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%Y (secondary radiation). Ab, 5 H AR R BRI TERE)Z,
LR A [ 7 AR R PP R B o A2 313 B ARG 5 %
i 4 5t (trapped belt radiation, TBR)FJ5 0.

GCRJZK A KR ZHMAH R, AR
EYEFE ML teVEI10"” MeV, FEHFTT(~85%) 4
B (~14%) 1 BE B (29 1%)4lk™. T 11
GCRM R ARE A, HiE F HA B s e AL g
2895 JiF (linear energy transfer, LET), YMELLBEi. T & F
P AR REXE RN A . ZHEY. ERE S E G, X
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YA s,
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SPE). SPEM A& HAT— MREHLM:, HH & A4 A
i 5 K BH 22115 sl (sunspot  activity) FIHIA &, 7EK
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2F5L0G 28 (Mars science laboratory, MSL)I & T20114F
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FETE S BT AR S e AR T AR AT IR EE O AR I 3]
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533147 (space radiation integrated research plan), ¥f%s
T 4 5 XU 2 243 SR 4R 28120 ) oA S 80 XU
(risk of radiation carcinogenesis). KPR FIF{F 58
H S PR T 27 A 1iE XU (risk - of acute radiation syn-
dromes due to solar particle events). FPHXPHZ RGH)
/8PS XU (risk of acute or late central nervous
system effects from radiation exposure)FiE {744 211k
A i BRAG F4) 5 B IXURG: (risk: of degenerative tissue or
other health effects from radiation exposure).
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HZn T IERIR VAR Y28 (8] KATAE 55 Hi R B T 42
A4 AT 800 R AR R RL i i A6 1 T 3 B 34 A i
T,
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ARG EESY); e, R H AR Fm e
A B TA T 2 A B I 38 AR 45 Pl e 2 A 3
SBBER S G, MRS AR (risk transfer
model) 158 T BUR ) KA R s BOER.

5 S RS P AN P 1 8 XU B 95 %
EAE XA ERRAS rp A A FOED, Ry
P IR NIRRT 55 b 23 [l 5 5 DR ATR 099
E B A HANFE T M PEAl 45 R A AEAR R AN B 1
ELAZAN 0 e B S DR T b T S R (A i AR
P2 1445 5 g i KU B AT e v, el i
N X TERANESRRAES, Biias RS0 WS
A5 B AT 72 1 75 18 400%~600%""". Marco Durante'"*'fi%)
R FH, I B R As (a5 T 00 s, anse) & fn
LETE A5 Tl i K 51 i LI hE SO AU, HOR B
PEEL F T 1K400%~1500%. 128 = ARG XU AN B s 1 2
B R T 2 3R N TR 25 IR AT 55— 28 ke 1) 7 2 i [N
z—.
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Figure 1 (Color online) Uncertainties in space and terrestrial radiation
exposures. Both of chest X-ray and computed tomography (CT) are the
typically terrestrial radiation exposures. The figure shows the current
estimates of cancer risks and 95% confidence bands for adults of age 40,
the typical age of astronauts on space missions for several terrestrial
exposures and space missions on the international space station (ISS),
the lunar and Mars colony. Figure modified from ref. [1]
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1, L <10 keV/pm,
O(L)=1032L-22, 10<L<100keV/um, (1)
300/ JL, L > 100 keV/um.

WA RL, RSB AU S LETA K,
W5 R RE AR G AR RN A R
KBS FAMFEILET, ARIZERAYR SR, &)
5 R AR S AR 2800 T REANIR], B AU S FHLETAR
8T B A B o T DR A B v A sz ke s ] 2 B DR
ME R TiX— &, ICRPLE1991F120074E % kAT T
PR AR (A TT, B4 1 19 58 S AR TR ¥~ (radiation
weighting factor, wg) Ul 1K,

NASAP*IHIICRPMY 35 T2012H120134E 42 T
25 (AL S vt B PR B . it B Rl AN A
JELETIH RS, 125 i B AR sl st A o6, Hit

Onasa = Qlow(EaZ)+thg1(E7Z)‘ (2)

K, Ouign 0,0, 7 B CFR L B AR AR 2548 HAZ O X
(track core)FI2f-5% [X (track penumbra)f vk, HitH %
Ow(E.2)=1-P(Z,E), (3)

(Z/, P(Z.E)
L >

thgh(E’ Z)= 4)

Herp, P(Z,Eynl i F A5

F 1 ICRPIEFREMNER T

Table 1 ICRP recommended radiation weighting factor (wy)

P(Z,E) = {1 - e*Z*W]m(l N 5)

()~(5)Hh, pafRaTR T HE S e, LfEhELk
WRE, Zo(FRSHE I B R A, m(HR S IR B
P P L PR R e (R S A P I ) D) oA 5
B A=A RN AT KIS, o WARLETHR ST (p51£0) 5
SR IETA TG R i S ) - TR e A R B
FEAR N M ZRERE R A3 AR, LA, Z A R,
RSN

1254
Z*=Z[1—e z_/] (6)

J TR T, X TR, NASAHINE/a,=2700/
6.24, m=3, ¥=550(1000, Z<4); XTI, NASA
HILS/0,=1750/6.24, m=3, k=550(1000, Z<4)"". x4t
MR, HERT2s (A48 5 5 B IR A e —
AR, AT 2R GEIR A M A TR SR AR 2 5O ) AH DG A
%[48].

DI T4 560 LR W 2 3000 o E B e B
FERORE (LR R AR 0 10N SR iy 2 ph B 2k
HIK e B UURAE AN N i A S5 T 5 . JTSeAR
WFFE R I, S ] 5| e I PR 2 N e M R 5 25y 5
“IRIBEZRN (LR AR RSN ), e HIR AR v
PB4 P B M A 5 A A
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PR A i 25 Sk T A 22 B4 S A 4
it P T A R ] P 2 e BN B A A A 1 e A
RSO, T R G SR A S e S A 2R

b AR S wr(1991) Wwe(2007)
iEERi e liplne 1 1
T gtk A LT Rl T 1 1
7, BEE<10 keV 5
10~100 keV 10 ,
2.5+ 18.2¢ "ENS E <1MeV
>100 keV~2 MeV 20 : : ’ " ’
)
>2~20 MeV 10 ©p =15.0+17.06 "0 1 MeV < E, < 50 MeV,
2
>20 MeV 5 2543250 (MO04E,)] /6, E > 50 MeV
By, RAEHIBCY, fEfi>2 MeV 5 2
ok T, SRR, A 20 20

a) $HEk [ TICRPAI60FI1035 1 >+
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N P AILTRIAR A S A, — MoxfE T ok B Y S 6 AR A 3%
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AN LET4R S (8 AR 2B ) 27280 (relative - biological
effectiveness, RBE) 2 UM G it ot PR - 14) K e [ Y,
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WER2 R, BETEY SRR 3 24 7 F0 AR AR A,
AR (target theory)™™ . JETFHFEIS IR
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S E) I 2 A (18 5 - 551548 52 (repair-misrepair, RMR)
RO YRR AL 15 (lethal-potential lethal, LPL)f
RIS Ay FE & (saturable  repair) BRI L K FRER
IR =T i (giant loop binary lesion, GLOBLE)#i 71!
A5, ARSI EE R R R (track structure model)**145, T BB4E
SR AR RO AR R 2 A R SN AR A )
T (state-vector model)'®”, B&DF ! (bystander and
direct model)'®”, ZHRLY BBl (bystander diffusion

model)”, =4S FFEREAIBD lattice model)”"4E, LK
IR FERLAATRE TR B = BB S Z B B
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Yyre OB G, (BAFAERS A AR BRE, o T M PR
ARSCAVETEANTHE, BARTT S 254056 ez ™, MRl
Jey PR 455 75 (B 4 5 it B R B A P o 1T AR K By 1R
s, PRI R A ST SN B S A A AR TR D
iy 0 A 5t B AL

4.2 (SRR AU MR R

HAp, AHXH =2 EPRALI(WICRP, NCRPAI
NASAZE)LESEA TR S B 47 52 e b — M (s HT LNTASE A8 3
PR AR S XU A, o, NTHER s i) 2,
FR SR T-50~100 mSvAEA 7R L5 I IRAE «
A T S R 38 1 58 AR A AT RN IXURS:, L A AR
4 A /N5 391 e AT 45 2 TG 0 L g i o7 A, e e IR
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Figure 2 (Color online) Historical synopsis related to the radiation biophysical models and their extensions
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S0 AU (risk of exposure-induced cancer, REIC)f)
BHRIILA R, a5 2B, BT KUK (excess rela-
tive risk, ERR)FIHE R MK (excess additive risk,
EAR)SFLNT XS AL b B HAT S A LG 80k AN
ISR R A R A 5 5115 REICEKREID, HOGH
B AE AT A ERRFTEARBE R (1 U 45 0. —
Hh, P ERREAY AL E E L Avy, EARKERLAFil
FCERE LM 1—v,. NCRP-132477 (0 FHHERR FIEARAE
A AR 23 R SR (solid  cancers) XU, i FHEAR
BRI 11 7 (leukemia) KUS: . 5 IR 564 My R800
Z 1 43(Committee on Biological Effects of Ionizing
Radiation, BEIR)ZEVIHR+(BEIR VIN)F#fi##f# FHERR
FIEARBLR ) J LA 353133 K 2 B0 he KU 7. Xt T
ZHZVRE S A e S TR (AN 98 2L R IR R e
25), HBE v RN A—F.

SRR UG, LNTRERIX 20 R S5k ny g 4 2F
FRATEARIF AR, SR, R AT,
AR IR, AIEFRN  FE R4 E T
I R M RO AE Y B A 25 LN T AR BT f 3 1)
TR S e A ) A AL T R M) A S B XL
1530 i T A S K A e A ML) B X i & A e
AR FZ I 24 W RS B B, XS BTN R R
SIS PEAS AR B R AN V. BR T8 B LNTAL
R, SRR LA S R S KU S MR, At A7 1
B o Y ST DRSS S 28 (] T 25ty A 0 ) o s S XU o
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Figure 3 (Color online) Schematic representation of different possible
extrapolations of radiation induced cancer risk to low dose. Gray curve,
linear-no-threshold extrapolation; curve a, downwardly curving extra-
polation; curve b, upwardly curving extrapolation; curve c, linear

threshold extrapolation; curve d, hormetic extrapolation. Figure
modified from ref. [80]
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Table 2 Summary of recommendations estimates of the DDREF from human or experimental studies with cells and animals

A0y W BRI ST DDREFHIE E= BTN
1980 NCRP-64 /N BREEARE R 2.48 [86]
1989 NCRP-98 - 2.5 [38]
2000 NCRP-132 - 2 [35]
2003 NCI - 1.75 [85]
2006 BEIR VII Ay B B 1.5 [1.0, 4.4] [76]
2006 BEIR VII LSSHE 1.3 [0.8, 2.6] [76]
2006 BEIR VII KA DL oA 1.5[1.1, 23] [76]
2007 ICRP-103 - 2 [45]
2008 UNSCEAR - 1.22 [83]
2009 Jacob%F A FCE MOl A S FILS SR 0.83 [0.53, 1.96] [84]
2009 Jacob% A AR P (AR [~1,>10] [84]
2010 NASA-2010 - 1.75 [82]
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Figure 4 (Color online) Overview of the biomarkers of ionizing radiation. A: acetyl group; M: methyl group; P: phosphate group; U: ubiquitin; 6-TG: 6-
Thioguanine; 8-0x0-DG: 8-Oxo-deoxyguanosine; CCR: complex chromosomal rearrangement; CNV: copy number variant; CRP: C-reactive protein;
DSB: double strand break; GYPA: glycophorin A; HPRT: hypoxanthine-guanine phosphoribosyltransferase; miRNA: microRNA; PCC: premature
chromosome condensation; ROS: reactive oxygen species; SNP: single nucleotide polymorphism; SSB: single strand break. Figure modified from ref. [89]
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Issues and challenges of space radiation risk assessment in
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The plan and implementation of manned deep space exploration missions should first ensure the health and safety of
astronauts. Space radiation, mainly coming from galactic cosmic rays (GCR), solar particle events (SPE) and trapped belt
radiation (TBR), has been generally considered to be one of the most important risk factors threatening the health of
astronauts in deep spaceflight missions. Health risks from these exposures mainly include four aspects: carcinogenesis,
acute radiation syndrome, central nervous system damage and degenerative tissue effects, and the risk of carcinogenesis
remains a primary concern for manned deep space explorations. The difference in the radiation environment between the
deep space and the ground leads to a high uncertainty on the estimated health risk, which is currently the main hindrance to
manned interplanetary exploration. The issues and challenges related to health risk assessment of space radiation for
astronauts during manned deep space exploration missions are systematically summarized and analyzed in this paper. Six
main issues were raised in space radiation risk assessment, including estimation of space radiation quality, extrapolation of
low-dose/dose-rate radiation risk, prediction of dose- and dose-rate reduction effectiveness factor (DDREF), screening of
differences in individual radiosensitivity, effects of microgravity and other stressors on space radiation risk, and assessment
of acute radiation syndromes caused by SPE. In addition, six corresponding key technologies were also discussed to
address these scientific issues and challenges for future studies and practice: (1) The more dose-response data in
experimental animals is needed for estimating the relative biological effectiveness (RBE) for different high-energy charged
(HZE) particle types in different tissues. (2) The improved radiobiological models including targeted and non-targeted
effects models, are required for accurately estimating space radiation quality factors. (3) It is necessary to accurately
estimate the DDREF for low dose and dose-rate radiations, and it should be further comfirmed whether the linear-no-
threshold (LNT) model is the most appropriate way to extrapolate risk estimates in low dose and dose-rate through more
relevant theoretical and experimental researches. (4) The biomarker selection techniques are important to identify the
potential biomarkers associated with space radiation, and the integrated risk assessment models based on the space
radiation sensitive biomarkers using systems biology approaches can improve the accuracy of predicting individual
radiosensitivities and disease risks induced by space radiation. (5) The influence of microgravity and other stressors on
space radiation risk need to be further investigated. (6) More accurate SPE prediction models and the corresponding acute
radiation risk assessment models are also necessary in further studies. The goal of reducing the uncertainties in space
radiation risk assessment can be fulfilled by an international co-operative effort in these critical technologies. The
arrangement and analysis of the critical issues and key technologies of space radiation risk assessment in manned deep
space exploration missions can provide the strategies of reducing the health risk of astronauts induced by space radiation.

manned deep space exploration, space radiation, health risk, risk assessment, issue and challenge
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