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Quantitative studies at the BEVALAC have demonstrated some of the physical and radiobiological factors that
promise to make accelerated heavy ions important for the therapy of cancer. The measured physical dose-biological
effect relationships allow the safe and effective delivery of therapeutic schedules of heavy ions. Among the charged
particle beams available, carbon, neon and helium ions in the “extended Bragg peak mode” have optimal physical and
biological effectiveness for delivery of therapy to deep seated tumors. The depth-dose profiles of these beams protect
intervening and adjacent tissues as well as tissues beyond the range of the particles. For the treatraent of hypoxic
tumors, silicon and argon beams are being considered because they significantly depress the radiobiological oxygen
effect in the region of the extended Bragg ionization peak. The depth-effectiveness of the argon beam is somewhat
limited, however, because of primary particle fragmentation. Silicon beams have a depth-dose profile which is
intermediate between that of neon and argon, and are candidates to become the particle of choice for maximizing high
LET particle effects. Heavy accelerated ions depress enzymatic repair mechanisms, decrease variations of
radiosensitivity during the cell division cycle, cause greater than expected delays in cell division, and decrease the
protective effects of neighboring cells in organized systems. Near the Bragg peak, enhancement of heavy particle
effects are observed in split dose schedules. Late and carcinogenic effects are being studied. With the newly developed
Repair-Misrepair theory we can quantitatively model most observations.

Heavy-ion/charged particle beams, Carbon, Neon, Silicon, Argon ions, Cellular/molecular radiobiology, OER, OGF,
RBE, Bragg peak, Cell age radiosensitivity, SLD and PLD repair, Cell progression effects, RMR model of cellular
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inactivation.

The two major advantages of heavy accelerated particles
for therapy are that these particles produce biologically
effective depth-dose distributions for the treatment of
deeply seated tumors and that the differences in radiation
sensitivity of aerobic and hypoxic cells are much smaller
for heavy ions than for X rays.’'** Our current research
has three major objectives:

1. Which heavy ion beams combine the greatest “oxygen
gain factor™ (OGF) with the best biologically effective
depth dose distribution? These beams will become
candidates for controlled therapy trials.

2. Arc there additional radiobiological characteristics of
heavy ton beams that would make them advantageous
or disadvantageous for therapy?

3. What are the basic molecular and cellular mechanisms
of heavy-ion injury; ultimately the full understanding
of these mechanisms might lead to better methods for
control of cancer cel! proliferation and for reducing
adverse normal tissue responses.

In the Berkeley Bevalac we can accelerate nucler of
almost any isotope in the periodic table to multibillion
clectron volts of kinetic energy.'*"" In Table 1, we demon-
strate some propertics of the beams we have used in
biomedical investigations. (For general reviews see refs,
12,23, 24.) These beams can penetrate any depth in the
human body at ample intensities for therapeutic use.
Each of the beams has an intensity in the plateau of more
than one gray per minute when spread to include a volume
of one liter or more in the plateau of the extended Bragg
peak.

Figure | shows a typical Bragg curve which includes
the relative ionization dose ratio from the primary beam
particles as they emerge from the accelerator. Also shown
is the dose contribution of secondary particles which
results from interactions of the primary particies with the
nuclei of the absorber. The fragments accompany the
beam at various velocities and create a tail to the depth-
ionization curve that slowly decreases with depth of
penetration.
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Table 1

BEVALAC Carbon Neon Silicon Argon

Z atomic number ¢+ 10+ 14+ 18+

Range in tissue 40 33 25 16 cm

Flux /pulse 109  4.108 2108 6.107

Plateau dose rate

10 x 10 cm 3 2.5 1.5

Gray / min

It was our initial task to characterize the biological
effects of the various beams by exposing monolayers of
cultured mammalian cells at various values of residual
range shown in Fig. 1 as positions O’ to “N.” Human
T-1 cells as well as a variety of other cultured mammalian
cells were used.” At high residual range values all the
survival curves have shoulders; at low residual range
values the survival curves are nearly pure exponential
functions of dose. The oxygen effect, which represents the
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difference between the aerobic and hypoxic survival
curves at the same level of survival, is substantial in the
plateau but gradually diminishes as the residual range
becomes small. The reduction of the oxygen effect is
much more marked for the heavier than for the lighter
ions. Figure 2 shows relative biological effectivencss
(RBE), and oxygen enhancement ratios (OER) for two
particles: carbon and argon. It 1s evident that carbon has
low RBE and high OER for most of its range except near
the Bragg peak, whereas argon has significantly reduced
OER and high RBE throughout the Bragg curve.

In Figure 3 we show the LET dependence of RBE in
aerobic and hypoxic cells for particle becams mixed with
fragments. When the LET is greater than 100 keV/
micrometer, the RBE values for neon and for argon are
not described by a single-valued function. This is an
indication that dose and mean LET in themselves are not
sufficient to quantitatively describe the biological effects
of heavy ions. The divergence between the two curves
might be due in part to fragmentation effects and in part
due to the fine structure of energy deposition in particle
tracks.
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Fig. 1. Dose vs. depth curves in water. Actual normalized ionization rations measured (0). Calculated ionization
contributions from secondary fragments (®). Calculated Bragg curve (-) accompanying table provides residual
range and LET values for beam ranges indicated alphabetically on measured Bragg curve (redrawn figure from

Ref. 6).
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Fig. 2. OER and hypoxic RBE at 10% survival as a function of beam range: carbon (®); argon (A). Error bars

represent 95% confidence interval (redrawn from Ref. 5).

As fragments are produced, some primary beam par-
ticles are lost and the number of fragment particles with
lower atomic numbers and LET values increases. Figure 4
shows differences in the ratio of the fragment dose to the
primary particle dose between silicon and argon beams.
Fragmentation should be reduced to a practical minimum
in order to emphasize the advantageous properties of the
primary beams. If the fragment dose is less than the
primary particle dose, then usually the properties of the
primary particles prevail.

For therapeutic applications, techniques were devel-
oped to spread the Bragg peak in such a manner that the
relative ionization has a broad maximum over several
centimeters depth before the beam comes to a stop, in
order that the region to be treated is covered in depth as
well as in width. Some Bragg peaks produced by interpos-
ing rotating ridge filters in the monoenergetic beams are
shown in Fig. 5. These are calculated to produce an
isosurvival effect in the extended peak. Figure 6 shows the
depth-dose distribution for a 10 cm filter as well as the
mean dose-average and track-average LET values as a
function of depth for carbon, neon, silicon and argon
beams of 28 cm range (calculated by S. Curtis). One
should realize that at each depth there is a rather complex
distribution of ionizations from primary beam particles of
varying energies, as well as from an assortment of

fragments. Figure 6 also illustrates the distribution of
stopping particles for an extended neon 557 MeV/u
Bragg curve showing that the majority stop in the distal
peak.

Figure 7 shows typical aerobic and hypoxic survival
curves at various positions in extended Bragg peaks of
carbon and of argon beams. The diminished separation
between aerobic and hypoxic curves for argon is clearly
visible. The shape of the depth-dose curve for each ridge
filter is designed for aerobic isosurvival on the basis of the
previous biological studies. In Fig. 8 we summarize the
cellular effects produced by three different ion beams at
different depths: including the plateau region (24 cm
residual range), the proximal peak (10 cm residual
range), the midpeak (5 cm residual range), and the distal
peak (1 cm residual range).

In Fig. 9 we relate physical parameters of extended
Bragg dose distributions to biological effects. For the four
particles, carbon, neon, silicon, and argon we show values
of oxygen gain factor (OGF = OER,/OER,,,) and RBE
at 10% survival as a function of residual range. We
interpret the patterns of Fig. 8 and 9 as follows: Carbon
and neon produce relatively more significant aerobic cell
killing effects at the proximal and distal peaks when
compared with the plateau than silicon or argon. The
reduction of the oxygen effect, however, is not impressive
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Fig. 3. RBE at 10% survival as a function of the average mean
LET: carbon data (®), neon data (©), and argon date (O). Error
bars are for 95% confidence limits (figure from Ref. 5).
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with carbon or neon. In contrast, silicon and argon
depress the oxygen effect severely and increase the
hypoxic RBE.

If the behavior of human T-1 cells in culture is
accepted as representative of the behavior of cancerous
cells in the body, then the most promising beam to be used
for deep tumor therapy is the silicon ion (Z=14), or
perhaps phosphorous, sulfur, or magnesium.

Curtis et al. and Tenforde et al. have been working on
an entirely different system, the rat rhabdomyosarcoma
tumor cell line, that can be grown in vivo™ or cultivated in
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Fig. 6. Calculated track-average and dose-average LET values are shown throughout the Bragg curves of carbon,
neon, silicon and argon beams with an identical range of 28 c¢cm in water. For all of these beams, the Bragg peak
jonization region has been extended to a width of 10 cm by means of a variable thickness absorber. The lower panel
depicts the 10 cm Bragg ionization curve in terms of relative number of ionizations versus penetration distance in
water. The flux of neon particles with an LET = 75 keV /um as a function of penetration distance is also shown. The

10 cm stack of plastic detectors was exposed to | rad (redrawn from Ref. 29).

2113



2114 Radiation Oncology @ Biology @ Physics

December 1982, Volume §. Number 12

T T T T T T T T T T T T T T T T

CARBON 308-4cm

PLATEAU
OER-10-3.1

3.1

0.1
0.01E-
|
<0
= " ARGON 570-4c¢m
z PLATEAU PRE-PROX
> OER-10-2.2 18
»n Ol
001
2
>AII‘AJALA111;LIIA_LKJA_LlL

LM B SR M S S S E S S

\ PROXIMAL

PRE-PROX

T VU D U S U I OO G U T Y U

e e T i e o

DISTAL XF
20 2.0

Lol
O 4 8 1262024 0 4 8 1216

0 4 8 |2
DOSE (Gray)

Lo %
0O 4 8 O 4 8 0 4 8 12
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vitro.” Their in vivo survival curves are shown in Fig. 10.
Silicon reduces the survival of hypoxic cells in the tumor
much more markedly than neon. Thus, this work also
indicates the desirability of using silicon in solid tumor
therapy trials, especially where hypoxic cell radioresis-
tance is suspected. We wish to emphasize, however. that
more biological research is necessary on cellular and
tissue systems to reaftirm this conclusion.

The major potential of heavy ions in therapy is to
deliver effective depth doses to deeply-seated localized
tumors while sparing surrounding and intervening normal
tissues. Another equally important property is that in
extended Bragg peaks the magnitude of the radiobiologi-
cal oxygen effect is significantly reduced to levels of about
1.1 to 1.6. The oxygen effect is reduced more effectively
with particles of higher atomic numbers, which would
indicate the desirability of using the heaviest available
particle. This argument is tempered by the fact that
heavier nuclei produce relatively more fragmentation,
which leads to the reduction of depth-dose effectiveness
and to a reduction of the oxygen gain factor. On the basis
of cellular studies, the optimal choice of particles for
therapy depends on the size and depth of the tumor. At a
relatively shallow depth, argon particles might be used.
At a tissue depth of about 25 cm, silicon seems to have the
most advantageous balance of properties. Neon particles
might be used for even greater depths of penetration.
These ideas are illustrated in Fig. 11, where the depth-
dose effectiveness and the oxygen gain factor of various
beams are compared.

Having briefly dealt with the basic rationale of using
certain heavy ion beams in therapy, we now turn to some
special effects: the knowledge of these is essential for a
rational heavy ion therapy program.
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Fig. 11. Vector representation of low-LET and high-LET par-
ticle therapy modalities from treatment of: a small, shallow field
(upper panel) and a large, deep field (lower panel). Ordinate:
oxygen gain factor is the ratio of the oxygen enhancement ratio
(OER) measured in a low-LET radiation to the OER measured
in the high-LET radiation. Abscissa: ratio of biologically effec-
tive doses is the product of two ratios: 1) the dose to the mid
target volume divided by the entrance dose and 2) the RBE at
50% cell survival measured in the mid-target volume to the
entrance RBE-50 (figure from Ref. 3).

Sensitivity differences during the division cycle

The goal for tumor therapy is to effectively kill the
maximum number of tumor cells while protecting normal
tissues to an acceptable degree. This result is difficult to
achieve with low-LET radiations, not only because of the
poor depth-dose distribution or the high oxygen enhance-
ment ratio, but also because of differences in radiation
sensitivity through the cell cycle. The most resistant phase
to X rays is the S-phase when DNA is synthesized. As
shown in Fig. 12, argon ions effectively decrease the
variations in radiosensitivity during the cell cycle and
may thus make heavy-ion therapy more effective.

Studies on split dose repair

Repair at the cellular level is usually quantitated by
measuring the degree of survival when radiation is admin-
istered in two split doses separated by varying time
intervals. In our laboratory,** we have demonstrated that
the degree of this repair is reduced by heavy ions.
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Fig. 12. Survival dose-response of synchronized G1/S (2.5 hr)
and mid S (5.5 hr) phase Chinese hamster V-79 cells to X rays
and Bragg plateau 570 MeV /u argon ions.

However, at very high LET the administration of split
doses of heavy ions can be even more lethal than a single
dose under conditions which show a sparing effect with X
rays. This is illustrated in Fig. 13. V79 hamster celis
synchronized in late G, phase were given split doses of
neon Bragg peak ions. A lower cell fraction survived after
split doses than after a single dose. It appears that the first
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Fig. 13. Survival responses of V79 cells synchronized at mitosis
and irradiated at various cell-cycle stages with single doses
(open) or split doses (closed) of Bragg peak neon ions. The
split-dose treatments started at 2.5 hr after mitotic selection,
and the samples were kept at 37°C between exposures.
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dose of high LET neon potentiated the effects of radiation
injury caused by the second dose. Developing this subject
further, in Fig. 14 we show the results of split dose
irradiation with plateau and peak necon ions. In the
plateau regions of the Bragg curve some of the neon
ion-induced injuries were repaired, but at the Bragg peak
the split dose schedule leads to decreased survival. The
cellular mechanisms for the potentiation have been stud-
ied in detail.” A potentiation effect has been indepen-
dently demonstrated in tissues.'® and in carciongenic

studies.® In the future the increased biological effective-
ness as a result of potentiation must be taken into account
in heavy ion therapy planning.

Delays in cell progression caused by heavy ions. A dose
of radiation usually has a synchronizing effect on prolifer-
ating cell populations. Evidence is mounting that heavy
ions are particularly effective in retarding cell processes
as well as killing cells. Using the flow cytometric proce-
dure,'” evidence has been obtained that most cells in a
population of V79 cells exposed to heavy ions are arrested
in the G, stage just preceding cell division. The length of
the S-phase is nearly normal after heavy ion exposure.
whereas X rays also cause a delay in the S phase. The
phenomenon has also been studied by the pulse-labeled
mitoses method.’

In Fig. 15 the RBE for cell division delay is compared
to that for cell survival. Let us assume that proliferating
cells of a tumor might progress through various cell
division stages faster than normal cells of the same tissue.
The effect of a dose of heavy ions then would be to arrest
many of the exposed tumor cells in G, stage prior to
division. Normal cells would be less affected since these
generally pass more slowly through the various cycle
stages. If the next dose installment is given at the appro-
priate time, it might increase the preferential killing of
tumor cells.

Interaction of the lov. and high LET radiation
components

in most of the available high LET modalities. the high
LET components of the radiation arec mixed with lower
LET components. There is a belief that the higher LET
components of a given radiation field dominate the RBE
as well as the oxygen effect. However, it is important to
obtain quantitative data. In our laboratory,™ we found
that heavy ions produce sublethal lesions for X rays and
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Fig. 15. (Left panel) Duration of G, + mitotic delay as a function of dose of 225 kVp X rays (x): Bragg plateau 400
MeV /u carbon ions (c): Bragg peak 403 MeV /u carbon ions (C); or Bragg peak 429 MeV /u neon ions (Ne). (Right
panel) RBE for two end points (cell survival at 10%, and G, + M delay) vs. mean average LET (keV /um). Data are
taken from CHV-79 cell experiments with 400-403 MeV /u carbon, 425-429 MeV /u neon, and 570 MeV /u argon

ion beams (figure from Ref. 3).
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that X rays produce sublethal lesions for heavy ions (see
Fig. 16). An important quantitative aspect of the interac-
tions is the indication that the heavy ion component of a
mixed beam should represent more than half of the total
dose in order to have the high-LET component dominate.

Heavy ion lesions in DN A

Several years of rescarch may be summarized by
stating that the most likely lesions responsible for the high
RBE of heavy ions are double-strand breaks in DNA
generated in the high energy density core produced as
heavy ions pass through genetic material. A single heavy
jon appears to be capable of generating several double-
strand lesions along its track across the cell nucleus. In
contrast, X rays generate fewer double-strand scissions
and many more single strand breaks. Single strand breaks
are repaired by cells quickly and very efficiently in the
course of a few minutes. The cells can also repair double
strand lesions, albeit at a much slower rate, with a 50 to
100 minutes half life. Inability to repair all such breaks
along a track, or misrepair and misrejoining, appear to be
important causes of lethality. We have shown a relation-
ship between the quantity of unrepaired double strand
breaks and the RBE of heavy accelerated ions in human
T-1 cells.™
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Fig. 16. Survival data of V-79 cells irradiated with neon ions
alone or with graded doses of X rays at various time intervals
after single doses of neon ions. The times indicated represent the
incubation intervals at 37°C between the neon-ion and X ray
exposures. For the 0 hr interval, the cells were incubated at ice
temperatures shortly before neon-ion irradiation and between
neon-ion and x-irradiation. The survival-curves are the best
least-squares fits to the data points using a modified single-hit
multitarget formula (figure from Ref. 22).
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PLD repair

Strand breaks in DNA are also suspected to result in
lethal events, particularly when the repair process is
inhibited. This appears to be the case in the repair of
potentially lethal lesions (PLD). When PLD repair is
allowed to proceed in the presence of high salt concentra-
tions, the lethal effectiveness of low LET radiation mark-
edly increases; the magnitude of the sensitizing effects of
treatment with high salt decreases for heavy ions. This
effect was not seen, for example with stopping argon ions
of low initial energy.™ Certain other experiments have
been carried out on PLD repair in 10T-'4 cell monolayer
populations.™ Most of these cells are in G, phase, and the
cells are almost confluent with a very slow rate of cell
division. The situation might be comparable to certain
normal tissues where very few cell divisions are taking
place; it might also relate to tumor cells that remain for
long periods in G,. Our finding is that PLD repair exists
for heavy ions as well as for X rays. Whereas for X rays
this type of repair is usually complete in 6 hours. for heavy
ions it can persist for as long as 24 hours. Very high LET
radiation, however, can apparently completely inhibit the
PLD repair. Figure 17 illustrates these points.

The effects of cell density on cell survival

It has been demonstrated that cells in contact with each
other are more resistant to Jower LET radiations than
cells that are isolated from each other.! We also know
that certain mammalian tissues and density-inhibited
stationary phase cells in vitro appear to have much
greater resistance to radiation injury than single cells
with minimal cell-to-cell contact.'”* 1t has been demon-
strated that a feeder layer of cells previously killed by
radiation increased the radioresistance of cell isolates in
much the same way as cell contact acts.”” This form of
radioresistance is readily diminished by the application of
heavy ions.'*

Several of the effects discussed above might be quite
important in relation to the ability of heavy ions to
suppress tumor growth and to enhance the ability of
normal tissues to repair. For example, assume that the
cells of a deeply-seated tumor are proliferating more
rapidly than the cells of the underlying normal tissue. If
low-LET X rays are used, a considerable fraction of
tumor cells, those in radioresistant S phase, would be
spared by the daily dose installment of 2 Gray. These
survivors would produce more tumor cells in the radiore-
sistant S phase when later dose fractions are given.
Relatively fewer normal cells are in S phase. When
high-LET heavy ions (e.g., silicon or argon) are used, the
selective advantage of radioresistant S phase tumor cells
would largely disappear; instead, the cell division of many
of these cells would be severely delayed; and, if the
fractionation scheme is efficient, the next heavy ion
instaliment might find tumor cells in the very sensitive G,
stage.
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Fig. 17. Repair kinetics of potentially lethal damage in confluent C3H 10 T-'% cells irradiated with X rays or argon
ions of either low (8.3 MeV /u) or high (570 MeV /u) initial energy as assayed by delayed plating.

The heavy ion effects are necarly additive or even
superadditive in the extended peaks of silicon and argon
ions; in the plateau, however, some repair capacity
remains and helps intervening normal tissues to survive
the therapy regimen.

One of the most interesting effects is PLD repair, a
process that might spare normal and tumor cells in G, and
G, states. Evidence is accumulating that 8-DNA poly-
merase is necessary for the action of PLD repair. If we
should succeed in inhibiting PLD repair by the combined
use of heavy ions and enzyme inhibitors, the therapeutic
efficiency of heavy beams would increase even further.

Fundamental approaches to the heavy-ion radiobiology
of cells

Itis important to understand at a fundamental level the
spectrum of molecular and cellular responses to heavy
ions. A practical result of such knowledge would be that
one could intelligently model the responses to mixed
beams and to protracted schedules. A general model of
cellular inactivation, the repair-misrepair model (RMR),
has been developed and appears to be suitable for a
quantitative accounting of most observed effects.”” This
model treats the initial yield of heavy-ion-induced lesions
in genetic material separately from the later modifica-
tions and enzymatic repair. Lethality and mutations are
results of misrepair. Working with the model we realize
that there is a potential for modifying cellular responses

to heavy-ion irradiations; if we could understand the
molecular mechanisms that regulate DNA polymerases,
we might be able to influence cell and tissue response in
vivo.

SUMMARY

Heavy ion radiobiology of mammalian cells is a rapidly
developing field. The cellular responses depend on par-
ticle charge, fluence and residual energy. We find that
good depth dose effectiveness and low oxygen enhance-
ment ratios can be obtained with silicon beams of up to 25
cm range in water. Argon has an even lower OER, but less
desirable depth-dose characteristics. Heavy ions also
reduce the variation in radiation sensitivity through the
cell division cycle. Furthermore, they initiate sublethal
lesions that interact with X rays, and also produce
potentially lethal lesions which are repaired albeit at a
slow rate. With stopping low-energy argon beams of
extremely high-LET, no potentially lethal damage repair
was found. Neon and heavier particles applied in split
doses produced an enhanced cell killing effect. The RBE
for division delay is greater than the RBE for cell killing.
These properties of heavy ion beams strengthen the
justification for using heavy ions in therapeutic investiga-
tions. Initial Phase 1 and Il therapy trials in our labora-
tory have verified the predictive value of cellular investi-
gations in relation to human tissue tolerance.
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