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ABSTRACT

The Linear No Threshold Model (LNT) defines that cancer occurrence due to radiation exposure exhibits linearity
without a threshold. Many research results have confirmed the clear linearity of radiation exposure and cancer risk
at high doses. However, controversy exists at low doses (<100 mSv) and low dose rates (<0.1 mSv/min, <5 mSv/hour)
intervals. Within the low dose range of 100 mSv or less, the LNT model assumes a linear relationship between
radiation exposure and cancer risk, with no threshold dose for cancer occurrence. It suggests that even low doses
of radiation carry a probability of cancer occurrence, proportional to the dose of radiation, with no threshold value.
Workers in nuclear medicine work in environments where they are exposed to radiation on a daily basis. Especially with over 30 years
of work, the likelihood of exposure to doses below 100 mSv is very high. Therefore, a thorough understanding of the LNT model is
essential. Based on this, continuous efforts are necessary to find radiation protection methods for low doses. To this end, the author
aims to assist workers in nuclear medicine by seeking out the latest data, papers, and research from international radiation-related
committees, epidemiology, physics, and radiation protection studies to facilitate a precise understanding of the current LNT model.
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Fig. 1. Various models exist to represent radiation exposure and its associated hazards. Many epidemiological studies
have been published suggesting that cancer can occur even at low doses (100 mSv) in the linear no-threshold model. (J
Korean Med Sci. 2016; 31(1): 10-23.)
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K Mzhof| A Pl oI 2 WA W x| 2|2 oA

0] = HFAFA S =7 2121 S] (National Council on Protection and Measurements, NCRP)7} 2001 of] 2H7FF B 1A 136 “H 2] AbA
of] thgh M &-H| 2] AMzFrkS 2d 37K Evaluation of the Linear-Nonthreshold Dose-Response Model for Ionizing Radiation)” = & 247}
A e et At AR 9 712 SR ol AFRES BAZE AAP-F A Bdat Jx|ekal 7] HlolH & ARk o
Al2) EAE BiAISHA] eethal B arstich

SHARE 2% F Aol A RS BAIE H&s]str| 91t F714Q) A7t ui¢- 2 o5ttt 2fal 37461 THThe epidemiolo-
gical evidence suggests that the dose-response relationships for some, but not all, types of cancer may not depart significantly from
linearnonthreshold functions. The existing data no not exclude other dose-response relationships. Further efforts to clarify the relevant
doseresponse relationships in the low-dose domain are strongly warranted).

NCRPZ} 1980, 19934, 1997 ¥H7FSE H i Aol A = AL A] INTAZF-EFS A S Q1A5HAL TH(In keeping with previous
reviews by the NCRP (1980, 1993, 1997), the Council concludes that there is no conclusive evidence on which to reject the assumption of a
LNT dose-response relationship).

20050l F3HE ICRP 99014 = §4 AP e ol A A% EEghe] A 72 AR, B2 Q] FEghe] &A1
Z o= 212 ofyzkal A2 2| ThThe report concludes that while existence of a low-dose threshold does not seem to be unlikely for
radiation-related cancers of certain tissues, the evidence does not favour the existence of a universal threshold).

LE9| 3|2 AR, UZA7| fAREC 2 QI5E 1w w ) oY Qb Al W2 weHA] At At EAet) i E o
Z AT AIE v o2 A w oM of B 7542 Q4R (extrapolation) & = S22 AT ICRP 60 H Lol A Adek-Ad
FE G4 (Dose and Dose Rate Effectiveness Factor, DDREF)E- 22 2745}t DDREF7} 22h= 712 A Ad&FEol|A o] a3t}
1MFES] 12 o] Eth= o]n|o|th. DDREFSF A3 INT 7Hd2 A U Aol A WA Whao] 4lFst 7|27 Hct. o
SHa] ZAtolA 2F 10 mGy 4 =2] m|EH 4 o LA 1ol S7kshH, o] 22 LNT 2E 9] oS3} A2 HIth(The LNT

hypothesis, combined with an uncertain DDREF for extrapolation from high doses, remains a prudent basis for radiation protection at low

Y
fru

doses and low dose rates. There is epidemiological evidence, that the risk of cancer is raised following the receipt of doses of around 10 mGy,
and that this increase is broadly consistent with the predictions of the LNT model).

-9l BhAR g 7151914 8] (The United Nations Scientific Committee on the Effects of Atomic Radiation, UNSCEAR) 2006 1. 114]
VOLUME 1 ©]- 23} HAbA o] 9 SHEFFECTS OF IONIZING RADIATION)S Tt Ak ¥ 9joj| A HEALA m]Za} oF ¥hajof] A
Y E= A Y-o] 2P (Linear-quadratic)(Fig. 1) 78 &2} Y x| $hckal B 115} THThe most recent data *** largely consistent with linear or
linearquadratic dose trends over a wide range of doses).

£35] 2o WS AIEC 9w ol that Makike-2 Al A4 TS BRItk ofshHzAbRRe 2 AR 9jaol i ek 2
Ejgte] A4S SHRIT 4 gk, FoPH WL AFEsto] Aol B ok 4 QA o] Aol o
Ay Qo] 7R =& QJulsh= 712 ofYthEpidemiology alone will not be able to resolve the issue of whether there are dose
thresholds for radiation risks. The inability to detect increased risk at very low doses using epidemiological methods does not mean that the
underlying cancer risks are not elevated).

2018\ v]= =+ 2F5Fel&- ¢l (National Academy of Sciences, NAS)©| 7Fst “The BEIR VII Estimates of Low-Dose Radiation Health
Risks Are Based on Faulty Assumptions and Data Analyses: A Call for Reassessment” Al|5-2] #| A=frbAbA o] 74739 o] ot Bl A
BEIR 7(Biologic Effects of Ionizing Radiation V)OIl A] #A|7FA] ZAF & HALE 11514 277} o] 23} HhARA n]Z 0 & <15} of ¥k
off A% A&FHES HAZE Atk= 73 dA|Rtths 282 Usith oF 2ol SEgt A 7hs/dol mie- AAIeh A& AR

] Z 0] A2 ¢ vk 7hsAd-2 W 710 2 ISt The BEIR VII committee concludes that current scientific evidence is consistent

with the hypothesis that there is a linear dose-response relationship between exposure to ionizing radiation and the development of radiation-
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induced cancers in humans. The committee further judges it unlikely that a threshold exists for the induction of cancers but noted that the

occurrence of radiation-induced cancers at low doses will be small).

RMZOA Lerpeies

1. Cancer risk following low doses of ionising radiation - Current epidemiological evidence and implications for
radiological protection (Riihm W, Laurier D, Wakeford R. Mutation Research/Genetic Toxicology and Environmental
Mutagenesis Volume 873, January 2022, 503436)

22T ATES M A O2 ol of witk W) g7} hEH 0 2 WAL A HARE ot 100 mSy HES] A LET(Linear
Energy Tranfer) ®AFA 0l le &2 4= ok H 3t

Q] =2 220 A LET Aol A A B of 24 919 A3Hd $715 S4 o= AAlgt 72 e 2= &7
O 2 FoJ5h AR v oA 1S BlUlA] 29k 8t A E 2R A 24 Y vef 24 0] tigh ASAEE A ESt
T3, 23 AE S AlAbete WA ] Fe] F7F- o] || o5t AtEolA Rl S71E 22etth(Evidence from pooled

analyses and meta-analyses also involving epidemiological studies that, individually, do not find statistically significant radiation-related cancer

SIS

risks is reviewed, and evidence from additional and more recent epidemiological studies of radiation exposures indicating excess cancer risks is

also summarized).

2 = RolA] BHE UL Qi AAEe 4EAL AR A FAME, O 3F Bk 24 AR, T2 WAk 2.0 =Y
A2 E Sitk o]714 o1l 59 571 4%k B LS Fefel e e ool of 5 B AEE 4 o
L

SoFsHH, WA TIEE ZFAao] GjskH A7olA B4 2 717 Eo] 100 mSy o)el A9 o 3k WA O.E Qg
&Y B2 A7 EAE 12 H, 100 mSy 17| w] Eof| A & oA 7} Sofukal Rl

A717 o FHE 2 ¥ mSvo] mZFof| A T F 7 AN Bl I A (el A A SARF FollA HEE A 2
o)) 7|7 TS 2 7o) EEZ 7173 & (stochastic health effect) S 3 5HtH= & LebiTY,

o|Z Hjgfo 2 HHE A 0 2 0] 28} A& AFESHE 2|8 JA FATONIA 100 mSv H =] W E-2 B W5 o] oA £
222 710 2 A ESHHOn this basis, it can be concluded that doses of the order of 100 mGy from recurrent application of medical imaging

procedures involving ionizing radiation are of concern, from the viewpoint of radiological protection).

2. Radiation risk in perspective (Kenneth L. Mossman, Marvin Goldman, Frank Masse, et al. Health Physics Society
Position Statement March 1996)

Ao BZe SAH B340 the 27] TR BA B2 S5l AIA S5 fARIAL 1 ofa o] 25} WAL
of g]ZH AlEQ] 7ol E F4-5 H5HA] &=THThe Health Physics Society advises against estimating health risks to people from
exposures to ionizing radiation that are near or less than natural background levels because statistical uncertainties at these low levels are great).

A m (AR RART o B vl s ehe) 2 W2 ehA] At E QIA| RS Frhe A2 B AT L2 2F 100 mSv ©]
5Fo] A&k WAL a]Z o] QIAjof| thet PF EAX o2 02} th2 2] ThSubstantial and convincing scientific data show evidence
of health effects following high-dose exposures (many multiples of natural background). However, below levels of about 100 mSv above

background from all sources combined, the observed radiation effects in people are not statistically different from zero) 1l 7S+t
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3. The scientific basis for the use of the linear no-threshold (LNT) model at low doses and dose rates in radiological
protection (Dominique Laurier, Yann Billarand, Dmitry Klokov, et al. Journal of Radiological Protection, Volume 43,
Number 2, 024003)

°F 601 M LNTRZHo] *AM] WS A|A o] == AA[RE, o] Helof ®AR oo 2-82 A|FEk =%Ho] E|aL 1TKThe linear
no-threshold (LNT) model was introduced into the radiological protection system about 60 years ago, but this model and its use in radiation
protection are still debated today).

& 2ollMe AT 108 &9 F2H A AE vig oz A ES B st A Gl AR S(LET) ‘AN o=
Foll ozt 2= A|AskA om, Aol A AN ¥ oF e S 7 o LNT 2E2 2| 8oh= | A= I =9

SFaLA} SHCHK(This article presents an overview of results on effects of exposure to low linear-energy-transfer radiation in radiobiology and

R
=
=
T

epidemiology accumulated over the last decade and discusses their impact on the use of the LNT model in the assessment of radiation-related
cancer risks at low doses).

At 108 S AR E St Bl 3t ZofollM A1 H AT ke Aol 9] o Tl et 2hehA] 2|42 AetAlzl
Th(The knowledge acquired over the past 10 years, both in radiobiology and epidemiology, has reinforced scientific knowledge about cancer
risks at low dose).

M AR Sol A Qi A UES ARAS AXIskA) GAIT, oF A4S 7] T Eelo] AAolt o) o Aol
A A S o o2 FEET 10 mSy THE W2 Ao % ¥h-3= UEPHTH(In radiobiology, although certain

mechanisms do not support linearity, the early stages of carcinogenesis comprised of mutational events, which are assumed to play a key role

o

ol
dr o
o
20l

in carcinogenesis, show linear responses to doses from as low as 10 mSv).

AL = stolut ool A H2 AP AT AF BEIgtol ATk, 1 glo] TA mSvE X 4 9 202 At
(Recent results, in radiobiology or in epidemiology, suggest that a dose threshold, if any, could not be greater than a few tens of mSv).

A7 B2 LA 2|42 v 2 = &3 AE22 “UAR BT AA ol A BAE T of 9S W7sl7] flsh LNT
24 A8aty, AR WS 52X 02 INTREo] 7 A A5t} = Z10]th(The scientific knowledge currently available does not
contradict the use of the LNT model for the assessment of radiation-related cancer risks within the radiological protection system, and no other

dose-risk relationship seems more appropriate for radiological protection purposes).

4, Cancer mortality after low dose exposure to ionising radiation in workers in France, the United Kingdom, and the
United States (INWORKS): cohort study (David B Richardson, Klervi Leuraud, Dominique Laurier, et al. BMJ 2023, 382)

=2 o] 23} HAFA ol thsh 24291 A A, A A AdTFE m]Zo] Ay Y&Hol n]x|= J&F2 B 7H(To evaluate the effect of
protracted low dose, low dose rate exposure to ionising radiation on the risk of cancer).

ohg: A AAAIY BARE ATINWORKS)®) £ Yol ol T3 ek, 93 5l vl3e] Ak Al FARG TEE
(Cohorts of workers in the nuclear industry in France, the UK, and the US included in a major update to the International Nuclear Workers
Study).

FA|713E: o] 25} WAt ol thigh @) 1 Fof] chigh 7l BuU e glofE Bl F 54| 7]7ko] 10.7H% 1Rl 309,9327 O] FAMAF
(309,932 workers with individual monitoring data for external exposure to ionising radiation and a total follow-up of 10.7 million person years).

Atoll= 103,55373 9] AP AR7F 23 Rl oW, o] 5 28,0892 11 ool Uflo| itk 2 1017t 2 w1 E-2 A efskl Gy
G 1YY APTE FH A= T4 A G 52% S7FITH0% A2 772 27%01A] 77%7FA]) (The estimated rate of mortality due to
solid cancer increased with cuamulative dose by 52% (90% confidence interval 27% to 77%) per Gy, lagged by 10 years).

A} 34 A1 910100 mGy) 2 B4 AR Al 242 ek = vl Z7Aomi(5 Aol A=) F7ke] E 27 19iA
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Q5 o E WAMAT 7 o] Bt HEolA| 7|15 F 2ol 8 FARE £ 2 At = H|5t AaE YERH A Th(Restricting
the analysis to the low cumulative dose range (0-100 mGy) approximately doubled the estimate of association (and increased the width of
its confidence interval), as did restricting the analysis to workers hired in the more recent years of operations when estimates of occupational
external penetrating radiation dose were recorded more accurately).

INWORKS®] 52 |0 E= o] 23} ‘AR ol thgh 2152191 2] A wlHah 1 of APGE 7He] erd/dol] oigh 2134l 5=
Ait= AlgotH ol AlARIA 71 B2 A E o] AN SARAL S E F YH-E 7|HHC & JHTk(This major update to INWORKS
provides a direct estimate of the association between protracted low dose exposure to ionising radiation and solid cancer mortality based on
some of the world's most informative cohorts of radiation workers).

Gy'd 2o e 1 Aol tigh QoF %)= A AR ’oo] JaFe nlxle FAYES 20, 47 S7= A A
F H ol A MEFrkg T /o] thist 712717} A A A= 9 B ot A UERATHThe summary estimate of excess relative rate solid
cancer mortality per Gy is larger than estimates currently informing radiation protection, and some evidence suggests a steeper slope for the
dose-response association in the low dose range than over the full dose range) (Fig. 2).

o2t Axt= Fl 98, A Y & Aol FL WA A AT ool tigt AM M2 & Atehe d =gl 2 4
A THThese results can help to strengthen radiation protection, especially for low dose exposures that are of primary interest in contemporary

medical, occupational, and environmental settings).

1.6

Richardson et al., BM). 2023

Relative rate

0 100 200 300 400 500 600 700
Cumulative dose (mGy)

Fig. 2. Relative rate mortality due to solid cancer by categories of cumulative colon dose, lagged 10 years INWORKS. Bars
indicate 90% confidence interval, and purple line depicts fitted linear model for change in excess relative rate of solid
cancer mortality with dose. strata: country, age, sex, birth cohort, socioeconomic status, duration employed, neutron
monitoring status

5. Brain cancer after radiation exposure from CT examinations of children and young adults: results from the EPI-CT
cohort study (Michael Hauptmann, Graham Byrnes, Elisabeth Cardis, et al. The Lancet Oncology Volume 24 Issue 1, 45-
53)

EPI-CT: Epidemiological study to quantify risks for paediatric computerized tomography and to optimise doses

F2]: 539 EPI-CT Y= 20 B 44 CT AALE 15k A 9132 A daloto] =l 9132 715tk (The European
EPI-CT study aims to quantify cancer risks from CT examinations of children and young adults. Here, we assess the risk of brain cancer).

235 E At 41 97871 vlolel & Fakoto] ARSI tld Ak 1977\ 5E] 2014'F Atolof] X4 3 ¥ o] CT ZAt
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£ 72 224 mjRtolw, o] ol oF = A & FF T2 A UL, A BIA CT o] % &4 519 59k A&k of 24 o] o]
SlofoF Sth(Eligible participants had at least one CT examination before age 22 years documented between 1977 and 2014, had no previous
diagnosis of cancer or benign brain tumour, and were alive and cancer-free at least 5 years after the first CT). &7 = 2767 2] 95732
o AH A AES Fol ARSI A4 Al 2ks WHO A1E Ae 7ol T ot #Akso|qith. 28 2uhe Ha He
2 B =] Q) th(Participants were identified through the Radiology Information System in 276 hospitals. eligible cases were patients with brain
cancers according to WHO International Classification of Diseases for Oncology. Gliomas were analysed separately to all brain cancers).

= 948,174 S I O™, 11 F 658,752 H(69%)°] & Atoll HTHRITY. 658,752 T 5 368,721 TB(56%)°] /301U L 290,031
H(44%)°] o1/d o] A tHWe identified 948,174 individuals, of whom 658,752 (69%) were eligible for our study. 368,721 (56%) of 658,752
participants were male and 290,031 (44%) were female). H+t 5.6 59t 1657 0] = BHYSHA 1 F 1217(73%)°] 22 20tich =
7190 5 59 AAEE 2 5 TS HA|Q)) 4 HAT] HF-2 474mGy (BEFHA} 60.9)0] AL, =G #A}F H -2 76.0mGy
(100.1) THMean cumulative brain dose, lagged by 5 years, was 47-4 mGy (SD 60-9) among all individuals and 760 mGy (100-1) among
people with brain cancer). 2= | Qo] thal §-2J3t A5 A3 A7} B = Ith(100mGyd ERR[Excess Relative Risk] 1.27
[95% C10.51-2.69]), =] 20} 730 = (100mGy'd ERR 1.11 [0.36-2.59]).

o] A-tollA CT &l AN 1] Fa} W9 Abo] o] [-of5h Mf-ih-g A7 =]l om, 71 M 7HE &3 79 22 CT A

A

83 7R3 3 e M AL o] WSt 2 ¥ 4 Atk

6. Risk of hematological malignancies from CT radiation exposure in children, adolescents and young adults (Magda
Bosch de Basea Gomez, Isabelle Thierry-Chef, Richard Harbron, et al. Nature Medicine 29, 3111-3119)

FHollA= o #ek ] oide] ofdo|7t HFE] T FY(CT)S et 5, 187 o238 WA m|Zo] FHFY L2
95130 Y& 2210|A|RE, CT AAH Rl A AP A= S85] o] Fo] A|A] Y3ttt (Although moderate- to high-dose
ionizing radiation exposure is an established risk factor for hematological malignancies, risks at CT examination dose levels remain uncertain).

5 97l=F 224 m]Rke] Aol A CT HARS B2 948,174 9] th=14] TS E(EPI-CT) 4 23} w2 B & HoASFLAy
A 7tol A Ao, 100 mGyT ZIHIHAF(ERR)O] 1.96(95% A= T2 1.10011A4] 3.12)2.2 LFERFTH790 7). H=
A B Sl M e fAReE g0l =EE ATk I AT AAREZ 10,000 B ofHo|F(H T A% 8 mGy), o F 12 S A
M eZ2 Qloh JollEoF dhajo] 12 T o3 Th(Results suggest that for every 10,000 children examined today (mean dose 8 mGy), 1-2
persons are expected to develop a hematological malignancy attributable to radiation exposure in the subsequent 12 years). ©] A¥}= A A &F
AR ol Fo 2 Qg oAl 9fddo] S7tekal 9le2 BolFE S715 WEIM, £0kCT AR Al 21521 A 3afet A3 |45}
9] " @5 HoZTHOur results strengthen the body of evidence of increased cancer risk at low radiation doses and highlight the need for

continued justification of pediatric CT examinations and optimization of doses).

=52 Apste] b4 olelSle A2, S, ofstat ofslol A o] ALEElE EAIS AAH o FHakA) 28] 1 olsle] 3
A7} ASIck TR, ol WAL B ek B o Bt Tel=ES Frolok BRI 2214 Sxte] ofslE ol7] $i3] 2

A SAAE 52t = BHINWORKSE 20179 217d 0] % 20238 4Tl o] ESF 2k50f| A A4l ol A
A o] LA M EL o WAL 7]2719] Zo] 2 A2 I 4 At H=o] 22 AR E et FollA ERo]
o

o L
2 YoM F2 S Sk A= 7P, 10 mGyoll M 58] AF 1H-3-2 HRlths AR o] Bre{ Hith
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A LA o ek F7PIAMIu SR A AN G T 7ol = S Ul LA A SARAKE ) 8ttt 3t INWORKS
oF 22 7HE skl AR 21 A ko] F012 50\ 7hsott) gtk ofskat FARAe] ARG A2 4 Qlek SHA| T, 508 S
Algolg2 Y e FAREE T HHolu L 2HE AAE 4 U7

A F7HA] A 3=l A oAy LNTE%IPJ A A& ZHE 2A AN 3l A =EE2 o A3 ol Eo] INTEY
O F7HA]l A+te] B g1} o] ol Hoh= =23 oA = {7]5HiTh

ol gkt HIAPA A Y LAY FAAES 11 Aol A LNTEElol] 4 85)= 7 2435 Alg|o]ot. wbA] “Cancer mortality after
low dose exposure to ionising radiation in workers in France, the United Kingdom, and the United States INWORKS): cohort study” +=+°]|
A ThS- 3} -2 31 “These results can help to strengthen radiation protection, especially for low dose exposures that are of primary interest
in contemporary medical, occupational, and environmental settings = S A"l 2| Aol A HEARA BFS & 73S}l oFsiet,

U 2 2023 = 2|8kt PET/ICTFAMY FARRE 2719 1.1 mSv, 284 FARKE 0.5 mSy, ZulHletd SARR= 04
mSy, A ] HAM FARARE 0.1-0.2 mSv 1 52 {okty, s of st FARRRE-2 70 1A Q) ARR-2 F:7tol] ARHRA] ob=thH, A 7HA|
oR35HS ZFolokett= 212 9lA] otof gt
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