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Figure 4  The probabilities of carrying a pathogenic variant estimated by BOADICEA (Breast and Ovarian Analysis of Disease Incidence and Carrier 
Estimation Algorithm) model in the genes PALB2, CHEK2, ATM, BARD1, RAD51C and RAD51D for an affected female born in 1985 as a function of her age 
at diagnosis based on different tumour pathology. Figures (A), (C), (E) and (G) show the probabilities based on the updated proportions (current model), 
while figures (B), (D), (F) and (H) are based on the previously assumed tumour pathology proportions (previous model version) and where proportions for 
BARD1, RAD51C and RAD51D, which were not in the previous model, are assumed to be the same as in the general population. In figures (A) and (B), the 
woman has had an oestrogen receptor-positive (ER+) tumour; in figures (C) and (D), the female has had an oestrogen receptor-negative (ER−) tumour, but 
the triple-negative (TN) status is unknown; in figures (E) and (F), the woman has had an ER− tumour that is not TN and in figures (G) and (H), the woman 
has had a TN tumour. Predictions are based on UK cancer incidences. BC, breast cancer.
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observed in Mavaddat et al.19 We note, however, that estimates 
are more uncertain at very young and very old ages, where the 
data are sparse, and more extensive validation may be required 
in these age-groups. Since PV carrier probabilities are used inter-
nally in the models, these will also impact the predicted abso-
lute risks for all unaffected individuals if information on tumour 
characteristics is available for affected relatives whether or not 
they carry a PV.

We have developed a novel methodological approach for 
including continuous RFs into the models. We demonstrated this 
by including height in both the BC and EOC models, allowing 
for more nuanced predictions and improving the risk discrimina-
tion. While the resulting discrimination based on height alone is 
modest, the framework will allow other more predictive RFs to 
be included in the model if accurate risk estimates become avail-
able. The most important example is MD: continuous measures 
of MD, available through tools such as STRATUS, CUMULUS 

and Volpara,37–39 have been shown to have stronger associations 
with BC risk than the categorical BI-RADS system. Other exam-
ples include BMI and ages at menarche and menopause. Further, 
the method could be applied to the joint distribution of several 
continuous risk factors, where the integrals in equations (1) and 
(2) become multidimensional integrals.

We have further refined the method for creating cohort inci-
dences from calendar period incidences (online supplemental 
material). The approach provides incidences that are less sensi-
tive to year-on-year fluctuations by averaging over all years in 
the birth cohort. This method is particularly useful for cancers 
with low incidences, such as EOC and male BC, where the popu-
lation size is small, and there is no prior averaging over calendar 
years. The refinement will have little effect on incidences from 
larger countries.

Our models have certain limitations. No single dataset 
containing all the required information was available to construct 

Figure 5  Predicted lifetime breast and ovarian cancer risks as a function of height for a female born in 1985 with unknown family history, comparing the 
updated model, where height is treated as continuous, to the previous model, where height was treated as categorical. Figures (A), (C) and (E) show breast 
cancer, while figures (B), (D) and (F) show ovarian cancer risks. Figures (A) and (B) show the predicted risk as a function of height, while figures (C) and 
(D) show the probability density/mass of risk as a function of height. Predictions are based on UK cancer incidences. Figures (E) and (F) show the log (base 
10) of the root-mean-squared relative discretisation error as a function of the number of bins. The error was taken to be the absolute difference between the 
value and the asymptotic extrapolation of the measurements as a function of the number of bins. The average is taken over 100 heights that are spaced 1% 
apart, from 0.5% to 99.5%.  on July 19, 2024 by guest. P
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the multifactorial models, so the models were extended via a 
synthetic approach. The new model parameters were taken 
from extensive, well-designed published studies together with 
existing parameters from model fitting.9 10 We and others have 
used this approach for developing previous versions of the 
models,8 11 12 21 40 41 which have been shown to provide clin-
ically valid predictions.42 43 31 As is the case for the previous 
versions, the updates presented here are primarily based on 
studies of those of European ancestry in developed countries. 
There is little evidence that the RRs associated with PVs differ 
by ancestry. The PV frequencies are also broadly similar across 
populations, except for specific founder mutations and CHEK2 
PVs, which have a much higher frequency in European than non-
European populations. However, other parameters in the model, 
including RF and PRS distributions, will differ by population, 
and the model will need to be adapted for use in non-European 
ancestry populations and developing countries. The synthetic 
approach presented here allows the model to be easily custom-
ised to other populations as better estimates become avail-
able.44 45 Although we used the associations between PVs and 
tumour ER and TN status, the models do not currently consider 
the associations with intrinsic BC subtypes based on combina-
tions of ER, progesterone receptor, HER2 and/or grade.19 The 
methodology described here could be used to further extend 
the models to consider these BC subtypes. Finally, the models 
make the simplifying assumption that PVs in the assumed BC 
and EOC susceptibility genes are associated with similar risks to 
those for truncating variants. These would include missense vari-
ants which have similar risks to truncating variants. However, 
there is evidence that missense variants in CHEK2 and ATM are 
associated with BC risk, which may be different from the risks 
for truncating variants.46 The models would not be applicable to 
carriers of such variants.

The new model features have been built on the established and 
well-validated BOADICEA and EOC models.8 11 42 The updated 
models will allow for more personalised risk assessment and can 
help guide decisions on screening, prevention, risk factor modi-
fication or other risk-reducing options. The models presented 
are now available for use by healthcare professionals through the 
user-friendly CanRisk webtool (www.canrisk.org, CanRisk V.2).
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