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Abstract

We compare models of radiation transport and biological response to physical and biological dosimetry results
from astronauts on the Mir space station. Transport models are shown to be in good agreement with physical
measurements and indicate that the ratio of equivalent dose from the Galactic Cosmic Rays (GCR) to protons is
about 3/2:1 and that this ratio will increase for exposures to internal organs. Two biological response models are

used to compare to the Mir biodosimetry for chromosome aberration in lymphocyte cells; a track-structure model
and the linear-quadratic model with linear energy transfer (LET) dependent weighting coe�cients. These models are
®t to in vitro data for aberration formation in human lymphocytes by photons and charged particles. Both models

are found to be in reasonable agreement with data for aberrations in lymphocytes of Mir crew members: however
there are di�erences between the use of LET dependent weighting factors and track structure models for assigning
radiation quality factors. The major di�erence in the models is the increased e�ectiveness predicted by the track

model for low charge and energy ions with LET near 10 keV/mm. The results of our calculations indicate that
aluminum shielding, although providing important mitigation of the e�ects of trapped radiation, provides no
protective e�ect from the galactic cosmic rays (GCR) in low-earth orbit (LEO) using either equivalent dose or the
number of chromosome aberrations as a measure until about 100 g/cm2 of material is used. Published by Elsevier

Science Ltd.

1. Introduction

The use of in vivo biological assays (biodosimetry)
to study space radiation exposures to the astronauts
can serve several purposes including veri®cation of
doses received, validation of risk methodologies, and

the study of mechanisms of radiation e�ects. Biological
assays include scoring chromosome aberrations in lym-
phocytes (Edwards, 1997), the use of serial activation

of gene expression (SAGE) (Velculescu et al., 1995),

protein expression including kinase activity, and

measurements of the fraction of apoptotic cells (Menz

et al., 1997). The observation of chromosome aberra-

tions in lymphocyte cells extracted from blood samples

is a convenient marker of radiation response which has

a proven resolution for exposures above a few cGy

(Edwards, 1997). The longer missions on the Russian

Space Station Mir and those scheduled for the Inter-

national Space Station (ISS) allow studies of chromo-

some aberration formation to be performed using a

practical number of cells for the ®rst time. Testard et
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al. (1996), Yang et al. (1997), and Obe et al. (1997)

have studied chromosome aberration formation in
lymphocytes from Mir crew members providing human
in vivo data to test models. In this paper, we present

calculations using the HZETRN radiation transport
(Cucinotta et al., 1996; Wilson et al., 1991) and two
biological response models which are compared to the

Mir-18 results for chromosome aberration formation.
We use these comparisons to discuss the role of bio-

logical response models and shielding e�ectiveness in
low earth orbit (LEO).
Radiation sources in LEO include contributions

from trapped protons and electrons, galactic cosmic
rays (GCR), and sporadic exposures from solar par-

ticle events. The energy spectrum of each source deter-
mines their range in shielding material and the human
body. Trapped electron energies extend to a few MeV

with ranges of 1±2 cm in water and include a small
bremmstrahlung component capable of reaching larger
depths. Trapped protons have energies extending to

several hundred MeV, however more than 90% of the
¯ux is from particles with ranges less than 1 cm in

water. A small high-energy component is capable of
penetrating crew compartments and tissues producing
nuclear secondaries including neutrons and highly

ionizing hydrogen, helium, and heavy ions (Cucinotta
et al., 1996a). In contrast to trapped radiation, incident

GCR in LEO are dominated by relativistic particles
with energies of 1 GeV/amu or more since the Earth's
magnetic ®eld provides shielding from the lower energy

components (Cucinotta et al., 1995, 1996a). Relativistic
ions have large ranges in matter and undergo numer-
ous nuclear reactions in shielding and a large build-up

of secondary particles including neutrons, hydrogen
and helium ions, heavy ions, and mesons will occur

inside spacecraft and tissues. The diverse nature of
radiation components and the fact that few radiobiolo-
gical data exist for these components place a large

uncertainty in the assignment of radiation weighting
factors. The material dependence of radiation com-
ponent modulation and the large uncertainty in their

e�ectiveness leaves the e�ectiveness of shielding in
LEO poorly understood.

We consider two biophysical models for aberrations
in this report; the linear-quadratic (LQ) model with
linear energy transfer (LET) dependent weighting coef-

®cients and a track structure model of cellular damage.
It is in common practice to de®ne radiation quality in

terms of LET. Energy deposition at the cellular level is
poorly described by LET because of the poor corre-
lation of LET with energy deposition in microscopic

targets such as DNA and the heterogeneity of energy
deposition in individual cells. Track structure models
provide descriptions of energy deposition in biological

target molecules (Charlton et al., 1989; Cucinotta et
al., 1995; Nikjoo et al., 1997). The two models con-

sidered herein are ®t to in vitro data for aberration
formation in human lymphocytes and combined with

models of the space radiation environment and the
HZETRN transport code to compare to the Mir-18 in
vivo data. Other biological factors in low dose-rate ex-

posures that should be addressed in order to under-
stand space biodosimetry will be considered elsewhere.

2. Radiation transport methods

The Boltzmann equation considers atomic and

nuclear reaction processes in the propagation of a
boundary source of particles through shielding in
order determine the particle ¯ux, fj (x,E ), of ion j

with energy, E and depth, x (Wilson et al., 1991)

O � rfj�x, O, E � � Sk

�
sjk�O, O 0, E, E 0 �fk�x, O 0,

E 0 �dE 0dO 0 ÿ sj�E �fj�x, O, E �
�1�

In solving Eq. (1) the HZETRN/BRYNTRN code

uses the straight-ahead and continuous slowing down
(csda) approximations. The inclusive cross sections for
absorption, sj, and fragmentation, knock-out elastic
scattering etc., sjk, are described elsewhere (Wilson et

al., 1991). The cross sections for nuclear fragmentation
are from the QMSFRG model which has shown good
agreement with experiments (Cucinotta et al., 1998).

2.1. Conventional risk assessment

Conventional risk assessment uses dose-based con-
cepts to relate the macroscopic dose and the rate of

energy loss per unit path-length (LET) of a particle to
cancer mortality risk through a LET-dependent
weighting factor and tissue speci®c risk coe�cients.

The equivalent dose-rate is de®ned for a single radi-
ation component (NCRP, 1989)

HT � fTLQ�L� �2�
where fT is the particle ¯ux at the tissue site, L the
LET, and Q the quality factor. For mixed radiation
®elds the total dose equivalent at depth, x is found by

summing over all radiation components as

HT � Sj

�
dEfj�x, E �L�E �Q�L�E �� �3�

The risk of cancer mortality is found by multiplying
the dose equivalent by an appropriate risk coe�cient
estimated from cancer induction in humans from

gamma-ray exposures. The resulting algorithm relates
the risk per Sv to cancer mortality for a speci®c tissue
(NCRP, 1989) as
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Risk � R0HT �4�
Fig. 1 shows the dependence of Q on LET as rec-
ommended by ICRP-60 (1990), ICRP-26 (1976), and
the Russian standard (GOST, 1991). This comparison

shows the di�erences seen in the de®nition of radiation
quality by various commissions and their evolution
with time. Each of these regulatory bodies have used

LET as the physical descriptor of the radiation ®eld
largely because of lack of information to de®ne a more
precise relationship of radiation quality. Neutron

weighting factors are de®ned as a function of neutron
energy. Unfortunately, space radiation exposures are
more diverse in comparison to environmental ex-
posures of concern to regulatory bodies: photons,

radon gas, or reactor neutrons. The broad distribution
in particle energies, charges, and LETs that occurs in
space (Wilson et al., 1991) suggests a large uncertainty

in the prescription of a Q vs LET relation. Such uncer-
tainties are broadened by the distribution of tissue sen-
sitivities where a unique Q relation is unlikely to be

well founded.
In Fig. 2 we show calculations of the attenuation of

the dose and dose equivalent in the Mir orbit (51.6 deg
by 390 km) for 1997 in aluminum, water, polyethylene,

and liquid hydrogen shielding. For the dose equivalent
comparisons, the large di�erences between the lower
mass materials and aluminum show the protective

e�ects that occur through reduction of nuclear second-
ary production. Important physical processes in the
use of material selection in the control of secondary

radiation is the production of light fragments from tar-
get atoms, such as neutrons, protons, and alpha par-
ticles, and more e�cient fragmentation of heavy ions

by lower mass target atoms. These e�ects have been
discussed in a space exploration context several times
in the past (Cucinotta and Wilson, 1997; Letaw et al.,
1989; Wilson et al., 1995). The comparison in Fig. 2b

shows that the role of material selection in mitigating
the e�ects of the GCR is more pronounced in LEO in

comparison to previous calculations in free space
(Cucinotta and Wilson, 1997; Letaw et al., 1989;
Wilson et al., 1995). Here an ampli®cation of the im-

portance of nuclear reactions occurs due to the Earth's
magnetic ®eld ®ltering the entry of low and medium
energy GCR components into LEO, since nuclear

mean free paths reach a maximum for relativistic ions.
Fig. 3 shows for aluminum shielding, the contributions
from di�erent charge groups, including heavy-ion

recoils produced from neutrons. Large modulation in
dominant ion contributors occurs as the amount of
shielding is increased; however, following an initial
build-up of secondaries at the shield entrance, the

overall response obtains only a slow attenuation. Fig. 4
shows the attenuation of the trapped proton contri-
butions behind aluminum, water, polyethylene, and

Fig. 2. (a) Comparison of calculations of the absorbed dose

vs shielding thickness for several materials from GCR in 51.6

deg � 390 km orbit. (b) Comparison of calculations of the

dose equivalent vs shielding thickness for several materials

from GCR in 51.6 deg� 390 km orbit.

Fig. 1. Radiation quality factors vs LET as assigned by sev-

eral regulating bodies.
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liquid hydrogen shielding. Clearly, material compo-
sition is important in estimating the radiation trans-

port properties of proton exposures as well as the
GCR. About 50% of the dose equivalent at large
depths is from nuclear secondaries for the case of

aluminum shielding (Cucinotta et al., 1996a) and this
fraction is signi®cantly reduced for materials with
lower mass constituents.

The HZETRN code has been used to compare to
LEO measurements several times in the past (Badhwar
and Cucinotta, 1998; Cucinotta et al., 1995). Good

agreement with active measurements of the GCR are
observed (Badhwar et al., 1998); however, these com-
parisons are made directly to data uncorrected for
their ion response e�ciency. Table 1 shows compari-

sons of HZETRN to the uncorrected data from a tis-
sue equivalent proportional counter (TEPC) on Mir-18
for dose- and dose-equivalent rates. Calculations are

shown at two locations inside the Mir station, denoted
as Naussica and Lluyin. The corresponding mass dis-
tributions are shown in Fig. 5. In Badhwar et al.

(1998) it was noted that the TEPC was ¯own at a lo-
cation with about 4 g/cm2 more shielding than the
Naussica location. This comparison is also shown in

Table 1 and is in reasonable agreement with the TEPC
data. The AP8 trapped proton environmental model is
often quoted to be uncertain by up to a factor of 2 in
predicting doses (Badhwar et al., 1998). The compari-

son shown in Table 1 indicates that most likely this in
an upper bound for the Mir-18 mission. The ratio of
dose equivalent contributions from GCR to trapped

protons is about 3/2:1 and this ratio will increase for
exposures to internal organs.
The comparisons in Figs 2±4 and Table 1 have sev-

eral important consequences. First, radiation transport
codes that exclude a description of nuclear reactions
do not accurately describe the e�ects of space radiation

Fig. 3. Contributions over di�erent charge groups vs depths

from GCR in aluminum.

Fig. 4. (a) Comparison of calculations of the absorbed dose

vs shielding thickness for several materials from trapped pro-

tons in 51.6 deg � 390 km orbit. (b) Comparison of calcu-

lations of the dose equivalent vs shielding thickness for

several materials from trapped protons in 51.6 deg � 390 km

orbit.

Fig. 5. The fractional contribution of aluminum shielding

thickness on the Mir station at the Lyulin and Naussica lo-

cations.
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including trapped protons and solar particle events
(Cucinotta et al., 1996a), as well as the GCR. Second,

aluminum shielding provides no protective e�ect from
the GCR in LEO until about 100 g/cm2 of material is
used (result not shown). Current shielding models

which employ an `e�ective aluminum' depth by sum-
ming the mass distribution from diverse materials con-
tained on-board spacecraft (water storage, foods,

plastics) do not provide an adequate approximation
for calculating the secondary radiation. The present
results indicate that such approximations may intro-

duce a signi®cant error in methods used to predict
organ doses. These ®ndings have important impli-
cations for the design of new modules for the ISS such
as the Transhab that use lighter mass constituents for

radiation materials. Finally, previous studies have
shown that alternative risk methodologies di�er sub-
stantially with LET dependent quality factors or

weighting factors in estimating the e�ectiveness of
space radiation shielding (Cucinotta and Wilson, 1997;
Letaw et al., 1989; Wilson et al., 1995). A study of bio-

dosimetry results for possible veri®cation of these ear-
lier ®ndings is discussed next.

3. Biophysical risk models

We next discuss two biophysical response models
that allow ground-based radiobiology data for
chromosome aberrations to be used with environmen-

tal models and radiation transport codes to predict re-
sponses in space¯ight. The two models discussed are
based on distinct models of energy deposition and

methods of extrapolation of the dose response as a
function of radiation quality from in vitro data.

3.1. LET model for chromosome aberrations

Common models of chromosome aberration for-
mation include the classical model and the exchange
models (Revell, 1974; Sachs et al., 1997; Savage, 1989).

Brie¯y, these models relate the formation of pairs of
double strand breaks (DSB) or other lesion pairs that

interact and mis-join to the formation of speci®c
chromosome aberrations. These models can include
descriptions of microscopic energy deposition in cells

or the role of chromosome geometry (Chen et al.,
1997; Edwards et al., 1994). A criticism of these
models is that they largely ignore the role of biological

process such as homologous or non-homologous
recombination (Resnick, 1976; Roth et al., 1985), enzy-
matic processing of breaks (Nelson and Kastan, 1994;

Reed et al., 1995), and signal transduction processes
(Morgan et al., 1996). The role of V(J)D recombina-
tion in lymphocyte cells is well established (Alt et al.,
1992; Friedberg et al., 1995). In recombination models

of DSB repair (Resnick, 1976; Roth et al., 1985),
chromosome aberrations form from isolated breaks
through mis-joining of DNA structures that proceed

from recombinatory intermediates such as Holiday
junctions or D-loops. There will continue to be a con-
siderable uncertainty in risk models that preclude a

role for established processes that control DNA
damage processing including the formation of chromo-
some aberrations.

The exchange or classical models of aberration for-
mation can be expressed in terms of a linear-quadratic
function of absorbed dose as given by (Edwards et al.,
1994; Sachs et al., 1997)

Naber � aD� b�t�D2 �5�

where the linear coe�cient, a, is assumed to be inde-

pendent of dose-rate, and the quadratic component, b,
contains a dependency on irradiation time to describe
the reduction in the number of aberrations with

decreasing dose rate. For exposures in space, dose-
rates are su�ciently small such that the second term in
Eq. (5) can be ignored. The a-coe�cient is assumed to

be proportional to LET up to a maximum value and
to decline at values above about 100 keV/mm due to
the e�ects of over-kill or interphase cell death
(Edwards et al., 1994). Using this approach we have ®t

Table 1

Comparisons of calculations and measurements [18] for dose- and dose-equivalent rate on Mir-18

GCR Trapped protons Total

Dose

(mGy/day)

Dose equivalent

(mSv/day)

Q Dose

(mGy/day)

Dose equivalent

(mSv/day)

Q Dose

(mGy/day)

Dose equivalent

(mSv/day)

Q

TEPC 0.142 0.461 3.2 0.153 0.298 1.9 0.295 0.759 2.6

Model:

Naussica 0.138 0.535 3.9 0.191 0.295 1.5 0.329 0.830 2.5

Naussicaa +4 g/cm2 0.141 0.526 3.7 0.140 0.219 1.6 0.281 0.745 2.7

Lyulin 0.134 0.547 4.1 0.254 0.391 1.5 0.388 0.938 2.4

a The TEPC shielding was close to this distribution on Mir-18.
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the a-coe�cient for the formation of dicentrics in Fig. 6
to available charged particle data (Edwards, 1997;

Edwards et al., 1994; Sasaki et al., 1998). This model
is qualitatively similar to the Q(L ) relation de®ned by
the ICRP (ICRP-60, 1990). Of note is that biological

response is assumed to be independent of the charge
or velocity of an ion, despite much experimental evi-
dence to the contrary (e.g., Belli et al., 1993, 1994; Kie-

fer and Schneider, 1994; Thacker et al., 1979), and the
®ndings of other biophysical models (Charlton et al.,
1989; Katz et al., 1971). However, a simple LET

dependence is often invoked because of the lack of the
number of experimental values for di�erent ion types
to determine a more detailed functional behavior.
Edwards et al. (1994) has developed a response func-

tion based on the lineal energy, y deposited in a 1 mm
sphere as an alternative to the use of LET.

3.2. Track model of chromosome aberrations

We next discuss the use of the average track model

to describe aberration formation in human lympho-
cytes. The model uses a mapping procedure to corre-
late the dose-response for aberration formation from

acute electron or photon exposures to the microscopic
distribution of energy about the path of an ion (Cuci-
notta et al., 1996b; Katz et al., 1971). In this way,

assumptions on the mechanism of aberration are lar-
gely avoided. In the average-track model the prob-
ability of a cell not receiving an aberration from an
acute photon exposure is written

P�D� � exp�ÿnaber�D�� �6�
where naber is the number of aberrations formed in the

exposure. The following functional form provides a
good representation of the photon data,

P�D� � 1ÿ exp�ÿagD��1ÿ �ÿD=D0�m� �7�

where ag is the linear-coe�cient of the gamma-ray re-
sponse with the value of 0.2 Gyÿ1 (Edwards, 1997),
and D0 and m are parameters values found as D0=2

Gy and m=3.
The average number of aberrations per cell is found

from Eq.(6) as

naber � ÿlog�P�D�� �8�
In considering the e�ects of ions, the average track
model uses the dose-response from x-rays or gamma-

rays as a mapping function that is combined with the
radial distribution of energy deposition about the ions
path to predict the e�ects of an ion at radial distance,

b from a biological target. The radial distribution falls
o� as 1/b 2 reaching doses of 106±109 Gy close to the
ion track and dependent on the square of the ion

charge. Summation of contributions from all radial
distances yields the biological action cross section of
the ion. The radial distance of the ion to a biological

target is restricted by the maximum range of d-rays
which is a function of ion velocity. The action cross
section for aberration formation from ion, j with
energy, E is given by

sj�E � � 2p
�
b db P�Dave� j, E, b�� �9�

where Dave( j,E,b ) is the radial distribution of energy
deposition by an ion averaged over the area of the tar-

get volume assumed to be a short cylinder of radius
0.5 mm in the calculations, however for the linear-term
in P(D ) [Eq. (7)] we use a smaller site-size representing
a short DNA segment of 2 nm. The response for ions

is then written (Cucinotta et al., 1996b; Katz et al.,
1971) as

Fig. 7. Comparison of track model for initial slopes to exper-

imental data for dicentrics in human lymphocytes (Edwards,

1997; Edwards et al., 1994; Sasaki et al., 1998).

Fig. 6. Comparison of L±Q LET model for initial slopes to

experimental data for dicentrics in human lymphocytes

(Edwards, 1997; Edwards et al., 1994; Sasaki et al., 1998).
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Pj�E � � exp�ÿsjF �P�Dg� �10�

where F is the particle ¯uence and the second factor in
Eq. (10) represents the inter-track contribution using
the dose fraction available to act through inter-track

action. For low-dose rate exposures only the ®rst fac-
tor in Eq. (10) contributes. Comparison of the track-
structure model to the charged particle data are shown
in Fig. 7. We note important di�erences between the

two models shown in Figs. 6 and 7 in extrapolating
away from the available data. It can be seen existing
experimental cannot distinguish between these two

models which employ vastly di�erent assumptions.
Extrapolations necessary over the radiation types and
energies found in space must be considered tentative

until the necessary data or predictive capabilities are in
hand.

4. Comparisons to space¯ight measurements on Mir

We next compare calculations for the fraction of
lymphocytes with dicentric aberrations to occur in

astronauts on the Mir-18 mission (Yang et al., 1997).
The Mir-18 mission had a duration of 115 days from
March 2 through June 18, 1996 near solar minimum

conditions. Calculations for the number of aberrations
on the Mir-18 mission were made using particle energy
distributions from the HZETRN which propagates the
external environment through spacecraft shielding and

body-self shielding and the biophysical models
described above. The particle energy distributions are
folded with biological response functions to determine

the number of aberrations as

Naber � SscsSj

�
dEf�x s, E �Rj�E � �11�

where the cs represent the fractional contribution from
a given shielding segment. We use the shielding distri-
butions for the Naussica and Lyulin modules on the

Mir in the comparisons described below. In our calcu-
lations we include the background-rate for dicentrics
determined by Yang et al. (1997). We apply the bio-

logical response models using the relative biological

e�ectiveness (RBE) to scale to the photon response

curve for dicentrics measured by Yang et al. (1997).

This is done to reduce the e�ects of variations in pho-

ton response between the in vitro data of Edwards et

al. (1994) and Sasaki et al. (1998) and the in-vitro data

of Yang et al. (1997) for the pre-¯ight lymphocyte re-

sponse to photons from Mir crew members.

Table 2

Comparisons of calculations to measurements for fraction of lymphocytes with dicentrics

Shielding Model GCR Trapped p+ Total

Naussica LET 2.20� 10ÿ3 2.19� 10ÿ3 4.39� 10ÿ3

Naussica Track 2.78� 10ÿ3 2.66� 10ÿ3 5.44� 10ÿ3

Lyulin LET 2.23� 10ÿ3 2.46� 10ÿ3 4.69� 10ÿ3

Lyulin Track 2.76� 10ÿ3 3.02� 10ÿ3 5.78� 10ÿ3

Mir-18 crew member Experimenta 6.4(22)� 10ÿ3

a Yang et al. (1997).

Fig. 8. The attenuation of the average number of dicentrics

per cell from GCR with shielding depths predicted by bio-

physics for various materials. (a) L±Q LET model. (b) Track

model.

F.A. Cucinotta et al. / Radiation Measurements 32 (2000) 181±191 187



Table 2 shows the integrated results after consider-

ation of the Mir and astronaut shielding models. We
have use the computerized anatomical man (CAM)
model shield distribution for the blood forming organs

to represent the shielding of the circulating lymphocyte
cells. The track model and L±Q model are both within

one standard deviation of the value determined by
Yang et al. (1997). The trapped protons make-up

about one-half of the risk for dicentric formation
which is a larger value than seen for the equivalent

dose.
In Fig. 8 we show the depth distribution for

dicentric formation on the Mir from GCR using the
L±Q model and the track-structure model for several
materials. These results show that for both models,

aluminum shielding provides no protective e�ects to
the GCR. Water and polyethylene also show no pro-

tective e�ects until large amounts of shielding are used.
Only liquid H2 shows a protective e�ect amongst the

materials considered. Of note is the similarity in the
depth response from GCR for dicentric formation in
the track model to the dose response shown in Fig. 2a.

In contrast, the depth response to GCR for dicentric
formation in the L±Q model is similar to the attenu-

ation seen for the equivalent dose shown in Fig. 2b.
Table 3 shows the contributions from individual

charges at the entrance depth and at 20 g/cm2 of
aluminum with body-self shielding (about the average
value for the Mir station). The e�ects of neutrons are

through their charged secondaries, such that the con-
tributions from charges, Z = 1 and 2 are approxi-
mately one-half from neutrons. Table 3 shows that for

the average shielding con®guration, low charge and
energy ions (LZE) dominate due to the absorption of
the heavy ions by spacecraft or body shielding. Di�er-

ences occur in the relative contributions of charge
groups in the models under consideration. Fig. 9
shows the attenuation for di�erent materials for
dicentrics from trapped protons. For trapped proton

response, the two models provide similar results
because of the dominant role of primary or secondary
protons.

5. Discussion

The models described above are in good agreement
with physical and biological dosimetry from the Mir-

Fig. 9. The attenuation of the average number of dicentrics

per cell from trapped protons with shielding depths predicted

by biophysics model for various materials. (a) L±Q LET

model. (b) Track model.

Table 3

A. Charge contributions to percent dose equivalent or

dicentric formation with no shielding

Z Equivalent dose L±Q Track

1 12.7% 9.6% 10.8%

2 3.4 2.8 3.5

3±9 6.8 32.6 14.0

10±16 23.8 31.7 28.8

17±23 14.7 7.7 11.8

24±28 38.6 15.6 31.1

B. Charge contributions to percent equivalent dose or dicentric

formation with 20 g/cm2 of aluminum shielding and body self-

shielding

Z Equivalent dose L±Q Track

1 35.8% 44.7% 49.2%

2 29.5 21.7 33.4

3±9 2.4 14.8 4.5

10±16 10.8 11.6 5.9

17±23 11.0 3.8 3.1

24±28 10.5 3.4 3.9
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18 mission. The comparison made for the attenuation
of equivalent dose and the risk for dicentric formation

indicate the poor characteristics of aluminum shielding
for mitigating the e�ects of the GCR. Because of the
dominant contributions from high-energy particles in

LEO these e�ects are even larger than shown in pre-
vious calculations of the attenuation characteristics of
the GCR in free space (Cucinotta et al., 1997; Letaw

et al., 1989; Wilson et al., 1995). However, nominal
amounts of shielding are indeed necessary in LEO to
protect from the e�ects of trapped protons and elec-

trons. Our study suggests that aluminum shielding
with areal density above about 3±5 g/cm2 provides lit-
tle decrease in risk. This is primarily due to the
increased e�ectiveness of low-energy and charge (LZE)

particles of similar LET as high energy and charge
(HZE) ions. If the models considered underestimate
the biological e�ectiveness of low energy hydrogen and

helium ions produced from nuclear collisions, then 3±
5 g/cm2 of aluminum shielding may in fact increase the
radiological risk. Clearly, studies with more relevant

endpoints than dicentrics are needed. Future studies
should also consider alternative models of energy de-
position (Charlton et al., 1989; Edwards et al., 1994).

There are many factors regarding biodosimetry com-
parisons that need to be considered for proper in-
terpretation and for future model developments.
Dicentrics are used as a convenient marker because

they occur at a higher frequency and are easily scored
in comparison to other aberration types (Edwards,
1997; Straume and Bender, 1997). A reasonable distri-

bution of track segment irradiation have been made
for dicentrics in human lymphocytes (Edwards, 1997;
Edwards et al., 1994; Sasaki et al., 1998) allowing com-

parisons of biophysical models to the Mir-18 results.
However, clearly more data are needed for understand-
ing the complicated radiation ®eld since behind space-
craft shielding in LEO. This is even more true for

more relevant aberration types such as translocations
(Solomon et al., 1991) or deletions. Here detailed
measurements of the dose response for a large number

of ion types have not been reported. Also, delayed
aberrations that result from genomic instability, includ-
ing chromatid aberrations, may be more relevant in

cancer formation (Kadhim et al., 1995). In addition,
there are questions of survivability related using
dicentrics for prolonged exposures. Dicentrics are un-

stable aberrations and the loss of cells with time is a
concern for the protracted exposures that occurred
over the 115 days during Mir-18. Edwards (1997)
reports a half-life for lymphocytes of 3 years, however

a recent study by Matsumoto et al. (1998) showed a
signi®cant loss of dicentrics within the ®rst week fol-
lowing irradiation with 137Cs gamma rays at doses of

0.5±4 Gy. There are also issues related to dose-rate
e�ects. These issues include the role of a sub-alpha re-

sponse in the extrapolation of acute exposures to low-
dose rates (Williams et al., 1999), adaptive responses

(Sasaki, 1992), interphase cell death, G1 arrest, and
the non-additivity of responses in mix-®eld irradiation
(Cucinotta, 1999; Curtis, 1996; Virsik-Peuckert et al.,

1997; Zaider and Dicello, 1978). Genetic factors in
radiation responses also need to be considered (Virsik-
Peuckert et al., 1997; Williams et al., 1999). Such fac-

tors will be discussed elsewhere.
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