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ABSTRACT

Background The multifactorial Breast and Ovarian
Analysis of Disease Incidence and Carrier Estimation
Algorithm (BOADICEA) breast cancer risk prediction
model has been recently extended to consider all
established breast cancer risk factors. We assessed the
clinical validity of the model in a large independent
prospective cohort.

Methods We validated BOADICEA (V.6) in the Swedish
KARolinska Mammography Project for Risk Prediction of
Breast Cancer (KARMA) cohort including 66415 women
of European ancestry (median age 54 years, IQR 45-63;
816 incident breast cancers) without previous cancer
diagnosis. We calculated 5-year risks on the basis of
questionnaire-based risk factors, pedigree-structured
first-degree family history, mammographic density
(BI-RADS), a validated breast cancer polygenic risk

score (PRS) based on 313-SNPs, and pathogenic variant
status in 8 breast cancer susceptibility genes: BRCAT,
BRCA2, PALB2, CHEK2, ATM, RAD51C, RAD51D and
BARD1. Calibration was assessed by comparing observed
and expected risks in deciles of predicted risk and the
calibration slope. The discriminatory ability was assessed
using the area under the curve (AUC).

Results Among the individual model components, the
PRS contributed most to breast cancer risk stratification.
BOADICEA was well calibrated in predicting the risks for
low-risk and high-risk women when all, or subsets of risk
factors are included in the risk prediction. Discrimination
was maximised when all risk factors are considered
(AUC=0.70, 95% Cl: 0.66 to 0.73; expected-to-
observed ratio=0.88, 95% Cl: 0.75 to 1.04; calibration
slope=0.97, 95% Cl: 0.95 to 0.99). The full multifactorial
model classified 3.6% women as high risk (5-year risk
=>3%) and 11.1% as very low risk (5-year risk <0.33%).
Conclusion The multifactorial BOADICEA model
provides valid breast cancer risk predictions and a basis
for personalised decision-making on disease prevention
and screening.

INTRODUCTION

Breast cancer (BC) is the most common cancer diag-
nosed among women worldwide and is associated
with significant mortality.! Screening and preven-
tion options are available, including mammography,
MRI, chemoprevention and risk-reducing surgery,

WHAT IS ALREADY KNOWN ON THIS TOPIC

= No study has assessed the clinical validity of the
full multifactorial Breast and Ovarian Analysis
of Disease Incidence and Carrier Estimation
Algorithm (BOADICEA) model for predicting
future breast cancer risks.

WHAT THIS STUDY ADDS

= This is the first study to validate the
comprehensive BOADICEA model based on the
joint effects of family history, questionnaire-
based risk factors, mammographic density,
polygenic risk score and rare pathogenic
variants in all eight established breast cancer
susceptibility genes.

= The model is well calibrated overall and
predicts risks accurately in different categories
of predicted risk.

= It discriminates well between affected and
unaffected women and can result in clinically
meaningful levels of breast cancer risk
stratification.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= BOADICEA is freely available via the CanRisk
tool (www.canrisk.org) and has been
incorporated in several clinical management
guidelines in the UK, North America and other
countries.

= BOADICEA can be used by healthcare
professionals in personalising risk assessment
to facilitate shared decision-making with
patients on lifestyle changes, prevention or
screening options for managing breast cancer
risk.

= It can be used to identify high-risk women who
may benefit most from enhanced screening or
other preventive or risk-reducing treatments,
and also to identify low-risk women who are
unlikely to benefit from such interventions,
which are also associated with adverse effects.

= The results are based mainly on data from
women of European ancestry. Further model
customisation and validation is needed before
applying the model to women from other

ancestry groups.
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but these are costly and may be associated with overdiagnosis,
overtreatment or adverse effects.”* BC risk prediction models
have the potential of improving individualised BC risk assess-
ment and population risk stratification.” They can be used for
identifying women at high risk who are most likely to benefit
from such interventions.

The Breast and Ovarian Analysis of Disease Incidence and
Carrier Estimation Algorithm (BOADICEA) model as imple-
mented in the CanRisk tool (www.canrisk.org) is currently used
by clinicians to estimate the future risk of developing BC.°'! The
latest V.6 models BC risk using seven types of risk factors'* 1%
(1) pathogenic variants (PVs) in eight high-risk or moderate-risk
BC susceptibility genes BRCA1, BRCA2, PALB2, CHEK2, ATM,
RADS1C, RADS1D and BARD1; (2) a validated polygenic risk
score (PRS), using 313 common BC genetic susceptibility vari-
ants'*; (3) detailed cancer family history (FH), including age at
cancer diagnosis for affected relatives and age at last follow-up
or death for unaffected relatives; (4) a residual polygenic compo-
nent accounting for familial aggregation not explained by the
above observed genetic effects; (5) nine questionnaire-based
lifestyle, hormonal and reproductive risk factors (QRFs); (6)
mammographic density (MD) measured using the BI-RADS
breast composition categorisation' and (7) demographic factors
including age, year of birth and country. This is the first compre-
hensive BC risk prediction model considering all established BC
risk factors, MD, PRS and PVs in all eight established BC suscep-
tibility genes and is hypothesised to improve risk stratification
compared with older versions of BOADICEA that considered
only FH and BRCA1/2 PV information.'® '’

Previous prospective validation studies have been either
small or were based on women ascertained in high-risk settings;
assessed older versions of BOADICEA, based only on FH and
BRCA1/2 PV information or used only a subset of the risk factors
considered in the model."**! None assessed the full multifacto-
rial model. Here, for the first time, we evaluate the performance
of the full BOADICEA model™ ™ in an independent population-
based prospective cohort of >60000 women.

METHODS

Study participants

The KARolinska Mammography Project for Risk Predic-
tion of Breast Cancer (KARMA) cohort is a large prospective
population-based cohort of women who were invited to the
Swedish national mammography screening programme between
January 2011 and March 2013.* In the Swedish national
screening programme, women are invited from age 40 to 74
years. Approximately 3% of the women are recalled following a
screening mammogram for further investigation due to a suspi-
cious finding. Additionally, approximately 0.2% of the women
have a mammogram between scheduled screens due to symp-
toms or clinical referral. The present study included regularly
screened women and symptomatic women who had mammo-
grams performed on screening machines at study baseline at four
hospitals in Sweden. The women were followed for BC events
until 2017 with a mean/median follow-up of 5.7/6.0 years).?* All
participants completed a baseline questionnaire, which included
anthropometric/lifestyle/hormonal and reproductive factors.
Full-field digital processed mammograms of right and left
breasts were collected at baseline to measure MD using the area-
based STRATUS software, which estimated the MD on digital
processed mammograms using a machine learning method.*
The percentage of MD was then calculated as the ratio of the
dense area to the total area, which were categorised into the

four computer-assessed BI-RADS categories by fixed thresholds
(<2%, 2-8%, 8-49% and >49%)." * ** The resulting age-
specific BI-RADS distributions were in line with data from the
general population” and used in BOADICEA, although there
is a somewhat higher proportion of women in category A’ in
particular among women aged 50 years or older (online supple-
mental table S1). Self-reported FH data were coded as pedigrees,
including information on ages at BC diagnosis or last observation
for first-degree relatives. Personal cancer diagnosis and death
were obtained through linkages with high-quality healthcare
registers, which captured 98.5% of all incident cancers within
12 months of diagnosis.”* 2° For this analysis, the last linkage
was performed in June 2017. Each participant’s follow-up was
censored at date of BC (invasive or in situ), bilateral prophylactic
mastectomy, last linkage date, death, baseline plus 5 years or age
80 years, whichever occurred first. We restricted our analyses to
women with no previous cancer (any) or risk-reducing mastec-
tomy history who had information on FH, QRFs and MD.

Genetic data

Genotyping and gene-panel sequencing data were available for
a subset of the cohort based on previous genotyping experi-
ments.”” ** Genotyping for the 313-SNP PRS'* was performed
on the majority of the BC incident cases available and randomly
selected unaffected women from the entire cohort that reflected
the distribution in the entire KARMA cohort. A subset of the
participants with PRS was sequenced for a 34-gene panel through
the Breast Cancer Risk after Diagnositic GEne Sequencing
(BRIDGES) study”” using the same sampling approach. For
this subcohort, PV carrier status was determined in the BRCA1,
BRCA2, PALB2, CHEK2, ATM, RAD51C, RAD51D and BARD1
genes. The risk factor distributions for all QRFs (including any
missing categories) were virtually the same in the entire KARMA
cohort and the two subcohorts with genetic data (online supple-
mental table S2).

Risk prediction

We predicted S-year BC risks using BOADICEA V.6,'* with
Swedish age-specific and calendar period-specific population
incidences for invasive BC. To exclude potentially prevalent
patients with undiagnosed BC at study recruitment, we predicted
the 5-year BC risks starting from the age at baseline plus 1year.
Women were considered as affected only if they developed inva-
sive BC within this 5-year risk prediction interval. For unaffected
women with follow-up time shorter than 5years, the BC risks
were predicted to the censored age. Since BOADICEA allows
for missing questionnaire-based risk factor information,'? risk
predictions were carried out for all women irrespective of indi-
vidual missing QRFs. Predictions involving genetic data were
carried out only in the subcohorts of women with the genetic
data available (see "Statistical analysis").

Statistical analysis

Model calibration was assessed by the ratio of the expected (E)
to the observed (O) BC risk in the dataset.”’ > We also assessed
the agreement between predicted and observed risk for each
individual using the calibration slope, which was calculated by
fitting a logistic regression where the dependent variable was
the observed outcome (affected/unaffected) and the independent
variable was the log-odds of the predicted risk. The calibration
slope assesses whether the predicted risks are too extreme or
conversely too moderate, especially at the high-risk and low-risk
tails and is expected to be equal to 1 if the model is perfectly
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calibrated. The observed and expected risks were also compared
in decile categories of predicted risks or by menopausal status
at recruitment. Discrimination was assessed by the area under
the receiver operating characteristic curve (AUC) and Harrell’s
concordance (C) index.’'™® Bootstrap (100 replications) was
used to obtain CIs for Harrell’s C-index estimates.®! **

We assessed the contribution of individual and combinations
of risk factors in predicting BC risk. All participants had infor-
mation on age, year of birth, QRFs, FH, MD and were from
Sweden. Of those, 15502 participants had also information on
PRS and 5693 had PRS and gene-panel sequencing data. When
assessing the model performance in the subcohorts, to avoid
potential biases we considered the explicit sampling scheme by
using an inverse probability weighted approach,?' *° 3* which
reflects the probability of participants being included in the
subcohort. The sample inclusion probabilities were computed by
fitting a logistic regression model in the full dataset in which the
outcome (inclusion or not) was dependent on the age at base-
line, follow-up duration, incident BC status and the interaction
between BC status, age at baseline and the follow-up duration.>*
The weights were then the inverse of the fitted inclusion proba-
bilities for each individual. To allow for a direct comparison of
the models with or without genetic factors, model comparison
were performed in the subcohorts with genetic information.

To evaluate the potential improvements in risk classification
when adding QRFs, MD, PRS and gene-panel sequencing data,
to FH (previous version of BOADICEA), we calculated the
proportion of all participants and incident BCs reclassified as
high risk. Women with 5-year BC risks above 3% were consid-
ered as high risk, in line with the risk threshold recommended
for risk-reducing treatments by the US Preventive Services Task
Force.”

All analyses were performed in R (V.3.6.3)*° and the R package
‘iCare’ was used to calculate the F/O and AUC.? Sensitivities
and specificities were calculated using R package ‘epiR’.*>” All
statistical tests were two-sided.

RESULTS

A total of 66415 participants (aged 25-74 years) were eligible for
inclusion in the analysis with information available on FH, QRFs
and MD (figure 1, online supplemental table S2). Among these,
816 developed BC within the 5-year risk prediction horizon
(tumour characteristics in online supplemental table S3); 90.1%
were of self-reported European ancestry (online supplemental
table S2). Of the eligible participants, 15502 women (23.3%)
had information on the 313-SNP PRS (676 affected) and 5693
women (8.6%) had PRS and PV status in BRCA1, BRCA2, PALB2,
CHEK2, ATM, RADS1C, RAD51D and BARD1, of whom 280
were affected (figure 1, online supplemental table S2). A detailed
summary of the genetic and epidemiological characteristics of
participants at baseline are shown in online supplemental table
S2).

Model discrimination and calibration

Using the entire cohort, FH, QRFs or MD individually resulted in
similar estimated AUCs and Harrell’s C-indexes of 0.62 (table 1,
online supplemental figure S1). The AUC was maximised
when FH, QRFs and MD were considered jointly (AUC=0.64,
95%CI: 0.62 to 0.66). For this model, the overall ratio of
expected to observed number of cases (E/O) was 0.92 (95% CI:
0.86 to 0.99) with a slight underestimation of risk in the middle
deciles of predicted risk when MD was included (online supple-
mental figure S2). However, the model was well-calibrated in the

The KARMA cohort:
70,859 Swedish women

Eligibility criteria for inclusion in the
validation analysis:

* No previous cancer

* At least one-year follow-up time

* Age at baseline < 75 years old

_

The entire cohort included in the
validation analysis:

66,415 women with information
on age, year of birth, family history,
questionnaire-based risk factors,
and mammographic density

Filtered by genotyping data availability:
Women who were not genotyped
N=50,913

I

The subcohort with information
on polygenic risk score:
15,502 women

Filtered by gene-panel testing availability:
Women who were not sequenced on the
gene panels
N=9,809

N

The subcohort with information
on both polygenic risk score and
pathogenic variant status:
5,693 women

Figure 1  Consolidated Standards of Reporting Trials diagram
summarising the KARolinska Mammography Project for Risk Prediction of
Breast Cancer (KARMA) cohort data.

bottom and top deciles of predicted risk. The calibration slope
was 0.98 (95% CI: 0.96 to 1.00, table 1).

The estimated calibration and discrimination statistics for
models that considered FH, QRFs or MD individually or jointly
were similar in the weighted subcohort of women with PRS
information and the full cohort (table 1), indicating no evidence
of bias due to sampling. The PRS provided the widest distribu-
tion of predicted risks among the individual model components
(online supplemental figure S3), and discriminated best between
patients with incident BC and unaffected women (AUC=0.67,
95%CI: 0.64 to 0.69, table 1). The calibration slope for this
model was 1.02 (95% CI: 1.00 to 1.03) and the overall E/O
1.06 (95% CI: 0.99 to 1.15). When the PRS was combined
with FH and QRFs, both discrimination and calibration were
improved (AUC=0.68, 95%CI: 0.66 to 0.70; calibration
slope=1.00, 95% CI: 0.98 to 1.02; E/O=1.01, 95% CI: 0.94
to 1.09; figure 2, table 1). The addition of MD into the model
further improved the discrimination (AUC=0.69, 95% CI: 0.67
to 0.71, table 1) but resulted in some risk underprediction (E/
0=0.92, 95%CI: 0.85 to 0.99) mainly in the eighth decile of
predicted risks, although there was no evidence for systematic
underprediction (calibration slope=0.98, 95% CI: 0.96 to 1.00,
figure 2).

Using the weighted subcohort of women with both PRS
and PV information, the full model including FH, QRFs, MD,
PRS and PVs predicted the widest BC risk distribution (online
supplemental figure S4) and maximised model discrimination
(AUC=0.70, 95%CI: 0.66 to 0.73, table 1). The calibration
slope was 0.97 (95% CI: 0.95 to 0.99 and the overall E/O 0.88
(95% CI: 0.75 to 1.04, table 1, figure 3). The possible under-
prediction was primarily driven by the inclusion of MD (for the
model without MD: E/O=1.00, 95%CI: 0.84 to 1.17, calibra-
tion slope=1.00, 95%CI: 0.98 to 1.02). However, the model
was well calibrated in the bottom and high deciles of predicted
risk (figure 3).
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Table 1 Calibration and discrimination of 5-year predicted breast cancer risks under the BOADICEA model using different risk factor combinations
Model AUC (95% CI) Harrell's C-index (95% Cl) E/O (95% CI) Calibration slope (95% Cl)
Entire cohort with information on FH, QRFs and MD (n=66415; n.BCs=816)
FH 0.62 (0.60 to 0.64) 0.62 (0.60 to 0.64) 1.12 (1.05 to 1.20) 1.03 (1.01 to 1.05)
QRFs 0.62 (0.60 to 0.64) 0.62 (0.60 to 0.64) 0.95 (0.89 to 1.02) 0.99 (0.97 to 1.01)
MD 0.62 (0.60 to 0.64) 0.62 (0.60 to 0.64) 0.94 (0.88 to 1.01) 0.99 (0.97 to 1.01)
FH+QRFs 0.63 (0.62 to 0.65) 0.63 (0.61 to 0.64) 1.02 (0.95 to 1.09) 1.01 (0.99 to 1.02)
FH+QRFs+MD 0.64 (0.62 to 0.66) 0.64 (0.61 to 0.66) 0.92 (0.86 to 0.99) 0.98 (0.96 to 1.00)

Subcohort with information on FH, QRFs, MD and PRS (n=15502; n.BCs=676)

FH 0.61 (0.59 to 0.64) 0.63 (0.60 to 0.65) 1.12 (1.04 t0 1.21) 1.03 (1.01 to 1.05)
QRFs 0.63 (0.61 to 0.65) 0.63 (0.61 to 0.65) 0.94 (0.87 to 1.01) 0.99 (0.97 to 1.01)
MD 0.63 (0.61 to 0.65) 0.64 (0.62 to 0.66) 0.93 (0.87 to 1.01) 0.99 (0.97 to 1.00)
PRS 0.67 (0.64 to 0.69) 0.67 (0.65 to 0.69) 1.06 (0.99 to 1.15) 1.02 (1.00 to 1.03)
FH+QRFs+MD 0.65 (0.63 to 0.67) 0.65 (0.63 t0 0.67) 0.91 (0.84 to 0.98) 0.98 (0.96 to 1.00)
FH+QRFs+PRS 0.68 (0.66 to 0.70) 0.68 (0.66 to 0.70) 1.01 (0.94 to 1.09) 1.00 (0.98 to 1.02)
FH+QRFs+PRS+MD 0.69 (0.67 to 0.71) 0.69 (0.67 to 0.71) 0.92 (0.85 to 0.99) 0.98 (0.96 to 1.00)
Subcohort with information on FH, QRFs, MD, PRS and PV status (n=5693; n.BCs=280)
FH+QRFs+PRS+MD 0.69 (0.64 t0 0.73) 0.70 (0.67 t0 0.73) 0.88 (0.74 to 1.04) 0.97 (0.95 to 0.99)
FH+QRFs+PRS+MD+PV 0.70 (0.66 to 0.73) 0.71 (0.68 to 0.74) 0.88 (0.75 to 1.04) 0.97 (0.95 to 0.99)

BC, breast cancer; BOADICEA, Breast and Ovarian Analysis of Disease Incidence and Carrier Estimation Algorithm; C-index, concordance index; E, expected number of BCs in the
5-year period; FH, family history; MD, mammographic density in BI-RADS; n.BCs, number of patients with incident breast cancer ; O, observed number BCs; PRS, polygenic risk
score; PV, pathogenic variants in BRCA1, BRCA2, PALB2, CHECK2, ATM, RAD51C, RAD51D and BARDT; QRFs, questionnaire-based risk factors.

Model performance by menopausal status

Among women with PRS data, there were 5714 premenopausal
(212 BCs) and 9788 postmenopausal women (464 BCs). When
considering FH, QRFs and PRS, the model was well calibrated
in both premenopausal (calibration slope=1.02, 95%CI: 0.99
to 1.05) and postmenopausal women (calibration slope=0.99,
95%CI: 0.97 to 1.02). The AUC for premenopausal women was
0.68 (95% CI: 0.64 to 0.71) compared with 0.66 (95% CI: 0.63

Questionnaire-based ris

Family history factors

k

to 0.68) in postmenopausal women; table 2, figure 4A). When
MD was added, the AUC was increased for both premeno-
pausal (AUC=0.69, 95%CI: 0.65 to 0.72) and postmenopausal
women (AUC=0.67, 95%CI: 0.64 to 0.69, table 2). However,
there was some underprediction of risk among postmenopausal
women, for the middle seventh-eighth deciles of predicted risk
(figure 4). The overall calibration slopes in premenopausal and
postmenopausal women were 1.03 (95% CI: 1.00 to 1.06) and

Mammographic density Polygenic risk score

. jﬁgi
¢

&

)

0 1 2 3 0 1 2

Family history +
Questionnaire-based risk
factors + Mammographic

density

Family history +

factors + Polygenic risk
score

Questionnaire—based risk

0 1 2 3 0 1 2 3

Family history +
Qestionnaire-based risk
factors + Polygenic risk

score + Mammographic density

Observed Absolute Risk (%)

21 1 1t

f

L
14
z

{

L

0

1 2 3

3

by
i

0 1 2 3

Predicted Absolute Risk (%)

Figure 2 Observed and predicted 5-year breast cancer risks using the subcohort of participants with polygenic risk score information (n=15502) under
different risk factor combinations. Women were grouped into deciles of predicted risks. Each dot represents the mean observed and predicted risk in the
decile and the vertical segments represent 95% Cls. The dashed line is the diagonal line with slope equal to 1 (corresponding to expected to observed
number of cases ratio of 1 for each decile). When the CI crosses the diagonal, the decile-predicted risk is not significantly different from the observed risk.
When a dot and the associated Cl fall above the diagonal, there is a suggestion for underprediction of risk; when a dot and associated Cl fall below the
diagonal, there is a suggestion for overprediction of risk.
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Figure 3 Observed and predicted 5-year breast cancer risks using the subcohort of participants with polygenic risk score and pathogenic variant status
information (n=5 693) under different models. Women were grouped into deciles of predicted risks.

0.95 (95% CI: 0.93 to 0.97), respectively. Among women with
PRS and PV information, there were 1293 premenopausal (77
incident cancers) and 4400 postmenopausal women (203 inci-
dent cancers). When considering the full multifactorial model
including PVs, the AUC in premenopausal women was 0.69
(95% CI: 0.62 to 0.76) and in postmenopausal women 0.68
(95% CI: 0.64 to 0.73). There was an overall underprediction
of risk among postmenopausal women under the full model
(E/0=0.78, 95%CI: 0.65 to 0.93; calibration slope=0.94,
95%CI: 0.92 to 0.96, table 2, figure 4B), but there was no
significant difference between observed and predicted risk for
any of the risk deciles. The full model without MD was well
calibrated overall (E/O=0.94, 95% CI: 0.79 to 1.13; calibration
slope=0.99, 95% CI: 0.96 to 1.01).

Risk classification, sensitivity/specificity

The model considering FH alone classified 0.8% women as high
risk (§-year risk =3%), including 1.7% of the patients with inci-
dent BC. The addition of QRFs, PRS and MD reclassified 2.8%

women from the low-risk (risk <390) to the high-risk (risk =3%)
group and 0.5% in the opposite direction (online supplemental
table S4). Under this model, the sensitivity was 69%, 38% and
9% at the =1.1%, =1.67% and =3%risk thresholds (online
supplemental table S5); and was 37%, 53% and 65% when
considering the top 20%, 30% and 40% of the predicted risks
distribution, respectively (online supplemental table S6).

The addition of PV information reclassified 1.0% women from
the low-risk to the high-risk group and 0.3% from the high-risk
to the low-risk group (online supplemental table S7). Under this
model, 3.6% women were classified as high risk, including 8.9%
of the patients with incident BC during the 5-year risk prediction
horizon.

DISCUSSION

This is the first study to validate the comprehensive BOADICEA
model'? in predicting future BC risks using the joint effects of
FH, QRFs, MD, PRS and rare PVs. The results show that the
model is well calibrated both overall and in predicting the risks

Table 2 Calibration and discrimination of 5-year predicted breast cancer risks by menopausal status

Menopausal status  n. unaffected n.BCs Model AUC (95% CI)

Harrell’s C-index
(95% CI)

E/O (95%Cl)

Calibration slope
(95% CI)

Subcohort with information on FH, QRFs, MD and PRS (n=15502; n.BCs=676)

Premenopausal 5502 212 FH+QRFs+PRS 0.68 (0.64 to 0.71) 0.67 (0.62 to 0.70) 1.10 (0.96 to 1.26) 1.02 (0.99 to 1.05)
FH+QRFs+PRS+MD 0.69 (0.65 to 0.72) 0.68 (0.65 to 0.71) 1.14 (1.00 to 1.31) 1.03 (1.00 to 1.06)
Postmenopausal 9324 464 FH+QRFs+PRS 0.66 (0.63 to 0.68) 0.65 (0.63 to 0.68) 0.97 (0.89 to 1.06) 0.99 (0.97 t0 1.02)
FH+QRFs+PRS+MD 0.67 (0.64 to 0.69) 0.67 (0.64 to 0.69) 0.81(0.74 to 0.89) 0.95 (0.93 to 0.97)
Subcohort with information on FH, QRFs, MD, PRS and PV status (n=5693; n.BCs=280)
Premenopausal 1216 77 FH+QRFs+PRS+PV 0.70 (0.62 to 0.79) 0.68 (0.62 to 0.74) 1.11 (0.77 to 1.60) 1.02 (0.99 to 1.06)
FH+QRFs+PRS+PV+MD 0.69 (0.62 to 0.76) 0.69 (0.62 to 0.76) 1.13(0.79 t0 1.62) 1.02 (0.99 to 1.05)
Postmenopausal 4197 203 FH+QRFs+PRS+PV 0.68 (0.63 t0 0.73) 0.69 (0.66 to 0.72) 0.94 (0.79 t0 1.13) 0.99 (0.96 to 1.01)
FH+QRFs+PRS+PV+MD 0.68 (0.64 to 0.73) 0.69 (0.66 to 0.73) 0.78 (0.65 to 0.93) 0.94 (0.92 to 0.96)

BC, breast cancer; C-index, concordance index; E, expected number of BCs in the 5-year period; FH, family history; MD, mammographic density in BI-RADS; n.BCs, number of

patients with incident breast cancer; n.unaffected, number of unaffected women; O, observed number BCs; PRS, polygenic risk score; PV, pathogenic variants in BRCA1, BRCA2,

PALB2, CHECK2, ATM, RAD51C, RAD51D and BARD1; QRFs, questionnaire-based risk factors.

1200 Yang X, et al.J Med Genet 2022;59:1196-1205. doi:10.1136/jmg-2022-108806

"1ybuAdoo Ag pardalold (TTT xog) [eudsoH saxooiquappy
Areiqr [eaipay Ausianiun abpuque) 1e €20z ‘9T Areniga4 uo jwod fwig-Bwly:dny woly papeojumoq ‘Zzoz 12quwaldas 9z uo 90880T-2202-BWl/9ETT 0T Se paysignd 1sil 18U PaN [


https://dx.doi.org/10.1136/jmg-2022-108806
https://dx.doi.org/10.1136/jmg-2022-108806
https://dx.doi.org/10.1136/jmg-2022-108806
https://dx.doi.org/10.1136/jmg-2022-108806
https://dx.doi.org/10.1136/jmg-2022-108806
https://dx.doi.org/10.1136/jmg-2022-108806
http://jmg.bmj.com/

Cancer genetics

A

Premenopausal

Postmenopausal

o

9109s ¥sil olusbAjod
+ S10}0€} YSIl pased-alleuuonsany
+ Aloysiy Ajiwey

s

T30

Observed Absolute Risk (%)

It
g

Aysusp olydelbowwelp
+ 2100s sl oluabAjod
+ S10}0€} Sl paseq-alleuuonseny
+ Aloysiy Ajiwe

+ 2100s ¥sl olusbAjod

oueBouyred + Ausuaq oiydeBowiwey
+ $10J0€} YSII paseq-alleuuonseny)
+ Aloysiy Ajiwe4

0 i 2 g 0 1 2 s
Predicted Absolute Risk (%)
Premenopausal Postmenopausal
5-

o -
e
3
o
0]
2 34 &
é [ ] l %
2 24 ¢ 7
3 '3
2 14
3 1 Tt
2 -~ i
O o _£ l

0 1 2 3 0 1 2 3

Predicted Absolute Risk (%)

Figure 4 Observed and predicted 5-year breast cancer (BC) by menopausal status, using (A) the subcohort of participants with polygenic risk score (PRS)
information under the model considering family history, questionnaire-based risk factors and PRS and the model considering family history, questionnaire-
based risk factors, PRS and mammographic density in BI-RADS and (B) the subcohort of participants with PRS and pathogenic variant status under the
model considering family history, questionnaire-based risk factors, PRS, mammographic density in BI-RADS and pathogenic variant status in the eight major
BC susceptibility genes: BRCAT, BRCA2, PALB2, CHECK2, ATM, RAD51C, RAD51D and BARD1. Women were grouped into deciles of predicted risks.

for low-risk and high-risk women. The model is well calibrated
when all, or subsets of risk factors are included. However, the
discrimination is maximised when all risk factors are consid-
ered with an AUC of 0.70 (table 1). When assessing each risk
factor individually, the PRS contributed most to the BC risk
stratification.

Previous validation studies evaluated older versions of
BOADICEA'® and have shown good discriminatory ability and
calibration in women with BC FH." Detailed multigenerational
pedigree data were included in those studies, as opposed to only
first-degree relatives in this study which may be less informative.
Two smaller population-based studies have assessed BOADICEA

18 19

V.5 using only FH, QRFs and PRS.2’ %! These studies suggested
that FH, QRFs and PRS jointly predicted risks well in high-
risk and low-risk groups and had AUCs of 0.62 for predicting
10-year* and 0.65-0.70 for predicting 5-year risks.”! As different
populations were used, the reported AUCs, which depend on the
age distribution and other characteristics of the populations, are
not directly comparable across studies. In the present study, the
results show that compared with previous versions of BOAD-
ICEA that considered only FH information, the full multifacto-
rial model improves discrimination (AUC increases from 0.61 to
0.70, table 1) and identifies 3.6% women as high risk (5-year BC
risk =3%) compared with 0.8% when only FH is considered.
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The inclusion of the 313-SNP PRS led to the greatest
improvement in discriminatory ability, followed by MD, QRFs
and first-degree FH. These patterns are in line with theoretical
expectations under the BOADICEA model'? and results from
other studies®® ****° and further support the inclusion of PRS
in routine multifactorial risk assessment in clinical practice,
for improving risk stratification.*! Here, we used the 313-SNP
PRS."™ However, BOADICEA allows for alternative PRS to be
used as long as the population distribution characteristics of the
PRS are known."?

This study also suggests that BOADICEA is well calibrated
overall and in deciles of predicted risks for all risk factors indi-
vidually except for MD where there was some underprediction
in the middle deciles, mainly among postmenopausal women
(figure 4). This may represent some misspecification of the
BI-RADS classification in the KARMA cohort. The BI-RADS
classification was derived from continuous MD measurements
generated using STRATUS® based on specific ‘%MD’ category
thresholds. It does not correspond exactly to the visually assessed
BI-RADS categories. For example, the underprediction in the
seventh—eighth deciles of predicted risks using the model consid-
ering FH, QRFs, PRS and MD in postmenopausal women may
be due to some misclassification between BI-RADS levels B and
C when converting ‘%MD’ to BI-RADS (online supplemental
figure S6). Nevertheless, BOADICEA was well calibrated in the
highest and lowest BC risk groups for both premenopausal and
postmenopausal women. Even for the visually assessed BI-RADS,
previous studies showed that there is substantial variability in
BI-RADS categorisation between radiologists.** Since %MD has
a stronger association with BC than categorised BI-RADS,* we
would expect an improvement in BC risk prediction when incor-
porating continuous MD as risk factor in the model in the future.

Provided a model is calibrated in predicting risks in different
risk categories, its clinical utility for prevention or early detec-
tion will depend on its ability to risk stratify the population by
identifying groups of individuals in the population with sufficient
differences in absolute risk to warrant the adoption of certain
interventions. Therefore, the clinical utility of a model depends
both on the discriminatory ability as measured by the AUC and
the population risk of the disease.*® ** For a common disease, such
as BC here, the results demonstrate that even modest increases
in AUC can lead to a substantial increase in overall levels of risk
stratification which are clinically meaningful. Taking the 5-year
BC risk of 3% as a high-risk threshold, recommended for the
risk-reducing treatments,® ** under the full model, 3.6% women
were classified as high risk, identifying 8.9% of the patients with
incident BC during the 5-year risk prediction horizon. Alterna-
tively, taking the S-year BC risk of 1.67% as a ‘moderate-risk’
threshold, recommended for preventive risk reducing treat-
ments in the USA,** 16.9% women in the study were classified
above this threshold, including 34.0% patients with incident BC.
Taking the 5-year BC risk of 0.33% as a very-low-risk threshold
(equivalent to a relative risk of 0.3 relative to the population risk
at age 50), 88.9% women were above the threshold, identifying
96.6% patients with incident BC. The remaining 11.1% women
identified as very-low-risk may opt for less intensive screening.
In practice, optimal risk thresholds may need to be determined
which consider the balance of benefits and harms from specific
screening or early detection or prevention options.*®

This study has some limitations.>! > Information on the PRS
and PV status was available only for subsets of the participants.
To maximise power, the subset with genetic information included
the majority of incident BC cases and a random sample of unaf-
fected women from the entire cohort. Direct model evaluation

using these subcohorts would have been susceptible to bias if the
sampling scheme was ignored in the analysis. Here, we used a
weighted cohort analytical approach®” ** that considers the prob-
ability of a genotyped individual being sampled from the entire
cohort, which yields unbiased estimates for the model discrimi-
natory ability and calibration. This is demonstrated in the results
for the risk prediction models that could be evaluated both in
the entire cohort and the weighted subcohorts: models that
included QRFs, FH and MD, individually or combined (table 1).
The model discriminatory ability and calibration estimates were
almost identical in the entire cohort and the two subcohorts
indicating no evidence of bias due to sampling.

Previous studies indicated that the PRS and other risk factors
modify the BC risks for PV carriers and can lead to signifi-
cantly different levels of risk stratification specifically for PV
carriers.*” ! Our results showed that PV carriers had a wider BC
risk distribution than non-carriers (online supplemental figure
S5). However, we were not able to assess the detailed model
performance separately for women with high-penetrance and
moderate-penetrance PVs due the small number of PV carriers
in the dataset (only 13 carriers developed BCs). Although at
population level the increase in AUC when including gene-panel
testing information on top of other risk factors and the PRS is
modest, the change in personalised risk and risk stratification
is large for those carrying PVs. As an example, among the 110
PV carriers, prior to the inclusion of gene-panel testing informa-
tion, 74 had 5-year risks <1.67%, 30 had risks between 1.67%
and 3%and 6 had risks >3%. After the inclusion of the gene-
panel testing information, these numbers were 28, 25 and 57,
respectively. The corresponding estimated E/O was improved
from 0.31 (95% CI: 0.13 to 0.74) when no gene-panel testing
information was considered to 0.99 (95% CI: 0.42 to 2.35) after
including gene-panel testing information (online supplemental
table $8)." ** 3% Although the subcohort with gene-panel testing
information was also included in the study by Dorling et al,*’
this is unlikely to bias the results here because the penetrance
parameters for PVs in most of the genes included in BOADICEA
V.6 had been previously obtained from other studies.’* * 7 In
BOADICEA V.6, only the BC relative risks for BARD1 and ATM
variants depend solely on BRIDGES data.'* The BC relative risks
for RADS1C and RADS 1D PVs used in BOADICEA come from
the meta-analysis of the Yang et al** and Dorling et al,*” where
the estimates were virtually identical.

KARMA is based on women attending mammographic
screening, so the participants tend to be more highly educated
and have a healthier lifestyle and may not be entirely represen-
tative of the general population.’* Nevertheless, the results will
be applicable to similar populations participating in screening
programmes, one of the main settings in which risk stratifica-
tion is used. KARMA included a small number of women who
had mammography under 40 years old (0.4% of women),
the minimum age entering the Swedish national screening
programme. After excluding these women, the results remained
similar (online supplemental table S9-S10, figure S7-S8) in terms
of calibration and discrimination. Finally, the KARMA study
participants were from Sweden, with the majority being of Euro-
pean ancestry. Therefore, further validation studies are required
to assess the model validity in other ethnic subgroups and other
countries with different BC incidences.

In summary, the comprehensive BOADICEA model is well cali-
brated and discriminates well between patients with incident BC
and unaffected women undergoing mammographic screening. It
is therefore a clinically valid model that can be used to iden-
tify high-risk individuals who may benefit most from enhanced
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screening or other preventive risk-reducing treatments. It can
also be used to identify low-risk individuals who are unlikely to
benefit from prevention options associated with adverse effects.
This validated model can be used as the basis for risk-based feasi-
bility or acceptability studies or randomised controlled trials for
determining the optimal risk thresholds, the uptake of different
interventions and for health economics analyses that evaluate the
balance between benefits and harms and associated healthcare
costs from introducing multifactorial risk assessment, including
the PRS, at different healthcare levels.” BOADICEA is available
via the CanRisk webtool www.canrisk.org® that can be used by
healthcare professionals in personalising risk assessment to facil-
itate shared decision-making with patients on lifestyle changes,
prevention or screening options for managing BC risk.
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METHODS

SNP genotyping and gene-panel testing

Blood samples were collected at recruitment and were processed in the Karolinska Institutet high-
throughput Biobank[1]. A subset of the samples, including the majority of BCs, were genotyped using
either iCOGS[2, 3] or OncoArray[4] in studies organised through the Breast Cancer Association
Consortium (BCAC). Here, we used only the prospective arm of the KARMA study. Genotype quality
control was performed as previously described[5]. Genotypes for SNPs not presented on the arrays
were imputed using the 1000 Genomes Project (phase 3) as the reference panel[5]. The 313-SNP PRS
was derived and standardised by the mean (-0.424) and standard deviation (0.603) as described by
Mavaddat et al.[6]. A subset of these samples was sequenced for a 34-gene panel through the Breast
Cancer Risk after Diagnostic Gene Sequencing (BRIDGES) study. Details of library preparation, sample
sequencing, variant calling and quality control have been described previously[7]. Women were
considered as PV carriers in BRCA1, BRCA2, PALB2, CHEK2, ATM, RAD51C, RAD51D, or BARD1 if a
protein-truncating (frameshift, nonsense or canonical splice site variant) or a known pathogenic

missense variant was identified, with the exception of variants identified in the last exon of each gene.
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Table s1 Comparison of distribution of STRATUS dereived BI-RADS categories in the KARMA cohort and

previously published study[8].

BI-RADS Category In KARMA Tice et al.[8]
Age < 50y
A 0.05 0.04
B 0.24 0.35
C 0.50 0.47
D 0.20 0.14
Age 50-64y
A 0.13 0.07
B 0.42 0.47
C 0.38 0.40
D 0.06 0.06
Age = 65y
A 0.21 0.11
B 0.50 0.54
C 0.26 0.32
D 0.03 0.03
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Table s2 A summary of genetic and epidemiological characteristics of participants at baseline in (1) the entire KARMA cohort (2) sub-cohort samples with PRS information

and (3) sub-cohort samples with both PRS and pathogenic variant (PV) status in BRCA1, BRCA2, PALB2, CHECK2, ATM, RAD51C, RAD51D, and BARD1. The incident BC

patients were women who developed breast cancer within five-year risk prediction horizon.

Full cohort

Sub-cohort with PRS

Sub-cohort with PRS and PV

Number of participants, N

Follow-up, median (IQR), years

European ancestry, N (%)

Yes

No
Missing

Age at baseline, N (%)

<40
40-49
50-59
260
Mean (sd), years

Age at menarche*, N (%)
<11
[11,12)
[12,13)
[13,14)
[14,15)

Healthy women

65,599

6.0 (5.0-6.0)

59,102 (90.1%)

1,642 (2.5%)

4,855 (7.4%)

263 (0.4%)
23,618 (36.0%)
18,275 (27.9%)
23,443 (35.7%)
55 (9.8)

6,828 (10.4%)
6,251 (9.5%)
13,085 (20.0%)
16,759 (25.5%)
13,127 (20.0%)

Incident BC patients

816

3.0 (2.0-4.0)

757 (92.8%)

16 (2.0%)

43 (5.2%)

0 (0%)

177 (21.7%)
231 (28.3%)
408 (50.0%)
58(9.4)

79 (9.7%)
69 (8.5%)
164 (20.1%)
216 (26.5%)
175 (21.4%)

Healthy women

14,826

6.0 (5.0-6.0)

14,264 (96.2%)

223 (1.5%)

339 (2.3%)

75 (0.5%)
4,048 (27.3%)
3,951 (26.7%)
6,752 (45.5%)
57 (10.0)

728 (4.9%)

1,487 (10.0%)
3,106 (21.0%)
3,935 (26.5%)
3,210 (21.6%)

Incident BC patients

676

3.0 (2.0-4.0)

633 (93.6%)

9(1.3%)

34 (5.1%)

0(0%)

140 (20.7%)
196 (29.0%)
340 (50.3%)
59 (9.3)

62 (9.2%)
53 (7.8%)
132 (19.5%)
189 (28.0%)
148 (21.9%)

Healthy women

5,413

6.0 (5.0-6.0)

5,307 (98.0%)

2(0.04%)

104 (1.9%)

40 (0.7%)
695 (12.8%)
1,338 (24.7%)
3,340 (61.7%)
61(9.1)

250 (4.6%)
512 (9.5%)
1,043 (19.3%)
1,403 (25.9%)
1,230 (22.7%)

Incident BC patients

280

3.0 (2.0-4.0)

267 (95.4%)

4(1.4%)

9 (3.2%)

0 (0.0%)

56 (20.0%)
77 (27.5%)
147 (52.5%)
59 (9.2)

18 (6.4%)
27 (9.6%)
50 (17.9%)
77 (27.5%)
70 (25.0%)
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[15,16) 6,625 (10.1%) 74 (9.1%) 1,654 (11.2%) 61 (9.0%) 692 (12.8%) 27 (9.6%)
216 2,924 (4.5%) 39 (4.8%) 706 (4.8%) 31 (4.6%) 283 (5.2%) 11 (3.9%)
Menopausal status, N (%)
Pre-menopausal 29,829 (45.5%) 268 (32.8%) 5,502 (37.1%) 212 (31.4%) 1,216 (22.5%) 77 (27.5%)

Post-menopausal 35,770 (54.5%)
Age at menopause (among post-menopausal women)*, N (%)
<40  721(2.0%)
[40,45) 1,466 (4.1%)
[45,50) 4,116 (11.5%)
[50,55) 7,706 (21.5%)
255 2,640 (7.4%)
Missing  19,121(53.4%)

548 (67.2%)

12 (2.2%)
23 (4.2%)
75 (13.7%)
135 (24.6%)
57 (10.4%)
246 (44.9%)

Use of hormonal replacement treatment (among post-menopausal women)*, N (%)

CurrentC 655 (1.8%)
CurrentE 806 (2.3%)
Former 8,005 (22.4%)
Never 20,657 (57.7%)
Missing 5,647 (15.8%)
Parity*, N (%)
0 7,785 (11.9%)
1 8,935 (13.6%)
2 29,380 (44.8%)
23 15,202 (23.2%)
Missing 4,297 (6.5%)
Age at first live birth (among parious women)*, N (%)
<20 3,108 (5.8%)
[20,25) 14,915 (27.9%)
[25,30) 18,847 (35.2%)
230 16,625 (31.1%)
Missing 22 (0.04%)

19 (3.5%)
25 (4.6%)
138 (25.2%)
283 (51.6%)
83 (15.1%)

94 (11.5%)
127 (15.6%)
377 (46.2%)
170 (20.8%)
48 (5.9%)

42 (6.2%)
183 (27.2%)
240 (35.6%)
209 (31.0%)
0 (0.0%)

9,324 (62.9%)

170 (1.8%)
368 (3.9%)
1,037 (11.1%)
1,889 (20.3%)
742 (8.0%)
5,118(54.9%)

152 (1.6%)
198 (2.1 %)
2,197 (23.6%)
5,650 (60.6%)
1,127 (12.1%)

1,809 (12.2%)
2,164 (14.6%)
7,007 (47.3%)
3,740 (25.2%)
106 (0.7%)

842 (6.5%)
3,815 (29.5%)
4,562 (35.3%)
3,682 (28.5%)
10 (0.1%)

464 (68.6%)

9 (1.9%)

21 (4.5%)
65 (14.0%)
117 (25.2%)
49 (10.6%)
203 (43.8%)

14 (3.0%)
18 (3.9%)
116 (25.0%)
244 (52.6%)
72 (15.5%)

80 (11.8%)
108 (16.0%)
312 (46.1%)
137 (20.3%)
39 (5.8%)

36 (6.5%)
145 (26.0%)
203 (36.4%)
173 (31.1%)
0(0.0%)

4,197 (77.5%)

75 (1.8%)
147 (3.5%)
435 (10.4%)
842 (20.1%)
355 (8.4%)
2,343(55.8%)

55 (1.3%)

84 (2.0%)
1,058 (25.2%)
2,493 (59.4%)
507 (12.1%)

609 (11.2%)
788 (14.6%)
2,562 (47.3%)
1,445 (26.7%)
9 (0.2%)

366 (7.6%)
1,560 (32.5%)
1,783 (37.2%)
1,081 (22.5%)
5(0.1%)

203 (72.5%)

5 (2.5%)
10 (4.9%)
32 (15.8%)
58 (28.6%)
27 (13.3%)
71 (35.0%)

4 (2.0%)

5 (2.5%)

50 (24.6%)
114 (56.1%)
30 (14.8%)

34 (12.1%)
54 (19.3%)
115 (41.1%)
65 (23.2%)
12 (4.3%)

15 (6.4%)
57 (24.3%)
83 (35.5%)
79 (33.8%)
0 (0.0%)
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Use of oral contraceptive*, N (%)
Ever
Never
Missing
Body Mass Index* (kg/m2), N (%)
<18.5
[18.5,25)
[25,30)
230
Height* (cm), N (%)
<152.91
[152.91, 159.65)
[159.65, 165.96)
[165.96, 172.70)
2172.70
Missing
Alcohol consumption* (g/day), N (%)
<5
[5,15)
[15,25)
[25,35)
[35,45)
245
Missing
BI-RADS, N (%)

0O @ >

D
Number of 1% degree relatives with BC, N (%)

51,882 (79.1%)
8,834 (13.5%)
4,883 (7.4%)

4,298 (6.6%)
33,912 (51.7%)
19,449 (29.6%)
7,940 (12.1%)

625 (1.0%)
6,240 (9.5%)
20,366 (31.0%)
24,645 (37.6%)
10,053 (15.3%)
3,670 (5.6%)

11,738 (17.9%)
40,501 (61.7%)
5,918 (9.0%)
1,213 (1.9%)
1,195 (1.8%)
219 (0.3%)
4,815 (7.3%)

8,209 (12.5%)
24,551 (37.4%)
25,982 (39.6%)
6,857 (10.5%)

632 (77.5%)
134 (16.4%)
50 (6.1%)

44 (5.4%)

391 (47.9%)
275 (33.7%)
106 (13.0%)

4(0.5%)

67 (8.2%)
237 (29.0%)
333 (40.8%)
135 (16.5%)
40 (4.9%)

130 (15.9%)
506 (62.0%)
93 (11.4%)
13 (1.6%)
19 (2.3%)

3 (0.4%)

52 (6.4%)

64 (7.8%)
334 (40.9%)
329 (40.3%)
89 (10.9%)

12,198 (82.3%)
2,341 (15.8%)
287 (1.9%)

159 (1.1%)

7,878 (53.1%)
4,781 (32.3%)
2,008 (13.5%)

144 (1.0%)
1,528 (10.3%)
5,014 (33.8%)
5,847 (39.4%)
2,284 (15.4%)
9 (0.1%)

2,830 (19.1%)
9,670 (65.2%)
1,478 (10.0%)
290 (2.0%)
274 (1.8%)
57 (0.4%)
227 (1.5%)

2,173 (14.7%)
5,981 (40.3%)
5,424 (36.6%)
1,248 (8.4%)

526 (77.8%)
110 (16.3%)
40 (5.9%)

37 (5.5%)
323 (47.8%)
228 (33.7%)
88 (13.0%)

4(0.6%)

53 (7.8%)
195 (28.9%)
280 (41.4%)
111 (16.4%)
33 (4.9%)

108 (16.0%)
423 (62.6%)
76 (11.2%)
8 (1.2%)

16 (2.4%)

2 (0.3%)

43 (6.4%)

52 (7.7%)
279 (41.3%)
272 (40.2%)
73 (10.8%)

4,307 (79.6%)
1,013 (18.7%)
93 (1.7%)

53 (1.0%)
2,700 (49.9%)
1,865 (34.4%)
795 (14.7%)

55 (1.0%)
591 (10.9%)
1,870 (34.6%)
2,108 (38.9%)
787 (14.5%)
2 (0.0%)

1,050 (19.4%)
3,484 (64.4%)
599 (11.1%)
116 (2.1%)
103 (1.9%)
22 (0.4%)

39 (0.7%)

949 (17.5%)
2,443 (45.1%)
1,704 (31.5%)
317 (5.9%)

221 (78.9%)
46 (16.4%)
13 (4.6%)

9 (3.2%)
129 (46.1%)
96 (34.3%)
46 (16.4%)

2(0.7%)

27 (9.6%)
88 (31.4%)
111 (39.6%)
43 (15.4%)
9 (3.2%)

41 (14.6%)
184 (65.7%)
32 (11.4%)
3(1.1%)

6 (2.1%)

1 (0.4%)

13 (4.6%)

28 (10.0%)
113 (40.4%)
116 (41.4%)
23 (8.2%)
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Standardized PRS, mean (sd)

BRCA1, N (%)

BRCA2, N (%)

PALB2, N (%)

ATM, N (%)

CHEK2, N (%)

RADS5IC, N (%)

RAD51D, N (%)

Negative
Positive

Untested

Negative
Positive

Untested

Negative
Positive

Untested

Negative
Positive

Untested

Negative
Positive

Untested

Negative
Positive

Untested

58,102 (88.6%)
7,183 (10.9%)
314 (0.5%)

660 (80.9%)

145 (17.8%)
11 (1.4%)

13,050 (88.0%)
1,699 (11.5%)
77 (0.5%)

-0.0089 (1.03)

547 (80.9%)

124 (18.3%)
5(0.7%)

0.44 (1.01)

4,783 (88.4%) 225 (80.4%)
602 (11.1%) 53 (18.9%)
28 (0.5%) 2(0.7%)
-0.068 (1.03) 0.51 (1.01)

5,410 (99.9%) 279 (99.6%)
3(0.1%) 1(0.4%)
0 (0.0%) 0 (0.0%)

5,403 (99.8%) 278 (99.3%)
10 (0.2%) 2(0.7%)
0 (0%) 0 (0%)

5,408 (99.9%) 278 (99.3%)
5(0.1%) 2(0.7%)
0 (0.0%) 0 (0.0%)

5,402 (99.8%) 278 (99.3%)
11 (0.2%) 2(0.7%)
0 (0.0%) 0 (0.0%)

5,356 (99.0%) 275 (98.2%)
57 (1.0%) 5 (1.8%)
0 (0%) 0 (0%)

5,408 (99.9%) 280 (100.0%)
5(0.1%) 0 (0.0%)
0 (0.0%) 0 (0.0%)
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Negative - - - - 5,413 (100.0%)
Positive - - - - 0(0.0%)
Untested - - - - 0 (0.0%)
BARD1, N (%)
Negative - - - - 5,356 (99.9%)
Positive - - - - 6 (0.1%)
Untested - - - - 0 (0.0%)

279 (99.6%)
1 (0.4%)
0 (0.0%)

280 (100.0%)
0 (0.0%)
0 (0.0%)

* These are questionnaire based risk factors (QRFss), considered in BOADICEA. Risk factor categories as defined in the BOADICEA model.

- Not applicable
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Table s3 Tumour characteristics for incident breast cancer patients.

Full cohort (N=816)

Sub cohort with PRS
(N=676)

Sub cohort with PRS and PV
(N=280)

Stage, N (%)
0 4(0.5%) 4(0.6%) 3(1.1%)
1 444 (54.4%) 357 (52.8%) 146 (52.1%)
2 216 (26.5%) 182 (26.9%) 69 (24.6%)
3 74(9.1%) 65 (9.6%) 31(11.1%)
4 6 (0.7%) 5 (0.7%) 1(0.4%)
missing 72 (8.8%) 63 (9.3%) 30 (10.7%)
Morphology, N (%)
ductal 622 (76.2%) 516 (76.3%) 218 (77.9%)
lobular 97 (11.9%) 83 (12.3%) 39 (13.9%)
Medullary 2(0.2%) 1(0.1%) 0 (0.0%)
mixed (ductal and lobular) 13 (1.6%) 11 (1.6%) 3(1.1%)
missing 82 (10.0%) 65 (9.6%) 20 (7.1%)
ER status, N (%)
negative 97 (11.9%) 80 (11.8%) 31 (11.1%)
positive 671 (82.2%) 558 (82.5%) 232 (82.9%)
missing 48 (5.9%) 38 (5.6%) 17 (6.1%)
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Table s4 Reclassification table comparing the model considering family history (FH), questionnaire-based risk

factors (QRFs), mammographic density (MD) in BI-RADS and polygenic risk score (PRS) and the model

considering FH using the subcohort samples with PRS. The table shows the weighted number of women in each

category of risk (under each model). The weighted number of incident breast cancer patients is shown in the

brackets.
Model: FH Model: FH+QRFs+MD+PRS
Five-year risk < 3% Five-year risk > 3% Total
All women
Five-year risk < 3% 64049 1894 65943
(733) (68) (801)
Five-year risk 2 3% 332 189 521
(7 (7) (14)
Total 64381 2083 66464
(740) (75) (815)
Premenopausal women
Five-year risk < 3% 30027 722 30749
(239) (23) (262)
Five-year risk 2 3% 9 30 39
(0) (1) (1)
Total 30036 752 30788
(239) (24) (263)
Postmenopausal women
Five-year risk < 3% 34022 1172 35194
(494) (45) (539)
Five-year risk = 3% 323 159 482
(7 (6) (13)
Total 34345 1331 35676
(501) (51) (552)
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Table s5 Sensitivity and specificity at different risk thresholds and proportions of ER-negative and ER-positive cancers detected in each risk category.

Risk threshold/ Model: FH+QRFs+MD+PRS* Model: FH+QRFs+MD+PRS+PV*
category
BCs with ER status=644 BCs=280 BCs with ER status=267
- e ER-negative ER-positive - e ER-negative ER-positive
Sensitivity Specificity cancers (%*) cancers (%**) Sensitivity Specificity cancers (%) cancers (%**)
<1.10% - 34 (42.5%) 166 (29.4%) 15 (48.4%) 69 (29.2%)
[1.10%-1.67%) 0.69 (0.66, 0.72) 0.59 (0.59, 0.59) 22 (27.5%) 181 (32.1%) 0.66 (0.62, 0.69) 0.63 (0.63, 0.63) 5(16.1%) 72 (30.5%)
[1.67%-3.00%) 0.38(0.34, 0.41) 0.81(0.81, 0.82) 22 (27.5%) 161 (28.5%) 0.34(0.31, 0.37) 0.83 (0.83, 0.84) 8(25.8%) 70 (29.7%)
23%" 0.09 (0.01, 0.11) 0.97 (0.97,0.97) 2 (2.5%) 56 (9.9%) 0.09 (0.07,0.11) 0.97 (0.96, 0.97) 3(9.7%) 25 (10.6%)

#Risk thresholds (>) for calculating sensitivity/specificity

*among ER-negative; **among ER-positive

TUsing the weighted sub-cohort with PRS (N=15,502); *Using the weighted sub-cohort with PRS and PV (N=5,693). Therefore, the results were not directly comparable due

to the different sample sizes.

FH: family history; QRFs: questionnaire-based risk factors; MD: mammographic density in BI-RADS; PRS: polygenic risk score; PV: pathogenic variants in BRCA1, BRCA2, PALB2,

CHECK2, ATM, RAD51C, RAD51D, and BARD1.
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Table s6 Sensitivity and specificity at different percentiles of the predicted risk distribution, under the model
considering family history (FH), questionnaire-based risk factors (QRFs), mammographic density in BI-RADS

(MD) and polygenic risk score (PRS).

Risk distribution threshold  Equivalen 5-year risk sensitivity specificity
threshold

Top 2.5% 3.26% 0.07 (0.05, 0.09) 0.98 (0.98, 0.98)
Top 5% 2.72% 0.13(0.11, 0.15) 0.96 (0.95, 0.96)
Top 10% 2.20% 0.23(0.20, 0.26) 0.91(0.91, 0.91)
Top 20% 1.69% 0.37(0.34,0.41) 0.82(0.82,0.82)
Top 30% 1.39% 0.53(0.49, 0.56) 0.73(0.72,0.73)
Top 40% 1.18% 0.65 (0.61, 0.68) 0.63(0.63, 0.63)
Top 50% 1.00% 0.75(0.72,0.78) 0.53(0.53, 0.54)
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Table s7 Reclassification table comparing the model that considers family history (FH), questionnaire-based

risk factors (QRFs), mammographic density (MD) in BI-RADS, polygenic risk score (PRS) and pathogenic

variants (PV) in the five major breast cancer (BC) susceptibility genes and the model considering FH, QRFs, MD

and PRS, based on the subcohort samples with PRS and PV status. The table shows the weighted number of

women in each category of risk. The weighted number of incident BC patients is shown in the brackets.

Model: FH+QRFs+MD+PRS Model: FH+QRFs+MD+PRS+PV
Five-year risk < 3% Five-year risk > 3% Total
Five-year risk < 3% 63412 647 64059
(736) (23) (759)
Five-year risk 2 3% 228 1702 1930
@) (49) (59)
Total 63640 2349 65989
(743) (67) (816)
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Table s8 Risk reclassification of the 110 pathogenic variant (PV) carriers using five-year predicted breast cancer
risk under different models. FH: family history; QRFs: questionnaire-based risk factors; MD: mammographic
density in BI-RADS; PRS: polygenic risk score; PV: pathogenic variants in BRCA1, BRCA2, PALB2, CHECK2, ATM,

RAD51C, RAD51D, and BARD1.

Model Risk <1.67% Risk: 1.67-3% Risk: 23% E/O

FH Only 45% 53% 2% 0.35

+ PRS+ MD+ QRFs 68% 27% 5% 0.31

+ PRS+ MD+ QRFs+ PV 25% 23% 52% 0.99

PV only 3% 36% 61% 0.99

+ PRS+MD+QRFs+FH 25% 23% 52% 0.99
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Table s9 Calibration and discrimination of five-year predicted breast cancer risks in women 40 years old or

older using different risk factor combinations.

Model AUC (95%Cl) Harrell’s C (95%Cl) E/O (95%Cl) Calibration slope
(95%Cl)

Entire cohort with information on FH, QRF and MD (N=66,152; N.BCs=816)

FH 0.62 (0.60, 0.64)  0.62 (0.61, 0.65) 1.12(1.05,1.20) 1.03 (1.01, 1.05)
QRF 0.62 (0.60, 0.64)  0.62 (0.60, 0.64) 0.95(0.89,1.02) 0.99 (0.97, 1.01)
MD 0.62 (0.60, 0.64)  0.62 (0.60, 0.64) 0.94 (0.88,1.01) 0.99 (0.97, 1.01)
FH+QRF 0.63 (0.61, 0.65) 0.63 (0.61, 0.65) 1.02 (0.95,1.09) 1.00 (0.99, 1.02)
FH+QRF+MD 0.64 (0.62,0.66) 0.63 (0.62, 0.66) 0.92 (0.86,0.99)  0.98 (0.96, 1.00)

Sub-cohort with information on FH, QRF, MD and PRS (N=15,427; N.BCs=676)

FH 0.61(0.59, 0.63) 0.62 (0.60, 0.64) 1.12(1.04,1.21) 1.03 (1.01, 1.05)
QRF 0.62 (0.60, 0.65)  0.63 (0.61, 0.65) 0.94(0.87,1.01) 0.99 (0.97, 1.00)
MD 0.62 (0.60, 0.64)  0.64 (0.61, 0.66) 0.93 (0.86,1.01)  0.98 (0.97, 1.00)
PRS 0.66 (0.64, 0.68) 0.67 (0.65, 0.69) 1.06 (0.98,1.15)  1.01 (1.00, 1.03)
FH+QRF+MD 0.65 (0.63,0.67) 0.65 (0.63, 0.67) 0.90 (0.84,0.97) 0.98 (0.96, 1.00)
FH+QRF+PRS 0.68 (0.66, 0.70)  0.68 (0.66, 0.70) 1.01(0.93,1.09) 1.00 (0.98, 1.02)
FH+QRF+PRS+MD 0.69 (0.67,0.71) 0.68 (0.67, 0.70) 0.91(0.85,0.98) 0.98 (0.96, 1.00)

Sub-cohort with information on FH, QRF, MD, PRS and PV status (N=5,653; N.BCs=280)
FH+QRF+PRS+MD 0.68 (0.64,0.72) 0.7 (0.66, 0.72) 0.88 (0.74,1.04)  0.97 (0.95, 0.99)

FH+QRF+PRS+MD+PV 0.69 (0.66,0.73) 0.7 (0.67, 0.73) 0.88 (0.75,1.04) 0.97 (0.95, 0.99)

BC: breast cancer; E: expected number of breast cancers in the five-year period; O: observed number breast
cancers; FH: family history; QRFs: questionnaire-based risk factors; MD: mammographic density in BI-RADS; PRS:
polygenic risk score; PV: pathogenic variants in BRCA1, BRCA2, PALB2, CHECK2, ATM, RAD51C, RAD51D, and
BARD1.
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Table s10 Calibration and discrimination of five-year predicted breast cancer risks by menopausal status. Analyses restricted to women 40 years old or older.

Menopausal
status

N. unaffected

N.

BCs

Model

AUC (95%Cl)

Harrell’s C (95%Cl)

E/O (95%Cl)

Calibration slope

(95%Cl1)

Sub-cohort with information on FH, QRFs, MD, and PRS (N=15,427; N.BCs=676)

Pre-
menopausal

Post-
menopausal

5,427

9,324

212

464

FH+QRFs+PRS
FH+QRFs+PRS+MD
FH+QRFs+PRS

FH+QRFs+PRS+MD

0.67 (0.63,0.71)
0.68 (0.65, 0.72)
0.66 (0.63, 0.68)
0.67 (0.64, 0.69)

Sub-cohort with information on FH, QRFs, MD, PRS, and PV status (N=5,653; N.BCs=280)

Pre-
menopausal

Post-
menopausal

1,176

4,197

77

203

FH+QRFs+PRS+PV

FH+QRFs+PRS+PV+MD

FH+QRFs+PRS+PV

FH+QRFs+PRS+PV+MD

0.69 (0.6, 0.78)
0.68 (0.6, 0.75)
0.68 (0.63, 0.73)

0.68 (0.64, 0.73)

0.66 (0.62, 0.7)

0.68 (0.65, 0.71)
0.65 (0.63, 0.68)
0.67 (0.64, 0.68)

0.67 (0.59, 0.73)
0.67 (0.59, 0.74)
0.69 (0.65, 0.72)

0.69 (0.66, 0.73)

1.09 (0.95, 1.25)
1.13 (0.99, 1.3)

0.97 (0.89, 1.06)
0.81 (0.74, 0.89)

1.1 (0.77, 1.58)
1.11(0.78, 1.6)
0.95 (0.79, 1.13)

0.78 (0.66, 0.94)

1.02 (0.99, 1.05)
1.03 (0.99, 1.06)
0.99 (0.97, 1.02)
0.95 (0.93, 0.97)

1.02 (0.99, 1.05)
1.02 (0.98, 1.05)
0.99 (0.96, 1.01)

0.94 (0.92, 0.96)

BC: Breast Cancer; FH: family history; QRFs: questionnaire-based risk factors; MD: mammographic density in BI-RADS; PRS: polygenic risk score; PV: pathogenic variants in

BRCA1, BRCA2, PALB2, CHECK2, ATM, RAD51C, RAD51D, and BARD1.
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Figure s1 Predicted five-year risk distribution for the incident breast cancer patients (affected) and healthy
women (unaffected) under different models using the entire cohort (N=66,415). The box represents the

interquartile range (IQR) and the central line within the box represents the mean. The x-axis is on the log-scale.
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Figure s2 Observed and predicted five-year breast cancer risks in deciles of predicted risks using the entire

cohort under different models Women were grouped into deciles of predicted risks. Each dot represents the

mean observed and predicted risk in the decile and the vertical segments represent 95% confidence intervals.

The dashed line is the diagonal line with slope equal to 1 (corresponding to E/O ratio of 1 for each decile). When

the confidence interval crosses the diagonal, the decile-predicted risk is not significantly different from the

observed risk. When a dot and the associated confidence interval fall above the diagonal, there is a suggestion

for underprediction of risk; when a dot and associated confidence interval fall below the diagonal there is a

suggestion for overprediction of risk.
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Figure s3 Predicted five-year risk distribution for the incident breast cancer patients (affected) and healthy
women (unaffected) under different models using the subcohort samples with polygenic risk score (PRS)

information(N=15,502). The box represents the interquartile range (IQR) and the central line within the box

represents the mean. . The x-axis is on the log-scale.
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Figure s4 Predicted five-year risk distribution for the incident breast cancer patients (affected) and healthy
women (unaffected) under different models using the subcohort samples with polygenic risk score (PRS) and
pathogenic variants (PV) information(N=5,693). The box represents the interquartile range (IQR) and the

central line within the box represents the mean. The x-axis is on the log-scale.
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Figure s5 Predicted five-year risk distributions for carriers and non-carriers of pathogenic variants (PV) in the
eight major breast cancer (BC) susceptibility genes: BRCA1, BRCA2, PALB2, CHECK2, ATM, RAD51C, RAD51D
and BARD1 under the models considering family history, questionnaire-based risk factor, polygenic risk score,
mammographic density in BI-RADS and pathogenic variant status using the subcohort samples with PRS and

PV information (N=5,693). The box represents the interquartile range (IQR) and the central line within the box

represents the mean. . The x-axis is on the log-scale.
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Figure s6 The distribution of BIRADS categories across deciles of predicted risks in postmenopausal women in
the subcohort samples with polygenic risk score (PRS) information (N=9,788). Each bar represents the
proportion of women with BIRADS A, B, C, or D among total number of unaffected or affected women. Affected:
incident breast cancer patients during the five-year risk prediction horizon; Unaffected: women without a breast

cancer diagnosis during the five-year risk prediction horizon.
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Figure s7. Observed and expected five-year breast cancer risks in deciles of predicted risks in women 40 years
old or older. The sub-cohort of samples with PRS information (N=15,427) was used here under the model
considering considering family history, questionnaire-based risk factors, polygenic risk score and mammographic

density in BI-RADS. Women were grouped into deciles of predicted risks.
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Figure s8. Observed and expected five-year breast cancer risks in deciles of predicted risks in women 40 years
old or older. The sub-cohort of samples with PRS and PV status information (N=5,653) was used here underthe
model considering all risk factors including family history, questionnaire-based risk factors, polygenic risk score,
mammographic density in BI-RADS and pathogenic variant status in the eight major breast cancer (BC)
susceptibility genes: BRCA1, BRCA2, PALB2, CHECK2, ATM, RAD51C, RAD51D and BARD1. Women were grouped

into deciles of predicted risks.
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