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Epidemiological studies — low dose effects
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6.1. F#X

Introduction

AREDOBER : EIREXNR(LDEF)DHETFE DIz b DIEIRIEM
> (EREI E SRBIICH 1T BREBRUMAZ DILRIC L DIETE

KEOANS
1. RERICOFAKRICEAT I3EENTET > ADL E1—(6.2)

2. LSST—HABEIM > NNASMIBIDIFEERIGHZEDETE (6.3)

3. EEVYXTTA (6.4)
B SSH\SEESNIEREZRETI)ILZE(,
m NEO—MRERITH U, UNSCEAR2006D )7 JO—FZEAL T,
m REID (MEHRE (S < (CERT DBEFIFET L X D), YLLFmiiE) Z5tE
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UNIVERSITY
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=
LDEF & BFHEZR D EE1% =

LDEF: The ratio of the slope of a linear extrapolation at a certain dose of an LQ dose—response curve for
acute exposure, and the slope of the linear component of this model.

[ 2R < DLQIRERIED HDIREDMEICH T DRIMEDES & RLEDMESZ dtt] (Ruhm et al., [JRB 2015)

A

LQ dose-response:
Sy =slope of a linear

extrapolation at d & ppp_ g + Bd?

ERR =a+ pd yd

LDEF, =22 =1+%4

SL
S;=slope of linear component
/ e
>
0 d Dose
HZEB/a)>0 > LDEF, > 1 KURUME o
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6.2. ¥ FERIGHARCETAIRENITET>X

Scientific evidence on shape of dose response from epidemiological studies

[RIRIRIRE LSS FT

BEDRUE, LSSHAT —45 DIRERIHBEMRIHRZEME/SR UEST LR
EATEFRONKINWE=NTE Tz (AR, IFBREEEEZFR)

RIT(C78D C, ZEIENAICEWTIRERIGD LG EMZ RE (KE)
B EERTIE, BECHSULTDH (Grant et al., 2017)
m JETERTI(E, BLZEEI(C (Brenner et al., 2022)

3R (CE2E 9 DB DFFHIR DM (Cologne et al., 2019)
B W DODDEMUIDBRIN > ERRIEEAE (C(FFZE (IR, FRERIGDAZR (CR2E
B ENEFOEHONDEMIL : /AR, B8, FIRIR, &, IERMEEREE
m BA2DNRADI\Y DTS REOAG— IR (CR2E ?
B ["REENAKDERABMIOBY/RTIL—T D FICE DK U X TFHmMNFER UL

&R DERMNABMLICEE T DLSST —I NS (E, LI NOEMLTER T L&
E) EIRERICDIRIEN S DR (SERHSNT

KURUME =
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N = == *
LSSEIEIAZNY AU(1958-2009): HRERITHETE 305 Tl < #7088 TOERR)

%tg 'IEI = \—I—

A Female Mortality Dose Response B Female Incidence Dose Response

Female

T T T T T T T T

0 1 2 3 0 1 2 3
Weighted colon dose (Gy) Weighted colon dose (Gy)
o4 Male Mortality Dose Response D Male Incidence Dose Response
2.5 254
24 2

Male

-
ﬂ———
S

“P=0.001

1 2 1 2
Weighted colon dose (Gy) Weighted colon dose (Gy)

FIG. 2. All solid cancer mortality and incidence dose responses for males and females (full dose range) in the LSS, 1958-2009. Shown are
categorical excess relative risk (ERR) points (black circles), fitted linear-quadratic (thick-black solid lines) and linear dose-response functions
(thick-gray dashed lines), and nonparametric smoothed estimates (thin-gray solid lines) with pointwise 95% confidence intervals (thin-gray dashed
lines) for females (panels A and B) and males (panels C and D). The ERR are shown for subjects at attained age 70 after exposure at age 30 years.

URUME
or~VERSITY

Figure 2. Brenner et al., Radiat Res 2022



IEEEHE——————————
6.2. IRERICHARICEA I DRIFHN I ET 2 X(2)

100mSvEL T OIETHRELEN AL XD

B Oxford Survey of Childhood Cancers (OSCC):
=B /J\Ij%b\‘/u,%\%@j(%ﬁ¢ﬁﬁﬁwu;(‘jﬁ?\:'jﬁﬂjj-f(Sfewor'r et al.,, 1956)
n BBHFERAXREE S (CRDINAIRDRE (LsSRERHE < 3T & (EIXTERRY)

B INWORKS
B FRINEFIVEEZDOKRIMET —)LEENT (Richardson et al., 2015, 2023)
B KHR=(0-50mGy/R E)ICRTE UIEFETICHBVWTEBERBEID XD

B LSSEREFZN ATE B SZERAT
B 0-100mGy[CHWVWTEHERYU XD (Grant et al., 2017)
m /NBEIRIE S DBIRIENA U RO DT —) LT

m /NBHERCHRIE < Uz 9 O/R— bDT —)LEEAT (Lubin et al, 2017)
B 0-200mGyDH T DIBERMIRERIT, FRAZIEN S DIRAE U

. ASEEMT
B FHHERE<100mGyD26AFTTHN SBERIREIFZH AEE] L X 2 (Hauptmann et al., 2020)
m /NEERR (S < <100mGy : BHCNS,BRIRBRNY A, BINJRDIEE] ) X T (Little et al, 2022)

W “... growing evidence for doses below 100 mGy” (Ruhm et al., 2022)



INWORKS *
Table 2 | Estimates of excess relative rate (ERR) per Gy for death due to specific outcome
categories in INWORKS
Category Deaths ERR per Gy* (90% CI)
All cancer 31009 0.53 (0.30to 0.77)
Solid cancer 28083 0.52 (0,27 to OF7)
Solid cancer other than lung 19823 0.46 (018 to 0.7 &)
Chronic u:ul:u*'lrun:twe pulmonary disease 4205 0.12 [-0.43 to 0.68)
[ Richardson et al., BMJ 2023
SR, BIFED A, i A S i
2N ABRE R G
%< B A, WINEER 16
JRERR /Gy 2
\ ' 14
BEIAZHAVERR /Gy=0.52 &
1.2 ]
A DA DB HEE (L )
B i AZBRVLTHEERRIEIAEL 10 =
ab%?
S RIZE 4 fhyR B (COPD)DERR 08,60 300 300 40 S0 &0 900

(i/J\é<ﬁﬁ_C(a*72LL\

Cumulative dose (mGy)
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==
6.2 ¥ FERIGHRCE T ARIERN T EST > Z(3)
BIENRUSTUMEDE R
B BEFAUXINBERSNRERU T (CH1F3 U=, VEDTIEE M,

hormeticBZZE (C DU\ T ORIZEIZR AN IR T T E /T (Little et al 2009,
Tubiana et al 2009, Doss et al 2014)

ZD—73, BRI X TH 100mGy Kifli, =5(C(F 20mGyKRid(CE TIET T
D EVDEFEDN, EYIFENT EF>XEHS5ND (lLittle et al., 2009, Doss
et al., 2014)

LSS T —H [CED BN AL T DEFTMNS(Z, LSV MERNERDBAFER
TEF> XIFESINTULVRU \(Little and Muirhead, 1996, 1997, 1998, 2004;
Pierce and Preston, 2000)

KURUME =

UNIVERSITY
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.
6.3. LSS FETRFT — 4~ DHIZRERT(1

Analysis of curvature in LSS mortality data

B |SSFETZE T — S (Report 14; 1950-2003)% FV RS SUSHIROHETE
m 2EEMNA, BKY, BMIBINA (RLE, #&hE, FTiE, b, 8)

n WIE <O SO, #IE < By, EZE i, &6, 145!, it _CIhEED
T, SREGREFRER) CHRIZE

B ARV FEEKRDFE + FHZIRIEEERRTET )L

2 —
PY A, [1 +(aD+ D7 )exp[oD+ y(e—30)+y,In(a/70)+ y,1___ ﬁ,,,,m]] (3)
11 1 1 1 1
NEH N—25A> #38 WIE < BELEm b
(&3]

" LDEF;=1+%d
2R = L.Q READLEB/a> 0 > LDEF>1 EEX BND

KURUME =
UNIVERSITY
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6.3. LSS FET-RFT—4S D

SRAEAT(2)

m PREEH(CHUT, DI HVRBAZRDIKERDFH (Table 5)
m 2E, #&E, 8 ¢ EAEROIMES, % < (FBETI(E/RU\(p>0.05)
B SR T LEAERGIAELSTHEECS0 (p<0.05)5, CIL < BUEM (CRETE
m MHELE, AHE, At 0 TAEEROIMEEERE TRV (p>0.05)

n fREHHZ0-2Gy [CHIRT D &, ISR (F K DTN D(BLIS) (Table 6)

B 2EEAEERLEAADEM (p<0.05)

B B: FTHHZXROIMEERRTIERU\(p>0.4)

n BLRICHITIHZE (Table 7)

KURUME =

UNIVERSITY
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=
LSSEIFENNAFETER, LQET)UICKBIRERIGHETE

Table 5 RS E0H
Cancer Linear-quadratic model ERR/Gy (+95% CI) P""ﬂll‘;:aﬂ_mﬁaf' Lvs LQ
_ — quadratic vs
type Linear term Quadratic/linear term linear) LRTD PﬁE
All solhid 0.233 (0.121, 0.380) 0.105 (-0.087. 0.544) 0.362
Emmlf 1.155 (0.355. 2.425) -0.102 (-0.256°, 0.200) 0.330
reast
Colon 0.055 (-0.254" 0.364%) 1.787 (-10.536° 14.107%) 0.024
Liver 0.380 (-0.066", 0.987) -0.093 (-0.462%, 0.275%) 0.721
Lung 0474 (0.155.0.941) -0.099 (-0.312_ 0.376) 0480
Stomach 0.121 (-0.064% 0.374) 0081 (-02232 3957) 0.749
Table 6 0-2Gy
] Lmear-quadratic model ERR/Gy (+95% CI) p-value (linear-
Cancer .
_ — quadratic vs
type Linear term Quadratic/linear term linear)
All solid 0.159 (0.025. 0.332) 0.809 (0.080. 8.571) 0.017
Female 0.584 (-0.285, 2.150) 0.760 (-0.220, 3.040%) 0.261
breast
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) 03300242 1 553%) 0.430 KURUME &

N Stomach 0207 (-0.115%,0.614)  -0.251 (-0.684%, 3.027) 0.483 UNIVERSITY #5%




.
LSSEFEN ATETE, LQETILICLDMERICHETE (Bih!)

Table 7 0-2 Gy EHREFEH

Organ 0-2 Gv organ dose Unlimited (0-4 Gv)
Endpont dose linear coefficient quadratic coefficient p- linear coefficient quadratic coefficient p-

used (/Gy) (Gy?) value® (/Gy) (/Gy") value®
;‘:;E];‘:Hd CACEL Colon 0.032(-0.265,0.342)  0.287(0.033.0548) . 0.267(0.036.0.508)  0.028 (-0.107.0.168) o
}t]j;?id CAMEEL Colon 0.416 (0.086.0.761)  0.206 (-0.091.0510) 0.481(0.214.0.758)  0.130(-0.045.0311)
El‘f&‘;? caneet Colon  -0.442(-1.569.0.924)  0.564 (-0.447.1.688) 1. 10.552(-1430,0.525)  0.671(0.057.1363) 135
gii‘fe‘:am“ Colon  -0.661(-1.773,0.673) 0790 (-0382,2011) o« -0.905 (-1.754,0.085)  1.084(0.390. 1.879) | .\
E;E‘;”m“ Liver 0141 (-0.586,0.948)  0.277(-0.352,0933) . 0.590 (0.057. 1.134%)  -0.163 (-0.418°0.133) -
E;;Z"l:;‘““" Liver 0.117 (-0.696, 1.041)  0.228 (:0.501. 1.021) 0247 (-0415,0.997)  0.133(-0.267°.0.581) | ..,
I:l‘;‘lli‘:ﬂ“c“ Lung 0.180 (-0.518,0.956) ~ 0.232(-0.351.0.838) 0511 (0.000, 1.076)  -0.079 (-0.328" 0.198) .,
E:fl:jm“ Lung 0965 (-0.043,2.127)  0.191(-0.674.1.081) o 1.261(0.439.2.187)  -0.116 (-0.565%,0.376) ..
i;;’]‘::':h CIMCT Stomach  -0.087 (-0.565,0421)  0.238 (-0.158. 0.662) 0945 0.095 (-0.243,0459)  0.020(-0.156,0215) | ooo
?;E;:ﬁh CHCT Stomach  0.553 (-0.066, 1.220)  -0.124 (-0.659. 0.432) 0656 0305 (-0.151,0.801)  0.137(-0.132,0433) ..o

m BLplCHITHZE
B 2EEAA  BRFIE A (p=0.027) DA N4 (p=0.176)K D Ba#E L MEE]

m &G SRS H (CH VT LEASRIRIE(E L EE(Cp<0.05)

B 0-2GylCHWVT, FEAEDTI Y RIRAM> M TELZEEIC—E U EAZERD
Il (ME—DHISNIZIES)
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6.4. UNSCEARY J O —F DT EHk

Update of UNSCEAR Approach

B UNSCEAR2006(W A EEF ) CTERSNZEU X OFR77 00—

F(Little et al. 2008)7% LSS FET_RF—4~ (CEA L, IRTEDRES

=

Ul

(CDUWWTEIFED XD(REID; HXSHHRECA; %Uﬁlityﬁl)fa‘: 1A

2EHZ, g, BASMILAT, 8, LB, €D (CDULWTU X TETE
LSS IBFTEART : 2000-20034F, #R=HETEAE | DSO2RT

ERR, EAR : LQET)L +22E4E8m (4RI, 1 (L < By eeiin, #2(d < B D)
RA X)L TEHEHES T H)LOMCMC)EZ AWV TIRERE T A%

B “Such errors can have a significant influence on the shape of the dose-response relationship,
and other uncertainties” [NCRP Commentary 34, 2024]

IHT(30-3Gy(CHIPE
REIDEYLLICDULTCETE

Little et al. (Rad Res 2020) "5 DFER =5 FH
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increase occurring in the interval from 0.1 to 1.0 Gy. For
circulatory disease, the dose-response curvature was inverse,
so that risk per unit dose was nearly halved by going from
0.01 t o 1.0 Gy weighted absorbed dose, although there were
substantial uncertainties. In general, there were higher
radiation risks for females compared to males. This was true
for solid cancer and circulatory disease overall, as well as for
lung, breast, stomach and the group of other solid cancers,
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.
REID (BREEFCEIERIFET L X D)

Risk of Exposure Induced Death

® 3% CHRED(CHEIE < UTZMHERISD AD ytim K TICHRETHR
RN ACIC KDIETE(BALREDTIZD)

aimk C Dt E < DRI sDtmBF DM ACDIET R

120&&(?%5 .
-ulf }D - -r 'S :"f 'D dr 3
JluttlaD)-p @Ol S,GlaD)dr s

REID (s,a,D,) ="~ 5 R DN AR X2

t

j 4 (s,t)-[RR (s.a,t —a,D,)—1] exp{—[y(s, W)+ (5,w)-[RR (s.a,w—a.,D,) —l]a‘w} dt
D,

AR SRR E TOMRIsDAETFE

S(s.t|a)= exp{—f,u{s.w}fm’} sta<t

n URUETIVERERIG, 22885, ERR or EAR),
B KIS FUAGRE, BRI < BdEun, [4£, =A%)
B HREBEROR— RS REFEER CEOTRIBD, . s

UNIVERSITY
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YLL (FFonFgiia)

Years of Life Lost

B aimk CirEDICHIE < UEIZE EHRIE < ULRRWVLSE DR
sOYIFaDE (BAMF=EHTD)

jsmlam jS{suamd:
YLL (s.a.D,)=-*

Df

[ ]
KURUME
UNIVERSITY
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6.4. UNSCEAR 77 O—F D=3 BIR

6.4.2. #&R
n REOEFTOERH ARED(x100; Gy') 0-3Gy (Table 8)
B REID@O0.01Gy > 3.57/GyX100(95%BCl:0.70, 6.81) ) \
BN BB FEE
E REID@O.1Gy > 3.88/GyX100(95%BCl:1.17, 6.97) S |
E REID@ 1Gy > 6.59/Gy X 100(95% BCl:4.82, 8.46)

B 2EEHNAUICENT, BERLEAZER: LQEIZR(B/a)=1.04(95%BCl: 0.17,6.14)
> LDEF@1Gy|d212E

= I, B, HAECSV T, ARRBHMEREENT (K@, BOOLERH

B BREREEXEHBEDOEERNA XD (Table 9)
B 0-3Gy, 0-2Gy C(IHiSRiEE,
B DIREETE0-4Gy TIFHVRDIET (BIREEI(CTmEE0OrER)

B SIR=EE(>3Gy) Ciandh SN T AEMIL, 258, EIROSFZEXRIRL TL\BH]
BETE (RS > YHR=E0D & MEEHEFGERRE (LD50) (CIE U 8D)

KURUME =
UNIVERSITY
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FEH AT FEJ XD

0-3Gy(CHB T DERIBEERR /EARET)LIC KD FAI

Table 8 (England and Wales)

REID YLL
. ] ey Radiation exposure-
E'I?é;;z;m mortality Model (Tg;r} dose induced deaths / Gy (x  Years life lost/ Gy (95% BCI)
10%) (95% BCI
0.01 3.57(0.70, 6.81) 0.50(0.10, 0.94)
Relative rate 0.1 3.88(1.17,6.97) 0.55(0.17.0.906)
. ) 1 6.59 (4.82, 8.46) 0.96 (0.76, 1.18
All solid cancer 0.01 3.11 (-0.13. 6.51) 0.43 E-o.oz. 0.87))
Absolute rate 0.1 3.56 (0.54, 6.78) 0.49 (0.08. 0.91)
1 7.51 (5.61, 9.50) 1.08 (0.85, 1.32)
0.01 2.57(0.40, 5.09) 0.32 (0.05. 0.62)
Relative rate 0.1 2.61(0.55, 5.02) 0.33(0.07.0.61)
I une cancer 1 2.99 (1.66. 4.53) 0.38 (0.23. 0.55)
: 0.01 1.58 (-0.36. 4.07) 0.15 (-0.04. 0.36)
Absolute rate 0.1 1.65 (-0.17. 4.03) 0.16 (-0.02, 0.36)
1 2.25(0.86.4.14) 0.22 (0.09.0.37)
0.01 0.09 (-0.02. 0.26) 0.01 (0.00. 0.03)
Relative rate 0.1 0.09 (-0.01. 0.26) 0.01 (0.00. 0.03)
Stomach cancer 1 0.11 (0.03. 0.26) 0.01 (0.01,0.03)
0.01 0.54 (-0.33. 1.47) 0.09 (-0.05, 0.23)
Absolute rate 0.1 0.58 (-0.23. 1.45) 0.10(-0.04.0 23)
1 0.90 (0.38. 1.58) 0.15(0.07.0.24)
0.01 2.03(0.49, 4.94) 0.31 (0.09. .6"’)
Relative rate 0.1 2.01 (0.53. 4.80) 0.31(0.10. 0.61)
Breast cancer 1 1.87 (0.72. 3.82) 0.30(0.16.0.50)
0.01 0.91 (0.30. 1.76) 0.14 (0.05.0.24)
Absolute rate 0.1 0.90 (0.32, 1.‘73) 0.14 (0.06. 0.23)
1 0.87 (0.46. 1.50) 0.14 (0.09.0.20)
0.01 0.22 (-1.56, 2.23) 0.03 (-0.25. 0.34)
.+ Relative rate 0.1 0.48 (-1.17. 2.38) 0.08 (-0.19, 0.36)
:»;(1:1113?11113 “’E:;Zl 1 2.93 (1.76. 4.38) 0.48 (0.32. 0.64)
stomach breast 0.01 -0.52 (-2.75. 1.94) -0.08 (-0.39. 0.27) LSJM\E( ¢
’ Absolute rate 0.1 -0.13(-2.21,2.21) -0.02 (-0.32. 0.30)
1 3.57(2.15.5.22) 0.53(0.36.0.71




PRERIENATET FEUXD
0-2Gy, 0-3Gy, 0-4Gy(C BT BDFRBEERRETILIC KD FHI

REID

(England and Wales)

YLL

Excess deaths / Gy
(x 10%) (95% BCI)

Radiation exposure-
induced deaths / Gy
(x 10%) (95% BCI)

Years life lost/ Gy

(95% BCT)

Years life lost /
radiation induced
death (years) (95%
BCT)

2.62 (-0.19. 5.68)
2.95 (0.33. 5.82)
5.80 (4.13. 7.68)
2.95 (0.58. 5.66)
3.21 (0.97. 5.79)

3.17 (-0.24. 6.85)
3.57 (0.41.7.01)
7.03 (5.03.9.28)
3.57(0.70. 6.81)

3.88 (1.17. 6.97)

0.44 (-0.04. 0.93)
0.50 (0.06. 0.95)
1.02 (0.79. 1.27)
0.50 (0.10. 0.94)
0.55 (0.17. 0.96)

14.18 (12.34, 16.23)
14.20 (12.37. 16.24)
14.67 (12.97. 16.62)
14.25 (12.63. 16.15)
14.28 (12.66. 16.16)

Table 9
Unadjusted.
untruncated Test
colon dose dose
limit used (Gy)
for analysis

0.01
<2 Gy 0.1
1
. 0.01
=3 Gy 0.1
1
0.01
<4 Gy 0.1
1

5.44 (3.96, 7.01)
5.08 (2.63. 7.90)
5.13 (2.82. 7.79)
5.54 (4.07. 7.15)

6.59 (4.82. 8.46)

6.14 (3.19.9.52)

6.20 (3.41. 9.40)
6.72 (4.96. 8.64)

0.96 (0.76. 1.18)
0.86 (0.46. 1.28)
0.87 (0.50. 1.26)
0.97 (0.77. 1.19)

14.69 (13.18. 16.51)
14.07 (12.48. 15.92)
14.10 (12.53. 15.94)
14.52 (13.04. 16.30)

TS )VEEDOFEEA VNI E, FERISIE S (CER.
BRHR=EHED X J(/Gy) (HMELIRD

B 0.1Gy & BB U C1Gy TDREID(/Gy)lE
B 0-4Gy: 10%I2EED_LH (6.20 2 6.72)
B 0-3Gy: 70%t2E D _LF (3.88 2 6.59)

KURUME =
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6.4. UNSCEAR 77 O—F D=3 BIR

6.4.2. FER(Fe )

B RO E (Little and Homada, Rad Res 2022) T, LSSDIET-EKFT — 4 (1950-
2003) E BN ATEEZT —4(1958-2009)(CXF T BL/LIQETILIC K DIEIRE
AME{ZREL(LDER) D BRIV (CFHI SN

B SRR IR, A, B, LALLM DOEFEH A" > BE7RALDEF(p<0.05)

m 2EIFH A LDEF= 1.273(95%Cl: 0.913, 2.182)
m i, B, ANAZRSEERD A" LDEF=2.183(95%Cl: 1.090, >100)
m HIN7A: LDEF=11.447(95% Cl: 2.390, >100)
 BEHA: LDEF=1.077(95%Cl: 0.526, >100)
m fiht A, TWHEELHY A LDEF< 1

= 'ftﬁn,u\%‘_—(:
m 2EFH A LDEF=1.186(95% Cl: 0.942, 1.626)
B FRIEMA LDEF=1.298(95% CI <0, 7.723)
m fh A LDEF=0.842(95% ClI 0.344, >100)

KURUME =
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\Low-Dose Extrapolation Factors Implied by Mortality and

Incidence Data from the Japanese Atomic Bomb Survivor Life
Span Study Data LSSFET - TREBT — I N SRIE S BLDEF

Mark P. Little2.!, Nobuyuki HamadaP
2Radiation Epidemiology Branch, National Cancer Institute, Bethesda, Maryland 20892-9778

®Biology and Environmental Chemistry Division, Sustainable System Research Laboratory,
Central Research Institute of Electric Power Industry (CRIEPI), 2-11-1 lwado-kita, Komae, Tokyo
201-8511, Japan

Abstract

Assessment of the effect of low dose and low-dose-rate exposure depends critically on
extrapolation from groups exposed at high dose and high-dose rates such as the Japanese

atomic bomb survivor data. and has often been achieved via application of a dose and dose-rate
effectiveness factor (DDREF). An important component of DDREEF is the factor determining the
effect of extrapolation of dose. the so-called low-dose extrapolation factor (LDEF). To assess

LDEF models linear (or linear quadratic) in dose are often fitted. In this report LDEF is assessed
22



s
LSSFET_ZRF —(1950-2003)/N S DLDEFHETEE  (Little and Hamada, Rad Res 2022)

Linear model Linear-guad ratic model

Endpoint ERR/Gy (+95% CI)  FRR/Gy (+95% C1)  ERR/Gy! (+95%CI) P value” LDEF (+95% CI)

Under 3 Gy colon dose, all years of fol lowe-up (19502003 ), adjusted for sex, age at eoposure, attained a,y:"l?

. [ 0,608 {0,395, 0.864) 0.477(0.247, 0.792) 0084 {—00042, 0.224) 0186 1.273 (0913, 2.182)
All solid cancer
c 0614 {0158, L507) 0.761 {0,180, 2.006) =008 (0433, 0L172) 0.459 0 806 (0,313, 1. 760
Lung
. d 053600280, 0.B56) 0497 (0019, 1L.047) 0,024 (0236, 0.3049) 0.854 1.O77 (05246, =100)
Stomach ' \ {
. & 2R18{1.382, 4.543) 2964 (1.142, 5.553) =0.096 (—0.B89, 0930) 0.826 0.951 (0578, 2.365)
Female hreast
i i - 2183 (L0990, =10
All solid excluding lung, stnmﬂi:h,hrcﬁ.stb 0.790{0.459, 1.214) 0.362 (—0.024, 0.882) 0282{0.031, 0.613) 0.027 a0 W1
. 4.655(2.590, 7.893) 0,407 {(—L635, 2.352) 343001708, 6.339) <1001 11.447 (2,390, = 100)
Leukemia
) ) . 5 —(.05 5
AJI{:ITLWJle’}'dIscﬂ.S:" 01500049, 0.293) O 148 (0038, 0.343) 00002 {(—0,059, 0.061) 0953 1019 (<0, 2_3”']#

Under 3 Gy colon dose, later follow-up { 19612003 ), unadjusted

- . 5 -4 - _ - -
Al solid cancer® 0,537 (0.430, 0,652)  0459(0.254, 0.673)  0.054(~0.069, 0.180) 0394 1170 (0,835, 1.966)
Lung® 0,694 (0,436, LO04)  0.853(0.354, 1409)  —0.097 (-0.348,0.173) 0471 0.814 (0,525, 1.593)
- 2 - = )
stomach 0308 (0,144, 0.501)  0206(-0.118 0.558)  0.062(~0.111, 0.249)  0.490 1.500 (0,550, = 100)
[ ]
KURUME
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RERF(C K DE#HT(Brenner et al. ,2022)' 515 5N DFER S DLLE(REIFHA)
B 2AREY(EUVDY, Brenner SDFER DM OE U MEM LDEF(E>17Z27RIZ,
B FEERBRXUBEMEEBR(CDVTI(E, HREEH (TS, LDEF>2
B ZMHEHESRLDEF (IR (1.14)1, (BRARZEEE] (0-2Gy) TIEZDE K 1IRD (1.35)

Sex Linear model ERR/Gy  Linear-gquadratic model linear ERRE/'Gy  LDEF

Mortahity data
Full (04 Gy) dose range
Males 0.28 0.10 280
Females 0.60 028 214
Dose range (-2 Gv
Males 0.27 0.03 540
Females 0.57 017 335
Incidence data
Full (04 Gy) dose range
Males 0.28 0.08 3.50
Females 064 058 1.14
Diose range (-2 Gy
Males 0.26 002 13.00
Females 0.65 048 1.35

Little and Hamada, Rad Res 2022
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Conclusions

B [SSDIETR /IEEBRT —H (CH T DEPLBIN A B SR ET

B LSST— /S’D\b«abntﬁgiimﬁfd)ﬁﬁ*ﬁ ERATDILT R, FEEBED
PITIE, EAANDEMDIERZ 7RIZ (Brenner et al., 2022)

B HRINTBEHOVIRL EES—EN, B4 D)\ 00 5> REDALT
— % (CHEE U CadBH =N D] 88 1% (Cologne et al., 2020)

B LSSOBELDIETRPOEERRDIRERIE (CRAT DHFRD—E CTHRE =N
CTULVDHIRDEREDIMEE, R E U TEECAEIRINRNET HD
(Cologne et al., 2020)

5 LSST — A CIIIEERAZ DAL --- 45 (C, IR (CEA UL C, BN A
LDEF EHDY 1-2 DREIZFF I DoJaelEh\dp D, BIRBDEMIMDZEN (CRET
BDRISHDIkES D
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Studies using biologically-motivated mechanistic models

7.1. X

7.2. EOR— b

7.3. 85—~
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Biologically-based mechanistic models of radiation-related carcinogenesis
applied to epidemiological data yogaypg;mze ia, DAYFITHIBETE S LOBR S — 9 ADIEFA

Werner Ruhm, Markus Eidemuller and Jan Christian Kaiser

Department of Radiation Sciences, Helmholiz Center Minchen, Institute of Radiation Protection, Neuherberg, Germany

ABSTRACT ARTICLE HISTORY
Purpose: Biologically-based mechanistic models that are used in combining current understand- Received 6 November 2016
ing of human carcinogenesis with epidemiological studies were reviewed, Assessment was made Revised 24 February 2017
of how well they fit the data, whether they account for non-linear radiobiological low-dose ~ Accepted 2 March 2017
effects, and whether they suggest any implications for the dose response at low doses and dose
rates. However, the present paper does not make an attempt to provide a complete review of

the existing literature on biclogically-based models and their application to epidemiological K EVIWORDS

Human carcinogenesis;

data. biclogically-based mechan-
Conclusion: In most studies the two-stage clonal expansion (TSCE) model of carcinogenesis was istic model; wostage
used. The model provided robust estimates of identifiable parameters and radiation risk. While clonal expansion model;
relatively simple, it is flexible, so that more stages can easily be added, and tests made of vari- radiation risk

ous types of radiation action. In general, the model performed similarly or better than descrip-
tive excess absolute and excess relative risk models, in terms of quality of fit and number of
parameters, Only very rarely the shape of dose-response predicted by the models was investi-
gated. For some tumors, when more detailed biological information was known, additional path-
ways were included in the model. The future development of these models will benefit from
growing knowledge on carcinogenesis processes, and in particular from use of biobank tissue
samples and advances in omics technologies. Their use appears a promising approach to investi-
gate the radiation risk at low doses and low dose rates. However, the uncertainties involved are
still considerable, and the models provide only a simplified description of the underlying
complexity of carcinogenesis. Current assumptions in radiation protection including the linear-
non-threshold (LNT) model are not in contradiction to what is presently known on the process

of cancer development. AE [
uNiverdITY
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1. X (1)

Introduction

B ERIATIC KD IEIFE21E(<50mGy) COMEHRERELEMN ALY X T5HEDESR
B BONABREICEITIEMFENIRICEDCHEBEST)L > EXEWHRHNSE
SNEIET > ADEERZ#{L TE ] EEM%
n BEENE=S
n ZESPEFENATTIL

B & FOEMNABIZIC(T6-7EDZEAZE R (C K DHMRBZEILHWAZE (Nordling 1953)
B CDOZEREEN ARG EHZENICETIULE, REDHATETZR(CER (Armitage & Doll 1954)

m 2 ESERERMNAETIL

n ERGHREOYEZR(ICKD. KRECDHRLIDEERSDHEHL. PATESEMRELEC DN
DB LRV (Platt 1955)

m IBRIEERE ARG EZE USHIRE (CEIRNBAUMEN S X 5N, [ERRIO—2 EHERU TEE

a1

BRI o0O0—>08 1 X(SHREGERITIEN L. 55 _ERPEDERI DEROFEAE ZIE TERRAY /AN
ADFEENIE C B (Armitage & Doll 1957)

m 2ESFEoO— S AENE(TSCE)JET )L (Moolgavkar, Cenzon 1979):

1. EBESHRENS, 20— > %M D ENTE 3R EMAE DR EERIR T D22
2. HfEIfHRRZ BIEHHRR (CER DEALTE

D 2 EPEa N CRILER (CE D1

KURUME
UNIVERSITY 2
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TSCEET)L *

mmmn Ruhm et al. (International J of Radiation Biology 2017)
a

Healthy cells | Intermediate | 1L Malignant tise

ﬁ
mation

Poe cells [ > cells Rn

Initiation Transfor

B Inactivation/
differentiation

X

v:{2ERHIAR > FFEHAE (Initiation)
o: FREMEDO SR

B: PEIMRED 731k / A iE L

v fEHERE > EEE

B ARAIEGHREF R OR— MBS DT — 525k I D728 (L <EA

m B/ 1SCE BEFI)L > KDHEEESNEETI)ILANOEE

B EERLE(CHITDY ) LA©ANTZERREDENZENIRROEZEDIATL (Little and Wright

2003, Little and Li 2007, Little, Vineis and Li 2008, Eidemiiller et al. 2015)
m BN ADORE(CEET DK DEFMRIR DA (Kaiser et al., 2014)
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1. X (3)

B RIS, BFENT—AH&ELINT DIZSHD TSCE TF)LIZ EDEYIFER(C
HOHIBTET ILOEEEL, B ESNDEFN)I S AY (AL E
R, MR EZRIRE)DIENMESNDH ? ([CHKTF

. %73‘/\;(L_F'%%@'%E%%E’Jjﬂﬁx(c_F'%@'%%Du“k(i% (L_i A CL\D
N, £ ROFER ABIZDTERIREEIRD 2 (CEFAT57

B BERNT YU, INSDOEFTILVZRAVNDIEZE, RID/ NS RS (&
SR X %= BRI & U TRk T B 1M/ (S X5 & LTF—
AETCEDHDZECK O THE=ND

8 BT ILOEET — IADETFDICEBETILI (S A DBIEN
FMFN(CZEHTHNL, KDRVIRES LURERNADIMEICERHE
1£ D153 (Ruhm et al. 2017)

B ZIEL. WHVRBEEBT - \DHTIEEDRAELIM>TZELTH),
CDEXDRBRETILL, IRTOMEHEL ) LPOEY)ZER LA LDRSTHRF
MNABEIEZSBABIEE &~ LD C & (3R
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7.2. £ b/R— 1)

Human cohorts

[RIBEIRE S — 5/ \DEFRIH

Endpoint Model Study Remarks
Mortality 1950-1985 of leuke-  Generalizations of the TSCE Little (1996) Preferred models of leukemia
mia and non-leukemia model with 2, 3 and 4 mortality with three stages.
mutations
Incidence 1958-1987 of stom-  TSCE Kai et al. (1997) Application of the TSCE model
ach, colon, lung to a radio-epidemiological
cohort.
Incidence 1958-1987 of all TSCE Heidenreich et al. (1997) Derivation of a simple closed
solid tumors form of the hazard function
for acute radiation action in
initiation.
Incidence 1958-1987 of stom-  TSCE Heidenreich et al. (2002) Investigation of age-related
ach, colon, lung, all solid dose effect modifiers.

tumors and for a collection
of nine tumor sites

Incidence 1958-1998 of stom-  TSCE Heidenreich et al. (2007) Investigation of radiation
ach, colon, liver, lung and action on promotion.
all solid tumors and for a
collection of nine tumor

sites
Mortality 1950-2000 for all TSCE Jacob et al. (2008) Modeling of cell inactivation
solid, stomach, and liver in clonal expansion.
cancer
KURUME =
UNIVERSITY
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Human cohorts

[RIREIRE T — I N\DOBERIFI(H )

Endpoint

Mo del Study

Remarks

Incidence 1958-1998 of stom-
ach, lung, colon, rectal,
pancreatic, bladder, breast,
central nervous system, and
thyroid cancer

Incidence 1958-1998 of all
solid, liver, colon, lung,
breast, stomach, and blad-
der cancer

Incidence 1958-1998 of breast
cancer

Short- and long-term model Shuryak et al. (2009a,b)

Biologically-based initiation-
promotion model

Shuryak et al. (2010)

TSCE Kaiser et al. (2012)

Incidence 1958-1998 of colon
cancer

Two-path model adapted to Kaiser et al. (2014)

molecular pathways

Combining short-term effects
with long-term cancer
development. Risk esti-
mates of secondary cancers
after radiation therapy.

Risk calculations for exposure
at middle ages to assess
implications for occupa-
tional exposure and radio-
logical imaging.

Combination of models with
different radiation targets
using multi-model
inference.

Separate models for two
molecular pathways of
chromosomal instability
(CIN) and microsatellite
instability (MSI), evidence
for epigenetic radiation
action (hypermethylation).

KURUME =
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FEEDNASZDDEERS ) AARTTEMN (G)DFIR(CKDFEIET D
NXA0o0O0975414 BAZEME (MSI):
- BEARAEZTEE (CIN)
BEHR(IGIZFEIT D EICKD., HWHENAREZIERIDEHSND

—_ ~ —]
NSDOEMFNI R ZLSSHEERRST —4 (CEA
large carcinoma
adenoma
small high-grade displasia
| adenoma
normal adenoma
epithelium cyptcycie
Foeim cos e ol &
MSI pathway InlfIGfOl’
() —
5 Vs tlag MS|
IJ,v '\‘.\l.‘l 1 15.20%
- forma- of cases
N o ore p,  clonal growth ﬁ:fn
normal onset of Inlfldto . of adenoma
stem genetic alterations I a, ( Eam malig-
cells ’ / \ \ nant CIN
Vi cellswith | /' | caliswith | 2. | oy [V | cellls)
mutat APC mutat. |~ colls 80-85%
+- " -I- tie | Ofcases
J . B Il Pea
CIN pathway
/ promoter
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m K LET #(E < DARDTI7R— MAZE

Cohort

Endpoint

Model

Study

Remarks

Canadian radiation
workers

Techa River population

Swedish Hemangioma
cohort

Ukminian-American cohort

Incidence 1969-1988 of lung
cancer

Incidence and mortality
1956(1950)-2003 of all
solid cancer

Incidence of breast cancer

Incidence 1988-2008 of papil
lary thyroid cancer

TSCE and mult-stage

TSCE

Two-path model

Two-path medel including
biomarker status

Hazelon et al. (2006)

Eidemuller et al. (20100

Eidemuller et al. (2015a)

Kaiser et al. (2016)

AL

Wrng pr-ttun

Radiation effect on clonal
expansion and malignant
transformation.

Radiation effect on initiation,
evidence of additional
long-term effect on clonal
B ANS i on.

Exposure at infancy. Evidence
for radiation-induced transi-
tion towards genomic
instability.

Integration of a radiation bio-
marker into a mechanistic
model.

ESO Y FL e e
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7.3. BhYD5

Animal dq’rq

“EPEETETILICKD, TV bENTADAMBEZAZE 73 HT(Leenhouts and
Chadwick 1994)

m IFROIEIERZ R I Ml ZMIns B ENTE,

B RE/ S AT DBEHRRIGE, DNAZARTEIRTARAARE & IKIRER D (C K> THEE

SNBEVWSERR(CKI>TEMED TSN/

B DNAEE(IAEEEERR EEE

B COEFIVESE S EEHREY FRIRIR SR % 51 A
FEUVIEHRIRS C (THRERICBEFENE—DEAZERE(CK > TxiLaNd

PREHIED O O— > MHHEARDEET O R, Hin (A SBEHREEZ D ZEL, B IUmADZEA
REEME(CX I DREHRIEANMEEIZRIZImIgEE ( [ FREERZHR)

X OFRCHNTHEMHN I ETILO EESSHKVNIBE YA T (IC K> TERD
FEE(CHIZ D SRR NE DT 14,

LY vs. BIERYISHEI L < DFE

R DBERERERENDIKFEDTZ, U XD DIMENEFETIFIRNENDSEE
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Conclusion

B 19505, EMZF(CEDKHIBETET LG, A RIRED JIUIREREH T, K
RISHERB(XHR, ViR, TIL =D L, S ROFICKDaFRIE)ZEDERL RE D
KFUOEIDOT—HS (CBRASNTEZ

B CNSDOEFTIVICHUT, BETHR(Z, initiation, promotion, 3 & UtransformationDrates
DEAZFFREUIED

. S DOMFRTIE, B4 DT OTXRICH T DRETHREZE (IR SARE > (RiRE1E(C
HUWTIIHEIHRY XD DFRFABIN FHI SN BN, EFRE18 C DAY IR IRETHR
RISEIERRAZ £ 12 B B]EE

B EPZR(CEDSKHIBEST)LOFERIC DUV T DT

B B5NB/\SAFHEEBBOEYENZEMEL, IEROEIRETETILE LU TRIF

B BHABKIVZDOERICHDIEARNQRDF1EIZ(CEE T DA RN RAFF

B RERICOFIRREREZZ X IIGEDRE(CET AWRIEEFEEAERNNS>TNSD
TS5 )LICKBLDEF 5K T DREF (CRHT D1EHRIT, #RE EARERDFZE(CRE I DB
Rz 9 308EH

B KL E1—DOARNEE S, BEfRUSUMERUET IV ZSOIREIHRBGE(CH LN
TS NIERTEOARE(E, FAATOTCXICEAUTIRIEINSN TV EDEFE
L7&R0N
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