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Summary

The Katz track structure model has been applied

to describe recessive lethal mutagenesis in the nema-

tode Caenorhabditis elegans after exposure to heavy

ions. Based on models of the cosmic-ray environ-

ment and heavy-ion transport, mutation rates for

the International Microgravity Laboratory 1 (IML-1)

experiment on the Space Transportation System 42

(STS-42) are predicted and the results are discussed.

Introduction

The nematode Caenorhabditis elegans (C. ele-

gans) is being studied (refs. 1 to 3) as a model

radiobiological system that can provide information

on mutagenesis after exposure to galactic cosmic ra-

diation (GCR). C. elegans is particularly well suited

for study because this nematode has a relatively

small, �xed number of cells with only six pairs of

chromosomes; many of its genes have been identi�ed

and mapped. Nelson (refs. 2 and 3) has reviewed

several properties of C. elegans that favor its use in

understanding the biological e�ects of heavy charged

particles, especially for genetic processes, and its

mutagenesis rates have been measured for several

heavy-ion beams (ref. 3). The International Micro-

gravity Laboratory 1 (IML-1) mission on the Space

Transportation System 42 (STS-42) carried an exper-

imental package containing C. elegans to study the

e�ects of microgravity and tested ground-based un-

derstanding of GCR e�ects in space conditions if sig-

ni�cant exposures occurred. The STS-42 mission du-

ration of about 7 days in an orbit of 57
�
by 163 n.mi.

exposed the C. elegans package to a complicated mix-

ture of particles that vary in composition with the

amount and type of shielding surrounding the pack-

age. Major concerns were anomalous e�ects on ra-

diation response from microgravity or physiological

stress from spaceight.

Several considerations could a�ect our extrap-

olations from ground-based to ight experiments :

uxes one or two orders of magnitude below those

achieved using accelerators, protracted exposure, and

the broad charge and velocity spectrum of the GCR.

The track structure model of Katz et al. (refs. 4 to 9)

utilizes a charge- and velocity-dependent �t to radio-

biology experiments and is the only model that can

predict cellular endpoint response for the complete

GCR spectrum. Biological response at low uence is

described by an action cross section representing the

probability that a single ion leads to the endpoint

in question. Laboratory measurements at high dose

for photons and with a few ions allow for a para-

metric determination of the cross section in terms of

ion charge and velocity that can be applied to the

GCR spectrum. Compared with other radiobiologi-

cal models, the zero initial slope for X rays assumed

by the Katz track structure model for multitarget

endpoints leads to the maximum prediction for GCR

e�ectiveness.

In this report, we consider experimental data for

ion (ref. 3) and photon (refs. 3 to 10) production of

recessive lethal mutations in C. elegans for response

parameters to describe this endpoint in the Katz

track structure model. This is the �rst application

of the track structure model to an animal system.

We then consider the GCR and trapped particle

spectrum that is expected for IML-1 and predict

the expected mutation rates by using models of the

cosmic-ray environment, accurate transport codes,

and shielding models.

Track Structure Model

The track structure model of Katz et al. (ref. 4)

attributes biological damage from energetic ions to

the secondary electrons (delta rays) produced along

the ion path. The deleterious e�ects of energetic ions

are correlated with those of gamma rays by the as-

sumption that the response in sensitive sites near

the ion path is part of a larger system irradiated

with gamma rays at the same dose. The response

from ion e�ects is then determined by knowledge of

the gamma-ray response and the delta-ray dose sur-

rounding the ion path. For a multitarget response

with target number m, the inactivation of cells by

gamma rays is assumed to follow a Poisson distribu-

tion reecting the random accumulation of sublethal

damage with a radiosensitivity parameter D0.

When ions inactivate the cells, two modes are

identi�ed: \ion kill," which corresponds to intratrack

e�ects, and \gamma kill," which corresponds to in-

tertrack e�ects. Here, the ion-kill mode is unique to

ions corresponding to single-particle inactivation of

cells described by the cross section �. The action

cross section for a sensitive site is determined as

� =

Z
1

0

2�t dt
�
1� exp

�
�D=D0

��
m

(1)

where D is the average dose at the sensitive site from

the ion delta rays. The cell damage is divided by

Katz et al. (ref. 4) into a grain-count regime, where

inactivation occurs randomly along the path of the

particle, and into a track-width regime, where many

inactivations occur and are said to be distributed like

a \hairy rope." In the grain-count regime, � may be

parameterized as

� = �0

h
1� exp

�
�Z�2=��2

�i
m

(2)



where �0 is the plateau value of the cross section, � is
the ion velocity, the e�ective charge number is given
by

Z
� = Z

h
1� exp

�
�125�=Z2=3

�i
(3)

and � is a parameter related to the radius of the
sensitive site a0 by

D0

a
2

0

�
� 2 � 10�11 Gy=cm (4)

The transition from the grain-count to the track-
width regime (refs. 4 and 5) occurs at a value of
Z
�2
=(��2) on the order of 4. At lower values of

Z
�2 we are in the grain-count regime and, at higher

values, the track-width regime.

In the grain-count regime, the fraction of the cells
damaged in the ion-kill mode is P = �=�0, where
� is the single-particle-inactivation cross section and
P is the probability of damage. In the track-width
regime, where � > �0, it is assumed that P = 1. In
the track model a fraction of the ion dose (1� P ) is
assumed to add cumulatively to the ions from other
particles to inactivate cells in the gamma-kill mode.
The surviving fraction of a cellular population N0,
whose response parameters are m, D0, and � or a0
after irradiation by a uence of particles F , is then
written as

N

N0

= �i� (5)

where
�i = exp(��F ) (6)

is the ion-kill survival probability and

� = 1�
�
1� exp(�D=D0)

�m
(7)

is the gamma-kill survival probability. The gamma-
kill dose fraction is

D = (1� P )D (8)

where D is the absorbed dose. The fraction of
mutations produced by ions is evaluated as

M = 1��i� (9)

when mutation response parameters are applied. The
track structure model is applied next to estimate
C. elegans mutation rates after exposure to charged
particles.

Response Parameters

Testing procedures for several types of mutations
in C. elegans have been developed (refs. 3 and 10)

Experiment
Calculations
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Figure 1. Percentage of mutations in C. elegans versus

gamma-ray dose. Data from references 3 and 10.

over the last decade. Now, mutation response pa-
rameters for recessive lethal mutations are being con-
sidered through �ts to the data of Nelson et al.
(ref. 3) based on results of ion beam experiments in
the Lawrence Berkeley Laboratory Bevelac 0-degree
Beam Spectrometer. The response to gamma rays
has also been measured (refs. 3 and 10) from about
5 to 30 Gy. A linear �t to the gamma-ray data could
be used; however, we obtain a good representation
by using equation (7) with m = 2 and D0 = 68 Gy.
Figure 1 shows that the �t is consistent with the ion
data. The plateau value of the action cross section for
recessive lethal mutations is near 0.2 �m2 from the
data presented in reference 3. We do not consider
track-width e�ects too cumbersome for use in GCR
transport codes at this time. We used the parame-
terization of equation (2) with �0 = 0:25 �m2 and
� = 700 to compare the track model prediction with
measured mutation rates. Our �ndings are shown in
�gures 2 to 4. The quality of the �t is quite good for
the overall data set, as shown on a linear scale with
all data reproduced to within a factor of 2 or bet-
ter. In �gure 4, we included target fragment e�ects
extracted from reference 9 for the low linear energy
transfer (LET) ions. At high uence levels, target
fragments have minimal e�ect, but will dominate the
e�ect of low LET ions at lower uences (ref. 9). Sev-
eral other ions considered in reference 3 were closer to
the Bragg peak than the plateau region and were not
considered because fragmentation and other e�ects
complicate the comparisons. Table I is a summary
of the response parameters for C. elegans mutations.
In �gure 5, the resulting action cross section versus

2



Table I. Response Parameters for Recessive
Lethal Mutations

m D0, Gy �0, cm
2

�

Caenorhabditis 2 68 2:5� 10�9 700
elegans

56Fe, 181 keV/µm
40Ar, 100 keV/µm
20Ne, 31 keV/µm
12C, 13 keV/µm
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Figure 2. Percentage of mutations in C. elegans versus ion

uence for several ions. Data from Nelson et al. (ref. 3).
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Figure 3. Percentage of mutations in C. elegans versus ion

uence for several ions. Data from Nelson et al. (ref. 3).

LET is shown for several ions. The cross sections
extend from the stopping region to energies above
100 GeV/nucleon. The radial dose distribution of

1H, 0.55 keV/µm
4He, 1.8 keV/µm
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Figure 4. Percentage of mutations in C. elegans versus ion
uence for ions with low LET. Data from Nelson et al.

(ref. 3). Solid line includes target fragmentation e�ects.
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Figure 5. Action cross section versus LET for several ions.

delta rays used in the track structure model does
not reect relativistic e�ects that may be important
at the highest energies. In reference 11, Fermi has
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suggested that relativistic e�ects may cancel such
that a nonrelativistic calculation is accurate . The
plateau in the cross section at the highest LET for
each ion could be corrected for track width and thin-
down e�ects by using equation (1). The cross section
obtained there indicates a target size much smaller
than that typical of cellular inactivation, approaching
the target sizes in cell transformation and mutation
studies (refs. 12 and 13).

Discussion

Solar maximum was achieved in 1990 and the next
solar minimum is expected in about 1996; that solar
minimum should approach the high uxes of 1977.
Because accurate solar modulation models are not
available for transport codes, we present predictions
based on 1990 and 1977 galactic cosmic radiation
(GCR) spectra and actual measurements (ref. 14).
The scaling assumed for the less abundant elements
is taken from the Naval Research Laboratory model
(ref. 15). Recent measurements (ref. 16) on the Space
Transportation System 40 (STS-40) indicated that
transport code predictions with the 1990 spectrum
were about half those of the measurements. Several
factors could lead to this disagreement : solar mod-
ulation of the GCR spectrum, the magnetic cuto�s
used in the predictions, meson production (which is
not included in the transport codes), and the nuclear
fragmentation parameters used for heavy-ion trans-
port. Predictions using solar minimum and maxi-
mum spectra are expected to bound the actual uxes
on STS-42. In �gure 6, we show the unattenuated
GCR spectrum for an orbit of 57� by 163 n.mi. for
the solar minimum and maximum.
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Figure 6. Unattenuated integral ux spectrum versus LET

for solar minimum and maximum in an orbit of 57� by

163 n.mi.

The International Microgravity Laboratory 1
(IML-1) experiment was placed inside the Spacelab
for its early 1992 mission. Therefore, we are par-
ticularly interested in assessing the fractions of mu-
tagenesis in space behind the STS-42 shielding. Fig-
ure 7 shows the expected energy spectrum of trapped
protons based on the Goddard Space Flight Center
energy-space-particle model AP-8. The plot reects
our �nding that very few high-energy protons had
su�cient range to penetrate the STS-42 shielding.
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Figure 7. Trapped proton energy spectrum for STS-42.

The corresponding shielding distribution is shown
in �gure 8. Also shown is the distribution for dosime-
ter location 2, which was in the least shielded location
on STS-42. For the Spacelab, a signi�cant fraction of
the solid angle is above 20 g/cm2 aluminum, and we
expect that many heavy ions were fragmented with
the large buildup of proton and neutron secondaries
near Caenorhabditis elegans (C. elegans). The ac-
tion cross section is plotted against range in �gure 9
to illustrate how beam attenuation with shielding af-
fects the biological damage expected for various ions.
The low and medium charged ions should be drasti-
cally a�ected; the high Z particles with signi�cant
range should be only slightly changed in cross sec-
tion; however, the use of equation (2) in the track-
width regime will lead to an underestimate of cross
section. The attenuated linear energy transfer (LET)
values for the solar maximum and minimum spectra
are shown in �gures 10 and 11, respectively.

The Langley Research Center cosmic-ray trans-
port code (ref. 17) was used to predict the resulting
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Figure 8. Shielding distribution for Spacelab and dosimeter
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Figure 9. Action cross section versus range for several ions.

mutation rates (ref. 7) for the solar maximum and
minimum spectra. Mutation rates were obtained as a
function of aluminum shield thickness and were aver-
aged over the shield distributions in �gure 8 and over
the predictions in table II. It is clear from the table II
predictions that few mutations are expected in even
a large C. elegans population because of the short ex-
posure period. Also shown in table II are predicted
values for relative biological e�ectiveness (RBE) with
energetic photons the reference radiation. The high
values indicate that our reference photon radiation
did not produce indicative numbers of mutations at
low doses compared with the low exposure. The ex-
posure could be improved, however, if we optimize

the exposure geometry (if possible within Spacelab
constraints) and greatly increase the exposure pe-
riod. The substantial Spacelab shielding promotes
a trapped proton-induced mutation rate of less than
10�7 for the mission that is much smaller than the
GCR contribution.

Part of the C. elegans population was stored at
2�C in Spacelab so that researchers could identify
tracks through the surrounding plastic track detector
(CR-39). The temperature di�erential may have
altered repair mechanisms in that population; these
mechanisms can be interpreted by a repair model
that incorporates the track structure model discussed
in reference 18.
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Figure 10. Solar maximum integral ux spectrum versus LET

at Spacelab and dosimeter location 2.
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Figure 11. Solar minimum integral ux spectrum versus LET

at Spacelab and dosimeter location 2.

5



Table II. Mutation Rates, RBE Values, and Dose Predictions for STS-42

Dose, mrad Mutation factor RBE

Location Min Max Min Max Min Max

Spacelab 57 34 0:77 � 10
�6

0:47� 10
�6

102 131

Dosimeter 2 54 31 :91� 10
�6

:48� 10
�6

107 139

NASA Langley Research Center
Hampton, VA 23681-0001

September 30, 1992

References

1. Coohill, Thomas; Marshall, Tamara; Schubert, Wayne;
and Nelson, Gregory: Ultraviolet Mutagenesis of

Radiation-Sensitive (rad) Mutants of the Nematode

Caenorhabditis Elegans. Mutation Res., vol. 209, 1988,
pp. 99{106.

2. Nelson, Gregory A.: Radiation Biology of HZE Particles.

IAF-90-548, Oct. 1990.

3. Nelson, Gregory A.; Schubert, Wayne W.; Marshall,

Tamara M.; Benton, Eric R.; and Benton, Eugene V.:
Radiation E�ects in Caenorhabditis Elegans, Mutagene-

sis by High and Low LET Ionizing Radiation. Mutation

Res., vol. 212, 1989, pp. 181{192.

4. Katz, R.; Ackerson, B.; Homayoonfar, M.; and Sharma,

S. C.: Inactivation of Cells by Heavy Ion Bombardment.
Radiat. Res., vol. 47, 1971, pp. 402{425.

5. Katz, Robert; Sharma, S. C.; and Homayoonfar, M.:
The Structure of Particle Tracks. Topics in Radiation

Dosimetry, Supplement 1, F. H. Attix, ed., Academic

Press, Inc., c.1972, pp. 317{383.

6. Waligorski, M. P. R.; Sinclair, G. L.; and Katz, R.:

Radiosensitivity Parameters for Neoplastic Transforma-
tions in C3H10T1/2 Cells. Radiat. Res., vol. 111, 1987,

pp. 424{437.

7. Cucinotta, Francis A.; Katz, Robert; Wilson, John W.;
Townsend, Lawrence W.; Nealy, John E.; and Shinn,

Judy L.: Cellular Track Model of Biological Damage to

Mammalian Cell Cultures From Galactic Cosmic Rays.

NASA TP-3055, 1991.

8. Katz, Robert; and Cucinotta, F. A.: RBE vs. Dose for
LowDoses of High-LETRadiations. Health Phys.,vol. 60,

no. 5, May 1991, pp. 717{718.

9. Cucinotta, Francis A.; Katz, Robert; Wilson, John W.;

Townsend, Lawrence W.; Shinn, Judy; and Hajnal,

Ferenc: Biological E�ectiveness of High-Energy Protons:

Target Fragmentation. Radiat. Res., vol. 127, 1991,

pp. 130{137.

10. Rosenbluth, Raja E.; Cuddeford, Cheryl; and Baillie,

David L.: Mutagenesis in Caenorhabditis Elegans|I.

A Rapid Eukaryotic Mutagen Test System Using the Re-
ciprocal Translocation, eTI(III;V). Mutation Res.,

vol. 110, 1983, pp. 39{48.

11. Fermi, Enrico: Nuclear Physics, Revised ed. Univ. of

Chicago Press, c.1950.

12. Yang, Tracy Chui-Hsu; Craise, Laurie M.; Mei, Man-
Tong; and Tobias, Cornelius A.: Neoplastic Cell Trans-

formation by Heavy Charged Particles. Radiat. Res.,

vol. 104, 1985, pp. S-177{S-187.

13. Thacker, John; Stretch, Albert; and Stephens, MiriamA.:

Mutation and Inactivation of Cultured Mammalian Cells

Exposed to Beams of AcceleratedHeavy Ions. II. Chinese
Hamster V79 Cells. Int. J. Biol., vol. 36, no. 2, 1979,

pp. 137{148.

14. Badhwar, G. D.; and O'Neill, P. M.: An ImprovedModel
of Galactic Cosmic Radiation for Space ExplorationMis-

sions. Johnson Space Center paper presented at the Sec-

ond International Cosmic Ray Conference (Dublin, Ire-
land), Aug. 1991.

15. Adams, James H., Jr.: Cosmic Ray E�ects on Micro-

electronics, Part IV. NRL Memo. Rep. 5901, U.S. Navy,
Dec. 31, 1986. (Available from DTIC as AD A176 611.)

16. Badhwar, Gautam D.; Braby, Leslie A.; Cucinotta, Frank

A.; and Atwell, William: Dose Rate, Dose-Equivalent
Rate, and Quality Factor in SLS-1. Int. J. Radiat. Appl.

Instrum., Part D: Nucl. Tracks Radiat. Meas., vol. 20,

no. 3, 1992, pp. 447{451.

17. Wilson, JohnW.; Townsend,LawrenceW.; Schimmerling,

Walter; Khandelwal, Govind S.; Khan, Ferdous; Nealy,
John E.; Cucinotta, Francis A.; Simonsen, Lisa C.; Shinn,

Judy L.; and Norbury, John W.: Transport Methods and

Interactionsfor Space Radiations.NASA RP-1257, 1991.

18. Wilson, John W.; and Cucinotta, Francis A.: Cellular

Repair/Misrepair Track Model. NASA TP-3124, 1991.

6


