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Abstract

Tumour hypoxia is one of the limiting factors in obtaining tumour control in radiotherapy. The high-LET region of a beam
of heavy charged particles such as carbon ions is located in the distal part of the Bragg peak. A modulated or spread out
Bragg peak (SOBP) is a weighted function of several Bragg peaks at various energies, which however results in a dilution
of the dose-average LET in the target volume. Here, we investigate the possibility to redistribute the LET by dedicated
treatment plan optimisation, in order to maximise LET in the target volume. This may be a strategy to potentially overcome
hypoxia along with dose escalation or dose painting. The high-LET region can be shaped in very different ways, while
maintaining the distribution of the absorbed dose or biological effective dose. Treatment plans involving only carbon ion
beams, show very different LET distributions depending on how the fields are arranged. Alternatively, a LET boost can
be applied in multi-modal treatment planning, such as combining carbon ions with protons and/or photons. For such mixed
radiation modalities, significant “LLET boosts” can be achieved at nearly arbitrary positions within the target volume. Fol-
lowing the general understanding of the relationship between hypoxia, LET and the oxygen enhancement ratio (OER), we
conclude, that an additional therapeutic advantage can be achieved by confining the high-LET part of the radiation in
hypoxic compartments of the tumour, and applying low-LET radiation to the normoxic tissue. We also anticipate that
additional advantages may be achieved by deliberate sparing of normal tissue from high LET regions. Consequently, treat-
ment planning based on simultaneous dose and LET optimisation has a potential to achieve higher tumour control and/

or reduced normal tissue control probability INTCP).

Currently several new ion therapy facilities are about
to start radiotherapy with carbon ions. The clinical
rationale for carbon ion therapy is found in a reduced
penumbra of the beam as opposed to protons, and
the fact that carbon ions are considered as high-LET
particles whereas protons are low-LET [1]. Addi-
tionally, an increased relative radiobiological effec-
tiveness (RBE) is attributed to the increased LET,
which is most pronounced in the SOBP. This may
lead to an improved radiobiological dose distribution
in terms of a higher peak to plateau ratio for carbon
ions compared to a similar proton beam [2], but how
pronounced this effect is, is dependent on several
factors as discussed in, for example, Wilkens et al.
and Elsédsser et al. [3,4].

Tumour hypoxia is one of the limiting factors in
obtaining tumour control in radiotherapy. Tumours
with compartments containing hypoxic cells are well
known to have reduced radio sensitivity compared

to normoxic tumours, causing lower local control
rates in radiation therapy [5-7]. The influence of
hypoxia on radiotherapy outcome have been known
since the beginning of last century and research
investigating hypoxia has made some progress since
then: one of the most successful strategies when it
comes to a high level of evidence for benefit, is the
use of hypoxic radiation modifiers as nitromidazoles
[8], but the problem of overcoming tumour hypoxia
is still far from solved and new strategies are still
being proposed.

Widespread use of functional imaging such as
PET using hypoxic markers and the upcoming of
highly conformal and geometrical accurate radiation
techniques IMRT and IGRT, lead to suggesting
treatment with heterogeneous dose distributions
within a tumour, thereby boosting the dose to
radioresistant subvolumes based on non-invasive
functional imaging. This concept was introduced as
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dose painting [9-13]. The dose painting concept
were later extended to dose painting by numbers
(DPBN) where dose is prescribed on a image pixel
level [14] either as a discrete or continuous function
of a hypoxic signal.

Numerous 7 vitro experiments on cell cultures
prove that tumour hypoxic cells irradiated with high
LET-particle beams are less susceptible to hypoxia
induced radio resistivity, see e.g. Barendsen et al. and
Furusawa et al. [15,16]. High-LET radiotherapy
with fast neutrons were used in the last half of twen-
tieth century but even though some indications of
improved tumour control were reported, severe side
effects stopped the use of this modality [17-21].
With the availability of high-LET radiation from, for
example, carbon ion beams, treatment of hypoxic
tumours using the lower OER of high-LET radiation
is receiving increased interest [1,22].

In this study we introduce “LET-painting” where
we on phantom studies demonstrate two strategies
how the low OER of high-LET beams can be used
in order to achieve better tumour control. By using
the carbon ion and proton treatment planning sys-
tem TRiP [23,24] in conjunction with a custom in-
house developed software package pytrip”, we have
investigated the dose-average LET as a function of
planned target volume (PTV) for simple configura-
tions in a first step. In the next step, the dose aver-
aged LET for a fixed volume is investigated as a
function of depth in water. Next we demonstrate that
similar dose distributions may have very different
LET. Finally, mixed modality treatment plans using
protons and carbon ions are generated in order to
investigate how the high-LLET region can be shaped
nearly arbitrarily throughout the PTV, which we call
LET-painting. LET is additionally translated to an
estimated oxygen enhancement ratio (OER), by
using available iz vitro data.

Methods

For all simulations a 25.6 X 25.6 X 25.6 cm® water
phantom made of 1 X 1 X 1 mm? voxels is used. All
individual fields are optimised to yield a flat physical
SOBP and are calculated using TRiP. Since TRIiP is
currently not capable of handling multi-modal opti-
misation, the software package “pytrip” was written
which can fuse plans generated by TRiP. Specifically,
“pytrip” is written for handling the output files gen-
erated by TRiP, such as dose plans, LET distribu-
tions and structure files for further post-processing.
Its object oriented approach provides (among sev-
eral other features) basic mathematical operations
on calculated dose and LET data sets. For instance,
calculated dose distributions from various TRiP plans
can be summed and the new resulting dose averaged
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LET can be determined. “pytrip” also includes a
graphical user interface featuring a data viewer and
methods for plotting, and is also capable of display-
ing structures and CT images. “pytrip” can convert
DICOM CT to the native format of TRiP (using
pydicom (http://code.google.com/p/pydicom/)), and
DICOM (ION)RT support is currently being pre-
pared. Finally, discrete dose painting is possible by
assigning requested dose levels to arbitrary struc-
tures, which then can be used as input for optimisa-
tion in TRiP.

For a single treatment field using carbon ions, we
first calculate the dose averaged LET dependence of
a5 X 5 X 5 cm? PTV position in the water phantom.
Next we keep the position of the PTV fixed in the
centre of the water phantom, but vary the PTV size
instead. Then we investigate multiple field optimisa-
tion carried out in several ways, in order to achieve
“LET-painting”, where the dose is kept fixed, and
finally we demonstrate “Dose and LET-painting”
where both the dose and LET is varied. For LET-
painting alone we investigate two configurations:

Configuration la features four flat carbon ion
fields, each covering a box shaped PTV of 5 X 5 X
5 cm?. The four fields come from four angles (0, 90,
180 and 270 degrees) and are superimposed on each
other within the PTV. Configuration 1b features
again four flat carbon ion fields, but here the depth
of the SOBP is reduced with about 50% so each
field only covers the proximal half of the PTV, so
the SOBP size was only 2.4-2.5 cm. The width of
the fields was maintained though. Superimposing the
fields again from the four beam directions, results
again in full coverage of the PTV as in the previous
configuration, but with a very different distribution
of LET.

Configuration 2 is an example of multi-modal
dose and LET-painting. The plan consists of three
fields: one proton field delivering 50% of the dose to
a 10 cm diameter sphere. Inside the sphere, two addi-
tional spherical regions with a diameter of 1 cm are
boosted to 100% physical dose with either protons
or carbon ions.

As a coarse estimation of the oxygen enhance-
ment ratio, we merely translate the LET to OER by
using i vitro data sets from Barendsen et al. and
Furusawa et al. [15,16] for three different cell lines
by interpolation. OER maps can then be drawn in
order to visualise areas with low OER, which is done
here only using the Furusawa V79 hamster cell data
set from [16].

Clinical relevant beam conditions are used for the
simulations, based on the therapeutic beam line at
Gesellschaft fiir Schwerionenforschung, Darmstadt,
Germany (GSI), we have applied a 3 mm ripple filter
[25] for building the smooth carbon ion SOBP, the
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default energy steps available for the carbon ion accel-
erator and using 4 mm FWHM beam spots in 1 mm
raster steps. Changing the beam conditions will change
the actual values and homogeneity obtained, but will
not change the qualitative behaviour observed.

Results and Discussion

The dose averaged LET of a5 X 5 X 5 cm?® PTV as
a function of position throughout the water phan-
tom, shows only a small decrease. More secondary
low-LET fragments from inflight nuclear reactions,
are created along increasing depth, which dilutes the
higher LET found in the spread out Bragg peak. The
effect is not very pronounced though: the dose-average
LET of the entire PTV ranges from 60 keV/um if the
PTV centre is located 6 cm inside the water phan-
tom, and 50 keV/um if the PTV centre at a depth of
23 cm. The minimum and maximum LET encoun-
tered in a voxel element inside the PTV span a range
of 36-192 keV/um at the position close to the sur-
face. The span is large due to the well known sharp
increase in LET at the distal edge of the spread out
Bragg peak. At the deepest position, the dose average
LET spans 23-143 keV/um in the PTV. Note that
the highest LET of the beam is found just outside
the PTV. Therefore some fluctuations are encoun-
tered in the maximum LET value inside the PTV,
which is attributed to the steep LET gradient at the
distal edge of the SOBP combined with effects aris-
ing from the discrete nature of the phantom being
divided in 1 mm? voxels.

In Figure 1 we plot the dose averaged LET as a
function of PTV volume. For larger volumes the
LET is quickly diluted. Translating the LET to
OER using the data from Barendsen et al. and
Furusawa et al. produces the OER curves also
shown in Figure 1. Obviously the resulting OER
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strongly depends on the respective cell line, but even
more interesting is the large span of OER values
found in the PTV. The average OER strongly
depends on the volume, quickly reducing for smaller
volumes. The bulk of the PTV is far from OER 1,
which indicates that the LET of carbon ions is not
high enough to eliminate radio resistance from
hypoxia. A solution could be either to increase the
LET by using particles heavier than 12 carbon ions.
Unfortunately this also increases the RBE for late
damage in normal tissue. This leads to the idea of
reducing the size of the high-LET volume and con-
fine these to the small volumes identified as being
hypoxic, while use low-LET radiation elsewhere.
Figure 2 show dose maps of the configuration la
and 1b as described in the materials and methods
section. Here it becomes very obvious that even quite
equal dose distributions can produce very different
ET distributions. Just by stacking four equal SOBPs,
each covering the entire SOBP, the high-LET region
is found at the edge of the PTV. However, using four
“half fields”, we can concentrate LET in the intersec-
tion of the distal SOBPs from each field. Applying
techniques using multiple fields, or even continuous
gantry angles (e.g. intensity modulated particle
arc-therapy) can result in concentrating high-LET
distributions at any arbitrary point in the PTV.
Figure 3 is a demonstration of how carbon ions
(and in principle other heavy charged particles) can
be used for not only dose escalation in distinct
tumour compartments, but also LET boost. Boost-
ing the PTV with either proton or carbon ions may
result in two similar dose distributions but very
different LET distributions. The resulting OER dis-
tribution is naturally also quite different.
Multi-modal irradiation can help to reduce
unwanted high-LET radiation in normal tissue and
extent tumour regimes, where the advantage from
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Figure 1. Left: Dose average LET as a function of volume. Dotted curves show the minimum and maximum dose averaged LET per voxel
in the PTV. Right: LET translated to OER using three different cell lines.
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Figure 2. Left column: Configuration 1a. Four flat carbon ion fields. High-LET is distributed on the distal edge of the SOBPs. Right
column: Configuration 1b. We here demonstrate “LET-painting”. Four “half PTV”s are used instead, which gives a very different LET
and therefore a very different OER distribution - even if the dose distribution is rather equal. “ct [mm]” marks the position in mm along
the x and y direction.

fractionation effects should be maintained. Using buildup and better robustness with concern to intra and
fractionated treatment from either protons or pho- inter fractional organ motion and setup errors advo-
tons provides the knowledge of one century of clini- cate the use of both high- and low-LET irradiation.

cal experience. The skin sparing effect from x-ray Similar arguments also motivated the research of
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Figure 3. Three figures showing the dose, LET and OER of a 10 cm diameter target volume irradiated with protons to 50% dose. The
proton beam is entering from the top. Inside the large spherical PTV a 50% boosts are given to two smaller spherical targets of 1 cm
diameter. The lower target is irradiated with protons (beam entering from the right) and the upper target is irradiated with carbon ions
(beam entering from the right), recognized by the characteristic fragmentation tail. “ct [mm]” marks the position in millimeters in x and

y direction.

pion and antiproton therapy [26—29], which also fea-
ture a low RBE in the entry region of the beam and
an elevated LET and RBE in the peak region. How-
ever the maximal LET and RBE achieved in antipro-
ton beams may be somewhat limited [30], and is
most likely to be found somewhere in between that
of protons and carbon ions [27].

Thus, heavy charged particles such as carbon ions
or heavier particles can be used for not only dose
escalation in distinct tumour compartments, but also
LET boost as earlier mentioned in Figure 3. Reduc-
ing the field size of a carbon ion beam increases the
dose average LET found in its target volume, but it
may still be insufficient if one wishes to achieve a low
OER. Increasing LET by increasing the charge of the
particle type has several disadvantages, as the advan-
tageous depth-dose curve deteriorates for heavier

particles, due to primary particle fragmentation, and
the increased risk of morbidity in normal tissue.
However, these effects may be limited if one keeps
the volumes irradiated with high-LET radiation
small, and apply low-LET radiation to the rest of the
tumour volume.

The first strategy shown in Figure 2 demonstrat-
ing LET-painting with a single ion species, will in
practice be difficult to realise, since fields must be
positioned back-to-back of each other. The range
prediction in clinical particle therapy settings is often
with higher uncertainty than laterally. One may
expect that multi-modal dose and LET-painting will
produce more robust plans.

One may question, whether reliable OER data
can be found, which here is used as an input param-
eter for dose and LET-painting. Since achieved



tumour control is a stochastic process, one could
argue that exact OER data may not be essential: in
principle any LET and/or dose escalation in a hypoxic
entity while maintaining the dose in the normal tis-
sue would lead to a therapeutic advantage with dose
and LET-painting.

Conclusion

We show that according to i vitro cell data, the
reduced OER effect of carbon ions is expected to be
rather limited. Typical treatment volumes show only
an elevated LET at the distal edge of the SOBPs,
and the dose average LET found in carbon ion
SOBPs is quickly reduced as a function of treatment
volume. Two strategies are presented how to over-
come this problem: for mono-modality treatment,
high-LET regions can in principle be placed in
hypoxic tumour compartments, however we expect
that this strategy will be very susceptible to uncer-
tainties in particle range. The secondary strategy
relies on the observation that on a reduction of the
PTYV size of carbon ion fields, the dose average LET
significantly increases, and can be more effectively
used as a “LET boost” on hypoxic tumour compart-
ments. The dose-average LET though does not
depend strongly on the depth of the PTV though.
High-LET radiation is combined with low-LET
radiation for an LET boost (and possibly dose boost)
seem more robust, but calls for multi-modal treat-
ment planning systems.

Ideally, a treatment planning system should
include OER effects in the radiobiological optimi-
sation. The optimisation process should not be lim-
ited to finding a fluence of a selected beam
(resulting in a given dose), but should also optimise
on beam type: Mixing photons or protons with
heavier ions can craft arbitrary LET distributions,
and the optimisation routine should eventually
identify the most favourable multi-modal treatment
plan. Naturally, this calls for more research in order
to quantify the therapeutic advantage gained hereby,
and then again, this should eventually be followed
by clinical studies.
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