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RADIATION PROTECTION GUIDELINES FOR SPACE MISSIONS
R. J. M. Fry

Biology Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831

INTRODUCTION

The human presence in space has a short history but a long future.
It is the nature of man to explore, to extend his boundaries and colonize
new worlds. The environment beyond the radiation belts that shield the
blessed earth is not as benign as our terrestrial enviromment. When
every space mission was a new adventure risk from radiation did not loom
large compared to the dangers involved in hurtling into space. Now
despite the tragi: setbacks, space travel is becoming routine and
cosmonauts are spending increasingly long times in space.

The original recommenditions for radiation protection guidelines
were made by the National Academy of bciences in 1970. Since that time
the U.S. crews have become more diverse in their makeup and much has been
learned about both radiation-induced cancer and other late .effects.

While far from adequate there is now some understanding of the risks that
high-Z and -energy (HZE) particles pose. For these reasons it was tlme
to reconsider the radiation protection guidelines for space workers.

This task was undertaken recently by National Council on Radiation
Protection (NCRP). The NCRP Scientific Committee 75 (NCRP SC-75)
consisted of J. D. Boice, V. P. Bond, S. Curtis, R. J. M. Fry (Chairman),
D. Grahn, W. K. Sinclair, J. B. Storer, P. Todd, D. S. Nachtwey (ex
officio); Advisors: E. V. Benton and B. Worguil; Consultants: E. J.
Ainsworth, E. L. Alpen, J. T. Lett, E. G. Stassinopoulos and C. A.
Tobias.

Radiation Environments

Several authors have dealt with the characteristics of the
radiation environments in this volume (see Benton, McCormick,
Stassinopoulos) and the reader will find detailed descriptions in the
chapters by those authors.

In low earth orbits (LEQ) four factors determine the radiation
exposure; altitude, orbital inclination, duration of the mission and
shielding. In terms of radiation protection for LEQ missions the
radiation environment is made up of protons and galactic cosmic rays. 1In
missions beyond the magnetosphere galactic cosmic rays predominate and



they consist primarily of protons with a small number of helium and
heavier ions. The major concern in extended missions in deep space is
the occurrence of a major, or so-called anomalously large, solar
particle event (RKu.t, 1982). 1In these events the dose rate of the
proton radiation may rise rapidly and to levels that are lethal if
shielding is inadequate.

It is essential to have information about the spectra of the
linear emergy transfer (LET) and energies of the different radiations in
the various space enviromments in ordeir to estimate risks. Estimates of
risks of late radiation effects, especially cancer, are required for
missions in LEO. Whereas, for missions beyond the magnetosphere it is
necessary to estimate the risks of both acute and late effects.

Radiation Protection

The aim of terrestrial radiation protection standards is to
prevent the so-called nonstochastic effects such as cataract, and to
limit cancer and genetic effects to a level that is considered
acceptable.

In order to prevent nonstochastic effects it is necessary to know,
with reasonable accuracy, the threshold doses for the different lesions
of concerm. In the case of x and gamma rays such limits can be set with
acceptable confidence. However, the relative biological effectiveness
(RBE) of neither protons ncr heavy ions is known adequately. Similarly,
the RBEs for cancer induction in humans by these radiations are not
known.

The experimental data indicate that the RBE for proton-induced
nonstochastic effects is about 1 to 1.3 (Clapp et al., 1974, Urano et

al., 1984). However, the effects on only a few tissues have been
studied.

In the case of stochastic effects not only are the estimates of
risk in some doubt but there is also the problem of selecting a level of
risk that is considered acceptable.

Cancer is the most important stochastic effect but there are no
risk estimates for cancer induction in humans by protons or heavy ions.
Therefore, we have to derive Quality Factors (Q) from the very sparse
information from experimental animal studies in order to calculate dose
equivalents for the different radiation qualities. The most pertinent
data for protons come from a study on monkeys specifically designed to
determine the acute and late effects of protons of the energies that
would be encountered in space. This study was started in 1964 by
Dalrymple and his colleagues (Dalrymple and Lindsay, 1966), and is still
in progress at the USAF School of Aerospace Medicine at Brooks Air Force
Base in Texas. A full account of the design of the experiment, exposure
conditions and early jesults can be found in a collection of articles in
Radiation Research, Vol. 28, 1966. The results, based on observations of
301 irradiated monkeys and 57 age-matched rontrols over a 20 year period,
have been reported recently (Wood et al., 1986a). A number of dose
levels of six proton energies plus 2 electron and x ray groups were
studied, thus, the number of animals per cell is inconveniently small.
Despite the multiplicity of experimental groups there are interesting
findings. First, brain tumors account for a higher fraction of the total
cancer mortality than expected (Wood et al., 1986b). It is possible that



exposure conditions contributed to the high incidence of brain tumors.
However, it is becoming clear that irradiation of the head in children
carries a considerable risk of induction of brain tumors (Ron et al.,
1988). Secondly, the doubling dose for fatal cancers in the monkeys from
exposure to 55 MeV protons is about 2.5 $y. Thirdly, based on pooled
data for the high-energy proton and x-ray groups, which were used as a
low-LET reference radiation, the RBE of 55 MeV protons for cancer
mortality appears to be about 1.5.

In the recent report on "The Quality Factor in Radiation
Protection" (ICRUL, 1986), a Q value of 25 was suggested t>r protons and
heavier ions. The evidence in support of the selection or such a value
is not presented in detail. In space the spectrum of proton energies is
extremely broad anc the RBEs on which the Q values can be based must be
dependent on the LET of the specific proton energies. While heavy ions
of iron may be the most important heavy ion biologically, a number of
other ions of different LETs are encountered in space. Therefore, some
average Q must be derived for the composite proton and heavy ion
radiations that constitute the galactic cosmic rays. Curtis (1986) has
described the approach used by NCRP SC-75 to obtain an average Q for
exposures experienced in different types cf missions. The average Q is
defined simply as the ratio of the dose equivalent to the absorbed dose
in the organ of interest. The derivation of the average Q is dependent
on knowing or calculating the differential energy spectrum of the
particles in the body. The LET , to Q relationship reported by ICRP
(1977) was used to derive the Q of particles of specific energy.

The average Q used for calculating the dose equivalents for low

earth orbits (LEQ), geosynchronous orbit (GEO) and a lunar mission are
shown in Table 1.

Table 1 (from Curtis 1986)

Inclination Altitude Shielding
Mission _(0) (km) _ (g(cm%) Average Q
LEO 28 450 1 Co1a
LEO 57 450 1 1.3
LFO 90 450 1 1.3
GEO 36,000 2 1.1
Lunar 4 2.9

(Galactic
cosmic rays)

The question of Q values for high-LET radiations is under
consideration by the various International and National bodies and it is
likely that some further changes in the recommendations for Q value will
be made in the future. However, the values shown in Table 1 for LEQ and
GEO are in reasonable agreement wiith the few RBE vaiues that can bLe
derived from the data reported (Clapp et al., 1974; Urano et al., 1984;
Tatsuzaki et al., 1987). The RBE's for the induction of skin cancer by



protons of some energies appear to be higher than for most nonstochastic
effects (Burns et al,, 1978).

In the case of heavy ions it is not clear what relationship of
energy deposition to RBE is appropriate. The particle tracks of heavy
ions are complex and the higher Z particles traverse more than one cell.
Iron is considered the most important of the heavy ions in deep space and
RBE values are shown in Table 2.

Table 2. RBE Values for 2Fe (600 MeV/n and 190 keV/um)

Test System Endpoint RBE References
Mouse CFU-s Dio Z2.2 Ainsworth et al. (1985)
Mouse Testes Do 1.5 Alpen & Powers-Risius (1981)
Lens of the eye Opacities

Rabbit n S Lett et al. (1986a)

Mouse 5-20 Worgul (1986)
Mouse Life Span <1.0 Ainsworth (1986)
Mouse: C3H Malignant

10T 1/2 cells Transformation n3 Yang et al. (1985)

Mouse: Harderian
Gland Tumors 30 Fry et al. (1983)

The relationship of RBE to LET has been determined for cell killing
and mutation in human cells (Cox et al., 1977). The RBE rises steeply
above obout 20 keV/um reaches a peak at 100-200 keV/um and then declines
as steeply as it rose. This relationship of RBE to LET is similar for
effects in tissues that reflect cell killing (Fig. 1). In the case of
tumors there are data only for Harderian gland tumors in mice exposed to
a range of LETs. The RBE for tumorigenesis shows a similar pattern
except the curve plateaus at about 30, and up to an estimated LET of 650
keV/um for Argon-40 (570 Mev/n) does not decline. This suggests that the
RBE-LET relationship for tumorigenesis may differ from that for other
endpoints and certainly the RBE values appear higher (Fry et al., 1985).
The RBEs for tumorigenesis were determined from the ratios of the slopes
of the initial linear segments of the dose-response curves, for each of
the heavy ions, and the slope of the response to the reference gamma
radiation. In the case of iron-56 and argon-40 the initial slope is
linear up to about 20 rad. Over this dose range, the number of cells
being traversed by a particle is increasing with dose. Whereas, the RBEs
for cell killing were determined from the exponential segments of the
survival curves. The difference in the derivation of the RBEs may

account for the difference in RBE-LET relationships and perhaps the RBE
values.

Information about the acute effects of not only iron but of other
HZE particles on cells and tissues has accumulated in the last few years.
As noted above the RBE-LET relationship is similar to that for cell

killing except that the plaieau of the curve for T-1 cells extends to
about 400 keV/um.

A J2cision must be made about the correct basis of determining Q
values for heavy ions and the selection of an average Q for the
determination of dose equivalents,



HZE Particles

Despite the considerable number of studies at the tissue and
cellular level (see reviews by Leith et al., 1983 and Blalcely et al.,
1984; Kiefer, 1985) much remains to be learned about the biological
effects of HZE particles. Until more definitive data become available
estimates of the risk that these particles pose for travel in deep space
must remain tentative.

The potential for severe biological damage that may result in both
acute and late effects has been noted and discussed for many years.
Unfortunately, our understanding of the relationship of the biologicail
effects to the complex pattern of energy deposition that occurs with HZE
particles is little more than when the report of the National Academy of
Sciences was published (NRC, 1973). For example, there are no data for
genetic effects and in only one tumor system has a spectrum of ions,
including iron, been studied (Fry et al., 1985).

Here in Greece it may be appropriate to compare the foreboding
consequences predicted for exposure to HZE particles with Damocles'’s
plight. Certainly the specter of damage to clusters of cells in vital
centers in the CNS or the fovea of the retina has hung like a Damoclean
sword over the head of long missions in deep space. The concept of the
microlesion caused by HZE particles, as described in (NRC, 1%73), was
originally described in terms of the characteristics of the particles.
The effect of HZE particles, it was suggested "was that of a microbullet
that might destroy a column of cells, one cell width in diameter" (NEC,
1970a) .

The validity of the concerns about microlesions induced by HZE
particles (Todd, 1983), depends on whether the fluences experienced
during space missions beyond the magnetosphere would ever be sufficient
to deplete cells in critical centers to a critical level. 1If, as has
been suggested, late breakdown of DNA in nondividing cells occurs (Lett

et al., 1986b), then predictions of late effects based on data for acute
effects may be invalid.

Single exposures to relatively high doses and fluences of heavy ions
have not caused deaths in mice, or damage to the CNS that is” sufficiently
severe to cause clinical signs. In fact, Ainsworth (1986) has reported
no greater life shortening after exposures to ?°Fe ions than after gamma

rays. These experiments were carried out with higher fluences than are
likely to be encountered in space.

Risk Estimates and Recommendations of Career Limits

Radiation has not been a factor in the safety of space missions in
the past. Even in the Apcllo missions the absorbed doses were relatively
small. The main reason for the low absorbed doses is that the majority
of the astronauts have been on missions of short durations. The longer

missions such as Skylab and in particular Mir, have been in relatively
benign vadiation envircnments.

1r the future more people will spend longer tlimes in space. No
longer is space the realm of a small number of seasoned pilots, like the
original astronauts and cosmonauts., Wnmen have joined the ranks and
specialists from various disciplines are now crew members. The radiation
risks may seem small compared to the dangers involved in leaving Earth
and spaceflight itself, but space workers should not face later in life,



excessive risk of cancer induced by radiation exposure in space.

The most important late effect of radiation is cancer. Most, if not
all, of radiation-induced life shortening can be attributed to excess
cancer. Years ago the latest of late effects, namely genetic effects,
was the effect about which there was greatest concern. Now, the lack of
evidence of significant excess of genetic effects in the atomic bomb
survivors has turned the concern to cancer.

The information about radiogenic cancer in man comes, in part, from
the populations exposed to the radiation from the atomic bombs,
industrially exposed populations such as uranium miners (NRC, 1988) and
radium dial painters (Rowland and Lucas, 1984). An increasing amount of
data are coming from the populations exposed, either from radiological
diagnostic procedures or during radiotherapy for benign and malignant
disease (Boice, 1988). Radiation provides a remarkable education about
both the physical factors and the biological factors involved in
carcinogenesis. Questions of importance in the understanding of human
cancer can and have been answered in experimental animal experiments (Fry
and Storer, 1987), and there are important aspects of concordance between
human and experimental findings (Storer et al., 1988).

In Table 3 the many factors involved in radicgenic cancer are shown.

Table 3. Factors that influence radiation risk estimates

Biological
Radiation Characteristics Characteristics Approach to Analysis
Dose Age Dose-response models
Dose rate Sex Projection models
Fractionation Genetic background Absolute risk
Radiation quality Special features Relative-risk

of the tissue or
organ under study

The risk estimates that NCRP 5C-75 has used are those derived by the
National Institutes of Health (NIH) ad hoc committee on the development
of radioepidemiological tables (NIH, 1985). 1In the derivation of
probabilities of causation, the NIH committee took into account both age
and sex as determinants of cancer risk. NCRP SC-75 has taken advantage
of this stratification by setting separate career limits for males and
females as a function of age at first exposure. Thus, eight career
limits have been derived, ranging from 1.0 Sv (100 rem) to 4.0 Sv (400
rem), as shown in Table 4,



Table 4. Career limits (Sv) for radiation exposure of space station

workers.

Lifetime Recommended career limits (Sv)
Excess Risk of Age (yr) at first exposure
Fatal Cancer 25 35 45 55
3 x 1072 Male 1.50 2.50 3.25 4.00
3 x 1072 Female  1.00 1.75 2.50 3.00

Career limits have been based on a lifetime excess risk of cancer of
3 ¥ 10'2, which is comparable to the risks in occupaticns such as
construction and agriculture but is greater than those for terrestrial
radiation-exposed workers. The risks of space travel are considerable,
and it will be important to estimate the total lifetime risk for workers
on the space station. All things considered, a 3% lifetime excess risk
of death from cancer seems reasonable, especially as most cancers occur

late in life and cause less life shortening than do accidental deatlis in
many other occupations.

A simple relationship of career limits to the age at first exposure
is shown in Fig. 2. The career dose equivalent is approximately 2.0 +

0.075 (age - 38)Sv for females and 2.0 + 0.075 (age-30)Sv for males, up
to 4.0 Sv.

Tecrestrial radiation protection standards are set in the hope of
preveating nonstochastic effects. Career and shorter-duration limits for
astrcnauts were choszn by NCRP SC-75 to protect critical tissues. The
recommended limits for the bone marrow, lens of the eye and the skin are
shown in Table 5. The new proposed limits should provide the desired
protection and also some flexibility for planning missions.

Table 5. Dose equivalent limits (Sv).

Bone Marrow Ocular Lens Skin
Recommended dose-equivalent limits (Sv)

Career 1.5

4.0 6.0
Annual 0.50 2.0 3.0
30 d 0.25 1.0 1.5

Table 6 shows the comparison of recommendations made in 1970 (NRC,
1970b), with the new proposed limits shown in Tables &4 and 5. The career
limits for all endpoints hav. been reduced. The limits for shorter
intervals than career are equal or slightly higher than those recommended
previcusly. The changes are considered justified on the basis of new
data and a better understanding of risks. The interested reader is



referred to Field and Upton (1985) for discussion of nonstochastic
effects and to Sinclair (1986, 1987) for an account of risks and
radiation protection.

Table 6. Recomr:'nded radiation exposure limits.

Bone Marrow Eye Skin
Constraints NRC/NAS NCRP NRC/NAS NCRP  NRC/NAS NCRP
Recommended dose equivalents (Sv)

30 days 0.25 0.25 0.37 1.0 0.75 1.0
1 year 0.75 0.5 1.12 2.0 2.25 3.0
Career 4.0 1.0-4.0 6.0 4.0 12.0 6.0

The most important population for the derivation of estimates of
cancer risk following whole-body irradiation are the atomic bomb
survivors in Nagasaki and Hiroshima. The dosimetry for those populations
have just been reassessed (Roesch, 1987) and much new mortality data is
in the process of being analyzed.

The following may help to put the recent changes in perspective.
The changes in the dosimetry include: 1) an increase of cbout 20% in the
estimated yield of the Hiroshima bomb, 2) a reduction in the estimated
doses from neutrons in both cities. The estimated neutron dose for
Hiroshima is about 10% of the previous estimate. The neutron doses are
now so small that direct estimates of neutron RBEs may be precluded or be
much more difficult, and 3) there is little change in most of the gamma
ray organ doses because various changes in the new estimates tend to
cancel each other out. The new estimate of the sttenuation of the free-
in-air kerma by the walls of the homes is about \wice that used in the
previous dosimetry. But the trunsmission of gamma radiation to the deep
organs such as bone marrow is significantly greater than earlier
estimates. Probably, future risk estimates for radiogenic cancer will be
somewhat higher mainly because of the increasing solid cancer mortality
data. New risk estimates based on the information from all exposed
populations should be available in 1988.

In fact, new risk estimates are being published but these still
require further dosimetry and analysis. Tables 7 and 8, from the report
of Radiation Effects Research Foundation at Hiroshima (Preston and
Pierce, 1987), illustrate the treads suggested by the new dosimetry.
These estimates are based on organ doses (work on organ dose estimates is
still underway). It is important to recognize that many previous
estimates from Japan, and some being used currently by some spokesmen,
were based on kerma. For whole-bcdy exposure to gamma rays, 1 rad (10
mGy) -kerma is equal to about 0.5 rad (5 mCy) and with fission neutron
about 0.2 rad (2 mGy). It is the kerma doses that have shown the
dramatic changes whereas organ doses (as yet) have altered little. It is
organ doses that are important for risk estimates and protection
standards. For risk estimates dose must be adjusted further fer factors,

such as radiation quality, to obtain dose equivalents (in rem or
Sieverts).



. The value of the RBE for neutrons that is assumed in the new
dosimetry has an impact on how much the risk estimates are influenced by
the new dosimetry. If an RBE of one is assumed the risk estimate for all
cance: except leukemia, based on organ doses, is virtually unchanged by
the dose reassessment (Table 7). But if an RBE of 20 is used the risk
estimate for lsukemia increases by over 130% (Table 9). It is ironic
that the RBE of neutrons, the very concern that, indirectly, stimulated
the reassessment of the dosimetry remains central to accurate zsstimation
of risk in the study of the Japanese.

Table 7. All cancer except leukemia, intestinal dose: Estimates of
excess relative risk averaged, with equal weights, over six
categories of sex and age ATB. For each of these estimates
the coefficient of variation is about 14%. (Preston and
Pierce, 1987)

Excess Relative

Dosimetry Risk per Gray
T65D 0.72
T65D, DS86 sulcohort 0.80
DS86 0.60
DS86 total kerma <4 Gy 0.70
Table 1. Leukemia, marrow dose: Estimates of average excess leukemia

risk over the follow-up period averaged, with equal weights
over six categories I sex and age ATB. For each of these
estimates the coeffi..ent of variation is about 14%
(Preston and Pierce, 1987).

Excess Risk 1950-85

Dosimetry per 10” person-year Gray
T65D .87
T65D, DS86 subcohort 3.52
Ds86 3.23
DS86 tetal kerma <4 Gy 3.46




Table 9. Leukemia and nonleukemia, organ dose equivalent: Estimates
: of risk for selected values of the organ dose RBE
(Preston and Pierce, 1987).

Nonleukemia Leukemia
Excess Relative Risk Average Excess Risk
Risk per Sievert per 105 person-year Sievert
DS86 DS86
RBE T65D DS86 <4 Gy T65D DS86 <4 Gy
1 0.72 0.60 0.70 28?2 I oo
5 0.60 0.58 0.68 2.26 3.09 3.31
10 0.50 0.56 0.66 1.75 2.91 3.15
20 0.36 0.53 0.62 i.21 2.62 2.86
30 0.28 0.49 0.59 0.93 2.37 2.62

When there is a conssnsus about the best estimate of risk of
radiation-induced cancer it will be necessary to reassess che

recommendations for career limits for whole-body exposures in space made
by NCRP SC-75.

Conclusions

Risks of radiation-induced effects in LEO missions can be estimated
and radiation protection guidelines can be recommended with considerable
confidence. This is the case because the effects of the radiation
qualities, similar to those encountered in LEO, are reasonably well

known. However, the RBE for protons and neutrons should be defined xore
precisely. ‘

The estimates of risks in missions in deep space are another matter
because of the lack of definitive information about the effects of HZE
particles. Further measurements of the fluences and LET spectra of heavy
ions beyend the magnetosphere will help the estimation of doses that
could be incurred. Also, it is essential that the question of the
dangers of micsolesions be settled unequivocally.
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FIGURE LEGENDS

Figure 1. RBE for acute effects in normal tissues as a function
of dose-averaged LET (keV/um). Testes: Alpen and Powers-
Risius, 1981; Gut: Alpen et al., 1980; Spheroids:
Rodriquez and Alpen, 1981; CFUs: Ainsworth, 1986a;
T-1 cells: Blakely, personal communication.

Figure 2. Recommended career depth-dose equivalents (Sv) as a
function of age at first exposure. Females A--A
and Males: o--o.
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