We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,500 176,000 190M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



Chapter

Physical, Biological, and Clinical
Merits of High Energy Boron lons
for Radiation Therapy

Anders Brahme

Abstract

The lightest ions beyond protons, principally helium, lithium, and boron ions,
make highly specific molecular Bragg peak radiation therapy of malignant tumors
possible with minimal adverse normal tissue reactions. The Bragg peak ioniza-
tion density is mainly elevated in a few mm wide spot at the end of these ions with
substantially increased local apoptosis and senescence induction. Mainly placing
Bragg peaks in the gross tumor volume with increased local therapeutic effect and
only low ionization density and easily repairable damage in normal tissues. The
possible geometrical accuracy of the dose delivery will be 1 mm with these ions.
Interestingly, high-resolution molecular tumor imaging will then be possible, par-
ticularly with ®Boron ions that are our lightest positron emitter allowing immediate
accurate PET-CT imaging to delineate the target volume dose delivery. Compared to
carbon ions the boron radiation damage to normal tissues in front of and behind the
tumor is reduced at the same time as tumor apoptosis and senescence are increased.
A mean tumor cure as high as 80% should be possible with Boron ion therapy using
new clinical fractionation principles and even more when early tumor detection and
malignancy estimation methods are brought into more regular clinical use.

Keywords: boron ion radiation therapy, *'boron ions, low dose apoptosis, low dose
hypersensitivity, high dose apoptosis, radiation dose-response relationships, light ion
radiation therapy, radiation therapy optimization

1. Introduction

The interaction of ionizing radiation with living tissues and tumors is one of
the most complex biomedical problems, since it requires knowledge about atomic
and nuclear physics and the generated secondary electrons, as well as the molecular
biology dynamics of living tissues and cells and their complex damage repair sys-
tems [1]. Understanding radiation-induced cellular damage and repair is the key to
optimal safety in the therapeutic and the diagnostic use of high-quality radiation
beams. Biologically optimized intensity-modulated photons, electrons, and light ions
represent the ultimate development of radiation therapy as shown in Figure 1. The
absorbed dose and biological effect on normal tissues can be designed so it is as low as
possible from a radiation physical point of view, at the same time, as the therapeutic
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Biologically Optimized Therapy Panning
Using Known Biologjcal 0 <
Objective Functions:

Figure 1.

Hllustration of the fantastic power available by using biologically optimized inverse radiation thevapy planning
[2]. If we know the approximate sensitivity of the tumor and the normal tissues (1), it is possible to derive

the biologically optimal beam divections and their intensity modulation (?; [3]) and it is even possible to find
the optimal combination of low and high ionization density radiations (cf. Figure 15) and their incident
energy spectra as well as the ideal time dose fractionation [1, 4, 5] using biological complication free cure (P+)
optimization strategies (P++: P+ with concomitant injury minimigation [3]). In addition, if we have information
about the intevaction of the radiation modality of interest with chemotherapeutic agents of preference, the
combined treatment schedule can also be optimized in biological terms. During the last week of treatment, only
a hand full of tumor clonogens remain, and should thus preferably be treated with more microscopically uniform
electron or photon beams. This is optimal since both the particle beam and the tumor cells are quantized and
may protect some tumor clonogens from lethal hits by inevitable cold spots between the ions during the last most
curative thevapeutic dose fraction [1-5]!.

effect on radiation-resistant tumor cells is as high as possible from a radiation biologi-
cal point of view [2]. With the lightest ions above protons: He, Li, B, and C the border
region between the clinical gross tumor and target volume and surrounding healthy
normal tissues can be set as narrow as physically possible. In addition, the optimal
number of treatment fractions can be substantially reduced, and the curative gain
factor on radiation resistant hypoxic tumor cells may generally be more than doubled
compared to low ionization density photons, electrons, and protons. Figure 1 shows
how the optimal selection of Therapeutic beams can be arranged and the energy
modulation shaped to maximize the cure probability of the patient with minimal risk
for side effects in normal tissues [2]. Largely based on clinically established dose-
response parameters of normal tissues (y, Dso, s).

2. Radiation biology of radiation therapy
2.1 Handling of DNA damage by the TP53 gene

The new interaction cross-section based Repairable-Homologous-Repairable
damage formula for radiation-induced cellular inactivation, repair, misrepair,
and apoptosis in TP53 intact and mutant cell lines can be used to optimize radia-
tion therapy. The formulation requires renewed thinking about the biological
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optimization of radiation therapy. It suggests that most TP53 intact normal tissues
are Low Dose Hyper Sensitive (LDHS, see left insert of Figure 2) and that the
inherent microscopic heterogeneity of higher Linear Energy Transfer (LET) ion
treatments the last week would benefit from low LET as shown in the lower right
of Figure 2 [1, 4, 5]. The ability of the new method to quantify apoptosis [1],

has helped identify the early Low Dose Hypersensitivity (LDHS) and Low Dose
Apoptosis (LDA) of most normal tissues and tumors with intact TP53 and ATM
genes. This mechanism has probably been developed by nature’s proses of survival
advantage selection, to ensure minimal risk for severe mutations to the genome
before the DNA repair system is fully functional after around a dose of 1Gy [1,
4-8]. As a compensating measure the apoptosis-inducing caspase 3 gene product
(Figure 2 right) remarkably “remembers” this low dose apoptotic cell loss and
starts cellular repopulation to reestablish homeostasis in the tissues after being
irradiated.

This useful mechanism in normal tissue is a well-known problem after suboptimal
radiation therapy where it can cause accelerated repopulation of remaining tumor
cells at the end of treatment [9]. A clear curative intent is probably the principal
way to avoid this tumor-reactivating mechanism. These studies also identified that
maximum apoptosis is induced by the lowest LET ions largely as they have the highest
fluence of §-electron apoptosis induced by primary ions per unit dose [1, 4]. With a
too high LET the apoptosis and senescence will instead be high in the normal tissues
in front of and behind the tumor, which may be undesirable from a complication-free
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Figure 2.

The complex responses of the TP53 gene to mild and severe genetic stress is largely determining the cellular vesponse
to radiation [1-13]. Mild stress phosphorylates the serine 15 and 20 sites on p53 by ATM and CHK2, resulting in

cell cycle block and DNA repair. This vesults in LDHS in normal tissues but genevally not in tumors often with a
mutant TP53 gene as seen in the cell survival insert. Local high doses or high ionization densities vesulting in DDSBs
(Dual Double Strand Breaks cf. Figure 3) [2, 14] are increasing the severity of the damage phosphorylating also
the serine 46 site e.g., via DYRK2, p38K, or ATM, and a high dose apoptotic (HDA) response may get triggered.
Lithium-Bovon (cf Figure 12) ions allow unique thevapeutic use by inducing a massive apoptotic-senescent tumor
cell response within the Bragg peak (ow homologically repairable damage and o; direct inactivation cross-sections cf.
Figure 4 [1, 4]), but in front of and beyond the Bragg peak, the LET is low, and non-homological easily repairable
damage is mainly induced (o, cross-section see Figure 4 insert [1: Figure 8, 4, 7, 8] ).

3



Boron, Boron Compounds and Boron-Based Materials and Structures

cure point of view, even if hypoxic tumors may marginally benefit from a high LET
(cf [4] and Figure 3).

2.2 Dual double strand breaks

The severe Bragg peak damage to supercoiled DNA first wound two times
around nucleosomes in the cell nucleus is shown in the lower right corner of
Figure 2 and the close-up in Figure 3. Most toxic are the 700 eV electrons that
deposit a dose in the neighborhood of the track of up to 10° Gy as seen in the right
of Figure 2 [1, 4, 14, 15]. In front of the Bragg peak, the density of electrons is
lower and even more so in the high energy entrance region requiring many more
ions to deliver a dose of around 2Gy (cf Figure 7). This phenomenon explains why
the medium and low LET ion beams are most efficient in inducing apoptosis (as
further seen in Figures 11 and 13) and thereby eradicating hypoxic tumor cells.
With alow LET, too few severe direct cell kill events are obtained and at high LET
too few ions are available at a given dose even though they produce very severe
damage. The most probable DNA fragment length at high doses is around 78 base
pairs, corresponding to a single turn around the nucleosome (cf Figure 3). A
8-electron track end that may randomly hit the DNA at any point on the periphery
of the nucleosome and then often produce a Dual DSB (DDSB), can easily produce
such fragments. This will very often make DNA fragments of close to a single
nucleosomal DNA turn in length as seen in Figure 3. This string of DNA may easily
be lost as a micronuclei or gey inserted erroneously to make a severe mutation and
possibly a non-functional protein. Fortunately, most simple DSBs are repaired

Dual Double Strand Brakes at the Periphery of the Nucleosome Most biological effects are due
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Figure 3.

Molecular close-up of ion tracks (vight) showing that most of the lethal cell damage of densely ionizing ions is
induced by low energy 5-electrons in the 200 eV to 1 keV energy range generating seveve difficult-to-repair DNA
damage in the cell nucleus such as dual DSBs at the periphery of the nucleosome (left, cf. [14]). The left insert
shows that the most common DNA segment length corresponds to a single turn of DNA around a nucleosome as
expected from the DDSBs at the periphery of a nucleosome. Intevestingly, the 78-80 base pair fragments are about
twice as common as all other fragment sizes and they should be expected to be even more common with high LET
beams having ~3 times more secondary 6-electrons in the sub-keV energy range, with a very high probability of
inducing lethal DDSBs.
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correctly (>99%) so a DDSB is really the most common multiply damaged site
causing severe cell loss [1, 4, 14, 16].

2.3 Cell survival

In two recent DNA repair-based publications [1, 4], the accurate quantification of
the cellular survival and damage to tumors and normal tissues are developed to
significantly improve our ability to precisely describe the survival to low and high
ionization density (LET) radiations and doses S = e“P y bDe P, far beyond the
possibilities of the conventional linear quadratic cell survival model (S~ e " ~AD 2).

Not only are the undamaged cells (e™") separated from the sublethal damaged

cells (bD) but also the two major DNA damage repair pathways, namely homologous
and non-homologous end joining DNA repair (HR, NHE]) can each be identified
(byDe P + b.De " ~hDeP) and so can their complex interactions cf.

Figures 4 and 5 [1].

It is therefore given the name the repairable-homologous-repairable or RHR-
formulation as seen in the left insert in Figures 2 and 4 (cf [1, 4] for further details).
The fractionation window linked to LDHS normal tissues as seen in the left insert in
Figure 2 indicates that the low LET dose to organs at risk should be ~2 Gy/Fr as this
produces the least damage per unit dose, whereas the tumor dose should be substan-
tially higher to ensure perfect tumor cure [5]. This calls for biologically optimized
treatments using a few intensity-modulated beams [3] to avoid secondary cancer
risk and get a true curative intent, avoiding caspase 3 induced accelerated tumor
cell repopulation (see right part of the middle half of Figure 2, [9]). Light ions with
the lowest possible LET in normal tissues and high LET only in the tumor indicate
lithium to boron ions [5]. The high microscopic heterogeneity in the tumor will
cause local microscopic cold spots. Therefore, the last week of curative ion therapy,
with few remaining viable tumor clonogens randomly spread in the target volume,
as indicated in Figure 1, should receive the last 10 GyEquivalent by low LET ensur-
ing perfect microscopic tumor coverage and high cure and reduced risk for adverse
reactions in normal tissues [5]. Interestingly, such an approach would also ensure
a steeper rice of tumor cure and a higher complication-free cure as few remaining
clonogens are fairly well oxygenated eliminating shallower tumor response by ion
heterogeneity (see Figure 17). Avoiding ion microscopic heterogeneity in normal
tissues increases complication-free cure both at the low dose normal tissue complica-
tion side and high dose tumor cure end of the treatment [5].

2.4 Apoptosis induction

The major forms of interaction between homologous and non-homologous DNA
repair such as homologous repair of non-homologous misrepair are accounted for
and the probability to induce programmed cell death (Apoptosis) and potentially
even more so, permanent cell cycle arrest (Senescence) as well as other cell cycle
losses [3, 4]. Interestingly, these processes are probably the optimal ways to inacti-
vate a tumor with minimal inflammatory response and without massive immediate
tumor decomposition. Interestingly, lithium ions and its neighbors helium, beryl-
lium, and boron ions have an important and unique potential to induce apoptosis
locally, mainly in a few mm-size volumes around their deep high ionization density
Bragg peaks in the tumor as seen in Figures 4, 5 and 7 (Be may be associated
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Figure 4.

The cell survival, the cell fractions that ave totally un-hit by the beams, and the apoptotic and non-apoptotic
death over the LET range 0.3-40-80-160 ¢V/nm from “Co and boron ions. The cell survival shows a gradual
increase in steepness with increasing LET wheveas the A has its maximum at a dose causing around 13.5% cell
survival as indicated by the arrows. For the two lowest LETS, the non-apoptotic cells, upper dashed curves, and
the clonogenic survival ave practically tangential at low doses indicating apoptosis is the preferred way of cell
death before p53 is phosphorylated at its Sevine 15 and 20 sites at %2 Gy (Figure 2). The shaded avea is due to
non-apoptotic cell death for 40 eV/nm boron ions showing the domination of apoptotic cell death at the low LET'
as the shading is lost at low doses. The survival data ave also used in Figure 14 on a linear scale to derive the
secondary cancer induction probability. The associated LET variation of the non-homological and homological
interaction cross-sections n and h for DNA repair after *°B ivvadiation but also for C ions, as shown by the insert
[1, 4]. A comparison with the variation of the fast b, and slow by, vepair of vepair some foci after **N irradiation
(dashed lines, right scale, data derived from [4, 17]). The homological cross-section h increases very fast with the
LET for B ions due to rapidly narrowing S-electron cores and so is the associated reduction of the n cross-sections.
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The LET variation of the apoptotic fraction contributions of the eight key misrepair processes A-N indicating a
relative apoptotic effectiveness (RAE) of about 3.4 for low LET boron ions around 40 eV/nm, whereas the peak
relative biologic effectiveness (RBE) is about 3.5 but closer to an LET of about 140 eV/nm (Modified from [1]).
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with additional BeO forming toxicity in the tumor but also in normal tissues cf.
Figures 11 and 13). Everywhere else they mainly induce low-ionization density
and LET-type effective DNA repair processes as seen in the right part of Figure 2.
The surprisingly popular proton therapy has an almost negligible such augmented
local high biological tumor effect, helium has some, lithium, beryllium, and boron
have more and more, and finally the already rather promising carbon ions have

a little too much, both in the entrance region with mainly normal tissues and the
fragmentation tail beyond the tumor, and not least up to as far as 5 cm in front of
the Bragg peak (cf Figure 12). Boron ions are therefore most likely the optimal ion
for medium to large tumors whereas for small to medium size tumors and not least
pediatric tumors a combination with lithium ions may be the most optimal for clini-
cal use (cf Figures 2 and 15)! Interestingly, the lightest existing positron emitter
Boron 8, makes it possible to immediately visualize the delivered dose to the patient
by Positron Emission Tomography (PET) and verify that optimal dose delivery is
achieved in the tumor region.

2.5 Relative biological effectiveness

With increasing atomic number, the penumbra gets narrower and the lon-
gitudinal range straggling is also lower, so more of the energy is deposited in
the tumor by light ions of increasing atomic weight and Relative Biological
Effectiveness (RBE) as seen in Figure 6. The high energy deposition density at the
end of the ion range (the Bragg peak) is caused by a velocity resonance increas-
ing the energy transfer to the tumor cells when the speed of the ion is close to the
speeds of the orbital electrons of the tumor tissue and there is an increased prob-
ability for high energy transferred from the multiply charged ions to the electrons
as they travel longer distances together toward the end of the particle range. The
resulting peak is seen in Figures 2, 68, 11 and 12. When the atomic weight gets
too high, the amount of particle fragments increases, so the dose beyond the Bragg
peak gets high too, as seen in Figures 12 and 13. Ions heavier than carbon should
therefore be used very carefully with sensitive normal tissues in front of and
beyond the tumor.

3. Physical, biological, and clinical properties of light ion beams

Compared to low LET photon, electron, and proton beams, the clinical proper-
ties of light ion beams for radiation therapy are much more versatile and complex
as discussed in more detail below. A large part of the detailed specific information
is presented in graphical form in the Figures and their captions for simplicity
and clarity.

3.1Ion pencil beams

The physical and biological properties of narrow beams of the six lightest ions
when penetrating water to a depth of 30 cm by their central axis energy deposition
density profiles already shown in the lower row of Figure 1 in 2D are described in 3D.
The influence of multiple Columb scattering and longitudinal range straggling on the
Bragg peak of the pencil beams is clearly shown in Figure 7 (see also Figures 8-10
below). With protons, the dose to normal tissues in front of the tumor is twice the
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Figure 6.

Comparison of the RBE and LET ranges available with protons, lithium, boron, carbon, and neon ions is

shown. It is seen that the range from lithium to carbon ions is most intevesting, especially for hypoxic tumors. In
general, LETs beyond the RBE peak should be avoided to minimize normal tissue damage in the entvance and
plateau region (C-Ne, cf. Figure 2). As the cross-section saturates (cf insert in Figure 3), the relative biological
effectiveness RBE reaches a maximum since the cross-section cannot increase with the LET anymore, and at higher
LETS the biological effectiveness decreases because of an increased probability of radical—radical recombination
as secondary electrons are genevated move and more closely together. Furthermore, the “overkill” effect implies that
multiple kill events are equal to a single kill (you can only die once). The dashed and solid curves [18] describe the
average vesponse of the multiple experimental data sets very well [19].

tumor dose due to significant multiple scatter whereas it is only a small fraction of

the tumor dose for the light ions of lithium, boron, and carbon. This makes the local
increase in dose to a small region of normal tissues in front of the tumor about five
times larger than the increase in tumor dose that may be needed for tumor cure. This
demonstrating that for each dose addition to a small part of a tumor volume will
require that about five times more doses have to be given to normal tissues in front of
the tumor with protons as compared to other light ions from lithium to boron. This

is a severe dose delivery disadvantage for small radiation-resistant tumors and extra
beam portals may be needed to avoid normal tissue damage with protons. It may be
less of a dosimetric problem for large tumors where the broad beam Bragg peak dose
level is better established. However, large tumors often have extensive hypoxic regions
so protons are not generally the radiation modality of choice, and lithium to boron
and even carbon ions are more often indicated for larger hypoxic tumors. The shapes
of the so-called narrow pencil beams in Figure 7, therefore, are a kind of figure of
merit when using inverse biologically optimized treatment planning trying to maxi-
mize the patient fraction that is cured without severe damage to normal tissues [3].

A high distal the so-called Bragg peak is therefore important and so is a low dose in
the entrance and exit regions to minimize normal tissue damage in front of and not
least behind the tumor by nuclear fragmentation as seen in even more detail for Boron
and Carbon in Figure 12.
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3D Illustration of the clinical value of different 5 mm 1/e width light ion pencil beams for biologically optimized
thevapy planning. For carbon ions and heavier, the increasing LET in the plateau-type entrance region has to

be considered more carefully when maximiging the probability of reaching a complication-free cuve. The color
scale illustrates the ionization density (LET) and consequently the increased biological effect in the tumor, which
comes as a very important biological advantage on top of the physical dose distributional advantage shown in
the figure.
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Figure 8.

As the cross-section increases with nuclear size light ion attenuation will be less in the normal tissues of the
patient, to more effectively veach a deep sited tumor! Hydrogen would thus be optimal from this point of view but
the biological effect is minimal as seen in Figures 2 and 4, making He, Li, and B more interesting!.
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3.2 Exponential ion attenuation

Like Photons, Light ions are attenuated exponentially but by nuclear reactions
rather than by photoelectric, Compton, pair, and photonuclear reactions. Protons
are only weekly attenuated, less than 50 MV photons, whereas carbon ions are
similarly attenuated as 16 MV photons and neon more like 4MV and almost *°Co.
Part of the clinical problem with Neon ions is very clear as they are severely
attenuated at large depths. Figure 6 shows the other part of their problem as their
entrance regions have a very high RBE and they reach far into the overkill region
at depth as also seen in Figure 11. The merits of the light ions from lithium to
boron are clearly shown in the figure all with an attenuation less than that of a 45
MV Betatron beam. Furthermore, to reach 25 cm of tumor depth a 400 MeV/u
carbon ion beam may be needed whereas 300 MeV/u boron may suffice, thus
requiring a smaller and less costly cyclotron for beam production as seen in
the figure.

3.3 Particle multiple columb scattering

The increase in the penumbra (distance between 80 and 20% isodose lines) as
a function of depth in water is shown in Figures 9 and 10. The Multiple Columb
Scattering in the patient will increase the penumbra substantially with depth since
the scattering power increase with decreasing energy. On top of these, multiple
scatter contributions (/. = 6,) the part from the initial effective source size (o)
of the intrinsic accelerator beam should be added in quadrature as they stem
from statistically independent processes so the total standard deviation is given

_%/20 25MeV e /50MeV e 100MeV e;
/mm

12

10

f.ow Energy Photon Penumbra
o

Figure 9.

With electrons and protons, the penumbra width is better than for photons at shallow depths (<5 cm), whereas
light ions from helium and beyond are needed to get significant improvements compared to photons at large tumor
depths. The insert shows the clinical advantage of a sharp penumbra in the neighborhood of organs at visk. The
brainstem in this case is almost totally avoided with carbon or boron ions but not with protons (courtesy Jiirgen

Debus, Heidelberg).
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Figure 10.

The variation of the lateral penumbra and longitudinal Bragg peak width and range straggling for light ions of
increasing nucleon number. A sharp reduction to 50% of the wide half-value width of protons is seen for helium
and about one-thivd for lithium and about a quarter for boron and beyond.

by Grot = G~ + 6o~ This initial part is included in Figure 7, where 6 = 2,5 mm (1/e
width = 5 mm). The clear improvement in tumor coverage and normal tissue avoid-
ance is seen in Figures 9 and 10, where also the reduction in penumbra width is
seen beyond helium ions. In Figure 10 the initial very steep reduction in the lateral
penumbra and the longitudinal range straggling when going from protons to helium
and more gradual going from helium to lithium, boron and carbon is clearly dem-
onstrated. Since the penumbra of helium ions (a-particles) is already half of that for
protons, helium ions are really the particle of choice in the low LET region as they
in addition have very clear biological advantages not least in hypoxic tumors (cf
Figures2, 6,7, 9 and 11).

3.4 Lateral penumbra width and longitudinal range straggling

The lateral multiple scattering and the penumbra decrease in almost the same
fashion as the longitudinal straggling measured at the 60% width of the high LET
region of the Bragg peak and they are closely proportional to the inverse square
root of the nucleon number as seen Figure 10. The full 60% Bragg peak width is
approximately the half width of these former quantities as seen in the right insert
[20]. One may ask why there is such a large difference in biological effect between
protons and other light ions (see Figure 7) even though their normalized broad
beam dose distributions are fairly similar (cf Figures 8 and 11). This is mainly
due to the same phenomenon that reduces their penumbra width and longitudinal
range straggling with increasing nucleon number as seen in the middle straggling
insert in Figure 10, reducing the single track LET from about 70 eV/nm over some
10 ym to a mean value of about 5 eV/nm in the few mm of range straggling at the
Bragg peaks in clinical beams. This also shows up in the small RBE variation of
protons in Figure 11.
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Figure 11.

The Variation of the biological effect over the SOBP will make the dose at the distal tavget volume low and LET
high making the visk for microscopic cold spots high and increasing the visk for a vecurvent tumor [5]. With high
energy electrons and photons two perpendicular beams make a better high-dose dose distribution than a proton
SOBP even if the low dose is lower, making Li, B, and C ions most interesting from a thevapeutic point of view.
With B and C ions, the method with two different intensity-modulated beams will eliminate the single beam
SOBP problem as shown in Figure 15.

3.5 The RBE variation in the beam

The traditional way to make a uniform dose in an extended tumor volume is to
use the so-called Spread Out Bragg Peak (SOBP) method first developed for protons
at Berkeley and Uppsala where the energy and thus the range was modulated to get
a uniform dose in the tumor volume [21]. This works well for protons with almost
negligible biological effect variation with depth as seen in Figure 11. However, with
Boron and Carbon ions there will be a substantial RBE variation with depth so the
distal dose will be about half of that at the anterior part of the tumor generating an
approximately uniform mean cell kill but a about twofold variation in biological effect
as seen in Figure 11. This is far from desirable for a uniform tumor or even a het-
erogeneous tumor as seen from the large RBE variation measured for carbon ions in
Figure 11. Combining lithium and boron ions in suitable ratios is better (Figure 15).

3.6 LET variation in beams

To clearly show the physical and biological differences between boron and carbon
ion beams their partial ionization density contributions along with their absorbed
dose distributions are shown in Figure 12. Even if their physical dose distributions are
quite similar as already seen in Figure 7, their local ionization densities and LET's are
rather different with the whole entrance region of carbon being of medium LET. With
boron, this region is mainly low LET and the high LET region only extends ~2 cm in
front of the Bragg peak whereas it is about 5 cm for carbon ions. Furthermore, there
is negligible elevated LET behind the Bragg peak of boron, so normal tissues both in
front of and behind the tumor are much less damaged by boron therapy which is an
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Carbon and boron ion beam depth distribution of the energy deposition density. It is clearly seen that the adverse
Biological effect in the entrance and fragmentation tail regions ave significantly veduced by boron ions. With
sensitive organs at visk in front of and behind the tumor volume, the high LET reduction will also be a further
important advantage of boron ions as they will generate more apoptosis in the tumor than carbon ions as seen in
Figure 16.
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Figure 13.

Iof absorbed dose per neutron energy fluence. The increase of the RBE, the Bragg peak and fragmentation tail
doses, Dg, and Dy per unit neutron energy fluence, ¥y, and ion fluence, @y, at tumor lethal doses of light ions as
a function of the mean Bragg peak LET values are shown. All the values are given relative to those for protons
and the curves clearly show how much higher the fluence of protons is compared to other light ions up to neon at a
given biological effect. Furthermove, the increase in therapeutically effective dose in the Bragg peak per generated
unit of neutron energy fluence, the ratios of tail fragment dose compared to the Bragg peak dose, the Bragg peak
absorbed dose per neutron energy fluence, the increasing varviance of the particle fluence as caused by the reduced
fluence of ions at high LET s and RBEs, and the mean ion Bragg peak RBE are all shown in order from top to
bottom.
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Figure 14.

Thge probability for secondary cancer induction as a function of the dose delivered to normal tissues. At low

doses the risk of inducing a mutation is small, at high doses the probability to generate it is higher but so is the
probability to eliminate it by the treatment. The visk is high in normal tissues between 0.5 and 6 Gy so this volume
in the patient should be minimal! The LDA and LDHS of this TP53 intact cell line ave clear! Interestingly, the risk
is the smallest for the lowest LET boron ions due to HDA! CDN1: One-dimensional closest distance norm (not
least squave!). Based on data from [1, 5].

important clinical advantage! This makes boron ions most suitable for mixed beam
therapy as is more clearly shown in Figure 15.

3.7 Neutron production

Like high-energy photon beams light ion beams are always associated with a
significant neutron production as seen in Figure 13. Due to nuclear reactions, the
cross-section and number of neutrons produced increases with the increasing
atomic number of the projectile as the number of fragmentation reactions and
consequently, the number of neutrons increases with nuclear size. However, the
number of ions needed to eradicate a hypoxic tumor simultaneously decreases
rapidly since the LET and RBE increase with atomic charge and mass as seen in
Figures 6 and 13. In fact, Figure 13 shows that the fluence reduction increases both
the dose and the equivalent dose per unit neutron energy fluence generated and thus
steadily decreases the neutron production with increasing atomic number of the ion
at tumor lethal doses. Interestingly, at the same degree of cell kill, protons produce
the highest neutron energy fluence partly because their mass is close to that of the
neutron. From beryllium and above, the fragmentation is rather high so helium
and lithium are probably the most ideal ion species for the treatment of pediatric
malignancies. From the point of view of neutron and light fragment production, the
ideal ion is generally somewhere between lithium and boron as seen in Figure 13 but
avoiding beryllium’ high fragmentation and potential toxicity. Interestingly, even
if the cross-section per ion to produce neutrons goes up slowly with atomic num-
ber, about 5, 15, and 40 times higher fluencies of protons are needed compared to
helium, lithium, and carbon ions, making the total neutron production the highest
by protons at equally curative doses of light ion therapy. Both the mean absorbed
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A quasi-uniform absorbed dose and cell kill distribution is generated between about 21 and 26 cm of depth by
combining lithium and boron or carbon ions in suitable ratios to make the cell kill and survival quasi-uniform.
The small local fluctuations in absorbed dose are due to a somewhat too large longitudinal range modulation

(~3 mm) used to clearly illustrate the applied mechanism combining lithium and boron or carbon ion Bragg peaks
at each depth interval. The different panels show the total absorbed dose and the boron or carbon doses and the
lithium dose in the upper row, whereas the cell survival and mean LET distribution is shown below. Interestingly,
by combining lithium and boron or carbon, a uniform biological effect, survival, and absorbed dose can be
obtained both for uniform tumors and optimal biological effect modulation for heterogeneous tumors [23].

dose (Dg,) and dose equivalent (Dgqpp) at the Bragg peak per unit energy fluence of
neutrons generated (¥y) increase rapidly with the atomic number as seen in Figure
13, indicating that the absolute neutron production reduces steadily with atomic
number. The dose of fragments is unfortunately also increasing. Helium and lithium
ions are therefore indicated to be most optimal for pediatric tumors where the
neutron fluence, dose and biological effect on normal tissues surrounding the tumor
should really be minimized to reduce as far as possible the neutron-generated risk
for secondary cancers.

3.8 Secondary cancer induction

To further illustrate the power of quantifying apoptosis, Figure 14 estimates the
probability of inducing secondary cancer based on experimental cell survival and
apoptosis data [1: Figures 7+9]. It is unlikely that the Apoptotic fraction will contrib-
ute to secondary cancer induction (except possibly in TP53 mutant cell lines) so it is
useful that this fraction can be estimated by the new RHR formula and be removed
from other forms of misrepair to more accurately describe the cells that are potentially
capable to generating secondary cancers. This cell fraction, as seen in Figure 4, has its
peak in the 1-3 Gy range so in radiation therapy optimization, it is desirable to mini-
mize this volume as much as possible in normal tissues. Figure 14 show the maximal
risk is smallest for low LET ions (blue shaded), the real risk may be in the order of
5% of the values in the Figure. This effect is a contraindication for very many beam

» <«

portals in intensity modulated radiation therapy e.g., using “rapidarc”, “volumetric
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The Window of Opertunity in Radiation Therapy Optimization
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Figure 16.

The LET variation of key biological parameters that influence the clinical value of vadiation beams showing that
the optimal window of opportunity in radiation therapy optimization is located between about 15 and 55 eV/nm
or He-B ions. The underlying data ave collected from Berkeley, NIRS, and Karolinska.

arc”, and “tomotherapy” like methods on non-seniors, that may have time to develop
secondary cancer after some 20 years cf [22].

4. Treatment optimization
4.1 Generation of uniform absorbed dose and cell kill

It is better from a microdosimetric point of view to generate a rather uniform
microscopic energy deposition density on the cellular scale in the tumor to avoid
dosimetric cold spots in tumor clonogens [5] that could repopulate the tumor and
start with a slightly lower LET at the anterior tumor edge as shown in Figure 15. This
could in principle be done in two different ways, either starting with a suitable Bragg
peak at the distal tumor edge and gradually increasing the atomic weight and Bragg
peak LET of the ion used or by just mixing two different ions species so that the mean
LET and dose stays approximately constant as shown in Figure 15. Interestingly,
this latter approach requires that most of the Bragg peak dose in the anterior part of
the tumor is of very high LET, such as boron or carbon ions, whereas the distal part
mainly requires a lower LET such as helium or lithium ions. In fact, mixing lithium
and boron or carbon ions may be the optimal way to achieve close to ideal microscopic
energy deposition density distribution for medium-to-large size tumors whereas
several small oligo-metastasis are best treated by lithium ions alone. The survival
was calculated for simultaneous irradiation whereas the mean LET is based both on
lithium and boron or carbon ion components, but the LET variation was low, and
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it peaks just downstream from the distal part of the tumor where the dose is a little
low. The figure also illustrates the principle of Quality Modulated Radiation Therapy
(QMRT) where the absorbed dose and biological effect and radiation quality can be
optimally modulated instead of just the Intensity (IMRT) e.g., over a severely hypoxic
tumor [23, 24].

4.2 Selection of optimal particle and LET

Based on the cell survival curves in Figure 4 and apoptosis curves in Figure 5,
one may ask which ion and LET should be used to maximize the complication-free
cure of the radiation treatment. The very flexible method of mixing two ions with
largely different ionization densities as shown in Figure 15, such as He or Li and B or
C, rather than using Spread-Out Bragg Peaks [21], which work well only for protons
as seen in Figure 11. The SOBP method generates strong variations in ionization
density and absorbed dose. The variation is a factor of approximately two over the
whole target volume for carbon ions, with a too low LET at the anterior end and too
low dose and too high LET at the distal part of the target volume as seen in Figure
11. This significantly increases the risk of microscopic cold spots at the distal part of
the target volume [5]. The use of mixed-modality treatments can make the absorbed
dose and biological effect almost constant (cf Figure 15), or even locally elevated,
e.g., in regions of strong hypoxia [2, 23, 24]. The beam quality question will there-
fore be discussed in terms of the optimal particle species and mean LET, as shown
in Figure 16 for the LET range from 0.2 to 180 eV/nm covering X-rays-Ne ions as
recently discussed [4]. “In this region the RBE increases steadily from 1 to approxi-
mately 4.5, the oxygen enhancement ratio (OER) decreases from approximately 3
to almost 1, the normal tissue repair potential b/2¢ decreases from about 1 to ¥4, the
normalized clinical dose response gradient, yc, decreases from approximately 6 to
2 (cf Figure 17), the microscopic standard deviation in dose o, increases from 1%
to approximately 20%, the 50% tumor control dose, D50 decreases from almost
100 to 20 Gy for radiation-resistant tumors, the apoptotic fraction, Afr varies from
almost 60 down to ~3% and the oxygen gain factor (OGF) increases from 0 to 2.5.
Importantly, above approximately 55 eV/nm, many of these factors become less
advantageous for clinical use: the loss of sublethal DNA repair in normal tissues
(see Figure 4 with insert), the saturation of the OER and the OGF, and the reduced
senescence and apoptosis in the tumor (Figure 16)”. The increase in microscopic
standard deviation (6,) will decrease the clinical y¢ value and microscopic cold
spots may appear as the standard deviation in dose delivery becomes more sig-
nificant, as the therapeutic dose reaches ~35 Gy and lower [5]. Consequentially,
the senescence and apoptosis in the tumor decrease while it increases too much in
normal tissues! Therefore, boron ions are more optimal than carbon ions (Figure
12), at least for medium-sized tumors, and lithium ions are the optimal particle for
pediatric tumors, and their combination is ideal both for dose and radiation therapy
biological effect optimization (Figures 12 and 15). It is very interesting to see that
the apoptotic and senescent cell fractions have their maxima in the tumor at a much
lower LET than the RBE, and it reaches approximately 60% at approximately 30 eV/
nm for boron ions (dotted curve in Figure 14), whereas the RBE has its maximum
ataround 140 eV/nm. This is mainly due to the larger number of ions needed per
unit dose compared to carbon ions (cf. Figure 13). Carbon ions reach only approxi-
mately 40% at approximately 80 eV/nm and they may produce unnecessarily high
senescence, apoptosis, and LET in normal tissues [4] as seen in Figure 6. Optimal
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Microdosimetry of tumor control. Description of the reduction in the normalized steepness, yc, of the shape of the
tumor control curve for uniform cell line for the different microscopic standard deviation of vadiation modalities
as a function of the absorbed dose (upper scale) and approximately normalized to the 50% tumor control dose
(=Dose Eq, lower scale, dashed lines) to more clearly see the effect on the yc value as the microdosimetric velative
standard deviation increases with the LET. Not only do the hot spots often in the form of dual double strand
brakes (DDSB, cf. Figures 2 and 3) and cold regions get move extreme with increasing LET, but also the RBE

is increasing, veducing the total dose about threefold with carbon, neutvon, and neon, increasing the relative
standard deviation and reducing the yc value more than one would like.

cancer cell inactivation requires a treatment modality that preferentially induces
senescence probably the most cost-efficient treatment to stop further cell cycling
and block tumor growth. Actually, this is probably the mildest but still efficient
endpoint to cure cancer [5, 10, 11, 25, 26], as it can make the clonogenic tumor cells
lose their uncontrolled cell cycling ability as seen in Figure 18. The induction of
autophagy (self-digestion) and apoptosis (programmed cell death, see Figure 2)
may follow more severe DNA damage to minimize the cancer induction with more
complex DNA damage and increased risk for severe mutations, e.g., with turned-
on oncogenes or lost suppressor genes. Apoptosis and, even more so, senescence is
probably the most optimal way to inactivate a tumor with minimal inflammatory
response and without massive immediate apoptotic tumor decomposition [5, 25, 26].
Lithium ions, and its neighbors helium and boron, have an important and unique
potential to induce apoptosis locally, mainly in a few mm-size volumes around

their Bragg peaks in the tumor, and everywhere else, induce low-LET DNA repair
facilitating molecular radiation therapy (see Figure 2). In repair terms, this means
that NHE] will dominate in the entrance and fragmentation tail of the ion, whereas
HR will mainly try to handle the partly irreparable damage at the Bragg peak, which
therefore should solely be placed into the tumor volume [1]. Thus, lithium ions are
probably the optimal ion, at least for smaller tumors (see Figures 2 and 11, [10]) and
pediatric patients. The major advantage of lithium ions is the low-ionization density
in all normal tissues, largely inducing fast DNA repair while often inducing apop-
tosis and senescence only in the tumor volume. For the same reasons, medium size
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Dose Distribution & Response for Carbon ion Radiotherapy of Chordomas

2 i FE

Figure 18.

Hllustration of the dose delivery for a large pelvic chordoma as shown in the upper and lower left treatment plans.
The lower right plain MR images show the gradual disappearance of the chordoma 6 years after the treatment,
probably due to a totally senescent response without traces of tumor growth. This treatment was made with
carbon ions but could most likely be done with an advantage with boron ions as seen by the B and C ion LET data
and apoptosis in Figures 7—17! (Courtesy: Hivohiko Tsujii, NIRS, Chiba, Japan).

tumors are probably best treated using boron ions, but this may sometimes require
an extra beam portal compared to carbon ions, especially for larger hypoxic tumors.
Interestingly, for radiation resistant commonly TP53 mutant tumors (cf Figure 2
lower left insert) the ps; reactivating compound APR-246 can increase the apoptotic-
senescent response and increase the effect of Reactive Oxygen Species [1: Figures
6+17, [5, 25, 27]] and will work well adjuvant also with Boron-ions. Furthermore, B
is our lightest and best direct PET emitter for concomitant online dose delivery imag-
ing, although perhaps a little complex to make [28], and with a very short half-life

of ~0.8 sec so the PET camera really needs to be in the treatment room and used
between ion accelerator pulses while treating the patient with the advantage of a
rapid malfunction response time (10, 29, Figure 8.37, 8.38f).

4.3 Influence microdosimetric heterogeneity on tumor control

The shape of the Tumor Control curve is shown in Figure 16 for a uniform cell line
with different radiation modalities as a function of the absorbed dose (upper scale)
and approximately normalized to the 50% tumor control dose (%Dose Equivalent,
lower scale) to more clearly see the effect of increasing microscopic heterogeneity
as measured by the microdosimetric relative standard deviation (o,) with increas-
ing ion mass, LET and RBE. Not only do the hot spots often in the form of Dual
Double Strand Brakes (DDSB’, cf. Figure 18, [4: Figure 2]) and cold regions get
more extreme with increasing LET, but also the RBE is increasing so the reduction
of the total dose is about threefold with carbon, neutron, and neon increasing the
relative standard deviation and reducing the clinical dose-response slope y¢ severely.
A steeper tumor control curve generally increases the therapeutic window of radia-
tion therapy since the absorbed dose distribution and the associated therapeutic
effect over the therapeutic window can be modulated with greater efficiency with a
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steeper tumor cure and normal tissue damage curves [5]. Also with boron ions the last
~10 GyE should therefore be delivered by low LET beams [5].

4.4 Apoptosis and senescence

Since apoptosis is nature’s way to eliminate unwanted cells during the development
of practically all organs and is therefore not generally associated with any inflamma-
tory responses accompanying the more common necrotic type of cell kill. In addition,
permanent cell cycle arrest or senescence and apoptosis are increasingly induced by
light ions. Apoptosis through caspase 3 may cause accelerated tumor cell repopulation
after a non-curative treatment [9]. Senescence may therefore be the most desirable
endpoint of cancer therapy as the tumor cells lose their reproductive ability and are
then slowly disappearing depending on the remaining cellular lifetime or half-life
~2.5 years. As seen in Figure 18 the tumor was reduced to about half the diameter or
10-15% of the initial volume 6 years after the treatment. Due to the fact that more
ions per unit dose and cell kill are needed at medium to low ionization density, the
more effective apoptotic and senescent response is obtained at an ionization density
of around 20 eV/nm to 40 eV/nm as shown theoretically and experimentally in
Figures 15 and 16 [29]. Interestingly, helium, lithium and boron combine a high local
apoptotic and senescent tumor cell inactivation only a few mm around their Bragg
peaks and can thus be regarded as the ultimate stereotactic and conformal radiation
modality (cf Figures1, 7, 12 [29-33]).

5. Conclusions

With boron ions the clinical experience from NIRS (National Institute for
Radiological Sciences, Chiba) and other centers in Japan and Germany with carbon is
an invaluable asset. A very promising development seen at NIRS is the very effective
sterilization of large tumor masses (10-15 cm) such as pelvic chordomas as shown
in Figure 18 [29, 31-35]. These tumors show a gradual disappearance down to 10%
and below the initial volume about 5 years after the treatment, probably due to a
persistent senescent response likely to be even more effective with boron ions [35],
and without evidence of any further tumor growth. The clinical value of light ion
beams is discussed in further detail in a number of recent references [2, 5, 10, 19, 20,
29-34, 36]. When the above methods are brought into clinical use a mean tumor cure
as high as 80% should be possible, and even more if the new therapeutic dose delivery
principles [5], advanced dose fractionation [4: Figure 21, 5], and early tumor detec-
tion [10] and malignancy determination methods [37] come into more regular use.
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