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he U. S. Air Force study of the delayed effects of single, total body exposures to simu-
lated space radiation in rhesus monkeys is now in its 213t year. Observations on 301Nirradiated and 57 age-matched control animals indicate that life expectancy loss from
exposure to protons in the energy range encountered in the Van Allen belts and solar proton
events can be expressed as a logarithmic function of the dose. The primary causes of life

qw= shortening are cancer and endometriosis (an abnormal proliferation of the lining of the
uterus in females). Life shortening estimates permit comparison of the risk associated with
space radiation exposures to be compared with that of other occupational and environmental

C hazards, thereby facilitating risk/benefit decisions in the planning and operational phases
Sof manned space missions. Calculations of the relative risk of fatal cancers in the irra-

diated subjects reveal that the total body surface dose required to double the risk of
VIES death from cancer over a 20-year post exposure period varies with the linear energy trans-(fer (LET) of the radiation. The ability to determine the integrated dose and LET spectrum

in space radiation exposures of humans is, therefore, critical to the assessment of life-
time cancerrlsk. ' "

INTRODUCTION

The studv of the lifetime effects of space radiation on rhesus monkeys--a study initiated
in 1964 and still in progress at the School of Aerospace Medicine--remains the sole source
of controlled experimental data on the lifetime effects of total body proton irradiation in
a long-lived animal species. Adolescent rhesus monkeys of similar age and both sexes were
exposed to single, total body doses of one of several types and energies of radiation,
including protons, electrons, and X-rays (Table 1).

TABLE 1 Simulated space radiation exposures in rhesus monkeys

TYPE ENERGY (MEV) DOSE RANGE (RAD) DATE MALES FEMALES

PROTON 32 280-560 JUL 64 6 6

PROTON 55 25-600 APR 65 50 22

PROTON 138 210-650 JAN 65 19 13

PROTON 400 50-600 MAR 65 28 27

PROTON 2300 56-560 OCT 65 21 25

X-RAY 2 446-716 MAR 64 15 17

ELECTRON 2 900-1500 NOV 69 5 7

ELECTRON 1.6 1000-1500 MAY 68 12 0

PROTON 10 & 100 300-1200 APR 69 17 11
(9:1)

Of particular Importance are the protons, which represent the most significant hazard in
solar particle events. The availability of controlled data on proton Irradiation in a
primate Is valuable in quantifying human risk, because previously published estimates have
been derived from populations exposed to other types of rediation which are not directly
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applicable to risks from corresponding doses of proton irradiation. Conversion of nuclea
weapon exposure data to space radiation risk estlaates re*qres the us* Of etimated qu-
ity factors to correct for the relative biological effectiveness of the radiations in-
volved. The simulation of spaoe radiation theoretloally eliainates the requirment for a
quality factor, and the non-human primate model reduc the unoertainty of extrapolation of

.. thq animal data to husans. The exposue conditions have been described In other reports

* --. Tm-~data upon which our estimates are based are compiled from continuous observations on
Ot.-irra0atsd ailmals and 57 age-matoh*d nonirradlated controls. The exltonce of a

relatively "lar6e control population permits estimates of the life expectancy loss and
" *eve!fLsk of harmful effects associated with single expoeures to various doses of each
ty)e If'ftce radiation. The precision of these estimates is often low, becaue of mall
initial populations in acme roups; but, over a 20-year interval, some significant findings
have emerged.

LIFE EXPECTANCY LOSS

Loss of life expectancy is a common parameter by which the risk associated with hazardous
activity is evaluated. Individual risk factors with identical life expectancy loss may not
have the same acceptability due to other Considerations, but life expectancy reduction is a
helpful criterion in making risk/benefit decisions for operations In a hazardous environ-
ment. Illustrated in Figure I is the survival probability of the control and Irradiated
populations of monkeys over a 20-year period. The irradiated subjects are dying faster
than the controls and their curve falls below the 95% confidence Interval of the controls
at approximately 11 years post-irradiation.

I' CINTIOLS

T oleoREeeS ITlis

2 OTOS24 57
EXP SED is? 361

TOTAL 211 35
-I I I I I I '

1 24 41 72 91 126 144 161 112 216 241

'ST.

Fig. 1. Kaplan-Meier survival probability of monkmy& espose to siamlated
space radiation. Nonirradiated controls are ae-matched

Estimates of the le of life expectancy. Calculated by the Cohen-Lo method /10/. have
be compated for a 20-year poet-irradiation interval. The Cohen-Lee roqma for estleat-
ing life eapectancy loss from a single factor unes the death rate from all factors in a
reference population as its bits of Comparison. To rormalis data from refremoe popula-
tions that have 4ifferent average life aopes, sch a mOnkeys and muMs. a orrection
factor Med on the ratio of the average life empeantoies of the two papiatiomno my he
used. For emney-to-husan oonversions, the fmeter Is 2.5. based on a kuwanimey life
expectancy ratio of 75/30. Data on ti prmpt efreeta of ieizing radiation, portiomirlLy
L tudies on rheue monmkys /8/. o et that the two ageoles do have lillar ee-re-
apnaerelat onhip. An exception my be ondmtriosia, which has beel ar cause of
mortality in the female monkeya /11/. Since anodmetriosis is not normlly a lie-metlem-
ing conditions In humane, separate etismates excluding the Contribution of endemetriosia
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Were calculated. Life expectancy long associated with proton dos and energy Is shown In
* Figur'es 2 and 3. Calculations are relative to 32-2300 NOV controls In figures 2-7. Figures

8-10 additionally Include 2 W.V X-rays ano endometriosis in Figure 8 Is relative to all
famale controlsa.

T3 1

1 21

25-113 20-230 361-411 Sol-631
DOSE PBU6E (to)

Fig. 2. Life expectancy loas based on mortality In the 20-year post-irradiation
period in monkieys, exposed to protons. Dose ranges include all proton

enrgies. Open bars, include all causes of death. Shaded bars exclude

fig. 3. Life expectafcy lose related to emergy in the proton exposed
kmeys. gmerily roup antain all "me ranig.. Shade" bars

ceeIV" enometriisi "e a cs~se of imat.II FA weedteet leee aeeoatiei with ewgyr occurred isto e Umid-faWe, particularly in the

"-ftv 040p. apsedte tow life *illsetay in" so dir. ly related to the total body
do"e. to enbimed .ffeet or doee amd iao is illustrated in figur 4. The results re-
flet tow Weedor bsieegosi erfeotienee e e . ~3W"" prottons with the low energy-higlh
ieee ealnatien remeltminI a 71-unth or Sit life eapeotay loes for a 20-year poet-
inraftseleft period.
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Fig. 4. Life expectancy loss over a 20-year Interval related to bothdos and energy. Group A: 32-SS MeV. 25-260 rad. Group B:

138-2300 NOV. 2S-280 rod. Group) Ct 138-2300 NeV, 360-800 rad.
Group D: 32-55 *V, 360-800 red. Shaded bara exclude anfdme-
trioest as a cause of death.

The charts in Fig're 5 show the primary causes of death in the Irradiated and control
populations. Noproliferative disease, Including tumors and endometriosil, account for a
considerably greater fraction of the total deaths in the irradiated animals than it the
controls. Irradiated subjects also tend to have mo fatal infections.
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As demomtrated. in Flpre 6 life expectancy lose from proton radiation. within the energy

ranp enoountered In space. can be fitted to an exponential curve.
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Fig. 6. Observed 20-year life expectancy loss (ignoring endoetriosia) at four
weighted man do*e d6os of proton irradiation In monkey. c urve of
estimates is derived fro least sqares analysia. (y-3.06e "  x

)

The calculated life expectancy loss per unit of radiation of all types Is shown in Figure
7. This sa4dle-shaped curve can be used to estimate life shortening from the doses re-
corded by passive personal dosimeters where the type and energy of the radiation is unde-
termined. Note that for 55-MeV protons and 2-feY X-rays the estimates are constants (3.6
and 1.7 days per rod).
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Fig. 7. Ofswved lire expectancy lss (dare per red) from all typee of experimental
rediatiem IN Iomwvs. The Oure represents astistes Calculated by least
samees maslaels. (y..O0Oi r -. O,. • 5.2)
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RISK OF FATAL CANCER

Three control and 35 1r7_dlated animals have died of cancer. This translates to an excess
mortality of 2.15 x I0 tatal oancers per year rad. We have expressed annual relative
risk as the ratio of the number of cases per monkey year In the Irradiated versus control
populations. A value of one Indicates equality between the groupe, while a value less than
one Indioates a lower Incidence in the Irradiated population. Because the number of years
at risk to a random variable, the estimation of confidence limits for annual relative risk
is a complex problem for which we da not yet have an answer. The relative risks for major
osusee of death are compared in Figure 8. The effect of dose and energy ts again apparent.
The combination of low energy and high dose results in the reastest relative risk for all
major causes of death except endoetriosis. The location of the uterus makes it vulnerable
only to the deeply penetrating high energy radiations. The overall Incidence of endoetri-
osis In the Irradiated animals s slightly mare than 50%. Including non-fatal oases. com-
pared to 14% in the controls. As Indicated In figure 8. all dose Wroups had a greater
susceptibility to endometriosis than the controls (Fischer's exact test. p<.01 ).
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Fig. 6. Annual relative risk or death trom major causes in rour dose-energy

combinations. Group A: 32-55 NeV, 25-280 red. Group B: 138-2300 heY,
25-280 red. Group C: 138-2300 HeV. 360-800 red. Group D: 32-55 eV,
360-800 red.

The relative risk o cancer death is also related to both dose and energy. The risk trom
high energy radiation is presented in Figure 9. The estimated dose to double the relative
risk o fatal cancer is 34? rem. assaming a quality factor of 1.0 for conversion o rad to
res. Of greater interest Is the risk associated with lower energy protons, which consti-
tute the majority of the Van Allen Belt protons and soler flare particles.
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Fig. 9. hrMIl relative risk of fetal coer obeerved at aim weihteod mean dose
of low (131-2L30 MV proton or 2 PeV X-ray) radiation n monkeys. The
curwe of estimates fits a qadt-atlc equation. (y-.OOOOIeu5 * .0063N • .521)
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Observation of 72 animals, exposed to 55-NeV protons, revealed that the dose to double the
coner risk was 245 red (Fig. 10). Although the rate of all oanoera is signiicafltly higher
in the exposed subject, only one type of cancer has occurred in auffiolent numbers to
suggest that it is associated with a particular type of radiation. Nine fatal brain cancers
of similar morphology (Grade IV astrocytma or glioblastama *ultifore) have occurred in
the 55-NeV proton roup.
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Fig. 10. Annual relative risk of fatal cancer observed at five

weighted man doses of high LET (55-MeV) proton irradiation
in monkeys. The estimates best fit a linear equation.
(y-.0092x - .266)

According to the United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR) /12/ radiation Induced tumors, with the exception of leukemia, generally have
mean latencies of 20 years or geater In the human. One might expect this to be propor-
tionately less (35/70) in the monkey. Only one case of leukemia has occurred in the irra-
diated monkey population. This case was seen at 14 months post-irradiation in a male
exposed to 100 rad of 400 MeY protons.

SAFETY CONS IDERATIOS

The 1970 dose limit tables for astronauts (Table 2) were based on a reference dose of 400
rem cf total body, prompt (high dose rate) mixed neutron-ga radiation from nuclear
fission.

TABLE 2 1970 Space Science board recommendations for space radiation

exposure limits /13/

CONSTRAINT BONE MARROW SKIN LENS TESTES

DAILY AVERAGE .2 REM/DAY .6 REM/DAY .3 REM/DAY .1 REM/DAY

30 day 25 REM 65 IsM 37 REM 13 REM

QUARTERL 35 REM 105 REM 52 REM 18 REM

YEARLY 75 REM 225 REM 112 REM 38 REM

CAN99R 400 am 1200 REM 600 WPI 200 REM

Recently, the NCRP has Suggested that the reference may be too high by a factor of at least
two /14/. This is supported by our data on the relative risk of fatal cancers in monkeys
exposed to simulated space radiation. Since the estimated doubling dose for fatal cancers
rrom 55-eV proton irradiation Is 245 red, total body surface dose, a cumulative oareer
dose of 200 rem Would seem to be a reasonable limit for non-emergency military operations.
Although the net effet of exposure to all types of space radiation on cancer incidence and
mortality appears to be little different from that of pos radiation or X-rays, there is
ample evidence of the reater biological effectiveness of certain components of the per-
ticilate radiation energy spectrum. The high incidence )f brain tumors in monkeys exposed
to 55-**V protons is probebly related to the energy distribution pattern of the particle in

J~e 0, 1-s
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the tissue. A proton with an incident energy of 55 MeV transfers all of Its energy in the
first 2.5 an of soft tissue (Bragg effect); therefore, a large population of cells in the
cerebral cortex is vulnerable during an isotropic (multi-directional) exposure in space.
Radiation biologists regard cancer as a stochastic, or non-threshold effect. In other
words, any exposure to 55-MeV protons can have an associated brain tumor risk, the magei-
tude of which may only be determined by carefully controlled dose-response studies. Accu-
rate assessment of the human risk from space radiations of high biological effectiveness
(such as Bragg effect protons) or heavy ions (such as stripped oxygen or iron nuclei) will
require improvements in crew dosimetry to identify and interate the separate components of
the space radiation spectrum.

The increased risk of endometriosis In the irradiated female monkeys is an unusual finding
in view of the absence of any reported correlation of this condition with radiation In
human females. The lesion in monkeys does appear to be morphologically identical to that
occurring spontaneously In humans, although it is seldom fatal in women. Since endoetrio-
sia would not have been classified as a cause of death in the atomic bomb casualty study, a
relationship to irradiation would not have been detected in the mortality studies; however,
any marked increase in endometriosis should be detected in the Adult Health Study of survi-
vors. Additional work Is required before our observations on monkeys can be interpreted as
Indicating increased human risk. Little is known about the relative radiosensitivity of
monkey and human endometrial cells, or how age and hormonal state might affect susceptibil-
ity to radiation induced endometriosis.

CONCLUSIONS AND RECOMMENDATIONS

Effective radiation protection measures for space crews require both the application of
dose limitation and the ability to assess quantitatively the risk of potentially hazardous
activities. Limits assure that risk remains within tolerance when doses can be forecast
with reasonable certainty. This has value in planning crew rotations and redeployment as
well as maximum career exposures. The data from our experimental animal studies, together
with human cancer incidence figures compiled by the NAS-BIER /15/ and with new estimates of
the doses at Hiroshima and Nagasaki 116/, argue for lowering the individual career bone
marrow exposure limit in males from 400 to 200 rem (Table 3). Interim doses should also be
scaled down, because experience by NASA has shown that astronaut careers may extend to at
least ten years instead of the five years assumed by the Space Science Board. Until the
relative susceptibility of human and monkey females to radiation induced endometriosis can
be established, we recommend that the maximum career cumulative dose for radiation--of
sufficient energy to penetrate the uterus--not be allowed to exceed 25 rem.

TABLE 3 The USAF School of Aerospace Medicine recommendations for radiation
dose limits in non-emergency military space operations (male crew
members only)

DAILY AVERAGE .01#0

MONTH 10

QUARTER 15

YEAR 25

CAREER* 200

IF&LATIVE CANCER RISK: 1.0 - 1.6.
LIFE EXPECTANCY LOSS: 10-25 )NTIH.S

**SURFACE DOSE IN AIR (RAD)

CBS AND BLOOD FORMING ORGAN EXPOSURE

In sme critical missions, risk assessment may be the only option. According to experimen-
tal d ta, both life shortening and cancer risk can be estimated if accurate information on
the type, energy, dose, and dose rate is known. Life expectancy loss provides a means for
assessing radiation risk relative to other environmental hazards. Within the dose range of
50-WO0 rad, total bany surface radiaticn. en average life expectancy loss frm all types of
space radiation has been found to be 2 to 5 monkey-days or 5 to 12.5 peroonl-days per red.
hesumtng a 20-rm career exposure and Ignoring dose rate effects for a 'worst case' ati-
onto this translates to an average life expectancy loss of 1000 to 2000 days. Equivalent
non-radiation hesarda we: being a coal miner (1100 dsys)t being 30% overweight (1300
days): and having heart diseae (2100 days). The risk Is less than that of a cigarette-
Msking male (2250 days), but rester than that of a cigarette-emoking female (800 days)

/10/.
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The association of brain tumors with Bragg effect protons emphasizes the importance of
accurate determination of the type and linear energy transfer spectrum of the radiation in
assessing the risk of delayed effects. These measurements are also important in evaluating
the threat from the heavy ion component of galactic cosmic radiation. The lack of informa-
tion on the physiological and behavioral effects of heavy ions is a major void in our
understanding of the space radiation threat. When the contribution of these heavy ions to
the radiation environment is determined, realistic ground-based simulations can be conducted
to evaluate their potential for undesirable late effects.
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