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Plutonium risk
Mayak worker cohort
• Analysis of workers with known Pu dose
• 8604 men
• 388 lung cancer deaths
• Follow-up: 1/1948 - 12/2008

Pu dose (Mayak Worker Dosimetry System 2008)
• Only exposed: log-normal distribution; D̄ = 0.12Gy (∆D = 0.42Gy)
• All: D̄ = 0.05Gy (∆D = 0.28Gy)
• Duration of 90% exposure: ∆t = (35 ± 10)y
Beyond two-stage models for lung carcinogenesis in the Mayak workers,
S. Zöllner, M. Sokolnikov and M. Eidemüller, PLoS ONE 2015

Plutonium risk

TSCE model

• Internal plutonium dose: radiation action on clonal expansion rate

(γ ≈ α − β) was highly significant
• Levelling effect
• External dose: not significant within restricted cohort

Plutonium risk
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Clonal expansion rate as function of dose rate
• Levels off at d & 0.06Gy/a
• Related to bystander effect (Eldorado cohort, Eidemüller et al, PloS

ONE 2012)?

Plutonium risk
Extension to 3-stage models:
Γi Ha-1 L

Best model fits:
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Radon exposures

General comments on radon exposure
• Exposure for miners given in working level months (WLM), related to

radon air concentration in Bq/m3
• Risk estimates for several miner studies show a linear exposure

dependence, but with strong radiation modifiers of attained age, time
since exposure and exposure rate (BEIR VI)
• Indoor exposures: Relatively low exposures with long-term exposure

time, case-control studies available (e.g. S. Darby et al, BMJ 2005)
• Here: only miner studies

Wismut cohort
The cohort
• Workers at the Uranium mines in Thuringia and Saxony [1946-2003]
• 58987 males workers with 3016 lung cancer deaths
• Cancer risk chiefly due to radon exposure
• Mean radon exposure of 280 WLM
• Protracted exposure (mean exp. duration 11yr)
• Other exposures: LRN, γ radiation, silica, arsenic and fine dust
• Analysis with ERR and TSCE models
• Risk for high cumulative silica exposure significant
I. Zaballa, L. Walsh, M. Kreuzer, M. Eidemüller, in preparation
L. Walsh et al. Radiation Research 173, 79-90 (2010)
M. Sogl et al. British Journal of Cancer, 1-7 (2012)

Wismut cohort

Parametric ERR model
ERRpd (a) = ERR0 · e −αa ·a · e −αtse ·tse · e −αer ·er
• ERRpd is ERR per exposure dose [WLM−1 ]
• Radiation modifiers: Attained age a, time since exposure tse and

exposure rate er
• 4 radiation parameters (ERR0 , αa , αtse , αer )

Wismut cohort

TSCE model

• Radon exposure: radiation action on clonal expansion rate

(γ ≈ α − β) highly significant
• Levelling effect

Wismut cohort
TSCE model results (preliminary):
• Strong increase of clonal

expansion rate γ for small
exposure rates
• Above approximately 150

WLM/year it settles down to
a value of about 2 times its
baseline value
• Effect is highly significant

Wismut cohort: Results (preliminary)
• ERRpd decreases with attained age and increases for lower exposure rates
(all models)
• Large model uncertainty due to complex dependence on several modifiers

RDP exposure of 500 WLM received around age 30; exposure durations for 5 and 10 years

Mechanisms of α-particle risk models
In all cohorts of lung cancer after α-irradiation a very strong and
significant effect on the clonal expansion rate is found:
• Dose rate effect is non-linear (levelling or levelling+linear)

Eldorado miners

Wismut miners

Mechanisms of α-particle risk models
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Mechanisms of α-particle risk models

Colorado, Eldorado and Wismut miners
Colorado miners cohort: Luebeck et al Radiat Res 1999

Discussion: Mechanisms of α-particle risk models
• All miners and the Mayak cohort have a strong indication of radiation

effect on clonal expansion
• No or only very minor effect on initiation
• Radiation effect on clonal expansion non-linear, with a levelling at

higher exposure rates
• This is valid not only for the TSCE model, but also for a Three-Stage

model (result no artefact of TSCE model)
• Risk model of plutonium may be similar to radon, but exposure

pattern differs (long-term exposure) (?)
Mechanisms of clonal expansion:
• Changes of cell cycle control: higher proliferation rates
• Changes in apoptosis or differentiation rates
• Bystander effects for α-particles (levelling)?

Discussion: Questions

Questions
• Radiobiological mechanisms for increase of clonal expansion rate?
• Effect of α-radiation on division rate/cell cycle control or

apoptosis/differentiation?
• Dose- and dose rate dependencies
• Radiation quality: γ vs. α radiation - different cellular response

(initiation, clonal expansion levelling (bystander))?
• Different cellular response to Plutonium and Radon decay products?
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Swedish Hemangioma Cohort

Swedish Hemangioma Cohort
• Between 1920-65 hemangiomas were treated by ionizing radiation in
Stockholm and Gothenburg
• 17700 female and 8600 male children
• 226 Ra or X-rays (10%)
• Very early treatment

Swedish Hemangioma Cohort
Breast cancer incidence in SHC
• 17200 females
• First treatment at very young ages (< 18 months)
• 877 breast cancer cases
• Follow-up: From 1/1958 to 12/2009
• January 2010: 13952 women alive, mean (median) age is 61.1 (60.7)

years
M. Eidemüller, E. Holmberg, P. Jacob, M. Lundell, P. Karlsson, Breast cancer risk
among Swedish hemangioma patients and possible consequences of radiation-induced
genomic instability, Mutat. Res. 669 (2009) 48–55.
M. Eidemüller, E. Holmberg, P. Jacob, M. Lundell, P. Karlsson, Breast cancer risk and
possible mechanisms of radiation-induced genomic instability in the Swedish
hemangioma cohort after reanalyzed dosimetry, Mutat. Res. 775 (2015) 1–9.

Update of dosimetry system (2013)
Changes in dosimetry system
• For the Stockholm cohort, previous dosimetry system did not take
geometry correctly into accout for applicators close to the breast
• Re-evaluation for these women by M. Lundell et al.
• Significant reduction of breast dose (factor 2-3) of highly exposed

women in the Stockholm cohort
• Breast dose range (whole cohort): 0-33 Gy, Mean dose: 0.18 Gy

(previously: 0.29 Gy)
M. Karlsson, M. Lundell, C. Candela-Juan, F. Ballester, Å. Carlsson-Tedgren, Dosimetric
characterization of a 10 mg radium needle and a 8 mg radium tube, to appear in
Medical Physics, 2015.

Results for ERR model
Results
• Linear dose response
• About 72 of 877 breast cancer cases are radiation-induced (previous

DS: 55)
• Risk at central ages:

ERRpd (50) = 0.48 Gy−1 (95%CI : 0.26; 0.70)
EARpd (50) = 10.4 (104 PYRs Gy)−1 (95%CI : 5.9; 14.9)
• With new DS, central value of excess relative risk per dose increases

substantially (about a factor of 2)
• No significant dependence of ERR with attained age (almost flat)

Two-stage clonal expansion (TSCE) model
Exposure during age of 12 to 18 months with dose of 1 Gy

Two-stage clonal expansion (TSCE) model

Results
• TSCE model with standard dose response: ν = νbase + r · d,
Quality of fit not very good (d is dose rate)
• Implementing ideas from genomic instability (GI): TSCE model with
lifelong effects (Eidemüller et al, Mutat Res 2009)
• TSCE model with GI significantly better than standard TSCE model

(p=0.003)
• Results for radiation risk very similar to results from ERR model

Models of carcinogenesis with separate path of GI

Models with separate path of genomic instability
Free parameters:
• ν0 , ν1 , β1
• ν0,GI , ν1,GI , β1,GI
• σ0 , σ1

Radiation risk:
• Early exposure: only radiation on ν0 or σ0 is relevant
• Here only spontaneous radiation effects, no life-long effects!
• Reference: Radiation on upper path: ν0 = ν0,base + r · d

→ TSCE model, d is dose rate
Test radiation-induced Genomic Instability:
• σ0 = σ0,base + r · d = r · d

Models with separate path of genomic instability
Best Model:
σ0

=

r · d !!

ν0,GI

 ν0

ν1,GI

=

ν1

β1,GI

=

β1 , (α1,GI = α1 )

!!

• Enhancement of νGI
• Analogy to colon cancer: GI increases loss of heterozygosity
(Nowak et al. PNAS 2002)

for ν0,GI /ν0 ≈ 104 , r = 3.6 · 10−5 Gy−1
• After exposure of 1 Gy, about 3.6 of 105 cells would be

genomically unstable. Of 109 stem cells, about 3.6 · 104
genomically unstable cells would be present.

Risk comparison

Risk comparison

Summary: Breast cancer in the SHC
Summary
• Models with built-in radiation-induced GI strongly significant cf.
standard mechanistic models
• In SHC, GI is an early event in radiation carcinogenesis
• Preferred model indicates that main effect of GI is to enhance

transitions of cells with GI towards initiated cells
• Difference in time evolution of spontaneous and radiation-induced

cancer (different molecular pathways?)
• Necessary to test such hypotheses with molecular biological

measurements from samples of radioepidemiological cohorts
• Outlook: Currently analysis for (radiation-induced) breast cancer risk

with breast cancer information among mothers, sisters and daughters
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Risk comparison and lifetime risk
Breast cancer risk comparison: LSS and SHC
Lifetime risk of breast cancer
Lifetime risk of lung cancer

Breast cancer incidence risk in the LSS (1958–1998)

• LSS cohort: General exposure scenario - all ages at exposure
• Analysis with ERR models and models of carcinogenesis
• Multi-model inference (MMI) method to account for model uncertainty
• Western background breast cancer risk about 2-3 times higher than in
Japanese population
Kaiser et al. Radiat Environ Biophys 2012

Risk comparison for LSS and SHC
Radiation-induced cases
• SHC: All breast cancer cases with age at exposure between 0-5 years
(71 radiation-induced cases)
• LSS: 15 radiation-induced cases with age at exposure between 0-5
years (from best mechanistic M4 model) (Kaiser et al, Radiat Environ
Biophys 2012)

ERR(70) [Gy−1 ]
EAR(70) [(104 PYR Gy)−1 ]

SHC
0.48
19.5

LSS (e=0-5 y)
1.2
23

LSS (e=5-10 y)
1.2
19

Risk transfer of breast cancer risk
• Results for breast cancer support preference for transfer of absolute
risk between different populations

Lifetime definitions

• REICI: Risk of Exposure Induced Cancer Incidence
• REID: Risk of Exposure Induced Death
• YOLL: Years of Life Lost. Number of years a person would expect to

loose (of cancer free life) on average if it develops a radiation-induced
cancer
• Multiplicative (ERR) or additive (EAR) risk transfer between

populations possible
• Risk estimates for appropriate realistic exposure scenarios

Lifetime risk breast cancer, e=1 year, 100 mGy

• Lifetime risk measures based on ICRP103 Euro-American population

baseline rates (used also as basis for ICRP detriment calculations)

Lung cancer Mayak, plutonium
Total plutonium exposure 200 mGy, 35 years of exposure (age 25-60)

ERR given per Gy: [Gy−1 ], EAR given per 104 PYR Gy: [(104 PYR Gy)−1 ]

• 3-Stage model better quality of fit than TSCE model (both better

than ERR model), however structure more complicated
• Significant model uncertainty (smaller for lifetime risk)
• Different age since exposure dependence

Lifetime risk lung cancer, plutonium, e=25-60 year,
200 mGy

Summary
• Risk estimates have significant uncertainties (extrapolation, individual

factors, model uncertainties, transfer of risk between population, . . . )
• Need of better understanding of underlying mechanisms
• Link to epidemiology: identification and quantification of pathways

and mechanisms from systems biology

Acknowledgement
Swedish Hemangioma Cohort:

Wismut Cohort:

Erik Holmberg (Göteborg)
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