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A model of the formation of particle tracks in emulsion has
been extended through the use of biological target theory to for-
mulate a theory of the response of biological cells and molecules
of biological importance to irradiation with energetic heavy ions.
For this purpose the response to +y rays is represented by the sin-
gle-hit, multitarget model with parameters m and D, while addi-
tional parameters k (or a¢y) and o, are required to represent the
size of internal cellular targets and the effective cross-sectional
area of the cell nucleus, respectively, for heavy-ion bombard-
ments. For one-or-more-hit detectors, only the first three of these
parameters are required and m = 1. For cells m is typically 2 or
more. The model is developed from the concept that response to
secondary electrons follows the same functional form for -y rays
and for the 8 rays surrounding an ion’s path. Originally applied
to dry enzymes and viruses in 1967, the model of the one-hit
detector has been extended to emulsions, to other physical and
chemical detectors, to single- and double-strand breaks in DNA
in EO buffer and to three E. coli strains. The two-hit response has
been observed for “track core” effects in radiation chemistry, for
supralinearity in thermoluminescent dosimeters and for desensi-
tized nuclear emulsions, where hit numbers up to 6 have been
observed. In its extension to biological cells, additional concepts
are required relating to the character of the track, namely the
grain-count and track-width regimes, and to the ability of multi-
target systems to acquire damage from intertrack 8 rays (called
gamma kill) as well as from intratrack & rays (called ion kill). The
model has been applied to some 40 sets of radiobiological data
obtained from v, track-segment heavy-ion and neutron irradia-
tions. Here we elaborate on the meaning of these concepts, tabu-
late the cellular parameters, and display their systematic behavior
and the relationships among them. In particular the parameter k,
which serves to determine the location in Z**/B? of the maximum
value of the RBE, shows little variation among cell types, while
Dy, which describes the response to vy rays and o, which appears
to indicate the target size, varies over many orders of magnitude.

INTRODUCTION

Track physics, the study of the tracks of ionizing particles
in biological (and other) matter, has sorted out several
problems which troubled earlier investigators: how to treat
the effects of d rays, what is the basis of the variation of the
shapes of survival curves with LET (linear energy transfer
or stopping power), and what are the relative roles of ener-
gy deposition and particle fluence. It has shown that the
answers to these questions are related to the physics and
the structure of particle tracks as well as to biology. In this
paper we remind the reader of the formulas and concepts of
our model, tabulate its parameters and examine their distri-
bution for different biological cells and end points. The
entire biological content of the model resides in the choices
of radiosensitivity parameters and their numerical values.
That is, biological response is parameterized and not (yet)
associated with causality. Dose, an average amorphous sta-
tistical macroscopic concept, is seen to be a useful plotting
parameter for low-LET radiations, but of little fundamental
merit otherwise. The transition from macro- to micro-
dosimetry or from +y rays to ultrasoft X rays must be consid-
ered carefully, for there are subtle alterations of meaning in
these transitions similar to those involved in the transition
of the concept of temperature as the dimensions of an
object decrease from macroscopic to microscopic, to indi-
vidual molecules, where temperature is meaningless.

To analyze the response of detectors (including biologi-
cal cells) to energetic heavy ions, the model requires that
we first know (or infer) their response to +y rays as a func-
tion of dose. Next we require knowledge of the radial distri-
bution of the dose from & rays about the path of an average
energetic heavy ion. These are combined to yield the prob-
ability for interaction with the target(s) of a detector as a
function of the radial distance from the ion’s path. Radial
integration of this probability yields a quantity called the
cross section, the probability that a beam containing a sin-
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gle ion per unit area will interact with and cause a response
in a single cell contained in a unit area through which the
beam passes. The cross section typically does not represent
the target size, and may be identified with size only if the
interaction probability is much larger when the particle
passes through the target than when the projectile passes
outside the target. This consideration is rarely fulfilled with
one-hit detectors because of the influence of long-range
d rays, for the passage of a single electron through a one-hit
target may suffice to inactivate it. As used here, “hit” refers
to that which causes detector response. As a result the
interaction cross section cannot be identified with target
size for one-hit detectors. A response produced by the pas-
sage of a single ion through or adjacent to a target is called
“ion kill.” This term fully describes low-fluence irradiations
where it is unlikely that & rays from different ions in a beam
will intersect in a single cell. In this case all interactions are
“intratrack” in character.

At high fluence, when 8 rays from different ions overlap,
we must consider intertrack effects, here called “gamma
kill,” because it is described by the same equation used for
cell killing or survival after vy irradiation. Because of the sta-
tistical fluctuation in the production of 8 rays we consider
that only a fraction, P, of the cells intersected by an ion is
killed (or mutated) in the “grain-count regime,” where the
track has the appearance of a random string of beads. (In
nuclear emulsions such tracks are analyzed by counting the
number of developed grains per unit path length.) There are
gaps between inactivated cells in which cells may be dam-
aged sublethally because of fluctuations in the production of
d rays. Cells which are not killed in the ion-kill mode, by the
passage of a single ion, may be damaged further and killed
by 8 rays from an adjacent ion at high fluence. We make the
approximation that the fraction, P, of the cells that are inac-
tivated in ion Kkill also represents the fraction of the energy
deposited by the ion that contributes to killing in the ion-kill
mode and that a fraction (1 - P) of the energy deposited acts
in the gamma-kill mode. Thus the gamma-kill dose from a
fluence F of ions of stopping power L is (1 — P)FL. This dose
contributes to killing of those cells in the gaps of a single
particle track which survive the ion-kill mode.

Particles of high nuclear charge may generate d rays of
sufficient number and range to activate remote targets, giv-
ing their tracks the appearance of a “hairy rope” in what is
called the “track-width regime.” (In nuclear emulsions the
track width is measured with a photodensitometer to char-
acterize these tracks.) Here the fraction of the dose in the
gamma-kill mode is small and is neglected to a first approxi-
mation. In the track-width regime, tracks in nuclear emul-
sions assume the appearance of a sharpened pencil as ions
approach the end of their range. Here one speaks of “thin-
down,” which arises from a kinematic limit on the energy
and hence the range of & rays, because a light particle at
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rest can acquire at most twice the speed of a heavy particle
which collides with it, although the slowing particle gener-
ates an ever-increasing number of d rays and an increasing
stopping power. The decreased cross-sectional area of the
region penetrated by & rays leads to a limit on the interac-
tion cross section, which cannot exceed the cross-sectional
area of the region in which energy is deposited. The level of
dose within this region depends on the charge and speed of
the ion. These limitations are then reflected in a decreasing
interaction cross section as the ion approaches the end of its
range, although the cross section is different for different
ions at the same speed, even in the thindown region. Thin-
down is observed with all detectors. It is not directly related
to the size of the targets but rather to their radiosensitivity.
It is not related to the Bragg peak in energy deposition.
Thindown occurs only in the track-width regime. When cel-
lular ion-kill cross sections are plotted against LET, they
typically increase through (and somewhat beyond) a
plateau value which approximates the cross-sectional area
of the sensitive sites and then decreases abruptly, taking on
the appearance of a hook, by virtue of thindown.

EQUATIONS OF THE MODEL

These considerations result in a simple set of equations
which describe many radiobiological end points observed
with +y rays and with heavy-ion beams in track-segment irra-
diations. From a few such irradiations we extract a set of
four cellular radiosensitivity parameters which then may be
used to predict the response to a wide range of irradiations,
including those from neutrons (of sufficiently high energy)
and mixed radiation fields, provided that the particle-ener-
gy spectrum is known. Such predictions cannot be made
from dose even when supported by LET. From these equa-
tions one may find the relative biological effectiveness
(RBE) of an irradiation by calculating the dose of heavy
ions which leads to a specific surviving fraction and the dose
of -y rays which leads to the same surviving fraction.

The radial distribution of dose represents an average
over many ions of the energy deposited by 3 rays in nested
cylindrical shells whose axis is the ion’s path. This dose falls
off quadratically with radial distance to a limit determined
by the maximal radial penetration of § rays. Because of the
radial dose gradient we average the dose experienced by a
target at radial distances less than about three target radii.
Beyond that distance it suffices to represent the average
dose experienced by a target as that at the position of the
center of the target (7).

If D represents the dose deposited by 3 rays in a target of
radius a, whose center is at radial distance ¢ from the ion’s
path, and Dy, is the dose of +y rays at which there is an aver-
age of one hit per target, we find the ion-kill cross section
by radial integration of the probability of inactivation as
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FIG. 1. o/ay’ is plotted against Z**/x@?for constant values of Z (1,2, 5,
10, 20, 50, 100) and varying B, and m = 1, 2, 2.5, 3 and 4. The family of
curves plotted for m = 1 and Dy = 10° Gy and ay = 10,107 and 10 cm
are displaced both horizontally and vertically with variation in ay,
because of the plotted parameters. At higher values of m there is substan-
tial overlap of curves calculated for different values of D and a, except
for values of B below 0.10. The hooked-shaped branching shown in the m
= 1 set of curves is repeated at higher m, at the same values of Z**/kf”.
For m = 2, 2.5, 3 and 4, the curves calculated for Do = 10° Gy and a, =
107 cm; for Do = 10° Gy and g, = 10, 10 and 107 cm all overlap within
the confines of the heavy lines as do Dy = 10? Gy and a, = 10, 10°and
107 cm where B > 0.10 and for Dy = 10° Gy and a, = 10~ and 107 cm,
where B > 0.30. At low values of B, large values of a, and low values of
D, there tends to be a hook-shaped branch due to the limit placed on the
range of 3 rays by kinematics. There is no plateau associated with a, for
m=1. At m =2,2.5, 3 and 4 there is increasing overlap of the different
curves, with diminishing hooked branching, and a plateau of increasing
length between the grain-count and track-width regimes. In the grain-
count regime the curves may be approximated by one of the form [1 -
exp(~Z**/xB?)]™, as shown by the dashed lines which intersect the heavy
curves at Z**/kB? = 4, and have a “plateau value” given as ¢ ~ 1.4ma}.
Beyond the “plateau value” the irradiation is in the track-width regime.
There is no saturation in a plot of o vs Z**?, for any value of m, for such
curves are monotonically increasing except as determined by the maximal
radial penetration of 3 rays [see Fig. 2 of ref. (3)].
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For m target detectors the cross section rises to a plateau
value, o,, with increase in (Z*/8)* marking the end of the
grain-count regime and then increases again in the track-
width regime, falling again in the thindown region (Fig. 1).
Z* is the effective charge of the ion at speed Bc, where c is
the speed of light in vacuum, given by

Zx=Z(1-eBP27), )

The variation of cross section in the grain-count regime
with charge and speed of the ion is given by
o= 00(1 - 6_2*2/KB2)m, 3)

as shown in refs. (2) and (3). Then the fraction of the dose
in the ion-kill mode in the grain-count regime is
P=ol0y. O]

When P exceeds 0.95 we enter the track-width regime.
With increasing values of o/g, the dose in the gamma-kill

mode is approximated as zero. In the grain-count regime
the dose in the gamma-kill mode is

D,=(1-P)D. (5)
The probability for survival in the ion-kill mode is

I, =e°F. 6)
We take the survivors of the ion-kill mode to be the initial
population for the gamma-kill mode. The probability for
survival in the gamma-kill mode is
M,=1-(1-eD"™)", (7)

This equation also describes the fraction of cells which sur-
vive an irradiation with a dose D, of v rays, and therefore
may be inverted to find the dose of vy rays which leads to a
specified surviving fraction, I1, for the calculation of RBE.

The surviving fraction after irradiation with a beam of
heavy ions is

N
=1L X IL,. 8
Ny ' Y ®

Thus the surviving fraction after a track-segment bombard-
ment with a beam of ions of fluence F, stopping power L, of
atomic number Z moving at relative speed B is determined
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FIG. 2. Cross section vs LET for kidney cells, spores and one-hit
detectors for which D, = 10* and 10° Gy, in the range of dry enzymes and
viruses, plotted as continuous curves each at a single value of Z, with 8
taking on values from 0.95 at left to 0.058 at the right-most end of each
curve. The apparent saturation in cross section with increasing LET for
cells is an artifact of the computation, made here only for the grain-
count regime. These cellular cross sections are all the extrapolated cross
sections, and therefore have a contribution from the gamma-kill mode
involving the interaction of secondary electrons from several ions in a
beam. They cannot be analyzed by the track-segment method. At low
LET, the gamma-kill mode dominates, and the curves are single-valued,
with an RBE nearly equal to 1 [see Fig. 27 of ref. (32)].

from the four radiosensitivity parameters, Dy, m, k and gy,
and from Egs. (2-8).

In these calculations we have suppressed an explicit
statement of the target radius, for we do not know the sizes
of the biological targets. We have embedded it in a dimen-
sionless parameter k, whose value is determined by fitting
our equations to the survival data. This parameter deter-
mines the changes in the shape of survival curves with
changes in (Z*/B)* of the bombarding ion. An estimate of
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target size is needed only when we wish to extend our cal-
culations to the track-width regime, based on parameters
determined from fits of radiobiological data to our equa-
tions in the grain-count regime. For this we make use of the
equation

k=Dgag X 10"/K, 9)

where Dy is in grays, a, is in centimeters, and K is a con-
stant derived from the average dose deposited in an extend-
ed target by an ion passing through it. In earlier work mak-
ing use of a cylindrical target whose axis is parallel to the
ion’s path and the radial dose model of Butts and Katz (7),
the constant K was set at 2 (see ref. 2). If the cylindrical tar-
get is replaced by a sphere, the constant is reduced to 0.3.
These values indicate the limits within which we are able to
specify a§ from our fitted parameters. The value of a,
deduced from Eq. (9), the fitted value of k and an estimated
value of K (frequently taken to be 1) is used with Eq. (1) to
calculate cross sections in the thindown region in the track-
width regime.

The results of calculations of the ion-kill cross section
are shown in a double logarithmic plot of cross section vs
Z**/kB?, in Fig. 1, for a range of values of the parameters.
Typically the cross sections rise with slope m to a plateau
which reflects the cross-sectional area of the target, for
m > 1. The cross section then increases again until the thin-
down region. A detailed discussion of the parameters is
given in the legend.

The final slope of a survival curve is frequently used to
compute the “extrapolated cross section” from which an
extrapolated RBE is calculated. These quantities are
described by our equations

O(exty = 0o P + (1-P)L/D, (10)

and

RBE (x) = (09 Do/L) P + (1 - P), (11)
which are derived in ref. (2), and where “ext” refers to
extrapolated values.

At high fluence as long as cell killing is in the “grain-
count regime,” there is always a mixed contribution, princi-
pally from gamma kill at low LET, and principally from ion
kill at high LET. In a double logarithmic plot of the extrap-
olated cross section (from the final slope of survival curves)
vs LET, the slope is thus 1 at low LET and rises to m at
higher LET until the plateau at o,. At low LET, where
gamma kill predominates, plots for different values of Z
overlap. At higher LET, where ion kill begins to exert its
influence, these plots separate, as shown in Fig. 2, for bio-
logical cells.
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In the track-width regime there is negligible contribution
from gamma kill. Our calculation of the effects then revert to
Fig. 1, for the region beyond the plateau of Fig. 2. At highest
LET, where thindown effects are dominant, these plots dis-
play a widely separated series of hooks with different Z’s.

In Fig. 2 we plot cross sections for one-hit detectors hav-
ing negligible sizes, and two different values of Dy in the
range of dry enzymes and viruses. These cross sections rise
to a value determined essentially by D, and the maximal
radial d-ray penetration. Additionally we plot calculated
values of extrapolated cross sections for bacterial spores
and T-1 human kidney cells (from parameters determined
from fitting experimental data). As stated earlier, at lowest
LET where, for cells, gamma kill predominates, the curves
coalesce, while at higher LET where ion kill predominates
(though still in the grain-count regime), the curves for dif-
ferent values of Z tend to separate. This separation is some-
times not observed experimentally where only the heavier
ions are used.

ONE-HIT DETECTORS

Biological one-hit detectors include dry enzymes and
viruses (1, 4) single-strand breaks in DNA, both single- and
double-strand breaks in DNA in EO buffer and three E. coli
strains (B, B/r and B,_;). Additionally many physical and
chemical phenomena display one-hit response, including
scintillators, thermoluminescent dosimeters (TLDs), nuclear
emulsions, lyoluminescence, color center formation, radical
formation in alanine and the Fricke dosimeter, among oth-
ers (5). The cross sections for these are also calculated from
Eq. (1) with m = 1. Cross sections increase regularly with an
increase in (Z*/B)* of the bombarding ion, reaching a limit
determined by D, and the maximal radial penetration of
9 rays, subsequently followed by thindown. There is no
plateau cross section, and no direct relationship between tar-
get size and interaction cross section. In general we require
parameters D, and a, for one-hit detectors, though for some
calculations for small molecules irradiated with heavier ions
the target size may be neglected entirely in a “point target”
calculation. If N is the number of targets per unit volume,
the number of events per unit path length is oN, and the
G value, the number of events per unit energy, is oN/L.

Values of D, range through many orders of magnitude
for different one-hit detectors. The values range from about
1-100 Gy for nuclear emulsions and from 12 to 46 Gy for
E. coli inactivation. For single- and double-strand breaks in
DNA in EO buffer we find 13 and 320 Gy, respectively; for
dry viruses inactivation values range from 4-8 kGy; for the
Fricke dosimeter the value is 8 kGy; for radical formation in
dry alanine we have 100 kGy; and for enzyme inactivation
the values range from 40400 kGy. To those whose interest
is in mechanisms it may seem astonishing that a single model
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is applicable to such a range of materials and processes. The
unifying theme is that a single electron transit through the
target region creates changes which lead to the observed
end point. This is not the case for killing or mutation or
transformation or cancer induction in biological cells.

C-HIT DETECTORS

Desensitized nuclear emulsions have been shown to
have a response indicative of 2-6 hits, especially when
developed so as to discriminate against small latent-image
sites. The production of HO, radicals in water and of H, in
benzene display two-hit response. Supralinearity in TLDs
also displays a two-hit component. For these it is assumed
that the response to -y rays follows the form of a C-or-more-
hit cumulative Poisson distribution rather than a multi-
target model. For two-hit nuclear emulsions and two-hit
chemistry Dy lies in the neighborhood of kilograys.

M-TARGET DETECTORS—BIOLOGICAL CELLS

Radiosensitivity parameters. Our greatest interest has
focused on the response of biological cells to ionizing radia-
tions. Here it is assumed that their response to <y rays fol-
lows the form of a multitarget model. A great variety of
data obtained with vy rays and track-segment bombardment
with energetic heavy ions have been fitted to this model in
which a single set of four parameters is required to fit data
from all bombardments at once. Parameters fitted to data
for cell killing of bacteria, bacterial spores, yeast, Chlamy-
domonas reinhardtii, T. confusum and artemia eggs, mam-
malian cells in vitro, as well as chromosome aberrations,
mutation, and transformation of these cells are displayed in
a numbered list in Table I. Parameter sets 1-19 are for inac-
tivation of mammalian cells in vitro, from data obtained
with track-segment heavy-ion irradiations, except for set 3,
mouse bone marrow, where data were from vy-ray and neu-
tron bombardments and are thus defined less precisely.
Data sets 21-27 are for yeast, sets 28-30 are for bacterial
spores, and set 31 is for Tradescantia obtained with vy rays
and neutrons. Other sets are as labeled. Attention is called
to set 34, for an E. coli mutant which is not a one-hit detec-
tor, to set 37 for in vivo data for lethal mutations in C. ele-
gans, to sets 39-41 for transformations, to set 42 for muta-
tions in human fibroblasts, and to set 43 in which parame-
ters are tentatively assigned to data from electron and
argon-ion irradiation of rat skin, where only the shapes of
the response curves rather than the number of cancers are
fitted separately for the two irradiations.

Frequency distributions. To motivate mechanistic inter-
pretations of our model, frequency distributions of parame-
ters and of combinations of parameters are displayed in
Figs. 3a-d. Intervals for these distributions are spaced



TABLE I

A Listing of the Respective Four Parameters Required for Fitting Each Set of Experimental Data

Detector Theory Experiment m K Dy(Gy) ag(cm?) Comment
1 Mouse lymphoma Waligorski et al. (6) Jaworska et al. (7), 2.5 500 5.00 X 107 5.00 x 107 Aerobic survival
L5178Y cells, LY-S Kruszewski’ et al. (8-10)
2 Mouse lymphoma Waligorski et al. (6) Jaworska et al. (7), 2.5 500 8.00 x 10! 5.00 X 107 Aerobic survival
L5178Y cells, LY-R Kruszewski’ et al. (8-10)
3 Mouse bone marrow Katz and Sharma (1) Broerse et al. (12) 2.5 500 9.10 X 107! 420 x 107 Aerobic survival
4 IdU-pretreated Roth et al. (13) Tym and Todd (14) 25 850 1.00 x 10° 6.70' X 107 Aerobic survival
T-1 kidney cells
5 Chang liver cells Roth et al. (13) Todd (15) 2.5 900 1.20 x 10° 4.00 x 107 Aerobic survival
6  HeLacells Katz et al. (2) Deering and Rice (16) 3 750 1.40 x 10° 5.60 X 107 Aerobic survival
7  Leukemia cells, P388 Katz and Sharma (3)  Berry (17) 25 1750 1.55 x 10° 5.80 X 1077 Aerobic survival
8  Human skin fibroblast Cucinotta and Katz®  Tsuboi et al. (18) 3 680 1.62 x 10° 8.50 x 107 Aerobic survival
9  T-1kidney cells Katz et al. (2) Todd (19) 2.5 1000 1.70 x 10° 6.70 x 1077 Aerobic survival
10  C3H 10T1/2 cells Waligorski et al. (20)  Yangeral. (21) 3 750 1.70 x 10° 5.00 x 107 Instantaneous
plating, aerobic
survival
11 T-1kidney cells Katz et al. (2) Barendsen et al. (22) 2.5 1400 1.80 x 10° 5.40 x 107 Aerobic survival
12 Chinese hamster cells, Katz and Huang (23)  Skarsgard et al. (24) 3 900 1.82 x 10° 3.00 X 107 Abnormal
CH2B2 metaphases
13 Chinese hamster cells, Rotheral. (13) Skarsgard et al. (24) 3 1100 1.82 x 10° 430 % 107 Aerobic survival
CH2B2
14  IdU-pretreated Rothetal. (13) Tym and Todd (14) 2.5 900 1.90 x 10° 6.70 X 1077 Hypoxic survival
T-1 kidney cells
15 C3H 10T1/2 cells Waligorski et al. (20)  Yangeral. (21) 3 750 2.80 X 10° 5.00 x 10”7 Delayed plating,
aerobic survival
16  T-1kidney cells Katz et al. (2) Todd (19) 2.5 1300 2.90 x 10° 6.70 X 1077 Hypoxic survival
17  Leukemia cells, P338 Katz and Sharma (3)  Berry (17) 2.5 2100 3.50 x 10° 5.80 X 1077 Hypoxic survival
18  HeLacells Roth et al. (13) Nias et al. (25) 3 1100 3.70 x 10° 5.60 X 107 Hypoxic survival
19 T-1kidney cells Katz et al. (2) Barendsen et al. (22) 25 1900 4.60 x 10° 5.40 x 107 Hypoxic survival
20  Chinese hamster cells, Katz and Huang (23)  Skarsgard er al. (24) 2 1400 2.50 x 10’ 6.50 x 10°° Chromatid
CH2B2 exchanges
21  Nonbudding yeast Roth et al. (13) Raju et al. (26) 2 600 1.00 x 10 1.00 x 107® Aerobic survival
22 Haploid yeast Katz et al. (2) Sayeg et al. (27) 2 1800 4.00 x 10 133 x 1078 Aerobic survival
p 8
23 Diploid yeast, BZ34 Roth ez al. (13) Raju ez al. (28) 3 800 9.00 x 10! 120 x 1078 Aerobic survival
24  Diploid yeast, BZ34 Rothetal. (13) Raju et al. (28) 3 1200 1.60 X 10° 1.20 x 1078 Hypoxic survival
25  Budding yeast Roth et al. (13) Raju et al. (28) 2 2000 2.30 X 10° 8.50 x 107 Aerobic survival
26  Diploid yeast, X841 Katz and Sharma (3)  Mortimer et al. (29) 3 1100 2.50 X 107 3.50 x 10 Aerobic survival
27  Diploid yeast, X841 Katz and Sharma (3)  Mortimer et al. (29) 3 1600 5.00 X 107 3.50 x 10 Hypoxic survival
28  Bacterial spores Katz et al. (2) Powers et al. (30) 4 800 4.70 x 10° 2.01 x 10”° Aerobic survival
29  Bacterial spores Katz et al. (2) Powers et al. (30) 4 950 5.90 x 107 201 x 10” Hypoxic survival
30 Bacterial spores Katz et al. (2) Powers et al. (30) 4 1100 1.10 X 10° 2.01 x 107 H,S survival
31  Tradescantia Katz and Huang (23)  Underbrink ez al.¢ 2 1000 2.10 x 10° 3.50 X 107 Survival
32 T confusum eggs Roth et al. (13) Yang et al.? 2 1200 3.40 x 10° 6.50 X 107 Aerobic survival
33 Artemia eggs Roth et al. (13) Easter and Hutchinson (31) 5 300 9.50 X 10 430 x 107 Aerobic survival
34 E. coli WP2 her+ Roth et al. (13) Munson* 2 700 3.80 X 10 3.80 X 10”° Aerobic survival
35  Chlamydomonas rein., Katz et al. (32) Davies et al. (33) 3 1400 1.45 x 10" 5.00 x 10°® Aerobic survival
haploid
36  Chlamydomonas rein., Katz et al. (32) Davies et al. (33) 4 1450 420 x 10 5.40 x 107 Aerobic survival
diploid
37  Caenorhabditis elegans Cucinotta et al. (34) Nelson et al. (35) 2 750 6.80 X 10’ 2.50 x 107 Lethal mutation
38 M. radiodurans Katz et al. (32) Dewey (36) 6 2650 1.25 x 10° 500 % 10" Aerobic survival
39  C3H 10T1/2 cells Waligorski et al. (20)  Yanget al. (21) 2 750 1.80 X 10° 1.15 x 10710 Instantaneous
plating,
transformation
40  C3H10T1/2 cells Waligorski et al. (20)  Yanget al. (21) 2 750 2.60 X 10 115 x 107" Delayed plating,
transformation
41 C3H10T1/2 cells Waligorski et al. (20) ~ Yangetal. (21) 3 475 5.00 x 10" 7.00 X 10" Instantaneous
plating,
transformaton
(alternate
parameters)
42 Human skin fibroblast Cucinotta and Katz®  Tsuboi et al. (18) 3 550 1.40 X 10° 4.00x 10" HGPRT mutation
43 Cancer in rat skin Unpublished Burns and Albert (37) 3 475 5.00 X 10' 7.00 x 10
Note. The numbers in parentheses in the columns labeled “Experiment” and “Theory” are the experimental and theoretical references.
“Unpublished results.
*Unpublished results.

°A. G. Underbrink, J. Huczkowski, B. Woch, E. Gedlek, A. Cebulska-Wasilweska, M. Litwiniszyn and E. Kasper, The Relationship of Different Somatic Mutations
Induced by Neutrons and X-rays to Loss of Reproductive Integrity in Tradescantia Stamen Hairs. Report 1039/B, Institute of Nuclear Physics , Krakow, 1978.

4C. Yan, L. Craise, G. P. Welch and C. A. Tobias, Initial studies on OER, RBE and development of tribolium eggs using an oxgen beam. In Radiobiological Experi-
ments Using Accelerated Heavy Ions at the Beavatron. LBL-2016, 1973.

Private communication, 1973.



362 KATZ ET AL.
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FIG. 3. Panel a: Frequency distribution of the parameter oy, in cm?. Panel b: Frequency distribution of the parameter Dy, in gray. Panel c: Fre-
quency distribution of the parameter combination /D, proportional to a,’. k is dimensionless and Dy, is in gray. Panel d: Frequency distribution of
the parameter combination Dyoy/k, proportional to oo/ay. Dy is in gray, o is in cm?, and « is dimensionless. Intervals are spaced according to the
sixth root of 10. The number in each box refers to the data set numbers in Table 1.
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FIG. 4. Panel a: A display of the correlation between the parameters D, and o, where Dy, is in gray and o is in cm?” Panel b: A display of the cor-
relation between the parameters D, and k, where D, is in gray and « is dimensionless. Panel c: A display of the correlation between the parameters
D, and m, where Dy is in gray and m is dimensionless. Panel d: A display of the correlation between the parameter o and the combination of parame-
ters k/D,, proportional to a3. Dy is in gray and k is dimensionless. Panel e: A display of the correlation between the parameters D, and the combina-
tion of parameters k/Dj, proportional to a3. Dy is in gray and « is dimensionless.
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according to the sixth root of 10, as a compromise between
resolution and smoothness for data spread over several
decades. For identification the number in each box refers to
the data sets of Table 1. The parameter gy is displayed in
Fig. 3a. The data for mammalian cell killing are contained in
a narrow peak. Data for other end points are grouped simi-
larly. The distribution of Dy is displayed in Fig. 3b. Groups
of parameters are displayed in Figs. 3¢ and 3d, as /D, pro-
portional to the square of the radius of the presumed inter-
nal target, and as D(0y/k, proportional to the quotient of the
plateau value of the cross section and the square of the
radius of the internal target, respectively. Our calculations
presently give only a range of values for the proportionality
constant depending on whether the target is presumed to be
a cylinder whose axis is parallel to the ion’s path or a sphere,
and on the details of the calculation of the radial dose distri-
bution. The frequency distribution of parameters may also
be useful if one wishes to select a typical set of cellular
parameters for purposes of radiation protection or health
physics, in the event that calculations from this model are
seen to supplement or replace “quality factors.”

Plots of relationships among parameters. Some of our
parameters are closely correlated. To display these relation-

ships we plot Figs. 4a—e. We plot D, vs g, in Fig. 4a. Here -

the coefficient of correlation taking all points into account
is —0.85. In Fig. 4b we plot D vs k. In Fig. 4c we plot D, vs
m. In Fig. 4d we plot o, vs k/D,. Here the coefficient of cor-
relation is 0.85, taking all points into account. Since /Dy is
proportional to a§, this plot relates the square of the radius
of the internal target to the plateau value of the activation
cross section. In the initial construction of this model the
action cross section o was taken to be proportional to the
model cross section calculated for the internal target, but no
quantitative relationship was assumed (see ref. 2). Finally,
in Fig. 4e we plot Dg vs k/D,, relating the dose at which
there is one hit per target to the square of the radius of the
internal targets. Here the coefficient of correlation is —0.98.

CONCLUSIONS

Results presented here summarize some 25 years of
study of radiobiological data. A single four-parameter
model is used to fit data for a wide range of biological test
objects and end points, as reported by many investigators
using different facilities.

Radiosensitivity parameters D, and oy, determined prin-
cipally by vy irradiation and heavy-ion irradiation, respec-
tively, spread over 4 orders of magnitude as shown in
Figs. 3a and 3b. The parameter k, which essentially deter-
mines the location in LET of the peak of a plot of RBE vs
LET, barely spreads over a single order of magnitude.
There are distinct correlations between D, and o, and
among g, Dy and k/D,. It is remarkable that these correla-

KATZ ET AL.

tions hold for the great variety of species and end points
described in these data.

Radiobiologists are concerned with mechanisms. Indeed,
this has been much of the motivation for these extensive
studies of the response to high-LET radiation. Here we
show that the variation of response with LET is primarily
physical in origin. The present model is mechanistic only in
its description of track structure and in its choice of param-
eters. Hopefully, those studying biological mechanisms will
see this work as simplifying their task, possibly now redi-
rected toward explaining the biological basis for this choice
of parameters, and the numerical values they display for
different species and end points.
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