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Heavy Particles in Therapy: An Application of
Track Theory

Robert Katz and S. C. Sharma

Behlen Laboratory of Physics, University of Nebraska-Lincoln,
Lincoln, Nebraska 68508, U.S.A.

Abstract

The survival, OER, and RBE for HeLa, leukemia, and kidney cells after irradiation
with 14 MeV neutrons, pion beams, and heavy ion beams dispersed by ridge filters
are calculated. Simple beam models and the delta-ray theory of cellular survival are
used in the calculations, which refer to a mixed radiation environment and the poten-
tial application of these irradiation systems in radiotherapy.

1. Introduction

The experience of radiotherapists has been accumulated with low LET radiations,
where absorbed dose is a sufficient description of a radiation field. With high LET
radiations, such as neutrons, pions, and heavy ions, the radiation field consists of a
spectrum in energy and particle type, of primary and secondary heavy ions, gamma-
rays, and light ions, the interaction of which with both tissue and dosimeters is com-
plex. The measurement of absorbed dose alone is not adequate to predict the end
point of interest, i.e.,, the end point is not a single valued function of dose. The ap-
plication of a simple multiplicative factor, often called a “quality factor,” to convert
measured dose to an “effective dose” is again inadequate. Even in those cases where
“quality” is “dose modifying,” that is, where the shape of the dose-response curve is
similar for radiations of different quality and the curves for two different radiation
fields may be superimposed by a change of scale of the dose axis, the scale factor var-
ies from detector to detector. An additional problem arises from the spatial variation
of “quality,” as the energy and particle spectrum vary from point to point in an irra-
diated volume. For high LET radiations, isodose contours are isoeffect contours only
if the particle-energy spectrum remains constant. An isoeffect contour for one detec-
tor cannot be assumed to be an isoeffect contour for all detectors.

The potential advantages of these high LET radiations to radiotherapy, through
improved depth dose, enhanced oxygen enhancement ratio (OER), and more nearly
equal effect on cells of all ages, have been discussed elsewhere (Boone and Wiley
1971, Tobias, Lyman, and Lawrence 1972). In the present work illustrative calcula-
tions of cell survival, OER, and relative biological effectiveness (RBE) after irradia-
tion with 14 MeV neutrons, negative pions, and heavy ion beams are made from the
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delta-ray theory of track structure (Butts and Katz 1967, Katz, Ackerson, Homayoon-
far, and Sharma 1971, Katz and Sharma 1973). While the killing of cells in vivo is a
more reliable guide to the overall effects of radiation on the relevant tissue (Alper
1973) than the killing of cells in vitro, cellular radiosensitivity parameters have been
evaluated only for in vitro experiments. Though the predictions of the present theory
cannot be expected to be a precise guide to clinical experience, the concepts shown in
these illustrations should be of interest to the radiotherapist contemplating clinical
trials of these new radiation techniques.

2. Concepts of the theory

The details of the delta-ray theory of track structure, as applied to biological cells,
are given elsewhere (Katz et al. 1971, Katz and Sharma 1973). The response of cells to
ionizing radiation is summarized by four experimental parameters: m and E,, deter-
mined from the cell survival curve after y-ray irradiation and being the extrapolation
number and the “extrapolated D-37 dose” from the final slope of the survival curve;
and o, and «, being the plateau (or saturation) cross-section and the value of z%/4f>
at which it is achieved, when cells are bombarded with heavy ion beams of different
effective charge number z and velocity ¢ = f c where c is the velocity of light. From
these four parameters and the functional form of the survival curve provided by the
theory, it is possible confidently to predict the survival of biological cells in any spec-
ified radiation environment.

The complexity of the response of mammalian or bacterial cells to different radi-
ation environments is expected from their response to y-ray irradiation. If the log-
arithm of the surviving fraction of a cellular population is plotted against the y-ray
dose, the curve typically has an initial shoulder followed by a straight line. This shape
implies an initial accumulation of sublethal damage, before the final killing event.
The inactivation by the accumulation of sublethal damage over the irradiation period
is named the “gamma-kill mode”.

When populations of cells are irradiated by beams of particles of different charge
and speed, the survival curves which result are identical with those for y-rays if z2/
Kﬁz < 1 (i.e, low LET radiation). As z%/ Kﬂ2 increases, the LET increases, and the sur-
vival curves lose their shoulder as z2/xf? approaches 4 (i.e., at the saturation cross-
section), and no shoulders occur if z2/xf? > 1. The passage of one primary charged
ion is sufficient to kill the cell, and this mode of killing is named “ion-kill.” No accu-
mulation of sublethal damage is needed.

Within the ion-kill mode we distinguish between two different track situations or
“regimes.” In the “grain-count regime,” successive clusters of ions or delta-rays are
formed relatively far apart along the track of the primary ion, and a cell is inactivated
by the passage of the single primary ion through its nucleus. An example would be
a fast charged particle of low z. In the “track-width regime,” however, a cell may
be inactivated by the cooperative energies of several relatively long-range delta-rays
which pass through its nucleus even though the primary ion’s path does not. An ex-
ample would be a fast particle of high z. In both regimes of the ion-kill mode, the cell
is inactivated by a single “hit” or passage of one primary ion: in its transit time of
about 1071° s. There is no accumulation of damage.
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In irradiations with particles having a range of LET, the initial slope of the sur-
vival curve must be attributed to the ion-kill mode, because at low dose the primary
charged particles are so far apart, on the average, that it is unlikely that their delta-
rays overlap in the nucleus of a cell.

In the grain-count regime, the fraction of track segments of a monoenergetic beam
of particles in which the inactivation is in the ion-kill mode is

P=[1-exp(-22/ kA" &)
The quantity P also represents the probability that a cell is inactivated by the passage
of a single ion through its nucleus. It approximates the fraction of the dose deposited
by the beam in the ion-kill mode. Now the total dose deposited by a beam of F ions
per cm? is

D=FL 2)

where L is the linear energy transfer LET . Therefore the dose delivered to the
gamma-kill mode of inactivation, where secondary electrons from different heavy
ions act on cells through the accumulation of sub-lethal damage, is

D, =(1-P)D. ®)

From the “single-hit” nature of the ion-kill process, by contrast, we write that the
probability of cell survival, IT, in the ion-kill mode is

I1; = exp(-oF) 4)

where 0 is the interaction cross-section of the biological target.

In the grain-count regime, the interaction cross-section o reaches its plateau (satu-
ration) value, 0, approximating the cross-sectional area of the nucleus, when every
cell through which an ion passes is inactivated, at z2/xf* = 4. At lower values of 22/
K,BZ, when only a fraction P of the intersected cells is inactivated, the cross-section is
simply

o=0,P. @)

At values of z2/kp?* greater than 4, in the track width regime, 0> 0, and P ~ 1.
The probability for survival in the gamma-kill mode follows the same functional
form as for survival after y-ray irradiation,

I1,=1-[1 - exp(-D, /Ep)]" ©)

After irradiation with a beam of particles, N cells of an initial population of N, cells
survive:

N/Ny =TI, x I, )

The RBE of a heavy ion irradiation is defined as the ratio of the dose of y-rays to
the dose of heavy ions which yields the same survival. The RBE is determined by the
functional form of the equations above. When z?/xf* < 1 (i.e., for low LET radiation),
the RBE = 1, for the cells cannot distinguish between the random tangle of second-
ary electrons produced by y-rays or energetic ions. When P ~ '3, about half the inter-
sected cells are inactivated by the passage of a single ion through them and about half
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the dose is delivered to the gamma-kill mode; here the RBE passes through its maxi-
mum value. This occurs at z2/ K,BZ ~ 1.5, for m = 2.5 or 3. A further increase wastes en-
ergy by depositing it in cells already inactivated. When z2/xf*> > 1 (very high LET
radiation), the inactivation is in the track width regime, virtually all the dose being
deposited in the ion-kill mode.

Cellular radiosensitivity parameters fitted to many types of cells for which exper-
imental data have been published are shown in Table 1. There we see that values of
m and o0, (extrapolation number and saturation cross-section) are identical for aerobi-
cally and anoxically irradiated cells of the same type, while E; and « (survival curve

Table 1. Cellular radiosensitivity parameters. The parameters E,, 0, m, and « are fitted visually to
experimental survival data after irradiation with X-rays and heavy ions, except for parameters for
the anoxic irradiation of HeLa cells, which is fitted to X-ray and 14 MeV neutron data. (See Katz et
al. 1971, Katz and Sharma 1973)

Source E, x 10 0, x 10 (Ey 0,/ %) x 10°
Material of data (erg cm™) (cm?) m K (erg cm™)
Bacterial 1 N, 590 2.0 4 950 1.2
spores o, 470 2.0 4 800 1.2
H,SO, 1100 2.0 4 1100 2.0
Diploid 2 500 3.5 3 1600 1.1
yeast 250 3.5 3 1100 0.8
Haploid 3 40 13 2 1800 0.3
yeast
E. coli 4 33 48 2 800 0.2
wp2her +
T-1kidney 5 N, 4.6 540 25 1900 1.3
0, 1.8 540 25 1400 0.7
T-1kidney 6 N, 4.6* 670 25 1300 24
0, 1.7 670 25 1000 1.1
Leukemia 7 N, 3.5 580 2.5 2100 1.0
p-388 0, 1.5 580 25 1750 0.5
Hamster 8 1.9 460** 2.5 1400 0.6
HelLa 9 N, 3.7 560 3 1100 1.9
10 @) 14 560 3 750 1.0

2

Re-evaluated: * from 2.9, ** from 500.

Sources:

1. Powers, E. L., Lyman, J. T., and Tobias, C. A., 1968, Int. ]. Radiat. Biol., 14, 313.

2. Mortimer, R., Brustad, T., and Cormack, D. V., 1965, Radiat. Res., 26, 465.

3. Sayeg, J. A., Birge, A. C., Beam, C. A., and Tobias, C. A., 1959, Radiat. Res., 10, 449.

4. Munson, R. J., Neary, G. J., Bridges, B. A., and Preston, R.]., 1967, Int. |. Radiat. Biol., 13, 205.

5. Barendsen, G. W., Koot, C.]J., Van Kersen, G. R., Bewley, D. K,, Field, S. B., and Parnell C. J., 1966,
Int. ]. Radiat. Biol., 10, 317.

6. Todd, P., 1967, Radiat. Res. Suppl., 7, 196.

7. Berry, R.]., 1970, Radiat. Res., 44, 237.

8. Skarsgard, L. D., Kihlman, B. A., Parker, 1., Pujara, C. M., and Richardson, S., 1967, Radiat. Res.
Suppl., 7, 208.

9. Nias, A. H. W,, Greene, D., Fox, M., and Thomas, R. L., 1967, Int. ]. Radiat. Biol., 13, 449.

10. Deering, R. A., and Rice, Jr., R., 1962, Radiat. Res., 17, 774.
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slope and value of z2/kf? at which saturation is achieved) are different. The fitting of
the parameters to experimental data has been done by eye. An attempt to assign un-
certainties to the values of the parameters is now under way, but this is made dif-
ficult by the reluctance of the original investigators to assign uncertainties to either
survival or dose measurements. No explanation is now offered for the relationships
of the anoxic and aerobic parameters. Nevertheless, they enable us to associate the
oxygen effect with the fraction of the dose, Dy/D, delivered to the gamma-kill mode.
We therefore expect that the OER, of the dose at constant survival for anoxic and aer-
obic irradiations of the same cell type, will follow the gamma-kill dose fraction as z2/
xp? varies for different irradiations.

This overall description of the response of biological cells to energetic heavy ions
follows from the identification of two inactivation modes and two track regimes. The
functional form of the present theory for cell survival is an extension of the theory of
particle tracks in emulsion which is published elsewhere (Katz and Kobetich 1969).
Changes in OER and RBE with z2/? arise from the relative size and shape of the de-
tector (or biological target) with respect to the spatial and temporal distribution of
secondary electrons. We do not usually know the number of classes of cellular sensi-
tive elements, the number of elements in each class, their radiosensitivity, their spatial
distribution within the cell, or the ways in which they interact to yield the observed
endpoint. Until some of these questions are clarified, it is not likely that a detailed un-
derstanding of cellular radiosensitivity parameters will be achieved from first princi-
ples. At present levels of understanding we are fortunate to be able to achieve a mac-
roscopic or average description as in the present work.

The response of cells to a mixed radiation environment can be calculated by ap-
plying the preceding equations, segment by segment of z2/f?, to each particle track,
to find the ion-kill survival probability and the gamma-kill dose contribution in each
segment. The product of these ion-kill survival probabilities is the ion-kill survival
probability of the total radiation field. The sum of the gamma-kill dose contributions
is the total gamma-kill dose, whose value yields the gamma-kill survival probabil-
ity. The product of these two survival probabilities yields the surviving fraction, as in
equation (7).

So long as the quantities I1, I1 V and D (total dose) are the same for two radiation
fields, the fields are equivalent irradiations (Katz, Sharma, and Homayoonfar 1972):
the plots of cell survival as a function of dose are congruent, for a particular cell in a
particular radiation field. In some cases the survival curves achieved with neutron
and pion irradiations may be simulated by track segment irradiations with acceler-
ated lithium ions. This suggests that a measurement of the gamma-kill dose fraction
for an appropriate simulation of the environment-cell combination can be applied to
the theory to predict the cell survival curve, the RBE, and the OER for a known radi-
ation environment. Work is in process to attempt to specify the nature of the detec-
tor combination (e.g., silicon and Fricke dosimeters) which can achieve such a result.
The needed quantities can be calculated from the theory if the spectral composition of
the radiation field has been measured, but one might hope that simpler physical mea-
surements will suffice.
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3. Cell survival in mixed radiation environments

In order to apply the theory, we need to know the spectral composition of the ra-
diation field. The secondary particle spectrum from the irradiation of tissue with 14
MeV neutrons is available from the work of Caswell and Coyne (1972). The spec-
trum for the capture of negative pions is calculated by Guthrie, Alsmiller, and Ber-
tini (1968). Turner, Dutrannois, Wright, Hamm, Baarli, Sullivan, Berger, and Selzter
(1972) analyze the depth dose in water, from the pion beam of the 600 MeV Synchro-
Cyclotron at CERN, into a “star dose” and “fast pion track dose”, and make it possi-
ble to estimate cell survival as a function of depth in this beam. In this case the dose
contribution from the fast pion track is taken to be all gamma-kill dose, while the star
dose is apportioned to gamma-kill and ion-kill according to the secondary particle
spectrum given by Guthrie et al. (1968).

A beam of heavy charged particles can be approximated by a simple model in-
corporating attenuation and straggling, but neglecting secondary particle produc-
tion, beam contamination, energy inhomogeneity, and focusing. Attenuation is based
on an interaction cross-section calculated from the RMS value of the beam and tar-
get nuclear radii, applied to a medium which has the nuclear composition of tissue
and the stopping power of water. The influence of straggling on the variation of the
energy spectrum of beam particles as a function of depth is found by taking an ini-
tially monoenergetic beam to be made up of fractions having different velocity-stop-
ping power relationships. Both the intensity in the several fractions and the stopping
power relationships are constructed so as to yield the straggling Gaussian (Evans
1955). In this way a reasonable approximation to the velocity spectrum of particles in
and near the Bragg peak is achieved. The neglect of secondary particles becomes in-
creasingly important as both the energy and the atomic number of the beam ions are
increased. Since secondary particles are of lower Z than primaries, have nominally
the same average velocity and are projected mainly in the forward direction, their ef-
fect is (1) to increase the dose, (2) to decrease the sharpness of the Bragg peak as cal-
culated, and (3) to dilute the high LET effect of the primary beam so as to increase the
gamma-kill dose fraction, with an accompanying reduction in RBE and an increase in
the OER.

Calculated survival curves for kidney, leukemia, and HeLa cells exposed to 14
MeV neutrons, from the parameters of Table 1, are compared to experimental data
(Barendsen and Broerse 1966, 1968; Nias, Greene, Fox, and Thomas 1967; Berry, pri-
vate communication) in Figures 1-3. In all cases, except for the anoxic irradiation of
HeLa cells with neutrons, the cell survival parameters were obtained independently
of the neutron data. The only available data for the anoxic irradiation of HeLa cells is
from y-ray and neutron irradiation, so that the neutron data are used to adjust these
parameters for HeLa cells only.

Calculated survival curves for human kidney cells (using parameters obtained by
fitting the survival data of Todd 1966), after exposure to 10 MeV protons, 14 MeV
neutrons, and the secondary particle spectrum from stopped negative pions, are
shown in Figure 4. Similar curves are found for all the cells of Table 1. Typically the
pion curve lies between the curves for protons and 14 MeV neutrons. Values of the
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Figure 1. Calculated survival of T-1 kidney cells irradiated with 14 MeV neutrons (from parameters
fitted to the heavy ion data of Todd (1966)) are compared to experimental survival data of Barend-

sen and Broerse (1966, 1968).
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Figure 2. Calculated survival of leukemia cells irradiated with 14 MeV neutrons as compared to ex-
perimental survival data (Berry, private communication).

OER and RBE for these irradiations are shown in Table 2, with the RBE for 10 MeV
proton irradiations taken as unity. Values from Table 2 of the OER and RBE (aerobic)
of 1.6 and 2.0 respectively, for the irradiation of kidney cells with the secondary prod-
ucts from stopped negative pions in tissue, may be compared with experimental val-
ues obtained by Raju, Gnanapurani, Richman, Martins, and Barendsen (1972), of 1.5
and 2.4, in the peak of the depth dose distribution of the negative pion irradiation fa-
cility of the 184 inch cyclotron.
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Figure 3. Calculated survival of HeLa cells irradiated with 14 MeV neutrons, as compared to ex-
perimental survival data (Nias et al. 1967). In this case the survival data for the anoxic irradiation of
HelLa cells with 14 MeV neutrons is part of the input data from which the cell survival parameters
are established.
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Figure 4. Calculated survival curves for T-1 human kidney cells after exposure to 10 MeV protons,
14 MeV neutrons, and stopped negative pions, both anoxically and aerobically.

In its present form, dose rate effects are not incorporated into the theory, although
currently available pion beams are of low intensity. In calculating the effects to be ex-
pected from pion irradiation, the dose is assumed to be delivered in a time short com-
pared to cellular repair time. Recent analyses of the depth dose curves in water from
the CERN pion beam (Turner et al. 1972) imply that it is composed of 63% negative
pions, 14% negative muons and 23% electrons, and have separated the depth-dose
curves of a beam of initial momentum 176 MeV/c into a component due to pion stars
and a second component due to the normal electronic stopping power of the pions
and other particles due to their slowing. In the absence of more detailed knowledge
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Table 2. Calculated values of the RBE and OER at 10% survival for irradiation of the cells of Table 1
with 10 MeV protons, 14 MeV neutrons and “stopped negative pions”

10 MeV protons 14 MeV neutrons Stopped pions

OER RBE OER RBE OER

Bacterial spores N, 1.3 2.0 1.2 1.7 1.2
0, 1.8 1.7

Diploid yeast N, 2.2 2.7 14 1.6 2.0
0, 1.8 15
Haploid yeast 1.2 1.2

T-1 kidney cells N, 2.6 41 1.4 3.3 1.6
(0N 21 2.0

Leukemia p-388 N, 2.3 2.4 1.5 1.8 1.8
(0N 1.5 1.4
Hamster 1.6 1.5

HeLa N, 2.8 3.5 1.5 2.6 1.9
(@) 1.9 1.8

2

RBE = Dose at 10% survival (X-rays)/dose at 10% survival (14 MeV neutrons or pions).
OER = Dose at 10% survival (anoxic)/dose at 10% survival (aerobic).

of the beam, a preliminary calculation of cellular inactivation in this beam has been
made, finding the ion-kill survival probability from the pion stars, and adding the
gamma-kill dose from the pion stars to the normal electronic stopping power compo-
nent of the dose. From this procedure we calculate the survival of kidney cells at the
dose peak of the CERN pion beam, and compare it with a survival curve calculated
for stopped pions, and with survival data measured by Raju et al. (1972) in the Bragg
peak of the Berkeley pion beam, whose contamination is similar to that of the CERN
beam, as shown in Figure 5. A Monte Carlo calculation, by Armstrong (private com-
munication) yields a pion survival curve nearly midway between these two curves.
In Figure 6 the total dose, the star dose (per particle), the OER, and the RBE at 10%
survival are shown as a function of depth in this beam, for kidney cells. Also shown
are the survival of anoxically and aerobically irradiated kidney cells as a function of
depth in this beam, for a fluence at which 30% of aerobically irradiated cells survive
in the region of maximum effectiveness.

For this beam are also calculated the surviving fraction of aerobically and anox-
ically irradiated HeLa; kidney and leukemia cells, at entrance, at a depth of 20 cm
where the survival is minimal, and at a depth of 22.5 cm where the OER is minimal.
These results are shown in Table 3. Also given are the ratios of survival of anoxically
to aerobically irradiated cells (AAR); these ratios indicate the effectiveness of the ra-
diation in killing hypoxic cells.
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Figure 5. Data of Raju et al. (1972) for the survival of kidney cells in the dose peak of the Berkeley
pion beam are compared to survival curves calculated for stopped pions (dashed lines) and for the
dose peak of the CERN beam (solid line).
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Figure 6. The decomposition of the CERN negative pion beam (Turner et al. 1972) into dose contri-
butions from stars and from other aspects of the beam (principally normal stopping power contri-
butions) has made it possible to approximate the response of kidney cells to the pion beam, as in
Figure 5. For this calculation the star dose is assumed to behave like stopped pions in tissue, while
the remainder of the dose is taken to contribute only to the gamma-kill mode. Shown are the total
dose, the star dose, the survival of anoxically and aerobically irradiated kidney cells at a fluence of
5.5 x 10" particles per cm? at which 30% of the aerobically irradiated cells survive in the region of
minimum survival, and the OER and RBE as a function of depth, calculated at 10% survival.
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Figure 7. The dose and survival as a function of depth of kidney cells irradiated with a beam of pi-
ons dispersed to give an isosurvival region 10 cm wide in the tumor region. Also shown are the
RBE and OER to be expected with such a beam. Single port irradiation.

When this beam is spread by a ridge filter, or otherwise dispersed in initial energy,
to cover a tumor 5-10 cm thick, we must expect the gamma-kill dose fraction, and
consequently the OER, to increase. To estimate the effect of a dispersed beam of nega-
tive pions, the CERN beam has been considered as displaced, modulated in intensity,
and overlaid so as to yield an isosurvival region about 10 cm wide. In Figure 7 we
show the dose and survival of aerobically and anoxically irradiated kidney cells at a
fluence at which there is 30% survival of the aerobically irradiated cells. Also shown
are the RBE and OER, all as a function of depth. The same quantities are displayed
for a dual port irradiation in Figure 8.
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Figure 8. See caption to Figure 7. Double port irradiation.
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Figure 9. Calculated (solid line) survival of aerobically irradiated kidney cells as a function of depth,
in a 3.9 GeV nitrogen beam, as compared with experimental data (squares and circles) from the
Princeton Particle Accelerator (Todd et al. 1971),0btained with hamster cells said to have similar ra-
diation response to kidney cells. Data for the two curves: A, s = -7, fluence (ions cm2) 2.2 x 107; B, s
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Figure 10. Calculated value (heavy line) of the relative dose from the primary beam of a 266 MeV
per amu nitrogen beam, as compared to measured value (light lines) of the total and secondary
particle dose, from which an experimental value of the primary dose is inferred (Lyman et al.
unpublished).

Use of the heavy ion beam model yields curves of cell survival as a function of
depth in a 3.9 GeV nitrogen beam, shown in Figure 9. For these calculations kidney
cell parameters were used. The calculated results are compared to experimental sur-
vival data obtained at the Princeton Particle Accelerator with hamster cells, said to
have similar radiosensitivity to kidney cells (Todd, Schroy, Vosburgh, and Schim-
merling 1971). Other available data are from bombardment with a beam of nitrogen
ions at 266 MeV per amu at Berkeley (Lyman, Howard, Maccabbee, Raju, Sperinde,
Walton, Welch, and Tobias, unpublished). The calculated value of the dose as a func-
tion of depth (heavy lines) compares well with the measured primary dose, as shown
in Figure 10. Calculated survival curves for anoxically and aerobically irradiated kid-
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Figure 11. Calculated survival of kidney cells irradiated at two positions in the beam of Figure 10,
as compared to experimental survival data of Martins et al. (unpublished). Data for the two curves:
a, depth (cm) = 0.0, s = 0; b, depth (cm) =11.7, s = -7 x 104,

ney cells at two depths in the beam are shown in Figure 11 for comparison with ex-
perimental data (Martins, Roisman, Raju, and Tobias, unpublished).

Since the dose peak region in a heavy ion beam is too thin to yield uniform irradia-
tion of tumors, the initial energy of the beam must be dispersed by some means, such
as varying the beam energy, or by using a ridge filter. The latter procedure has been
used by Raju, Gnanapurani, Martins, Howard, and Lyman (1972), who employed a
seven step ridge filter made of heavy metal to disperse a 910 MeV He beam, in order
to obtain an isodose region several centimeters wide. For purposes of calculation this
filter was simulated by a seven step filter having the composition of tissue and the
stopping properties of water, to yield the results shown in Figure 12. The experimen-
tal depth dose curve of Raju et al. (1972) is shown in the upper panel in dashed lines,
while the calculated depth dose curve is shown in solid lines. In the bottom panels
are shown the calculated values of the OER and RBE as a function of depth, for irra-
diated kidney cells. In the center region, we show the survival of anoxically and aer-
obically irradiated kidney cells, at a fluence where 30% of the aerobically irradiated
cells survive in the “tumor” region.

In Figure 13 are shown calculated survival curves for both anoxically and aerobi-
cally irradiated kidney cells, at three positions in the beam, in comparison with the
experimental data. Because of the rapid fluctuations of beam quality at a depth of
about 10.5 cm, calculations were made at three adjacent depths (which may be com-
pared to Figure 12) to span the possible range of experimental survival curves, for
which the precise positioning was uncertain.
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Figure 12. In an experiment to investigate the effect of spreading a 910 MeV beam of He ions with
a seven step ridge filter, the dose and survival of kidney cells was measured as a function of depth
(Raju et al. 1972). Experimental depth-dose measurements are shown in dashed lines in the top
panel, in comparison with a calculated curve based on a tissue-equivalent ridge filter designed to
simulate the heavy metal filter used experimentally. Also shown are the survival of kidney cells ir-
radiated anoxically and aerobically at a fluence of 9 x 108 ions cm™2, the RBE, and OER at 10% sur-
vival, all as a function of the depth in tissue. In the following table, the calculated values of the RBE
relative to the surface and the OER at various positions in the beam are compared with the experi-

mental values.

Depth RBE (aerobic) OER
Position  (cm) Theor. Exp. Theor. Exp.
a 0.0 1.0 1.0 2.7 2.5
b 5.8 1.1 1.3 2.6 1.8
c 111 14 2.3
d 10.5 1.3 14 24 1.7
e 10.8 1.2 2.5
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Figure 13. Survival of kidney cells in three positions in the beam of Figure 12, as compared with cal-
culated survival curves. Because of the structure of the beam quality near the edge of the beam (at
about 10.5 cm), calculations are made at three adjacent positions for comparison with experimental
data.

a b c d e
Depth (cm) 0.0 5.8 111 10.5 10.8
RBE (aerobic) 1.0 1.1 14 1.3 1.2
OER 2.7 2.6 23 24 25

4. Heavy ion therapy : preclinical radiobiological calculations

The most extensive experience of high LET radiotherapy is from the use of the
MRC cyclotron’s fast neutron beam at Hammersmith Hospital, so this experience is
used as a starting point. In their clinical investigations of neutron irradiations, Cat-
terall, Rogers, Thomlinson, and Field (1971) concluded that 1440 rad of fast neutrons,
or 4200 rad of orthovoltage X-rays, delivered in 12 fractions (three per week) over 25
days, caused a skin reaction within acceptable limits, and led to early response of the
irradiated tumors. Since these irradiations imply that the survival of kidney or leu-
kemia cells so irradiated lies between 25 and 40% per dose fraction, we take it to be
a clinical constraint that the dose delivered in a single fraction to a tumor is one for
which there would be, say, 30% survival of aerobically irradiated kidney cells within
the tumor volume, and that if this dose is repeated according to this (Hammersmith
Hospital) schedule, there will be an acceptable reaction of normal tissue in the tu-
mor region and, from the Hammersmith experience, a satisfactory early response of
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some of the tumors. The relative merit of different radiation techniques may then be
based on the damage to normal tissue en route to the tumor region (as represented by
the survival of aerobically irradiated cells), and on the survival of anoxically irradi-
ated kidney cells in the tumor region, as an indication of the possibility that oxygen-
deprived tumor cells may survive the irradiation schedule. Emphasis is here placed
on kidney cells because the parameters are better established and tested than those
for leukemia and HeLa cells, though there is no reason to believe that kidney cells
in culture are a better model of the response of either normal or diseased tissue. For
this reason the calculations for kidney cells have been repeated for both leukemia and
HeLa cells, using the parameters of Table 1, as an indication of the potential range of
the results of charged particle irradiations.

To particularize the calculations, a ridge filter for heavy ion beams has been de-
signed to yield isosurvival regions (for aerobically irradiated kidney cells) 10 cm
wide, centered at a depth of about 12.6 cm in a tissue phantom, when irradiated with
neon beams of appropriate energy. Calculations are made of the survival of HeLa,
kidney, and leukemia cells neglecting secondary particle production, for D, He, O,
and Ke beams, in single and opposed port irradiations, at a fluence at which 30%
of aerobically irradiated kidney cells survive in the tumor region. The transmissions
and step thicknesses of ridge filters having the composition of tissue and the stop-
ping power of water are given in Table 4. Numerical values of the fractional sur-
vival of aerobically irradiated cells, the anoxic/aerobic survival ratio at this fluence
(AAR), the OER and RBE at 10% survival, and the dose of X-rays at which the indi-
cated survival of aerobically irradiated cells would be obtained, are given for all three
cell types in Table 5, for the entrance port and at the tumor center. Here also are given
these values obtained with the spread pion beam, at “entrance” and at the center of
the tumor region.

In Figures 14-17 are given the results obtained with He and Ne irradiations of kid-
ney cells, for single and opposed port irradiations. In each case the energy and flu-
ence are given, as well as the dose and the survival of anoxically and aerobically ir-

Table 4. Ridge filter having the stopping power of water and the atomic composition of tissue, de-
signed for producing an isosurvival region of about 10 cm width when kidney cells are irradiated
with energetic neon beams.

Fractional
transmission Step thicknesses (cm)
0.041 0.2 04 0.6 0.8 1.0 1.2 14 1.6
0.024 1.8 2.0 22 24 2.6 2.8 3.0 3.2
0.018 3.4 3.6 3.8 4.0 4.2 44 4.6 48
0.013 5.0 5.2 54 5.6 5.8 6.0 6.2 6.4
0.011 6.6 6.8 7.0 7.2 74 7.6 7.8 8.0
0.009 8.2 84 8.6 8.8 9.0 9.2 9.4 9.6

0.008 9.8 10.0 10.2 10.4 10.6 10.8 11.0 11.2
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Figure 14. Calculated values of the dose as a function of depth, the survival of anoxically and aer-
obically irradiated kidney cells at a fluence where the survival of aerobically irradiated cells in the
minimal survival region is about 30%, the OER and the RBE (of aerobically irradiated cells), at 10%
survival, are shown for He ions dispersed through a 10 ecm ridge filter. Single port.
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Figure 15. He ions, 10 cm ridge filter, double port.

radiated cells at this fluence as a function of depth. Also shown are the RBE and the
OER for kidney cells as a function of depth (at 10% survival). The variation in OER
and RBE over the tumor region is a reflection of the variation in the energy spectrum
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Figure 16. Ne ions, 10 cm ridge filter, single port.
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Figure 17. Ne ions, 10 cm ridge filter, double port.

of the dispersed beam, especially in the single port irradiations. Since symmetrically
opposed port irradiations may not always be appropriate, the variation of OER with
depth in a single port irradiation (Figures 7, 14, and 16) is of interest.

5. Discussion

For calculations in the present work it is assumed that the critical constraint upon
the therapist is that 30% of normal (i.e., aerobic) cells in the tumor region must sur-
vive each dose fraction. Kidney cells in culture have been taken to be representative
of the tissue irradiated, and so all calculations have been normalized to a fluence in
which 30% of the aerobically irradiated kidney cells in the tumor region survive. The
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difference between two modes of irradiation may then be characterized by two num-
bers, the anoxic-aerobic survival ratio (AAR) in the tumor region, A, and B, the sur-
viving fraction of aerobically irradiated cells (N/ N, (aerobic)) at the surface. We have
no guidance from clinical experience as to the manner in which these two numbers
may be combined to yield a figure of merit for a radiation technique. It is clear that
one wishes both A and B to be as close to unity as possible, but it is not clear what
value to place on a 10% decrement in A at the expense of a 10% decrement in B, for
example. If the number A is of questionable importance, the choice is clearly in favor
of pions, or deuterons or helium ions. If B is of questionable importance, then irradia-
tion with neon ions is in order. Ions of higher Z would give an even lower value of A;
but there are problems with beam attenuation and fragmentation. The best compro-
mise seems to lie with pions, which give the value of AAR in the tumor region that
can be achieved with oxygen ions, and a better value of the survival at surface than
can be achieved with deuterons. If a clinical trial is to be used to answer questions
about the relative importance of A and B, then it would be of interest to compare pi-
ons with oxygen ions, for the AAR in the tumor region is very similar, though surface
survival favors pions, or to compare pions with deuterons, where there is a marked
difference in the AAR in the tumor region.

We thank Rose Ann Nelson for her help in the course of these investigations and in the prepara-
tion of the manuscript for publication. This work was supported by the National Science Founda-
tion (RANN) and the United States Atomic Energy Commission.
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Résumé
Particules lourdes en thérapie; une application de la théorie de trace

On a calculé la survie, I'OER et le RBE (efficacité biologique relative) pour les cellules de HeLa, de
leucémie et rénales, apres l'irradiation aux neutrons de 14 MeV, aux faisceaux de pions et faisceaux
d’ions lourds, diffusés par des filtres de faite. On a employé dans les calculs des simples modeles de
faisceaux ainsi que la théorie de rayons delta de la survie de cellules dans une ambiance de radia-
tion mixte. Ces méthodes d’irradiation peuvent étre employées en radiothérapie.

Zusammenfassung
Schwere Teilchen in der Therapie; eine Anwendung der Spurtheorie

Man berechnet das Uberleben, OER (oxygen enhancement ratio) und RBW (relative biologische
Wirksamkeit) fiir die HeLa-, Leukdmie-, und Nierenzellen, nach der vorangehenden Bestrahlung
mit 14 MeV-Neutronen, Pi-Mesonenstrahlen, und Schwerionenstrahlen, welche mittels der “ridge
filter” gestreut wurden. Es wurden einfache Strahlenmodelle sowie die Delta-strahl-Theorie des
Zelliiberlebens in einer Umgebung mit gemischter Strahlung angewandt. Diese Bestrahlungsver-
fahren finden mogliche Anwendungen in der Strahlentherapie.

Pesrome
Taxensle uacmuybl 6 mepanuu; npumerere meopuu c1e006

PacuetniBatoTcst BbDKVIBaHVIE, OTHOIIIeHe ITOBBIIIIE€HVIA KrcJiopoaa MOTHOCUTEJIbHAasA
Ouorormueckast BqJ(i)eKTVIBHOCTB JJIsL HelLa KJIETOK, JIEMIKeMMYEeCKMX M ITOYeYHBIX KJIETOK I10CJIe
O6queHVI$I HeVITpOHaMVI C 3Hepme17[ B 14 M3B, Y4dKaMI1 IN-Me€30HOB 1 ITyYKaMW Ts2KeJIbIX VMIOHOB,
paccesHHbIMU ITPVI IIOMOIIN 60p03)1KOBBIX q:)VIJ'IBTpOB. B pacueTax IprMEeHI0CA ITPOCTbIe MOIEJIN
IIYy4KOB M OCHOBaHHAa:A Ha HejibTa-dacTuiaxX TeOopus BBDKMBAHNMA KJIIETOK B Cpelle CMeIlaHHOIo
M3JIydeHms. on MeTOIblI O6queHVI$I MOI'yT IPVIMEHATHCA B paAnoTeparimm.
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