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Published in April, 2018 Prepared by Scientific Committee 1‐25
included experts with a broad purview of the recent radiation 
epidemiology literature
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Two associated publications (1 Memorandum, 1 Summary) in international journals:‐

Recent epidemiological studies and the linear nonthreshold model and radiation 
protection – considerations regarding NCRP commentary No. 27– with the same 
author list ‐ Health Physics 116 282‐294, 2019
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AIM: to develop a knowledge‐based choice for a dose‐response model that is prudent 
to use in RP

To determine whether recent epidemiological studies of low‐LET radiation, 
particularly those at 
low absorbed doses (<100 mGy delivered acutely or accumulated over time) 

and/or 
low absorbed dose rates (LD/LDR) (<5 mGy h–1 for any accumulated dose)

EITHER
broadly support the LNT model of carcinogenic risk 
OR
demonstrate sufficient evidence that the LNT model is not appropriate for 
RP
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WHY:
Last reviews by BEIR VII phase 2 report 2008 and UNSCEAR 2006 report
~10 years ago &  included a large fraction of studies based on acute 
exposures to moderate and high doses.
Since then a considerable number of results for updated or new cohorts, 
many of them with LD/LDR exposures, have been published

STUDY SELECTION:
In accordance with a recent comprehensive meta‐analysis of such  studies
(ICRP TG 91)
(Shore, Walsh,  Azizova, Rühm, Int J Radiat Biol,  93:1064‐78, 2017)
By consensus of the Committee



TYPES OF STUDY:
1) large cohorts
2) with individual dosimetry
3) with radiation risk to dose‐response analyses and risk coefficients for total solid 

cancer, individual cancers or non‐CLL leukemia. 

Earlier reports containing redundant data were eliminated.

Analyses of the Japanese Life Span Study of atomic bomb survivors and LD/LDR studies 
of exposed groups or tumor sites of special interest (fallout, in utero and early childhood
exposures; breast cancer, thyroid cancer) also were included. 

Twenty‐nine major studies were critically reviewed.
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Review of A-bomb papers and LD/LDR Epidemiological Studies 
 Life Span Study (LSS) of Japanese Atomic Bomb Survivors 
 INWORKS (International Nuclear Workers Study) 
 Mayak workers
 Million Person Study – Rocketdyne, Mound, U.S. atomic veterans, industrial 

radiographers, U.S. nuclear power plant workers, etc.
 Japanese nuclear workers
 Canadian nuclear workers
 Chernobyl clean‐up workers
 Other Worker Studies – Chinese x‐ray workers, U.S. radiologic technologists, 

French uranium processing workers
 Techa River cohort
 High natural background areas – Kerala, India; Yangjiang, China
 Taiwan residents of radiocontaminated buildings
 Chernobyl and other radiation fallout studies
 Pooled studies of external irradiation and thyroid cancer
 Medical studies: Pediatric CT scans, TB multiple fluoroscopic exams
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Review of A-bomb papers and LD/LDR Epidemiological Studies 
 Life Span Study (LSS) of Japanese Atomic Bomb Survivors 
 INWORKS (International Nuclear Workers Study) 
 Mayak workers
 Million Person Study – Rocketdyne, Mound, U.S. atomic veterans, industrial 

radiographers, U.S. nuclear power plant workers, etc.
 Japanese nuclear workers
 Canadian nuclear workers
 Chernobyl clean‐up workers
 Other worker studies – Chinese x‐ray workers, U.S. radiological 

technologists, French uranium processing workers
 Techa River cohort
 High natural background areas – Kerala, India; Yangjiang, China
 Taiwan residents of radiocontaminated buildings
 Chernobyl and other radiation fallout studies
 Pooled studies of external irradiation and thyroid cancer
 Medical studies: Pediatric CT scans, TB multiple fluoroscopic exams

(Slide courtesy of R. Shore)



Critique of the epidemiological methods
 Study design and study population appropriate?
 Quality of available data – adequacy and length of follow‐up?
 Adequate ascertainment of cancer incidence/mortality?
 Accurate/complete cause‐of‐death ascertainment?
 Information on potential sources of confounding or bias?

Critique of the dosimetry
 Adequacy of dose information (missing gamma, neutron or internal 
exposures)?

 Dose reconstruction: adequate methods & available information?
 Adequate estimation of dose uncertainties?
 Incorporation of dose uncertainties into risk estimates & shape of 
the dose‐response curve?

Reviews of Epidemiological Studies of Total Solid Cancer Risks

9(Slide courtesy of R. Shore)



Strong support – 5 studies (17%)
 INWORKS: US, UK and French combined cohorts (Richardson 2015; 
Leuraud 2015)

Moderate support – 6 studies (21%)
 Mayak nuclear workers (Sokolnikov 2015, 2017)

Limited‐to‐moderate support – 9 studies (31%)
 Chernobyl clean‐up workers, Russia (Kashcheev 2015)

No support – 5 studies (17%)
 Kerala, India – high natural background radiation area (Nair 2009)

Inconclusive – 4 studies (14%)
 CT examinations of young people, Australia (Mathews 2013)
 Nuclear weapons test fallout studies (e.g., Marshall Islands)

Evaluations of consistency with the LNT model
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Nearly 70% 
provided some 
support for LNT, 
ranging from 
fairly-weak to 
strong

(Slide courtesy of R. Shore)



All Solid Cancer (mortality or incidence):
Excess Relative Risk (ERR) Gy-1 in the 12 Largest LD/LDR Studies (>250 cases)

‐2                   0                     2

 Study  No. Solid 
Cancers 

Mean 
Dose(mGy)

Mayak nuc (Sokolnikov-15) 1,825      354

China, med x-ray (Sun-16) 1,643      40.6
INWORKS (UK,US,Fr.) nuc 
(Richardson-15) 17,957    20.9

Techa River (Schonfeld-13) 2,303      35

Kerala HBRA (Nair-09) 1,349      161
Chernobyl clean-up 
(Kashcheev-15) 2,442      132

Japan nuc (Akiba-12) 2,636      12.2

Yangjiang HBRA (Tao-12) 941         63.2

US NPPs (Howe-04) 368         25.7

Rocketdyne (Boice-11) 651         13.5

German U millers (Kreuzer-15) 434         26

Canada nuc (Zablotska-13) 324         21.64

 ERR Gy-1 (95% CI) 
‐1 Mean Dose

(mGy)

A Nuc = nuclear workers
B HBRA = high background radiation area
[I] = incidence data

A

[I]

[I] B

(Shore, Walsh et al, Int J Radiat Biol,  93:1064‐78, 2017) 11



INWORKS, Dose response for all cancers except leukemia, at low 
doses

Range of Doses  Excess Relative Risk/Gy
(90% CI)

Full dose range (0 ‐ <max. 1331.7 mGy ‐ 90th 
percentile 53.4 mGy, ) 0.48  (0.20, 0.79)

0 – 150 mGy 0.69  (0.10, 1.30)

0 – 100 mGy 0.81  (0.01, 1.64)
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(Richardson et al., Br Med J, 351: h5359, 2015)

Is there risk at low doses?



LSS dose‐response at 0‐100 mGy for solid cancers, sexes combined

LSS Report 14 (Ozasa, Radiat
Res, 177:229‐, 2012) 

Solid Cancer Incidence

Dose Range ERR Gy‐1
(95% CI)

Full dose range
<4Gy

0.50 (0.42, 0.59)

0‐100 mGy 0.49 (0.026, 1.01)
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Solid Cancer Mortality

risk estimates from: Grant et al, Radiat
Res, 187:513‐37, 2017



Non-CLL leukemia risks in studies with low-dose/low dose-rate 
exposures and ≥20 cases

Study ERR/Gy (90% CI) ERR/Gy
(90% CI)

Mean Dose
(mGy) / No. 
Leukemias

US NPPs nuc (Howe'04) A 5.7 (-1.2, 26) 26 /  26

Kerala, high background radiat (Akiba'13)[I] B 3.7 (-276, 283) 161 /  20

US Fernald U-processing nuc (Silver'13) 3.3 (-1.7, 24) 24 /  28

INWORKS (UK,US,Fr) nuc (Leuraud'15) 3.0 (1.2, 5.2) 16 / 531

Chernobyl clean-up, Ukr. (Zablotska'13) [I] 2.2 (0.4, 6.7) 82  /  52

Techa River, residents (Krestinina'13) [I] 2.2 (1.0, 4.9) 420 /  72

German U miners (Kreuzer'17) 0.9 (-3.1, 4.9) 48 / 120

US Rocketdyne nuc (Boice'11) 0.6 (-4.1, 10) 14 /  25

Chernobyl clean-up, Russ. (Ivanov'12) [I] 0.4 (-1.7, 2.6) 108 / 111

US Mound nuc (Boice'14) 0.4 (-3.0, 6.0) 26  /  26

Mayak nuc (Preston'17) 0.1 (-0.2, 0.5) 120 /  90

Japan nuc (Akiba'12) -1.9 (-5.5, 6.9) 12 /  80

US atomic veterans (Caldwell'16) -50 (-125, 26) 3.2 /  27

A-bomb LSS (exposed ages 20-39) (Hsu'13)[I] 3.9 (2.3, 6.1) 230 / 122

A “nuc” = nuclear workers;   B [I] = incidence; otherwise mortality.
(ICRP TG‐91 Report in preparation)



• Various studies of radiation and total solid cancer showed risk at low doses or 
low dose rates and very weak to no evidence of a dose‐response threshold or 
of strong upward curvature. However, uncertainties in doses & 
epidemiological shortcomings in various studies exist, and risk estimates 
below 100 mGy have substantial uncertainties.

• The majority of  the quantitative epidemiological LD/LDR results broadly 
support the LNT model for total solid cancer and leukemia, although with a 
few notable exceptions, and current data are not precise enough to 
definitively exclude other models.

Is the LNT model appropriate for assessing cancer risk 
in the context of radiation protection?

(Adapted from NCRP Commentary No. 27)
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Based on current epidemiological data, no notably 
different alternative to the LNT model appears more 

practical and prudent for radiation protection 
purposes. 

Modest doubt is called the beacon of the wise.
William Shakespeare



Gratitude for outstanding group efforts and 
expertise in addressing LNT (and DREF)

NCRP SC 1‐25 – LNT
R Shore, Chair
L Dauer, co‐chair
H Beck
J Boice
E Caffrey
S Davis
H Grogan
F Mettler
J Preston
J Till
R Wakeford

ICRP Task Group 91 ‐ DREF
W Rühm, Chair
R Shore
T Azizova
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Spare slides from here on  –
potentially to support any
discussions



Models of risk
Life Span Study (LSS) of Japanese

Atomic Bomb Survivors
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Japanese Atomic Bomb LSS, solid cancer incidence, 1958‐2009 – dose 
response for full colon dose range

(E Grant, RERF, Presented at IRPA, 2016; Grant et al, Radiat Res, 187:513‐37, 2017) 20



Japanese A‐bomb LSS, solid cancer incidence, 1958‐2009 – dose response 
for 0–1 Gy

(E Grant, RERF, Presented at IRPA, 2016; Grant et al, Radiat Res, 187:513‐37, 2017) 21



LSS solid cancer mortality, 1950‐2003: linear and nonparametric curves 
for colon doses ranging from 0 to 0.5 Gy.

[Based on mortality data, both sexes, available online at http://www.rerf.jp; from LSS Report 14 (Ozasa, Radiat 
Res, 177:229‐, 2012)]
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Examples of dose‐response analyses
of low‐dose or low dose‐rate (LD/LDR): 

Data for ‘Solid Cancer’ or
closest surrogates
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INWORKS and LSS, mortality from all cancer
except leukemia by colon dose
Error bars show 90% confidence intervals.
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ERR/Gy= 0.48 (90% CI 0.20, 0.79)

(Slide, courtesy of Richard Wakeford) (Richardson et al., BMJ 2015; 351:h5359)



Mayak Workers – external radiation and mortality from 
solid cancer (excluding lung, liver & bone – main 
plutonium deposition sites)

Full Dose Range Dose Range 0 – 1.5 Gy

(Sokolnikov, PLoS One, 2015;e0117784) 25

ERR/Gy= 0.12 (95% CI 0.03, 0.21)*

* Risk estimate adjusted for estimated plutonium deposition.



Dose response for solid cancer 
incidence, Techa River cohort

Data adjusted for smoking.       (Davis et al, Radiat Res, 2015; 184:56‐65)
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ERR/Gy= 0.77 (95% CI 0.13, 1.5)



Relative Risk for Incidence of all cancer except 
leukemia by cumulative dose – high natural 
background radiation area in Kerala, India

Nair et al. Health Phys, 96:55-66, 2009; 
Boice et al. Radiat Res, 173: 849-54, 2010

N=1349 cases

(Slide courtesy of John Boice, Jr.)
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UK Study of Leukemia Incidence after
CT Examinations at Ages 0‐21

(Pearce et al, Lancet, 380:499‐505, 2012)
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ERR/Gy = 36 (95% CI 5, 120)
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