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Radiation Exposure
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ABSTRACT

The linear no-threshold (LNT) model is an assumption that explains the dose-response relationship for
health risks, allowing for linear extrapolation from high doses to low doses without a threshold. The selection
of an appropriate model for low-dose risk evaluation is a critical component in the risk assessment process
for hazardous agents. This paper reviews the LNT model in light of epidemiological evidence from major
international consortia studying ionizing radiation. From a scientific perspective, substantial evidence
supporting the LNT model has been observed in epidemiological studies of low-dose ionizing radiation
exposure, although some findings suggest non-linear dose relationships for certain cancer sites and variations
across populations. From a practical standpoint, the LNT remains the most useful model for radiation
protection purposes, with no alternative dose-response relationship proving more appropriate. It is important
to note that the LNT model does not directly reflect the magnitude of risk at the population level, and this
distinction should be clearly communicated to the public. While applying the LNT model as the principal
basis for radiation protection, continuous research into various dose-response relationships is crucial for

advancing our understanding.
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Highlights:

- Current epidemiological studies
support the LNT model for radiation
exposure and cancer risk, although
alternative dose-response relationships
cannot be ruled out.

- The LNT model remains the most
prudent choice for radiation protection
purposes at present.

- The LNT model does not directly
quantify the magnitude of risks from
low-dose radiation exposure.
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AT BHEE PYFYo] BT AAEL 5 LNT 2
o] oJskd A 9 H3-S AbwH 17} sht
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1. 9| 2 =2 M(definition & importance)

LNT 222 {3 B3 ol 93t A7 J3Fe] 9] glo]
AgH o2 vt 7Y (assumption) S 24 EAF 9 A
E FA B2 BEH(stochastic) 287+ FEEY
LNT 292 A7 Jo I2|7} ik A} &35 710 o
2SIl = (risk) 7} AP H 0 2 F7Iethe T 7HA] 24 BAl
of Tr=afjof gtch &y A7 G He Ao tsiAlE LNT
o]l AX|7} Y= BhI AX|= AT SF-5HS T
o] "] (nonlinear)Z QI ThF st HAEGHY 9 AT A, S
A2 5ol AAEcHFig. 1) o]2gt ofz] mEo] AAl=
ol B2 =23 A7 9] iAol thFelal Bdeith=
A& ou]gitt.

S-S S & (dose) -2 BH3-(response)d] &5
of me} th2 A Yebd<e ek g Eo] RE] A
27 dYsi=E A= LNTOf| F3ekAg 5 AFEoA
= 08 299 8F-ukS weiyo] TAH v Qitk? I8u
AIAEE AAY &2 MEgoz g of, 277 =

Risk

Baseline risk .\
. .~ Absorbed dose

Baseline exposure

Fig. 1. Schematic presentation of plausible dose-response relationships
for the risk of cancer ((a) supralinear, (b) linear nontheshold (LNT), (c)
linear-quadratic, (d) threshold, (¢) hormetic)(adapted from UNSCEAR
2012 report”)
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INT 2E& E3et 85913 HAo] it FA & &
9 A84 F8/4E T 2=t eE(science)d A4 =
LF-0hS TAZE Frlote AAS BolA ol B ko
23 Ao gt QI I FEE HrFohe A4S Ao
Wit} 55] W2 ko] fof 4 =20 o3t A7 JF
Idlof| oj&ot= 97 wot 7|20 & e 8-S vt
go g EA QT4 Qe 2715 FeHo R 4

o 5= Uk oy Ag 5 55] Aol Hdlo] Ao s W
o] A= o ol& o LNT Ldlo] 713 Wo] &85 1 Q)
t}. dl& =°] AAEA7|FH(WHO)OlA FFA|E AR A] =
S5 Yt 2P0 R QIR ARl = H7HE fls 2Pl
SiA= LNT 22, WEdHo] tisfir= 94 gle AP-olx}
(linear-quadratic) 2@-& 2-83F v} QIch!? w3t Q= 37
I IS ofe] Sy FASPE, =2 A A8, =2 T
Az JA7] 59 B AL ASH 0 R olgfjel=t &
=< =

LNT 292 {3 249] 5187 Aol gt A& (prac-
tice)d XM E F85HA L8E1l Rlon, E5] HARA W
T AANM &3 71095k kP LNTol| A% Hsi=
FAE A IS F A= =2 FFHTES whetsiar
HeEot= Hl {83 BEE ATl =0 181 4 foll &
9] sfiz=et thE 8213te] s A7]E Bluwste] A
Ql A9 Ao =S £ B ZF 5o &0l gt
A% dFol 7AA Ao et ok & 4= AN B VS
7HQ1IA E/dof whet o= A A5k A2 @AZOE ofF7]
o Zof, LNT H&2 thE HdEof H]siA Jid o= F3ist
1 7gsHA -84 4= Qltk

2. 9At 2 =2H(history & debate)

LNT 222 1920 A& %3}e] 711 oot = Al
oA Agste Aoz dHFE? 19279 wZo] Muller HHA}
7} ZutE]of| A WARA &0 oI5k DNAS] E%Ho](mutation)



Aol M2 B XY 2 AR L F AR

= B9, 192849 Olson Lewis HAFSS 2310] 714
O 2H] AAYALA] 93t §-HAF EAMCF ABHCE F
7Fetth= LNT Hd3 AQFslith. Muller BfAR= o] ®H 0
2 19409 =8Ag] Qe wokor LNT 2do| A2 =4
A oEpA|FH. o]% 1956¥°] wl= =@ ¥}sHI(US National
Academy of Sciences)-> HAF] OJ3t ZAHo]9] = B}
E ol INT & dFsr9om, 19709t FHkof vl &
7 E 5 %(US Environmental Protection Agency)¥} U] 2]&9]
QF=H(US Food and Drug Administration)of|A] INT Z&-S &
AABNA B et R A3 CH Table 1),

b= AP S A 3(NCRP)= 1958W LNT HE-S WA}
A 5o Edsklth 183 SAPARE S 9143l (ICRP)
A= 1959900 LNT 2E-Z =94613om 1991d0l= -4
=5 a3} H(dose and dose-rate effectiveness factor, DDREF)
209 % 83 INT BUL PA 59| 120 2 A9
S @A) FAF o2 giEEe] 7] oA LNT ZEL %]
AShe QgolAE AN ATAEL HlgHel Ashe FA
QITE2B19 INT o] it Blge] 29 8o 27]9] o
4 oF &2 vk thofet e 7HE(ES v 5),
ML ALEO 2 Q18 oleje] Ald Fo| TRET) d et
2 Fstot7Hd|u](French Academy of Sciences)o| A% LNT &
s 7% Aol Ao MRt FHA Yo R HIE T
SHH <l AP G F R Y B (UNSCEAR) Ol A = A A1 ¥
AR leEo] o3 It 715 0 24 9] FAHA| Hole} EAro]
of Wt AFE T, JA7F A2 A 2A| gom AFH
Ql 8F-Hhg IAAo] AT 10 mGy 7K+ TEET T H
ke i e

HH LNT Hdof oJsf AF&H flsi == o] &2l 9139 =2
7124 dati AT To] vl W fa M (effective dose)

Table 1. Key events in the history of LNT"""

ol 717kl BA EF= Fol H8ste A2 vhstA
I WAL 1ol o3t SISl =g SHIE AMESH] Fl5)A]
= ME A7, =2 A A%, 8 9 =2 5 5 AR

=0l ZAsteioF 37| wiZolt.

A
At

3. gstATL0|A2] LNT (LNT in epidemiological
studies)

3.1. 0|2 ZYISHABEIR VII)

ul= et W A=A o) AE5H G (Biological
Effects of Tonizing Radiation, BEIR) -3}o] A= A A5k Mk
AP =gt A7 FFoll tis 714 o= B skl Qo 7
22 B3AE= 20060 S BEIR VIIC 2 thofdh 93}
0 BT QT2 1] AN PAM ol oI A
AT A= ABL 2R BH02 ST o] 1A
A 315 TAZS S AN BT 7R
el AFAQN §7F-vH-3 #499) 7HEd T Y3 (consis-
tent)o|, o]of] ZAsto] AMFe] HPA =& 17
FE FAot= Aole ZE(BEIR risk models)2 7HEst Tt
o mEe 72 YR YEAEA GetaATold Ay B 2
Thofl ZASISOH, ST LA 242 A9 o2 o
StolT ZaE T TS AL B INTO] 712
515] DDREF 1,59 483191 89| 7221 DDREF 4
 glo] Ag-ol% AL BB o] mEL B
7V 2 izl wLe] jat Qe ] BT glo
W, 0% QO] 28 4] 100 mSv] B WA 1 A]
4 FSRE] A1E 1% 2AHU, ol nlelo]
40,2 4 oh7I7H 59t 1008 % 423014 ol WA=
Aoz oA gt 1% 1%o] WALo] 7191 Qrofeta

References (year)

Specific events

Muller (1927)
Olson and Lewis (1928)

Biological Effects of Atomic Radiation Committee,
BEARI (1956)

National Council on Radiation Protection and
Measurements, NCRP (1958)

International Commission on Radiological Protection,
ICRP (1959)

Environmental Protection Agency, EPA (1976)

Mutation findings - X-rays induce mutations in fruit flies

LNT model proposed to account for evolutionary changes following Muller’s
discovery

Proposes the use of linear dose-response model for germ cell mutation
Application of an LNT model to the induction of radiation-related mutations in
somatic cells

The LNT model was introduced in ICRP publication 1

Proposes guidelines for carcinogen risk assessment based on quantitative risk

assessment. Recommended a linear dose-response model.

National Academy of Sciences, NAS (1977)
Food and Drug Administration, FDA (1979)

Recommended that EPA adopt LNT for carcinogen risk assessment

Replaced the modified Mantel-Bryan model with the LNT model for carcinogen

risk assessment
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SHAEQUE. ol2gt FF A= o] EAAYE sk oA
BAY &S ke A HePARA] oJRt FIsi=7F LNT
R O2dlAe el 27]= thE 9 EAEET |
wsto] 53] AA|= gtk A2 2u]tth

3.2. Rl LARMFZEER| 22|(UNSCEAR)

9l AFsle] BIAFA G591 5] (United Nations Scientific
Committee on the Effects of Atomic Radiation, UNSCEAR)©]|
A AEArse] B ea a2 At A ¥ ¥ IFES
7ok 0 & Frishs A& HH 0= gttt o] je3ofA AR
742 32k(1994, 2000, 2008)0 A4 A=A E3t
27 9ol Bt W& SHstgion I AT 2RSS
At 2 HaAz Subg oot 20089 EWE L
Alof| ofsti /g Fgoll gt &F-1H-g /ol tisiA A3F
2 mdlo] 35 HFo|X|vt UK ko] AL tpefet &F-RES
Aol HHERIHEIE E01 HISAF S AFFA, Bt
27} e APud, HIPL Hg-ojz md 5).° webA
UNSCEAROM = thfet BRES 28510 A4S s
AU QEE FAH =S FACIACH, A= TAAY 2
SAE AR 9 E3HX (uncertainty) S H7HtACE G-
W o] A oA vIgRAY B AF-oat HE
AN ka2 17 QS st dEAY 292 &85
AL Utk = UNSCEARO|A Y] 98l A= Fetaez 4
ot RelE AEStarAF LNT EHofvt =3kskA] ol QI3
9 b AR oheRet e B wskelch

AU

3.3. = H| YAHIYSLI22|(ICRP)

A HAFA RS Q]3] (International Commission on
Radiological Protection, ICRP)o[ A= ¥AFA I8t 9 AJE5}
= X ofg] At A3E P4 E DDREF 442 483 LNT
Heo] WAL W5 9] A1t 7] Z(prudent basis)Zhe U=
FAIBIAL ek vl BAEEERlo|AE gstlEo] 100
mSv O|5}] A AT WAL keE Al Fofet 17 FF-S GaE
02 HojFA] k=rkal F33t vt 9l ojo] s ICRP 2
A AR FAHEE0] 20179 o]F HirH 8 A5t AFE
= TPH 2 uFsHH, AME AR ol osiAE eHd
o] =7t foJH Frietckal Aatich olgt
n|=t 2L AL A(US National Cancer Institute)©f A]
WAL o33} o) oot A7 Eo] dfet vfojol
AAZA B d Avkele gt ICRPolA HARA
A= T ZAE 7|22 2 SHATE E4/do] Hot
§ A8 894 71| Tk (value judgement)2 4-8-3F
2 ICRPE 1959902 FA] AAeg WAbA o] oJ5t u
Aol A A2)9] EA0] gt ehtd EAAdo] USE
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2 ety sl o] WAAle] SlEE Tawstei
e A0 2 Testo] WALA HhEo] 284 vl Qe

OHA HARISS 2 UK G (IRSN)
oA AT S 9 AR A4 (Institute for
Radiation Protection and Nuclear Safety, IRSN)OI A& A A=
)4 INT o] A1l tit T 2AZ TS %
8 8o Rl INT BEo| s} ek WA w3 oy
Sl tiet =kt gt Axt=of gk 1k 9 Algkd, W
AP 5 AANAS) INT 28] -84, WAL 918 detri
ment) A3 AFZ0|4 9] 7HY, ot I EEA v 5= &£
a9, o] TEL TEL RN Yol INT DG Eel
WRA =05 ZAR, YA B304 LNT 2 2-8of thgt
WSS 7 = HEE ela B4S M FUE0E 9
AIEoA Ao =EEHHZE AFA dsi= SV
ZEQlon Jx|o] EAE &I o ATt A5k o]
23t deto]] A7 | AT et A+ ESHAEE A4
Gfov o] AFL W 283} vlololse] oz 3}
A27F =lon, weba] AR Haadol A LNTZF @47t
A9] w8 % 714 gelHoln o & djeto] ot gk
JHhSAEE, R AL o] Slo) A7 Gl G A6
S| (practical threshold)2t= 7ll'go] g ALt ofsf A
AR/ oLk Wg g7t ZAsiha steeke 4
7 4 Aol Sfstel vl M Mkl A0 2 Bkl
=4

3.5. O|= YARME S| 2I3|(NCRP)

|2 HIARAHFS Q]3] (National Council on Radiation
Protection and Measurements, NCRP)9oJ| A= HIAFA HlGof Q)
ojA] LNT Xdof thgt B7HE o2 2|(1980, 1993, 1997,
20019) AHAIRE B} Qlow, AEsH 9 A5}t A& Fsto]
LNT7} 7P Febot= Hdolw LNTE §4% Tt A= of
2 gloka ®agh vh Qlek £5] 20180 st A STt
= YO = sto] LNT HEZ X[ AJst= A7
ST ol B4 Y5) Al AT L AXTFE WA
LS} opgE ol ek 22 i 52 % o A+t 298
< AAsto] 37FA] B W, AgEE SAA HH)
& 4 g7t st o, INT HEo| A|A| JE=E 49A4|(A]
ASHA] @b, °Fgt AR, HE AR, ARt AANZ FHE5HTh
& A3 F 2070 AT69%)°1A LNT B A A|sh= A2
2 Uehton] 402 S48 tfE AFES GAZ INT
RS AT (Table 2). O1F AR WAL W B
2 LNT 299] A80] DDREFS] &3} &7 A=lolof 3
o WA, 2 v TS AUl INT 24
o] {F-1-g TS 5] A5t Hlofl= Aol UA

-
32,
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Table 2. Ratings of the degree of support for the LNT model by the
cancer studies reviewed"”

Study (or groups of studies) Support for LNT model

Life Span Study (LSS), Japan atomic Strong
bombs

INWORKS (French, UK, US combined Strong
cohorts)

Tuberculosis fluoroscopic examinations ~ Strong
and breast cancer

Childhood Japan atomic-bomb exposure ~ Strong

Childhood thyroid cancer studies Strong

Mayak nuclear workers Moderate

Chernobyl fallout, Ukraine and Belarus ~ Moderate
thyroid cancer

Breast cancer studies, after childhood Moderate
exposure

In utero exposures, Japan atomic bombs Moderate

Techa river, nearby residents Moderate

In utero exposure, medical Moderate

Japan nuclear workers Weak-to-moderate

Chernobyl cleanup workers, Russia Weak-to-moderate

U.S. radiologic technologists Weak-to-moderate

Mound nuclear workers Weak-to-moderate

Rocketdyne nuclear workers Weak-to-moderate

French uranium processing workers Weak-to-moderate

Medical x-ray workers, China Weak-to-moderate

Taiwan radiocontaminated buildings, Weak-to-moderate

residents

Background radiation levels and Weak-to-moderate

childhood leukemia

In utero exposures, Mayak and Techa No support

Hanford "' fallout study No support

Kerala, India, high natural background ~ No support
radiation area

Canadian worker study No support

U.S. atomic veterans No support

Yangjiang, China, high natural Inconclusive
background radiation area

CT examinations of young persons Inconclusive

Childhood medical x rays and leukemia  Inconclusive

Nuclear weapons test fallout studies Inconclusive

o, AR R Aol A AR olg A% 3%
2 Yok o by $-8% Bez Bekstot

3.6 22 F£2 ¥ Hst HH(recent epidemiological
studies)
AR kol 93t 17 Y A7 of2] A AR}

(eE 54, 71 9 I8 895l whet 2 A verd
% Sk JRelE B R A e e e
oo} ATSL HAlE A4 WA 1 ET elelE Bely
o] INT 2d& ft2& 210 & H sl Qlrt. 2T ti#AQl
AFeli= ofehot ek

A U FZAR}F At (International Nuclear WORKers Study,
INWORKS)'= 9, Zes, wlo] 95Abt oF 308 §e
gafo 248t i FFH LBEZA 2005871 =
Zolo] HA| &9l Gyd AN S E(excess relative risk)
+ 047 (90% CI=0.18~0.79)& A4 F7+5 B Igh v} 9l
t}29 o]% 10WS o $33H(1944~20164) 2 B A =
AAA WA 2ol ofet 2= A 49l B¢
Gy3 0.52 (90% C1=0.27~0.77)2 oA APH o2 Z7}
SIE ofuf FARREC] AQE Bt +2 A (colon
dose)<= 20.9 mSvolQit}. 9] =& WS ALFO R A
olls W 1P Al dEEA ST = 200
mGy '=E7HA] Aetelle s 2=} 0.97 (90%
CI=0.55~1.39), 100 mGy7H]+= 1.12 (90% CI1=0.45~1.80),
50 mGy7HAl= 1.38 (90% CI=0.20~2.60)Z 254 S7F
stoict. WEH(CLL A9 B Aol Gy 2T
HE7F 2.96 (90% CI=1.17~5.21)2.2 o5t A4 37}
7b T vk 9lom ® 2016W7HA] 23 2 Aato]A]
T WdR(CLL A 99 2ILHATE7E Gy 2.68 (90%
CI=1.13~4.55), Th &%= 1.62 (90% CI=0.06~3.64)=
Solspl 43402 S7hsteck”

EPI-CT (EPIdemiological study to quantify risks for paediat-
ric Computerized Tomography and to optimize doses)= A
YATFATARONA CT FJH A7 FFZ wefstaa 14
97h= oF 907t 9| AopgadS FAWESHE I2E AF
oft}. o] AFtof|A HFgol et ZIHIHAF =7 100 mGy
T 1.27 (95% CI=0.51~2.69)& APFH 02 |54 S7te}
Aok AFRARR] 5W FA 7S = Bt 4 H A% (brain
dose)2 47.4 mGyH o™, 50 mGy7IA|Q] AgFo 2 =315t 7
oM = FoRt Heie 7P BEEHAH. A B FF
9] A= Bt Z5 Aol 15.6 mGy 2 2 Aol ]9k 100
mGy 371 2IMIHAFEL 1.96 (95% CI=1.10~3.12)2
£ FosH| S7Fste Folglen JARle A34 &1t
S A Bk

4. 2Isi=2] 3 7|(magnitude of risk)

LNT 2 A= Y=ol 2715 A AASHA] =Tt
LNT Zglof| oo} ofFe] A2 Mefolztie 11 A=Fgho] vl
Stz THE9] Qs o] 24 08 EA5E] wiZoll LNT AHA|
£ Qgst= Ao] v =2 S E Qulst= Ao R Fk
olgfE”| = st} 1y Yeiwe] A7]= LNTO] &%-4HS
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TAolA 712719 2710l wet G 2R LNT 23 21A|
ot ool 7= FEETE AARE EPI-CT AolA /2
gk 92 gl= AFA Qe S7PF W= AN 17 T
A e AHHEY ] CTE $hH g3 ofdo] 19t ¥ 1
go] FF 5~154 Atojof] FIAMA O 2 QI5f |E-Fo] WA st=
422019l tH(Table 3).°° P FoF2] HL& HAM & ego
Hlgsto] J%] Q= AP HYo 2 ZIIHA-AE7 o 2
i Z7FsIAITE Yol 271+ CTE EYst= 19 o] o=
o] % 1.490lA] 12 Fo B Fo] LAYt Rt
oj2fgt A¥t= CT & Yol H|F wj¢- H2 YsieE 71 5= 3
A5k g0 2 HGshE oA vtEA] Qsitt= AL
Ou]gtth. INWORKS A-oflAE A SARES] AN =
& zAstolA el Z7]= AA & F 9 1% FE=EA,
1,00078 & 9192] 213t AFgo] UaL 1504 1780] ¥
2+ T WA o3t Ao 2 == TH(Dominique Laurier,
personal communication, 2023). @HZUF2] Holle= S &
of 19k o] JAKE F 35497t 2G4 WA ol 9Jgt &
7HER1 A 102 AHEHE? &, ¢ A7 E 15 o5t
Ao & INT RS ZstA AAIekL QloHAE 11 fJsi=9
A7 CT7F ZH= 984 8|3 ARA Zdo & QIgt o]
of H|sl ¥-55] Hrh= AL HofFdnh A= AN o]
YEL 712t /o] lth= A 11 27|17t duhdt Ele
U= 1l a)A] shetajof & FAo]c)?

LNT 29Z QA% v eEo 28 A4 sl 2715
H757] 914 DDREF 342 8-t Sith AAA Ao
olst 72 Fo] WARAS kE =Tt §F o] B S it
£ ASET ofg] ¥ Yiro] B F97t AE £449] 55 0]
ZE]9)7] wEo|t}. DDREF ZHS gt o & AF&sl7] Qo)A
= F 7 o] H&H} AA, AAFE(ow dose-rate)
=0 st 8F-T- s & ABYEAL AT A9
A2 Yieojal 1 FAE Fibol= o=, 4AEd 3
2 1~2 Ato]& B i EIth? 2Rl AA7F(low-dose) FFS
Bkl 48 AEBEA; AolA AgEe] 7179
A3g-o|x}F BdofA 9] AP1t 718715 Urol 1, olEA

AbEE g2 AMY 2 AR, 4 717 2 ATTEE T2
gk oigf 1.0 3A 235k gtk olet AE-2 WAL
A e e] 277 A E ALFE =& A TAF E o
AFEANAL} IA HEA] ks AZ oueteh weba] 22
8 =A7|5-=0°l4 2} DDREF 9] #-&-2 HA|(&, 1.09]
e Rol)dt= A2 vt et

INT B o8 ARl =7k LNT AA|9] A2 2

= T2 ek 271 sidst= "iA BTt dg =
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Table 3. Relative risks and attributable absolute risks in the INWORKS and EPI-CT cohorts

Study Cancer (index) Excess relative risk

Absolute risk Reference

INWORKS  Solid cancer (mortality) 0.52/Gy

(90% CI=0.27~0.77)

Leukemia (mortality) 2.68/Gy

(90% CI=1.13~4.55)

EPI-CT Brain cancer (incidence) 1.27/100 mGy

(95% CI=0.51~2.69)

Hematological cancer (incidence) 1.96/100 mGy

(95% CI=1.10~3.12)

1 per 1,000 workers Richardson et al. 2023””

1 per 10,000 workers Leuraud et al. 2024™

30)

1 per 10,000 children Hauptmann et al. 2023

1.4 per 10,000 children Bosch de Basea Gomez et al. 2023*"
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