superconductors®®. Nb—Ti is predominant because of its good industrial development and
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higher reliability, while Nb3Sn is used only for applications where the very high fields
cannot be avoided.

All these options are currently under testing for applications in medical accelerators

and gantries. FIGURE 4c shows the concept of a compact medical synchrotron using
alternating gradient canted cosine theta superconducting magnets developed at CERN. The
circumference is approximately 30 m, whereas the present-day third-generation Japanese
models (FIG. 4b) are longer than 60 m.

This R&D is likely to lead to substantially smaller — and cheaper — heavy ion machines in
the next 10 years.

Larger uncertainties are associated to the development of new, potentially revolutionary
accelerator technologies, such as dielectric wall accelerators®? and laser-driven particle
accelerators3- 65, Many research groups have worked on laser-accelerated particles over
the past 20 years but, despite many recent efforts for designing beam transport and

delivery in therapeutic scenarios®:67, problems remain, including®®: increasing the intensity;
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); and addressing quality
assurance and patient safety aspects. 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 (fifth model in FIG. 4b) include the
use of a short laser-driven particle accelerator as injector for a high-B-field superconducting
synchrotron®®.

Beam delivery

New proton therapy centres all deliver the beam using pencil beam scanning (PBS), in which
the whole tumour volume is scanned in 3D using a narrow pencil beam39 (Supplementary
Video 3). PBS is also used in the majority of C-ion centres, with only a few centres in Japan
still using the old passive modulation systems. PBS provides an unsurpassed conformity, but
is problematic for moving targets, especially thoracic and abdominal tumours that move with
breathing. The problem is caused by the interplay between beam and tumour movements,
resulting in poor dose distributions. The problem is tackled with different motion mitigation
techniques’% 72, but some simple methods such as gating leave the problem of the residual
motion, whereas accurate 3D tumour tracking with the beam requires complex online fast
movement and range adaptation. A simpler way to handle range changes and complex
motion patterns is 4D treatment planning, in which the plan is optimized from a full 4D
computed tomography (CT) scan of the tumour, thus, including the motion. This technique
is ideal for particle therapy’3, and, in particular, for therapy with heavy ions’, in which the
interplay between beam scanning and target motion produces poor target coverage.

An optimal dose distribution always requires irradiation from different angles, and even
the Bragg peak means that the number of beams is reduced in particle therapy. In linacs,
the beam is bent by a magnet that can rotate around the patient (gantry) to irradiate from
different angles or even continuously rotate around the patient (tomotherapy or volumetric
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modulated arc therapy). Gantries for protons are bigger and separated from the accelerator,
with the exception of the Mevion S250 system, in which the cyclotron itself is mounted

on a gantry. Gantries for heavy ions are larger and heavier than proton gantries, again to
match the increased magnetic rigidity (Eg. 5). The HIT gantry, with resistive magnets, is a
670-tonne structure with diameter of 13 m. It was the first gantry for heavy ions and has
been in clinical operation for a decade. As discussed above in the context of synchrotrons,
smaller and lighter gantries should use superconducting technology®0:61.69. A lighter (300
tonne) superconducting gantry has been installed in the new PBS treatment facility at
NIRS,

Even using modern superconducting magnets, the gantry remains one of the most expensive
and bulky items in heavy ion therapy. Certainly an easy way to reduce the cost of a heavy
ion facility would be to use only fixed lines, including vertical, horizontal and oblique lines,
as is done in several C-ion centres in Europe and Asia. However, this setup limits the angles
that can be used, effectively penalizing heavy ion therapy in comparison with IMRT or
proton therapy, in which gantries are always provided.

As an alternative to moving the beam, it could be possible to move the patients using a
dedicated chair. Irradiation with neutrons and charged particles of patients immobilized on a
treatment chair was in use already in the 1950s’%, and is still the standard for treating ocular
tumours with protons. The method was abandoned for targets outside the skull because the
patient must still lie down for the planning CT, and, therefore, the recorded organ positions
are different to those when the patient is sitting. However, the situation changed with the
introduction of vertical CT, which provides images for planning that are obtained with the
patient in the same vertical position as the treatment. The irradiation in upright position of
thoracic tumours has the potential additional advantage of reduced respiratory motion’’. The
Northwestern Medicine Center in Chicago, USA, is currently treating patients in an upright
position with protons, following treatment plans from vertical CT. Optimal flexibility in
gantry-less systems can be achieved using chairs with six degrees of freedom, that is, using
a 360° rotating platform, an XYZ translation and enabling the chair to tilt. A six-degrees-of-
freedom chair has been installed at the Shanghai Proton and Heavy lon Center (SPHIC)
C-ion centre in Shanghai, China, for the treatment of head and neck tumours’8.79,

Radiobiology

Beyond the physical differences between heavy ions and protons and photons, the real
motivation for using heavy ions lies in biology. In fact, as discussed above, heavy ions have
higher LET than photons and protons, resulting in more powerful radiobiological effects
caused by the different DNA lesion patterns and quality at the micrometre and nanometre
scales80 (Supplementary Videos 1 and 2). As shown in FIG. 2, carbon ions have low LET in
the entrance channel and high LET in the SOBP. Therefore, their radiobiological properties
are similar to protons and X-rays in normal tissue, but similar to neutrons and a.-particles
in the tumour. Fast neutrons81 and a-particles8? are both used in cancer treatment, but they
have caveats compared with heavy ions: for neutrons, the depth—dose distribution is similar
to X-rays and the LET is constant along the beam path; short-range a-particles can only be
used for internal exposure in the framework of targeted radioimmunotherapy.
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The radiobiological features of heavy charged particles have been recently reviewed?:83.84
and are summarized in FIG. 5. The survival curves in FIG. 5 are generally described by the
linear—quadratic (LQ) model8®:

§ = g—aD - pD? ®)

where Sis the surviving fraction to a dose D of radiation. The cell radiosensitivity is
determined by the fitting parameters a and g, usually using their ratio. The LQ model is

a consequence of Poisson statistics and the quadratic term corresponds to inter-track lethal
events, which are more likely for sparsely ionizing radiation than for heavy ions. At high
LET, a tends to increase and B tends to decrease®, resulting in survival curves that are
almost exponential. The ratio D x/D , of the doses of the reference radiation X (X-rays)
and particle radiation p producing the same survival is the RBE for cell killing, which Eq. 6
shows is higher at low doses than at high doses, especially when the a/gratio is low. Even if
the LQ model is only applicable in the low-dose range, typical of conventional fractionation
in radiotherapy, it can be extended to high dose per fraction, such as procedures used in
SBRT?".

The preclinical studies at LBL® had already demonstrated that, in addition to the increased
RBE for cell killing, heavy ions have reduced oxygen enhancement ratio (OER), reduced
dependence from the cell cycle phase and reduced dependence on dose rate or fractionation.
More modern observations have shown reduced angiogenesis®8-89, as well as synergistic
effects in combination with targeted therapy®0 and immunotherapy®Z.

Certainly the increased RBE for cell killing is the best known advantage of heavy ion
therapy. The RBE increases with LET up to a maximum around 100-200 keV pm1
(REF.86), whereas it decreases again at very high LET (a phenomenon known as the
overkilling effect)®2. The RBE increases the SOBP peak/plateau ratio in heavy ion therapy
compared with proton therapy, because it is higher in the target region (peak; high LET) than
in the normal tissue (entrance; low LET). The dose in the target region in heavy ion therapy
is usually optimized using a RBE-weighted dose defined by the International Commission
on Radiological Units (ICRU) as%3

Drgg = RBE(E, D, a, b, ¢) - D(Gy) %)

where the physical dose in gray (1 Gy = 1 J kg™1) is corrected by the dimensionless RBE
factor, which is a function of the dose, the particle energy £and several other factors (g, b,
¢...), such as dose rate, oxygen concentration, intrinsic radiosensitivity, among others. Given
its dependence on so many parameters, the RBE can only be calculated by a biophysical
model such as the micro-dosimetric kinetic model®* or the local effect model®®, both based
on the LQ model (Eg. 6).

At present, the uncertainty on C-ion RBE models is perceived as a major problem in heavy
ion therapy compared with proton therapy3. Although it is generally acknowledged that the
proton RBE is also variable%, the variation is considered small enough to allow the use of a
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simple constant RBE = 1.1 along the whole SOBP97. (However, the situation may change in
the future, and, in some centres, RBE models are now used in proton therapy8.) For carbon,
the RBE-weighted dose calculated by different models for the same physical C-ion dose

can differ substantially%:190, and, for this reason, great care has to be taken in comparing
the clinical results from different heavy ion centres, even if the same RBE-weighted dose is
reported101.102

Among the various parameters, notable for radiotherapy is the RBE dependence on the
intrinsic radiosensitivity (that is, the a/gratio, derived from the X-ray dose-response curve;
Eqg. 6) and on the dose per fraction. The RBE decreases when the intrinsic radiosensitivity of
the tissue or the dose per fraction are increased. Accordingly, the maximum RBE advantage
is observed for radioresistant tumours (FIG. 6). The fractionation dependence is intertwined
with the radiosensitivity, because the RBE decrease at high doses is faster for radioresistant
than for radiosensitive tissues, that is, the RBE in hypofractionation decreases193.194 more
sensitively for normal tissue (a/8 ~ 2 Gy) than for the tumour (a/8 ~ 10 Gy)195. Therefore,
even if the RBE is low at high dose per fraction, hypofractionation is possible and, indeed, is
often pursued in clinical treatments with heavy ions19.

Most tumours are hypoxic, which increases their resistance to treatments with either
conventional drugs or radiation97. Fractionation in radiotherapy is used to overcome
hypoxia, by exploiting interfractional reoxygenation. This advantage is, however, lost in

the modern hypofractionated regimes, making hypoxia a major problem for SBRT108.109,
The OER — that is, the ratio of the doses producing the same effect in hypoxic (0% pOy)
and oxic (20% pO5) conditions — is approximately 3 for X-rays, a value so high that, if
translated to the clinic, would make radiotherapy of hypoxic tumours impossible without
reoxygenation. In reality, physiological hypoxia is, on average, only 5% in normal tissue and
<2% in most tumours0, The OER decreases at high LET11, because, for densely ionizing
particles, the damage is induced by direct effects on the DNA molecule and free radicals
play a smaller role than they do for X-ray-induced damage. In cellular studies, it is known
that the OER drops to 1 at LET ~ 200 keV um-! at physioxic concentrations12, However,
this result indicates that the LET for C ions (FIG. 2) is not high enough to overcome
hypoxia in the tumour. Thus, interest in heavier ions and multi-ion treatments is justified, as
discussed in the next section.

Combined treatments

Radiotherapy is often used in combination with drug treatments, including chemotherapy,
targeted therapy and immunotherapy!13. Can heavy ions be more effective than X-rays

in combined treatments? Some preclinical studies of the combination of carbon ions with
targeted therapies suggest a synergistic effect®. The synergism depends on the mechanisms
of radiation damage, and, therefore, different drugs can be used for X-rays and heavy ions.
However, for immunotherapy, heavy ions have a physical advantage, because they spare
much better the patients’ own immune cells, owing to the reduced integral dose compared
with other treatments!14. This putative advantage is shared with proton therapy91:115,

for which reduced lymphopaenia has been observed compared with X-ray treatment for
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oesophageal cancer!16, glioblastomall” and lung cancer!18. Preclinical data in a mouse
osteosarcoma model also shows that high C-ion doses have biological advantages compared
with X-rays in combination with immune checkpoint inhibitors19.120 Specific trials to
address the combination of heavy ions and immunotherapy are highly desirable and may
prove a breakthrough in combined treatment protocols using immunotherapy2l. Modelling
the combination with biophysical models is necessary to achieve an optimal combination122,

Clinical results

The clinical data obtained with carbon ions are reviewed in many recent
publications816.21.22.83 and therefore, we only briefly describe below the most promising
tumour sites in which differences are expected not only with respect to X-rays but also to
proton therapy. We focus on the sites in which carbon ions gave the best results, pending
ongoing clinical trials.

Eye tumours

Uveal melanoma is one of the most common diseases treated with proton therapy, but
heavier ions have also been used!23. Interestingly, the only phase 111 comparative clinical
trial completed for ions heavier than protons is for choroidal and ciliary body melanoma of
the eye. The trial compared accelerated He ions to 12 plaque therapy for patients treated in
the LBL trial. The results of long-term outcomes of 184 patients treated during the period
1985-1991 were published in 2015 (REF.124) and show significantly improved local control,
eye preservation and disease-free survival. Even if this is a limited trial for a rare tumour, it
shows that well-designed trials with long outcome can give significant results.

Gastrointestinal cancers

In an independent review of 20 years of C-ion therapy at NIRS-QST in Japanl2®, the panel
noted that the most striking and remarkable outcomes had been observed for gastrointestinal
tumours, such as pancreas and local recurrence of rectal cancer.

The results obtained at NIRS-QST for locally advanced pancreatic adenocarcinoma treated
with hypofractionated C ions with concurrent gemcitabinel26 were confirmed in a multi-
institutional Japanese triall2”. These results have attracted great interest, because pancreatic
cancer is difficult to detect early and is so resistant to treatment that it is becoming a leading
cause of cancer death28, Considering that pancreatic cancers are very hypoxicl2® and their
microenvironment is markedly immunosuppressivel30, it has been hypothesized that C ions,
with their low OER and increased immunogenic cell death, can be the ‘silver bullet’ for this
highly lethal malignancy31. As a result, pancreatic cancer is considered one of the most
interesting comparative clinical trials to be pursued with C ions32.133,

Also exceptional are the outcomes of C-ion treatment for another tumour with high lethality,
namely, locally recurrent rectal cancer. In a multi-centre Japanese clinical trial, survival rates
with concomitant chemotherapy in the high-dose C-ion group was 90% at 2 years and 50%
at 5 years134, Similar results were confirmed in a trial with similar doses at the SPHIC135,
and good preliminary results were also obtained at the HIT136, These clinical data indicate
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a clear improvement compared with the best results of chemoradiotherapy using IMRT137,
and are similar to the outcome of surgical resection for this malignancy38.

Excellent results have also been reported for hepatocellular carcinoma, especially large
tumours close to the porta hepatis!39. Both carbon ions and protons present lower toxicity
than SBRT or 3D conformal radiotherapy40, but carbon ions are delivered in shorter
treatments of about four fractions'#! up to a RBE-weighted dose of approximately 60 Gy
(REF.142),

Sarcomas are traditionally considered radioresistant cancers, and, therefore, excellent
candidates for heavy ion therapy43. The poor radiation response of sarcomas compared with
other cancers, such as carcinomas, does not seem to be linked to genetic radiosensitivity

but, rather, to slow growth of the tumours and the presence of hypoxia, especially in

large, unresectable malignancies'*4. Most particle therapy centres treat sarcomas, especially
chordomas and chondrosarcomas of the base of the skull14°,

The Japanese results with C ions for osteosarcomas of the trunk!46 and soft tissue
sarcomas47 are excellent, especially for inoperable large tumours that are difficult to treat.
First results from the Centro Nazionale di Adroterapia Oncologica (CNAOQ) in Italy also
support these results48. At the HIT, a prospective phase I/l trial with a combined proton
and C-ion radiotherapy has been completed, showing favourable toxicity and high response
rates149,

The HIT in Heidelberg has made a long-term follow-up of 155 skull base chordoma patients
treated in the C-ion pilot project at GSI in Darmstadt over the period 1998-2008 and the
results are excellent, with an overall survival of 75% at 10 years'®0. Excellent results are
also reported for skull base chondrosarcoma, but no significant differences between protons
and carbon ions were observed in terms of local control or overall survival in 101 patients,
with a median follow-up of 40 months from the treatment at the HIT over the period 2009-
2014 (REF.151). The hypothesis of the study is that carbon ion radiotherapy can achieve

the same local control at lower toxicity than other treatments. The results of the phase 111
trial are preliminary152 and more time is needed to draw final conclusions, but early results
suggest that a favourable physical dose distribution is the main factor to reduce toxicity and
achieve local control in chondrosarcoma.

Head and neck tumours

Cancers located in the upper aerodigestive tract are often candidates for particle therapy,
because they are surrounded by OAR and patients experience severe toxicities from
treatments123. The rationale for using heavy particles rather than protons is both a reduced
dose halo (FIG. 3) and the biological advantages (FIG. 5). Physics advantages can be
exploited to provide a boost at the end of IMRT treatments'>4, and the biological advantages
can be used for radioresistant histologies®>. C-ion therapy is typically indicated for salivary
gland tumours such as adenoid cystic carcinomal®® and nasopharyngeal carcinoma®®’,

with randomized clinical trials under way for these pathologies. Comparative trials are
important to assess whether heavy ions can do better than protons, which have already
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demonstrated a significant mitigation of toxicity compared with IMRT in combination with
chemotherapy158.159,

Paediatric tumours

Paediatric cancers are typical candidates for proton therapy, considering that sparing normal
tissue, often the brain, is particularly important for patients with long life expectancy60.
Approximately 10% of paediatric solid tumour patients in the USA were treated with
protons in 2012 (REF.13), and this fraction is growing rapidly.

Heavy ions have been traditionally deemed too risky for paediatric patients. In fact, high-
LET radiation has high RBE for late effects, including carcinogenesis'61. The concern for
possible induction of second cancers has, therefore, limited the use of high-LET heavy ions
in paediatric patients. However, in a cohort of 83 patients aged <21 years treated at the
HIT, no significant differences were observed in normal tissue toxicity after treatment with
protons or C ions!®2. Moreover, the concern for second cancers after high-LET radiation
has been contradicted, at least for adult patients, by a retrospective analysis of 1,580
prostate cancer patients treated with C ions at NIRS63. The study found a lower risk

of second cancers in patients treated with heavy ions compared with those treated with
X-ray therapy. This outcome is also consistent with measurements of secondary radiation,
including neutrons, in PBS therapy62, and, therefore, it has been proposed that C ions may
be an excellent tool in paediatric patientsl64.

In addition, helium ions are potentially ideal for children, because they have low RBE,
similar to protons (FIG. 2), but sharper dose distributions, thus, providing increased sparing
of normal tissue (FIG. 3). An in silico study in different paediatric pathologies has shown
advantages of He ions for neuroblastoma, Wilms tumours and ependymomal6.

New ions and technologies

Helium ions

At present, particle therapy is limited to protons and C ions, but several other ions could

be used to treat solid cancers. Carbon ions exhibit a good compromise between low LET in
the normal tissue and high LET in the target region (FIG. 2). However, for radiosensitive
tumours, light ions can have better properties than heavy ions (FIG. 6), and, even for
radioresistant tumours, He ions can be as good as carbon in normoxia.

In a pilot project at LBL, over 2,000 patients were treated with He ions*. Helium should be
selected when one is not faced by a tumour that is particularly radioresistant and/or hypoxic,
but one does want an increased precision and reduced dose ‘halo’ (FIG. 3), achieved thanks
to the reduced lateral scattering. Acceleration of “He is complicated by beam contamination
with heavier ions with the same ¢/m ratio from the ion source, which have the same rigidity
as helium and are, therefore, accelerated by the synchrotron. For this reason, it has been
proposed to use 3He for therapy®8, which has similar properties to #He but with limited
contamination problems, and would result in smaller and cheaper He-dedicated accelerators,
thanks to the lower rigidity of 3He (Eq. 6). A calculation with two opposite fields using

the local effect model (FIG. 6) suggests that, for both a radiosensitive (a/g= 10 Gy) or
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a radioresistant (a/g = 2 Gy) tumour, helium gives a lower dose to the normal tissue for
the same target dosel67. These simulations show that helium can be very useful in different
scenarios. The HIT will start using helium ions in clinical treatments in 2022, following
extensive preclinical studies?327.

Oxygen ions

lons heavier than carbon can be interesting for very radioresistant, hypoxic tumours. In
simulations of normoxic tumours, ions heavier than carbon do not seem to have advantages
(FIG. 6). However, for hypoxic cancers, 160 ions are expected to be more effective than 12C
ions168.169 As noted in the introduction, overcoming hypoxia was the main motivation to
use very heavy ions in the LBL trial, but very heavy ions such as 4°Ar have a high LET, even
in the entrance channel, leading to unacceptable toxicities. In the entrance channel, oxygen
is still in the low-LET region (FIG. 2), and, therefore, relatively safe. For this reason, the
HIT is planning to use oxygen ions for treatment of very hypoxic tumours2427,

Multi-ion treatment

Even when using ions heavier than carbon, it remains difficult to deliver a high-LET
treatment to the whole tumour volume (FIG. 2); only a relatively small fraction of the
tumour is exposed to high LET. The optimization on the biological dose can, therefore,
jeopardize the putative biological advantages (FIG. 5) of heavy ion therapy’. The problem
is now emerging also in the clinics. A retrospective analysis on the C-ion treatment plans
at NIRS suggest that the LET is positively associated to local control of pancreas tumours.
In particular, patients with higher minimum dose-averaged LET values in the gross tumour
volume had lower probability of local failure compared with those with minimum LET
values below 40 keV pm™1 (REF.170). Similar results have been observed looking at local
recurrence maps in grade 2 chondrosarcoma patients treated at NIRS with C ions171.

Approaches to extend the high-LET regions with a single ion (LET painting172:173) are
hampered by increasing toxicity. However, when multiple ions (light to heavy) are used,

it is possible to increase the LET in the target region while maintaining a low toxicity

in the normal tissuel”4. A combination of protons, helium, carbon and oxygen beams,
produced at the same synchrotron, can be delivered to achieve a prescribed LET map

to the target, in a method known as intensity-modulated composite particle therapy. For
instance, in a simulated prostate treatment aiming to deliver 2 Gy to the planning target
volume, it is possible to have 80 keV pum-1 in the gross tumour volume, 50 keV pm1 in the
clinical target volume and <30 keV pm1 in the OAR (rectum)175. This method requires a
multi-ion source synchrotron, like those available at the HITZ® or NIRS26:28 |n addition, it
will be necessary to implement a careful multi-angle dose simulation and verification and
fast switching among different ion sources. For applications to hypoxic tumours, multi-ion
optimization requires quantitative hypoxia imaging using molecular imaging methods?76.
If an O, concentration map is available, multi-ion treatments can optimally increase the
LET (decreasing the OER) or the dose in the low-oxygen sub-volumes, resulting in highly
effective treatments for hypoxic tumours2® (FIG. 7). Multi-ion therapy, therefore, has a
number of technical challenges, but the goal of increasing the LET in the tumour volume is
an important step towards the optimization of heavy ion therapy.

Nat Rev Phys. Author manuscript; available in PMC 2021 December 02.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Durante et al.

Page 15

New beam delivery methods

Outlook

We have already noted that the use of very heavy ions, although advantageous for hypoxic
tumours, is hampered by normal tissue toxicity. One would, therefore, like a technique that
spares normal tissue much more than existing methods do. In this regard, two hot topics in
radiotherapy at present are FLASH and spatially fractionated radiotherapy?”.

FLASH radiotherapy is a method to deliver the therapeutic dose at very high dose rate (>40
Gy s1). At ultra-high dose rates, there is a substantial sparing of the normal tissue while
maintaining local tumour control178- 180, These extremely high dose rates are difficult to
reach with the high-energy X-rays used in radiotherapy, because of the small conversion
efficiency of the bremsstrahlung production process. However, the dose rates have been
achieved with charged particles, including electrons181 and protonsi82, and can also be
attained at synchrotrons with heavier ions83, It also seems that sparing the normal tissue
by FLASH depends not only on the dose rate but on many other parameters, including
also total dose, time structure of the beam and tissue oxygenation. The best conditions
seem to be achieved around 10 Gy total dose delivered in <100 ms at dose rates >10 Gy
s'Lin slightly hypoxic tissues184:185 The topic is alluring for accelerator physicists, who
have already produced a number of ideas and prototypes for FLASH-dedicated machines.
The laser-driven accelerators (discussed in the section on accelerators) would be ideal

for FLASH radiotherapy, given their very high dose per pulse!®. However, it should be
pointed out that the clinical applications have barely started87, and that the mechanism of
the FLASH effect is still unclear. Several models have been proposed based on radiation
chemistry mechanisms, such as oxygen depletion’88 or free radical recombination89, but
none has been supported experimentally?0 and the models often also have theoretical
flaws191, In the absence of a solid theoretical interpretation, it is unknown whether the
FLASH effect will be observed for high-LET radiation. This question is currently under
investigation192,

Another delivery technique that substantially spares normal tissue is spatially fractionated
radiotherapy, in which the therapeutic beam is divided into beam-lets spaced by a few
micrometres (microbeam radiotherapy)19 or millimetres (minibeam radiotherapy)194. This
grid configuration greatly improves the repopulation capacity of the normal tissuel®, and
the target tumour can be covered with interlaced beams!®. The method has been used in

a rabbit with C ions1%7 and can be extended to heavier ions198.199 exploiting the spatial
fractionation to reduce toxicity.

FLASH and minibeam radiotherapy are approaching clinical utilization, but they have

the potential to become useful tools in heavy ion therapy2%. These methods widen the
therapeutic window that is appealing even for protons, but may allow the use of ions heavier
than oxygen against very radioresistant tumours, making possible one of the ideas that
sparked their initial development?.

The quest for a ‘cure-all’ particle in radiotherapy will never find a simple solution. Cancers
have proven to be very different to each other and elusive to the most advanced therapies,

Nat Rev Phys. Author manuscript; available in PMC 2021 December 02.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Durante et al.

Page 16

and, certainly, there is not a magic particle able to destroy all types of malignancies. Based
on the present state of the art, we argue that heavy ion therapy is at a tipping point: it

has an enormous potential thanks to favourable physical (FIG. 1) and biological (FIG. 5)
properties, but its clinical advantage compared with protons and X-rays — which are both
cheaper and smaller technologies (FIG. 4) — remains unproven. Some outstanding results
have been obtained in gastrointestinal cancers (especially in the pancreas), sarcomas and
nasopharyngeal carcinomas, but randomized clinical trials are ongoing. The plans for new
centres in Europe, Asia and the USA are, therefore, welcome, if those centres will be used
for clinical research and comparative trials.

At the same time, research must continue to make the therapy cheaper and more effective.
In physics, it is particularly important to build smaller and cheaper accelerators and

beam delivery systems, exploiting superconducting magnets and gantry-less systems. In
biology, it is essential to assess the combination of heavy ions with molecular therapy
and immunotherapy, in comparison with X-rays and protons. In clinical research, it is
necessary to test hypofractionated regimes, combined protocols and to fully exploit the
putative advantages listed in FIG. 5 by increasing the LET in the tumour. In fact, the
relatively modest LET values reached in large fractions of the cancer volume treated with
C ions (FIG. 2) raises the question of whether the main biological advantages of densely
ionizing radiation is being squandered. Higher LET in the target volume can require multi-
ion irradiation (FIG. 7), and, therefore, rather than a single silver bullet, in the future,

a combination of projectiles may become common to sterilize aggressive, radioresistant
malignancies.
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Hypoxia

Reduced oxygen supply in a tissue compared with the normal level (normoxia or
physioxia). Tumours are typically hypoxic.

Linear energy transfer
Energy loss of charged particles per unit track length (see Eq. 1).
Spread-out Bragg peak

The monoenergetic beam Bragg peak is too narrow to cover a tumour volume. It must,
therefore, be enlarged to provide a uniform biological dose to the target volume.

Track structure

The complete set of ionizations and excitation events caused by a charged particle
traversing a medium. Energy is deposited either directly by the traversing ion or by the
high-energy electrons emitted by target atom ionization (6-rays — see Supplementary
Video 1).

Conformal radiotherapy
A delivery system that shapes the radiation beams to match the shape of the tumour.
Straggling

Variation in the range of a particle beam caused by the stochastic nature of the energy
loss process.

Dose halo
Energy deposited due to scattering in the volume immediately surrounding the target.
Treatment planning

The calculation of the optimal beam directions, energies and intensities to achieve
the highest possible dose to the tumour while sparing organs at risk and reducing
unnecessary dose to the normal tissue.

Hypofractionation

Reduction of the number of fractions and increase of the dose per fraction compared with
the conventional radiotherapy scheme (2 Gy per fraction in 20-30 fractions, one fraction

per day).
Gyroradius

Radius of the circular motion of a charged particle in the presence of a uniform magnetic
field.

Rigidity
Impact of the magnetic field on the trajectory of a charged particle (Eq. 5).

Passive modulation systems
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Systems to produce spread-out Bragg peak from a monoenergetic beam using passive
scatterers with different techniques, such as a rotating wheel of different techniques or a
scatterer with a collimator and a patient-specific compensator.

Targeted radioimmunotherapy

Cancer therapy that uses a targeting construct (e.g. antibody, peptides or nanoparticles),
attached to a radionuclide, to deliver a systemic cytotoxic dose of radiation to malignant
tissue.

Reoxygenation

Hypoxic sub-volumes in cancers are radioresistant. During the interval between fractions,
the blood can reach the hypoxic niches that survived the previous fraction, making them
radiosensitive.

second cancers

malignant neoplasias induced by the treatment to a primary tumour.
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Key points
Charged particle therapy is the most advanced radiotherapy technique.

Most of the patients are treated with protons, but heavy ions present
additional biological advantages.

Carbon-ion therapy is ongoing in 12 centres worldwide and clinical results are
promising, whereas new ions (like “He and 160) will be used in the future.

Heavy ion therapy is much more expensive than X-ray therapy and level 1
evidence of superiority is missing.

Radiobiology suggests that heavy ions can be exquisitely effective against
hypoxic tumours and improve the effects of immunotherapy.

Rather than a ‘silver bullet’, different particles and their combination can
provide optimal results in specific cases.
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a| Depth-dose distributions showing the Bragg peak for different ions and the reduced
straggling of heavier ions. The X-ray depth—dose curve is calculated for a high-energy
21-MeV linac. Energies of the ions correspond approximately to the same range (15 cm

in tissue): 148 MeV1H beam, 170 MeV/n3He beam and 270 MeV/n12C beam. b | Lateral
broadening (full width at half maximum (FWHM) of the Gaussian distribution, see Eq. 3)
for the same ions. The widening of the beam should be compared with typical entrance spot
sizes of proton and ion beams of ~5-10 mm. Image from the GSI image gallery, distributed
under Creative Commons CC-BY. Figure is adapted from REF.201, CC BY 4.0.
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Figure 2. Dose-averaged linear energy transfer versus depth in tissue for a single spread-out
Bragg peak of protons, He, C and O providing a uniform physical dose (2 Gy) in the target
volume.

a | The grey area represents the tumour region, a 2.5 x 2.5 x 2.5 cm3 volume centred at 8

cm in water. The yellow and orange lines are 100 and 20 keV um-! linear energy transfer
(LET) levels, respectively. An ideal bullet should have LET < 20 keV um1 in the entrance
channel and >100 keV pm™ in the target volume’. b,c | Monte Carlo TRAX code simulation
of C-ion tracks in the entrance channel (100 MeV/n; to the left of the grey tumour region in
part a) and the Bragg peak (3 MeV/n), providing the same dose ina 1 x 1 x 0.5 pm3 volume.
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Figure modified from Tommasino et al.167, distributed under Creative Commons CC-BY.
Part a is adapted from REF.167 CC BY 4.0.
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Figure 3. Impact of lateral scattering on treatment planning.
The image shows an optimized plan with two opposite fields for a chordoma patient using

protons (left) or 12C ions (right). Colour scale represents the delivered relative biological
effectiveness-weighted dose relative to the target dose of 2 Gy, prescribed to the planning
target volume (purple line). The dose halo in the proton plan is caused by the larger lateral
scattering of the light protons compared with the heavier carbon nuclei. Image from the GSI
patient project archive, distributed under Creative Commons CC BY 4.0.
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Figure 4. Accelerator technologies in heavy ion therapy.

a | The impact of advancing technology on footprint and costs of radiotherapy facilities.
Size and prices can have large variation, but the image gives an indication of the increase
in footprint and price. b | Plans at the National Institutes for Quantum and Radiological
Science and Technology (NIRS-QST, Chiba, Japan) for reducing the footprint of heavy
ion centres. The image shows the large research Heavy-lon Medical Accelerator (HIMAC)
and the subsequent concepts already implemented (such as the Gunma facility) or under
development. GHMC, Gunma University Heavy lon Medical Center. Image courtesy of K.
Noda, NIRS-QST. ¢ | An innovative concept of a superconducting synchrotron for heavy
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ion therapy developed at CERN. The triangular accelerator with a 3.5-T superconducting
magnet is capable of accelerating C ions up to 430 MeV/n with 1019 jons per pulse

in a footprint approximately one-quarter of the present-day resistive magnet medical
synchrotrons in part b. AG-CCT, alternating gradient canted cosine theta; ESE, electrostatic
extraction septum; ESI, electrostatic injection septum; MSE, magnetic extraction septum;
Q, quadrupole magnet; RF, radiofrequency cavity; SX, sextupole magnet. Image and
information courtesy of Elena Benedetto, CERN & TERA Foundation. Part a with
permission from © GSI Helmholtzzentrum fiir Schwerionenforschung GmbH. Part b, image
courtesy of Dr Koichi Noda. Part ¢, image courtesy of Elena Benedetto, TERA Foundation
and CERN.

Nat Rev Phys. Author manuscript; available in PMC 2021 December 02.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Durante et al.

Biological
end point

RBE

OER

Cellcycle
dependence

Fractionation
dependence

Angiogenesis

Targeted
therapy

Immune
response

Effect

RBE increases with LET,
making heavy ions
effective against
radioresistant tumours

OER decreases with LET,
thus, sensitizing hypoxic
tumours

Radioresistant S-phase

cells become more sensitive,
thus, reducing the need for
reassortment

Reduced inter-fraction
repair capability for
tumours in the high-LET
target volume

Expression of VEGF is
reduced after exposure
to heavy ions, suggesting
a reduced tumour
angiogenesis

Some data show synergistic
effects for targeted therapy
combined with heavy ions

Reduced lymphopaenia
caused by lower integral
dose with charged particles
compared with X-rays

Figure 5. Biological advantages of heavy ions.
D, dose; G1, pre-DNA replication (S) cell cycle phase; G2, post-DNA replication (S) cell
cycle phase; LET, linear energy transfer; OER, oxygen enhancement ratio; RBE, relative
biological effectiveness; S, survival; VEGF, vascular endothelial growth factor8?.
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Figure 6. The ‘best’ bullets are those providing the lowest relative biological effectiveness-
weighted dose in the normal tissue at the same effect in the target.

Relative biological effectiveness (RBE)-weighted dose optimization for a two-opposite-field

treatment of an idealized geometry simulating a typical case of radiosensitive (part a) or
radioresistant (part b) tumour. The tumour (2.5 x 2.5 x 2.5 cm3) is centred in the planning
target volume. Biological dose optimization was performed using the TRiP98 software
and the local effect model (LEM-1V)%. The plan was optimized with different ions to
provide the same RBE-weighted dose of 2 Gy in the target volume. Protons are excellent
for radiosensitive tumours but the worst for radioresistant tumours. Figure modified from
Tommasino et al.167, distributed under Creative Commons CC-BY. Figure is adapted from
REF.167 CC BY 4.0.

Nat Rev Phys. Author manuscript; available in PMC 2021 December 02.


https://creativecommons.org/licenses/by/4.0/

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Durante et al. Page 37

Dose (%)
150

100

phys, total - . bio, total

Figure 7. Biologically optimized multi-ion plan for a hypoxic skull base chordoma (hypoxia is
assumed to be concentred in the central part of the tumour).

a | Total physical dose (D phys, total)- Insets correspond to the partial contributions from

160 and 4He fields. Colour scale represents the relative dose compared with the dose of

2 Gy. b | Total biological (relative biological effectiveness—oxygen enhancement ratio (RBE-
OER)-weighted) dose (D pjo totar)- Colour scale represents the relative linear energy transfer
(LET) compared with a fixed value of 60 keV pmL. ¢ | Dose-averaged LET distribution.
Colour scale as in part b. Calculation with TRiP98 code from Sokol et al.2®, reproduced with
permission from IOP. Figure is adapted from REF.2%, CC BY 4.0.
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