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FOREWORD

Following the pioneering work in Berkeley, USA, ion beam therapy for cancer treatment is at
present offered in Chiba and Hyogo in Japan, and Darmstadt in Germany. Other facilities are
coming close to completion or are at various stages of planning in Europe and Japan. In all
these facilities, carbon ions have been selected as the ions of choice, at least in the first phase.

Taking into account this fast development, the complicated technical and radiobiological
research issues involved, and the hope it raises for some types of cancer patients, the IAEA
and the International Commission on Radiation Units and measurements (ICRU) jointly
sponsored a technical meeting held in Vienna, 23—-24 June 2004.

That first meeting was orientated mainly towards radiobiology: the relative biological
effectiveness (RBE) of carbon ions versus photons, and related issues. One of the main
differences between ion beam therapy and other modern radiotherapy techniques (such as
proton beam therapy or intensity modulated radiation therapy) is related to radiobiology and
in particular the increased RBE of carbon ions compared to both protons and photons (i.e.,
high linear energy transfer (LET) versus low LET radiation).

Another important issue for international agencies and commissions, such as the IAEA and
the ICRU, is a worldwide agreement and harmonisation for reporting the treatments. In order
to evaluate the merits of ion beam therapy, it is essential that the treatments be reported in a
similar/comparable way in all centres so that the clinical reports and protocols can be
understood and interpreted without ambiguity by the radiation therapy community in general.

For the last few decades, the ICRU has published several reports containing recommendations
on how to report external photon beam or electron beam therapy, and brachytherapy. A report
on proton beam therapy, jointly prepared by the ICRU and the IAEA, is now completed and is
being published in the ICRU series.

In line with this tradition, the IJAEA and the ICRU estimated it is the right time to prepare
similar recommendations for reporting ion beam therapy. Experience indeed has shown that
when different “traditions” for reporting the treatments are established in different centres, it
becomes difficult to agree on a common approach even though everybody recognizes its
importance. Harmonisation in reporting implies more than just an agreement on the selection
of a dose level, it also implies an agreement on volumes related to the tumour (e.g., gross
target volume, clinical target volume, planning target volume) and on reference points and/or
volumes to report the dose to the normal tissues at risk.

As a logical follow-up of the June 2004 Vienna meeting and the report produced on the
RBE of ions, the ICRU and IAEA jointly organized a second meeting on ion beam
therapy to further discuss the fundamental issues that have to be understood and
resolved in order to reach an agreement for reporting. The meeting took place in Columbus,
Ohio, 18-20 March 2006. It was organized by R. Gahbauer and hosted by the A. James
Cancer Hospital.

These proceedings consist of the different presentations prepared by the authors. This
publication aims to initiate further discussions for the development of a set of
recommendations for international harmonization of the reporting of ion-beam therapy. The
dose distribution and the method of reporting are influenced by the beam delivery technique,
dosimetry, method of RBE determination, treatment planning, medical judgment and intent of
the prescription. These issues were presented and discussed at the Columbus meeting by
worldwide experts in the field and are published in these proceedings.
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SUMMARY

Interest in the use of ion beams in the radiotherapy of cancer is increasing. Initially ions were
used in very few centres for treating rare cancers (tumours) near critical body structures. Now
there are initiatives to create more carbon ion beam facilities, in particular in several centres
in Europe, for treating a wider range of tumour types in different body sites. The rationale for
introducing ion beams in tumour therapy is firstly the high level of physical selectivity that
can be achieved with ions, so that treatments can be localised to the tumour even better than,
or at least equal to, proton beams or modern photon techniques. Secondly, there is the
potential biological advantage of ion beams for some tumour types and sites. Ion beams are
densely ionising and more effective than photon or proton beams in causing radiation damage
to tumours and normal tissues, and in particular to hypoxic tumours.

This publication contains the proceedings of a meeting in the form of contributions on beam
production, dosimetry, relative biological effectiveness (RBE), treatment planning, clinical
requirements and current protocols, patient selection for ion treatment, and quantities for
treatment reporting.

An overview of light-ion beam therapy is presented that covers the following topics: a history
of particle therapy with special reference to light-ion beam therapy, beam fragmentation, the
biological rationale for the clinical use of light ions, the physical parameters of clinical beams,
distributions of RBE and linear energy transfer (LET), verification of treatment planning and
delivery using charged particle beams, ion beam research in space biology, and clinical trials
using light ions. In addition, the categorization and recommendations for delineation of
volumes of interest in radiation oncology are described, because these need special
consideration in the case of ion beams. This includes the gross target volume (GTV), the
clinical target volume (CTV), the internal target volume (ITV), the planning target volume
(PTV), organs at risk (OAR), and the planning risk volume (PRV). Geometrical uncertainties
and variations are discussed, as well as dose calculations, dose prescriptions and reporting,
and quality assurance.

Most ion beam therapy facilities have adopted dynamic beam scanning instead of passive
scattering for beam delivery in order to avoid the reduction in the beam energy and beam
fragmentation. The dynamic scanning scheme is categorized as wobbling, raster scanning and
spot scanning. In order to generate and transport the beam suitable for these dynamic
scanning methods, the synchrotron operation techniques including particle acceleration, beam
extraction and respiration gating, have been developed and applied successfully to actual
treatments. For pencil beam scanning, some facilities have already developed and
demonstrated the use of the technique in treatments. In order to utilize the potential of ion
beam therapy as much as possible, it is expected that future facilities will develop and apply
pencil beam scanning to the actual treatment. The attractive advantages offered by the
physical dose distributions of charged-particle beams with a strongly increasing energy
deposition at the end of the particle’s range and with sharp lateral dose fall-off, allow tailoring
of the dose distribution to the target volume. Efforts to standardize the dosimetry of
therapeutic ion beams are reviewed, and a summary is provided of the current status of Codes
of Practice (CoPs) and protocols for dosimetry in reference conditions. The CoP developed in
Germany is nearly identical to that in the IAEA report “Absorbed Dose Determination in
External Beam Radiotherapy”, Technical Reports Series No. 398, IAEA, Vienna (2000). The
new Japanese CoP is also very close to Technical Reports Series No. 398 and uses the same
set of basic data that are recommended in that report. The small differences between CoPs are
discussed.



For carbon ion radiotherapy, target volumes and organs at risk are defined according to the
ICRU recommendations for conformal radiotherapy. Immobilization and precision of beam
delivery are prerequisites. Treatment plan quality criteria used for the assessment of photon
plans also apply to carbon ion therapy plans. However, the reporting of physical doses alone
is not sufficient, and biologically effective dose distributions and DVH (dose volume
histogram) data have to be reported as well. Using active beam delivery techniques, the
biological effective dose is not prescribed to a reference point but to each voxel. The o/
values (a measure of dose-fractionation sensitivity) used for biological treatment plan
optimization need to be indicated as well. It is advisable to report the o/p values for the dose
limiting toxicity and to optimize the plans according to this biological endpoint. The
estimated o/P value for the specific tumour cell type and an additional treatment optimization
for this endpoint might be reported as well, in cases where o/f ratios for the dose-limiting
toxicity and the specific tumour cell type are expected to differ substantially. The data
reported should be compatible with the existing ICRU recommendations and should be
sufficient to allow for clinical validation of the biological model used for biological plan
optimization. Correction of minor systematic deviances of for example less than 5% should be
able to be made. Regular updates of the treatment planning software due to improvements and
changes of the underlying beam model are needed in the future. To facilitate retrospective
correlation of the collected clinical data with the model estimations and intercomparison of
clinical data between different particle centres, the applied planning software version needs to
be reported for each patient in the treatment protocol.

The radiobiological arguments for the potential benefits of the use of high-LET radiation in
cancer therapy are reviewed: reduction of radioresistance due to hypoxia and poor
reoxygenation in some tumours, and the lesser dependence of response on repair phenomena
which are a problem in controlling repair-proficient photon-resistant tumours. Fast neutrons
were the first type of high-LET radiation used clinically, and were often applied under
suboptimal technical conditions. Nevertheless, useful clinical information was derived from
the neutron experience. A greater benefit from neutrons than from conventional radiotherapy
was not found for all tumour sites, but a benefit was observed for a few particular tumour
sites. Based on the fast neutron experience, radiobiological arguments, and the added benefit
of the excellent physical selectivity of ion beams, the potential clinical indications for high-
LET ions are discussed. One of the main remaining issues is the selection of individual
patients for high- or low-LET radiotherapy. Since the physical selectivity of ions now
matches that obtained with other techniques, the selection of patients will be based only on
the radiobiological characteristics of the tumours.

The complexity of particle treatments requires the establishment of quality control (QC)
procedures that account not only for the physico-technical aspects of the treatments, but also
for their biological aspects. From this was born the concept of "biological dosimetry", which
constitutes now an integral part of the efforts agreed by the radiation oncology community to
guarantee the safety and the efficacy of these treatments. There are now enough data in
reference conditions to compare with, and to make conclusions about, the internal consistency
of RBE values obtained for a variety of (new) non-conventional radiation beams. As their
possible inconsistency might lead to questions concerning for example dosimetry and/or one
of the elements related to the beam production technique, such RBE determinations should be
part of the quality assurance (QA) procedures. These should be undertaken in every new non-
conventional radiation therapy facility before starting the clinical application, and on the
occasion of any technical change or upgrade of the installation. Such a radiobiological
characterization would also facilitate the comparison of clinical results and the pooling of
multi-centre data.



An overview is presented of a particle therapy system, recording and reporting procedures,
beam generation and distribution, patient positioning, and QA. In order to guarantee a cost
effective operation of a carbon ion therapy facility, the amount of time required for the QA
program must be kept to a minimum, while at the same time guaranteeing a complete
coverage of all critical system parameters. In particular this applies to any QA tasks that have
to be performed on a daily basis. Consequently, an optimized QA procedure has to be set up
that comprises the automation or semi-automation of a maximum number of individual QA
tasks. While a safety-interlock system may at least partly be tested using a software approach
and thus lends itself to automation, this is not the case for beam parameter and dosimetric
measurements. The time required and the amount of manual interaction for the latter part of
the QA program can be reduced if a robot system is employed. In this case the required
detectors, phantoms, and auxiliary instrumentation may be positioned automatically with
direct data transfer to the control system. Quality assurance of the plan can be done either by
transferring the treatment plan to a phantom geometry, followed by measurements and
comparisons of measured and calculated data, or by comparison to another independent
calculation.

The carbon-ion therapy programme at the National Institute of Radiological Sciences (NIRS)
in Japan begun in 1994 using the HIMAC machine (Heavy-lon Medical Accelerator in Chiba)
is reviewed. The efficacy of carbon ions have been investigated using a variety of cell
systems, and a wide range of RBE values was observed for both carbon ions and other ions
including neon, silicon, argon and iron ions. When RBE values were plotted against LET
values below 100 keV/um, linear regression analysis could be performed for several
endpoints. The slope of the regression largely depended on the biological system or
endpoints, and implies that tumour cells vary in their LET-dependent responses. Among the
several types of ion species investigated, carbon ions were chosen for cancer therapy because
they appeared to have the most optimal properties in terms of both biologically and physically
effective dose-localization in the body. The RBE of carbon ions was estimated to be
2.0-3.0 along the spread-out Bragg peak (SOBP) for acute skin reactions in rodents. As of
February 2006, a total of 2,629 patients had been entered in phase I/II or phase II trials, and
analysedd for toxicity and tumour response. Tumours that appear to respond favourably to
carbon ions included locally advanced tumours and those with a histologically-diagnosed
non-squamous-cell type of tumour such as adenocarcinoma, adenoid cystic carcinoma,
malignant melanoma, hepatoma, and bone and soft tissue sarcoma. By using the physical and
biological properties of carbon ion beams, the efficacy of treatment regimens with small
fractions sizes in short treatment times has been confirmed for almost all types of tumours.

The current Chiba approach is described regarding the principles of clinical dose designing,
the physical beam model, the design of the biological SOBP, the determination and
prescription of the clinical RBE, verification and application of the RBE model, prescription
of clinical dose, and application of hypofractionation treatment schedules. The applied doses
are reported in terms of biological effective dose for the fractionation scheme in use for ion
therapy. The experience of RBE intercomparisons and the tumour control probability (TCP)
analysis suggests that if the clinical results such as TCP are expressed in terms of physical
dose, it will provide good prospects for the estimation or the comparability of clinical results
among different facilities. From this point of view, it is preferable to report physical
information (dose, LET and so on) together with the prescribed clinical dose. If appropriate
simplifications can be introduced, the extent of the reported physical information could be
reduced.



The Heidelberg approach is described for dose prescription and reporting for the scanned
carbon-ion therapy performed in Darmstadt, Germany. The differences in the treatment
planning system, beam production and delivery, as well as beam shaping systems are stated
and their implications for the procedure of dose prescription and reporting are explained.
Also, the procedures followed for target definition and the dosimetric requirements are
discussed. The applied doses are generally reported in terms of biological effective dose for
the fractionation scheme in use for ion therapy. To do so, the biological parameters used in
the modelling of RBE also have to be specified, such as the o/ ratio. When a conversion into
equivalent doses for a standard fractionation scheme is done, not only the different dose per
fraction has to be taken into account, but also the different time pattern (7 fractions per week
versus 5 fractions per week). When applying a combination therapy, the weights of the
different radiation modalities should be carefully considered in order to correct for equivalent
doses.

RBE is a critical consideration in prescribing ion beam doses for therapy, and the conclusions
of a working group established jointly by the IAEA and the ICRU to address some of the
clinical RBE issues encountered, are summarized. Special emphasis is put on the selection
and definition of the involved quantities and units. The isoeffective dose, as introduced here
for radiation therapy applications, is the dose expressed in Gy that, delivered under reference
conditions, would produce the same clinical effects as the actual treatment, in a given system,
all other conditions being identical. The reference treatment conditions are: photon
irradiation, 2 Gy per fraction, 5 daily fractions a week. The isoeffective dose Dis is the
product of the physical quantity of absorbed dose D and a weighting factor Wisg. Wisor 1S an
inclusive weighting factor that takes into account all factors that could influence the clinical
effects (dose per fraction, overall time, radiation quality, biological system and effects, and
other factors). The numerical value of Wi is selected by the radiation oncology team for a
given patient (or treatment protocol), and it is part of the treatment prescription. Evaluation of
the influence of radiation quality on Wi, raises complex problems because of the clinically
significant RBE variations with biological effect (late versus early reactions), and the position
at depth in the tissues which is a problem specific to ion beam therapy. Comparison of the
1soeffective dose with the equivalent dose frequently used in proton and ion beam therapy is
discussed.

A joint IAEA/ICRU report on relative biological effectiveness in ion beam therapy is being
published. The main conclusions of that report are summarized in the paper on “Quantities
and units in ion beam therapy — Conclusions of a joint IAEA/ICRU Working Group”. It is
hoped that in the future the material presented here will be able to be developed further and
provide the necessary information for the best possible set of recommendations for
harmonising the reporting of ion beam therapy internationally. This task continues the
collaboration between the IAEA and ICRU regarding standardising dose-reporting procedures
for the clinical use of particle beams.



OVERVIEW OF LIGHT-ION BEAM THERAPY

W.T.T. Chu”
E.O. Lawrence Berkeley National Laboratory,
University of California, Berkeley, United States of America

Abstract

This overview of light-ion beam therapy covers the following topics: a history of
hadron therapy, light-ion beam therapy, beam fragmentation, the biological rationale for the
clinical use of light ions, the physical parameters of clinical beams, distributions of relative
biological effectiveness (RBE) and linear energy transfer (LET), verification of treatment
planning and delivery using charged particle beams, ion beam research in space biology,
clinical trials using light ions, and the relationship between the present report and other IAEA
and ICRU reports. There are plans for four national centres using light ions, in Germany,
France, Austria, and Italy. There is an increasing interest in further initiatives and more
countries are expressing interest in creating national projects, in particular Sweden, the
Netherlands, Belgium, Spain and the UK. In Japan, another carbon-ion therapy facility project
has started, and three additional facilities are planned. There are other initiatives for light-ion
facilities in several locations in the USA, in China, and in Korea.

1. History of Hadron Therapy

In 1930, Ernest Orlando Lawrence at the University of California at Berkeley invented
the cyclotron. One of his students, M. Stanley Livingston, constructed a 13 cm diameter
model that had all the features of early cyclotrons, accelerating protons to 80 keV using less
than 1 kV on a semi-circular accelerating electrode, now called the “dee” [1]. Soon after,
Lawrence constructed the first two-dee 27-inch (69 c¢cm) cyclotron, which produced protons
and deuterons of 4.8 MeV. In 1939, Lawrence constructed the 60-inch (150 cm) cyclotron,
which accelerated deuterons to 19 MeV. Just before World War II, Lawrence designed a
184-inch cyclotron, but the war prevented the building of this machine. Immediately after the
war ended, the Veksler-McMillan principle of phase stability was put forward, which enabled
the transformation of conventional cyclotrons to successful synchrocyclotrons. When
completed, the 184-inch synchrocyclotron produced 340 MeV protons. Following this, more
modern synchrocyclotrons were built around the globe, and the synchrocyclotrons in Berkeley
and Uppsala, together with the Harvard cyclotron, would perform pioneering work in
treatment of human cancer using accelerated hadrons (protons and light ions).

When the 184-inch synchrocyclotron was built, Lawrence asked Robert Wilson, one
of his former graduate students, to look into the shielding requirements for a new accelerator.
Wilson soon realized that the 184-inch would produce a copious number of protons and other
light ions that had enough energy to penetrate the human body, and could be used for
treatment of deep-seated diseases. Realizing the advantages of delivering a larger dose in the
Bragg peak [2] when placed inside deep-seated tumours, he published in a medical journal a
seminal paper on the rationale to use accelerated protons and light ions for treatment of
human cancer [3]. The precise dose localization provided by protons and light ions means
lower doses to normal tissues adjacent to the treatment volume compared to those in
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conventional (photon) treatments. Wilson wrote his personal account of this pioneering work
in 1997 [4].

In 1954, Cornelius Tobias and John Lawrence at the Radiation Laboratory (former
E.O. Lawrence Berkeley National Laboratory) of the University of California, Berkeley
performed the first therapeutic exposure of human patients to hadron (deuteron and helium
ion) beams at the 184-inch synchrocyclotron [5]. By 1984, or 30 years after the first proton
treatment at Berkeley, programs of proton radiation treatments had opened at: University of
Uppsala, Sweden, 1957 [6]; the Massachusetts General Hospital-Harvard Cyclotron
Laboratory (MGH/HCL), USA, 1961 [7]; Dubna (1967), Moscow (1969) and St Petersburg
(1975) in Russia [8]; Chiba (1979) and Tsukuba (1983) in Japan; and Villigen, Switzerland,
1984. These centres used the accelerators originally constructed for nuclear physics research.
The experience at these centres has confirmed the efficacy of protons and light ions in
increasing the tumour dose relative to normal tissue dose, with significant improvements in
local control and patient survival for several tumour sites. M.R. Raju reviewed the early
clinical studies [9].

In 1990, the Loma Linda University Medical Centre in California heralded the age of
dedicated medical accelerators when it commissioned its proton therapy facility with a
250 MeV synchrotron [10]. Since then there has been a relatively rapid increase in the number
of hospital-based proton treatment centres around the world, and by 2006 there are more than
a dozen commercially-built facilities in use, five new facilities under construction, and more
in planning stages.

2. Light-Ion Beam Therapy

In the 1950s larger synchrotrons were built in the GeV range at Brookhaven (3 GeV
Cosmotron) and at Berkeley (6 GeV Bevatron), and today most of the world’s largest
accelerators are synchrotrons. With advances in accelerator design in the early 1970s,
synchrotrons at Berkeley [11] and Princeton [12] accelerated ions with atomic numbers
between 6 and 18, at energies that permitted the initiation of several biological studies [13]. It
is worth noting that when the Bevatron was converted to accelerate light ions, the main push
came from biomedical users who wanted to use high-LET radiation for treating human
cancer.

2.1.  Physical Characteristics of Light-Ion Beams
2.1.1. Bragg Peak and Spread-Out Bragg Peak

When energetic light ions enter an absorbing medium, they are slowed down by losing
their kinetic energy mainly through ionizing the medium. The energy loss per unit mass for
unit area of the absorber, or specific ionization (usually expressed in keV/pm in water)
increases with decreasing particle velocity, giving rise to a sharp maximum in ionization near
the end of the range, known as the Bragg peak. When a beam of monoenergetic heavy
charged particles enters the patient body, the depth-dose distribution is characterized by a
relatively low dose in the entrance region (plateau) near the skin and a sharply elevated dose
at the end of the range (Bragg peak), viz., Fig. 1(a). A pristine beam with a narrow Bragg
peak makes it possible to irradiate a very small, localized region within the body with an
entrance dose lower than that in the peak region [14]. To treat an extended target, the Bragg
peak is spread out to cover the required volume by modulating the energy of the particles to
form a spread-out Bragg peak (SOBP), viz., Fig. 1(b).
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Examples of SOBP ionization curves, adjusted using RBE, of several ion beams are
shown in Fig. 2. For the light-ion beams, the radiation dose abruptly decreases beyond the
Bragg peak, sparing any critical organs and healthy tissues located downstream of the target
volume from unwanted radiation. The entrance dose, the dose upstream of the target, is also
low compared with the peak dose.

2.1.2. Multiple Scattering and Range Straggling

Multiple scattering of an incident ion stems from the small angle deflection due to
collisions with the nuclei of the traversed material. Numerous small angle deflections in an
ion beam lead to lateral spreading of the incident ions away from the central trajectory
resulting in larger divergence of the beam. Elastic Coulomb scattering dominates this process
with a small strong-interaction scattering correction. The angular distribution of the
scattered particles is roughly Gaussian for small deflection angles, and the mean beam
deflection is approximately proportional to the penetration depth (Fig. 3(b)).

Range straggling is the dispersion of the path length of a particle beam due to statistical
fluctuations in the energy-loss process. The end result is to produce a smearing of the range of
the stopping particle beam. For a particle traveling in a direction x with energy E and mean
range R, the distribution of ranges, s(x), is Gaussian, [15].

Ji e py2 2
s(x) = o (xR) /257
2ro,

In the region where this formula is valid (2 <R <40 cm), o, is almost proportional to
range, R, and inversely proportional to the square root of the particle mass number, A.

Multiple scattering and range straggling effects for ion beams vary approximately
inversely to the square-root of the mass of the particle. Interactions of several light ions
penetrating absorbing material is characterized in Fig. 3, showing o for range straggling (A)
and mean beam deflections due to multiple scattering (B). Removing material from the beam
line could minimize the range straggling and multiple scattering. For example magnetic
deflection can eliminate the need for material to spread the beam in a scattering system, or
changing the accelerator energy can eliminate the need for material degraders used to change
the energy of the beam.
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The sharpness of the lateral dose fall-off, often called the apparent penumbra, is of
clinical importance because the radiation exposure of the normal tissues adjacent to the target
volume often limits the therapy dose. Heavier ion beams exhibit sharper lateral dose fall-offs
at the field boundary than for the lighter ions: viz., Fig. 4, which compares the penumbras of
proton and carbon beams. The penumbra width increases essentially linearly with the
penetration depth of the beam. For low-Z ions (Z = total ion charge divided by the elementary
charge (e)), such as protons, sharpest dose fall-offs are obtained when the final collimator is at
the surface of the patient. For higher-Z ion beams, such as carbon ion beams, scanning narrow
pencil beams without collimations will produce narrow penumbras.
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FIG. 4. The penumbra of a carbon beam is much sharper (dose distribution with a steeper
edge slope) than that of a proton beam (less steep edge slope) of comparable range. (Based
on the paper presented by H. Tsujii, at the 39" meeting of PTCOG (Particle Therapy
Co-operative Group), San Francisco, October 2002).

The effect of multiple scattering becomes more pronounced for small size beams as
indicated in Fig. 5, which examines depth-dose curves of proton and carbon-ion beams of
comparable range for an uncollimated beam and a 1 cm diameter collimated beam. The Bragg
peaks appear almost unchanged for the two carbon-ion beams; whereas, the Bragg peak is
much suppressed for the collimated proton beam (Fig. 5(a)). Lateral dose distributions of the
collimated 1 cm diameter proton beam exhibits broader penumbras, especially at the end
of its range and with wider range straggling. The collimated carbon-ion beam
shows much smaller beam scattering and straggling. For treating small targets, where the
sharpness of the lateral dose fall-off is essential, the choice of the heavier ion beam becomes
important [16].
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FIG. 5(a). Depth-dose curves of proton and carbon-ion beams of comparable range are
compared. For each ion, uncollimated and collimated 1 cm diameter beams are examined.
Bragg peaks appear almost unchanged for the two carbon-ion beams, whereas, the Bragg

peak is much suppressed for the collimated proton beam.
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FIG. 5(b). Dose distributions in the plane that includes the central ray of proton and carbon-
ion beams are shown. Both beams are collimated to I cm diameter.
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3. Beam Fragmentation

As a particle beam penetrates through matter, the primary particles suffer
fragmentation collisions, which decrease the number of primaries with the corresponding
increase of lighter fragments along the penetration path [17]. Fragmentation refers to the
process where the projectile nucleus, after suffering a nuclear collision with a target nucleus,
is broken apart into several daughter particles. The remnants of the projectile nucleus emerge
from the absorbing material with similar speeds as that of the original projectile nucleus. The
target nucleus may also break apart, but these fragments have relatively low energy and do
not travel with the beam.

Fig. 6 shows the measured fragment number and dose contribution as a function of the
particle charge for a neon-ion beam after traversing a certain thickness of absorber. The
measurement was made with a BERKLET instument. The instrument consists of a 300 um
thick Si detector and a 5.5 cm thick Ge detector, which when operated in coincidence,
measures the dE/dx and the total energy of the particle, respectively [18, 19].
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FIG. 6(a). Relative number of particle fraction, F(Z), for a given Z vs. absorber thickness
(cm of water) for a 670 MeV/nucleon '’Ne beam. F(Z) is the number of particles of a given
Z divided by the total number of particles detected at a specific absorber thickness. Note that
particles with 3<Z<35 are grouped together due to the difficulty in separating these particles
in the Bragg peak.
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FIG. 6(b). Two sets of data show contributions of different atomic charges to the total particle
number and the total dose delivered. Fragments are from neon ions in the proximal peak
region of a 12 cm spread out Bragg peak with a residual range of 28 cm in water. It
corresponds to the beam traversing 16 cm of water. The data for low Z values (1~2 and 3~4)
are pooled.

For protons colliding with a water-like target material (e.g., soft tissue), knocked-out
neutrons from the target nuclei are the dominant interaction products. These neutrons
contribute to the dose delivered beyond the stopping region of the primary projectile. Light
ions also produce such a neutron background. Even after accounting for the higher RBE of the
neutrons produced, they contribute less than 0.5% of the biological dose delivered to the
patient [20]. Their contribution would be larger in cases where the range of the beam is
severely degraded upstream of the patient, such as by a double scattering method, then whole
body exposure could become an issue.

As discussed above, carbon and neon ions fragment into a larger number of nuclear
species. These fragments lead to a significant dose beyond the actual stopping range of the
primary particles, and contribute significantly to the dose within the spread-out Bragg peak.
In general, the heavier the nuclear projectile, the larger the dose delivered in the region
beyond the Bragg peak when normalized to the dose delivered by primary ions at the
proximal peak of the SOBP.

An additional complication is that a fragmented beam has a radiobiological effect
different from that of the primary beam. The LET distribution of the fragmented beam
becomes quite complex as more of the primary beam fragments [21]; hence, RBE, which is a
function of the LET of the beam, is a function of the depth of the material penetrated. For a
SOBP, the composition of the beam and its biological effect is also a function of depth and
must be accounted by adjusting the physical depth-dose distribution to obtain a uniform
biological dose distribution.

4. Biological Rationale for Clinical Use of Light Ions

By the late 1980s, radiobiological research with light-ion beams, an essential
requirement for a successful and safe clinical research program, had three major aspects. First
was determining the optimal strategies for tumour treatment by analysis of the biological
responses of tumour tissue to different ions, delivered at various doses and at various
intervals. Second was determining tolerance doses and the risks of carcinogenesis and cell
transformation for normal tissues. Thirdly, fundamental radiobiological understanding and
characterizing physical phenomena such as ion fragmentation and biological effects such as
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DNA damage and repair. Knowledge gained from basic research influenced the choices of
ion, energy, beam delivery system, and treatment schedule. At the same time, the emerging
picture of the processes by which radiation causes genetic damage, and by which the DNA
attempts to recover from the insult, enhanced our understanding of the risks posed by
radiation exposure in general, including exposure associated with radiation accidents and
space exploration, as well as radiotherapy.

These early studies are sometimes called “classical” cellular radiobiology to
distinguish it from “new” molecular radiobiology that was developed in more recent years
[22]. We will describe here some of the significant results that have emerged from early
radiobiological research at Berkeley, especially as they relate to the cancer therapy trials.

5. LET, OER and RBE

The higher relative biological effectiveness (RBE) values of higher-Z ion beams
indicated a high likelihood of an enhanced therapeutic potential when compared with lower-Z
particle beams, such as protons [23]. The RBE of each ion has been studied in some detail
with a variety of biological endpoints showed that the RBE of an ion beam is not a simple
function of LET even though LET is usually used to describe of the differences in radiation
damage by various light ions (Fig. 7(a)) [24]. RBE also depends on the endpoint of the
measurements, such as the survival level, the kinds of ions and types of cells and tissues used
in the experiments (Fig. 7(b)). In general, the values of RBE and the degrees of dose
localization increases with the Z values from protons to silicon ions, and at LET values higher
than approximately 200 keV/um, the RBE values decline.

Another important point is that the failures in local control of tumours treated with
low-LET radiation (conventional and proton radiation) are often due to its inability to
completely eradicate anoxic tumour cells which are resistant to such radiation. High-LET
radiation exhibits the biological advantages of lower oxygen effect (lower OER values), as
indicated in Fig. 8. The OER value is defined as the ratio of the dose needed to render the
same end-point for anoxic cells to that for well-oxygenated cells.
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FIG. 7(a). RBE vs. LET. The data are from a number of experiments using a number of kinds
of ions, energies and cell types. The shaded area shows the general trend of the data.
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FIG. 7(b). The relationship between RBE vs. LET is a function of (A) the endpoint of the
measurements, e.g., survival, (B) kinds of ions, and (C) type of cells or tissues.
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FIG. 8(a). OER vs. LET. The shaded area represents the measured OER for X rays. The curve
is a generalized fit to data using various ions and energies.
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FIG. 8(b). Measured data of OER vs. Z™*/’ for carbon, neon and argon ion beams.

In 1967, Tobias and Todd gave the scientific justification for utilizing light-ion beams
combining the characteristics of light-ion beams in LET, RBE and OER [25]. In 1980 LBNL
(Lawrence Berkeley National Laboratory) published a report compiling the results of research
in physics, biology and medicine about light-ion therapy [26]. The conjecture was that,
referring to Fig. 9, the most advantageous species of ions for cancer treatment are located at
higher values of “oxygen gain factor,” which is a parameter proportional to the inverse of
OER, and at the same time at higher values of RBE. For the smaller and shallower targets
(upper panel), it appeared that carbon and neon-ion beams are superior to other ions. For
larger and deeper targets (lower panel), the relative placement of each of the therapy
modalities is altered, and proton, helium and carbon-ion beams are quite similar.

The meanings of Fig. 9 have to be interpreted carefully together with other clinical
considerations. Simple mindedly, RBE may be taken as not crucial on the assumption that the
low RBE may be readily compensated with higher physical doses; whereas, the oxygen gain
factor is a biologically important factor that is an intrinsic property of the ion species.
However, the gain in oxygen effect must be weighed against the increased mutagenesis and
carcinogenesis of the higher-Z ions. It was generally agreed that ions of atomic numbers
between carbon and silicon are the most interesting high-LET ions for clinical use [27, 28].
Today, carbon ion beams are chosen for therapy as the carbon ion has both biological and
dose localization advantages superior to those of lighter ions such as protons, yet avoids some
complications with higher-Z ions. For carbon ion beams, enough high LET is present to
provide significant differences in DNA damage, and suppression of radiation repair. The use
of heavier ions such as neon and silicon leads to complexity in treatment planning because of
the high LET in the entrance region and the fragmentation tail. Normal tissues in these

16



regions need to be carefully assessed and treatment plans designed which avoid significant
late effects, especially in CNS.

The radiobiological rationale for using these high-Z ions for therapy ([29, 30]) as
understood then, can be summarized as follows: (a) the high resistance of hypoxic cells
relative to oxic cells is reduced when irradiated with high-LET radiation, (b) slowly
proliferating cells (in Gy or long Gy phase in the cell cycle) show a similar increase in

sensitivity, if irradiated with high-LET radiation, (c) overall treatment time with high-LET
radiation can be shortened since fewer fractions of larger doses may be used instead of
multiple fractions of small doses, where the surrounding normal tissue damage using fewer
fractions can be kept comparable to that using standard low-LET fractions. The last point
squarely contrasts against the rationale that there is an advantage in using multiple, small
fractions of low-LET radiation for sparing late damage [31]. Cutting down the number of ion-
beam treatments would benefit individual patients as well as the management of the clinic.

VECTOR REPRESENTATION OF THERAPY MODALITIES
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FIG. 9. “Vector representation” of therapy modalities for treatment of: small shallow targets

(upper panel) and large deep targets (lower panel). The “oxygen gain factor” is a parameter

proportional to the inverse of OER, and the “ratio of biologically effective doses” represent
RBEs of the ions in question.
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6. Physical Parameters of Clinical Beams

Protocols for heavy charged-particle beam dosimetry have been established by the
American Association of Physicists in Medicine for protons and heavier ions [32]. They
describe the methods of calculating the dose based on measurements using various
dosimeters. Discussions of these methods are reviewed in other publications [33].

7. RBE and LET Distributions

The main function of the treatment planning and delivery is to create a radiation field
that produces uniform cell killing or a uniform biological response. Changes in the primary
particle beam from fragmentation lead to changes in the biological effectiveness of the
radiation. Fig.10 shows a measurement of RBE as a function of depth. Dose-averaged LET,
Lp, 1s defined as:

Ly =/LDWdL] [Low)dL

where D(L) is the dose contributed by particles of a given LET, L, and @(L) is the fluence
of particles with the given L, and

1L6x107 @L
D(L) ===,
o

where p is the material density in g/cm3, L is measured in keV/um and @ in particles/cm?2.
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FIG. 10a. Measured RBE data at various depths in water of a range-modulated beam. The
solid line is to guide the eye. (b) The associated physical dose distribution, which would
render an isosurvival region in the SOBP when the physical dose is multiplied by RBE at

each depth.
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The tail region of the depth-dose curve is a complex mix of particles; its RBE is
important in predicting the response of tissue beyond the Bragg peak where critical structures
might be found. Tail doses are typically one tenth of the dose in the proximal peak, and
biological measurements in the tail region are difficult due to the large dose need at the
proximal peak in order to measure reliably cell responses in the tail. Measurements of dose-
averaged LET in this region are simpler to make, but not very straightforward in predicting
the biological effects.

8. Verification of Treatment planning and Delivery Using Radioactive Beams

Treatment plans and delivery usually rely on xCT data, where the CT numbers are
calibrated for ion beam stopping power in various types of tissues (Fig. 11) [34]. Such
treatment plans could render errors as large as £5 mm in a 10 cm range [35]. For ion-beam
treatment, the penalty paid for a small range inaccuracy is much more severe than for photon
treatment as schematically illustrated in Fig. 12. By substituting a radioactive beam to deliver
a “treatment” according to a therapy plan, and imaging the actual treatment volume, the
conformation of the delivered dose with the target volume can be verified [36, 37].
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FIG. 11. Conversion of the CT numbers of tissues to water-equivalent path lengths for ion
beam treatment planning.

When a stable nucleus of an ion beam collides with a nucleus of the target material,
the two nuclei knock off pieces (nucleons) of one another in peripheral collisions. Projectile
ions may emerge, with one or two neutrons knocked out, with approximately the same
velocity. The radioactive secondaries can be separated from the primary ion beam by
magnetic momentum analysis and collected, and transported from the production target to the
treatment room, and into the patient’s body. Production and collection of radioactive beams
such as 19Ne produced form 20Ne and !1C and 10C from !2C have been investigated at LBNL
[38]. The most interesting isotope is 10C (positron emitter, 19 second half life) as it is suitable
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for PET imaging. If the Bragg peak of a 10C beam of known momentum were aligned to the
distal edge of a target volume inside the patient’s body, a 12C beam can be delivered with
confidence into the same target.

dose

photons

\[
/AN

L

depth

FIG. 12. For photon treatment, an error in target depth, indicated by the difference between
the two left curves labeled photons, results in a small dose error (small shaded area at the
intersection of the two curves with the two left vertical lines). Whereas, for light ions, a
similar error in range determination, shown by the two displaced Bragg peaks, would result
in a much more severe dose error as indicated by the shaded area between the two right
vertical lines (a big under-dose under the peak, and an overdose beyond the dose fall-off
region).

A schematic drawing of a specially-developed PET detector, called “Positron Emitting
Beam Analyser (PEBA) is shown in Fig. 13(a). It illustrates how PEBA localizes a stopping
radioactive (positron-emitting) nucleus by measuring the annihilation photons of the positron
emitted by the decay of 10C nucleus. The transverse dimension of the stopping region of the
10C nuclei and distance between the stopping nucleus and the point of annihilation are greatly
exaggerated in Fig. 13(a). A PET image of stopping '*Ne in a phantom is shown in Fig. 13(b).
The location of the Bragg peak within <0.5 mm can be determined using sophisticated PET
systems.

In a similar way, GSI has implemented a PET system for in-beam in-situ therapy
control, i.e., during ion beam treatment by assessing the radioactive isotopes produced by the
12C beams [39].
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FIG. 13(a). A schematic drawing of positron emitting beam analyses (PEBA).
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FIG. 13(b). An image of the stopping region of '’Ne. The beam was created by a compensator
to exclude the spinal cord region of a patient (phantom) from the Bragg peak radiation.
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9. Ion Beam Research for Space Biology

Beyond the protection of the Earth’s magnetic shield, the abundance of galactic
cosmic rays, both light and heavy ions, is such that during a three-year trip to Mars 30% of
the cell nuclei in an astronaut’s body would be traversed by one or more heavily ionizing
particles (10 < Z < 28), assuming shielding typical of today’s spacecraft. Iron nuclei are the
major contributor to these radiation effects, but their consequences must be understood.
Radiobiology research in light-ion therapy naturally extended into space biology research
program, first at the Bevalac at LBNL and now at the Booster Accelerator Facility of the
Relativistic Heavy Ion Collider (RHIC) at the Brookhaven National Laboratory. It focuses on
the effects of both iron-ion beams and the secondary particles produced by fragmentation in
absorbing materials [40]. Experiments are in progress to determine their effects on cell
inactivation and neoplastic cell transformation and to calculate the cross sections for cell
transformation by low- and high-LET radiation. Preliminary results indicate that, compared
with the cross section for cell inactivation or death, the cross section for cell transformation is
about 10,000 times smaller. Such a difference implies that only a very few genes are involved
in radiation-induced cell transformation. Life shortening, cataract formation, and
tumourigenesis in animals irradiated with iron-ion beams are also under investigation. Early
results on cataract expression suggest a shortened latency for iron-ion exposure, compared
with low-LET radiation.

10. Clinical Trials Using Light Ions

The construction of the Bevalac accelerator complex at LBNL, in which the
SuperHILAC injected ion beams into the Bevatron, expanded the opportunity for medical
studies with light ion beams [41]. J.R. Castro and his team conducted clinical trials for
treating human cancer using light ion beams at the 184-inch synchrocyclotron and the
Bevalac from 1977 to 1992, when the accelerators were closed [42, 43, 44]. Ions of interest
ranged from 4He to 28Si. 20Ne ions with energies per nucleon of 450 and 585 MeV have been
most commonly used. The numbers of patients treated were 2054 patients with helium ion
beams and 433 patients with neon ion beams. The patients treated with helium ions included
primary skull base tumours: chondrosarcomas, chordomas, meningiomas, etc. The patients
treated during 1987-1992 showed increased local control, representing the influence of
improved immobilization, treatment planning and delivery, and availability of MRI. Using
2Ne ions, they also treated, and obtained excellent 5 year local control of, carcinomatous
lesions arising from paranasal sinuses, nasopharynx or salivary glands, and extending into the
skull base. Complications observed were mainly cranial nerve injuries including optic nerves,
and radiation injury in the brain stem or temporal lobes [45].

Since the end of 1997, clinical trials at the Gesellschaft fiir Schwerionenforschung
(GSI), Darmstadt, have treated with carbon ion beams relatively radioresistant tumours such
as chordomas and low-grade chondrosarcomas of the skull base, adenoid cystic carcinomas
and malignant meningiomas [46, 47]. These tumours in the head region, which have not been
treatable successfully with conventional therapy methods. The new therapy led to a
significant reduction of the tumour size in all patients without any signs of relapse; local
control rates achieved were comparable to those for neutron therapy but with less toxicity. By
June 2005, about 250 patients have been treated successfully at GSI. Based on the studies at
GSI, a therapy centre in Heidelberg is being built where up to 1,000 patients per year could be
treated.
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In 1994 the National Institute of Radiological Sciences (NIRS) in Chiba, Japan,
commissioned its Heavy Ion Medical Accelerator in Chiba (HIMAC), which has two
synchrotrons and produces ion beams from 4He to 40Ar up to a maximum energy per nucleon
of 800 MeV. The HIMAC houses two treatment rooms, one with both a horizontal and a
vertical beam, and the other with a vertical beam only. There are also a secondary
(radioactive) beam room, a biology experimental room, and a physics experimental room, all
equipped with horizontal beam lines. All beam lines are of the fixed beam type, in contrast to
rotating gantries. Currently, their clinical trials use carbon ions, and they had successfully
treated 1796 patients by February 2004. Currently, Phase I and II clinical trials are under way.
They have demonstrated safety and efficacy of carbon ions to a great extent. In the near future
they plan to establish an optimum irradiation method, identify the sites and histological types
in which carbon ions are particularly effective, and clarify differences in indication from low-
LET radiation. In 2004 HIMAC had obtained for the carbon-ion treatment the Japanese
government approval as “highly advanced medical technology,” which is comparable to the
US FDA approval.

In 2001, at Harima Science Garden City, Japan, the Hyogo lon Beam Medical Centre
(HIBMC) was commissioned as the first hospital-based facility in the world to provide both
proton and carbon-ion beam therapy, which provides protons of maximum energy of
230 MeV and carbon ions of maximum energy per nucleon of 320 MeV. Six therapy rooms
are available with seven treatment ports. Three rooms are dedicated to carbon ion beams: one
with a vertical beam line, one with a horizontal and one with a 45 degree oblique beam line.
Two proton treatment rooms are equipped with commercially designed rotating gantries. By
the end of 2005, HIBMC had treated 825 patients using protons and 53 patients with carbon-
ion beams.

LLLLLLLLL]
JEE=]LH B

FIG. 14. Plan view of the lon Therapy Unit under construction in Heidelberg.

The Heidelberg Ion Beam Therapy Centre (HIT) is constructing the Ion Therapy Unit
in Heidelberg, Germany. It is a joint project of the University Clinic Heidelberg, the German
Cancer Research Centre (DKFZ), the Gesellschaft fiir Schwerionenforschung (GSI) and the
Research Centre Rossendorf (FZR). As shown in Fig. 14, two ion sources feed the
synchrotron via a linear accelerator. It houses three treatment rooms: two with a horizontal
beam (H-1 and H-2) and one with a rotating gantry, which makes it possible to aim the beam
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at the patient from all directions. This system, which will be capable of treating tumours with
both carbon ions and protons, is expected to begin treating patients in 2007.

The European Network for LIGHt ion Therapy (ENLIGHT) plans four national
centres: Heidelberg Ion Therapy (HIT); the Centro Nazionale di Adroterapia Oncologica
(CNAO) in Pavia, Italy; MedAustron in Wiener Neustadt, Austria; and ETOILE in Lyon,
France. There is an increasing interest in further initiatives and more countries are expressing
interest in creating national projects, in particular Sweden, the Netherlands, Belgium, Spain
and the UK. In Japan, a carbon-ion therapy facility project has started in Gunma, and
additional facilities are planned in Tokyo, Kanagawa, and Nagoya. There are other initiatives
for light-ion facilities in several locations in the US, in Lanzhou, China, in Busan, Korea, and
elsewhere.

11. Relation between the Present Report and Other IAEA and ICRU Reports

The present report will be on “Dose and volume specification for prescribing,
recording and reporting ion-beam therapy*—

e to help accurately administer treatments

for individual patient treatment

for therapy planning

for data management with DICOM compliance (IMPAC)
e to standardize the treatment reporting

e to facilitate meaningful inter-comparison of treatment results among carbon ion
centres

also inter-comparison with conventional therapy
12.  Issues to Consider including in the Present Report:
Prescribe and report doses to volumes rather than to discrete points
e Justifications for this for carbon-ion treatment
The location/volume of the dose specification in treatment plan

e The dose should be specified at the point where the dose changes least for small errors
in determining the ion beam path due to the uncertainties in integrated stopping power.

Mid-peak of the SOBP

Not at the proximal peak of the SOBP.
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e The dose should be specified at the point where the dose changes most rapidly for
small errors in determining ion beam path due to the uncertainties in integrated
stopping power.

Mid-point of the distal dose falloff
e Dose-volume histogram
Units of dose specified and reported

e “Physical dose and RBE” vs. “biological dose” in “Gray-equivalent (GyE)” (dose-
weighting factors)

Should one specify the errors in treatment plans?

e Errors help assess the under-dosing within the treatment volume, and over-dosing the
adjacent normal tissues [48].

e (Corollary) Should one present the upper and lower limits of dose delivered within a
certain volume?

Are the radioactive beam measurements of dose delivery important?
e [t improves the accuracy of treatment planning and delivery.
Dose verification of treatment delivery

e For scanned beam delivery, a measurement requires a complete scan of the entire
field.

In cases where a treatment is accomplished by assembling several non-uniform
dose distributions, each dose measurement for verification requires complete
scans. A very time- and accelerator resource-consuming process.

Multiple detectors
Dosimetry standardization for inter-comparisons among ion-beam centres
e Dosimeter calibrations
e Do you compare physical or biological doses?
What units for biological doses?

e  Will it be practical, or feasible or even advisable, to agree on a “standard” ion beam
setup with comparable beam quality? Weighting of absorbed dose implies the
selection of reference treatment conditions [49, 50].
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Abstract

The complexity of hadron treatments requires the establishment of quality control
procedures that account not only for the physico-technical aspects of the treatments, but also
for their biological aspects. From this was born the concept of "biological dosimetry", which
constitutes now an integral part of the efforts agreed by the radiation oncology community to
guarantee the safety and the efficacy of these treatments. The reproducibility of the RBE
values obtained with intestinal crypt regeneration in the reference conditions described in this
paper is £3.5% (p = 0.05) for the biological procedure (which meets the dose accuracy
requirements in radiation therapy). There are now enough data in reference conditions to
compare with, and to make conclusions about, the internal consistency of RBE values
obtained for a variety of (new) non-conventional radiation beams. As their possible
inconsistency might lead to questions concerning e.g. dosimetry and/or one of the elements
related to the beam production technique, such RBE determinations should be part of the
quality assurance procedures. They should be undertaken in every new non-conventional
radiation therapy facility preferably before starting the clinical application and on the
occasion of any technical change or upgrade of the installation. Such a radiobiological
characterization would also facilitate the comparison of clinical results and the pooling of
multi-centre data.

1. Introduction

Considerable attention has been paid during the last decade towards the quality
assurance (QA) of clinical radiation beams. Indeed, advanced technologies has perplexed the
work of physicians and physicists and reduced their ability to assess the possible influences of
an increasing number of factors. It is particularly the case for hadron beams whose biological
effectiveness differs from that of conventional gamma rays and varies with depth, especially
for light ions. Moreover, the performances of hadron beams produced at different facilities
might differ substantially, even when meeting the same physical specifications (type of
particle, energy, etc.).

The complexity of hadron treatments requires the establishment of quality control
procedures that account not only for the physico-technical aspects of the treatments, but also
for their biological aspects. From this was born the concept of "biological dosimetry", which
constitutes now an integral part of the efforts agreed by the radiation oncology community to
guarantee the safety and the efficacy of these treatments.

As the quantitative evaluation of the biological response to hadrons refers to the "dose
equivalent" (i.e. the dose in Gy multiplied by the RBE), it involves the whole irradiation
procedure and includes all physical and biological uncertainties. There are first the
uncertainties related to the dosimetry protocol (e.g. (Wy)air) and those related to the physical
and technical factors that might influence the dose measurements. Then there are uncertainties
about the RBE, whose value — for a given biological system — depends on physical and
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technical factors (type of particle, energy, method of beam production, etc.) that influence the
LET and determine the "radiation quality" [1]. Whilst these factors are in principle accounted
for in the description of the beam, this information is not sufficient to clarify the influence of
external factors that could further alter the radiation quality and, hence, the biological
performances of the beam. As these factors are specific for each installation (e.g. the
composition of the collimator) and impossible to list in complete detail, the RBE of a given
beam in a given situation is difficult to predict with great precision and has to be measured.

The preceding considerations lead to the necessity of discussing the type of biological
experiments and specifying the procedures that should be applied in the framework of QA of
clinical hadron beams. Indeed, the Relative Biological Effectiveness (RBE) of a given type of
radiation relative to another radiation type taken as a reference (usually high-energy gamma
rays) is not a single value, but is essentially variable. It depends not only on the tissue and the
endpoint (e.g. alteration of organ function, cell lethality, chromosome aberration), but also on
the magnitude of the biological effect under consideration. Moreover, RBE depends largely
on the mode of dose delivery (fractionation, dose-rate), whose time characteristics influence
the repair processes and consequently the biological response.

The present paper summarizes the experience gained by our team since the late 1970s
in the field of biological dosimetry. Different examples of biological dosimetry experiments
will be given and discussed, which led us to use "intestinal crypt regeneration in mice" as the
biological system for characterizing radiobiologically a wide variety of non-conventional
clinical radiation beams.

2. Pretherapeutic and Preclinical Experiments

Before applying new types of radiations in cancer therapy, one can identify two types
of radiobiological experiments: A first type of experiment, i.e. "pretherapeutic" experiments,
which aim at identifying the rationale of the new radiation. For example, introduction of fast
neutrons in therapy was based on the evidence of the existence of hypoxic cancer cells and on
a reduction of OER with neutrons. Radiobiological experiments also showed that neutrons (or
high-LET radiations in general) are specifically efficient against cells in some radioresistant
phase of their mitotic cycle. They also provided information about the (optimal) way to apply
these radiations. For example, it was shown that there is less cell repair with high-LET
radiations, which should influence the fractionation scheme. Finally, the pretherapeutic
experiments can also provide information about the clinical indications for the new type of
radiation. For example, tumours with large hypoxic areas that reoxygenate slowly and well-
differentiated slowly growing tumours are expected to be good indications for neutron
therapy.

Pretherapeutic experiments are usually performed before the construction of the
facility. When the new facility is completed and the beam ready for application, a second type
of experiment, i.e. “preclinical” experiments, need to be performed. The latter experiments
have only reference to RBE determinations and aim at the clinical application of the new
beams in safe and optimal conditions. Preclinical experiments are particularly important in
high-LET radiation beams (e.g. fast neutrons, carbon ions) as RBE values are high (2-5) and
do vary widely with dose and biological effect. Moreover, RBEs of these beams depend
significantly on both the energy and the mode of production of the beams and on depth
(especially for carbon ions). However, preclinical experiments are also necessary in clinical
protons beams (which exhibit low RBE values in the range 1.10-1.15) as the latter RBEs are
still high in comparison with the dose accuracy needed in radiation-therapy (+4.5% [2]).
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Selection of RBE values relevant to clinical application of non-conventional radiation beams
thus raises complex problems related to for example the choice of the biological system and
the irradiation conditions, but these lie out the scope of this paper.

3. Radiobiological Characterizations and Beam Intercomparisons

Due to the possible RBE variations listed above, the "clinical" RBE (i.e. the ratio of
the dose that would have been applied with conventional gamma radiation to the dose actually
prescribed for the new radiation) is specific to the beam in which it was determined and to the
clinical situation for which it was intended. Moreover, due to physico-technical factors (see
hereafter) that could influence the "effective" energy of the beams [3], the radiobiological and
clinical information gained in a given facility cannot be transferred as such to another facility,
even if the type of particle and the nominal energy of the beams are the same. Indeed, RBE
differences as high as 15% are observed according to the type of machine (cyclotron vs
synchrotron), beam delivery system (passive or active beam modulation for protons and
carbon ions, type of collimator), etc. [4]). These are the reasons justifying a third type of
experiment, i.e. "radiobiological characterization", aiming at relating the biological
performance of the beams to their RBE relative to gamma rays, for reference conditions and
for a reference biological system. Such RBE values can be further intercompared between
each other (i.e. beam intercomparison), their ratio expressing the RBE of one "tested" beam
with reference to another tested beam, which would allow (under certain conditions, see
below) transferring radiobiological information from beam to beam.

4. Selection of a Biological System for Radiobiological Characterization

Since the beginning of clinical application of non-conventional radiations, several
radiobiological characterization/intercomparisons were performed using biological systems as
different as : vegetal systems (e.g. growth inhibition in Vicia faba [5, 6], chromosome
aberration in A/lium cepa [7]); in vitro systems (e.g. V79 and CHO cell survival [8]) ; in vivo
systems (e.g. intestinal crypt cells survival in mice, LD50 (dose for lethality in 50%) in mice
after thoracic [9] or intestinal [10] irradiation, EDTA clearance in mouse kidney [11], skin
reactions in mice [12], weight loss and DNA content in mouse testis [13]), etc.

As these systems were either animal or vegetal and based on different criteria (cell
lethality, chromosome aberrations, etc.), they did not a priori exhibit the same clinical
relevance and should have theoretically yielded different results. However, when the beam
quality (i.e. the LET) differs only by a small amount, the RBE differences related to the
biological system are negligible. In this case the alteration of the shape of the dose-effect
relations is mainly due to the change in the proportion of high-LET energy deposition events,
where (direct) lethal action is much less dependent on the biological system than the
accumulation of sublethal damages.

Therefore, as pointed out by E.J. Hall thirty years ago, the choice of a biological
system for intercomparison should be more especially dictated by its convenience, portability
and reproducibility [14]. Crypt cell regeneration in mice (as described below) meets these
requirements since it is particularly independent of the environmental conditions, easy to
handle and capable of good precision due to its steep dose-effect relationship. It was used by
our team for the intercomparison of clinical fast neutron, proton and ion beams produced at
different facilities worldwide, and recently for the intercomparison of epithermal neutron
beams produced by reactors and used for Neutron Capture Therapy (NCT).
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5. RBE Determinations using Crypt Regeneration in Mice
5.1.  The Biological System

Intestinal crypt regeneration in mice is an in vivo biological system accounting for the
intestinal syndrome, but where the biological effect that produces the syndrome (i.e. stem cell
killing) is scored in its early stage, before affecting the intestinal function that results in the
death of the animal [15]. Early response scoring reduces the potential influence of
environmental factors, which — together with the steepness of the dose-effect relationship —
makes the system particularly suitable for RBE determinations under reference conditions.
The system is also particularly easy to handle as the whole body of the animals may be
irradiated. Interference from other radiation induced effects (e.g. hematopoietic or lung
syndrome) is avoided by the restricted dose range (8—18 Gy gamma equivalent) and/or the
short time delay (4—6 days) required to induce an observable effect with the intestinal
syndrome. This allows the use of large irradiation fields similar to those used clinically, for
which the dose distributions are easily measured and prescribed.

Only the intestinal stem cells situated in the crypts are radiosensitive and it is assumed
that a single surviving cell can regenerate a whole crypt. Under these conditions, the number
of regenerated crypts depends directly on the number of surviving stem cells, its relation with
dose exhibiting successively a "plateau", a bending and a quasi-exponential phase. The dose
range for the assay however needs to be restricted so as to limit the number of regenerated
crypts per circumference to between approximately 1 and 80, i.e. 8 Gy and ~16 Gy gamma-
equivalent, which corresponds to the quasi-exponential part of the dose-response curve.

5.2.  Biological Procedure

The procedures described here are summarized in Fig. 1 and are those which have
been applied in our laboratory over many years [3]. However, modifications in the
experimental protocol are allowed. Female NMRI, Balb/c or C57 black mice, 11-13 weeks
old, are used. These three strains exhibit approximately the same radiosensitivity. The mice
are housed in plastic cages (6—8 mice per cage) and randomized with respect to dose level
(ordinarily 6 dose levels per dose-effect relationship) and radiation quality (tested beam vs
control gamma beam). Food and water is provided ad [libitum. The mice are sacrificed
84 hours after the end of irradiation and a 3 cm jejunal section is taken 1 cm from the pylore.
The samples are immediately fixed in “Boin Hollande” [16]. They are then embedded in
paraffin, transversely sliced (4 um sections) and finally stained according to the classical
trichrome technique.
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FIG. 1. Biological procedure for crypt regeneration assay (see text). The graph shows an
example of the dose-effect relationships obtained for crypt regeneration using a fast neutron
beam and the reference cobalt-60 gamma beam. The open symbols are not taken into account
for fitting the data (see statistical analysis). The RBE is equal to the ratio of the gamma and
neutron doses corresponding to 20 regenerated crypts per circumference.

5.3. Irradiation Conditions

Control gamma and test beam irradiations are performed during the same
experimental campaign with animals from the same batch. The mice are not anaesthetized and
whole body irradiations are performed in groups of 4. They are located in a Perspex mounting
where their abdomen is squeezed between two thin plates 1.5 cm apart from one another. The
Perspex mounting fits in a polystyrene phantom and is placed perpendicularly to the beam
axis so that the mid-abdomen is situated accurately at the assigned depth in the beam.

For the control gamma beam (cobalt-60 or cesium-137 gamma, 6 MV photons) and
for fast neutrons, the animals are placed at the depth of the peak dose. For protons and carbon
ions, the reference position is the middle of a 7 cm spread-out Bragg peak (SOBP) (3 cm
SOBP for low-energy protons). In all cases the irradiations are given in a single fraction. The
dose rate for control gamma irradiations should be in the range of 0.5-2 Gy/min (which
prevents the biological response from being influenced by recovery processes). For the tested
beam, the "clinical" dose rate should be used.

5.4. Dosimetry
As the aim of the present experiments is to check the irradiation procedure, the

dosimetry should be performed by the local physicist team using their own equipment and
following their clinical protocol. Also, if the doses in the test beam might be different when
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other pieces of equipment and/or protocols are used, the doses in the reference beam are most
likely free from substantial uncertainties. Indeed, all the centres apply the same "ICRU
protocol for y irradiation" [17] and most of them participate in the dosimetry intercomparison
campaigns that are regularly organized at national and international levels. Moreover, photon
dosimetry is double-checked by TLD in vivo measurements, which usually agree with the
ionization chamber measurements within less than 2%.

5.5.  Statistical Analysis

The reported number of regenerated crypts per circumference is the average from two
sets of 3 consecutive slices taken approximately 1 mm on either side of the middle of the
intestine segment that is from 6 intestinal cross-sections. No correction factor (CF) [18] is
applied as the size of the regenerated crypts for the control gamma and the test beams remain
the same.

An exponential relation can usually be assumed for the number of regenerated crypts
as a function of dose and a straight line (in log/linear coordinates) can be fitted through the
experimental points (Fig. 1). This results from the fact that the doses explored in the crypt
regeneration assay are rather high and correspond to the (exponential) distal region of the cell
survival curve. However, the correlation between the number of regenerated crypts and the
number of surviving stem cells tends progressively to disappear at small doses for which high
numbers of regenerated crypts are counted. Therefore, the points corresponding to more than
about 70 regenerated crypts per circumference (e.g. open points on the graph of Fig. 1.) are
not taken into account for computation: at this level, the discrepancy between the number of
regenerated crypts and surviving stem cells reach about 7% (for an average of 140 crypts per
circumference). Most often the RBE values are determined at the level of 10 or 20 crypts per
circumference. With 6—8 mice per dose level and 8-10 dose levels for the compared dose-
effect relations, the accuracy on the RBE value is usually £3.5% for the biological procedure
(independently of the dosimetric uncertainties for the compared beams).

6. Results

RBE determinations in the reference conditions described above were performed in
the 1980s in different clinical fast neutron beams worldwide (7 beams in USA, France, Saudi
Arabia, Belgium). Since the 1990s the program was extended to clinical proton beams
(6 beams in Belgium, Switzerland, USA, Japan and South Africa) and a to a carbon ion beam
(Japan). Recently, experiments were performed using epithermal neutron beams produced by
reactors and used for Boron Neutron Capture Therapy (BNCT: 6 beams in The Netherlands,
Finland, Argentina, Japan and USA). These experiments provided the information
summarized hereafter in Figures 2-5.

6.1.  Clinical Fast Neutron Beams (produced by the p or d + Be reaction)

RBE increases when the energy of incident particles decreases (Fig. 2). RBE variation
with energy depends on the type of reaction. Neutron beams exhibiting the same effective
energy (i.e. the same penetration), but produced by different reactions have different RBE.
Beams having the same nominal characteristics (same reaction and same energy of the
incident particle) might exhibit RBE differences (likely related to the influence of e.g.
collimation system, target assembly, etc. on the effective energy).
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FIG. 2. Variation of the RBE of different neutron beams as a function of energy. The
p(65)+Be neutron beam at Louvain-la-Neuve (LLN) has been taken as reference. The data
represent the RBE for intestinal crypt regeneration after single fraction irradiation at 5 cm in
depth in a water phantom (2 cm for Detroit and Nice). This graph expresses the actual ratio
of the RBE (with reference to gamma rays) of the different tested beams to the RBE (also with
reference to gamma rays) of the p(65)+Be neutron beam of LLN. The recourse to this indirect
mode of intercomparison (through gamma rays) was necessary due to the distance between
the facilities, which prevented the same animals being used and randomizing them between
the different beams. The effective energy of the beams is expressed by HVT 5/15 measured
under reference conditions [3]. Open circles and closed squares correspond to neutron
beams produced by bombarding a beryllium target by protons and deuterons, respectively.
The error bars indicate the 95% confidence interval. A straight line was fitted through the
points corresponding to neutron beams produced from protons (closed squares). Note that the
RBE/HVT relationships for neutron beams produced from deuterons or protons are different.
Note also that the RBEs of the p(45)+Be (Seattle) and d(48)+Be (Detroit) beams are
significantly different while the "penetration powers" of the beams are about the same.

6.2.  Clinical Proton Beams (Low and High Initial Energy)

Proton RBEs at the reference position (middle of a 7 cm SOBP for high initial energy)
range between 1.08 and 1.18. They might differ by ~6—8% according to the mode of beam
production (cyclotron vs synchrotron: continuous or pulsed beam production) (Fig. 3). RBE at
the end of the SOBP are always ~10% higher than at the middle (point of dose specification)
whatever the initial energy. Organ motion as small as a few millimeters might affect the
microscopic homogeneity of the biological response in the case of active beam modulation
(scanning) (not illustrated in the figure).
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FIG. 3. Dose-effect relationships for crypt regeneration in mice after proton or gamma rays
irradiations. These experiments were undertaken on the occasion of the "radiobiological
characterization” of the different clinical proton beams listed in the figure (NAC: National
accelerator Centre, Faure, South Africa; PSI: Paul Scherrer Institute, Villigen, Switzerland;
LLUMC: Loma Linda University Medical Centre, CA, USA; LLN: Louvain-la-Neuve,
Belgium and NCCHE: National Cancer Centre Hospital East, Kashiwa, Japan). All the
experiments were performed in the reference conditions described in the paper (irradiation in
a single fraction at the middle of a 7 cm SOBP, same animals randomized between protons,
gamma and dose levels, etc.). The RBEs were determined at the level of 20 regenerated
crypts. Note the remarkable reproducibility of the RBE values obtained in the same centre for
experiments separated by a number of years (NAC 1996 and 1998, PSI 1997 and 1998,
LLUMC 1996 and 2003). There are obviously two set of data, the first for NAC and PSI
exhibiting ("high") RBE values in the range of 1.14—1.18 and a second set for LLUMC, LLN
and NCCHE exhibiting significantly lower RBE values in the range of 1.07—1.08. The
difference might be ascribed to one or a combination of the elements discussed previously
(proton dosimetry, difference between cyclotron or synchroton generated beams (for
LLUMC), type of modulation, etc).
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6.3. Carbon Ion Beam

As only one carbon ion beam was radiobiologically characterized according to the
above procedure, information about the influence of factors such as those mentioned for
protons could not be provided. However, it is likely that those factors have an influence
because of the great RBE variation with depth that characterizes these beams (Fig. 4).

Carbon-12, 290 MeV/u (HIMAC, Japan) , 6-cm SOBP
Regeneration of intestinal crypts in mice after irradiation in a single fraction
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FIG. 4. Left panel: same experiments as in Figure 3, but performed at different depths in the
290 MeV/u carbon-12 beam produced at HIMAC, Japan. The depths investigated are: "initial
plateau” (LET = 13.7 keV/um), beginning, middle and end of the 6 cm SOBP (LET = 40.9,
49.4 and 70.7 keV/um, respectively). Right panel: corresponding RBE values (with reference
to cobalt-60 gamma rays) as a function of depth in the water phantom.

6.4. Epithermal Neutron Beams

Due to 1) the wide variation in the relative contribution of the different dose
components (gamma, proton and neutron) to the total dose, and 2) to the wide variation of
their dose rate, the RBEs in the reference position were found to differ substantially from one
another (from 1.4 to 2.2) (Fig. 5). More data are required to evaluate the influence of dose
rates and to analyse adequately the possible interaction between the low- and high-LET dose
components. Transfer of radiobiological or clinical information is thus not possible for the
moment.
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FIG. 5. Same experiments as in Figs 2 and 3, but performed in different epithermal neutron
beams produced by reactors, used or intended for Neutron Capture Therapy (NCT). In each
panel, the right hand side dose-effect relations (closed symbols) correspond to control cobalt-
60 gamma rays. The left hand side dose-effect relations (closed symbols) correspond to the
NCT beams whose compositions, total dose rates and RBE (with reference to cobalt-60) are
given in the figures. These relationships were obtained at shallow depths (1.5-2.5 cm)
mimicking the clinical conditions. The open symbols correspond to other backscattering
conditions or other depths for which the relative contribution of the dose components and the
dose rates are different (85% gamma rays + 15% high-LET, 90% gamma rays + 10% high-
LET and 57% gamma rays + 43% high-LET at Espoo, Cambridge and Bariloche,
respectively). Due to the low dose rate of these NCT beams (fixed by the power of the reactor)
in comparison with the control gamma ray dose rate (~1 Gy/min), the reported RBE values
are not RBEs in the strict sense. Including for both the beam quality difference and the dose
rate differences, they express the RBE of the NCT beam "as such" and will be thus reported as
"beam" RBE (RBE peam)). Intercomparison of the different RBE peam)) values (RBE ratios)
raises however the difficult problem of evaluating the respective influence of the dose rate
and of the beam composition on the biological response. This work is in process and should
make it possible to evaluate the internal consistency of the data.
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7. Discussion

The reproducibility of the RBE values obtained with crypt regeneration in the
reference conditions described in this paper is £3.5% (p = 0.05) for the biological procedure
(which meets the dose accuracy requirements in radiation therapy). It is assumed that the
dosimetry of the control gamma beam produced in the different facilities is identical (use of
the standard protocol and independent TLD verification), but the dosimetry of the tested
beams (performed by the local hospital physicist team) might differ from one facility to
another (dosimetry protocols, systematic errors, etc.). On the other hand, the "radiation
quality" of the tested beam (i.e. the LET and/or the "effective" energy) might be influenced by
different (possibly unknown) factors that are not taken into account in the physical description
of the beam and the definition of the radiation quality. The influences of these factors on the
doses in the tested beam merge into one another and are included in the reported RBE value.

There are now enough data in reference conditions to compare with and to make
conclusions about the internal consistency of RBE values obtained for a variety of (new) non-
conventional radiation beams. As their possible inconsistency might lead to questions
concerning e.g. dosimetry and/or one of the elements related to the beam production
technique, such RBE determinations should be part of the Quality Assurance procedures.
They should be undertaken in every new non-conventional radiation therapy facility
preferably before starting the clinical application and on the occasion of any technical change
or upgrade of the installation. Such a radiobiological characterization would also facilitate the
comparison of clinical results and the pooling of multi-centre data.
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SYNCHROTRON AND CONTROL TECHNOLOGY RELATED
TO BEAM DELIVERY FOR ION THERAPY

K. Hiramoto
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Ibaraki-ken, Japan

Abstract

Most ion beam therapy facilities have adopted the dynamic beam scanning instead of
the passive scattering for beam delivery in order to avoid the reduction in the beam energy
and beam fragmentation. The dynamic scanning scheme is categorized as the wobbling, raster
scanning and spot scanning. In order to generate and transport the beam suitable for these
dynamic scanning, the synchrotron operation techniques such as the acceleration, beam
extraction and respiration gating, etc. have been developed and applied to the actual treatment
successfully. For the pencil beam scanning, some facilities have already developed and
demonstrated the technique on the treatment. In order to utilize the potential of the ion beam
therapy as much as possible, it is expected that future facilities will develop and apply the
pencil beam scanning to the actual treatment.

1. Introduction

An ion therapy system is generally consists of several main components. The main
components are: (1) an accelerator to produce energetic ions, (2) an ion beam transport system
to deliver and steer the ion beam to the beam nozzle and (3) a beam nozzle. The beam nozzle
is intended to shape and monitor the ion beam which delivers the dose to a patient.

Since the objective of the treatment is to deliver therapeutic doses of ion beams to a
tumour in the human body, the accelerator has to generate an ion beam of sufficient energy to
penetrate the centerline in the thickest region of the patient’s body potentially at an oblique
angle. In practice the beam penetration must be 20-30 cm in human tissue. The required
acceleration energy depends on the ion species and the beam shaping scheme adopted in the
beam delivery nozzle; passive scattering or dynamic scanning. The passive scattering
degrades the beam and its energy significantly and results in generating the fragmentation of
the ion beam. Then, the dynamic scanning has been adopted in the ion beam facilities.

In order to utilize the potential of the ion beam as much as possible, the pencil beam
scanning is being developed in some facilities. Furthermore, beam gating synchronized with
the target motion has been applied for minimizing the irradiation of the normal tissue.

The above performance has been realized by using and improving the control
technology of synchrotrons. In the following, the dynamic scanning techniques used in
several facilities are described and later the related synchrotron techniques are introduced.

2. Beam Delivery Method
2.1. Lateral Direction

(1) Passive or Dynamic

Beam delivery methods are commonly categorized as passive or dynamic in both
lateral and distal directions.
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Passive beam delivery is a method of achieving a spatially uniform dose distribution
by scattering and degrading the ion beam in a set of distributed absorbers to create the beam
diameter, maximum energy and energy spread needed to deliver uniform dose to the target at
all depths. Figure 1 shows a schematic passive scattering system which is comprised of a
double scattering system for lateral, and a ridge filter with variable thickness blades for distal,
directions.

Beam
Beam

Wobbling
Magnets

Scatterer spreads the beam.
; P (thinner than scatterers

i *. for the double scattering system)

[ collimator

Double scattering system Wobbling system
(Dual-ring)
FIG. 1. Passive Scattering System. FIG. 2. (Single) Wobbling System.

Passive delivery techniques, because they irradiate the entire target volume
simultaneously, are both safer and simpler than dynamic techniques. However, the passive
scattering requires an acceleration energy higher than the dynamic scanning and also makes
more fragmentation of the ions. In addition, dynamic techniques can reduce the dose to
normal tissue. Then, the dynamic scanning is being adopted in most facilities for the ion
treatment which are operated or planned.

2) Dynamic Scanning Techniques

Dynamic scanning techniques can be categorized mainly as wobbling, raster scanning
and spot scanning.

Wobbling

A dynamic scanning technique called “wobbling” was developed at Berkeley for
heavy ion beams at the BEVALAC [1]. Wobbling is done by the use of a pair of dipole
magnets with fields which vary sinusoidally with time, with a phase difference of 90", as
shown in Fig. 2. Several rings of different radii and doses are added, depending on the desired
field size. The original wobbling technique has been simplified at NIRS (National Institute for
Radiological Sciences in Japan) [2]. The simplified technique uses a single wobbling ring
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with a stronger scatterer, rather than multiple rings. The dose distribution achieved by the
single wobbling is not sensitive to the beam position change in comparison with the passive
scattering and multiple wobbling. This single ring wobbling system is widely used in
Japanese ion and proton therapy facilities.

Raster Scanning

Raster scanning, first used at Uppsala in the 1960s [3] and later developed at Berkeley
for heavy ions [4], is performed with a higher scan frequency in one direction and a lower
frequency in the direction perpendicular to it. Rectangular fields of different shapes and sizes
can be scanned in this way giving a field shape more closely related to the target volume
projection.

Spot Scanning (Discrete Scanning)

In the spot scanning, developed at PSI [5], the beam dwells on a certain position and is
turned off when the target dose is reached. Then, the beam is turned on after moving to the
adjacent position. The spot scanning makes dose distribution of each spot overlap. Then, by
varying the dose given to each spot appropriately, intensity modulated irradiation according to
the treatment planning can be realized. The distance between the adjacent positions is
determined to be shorter than 1 sigma of the beam size in order to obtain the sufficient
uniformity.

All the above scanning techniques require the beam position stability smaller than
0.1 sigma of the beam size for obtaining the uniform distribution. This condition of the beam
position stability is rather stringent in the case that small sized beam is applied to intensity
modulated irradiation. For example, scanning the beam size of about 5 mm requires about the
beam position stability of 0.5 mm.

Flat spill structure is also important for both the wobbling and raster scanning in order
to obtain a uniform dose distribution in a short treatment time. If the fluctuation of the spill
structure is not sufficiently low, it is necessary to reduce the beam intensity and take a time to
obtain the uniform dose distribution by averaging.

Fast switching on and off the beam is also essential for the spot scanning. If the
sufficiently short switching on and off are possible, the spill structure dose not affect the dose
distribution in the discrete spot scanning.

2.2. Distal Direction

Appropriate range control and range modulation are necessary to make the distal dose
distribution prescribed by treatment planning.

Range control can be done by varying the acceleration energy or using the suitable
degrader (range shifter) in the beam transport or nozzle. Range modulation is also done by the
accelerator or the SOBP filter such as the ridge filter in the beam nozzle. From the view
points of obtaining sharp distal fall-off and high beam efficiency, the energy changing without
using the degrader and SOBP filter is desirable. Then, the dynamic scanning with energy
changing by the accelerator is being targeted.
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In the case that the range is changed layer by layer in the tumour by the accelerator,
repainting irradiation for deep layers may be necessary so that the dose uniformity in the
tumour can be kept and robust against the organ motion.

3. Synchrotron System
3.1. Examples of Synchrotron Systems

Most of currently operated and planned ion therapy facilities use a synchrotron
because it can accelerate the ion beam up to sufficient energy and extract it with suitable
beam characteristics for the beam delivery technique described above. Furthermore, the beam
energy can be changed by controlling the synchrotron without increasing the beam loss and
beam energy spread. These techniques and advantages of the synchrotron for ion therapy are
common in the synchrotron for the proton therapy. Table I compares the synchrotrons for the
ion beam facility, most of which use not only carbon but also other kinds of ions.

TABLE I. EXAMPLES AND COMPARISON OF SYNCHROTRONS

NIRS (Japan) Hyogo (Japan) GSI (Germany) HICAT
(Germany)
Ion Species He, C, Ne, Si, Ar p,C C p, He, C, O
Maximum Beam He: 230 MeV/u  p: 230 MeV He:
Energy at C: 430 MeV/u Si: 320 MeV/u C: 430 MeV/u C: 430 MeV/u
Extraction 800 MeV/u C: 320 MeV/u
Lateral Field Pencil beam Pencil Beam
. Wobbling Wobbling Scanning (Raster  Scanning (Spot
Shaping . .
Scanning Scanning)

Energy Change Energy Change

Range Ridge Filter/ Ridge Filter/

. . . by Synchrotron by Synchrotron
Modulation Range Shifter Range Shifter (255 steps) (255 Steps)
Respiration
Synchronized  Applied Applied — Applied

Beam Gating

3.2.  Control of the Synchrotron System

In the following, the control of the synchrotron system related to the beam delivery for
ion therapy is explained.



(1) Operation Pattern and Energy Spread

Synchrotron operation is repeated with beam injection from an injector, acceleration,
extraction and deceleration (preparation for the next cycle), as shown in Fig. 3. Acceleration
is done by applying radio frequency (RF) power from an RF cavity to the ion beam and
increasing the magnetic field. Typical acceleration time (Tac) and deceleration time depend
on the required acceleration energy and are about 0.5 sec, respectively.

Deceleration
Beam Momentum
A

Flat Top Flat Top

A
v

Tt

Acceleration Acceleration

Injection

v

Time

FIG. 3. An example of a synchrotron. In the case that pencil beam scanning is done, the
variable flat top length is necessary.

The acceleration energy can be varied by controlling the increases of the magnetic
field, radio frequency power applied to the ion beam from the RF cavity. The frequency of the
RF is increased with the revolution frequency of the accelerated beam. Recently, in order to
simplify the acceleration control, a non-resonant type RF cavity using FINEMET core shown
in Fig. 2 has been developed by Saito at Hitachi [6]. The acceleration of the ion beam was
realized without varying the resonant frequency needed in the conventional resonant type
cavity. An example of the RF cavity using FINEMET core for an ion synchrotron is shown in
Fig. 4. Then, the control for pulse to pulse energy change became easy.

The energy spread after the acceleration is determined by the RF voltage used for the
acceleration. Typical acceleration voltage is about 500 V and the resultant energy spread is
about +/-0.1%, which can realize the sharp distal fall-off.
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FIG. 4. An example of RF accelerating cavities with FINEMT core for an ion synchrotron.
Total RF cavity length is 1.4 m.

For the pencil beam scanning, it is necessary to be able to change the flat top length
(Tf1) in Fig. 3 and spill length as well as the above pulse to pulse energy change. The flat top
length can be changed by controlling the time of keeping the magnetic field of the
synchrotron. The extraction beam spill length is also changed by controlling the beam
extraction process.

2) Beam Extraction, Position and Intensity Control

The position stability and intensity of the beam transported to the nozzle is mainly
determined by the beam extraction from the synchrotron. In the synchrotron, the ion beam is
slowly extracted during the flat top by utilizing the resonance phenomena of the betatron
oscillations. When the ion beam circulates the synchrotron, the deviation of the beam from the
central orbit varies. The changes of the deviations are called betatron oscillations. For the
betatron oscillations, there is a certain stability limit determined by the magnetic field of the
synchrotron. These oscillations and stability limit are schematically shown in Fig. 3.5. In the
case that the amplitude of the betatron oscillations is within the stability limit, the beam
circulates in stable manner. When the beam exceeds stability limit, the amplitude of the
betatron oscillations increases significantly at every turn due to the betatron resonance and
finally the beam is extracted from the electric and magnetic deflectors in the synchrotron.
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FIG. 5. RF Driven Extraction with Constant Stability Limit for Betatron Oscillations.

In synchrotrons for physical research, the ion beam has been extracted by narrowing
and finally eliminating the stability limit that is causing the resonance of the betatron
oscillations sequentially. This change of the stability limit is done by varying the electric
current of the quadrupole magnets in the synchrotron. However, this stability limit change
results in changing the extracted beam position during the extraction. Accordingly, in the case
that this technique is applied to the ion beam therapy, especially, the dynamic scanning using
small size beam, the feedback control of the beam position may be necessary. The intensity
and length of the extracted spill is changed by the speed of the quadrupole magnet current
control. Since the time constant for changing of the quadrupole magnet current is usually in
the order of a second, it is difficult to switch on and off the beam in 1 ms.

In the RF Driven Extraction [7] technique for synchrotrons, radiofrequency (RF) is
applied to the ion beam from the electrodes to make the amplitude of the Betatron oscillations
exceed the stability limit while the stability limit is kept constant during the extraction. This
technique is shown schematically in Fig. 5. Since the stability limit is kept constant, the
position of the extracted beam is stable and kept constant. Turning on and off the RF for the
extraction can switch on and off the beam extraction in a few hundred microseconds. In the
RF Driven Extraction, the spill length can be controlled by the RF power for the extraction.
Longer spill can be obtained by decreasing the RF power applied to the ion beam.
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FIG. 6. Top Panels = Measured Beam Position at the Inlet of the Nozzle with RF Driven
Extraction; Bottom Panels = Measured Switching off Time with RF Driven Extraction.

The above characteristics of the RF Driven Extraction have been confirmed in the
proton and ion beam therapy systems. Figure 6 shows the beam position measured in the
beam nozzle for the proton therapy system of University of Tsukuba. The beam position
stability within +/-0.5 mm has been confirmed without beam position feedback. Fast
switching off is also shown in Fig. 7. These data were also obtained in the proton therapy
system of University of Tsukuba.
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FIG. 7. An Operation Pattern of the Respiration Gating.

Another beam extraction scheme has been developed for the ion therapy by Steinbach
at CERN, Geneva. This extraction technique utilizes that the stability limit size depends on
the beam energy when the chromaticity is tuned to be finite by the sextupole magnets. The
beam is extracted by varying the beam energy and making the beam go over the stability
limit. This extraction technique needs the betatron core which is dedicated to vary the beam
energy by applying the RF power. Typical length of the betatron core is about 2 m.

3) Increase of the Accelerated Beam Current

In order to shorten the treatment time and increase the patient throughput, it is
necessary to increase the beam intensity. The increase in the accelerated beam intensity is
usually targeted by increasing the accumulated beam current before the acceleration and
reducing the beam loss during the acceleration process. The beam loss in the acceleration
process is caused mainly by the instability due to the resonance or the space charge effect.
One of the countermeasures to reduce the space charge effect is the acceleration using the
multiple harmonic revolution frequencies with the basic frequency which can relax the
bunching of the beam during the acceleration. This multiple harmonic acceleration has been
demonstrated by Saito [8] using the non-resonant RF cavity using the FINEMET core.
Another countermeasure to avoid the resonance is to tune the chromaticity using the sextupole
magnets. The effectiveness with the chromaticity control for avoiding the instability has been
shown experimentally by Furukawa [9].
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4) Beam Gating with Target Motion

Beam gating operation technique has been developed for irradiating the tumour
moving with the patient’s respiration. For this purpose, most of the synchrotrons have adopted
RF Driven Extraction for the beam gating. One of the beam gating methods generates the
gating signal by detecting the motion of the patient’s body. However, this gating signal is not
necessarily corresponding to the movement of the organ. Then, generation of the gating signal
comparing X ray images of the patient’s body is being developed.

On the other hand, two kinds of the synchrotron operations have been applied to the
respiration gating irradiation. One is that the synchrotron is operated with a certain repetition
period, which can be determined by measuring the respiration period of each patient. When
the beam gating signal is generated at the flat top of the operation pattern, the beam is
extracted. If the beam gating signal is turned off at the flat top, the beam extraction is stopped.

The other method is that the synchrotron is operated with the trigger signals obtained
from the patient respiration. For example, as shown in Fig. 6, the beam injection starts due to
the first trigger signal and the beam extraction waits for the other second trigger signal
meaning the expiration phase of the respiration. If the second trigger signal is turned off, the
beam extraction is stopped and the deceleration starts immediately. This implies the variable
repetition period. This operation scheme has been applied to the proton therapy in the
University of Tsukuba, Japan.

(5) Spot Scanning

The spot scan technique for beam delivery has been developed on the basis of
experience with patient treatments at the GSI for light ions [10]. At GSI, both the spot
scanning and raster scanning have been tested successfully. At PSI, the spot scanning was
done with a cyclotron by switching the beam off and on with a fast “kicker” magnet. In the
University of Tsukuba, the spot scanning have been also tested at the experimental course and
the feasibility of the technique has been demonstrated.

Since the advantage of the ion therapy is the capability to deliver the dose to the
tumour, it is expected that the future facilities will pursue the development of the intensity
modulated treatment with pencil beam scanning.
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Abstract

This paper covers the principles, rationale and present status of carbon ion therapy, an
overview of a particle therapy system, recording and reporting of carbon ion therapy, beam
generation and distribution, patient positioning, and quality assurance (QA) for carbon ion
therapy. In order to guarantee a cost effective operation of the carbon ion therapy facility, the
amount of time required for the quality assurance program, must be kept to a minimum while
at the same time guaranteeing a complete coverage of all critical system parameters. Note that
this in particular applies to any QA tasks that have to be performed on a daily basis.
Consequently, an optimized QA procedure has to be setup that comprises the automation or
semi-automation of a maximum number of individual QA tasks. While a safety-interlock
system may at least partly be tested using a pure software approach and thus lends itself to
automation, this is not the case for beam parameter and dosimetric measurements. The time
required and the amount of manual interaction for the latter part of the QA program can be
reduced if a robot system is employed. In this case the required detectors, phantoms, and
auxiliary instrumentation may be positioned automatically with direct data transfer to the
control system. Quality assurance of the plan can either be done by transferring the treatment
plan to a phantom geometry, followed by measurements and comparisons of measured and
calculated data, or by comparison to another independent calculation.

1. Introduction
1.1.  Principles and Rationale for Carbon Ion Therapy

With better screening techniques tumours are detected early enough to achieve long
term survival if the tumour can be controlled locally. This requires treatment techniques that
allow for excellent dose conformality to the target as well as small integral dose in the low
dose region. The superior depth dose characteristics of particle therapy are an excellent tool to
achieve those goals. In the entrance channel the energy and velocity of particle beams are still
very high which means the absorbed dose is quite low. The absorbed dose increases steeply
just before the particle stops, generating the “Bragg Peak”. The depth of the Bragg peak
varies with energy so that it can be focused to the target volume.

In addition to its depth dose characteristics the increased radiobiological effect of a
carbon ion beam is also important for its application in cancer therapy. This radiobiological
effect also varies with depth. For carbon ions the entrance channel has a small radiobiological
effect which increases within the Bragg Peak region so that the high absorbed dose region
coincides with the high effectiveness.
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FIG. 1. Depth Dose Curves of different Radiation Types in Water.

1.1.1. Present Status of Carbon lon Therapy

Today three centres are treating with Carbon Ion Therapy worldwide. The first centre
started in 1994 at the HIMAC facility in Chiba, Japan [1]. Since then treatments were also
done by the University of Heidelberg at the GSI facility in Darmstadt, Germany [2] and at the
Hyogo Ion Beam Medical Centre, in Japan [3]. New centres are under construction in
Heidelberg, Germany and Pavia, Italy with additional centres being planned worldwide.

2. System Overview of a Carbon Ion Therapy Solution
A particle therapy system includes at least the following components:
— Imaging systems for diagnosis, planning and treatment position verification
— Treatment planning system
— Patient transport system
- Particle sources, accelerator and beamline
— Treatment beam application and monitoring system
— Patient positioning system
— Position verification system

- IT solutions



2.1. Treatment Planning for Carbon Ion Therapy
2.1.1. The Patient Model

Anatomical modelling and structure definition for carbon ion therapy are very similar
to conventional or proton therapy. An important additional step is the conversion of
Hounsfield units into carbon stopping powers for a dose calculation which requires
measurements either on tissue equivalent materials or tissues [4, 5].

2.1.2. Dose Calculation Algorithms

Dose calculation algorithms are based on pencil beam models [6]. Lateral scattering of
carbon ion beams is very small and the primary beam is almost completely preserved at depth.
Also the modelling of nuclear fragmentation is not of great clinical importance since these
models use measurements for the various depth modulators performed in water which sum up
the dose distribution of all fragments.

Treatment planning systems for 3D beam scanning have to fulfill additional
requirements. The beam intensity at every scan point needs to be optimized. After
establishing the spot intensity a scan path needs to be calculated for fast plan delivery.

2.1.3. Radiobiological Modelling for Calculation of effective dose

The biggest difference to all other treatment planning solution is the importance of the
relative biological effectiveness (RBE).

The RBE is not a constant value but depends on a variety of parameters:
— Dose
- Energy
— Type of ion
— Repair capacity of the cell
— Oxygen supply
— Clinical effect

Since these different dependencies can not be determined experimentally they have to
be modelled [7] for clinical dose calculation purposes [8].

3. Recording and Reporting of Carbon Ion Therapy
3.1. Treatment Aims

The treatment aims are the instructions that the responsible physician gives to the
planner as a basis for planning an individual patient’s treatment. As such, they are the result
of a medical decision-making process, based on a general overall oncological concept for a
patient as well as on concepts for, or detailed elements of, one or more therapeutic modalities
(e.g. carbon therapy as a boost to a conventional therapy (X ray, electron) or as part of chemo-
radiotherapy protocols). The treatment aims must be precise and need to be sufficient for the
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process of planning particle therapy. It may be that the initial treatment aims cannot be
fulfilled. In this case, an iterative process takes place in which the aims are adjusted so that
the best possible compromise, in the physician’s view, is reached between what would be
ideal and what is practicable. The treatment aims are also an expression of a curative or
palliative gradient of the focused overall oncological concept for a patient.

3.2. Treatment Prescription

The prescription shall be a complete specification of how the treatment should be
given. This includes medical (e.g. particular requirements for patient positioning, anaesthesia
for paediatric patients) as well as technical and physical aspects. It shall be sufficiently
complete that those responsible for planning and delivering the patient’s treatment do not
need any further information to do so.

The prescription of the responsible physician should include the following data:
- Definitions of the volumes of interest (GTV, CTV, PTV, OAR, RVR, etc.)

— Prescription dose and/or dose-volume requirements for the PTV (e.g. dose
homogeneity)

— Fractionation scheme

— Normal tissue constraints

— Approved plan with its dose distribution(s)

— Medical aspects that affect the prescription as to how the treatment is to be performed
3.3. Treatment Records

All information about the patient which is relevant to the individually radiation
therapy shall be recorded. This includes, inter alia, the patient’s demographic data and tumour
status, the prescription and the underlying technical data, the details of how the therapy was
delivered, the status of the individually delivered fractions and follow-up information. The
patient’s radiotherapy record is an archival document and/or computer record which should be
retained after the patient’s treatment is concluded, for at least as long as the respective valid
law prescribes.

Where difference(s) between the way the treatment was intended to be delivered and
the way in which it was actually delivered might be clinically significant, the explanation for
the deviation and a description of the remedial action that was required, if any, shall be
recorded as well.

Precise recording is the base for qualitative high-grade reporting, and only recorded
data can be analysed afterwards. Records that allow one to understand and validate the single
components of a treatment are a prerequisite to judge the quality and medical value of the
treatment modality as a whole.
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3.4. Treatment Reports

A report is a document which presents a selected subset of the information in the
patient’s record for a particular purpose for the delivered therapy. There is a wide variety of
purposes for which a report about the patient may be needed, and consequently, a wide
variety of reports which may be generated adapted to the patients individual clinical
requirements. Examples of these are a:

— Completion note at the end of treatment;
— Report to a referring physician;
— Case report for presentation to colleagues;

— Report of a patient’s radiation treatment needed as baseline information for other
therapies the patient might receive elsewhere.

In addition, reports of the treatment and treatment results of groups of patients are
needed for publications. These use selected data from each patient’s record.

Data Structures to Support an Optimized Workflow

First indications show a larger focus on clinical process optimization. To guarantee a
streamlined workflow and efficient management of the entire clinical process for particle
therapy it is necessary to utilize comprehensive software for connection of medical imaging
tasks, applications and systems. It is indispensable, that all workspaces from the treatment aim
definition, acquisition modality to independent workstations share the same set of information
and operating principles. An efficient information flow ensures a coordinated treatment and
reduces unnecessary steps in the clinical process. The following picture illustrates a possible
IT infrastructure to support the described workflow requirements.

There is a large volume of technical data upon which the prescribed treatment depends
or by which the treatment is characterized. Examples of the technical data are: for scanned
beam therapy (either for uniform-intensity or intensity-modulated therapy): the extensive files
detailing the sequence of scanned pencil beams each with their energy, weight and position.
When a physician approves a treatment plan, implicitly also the technical aspects underlying
the plan get approved i.e. the technical data. At this stage, the treatment would almost
certainly no longer fulfill the prescription if the technical data were altered. The technical
factors can include extensive data files, which cannot be inspected visually; quality assurance
measures are needed to ensure that the technical data used for the treatment are indeed those
used in developing the approved plan.
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FIG. 2. Particle Therapy IT system infrastructure.

One example is the consideration of comprehensive biological effects during planning.
It is necessary to include the RBE for the selected accelerator data based on the involved kind
of tissue. The responsibility for the existence and correctness of these data lies, as in all
modern radiotherapy departments, in the hands of the responsible medical physicist or
qualified physicist, who is part of the radiation oncology team, and who should be required to
sign off on the technical data.

Furthermore, during treatment it might be necessary to establish real-time data
interconnection between patient positioning unit and beam optic (beam positioning system)
for panoramic beam scanning. If the precision of the patient positioning system is equivalent
to the precision of the beam positioning system, the relative beam movement could be
reached by opposite movement of the patient. When combining both techniques the beam
field size can be increased in nearly any way.

The technical data, which are important for treatment reconstruction/traceability shall
be included in the record of treatment according to DICOM, supplement 102 [9].

4. Beam Generation and Distribution

An ion beam therapy system in general comprises an injector, an acceleration system
and a beam transport line [10-17].
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The injector system includes the sources to produce the desired particles and a system
to purify the beam from any undesired contamination of other particles and charge states.

The accelerator system accelerates the particles to the required energies. Using the
beam transport line, the particles are transported to the desired treatment area.

For the injector and acceleration systems used for proton therapy, different solutions
based on cyclotrons or synchrotrons are in use. Whereas a commonly agreed solution for ion
therapy (from helium up to typically oxygen) is the use of a linear accelerator in combination
with a synchrotron to accelerate different ion species to the energies required for the medical
applications. Studies comparing the requirements of different medical applications have
shown that energies compatible to a penetration depth within tissue of about 30 cm are
necessary.

The injector system is in addition used for adjusting the beam intensities required by
the application in a low energy regime in comparison to destroying unnecessary fractions of
the beam at high energies including in this case all known problems concerning radiation
protection.

The synchrotron accelerates the particles to the required energies. The extraction is
possible via different mechanisms (slow extraction via RF knock-out, fast single turn
extraction) adapted to the medical requirements of the treatment process. With a synchrotron
based solution the beam is always applied in spills. Since the full cycle contains three parts,
filling the synchrotron, accelerating the particles to the required energy, extracting the
particles. Typical times needed for the different periods in the cycle are about 1-2 seconds to
fill the synchrotron and to accelerate the particles, extraction times may vary from below a
second up to about half a minute.

The task of the high energy beam transport line is the transport of the extracted beam
to the isocentre of the requested treatment area/room. This task requires high beam
transmission efficiency and reliable safety mechanisms to ensure that the beam is transported
only to the requested area/room.

Typically the high energy beam transport line also comprises safety mechanisms to
rapidly interrupt the beam in case of emergency reasons, and means, to tune the beam
parameters like the beam focus width.

The spill structure of a synchrotron based solution and its intrinsic flexibility
concerning extraction time length, energy selection and intensity control are best matched
with an active scanning system.

Combining the energy selection possibilities provided by a synchrotron with a
scanning system in 2-dimensions based on two fast scanning dipole magnets to deflect the
beam in horizontal and vertical direction, a full 3 dimensional scanning of the ion beam can
be achieved. For medical applications a resolution in the order of about 1 mm in longitudinal
and about half a millimeter in lateral direction is required and can be achieved with this
solution.

By positioning the scanning magnets in a distance of several metres from the isocentre
a nearly parallel beam at the isocentre can be achieved. Parallel scanning allows a somewhat
easier patching of treatment fields.
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FIG. 3. Schematic drawing of the intensity controlled rasterscan. The target volume is
dissected into layers of equal particle range [14].

A real advantage of a scanning system is that patient specific components such as
collimators, compensators or modulators are not necessary. This is especially important for
ion beam therapy to reduce the risk for the patients resulting from a secondary neutron
radiation burden to normal tissue.

In order to adapt the delivered dose to the planned volume and dose prescription the
tumour is subdivided into slices of equal energy. The treatment is performed layer by layer. In
order to reduce the number of layers a ridge filter (ripple filter) in the beam path is used to
widen the Bragg peak in the longitudinal direction.

Each layer is irradiated voxel by voxel with a defined number of particles in order to
achieve the calculated target dose.

The scanning speed is adjusted according to the calculated voxel dose and the
intensity of the particle beam. For target areas with low required dose, the beam intensity
requested from the accelerator is low and the scanning speed is high. For target areas with
high-required dose, the beam intensity requested from the accelerator is high and the scanning
speed is low. As soon as one layer (iso-energy plane) is completely irradiated, the irradiation
is stopped and the next iso-energy plane is irradiated with a beam of different energy. The
planned scan path is tailored to the shape of the tumour plane. The irradiation of disjunctive
areas within one iso-energy plan during one spill is possible by pausing the beam extraction.

Typically the tumour is divided in the order of 50,000 voxels depending on the tumour
size. The treatment is applied within a few minutes for patient comfort.

The above described treatment procedure allows a precise and conformal treatment of
the tumour. An online monitoring of the beam parameters is vital for the control of the
treatment process and the patient safety.
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The beam parameters (e.g. beam position, width, intensity) are measured online in
front of the patient. These measurements are used by a treatment control system to control in
real-time the scanning process.

For emergency cases the beam has to be stopped in the order of the treatment time of a
voxel. For stopping the beam in emergency cases the treatment control system shall directly
act on beam stopping devices in the beam transport line.

5. Patient Positioning
5.1. Patient Flow and Comfort

For a cost effective operation of a particle therapy centre, a large number of patients
has to be treated within short time. The most limiting resource in a particle centre is the
accelerator which has to deliver charged particle beams to several treatment rooms. To
maximize the number of treated patients, the accelerator should deliver beam for close to
100% of the time. To facilitate such a workflow, a patient has to be ready for irradiation as
soon as the treatment of the patient in the previous treatment room has finished. One of the
possibilities to achieve a constant and smooth flow of treatments is to immobilize and position
patients outside of the treatment rooms on a supporting device, most often a treatment table
top. Patients are then transported into the treatment room with a shuttle system where the
table top is mounted to the treatment table. Such external immobilization allows to minimize
the time a patient occupies a treatment room and to maximize the number of patients that can
be treated. The workflow is preferably supported by a treatment scheduler to minimize the
time patients are immobilized.

5.2.  Patient Support System

The standard supporting device in radiotherapy is a flat table top. However, gantry
systems for charged particles that allow irradiation from arbitrary beam directions are bulky
and expensive. Beam lines with fixed directions, e.g. horizontal, semi-vertical, or vertical,
reduce complexity and costs. To increase the range of possible beam directions for fixed
horizontal beam lines, treatment chairs have been used. Ideally these chairs allow full
isocentric rotations as well as pitch. Especially for head and neck tumours such treatment
chairs offer flexibility that is comparable to gantry systems.

5.3. Immobilization and Patient Positioning

Precise and reproducible patient positioning is essential to achieve highly conform
radiotherapy treatments. Usually either patient specific, rigid immobilization devices or
generic positioning aids are used. For charged particle therapy, material and especially
inhomogeneities in the treatment beam path have to be minimized.

Reproducible patient positioning from imaging for treatment planning to each
treatment fraction is possible with patient specific, rigid immobilization devices. Commonly,
patients are aligned in the treatment room according to laser systems. Relative table
movements are then performed to bring the patient from reference to treatment position. If
immobilization devices are accurately indexed to the supporting device, absolute patient
positioning in the treatment room is possible. Absolute treatment positions can be used
instead of initial alignment to a laser system. For absolute positioning very precise patient
positioning systems including indexing of immobilization devices are required.
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5.4. Positional Imaging

Ideally, patient positioning is verified and if necessary corrected before each
treatment. Typically, image guidance is used for position verification in the treatment room,
optimally directly in the treatment position. The current standard in charged particle therapy is
acquisition of a pair of orthogonal X ray projections and positioning according to bony
anatomy. Based on bony anatomy or landmarks, the patient position is compared to digitally
reconstructed radiographs (DRR). However, position verification is limited to surrogates for
the target position because soft tissue cannot be visualized in X ray projections.

Improved patient positioning is possible with tomographic imaging techniques, for
example computed tomography (CT) or cone-beam computed tomography (CBCT). Daily
volumetric patient data are acquired and registered in 3D to the treatment planning CT scan.
CT data can be acquired in the treatment room with a sliding gantry CT. The patient has to be
positioned in a dedicated scanning position. To maintain precision between imaging and
treatment, precise patient positioning systems are required. An ideal system allows the
acquisition of 3D data directly in treatment position in order not to move the patient between
imaging and treatment. This is feasible with CBCT. However, most CBCT systems are
capable of image acquisition in a standard position only instead of every possible treatment
position.

CT offers superior soft tissue resolution in a large field of view. CBCT often is
compromised by a reduced field of view and associated truncation artefacts. Therefore
superior soft tissue resolution can sometimes not be obtained. Especially for adaptive
radiotherapy strategies, soft tissue resolution is needed to position the patient according to the
target position instead of bony anatomy only. Furthermore, to assess possible range
perturbations due to density changes within the patient, accurate Hounsfield units have to be
reconstructed. Today, this can be achieved with CT scanning and is developing for CBCT
acquisitions.

Position verification should be supported by dedicated software and ideally be fully
automated. Based on the registration of reference and daily image data a correction vector is
computed to accurately position the patient. This vector is then directly applied to the patient
positioning system. An ideal patient positioning system can be controlled from outside the
treatment room and provides 6 degrees of freedom to correct translational as well as rotational
components.

6. Quality Assurance (QA) for Carbon Ion Therapy

The goal of any quality assurance program for cancer therapy using ionizing radiation
is to ensure the continuous accuracy in delivering the prescribed dose to a specified target
volume. Measures to achieve this goal involve the exact control and monitoring of dose
delivery to the patient during treatment and measurements at constant intervals, but implicitly
also include any measures to prevent unwanted exposure to patients, personnel or the public
due to system failure.

6.1. Machine QA

The introduction and integration of novel treatment modalities such as carbon ion
therapy into the therapeutic process requires the development of adapted, self-consistent and
comprehensive quality assurance procedures that account for the specifics of this new
treatment method. While some of these procedures are similar to those used in the related
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field of proton therapy, others are uniquely associated with the use of carbon ions, or more
precisely the specific technical realization of the treatment protocol [15]. If a scanning beam
delivery system is used for highest target conformality also at the proximal edge dedicated
quality assurance measures for this technique are needed. As the dose distribution depends on
machine associated parameters such as beam energy, particle flux or the setting of the
scanning magnets, these must be closely controlled by specific quality assurance programs.
The dependence of any of these parameters on specific machine settings, e.g. the strength of
focusing magnets, is determined and tabulated during commissioning. Additionally,
intervention thresholds for measured values are defined that are employed in constancy
checks at regular intervals to monitor any deviation from the original data. In order to
guarantee fast switching between individual (lateral) voxel positions the dynamic behaviour
of the dipole magnets has to be checked. Additionally, the accuracy of the deflected beam
position as well as any dependence of the applied dose on the latter must be controlled on a
regular basis.

A beam monitor unit composed of possibly several redundant ionization chambers and
position sensitive detectors (e.g. multiwire proportional chambers) directly placed upstream
the exit window is used for online monitoring of the applied dose as well as critical beam
parameters during treatment [17]. In case any deviations from expected values are detected,
the unit immediately evokes an interlock. The quality control of this unit is consequently of
major importance to guarantee patient safety. The ionization chambers are commonly
calibrated in terms of ions per monitor unit against a reference chamber located at the
isocentre at regular intervals. In this context also any dependence of the calibration factors on
particle flux or fluence must be controlled. Apart from measuring the beam position, the
position sensitive detectors within the monitor unit allow controlling of the beam size (e.g.,
full width at half-maximum). Again, the detector is calibrated against a reference detector
(possibly a suitable film) located at the isocentre.

As in the case of proton beams, the range of the carbon ions and thus the distal
position of maximum dose deposition (see chapter 1 above) within the tissue is primarily
determined by the particle energy. However, compared to proton beams, carbon ion beams
experience less lateral broadening and thus additionally offer the advantage of more precise
dose localization also in a plane perpendicular to the beam direction [18].

The proper operability of the part of the safety-interlock system that causes immediate
beam interruption in case of any malfunction on machine (i.e., accelerator, beam transport or
scanning magnet) level must be checked on a daily basis. Parameters to be controlled include
the correct positioning of any movable parts in the beam line or the correct functioning of the
beam allocation unit responsible for distributing the ion beam to possibly several treatment
rooms within the facility.

The alignment of hardware components is typically controlled during a QA program
by comparing experimentally obtained dose distributions (e.g., lateral/distal dose profiles or
shadow images) either with reference data obtained during commissioning or theoretical
values obtained from simulation.

The quality assurance programme must be expanded to include the test of angular
dependence of any of the above mentioned checks in case a gantry is employed. Additionally
the testing of the mechanical characteristics of individual rotating components as well as the
overall integrity of the rotating motion must then be included.
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In order to guarantee a cost effective operation of the carbon ion therapy facility, the
amount of time required for the quality assurance program, must be kept to a minimum while
at the same time guaranteeing a complete coverage of all critical system parameters. Note that
this in particular applies to any QA tasks that have to be performed on a daily basis.
Consequently, an optimized QA procedure has to be setup that comprises the automation or
semi-automation of a maximum number of individual QA tasks. While the above mentioned
safety-interlock system may at least partly be tested using a pure software approach and thus
lends itself to automation, this is not the case for beam parameter and dosimetric
measurements. The time required and the amount of manual interaction for the latter part of
the QA program can be reduced if a robot system is employed. In this case the required
detectors, phantoms, and auxiliary instrumentation may be positioned automatically with
direct data transfer to the control system.

6.2. Patient QA

Quality assurance of the plan can either be done by transferring the treatment plan to a
phantom geometry, followed by measurements and comparisons of measured and calculated
data, or by comparison to another independent calculation.
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Abstract

The rationale for introducing ion beams in cancer therapy is the high level of physical
selectivity that can be achieved with ions, equal or even better than with proton beams or
modern photon techniques, as well as the potential advantage of high linear energy transfer
(LET) radiations for some tumour types and sites. The radiobiological arguments for the
potential benefits of the use of high LET radiation in cancer therapy are reviewed: reduction
of radioresistance due to hypoxia and poor reoxygenation in some tumours, and the lesser
importance of repair phenomena which are a problem in controlling repair-proficient photon-
resistant tumours. Fast neutrons were the first type of high LET radiation used clinically, and
were often applied under suboptimal technical conditions. Nevertheless, useful clinical
information was derived from the neutron experience. A greater benefit from neutrons than
from conventional radiotherapy was not found for all tumour sites, but a benefit was observed
for a few particular tumour sites. Based on the fast neutron experience, radiobiological
arguments, and the added benefit of the excellent physical selectivity of ion beams, the
potential clinical indications for high LET ions are discussed: these are hypoxic and/or slowly
growing and well-differentiated photon-resistant tumours. One of the main remaining issues is
the selection of individual patients for high- or low LET radiotherapy. Since the physical
selectivity of ions now matches that obtained with other techniques, the selection of patients
will be based only on the radiobiological characteristics of the tumours.

1. Introduction

The rationale for introducing ion beams in cancer therapy is two-fold: first a high
physical selectivity can be achieved with ions, comparable to (or even better than) proton
beams or modern photon therapy techniques such as conformal therapy, intensity modulated
radiation therapy (IMRT), and modern brachytherapy. Second, there is the potential
advantage of high LET radiations in reducing the resistance of certain tumours to low LET
photon, electron and proton beams.

Fast neutrons, and neon and carbon ions are the high LET radiations that have been
used in radiation therapy. Radiation quality remains rather constant as a function of depth in
neutron beams, while the LET increases significantly with depth in the ion beams as the
energy of the particles decreases.
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Fast neutrons were often applied under suboptimal technical conditions, and this
aspect must be taken into account in retrospective evaluation of the clinical neutron data. In
contrast, with ions, a high level of physical selectivity can be achieved because of the Bragg
peak.

The following issues are addressed:

(1) The radiobiological arguments for high-LET radiation in cancer therapy, (2) some
lessons derived from the clinical experience with fast neutrons, (3) the difficult problem of
patient selection between low- and high LET radiation.

2. Radiobiological Arguments

Fast neutrons were the first of the "non-conventional" radiation types to be used in
clinical radiation therapy [1, 2, 3, 4]. Large series of radiobiological experiments were
performed in the 1970s and later, in order to identify the best way of using fast neutrons. Most
of the radiobiological conclusions are valid also for other types of high-LET radiation,
including modern ion-therapy programmes.

Historically, the oxygen effect was the rationale for introducing fast neutrons in
radiotherapy:

(1)  hypoxic clonogenic cells are present in malignant tumours, generally at the level of a
few percent; they result from the fast and anarchic proliferation of the cancer cells.
There is chronic hypoxia in cells at the periphery of tumour cords around the
microvasculature, as well as transient hypoxia in whole cords caused by the transitory
closure of these blood vessels.

(1i1) hypoxic cells are =2—3 times more radioresistant than well oxygenated cells (OER~2-3)
with low-LET radiation. The presence of a small percentage of hypoxic cells (1% or
even 0.1%) can make the tumour radioresistant to high single doses. If the
reoxygenation phenomenon during fractionated treatment is inefficient, the continuing
presence of hypoxic cells may make the tumour resistant to cure using photons.

(iii)) the OER decreases when LET increases [5]. It decreases down to about 1.6 for fast
neutrons, and is close to unity for alpha particles (OER=1.3 and 1.0 for alpha particles
of 4 and 2.5 MeV, i.e. for 110 and 160 keV/um, respectively).

When carbon ions are spread out to irradiate a tumour volume, the high-LET
component is diluted and the resultant OER is about 1.5, a value similar to that for neutrons.
Hence the potential for better irradiation of hypoxic compared to oxic cells is not improved
with ions compared to neutrons, but this feature is in addition to the much improved dose
distribution with ions and the high biological dose (RBE>1) delivered to the planning target
volume (PTV) in the spread-out Bragg peak (SOBP) (Figure 1, [6, 7]).
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FIG. 1. Variations of absorbed dose and weighted dose Dgo for radiation quality (RQ) (dotted
line, right ordinate) as a function of depth in a 152 MeV proton beam (top panel, courtesy of
P. Andreo) and a 290 MeV carbon-ion beam (bottom panel, HIMAC, NIRS/Chiba, Japan,
redrawn based on the data of Gueulette et al. [6] and Tsujii et al. [7]). For protons, the RBE
is 1.1 at all depths. For ions, the RBE increases with depth (see Figure 3, note this is for
single not fractionated doses), and this increase is significant at the level of the SOBP.
Therefore to obtain a homogeneous RQ weighted dose at the level of the SOBP, the absorbed
dose should decrease progressively with depth. The RBE of 3, selected at the middle of the
SOBP, is a clinical decision of the HIMAC radiation-oncology team based on past clinical
experience with fast neutrons. The numerical values of RBE are indicated in the Figures. The
fragmentation tails are not shown.
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In principle, a reduction in OER should be an advantage nearly always when treating
poorly reoxygenating tumours, because most normal tissues are either well oxygenated or are
homogeneously slightly hypoxic [8, 9]. A notable example of normal tissue hypoxia is
laryngeal cartilage, sensitized by hyperbaric oxygen treatment [10].

Attempts to deal with the potential therapeutic problem of radioresistant hypoxic
tumour cells have had various degrees of success e.g. hyperbaric oxygen increased tumour
control rates by on average 10% [10], radiosensitising chemicals such as nimorazole by
11-16% [11], and other bioreductive agents cytotoxic for hypoxic cells have shown promise.
Nonetheless, the use of these agents is still not widespread.

However, it is recognized that there is variability in hypoxia between tumours, even
between tumours of the same type in the same body site. The fraction of tumours that are the
most hypoxic will benefit most from these sensitizing procedures, and benefit more than the
average amount for all tumours. This applies also for ion therapies, and this patient selection
issue is discussed below.

Regarding cell cycle effects, cells in stationary phase and in S phase are significantly
more radioresistant to photons than G2/M cells. Increasing the LET reduces the differences in
radiosensitivity related to the position of the cells in the mitotic cycle [12]. Hence variability
in cell radiosensitivity in the mitotic cycle is reduced, but any benefit of this reduction for
high-LET therapy remains unclear.

There is a large amount of energy deposited in the critical cellular target by a single
high-LET particle track. Cells are more sensitive to ions than to photons, and there is less
variation in response between cell types (Figure 2). Repair phenomena are less, so there is
less effect of fractionating the doses. RBE is a function of dose and tissue type, as observed
using neutrons (Figure 3, [13]) and ions (Table I [7]). High-LET radiation should be
particularly efficient against cancer cells that have a high capability for repair, hence in
principle beneficial for prostate tumours that have a high fractionation sensitivity (low o/p
ratio).

For protons, the RBE is 1.1 at all depths. For ions, the RBE increases with depth
(Figures 1 and 4 [2, 6, 7]), and there are measurements of this using cell cultures as well as in
vivo systems. Therefore to obtain a homogeneous radiation-quality (RQ) weighted dose at the
level of the SOBP, the absorbed dose should decrease progressively with depth.
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FIG. 2. Survival curves of 10 melanoma cell lines (top 2 panels) and 11 squamous carcinoma
cell lines (bottom 2 panels) after X-irradiation (left 2 panels) or carbon ion irradiation (right
2 panels). These show the reduced variation in response to carbon ions compared to X rays

(giving different values of RBE), and the lesser curvature of the survival curves for carbon

ions compared to X rays (giving higher values of RBE at lower doses) (Courtesy of K. Ando).
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[13]. These features are also seen with carbon ions (see Table I).
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FIG. 4. Variation of RBE as a function of depth in the 290 MeV carbon-ion beam at
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that are indicated. The SOBP is 6 cm thick. The left-hand side presents the full
radiobiological dose-effect curves obtained for the ions at the four depths and for *’Co. The
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for single doses, and hence they are lower than the values portrayed in Figure 1 bottom
panel, that apply for lower doses per fraction used in multifractionated schedules) [6]).
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TABLE I. RELATIVE BIOLOGICAL EFFECTIVENESS (RBE) VALUES OF
MODULATED 290 MEV/AMU CARBON-ION BEAMS PRODUCED BY THE HEAVY-
ION MEDICAL ACCELERATOR, CHIBA, JAPAN

RBE Values
Single Dose Four Fractions
Position (LET* (keV/pm)

Cell Culture Skin Reaction Skin Reaction

Entrance 22 1.8 2.0

SOBP (6 cm)

Proximal 42 2.1 2.1 23
45 2.2 2.2

Middle 48 22 23
55 2.4 23

Distal 65 2.6 23 29
80* 2.8 24 3.1

Distal fall-off 100 e e 3.5

*Linear energy transfer (LET) value of fast neutrons used in cancer treatment at the National
Institute of Radiological Sciences, Chiba, Japan, is also 80 keV/um [7].

Unfortunately, the sparing of late normal tissue reactions by low dose fractions, the
feature that underpins the success of hyperfractionated photon therapy [14], is reduced in the
case of high-LET therapy. There is also less long-term repair [15] and more residual injury in
normal tissues [16] after high-LET irradiation.

One feature of high-LET therapy is that the reduced influence of dose per fraction
leaves more flexibility for selecting the fractionation scheme, and it was suggested as
reasonable for neutrons in the past to shorten the overall time and to deliver the total dose
tolerated by the relevant “late-effect” tissues(s) in the shortest time consistent with acceptable
acute response [17]. A shortening of overall treatment time for ion therapy is being practiced
and further developed for lung cancer in Chiba, Japan [see Chapter 9].

There are several radiobiological considerations relating to the field edge. For protons,
most of the radiobiological data show an increase in RBE of 5-10% (above the common
value 1.1 at all other depths) in the distal part of the SOBP. Because of the significant
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increase in LET at the end of the proton tracks, the “biologically effective range” of the
proton beam is increased in depth compared to the physical range. This increase reaches ~1-2
mm for ~100-200 MeV beams respectively, and it is recommended to take this into account
for clinical treatments. Nuclear fragmentation of the ion beams is a disadvantage because
some energy is deposited beyond the Bragg peak. However, this aspect is probably not very
clinically significant because the dose is low and the fragments are low-LET particles.

There is a phenomenon of cellular hypersensitivity to low photon doses, as delivered
in the edge of field margins, and this effect is absent for high-LET radiation [18]. Hence, if a
high-LET ion dose to the target is calculated to be similarly effective to a low-LET treatment,
then the edge of the ion field could be slightly under-dosed relative to photons. In theory, this
might be compensated for by the ion range extension due to the fragmentation tail. However,
it is not known if the photon hypersensitivity effect does apply or not in field margins. In
practice no allowance is made for this potential effect with photons, or for the range extension
effect for ions, when comparing photon and ion fields.

These radiobiological data indicate that high-LET radiations have a potential benefit
for the treatment of some cancer types or sites, namely those tumours that are inherently
photon-resistant due to high repair capability or marked hypoxia. The radiobiological data
obtained in the 1960s with neutrons were not contradicted by more recent radiobiological
findings. On the other hand, these data imply the need to identify those patients that are likely
to benefit from high-LET radiation.

Schematically, the clinical situations have been described with three possible
scenarios [19, 20]. Photons are selectively efficient against radiosensitive tumours compared
to the more-resistant surrounding normal tissues. Some typical examples are seminomas,
lymphomas, and Hodgkin’s disease. In contrast, with photon-resistant tumours, high LET
brings a benefit by reducing the differential in radiosensitivity which protects the malignant
versus the normal cell populations. A third favourable situation is when the greater photon-
resistance of the cancer cell population is due to the presence of hypoxic cells. These reasons
and the known variability in biological characteristics between patients illustrate why high-
LET radiation cannot be expected to bring a benefit in all cases: it stresses the importance of
patient selection.

3. Clinical Data

Most of the clinical data available today for high LET radiation were obtained with
fast neutrons. In some body sites there was generally no consistent benefit of the use of
neutrons rather than photons e.g. [21]. However, the present short review concentrates on
those sites where there was some consistent evidence of therapeutic benefit, and the potential
biological reasons for this benefit are highlighted. Some conclusions from the neon-ion pilot
study at Berkeley are also briefly reviewed.

3.1.  Salivary Gland Tumours

For inoperable, incompletely resected or recurrent salivary gland tumours, a
significant advantage for neutrons was recognized. The European data [22] are pooled in
Table II: the local control reached 65% for neutrons versus 25% for comparable historical
series treated with low LET techniques.

On the other hand, a randomized cooperative study initiated by the RTOG and the
MRC, showed at two years, a significant advantage for neutrons compared to photons for
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loco-regional control (76 vs 17%, P<0.005) and a trend towards improved survival (62 vs
25%). Analysis at ten years continued to show a striking difference in loco-regional control
(56% for neutrons vs 17% for photons, P=0.009), but both groups experienced a high rate of
metastatic failure [23].

TABLE II. POOLED EUROPEAN DATA OF LOCAL CONTROL IN ADVANCED
SALIVARY GLAND TUMOURS AFTER FAST NEUTRON IRRADIATION

Reference Number of patients Local control (%)
Catterall (1987) 65 48 (74%)
Battermann and Mijnheer (1986) 32 21 (66%)
Duncan et al. (1987) 22 12 (55%)
Prott et al.(1996) 64 39 (61%)
Kovécs et al. (1987) 15 13 (87%)
Kriill et al.(1995) 74 44 (59%)
Skolyszweski et al. (1982) 3 2
Overall 275 179 (65%)

(From Kriill et al. [22], where original references can be found]).

Neutron beam therapy was recognized as the treatment of choice in patients with
unresectable or recurrent malignant salivary gland tumours or in patients where radical
resection would require facial nerve sacrifice. The fact that salivary gland tumours are rather
superficial explains that the inferior physical selectivity of the neutron beams was not too
much a handicap.

However, in the future, it is possible that modern surgical or low-LET irradiation
techniques may reduce the clinical indications for high-LET radiation.

3.2. Prostatic Adenocarcinoma

The typical slow growth rate of prostatic adenocarcinoma was used as the first
argument for exploring the value of fast neutrons (high-LET) in the treatment of this disease
[24]. Later on, the low o/ ratio provided the radiobiological basis to the expected benefit of
high LET in this site [25]. Among the numerous published data, only two randomized trials
initiated for locally advanced prostate tumours are considered here.

In the United States, the RTOG (Radiation Therapy Oncology Group) compared
"mixed beams" (a combination of photons and neutrons) to conventional photons [24]. Both
loco-regional control and survival were significantly superior after mixed-beam irradiation
[23].

75



In 1986, the Neutron Therapy Collaborative Working Group (NTCWG) compared
neutrons (alone) and conventional photons. A significant difference (P<0.01) was observed in
"clinical" loco-regional failure, with actuarial 5-year failure rates of 11 vs 32% after neutrons
and photons respectively [26]. Inclusion of routine post-treatment biopsies resulted in 5 year
"histological" loco-regional failure rates of 13 and 32%, respectively (P=0.01) [23].

Due to the long natural history of recurrent prostate cancer, longer follow-up is
required to assess the ultimate impact of the improved local control on survival. PSA patterns
confirmed the advantage for neutrons.

Late sequellae, mainly large bowel complications, were similar in the neutron and
photon groups where the technical irradiation conditions were comparable (i.e., use of a
multileaf collimator for neutrons).

Since these results were obtained, a number of novel techniques have been developed
for the treatment of prostatic adenocarcinoma at different stages of disease progression. These
alternative techniques (such as IMRT and modern brachytherapy) may influence the
proportion of patients suitable for high-LET techniques, but the conclusion of these clinical
trials on the radiobiological advantage of high LET remains valid.

3.3.  Other Tumour Sites or Types

For other tumour sites or types, which may possess similar radiobiological
characteristics to prostate tumours, such as slowly growing soft tissue sarcomas, fixed lymph
nodes in the cervical area, locally extended antrum tumours, and some bronchus carcinomas,
the available data individually show a benefit for neutrons, each time neutron therapy was
applied in appropriate technical conditions. Randomized studies would be needed to confirm
the benefit of high-LET for these particular sites [27, 28].

3.4. High-LET Ion Data

The pioneer ion-therapy programme was initiated at Berkeley and 433 patients were
treated between 1975 and 1992 [29]. The Berkeley programme was limited by the availability
of the machine and its complexity (which resulted in many unscheduled down-times) and as a
consequence there was a patient recruitment problem. Nevertheless a great deal of valuable
radiobiological and clinical information was obtained (Table III) [29].

The clinical results obtained with neon ions in Berkeley are compared in Table IV
with some fast neutron therapy results [20]. Although the recruitments are not comparable, it
should be pointed out that tumour types or sites for which an advantage was found with neon
ions are those for which an advantage was also found with fast neutrons. This suggests a
specific "high-LET" benefit.

Along the same line, the clinical experience gained at NIRS in Chiba with fast
neutrons was the basis for identifying the patients suitable for high-LET therapy and to select
the best weighting factor to take into account the RBE [7]. The clinical results obtained at
Chiba and GSI-Darmstadt are presented in detail elsewhere in these proceedings.
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TABLE III. SUMMARY OF THE CLINICAL RESULTS OBTAINED WITH HELIUM
IONS AND NEON IONS AT BERKELEY

Tumour site Local control rate with:
Helium ions Neon ions Conventional
treatment
Salivary gland 80% 28%
(10 patients) (188 patients)®
Nasopharynx 53% (13 patients) 63% (21 patients) 21% (97 patients)
Paranasal sinus (UCSF)
Sarcoma 65% (17 patients) 45% (24 patients) 28%"
Prostate 100% 60-70%"
(9 patients)
Lung 39% 22-40%
(18 patients) (UCSF)
Brain/glioblastoma 17 months 9-12 months
(13 patients) (UCSF, RTOG,
NCOG)

*Literature review (Modified from [29])
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TABLE IV. SIMILARITY OF SOME CLINICAL RESULTS OBTAINED WITH NEON
IONS AND FAST NEUTRONS (I.LE. EXTERNAL BEAM, HIGH-LET RADIATION)

Tumour site or type Local control rates after treatment with: *
Fast neutrons Neon ions
Pooled data) (Berkeley)
Salivary gland tumours 67% 80% (25-30%)
Paranasal sinuses 67% 63% (=20%)
Fixed cervical lymph nodes 69% (55%)
Sarcomas 53% 45% (30-40% )
Prostatic adenocarcinoma T7% 100% (30-70% b)

a

in parentheses, the best estimated ranges of local control currently obtained with
conventional photon therapy, for comparable (not randomized) patient series.

® depends largely on recruitment. (from EULIMA [20])

4. Criteria for Patient Selection for High-LET Radiotherapy
4.1.  Selection of Patients based on Tumour Hypoxia

Because of the oxygen effect and the reduction of OER with increasing LET, tumours
with a high proportion of hypoxic cells and poor reoxygenation pattern would in principle be
an indication for high-LET therapy.

Among various techniques able to detect hypoxia (reviewed in [30]), polarographic
measurement (e.g. Eppendorf probe) is the only method for which a correlation to treatment
outcome has been extensively demonstrated in different human tumour types, e.g. cervix,
head and neck lymph nodes, sarcoma [31, 32, 33]. Nevertheless, until now, use of this
technique has not become routine clinical practice due to its relatively low sensitivity at low
oxygen concentrations and some logistic constraints.

The use of the so-called "hypoxic cell chemical markers" (e.g. nitroimidazole, EFS,
EF3) represents an attractive alternative to polarographic measurements (see review in [34]).
These markers are nitroheterocyclic copounds, which exhibit a particular metabolism under
hypoxic cellular conditions. When labelled with an appropriate radioactive isotope, these
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reduced moieties can be detected by nuclear medicine techniques [35, 36, 37; Figure 5].
Binding assays with the 2-nitroimidazole compounds have a maximum sensitivity at low pO2
concentrations (< 10 mm Hg) and are not influenced by tissue necrosis where drugs are not
metabolized. A recent report strongly suggested that pimonidazole binding could predict for
treatment outcome of head and neck squamous cell carcinoma [38].

Pre-Treatment

FIG. 5. Examples illustrating the clinical relevance of detection of tumour hypoxia in vivo
using "*F-labeled misonidazole.

Top left: CT transverse section showing an extended tumour of the base of tongue (T4 N3 M0
squamous cell carcinoma). Top right: PET reveals a large hypoxic area at the level of the
tumour volume. The patient was thus considered to be an indication for high-LET radiation
(in this case fast neutrons). Bottom left: metastasis of a renal cell carcinome at the level of the
posterior arc of the vertebra. Bottom right: the PET image does not reveal an important
hypoxic component. Irradiation could thus be performed with photons (low-LET). An
important hypoxic component would justify a high-LET irradiation but with the risk of
myelitis (the RBE for late myelitis is indeed high) [35].
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Few attempts have been made so far with these markers in the framework of patient
selection for high-LET radiotherapy. However, the potential clinical relevance of this type of
research is recognized.

In principle, the use of molecular markers requires a representative tumour biopsy.
Hence this is feasible to assess the initial level of hypoxia, but is more difficult to assess
reoxygenation where another or even more samples are needed during treatment. The repeated
requirement of this invasive procedure for reoxygenation measurement is also the case with
the Eppendorf probe [6]. Instead, there is hope that non-invasive methods will be developed
for this purpose. MRI signals have shown a correlation with Eppendorf measurements [39],
and PET imaging of vasculature markers may also be useful in this regard [40].

4.2.  Clinical Observations: Doubling Time

The observations of Battermann et al. [41] on lung metastases indicate that slowly
growing tumours benefit from high-LET irradiation (Figure 6). By classifying the tumours
according to their degree of histological differentiation, Battermann also reached the
conclusion that 80-90% of the differentiated tumours had a doubling time >100 days and
would therefore be likely to benefit from high LET. The clinical results accumulated over
more than 25 years confirmed these predictions.

5. Predictive Tests

Much hope has been placed in individual predictive tests, which would allow the
radiation oncologist to select the optimal treatment modality based on the characteristics of
the individual tumours measured in vitro (from a biopsy sample) [42]. Several tests have been
evaluated: intrinsic radiosensitivity measured after a test dose (e.g. 2 Gy), micronuclei,
premature chromosome condensation (PCC), potential doubling time (Tp), hypoxia markers
(see above) [43], and others. So far, none of such tests is currently used to orientate the patient
to different dose levels or dose modifiers of low-LET radiation (or to high-LET radiation
instead). This is because the tests are not sufficiently accurate in prediction and/or are not
sufficiently robust.

However, radiobiological modeling of clinical photon data shows the potential of
accurate predictive tests in improving tumour control rates without increasing morbidity [44].
For example, one might increase the dose to the 95% of the patients who are predicted not to
show severe late reactions. Hope is currently pinned on molecular profiling which may show
a more comprehensive predictive picture of radiation response.
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FIG. 6. RBE of neutrons for regression of lung metastases in patients versus tumour volume
doubling time [41]. The closed circles correspond to measured values of RBE. The open
circles correspond to values estimated from irradiation with neutrons only. For the 15 MeV
neutrons used in this study [produced by a (d,T) generator], the RBE for the tolerance of the
most relevant normal tissues is about 3. As a consequence, neutrons were a good indication
(RBE>3) for tumors having a doubling time greater that ~100 days. This is assumed to be due
to the reduction by neutrons of efficient (slow) repair causing photon-resistance of these
tumours. In contrast, high LET (neutrons in this case) should not be used for rapidly growing
tumors as the RBE for tumour regression is higher than the RBE for late tolerance of normal
tissues.

6. Discussion

Over the last decades, a lot of effort has been devoted to improve the efficacy of low-
LET radiation therapy by improving the physical selectivity, e.g., conformal therapy, IMRT,
tomotherapy, modern brachytherapy, and others [45]. The availability of high-LET ion beams
adds another dimension to this effort: a potential improvement due to the radiobiological

differential effect for some tumour types or sites, coupled with the better physical selectivity
[46].
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Fast neutrons were the first high-LET radiations to be used clinically. The neutron
experience is difficult to interpret and is still a matter of controversy. From randomized trials,
a statistically significant benefit of high-LET over low-LET radiation was not demonstrated
as a generalization, but it was demonstated in the particular cases of locally advanced salivary
gland tumours and prostatic adenocarcinomas. In addition, a number of studies indicated a
benefit for slowly-growing soft tissue sarcomas and some locally-extended head and neck
tumours (with fixed lymph nodes). These clinical observations are consistent with the
radiobiological data predicting a potential benefit for slowly-cycling repair-proficient and/or
hypoxic tumours.

When using the neutron data to derive the clinical indications for ion therapy, the
following two factors have to be taken into account. Firstly, the poor physical selectivity
available in most of the neutron facilities was a great handicap for neutrons and were
considered partly responsible for the increased level of late complications. However, ions
achieve the best possible physical selectivity compared to any low-LET technique. Secondly,
in the previous studies, neutrons were compared to the best available photon techniques of the
day. The recent and dramatic developments in photon irradiation techniques may, in practice,
reduce the current estimates of the clinical gains from the use of ions.

These two factors being taken into account, the potential advantages of ions can be
summarized in four points [47]:

(1) The physical selectivity of the ion beams is comparable to, or better than, the best low-
LET therapy techniques. The penumbra is narrow and the dose ratio between the SOBP
and the initial plateau is high. Nuclear fragmentation of the heavy-ion beams is a
disadvantage because some energy is deposited beyond the Bragg peak. However, this
aspect is probably not very clinically significant because the dose is low and the
fragments are low-LET particles.

(2) The LET in the ion beam, and therefore also the RBE, increases with depth, and this
increases the ratio of the "RQ (radiation quality) weighted doses" between the SOBP
and the initial plateau.

(3) At the level of the SOBP, where the planning target volume (PTV) is located, high LET
makes heavy-ion beams specifically effective for the treatment of some tumour types
that are resistant to low-LET radiation.

(4) With fractionated ion irradiation, there is a reduced possibility for repair at the level of
the SOBP where the Planning Target Volume (PTV) is located. In contrast, the normal
tissues located outside the SOBP, at the level of the initial plateau, are exposed to low
LET radiation and thus benefit from a significant repair opportunity between fractions
[48]. Therefore, fractionation in heavy-ion therapy brings this radiobiological advantage
that should be optimized. However, it is recognized that this radiobiological advantage
needs to be balanced against some economical considerations.

Today, ions appear to be one of the most promising radiation therapy modalities for
selected tumour types and/or body sites. Table V [22, 23, 24, 26, 27] summarises the best
estimate of the clinical indications for ions based on radiobiology. However, the selection of
those patients who would benefit most from high-LET radiations remains a difficult issue
because of the lack of sufficiently accurate and robust predictive tests for high-repairing
and/or hypoxic tumours, and for radiosensitive normal tissues. As illustrated in Fig 6, patient
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selection between low- and high-LET is fully a radiobiological issue, not technique or
machine related [49].

When patients are treated using ions, prescribed doses need to be chosen. There are
currently two methods for this, one method has been developed in Chiba and the other in
Darmstadt. In Chiba it is assumed that the carbon ion beam is clinically equivalent to fast
neutrons at the point where the dose-averaged LET value is 80 keV/um, called the neutron
equivalent point. Therapy experience in Chiba indicated that their neutron beam has a clinical
RBE of 3.0. The carbon ion RBE is normalized to 3.0 at the point in the SOBP where the LET
is 80 keV/um. Then the clinical SOBP shape is deduced by multiplying the biological SOBP
shape by a constant factor equal to the ratio of the clinical RBE to the biological RBE
determined at the neutron equivalent point.

The method in Darmstadt (the Local Effect Model) is based on the radial track
structure of particles, and the photon response characteristics to fractionated doses. Hence it
does not rely on previous clinical high-LET experience, and an RBE is not used. The model
predicts a proton RBE for clinical use of 1.2—1.3, slightly higher than the value 1.1 generally
recommended. It predicts fairly well the observed tumour control probability versus dose
curves for lung cancer using neutrons [41] and ions [7]. For the treatment of skull base
tumours in Darmstadt, the photon o/} value is chosen for late reactions in the brain, the local
RBE is calculated at each point based on their model, then the values are integrated over the
tumour volume to optimize the dose for minimum late reactions.

The principal differences between two methods are (1) regarding the physical model,
NIRS/Chiba uses dose-averaged LET and dose, whereas GSI/Darmstadt uses the radial track
structure of each ion and fluence, and (2) concerning the biological model, NIRS/Chiba uses
the linear-quadratic (LQ) model whereas GSI/Darmstadt uses their Local Effect Model with a
modified LQ model, and (3) regarding the clinical considerations, NIRS/Chiba base their dose
prescriptions on tolerance for early skin reactions and their previous neutron data for this
endpoint, whereas GSI/Darmstadt base their prescriptions on late tissue reactions. Discussions
and intercomparisons between the two centres has led to the finding that the physical and
biological measurements are in agreement, but GSI/Darmstadt dose prescriptions lead to the
use of a 15% higher clinical RBE than at NIRS/Chiba. This is due to the different clinical
endpoints being used at the two centres as the basis for the dose prescriptions.

Finally, for all new therapy modalities, it is important that protocols and results be
described, reported and analysed applying the terminology, concepts and approaches that are
internationally accepted in order to be able to compare, evaluate, interpret and understand the
clinical observations [50, 51, 52, 53]. In particular, continuous reference should be maintained
with the traditional/reference radiation therapy modalities in order to get the maximum benefit
from long standing clinical experience. The recommended specification of dose prescriptions
is described in Chapter 11.
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TABLE V. INDICATIONS FOR ION THERAPY BASED ON HIGH-LET CLINICAL
EXPERIENCE AND RADIOBIOLOGICAL DATA

1. Clinical experience with fast neutrons

— salivary gland tumours and adenoid cystic carcinoma ©

— prostatic adenocarcinoma®
— soft tissue sarcomas (slowly growing)

— fixed cervical lymph nodes

— some selected lung NSCLC series(non-small-cell-lung-ca)®©

2. Combination of physical selectivity and high-LET radiation
— uveal melanoma
— base of skull (chordomas'®)

— other brain lesions

3. Tumour characteristics

— hypoxic and slowly-reoxygenating tumours (hypoxia can now be detected using PET

and other techniques)

— slowly growing/well differentiated/repair-proficient tumours.

@ Jocally extended, inoperable, incompletely resected or recurrent tumours, compared to low-

LET techniques [22, 23]

® Jocally extended, compared to fractionated photon beam therapy (RTOG74-04 trial [24];

NTCWG85-23 [26]
) NTCWGS5-22 [23]; NIRS-Chiba [54].

@ MGH-Boston [55]; CHR-Orléans [27]; the GSI-Darmstadt experience.
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REVIEW OF RBE DATA ON ION BEAMS FROM CHIBA:
INFLUENCE OF LET AND BIOLOGICAL SYSTEM

K. Ando

Heavy-Ion Radiobiology Research Group,
National Institute of Radiological Sciences,
Chiba, Japan

Abstract

Published papers have been searched that describe the biological effectiveness of ions
accelerated by the HIMAC synchrotron, and the relative biological effectiveness (RBE)
values have been reviewed. Some data using the Chiba cyclotron are also included, but those
obtained by using other accelerators are excluded from this overview. RBE values of ions
accelerated by HIMAC synchrotron were collected from 39 published papers. A wide range
of RBE values was observed for both carbon ions and other ions including neon, silicon,
argon and iron ions. When RBE values were plotted against LET below 100 keV/um, linear
regression analysis could be performed for several endpoints. The slope of the regression
largely depended on the biological system/endpoints, and implies that there is a variation
between tumour cells in their response to increasing LET.

1. Introduction

Biological research of ion beams at Chiba initially started in the early 1980°s using a
cyclotron, and advanced to use low energy heavy ions generated by the RIKEN ring cyclotron
at Wako. Since 1994 when the HIMAC synchrotron was introduced at Chiba, research
activities of biology expanded a lot and more than 50 research projects have been run using a
variety of heavy ions including carbon ions. As one of the major concerns for heavy ion
radiobiology is to know the biological effectiveness of heavy ions being used in cancer
therapy, knowledge on carbon ions has been accumulated most among several types of ions.
Other ions such as He-4, Ne-24, Si-28, Ar-40 and Fe-56 have also been used to investigate
their biological effectiveness. Published papers have been collated that describe the biological
effectiveness of ions accelerated in the HIMAC synchrotron, and the relative biological
effectiveness (RBE) values have been reviewed. Some data using the Chiba cyclotron are also
included, but those obtained by using other accelerators are excluded from this overview.

2. Data Collection

The resource of papers searched was mainly a book named “Progress of HIMAC for
10 YEARS” (in Japanese, NIRS-M-177, ISBN 4-938987-27-9, HIMAC-093) that was
published in 2004 by our institute. The book contains major results obtained by using HIMAC
ion beams in the field of not only biology but also physics and therapy. Papers published in
the past 10 years were found as references listed in the book. Relevant papers were also
searched on the Internet, even though efficiencies of the search were limited.

Of 71 papers checked, 39 papers provide a total of 425 RBE values. When authors
describe RBE values along with dose response data, those values were used. In cases where
authors showed dose responses but did not cite any RBE values, a line was drawn of isoeffect
in the dose-response curves to read corresponding doses of ions and of reference photons. As
reference beams, 7 papers used gamma rays while 32 papers used X rays. As biological
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differences in effect between the two photon beams were not adjusted for, RBE values cited
here may differ by a factor of up to 1.2 between papers.

2.1. Carbon versus Other Ions

A total of 34 papers present 321 RBE values for carbon ions whereas 104 RBE values
are identified from 10 papers for iron ions [1 — 10], 8 papers for silicon ions [1, 3, 11, 4, 5, 6,
9, 10], 3 papers for argon ions [3, 4, 9], and 1 paper each for helium [12] and neon [10] ions.
Several papers provide RBE values for more than two types of ions. RBE values for carbon
ions and other ions are plotted against dose averaged LET (linear energy transfer) (Fig. 1).
The LET of carbon ions used was distributed between 13 and 240 keV/um, and the RBE
ranged from 0.2 to 9.6. Mean and standard deviation of the RBE were 2.11 and 1.17,
respectively. The LET of other ions was distributed between 18 and 440 keV/um, and RBE
ranged from 0.3 to 9.2. Mean and standard deviation of the RBE were 2.51 and 1.73,
respectively. RBE values below 1.0 were reported for carbon ions of 13-80 keV/um,
endpoints being DNA double strand breaks in Chinese hamster V79 cells [4] and dicentric
formation in human lymphocytes [13]. RBE values below unity were also found for other ions
of LET ranging from 18 to 440 keV/um, endpoints being DNA double strand breaks in
Chinese hamster V79 cells [4], chromatid-type breaks in human lymphocytes [5] and killing
of radiosensitive V79-irs1 cells [12]. RBE values larger than 6.0 were reported for carbon
ions of 77-100 keV/um, endpoints being mutation induction in Drosophila larvae [14],
production of chromosome fragments in human melanoma [15, 16, 17] and chromatid-type
breaks in human lymphocytes [5]. RBE values larger than 6.0 were also found for silicon ions
(55 and 150 keV/um), endpoints being transformation in Syrian hamster embryo cells [11]
and chromatid-type breaks in human lymphocytes [12]. RBE values larger than 8.0 were
reported for iron ions of 185-440 keV/um for chromatid-type breaks in human lymphocytes

[6].
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FIG. 1. LET-RBE relationship for carbon ions and other ions.
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FIG. 2. LET-RBE relationship for colony formation.
2.2. Colony Formation

A total of 237 RBE values for various ions were reported using colony formation, and
189 values in 17 papers [18, 1, 19, 20, 21, 7, 22, 15, 16, 17, 23, 24, 25, 26, 27, 9, 10] are for
human cells while 48 values in 8 papers [28, 12, 11, 4, 29, 30, 7, 31] are for rodent cells.

RBE values were selected for human tumour cells and plotted against LET carbon for
ions of up to 100 keV/um (Fig. 2). The slope of a regression line is around 0.02 for brain,
uterus and lung tumour cells. This is also the case for liver and malignant melanoma cells
(data not shown). It is noted that pancreas tumour cells seem to show a shallow slope while
fibroblasts possess a steep slope. However, it is too early to conclude that pancreas tumours
are less suitable than other tumours for carbon-ion therapy. This is because unmodulated
carbon beams were used in the fibroblast experiments while the pancreas-cell experiments
used a spread-out Bragg peak, and the LET spectrum could be different for the same mean
LET.

RBE values of helium, carbon and silicon ions (18-200 keV/um) for mouse cells
ranged from 1.5 to 2.6, and the averaged RBE value is 2.0. An averaged RBE value of 2.5
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with a range from 1.0 to 5.2 is noted for rat cells irradiated with helium, carbon, silicon, argon
and iron ions.

2.3. Chromosome Aberrations

A total of 75 RBE values were found in 13 papers [2, 3, 5, 6, 13, 32, 33, 34, 21, 8, 22,
15, 23]. Figure 3 shows RBE values of human tumour and normal cells, plotted against LET
of carbon ions. Large RBE values were found for malignant melanoma, uterus tumour, brain
tumour and fibroblasts while small RBE values were observed for hepatoma, salivary gland

tumour and lymphocytes. Chromatid-type aberrations were also reported for lymphocytes and
fibroblasts.
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FIG. 3. LET-RBE relationship for chromosome aberrations.
2.4. Experimental Tumours

A total of 30 RBE values of carbon ions were found in 4 papers [35, 36, 19, 37]. The
most extensive data were collected for a mouse fibrosarcoma [36]. Human tumours such as
esophagus, breast and tongue growing in nude mice showed an RBE-LET relation similar to
this mouse tumour (Fig. 4). A regression line of the RBE-LET relationship for the
fibrosarcoma possesses a slope of 0.025, which is similar to or slightly larger than slopes
obtained for several human tumour cell types in vitro.
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FIG. 4. LET-RBE relationship for tumour growth inhibition.

2.5. Normal Tissues

A total 39 RBE values of carbon ions were found in 4 papers [36, 38, 32, 39]. The
most extensive data were collected for mouse skin reactions [36]. Figure 5 shows that the
slope of a regression line for the RBE-LET relationship is 0.019, and similar to slopes
obtained for several human tumour cell types in vitro.

2.6. Genetic Alteration

Two papers describe RBE values for mutation induction and transformation
[11, 14]. Mitotic crossing over is one result of somatic mutation in Drosophila larvae, and
shows an RBE-LET relationship for carbon ions. The RBE increases from 1.3 to 6.5 when the
LET increases from 14 keV/um to 95 keV/um, and the slope of the regression line is as steep
as 0.06. However, RBE values for another type of somatic mutation, intragenic reversion, do
not show an LET dependence. Transformation of hamster embryo cells also shows a clear
RBE-LET relationship, which is similar to the RBE-LET relationship for mitotic crossing
over.
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FIG. 5. LET-RBE relationship for normal tissue damage.

2.7.  Apoptosis

Three papers describe RBE values for apoptosis [28, 31, 9]. RBE values of carbon
ions between 13 and 240 keV/um for 2 Chinese hamster cells are small and range between 1.1
and 1.8. The slope of a regression line between 13 and 80 keV/um is as small as 0.009.

3. Discussion

RBE values of ions accelerated by HIMAC synchrotron were collected from
39 published papers. A wide range of RBE values was observed for both carbon ions and
other ions including neon, silicon, argon and iron ions. When RBE values were plotted
against LET below 100 keV/um, linear regression could be obtained for several endpoints.
The slope of the regression largely depends on the biological system/endpoints, and this
implies that there is a variation between tumour cells in their response to increasing LET
(Table I).
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TABLE I. SLOPE OF REGRESSION LINES FOR THE LET-RBE RELATIONSHIP

Endpoint Cells/Tissues Slope of LET-RBE*  Number of cell
lines/tissues
Apoptosis Chinese hamster cells 0.009 2
Colony formation ~Human
Pancreas 0.009 3
Tongue tumour 0.011 2
Uterus tumour 0.017 6
Brain tumour 0.018 11
Lung tumour 0.021 4
Hepatoma 0.022 2
Melanoma 0.025 1
Fibroblast 0.027 4
Chromosome Human
aberrations Salivary gland tumour 0.018 I
Hepatoma 0.019 2
Fibroblast 0.035 2
Uterus tumour 0.037 6
Brain tumour 0.043 3
Melanoma 0.068 2
Normal tissue Mouse
skin reaction 0.019 1
gut mitotic delay 0.019 1
Tumour Mouse
Fibrosarcoma 0.025 1
Genetic alteration  Drosophila larvae
Reversion 0.00 1
Crossing over 0.06 1
Syrian hamster
Transformation 0.06 1

*: Carbon ions with LET up to 100 keV/um
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Abstract

The attractive advantages offered by the physical dose distributions of heavy charged-
particle beams with a strongly increasing energy deposition at the end of the particle’s range
and with sharp lateral dose fall-off allow tailoring of the dose distribution to the target
volume. This paper reviews the efforts to standardize the dosimetry of therapeutic ion beams
and summarizes the current status of Codes of Practice (CoPs) and protocols for their
dosimetry in reference conditions. The CoP developed at DKFZ, Germany, is nearly identical
to the IAEA-TRS-398. The new Japanese CoP is also very close to the IAEA-TRS-398 and
uses the same set of basic data that are recommended in the IAEA-TRS-398. The small
differences between CoPs are discussed.

1. Introduction

In recent years, there has been an increased interest in the medical community
throughout the world to establish dedicated hospital-based facilities employing heavy
charged-particle beams for radiotherapy. The attractive advantages offered by the physical
dose distributions of heavy charged-particle beams with a strongly increasing energy
deposition at the end of the particle’s range and with sharp lateral dose fall-off allow tailoring
of the dose distribution to the target volume. Today there are three centres performing
radiotherapy with ion beams: the National Institute of Radiological Sciences (NIRS) at the
Heavy Ion Medical Accelerator (HIMAC) in Chiba, the Heavy Ion Beam Medical Centre in
Hyogo (HIBMC) and the Heavy Ion Research Centre (GSI) in Darmstadt, Germany. The
planning of the high-precision conformal therapy with ion beams requires accurate dosimetry
and beam calibration in order to ensure the exact delivery of the prescribed dose. On the other
hand, the extensive exchange of clinical experience and medical treatment protocols needs to
be based on consistent and harmonized dosimetry procedures. This paper reviews the efforts
to standardize the dosimetry of therapeutic ion beams and summarizes the current status of
Codes of Practice (CoPs) and protocols for their dosimetry in reference conditions.

2. Developments in the Dosimetry of Ion Beams

The pioneer dosimetry protocol for heavy charged-particle radiotherapy beams, TG-20
[1] was published by the American Association of Physicists in Medicine (AAPM) in 1986. It
was based on the use of Faraday cups and calorimeters as reference instruments and gave little
attention to ionization chamber dosimetry. Following the current trends in “nuclear particle”
radiotherapy, TG-20 recommended specifying “dose to tissue”. If a calorimeter or FC was not
available, an A-150-walled ionization chamber with a ®°Co calibration factor Ny, traceable to
a standards laboratory was recommended. No beam quality specifier was introduced to select
dosimetric quantities, and stopping power data were provided for two chamber locations
(plateau and peak) only. The stated overall standard uncertainty of calorimetry-based
dosimetry u.(D,,), was 2.1%, but the uncertainty of ionization chamber dosimetry was larger
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by a factor of two, mainly due to the uncertainty of w,;, the energy needed to produce one
ion-pair in air in the ion beam.

The lack of national and international dosimetry standards for ion beams, and the lack
of understanding of details of the relevant physics has had the result that air-filled thimble
ionization chambers with ®*Co calibration factors were recognized in later developments as
the most practical and reliable reference instrument for ion dosimetry. Conceptually, the
recommendations that were implemented at the ion beam therapy facilities at GSI and at
NIRS were based on the use of an air-filled ionization chamber that behaves like a Bragg-
Gray cavity. The formalisms that relate the absorbed dose to the medium to ionization in the
air use the same approximation: to consider that the contribution to the ionization in the
chamber air by particles other than ions can be neglected. Since there were no updated
recommendations available, both groups basically applied the ICRU (1998) protocol [2]
developed for proton beams to carbon beams. NIRS procedure was based on “°Co exposure
calibration, which is available at the Japanese standards dosimetry laboratory [3]. The DKFZ
group adopted the recommendations of ICRU 59 based on ®*Co absorbed dose to water
calibrations [4]. A carbon beam dosimetry intercomparison between two groups that was held
at NIRS in 1999 [3] demonstrated reasonable agreement and established a common
framework for ion chamber dosimetry between two facilities.

A new formalism for clinical ion beam dosimetry was presented in the
IAEA-TRS-398 Code of Practice [5]. It is based on a calibration factor in terms of absorbed
dose to water of an ionization chamber in a reference beam, which, owing to the lack of
primary standards for heavy ions, is taken to be °°Co gamma rays. The IAEA-TRS-398
applies to heavy-ion beams with atomic numbers between 2(He) and 18(Ar) which have
ranges of 2 g cm™ to 30 g ¢ m™ in water. For a carbon beam, this corresponds to an energy
range of 100 to 450 MeV/u. The depth dose distribution of a monoenergetic heavy-ion beam
in water, shown in Fig. 1, has a sharp Bragg peak near the region where primary particles
stop. For clinical applications of heavy-ion beams, spread-out Bragg peaks (SOBP) are
generated so that they include the complete target volume inside the SOBP. As opposed to
most of the therapeutic radiation beams (excluding neutrons), owing to the strong dependence
of the biological response on the energy of heavy ions in clinical applications it is common to
use a biological effective dose [6, 7] instead of a physical dose (absorbed dose to water). The
difference between the two kinds of distributions can be seen in Figs 2a and 2b, where the
lack of uniformity of the physical dose distribution in the SOBP is obvious. As is well known,
the biological effective dose is defined as the physical absorbed dose multiplied by the
Relative Biological Effectiveness (RBE) of the beam for the tissue under consideration. In the
case of heavy ions the RBE varies with depth and with dose delivered to the tissue. The use of
a biological effective dose makes it possible to compare results obtained with conventional
radiotherapy to those using heavy-ion radiotherapy.

In the IAEA-TRS-398, however, the dosimetry of heavy ions is restricted to the determination
of the physical dose using standards of absorbed dose to water disseminated through an
ionization chamber calibrated in terms of absorbed dose to water, Npwo, The reason for this

limited approach is based on the feasibility of using the same formalism and procedures for
all the radiotherapy beams used throughout the world, to achieve international consistency in
dosimetry. The robustness of a common framework for radiotherapy dosimetry will
encourage correlated comparisons of the delivery of absorbed dose to patients, reducing the
number of degrees of freedom in comparing the outcome of a radiotherapy treatment.
Biological studies can then be made on the basis of uniform dosimetry procedures.
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FIG. 1. Depth dose distribution of a monoenergetic 290 MeV/u carbon beam in water.
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FIG. 2(a). Biological dose distributions of therapeutic carbon beams of energy 290 MeV/u.
SOBPs of 20 to 120 mm width are designed to yield uniform biological effect in the peaks

[7.8].
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FIG. 2(b). Physical dose distributions of the beam shown in Fig 2a [7, §].

Heavy-ion beams used in radiotherapy have a distinct physical characteristic for
radiation dosimetry compared to other therapeutic radiation beams [9]. In the case of high-
energy protons, incident particles interact with target nuclei and produce low-energy protons
or heavy ions. When heavy ions pass through beam modulating devices or human tissues,
they produce nuclei fragmented from the projectile and the target nuclei. The nuclei produced
by fragmentation have approximately the same velocity as the incident heavy ions, and
fragmented nuclei reach deeper regions than those where the incident particles stop. Many
kinds of atomic nuclei are present, all with different energy distributions. This fragmentation
of projectiles and targets affects considerably the biological response to heavy-ion beams
influencing the dosimetry of heavy ions. Compared with the depth dose distribution of a
proton beam Fig. 1 shows a tail at the distal end of the Bragg peak, which is due to the
fragmentation of the incident particles. For an accurate determination of absorbed dose from
heavy-ion beams using an ionization chamber, it is desirable to know the energy spectra of the
incident heavy-ion beam, the projectile fragments and also of the target fragmented nuclei.
Very few experimental and theoretical data on the spectral distribution of heavy-ion beams
are available [10—12]. Thus, simplified values for the physical parameters required in heavy-
ion dosimetry with ionization chambers were adopted in the TAEA-TRS-398. The current
practice for characterizing beam quality specification of a heavy-ion beam is to use the atomic
number, mass number, energy of the incident heavy-ion beam, width of the SOBP and range.

As shown in Fig. 2b, the SOBP of a heavy-ion depth-dose distribution is not flat, and
the dose at the distal end of the SOBP is smaller than that at the proximal part. The slope near
the centre of a broad SOBP is rather small whereas that of a narrow SOBP is steep. The
reference depth for calibration should be taken at the centre of SOBP, at the centre of the
target volume. Reference conditions for the determination of absorbed dose to water are given
in Table L.
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TABLE I. REFERENCE CONDITIONS FOR THE DETERMINATION OF ABSORBED
DOSE IN HEAVY-ION BEAMS

Influence quantity Reference value or reference characteristics

Phantom material water

Chamber type for SOBP width > 2.0 g cm™, cylindrical and plane-parallel
chambers.

For SOBP width < 2.0 g cm™, plane-parallel chambers
Measurement depth z,,, middle of the SOBP

Reference point of For plane-parallel chambers, on the inner surface of the window at
chamber its centre. For cylindrical chambers, on the central axis at the centre
of the cavity volume

Position of reference for plane-parallel chambers, at the measurement depth z,.r.

point of chamber
For cylindrical chambers, 0.75 r.,; deeper than z,.,

SSD clinical treatment distance

Field size at the phantom 10 cm x 10 cm, or that used for normalization of the output factors
surface whichever is larger. For small field applications (< 10 cm x 10 cm)
the largest field clinically available

The absorbed dose to water at the reference depth z,.rin water, in a heavy-ion beam of
quality Q and in the absence of the chamber is given by

D, = MQND,W,Q(, kQ,QO (1)

where My is the reading of the dosimeter corrected for the influence quantities temperature
and pressure, electrometer calibration, polarity effect and ion recombination. The chamber
should be positioned in accordance with the reference conditions, as given in Table I Np,,o_ is

the calibration factor in terms of absorbed dose to water for the dosimeter at the reference
quality O, and kg 1s a chamber specific factor which corrects for the differences between

the reference beam quality O, and the actual beam quality O. Because 0O, corresponds to “°Co,
the beam quality correction factor is denoted by k.

When beams are generated by scanning techniques, the dose rate is very high and
general recombination effects must be taken into account. The correction factor for general
recombination should be obtained experimentally by the two-voltage method [13]. When
general recombination is negligible, initial recombination should be taken into account for
heavy-ion beams, especially when the dose is measured using plane-parallel ionization
chambers. The collected ionization current should be fitted by the linear relation,

/i, =1/i, +b/V )
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where V is the polarizing voltage applied to the chamber. The correction factor is given by

ksl:ni = ioo /icol :
2.1.  Values for koo,

Since beam quality specifications are not currently used for the dosimetry of heavy-
ion beams kg values depend only on the chamber type used. Experimental values of the factor
koo, are not readily available and, therefore, in the IAEA-TRS-398 only theoretical values are

given. The correction factor is defined as follows:

(Sw,air )Q (Wair )Q Po

k =
00 (S w,air )Qo (Wair )Qo on

€)

At present no primary standard of absorbed dose to water for heavy-ion beams is
available. Thus all values for kgo for various cylindrical and plane-parallel ionization

chambers in common use are derived by calculation and are based on ®*°Co gamma radiation
as the reference beam quality O,. The notation ko denotes this exclusive use of %Co as the
reference quality. The factors appearing in the numerator must be evaluated for the heavy-ion
beam of quality O, and due to the complexity of the physical processes involved, their
determination represents a considerable undertaking. There is currently no information
available on perturbation factors for ion chambers in heavy-ion beams, and in what follows
they will be assumed to be identical to unity.

The stopping power ratios and W,,-values for heavy-ion beams are taken to be
independent of the beam quality, owing to a current lack of experimental data. The
contribution of fragmented nuclei to stopping power ratios and W, values are also assumed
to be negligible. Constant values of the stopping power ratio and W,;,-value are therefore
adopted here for all heavy-ion beams. These are 1.130 and 34.50 eV respectively. Note that
the W,;,-value corresponds to dry air. As the stopping power ratio s, ., of heavy ions is so
close to that of 60Co, the ko values for heavy ions are dominated by the ratio of W, values
and the chamber specific perturbation factors at ®°Co. This formalism recommended that a
calculated beam quality correction factor be used whenever experimental data are not
available. The overall uncertainty in the determination of the absorbed dose in an ion beam is
quoted to be 2.8% for cylindrical chambers and 3.2% for plane-parallel chambers. The largest
contribution to this uncertainty arises from the uncertainties in basic physics data.

Initially, the dosimetry protocol developed at DKFZ was based on the calibration of
the ionization chambers in a ®°°Co beam in terms of absorbed dose to water and the use of the
absorbed dose to water approach from ICRU 59 [4]. Later modification of the CoP from
DKFZ follows the IAEA-TRS-398 recommendations [14]. The recent Japanese dosimetry
protocol for ion beams [15, 16] also follows the TAEA-TRS-398 Code of Practice, but is
based on the use of ionisation chambers with ®®Co exposure calibration, since the standards
Japanese dosimetry laboratory offers only exposure and air kerma calibrations.

3. CoP for Carbon Ions Developed at the German Cancer Research Centre (DKFZ,
Heidelberg)

At the GSI (Darmstadt) a radiotherapy unit using a '*C beam started patient treatments

in December 1997. For beam application, a magnetic beam scanning system is used together
with an active variation of the synchrotron energy [17]. This way, a three-dimensional
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modulation of the dose in the target can be achieved. The CoP developed at DKFZ for
carbon ions [4, 14] was formulated for thimble ionization chambers that are delivered with
a calibration factor for ®Co gamma rays in dose to water (Np..cos0) and based on
IAEA-TRS-398 [5]. The calibration can be traced to the German national laboratory of
standards PTB (Physikalisch-Technische Bundesanstalt, Braunschweig).

The absorbed dose to water at the effective point of measurement (P.g) of the chamber in an
ion beam is determined by:

Dw (Pe//) = MCorrND,w,C060kQ (4)

Here, Mc,,, is the dosimeter reading M corrected for changes in air density p; incomplete
saturation p,,, and polarity effects of the chamber p,:

MCorr:M.pp.psat'ppol (5)

The calibration factor Np,.co60 1s delivered by the manufacturer. kp is a chamber specific
factor that corrects for the different beam quality of '>C ions and the calibration quality
(*°Co).

3.1.  Correction Factors
3.1.1. Correction for Air Density

The correction for air density is derived using a radioactive check source (*°Sr). From
the ratio of measured charge given in the certificate of the chamber (M) and the measurement
at the actual date (M,,) and a decay factor for the radioactive decay of the check source in the
time ¢, elapsed between the certification and measurement, the correction is:

AR

The resulting correction is then identical to the one given in the IAEA-TRS-398 using direct
measurements of temperature and pressure.

3.1.2. Saturation and Polarization Correction

Although a pulsed and scanning beam is used at the GSI facility, it was assumed that
the correction method for continuous radiation applied. The reason is the slow accelerator
extraction mode, with pulses of about 1 s duration. Secondly, the scanning keeps the beam
stable at each spot for several milliseconds, which is far more than the average transit times of
the ions in the chamber. Measurements of the saturation effects for cylindrical chambers were
performed at voltages between 50 and 400 V. The determined saturation corrections for the
Farmer chamber, Wellhofer IC03 and Exradin T1 were all very small (less than 0.2%). Using
the formula for pulsed radiation, as suggested in IAEA-TRS-398, p,, is around 1.01 for the
Farmer chambers. To investigate the effect of initial recombination, a Roos chamber was
irradiated using different angles between the chamber and the beam (250 MeV/u, LET = 150
MeVem™). The resulting saturation correction at this moderate LET is consistent with unity
within the uncertainties of the measurement. The measured polarity corrections for thimble
chambers are also consistent with unity.
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3.1.3. Effective Point of Measurement

The effective point of measurement for thimble type chambers was determined [18] by
a comparison of measured depth dose curves for a Farmer chamber and a plane parallel
chamber (Markus chamber), where it was assumed that the point of measurement of the plane
parallel chamber was known. The resulting depth dose for the thimble chamber was
calculated using an averaging of depth dose values over the curved inner surface of the
chamber. The resulting P.ywas 0.72 of the inner radius of the chamber with an uncertainty of
10%. The IAEA-TRS-398 suggests a value of 0.75 of the inner radius.

3.2. Kkq-values

As in JAEA-TRS-398, the ko factor was calculated theoretically according to the
equation:

c-12
w /
ar —C-12 _
( e j 5 pC 12

kQ = (Wa ir/jcceo ) (Z /;a)%mfo 'pc()fso (7
e

which is a product of the ratios of the w-values, the stopping power ratios water to air and the
chamber specific perturbation factors for '*C and ®Co, respectively. The calculation of the
stopping power ratio has to take into account not only the fluence of primary carbon ions, but
also the fragments that arise from nuclear interactions (mainly target fragmentation with Z=1
to 5) and also their energy distribution. It was found in [4] that for energies above 10 MeV/u
an average constant value of 1.13 can be used. This leads to an uncertainty in dose
determination of below 2%.

The w-value in ref. [4] was adopted from an ICRU recommendation for protons of
34.8 eV [2]. A compilation of available data for protons, alpha-particles and ions lead to an
uncertainty in dose of 4%, if this value is adopted also for '>C ions [4].

The perturbation factor p for the different beam qualities includes all departures from
ideal Bragg-Gray detectors, i.e. correction for cavity effects, the displacement factor, and
effects from the chamber wall and central electrode. The value of pCMO in ref. [4] was
adopted from refs. [19, 20] and accounts for the cavity and wall correction factors for °Co
radiation. The corrections for the central electrode and the displacement were taken to be
unity. The combined correction of cavity effects and effects of the chamber wall and central
electrode for a Farmer chamber in a '°C ion beam was set to unity, since no data exist that
indicate a significant deviation from unity. Since this assumption is made for protons [21], it
is justified also for heavy ions, where the range of secondary electrons is even shorter. A
displacement correction is not necessary for ions, as the depth of reference is replaced by the
effective point of measurement.

3.3. Calibration Procedure and Reference Conditions

At GSI the depth dose distribution can be actively modulated by the use of an energy
variation of the synchrotron and a spread-out Bragg peak (SOBP) is produced from a
superposition of many energies with different weights. The weights are optimized
individually for each field in order to achieve a homogeneous biological effect in the target
volume. Therefore, the SOPB looks different at every scan point in every field. Consequently,
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the plateau region of the depth dose was chosen as the reference depth for dosimetry [36]. The
beam monitors are then calibrated in particle numbers at different energies. As reference the
measurement is performed with a Farmer type ionization chamber in a water equivalent
phantom material at 7 mm depth. The phantom is positioned in the isocentre and irradiated
with a 5 cm x 5 cm-scanned field.

4. The Protocol for Dosimetry in Ion Beams used in Japan

The Japan Society of Medical Physics (JSMP) has published a new code of practice
for dosimetry, titled “Standard Dosimetry of Absorbed Dose in External Beam Radiotherapy”
[15]. The principal purposes for the revision are to adopt absorbed-dose-to-water based
formalism, to update physical data, to harmonize with international protocols, to note narrow
beam dosimetry and to deal with proton and carbon beams [16].

The new Japanese dosimetry protocol mostly follows TAEA-TRS-398 [5], which is
basedon N, , 1.e., the calibration factor in terms of absorbed dose to water for a dosimeter

at a reference beam quality (. According to the protocols, absorbed dose in the ion beam is
given by the similar equation (1) from the IAEA-TRS-398:

D,o=MyNy, 0, ko, (8)

where: D, ,is the absorbed dose to water at the reference depth in a water phantom irradiated
by an ion beam of quality QO; M, is the reading of a dosimeter in ion beam, corrected for
influence quantities other than beam quality, and k,, is the factor to correct for the difference

between the response of an ionization chamber in the reference beam quality Oy that is “°Co
beam used for calibrating the chamber and in the actual ion beam quality Q.

However, N, has not been supplied by the Japanese primary standard dosimetry
laboratory. The Japanese protocol alternatively gives the calculated values of N D’W,QO/ Nyo, >
which depend upon ionization chambers. The value of N, is the calibration factor in terms

of exposure for a dosimeter at a reference beam quality Oy , which is supplied by the Japanese
standard dosimetry laboratories. The IAEA-TRS-398 does not recommend to use the
calculated Np,,g  calibration factors as they are not traceable to primary standards of

absorbed dose to water. Although the use of a calculated Np.,o, calibration factor is not

recommended, this option could be used during an interim period aiming at the practical
implementation of the CoP using existing exposure and air-kerma calibrations.

To calculate k,, for carbon beam, the Japanese protocol recommends using the

values of W, the mean energy expended in air per ion pair formed by carbon beam, and
S

\wair» the carbon mass stopping power ratio of water to air, which are given in
IAEA-TRS-398 [5], respectively.

The reference conditions recommended in the IAEA-TRS-398 were tested using the
irradiation system at HIMAC [16]. A wobbler method and a double scatterer method are
adapted to make uniform irradiation fields at the isocentre and ridge are used to spread the
Bragg peaks. The measurements were designed to examine the effect of particles scattered at
wide angles in a water phantom. The field size dependence of the dose at the centre of the
SOBP was measured using a 400 MeV/u carbon beam with a 60 mm SOBP width and a
15 cm uniform field diameter at the HIMAC irradiation port. The results have shown that
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there should be a very large angle component other than multiple scattering in the therapeutic
carbon beam. These components cannot be interpreted merely by multiple scattering of the
carbon beam. Secondaries produced by the fragmentation process may distribute across a very
wide range of angles. The beam qualities of the carbon beam for the smaller fields are
different from those for the large fields due to these variations of contributions of secondaries.
In order to satisfy a lateral equilibrium condition in a plane normal to the beam axis in the
case of a carbon beam, the large field size and large water phantom are required. This effect
of the large angle deflections of the secondaries may become larger as the incident energy of
the carbon beam increases above 400 MeV/u. For carbon beams of energies lower than
400 MeV/u, the phantom should extend at least 5 cm beyond each side of the field employed
at the depth of measurement, and should also extend at least 5 g cm > beyond the maximum
depth of measurement. This study [16] confirmed that the calibration coefficient obtained by
cross-calibration of the plane parallel ionization chambers at the middle of the SOBP is
consistent with the value obtained by equations recommended in the IAEA-TRS-398. The
study [16] has also confirmed the value of the effective point of measurements in carbon
beams recommended in the IAEA-TRS-398 [5].

5. Discussion
5.1. Comparison between the Procedures and Protocols

The CoP developed at DKFZ is nearly identical to the IAEA-TRS-398. Differences
arise mainly from the numerical values for the calculation of kp and the saturation correction
psar- Other differences are more conceptual, such as the chosen reference conditions. The
raster scanning system used at GSI produces a spread-out Bragg peak (SOBP) from a
superposition of many energies with different weights. Therefore, the SOPB looks different at
every scan point in every field. Consequently, the plateau region of the depth dose was chosen
as the reference depth for dosimetry and the beam calibration is performed with a Farmer type
ionization chamber in a water equivalent phantom material at 7 mm depth. This arrangement
should be used for active modulation systems while the calibration at the centre of the SOBP,
as recommended in the TAEA-TRS-398, should be done only for passive modulation systems.

The new Japanese CoP is also very close to the IAEA-TRS-398 and uses the same set
of basic data that are recommended in the IAEA-TRS-398. It is emphasized, however, that
calculated Np o, calibration factors are not traceable to primary standards of absorbed dose

to water. Although the use of a calculated Npw.o, calibration factor is not recommended, this

option could be used during an interim period aiming at the practical implementation of the
CoP using existing exposure and air-kerma calibrations.

6. Discussion

The suggested reference conditions for heavy ion beams in IAEA-TRS-398 are to
measure in water in the centre of a SOBP. This is suitable for a facility with passive range
modulation (NIRS) [16], but not for an active modulation system used at GSI, where the
shape of the SOBP differs at each scan spot of each patient. Furthermore, additional
uncertainties are introduced if the SOBP is a superposition of a finite number of fixed energy
beams with different intensities. Due to the discrete energies and variations in the intensities,
such a SOBP is never absolutely continuous and reproducible. Furthermore, the dosimetric
uncertainties in the SOBP with its mixture of energies and low and high LET components are
larger than in the entrance region. Also, the fluence corrections for plastic material should
decrease with smaller depths of measurement. Therefore the measurements in plastic material
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in the entrance region of the depth dose are suitable as a reference for an active beam delivery
system.

Another difference between IAEA-TRS-398 and the GSI approach is the handling of
saturation corrections. In contrast to IJAEA-TRS-398, the conditions for a pulsed scanned
beam are not fulfilled for the GSI scanned beam. The measurements match better with the
conditions for a continuous beam. Furthermore, initial recombination does not necessarily
play a role, even for a plane parallel chamber, as was demonstrated by measurements with
only moderate LET values. Concerning the recombination effects further systematic studies
need to be performed.

Comments on basic physics data used in dosimetry of heavy-ion beams

For heavy-ion beams, the calculated beam quality correction factors given in the
present Code of Practice are based on calibration using *°Co.

Value for s, in heavy-ion beams

The value for s, should be obtained by averaging over the complete spectrum of
primary particles and fragmented nuclei at the reference depth, as

ZICDE,I- (S, (E)! p),, dE

w,air

f ©)
Y [0S (B ), dE

where (Si(E) /p)n 1s the mass stopping power at energy E for particle i in medium m and ®g is
the particle fluence differential in energy. However, in view of the lack of knowledge of the
fluence spectra @, substantial simplifications must be made.

Fig. 3 shows calculated values for s, ;- using several computer codes developed by
Salamon [22] for helium, carbon, neon and argon ions, by Hiraoka and Bichsel [23] for
carbon ions, and by ICRU for protons and helium. As can be seen from this figure, all values
lie in the range from 1.12 to 1.14, including the values for slow heavy ions. At present, a
constant value of 1.13 is adopted for the value of s,, ;- in heavy-ion beams. The uncertainty of
Swair N heavy-ion beams should be much larger than that in proton beams because of its
dependence on energy and particle type. Uncertainties in the basic stopping-powers must also
be included. A combined standard uncertainty of 2.0% has been estimated in [4] which was
adopted in [5].
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FIG. 3. Stopping-power ratio water to air for heavy ions calculated using the computer codes
developed by Salamon [22] (for C, Ne, Ar and He) and by Hiraoka and Bichsel [23] (for C).
Data for protons and He given by ICRU 49 [24] are also included.

A systematic study using Monte Carlo calculations may improve the accuracy of
calibration of ion beams. Water-to-air stopping power ratio calculations for the ionization
chamber dosimetry of clinical carbon ion beams with initial energies from 50 to 450 MeV/u
have been reported recently [25]. To simulate the transport of a particle in water the computer
code SHIELD-HIT v2 was used, which is a newly developed version where substantial
modifications were implemented to its predecessor SHIELD-HIT v1 [26]. The code was
completely rewritten, replacing formerly used single precision variables with double precision
variables. The lowest particle transport energy was decreased from 1 MeV/u down to
10 keV/u by modifying its implementation of the Bethe-Bloch formula, widening its range for
medical dosimetry applications. In addition, the code includes optionally MSTAR and
ICRU-73 stopping power data. The fragmentation model was verified and its parameters were
also adjusted. The present code version shows excellent agreement with experimental data. It
has been used to compute the physical quantities needed for the calculation of stopping power
ratios, s, .., of carbon beams. Compared with the recommended constant value given in

IAEA-TRS-398, Figure 5 demonstrates that the differences varied between 0.5% and 1% in
the plateau region, respectively for 400 MeV/u and 50 MeV/u beams, and up to 2.3% in the
vicinity of the Bragg peak for 50 MeV/u.
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FIG. 4. Monte Carlo calculated values of the water/air stopping power ratio as a function of
the depth in water for carbon beams with initial energies between 50 MeV/u and 450 MeV/u
[25]. The solid line at 1.130 corresponds to the constant s, 4 value recommended by
IAEA-TRS-398.

The results of a recent paper [27] show that good agreement could be achieved after
slight adjustment of the energy loss in order to reproduce the measured Bragg peak position in
water with sub-millimetre precision for carbon beams. The calculations are very sensitive to
the selection of the value of the mean excitation energy /.. that enters into the stopping
powers formulae. A value of ., (water) = 77 eV is requires to reproduce the measured Bragg
peak positions and increasing L., (water) by 2 eV shifts the peak position of a 270 Mev/u '*C
beam by 0.5 mm.

It can be concluded that the currently recommended values of sy, gir (and W) for

absolute dosimetry should be re-considered. Uncertainties in stopping powers, including those
of the I.; -values for different tissues (5-10%), must be taken into account to re-estimate
what “precision” is really achievable in clinical practice.

Value for W, in heavy-ion beams

As discussed above for s, the value for W, should ideally be obtained by
averaging over the complete spectrum of primary particles and fragmented nuclei at the
reference depth;

> [@r - (S/E) pacdE

[:j R (10)
e HI z q)E’i'(Si(E)/p)air dE
- w;(E)/e

0
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where w;(E) is the differential value of W,;, at energy E for particle i. The fluence differential
in energy, @z, should cover a wide energy spectrum and include all primary and secondary
particles.

There have been only a few experimental investigations of W, for high-energy heavy
ions. Hartmann et al [4] analysed the W, value for high-energy carbon ions and concluded
that the value 34.8 J-C! should be used. The IAEA-TRS-398 summarized the W, values for
different ions that were taken from the literature and are given in Table II. The procedure
taking into account the statistical uncertainty of each value [28, 29] resulted in a value for
W,le=34.501] .C"! with a standard uncertainty of 1.5%.

To improve the knowledge on w-values for ions, measurements are currently being
performed by GSI. First measurements resulted in a preliminary value of 34.2 J/C with an
uncertainty of 3% [30] for carbon ions at an energy of 7.6 MeV/u. lonization chamber
dosimetry will also be checked against a water calorimeter which is run by the German
national laboratory of standards PTB (Braunschweig). Until more information is available, the
value W,,/le=34.501] .C! and a standard uncertainty of 1.5% are recommended in the
IAEA-TRS-398 for heavy-ion beam dosimetry.

TABLE II. EXPERIMENTAL VALUES FOR Wr/E FOR VARIOUS IONS AT
DIFFERENT ENERGIES

Ion W.ile J C")  Energy (MeV/u) Reference
*He 34.5 10.3 [31]
He 35.7 31.67 [32]
12c 36.2 6.7 [31]
2c 33.7 129.4 [31]
12c 35.28 250 [33]
2c 35.09 250 [34]
'Ne 34.13 375 [34]
PAr 33.45 479 [34]
Tons with Z 31.81 170 [35]

between 9 and 14

Wi /e (weighted median) = 34.50 J C'+1.5%

Value for pg in heavy-ion beams

At present, no experimental information is available on perturbation factors in heavy
ions and all components are taken to be unity. An overall uncertainty of 1.0% is assumed,
based on the evaluation of Hartmann et al [4].
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Summary of uncertainties in heavy-ion beams

Table III summarizes the uncertainty estimates and shows a combined standard

uncertainty in kg in heavy-ion beams of 2.8% and 3.2% for the cylindrical and plane-parallel
chambers respectively. This arises largely from the uncertainty of the stopping-power ratio
Sw.air, and the value for Wy;,

TABLE III. ESTIMATED RELATIVE STANDARD UNCERTAINTY OF THE
CALCULATED VALUES FOR Kq FOR HEAVY IONS

Component heavy ions ®Co+heavy  heavy ions ®Co+heavy

cylindrical chambers plane-parallel chambers

u: (%) u: (%) u: (%) u: (%)
Sw,air 2.0 2.1 2.0 2.1
Wair le 1.5 1.5 1.5 1.5
p (combined) 1.0 1.0 1.0 1.8
Combined standard 2.8 — 3.2
uncertainty in kg
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Abstract

This paper describes the categorization and recommendations for delineation of
volumes of interest in radiation oncology. This includes the gross target volume (GTV), the
clinical target volume (CTV), the internal target volume (ITV), the planning target volume
(PTV), organs at risk (OAR), and the planning risk volume (PRV). Geometrical uncertainties
and variations are discussed, as well as dose calculations, dose prescriptions and reporting,
and quality assurance.

1. Introduction

The major concept that ICRU-50 [1] advanced and ICRU-62 [2] reinforced was the
rational categorization and recommendations for delineation of volumes of interest in
radiation oncology. The current ICRU committee is addressing issues that have arisen due to
new capabilities that have emerged, such as intensity-modulated radiation therapy and image-
guided radiation therapy.

Multiple time sequences of images may be acquired either in a single imaging session
to account for organ motion or during the course or radiation oncology to account for patient
setup or anatomical variation. The patient representation may now be four-dimensional. The
representation of volumes of interest must therefore be specific to a representative time point
or to a mathematically well-defined geometrical construct of the 4-D volume. If multiple time
points (e.g., breath phases) are needed they each can be referred back to one time point. This
may be accomplished with registration techniques. Time scales may be important for the
interpretation of the volumes. Such conditions should be recorded and reported.

All volumes should be as close as possible be a representation of the patient anatomy
in treatment conditions. A volume may be defined from an imaging modality or a
combination of different imaging modalities that all have their own reference coordinate
systems. Vendors must be aware of the importance of transformation between dissimilar
coordinate systems.

*Co-Chairmen: V. Grégoire and T.R. Mackie; Members: W. DeNeve, M. Gospodarowicz,
N. Gupta, A. Niemierko, J. Purdy, M. Van Herk; Consultants: A. Ahnesj6, M. Goitein;
ICRU Sponsors: A. Wambersie, P. DeLuca, G. Whitmore, R. Gahbauer
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1.1. GTV

The gross target volume (GTV) represents the radiation oncologist’s best judgment of
the location of the target. In modern practice multiple anatomic and functional imaging
systems may be used to determine representations of the tumour volume in addition to
information supplied by a clinical examination. It is recommended that multiple GTV can be
delineated per patient. These could be delineated using multiple criteria (e.g. GTV;, GTV
(primary tumour), GTV (CT Contrast)). These GTV should be clearly recorded and reported.
The delineation of multiple GTVs allows multiple dose prescriptions to be specified. The
GTV may be modified during treatment as a consequence of tumour progression and/or
therapeutic intervention, therefore, clear denomination of the modified GTV should be used,
e.g. GTV, (CT after 2 weeks of treatment), = GTV, after 2 weeks, where the subscript "1"
refers to a particular GTV. A biological target volume representing part of another GTV but
indicating the presence of a biological marker is just another example of a GTV.

1.2. CTV

Each GTV should have an associated clinical target volume (CTV). CTV selection is
based on an estimate of the clinical probability of tumour infiltration. CTV delineation should
result from 3D knowledge of anatomical pathways for tumour infiltration. In some
circumstances, CTV may equal GTV (e.g., a benign tumour). It may be possible to have a
CTV without a GTV (e.g. post-operative situation). Studies of intra and inter-observer
variability have shown that this is a large source of uncertainty in GTV and CTV delineation.
The uncertainty in the delineation should be included in margin considerations.

1.3. ITV

The internal target volume (ITV) is an optional volume that accounts for internal
tumour or organ motion. The degree of motion can be obtained with four-dimensional
imaging modalities such as 4D CT.

14. PTV

Each CTV should have a corresponding planning target volume (PTV). A PTV is a
recommended tool to ensure that the CTV is sufficiently treated with a clinically-acceptable
probability to take into account organ movement and setup variations.

If an ITV is used to delineate the organ motion contribution to the PTV, care should
be made in the design of the margin of the PTV around the CTV. Just adding the margin for
the ITV to the margin for setup deviation may overestimate substantially the margin needed to
ensure an adequate treatment for the CTV.

For the sake of accurate reporting, the PTV margin should not be compromised even if
it overlaps with another PTV, an OAR or a PRV. To achieve sufficient dose sparing on the
OAR, priority rules in the planning system may be used or the CTV might be sub-divided into
sub-regions with different prescribed doses. Similarly, this could also apply to overlapping
PTVs.

The PTV concept may not adequately address the issue of interplay between organ
motion and intensity modulation. With no correction for motion, hot and cold spots can
develop in the PTV when IMRT is used. At a minimum, the effect of motion on IMRT
delivery should be measured in a moving phantom to determine the magnitude of this effect.
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The PTV may extend outside the body contour (e.g., this is common in breast
radiotherapy, head and neck). The PTV coverage should not be compromised by the body
contour. It is recommended to report the dose in the PTV minus the air outside of the body
contour and possibly minus the build-up region. The method used for volume exclusion
should be reported.

It is possible in some treatment planning systems for there to be excessive fluence
delivered to PTV’s in air outside the patient. This is due to the iterative optimizer overcoming
electronic disequilibrium. Measures should be taken to ensure that sufficient but not excessive
fluence is delivered in the PTV region outside the body contour, such that the CTV is
properly treated if the CTV moves into that position.

1.5. OAR

All organs at risk (OAR) expected to receive more than a clinically significant dose, or
be judged to be of significant clinical interest should be imaged. This may include any organs
that may be at significant risk for carcinogenesis.

All clinically relevant volumes thus imaged should be outlined. For predominately
parallel-like organs at risk (e.g. parotid gland and lung) the volume should be entirely
delineated. For predominately serial-like organs (e.g., spinal cord and rectum) the delineation
should be carefully reported (e.g. spinal cord should de delineated x cm from the edges of the
PTV or anatomically such as the sigmoid flexure of the rectum). For "tubed" organs (e.g.
rectum) wall delineation should be preferred to the whole organ.

Because of the possibility of having hot-spots in non-target volumes, we recommend
the delineation of remaining volumes at risk to help to control the optimization. This can be
done by defining a body outline and subtracting the specified CTV and OAR.

The dose to the remaining volume at risk (RVR) may be useful in estimating the risk
of late effects. We recommend that data be stored so that the dose can be reconstructed to
correlate with complications including second malignancies.

1.6. PRV

The planning risk volume (PRV) is a geometrical concept introduced for treatment
planning and evaluation to protect OAR’s in an analogous way the PTV ensures the dose to
the CTV is adequate. It should be designed to ensure with a high probability that adequate
sparing of OAR will actually be achieved. A PRV is thus an OAR with a margin, either
positive (PRV larger than OAR), or zero (PRV equal to OAR) margin. The use of PRV is
recommended for dose prescription and reporting.

A positive margin around the OAR is recommended for serial-like organs at risk, e.g.,
spinal cord, optic nerve. There is less need for a positive margin for a parallel-like organ as
the mean dose tends to remain invariant with respect to geometrical uncertainties.

Dose-volume constraints to an OAR are with respect to the PRV.
2. Geometrical Uncertainties and Variations

Each institute should evaluate its own geometrical uncertainties and variations since
these depend on clinical procedures, level of skill, etc. Evaluation should be representative of
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routine clinical practice. Uncertainties and variations should be investigated per patient group
(e.g., setup deviation), but should also be considered for each individual patient (e.g.
respiratory motion).

The following geometrical uncertainties and variations should at least be considered:
inappropriate representation of the anatomy in the planning system (frozen snapshot,
interference between organ motion and scanning, image distortion), uncertainties in
delineation, organ motion, setup deviation, and changes in shape of the tumour. Patient
specific quality control should be implemented to make the level of uncertainties compatible
with the treatment aims (e.g. curative or palliative intent).

Image guidance and other techniques are used to reduce variations and uncertainties in
tissue shape and position but may introduce their own types of uncertainties, e.g. related to
observer variation, short-term motion, gating phase deviations, etc.

Geometrical uncertainties and variations should be quantified at following levels:
intra-fraction, inter-fraction, inter-patient (population). The mean of an uncertainty gives the
systematic deviation, and the SD gives the random deviation.

To define the appropriate margin, the net effect of different geometrical uncertainties
and variations on the dose received by all parts of the CTV and OAR should be considered.
One should accept that there is finite probability that this dose will not be within clinical
tolerance, so confidence levels need to be used. Typically, systematic deviations have a larger
impact than random deviations, and this difference should be taken into account in designing
the appropriate margin.

3. Dose Calculation

Dose calculations must faithfully account for the dose to tissues of all types. The dose
to lung must include corrections due to the reduced attenuation and scattering of lung and the
increased range of the charged and photon secondary particles. The impact of this possible
change of practice must be clarified during its introduction.

Measurement, computation and delivery of small fields are complex matters that
should be adequately addressed. Where it is clinically relevant, dose calculations should be
capable of computing in disequilibrium situations so that doses in small fields may be
computed accurately.

Microscopically, absorbed dose to water should be computed, mimicking the water
environment of the cell even if the cell is embedded in the mineral matrix of bone. The
attenuating and scattering property of bone is accounted for, but it is soft-tissue that is
sensitive to radiation. When Monte Carlo simulation is used to compute dose, a conversion
between dose to bone and dose to a tissue matrix in bone must be accomplished.

Dose computation models should be able to take into account direct and extra-focal
radiation based on actual leaf sequencing data. A specification for acceptable dose
heterogeneity is a clinical decision to be made on a protocol-by-protocol basis.

The dose calculation used to produce monitor units should be based on actual delivery
parameters (e.g. after leaf sequencing) and use the dose computation models having the
characteristics defined above.
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4. Dose Prescription

A planning aim is a set of information summarizing the goals of the treatment. IMRT
usually uses iterative optimization techniques to arrive at the plan. Examples of the aims are
the prescription for the PTV and dose-volume constraints for the organs at risk. The planning
aims often cannot be fulfilled and have to be altered to achieve an acceptable plan.

The prescription is the specification of how the patient is to be treated and is the
responsibility of the radiation oncologist. It specifies the amount of dose that the PTVs will
receive and important constraints on the dose received by the normal tissues. The radiation
oncologist approves the plan and implicitly the delivery parameters that affect the dose.

5. Reporting

Reporting of the ICRU dose at a reference point (Level 1 reporting as described in
ICRU-50 and 62) is no longer recommended. A single point does not adequately represent a
typical point; only a collection of points in a volume can. For 3D-CRT and IMRT, at least
Level 2 reporting should be used according to ICRU reports 62 and 71.

The absorbed dose Dy, where "V" refers to a percentage of volume covered by the specified

dose, for each PTV and CTV should be reported. Dy is the value of dose for a specified
cumulative volume on a cumulative dose-volume histogram. The percent volume must be
specified and both Dgs and Dsy should be reported. Dsy is the median dose and dose that
covers 95% of the volume is Dos.

Maximum and minimum dose should be replaced by dose-volume reporting (e.g., D
or Dgg, respectively). The dose for OAR should include the “maximum” dose Dog to the PRV
(serial-like organs) or mean or median dose (parallel-like organs). Other reporting metrics,
(e.g., Vyo for the lung) may be reported for the OAR or PRV and CTV. The number of
fractions, number of fractions per day, interval between fraction and overall treatment time
should be specified for each PTV. Dose constraints should be specified for each PRV.

It is recommended that all segments and fields be delivered every treatment fraction;
however, if they are not all details of fields/segments not treated every fraction should be
reported.

Volumes of dose excess and dose deficit inside the PTV as determined from planning
or verification needs to be assessed and documented with regard to location and magnitude.
Dose excess is defined as a dose larger than 107% of Dy whereas dose deficit is defined as a
dose lower than 95% of Dy.

When possible, metrics should be reported with confidence intervals. The DVH of the
CTV and of the PTV represent high and low estimates of the dose to the CTV due to setup
variation or organ motion.

Level 3 reporting is encouraged. An example is conformity indices (e.g. Dice
Similarity Coefficient). Metrics of delivery complexity (e.g., modulation index) may be
reported. It is recommend that area of evaluation metrics should be studied since improved
metrics can improve design of objective functions used for optimization. This is especially
true of biological metrics. If biological metrics are used, then the models and the values of
their parameters should be reported.
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It is recommended to report the manufacturer, model and software version of planning
and delivery systems.

6. Recording

Since cancer is a disease that will be a major health factor for the remaining life of the
patient, for patient care and quality assurance purposes, the parameters to describe the dose
distribution received by the patient and the information to describe the delivered plan should
be recorded and retained for at least the life of the patient plus a minimum of 5 years. In
addition to the requirements relevant to patient care, for clinical trials and for purposes of
retrospective study, all of the planning and delivery parameters should be retained as long as
scientifically needed.

7. Quality Assurance

Each radiation oncology department should have a quality assurance program
(including image acquisition, transfer, registration) that ensures that the dose prescription is
actualized according to acceptable standards. Appropriate patient-specific quality control
(QC) is necessary to ensure that the patient receives the prescribed dose within predefined
tolerance. For 3D-CRT and IMRT, it is not recommended to limit QC on all patients only to a
single point dose check. Measurements on appropriate phantoms can be used to verify the
consistency of the delivery and calculation systems. The measurement should generate a
representative sample of dose to compare to the dose calculations. Alternatively, independent
dose calculation algorithms, at least as sophisticated as those employed for the original
treatment planning calculation may be used. Independent dose calculation algorithms will not
check whether the delivery equipment is functioning properly. Routine measurements of the
treatment planning system must be made to ensure that the patient is being treated correctly.

Dose accuracy specification for the composite dose distribution from all delivered
beams should be based on statistics and take into account gradients and dose levels. The
action level for further investigation is recommended as follows:

High gradient (> 20%/cm): 1 standard deviation of 3.5 mm or 85% of points within
Smm.

Low gradient (< 20%/cm): 1 standard deviation of 3.5% of prescribed dose or 85% of
points within 5% of prescribed dose.

Tools such as the gamma function may be used to combine the high and low dose
criteria. These are minimal criteria described here may not apply to some clinical situations,
e.g. PTV very close to sensitive normal tissues (e.g. nasopharyngeal tumour close to the optic
chiasm).
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Abstract

Carbon-ion therapy was begun in 1994 at the National Institute for Radiological
Sciences using HIMAC (Heavy-lon Medical Accelerator in Chiba). Among several types of
ion species, carbon ions were chosen for cancer therapy because they appeared to have the
most optimal properties in terms of both biologically and physically effective dose-
localization in the body. We have investigated the efficacy of carbon ions against a variety of
tumours and developed effective techniques for delivering the efficient dose to the tumour.
The RBE of carbon ions was estimated to be 2.0~3.0 along the spread out Bragg peak, for
acute skin reactions. As of February 2006, a total of 2,629 patients were entered in Phase I/11
or Phase II trials and were analysed for toxicity and tumour response. Tumours that appear to
respond favorably to carbon ions include locally advanced tumours and those with
histologically non-squamous cell type of tumours such as adenocarcinoma, adenoid cystic
carcinoma, malignant melanoma, hepatoma, and bone and soft tissue sarcoma. By using
biological and physical properties of carbon ion beams, the efficacy of treatment regimens
with small fractions in short treatment times has been confirmed for almost all type of
tumours.

1. Introduction

Heavy i1on radiotherapy was initiated at the Lawrence Berkeley Laboratory and
promising results had been reported using neon ions [1, 2]. Their clinical trials, however, were
terminated in 1993 because of difficulty in budgetary continuation. In Japan, the decision was
made in 1984 to build the Heavy Ion Medical Accelerator in Chiba (HIMAC) at the National
Institute of Radiological Sciences (NIRS). The accelerator complex took almost a decade to
build and was completed by the end of 1993. The HIMAC can claim to be the world’s first
facility dedicated to cancer therapy using heavy ion beams. One year later, in 1994, clinical
trials using the carbon ion beams generated from the HIMAC were initiated. Since then the
HIMAC has been operated also as a multipurpose facility available for joint use for cancer
treatment and for biological and physical-electronic research by both Japanese and foreign
researchers.

The promising aspect of carbon ion radiotherapy for the treatment of cancer lies in the
superior biological dose distribution that makes the carbon ion beam the best-balanced
particle beam available. Thus, comparison of the ratio of the RBE (relative biological
effectiveness) in the peak region against the RBE in the plateau region shows that, of all
heavy ion beams, carbon ion beams have the most favorable value. This is the most important
reason why NIRS has chosen the carbon ion beam. Carbon ion radiotherapy makes use of the
property of forming a spread out Bragg peak that is unique to carbon ion beams. This permits
irradiation of a high dose even when there are important organs in the vicinity of the target
lesion. Furthermore, the carbon ion beam has a radiobiological effect (RBE) two or three
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times that of photon beams and therefore has the potential of providing a high local effect in
particular for the treatment of sarcomas and adenocarcinomas.

Carbon ion radiotherapy now enters its 11th year at NIRS, and a substantial amount of
evidence has been accumulated with the support of the many members concerned both inside
and outside the Institute, having demonstrated the safety and efficacy of carbon ion
radiotherapy on various types of malignant tumours. One of the most important objectives in
these endeavors has been to determine, in particular, the validity and limits of hypo-
fractionated and accelerated radiotherapy. At the end of 2003, we were successful in obtaining
approval of Highly Advanced Medical Technology (HAMT) for its Heavy Particle
Radiotherapy from the Ministry of Health, Labour and Welfare. Under this scheme, care
providers are able to charge their patients a Special Fee for the Advanced Treatment in
addition to the ordinary personal share of the medical fee payable by the patient himself under
the National Health Insurance. This was an important landmark for widening the scope of
diseases responding to carbon ion radiotherapy.

In this paper, the current status of carbon ion therapy at NIRS is described, including
irradiation technique and clinical outcome.

2. Characteristics of Carbon Ion Beams

Among various types of ion spaces, we have selected carbon ions for cancer therapy at
NIRS because they appeared to have sufficient amount of high-LET components to give an
appreciable biological efficiency as well as superior physical depth-dose distribution. In
contrast to neutron beams whose LET remains uniform at any depth in the body, the LET of
carbon ion beams increases steadily from the point of incidence in the body with increasing
depth to reach a maximum in the peak region (Fig. 1). This property is extremely
advantageous from a therapeutic viewpoint in terms of their biological effect on the tumour
[3, 4, 5]. The reason is that carbon ion beams form a large peak in the body because the
physical dose and consequently their biological effectiveness increase as they advance to the
more deep-lying parts of the body. This opens up a promising potential for their highly
effective use in the treatment of intractable cancers that are resistant to photon beams.

In view of these unique physical and biological properties of carbon ion beams, it is
possible to perform hypo-fractionated radiotherapy consisting of only a few irradiation
sessions. Experiments with neutron beams that have the same high-LET components as
carbon beams have demonstrated that increasing their fractional dose tended to lower the
RBE for both the tumour and normal tissues [6]. In these experiments, however, the RBE for
the tumour does not decrease as rapidly as the RBE for the normal tissues. This experimental
result substantiates that the therapeutic ratio increases rather than decreases even though the
fraction dose is increased. Similar results have also been obtained in experiments conducted
with carbon ion beams at NIRS [7]. They have provided the biological rationale for the
validity of the short-course hypo-fractionated regimen in carbon ion radiotherapy.

Furthermore, recent basic research suggests the possibility that particle beams may be
effective in preventing cancer metastasis, a potential that may become the third promising
aspect of carbon ion radiotherapy in the treatment of cancer [8].
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FIG. 1. LET & RBE values used in the clinical study (Carbon ion, 290 MeV, SOBP=60 mm).
3. Method of Carbon Ion Radiotherapy
3.1. Treatment Planning

The first preparatory step to ensure the proper administration of carbon ion therapy is
the fabrication of the immobilizing device for each particular patient. A computed
tomography (CT) scan for treatment planning is then taken with the patient wearing the
immobilizing device. If the patient requires respiration-synchronized irradiation the
respiration synchronizing system must also be applied at the time of this CT scan [9]. The CT
image data obtained in this manner are then transferred to the treatment planning system. At
this stage, the irradiation parameters in terms of the number of irradiation portals and
irradiation directions are determined in conjunction with the location of the target volume.
Based on this, the dose distribution is calculated using the software called HIPLAN [10].
Once the patient-specific irradiation parameters have been determined, the next step is to
design the bolus and collimator for the selective irradiation of the lesion in the body strictly in
accordance with these parameters. Based on these preparations, the patient-specific irradiation
parameters and dose distribution have now been determined and the calculation results are
now presented to the Therapy Investigation Committee, which examines their
appropriateness. In many instances, the outcome of these deliberations will be a review
request. On many occasions, a complete redoing of the treatment planning may also be
required. Clearly, if such review or redo requests are made very frequently the entire work
schedule may be affected, and it is therefore essential to examine the treatment parameters
with the most meticulous care beforehand. After the irradiation parameters applicable to the
particular patient have been determined and the bolus and collimator have been fabricated the
final preparations for therapy can now take place by measuring the radiation dose under the
same conditions as for the actual radiotherapy session and carrying out a mockup rehearsal.
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3.2. Dose Prescription

In carbon 1on radiotherapy it is essentially necessary to spread out the narrow peak to
fit the target volume. Metal ridge filters are used for producing the spread-out Bragg peak
(SOBP) and the shape of the spread-out peak has to be designed so that the tumour cells will
be sterilized uniformly within the peak. The practice is to use HSG cells that are parotid
cancer cells as substitutes of the patient’s tumour cells to design the dose distribution in such
a manner that the HSG cells will be killed uniformly in the spread-out peak [11, 12]. The
tumour survival rate after irradiation of 30 fractions of 2 Gy each administration of an X ray
is then used to design an 18-fraction schedule in such a manner that the resulting tumour cell
survival rate after the irradiation using a single dose of 2 Gy is 0.33.

The dose is indicated in GyE, a unit calculated by multiplying the physical carbon ion
dose with the RBE so as to permit its comparison with photon beams: GyE = Physical dose x
RBE. It should be pointed out here that the RBE of the carbon ion beams used for
radiotherapy is 3.0 at the distal end of the SOBP. This value is identical with the RBE of the
neutron beams used for the neutron beam radiotherapy previously provided at NIRS [13].

3.3. Dose Fractionation

Carbon ion therapy at NIRS is available on four days a week (Tuesdays through
Fridays). The Institute is in principle closed for therapy at weekends and on Mondays. On
these days, the accelerator is subjected to maintenance work or used for physical-biological
experiments.

The radiotherapeutic approach for our trials was to fix both the total number of
fractions and the overall treatment time for each protocol beforehand and to escalate the dose
in incremental steps of 5-10% at a time. After the recommended dose had thus been
established in the phase I/II trial, the transition to the phase II trials or Advanced Therapy can
then be initiated with this recommended dose.

As stated earlier, carbon ion beams have a therapeutically favorable biological dose
distribution. Utilizing these properties makes it possible to complete the therapy in a short
time. Progress in dose escalation has already been made on a scale that permits the
radiotherapy course for stage I lung cancer and liver cancer to be completed in 1 or 2
irradiation sessions, respectively. Even for prostate cancer and bone and soft tissue tumours
that require a relatively prolonged irradiation time, it is possible to accomplish the treatment
course with carbon ion beams in about 16 to 20 fractions, only half the fraction number
required for X ray and proton beam therapy. At present, the average number of fractions and
the treatment time per patient is 13 fractions and 3.5 weeks, respectively (Fig. 2). As shown in
Fig. 3, the number of registered patients has been steadily increasing year after year. Apart
from the fact that the irradiation methods have been firmly established and therapy can be
administered without difficulty, this may be accounted for by the significant shortening in the
number of fractions and the treatment time per patient.

126



IAvpragp No. |

per patient
~13

m——

No. Fractions

The entire course of treatment
is given by carbon therapy alone.

95 00

| 05 Yr.

FIG. 2. Number of Fractions employed in Carbon lon Therapy at NIRS, with an average
number of 13 fractions. On the y-axis, 2 scale markings represent 5 fractions, and the
horizontal line is at 13 fractions. On the x-axis, the scale markings separate the data for
individual years, from 1994 to 2005.

New pats:
Total No Rx:489

437

Total :2,629
g/ (HAMT  :666 A )
450 -
Y e
=
350
300 CQCV(CI
% CQCSCPpm |
crewchiReOc .
200 CPCTCKFCUT
150 CREQEL — i
100 i -
50 rTocr —’7 ] ]
0 /. n n n
‘94 ‘95 ‘96 ‘97 ‘08 ‘99 ‘00 ‘01 ‘02 ‘03 ‘04 ‘05

FIG. 3. Number of Patients given Carbon lon Therapy at NIRS (Period: June 1994 ~July
2005). Y-axis: number of patients treated per year. X-axis: fiscal year. HAMT = number of
patients treated with Highly Advanced Medical Technology. Lighter bars: number of patients
treated under clinical trials. Darker bars: number of patients treated with HAMT.
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4. Results of Carbon Ion Radiotherapy
4.1. Patient Characteristics

Carbon ion radiotherapy at NIRS was initiated in June 1994. Until the present, a total
of 46 protocols have been established and phase I/II and II trials have been conducted in an
attempt to determine the optimal dose-fractionation and irradiation method for the treatment
of the specific diseases [14, 15, 16]. The number of patients has increased year on year, and
the facility has meanwhile reached a capacity permitting more than 400 patients to be treated
each year. The registration of patients totals 2629 (2770 lesions) as of February 2006 (Fig. 4).
The categories of disease that can now be treated on the Advanced Therapy scheme approved
by the Ministry of Health, Labour and Welfare include prostate cancer, lung cancer, head and
neck cancer, bone and soft-tissue sarcoma, liver cancer and pelvic recurrences of rectal
cancer, choroidal melanoma, and skull base tumour.
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FIG. 4. Number of Patients registered in Carbon lon Therapy at NIRS (Period: June
1994 ~February 2006).

4.2. Treatment Results

Our experience to-date can be summed up by characterizing carbon ion radiotherapy
as follows: 1) By location, it is effective in the head and neck (including the eye), the base of
the skull, lung, liver, prostate, bone and soft tissue, and pelvic recurrence of rectal cancer; 2)
By pathological type, it is effective against adenocarcinoma for which photon beams are little
effective (adenocarcinoma, adenoid cystic carcinoma, hepatocellular carcinoma) and
sarcomas (malignant melanoma, bone and soft-tissue sarcoma, etc.). The results of treatment
for specific tumour sites are reported elsewhere [17-28].
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Discussion

As seen earlier, carbon ion radiotherapy offers significant advantages as a result of the

extremely favorable physical and biological dose distribution. These unique advantages of
carbon ion radiotherapy can be utilized to provide a short-term hypo-fractionation regimen
that is effective against a range of diseases. For certain cancers such as head and neck cancers,
it will be important to develop methods for preventing distant metastasis so as to improve the
survival rate still further. In this context, combined carbon ion radiotherapy with anti-cancer
drugs has been initiated for certain intractable cancers such as malignant glioma, mucosal
malignant melanoma and cancer of the pancreas.
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Abstract

For carbon i1on radiotherapy (RT), target volumes and organs at risk are defined
according to the ICRU recommendations for conformal RT. Immobilization and precision of
beam delivery are prerequisite. Treatment plan quality criteria used for the assessment of
photon plans do also apply to carbon ion therapy plans. However, the reporting of physical
doses alone is not sufficient, but biologically effective dose distributions and dose volume
histogram (DVH) data have to be reported as well. Using active beam delivery techniques, the
biological effective dose is not prescribed to a reference point but to each voxel. The o/p
values used for biological treatment plan optimization need to be indicated as well. It is
advisable to report the o/p values for the dose limiting toxicity and to optimize the plans
according to this biological endpoint. The estimated o/ value for the specific tumour cell
type and an additional treatment optimization for this endpoint might be reported as well in
cases where o/ ratios for the dose-limiting toxicity and the specific tumour cell type are
expected to differ substantially. The data reported should be compatible with the existing
ICRU recommendations and should be sufficient to allow for clinical validation of the
biological model used for biological plan optimization. Correction of minor systematic
deviances of e.g. less than 5% should be enabled. Regular updates of the treatment planning
software due to improvements/changes of the underlying beam model are needed in the
future. To facilitate retrospective correlation of the collected clinical data with the model
estimations and intercomparison of clinical data between different particle centres, the applied
planning software version needs to be reported for each patient in the treatment protocol.

1. Carbon ion RT at GSI

The relative biological effectiveness (RBE) of a charged particle beam is defined as
the ratio of absorbed doses of a photon beam and the dose delivered by the charged particle
beam to achieve the same biological effect. The biologically effective dose is defined as the
product of the absorbed dose and the respective RBE describing the radiosensitivity of the
tissue after ion irradiation compared with photon irradiation at a given level of biological
effect. The RBE of a charged particle beam in tissue is depending on the particle type, the
LET spectrum, the cell type, and the dose level. Using a passive beam delivery system for
carbon ion RT, the RBE can be considered to be a function of depth for each field for a given
dose and fractionation. No further biological modeling or optimization is needed.

At GSI, the rasterscan technique is used, which is an active beam delivery technique.
As dose and intensity changes throughout the irradiated field from scan spot to scan spot, the
local RBE values have to be calculated at each point to allow for biological optimization of
the treatment plan aiming at a homogeneous biologically effective dose throughout the field.
To do so, the Local Effect Model (LEM) by Scholz et al. is used to calculate the local RBE
values [1].
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Problems inherent with the used model are the large range for o/p ratios for different
biological endpoints and tissues and the uncertainties inherent with the beam model itself.
From the medical point of view it is necessary to be aware of the uncertainties in the use of
biological treatment optimization and to take these uncertainties into consideration for dose
prescription and the design of clinical trials. When patient treatments at GSI started in 1997,
feasibility and toxicity were defined as primary endpoints in clinical phase I/II trials. One
major aim of these first trials was to validate the use of the beam model.

1.1. Immobilization for Carbon Ion RT

The first clinical trials carried out at GSI were restricted to patients with skull base
tumours. For the treatment of skull base tumours no relevant target movements were expected
once the patient is immobilized with a precision head mask and a single horizontal beam line
was considered sufficient to treat all skull base lesions. The precision head mask is made
individually for each patient from self-hardening plastic bandages and ensures a precision of
-2 mm [2].

After completion of the feasibility trials for skull base chordomas and low grade
chondrosarcomas, a clinical phase I/II trial of combined photon and carbon ion RT was
initiated for patients with paraspinal and sacral chordomas and chondrosarcomas. The o/
ratios for late toxicity of critical organs at risk nearby are less well known than for normal
brain tissue and set-up accuracy is considered to be worse as compared to the skull base
region. Therefore, a combination treatment consisting of photon IMRT (intensity modulated
radiotherapy) and carbon ion RT has been defined for the first clinical phase I/II trial of
extracranial tumours. For patients with spinal and pelvic tumours a rigid wrap-around body
cast plus a precision head has been developed. This immobilization device avoids set-up
errors exceeding 3 mm [3]. Stereotactic target point localization is performed in order to
allow for accurate beam delivery. Prior to each fraction orthogonal X ray controls are
acquired and compared to digitally reconstructed radiographs (DRR) of the planning CT.
Set-up errors larger than 1 mm in the skull base region and larger than 3 mm in the pelvic and
paraspinal region are corrected prior to each treatment. Currently, no patients with lung
tumours and abdominal tumours are accepted for treatment at GSI, because the technical
requirements for the treatment of moving targets with active beam delivery techniques have
not yet been met sufficiently.

1.2. Target volume Definition for Carbon Ion RT at GSI

In chordomas and low grade chondrosarcomas of the skull base the planning target
volumes (PTV) were generated by adding a safety margin of 1-2 mm around the CTV to
account for any movements and uncertainties in the set-up throughout the treatment course.
The necessary safety margin depends on the used immobilization device used and was
determined to be 1-2 mm for the skull base region when rigid precision head masks were
used. For paraspinal tumours a 3 mm safety margin is considered adequate for patients
immobilized within a rigid whole body cast. The definition of the target volumes GTV, CTV
and PTV is done according to the recommendations for conformal RT [4, 5].

2. Clinical Aspects of Treatment Planning

The prescription dose is prescribed to each voxel throughout the target volume. This
means that the absorbed dose at each voxel has to be optimized so that the product of the
absorbed dose and the calculated local RBE value at each voxel is the biologically effective
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prescription dose and the biologically effective dose is achieved homogeneously throughout
the target volume.

Documentation of biological and physical parameters is performed. The physical dose
distribution including DVH (dose volume histogram) data (Dmax, Dmin, Dmean, D90) for all
organs at risk (OAR) and planning target volumes is documented as well as the DVH data of
the corresponding biologically optimized dose distribution. The documentation follows the
ICRU 50 and ICRU 62 recommendations for conformal photon RT [4,5]. However,
documentation of further data not specifically mentioned in the ICRU reports seems to be
advisable for carbon ion RT. At GSI, DVH data is given for the biologically effective dose
distributions for the planning target volumes and all OAR. The biologically effective dose is
not prescribed to a reference point, but it is prescribed to every scan spot throughout the dose
distribution. This procedure is differing from the ICRU recommendations for conformal
photon treatments, but anyway fulfills the ICRU recommendations as the allowed deviances
between measured and prescribed doses are kept below 5% of the prescribed dose at each
point. At GSI, dose heterogeneity is kept very low. The 90%-isodose line covers the target
volume. Hot and cold spots never exceed the maximum diameter of 15 mm recommended in
the ICRU 50 and 62 reports for hot/cold spots. For the carbon ion treatment plans more than
95% of the planning target volume is covered by at least 90% of the prescribed dose unless
normal tissue constraints limit the dose by definition.

o/ ratios of the dose-limiting biological normal tissue endpoints used for biological
treatment plan optimization are documented as well. If o/f values for the dose limiting
toxicity and for the tumour are assumed to differ substantially, the biological treatment
optimization is done separately using the a/f ratios for both, the OAR and the tumour,
respectively. However, the treatment plan optimized with the o/p ratios for the dose-limiting
toxicity is used for the patient treatment. Dose distributions might also be optimized with o/
ratios assumed for the specific tumour, but the o/ ratios are not well known for most of the
tumours and a wide range even within a single tumour can be expected. Within clinical phase
I/IT trials, the toxicity of the dose-limiting OAR is to be assessed very carefully. The
prospectively collected clinical data has to be used to retrospectively validate the planning
data and the biological model and to allow the correlation of the clinical data with the
estimated o/f ratios for a specific tumour. Furthermore, dosimetric measurements are
regularly done to verify the dose distribution and beam ranges prior to initiation of the patient
treatments. Mean deviances of less than 5% of the precalculated dose are considered
acceptable. However, efforts are made to eliminate systematic deviations due to shortcomings
of the beam model even if the deviances account for less than 5%. It can be expected that
further minor corrections of the beam model will be necessary with increasing data from
clinical trials and dosimetric measurements in the future. From the clinical point of view,
there is a strong interest in further optimizing the treatment planning software by improving
the underlying beam model and thus to further minimize uncertainties in dose prescription. In
practice, it is desirable to have regular updates of the treatment planning software and to
document the actually used version of the planning software in order to enable correlation of
the outcome data for validation purposes and comparison of clinical data collected by
different particle centres in the future.

2.1. Combination Treatments

If different RT modalities such as photon RT and carbon ion RT are used as
combination treatment, treatment planning is done on the same CT and MRI scans. All other
conditions such as immobilization devices and filling of organs at risk are kept similar as
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well. The CT data are acquired before i.v. application of a contrast agent and again thereafter.
Both, photon and carbon ion RT, are delivered under stereotactic guidance. Target volumes
and organs at risk once delineated (TP software VIRTUOS) are used for photon treatment
planning as well as for carbon ion treatment planning. The software package VIRTUOS is
also used for visualization of stereotactic photon plans (FSRT or IMRT) and carbon ion plans.
The treatment optimization however is performed with VOXELPLAN for FSRT plans, with
KonRad for IMRT plans and with TRiP for carbon ion plans [1]. Treatment planning for
carbon ion RT includes biological plan optimization. To assure that the tolerance doses of
organs at risk are not exceeded by the combination of photon and carbon ion RT plans, the
photon plan and the biologically optimized carbon ion plan are added on a voxel-by-voxel
basis, resulting in a sum plan. The dose distribution of the sum plan represents absolute doses
at each voxel and the DVH data refer to the absolute doses of the sum plan and are not
normalized to any reference point.

2.2.  Practical Examples

a) Carbon ion RT of prostate cancer

Highest benefit from carbon ion RT can be expected for tumours with low o/ ratios
which are located in normal tissues of a high radiosensitivity against conventional photon RT
(tissues with high o/P ratio). For instance, patients with prostate cancer can be considered to
benefit from carbon ion RT, because o/ ratios reported for prostate cancer cells after low-
LET RT are relatively low. Values for a/f as low as 1.5 Gy have been reported [6]. Late
toxicity to the rectal wall can be considered to be the dose-limiting toxicity for radiotherapy
of the prostate. For late toxicity to the rectum after photon RT o/p ratios between 3 and
5.4 Gy have been proposed [6, 7]. The choice of o/f ratios for plan optimization is made
conservatively at GSI within clinical phase VI trials, e.g. for biological plan optimization an
o/ ratio of 2 Gy is adopted for late toxicity of the rectal wall, while values given in the
literature are between 3 and 5.4 Gy. We additionally perform a plan optimization using
realistic o/ ratios for the death of prostate cancer cells. For this purpose a a/f of 2 Gy is
assumed, which is a conservative assumption for this endpoint as well.

b) Carbon ion RT of skull base tumours

Late toxicity to normal brain tissue such as necrosis is assumed to be the dose limiting
toxicity for radation therapy of skull base tumours such as chordomas and chondrosarcomas.
A o/P value of 2—-3 Gy can be assumed for the biological endpoint brain necrosis. A o/p of 2
is chosen for biological plan optimization in skull base tumours at GSI. The o/p ratios for
chordoma and chondrosarcoma cells are not known, but from their biological behaviour (slow
tumour progression and low radioresponsiveness) one can assume, that the o/ ratio is also in
the range of 2 Gy.

In summary, a decision is to be made by the responsible radiation oncologist as to
which is the dose-limiting toxicity in a specific clinical situation and which o/f ratio has to be
assumed for biological treatment optimization in the specific situation. By doing so, the
radiation oncologist will have to take into consideration aspects of safety and uncertainties of
o/ ratios.
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2.3. Treatment Results with Carbon ion RT at GSI

Between 1998 and 2/2006, 295 patients have been treated with carbon ion RT at GSI.
Most of the patients had chordomas (n=150), chondrosarcomas (n=62) and adenoid cystic
carcinomas (n=46). We also treated 15 patients with other rare skull base tumours and
2 patients with intermediate risk prostate cancer within feasibility trials so far. Twenty
patients with recurrent chordomas and chondrosarcomas received reirradiation after a former
course of RT with photons or protons. Out of the 232 patients with chordomas and
chondrosarcomas, more than 20 patients were treated for extracranial tumour location (sacral
or spinal chordomas and chondrosarcomas) with combined photon IMRT plus carbon ion
boost.

For chordomas of the skull base results after conventional photon RT are poor with
local control rates between 17%-23% at 5 years [8]. With modern stereotactic photon
techniques, a 5-year local control rate of 50% has been obtained [9]. A clear dose-response-
relationship has been observed for chordomas. Local control probability increases with dose
leading to favourable results in patients treated with tumour doses exceeding 65 Gy. In good
accordance with the finding of a dose-response-relationship, best results have been reported in
chordomas with proton RT using target doses up to 83 CGE (cobalt gray equivalent dose).
Five- and ten-year local control rates were reported to be 73% and 54%, respectively, for
375 patients with skull base chordomas treated at the MGH in Boston, USA [10]. Lower rates
have been reported for lower doses by other proton centres [11, 12]. While proton RT is
considered the treatment of choice for patients with chordomas, carbon ion RT has been
shown to yield similar results. Between 1997 and 2001, a clinical phase I/II study was carried
out at GSI investigating the feasibility and effectiveness of carbon ion RT in chordomas and
chondrosarcomas of the skull base. Sixty-seven patients with chordomas (n=44) and low
grade chondrosarcomas (n=23) were treated with carbon ion RT to a median total tumour
dose of 60 CGE (range 57 to 70 CGE) in a weekly fractionation of 7 x 3.0 CGE. Local control
rates for chordomas and low grade chondrosarcomas of the skull base were 74% and 87% at
4 years, respectively. Overall survival at 4 years was 86% and 100% for chordomas and
chondrosarcomas, respectively [13]. Three patients developed a CTC grade 3 mucositis, but
acute toxicities greater than CTC grade 3 were not observed. Treatment results by means of
local control and overall survival after carbon ion RT were comparable with the results
reported for proton therapy [10, 11, 12]. We did not observe unexpected acute or late toxicity.
Late toxicity rates were lower than 5% at a prescription dose of 60 CGE which compares
favourably with the commonly accepted TD5/5 rates for late toxicity to the normal brain
tissue after photon RT.

Another clinical phase I/II trial investigated feasibility and effectiveness of combined
photon IMRT and a carbon ion boost in locally advanced adenoid cystic carcinomas of the
skull base. This trial was carried out because relatively high RBE values of up to 8 have been
reported previously for high LET RT of adenoid cystic carcinomas [14] and results after
photon RT are known to be poor. Best results have been obtained for locally advanced
adenoid cystic carcinomas with neutrons in the past. A randomized clinical phase III trial
showed a significantly better locoregional control for neutron RT as compared to photon RT
(56% vs. 17% at 10 years) [15].

Until September 2003, 29 patients with locally advanced adenoid cystic carcinoma
have been treated with a combination of modern photon RT and a carbon ion boost to the
macroscopic tumour within a clinical phase I/II study at GSI. Only patients with histologically
proven, inoperable, incompletely resected or recurrent adenoid cystic carcinoma were
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included. The PTV for the photon treatment covered the CTV including the course of the
involved cranial nerves up to its entry into the base-of-skull and was therefore very generous
in all patients. The GTV included the macroscopic tumour with a safety margin of 1-2 mm
taking into account the precision of the used immobilization device. A target dose of 18 Gy
CGE of carbon ion RT was applied in 6 fractions of 3.0 Gy CGE, a photon dose of 54 Gy
(5 fractions of 1.8 Gy per week) was delivered to the CTV thereafter. At a median follow-up
of 16 months the 4-year locoregional control and overall survival rates were 77% and 75.8%,
respectively [16]. Severe late toxicity grade 4 was observed in one patient only, who
developed recurrent bacterial infections after partial resection including stabilization with
metal implants and postoperative combination RT. The rate of severe late toxicity to normal
tissue structures included in the target volume was less than 5% as expected. In summary,
locoregional control rates and overall survival rates were comparable to historical neutron
data, but toxicity seems to be less severe after carbon ion RT.

Twenty patients with paraspinal and sacral chordomas and chondrosarcomas were
included in a clinical phase I/II trial of combined photon IMRT (total dose 50.4 Gy, weekly
fractionation of 5x1.8 Gy) and a carbon ion boost (boost dose 18 Gy CGE, weekly
fractionation 6x3.0 Gy CGE). Recruitment of patients was completed in 7/2005. Up to now,
no patient has developed severe acute or late toxicity to the myelon or the rectum. Local
control and overall survival rates will be analysed in summer 2006 after a minimum follow-up
period of 12 months is reached for all patients. However, no RT related toxicity > CTC grade
2 to the rectal wall or myelon has been observed until now, although the tolerance doses to the
OAR had to be exploited in most cases. Data on carbon ion RT for extracranial tumours are
still sparse and are not yet sufficient to validate the biological model for the extracranial
tumour sites. A full course of carbon ion RT has not yet been applied to extracranial targets at
GSI making it even more difficult to draw conclusions.

It can be considered necessary that toxicity rates for other normal tissue structures in
other tumour sites are assessed within clinical trials to allow correlation with the model
predictions and validation and further improvement of the beam model in the future.
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Abstract

This paper summarizes the conclusions of a working group established jointly by the
IAEA and the ICRU to address some of the RBE issues encountered in ion beam therapy.
Special emphasis is put on the selection and definition of the involved quantities and units.
The isoeffective dose, as introduced here for radiation therapy applications, is the dose that,
delivered under reference conditions, would produce the same clinical effects as the actual
treatment, in a given system, all other conditions being identical. It is expressed in Gy. The
reference treatment conditions are: photon irradiation, 2 Gy per fraction, 5 daily fractions a
week. The isoeffective dose Dy is the product of the physical quantity absorbed dose D and
a weighting factor Wise. Wisop 1S an inclusive weighting factor that takes into account all
factors that could influence the clinical effects (dose per fraction, overall time, radiation
quality, biological system and effects, and other factors). The numerical value of Wi is
selected by the radiation-oncology team for a given patient (or treatment protocol). It is part
of the treatment prescription. Evaluation of the influence of radiation quality (RQ) on Wisg
raises complex problems because of the clinically significant RBE variations with biological
effect (late vs early reactions) and position in depth in the tissues which is a problem specific
to ion-beam therapy. Comparison of the isoeffective dose with the equivalent dose frequently
used in proton- and ion-beam therapy is discussed.

1. Introduction

This paper summarizes the conclusions of a working group established jointly by the
IAEA and the ICRU to address some of the RBE issues encountered in ion beam therapy.
Special emphasis is put on the selection and definition of the involved quantities and units.

For some years and in several reports [1, 2, 3, 4], the ICRU developed a systematic
approach to the recording and reporting of various forms of external beam therapy. This
approach has led to the development and wide acceptance of volume concepts such as the
GTV, CTV, PTV and OAR and the use of the ICRU Reference Point for dose reporting in
conventional photon and electron beam therapy. Currently ICRU is preparing reports on
“Prescribing, recording and reporting IMRT and proton beam therapy”, respectively.

Developments in these areas combined with progress in modern imaging may lead to
some adaptation of the volume concepts mentioned above and also to a general movement to
prescribe and report doses to volumes rather than to discrete points.

* A.Wambersie, J. Hendry, K. Ando, P. Andreo, E. Blakely, P. DeLuca, R. Gahbauer,
M. Joiner, T. Kanai, N. Matsufuji, H. Menzel, B. Michael, J. Mizoe, M. Scholz, H. Tsujii,
G. Whitmore
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When reporting proton and ion beam therapy it is important to use the same
approaches and concepts and the same definitions and terminology as used in conventional
photon therapy, wherever possible, in order to minimize risk of confusion and facilitate
comparison of results obtained with the new modalities with those obtained with conventional
photon therapy.

In conventional therapy, outcome is related to dose with little dependence on beam
energy but with a strong dependence on dose per fraction. Because of the latter, attempts have
been made to define a reference fractionation protocol. There is general agreement on
methods to relate doses given under any fractionation protocol to doses given using the
reference protocol (linear-quadratic model). A similar approach is now being widely accepted
in brachytherapy.

The advent of proton and ion therapies may introduce new complexities into attempts
to relate therapeutic doses to a common reference treatment protocol. These modalities
necessitate consideration of the relative biological effectiveness (RBE). Also for several
reasons the fractionation regimens used for proton and ion therapy often differ greatly from
those used for conventional photon therapy. With protons the RBE is low and varies little
with energy over the energy range used for therapy but fractionation effects will be important.
With ions the RBE is high and is a strong function of particle type and energy but the effects
of fractionation are greatly reduced.

If clinical outcomes obtained with proton- and ion-therapy are to be compared to
conventional therapy it is essential to be able to relate the doses given with the new beams to
those given with the reference conventional protocols on the basis of clinical or biological
outcomes. It is the purpose of this paper to discuss the use of dose weighting factors to
achieve this goal.

2. Weighting of Absorbed Dose for Clinical Applications
2.1. Absorbed Dose: a Fundamental Quantity in Radiation Therapy

Absorbed dose is a fundamental quantity for radiation therapy, protection and
radiobiology. It expresses the energy deposited per unit mass in the irradiated material.

Absorbed dose is a rigorously defined quantity used to quantify the exposure of
humans, biological systems and any type of material to ionizing radiation [5, 6]. It is
expressed in joules per kilogram.

The special name of the unit of absorbed dose is the gray:
1 Gy=1J/kg.

Regardless of the type of radiation and the nature of the biological system and effect,
the radiobiological and clinical effects are always related to the absorbed dose.

However, specification of absorbed dose alone is in general not sufficient to predict
the complete biological effect.

2.2. Biological Weighting of Absorbed Dose
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Even when observing a single biological system and effect, the relation between
absorbed dose and biological effect is not unique but depends on several factors including:
magnitude of absorbed dose, absorbed dose rate, absorbed dose per fraction, overall time (and
other time/dose relations), radiation quality and irradiation conditions (e.g., degree of
oxygenation, temperature, etc.).

Therefore, in radiation therapy, when exchanging clinical information and especially
when comparing or combining treatments performed under different technical conditions,
weighting of the absorbed dose is necessary to describe the ultimate biological effect. Hence,
it is necessary to introduce weighting factors (or functions) [7, 8]. Weighting of absorbed dose
implies the selection of reference treatment conditions.

3. Isoeffective Dose, Disok
3.1. Reference Treatment Conditions
For radiation oncology applications the selected reference treatment conditions are:
- photon irradiation,
- 2 Gy per fraction,
- 5 daily fractions per week.

The selection of these reference conditions is widely accepted by the radiation therapy
community. These treatment conditions have been and are widely used as the standard for the
majority of patients. Moreover, the relationships between absorbed dose and the observed
clinical effects are best established for fractionated photon beam therapy.

The 2 Gy dose fraction typically refers to the dose at the ICRU reference point usually
at the centre of the PTV. With conventional irradiation techniques, the dose at that point is, in
general, representative of a relatively homogeneous dose to the PTV. However, with modern
techniques (and in particular IMRT), the dose distribution in the PTV is frequently not
homogeneous. Moreover, outside the PTV, the dose to the normal tissues is largely
inhomogeneous often with steep dose gradients. Therefore, it is important to be able to
correlate the “clinical equivalence” of the non-homogeneous doses with homogeneous doses,
which is in general more difficult for normal tissues than for the PTV.

For special techniques (such as treatment of uveal melanoma or radiosurgery), other
reference conditions may be more appropriate. They should be clearly defined and an
agreement has to be reached between centres participating in a given collaborative study.

Having selected the reference conditions, one can define the concept of isoeffective
dose (Fig.1).

3.2. Definition of Isoeffective Dose

The isoeffective dose Dy is the dose that, delivered under the reference conditions
(as defined above in 3.1 and in Fig. 1, would produce the same effects in a given system as
the actual treatment, all other conditions being identical.

The isoeffective dose is expressed in Gy.
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3.3. Isoeffective-dose Weighting Factor, Wigg

The isoeffective-dose weighting factor Wi 1s the ratio between the isoeffective dose
and the absorbed dose. It is dimensionless and given by:

WISOE = DIsoE/D

Wik 1s an inclusive weighting factor that depends on the biological system and
endpoint. It includes the effects of multiple variables such as absorbed dose, dose rate, dose
per fraction, radiation quality and other irradiation conditions known to affect the clinical
outcome (as illustrated in Fig. 1).

“IsoE” is preferably written as a subscript: Wisr and Dysp but in some cases, for
convenience, it can be written in parentheses as W(IsoE) and D(IsoE).

Absorbed dose Isoeffective dose |, Biological

D x Wi = | Dz — effect(s)

Gy Gy —+ early, late, etc
A r

compared to:
photons, 2 Gy/r, 5 fr/w

dose per fraction (c/p)
overall time (days)

dose rate (a/B, T, )
radiation quality (RQ, RBE)
biological system and effect
others

1111

FIG. 1. The figure illustrates the relation between absorbed dose and isoeffective dose in
radiation therapy. The isoeffective dose DIsoE is obtained by multiplying the absorbed dose
D by a weighting factor WisoE which takes into account all factors, listed in the figure, that

may influence the clinical effects. The isoeffective dose is defined relative to the reference

conditions: photon irradiation, 2 Gy per fraction, 5 daily fractions per week. The
relationships between clinical effects and dose are best established for these reference
conditions.

4. Weighting of Absorbed Dose in Current Radiation-therapy Practice

Using a weighted absorbed dose is appropriate in fractionated external photon beam
therapy, in photon brachytherapy and in particle-beam therapy.

In conventional external beam photon therapy (section 4.1), the isoeffective-dose
weighting factor (Wisg) accounts mainly for effects due to differences in dose per fraction
and overall treatment time.

142



In brachytherapy (section 4.2), depending on the technique, a weighting factor to
account for the effect of dose rate (or duration of the fractions) and separation between the
fractions is needed.

In particle-beam therapy, in addition to the above factors, differences in radiation
quality (RQ) need to be taken into account. The specific issues encountered in proton and ion
beam therapy are dealt with in sections 5 and 6, respectively.

The effect due to changes in the overall time is briefly mentioned in section 4.3.
4.1. Fractionated External Photon Beam Therapy

In the case of external photon beam therapy, the influence of changing dose per
fraction on tumour and normal tissue response is well documented. When a non-conventional
fractionation is used, a weighting factor has to be applied to the absorbed dose to predict the
related difference in biological effect.

In most instances, this weighting factor is based on the linear-quadratic (/) model of
cell survival [9]. When a non-conventional fractionation is used, in order to obtain the same
clinical effect as with 2 Gy per fraction, the weighting factor, Wy = D/D’, can be derived
from the equation:

D[1 + d/(a/B)] = D’[1 + d’/(a/B)]

where D and D’ and d and d’ are the total doses and the doses per fraction for the
“reference” fractionation and the actual fractionation, respectively.

Since d, d’ and D’ are known, the isoeffective dose is given by:
Dy =D’[1+d/(a/B))/[1 + d/(a/P)]
and
W =[1+d/(a/B))/[1 + d/(a/B)]
is the isoeffective dose weighting factor.

In the absence of more specific information the ratio o/ is currently taken to be equal
to 3 Gy for late responding tissues, and 10 Gy for early responding tissues [9]. It is often
assumed that, for many tumours, the ratio o/} is the same as for early responding tissues.

The product, Do = D’Wq, expressed in Gy, is the dose weighted to take into account
the modified fractionation scheme. It is the isoeffective dose, Dy, if all other factors, except
dose per fraction, are equal to the reference conditions. In this latter case, one can thus write
Do = Disor. The subscript o/} indicates for which factor the weighting is made.

In addition, subscripts (e.g., Dop=3 or Dgyjp-10) indicates whether the dose weighting

accounts for late or early effects, and avoid the risk of confusion between absorbed dose and
isoeffective dose, both being expressed in Gy.
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4.2. Modern Brachytherapy: High Dose Rate (HDR) and Pulsed Dose Rate (PDR)
Photon Irradiation

In brachytherapy, there is a dramatic increase in the use of high dose-rate (HDR) and
pulsed dose-rate (PDR) techniques.

While brachytherapy is outside the scope of this paper, a brief mention of the use of
weighting factors in brachytherapy is included to stress two points:

—  Firstly, consistent with the goal of harmonizing the reporting of all radiation therapy,
there is an increasingly broad agreement, in the brachytherapy community, to select the
same reference conditions, 2 Gy per fraction, 5 fractions per week, as in external beam
photon therapy to define the isoeffective dose.

—  Secondly, the selection of the weighting factors is based on the linear-quadratic dose-
response model as in external photon beam therapy and the same numerical values for
the o/ ratios are selected for early and late effects, i.e., 10 and 3 Gy, respectively.

For brachytherapy, weighting factors have to be established for the fraction numbers
and sizes as in external beam therapy. In addition, an issue specific to brachytherapy is related
to cell repair processes during the fractions or incomplete repair between the fractions when
many small fractions are used. Therefore, the duration of the fractions (or dose rate) and
separation between fractions have also to be taken into account. This implies an assumption
about the half-time T;, for repair kinetics. T;, = 1.5 hours is widely accepted for most
clinical conditions (but with larger uncertainty than the o/p values) [10, 11].

For high dose-rate applications (HDR), repair during large fractions needs to be taken
into account when the duration of the fractions is significant compared to T;,. For pulsed
dose-rate applications (PDR), incomplete repair may occur between the numerous small
fractions when the interval between these fractions is as short as 1-4 hours.

When interpreting the clinical outcomes, the similarities listed above should not
diminish consideration of the huge differences between external beam therapy and
brachytherapy as far as dose distribution and, in some cases, overall treatment time are
concerned.

4.3. Influence of Overall Time

In some special external photon beam protocols, and in many brachytherapy and
particle beam therapy protocols, there is a reduction in the overall treatment time. For the
same dose, a reduction in the overall duration of the treatment will increase the effect of
irradiation in both tumours and normal tissues. A thorough discussion of the influence of
overall time is complex and outside the scope of this paper. Useful information can be found
in[12,13,9].

5. Weighting of Absorbed Dose in Proton Beam Therapy
5.1. Isoeffective-dose Weighting Factor Wi

As seen earlier (sections 4.1 and 4.3), in fractionated photon-beam therapy, the
1soeffective-dose weighting factor Wis,g accounts mainly for the consequences of differences
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in dose per fraction and overall time. In photon brachytherapy, in addition, cell repair during
fractions and incomplete repair between fractions have also to be taken into account.

In proton and ion-beam therapy, an additional factor has to be taken into account:
differences in radiation quality RQ. Wi includes all the factors listed in Figure 1 that
influence the biological effects. These factors are not independent from each other and it must
be stressed that the values of o/f for high-LET radiations are not the same as for low-LET
radiations.

The rationale for proton beam therapy is the improved dose distribution compared to
conventional radiation therapy modalities. No significant clinical advantage is expected from
proton beam therapy based on radiobiological effectiveness.

5.2. Radiobiology and RBE Values

The radiation quality of proton beams does not differ largely from that of photon
beams. Proton beams used in therapy are considered as “low-LET” radiation. Therefore it
might be expected that the two radiations would be approximately equally biologically
effective. An absorbed dose variation of 5-10% can be clinically significant in radical
treatments and thus an RBE difference as small as 5-10% has to be taken into account when
prescribing and reporting the treatments.

Most radiobiological data agree that the RBE of proton beams compared to photon
beams given under similar conditions is equal to (or close to) 1.1 in all clinical irradiation
conditions and for all biological systems deemed relevant to therapy [14, 15, 16]. Clinical
observations are in general compatible with these radiobiological data. Therefore there is a
strong tendency in the proton-beam therapy community to adopt a “generic” RBE value of 1.1
for protons when comparison is made to photon irradiation given in equal numbers of
fractions and the same overall time. The use of a generic RBE value of 1.1 for protons is also
recommended by the ICRU [3, 4].

However, two issues require consideration although their clinical relevance is a matter
of debate. Firstly, a variety of radiobiological data show an RBE increase of 5—10% above the
value of 1.1 in the distal part of the spread-out Bragg peak (SOBP). Secondly, because of the
significant increase in LET at the extreme end of the proton tracks, the “biologically effective
range” of the proton beam is increased in depth compared to the physical range. This increase
reaches ~1-2 mm for ~100-200 MeV beams, respectively. Figure 2 compares the variation in
depth of absorbed dose D and dose weighted for radiation quality Drq assuming that the
weighting factor Wrq 1s equal to 1.1 (the generic RBE) at all depths.

The microdosimetric spectra measured at four depths in a proton beam are compared
in Figure 3 [17, 18, 19]. While there is a substantial change in the f(y) spectra, that change
occurs largely where the biological effect, expressed by r(y), is unchanging and near unity.
Hence the [f(y)r(y) changes slightly, namely about 10%. This shift may explain the 5-10%
increase in RBE observed at the distal part of the SOBP.
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FIG. 2. Variation in depth of absorbed dose, D (full line, left ordinate) and dose weighted for
radiation quality, Dro (dotted line, right ordinate) for a 152 MeV proton beam. The dose
weighted for radiation quality is obtained assuming a weighting factor Wrp = 1.1 at all
depths, protons being delivered with the same fractionation conditions and overall time as
photons. The figure illustrates how a flat SOBP is obtained by an adequate combination of
different proportions of protons of different energies [17].
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FIG. 3. Microdosimetric y spectra measured in a 90 MeV proton beam at the UCL cyclotron
of Louvain-la-Neuve. Measurements are performed at the level of the initial plateau (1), and
at the proximal (2), middle (3) and distal (4) part of the SOPB as indicated on the schema at
the top of the figure. The y spectrum for *’Co is given for comparison. Compared to “’Co, the
four proton spectra are slightly shifted towards the high y values, which might explain the
10% difference in RBE. In addition, there is a progressive shift, with depth, of the proton
spectra towards higher y values that could be responsible for the slight additional RBE
increase of 5—10% at the end of the SOBP compared to the initial plateau and other depths in
the proton beam. The right ordinate is the “biological weighting function” which expresses
the RBE variation as a function of y for the case of intestinal crypt regeneration. Only a small
proportion of the proton spectra overlaps with the ascending part (RBE > 1) of the
“biological weighting function” (as indicated by the grey circle). (Redrawn from
[17, 18, 19]).
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5.3. Quantities and Units

Following the concept and terminology introduced above (section 3), the isoeffective
dose Dy is the product of the absorbed dose and the isoeffective-dose weighting factor Wigog
which includes all factors that influence the biological effect. In proton-beam therapy, the
dose per fraction, overall treatment time and proton RBE are the principal factors. These
factors are evaluated by comparison with the reference treatment conditions as specified in
section 3.1.

In the proton-therapy community, the term “equivalent dose” is often used to describe
the product of the absorbed dose by the generic proton RBE of 1.1 (section 5.2). This
approach is only valid provided that the protons and the photons to which they are compared
are delivered using the same fractionation and overall time. Since proton fractionation is often
different from the reference fractionation of 2 Gy per fraction, 5 fractions a week (see
section 3.1) there is significant possibility for confusion.

The unit frequently used, in proton-beam therapy, for the equivalent dose is the “gray-
equivalent” GyE or the “cobalt-gray-equivalent” CGE. This is not an acceptable practice.

As the generic RBE of 1.1 for protons is assumed for all clinically relevant systems
and effects the same absorbed dose leads to the same “equivalent dose” whatever the
biological systems and effects considered. In particular there is no difference between early
and late effects. The “equivalent dose” is thus simply the product: 1.1 times the absorbed
dose.

The difference between the “equivalent dose” and isoeffective dose concepts results
from the selection of the fractionation conditions for photons taken as the reference treatment.
The “equivalent dose” is equal numerically to the isoeffective dose only when the protons are
delivered with the reference fractionation schedule and overall time. If this is not the case,
when comparing “equivalent dose” and isoeffective dose, a factor which takes into account
the effects of differences in fractionation and overall time has to be applied.

6. Weighting of Absorbed Dose in Ion Beam Therapy
6.1.  Application of the Isoeffective Dose-weighting Factor in Ion Beam Therapy

In proton and ion beam therapy, the isoeffective-dose weighting factor Wisg takes into
account the dose per fraction, the overall treatment time, as well as the effects of differences
in radiation quality. However the effects of differences in radiation quality are far more
important with ions than with protons for several reasons.

Firstly, the ion beam RBEs are large compared to photons and there are clinically
significant variations of RBE as a function of dose and biological effect (e.g. late vs early
reactions). This was observed for all high-LET radiations, including fast neutrons [20]. A
second issue is that the RBE varies as a function of particle type and energy of the incident
beam. Thirdly, there is a clinically significant RBE variation as a function of depth in the
tissues due to the changes in the particle energy spectrum.
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The rationale of ion beam therapy is based primarily on a physical dose distribution
advantage compared to conventional treatment techniques often enhanced by an increased
RBE in the SOBP. Secondly, ion beams are a high-LET radiation and, as such, they have a
potential radiobiological selectivity that can be exploited clinically, against selected tumour
types, notably slow growing tumours and tumours containing hypoxic regions.

6.2. Radiobiology and RBE Values

The radiation quality of ion beams (expressed in terms of LET or y spectra) differs
strongly from that of photon beams and varies as a function of position within the beam

RBE variations have been reported using the carbon-ion beam at HIMAC [21]. The
variation of RBE in depth obtained using the intestinal crypt cell system is illustrated in
Figure 4 [17]. These data confirm the results of previous experiments [22]. Table I gives the
RBE values reported from Chiba for cells in vitro and skin reactions in patients [21].

Carbon-12, 290 MeV/u (HIMAC, Japan) , 6-cm SOBP

Regeneration of intestinal crypts in mice after irrg(zliation in a single fraction
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FIG. 4. Variation of RBE as a function of depth in the 290 MeV carbon-ion beam at
HIMAC-Chiba (Japan). On the right-hand side, the RBE is given at the four depths in water
that are indicated. The SOBP is 6 cm thick. The left-hand side presents the full
radiobiological dose-effect curves obtained for the ions at the four depths and for *Co.
The biological system is crypt regeneration in mice, the level of effect chosen for RBE
determination is 20 regenerated crypts per circumference after single fraction irradiation.
1t is obtained for photons after ~14 Gy [17].
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TABLE I. RELATIVE BIOLOGICAL EFFECTIVENESS (RBE) VALUES OF
MODULATED 290 MEV/AMU CARBON-ION BEAMS OF THE HEAVY-ION

MEDICAL ACCELERATOR, CHIBA [23].

RBE values

Position LET (keV/um) Single fraction Four fractions
Cell Skin Skin reaction
Culture reaction
Entrance 22 1.8 2.0 —
SOBP (6 cm)
Proximal 42 2.1 2.1 2.3
45 2.2 2.2 —
Middle 48 2.2 2.3 —
55 2.4 2.3 —
Distal 65 2.6 2.3 2.9
80* 2.8 2.4 3.1
Distal fall-off 100 — — 3.5

*The linear energy transfer (LET) value of fast neutrons used in cancer treatment at the
National Institute of Radiological Sciences is also 80 keV/um)
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FIG. 5. Variation in depth of absorbed dose, D (full line, left ordinate) and dose weighted for
radiation quality, Dro (dotted line, right ordinate) as a function of depth in a 290 MeV'
carbon-ion beam (HIMAC). The RBE increases with depth and this increase is significant at
the level of the SOBP (see Figure 4). Therefore to obtain a homogeneous RQ weighted dose
across the SOBP, the absorbed dose should decrease progressively in depth. The RBE of 3,
selected at the middle of the SOBP, is a clinical decision of the HIMAC radiation-oncology
team based on past clinical experience with neutrons. The variation of the RQ weighted dose
Droused in the figure is derived from the RBE data given in figure 4 (the numerical values of
RBE are indicated). (Redrawn based on the data of [17] and [23]).

6.3. Quantities and Units

Following the concept and terminology introduced above (section 3), the isoeffective
dose, Disop, 1s the product of the absorbed dose, D, and the isoeffective-dose weighting factor,
Wisor, Which includes all factors that influence the biological effect: mainly, in ion beam
therapy, the dose per fraction, overall time and ion RBE and its variation. These factors are
evaluated by comparison with the reference treatment conditions as specified in section 3.1.

As is true for protons (see section 5.3), the term “equivalent dose” is currently used by
the ion beam therapy community as the product of the absorbed dose, D, and a weighting
factor for differences in radiation quality, Wgrq. Unlike the generic Wrq used with protons,
the factor Wrq for ions is assumed to be the best estimate of the RBE of the ion beam at the
point of interest, for a given dose and the relevant clinical effects that are specified (e.g., late
or early effects). Figure 5 illustrates the consequences of the significant RBE variation in
depth. It compares the variation in depth of absorbed dose and dose weighted for radiation
quality DRQ.
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As has been true for protons, the unit frequently used, in ion beam therapy, for the
“equivalent dose” is the “gray-equivalent” GyE.

The concept of “equivalent dose” as described above implies that the ion RBE is
defined relative to photons delivered using the same fractionation and overall time as ions.
Actually ion fractionation is often different from the reference fractionation (see section 3.1)
and 1in this case Wrqis not equal to WigE.

The difference between “equivalent dose” and isoeffective dose concepts thus results
from the selection of the fractionation conditions for photons taken as reference treatment.
The “equivalent dose” assumes that all irradiation conditions except radiation quality are
equal for ions and photons.

In the case of proton therapy (see 5.3, above), the equivalent dose is equal numerically
to the isoeffective dose only when the protons (and thus the photons taken for comparison)
are delivered with the reference fractionation schedule and overall time. If this is not the case,
when comparing “equivalent dose” and isoeffective dose, a factor which takes into account
the effects of differences in fractionation and overall time has to be applied. This factor is
derived based on the model and assumptions described in sections 4.1 and 4.3.

In the case of carbon ion therapy, the radiobiological and clinical data indicate that the
biological effects may be largely independent of how the ion doses are fractionated.
Therefore, in some centres, the influence of fractionation has been assumed to be negligible
for ion beams within reasonable limits [23]. In these conditions, the isoeffective dose, Wik,
for ions can be derived from a correct comparison of the effects of a chosen ion and photon
fractionation, provided that the photon doses are then corrected to the reference fractionation
scheme.

In the above statement, it is assumed that there is no significant difference between
actual and reference overall time. Weighting for large differences in overall time are indeed
difficult to evaluate both for photons and ions (see section 4.3).

7. Discussion
7.1. The Isoeffective Dose Dysk

Isoeffective dose, as introduced here for radiation therapy applications, is the dose
that, delivered under well specified reference conditions (see section 3.1), would produce the
same clinical effects as the actual treatment, in a given biological system, all other conditions
being identical.

The reference treatment conditions chosen are: photon irradiation, 2 Gy per fraction,
5 daily fractions a week (see 3.1).

The isoeffective dose is expressed in Gy.

The isoeffective dose is essential for comparing and/or combining treatments
performed under different technical conditions and facilitates the exchange of clinical
information.

The isoeffective dose Dy 1s the product of the physical quantity absorbed dose D and
a weighting factor Wigg.

151



Wisor 18 an inclusive weighting factor that takes into account all factors that could
influence the clinical effects (dose per fraction, overall time, radiation quality, biological
system and effects).

The numerical value of Wi is selected by the radiation-oncology team for a given
patient (or treatment protocol). It is part of the treatment prescription.

The concept of isoeffective dose i1s currently used in external beam therapy and, more
and more, in modern brachytherapy HDR and PDR.

The concept of isoeffective dose is applicable in particle-beam therapy. However,
evaluation of the influence of the radiation quality (RQ) weighting factor on Wik raises
specific issues especially in ion beam therapy, because of the large RBE variations with
different factors as seen in section 6. Little agreement on numerical values for W has been
achieved so far for ion beams.

7.2.  Relation between Isoeffective- and Equivalent Dose

The term “equivalent dose” is currently used in the proton and ion beam therapy
communities as the product of the absorbed dose and a weighting factor for differences in
radiation quality (Wgrgq) all other irradiation conditions (including fractionation and overall
time) being equal

In proton therapy, the radiation quality weighting factor Wrq is taken equal to 1.1: it is
the assumed “generic” RBE of protons.

In ion beam therapy, Wrq is the best estimate of the RBE of the ion beam at the point
of interest, for a given dose and the relevant clinical effect (e.g., late or early reactions).

The difference between the concepts of “equivalent dose” and isoeffective dose is the
selection of the reference conditions for the photons, in particular fractionation and overall
time.

The “equivalent dose” is equal numerically to the isoeffective dose only when Wrq
has been determined using photon fractions of 2 Gy. If this is not the case a factor which takes
into account the effects of differences in photon fractionation has to be applied when
converting the “equivalent dose” to the isoeffective dose.

The unit of “equivalent dose” commonly used in proton and ion beam therapy has
been the gray-equivalent, GyE, but two points need to be made here.

First, confusion exists between the term “equivalent dose” as used in the present
context of particle therapy and the term equivalent dose as defined by the ICRP, for radiation
protection applications, with a totally different meaning. The special unit for the equivalent
dose defined by the ICRP is the sievert, Sv [23].

Secondly, according to the International System of Units (SI), no subscript nor
letter/symbol can be added to the symbols of units. For example, the symbol “GyE” is not in
accordance with the BIPM recommendations [24].

For these reasons the use of “equivalent dose” and units such as GyE and CGE is
discouraged.
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7.3. General Recommendations

As a general recommendation for all treatment modalities [3], [4] absorbed dose, in
Gy, at all relevant points and/or volumes should always be reported. In addition, treatment
conditions should be reported as completely and accurately as possible: they should allow
reconstruction of the treatment when useful.

In addition, the best estimate of the isoeffective dose Disop, in Gy, should be reported.
The numerical value of the applied weighting factor Wiy, should also be given together with
the rationale used for its evaluation.

The special name of the unit of absorbed dose, isoeffective dose and “equivalent dose”
(if used) 1s the gray (Gy). As the same unit is used for several quantities, the names of the
quantities should always be specified to avoid confusion or ambiguity.
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Abstract

This paper describes the Heidelberg approach for dose prescription and reporting for
the carbon ion therapy performed at the Gesellschaft fiir Schwerionenforschung, Darmstadt,
Germany. The differences in the treatment planning system, beam production and delivery, as
well as beam shaping systems are described and their implications for the procedure of dose
prescription and reporting are explained. Also the procedures followed for target definition
and the dosimetric requirements are discussed. The applied doses are generally reported in
terms of biological effective dose for the fractionation scheme in use for ion therapy. To do
s0, also the biological parameters used in the modelling of RBE have to be specified, like e.g.
the alpha/beta ratio. When a conversion into equivalent doses for a standard fractionation
scheme is done, not only the different dose per fraction has to be taken into account, but also
the different time pattern (7 fractions per week versus 5 fractions per week). When applying a
combination therapy, the weights of the different radiation modalities should be carefully
considered in order to correct for equivalent doses.

1. Introduction

Within the last two decades photon radiotherapy (RT) not only has rapidly developed,
but also particle therapy with protons, helium and carbon ions has gained increasing interest.
Currently the availability of heavy ion RT is limited, as worldwide only 3 facilities offer
carbon ion RT: two hospital based facilities in Japan (HIMAC/Chiba and HIBMC/Hyogo)
and a physics research facility at GSI, Darmstadt in Germany. There is, however, an
increasing interest in ion radiotherapy especially in Europe, where new facilities are being
built in Germany [1] and Italy or are in an advanced planning phase like in Austria and
France.

At the research laboratory Gesellschaft fiir Schwerionenforschung (GSI) in Darmstadt,
a therapy unit began its clinical operation in 1997 [2]. Until spring 2006, about 300 patients
have been treated with carbon ions. Only one treatment room is available that is equipped
with a treatment couch. An additional treatment chair will come into clinical operation in the
near future.

The beam delivery system is completely active and allows 3D scanning of arbitrarily
shaped volumes with a spatial resolution of 2 mm in all three directions. Using a magnetic
deflection system, the intensity controlled raster scanner can deliver a monoenergetic pencil
beam over an arbitrarily shaped area. To do so, a beam of 4-10 mm full-width half-maximum
is scanned over a regular grid of points with typically 2—3 mm spacing. After completion of a
scan, the accelerator energy can be switched from pulse to pulse and another scan can be
performed with a different radiological depth. In total, 252 accelerator energies are available

[3].
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A feedback loop from the intensity control moves the beam to the next beam spot,
when a predefined number of particles is reached. An online monitoring of the beam position
and a feedback loop to the scanner is used to keep the beam extremely stable at each scan
spot.

2. The Treatment Planning System

Since the details of the treatment planning system (TPS) are very much connected to
the beam production and delivery system that is used, the differences in the techniques for
passive and active beam shaping will be outlined briefly.

2.1.  Aspects of the Beam Production and Beam Delivery

The largely increased energy loss of heavy ions as compared to protons also requires
much higher beam energies in order to treat deep seated tumours. In order to achieve a depth
of 16 cm in water, a carbon ion beam of 3000 MeV or 250 MeV/u (energy per nucleon) is
required. Usually synchrotrons are used to produce particle beams with this energy, rather
than cyclotrons, which are a standard in proton radiotherapy. Synchrotrons offer the unique
possibility to change the extracted beam energy from pulse to pulse, i.e. a variation of the
penetration depth is possible without any further hardware. This in turn has the advantage that
the contamination with other ions due to nuclear fragmentation is extremely small as
compared to a passive range shifting methods (see below). It should also be kept in mind, that
ion beams with same energy but produced with active and passive energy variation can differ
substantially in the delivered particle spectrum. This may have considerable impact on the
resulting beam quality in terms of the biological effectiveness of the beam.

Another drawback of a synchrotron as compared to a cyclotron is that the extracted
beam intensity has a pulsed structure and is varying strongly during the extraction phase. In
contrast, a proton beam from a cyclotron is nearly continuous.

This leads to special demands on the time resolution of the control and monitoring
system that have to define precisely the number of particles delivered.

The high momentum of ions at therapeutic energies furthermore leads to much higher
magnetic beam rigidity as compared to proton beams. The rigidity is defined as the product of
the bending radius and the required magnetic field strength. The maximum energies used for
heavy ions are around 400 MeV/u. At this energy the beam rigidity is 6.3 Tm as compared to
2.2 Tm for a proton beam of the same range. To achieve a reasonable bending radius, much
higher field strengths and thus larger and heavier magnets are necessary for ions. While the
weight of a proton gantry is already around 100 tons (at a diameter of 10 m), an isocentric
gantry for carbon ions is expected to have a weight of about 600 tons at a diameter of 13 m

[1].

The enormous size and weight of such a gantry together with the high spatial accuracy
required for the beam position at the isocentre is probably the reason why no such gantry has
been built up to now. Instead of flexible beam delivery systems, fixed inclined beam lines
have been realized at the two operating clinical ion facilities in Japan, where vertical beams
and beams with 45° inclination are available together with horizontal beams. Another
possibility is to move the patient rather than the beam. At HIMAC, a treatment chair is
available as well as patient moulds that can be rotated on the table.
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2.2. Beam Shaping Systems and Implications for the TPS

Concerning the beam shaping system, there exist two principle methods to tailor the
dose to the target volume, which will be described in the following sections.

Passive Beam Shaping

Passive beam shaping still is most commonly used in proton and heavy ion therapy. In
a first step, the monoenergetic beam from the accelerator is modified by a modulator that is
designed to provide a predefined depth dose modulation. To cover different depth
modulations in tissue, several different modulators are available. In order to adjust the
modulated Bragg peak to the desired radiological depth, additional range shifters are needed.
Finally, a clinically useful field width is produced using a double scattering system or a
magnetic beam wobbler.

To adapt the dose individually for each patient, patient specific hardware is necessary.
Using a collimator, the lateral extend of each treatment field is adapted to the beams-eye-view
of the target volume. An additional compensator is used to account for tissue inhomogeneities
and the curvature of the patient’s surface. The compensator is designed such that the distal
end of the modulated Bragg peak matches the distal end of the target volume. In doing so, the
depth dose profile can only be shifted to smaller depths.

The passive beam shaping technique for ions has three major disadvantages: first, the
depth dose can only be tailored to the distal end of the target, but not to the proximal end.
This is due to the fact, that the compensator shifts the SOBP towards the entrance region. A
considerable amount of the high dose region (and high LET region) is therefore located in the
normal tissue in front of the target volume, especially at the lateral field borders. Secondly,
the amount of material in the beam line is considerable, leading to an increase in nuclear
fragments produced by nuclear interactions with the material of the beam modifiers. These
nuclear fragments have lower energies and lead to a higher LET and thus an increased
biological effective dose of the beam already in the entrance region. A third aspect is the large
number of patient specific beam modifiers which have to be manufactured (a compensator
and a collimator for each treatment field) and the necessity to produce a number of
modulators which may have to be exchanged for different patients.

Using the passive depth dose shaping system at HIMAC, the depth dose profile is
fixed by the modulator hardware throughout the irradiation field and no further optimization
is necessary. The modulators were designed in order to achieve a prescribed homogeneous
biological effective dose for a single field. The design of the modulators reflects the fixed
dependence of the RBE with depth for a certain dose level. Due to practical reasons the
modulators are not changed for different modulation depths in various patients or tumour sites
[4, 5].

Absorbed Dose Calculation

The algorithms to calculate absorbed dose for a passive beam shaping system are very
similar to those used in conventional photon therapy. The beam transport models are
relatively simple, as lateral scattering of carbon or even neon ions is very small and the lateral
penumbra of the primary beam is preserved almost completely in depth. The modeling of
nuclear fragmentation is not a serious problem, because treatment planning can rely on
measured depth dose data that include fragmentation. These measurements for the various
depth modulators are performed in water and sum up the dose contribution of all fragments.
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The radiological depth of the beam in tissue is calculated using an empirical relation between
X ray CT numbers and measured particle ranges.

Using this procedure, the design of necessary patient specific devices like bolus,
compensators and collimators can be optimized by computer programs. Similar to photon
therapy, only relative values of the absorbed dose may be used, because the absorbed dose
scales with the number of monitor units.

Biological Modeling

The situation is more complicated for the calculation of biological effective dose
because the relative biological efficiency (RBE) of an ion beam in tissue is dependent on the
underlying LET spectrum, the cell type, the dose level and some other quantities. This
problem was solved by a number of pragmatic steps and assumptions for passive beam
delivery systems [4]:

The clinical RBE is replaced by an LET dependent RBE for in vitro data under well
defined conditions and then linked to clinical data by an empirical factor. At HIMAC, e.g. the
RBE value for the 10% survival level of human salivary gland (HSG) cells was chosen and
then linked to the existing clinical data gained in fast neutron radiotherapy at the
corresponding LET level.

The fractionation scheme and dose per fraction are kept fixed and only one modulator
yielding a certain depth dose is used for each treatment field.

This is possible, as several fields of a treatment plan are applied on different treatment
days. Thus, the treatment fields can be considered to be independent and the effective dose
values can be simply added up.

Under these conditions, the resulting RBE can be approximated to be only a function
of depth. If this function is determined, a corresponding ridge filter can be designed in such a
way, that the resulting depth dose curve leads to a constant biological effective dose.
Consequently, no further biological modeling or optimization is necessary once the ridge
filters are designed. Recently a so-called layer-stacking system was introduced at HIMAC
[12.6], which allows a better dose conformation using several SOBPs with smaller depth
modulation in combination with a multileaf collimator.

Active Beam Shaping

Another way of beam delivery is called active beam shaping. This system takes
advantage of the electric charge of ions, in order to produce a tightly focused pencil beam that
is then deflected laterally by two magnetic dipoles to allow a scanning of the beam over the
treatment field. Moreover, the energy from a synchrotron can be switched from pulse to pulse
in order to adapt the range of the particles in tissue. This way, a target volume can be scanned
in three dimensions and the dose distribution can be tailored to any irregular shape without
any passive absorbers or patient specific devices, like compensators or collimators. Therefore,
the high dose region can also be conformed to the proximal end of the target volume and the
integral dose as well as the volume receiving high LET radiation is minimized.

There is, however, considerable effort necessary in order to monitor on-line the
position and intensity of the beam and to enable a safe and accurate delivery of dose to the
patient.
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It should be stressed, that the beam scanning method used at GSI does not rely on a
continuous beam extraction with a constant intensity. Instead, any fluctuation in the beam
intensity (which can be very large for a synchrotron) is monitored online and compensated for
by the time period, during which the beam delivers ions to a single spot. Between two
neighboring spots, the extraction is not switched off, but the beam is moved quickly to the
next spot, with a velocity of typically 10 m/s. This is very different from the approach
followed by most proton beam scanning systems, where a continuous extraction is aimed for
and the intensity at each spot is controlled by the scan speed, or by discrete spot scanning,
where the beam is switched off after delivery of each spot.

For an active beam shaping system for ions a research TPS was developed for the GSI
facility. The system is a combination of a versatile graphical user interface for RT planning,
called Virtuos (Virtual radiotherapy simulator, [7], and a program called TRiP (Treatment
planning for particles), which handles all ion specific tasks [8], [9], [10]. Virtuos features
most tools used in modern RT planning, while TRiP handles the optimization of absorbed as
well as biological effective dose and the optimization of the machine control data.

The introduction of a 3D scanning system has some important consequences for the
TPS.

A modulator for passive beam shaping is designed to achieve a prescribed
homogeneous biological effective dose for a single field. A 3D scanning system, however,
can produce nearly arbitrary shapes of the spread out Bragg peak (SOBP). The shape of the
SOBP therefore has to be optimized separately for every scan point in the irradiation field.

The resulting new demands on the TPS are:

e The beam intensity of every scan point for each energy has to be optimized separately
to obtain a homogeneous biological effect.

e As the system is able to apply any complicated inhomogeneous dose distribution, the
capability for intensity modulated radiotherapy with ions should be taken into account.

e All fields of a treatment plan are applied at the same day to avoid uncertainties in the
resulting dose due to setup errors.

e The dose per fraction should be variable for every patient.

e  The scanner control data (energy, beam position, particle number at every beam spot)
have to be optimized for each field of every patient.

e An RBE model has to be implemented, that allows the calculation of a local RBE at
every point in the patient depending on the spectrum of particles at this point.

e Not any optimized scan pattern may be feasible to deliver with a given scanning
system e.g. there is a lower threshold for the particle number at each scan spot, which
can be resolved accurately by the monitoring system. The feasibility of each plan has
to be checked also with regard to the delivery time, if exceedingly many spots of a low
intensity are used.

Absorbed Dose Calculation

The dose calculation for active beam shaping systems is very similar to the Pencil
beam models used for conventional photon therapy and also relies on measured data like for
the passive systems. Instead of the measured depth dose data for the SOBPs resulting from the
modulators, data for the single energies are needed. If the applied dose is variable, it is
necessary to base the calculation of absorbed dose on absolute particle numbers rather than on
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relative values. For the calculation of absorbed dose, the integral data including all fragments
are sufficient.

Before the actual dose calculation starts, the target volume is divided into slices of
equal radiological depth (here the same empirical methods of range calculation as for passive
systems are used). Each slice then corresponds to the range of ions at a single energy of the
accelerator. The scan positions of the raster scanner are then defined as a quadratic grid for
each beam energy. In the last step, the particle number at each scan point is optimized
iteratively until a predefined dose at each point is reached.

Biological Modeling

To fulfill the demands of an active beam delivery on the TPS concerning the
biological effectiveness, a more sophisticated biological model is needed. Such a model was
developed e.g. at GSI. Its main idea is to transfer known cell survival data for photons to ions,
assuming that the difference in biological efficiency arises only from a different pattern of
local dose deposition along the primary beam.

The model takes into account the different energy deposition patterns of different ions
and is thus able to model the biological effect resulting from these ions. An important
prerequisite for this is, however, the detailed knowledge of the number of fragments produced
as well as their energy spectrum. The calculated RBE shows a dependence on the dose level
and cell type, if the underlying photon survival data for this respective cell type are known.

The model allows the optimization of a prescribed biological effective dose within the
target volume [9, 10] using the same iterative optimization algorithm as for the absorbed dose.
At each iteration step, however, the RBE has to be calculated anew, as it is dependent on the
particle number (or dose level). Since this includes the knowledge of the complete spectrum
of fragments, the optimization is rather time consuming. Again, it has to be pointed out, that
the dose dependence of the RBE demands the use of absolute dose values during
optimization.

3. Aspects of Patient Positioning

Due to the high spatial accuracy that is achievable with ion beams, patient fixation and
positioning require special attention. Patient fixation is currently achieved with an
individually prepared mask systems developed at DKFZ. This system allows only very small
movements of the skull within the mask of 1-2 mm. The highest accuracy during the initial
positioning is achieved by the use of stereotactical imaging and positioning techniques. Prior
to every fraction the position is verified using X ray imaging in treatment position. The X ray
images are compared against digitally reconstructed radiographs obtained from the treatment
planning CT. On the X ray images the isocentre of the treatment room is visualized by thin
steel wires placed in front of the image intensifiers. Given the magnification of the obtained
images, deviations of the position of bony landmarks relative to the isocentre of 1 mm can
clearly be detected and corrected for prior to the first treatment [11].

For the treatment of tumours in the pelvic region a cast system of the same material as
for the head mask is used to fix the bony structures of the pelvis. In addition a modified head
mask is used to limit movements of the patient in a craniocaudal direction. In combination
with the X ray position verification, the accuracy of the position of bony structures in the
pelvis is less than 3 mm.

160



To achieve additional freedom, a treatment chair was developed to treat patients in a
seated position. In this case, patient movement plays an important role, since the patient tends
to relax and move downward in the chair with time. The treatment time therefore has to be
minimized and means to control the patient position during therapy are advisable. Additional
uncertainties are introduced, if the treatment planning is performed on a conventional
horizontal CT scan, with the patient in supine position. The best way to exclude this
uncertainty is to perform the treatment planning CT in seated position, using dedicated
vertical CT scanners [12]. At HIMAC an additional degree of freedom was introduced, by
rotating the patient in a mould around its longitudinal axis. Using this method, the problem of
organ movement has to be carefully considered and rotation angles are limited to 15 degrees
at HIMAC.

4. Target Definition and Dose Prescription
4.1. Imaging for Ion Therapy

Since the CT numbers are the only quantitative source of information to obtain the
range of the particles in tissue, the quality of the images is of high importance. The
procedures to obtain the HU-range calibration should be defined and documented. It is
necessary to define QA procedures for CT images to be used in particle therapy planning.
They should include regular checks of the HU of various phantom materials throughout the
scale as well as real tissue measurements [13].

Only native CT scans should be used for therapy planning with particles.

Metal artifacts may cause large range uncertainties especially for patients with a hip
prosthesis made of surgical steel.

The PET images obtained during therapy are currently the only source of information
for the validation of the range of ions in vivo. They can also be used to detect changes in the
anatomy of the patient, e.g. due to swelling of the mucosa or changes in the filling of
paranasal sinus with liquid during RT. This information can, however, be gained with higher
accuracy using CT imaging or cone beam imaging prior to each treatment session.

4.2. Target Definition

For the treatment of skull base tumours the PTV is defined by adding a margin of
1-2 mm around the CTV. The margin accounts for target movement, uncertainties in the set-
up during the treatment course and uncertainties in the beam delivery and range calculation.

Setup errors in the direction longitudinal to the beam are not very important, as the
scanned ion beam has a very small divergence (about 1 milli-steradian) and can be considered
parallel. This is due to the fact that the virtual source point is about 8 m upstream of the
isocentre. Lateral setup errors are much more important.

The uncertainty due to the scanning beam delivery system amounts to approximately
0.5 mm in lateral direction. This is ensured by the online monitoring of the beam position
used to control the scanning magnets. The uncertainty in the beam energy is extremely small
since the SIS synchrotron represents a very efficient spectrometer. Range uncertainties due to
energy variations can therefore be neglected. The calculation of ion ranges in tissue, however,
is the largest source of uncertainty. It depends strongly on the type and homogeneity of the
traversed tissue. For a beam path through cranial bone and brain tissue without large

161



inhomogeneities the uncertainty is around 1 mm. For a beam path through the auditory
channel or paranasal cavities range uncertainties of up to 5 mm may occur.

For tumours in the neck region or paraspinal tumours larger setup errors are expected
and the margin has to be increased to 3 mm for extracranial tumour sites. Moreover, in critical
cases the robustness of the treatment plan is assessed by simulating various setup errors and
their effect on the dose distribution.

4.3. Dose Prescription

The dose prescription is always given to the whole target volume and the dose
optimization is done in such a way, that the dose in each volume element of the target volume
is varying by not more that 2-3% from the prescribed dose. The quantity used for
optimization is always the biological effective dose, i.e. in the TPS the absorbed dose is
optimized so that the product of dose and relative biological effectiveness is homogeneous
throughout the target volume.

It is intended that the whole target volume is covered with at least 90% of the
prescribed dose. The minimum diameter of hot and cold spots is intended to be below
2-3 mm. Deviation of this rule are only acceptable, if an OAR is involved (leading to cold
spots) or a patch field technique is unavoidable (leading to hot spots). The homogeneity of
dose distributions is typically much better than in conventional therapy or IMRT.

The fractionation scheme used for carbon ion treatments at GSI is also part of the
prescription. Typically, for a fully fractionated treatment, 20 fractions are delivered on 20
consecutive days. The dose per fraction and the total dose are reported. Only the fraction dose
enters the TPS, as complete repair is assumed to take place in one day. For a fully fractionated
treatment, a sequential boost is delivered typically during the last 5 days of the treatment
course. This is obtained by optimization of a second treatment plan optimized for the PTVII
(the GTV plus a 1-2 mm safety margin), usually with the same dose per fraction as the
treatment of PTVL.

4.4. Planning of Combined Therapy

In case of adenoidcystic carcinoma and pelvic tumours, the carbon ion treatment is
delivered as a boost treatment given in addition to a conventional 3D conformal RT or an
IMRT treatment. Typically a carbon boost of six fractions is given on six consecutive days
prior to the IMRT treatment. Both treatment modalities are planned using the same patient CT
data and volume definitions and are integrated in the treatment planning platform VIRTUOS.

First the carbon ion treatment plan is optimized to yield a homogeneous biological
effective dose to the PTVIIL. The calculated carbon ion dose distribution is assessed in the TPS
in order to derive the constraints for the OARs for the IMRT optimization. The KonRad
software is used for the optimization of the photon dose distribution.

The weighted sum of the resulting photon dose and carbon ion dose distribution is
then calculated on a voxel by voxel basis. Before the summation, the IMRT treatment plan is
normalized to the median dose. The carbon dose may not be normalized since it is optimized
to an absolute value of absorbed dose, or absolute particle numbers. Then both dose
distributions are added up using the fraction of dose delivered with each modality. In
obtaining these weights, only the total dose is taken in to account, although different fraction
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doses are used and the treatment is applied in different weekly schemes (6 consecutive
fractions of carbon ions vs. 5 fractions per week of photon RT).

4.5. Intensity Modulated Ion Therapy (IMIT)

Although any treatment field applied with the beam scanning method is intrinsically
modulated in intensity, intensity modulation is usually referred to as a simultaneous
optimization of several treatment fields, each delivering an inhomogeneous dose to the target.
A first prototype allowing the optimization of a homogeneous biological effective dose for 2
or three fields of carbon ions is available and is currently being tested. It is intended to
introduce this technique clinically within the year 2006. There are, however, some problems
connected to IMIT:

. When only 2 or 3 fields are used, a significant increase of the dose in the entrance
region of one of the beams may not be avoided.

. Range uncertainties become more important, since automatically the IMIT will try to
make use of the finite range of the particles.

. The distribution of absorbed doses and LET will become much more inhomogeneous

as compared to single field optimization. The uncertainty of the RBE calculation may
be larger in this case, or is at least not yet validated clinically.

- A faster algorithm is used to calculate the biological effects in IMIT, using some
additional approximations. It is a priori not clear which deviations to the former model
may appear and if they can become significant.

4.6. Documentation of Treatment Plans

There are two different types of documentation produced for every patient: German
laws require a printed documentation of all relevant aspects of the treatment plan,
prescription, dosimetric verification and the delivery of radiotherapy which has to be kept for
30 years. Due to the limitations of the amount of data in the printed documentation an
electronic record of each treatment is also produced, to allow full access to all relevant
parameters of a treatment.

Printed Documentation

The printed documentation contains all relevant information on the diagnostic data,
the dose prescription, target volume definition, treatment plan, plan verification and a
treatment record.

The prescription includes all relevant parameters like fraction dose, weekly
fractionation, tumour type, o- and B-values used for various organs and relevant CT and MR
images used for target volume definition. The doses are specified as biological effective doses
and are not converted into equivalent doses corresponding to a conventional fractionation of
2Gy per fraction in 5 fractions per week.

The treatment plan documentation includes printouts of the CT images including all
slices of the target volumes and contours of all OARSs receiving a relevant dose. Isodose lines
are included in this printout. Furthermore, the dose volume histograms and histogram
statistics is included. The histogram statistics gives information on the minimum, maximum
and mean dose and standard deviation for each VOI, as well as the volume receiving more
than 30% and less than 90% of the prescribed dose and the absolute volume of each VOI. The
biological effective dose is used for the documentation of the DVH and isodose lines.
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To be able to assess also the RBW distribution, an isodose plot in a sagittal,
transversal and coronar plane through the isocentre is added for the biological effective as
well as for the absorbed dose. The o/f ratios of the dose-limiting biological normal tissue
endpoints used for biological treatment plan optimization are documented as well.

The 3D beams eye-views (BEV) of all treatment fields are included as well as DRR
for position verification and a printout of the transversal CT image including the target point
and stereotactic fiducials in order to allow for a simple check of the stereotactic target
coordinates. Finally the version of the TPS and data base for biological and physical
parameters is included [14].

Data from the dose verification include a complete record of the measurements done
for dosimetric plan verification. This includes data on the planned and measured values for
each chamber position, the position of the chambers in the water phantom and the statistical
evaluation of these data. Furthermore a radiochromic film image of the treatment field is
added, which can be compared to the BEV and a calculated film response using the treatment
plan.

The treatment record includes a detailed report on the daily treatments, including a list
of the treated fields, eventual interruptions, X ray images done for position verification as
well as the image parameters (tube current, time and kV setting).

Electronic Record

The electronic record includes all data used and generated during treatment planning
like CT- and MR-images, calculated dose distributions and optimized machine control data.
Furthermore an electronic treatment record generated by the monitoring system is stored. This
record contains the measured actual position of the beam at every beam spot, as well as the
measured intensity at each spot, as well as the deviation from the planned values. Also the
PET images gained during the irradiations for each fraction are stored electronically.

The most important data are the machine control data, since they document the
position, energy and particle number used for each beam spot in a treatment field. Given this
information, it is always possible within the TPS to calculate the absorbed dose and biological
effective dose using any available model. This is of special importance if changes in the
models or data base are performed, in order to check the influence of these changes on the
applied doses. The electronic treatment record is also of great importance to reconstruct the
applied dose after an interlock, if the treatment can not be resumed the same day. In principle
a resumption of a treatment is possible at any beam spot in a treatment plan. In case of an
interlock the systems stores the last treated spot.

The data are stored in an archiving system based on tape robots. All data are regularly
copied to new storage media and two copies are stored in different places.

5. Dosimetric Requirements of Scanned Beams
5.1.  Plan Verification

Since the scanning beam technique is a dynamic method, dose verification in a single
point is not sufficient because the dose may be correct at one place in the distribution but may
be incorrect at another point. Therefore it is necessary to sample the dose distribution in many
points. The conventional technique of using a scanning chamber in a water phantom is also
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not feasible, when a dynamic beam application system is applied. Consequently, a multi-
channel dosimetry system is mandatory for an efficient verification of dose distributions
generated by beam scanning. At DKFZ, a multi-channel system was developed by integration
of commercial dosimeters and a motor driven water phantom into the verification software
[15]. Twenty four small volume ionization chambers are mounted on a holder and can be
positioned in the water phantom. The software has an interface to the TPS, so that the doses
are calculated in the water phantom at the actual position if the chambers can be read in. The
chamber positions are displayed relative to the dose distribution. When a measurement is
finished, the calculated and measured doses at all points are displayed, together with the mean
and standard deviation of all deviations. For both quantities an intervention threshold of 5% is
used, in order to allow delivery of the treatment plan to the patient.

Since biological modeling is an essential part of the TPS, also methods for the
verification of biological effects have been designed at GSI and are regularly used if new
techniques (like IMIT) or new data bases are introduced [16, 17].

5.2. Monitor Calibration

Since the TPS used for the scanning carbon ion beam at GSI directly calculates
absolute particle numbers, there is no necessity, nor possibility to calibrate each individual
treatment field by a single dose measurement. This is different if a fixed depth modulation is
used, like in HIMAC, where the MU used for treatment field is fixed by a field specific
calibration measurement.

The approach developed for the GSI facility rather uses a direct calibration of the
monitoring system in terms of particle numbers, which is the quantity used also in the
machine control data and TPS. The monitor calibration is done for a number of relevant beam
energies by means of a dose measurement using a thimble ionization chamber and a
predefined MU. Using the same model as in the TPS, the particle number is derived from the
dose measurements. Since the energy dependence of the monitor signal is determined by the
gas in the chambers, a single daily calibration factor can be derived from the measurement
[12,18].

6. Discussion

Due to the known differences in RBE for various tissues, it may be desirable to use
different a/p ratios for the various organs. In this case a discontinuous dose distribution would
result, and doses for these organs in the DVH will no longer be comparable. Even if the same
o/ ratios are used, they may refer to different endpoints.

Whenever the base data used for biological treatment optimization or the physical data
base changes, this may lead to a different dose modulation due to the dependence of RBE on
the fragmentation spectra and o/} ratios. Whenever such changes are introduced, the applied
dose distributions may be changing, rather than just the overall dose level.

Due to the very different uncertainties of the beam delivery and range calculation in
lateral and longitudinal direction, but also the influence of setup errors, it may be reasonable
to introduce non-uniform margins around the CTV. The margins would then be depending on
the beam direction and may be derived from an inhomogeneity parameter for the traversed
tissue.
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Will it ever be feasible to treat moving organs using active motion compensation by the
scanner? Problems arise especially from the effect of elastic deformation and consequent
density changes on the biological dose distribution. Beam spots optimized for a certain tissue
type and o/f ratio may end up in another tissue.

It is desirable to apply an integrated boost throughout the treatment course or a
concomitant boost, in order to limit the treatment planning and verification efforts. This
would lead to a different fractionation for the boost volume.

The applied doses are reported in terms of biological effective dose for the fractionation
scheme in use for ion therapy. When a conversion into equivalent doses for a standard
fractionation scheme is done, not only the different dose perfraction has to be regarded, but
also the different time pattern (7 fractions/week vs. 5 fractions/week). When applying a
combination therapy, the weights of the different radiation modalities should be carefully
considered in order to correct for equivalent doses.
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Abstract

This paper describes the current Chiba approach regarding the principle of clinical
dose designing, the physical beam model, the design of the biological spread-out Bragg peak,
the determination and prescription of the clinical RBE, verification and application of the
RBE model, prescription of clinical dose, and application of hypofractionation. The applied
doses are reported in terms of biological effective dose for the fractionation scheme in use for
ion therapy. The experience on the RBE intercomparison and the tumour control probability
(TCP) analysis suggests that if the clinical results such as TCP are expressed in terms of
physical dose, it will provide good prospects for the estimation or the comparability of
clinical results among different facilities. From this point of view, it is preferable to report
physical information (dose, LET and so on) together with the prescribed clinical dose. If
appropriate simplifications can be introduced, the extent of the reported physical information
could be reduced.

1. Introduction

At the beginning phase of the heavy-ion clinical trial, we lacked pertinent biological or
clinical data on high-LET radiation of the heavy-ion beams. We selected the carbon beam
because it possesses similar LET characteristics as the neutron beams, which have been used
for clinical trials at our institute for the past 20 years. It is, thus, reasonable to start heavy-ion
radiotherapy by applying the treatment schedule used in neutron radiotherapy. Our strategy
for the prescription of dose by the carbon beam to patients was set up with the following
components:

2. Beam Model

Fragmentation of monoenergetic carbon ions in a patient’s body is estimated with a
simulation code HIBRAC [1]. The dose-averaged LET value is deduced at each depth from
the calculated LET spectra.

3. Design of Biological SOBP

HSG, a cell line derived from a human salivary grand tumour, was chosen as a
representative of various cell lines due to its moderate radiosensitivity. Dose-survival
relationships of the HSG to carbon ions of various incident energies are characterized by two
parameters, o and 3, using the LQ model. The SOBP is designed to achieve constant survival
probability (10%) for the on HSG cells on the entire SOBP region. Here, dose-averaging
coefficients o and [ are used for the survival calculation at each depth regarding the
composition of the beam.
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4. Determination of Clinical RBE

It is assumed that the carbon beam is clinically equivalent to fast neutrons at the point
where dose-averaged LET value is 80 keV/um. Our enormous neutron therapy experience
shows that neutrons have a clinical RBE of 3.0. Then, the clinical RBE of carbon is also
normalized to 3.0 at this point. The clinical SOBP shape is finally deduced by equally
multiplying a fixed factor, the ratio between the clinical- and biological RBE value at the
point where the dose-averaged LET is 80 keV/um, to the entire biological SOBP.

Each step will be explained in detail in the following sections.
4.1. Physical Beam Model

We calculated the depth-dose distribution and LET distributions of a monoenergetic
carbon beam, including fragmentation effects, using a code HIBRAC [1]. Production and one-
dimensional transport of secondary and tertially fragments originated from the projectile are
taken into account. Here, the patient’s body is assumed to be a mixture of water with various
local densities. The results of the calculation were verified through comparisons with
experimental results.

4.2.  Design of Biological SOBP

Through biological experiments as shown in Fig. 1, it was found that the neutron RBE
of these survival levels coincided with the RBE of the carbon beam at a dose-averaged LET
of around 65 keV/um. It can, thus, be said that the neutron beam is nearly equivalent to a
65 keV/um carbon beam.
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FIG. 1. LET dependency of RBE for colony formation of V79 and HSG cells at 1%, 10%, and
50% survival levels. The RBE was obtained by low-energy carbon ions at the RIKEN ring
cyclotron facility and the NIRS cyclotron. The arrows are those values of RBE obtained using
the neutron beam at the specified survival levels.

In the case of fractionated irradiation, the survival curves of the intestinal crypt cells
for the neutron irradiation coincided with the survival curves for the irradiation of the
proximal peak of the SOBP carbon beam in both cases of single and fractionated irradiation
[2]. The dose-averaged LET of the proximal peak of the SOBP was about 65 keV/um. Even
though the biological effects for the SOBP beam should be slightly different from those for
the monoenergetic beam of the same LET, these results of the effects of single and
fractionated irradiation on crypt cells have supported the assumptions that the NIRS neutron
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beam is nearly equivalent to a 65 keV/um carbon beam. Consequently, we decided to select a
carbon beam as the first heavy-ion beam to start clinical trials of heavy ion radiotherapy.

It is regarded that the dose-cell survival for combined high- and low-LET beams could
be expressed by a linear-quadratic (LQ) model, in which new coefficients (o and [3) for
combined irradiation were obtained by dose-averaging coefficients a and 3 for monoenergetic
beams over the spectrum of the SOBP beam [3]. Also, it has been shown that the survival
level of V79 Chinese hamster cells is successfully uniform throughout the SOBP. The
biological responses for a range-modulated beam were also examined for quite different
biological samples, such as HSG cells [4], MG 63 human osteosarcoma cells [5], and crypt
cells of mouse jejunum [2].

In the design of the SOBP, we need data concerning the LET dependence of the
coefficients (a0 and B) in the LQ model of the survival curve for the appropriate cell line,
which represent the response of the tumour. Referring to the work of Lyman ef al. in the
design of their ridge filter [6] and the work by Ito et al. at the RIKEN ring cyclotron [7], we
find the response of the HSG cells is in the middle of those of a variety of biological systems.
The response of the HSG cell has a small shoulder in the survival curve, and belongs to the
class like early-responding tissues. In addition, RBE at Dy is found to be independent of cell
types as shown in Fig. 2. Therefore, we adapted data of the coefficients (o and ) of the HSG
cell line as being those for representing typical tumour responses in the design of the SOBP of
the HIMAC beam.
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FIG. 2. Relationship between D,y values for X rays and carbon ions with various cell lines.
RBE is largely categorized in two values by the difference of LET, however, RBE is not
dependent on the cell lines.

The RBE of HSG cells against the dose-averaged LET of the SOBP shows that at
around 80 keV/um carbon beam in the SOBP there is equivalence to the NIRS neutron beam
in terms of the biological responses (Fig. 3). The neutron-equivalent LET of the spread-out
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beam was higher than in the case of a monoenergetic carbon beam of 135 MeV/n. This may
be because a spread-out beam using 290 MeV/n carbon contained a large amount of low-LET
components, and the LET spectrum of the beam spread over a very large range. The
biological responses for the 60 mm SOBP of the 290 MeV/n carbon beam were also slightly
less effective than those for the 30 mm SOBP of the 135 MeV/n carbon beams having low
contaminations of fragmented light nuclei.
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FIG. 3. LET dependency of the RBE for colony formation of HSG cells at the 10% survival
level. The data for the RBE were obtained by exposures in a HIMAC carbon beam of
290 MeV/nucleon. The dashed line shows the RBE for the NIRS neutron beam for the

HSG cells.

The results for early reactions of mouse skin also showed that around 80 keV/um
beams of carbon SOBP were equivalent to the NIRS neutron beam in the case of a 4-fraction
irradiation schedule. Iso-effective responses within the error bars were observed in the SOBP
for various cell lines (Fig. 4).

4.3. Determination and Prescription of Clinical RBE

The clinical RBE of the carbon beam was determined based on the RBE for the
neutron beam at NIRS. From the experience involving neutron therapy, the clinically
determined RBE for the neutron beam was 3.0 when the total number of fractionated
irradiation doses was 16 and the dose level of each fraction was 0.9 Gy. The clinical RBE
value at the neutron-equivalent position of the carbon spread-out Bragg peak was then
determined to be 3.0. The relative biological and physical dose distributions obtained using
the responses of the HSG cells were assumed to be maintained for the clinical cases. In
summary:
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FIG. 4. Biological dose distribution of a therapeutic carbon beam. The Bragg peak of a
monoenergetic carbon beam of 290 MeV/n was spread out to 60 mm.

4.4. Prescription of Clinical Dose

(1) The dose level of the flat top of the biological dose distributions, which corresponds to
the prescribed clinical dose to the target, is first given by a medical doctor.

(2) Also, the physical dose at the neutron-equivalent position was determined using a RBE
value of 3.0.

(3) The physical dose distribution of the SOBP beam is then normalized at the neutron-
equivalent position.

(4) The physical dose at the centre of the SOBP is obtained and the RBE values at the
centre of the SOBPs are then obtained by dividing the biological dose by the physical
dose.

This scheme for designing the clinical dose results in applying a universal depth-dose
distribution to all patients, independent of tumour types or dose level. The universal depth
dose distributions are considered to be beneficial to clarify the clinical effectiveness of carbon
ion radiotherapy through clinical trials when dose dependency or the difference of
radiosensitivity among tumour type is not yet proven from the viewpoint that it contributes to
reducing the number of free parameters. Fig. 5 schematically shows the method for
determining the RBE at the centre of the SOBP for clinical situations.
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Fractionated dose for clinical situation
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FIG. 5. Schematic method used to determine the RBE at the centre of the SOBP for the
clinical situation. (RBEb = biological RBE, RBEc = chemical RBE, HSG = Human salivary
gland tumour cells).

During the first decade of clinical trials at HIMAC, we performed dose escalation
protocol studies on various tumour types to find the optimum dose with the universal shape of
the SOBP. In other words, the differences in radiosensitivity between tumour types are at first
attributed to the total dose in order to achieve a certain clinical result. Since 2004, some
protocols are performed under authorization by the Ministry of Health, Labor and Welfare in
Japan as the Highly Advanced Medical Technology.

S. Dose Reporting
5.1. Dose Prescription and Individual Calibration

The irradiation system at HIMAC is based on the passive beam delivery method. A
pair of wobbler magnets together with a metal foil (as a scatterer) broadens the therapeutic
carbon beam laterally. An appropriate universal ridge filter is selected among discrete
variation in width in order to shape the planned SOBP. The system fits to our dose-designing
scheme: once the width of the SOBP is selected, the entire dose distribution is automatically
obtained independent of dose level or tumour type. Additionally in principle it is expected
that the beam has a uniform biological or clinical effect over the entire target region. Under
this condition, the physical dose at the centre of the SOBP, which corresponds to the clinical
dose specified by a medical doctor, is given using a RBE table in our treatment planning
system in order to characterize the dose distribution. Table I gives the clinical RBE of carbon
beams at the centre of various sizes of SOBP.
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TABLE I. CLINICAL RBE OF THE CARBON BEAMS AT THE CENTRE OF THE
VARIOUS SIZES OF THE SOBP

SOBP CLINICAL RBE
30 2.8
40 2.6
60 24
80 23
100 2.2
120 2.1

In the procedure of dose calibration, physical dose is measured with an ionization
chamber at the centre of the SOBP under the IAEA protocol. Dose monitors in the beam line
are calibrated with the physical dose at the centre of the SOBP for all patients once before the
first course of the therapy. The ratio between the physical dose measured at the centre of the
SOBP and the output of the main dose monitor (monitor count) is stored as a calibration
factor in the unit of (Gy/monitor count).

On the other hand, the standard depth-dose profile (60 mm SOBP for the beams of
290, 350 and 400 MeV/n and 20 mm SOBP for those of 140 and 170 MeV/n) is measured
daily. Fluctuation of the calibration factor is then compensated based on a trend of the
standard depth-dose profile.

5.2. Items Recorded in a Report

As explained, our clinical depth dose distribution can be represented only with the
width of the SOBP. In the treatment planning, nominal and uniform dose is prescribed to the
target volume. Due to this unique scheme, we do not make use of the ICRU reference point
[8] in order to indicate and record the prescribed dose. Instead, the prescribed clinical dose
and the corresponding physical dose at the centre of the SOBP calculated in the treatment
planning are recorded together with the width of the SOBP for each irradiation. After the
irradiation, the actual physical dose that was given to the centre of the SOBP is deduced based
on the preset monitor count and the measured monitor count. This information is also stored
in the report. In case of multi-port irradiation, the additive law in terms of clinical dose is
assumed.
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6. Verification and Application of the RBE Model
6.1. TCP Analysis on Non-small Cell Lung Cancer

Tumour control probability (TCP) analysis for non-small cell lung cancer (NSCLC) is
present here as an example of clinical results in terms of above-mentioned clinical RBE
prescription scheme.

Miyamoto et al. (2003) analysed the clinical results of NSCLC treated by HIMAC
beams [9]. They depict a very conspicuous dose dependency of local control rate. The dose
escalation study was performed with a treatment schedule of 18 fractions in 6 weeks. As to
photons, Hayakawa el al. reported local control rate for NSCLC. In order to compare both
results, the dose dependency of the TCP with the photon beam was fitted by the following
formula [10];

1 —a)’ 0.693(T -T,
TCP = IZ Tiro {— (az’o_f) } -exp{— Nexp{— nad(l +0j—ﬂ)+ ;—)H (D

p

o and B are coefficients of the LQ model of the cell survival curve. In the analysis, a
and [ values of HSG cells were used. ¢ is a standard deviation of the coefficient o, which
reflects patient-to-patient variation of radiosensitivity. N is the number of clonogens in the
tumour (a fixed value of 10° was used). n and d are total fraction number and fraction dose,
respectively. T (42 days), T (0 day) and T, (60 days) are overall time for treatment, kick-off
time and average potential doubling time of tumour cells, respectively. Values used in the
analysis are shown in brackets. The result is shown in Fig. 6.

The same analysis was carried out for the TCP with the carbon beam. Here, the width
of the SOBP and the dose-averaged LET in the SOBP region were both fixed as 60 mm and
50 keV/um, respectively for simplicity. The result is also shown in the figure. It is clear from
the figure that the TCP curve of the carbon beam is much steeper than that with the photon
beam. The value of ‘s’ in eq. (1) is 0.18 for the photon beam while for carbon beam, the value
is reduced to 0.11. The result suggests that the carbon beam provides equally excellent local
tumour control whatever the individual radiosensitivity.

The difference of TCP slope shown in Fig. 6 suggests that, when TCP is regarded as
an endpoint, the RBE value is dependent on the level of the TCP. It is found that our
biological RBE value coincides with the RBE at 50% TCP whereas the clinical RBE value
corresponds to the value at 80% TCP.
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FIG. 6. TCP of NSCLC with photon (dashed, line) and carbon (solid line) beams. Circles
show clinical result at HIMAC. For carbon TCP, the width of the SOBP and LET were fixed
as 60 mm and 50 keV/um, respectively (T oupi.= potential doubling time for the tumour,

o, = values of o and fin the linear quadratic model, Frac = Fractions).

6.2.  Application of Hypofractionation

At HIMAC, a hypofractionation study with carbon ions has been tried for some kind
of tumours. Next to NSCLC, clinical trials on hepatomas will soon proceed towards the use of
a single irradiation. Before initiating a new protocol, it is desirable to estimate clinical results
that correspond to the prescribed dose level. The TCP analysis mentioned in the previous
section is applied for this purpose.

By applying the ¢ value deduced from the actual clinical result into eq. (1), it is
possible to estimate the TCP of different treatment schedules on NSCLC. Fig. 7 shows the
result of TCP estimation for 9, 4, and 1 fraction(s). TCP at 80% again coincides with
prescribed dose in the clinical trials. This approach is adopted in the determination of the
clinical dose to be prescribed for the single dose irradiation of hepatomas.
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FIG. 7. Estimated TCP curves of NSCLC with carbon beam for 18 (right curve), 9 (second

curve from right), 4 (third curve from right) and 1 (left curve) fractionation(s). Alpha and

beta are values for these parameters in the linear-quadratic model. Sigma is the standard
deviation of alpha which reflects patient-to-patient variation in radiosensitivity.

7. Discussion

At NIRS, biological effectiveness of a therapeutic carbon beam is estimated by a
combination between a conservative Linear-Quadratic model and experiences on fast neutron
therapy at HIMAC. On the other hand, GSI establishes and makes use of different approach
named as Local Effect Model [11]. The resultant prescribed dose is apparently indicated in an
identical unit GyE in both facilities; however, the value itself may differ due to the difference
of the model. It is indispensable, therefore, to make both GyE convertible both ways to make
use of mutual clinical experiences. In this section, the difference of GyE at NIRS (GyExrs)
and GSI (GyEgs)) is shown by converting GyEgs; into GyEnrs in order to clarify required
information on dose reporting.

An example of actual clinical dose distribution planned at GSI was converted into
those values by using our scheme and by the following steps.

[1] GSI clinical dose distribution (3.3 GyEgs; to chordoma with parallel opposing field
irradiation)

[2] Calculate three-dimensional dose-averaged LET and physical dose distribution with
TRiP, a treatment planning system used at GSI.

[3] Calculate GyEnirs based on the physical information from [2] above.

178



The result is shown in Fig. 8. It is found that GyEnrs is about 20% smaller than GyEgg; for a
typical 3.3 GyEgg| treatment planning case.

FIG. 8. Clinical dose distribution of GSI (red mesh) and NIRS (shade). The distribution was
originally planned for the treatment of chordoma at GSI with parallel opposing fields. At the
target region, clinical GyE shows about 20% difference.

The difference is considered to be mainly due to the difference of the biological
system used in both models. The relationship will be affected by changing dose level, SOBP
width, tumour site and so on. Hence it is too early to draw a conclusion from only one
example. However, if we multiply a single factor 120% to the GSI’s physical dose
distribution, the distribution agrees to ours in good precision at the tumour region. The local
control ratio of chordoma supports this assumption. It suggests the potential feasibility of
converting GyE from one centre to another by multiplying with a single factor.

However, it is strongly required therefore to extend the comparison for various
conditions and tabulate the conversion factor to make both clinical results totally comparable.

The experience on the RBE intercomparison and the TCP analysis suggests that if the
clinical results such as TCP or NTCP are expressed in terms of physical dose, it will provide
good prospects to the clinical results such as the prospective estimation or the comparability
among different facilities. From this point of view, it is preferable to report physical
information (dose, LET and so on) together with the prescribed clinical dose. If appropriate
simplifications can be introduced, the extent of physical information could be reduced.
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