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introduction

The potential of particle beams for therapeutic application stems from, a) the
precise dose localization possible with charged particles such as protons, helium or -
carbon ions because of the sharp dose fall off of the Bragg peak (Figure 1), and b)
the biological attributes of high linear-energy transfer (LET) particles, including
uncharged neutrons or heavy ions such as carbon, neon or silicon. The first clinical
use of particle radiotherapy was in the pioneering neutron studies of Stone and
Lawrence1.2.3 starting in the late 1930's. Charged particle therapy was first
proposed in 1946 by Wilson4 and begun in the 1950's by Tobias and Lawrence®.
However, fractionated charged-particle therapy of cancer was made practical only with
the advent of computed tomography (CT) scanning to accurately determine the beam
path in a patient. These studies have been carried out by Suit et al.7 at the
Massachusetts General Hospital-Harvard Cyclotron Laboratory (MGH-HCL) since
1974 and Castro et ai8.9,10 at the University of California Lawrence Berkeley
Laboratory and the Medical Center at San Francisco (UCSF-LBL) from 1975-1992.

At MGH-HCL, protons were available in limited energy and depth of
penetration. This led to concentration of dose-localization studies on lesions primarily
in the head and neck. At UCSF-LBL, ions ranging from protons through silicon
became available in the 1970's with sufficient intensity and depth of penetration for
clinical usage. At that time, intense interest was focused on the role of hypoxia in
tumor therapy, and many observers expected significant biological gains from high-
LET particles. Less attention was initially directed to the possible advantages of dose-
localization although it was known that previous increases in the ability to deliver dose
at depth had been accompanied by gains in local and regional control. Helium and
neon ions were selected to be tested at UCSF-LBL, representing low-LET ions
(helium) for their dose-distribution advantages and high-LET ions (neon) primarily for
their biological advantages. '

Basic Biological Characteristics of High-LET Charged-Particle Beams
and Neutrons

Radiobiological studies have contributed to our understanding of the
fundamental mechanisms of action of densely ionizing high-LET radiations at the -
molecular, cellular, tissue and organism levels. Although still not completely
characterized, there is considerable experimental evidence that both qualitative and
quantitative differences exist between the biological effects of photons and high-LET
radiations. In addition, radiobiology techniques have been used to screen for
differences in relative biological effectiveness (RBE) due to ion beam characteristics,
modes of beam delivery, or dosimetric calibrations. Recent studies have also explored
using radiobiological measurements to predict optimal patient selection for individual
responsiveness of both tumor and surrounding normal tissues to radiations of different

qualities11,12,

Particle field characterization: Particle radiation fields become complex as the
individual ions traverse absorbing material. Linear energy transfer (LET) is a physical
parameter that is a measure of the mean rate of energy deposited locally along the
track of a charged particle by electromagnetic interactions. LET is an important



quantity because the amount of radiation damage incurred by a cell depends on the .
number of ionizing events produced by the radiation presumably in the vicinity of the .
cell's DNA. Radiation damage along a particle track is caused by both direct
mechanisms in which DNA molecuies are ionized by the particle and indirect
mechanisms in which free radicals, such as e-ag, OH- and H-, produced by the
ionizing particle react with the DNA. It is thought that changes in the genetic code, or
changes in gene expression, of individual cells of the tumor and of the surrounding
normal tissues, lead to local tumor control, and are also responsible for any
undesirable normal tissue effects. One clear advantage of charged particles over
photons is the control achievable in the mapping of the radiation fields to the tumor
target.

LET values increase as charged particles slow down. The LET for 1-MeV
electrons is 0.25 keV/um. For neutrons produced in the reaction 50 MeV d + Be, the
LET distribution ranges from 1.5 to 500 keV/um with peaks near 8 keV/um and 100

keV/um13. Particles with LET less than 30-50 keV/um are called low-LET particles,
whereas those with larger LET values are categorized as high-LET particles (Table
1). High-LET particles are more biologically damaging primarily because there is
evidence that they cause more severe, less repairable damage per unit track length

than low-LET radiations14,15,

Relative biological effectiveness (RBE): The concept of relative biological
effectiveness arose from a variety of observations that have shown ionizing particulate
radiations can be several times more effective per unit dose in producing biological -
effects than are x- or gamma-rays16,17,18, The International Commission on
Radiological Units and Measurements defines RBE as the ratio of absorbed doses of
two radiations required to produce the same biological effect19,20. One extension of
this concept has been the use in the radiotherapy clinic of the terminology Gray-
Equivalent (GyE) dose. This is the dose of a particle modality that yields an equivalent
biological response to what is usually a higher dose of megavoltage xray or 60 Cobait
gamma-rays. The RBE for therapeutic neutron beams at a 2 GyE dose fraction ranges
from 3.0 to 3.3 relative to 60 Cobalt. For 160-230 MeV proton beams the RBE is
generally considered to.be about 1.1, and for heavier particles (helium, carbon, neon,
silicon) the RBE ranges from 1.2 to 4.5. The RBE depends on dose fraction size as
well as the type of tissue irradiated and the position on the depth dose curve at which it.
is measured. Successful use of high-LET charged particle therapy requires
understanding of the complicated dependency of RBE on these variables.

Oxygen Enhancement Ratio (OER): The oxygen enhancement ratio is the ratio
of dose needed to inactivate well-oxygenated tumor cells relative to the dose needed
for severely hypoxic or anoxic tumor cells. It has a value of about 3 for low-LET
photons, electrons or protons, but is diminished with the use of high-LET irradiations to
about 1.6 to 1.7 at LET values of about 100 keV/um. The degree to which the OER is
reduced is an indication of high-LET biological effectiveness.

Radiobiological Advantages of High-LET Radiotherapy



There are three major biological advantages to high-LET radiotherapy with
" neutrons or heavy ions: (l) hypoxic tumor cells are less radioresistant to high-LET
radiations; 1l) there is less repair of radiation injury to cells; and (lll) there is less

variation of radioresistance through the cell-cycle phases. '

I. Decreased radioresistance of hypoxic tumor cells to high-LET radiation

OER and RBE are functions of LET. While we now recognize that other factors
than hypoxia are important in tumor control, most tumors have significant numbers of
hypoxic cells which are preferentially killed with high-LET irradiations. However, the
RBE for high-LET radiation is also increased for normal tissues as well as for tumors.
Whether or not high-LET radiotherapy is effective in treating a given disease may
depend more on the relative values of the tumor and normal-tissue RBEs than it does
on reduction in the OER. As an example, the neon-ion RBE for late effects in CNS
tissues is between 4 and 5.5 at a dose fraction of 2 GyE21. This implies that care must
be taken in designing neon-ion treatments which involve irradiation of CNS structures
by using multiple portals and exploiting the dose-localizing ability of these ions.
Charged particles of high-LET have distinct dose-localizing advantages over neutrons
which permit more selective deposition of biologically effective dose in the tumor
relative to normal tissues.

Il. Decreased repair of radiation injury

Decreased repair of radiation injury imparted by high-LET particles is
evidenced by the absence of a shoulder on the cell-survival dose response curve for
high-LET radiation, also implying that the RBE for high-LET particles is larger for
smaller-fraction sizes than it is for larger doses per fraction. Thus, it is important to
recognize that using smaller doses per fraction of high-LET irradiation will not help
spare normal tissues as is the case for low-LET radiation. in fact, Fowler22 has
recommended that large numbers of small dose fractions of neutrons should be
avoided because such treatment schedules lead to unexpectedly severe late injury.’
Shortening the overall treatment schedule for high-LET radiation therapy to 2 to 3
weeks also minimizes the proliferation of tumor cells during treatment.

lil. Less variation in radioresistance throughout the cell cycle

For several cell types tested in vitro, the late S phase has been shown to be
most resistant to low-LET radiation23. In addition, Sinclair24 reported that for HelLa
cells there is a second phase of radioresistance in the relatively long G1 phase. This
suggests that high-LET radiation might be advantageous treating either fast-growing
tumors with a large proportion of cells in the S phase or treating slowly-proliferating
tumors with a large fraction of cells in G1 or GO. An exampile is the use of high-LET
radiation to treat slowly-growing soft tissue sarcoma, salivary gland tumors or prostatic
tumors. :

Variation in RBE Across the Spread-Bragg peak

Since the RBE depends on the LET of the particle, and since the LET of a
charged-particle beam varies as a function of energy, and hence, depth of penetration,



the RBE for charged-particle beams varies across the spread-Bragg peak. The RBE is
highest at the distal end of the peak where the LET is highest. Thus, to compensate for
the variation in RBE across the spread-Bragg peak and to try to deliver a uniformly
effective dose across the tumor volume, spread-Bragg peaks for heavy ion
radiotherapy are sloped as illustrated in Figure 1. For the high-LET treatments
undertaken at UCSF-LBL, the slope of these curves is determined by requiring that the
biologic effect, as predicted by the linear-quadratic cell survival model (i.e., S = SOe-a
D-b D2), be uniform across the spread-Bragg peak25:26. In the LBL work the variation
in the linear-quadratic variables alpha and beta with LET is taken from the work of

Chapman?2”.
Physics And Treatment Planning Of Charged Particles And Neutrons
Basic Physical Properties of Charged-Particle Beams

Low-LET charged particles derive their therapeutic advantage from their
physical properties. In the therapeutic energy range (for protons, between 70 and 250
MeV), charged particles lose energy primarily by ionizing and exciting electrons as
they penetrate a medium. The energy deposited at a given depth is inversely
proportional to the square of the particle's velocity. This leads to a sharp increase in
dose, called the Bragg peak, at the maximum depth of penetration (Figure 1) with
abrupt fall off of dose in a short dlstance

The maximum depth of penetration (range) of a charged-particle beam is a
function of the initial beam energy and can be adjusted by varying the energy or
adding or removing absorbing material upstream from the patient. Variable thickness
absorbers or compensators can be constructed to precisely control the beam
penetration in three dimensions. The resulting isodose distributions (Figures 2, 3)
can be made to conform closely to the target volume, allowing higher doses to be
delivered to the target without exceeding the tolerance doses of surrounding healthy
tissues. Multiple Coulomb scattering between charged particles and atomic nuclei
changes the direction of motion of the incoming particles without significantly affecting
their energy. The net result of a large number of these interactions is to increase the
- angular spread of the beam and, in complex heterogeneous regions, to degrade the
sharpness of the Bragg peak28,29,30,31, The effects of multiple scattering increase -
as a function of decreasing particle mass. Electrons, for example, exhibit no Bragg
peak due to multiple scattering. For protons and heavier charged particles, multiple
scattering increases the penumbra width as a function of depth and increases the
distance over which the Bragg peak falls from the maximum dose to a few percent of
the maximum dose. ~

Heavy ions can also undergo inelastic nuclear interactions with atomic nuclei
resulting in the fragmentation of either the incoming ion or the atomic nucleus. These
fragments cause dose to be deposited beyond the Bragg peak in a fragmentation tail
which must be considered in planning heavy-ion treatments.

Range Modulation
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Although one of the first clinical applications of proton beams was to use the
Bragg peak to treat small pituitary lesions32, the unmodified Bragg peak is rarely used
clinically because its width is far smaller than the width of most tumors. To treat large
‘lesions, it is necessary to modulate the beam's range to spread out the Bragg peak, as
shown in Figure 1. This is most commonly done with variable thickness absorbers
such as the propeller or ridge filter shown in Figures 4a and 4b. The use of

propellers was first proposed by Wilson4.33, and working systems were later

described by Koehler, Lyman and others29.34, As the blades of the propelier
(Figure 4a) rotate through the beam, particles penetrating different thicknesses of
plastic have their ranges correspondingly shortened. The resulting beam is the
superposition of Bragg peaks with different ranges. Propellers are made of low-Z
materials (e.g., Lucite) to minimize multiple scattering. By choosing the angular width
of each blade appropriately, the spread-Bragg peak can be made uniform to within
about 2%.

Ridge filters26,35,36, such as the one shown in Figure 4b are made of heavy
metals (e.g. brass) and consist of a series of closely spaced wedges. The mixing of
particles with different ranges is accomplished through multiple scattering. These
devices are used primarily for heavy charged particles (e.g. neon ions).

With passive beam-modulation techniques such as the propellers and ridge
filters described above, the spread-Bragg peak width is constant over the entire tumor
volume. Because most tumors have a variable thickness across the radiation field,
some normal tissues immediately upstream from the target will receive the full dose
delivered with that beam. An obvious way to minimize the dose just upstream from the
target is to use several beam orientations in a given treatment plan. A more
technologically challenging approach is to dynamically modulate the beam during the
treatment using raster-scanning techniques to produce a beam with a variable spread-
Bragg peak width across the radiation field. Chu et ai37.38,39 have described this
raster-scanning technique and have developed a method for dynamic conformal
therapy with charged particles which is ready to be introduced clinically. Dynamic
charged particle conformal therapy has also been actively pursued at several other
particle facilties including the Paul Scherrer Institute (PSI) in Switzerland (protons),
Gesellschaft fur Schwerionen Forschung (GSl) in Germany (heavy ions) and the
National Instititue for Radiological Studies (NIRS) in Japan (heavy ions).

Potential advantages of such a system have been evaluated40,41,42,43,
Besides diminished dose to normal tissues, a reduction in the number of beam
directions required to achieve a conformal plan is often possible (Figure 5).

Physical Properties of Neutron Beams

Fast neutrons undergo two basic types of interactions in tissue, elastic collisions
and inelastic interactions. In elastic collisions, the incident neutron collides with a
target nucleus, imparting energy to it in much the same way one billiard ball imparts
energy to another. If the mass of the nucleus is comparable to the neutron mass, a
large amount of energy is transferred. If, however, the nucleus is much more massive
than the incoming neutron, the recoil nucleus travels only a small distance. For



example, the maximum range of a recoil hydrogen nucleus (consisting of a single
proton) produced in an elastic collision with a 15-MeV neutron is approximately 2.5
mm, whereas, the maximum range of a heavy nucleus (e.g., carbon or oxygen)
produced in the same collision is smaller by a factor of about 200. The LET of recoil
heavy nuclei is, however, much greater than that of recoil protons (of the order of 800

keV/um as compared to about 30 keV/um44.

Whereas in elastic collisions the target nuclei remains intact, in inelastic
interactions, the target nuclei disintegrates producing fragment particles. This type of
interaction results in the emission of alpha particles, protons, neutrons and gamma
rays. However, most of the dose deposited in tissue by therapeutic neutron beams is a
result of elastic rather than inelastic interactions. In particular, for 14-MeV neutrons,
approximately 70% of the dose is deposited by recoil protons, less than 10% of the
dose is a result of recoil heavy nuclei and as much as 30% is deposited by the
products of nuclear disintegrations. Raju44 has written an excellent review describing
the physical properties of neutrons and issues related to neutron dosimetry. The
interested reader is referred to this text for further details on this subject. '

Treatment Planning for Neutron Beams

Depth-dose distributions for therapeutic neutron beams resemble photon depth-
dose curves. The dose due to recoil protons builds up to a maximum beneath the skin
surface in much the same way as electrons produce a build-up region in photon
depth-dose curves. The skin-sparing effect for therapeutic neutron beams is greater
for higher energy neutrons because recoil protons produced by these neutrons have
higher energies and travel further in tissue. Higher energy neutron beams are
preferred for radiotherapy because of their superior depth-dose distributions. The
depth-dose curve for a 14-MeV neutron beam produced by a D-T generator resembies
a 60 Cobalt depth-dose curve, whereas the depth-dose curve for a neutron beam
generated by bombarding a beryllium target with high energy protons of 50 - 70 MeV
is similar to that of a clinical 6 - 8 MeV photon beam (Figure 6).

‘Treatment planning for neutron therapy is similar to photon treatment planning.
Tissue heterogeneities do not perturb neutron dose distributions significantly and are
usually not taken into account in treatment planning.

Treatment Planning for Charged-Particle Beams

To fully exploit the sharp distal edge of the Bragg peak, it is necessary to have
an accurate 3-dimensional description of the tumor in relation to critical structures
within the patient. This detailed anatomical information is provided by both CT and
magnetic resonance imaging (MRI). Treatment pianning for charged particles is
inherently 3-dimensional, and many 3-dimensional treatment planning concepts were
first introduced in the context of charged-particle therapy. The most important
difference between treatment planning for charged particles and treatment planning
for photons is that, in order to design tissue compensators that stop the beam at the
distal surface of the tumor, it is essential to have a 3-dimensional tissue-density map
for each patient. This detailed tissue-density information is provided by CT. Tissue



density data are inferred from the CT numbers45 and used to design compensators
which stop the beam at the distal surface of the tumor.

In charged-particle therapy, the treatment-planning CT scan takes the place of a
treatment simulation in photon therapy. Because the CT data are used to design
beam-modifying devices (i.e., compensators) which must be carefully registered with
respect to the patient, the relation of the internal organs to each other must be the
same during treatment as during the treatment-planning CT scan, insofar as this can
be accomplished. This is most often achieved by immobilizing the patient in the
treatment position. Immobilization techniques, as well as the subsequent steps in the
treatment planning process, are described below.

Patient Immobilization and CT/MRI Scanning

After initial evaluation which includes a careful history and physical
examination, precise daily positioning is obtained by use of an immobilization device
which is individually constructed for each patient, generally from thermoplastic
splinting material (Figure 7a, 7b). At the Loma Linda University Medical Center
Proton Facility (LLUPAF), patients are immobilized supine in a specially constructed
whole-body pod using a technique adapted from the pion therapy project at Paul
Scherrer Institute (PSI) in Switzerland46.47.48_ A planning CT scan and MRl are
performed with the patient in the immobilization device and in treatment position when
ever possible. MRI studies are increasingly important in outlining tumors and normal

tissues, and are a vital part of the treatment planning process49.
Target and Critical Structure Definition

Once the treatment-planning scans are obtained, the physician outlines the
tumor and critical structures on all relevant slices of the CT scan. MRI images may
also be used to identify the tumor volume. Volumes-of-interest defined on MRI must be
transformed to CT because tissue densities derived from CT numbers are required for
both dose calculations and compensator design4S. This is accomplished using
image-correlation techniques®0:91,52,53,54  based on matching external markers
and/or matching anatomical structures or surfaces to determine the relative rotation,
linear scaling and translation between the CT and MRI coordinate systems.

Beam Angle Selection and Collimator Design

Suitable beam entry angles are chosen, and customized beam collimators are
designed by projecting the tumor volume and critical structure volumes in the "beam’s-
eye-view"45,55,56 (Figure 8). At present, experienced physicists and/or dosimetrists
select possible beam angles with input from the physician, but future planning is likely
to make use of "inverse" system algorithms which iteratively examine many angles to
arrive at the best solution to the desired dose distribution (Brahme 91, Chu 93,

Kaliman 91)57,58,59,

Tissue Compensator Design



9

After the beam orientations have been chosen and collimator margins defined,
tissue compensators are designed for each treatment angle. These devices are
usually fabricated from wax or Lucite (Figure 9) generally by computer driven milling
machines, using output from the treatment planning code. To design a compensator,
the water-equivalent distance along the beam trajectory to each point on the distal
surface of the target volume is determined from the CT data. The npominal thickness of
the compensator at each of thése points is calculated by subtracting this water-
equivalent distance from the beam range. The actual compensator thickness is then
determined at each point by selecting the minimum thickness within some specified
radius (usually between 0.1 and 0.3 cm) of that point. This operation is called
"smearing” the compensatorf0.61 and its purpose is to assure that the target receives
the minimum prescribed dose even if the patient moves during treatment by an amount
equal to the selected distance (i.e., between 0.1 and 0.3 cm).

Dose Calculations

An accurate assessment of the dose distribution on all CT planes through the
tumor volume and surrounding critica structures is required for charged-particle
therapy. At UCSF-LBL, charged-patrticle treatment planning and isodose calculations
were performed using a computerized treatment planning system developed at
LBL45,62, Similar programs have been developed at MGH-HCL, the Center for
Protontherapie at Orsay, France (CPO), the National Institute of Radiological Science
(NIRS), Japan and elsewhere. Three-D dose distributions (Figures 2,3) are most
often calculated by computing the water-equivalent distance to each point using CT
data and extracting the dose at these depths from a lookup table compiled from
measurements made in a water-equivalent phantom. Three-D dose-volume
~ histograms are a useful way to evaluate dose to target volumes and critical

structures63,64,65

Currently utilized charged-patrticle dose calculations generally neglect multiple
Coulomb scattering effects in complex heterogeneous regions, but are sufficient in
most clinical applications. One way to adequately describe the effects of multiple-
Coulomb scattering is to model the beam in terms of pencil-beam contributions30.
Using this technique, the dose at a given point due to primary and scattered particles
is determined by superimposing the contributions from pencil beams summed over the
entire beam area. The more accurate pencil beam method is better at predicting
inhomogeneities in dose within the target, the degradation in the distal fall-off in dose
and the widening of the penumbra as a function of beam penetration due to multiple
scattering.

For high-LET ions such as carbon, neon and silicon, which have differing
biological effects from low-LET beams such as xrays, electrons or protons66, the
effects of high-LET must be accounted for in planning therapy, either by RBE
corrections to create. isodoses "equivalent” to low-LET irradiations or by using particle
fluence to account for biological effects of individual particles. For helium and neon
ions, at UCSF-LBL, the dose was tabulated in physical Gray and Gray-equivalent,
although these concepts give a somewhat limited account of the biological effects25.
Further study will be needed to see which is the best physical unit or biophysical
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construct to use in planning the energy deposition from high-LET charged- partlcle
radiation therapy. .

Treatment Delivery and Verification

Positioning the patient for treatment and ascertaining that the patient remains in
the same position throughout the treatment is critical for charged-particle
) radiotherapy67. This is most commonly done by comparing radiographic images

taken with a back-pointing x-ray unit of the patient immobilized in the treatment

position with digitally-reconstructed radiographs (DRRs). Projections of bony anatomy
outlined on the CT scan may also be transferred to a transparent sheet and overlaid
on the portal alignment film to verify the patient's position. Because of the accuracy
required, the patient alignment process may require 10-30 minutes for charged-
particle treatments and can be expedited by electronic portal imaging techniques.

Biological Dosimetry for Differing Modes of Beam Delivery

The type of charged-particle beam delivery system used can significantly affect
the beam quality and consequent biological effects. The first systems used clinically
broadened the pencil particle beams extracted from accelerators with a simple array of
metal scattering foils to produce the field sizes required for treatment. As biological
evidence indicated that the primary beam fragmentation processes occurring in the
scattering foils contributed to a loss of beam quality and biological effectiveness,
alternative methods of beam delivery were developed37. Particle atomic number and
energy, as well as the techniques used to enlarge the beam field can change the
effective LET value of the charged-particle beam. Biological systems such as human
fibroblasts in culture are sensitive to the LET differences. Although the single-dose
RBE data for clonal survival are not absolutely correct quantitatively for human tissue,
they are proportional to human skin and mucosal RBE data for acute dose reactions.
The relative changes in cell killing effects determined with in vitro techniques provide
a quantitative basis for beam modulation design and input into the treatment planning
model.

To make the fullest advantage of the dose localization capabilities of the
charged-particle beams, one must use variable modulation over the field. Dynamic
conformal therapy with the raster scanning system37 allows the most effective
"painting™ of particle dose on the tumor while sparing the normal tissues (Figures 5,
10 a, 10b). Biological dosimetry is needed to verify expected beam modeling and to
confirm that scanned beams are properly shaped so as to be therapeutically useful.

Clinical Factors in Selection of High-LET Charged Particles

Heavy ions of atomic weight between carbon and silicon are of the most interest
clinically®8. The carbon ion beam has both biological and dose localization
advantages superior to those of lighter ions such as protons. The ratio of dose in the
tumor relative to the entrance region is maximized, and because carbon ions are
heavier than protons, the beam penumbra is sharper. Carbon ion beams also have a
smaller fragmentation tail than neon ions which can be dealt with more easily in
treatment planning. Enough high-LET is present to provide significant differences in
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DNA damage, and suppression of radiation repair. Double strand breaks are
increased as is other evidence of DNA injury. These effects are maximized in the
tumor by the use of the dose localization properties of charged particles.

Carbon, neon and silicon ions produce similar biologic effects. Biologically,
these beams further reduce the OER and increase the RBE. Cells irradiated by neon
and silicon ions show less variation in cell-cycle related radiosensitivity and
decreased repair of radiation injury. However, 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 regions need to be
carefully assessed and treatment plans designed which avoid significant late effects,
especially in nervous system tissue.

Slowly growing tumors seem to be effectively treated by high-LET particles,
both charged and neutrons. These include such histologies as salivary gland tumors,
prostate gland tumors and some bone and soft tissue sarcoma. Additional studies are
needed to understand the biological basis for this and to develop individual predictive
assays to assist in selecting patients likely to benefit from these therapies. '

Clinical Results With Protons And Helium lons

Initial studies of proton therapy were begun in the 1950's at LBL by Tobias et
al®:69, and in Sweden at the University of Uppsala by Leksell, Larsson et al70.71_ At
LBL, the emphasis was on high doses and small fraction numbers for treatment of
pituitary diseases, including pituitary tumors, diabetic retinopathy and suppression of
pituitary function in metastatic breast cancer/2,73,74_ At Uppsala, functional
neurological diseases were of initial interest with cancer therapy being done later until
the accelerator was turned off in 1967. At MGH-HCL, protons became available for
clinical work in the 1960's, leading initially to treatment of pituitary diseases and
arteriovenous malformations (AVMs) by Kjellberg and associates”9:76.77,78, and
later to cancer therapy by Suit and associates. Proton therapy also began in the
1960's at the Institute of Theoretical Physics in Moscow (ITEP) for pituitary diseases, in
Japan at the National Institute for Radiological Science (NIRS) and later at the Proton
Medical Research Center at Tsukuba (PARMS).

In 1974, Suit and associates?,79.80,81,82,83,84,85,86 at MGH-HCL began
long term studies of the dose-localizing properties of Bragg peak fractionated proton
therapy in selected human tumors. Limitations of beam energy and depth of
penetration at MGH-HCL relegated most clinical work to the head and neck, and other
relatively superficial sites such as paraspinal and prostate gland tumors.

A clinical study was also begun at UCSF-LBL in 1975 by Castro and colleagues
to determine the efficacy of heavy charged particles in the treatment of human
cancers8,10,87,88,89,90 This study was predicated on the physical and biological
advantages of heavy ions and aimed at defining whether dose localization and/or
biological effectiveness would be most important clinically. The MGH-HCL and UCSF-
LBL trials were the first extended studies of fractionated Bragg peak therapy in the
treatment of cancer patients. This was made possible by the advent of CT scanning -
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and the development of sophisticated computerized 3D treatment planning. Over
17,000 patients have now been treated with charged particles, nearly 14,000 of these
with protons. Proton facilities now exist in 10 countries with additional centers in
several nations due to open soon.

Helium ions were used instead of protons at UCSF-LBL because they were
technically easier to produce. However, they deposit a small amount of high-LET
which must be accounted for in treatment planning, although insufficient to produce
the clinical effects of heavy ions such as neon. The OER of helium ions has been
measured around 2.5 - 3.011,68,91, Their clinical effects are similar to protons,
although they do exhibit RBE values of 1.2 - 1.4 for all tissues except CNS where a
value of 1.6 was used. For comparison, the proton RBE used at MGH-HCL is 1.192.
The energies used were 150 - 232 MeV/amu for helium ions. Tumor doses were
expressed in GyE by multiplying the charged-particle beam physical dose by the RBE
representing the ratio of the photon beam dose to the charged-particle beam dose
required for similar late effects.

The physical properties of heavy charged particles such as protons and helium
ions are uniquely suited to precise localization of radiation dose (Figure 2) with
limited irradiation of adjacent critical structures such as brain, cranial nerves and
spinal cord93.94, For many tumor sites, their use permits delivery of equivalent tumor
doses from 10-35% greater than can be delivered with standard xray therapy, with
expectations of higher local control and survival rates.

The use of these ions in clinical practice required pretherapeutic and supportive
efforts including biological studies, technical developments in CT and MRI tumor
targeting, patient immobilization, beam delivery, patient dosimetry, and development
of a 3D computerized treatment planning system. The experience at UCSF-LBL and
MGH-HCL in the past 15 years has confirmed the usefulness of charged particles in
increasing the tumor dose relative to normal tissue dose86.95. Significant increases
in local control and survival have been demonstrated for a number of tumors as
compared to historical data.

Irradiation of Skull Base Tumors With Charged Particles

The use of charged-particle radiation treatment in skull base tumors has
progressively improved over the past 15 years with increasing precision of treatment
~ planning and delivery. This has been associated with improved surgical techniques®6
-for debulking difficult to reach tumors and carefully planned charged-particle
irradiation based on improved diagnostic CT and MR imaging. As these tumors tend
to remain localized, improved local control directly translates into improved survival. .
Among the factors of importance in irradiation of skull-based tumors are histology
(Table 2), tumor extent and whether treated for primary or recurrent disease.

At UCSF-LBL, from 1977 through 1992, 126 patients were irradiated with
charged particles for tumors arising in the skull base34.95.97. One hundred nine
patients were treated with helium ions. Seventeen of the 126 patients received a part
of their therapy with neon ions and are included in the analysis.
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Of the 126 patients, 53 had chordoma, 27 had chondrosarcoma and 27 had
paraclival meningioma, with 19 patients having other histologies such as
osteosarcoma or neurofibrosarcoma. The daily dose was 2.0 GyE, given in 4 fractions

~per week to total doses of 60 - 80 GyE (mean: 68 GyE). The RBE used for helium was
~1.3 for most tissues except for 1.6 for CNS. The limiting dose to brain stem was 60
GyE, for optic chiasm, 55 GyE and for cervical spinal cord, 45 GyE, using CNS RBE
values of 1.6. Helium treatments at UCSF-LBL were often combined with photon
treatment for 30-70% of the total dose due to limitations of beam availability. Local
control and survival appeared improved compared to historical data in all tumor
histologies. The Kaplan-Meier (K-M)98 5 year local control rates were 85% for
meningioma, 78% for chondrosarcoma, 63% for chordoma and 58% for other
sarcoma. For those patients treated with heli