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Supplementary Methods 
 
We developed a simulation-based risk prediction framework for estimating the distribution of 

invasive breast cancer risk in the general United Kingdom (UK) population. Specifically, risk 

profiles of 1,000,000 women were generated using probability distributions calculated based 

on the distribution of risk factors for women at two different ages (i.e. 40 and 50 years old), 

and published relative risks (RRs), adjusted by other risk factors when available. Risk factors 

included age at menarche, parity, age at first live birth, current OC use, current combined 

menopausal replacement therapy (MHT) use, benign breast disease (BBD), body mass index 

(BMI), alcohol intake, smoking, family history in first degree relatives, mammographic breast 

density, and polygenic risk score (PRS).  

 

The distribution of risk factors within each age group was generated according to a 

decomposition of the joint probability distribution by sets of risk-factors that are most 

correlated among themselves. Specifically, the joint probabilies for women aged 40 and 50 

were decomposed as follows:  

Pr ([PRS, family history, BMI, breast density, age at menarche, alcohol intake, BBD, OC use, 

parity, age at first live birth, density]|age=40) = Pr(PRS, family history) * Pr(BMI) * Pr(breast 

density|BMI) * Pr(age at menarche) * Pr(OC) * Pr(BBD) * Pr(parity) * Pr(age at first birth| 

parity) * Pr(alcohol intake, smoking) 

and  

Pr ([PRS, family history, BMI, breast density, age at menarche, alcohol intake, BBD, HRT use, 

parity, age at first live birth]|age=50) = Pr(PRS, family history) * Pr(BMI) * Pr(breast 

density|BMI) * Pr(age at menarche) * Pr(HRT) *  Pr(BBD) * Pr(parity) * Pr(age at first birth| 

parity) * Pr(alcohol intake, smoking) 

Supplementary Table 1 shows the sources of information for different risk factors. 

When possible, we used population-based data on risk factor distributions representative of 

the UK population. This included OC use, BMI, alcohol intake, and smoking from the Health 

Survey for England
1,2

 and parity and age at first birth from Cohort Fertility Tables in England 

and Wales from the Office of National Statistics (ONS). Distributions for other risk factors (i.e. 

density, family history and BBD) were derived from published reports. Correlation between 
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risk factors were investigated in sources from which multiple risk factors were obtained: 

pairwise correlations between OC use, BMI, alcohol intake, and smoking were checked within 

the Health Survey for England, and only alcohol intake and smoking had a statistically 

significant (P>0.05) correlation. The correlation between BMI and breast density was 

calculated using the reported mean and SD of BMI by density category from the NCI Breast 

Cancer Surveillance Consortium
3
 BMI categories within each density category were sampled 

assuming a normal distribution, and the distribution of breast density conditional on BMI 

category was derived. Age at first live birth was simulated within parous women; however 

correlations between number of births and age at first live birth could not be ascertained from 

cohort fertility tables for England and Wales and was thus not included in the model. 

The joint distribution of PRS and family history in the population and the joint RR for 

breast cancer associated with these factors were obtained based on an analytic formula
4
 that 

assumes a log-normal distribution for PRS
5
 conditional on family history where the mean of 

the log-normal distribution is allowed to vary by family history and the standard deviation (SD) 

is fixed. We used two theoretical distributions of the PRS in our calculations: one for a 76-

SNP PRS with SD=0.46 (calculated assuming that the 76-SNP PRS explains 15% of the 

familial risk
6
); and the other for an improved PRS with SD=0.65 (calculated assuming a PRS 

that explains 30% of the familial risk
6
). The SDs were calculated as the square root of the 

product of a variance of 1.44 (SD=1.2
7
) times the percentage of familial risk (sibling RR=2.0) 

explained by the PRS. We chose these two PRS distributions to illustrate a range of possible 

scenarios, one that is attainable today based on 76 established susceptibility loci, and one 

that could be attained in the near future after the completion of ongoing, large-scale 

genotyping projects. For all other risk factors, RR estimates by age were obtained preferably 

from meta-analyses and adjusted for other risk factors included in this model. Most RR 

estimates for women aged 40 years were obtained from a single source.
8
 

The joint RR of PRS, family history and all other risk factors were calculated 

assuming multiplicative effects across these factors. The means of the RR distributions 

across models were rescaled so that the simulated population mean (with respect to the 

average risk of the population) was equal to 1. This rescaled RR was then used as a 

multiplier for age-specific incidence for the calculation of absolute risk of breast cancer. A 
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person’s RR was assumed to be fixed overtime. The lifetime risk from age 20-80 years, and 

10-year absolute risk of invasive breast cancer for 50-year old women were calculated using 

the Gail calculation method with averaged incidence and mortality rates in the UK for 2006-

2010 (Office for National Statistics, ONS
9
), and calibrated to the average absolute risk in the 

population (RR=1). 

 

To plot the percent of cases captured by different percent of population at highest risk, 

we stratified the simulated population into 100 groups according to RR, in 0.1 increments, 

The RR ranges (min-max) corresponding to the eight different models in women aged 50 

years old were: 

Model 1 (Qx risk factors): RR of 0.36 - 13.7 

Model 2 (Qx risk factors + density): RR of 0.15 - 15.0 

Model 3 (76-SNP PRS alone): RR of 0.28 - 3.20 

Model 4 (Qx risk factors + 76-SNP PRS): RR of 0.10 - 27.4 

Model 5 (Qx risk factors + 76-SNP PRS + density): RR of 0.05 - 26.5 

Model 6 (Improved PRS alone): RR of 0.18 - 4.80 

Model 7 (Qx risk factors + Improved PRS): RR of 0.05 - 37.8 

Model 8 (Qx risk factors + Improved PRS + density): RR of 0.02 - 35.5 

The expected percentage of cases within each RR group was obtained by computing 

the product of the frequency of the group times the average absolute risk for that group, 

divided by the average population absolute risk. Thus, for a given RR group, the population at 

highest risk was the cumulative frequency of all RR groups at equal or higher risk, and the 

percent of cases was the cumulative percentage of cases explained in all RR groups at equal 

or higher risk. 
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Supplementary Table 1: Sources of information on distributions of risk factors in the UK 

population, and relative risks for breast cancer 

  Population Relative risk Reference for Reference for 

 Distribution of breast cancer Distribution Relative Risk 

Risk factor Age 40 Age 50 Age 40 Age 50   

Age at menarche       

<11 years 3.8% 3.8%  1.19 10 10 

11 years 12.3% 12.3%  1.09   

12 years 20.1% 20.1%  1.07   

13 years 27.2% 27.2%  1.00   

14 years 17.4% 17.4% 1.00 0.98   

15 years 10.3% 10.3% 0.77 0.92   

>=16 years 8.9% 8.9%  0.82   

Parity      

Nulliparous 20.0% 20.0% 1.08 1.00 11 8,12 

Parous 80.0%  1.00    

1 births  14.0% N/A 0.87   

2 births  38.0% N/A 0.81   

3+ births  28.0% N/A 0.71   

Age at first live birth 

<=20 years 13.0% 11.0% 0.78 1.00 11 12 

<=25 years 20.0% 24.0% 0.87 1.01   

<30 years 17.0% 23.0% 1.00 1.11   

>=30 tears 30.0% 22.0% 1.02 1.24   

Current use of OC       

No 87.0% N/A 1.00 N/A 1 8 

Yes 13.0% N/A 1.30 N/A   

Current use of estrogen and Progesterone HRT  

No N/A 80.0% N/A 1.00 13 12 

Yes N/A 20.0% N/A 1.65   

BBD       

No BBD 90.0% 86.7% 1.00 1.00   
Proliferative with 
no atypia 9.0% 12.0% 1.51 1.50 

(Assumed based 

on published 
incidence 

estimates
14,15) 

16,17 
Atypical 
hyperplasia 1.0% 1.3% 4.00 2.63  

BMI      

< 18.5 0.6%  1.28  1 8,12 

18.5 -< 25 38.8% 34.3% 1.00 0.82   

25 -< 30 36.0% 34.8% 0.92 1.00   

>= 30 24.6% 30.9% 0.74 1.18   
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Alcohol intake      

0 g per day 16.8% 13.2% 1.00 1.00 1 18 

<5 g per day 12.0% 15.3% 1.01 1.01   

5-14 g per day 36.9% 32.4% 1.03 1.03   

15-24 g per day 15.6% 14.1% 1.13 1.13   

25-34 g per day 8.2% 8.8% 1.21 1.21   

35-44 g per day 6.4% 8.9% 1.32 1.32   

>45 g per day 4.0% 7.3% 1.46 1.46   

Smoking status      

Never 58.4% 54.3% 1.00 1.00 1 18 

Former 20.3% 23.0% 1.09 1.09   

Current 21.3% 22.7% 1.12 1.12   
 
Family history of breast cancer in first-degree relatives 

No  0.0% 0.0% 1.00 1.00 19 20 

Yes 7.2% 10.0% 2.30 1.80   

Mammographic breast density * 

BI-RADS 1 4.1% 7.4% 0.41 1.00 21 8,22 

BI-RADS 2 35.2% 46.6% 1.00 2.04   

BI-RADS 3 47.0% 39.6% 1.75 2.81   

BI-RADS 4 13.7% 6.4% 2.33 4.08   

 
* BI-RADS classification of mammographic breast density into the following four categories: 
BI-RADS 1: Almost entirely fatty (<25% fibrous and glandular tissue). 
BI-RADS 2: Scattered fibroglandular densities (25%-50% fibrous and glandular tissue). 
BI-RADS 3: Heterogeneously dense (51%-75% fibrous and glandular tissue). 
BI-RADS 4: Extremely dense (>75% fibrous and glandular tissue. 
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Supplementary Table 2: Identification of women aged 40 years in a UK population at moderate and high-risk of invasive breast cancer (defined as RR >2.0-
3.0 and RR>3.0, respectively, compared to the population average), for different combinations of risk factors and two polygenic risk scores (PRS). The 
following parameters are shown for eight risk prediction models: AUC, the % of the population found at moderate and high levels of risk according to the 
different models, and the % of cases in the population expected to occur among women at these levels of risk. 

 

  
Model 1:  
Qx risk factors* 

Model 2:  
Qx risk factors + density 

AUC 0.608 
 

0.653 

% Population (% cases) at different risk thresholds** 
     Moderate risk (RR  >2.0 - 3.0 or life-time risk >19.4%-27.5%) 3.8 (8.5) 

 
4.7 (10.5) 

  High risk (RR > 3.0 or life-time risk >27.5%) 1.3 (4.8) 
 

1.9 (7.4) 

   Combined (RR>2.0 or life-time risk >19.4%) 5.1 (13.3) 
 

6.6 (17.9) 

  
Model 3:  
76-SNP PRS 

Model 4:Qx risk factors 
+ 76-SNP PRS 

Model 5: Qx risk factors + density 
+76-SNP PRS 

AUC 0.628 0.665 0.689 

% Population (% cases) at different risk thresholds** 
     Moderate risk (RR  >2.0 - 3.0 or life-time risk >19.4%-27.5%) 4.2 (9.1) 5.7 (12.9) 6.7 (15.3) 

  High risk (RR > 3.0 or life-time risk >27.5%) 1.1 (3.4) 2.4 (9.6) 3.3 (13.5) 

   Combined (RR>2.0 or life-time risk >19.4%) 5.2 (12.5) 8.1 (22.5) 10.0 (28.8) 

  
Model 6: 
Improved PRS 

Model 7: Qx risk factors 
+ Improved PRS 

Model 8: Qx risk factors + density 
+ Improved PRS 

AUC 0.677 0.701 0.711 

% Population (% cases) at different risk thresholds** 
     Moderate risk (RR  >2.0 - 3.0 or life-time risk >19.4%-27.5%) 6.3 (14.0) 6.7 (15.2) 7.0 (16.2) 

  High risk (RR > 3.0 or life-time risk >27.5%) 3.2 (11.7) 3.8 (16.2) 4.6 (20.2) 

   Combined (RR>2.0 or life-time risk >19.4%) 9.5 (25.7) 10.5 (31.4) 11.7 (36.4) 
*Questionnaire (Qx) based risk factors include age at menarche, parity, age at first birth, hormone use (oral contraceptives), BMI, BBD, alcohol intake, 
smoking and family history of breast cancer in first degree relatives. 
** Life-time risk (from age 20 to 80 years), 10-year and 5-year risk thresholds corresponding to RR of 2.0 and 3.0 for a women aged 50 years old: RR = 2.0: 
19.4% life-time risk, 3.1% 10-year risk and 1.2% 5-year risk; RR = 3.0: 27.5% life-time risk, 4.6% 10-year risk and 1.8% 5-year risk . 
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