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Scientific Evidence Relevant to the Assessment of Solid Cancer Radiation
Risk at Low Dose and Low Dose Rate

Abstract

The current System of Radiological Protection uses a dose and dose rate effectiveness factor (DDREF) with a numerical value of 2 when applying estimates of radiation risk derived from high doses and dose rates to
settings involving low doses and/or low dose rates. The concept combines the low dose effectiveness factor (LDEF) when interpolating estimates of risk across dose levels, and the dose rate effectiveness factor (DREF)
when extrapolating risk estimates from studies involving populations exposed to high dose rates to those exposed to low dose rates. In this report the current scientific evidence on the biological and health effects at those
doses and dose rates is reviewed, with emphasis on human solid cancer incidence and mortality. Numerical evaluations of both DREF and LDEF are considered from studies of somatic cell mutation, cell transformation and
cytogenetic endpoints. Life-shortening and all solid cancers combined are evaluated from historical studies on experimental animals (mice). A meta-analysis is described where risk estimates deduced from 29 human
cohorts exposed to low dose rates were compared with those from the atomic bomb survivors (to address DREF), and a reanalysis of the curvature in the mortality data from the Japanese atomic bomb survivors on all solid
cancers combined (to address LDEF) is presented. Finally, mechanistically-based ways to combine biological evidence with epidemiological data are considered. While considerable uncertainties remain, the ranges of
LDEF and DREF values obtained here are narrower than those obtained in previous evaluations, and are largely consistent amongst the various sources of data reviewed. The overall conclusion of this report is that, based
on current scientific evidence, an LDEF of much greater than 3 are not supported, and much less than 1 likewise. Similarly, it is concluded that a DREF value much larger than 3 or less than 1 is also unlikely.
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108 consistent amongst the various sources of data reviewed. The overall conclusion of this report
109 is that, based on current scientific evidence, an LDEF of much greater than 3 are not supported,
110 and much less than 1 likewise. Similarly, it is concluded that a DREF value much larger than

111 3 or less than 1 is also unlikely.
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Table 4. Estimates of the Dose Rate Effectiveness Factor (DREF) with 95% Cls for All Solid
Cancer from Meta-analyses of Low-Dose and Low-Dose-rate Studies *

Mortality Studies Only

All Mayak (N=24) Non-Pu Mayak € (N=24)  Mayak Excluded (N=23)
DREF 1.99 (1.36, 3.71) 1.37(0.91. 2.73) 0.82 (0.55. 1.63)
EORIPIRANIIE
Incidence Studies Only
__(N=9) - _(N=8)
_DREF _1.73(1.04, 5.06) ¢ - _1.40(0.92.2.95)¢
Combined Mortality and Nonredundant Incidence Studies )
(N=29) (N=29) (N=28)
DREF _1.89(1.37.3.09) _1.48(1.06. 2.46) _1.26 (0.89. 2.16)

Studies with Mean Dose Under 100 mGy (excludes Mayak and Chornobyl cleanup worker studies)

Combined Mortality and Nonredundant Incidence Mortality Studies Only
__Studies (N=27) (N*"")
DREF 1.30(0.90. 2.28) " 0.86 (0.56. 1.84)

* Where the DREF 1s the mverse of the meta-analysis estimate of the LDR/LSS ratio.
" N is the number of studies included.

€ *‘Non-Pu’ indicates the exclusion of the plutoninm-processing and radiochemical facilities at Mayak in which

workers had extensive plutonium exposures and high cumulative doses (Sokolnikov et al., 2017).

9 Based on a random effects meta-analysis model because of statistically significant heterogeneity in the estimates

of the LDRVLSS,; risk ¢stimates.

AT ICRP RS (%EER)P.80
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ﬁﬂkivﬁﬁimmﬁmf57+)/x iéé@h#hmﬁim%%ﬁﬁ(mE
F) OEM (95%EMXMf X

HETEHFEDH
T T

DREF 1.99 (1.36, 3.71) 1.37 (0.91, 2.73) 0.82 (0.55, 1.63)
REEHEOH

(N=9) (N=8)
DREF 1.73 (1.04, 5.06) ° - 1.40 (0.92, 2.95) °
RUELHEHAREROUSTHR

(N=29) (N=29) (N=28)
DREF 1.89 (1.37, 3.04) 1.48 (1.06, 2.46) 1.26 (0.89, 2.16)

EHREL00 nGyRMOFE (T ¥y 27BICF =N 74 Y OBRRERBOHFEIIRL)
TR EFREEREROESTHE (N=27) EERFEDSH (N=22)
DREF 1.30 (0.90, 2.28) 0.86 (0.56, 1.84)
2Z Z T, DREF (X LDR/LSS D A # G EEOHE T,
PNBEENOIMEDOEKTT,
© TN P=U A LT, BFEEBREGEICTV P ACBRESL, BVERBRA R L
Yy 7 DTN =0 LMURIERRE L ORI L FERR BB SN TWAH Z & #EWT 5 (Sokolnikov e
t al., 2017),
LR /1SS syaomrmDEEMICHIIICERRREERH D0, TV FLBEA Y GHETMICK
SVTHWET,

HEFT)ICRP RS TR BEZEER) .91
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<HBEBELTNSH,.FE6.2.2 16.2.2. 100 mSvAL T CORMSHRREDRE)
29|28 BERENIHLIC 5574y I 2 TA—RINEDAZEE (OSCC) (4. 19505
K5, 7110~30 mGyDEHAEBADFERBIE<DNAI RS EBEL TS
EIERSHCUTN S FECRATN TS LSS, INWORKS TE0-50mSviC
HUTIEREL TEARRZIRENESN TV (2626, CDELD ICHEE
Bz RIS EIETE T 52 & BEARETRN),

B 5ETOAIHHTTE. FIIHIE<E100mSvEL T OMEIBRE L2 BTN ATED
DREF (Z#MERR/LSST4MERR)(20.86 TH Y BIRHIRE & RO EHIRD
EE THBHENRRINTIND,

8 100mSVIL T ClIIE <8 & BN ASEIC IFARRERAR & L\ ST BIR 4580
THY, OMSVASERRICUZ I DMEMNT 5 EERHBNETH S,
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5% ) FIBRIEEN\DEFGAEE 143k (0Ozasa et al. 2012)

Solid cancer
s LQ (<2Gy)
144 | La
1.2 1
1.0
08

0.6 $
0.4- ]/.,r’
0.2 "y, =

.v.i'?'* +
0.0 47H b
B 1 2 S —
0.0 0.5 1.0 15 20 25 3.0
Weighted Colon Dose (Gy)

ERR

FIG. 4. Excess relative risk (ERR) for all solid cancer in relation to
radiation exposure. The black circles represent ERR and 95% CI for
the dose categories, together with trend estimates based on linear (L)
with 95% CI (dotted lines) and linear-quadratic (LQ) models using the
full dose range, and LQ model for the data restricted to dose <2 Gy.

BE2CYRBGICRE T 2 DO EADRE,
2CYUEDT =5 2 EHT 2 2 & ETEY,

oF_mrBEW-HERRE 20yREDT —Y DHZERWHTER
TABLE 6
Parameter Estineates of the Dose-Response Models for Excess Relative Risk (ERR) for all Solid Ca in the Full Dose Range
and for the Range of (-2 Gy

Full <2 Gy
12ase range model I 1.0 Q) l. 1.Q 0

f: tinzar 042 (L0 - [{EE3 0.22 -
b quadrare - (LIY34 022 - 018 043
Efrect modiricanon

o sex dfemale = 1, male = 1) N4 1,33 (.40 028 029 .29

TR I eXposure (year) L L0324 LI ER) 0055 0.0 D025

v amained 2ge (logiage70)) .56 L8 ~1.5X) 152 -89 0.9
Deviance 183012 1851404 183249 178 A 17551.6 178522
o 53147 53140 3147 kS QU576 4usM
Test (vs, 1O medel ) F =1 - Fl0in o=z - Fo— D

Note. Bulded colummms are the selecied models.

* Tha ERR model was defined a5 .50 5,8,a) [| — pld) - exp(re + vlinia)) - {1 + & 5)], where 4 is colen dose, 5 is sex, & 2 birth year, < is age &t
exposury, ad @ s allained xge. pld) wes P oo Lo te Bncar model, B~ Ba® Tor te Incar-guasdralic model, and yao® for the guadratic moded. <, v
and o e coolfivients for elfect modifcation.

“L: lingar, LO): linear<quadratic, @ quadralic,

Deviance:T—% EET VD TERERE
SINTNFEHTIFEY B,
EFIICEFNTVDNIA—SIHEEZRL TRE.

LLQ.QEF DS 5REDET I, 23
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3349
3350
3376  Table 6. Fit of linear-quadratic model to Japanese LSS solid cancer mortality data of Ozasa et 3351
3377  al. (2012), respective organ dose range < 2 Gy. Confidence intervals are based on the profile
3378  likelihood unless otherwise indicated. “*
Linear-quadratic model ERR Gy (+95% CI) p-value (linear-
quadratic vs
Cancer type Linear term Quadratic/linear term linear)
All solid 0.159 (0.025, 0.332) 0.809 (0.080, 8.571) 0.017
Female breast 0.584 (-0.285, 2.150) 0.760 (-0.220, 3.040% 0.261
Colon 0.009 (-0.083%, 0.100%) 2.594 (-28.705% 33.893%) 0.237
Liver 0.067 (-0.519*, 0.825) 4.109 (-37.580%, 0.736) 0.246
Lung 0.324 (-0.034, 0.829) 0.330(-0.242, 1.553%) 0.430
Stomach 0.207 (-0.115%,0.614) -0.251 (-0.684%, 3.027) 0.483
3379  *Wald-based CI.
3380 3352

R ICRP RS~ (5EEhR)P.87

5 (2012) 12X D HADLSSEEHIL L RT — X ~DOFF _IRETFTNVOEAE (&

%%wﬁifﬁﬁlﬂrizcyﬂiiﬁ) o FEicH

DDRVIRY, FBEEMITXT e 7 7 A VEES

Ds
BIEZKET /L ERR Gy ™ (+95% CI) ol (498K
8 A OFESE PRI —R/—IRIE vs #ifE)
T RTEE 0.159 (0.025, 0.332) 0.809 (0.080, 8.571) 0.017
0.760 (-0.220, 3.040 ®
ZHEOH 0.584 (-0.285, 2.150) ) 0. 261
0.009 (-0.083 *, 0.100 2.594 (-28.705 *, 33.8
&1 ) 93 ) 0. 237
0.067 (-0.519 *, 0.825 4.109 (-37.580 *, 0.73
JiFfigk ) 6) 0. 246
0.330 (-0.242, 1.553 ®
Ji 0.324 (-0.034, 0.829) ) 0. 430
0.207 (-0.115 *, 0.614 -0.251 (-0.684 *, 3.02
= ) /9] 0. 483

22 fald RX—2A®D CI,

EFT)ICRP RS (BAEER)P.99
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LSS14 (Ozasa et al. 2012)ETIVEIRZEL TLVRLW o R DERID
SO EIERL

age. The risk of all causes of death was positively associated
with radiation dose. Importantly, for solid cancers the
additive radiation risk (i.e., excess cancer cases per 10*
person-years per Gy) continues to increase throughout life
with a linear dose-response relationship. The sex-averaged
excess relative risk per Gy was 0.42 [95% confidence interval
(CD: 0.32, 0.53] for all solid cancer at age 70 years after
exposure at age 30 based on a linear model. The risk
increased by about 29% per decade decrease in age at
exposure (95% CI: 17%, 41%). The estimated lowest dose
range with a significant ERR for all solid cancer was 0 to .20
Gy, and a formal dose-threshold analysis indicated no
threshold; i.e., zero dose was the best estimate of the
threshold. The risk of cancer mortality increased significantly
for most major sites, including stomach, lung, liver, colon,
breast, gallbladder, esophagus, bladder and ovary, whereas
rectum, pancreas, uterus, prostate and kidney parenchyma
did not have significantly increased risks. An increased risk of

B ET IV OEENDERR (308
TR, 70mkI CEERF, 52T, )
& 0.42 /Gy [95% {SHAXM: #reriess
0.32, 0.53]1 T,

B (R TS51 BRI KB &) miEoeyerr?

BERRAEEICLZDIE.0 A5
0.20 GyETEAV LA oo
oo JA—VIVRIRE, BB ST &
S RIEL O T A1z, DEL B
BEONRBDHEEECH 7o,

RICET IV & X FF?
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LSS14 (Ozasa et al. 20]12) THEE Y Jﬁ%%-ﬁt?%l%ﬂi&é:%‘“}bﬁA
EFHiACER2015)

B Model 1 L:#FH B.d jﬁ}%tt@ﬁ

B Model 2 1X+2X(LQ) Bi1d+pB2d2

@ Model 3 2:X(Q) B2d?2 |

B Model 1-3 [F2Y Y FILIEIF T, 2CGyERGICRE U THETE,

¥ Model 4 (Manual search) Threshold (do=10,20,30mGy,,) Sugiyama et al.(2014)
0 (d<d0) c‘}i}%%%ﬁu
BZ (d-do) (dz=do) Ej(j;}#

®Model 5 Dose category dummy Ex /AN/LIXAIC

8 15 categories o
B Model 6 (Manual search) Linear spline (L1,L2) (do=10,20,30mQGy,,) !

B.d (d<do)

B2 (d-do) (d=do) NI
B(2015) T8 B
B [ MgdeSI)7 1@719 - RALE AIC, BIC

L1, L1Q1, or Q1 (d< 2Gy)
L2, L2Q2, or Q2 (dz2Qy)
B Model 8 (ftEtHIIC) BBTEZEHETE

0 (d<71)
B2 (d-T) (d=7)

EEE (2015), L8 - BB RBES— DB, B2 (OFL), 875-88. 28
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ENNETVFEETIVADES

EVN=1AN
\ HEETE & AACE BAE
. BB =5 E (MGy) L1 Q1 L U< IFL2 Q6 L<LIFQ2
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B RHYRER D ADIX I (FEEER D Z=HiI)

AbstractDfgemabn (LUFIXREERDITEERT)

108 consistent amongst the various sources of data reviewed. The overall conclusion of this report
109 is that, based on current scientific evidence, an LDEF of much greater than 3 are not supported,
110 and much less than 1 likewise. Similarly, it is concluded that a DREF value much larger than

111 3 or less than 1 is also unlikely.

HAGER(BFERDITHRT>REBRE (FERDEITER)
90 LEA—TNEETHRTFRT —FYV—RAFETHNR—EL TV D, NI EEDEHH

91 afEamld. IMEDRIFREHLCED<E LDEFM3ZARICEES & IXFHFEINT
92 (1ZKRIRBICTES ZEEREKICKFINENENSIEDTH D, EfkIC. DREFHED
93 3ZABICEEISZEBTZTRIDZEEE RISV EHERATT 5N D,

ZEEF 108-11147T

(R, ERREMIC DWW TEL E 21— U BAHREDN R THHEFMADHNRZEBIEINREITH D, TIVEZIAICLDA
BHE<EVWSFELETHIESDAEEMEN G MayakHBIE ZFR< & 24D REDX I DN S X AKREXRTEURIREILET
LW EDRENTZ(DREF=0.89),AHRICARIRE CTH O THEMRIRICI R IDEINT 5 & (LDEF=1) LRI N,
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MAIN POINTS(FREZEDHRAUH)

118 - This report evaluates the current scientific evidence on low-dose and low-dose-rate
119 biological effects of ionising radiation, in terms of the low dose effectiveness factor
120 (LDEF) and the dose rate effectiveness factor (DREF). The report reviews results

121 on endpoints related to the risk of all solid cancer, at sub-cellular, cellular, tissue
122 and organism, and population levels. In this report, low doses are those below 100
123 mQGy, and low dose rates are those below 0.1 mGy min-1 when averaged over about
124 an hour, for low linear energy transfer (LET) exposures.

99 AH|EZ(L. ERES SVEBREROERBARICL DEMFHIREICRET

100 SR ORFREINZ | BREMNREBH(LDEF) H L UIRERMDRHZH (DR

101 EF) DB RN SFHI S D, AREE CIE HIRRAL AL, HfaL AL, fBis

102 BLUTEHLANIL ZUTERALARIVIZEIT S HS5DPBEFENADIRY

103 [CEET BT RRA U EDIEREMER T Do AmMEE T ERECSITT100mGy
104KREBDWISL ERRERE X IR F—(5(LET) MELRIZL

105 [ZHVT KRB FITTO. ImGY/ A REDHII<EIET .

IXk

EHREBFEEDXN R THDIEZMRDHMRZEBIEINETH D,

TOOMGYUL FICRET 2EBHNFTIATH DU TEZE100MGYIHEIRETIERL,

IBICHRERICDOVTIX.0.1TMGY/=6mGy/h=52.6 GYy/FEWLIBHTEIMETHDHIZIFINWORKS(1943-2005) Tld. Individual
mean Annual dose [&£1.66 mSvER>TL\S(Hamra et al.2016) c—DLRILDHIELZITHOEZEMERGE DERZEMNIHTEHDIZE

BAHIFRENTH D,



B 129 - For somatic cell mutation, cell transformation and cytogenetic endpoints,
® 130 numerical evaluations of both DREF and LDEF provide values of around 4 and
2131 below.

B 132 - Recent pooled analyses of data from experimental animals mostly suggest an LDEF
® 133 close to 1 and DREF between 1 and 2 for life-shortening and for all solid cancers
® 134 combined, with considerable variation depending on tumour type.

®110 - (SRR, M EER. MiEEFHIYRRAMNIDWTIE DREF
B 111 & LDEF OMmEOEBIESHETH 4 LLTDENSSNET,

B112 - REORBREMDT —YDIFE DI CIE FWMEREINTORENAZS
B 113 HDELDEFIF11S8<,. DREFIFXT1~2DETH D ENFEAE T, EEDIE
B114 BICEOTHRYDIESDEINHDENTREINTLET,

BIXTk
B INSIEERDURTEHEICE SBHR T SDHTFEMR T SRBHED T, Main Point TIE7a W\ HIFRI R E,
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135 - Recent meta-analyses of epidemiological data for all solid cancers point toward
136 DREF values between about 1 and 3, taking account of the uncertainties involved
137 in these estimates.

115 « IRTOREEHAICET EFT —YDHREDXIPITTIE HEEICEE
116 N3dTHEXRTEZEZERI DL DREFEIEH 1 55 3 DREICRDZENRIN
117 TLWET,

Mayak{EE£EMREIZTIVEZILEWVWSIELETHRHIZS THY LA DA BRAZERWEZEWVLWD S TE MElE
BERFETH D, _NUIAIDHDSBRANETH D ORI CNZERUVTDREFIFXTERDZENTE
NEETRETH D,
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138 - Analyses on curvature in the incidence and mortality data from the Japanese

139 atomic bomb survivors find consistent evidence of curvature, so that evaluated

140 population risks per Gy for all solid cancer mortality evaluated at 1 Gy are about
141 twice those evaluated at 0.01 Gy. They tend to support a sex-averaged LDEF value
142 of between 1 and 2 for all solid cancers combined, with some indication of variation
143 between different cancer sites.

118 - HADRBHBEEDREREFCRDT —YICHITHMEDO DI TIE. —8
119 UFEHERDIENRENTHEY 1T LA TFHE LB NATRTERD T
120 LA1&H7ZYUDAOURIIE, 0.01T LA TFHELIZURIDII2MEE S D,

121 INSOBRIE. BN AZEDEZIERITIALDEFMED 1 ~2DEHEIZ3H D
122 CEEXFIIMERICHY  BRADEMIICL D TEZIDIESDOENESND
123,

S2GYLLFERTOT—PICREL . NETRAICE D 2T —9ZFE5 & ML ETIVHARR THY . FNICLQETIIVEH TIEH TH
U RREE> CHL B BN BRI CH 5. BREF LIBRRROEN 5, DEF=1T55.
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144 - While considerable uncertainties remain, the ranges of LDEF and DREF values
145 obtained here are narrower than those obtained in previous evaluations. The

146 overall conclusion of this report is that, based on current scientific evidence, LDEF
147 and DREF values much larger than 3 or less than 1 are unlikely. These ranges

148 appear largely consistent for the various sources of data reviewed in this report.

124 « RAELTHVEY DARHEREDZ O TV EDD, CCTRHOSNZLDEFH &
125 UDREFMEDEREIF. LEIOFHE TR/ SNIZEE LW EREOTVERT . &
126 |ESDEFINERIL REORFREIHICE D& LDEFHLUDREFE
127 M3ZKRIBICLES., FFT1ZTFESARERIMEVNENSIZETT . NS
128 DFAIK ARES TIREISNRA R T =5V —R(ICHEWTHR—ELT
129 LW LDTY,

S>LPHIOFHANE DL S BEBE THOIeD ZEHRINE,
BREED2MMNRERIE. BEOERDEZICDVWTOREREIICE D&, LDEFSLUDREFMENT KV EER DA
BEMEIFEVLNEVLWDS ZETT,
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EXECUTIVE SUMMARY

Main Point&EEENZL\DTEESNITH—INRE,

168 (d) This report describes a systematic review of the current scientific evidence on low-dose
169 and low-dose-rate biological effects of ionising radiation, in terms of the LDEF and DREF
170 factors. Low doses are considered as below 100 mGy, and low dose rates are those below 0.1
171 mGy min-1 when averaged over about an hour, for low linear energy transfer (LET) exposures
172 (UNSCEAR, 2012). Low-LET refers to radiation with LET-values less than 10 keV wm-1

173 (ICRP, 2007).

148 (d) FRESL EIRES JUVERRERDERHRIRIC I DEMFHREICET

149 SEHOBFREINZ, LDEF RS L UDREFREDE RN SERMICLE1—-U

150 £EDTTEIREEL(L100 MGy, EIRERE (L RIRIVF -5 (LET)HME

151 WRIFIZHEW T MTRREOIITEZ0.1 mGyFREEiELET (UNSCEAR. 2012%F) . {KLE
152 T&(E LETENT 0 keVRBD S #RZIELE T, um - 1 (ICRP . 20075F),

IXVETE)
MEHRFAEDN R THORFMADHMREZEEBITINEITH D,
T00MGYLLFICRRET DEENTIATH DU TEZET100MGYIHEHFEE TIER,
TSICHEERICDVTIE.0.1IMGY/9=6mGy/h=52.6 Gy/FE L\ 3BHTEIMETH B HIZIETINWORKS(1943-2005) Tl&.Individual mean Annual dose (£1.66
mSvER> TS (Hamra et al.2016) o COLARILDBIEL E TN R EIERERRE DIREREENMIH TIEH B ZEBHRNIERENTH S,
(Emn)
2$. (UNSCEAR, 2012)B5IATN TV CNEHDE."The Committee has now agreed low doses be defined as those of T00 mSv or less. This

definition is consistent with that used by ICRP [16] and the BEIR VII report [C6].” &N TV, DFEY. ICRP2007F&#EE5IHULTHY B 5HEESIET
HUBREMEMR,
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174 (e) Studies of cellular and molecular processes considered most relevant for the induction

175 of cancer were included in the analysis. Numerical evaluations of both DREF and LDEF are

176 available from studies of somatic cell mutation, cell transformation and cytogenetic endpoints.
177 Values of around 4 based on chromosomal aberration (pooled stable and unstable) studies are
178 towards the higher end of values based on the wider range of endpoints reviewed in this report.
179 However, because much time elapses between induction of the relevant cellular and molecular
180 events and clinical presentation of cancer, many biological processes are likely to modulate

181 this cancer indication after the initial radiation-associated events. Thus, LDEF and DREF

182 values deduced for these processes are unlikely to be fully representative of those values to be
183 applied to stochastic effects among humans. We note that evaluations of LDEF and DREF tend
184 to be higher for the cellular endpoints than those based on experimental animal studies or

185 epidemiological data (see below). This provides evidence that there are processes beyond the
186 direct induction of gene mutations and chromosomal aberrations that modulate carcinogenesis
187 in animals and humans.

153 (e) PAFRICREEEN DD EEZ SN LU FTOEIDAENER
154 #ICEFENF U, DREF & LDEF OlADEUETHE L. (A liEzeA L E. i E
155 BRI, SRBEENTI U RRI U MDOABENSAF TIET LBARERE (RED

156 FURREEMS)VARICET<H 4 EVWSEE. COLR—hTLEI—UE
157 GWIVRRAUMNIEDI<EDHTIIEOHDETT, 2720, BET 2Hlab K

158 UDFARVEDFFHENADERKRERDEICIETRVEEIRET B2 D
159 MEHEBHEANR Y EDE, Z<OEMENTOLIANRZONADIMEZRE I SH
160 BEMENRBYUET, LIz >T.INSOTOCRICDVWTHES N LDEF KUV
161 DREF f@El&. EMCHIF BHERMNHESEAINSEEZRICRKRT BATALHEIZEL
162 TY,LDEF KU DREF DMl EREIAT PRET —FICEDISEDLVE
163 (HARRTVRRAVMNIFRU TELQRIEAN S D EISEFRULTIEESVWELT

164 =28), NI S ABDOREL ZRHE T IELCTEERCLBHREEDEE
165 HRFREBALTOCINEFET DV ERLTVET,

~>HERAL NIV DFER SRR, R
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188 (f) For all solid tumours combined, recent pooled analyses of data from historical studies

189 on experimental animals (mice) mostly suggest LDEF and DREF values close to 1, with

190 considerable variation depending on tumour type, while a single study suggests DREF value
191 of about 3 and above. In contrast, for life-shortening pooled analyses suggest DREF values of
192 about 2. Thus, the current evidence from such studies implies that values of LDEF and DREF
193 greater than about 3 and lower than 1 are unlikely.

166 (f) INTOEFREEZENE D& EREM(VIR)ERAWBEDHET

167 =59 DEEDH G TIX. LDEFEDREFOEIFEEDEEICEI >THRYIESDE

168 1ZHBEDD KERBIETISHEVZ EARRENTLE T, —7 . DREFDIEDHFISLL

169 LTHBETRETHMAN1HHYET, —A. FenkahalcBEd e ¢ld. DR

170 EFDEDHI2TH D ZENTREEINTVNET, UIZD > T INSOMAENSFSN

171 ZREDGIET VXIX LDEFEDREFDIENKI3ZBA. 1K EE S S AREMEIHMENC

172 £ZRERULTVET,
~EIRERL NIV DECREHIRR, © U<IEFERA,
BHE.DREF=3EULEMREDHD1HHDEL TV MEEDHGEDERDMETHY  SEDLEI—DSIEFENATRETH D,
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194 (g9) Recent meta-analyses of epidemiological data from mortality and non-redundant

195 incidence studies, where solid cancer risk estimates deduced from 29 human cohorts exposed
196 to low dose rates were compared with those from the atomic bomb survivors, reported a central
197 estimate of the DREF value of 1.9, largely driven by the Mayak worker cohort. Exclusion of

198 the Mayak worker cohort or of its portion with plutonium exposure led to DREF values of

199 about 1.3 to 1.5, respectively, while exclusion of any other single cohort did not change the
200 result substantially. Taking account of the appreciable statistical and methodological

201 uncertainties involved in these estimates, the epidemiological evidence points toward DREF

202 values in the range of about 0.9 to 3.0.

173 (9) BEESLUBEDBV\VBEEREN SESNEEET—IDEEDAYT

174 FUIZTIE AKSERICHIBLZ 290 R OR— M SHfEEI N BER A AU R
175 JiEEEE RIS HEEDHEEEE LU ER. DREFEDHRETEIL].OLMES -
176 NTHY., CNIEEICY V7Y IBEBEIR—NILDEDTH D, VTV IS5 EE

177 J—hERIGETIVS = LR IR— 2R U184 . DREFEIFZNEN

178 #91.3~1.5& o= bD IR— R ERAL TERRICAS BT bIZRA STz,

179 TNSDHFEEIC IFEY RN S LU B ERNTEEENAEINTVNEIEEE

180 B9 3 & BHMEHLUIDREFENHI0.9~3.0NEHEICH B & EREL TS,

L199 1.3 to 1.5,»MayakZfr<&1.37H0150.82&227=DERY,
L202 —0.9 to 3.0&H3H. 3.0 LV EFELY, 084

MayakZ R EEEDELSETICRT HRICIRELT0.82-1.4E TAE,
3088

Table 4. Estimates of the Dose Rate Effectiveness Factor (DREF) with 95% CIs for All Solid
Cancer from Meta-analyses of Low-Dose and Low-Dose-rate Studies *
“Mortality Studies Only

All Mayak (N=24) * Non-Pu Mayak € (N=24)  Mayak Excluded (N=23)
_DREF 1.9 (136, 3.71) 137 (091, 2.73) 0.82 (0.55. 1.63)

_Incidence Studies Only
(N=9) (N=8)
DREF 1.73(1.04.5.06) ¢ - 1.40 (0.92.2.95)¢

Combined Mortality and Nonredundant Incidence Studies i
(N=29) (N=29) (N=28)
DREF 1.89(1.37,3.04) 1.48 (1.06. 2.46) 1.26 (0.89. 2.16)

Studies with Mean Dose Under 100 mGy (excludes Mayak and Chornobyl cleanup worker studies)
ed Mortality and Nonredundant Incidence Mortality Studies Only
(N=22)

DREF 13
* Where the DREF 1s the my
® N is the number of studies
© *Non-Pu’ indicates the exclusion of the plutonium-processing and radiochemical facilities at Mayak in which
workers had extensive plutonium exposures and high cumulative doses (Sokolnikov et al., 2017)

9 Based on a random effects meta-analysis model because of statistically significant heterogeneity in the estimates
of the LDRJLSS,; risk ¢stimates

EFT)ICRP F37T~(5EEhR)p.80

e .. 0.86(0.56.1.84)
a-analysis estumate of the LDR/LSS ratio
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203 (h) Reanalysis of the curvature in the mortality data from the Japanese atomic bomb

204 survivors on all solid cancers combined suggest some curvature implying values greater than
205 1 for the LDEF depending on dose range considered. A range of values is, however, observed
206 for individual cancer sites, so that for breast cancer there is less evidence for an LDEF above
207 1. The mortality data for most cancer endpoints suggest upward curvature over the 0-2 Gy
208 range, although only for male solid cancer was this curvature significant. Indications of

2009 linearity and curvature reported in some studies should still be interpreted with care. The
210 current scientific evidence on curvature in the incidence and mortality data from the Japanese
211 atomic bomb survivors tends to a sex-averaged LDEF value of between 1 and 2 for all solid
212 cancers combined, with some indication of variation between different cancer sites.

181 (h) BADRBEFEDEFHAZKICDIESRTERT Y DHERZHENIT D
182 & REFHHEICL>TIE LDEF DIEN 1 ZHBA D& ERITHENTRIND £
183 72U BADEMIC & ITIEDEEN RSN ST B AICDWTIX LDEF B 1 &
184 A BEHLIDRVN BATVRIRA VEDIFEAEICEATHRHRTRT—5(F 0~2
185 Gy DEHFE T LAIETOHEZRELTUVSH, COMERIERELRDIEIBHEDOEFR N A
186 DIZANDH TH D, —HDME THRESIN TV SERMEEHEDIMEIL, ©IEWIE
187 EICART DUEN DD BADRBEFEDRERSLURTERT —IDHEIC
188 B9 2MAEDRFRGEINUL NADEMLICE > TEDDIESDOERLHDIENDD. T
189 NTCOEENAZENETZHAITIID LDEF EN 1~2 [ BIEMAICH D,

i

S>2GYUTETCOT—YIIREL . ABENGDINICE D ET I ZEI EMMEETIVHIRRTHY . ENICLQET I EH CIIH THELHERZFE>THLU S ZEBHEN
BRIRCTH 2. ERETIVNRRRDIEN S LDEF=1T&H 3,
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213 (i) Combining biological evidence on the process of carcinogenesis with epidemiological

214 data offers a more mechanistically-based way of extrapolation from high doses and dose rates
215 to low doses and dose rates. Available knowledge on carcinogenesis and the mechanisms

216 responsible is too limited to allow for a plausible quantitative mechanistic account of the

217 process. Current assumptions made in radiological protection including those on low-dose and
218 low-dose-rate effects are not in contradiction to what is presently known about the process of
219 cancer development.

190 (i) ENABIRRICET SEYFREINEZFNT Y ElAEGNEDET S
1971 #RE SREXRH SERE EREBRAD KUAAZZXALICE DV IHEN T HE
192 [CBRYUE T HEDAEETDANZXLICET BEIFDORHIEHRVICERSNTW
193 3728, COBRRIC OV THHAREENANZALERAZEITIEIFXTETEE Ao
194 KIRE - (HIREXRFEICRT TN ZIZ . MAHRIEICH T DREDREL. N
195 AREBREICEETIREDMREFEIT LN TIEHY E A

CDE(EP.95-99ER—I UMLK  BEHDTSCEETIIVADBRREZRARIZEDTHY FERE FELDEDICHVEWTH D,
ReferencellldZdH N 5|HINTLVELINCRP(2020)”Approaches for Integrating Information from Radiation Biology and Epidemiology
to Enhance Low-Dose Health Risk Assessment” Z50HIEL L CDOEIFHIRTARE,

3765 (301) COLE1—DEARRRERIE. BILEHELRUET L & STHEREICSH

3766 [FBREDIREIF. NADRE TOTXICALTRAEMSN TVNS I EEFBHLR
3767 WEWSEDTT,
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220 (j) Taken together, there is currently more scientific evidence from experimental and

221 epidemiological studies on low-dose and low-dose-rate biological effects of ionising radiation
222 than was available in the 1990s when the DDREF concept was developed and applied for the
223 purpose of radiological protection. In particular, continuously growing scientific evidence has
224 become available from epidemiological studies with longer follow-up periods at low-dose
225 exposures (i.e. at doses below about 100 mGy) yielding direct evidence of low-dose risk and
226 of LDEF. Comparison of risks from a number of different radiation exposed groups (exposed
227 at high dose rate and low dose rate) provide information on DREF, although there may be
228 difficulties in inferring DREF via comparison of risks derived from populations with

229 substantially different underlying cancer rates and other characteristics. There are also

230 uncertainties associated with the different radiation energies in the groups being compared,
231 which will impact on the relative carcinogenic effectiveness of the relevant exposures.

196 (j) #59 D&, DDREF OELEAREHRIHED B THAESNERINE 1990 F
197 AR LUERETIE, EFFRFAROERES SUGERERDENFHIREICRET
198 BRI JUEFHIZEN S DR FHEEMD ML U\ FF I ERERIL<
199 (TNH5. £ 100 mGy KiGDIRE) TOLY RV EHHABZH S EFHAEH S
200 . MR A BT SRIFHGEENNESN D LD ICRY ERREU RV HE LU LDEF
2071 DEENREHINESNTV D, ZHDERSBHFFHKIE<E (BREBRS LUK
202 ERTHII)DURI DR NS DREF [CET SEHRMNGESNDH EfICH
203 HARERCZDOMOFENEUSERIEENS/SNDIRIDLEENS DR
204 EF Z#m 9 2 CEISRERIZEN H D, Ko, LEBNREBDRHCHITDERDM
205 FHEIRIVF—ICEHET SHERMEEHY . CNHBET SRILDEXEIRFEN
206 MIRICHEBZS5Z 5,

-> 8752 NEEEOLLR, MG ICHELREE S S0 Mld. BEME T 2 AN KIEEMENRREL,

43



(f&am)

232 (k) While considerable uncertainties remain, the ranges of LDEF and DREF values obtained
233 here are narrower than those obtained in previous evaluations. The overall conclusion of this
234 report is that, based on current scientific evidence, an LDEF of much more than 3 is not

235 supported, and much less than 1 likewise. Similarly, it is concluded that a DREF value much
236 larger than 3 or less than 1 is also unlikely. These ranges appear largely consistent amongst
the

237 various sources of data reviewed in this report.

207 (k) HAELTHRY DARERENZDIEDD, SEB5N/zLDEFH LU DREFE
208 D&EFE L, LIEIOFHE C/ESNIZEE LW EHERO>TVET , AREED2MAEN
209 REERIL IREDRZHEINICE <& LDEFM 3% KIEIC LB 3 AT gett IHE<. 1
210 ZKIBICTEIZDETREEEEERICIEVE WS & T, E#kIC. DREFA 3% KIGIC_E[E]
211 2. F=X1ZzTEDEEEHEHEV EEmTIToNEdT, NS DEHEIE. ARES
212 TREITSNIERA R T =9V —ABE THIR—EL TV LDTY,

(BiH)
HESORAIVRERIL BEDOESDEZC DOV TOMFREILICE D <L, LDEFHKUDREFMEN LYW EER S ATREEIXE
WEWSZETT,
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238 (1) The present report provides an update of the scientific evidence that was used to derive
239 the DDREF in Publications 60 and 103 (ICRP 1991, 2007). The conclusions of this report
240 represent an important element in the process of review and revision of the System of

241 Radiological Protection launched by ICRP (Clement et al., 2021). Specifically, the results

242 described in this report will be considered in the review of the calculation scheme of
radiation

243 detriment.

213 (1) AEREE(L. Publications 605 KTU103 (ICRP 1991, 2007 )ICHLVWTDDRE
214 FZEXT57=CAVSNIZRIFREENOSRHHIBTRZIRMIHTDIENDTH D, ARG

215 Z2nfEE. ICRP(Clements. 2021) WAL ERRORELH LT
216 BEI7OCRICEVWTEERERER D, FFIC. RIREEICEH INIRBRIE K

217 FHEEEDHERFT—LDREUICHVWTEEINS,

>T100MSVELF CERFRRICLDBRRIRINMRES N NTAFEIN TV S CEZRRINRE,
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537 2.1. Definition of LDEF, DREF, and DDREF

aelir

551 p =ab + D2 (1)

552 where D is - in this example - the acute dose applied, o the
coefficient of the linear component,

553 and B the coefficient of the quadratic component.

“IHBICBHMIRITTVWS REEBZRIDIET 2D,
p=aD+ (8 D2
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Ozasan(2012)

6Z Conclusion O—2RID/INST ST
3496 acute gamma radiation doses, thought to be 3-5 Gy for healthy adults (Mole, 1984).

3497 (269) There are uncertainties associated with the dose response at low doses in the LSS. 2.5

3498 Ozasa et al. (2012) noted that the ‘estimated ERRs under 0.3 Gy were nominally higher than

3499 the best-fitting linear slope or the LQ function for either 0-2 Gy or the full dose range’ and 2.0 |
3500 they further observed that ‘it was particularly notable that the ERR/Gy estimates for linear

3501 functions calculated for various low-dose ranges showed higher values for ranges less than 1.5

3502 0.1 Gy compared to estimates obtained from higher dose ranges’. However, these findings of
3503 higher ERRs and ERR Gy-1 were not observed in the later analysis for mortality and incidence
3504 in different periods and models, but the tendency of relatively low ERRs around 0.3-0.7 Gy

ERR/Gy
o

3505 still remained (Brenner et al., 2022). Ozasa et al. discussed about the latter finding to be The 0.5 l ! -

3506 apparent upward curvature appears to be related to relatively lower than expected risks in the I * + t Full rangd

3507 dose range 0.3 - 0.7 Gy, a finding without a current explanation.” and this question is still 0.0

3508 unsolved.

3473 (269) LSSICH I} B &M B CORBRISICIEITRENNS 3. Ozasa>(2012) 1% -0.5

3474 T 0.3 Gy REBEDHEERRIE, 0~2 GyFIFFBHEEDOV\ITNICHNTE BE 0.01 0.1 1

3475 BEIDEHRAUREZIILQEKKIVERB LEh oz &iEREL. TSICRL2 R Colon dose (Gy)

3476 {EiRSEHE CETE N EREMOMERR/GyHEE L. SIFEEFENSFONIHE NIG. 5. Eoiciied wekitict ik e Gy (ERIIG3) 6 ol sod e

3477 BEEHEUT. 0.1 Gy RBOHE TEWMEZ RUZCEWRISEBICET D 1&1E for selected dose ranges. The figure shows the ER R/Gy and 95% CI
(Ozasa et al. 201 2, 02350)%”5@) for a dose range from zero to a given dose based on the linear model

3478 LTI, UL, SNSOBUERRBSUERRDIRI, TORORL SIS B e P e Aot

3479 J:U:E?')M:Blj’%%tchj:U’Té%g@ﬁg*ﬁ—(Ig:\ Gy -1 ’éﬁi%gﬁl?i%%ﬂ@b‘?f&%@@\ iius‘(' l.ll]:.'\‘\‘ 'Ihl' II\Lt;l'.‘I\(':i ERRX }t\ in the lm\l-.dnxi' levels less than

3480 0.3~0.7 Gy {j‘ﬁ’f*ﬁj‘jﬂ’g]:{&b\ ERR G)ﬁErE_][j:'ﬁk%t bfﬁ%j’(b\f&(Brenner et al_ , ZOZZ)OOZasa et al_ (;?&% 0.1 Gy corresponds to the estimates of ERR higher than the expected

linear line in Fig. 4,

3481 OHFRIZDWVWT., [COBESHVR EREEDZE/IE. 0.3~0.7 Gy DIFE&EHECHIT

3482 2RI FRERLVELEFMBEVWC EICEREL TV RS ICEBONE M, /ST

3483 [FEBANDONVRVWIRE TH DI EHU THY . CORREERIZEBRINTLVRL,
(Ozasa et al. 2012, p.238M5IA)
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BTN TL\S(0zasa et al. 2012, p.235)DaEIEDINST ST

SEREEDEICH TRVEFNBELSEALEN, REREE0~2GYISRET 3L, #
SHIICEER L ABIMA BTN (6= 0.81, P =0.02) (6 HLUET), 0~ 2GyDFHA
CHIT B BRIFBEOMBE EBICH<RY, 1950~1985ENHMTIEO= 0.20TH>ED
[CXfL. 1950~2003FIC(F0.81&7%Y . BRIHARN RS EBICONTHERICE D72 (RT),

UL Lah'5, 0.3 GYFREDHEERRIE B4ND0~2 GyHFUEREBLHBED L\ TNICHEVTE &S
BRI DERDIESTIEILQESRLIYERB LEN O RRELNIVTIUR W EEEERIEEICTS
0.2 GYICEIRZERF D 2RRA T 51 VKIS, LQBEH LY EBRICEBNIES M ZRMULN 72 (P =
0.16) . FITEHITARE(E A MERESHLE CHE SN ERBEBOERR/Gy#EEN. LUSRE
HHENSTBONTHEMEELLELU T, 0.1 GyREDEFH CTEWMEZRLZCETHD(K5),

IS5 (EREBLEDIEZ IIEREL NIV LY EROHN TIIEN o7 (BiEHEE: DTRUEIIFELT
2E7R) o ZEIENAICHE VW TERFERRZ RULRIERESHHE(L0~0.20Gy T, #EERR/GyI
0.56(95% /XM :0.15~1.04. P=0.01)T&HY. 74,444 A\D'ZEN. BHAICL BT
9,063 A TU%, 0~0.18GyD#F Tld. ERR/GyIF0.43(95% 5% X~ 0.0047~0.91,
P=0.052)T&Y.ETIE8,920 AL (H5), MRERMEDHRALEHEEIXO.0GY (TR EREHE
RL)THY EBRER/IMEICK D THEEINIZI5%ERERE D LRIZ0.15Gy TH o7z,

—>2GyRalCRETDELQETNDH TIRUDNRIFESDM Fig.5 [CHDLIICHRENK
WH D FIVICREL TE R IBRBDEHNNE <GB EFBL BHEIFRTEDITHDEWVNDD

iR, CDER D ZFRA U T X EF TOERZEMMT D EICLI DT AERTHDHEVWSHIR

E5ZATW5,

Ozasas(2012)

2.5

2.0

1.5
1.0 ’ 1
0.5 ’

0.0

ERR/Gy

]
* + Full range

-0.5
0.01 0.1 1
Colon dose (Gy)

FIG. 5. Excess relative risk per Gy (ERR/Gy) for all solid cancer

for selected dose ranges. The figure shows the ERR/Gy and 95% CI
for a dose range from zero 1o a given dose based on the linear model

for the full data that allowed for different ERRs below and above the
given dose and aking radiation effect modifiers as common to the two
dose ranges. The increased ERR/Gy in the low-dose levels less than
0.1 Gy corresponds to the estimates of ERR higher than the expected
linear line in Fig. 4,
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data reviewed. The overall conclusion of this report is that, based on current scientific evidence, an LDEF of much greater than 3 are not supported, and much less than 1 likewise. Similarly, it is concluded that a
DREF value much larger than 3 or less than 1 is also unlikely.

B Draft Document: Scientific Evidence Relevant to the Assessment of Solid Cancer Radiation Risk at Low Dose and Low Dose Rate

Submit your comment before: June 13, 2025

Comments must be submitted in Excel format using this template

Name Email
Name Email

Organisation

| am replying on behalf of my organisation

A

v Organisation

Upload comment file (in Excel format)

Z7AIWEER | 77 A ILRFER

Image verification | .0

Image verification E‘:%ﬂ__\t\_ ;hv-( L \ 5 %%é_: ljj
51w LT s~ B2

Comments

https://www.icrp.org/consultation.asp?id=AABD4A34-8877-4A67-8F88-0CCT192C8AC29

55


https://www.icrp.org/consultation.asp?id=AABD4A34-8877-4A67-8F88-0CC192C8AC29

W2025/6/5 15:00FRTOREE

Comments

Name Organisation
View | Muneyoshi Satou on behalf of Radiation Management Committee, The Federation of Electric Power Con
View | Hamid Osman as an individual Radiologic Sciences, college of Applied Medical Sciences, Taif University
View | Surega A on behalf of Tamilnadu Government Multi Super Specialty Hospital, Chennai, India
View | Bogalech Kejela as an individual Ethiopian Technology Authority

https://www.icrp.org/consultation.asp?id=AABD4A34-8877-4A67-8F88-0CC192C8AC29 56


https://www.icrp.org/consultation.asp?id=AABD4A34-8877-4A67-8F88-0CC192C8AC29

B SROVIES—TFE(BHERE. ABDIEH)
B ERRTORRIREICDOWNT
B HREEOHEHFIEDIRS

B UNSCEAR HMEHREEEEDHRESE (DA BIREFR. HER)
B 6/16-20 DGeneral assembly T&EER?

B/ TDAIRI S
B7/19 F# HRER-ZHFvINR) £IILR—)UEHE (7/18I1FERL)
B BEHRHEDRFEILTA—5L N TUYRARUE
B 10A CHEZ KIBHAEH (ERILEmD7?)

57



FRIXSZ I FR

B Clement et al. (2021) Keeping the ICRP recommendations fit for purpose. J Radiol Prot https://www.ncbi.nlm.nih.gov/pubmed/34284364

@ Grant, E. J., A. Brenner, H. Sugiyama, R. Sakata, A. Sadakane, M. Utada, E. K. Cahoon, C. M. Milder, M. Soda, H. M. Cullings, D. L. Preston, K.
Mabuchi, and K. Ozasa (2017), "Solid Cancer Incidence among the Life Span Study of Atomic Bomb Survivors: 1958-2009,” Radiat Res.

®ICRP (1991a), "ICRP Publication 60: 1990 EEBEHRHEZESND1990FEHFrecommendations of the International Commission on Radiological
Protection,” https://www.icrp.org/docs/p60_japanese.pdf.

®---- (1991b), "ICRP Publication 60: 1990 Recommendations of the International Commission on Radiological Protection,” Ann. ICRP, 21 (1-3).

®---- (2005), ICRP Publication 99 MEHREREEMN A XV DIEFEADE. (Publication 99 Low-dose Extrapolation of Radiation-related Cancer Risk.D&]
5R): https://www.icrp.org/docs/P99 Japanese.pdf.

(2007), ICRP 103 EEHEHEMHEZESD2007FE&E: Keiichi AKAHANE et al.(3R) ICRP#I&SEERIRSAIEZES (BER)BAT71Y —"1%2.2009F( https://
www.icrp.org/docs/P103 Japanese.pdf 2024/2/28 access).

®---- (2025), "Scientific Evidence Relevant to the Assessment of Solid Cancer Radiation Risk at Low Dose and Low Dose Rate.”

BNCRP (2018), Commentary No. 27 - Implications of Recent Epidemiologic Studies for the Linear-Nonthreshold Model and Radiation Protection:
NCRP.

@ Ozasa, Kotaro, Yukiko Shimizu, Akihiko Suyama, Fumiyoshi Kasagi, Midori Soda, Eric J. Grant, Ritsu Sakata, Hiromi Sugiyama, and Kazunori
Kodama (2012), "Studies of the Mortality of Atomic Bomb Survivors, Report 14, 1950-2003: An Overview of Cancer and Noncancer Diseases,”
Radiation Research, 177 (3), 229-43.

@ Richardson, D. B., K. Leuraud, D. Laurier, M. Gillies, R. Haylock, K. Kelly-Reif, S. Bertke, R. D. Daniels, I. Thierry-Chef, M. Moissonnier, A.
Kesminiene, and M. K. Schubauer-Berigan (2023), "Cancer Mortality after Low Dose Exposure to Ionising Radiation in Workers in France, the
United Kingdom, and the United States (Inworks): Cohort Study,” BMJ, 382, e074520.

® Ruhm, Werner (2015), "Dose Rate Effects in Radiation Bioloty and Radiation Protection,” in Third International Symposium on the System of
Radiological Protection https://www.icrp.org/docs/icrp2015/25%20Werner%20Ruhm%202015.pdf. Seoul, Korea.

® Schonfeld, S. J., L. Y. Krestinina, S. Epifanova, M. O. Degteva, A. V. Akleyev, and D. L. Preston (2013), "Solid Cancer Mortality in the Techa River
Cohort (1950-200%7),” Radiation Research, 179 (2), 183-89.

@ BEIR National Research Low Levels of Ionizing Radiation, and Health Council On Environmental (2006), "Health Risks from Exposure to Low
Levels of Ionizing Radiation: Beir Vii Phase 2.”

.E;.JHF?XE{@(?E (2022), "ICRP #&EeCEICmITTOEIM,” in 2022F6A28H REVIEZE=PET Y3 https://www.jhps.or.jp/upimg/files/20206 28-ICRPEIETNE

A.pdf.

58


https://www.ncbi.nlm.nih.gov/pubmed/34284364

