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Introduction: Background breast cancer risk

• Breast cancer is the most commonly diagnosed cancer among women
in most countries

• Breast cancer is associated with a number of risk factors

Breast cancer risk factors:

• Parity and age at first child birth
• Breast cancer risk decreases with increasing number of children
• Breast cancer risk decreases with young age at first childbirth

• Family history of breast cancer
• Breast cancer risk increases with the number of affected first-degree

relatives



Introduction: Background breast cancer risk

Breast cancer risk factors (continued):

• BRCA1/BRCA2 mutations
• Mutations in breast cancer susceptibility genes BRCA1 and BRCA2

increase breast cancer risk

• Hormonal status
• Late menarche and early menopause reduce breast cancer risk
• After menopause (≈ 50 years) change of slope in incidence rate

Ronckers et al, Breast Cancer Res 2005

UNSCEAR 2006

Many more . . .



Introduction: Background breast cancer risk
Breast cancer incidence rate

Althuis et al, Int J of Epidemiology, 2005

• Reduced slope after age 50 (menopause), particularly strong for Asian women (for
LSS still slight increase after age 50)

• Breast cancer appears at slightly younger ages than most other solid cancers



Introduction: Risk definitions
Excess relative risk and excess absolute risk

• Part of incidence rate/mortality rate/hazard is baseline risk λ0(a),
part is due to radiation:

λ(a, x ,D) = λ0(a, x) · (1 + ERR(a, x ,D))

λ(a, x ,D) = λ0(a, x) + EAR(a, x ,D)

• a is attained age, D is accumulated time-lagged dose, x are further
baseline confounders or radiation modifiers

• λ0, ERR and EAR are model dependent, they are not given by
epidemiological data (λ0 could be taken from external background
rates, but might be different from cohort rates)

Often ERR/EAR are proportional to dose, can define risk per dose:

ERR(a, x ,D) = ERRpd(a, x) · D
EAR(a, x ,D) = EARpd(a, x) · D
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LSS cohort (Incidence)

• LSS cohort largest study for breast cancer risk

• Focus on incidence: much more breast cancer cases than deaths, less
diagnostic misclassification, no correlations with improved treatment
methods etc.

• Results presented below are based on Preston et al., Solid Cancer
Incidence in Atomic Bomb Survivors: 1958–1998, Radiat Res 2007

Cohort properties

• 65,525 female LSS cohort members

• 1,073 breast cancer cases

• Both ERR and EAR models were fitted



LSS cohort (Incidence)
Results

• Linear dependence of risk on dose

• About 147 excess cases (of 527 with at least 5 mGy)

• ERR model: decrease of risk with attained age, but no significant age
at exposure effect

• EAR model: both attained age and age at exposure are significant
radiation modifiers (baseline depends on age at exposure/birthyear)



LSS cohort (Incidence)

Results

Risk at age 70 after exposure at age 30:

ERRpd = 0.87 Gy−1 (90%CI : 0.55; 1.3)

EARpd = 9.2 (104 PYR Gy)−1 (90%CI : 6.8; 12)

How do these risk estimates compare to other cohorts?



Pooled breast cancer study

Preston et al., Radiation Effects on Breast Cancer Risk: A Pooled Analysis
of Eight Cohorts, Radiat Res 2002

• Includes 8 cohorts (LSS, Massachusetts fluoroscopy original (TBO) and extension

(TBX), New York mastitis (APM), Rochester thymus (THY), Swedish benign breast

disease (BBD), Gothenburg hemangioma (HMG), Stockholm hemangioma (HMS))

• Comment: Results for LSS cohort were updated by Preston 2007
analysis



Pooled breast cancer study

Comparison of population rates:
Western rates are 2-3 times higher than Japanese rates



Pooled breast cancer study

ERR risk estimates from pooled ERR model

• Large difference between different cohorts: from about 0.3 Gy−1 for
Swedish hemangioma cohorts to 2.1 Gy−1 for LSS cohort (attained
age 50) (misprint: different age at exposure for BBD)



Pooled breast cancer study

EAR risk estimates from pooled EAR model

• Still differences between cohorts, but EAR risk estimates seem more
compatible to each other than ERR estimates



Pooled breast cancer study
ERR model:

ERRpd(a) = ERR0 · (a/50)γ

• ERR depends on attained age, no significant age at exposure effect
was found in addition to attained age

EAR model:

EARpd(a, e) = EAR0 · eθ(e−25) ·
{

(a/50)γ1 : a < 50
(a/50)γ2 : a ≥ 50

• EAR depends both on attained age and age at exposure

• Different age coefficients γ1, γ2 before and after age 50 (similar to
baseline rates)

• Pooled study:
θ = −0.05, γ1 = 3.5, γ2 = 1,EAR0 = 10 per 10,000 woman-years
(based on LSS, THY, TBO and TBX)



Pooled breast cancer study

Suggestion from pooled study for transfer of risk between populations:
”When applying LSS breast cancer risk estimates to another population,
one should either use EAR estimates or (essentially equivalently) scale the
LSS attained-age ERR model by the ratio of the baseline rates in Japan to
those in the population on interest.”

• BEIR VII (2006): ”The committee’s preferred models for estimating
breast cancer incidence and mortality are those developed by Preston
et al 2002 (Pooled breast study)”. BEIR VII uses both Preston ERR
and EAR models, with preference for the EAR model.

• ICRP 103 (2007): Risk estimates based on LSS cohort (Incidence
data until 1998, as in Preston et al 2007). Only EAR model used.
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Swedish Hemangioma Cohort

Swedish Hemangioma Cohort

• Between 1920-65 children with hemangiomas were treated by ionizing
radiation (226Ra or X-rays) in Stockholm and Göteborg

• Hemangiomas appear at infancy: treatment before age of 2 years in
one or several treatments

• 17158 females; Breast dose range: 0-35.8 Gy; Mean dose: 0.29 Gy

• Increased incidence of breast cancer, in total 678 cases

• Mean age at breast cancer: 50 years

• Follow-up: 1958-2004; Mean age for 2004 is 55 years



Swedish Hemangioma Cohort

• Hemangioma cohort was analyzed both with ERR models and with
the two-stage model with clonal expansion (TSCE model)

• Mechanistic models incorporate the temporal process of
carcinogenesis and allow to implement radiobiological mechanisms

TSCE model

M. Eidemüller, E. Holmberg, P. Jacob, M. Lundell, P. Karlsson, Mutation Research 669 (2009)

48-55



Swedish Hemangioma Cohort

Baseline Confounder

• Number of children:
Highest risk for women without a child, for each child the breast
cancer risk is reduced by about 8%

• Age at first child birth:
Lowest risk for birth before age 20, at age 35 risk is comparable to
risk without a child



Swedish Hemangioma Cohort

Exposure during age of 12 to 18 months with dose of 1 Gy



Swedish Hemangioma Cohort

• Radiobiological mechanisms will lead to different risk estimates

• Understanding the underlying mechanisms could provide a better
basis for risk extrapolation towards lower doses



Comparison to other large cohorts

Cohort
ERRpd (Gy)−1

at age 50

EARpd

(104 PYR Gy)−1

at age 50

Swedish hemangioma cohorta 0.25 (0.14; 0.37) 6.1 (3.4; 8.6)

Canadian flouroscopy
studyb

0.90 (0.55; 1.39) (Mortality)

Non - Nova Scotia 0.40 (0.13; 0.77)
Nova Scotia 3.56 (1.85; 6.82)

LSSc 1.96 (1.31; 2.63) 9.0 (6.3; 12.0)

Massachusetts flouroscopy
studyd

0.74 (0.4; 1.2) 5.7 (0.7; 16)

95% confidence intervals

a: Eidemüller et al, Mutat Res 2009
b: Howe and Laughlin, Radiat Res 1996 (Mortality, 31,917 women, 688 breast cancer
deaths, Follow-up: 1950-1987), age at exposure=15 years, no attained age dependence
c: LSS incidence until 1998 (as in Preston Radiat Res 2007), scaled to e=25 and a=50
years for ERR model and EAR model with knot at age 50 (thanks to J.C. Kaiser)
d: From Pooled study (Preston Radiat Res 2002) for e=25 and a=50 years
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Risk transfer: IREP and ProZES

Background

• A person with radiation exposure gets cancer later in life

• What is the probability that radiation has caused this cancer?

• Important for compensation claims

• Examples of software programs: IREP (USA) and ProZES (Germany,
in development)



IREP and ProZES

Interactive Radioepidemiological Program (IREP)

• IREP assesses probability of cancer causation after occupational
exposure

• Version of U.S. National Cancer Institute (NCI,
http://www.irep.nci.nih.gov) and of U.S. National Institute for
Occupational Safety and Health (NIOSH,
https://www.niosh-irep.com/irep niosh)

IREP: Risk transfer

• For risk transfer from Japanese (LSS cohort) to US population,
preference for additive transfer model (EAR).

• Assign 50% probability to EAR risk transfer and 50% probability to
mixture between ERR and EAR risk transfer



IREP and ProZES

ProZES (in development)

• Similar to IREP, ProZES calculates assigned share of cancer causation
after exposure for German population

• Developed from scratch in close contact with IREP researchers

• First phase: Cancer risk for stomach, colon, lung and female breast

ProZES: Risk transfer

• Breast risk models based on EAR model from Pooled study (Preston
et al 2002)

• For risk transfer to German population EAR model used

• Uncertainty of risk transfer taken into account by allowing for
variability of baseline rates
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Multi-model inference

• Breast cancer risks from LSS with different models (ERR/EAR and
TSCE models) are analyzed in [1]

• Multi-model inference: Models are weighted according to goodness of
fit (Akaike information criterion AIC)

• Central risk estimates less dependent on choice of a single model

• Uncertainty intervals include model uncertainty: more realistic
extrapolation of uncertainty bounds outside central parameter ranges

[1] J.C. Kaiser at al, Radiat Environ Biophys 51 (2012) 1-14



Multi-model inference

• Uncertainty bounds become large at young ages where is little
support from data



Mechanistic models: Perspectives

• Mechanistic models can be extended to incorporate more directly
non-targeted effect (Genomic instability, Bystander effect)

• More parameters: need more input from radiobiological experiments

• EpiRadBio: Combines radiobiology and modeling for quantification of
cancer risks, including breast cancer

Example for explicit path of genomic instability

Nowak et al, PNAS 2002; Luebeck and Moolgavkar, PNAS 2002; Little and Wright,
Mathematical Biosciences 2003; Little and Li, Carcinogenesis 2007. (Colon)
Jacob et al, Mutation Research 2010


