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Abstract

Improvement in risk prediction, early detection and
prevention of breast cancer in the NHS Breast Screening
Programme and family history clinics: a dual cohort study

D Gareth Evans,'* Susan Astley,2 Paula Stavrinos,3 Elaine Harkness,?
Louise S Donnelly,3 Sarah Dawe,3 lan Jacob,* Michelle Harvie,3

Jack Cuzick,> Adam Brentnall,> Mary Wilson,3 Fiona Harrison,®
Katherine Payne4 and Anthony Howell?3
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2|nstitute of Population Health, Centre for Imaging Sciences, University of Manchester,
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3The Nightingale Centre and Genesis Prevention Centre, University Hospital of South Manchester,
Manchester, UK

4Department of Health Economics, University of Manchester, Manchester, UK

5Wolfson Institute of Preventive Medicine, Queen Mary University of London, London, UK

6Patient representative

*Corresponding author Gareth.Evans@cmft.nhs.uk

Background: In the UK, women are invited for 3-yearly mammography screening, through the NHS

Breast Screening Programme (NHSBSP), from the ages of 47-50 years to the ages of 69-73 years. Women
with family histories of breast cancer can, from the age of 40 years, obtain enhanced surveillance and,

in exceptionally high-risk cases, magnetic resonance imaging. However, no NHSBSP risk assessment is
undertaken. Risk prediction models are able to categorise women by risk using known risk factors, although
accurate individual risk prediction remains elusive. The identification of mammographic breast density (MD)
and common genetic risk variants [single nucleotide polymorphisms (SNPs)] has presaged the improved
precision of risk models.

Objectives: To (1) identify the best performing model to assess breast cancer risk in family history clinic
(FHC) and population settings; (2) use information from MD/SNPs to improve risk prediction; (3) assess the
acceptability and feasibility of offering risk assessment in the NHSBSP; and (4) identify the incremental
costs and benefits of risk stratified screening in a preliminary cost-effectiveness analysis.

Design: Two cohort studies assessing breast cancer incidence.
Setting: High-risk FHC and the NHSBSP Greater Manchester, UK.

Participants: A total of 10,000 women aged 20-79 years [Family History Risk Study (FH-Risk); UK Clinical
Research Network identification number (UKCRN-ID) 8611] and 53,000 women from the NHSBSP
[aged 46-73 years; Predicting the Risk of Cancer At Screening (PROCAS) study; UKCRN-ID 8080].
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ABSTRACT

Interventions: Questionnaires collected standard risk information, and mammograms were assessed for
breast density by a number of technigues. All FH-Risk and 10,000 PROCAS participants participated in
deoxyribonucleic acid (DNA) studies. The risk prediction models Manual method, Tyrer—Cuzick (TC),
BOADICEA (Breast and Ovarian Analysis of Disease Incidence and Carrier Estimation Algorithm) and

Gail were used to assess risk, with modelling based on MD and SNPs. A preliminary model-based
cost-effectiveness analysis of risk stratified screening was conducted.

Main outcome measures: Breast cancer incidence.
Data sources: The NHSBSP; cancer registration.

Results: A total of 446 women developed incident breast cancers in FH-Risk in 97,958 years of follow-up.
All risk models accurately stratified women into risk categories. TC had better risk precision than Gail, and
BOADICEA accurately predicted risk in the 6268 single probands. The Manual model was also accurate

in the whole cohort. In PROCAS, TC had better risk precision than Gail [area under the curve (AUC) 0.58
vs. 0.54], identifying 547 prospective breast cancers. The addition of SNPs in the FH-Risk case—control
study improved risk precision but was not useful in BRCAT (breast cancer 1 gene) families. Risk modelling
of SNPs in PROCAS showed an incremental improvement from using SNP18 used in PROCAS to SNP67.
MD measured by visual assessment score provided better risk stratification than automatic measures,
despite wide intra- and inter-reader variability. Using a MD-adjusted TC model in PROCAS improved risk
stratification (AUC = 0.6) and identified significantly higher rates (4.7 per 10,000 vs. 1.3 per 10,000;

p <0.001) of high-stage cancers in women with above-average breast cancer risks. It is not possible to
provide estimates of the incremental costs and benefits of risk stratified screening because of lack of data
inputs for key parameters in the model-based cost-effectiveness analysis.

Conclusions: Risk precision can be improved by using DNA and MD, and can potentially be used to
stratify NHSBSP screening. It may also identify those at greater risk of high-stage cancers for enhanced
screening. The cost-effectiveness of risk stratified screening is currently associated with extensive
uncertainty. Additional research is needed to identify data needed for key inputs into model-based
cost-effectiveness analyses to identify the impact on health-care resource use and patient benefits.

Future work: A pilot of real-time NHSBSP risk prediction to identify women for chemoprevention and
enhanced screening is required.

Funding: The National Institute for Health Research Programme Grants for Applied Research programme.
The DNA saliva collection for SNP analysis for PROCAS was funded by the Genesis Breast Cancer
Prevention Appeal.
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Plain English summary

I n the UK, women are invited for 3-yearly breast screening through the NHS Breast Screening Programme
(NHSBSP) from the ages of 47-50 years to the ages of 69-73 years. Women who have family histories

of breast cancer can obtain enhanced screening from the age of 40 years. Risk prediction models are able,
using known risk factors such as family history/hormonal/reproductive factors, to categorise women by risk,
although accurate individual risk prediction has remained difficult. The identification of other important
risk factors such as mammographic breast density (MD) and common variations in a person’s genes

(single nucleotide polymorphisms) has made it possible to improve breast cancer risk prediction models.
We have shown, in two large studies of over 63,000 women, that the Tyrer—Cuzick (TC) risk prediction
model accurately predicts breast cancer risk, although further improvements are probably required.

Risk identification is improved by using deoxyribonucleic acid (DNA) and a visual assessment of MD.

In the NHSBSP, using a combination of TC and MD predicts that 70% of the population with average or
below average risks have very low rates of advanced breast cancer. A preliminary analysis suggested that
using a risk-based screening programme could be a good use of NHS resources. However, more research is
needed to generate evidence of the impact of introducing the proposed risk-based screening programme
at a national level on health-care resource use and patient benefits.

We conclude that risk precision can be improved significantly by using DNA and MD, and can potentially
be used to stratify NHSBSP screening to identify those at greater risk of high-stage cancers for enhanced
screening, but that 3-yearly screening appears effective in 70% of the population.

© Queen'’s Printer and Controller of HMSO 2016. This work was produced by Evans et al. under the terms of a commissioning contract issued by the Secretary of State for Health.
This issue may be freely reproduced for the purposes of private research and study and extracts (or indeed, the full report) may be included in professional journals provided that
suitable acknowledgement is made and the reproduction is not associated with any form of advertising. Applications for commercial reproduction should be addressed to: NIHR
Journals Library, National Institute for Health Research, Evaluation, Trials and Studies Coordinating Centre, Alpha House, University of Southampton Science Park, Southampton
SO16 7NS, UK.

XXi






DOI: 10.3310/pgfar04110 PROGRAMME GRANTS FOR APPLIED RESEARCH 2016 VOL. 4 NO. 11

Scientific summary

Background

Breast cancer is the commonest cancer in women and incidence continues to increase, with 50,000 women
diagnosed annually in the UK. In the UK, women are invited for 3-yearly mammography screening through
the NHS Breast Screening Programme (NHSBSP) from the ages of 47-50 years to the ages of 69-73 years.
This potentially impacts on early detection of around 50% of breast cancer cases (20% occur < 50 years;
30% occur > 70 years). Women with at least moderate familial breast cancer risk can obtain annual
mammography surveillance from 40 years of age and, if they are a carrier or have > 30% risk of a BRCA1
(breast cancer 1 gene)/BRCAZ2 (breast cancer 2 gene)/TP53 (tumour protein p53) mutation, they can obtain
annual magnetic resonance imaging (MRI) screening from the age of 30 years, according to National
Institute for Health and Care Excellence (NICE) guidance (NICE. Familial Breast Cancer: Classification and
Care of People at Risk of Familial Breast Cancer and Management of Breast Cancer and Related Risks in
People with a Family History of Breast Cancer. NICE guideline CG164. London: National Collaborating
Centre for Cancer; 2013). However, no NHSBSP risk assessment is undertaken. Risk prediction models are
able to categorise women by risk using known risk factors such as family history, hormonal/reproductive
factors and body mass index (BMI), although accurate individual risk prediction has remained elusive.
Identification of mammographic breast density (MD) and common genetic risk variants [single nucleotide
polymorphisms (SNPs)] has presaged the likelihood of substantially improved precision of risk prediction
models. Models need to accurately predict risk in the family history clinic (FHC) setting as well as in the
general population if stratification of risk is to be feasible.

Objectives

1. ldentify the best performing model to assess breast cancer risk in the FHC and population settings.
2. Use information from MD and SNPs to improve risk prediction.

3. Assess acceptability and feasibility of offering risk assessment in the NHSBSP.

4. Conduct a preliminary economic evaluation of introducing risk stratified screening.

Methods

Design

Two cohort studies were used to assess breast cancer incidence, using STROBE (Strengthening the
Reporting of Observational Studies in Epidemiology) guidelines. Additionally, case—control series embedded
in the cohort studies were utilised to address the utility of SNPs and MD in improving risk prediction.

A preliminary model-based cost-effectiveness analysis was used to understand the potential costs and
benefits of risk stratified screening.

How the research was conducted

Women were assessed from two groups. The first group was from a FHC at the University Hospital of
South Manchester which has assessed breast cancer risk in over 10,000 women. This study [Family History
Risk Study (FH-Risk); UK Clinical Research Network identification number (UKCRN-ID) 8611] incorporated a
case—control study. Women who had developed breast cancer and had an assessable mammogram either
at time of diagnosis or before were the cases, and the controls were selected from the FHC population to
have had an assessable mammogram at the same age but were breast cancer free. The larger cohort
study, Predicting the Risk Of Cancer At Screening (PROCAS; UKCRN-ID 8080), invited women who were
due mammaography appointments in Manchester over a 3-year cycle to participate in a questionnaire study
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obtaining standard risk information and consent to use their mammograms to assess breast density.
A subset of this population consented to provide a saliva deoxyribonucleic acid (DNA) sample.

1. Mammographic density was assessed from an available film (analogue) or digital mammogram through
The Nightingale Breast Screening Centre (University Hospital of South Manchester).

2. Breast cancer and vital status were obtained through the North West Cancer Intelligence Service using
NHS number and through the NHSBSP.

3. Deoxyribonucleic acid derived from lymphocyte DNA (FH-Risk) and saliva (PROCAS).

4. All other risk factors were identified from questionnaires and entered into a bespoke database.

FH-Risk (UKCRN-ID 8611)

All women who had been referred to and assessed at the FHC at the University Hospital of South
Manchester between 1987 and 2013 and who did not have breast cancer prior to assessment were
included. Women who had developed breast cancer subsequently were identified as cases for a case—control
study. For this they required an assessable mammogram at the time of their cancer or before. As analogue
mammograms had been destroyed as part of hospital trust policy and raw data from digital mammograms
were not saved prior to October 2010, a number of cancer cases were not eligible. All eligible cases were
invited to take part. A DNA sample from blood was obtained. Controls were identified from the breast
cancer unaffected FHC population who had undergone an assessable mammogram at the same age as the
case. Controls were matched on age and type of mammogram on a 3: 1 basis.

PROCAS (UKCRN-ID 8080)

Women in the Greater Manchester NHSBSP invited for their 3-yearly mammogram were eligible. As the
NHSBSP was not able to identify from the invitation list women who had already developed breast cancer,
all women were sent a study information sheet and consent form 1-2 weeks after their NHSBSP invitation.
Consent was taken at the screening site by the radiographer. A total of 10,000 women in PROCAS were
recruited, by invitation, to a DNA collection study using saliva. All women who developed breast cancer
were invited.

The risk information data comprised age at menarche/menopause, hormone replacement therapy use,
family history of breast cancer, weight/height, breast biopsies, age at first assessment/enrolment, and date
of last follow-up or death/known last alive were obtained from the relevant FileMaker Pro 12 (FileMaker
Inc., Santa Clara, CA, USA) (FH-Risk) and openCDMS (University of Manchester, Manchester, UK) (PROCAS)
databases. Existing risk factors were updated using second questionnaires. ‘Impossible’ values, such as BMls
of < 10 kg/m? or > 60 kg/m?, were used to change fields to unknown values for risk assessment.

The risk information data on each individual were downloaded into a data file to include information on
cancer and vital status of relatives. These were run through the BOADICEA (Breast and Ovarian Analysis
of Disease Incidence and Carrier Estimation Algorithm), Tyrer—Cuzick (TC) and Gail models. Ten-year risks
were identified for stratification purposes. Individual risks of breast cancer over the follow-up period in
FH-Risk were derived using a date of 1 August 2011 if no recent follow-up was identified, as this
represented the date of cancer registry check. Breast cancer dates were derived from cancer diagnosis at
the University Hospital of South Manchester or from the cancer registry. All prevalent cancers were
excluded, including those identified at prevalence appointment. Observed versus expected (O : E) cancers
were obtained for the whole cohort and within risk groups identified. The Manual model was run on 8824
women and TC and Gail were run on 9527 women (the latter number is larger as further follow-up had
elapsed). Owing to identification of pedigree information, BOADICEA could be run only on single proband
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families (n=6268). In PROCAS, as there was not a valid last follow-up date, it was therefore too early to
assess O : E ratios.

Breast density assessment

Analogue
All had visual assessment score (VAS; percentage white area) score and stepwedge assessment.

Digital

All had VAS and two automatic methods, Volpara™ (version 1.4.5, Volpara Solutions, Wellington,

New Zealand) and Quantra™ (version 2.0, Hologic, Inc., Marlborough, MA, USA). The most recent versions
of the these two tools were run (June 2014).

Case—control series of both analogue and digital methods were undertaken using the gold-standard
Cumulus assessment.

Deoxyribonucleic acid studies

Single nucleotide polymorphisms were analysed from lymphocyte/saliva DNA using a SNPlex (Applied
Biosystems, ThermoFisher Scientific Inc., Waltham, MA, USA) for 18 SNPS identified in 2010 as being
associated with breast cancer risk (SNP18). A polygenic risk score (PRS) was derived based on a
multiplicative model with per SNP odds ratios (ORs) to derive an overall relative risk (RR), compared with
the general population. The assessment of SNPs based on cumulative risk of breast cancer by quintiles/
quartiles was used to assess validity.

Incorporation of single nucleotide polymorphisms/mammographic density

into best model

The best performing MD assessment tool was introduced into the best performing model using weighted
analysis. The PRS and density residual (DR) scores were incorporated to provide a new 10-year risk assessment.

The models were compared using a number of statistical methods, including the c-statistic of the area
under the curve (AUC) of receiver operating characteristic curves, which assesses the trade-off between
sensitivity and specificity. A score of 0.5 represents a random chance association.

Preliminary model-based cost-effectiveness analysis

A systematic review was used of published economic evaluations relevant to breast screening in a general
population of women, with input from clinical experts, to inform the development of the model structure
to conduct a preliminary cost-effectiveness analysis of risk stratified screening for breast cancer as part of
the NHSBSP, compared with the current screening programme. The data from PROCAS, supported by
systematic reviews of the published literature, were used to populate the preliminary model-based
cost-effectiveness analysis.

Results

FH-Risk cohort (UKCRN-ID 8611)

Since 1987, 10,177 women have been assessed in the FHC at the University Hospital of South Manchester.

Assessment of O : E ratios in 8824 women with the Manual method model gave a ratio of 1.05

[95% confidence interval (Cl) 0.95 to 1.16]. The risk precision was accurate in all risk groups. The
assessment of TC and Gail carried out on 9527 women gave O : E ratios of 1.09 (95% Cl 0.98 to 1.20)
and 1.01 (95% C1 0.91 to 1.11) for 446 incident breast cancers in 97,958 years of follow-up. Gail
significantly overestimated risk in women with a 10-year risk of > 12% and underestimated this in
2826 women with a <2% 10-year risk. TC was accurate in all but the lowest risk group (1175 women
with a < 1% 10-year risk). BOADICEA was accurate across all risk groups in the 6624 assessable single
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proband women with an O : E ratio of 0.97 (95% C1 0.84 to 1.11). As BOADICEA could not be run on the
whole population, modelling with both SNPs and MD was carried out on TC.

FH-Risk case-control

Owing to the loss of mammograms, only two small case—control studies could be carried out on 82/82
matched cases/controls on analogue films and on 48/144 cases/controls with digital mammography.
Cumulus was found to be predictive in the analogue series, and both Cumulus and VAS were found to be
predictive in the digital series using quartiles. Mammograms were destroyed if they were > 3 years old
owing to space considerations, although some cancer-related ones were preserved. This meant that few
controls were available for analogue films and the ones available were more recent.

Single nucleotide polymorphisms analyses

Single nucleotide polymorphism testing was carried out in four studies. A total of 462 and 445 women
with a confirmed pathogenic mutation in BRCAT and BRCA2, respectively, were included in the analyses.
SNP18 was not predictive of breast cancer risk for BRCAT (p =0.25). This was not improved by using the
three SNPs linked to breast cancer risk, and predictions showed a reverse prediction. Nonetheless,

for BRCA2 there was a significant difference in age at the development of breast cancer between the risk
groups for SNP18 (p <0.001) and a clear trend for reducing hazard with reducing overall PRS (increasing
quintile). In 6954 women from PROCAS, including 673 with breast cancer, there was a clear increase in
overall PRS in those with breast cancer. Median (mean) PRS in breast cancer cases was 1.00 (1.15),
compared with 0.90 (1.02) for those without. The distribution was also shifted to the right in all categories
using > 8% 10-year risk group, where NICE guidelines advise offering chemoprevention with tamoxifen

or raloxifene. Adding a SNP67 to TC increased the proportion eligible substantially, from 0.77% to 2.85%.
Finally, analysis in the FH-Risk case—control series showed that SNP18 added significant discrimination to
TC in non-BRCAT women. DNA was tested in 1701 individuals and 18SNP PRSs were generated.

A significantly higher proportion of cases, 33 out of 359 (9.2%), had RRs of > 2, compared with controls
(56/1079, 5.2%; p=0.01). The inclusion of SNP18 in TC improved the AUC from 0.59 to 0.62.

PROCAS (UKCRN-ID 8080)

As of 30 June 2014, 53,596 women had been recruited to PROCAS, representing 37% of the 68% of
women attending for NHSBSP screening. There was wide variation in uptake by age, deprivation status and
site. The highest uptake was 56% in Oldham Integrated Care Centre, and was 47% in women invited for
their first screen aged 46-49 years in phase 2. Uptake was higher, at 60%, when a study representative
was present. Of the recruits, 95% wished to know their risk. Risk feedback was offered to women at high
(> 8% 10-year risk) and low (< 1% 10-year risk) risk. A total of 513 out of 689 (74.5%) high-risk women
and 105 out of 192 (55%) low-risk women took up the offer of risk assessment (p < 0.01). Reattendance at
subsequent mammogram was not affected in low-risk women (43/53, 81%), while 200 out of 202
high-risk women reattended (99%; p < 0.0001).

At the time of assessment (12 March 2014), 632 prospective breast cancers had occurred in 53,184 women.
This met the original power calculation target of 600.

Mammographic density was assessed in both analogue (n=8511) and 38,861 digital films. Raw data were
lost in 4200 women owing to non-saving in the first 6 months of the study. Case—control studies were
carried out on 324 breast cancer cases with digital mammograms and 972 matched controls. VAS gave
the best prediction with an OR of 3.59 (95% Cl 2.37 to 5.43) between upper and lower quartiles. There
was a dose—-response relationship with increasing density (2 trend 33.3; p < 0.0001). This was superior to
Cumulus (1.93, 95% CI 1.12 to 3.34) and Volpara (2.33, 95% Cl 1.46 to 3.72). Volpara percentage breast
density had a dose—response relationship with increasing density (y2 trend 9.2; p=0.002), but this was
inferior to VAS. Quantra had no correlation for either glandular volume or percentage density. In the light
of these results, and because VAS was available for all subjects, VAS was incorporated into the

risk prediction models.
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The DR score was derived to determine VAS, compared with an average woman of the same age,

BMI and menopausal status. DR score was highly predictive of breast cancer incidence and increased stage
at diagnosis. The Gail model achieved an AUC c-statistic of 0.54, and TC was better, at 0.57. Incorporating
DR score to the models significantly improved the discrimination to a c-statistic of 0.58 for Gail and 0.60
for TC. In particular, using the best-fitting model adjusted for DR, 18 out of 272 (6.6%) of breast cancers
had high stage at diagnosis in women with an adjusted TC score of < 3.5% 10-year risk, whereas 28 out of
222 (12.6%) of those with TC 10-year risks of > 3.5% had high-stage cancers (p =0.029). The annual risks
were assessed: women with < 3.5% 10-year risk had a breast cancer rate of 1.3 per 10,000 per year,
compared with 4.76 per 10,000 annually (p < 0.001) in moderate women. TC predicted that only 29.8% of
the population have a 10-year risk of > 3.5%.

A preliminary model-based cost-effectiveness analysis suggested that a risk-based stratified screening
programme may be an effective use of health-care resources, but this was an early economic analysis that
relied on currently available data and there was extensive uncertainty around some key inputs into the model.

Conclusions

Implications for health care

This programme grant has shown that addition of MD and SNPs to the TC model substantially improves
risk prediction in the general population. This allows better risk stratification such that women at high and
moderate risk will potentially gain better access to additional surveillance and preventative strategies.

The research indicates that 3-yearly screening is sufficient for ~70% of the population with average/below
average risks, but that more frequent screening may be justified in those with a MD-adjusted 10-year risk
of > 3.5%. The current level of uncertainty in the available evidence base to identify the incremental costs
and benefits of a risk-based screening programme, compared with the current programme, suggests that
more research is required before its introduction at a national level.

Research recommendations

A pilot study of risk provision in real time in the NHSBSP.

Development of a better risk prediction automatic MD model.

Validation studies of SNP67 in the screening population and FHCs.

Population of a cost-effectiveness model using improved model inputs using data relevant to a

risk stratified breast screening population.

5. Studies to show whether or not increased screening frequency will down-stage breast cancers in
women predicted by MD and TC to have a risk of > 3.5%, or whether further strategies such as
tomosynthesis or MRI may be required.

6. Impact of risk assessment on women in population screening programmes.
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Chapter 1 Introduction and background

reast cancer causes 11,684 deaths per year in the UK; in the age group 35-50 years, it causes more

deaths than any other medical condition," and the highest number of quality life-years are lost in this
age group. In 2011, there were 50,285 breast cancer diagnoses in the UK." Currently, screening through
the NHS Breast Screening Programme (NHSBSP), with 3-yearly mammography, is targeted at women aged
47-73 years. Women aged 40-49 years with a > 3% risk in that decade are also eligible for annual
mammography, but currently these women are assessed by family history alone. A smaller group of women
who carry mutations in BRCAT (breast cancer 1 gene)/BRCAZ2 (breast cancer 2 gene), or who have an 8%
risk aged 30-39 years or a 12% risk aged 40-49 years, can be assessed for magnetic resonance imaging
(MRI) screening.? In the UK, 10-11% of women are projected to develop breast cancer in their lifetime and
treatment is becoming increasingly expensive, with newer, complex chemotherapy regimens and drugs such
as Herceptin® (Genentech Inc., San Francisco, CA, USA). Although the number of breast cancer deaths has
decreased in many Western countries, the incidence of the disease is continuing to rise. In particular, in
countries with historically low incidence, breast cancer rates are rising rapidly, making it now the world’s
most prevalent cancer.? The increase in incidence is almost certainly related to dietary and reproductive
patterns associated with Western lifestyles. Indeed, there is evidence from genetic studies in the USA,
Iceland and the UK of a threefold increased incidence, in the general population and in those at the highest
level of risk with BRCA1/BRCA2 mutations, in the past 80 years.>**> BRCA1 and BRCAZ are high-penetrance
genes mutations, which are carried by around 1 in 400 women in the outbred UK population but by as
many as 1 in 40 women of Ashkenazi Jewish origin.*® Women who carry mutations in these genes have a
risk of breast cancer to 70 years of up to 85%,**® but population-based studies have shown lower risk
estimates of 40-50%.° Targeted screening and prevention strategies would, potentially, create huge
savings to the NHS and increase the quality and length of life for many women. Although preventative
measures based on chemotherapy and lifestyle change are possible, these are not feasible on a population
basis, in part because of the difficulties of identifying women in the general population who are at
increased risk. Tamoxifen and raloxifene are now approved by the National Institute for Health and Care
Excellence (NICE) as chemoprevention to be offered to high-risk women (10-year risk of > 8%).2

Unlike most screening programmes in other countries, which typically use 1- or 2-yearly intervals, the
interval between mammograms in the NHSBSP is 3 years; possibly partly as a result of this, 40% of tumours
arise in the interval between mammograms. These cancers have a poorer prognosis and reduce the
potential effectiveness of the programme.®’ Identifying women likely to develop interval cancers and
offering them tailored screening and preventative interventions may be a way to reduce the incidence of
interval cancers. There is evidence to suggest that women at high risk of breast cancer are more likely to
develop interval cancers. The Swedish 2-county study® showed that women with family history of breast
cancer were significantly more likely to develop breast cancer in the interval between 2-yearly screens than
equivalent women with no family history. High mammographic breast density (MD) also considerably
increases the risk of developing interval breast cancer.®® A screening programme adapted to risk may,
therefore, improve the effectiveness and efficiency of the NHSBSP. For women at very low risk of
developing breast cancer, the screening interval might be extended, thereby potentially safely reducing the
number needing to be screened.

Evans and Howell® state that there are two main types of risk assessment: the chances of developing breast
cancer over a given time span, including the lifetime, and the chances of there being a mutation in a known
high-risk gene such as BRCAT or BRCA2. While some risk assessment models are aimed primarily at solving
one of these questions, many also have an output for the other. For example, the Tyrer-Cuzick'" model was
developed to assess breast cancer risk over time, but does have a read-out for BRCA 1/BRCA2 probability for
the individual (text reproduced with permission from Evans and Howell.> © BioMed Central 2007). Breast
cancer risk algorithms which aim to predict risk over a given time span generally include a combination of
known risk factors, such as a family history of the disease and reproductive and hormonal history. Although
current models perform well at predicting the overall number of breast cancer cases arising in a particular
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population, they are poor at identifying specific individuals.* To assess breast cancer risks over time as
accurately as possible, all known risk factors for breast cancer need to be assessed.

Risk factors
Family history of breast cancer in relatives™

Age at onset of breast cancer.

Bilateral disease.

Degree of relationship to family member (first or greater).

Multiple cases in the family (particularly on one side).

Other related early-onset tumours (e.g. ovary, sarcoma).

Number of unaffected individuals (large families with many unaffected relatives will be less likely to
harbour a high-risk gene mutation).

Hormonal and reproductive risk factors

Hormonal and reproductive factors have been recognised for a long time to have an important role

in breast cancer development. Prolonged exposure to endogenous oestrogens is an adverse risk factor for
breast cancer. Early menarche and late menopause increase breast cancer risk, as they prolong exposure to
oestrogen and progesterone.’ %

Long-term combined hormone replacement therapy (HRT) treatment (> 5 years) after the menopause is
associated with a significant increase in risk. However, shorter-term treatments may still be associated with
risk to those with a family history of breast cancer.’ In a large meta-analysis, the risk appeared to increase
cumulatively by 1-2% per year but disappear within 5 years of cessation.”™ Oestrogen-only HRT has a risk
that appears much lower, and it may be risk neutral.’®" A meta-analysis also suggested that both during
current use of the combined oral contraceptive and 10 years post use, there may be a 24% increase in risk
of breast cancer."

A woman’s age at first pregnancy influences the relative risk (RR) of breast cancer, as pregnancy
transforms breast parenchymal cells into a more stable state, potentially resulting in less proliferation in
the second half of the menstrual cycle. As a result, early first pregnancy offers some protection, while
women having their first child over the age of 30 years have double the risk of women delivering their
first child under the age of 20 years, and these are likely to be similar in those at highest risk from a
BRCA1/BRCA2 mutation.?*?’

Mammographic breast density

It has been shown that increased breast density not only is associated with an elevated risk of breast
cancer but is the largest risk factor after age.*¢ The difference in risk between women with extremely
dense, as opposed to predominantly fatty, breasts is approximately four- to sixfold.?® Assuming that the
association between breast density and breast cancer risk is causal, MD is the single assessable risk factor
with the largest population attributable risk and may also have a substantial heritable component.?>2¢

If MD is to be used to estimate breast cancer risk, it is necessary to identify the optimal method of MD
assessment, in terms of both practicality and feasibility of incorporation into routine practice, and accuracy
of risk prediction. The assessment of breast density from mammograms has generally been provided

by the subjective visual evaluation of an expert. Computer-based methods have also been developed in an
attempt to make the assessment of MD more quantitative; however, many of the older computer-based
methods, such as Cumulus (Sunnybrook Health Sciences Centre, Toronto, ON, Canada), still rely on some
subjectivity. More recently developed computer-based methods have aimed to determine the true volumes
of dense and fatty tissue from digital mammograms. As these methods are automated and require no
subjective input, they are by far the most practical methods for wider use.
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Genetic factors

Mutations in breast cancer genes such as BRCAT and BRCAZ are too infrequent to affect risk prediction
appreciably in the models for the general population. However, recently identified single nucleotide
polymorphisms (SNPs) in many genes and outside genes (n =77),%” which individually confer small changes
in risk, may prove useful in predicting larger differences in risk when considered together. Four Genome-
Wide Association Studies (GWASs),® 28 published before our programme grant, found common genetic
variants (SNPs) each carried by 28-44% of the population were associated with a 1.07-1.26 RR of breast
cancer. These variants linked to four genes [FGFR2 (fibroblast growth factor receptor 2), TOX3 (TOX
high-mobility group box family member 3), MAP3K1 (mitogen-activated protein kinase kinase kinase 1, E3
ubiquitin protein ligase) and LSP7 (lymphocte-specific protein 1)] confer as much as a 1.17-1.64 risk if two
copies are carried. When combined in an individual, they give higher than additive risk of breast cancer.”
Another variant, CASPS8 (caspase 8, apoptosis-related cysteine peptidase), is associated with reduced breast
cancer risk.*® There are now 77 genetic variants associated with breast cancer risk, but their application
requires further validation and assessment of interactions. Therefore, to improve the accuracy of existing
risk prediction models, it is necessary to investigate validated SNPs as they are discovered, and, where
possible, incorporate these genetic factors into the best performing risk models.

Other risk factors

A number of other risk factors for breast cancer are being further validated. Obesity, diet and exercise are
probably interlinked.?"? Other risk factors such as alcohol intake have a fairly small effect, and protective

factors such as breastfeeding are also of small effect unless a number of years of total feeding have taken
place. None of these factors is currently incorporated into available risk assessment models.

Risk models

In a comparison of the Gail (National Cancer Institute; www.cancer.gov/bcrisktool), Claus (www4.
utsouthwestern.edu/breasthealth/cagene/default.asp), Ford (BRCAPRO) (BayesMendel Lab, Harvard
University, Boston, MA, USA; http://bcb.dfci.harvard.edu/bayesmendel/index.php) and Tyrer—Cuzick (TC)
(version 6; Professor Jack Cuzick, Centre for Cancer Prevention, London, UK) risk prediction models, using
observed data from 3170 women with a family history of breast cancer in the UK, we showed that the TC
model performed best."* We identified a need to reassess these models in larger numbers of women and
also to compare the BOADICEA (Breast and Ovarian Analysis of Disease Incidence and Carrier Estimation
Algorithm; Cambridge University, http://ccge.medschl.cam.ac.uk/boadicea/) model alongside these models
in the family history population. There has not been a large-scale study comparing risk models in the
general population, and, therefore, we aimed to assess the TC and Gail models in the general population.
The Claus and BRCAPRO models are unsuitable for population prediction, as they are entirely based on
family history risk factors.

Improving the risk models

Current risk prediction models are based on combinations of risk factors and have good overall predictive
power, but are still weak at predicting which particular women will develop the disease. New risk
prediction methods are likely to come from examination of a range of high-risk genes as well as SNPs in
several genes associated with lower risks.® This was married in a prediction programme with other known
risk factors to provide a far more accurate individual prediction.

The incorporation of density into the standard risk prediction models is associated with some improvement
in risk prediction,**** and three publications suggest that adding breast density improves the Gail risk
model.>*3" Therefore, to improve the accuracy of the best performing risk model in each population of
women (family history and general population), it is necessary to incorporate MD. We used a number

of different density assessments to determine which adds most to the precision of breast cancer

risk estimation.
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Economic evidence supporting the incorporation of risk
prediction into the NHS Breast Screening Programme

There is a substantial economic evidence base that has been generated to support the introduction of
breast screening programmes, in general. To date, however, there is no economic evidence to support that
using a risk-based screening programme will be an effective use of limited health-care resources. To
understand the potential impact of introducing a risk-based screening programme, preliminary economic
analysis was conducted to identify relevant costs and benefits. A decision-analytic model was constructed
to represent the options for screening strategies for women at increased risk of breast cancer who have
been identified using the best performing risk model. A systematic review summarised existing economic
modelling research in this clinical area and used to inform the development of a model structure.®®**'
Earlier work of the programme informed necessary changes to the model structure, clinical pathways, data
sources, etc. An expert panel (project leads, geneticists, oncologists, patient representatives) refined the
modelling structure. Data from PROCAS (Predicting the Risk of Cancer At Screening) [UK Clinical Research
Network identification number (UKCRN-ID) 8080] and systematic reviews and assimilation of published
data were used to inform the model inputs.

Overarching research questions and aims

The overall aim of this project was to improve risk prediction and early detection of breast cancer,

for women who have a family history of the disease and for those in the NHSBSP. To achieve this, it is
necessary to first identify the best performing model in each population and then improve the precision of
the best performing model by incorporating MD (assessed using the optimal method) and new genetic
modifiers of risk, SNPs (where possible). This will enable better individualised risk prediction and allow
women access to appropriate risk-management strategies and screening intervals. We also aimed to
conduct a preliminary economic analysis to identify the relevant incremental costs and benefits associated
with introducing a risk-based screening programme on a national level. As the report is largely based on
two cohort studies, we have used STROBE (Strengthening the Reporting of Observational Studies in
Epidemiology) guideline reporting recommendations where possible.

Chapter 2 concentrates on the population with a family history of breast cancer. Our original proposal was
to update our earlier study, based on just over 3000 women screened for breast cancer between 1987 and
2002, which had shown that the TC model and a Manual approach were most predictive. As outlined in
the application, it has been possible to rerun these models in nearly 10,000 women, with almost an
eightfold increased power and with over 400 detected breast cancers. In addition to the Gail, TC and
Manual models, we have been able to assess the newer BOADICEA model in a subset of women. In
addition, as proposed, MD has been assessed in a case—control study (see Chapter 4). This was able to
assess a visual assessment score (VAS) in all patients for whom mammograms were available. In addition,
two automatic models were assessable on those who had digital mammograms.

In Chapter 3, we report on a large-scale analysis of SNPs undertaken in a number of populations, as
proposed in the application. At the time of application, only eight or nine SNPS were assessable, but in
2010 this rose to 18, and these 18 were used in all the analyses using a PRS. We have assessed the SNP18
in four populations:

1. We proposed to extended our analysis to include all female BRCAT1/BRCAZ2 carriers (n =850 at that

time) and assess the SNP18 for interactions and modifier effects. As above, the proposed research was
extended to test 925 proven BRCAT or BRCA2 female carriers to assess impact on breast cancer risk.
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2. The second proposed analysis was to test the SNPs in 1400 high-risk BRCA1-/BRCA2-negative breast
cancer cases and compare this with 500 matched control samples. The variants will be weighted for
their individual effects in heterozygous and homozygous states and assessed for interactions with other
variants. This analysis was deemed unnecessary, as we obtained funding (from the Genesis Breast
Cancer Prevention Appeal) for obtaining saliva deoxyribonucleic acid (DNA) in 10,000 women from our
population-based PROCAS study. We carried out testing of > 5000 women in PROCAS and have
extended the modelling to assess the effects of using 67 SNPs.

3. The testing of DNA from 58 breast cancer phenocopies (women who are negative for the family
BRCAT1/BRCA2 mutation) was likewise proposed to be assessed for the variants in a weighted analysis
to identify whether or not significantly more of the high-risk alleles are carried by those women to
account for their increased risk of breast cancer. SNP18 was run on these women.

4. We proposed using data from the first three analyses to develop a weighted score to assess the
predictive value of the combined group of validated variants in predicting which women developed
breast cancer in our familial screening programme. We proposed using the incident cancers and
matching with controls on a 1: 3 basis randomly selected from our family history clinic (FHC) for the
presence or absence of familial BRCA1/BRCA2 mutation plus all other currently used risk factors
(menarche, parity, age, family history and breast disease). Women were recruited from our FHCs to
provide blood samples for DNA analysis or to give their permission to use stored DNA. The matching of
controls was changed (with statistical advice from Professor Cuzick) to matching for just age and type
of mammogram.

Chapter 4 concentrates on our large-population PROCAS study. In this study, which was the largest
recruiting portfolio study nationally, we recruited > 53,000 women and reached our target of 600
prospective breast cancers. As outlined in the application, we have shown that it was feasible to collect
risk information from women attending mammography through the NHSBSP and have already given risk
feedback to nearly 800 women at high and low risk. We have shown that, as anticipated, MD adds
substantially to the predictive precision of the risk models TC and Gail. We were hopeful that automatic
measures of density carried out on digital mammograms would be at least equivalent to the gold-standard
Cumulus or VAS, but this was not the case, and more work is therefore required to develop a better digital
method. A VAS-adjusted TC model was shown to improve risk prediction and identified 70% of the
population at <3.5% 10-year risk who were at very low risk of a high-stage cancer.

Finally, in Chapter 5, three studies are reported. The first study was a systematic review of published economic
evaluations relevant to breast screening and summarised the current economic evidence base. Study 2
explored the potential out-of-pocket expenses incurred by women attending a national breast screening
programme. Study 3 structured a decision-analytic model to conduct a preliminary cost-effectiveness analysis
to identify the relevant costs and patient benefits if a risk-based breast screening programme was introduced
into clinical practice.
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Chapter 2 Project 1: improvement of risk
prediction algorithms for women at high risk of
breast cancer

Introduction
Risk factors for breast cancer

Family history

Family history can be by far the most significant factor in predisposition. Although at extremes of age the
RR can be huge, the RR in a 35-year-old woman who carries a BRCA1/BRCA2 mutation is higher than

the risk in a 75-year-old in the general population. About 4-5% of breast cancer is thought to be due to
the inheritance of a high-risk dominant cancer-predisposing gene.**** Hereditary factors play a part in a
proportion of the rest (up to 27% of breast cancer from twin studies**“*), but these factors are harder to
pin down. Nonetheless, lower-risk genes are now being identified from association studies. There are no
external markers of risk (no phenotype) to help to identify those who carry a faulty gene, except in very
rare cases, such as those with Cowden disease.*® To assess the likelihood of there being a predisposing
gene in a family, it is necessary to assess the family tree. Inheritance of a germline mutation or deletion of a
predisposing gene causes the disease at a young age and, often, if the individual survives, cancer in the
contralateral breast. Some gene mutations may give rise to susceptibility to other cancers, such as ovarian
cancer, sarcomas and colon cancer.*>" Multiple primary cancers in one individual or related early-onset
cancers in a pedigree are, therefore, suggestive of a predisposing gene. To illustrate the importance of age,
it is thought that > 25% of breast cancer at < 30 years of age is due to a mutation in a high-risk dominant
gene, whereas < 1% of the disease at > 70 years of age is so caused.” Therefore, the important features in
a family history are:

age at onset of breast cancer

bilateral disease

degree of relationship to family member (first or greater)

multiple cases in the family (particularly on one side)

other related early-onset tumours

number of unaffected individuals (large families are more informative).

ok wN =

There are very few families in whom it is possible to be certain of dominant inheritance; however, where
four first-degree relatives have early-onset or bilateral breast cancer, the risk for a sister or daughter of
inheriting a susceptibility gene is close to 50%. Epidemiological studies have shown that approximately
80% of mutation carriers develop breast cancer in their lifetime. Therefore, unless there is significant
family history on both sides of the family, the maximum risk counselled is 40-45%. Breast cancer genes
can be inherited through the father, and a dominant history on the father’s side of the family would give
at least a 20-28% lifetime risk to his daughters.

Other risk factors

The main emphasis in the past has been on hormonal and reproductive factors. Essentially, a woman is most
protected by never ovulating. Breast cancer is, therefore, very uncommon in those with Turner’s syndrome.
The next best protection is proffered by ovulating as few times as possible before a first pregnancy. A late
menarche and early first pregnancy is most protective. Pregnancy transforms breast parenchymal cells into a
more stable state, where proliferation in the second half of the cycle is less. There is now good evidence that
current use of the oral contraceptive, and for 10 years post use, results in around a 24% increase in risk."
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The oestrogen element of the pill, although suppressing ovulation, will still stimulate the breast cells. With a
greater number of women delaying their first pregnancy by using the pill, particularly women in professional
classes, who may in any case be more predisposed, breast cancer incidence is continuing to climb. An early
menopause is protective, again probably by reducing the exposure of the breast to oestrogen and
progesterone. Other factors, such as the number of pregnancies and breastfeeding, may have a small
protective effect. Hormone replacement is another area that was previously the subject of intense debate.
Long-term treatment (> 10 years) after the menopause is associated with a significant increase in risk.
However, shorter treatments may still be associated with risk to those with a family history of breast
cancer." In a large meta-analysis,' the risk appeared to increase cumulatively by 1-2% per year, but
disappear within 5 years of cessation. It is becoming clear that the risk from combined oestrogen/
progesterone HRT is greater than that from oestrogen only.’®'”'® Interestingly, the increase in risk is lower in
overweight women, but these women are likely to already be at increased risk from endogenous hormone
production, with a RR of 2 for women who have gained > 20 kg since the age of 18 years.?"

It is important to emphasise that these factors do not have an all-or-nothing effect on the breast, but may
alter risks by a factor of 2 at the extremes.> Many women who have all of these unfavourable factors will
not develop breast cancer, and some, particularly if they have a germline mutation, will develop the
disease even if all factors are favourable. Diet may also play a part, with those who have a diet low in
animal fats from dairy produce and red meat being marginally less likely to develop the disease. Perhaps
the greatest risk is attached to women who, on biopsy, are found to have proliferative disease such as
atypical ductal hyperplasia.>*>*

Where there is no dominant family history, risk estimation is based on large epidemiological studies, which
give 1.5- to 3-fold increased risks with family history of a single affected relative.**** Clinicians must be careful
to differentiate between lifetime and age-specific risks. Some studies quote ninefold or greater risk associated
with bilateral disease in a mother or if the woman herself has proliferative breast disease. However, if these
at-risk individuals are followed up for many years, the risk returns towards normal levels.>® Clearly, if one uses
these risks and multiplies them on a lifetime incidence of 1 in 8-12, some women will apparently have a

> 100% chance of having the disease. The risks do not multiply and may not even add. Perhaps the best way
to assess risk is to take the strongest risk factor, which in our case is nearly always family history. If risk is
assessed on this alone, minor adjustments can be made for other factors. It is arguable whether or not these
other factors will have a large effect on an 80% penetrant gene other than to speed up or delay the onset of
breast cancer. Therefore, we can only really assume an effect on the non-hereditary element of the risk.
Although studies do point to an increase in risk in family history cases associated with some factors, these
may just represent an earlier expression of the gene. Generally, therefore, we will arrive at risks between 40%
and 8-10%, although lower risks are occasionally given. Higher risks are applicable only when a woman at
40% genetic risk is shown to have a germline mutation, to have inherited a high-risk allele or to have
proliferative breast disease.

Several methods based on currently known risk factors have been devised to predict risk of breast cancer in
the clinic and in the general population.®® Some depend on family history alone (e.g. the Claus and Ford risk
evaluation models) and others depend on hormonal and reproductive factors in addition to family history
(e.g. the Gail and TC models). Outside risk assessment clinics, where most women have sufficiently strong
family histories to have a probability of harbouring mutations in BRCA7, BRCA2 and TP53 (tumour protein
p53) genes, it is probable that models in which as many risk factors as possible are combined may be
preferable. After all, only 10% of breast cancer occurs in the context of a first-degree family history of breast
cancer. The Gail model accurately predicted the number of cancers in the Nurses’ Health Study,* but in our
FHC, the TC model, which depends on the extent of family history and several endocrine factors, showed a
better prediction than those that used fewer risk factors.>” Our own clinical manual assessment was,
nonetheless, as good as TC and significantly better than the other computer-based models.>” Although these
models have reasonably good predictive power for the number of cancer cases likely to be seen in a
population, they have low discriminatory accuracy, in that they cannot positively identify which particular
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woman will develop breast cancer.®>*” This is not surprising, given that most of the inherited component of at
least 27% from twin studies**** would not be identified from family history and the risk model cannot predict
who has and who has not inherited any genetic factors in a particular family. At present, most of the known
non-family history risk factors are not included in risk models. In particular, perhaps the greatest factor apart
from age, MD,*® is not yet included. Further studies are in progress to determine whether or not the inclusion
of additional factors into existing models, such as MD, weight gain®' and serum steroid hormone
measurements,* will improve prediction. These are not straightforward additions, as there may be significant
interactions between risk factors. Although breast density is an independent risk factor for BRCAT and BRCA2
cancer risk,% the density itself may be heritable and not increase risk in a similar way to the context of family
history of breast cancer alone.

Women who are at increased risk for breast cancer can be identified on the basis of their individual risk factors.
However, this approach does not permit the combination of multiple risk factors or the calculation of a woman's
lifetime probability of breast cancer. In breast cancer FHCs in Europe, the Claus tables* were frequently
employed to assess lifetime risk and risk in a given decade (Table 7). However, these did not take into account
risk modification from hormonal and reproductive factors or from having many unaffected female relatives.

Therefore, multivariate risk models have been introduced. These models allow the determination of a
woman'’s composite RR for breast cancer as well as her cumulative lifetime risk adjusted for several risk
factors. Such models, therefore, provide an individualised breast cancer risk assessment, which is an
essential component of the risk—benefit analysis from which decisions regarding the implementation of
frequent surveillance, chemoprevention or risk-reducing surgery can be made.

In 2003, we published a study designed to compare the predictive value of the Gail, Claus, Ford and TC
risk assessment models using a cohort of 3151 women attending the Family History Evaluation and
Screening Programme.>” The study used a read-out from the Cyrillic computer program [version 3.0;
www.exetersoftware.com/cat/cyrillic/cyrillic.html (accessed 30 March 2004)].5" These computerised models
were also compared with risk assessment undertaken by clinicians based on Claus tables with adjustment
for other risk factors, particularly hormonal factors (the Manual model). This showed that although the TC
and Manual models were accurate at predicting breast cancer risk over time, the Claus, Gail and Ford
models substantially underestimated risk (Table 2). Our 2003 report> remains the only large-scale effort to
validate risk assessment models in a family history setting. We now have more than fourfold follow-up
time and over sixfold the number of prospective cancers to validate risk prediction models. We are also in
a position to validate the BOADICEA model for the first time.

We have now expanded our follow-up in the FHC to nearly three times the size and twice the average
years. To reassess the Manual model, we have updated the Claus tables to reflect modern breast cancer
incidence in the UK. We show that the Manual model is accurate and convenient for use in the busy clinic,
but that TC and BOADICEA also appear to predict cancers accurately.

Original Claus tables® for women with a single affected first-degree relative

29 0.007 0.005 0.003 0.002 0.002 0.001
39 0.025 0.017 0.012 0.008 0.006 0.005
49 0.062 0.044 0.032 0.023 0.018 0.015
59 0.116 0.086 0.064 0.049 0.040 0.035
69 0.171 0.130 0.101 0.082 0.070 0.062
79 0.211 0.165 0.132 0.110 0.096 0.088
Lifetime risk 1in5 1in6 1in8 1in9 1in 10 1in 12
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PROJECT 1: IMPROVEMENT OF RISK PREDICTION ALGORITHMS FOR WOMEN AT HIGH RISK OF BREAST CANCER

TABLE 2 Known risk factors and their incorporation into existing risk models

::t:mes Gail Claus BRCAPRO/Ford TC BOADICEA
Prediction
Amir et al.*’ validation 0.48 0.56 0.49 0.81 Not assessed
study ratio®
95% Cl 0.37t00.64 0.43t00.75 0.371t00.65 0.62 to 1.08  Not assessed
Personal information
Age (20-70) 30 Yes Yes Yes Yes Yes
BMI 2 No No No Yes No
Alcohol intake (04 units)  1.24 No No No No No
daily
Hormonal/reproductive factors
Age at menarche 2 Yes No No Yes No
Age at first live birth 3 Yes No No Yes No
Age at menopause 4 No No No Yes No
HRT use 2 No No No Yes No
OCP use 1.24 No No No No No
Breastfeeding 0.8 No No No No No
Plasma oestrogen 5 No No No No No

Personal breast disease

Breast biopsies 2 Yes No No Yes No
Atypical ductal hyperplasia 3 Yes No No Yes No
Lobular carcinoma in situ 4 No No No Yes No
Breast density 6 No No No No No
Family history

First-degree relatives 3 Yes Yes Yes Yes Yes
Second-degree relatives 1.5 No Yes Yes Yes Yes
Third-degree relatives No No No No Yes
Age of onset of breast 3 No Yes Yes Yes Yes
cancer

Bilateral breast cancer 3 No No Yes Yes Yes
Ovarian cancer 1.5 No No Yes Yes Yes
Male breast cancer 3-5 No No Yes No Yes

BMI, body mass index; Cl, confidence interval; OCP, oral contraceptive pill.
a Expected over observed cancer ratio (all models assessed underestimated cancer occurrence).
Adapted with permission from Evans and Howell.”> © BioMed Central 2007.
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Study 1a: cohort study
Methods

Study population

Since 1987, 10,177 women have been assessed in the FHC at the University Hospital of South Manchester
on the basis of their family history of breast and other cancers and in terms of their hormonal and
reproductive factors. These women completed a comprehensive breast cancer risk assessment, which was
analysed and archived to a database. Breast examination and mammography were also carried out.

Archived information includes demographic details, family pedigree, including any history of cancer (current
age or age of death of any relative, type of cancer and age at diagnosis), reproductive history (age at
menarche, age at first pregnancy, duration of episodes of lactation and age at menopause if applicable),
history of benign breast disease (including number of benign biopsies), artificial oestrogen exposure (duration
of oral contraceptive pill usage, hormone replacement or fertility drugs) and morphometric information (height
and weight). In addition, the database stores an absolute lifetime risk calculated using the Manual model.

The database also contains information regarding all breast cancer diagnoses in the population until at
least August 2011. All women previously assessed in whom vital and tumour status was not available as of
August 2011 and whose address showed residency within the North-West regional boundaries were
checked for such information on the North West Cancer Intelligence Service (NWCIS). The NWCIS data,

in combination with tumour and vital status from the database, were used as the observed numbers of
breast cancers for the purpose of comparison. Follow-up was censored if women had left the area at the
time of breast cancer diagnosis, at the date of risk-reducing mastectomy or at the date of last
mammogram if this was after 1 August 2011.

Study tools

Manual risk calculation (the Manual model) was used to calculate risk in the clinic. The Manual model uses
the Claus tables®® and curves®>¢*®® to calculate a heterozygote and lifetime risk (which includes a
population risk element). Families fulfilling Breast Cancer Linkage Consortium (BCLC) criteria or with a
proven BRCAT or BRCA2 mutation® were given risks based on the penetrance and 10-year risks from our
regional penetrance estimates.®> All other women were given lifetime risks, with 10-year risks calculated
from the equivalent figure given in the Claus tables after a clinician’s modification for hormonal and
reproductive factors. Those women with average risk factors, such as menarche aged 12-13 years and first
pregnancy aged 23-27 years, had no alteration to the genetic risk-based assessment. However, those with
unfavourable factors, such as menarche aged < 12 years and late first pregnancy and nulliparity, would go
up a risk category, say from 1in 4 to 1 in 3 lifetime risk, and those with favourable factors of a late
menarche and early first pregnancy would drop to 1in 5, equivalent to a 20-30% alteration. More
significant alterations would occur with a very early menopause which, aged 40 years, could halve the risk.
A more detailed review of our Manual model can be found elsewhere.>?%23 The output of these lifetime
risks was used to calculate the expected numbers of breast cancers.

The original Claus tables were based on invasive breast cancer incidence rates for the 1970s and 1980s in
the USA.** We therefore updated these to reflect modern incidence rates for the 1990s and 2000s in the
UK (Table 3). The increase in breast cancer incidence in recent times was discussed in NICE guidance,? in
which 2001 incidence rates from the Office for National Statistics® predicted a risk to age 80 years for the
average woman as 10.7%, whereas Claus tables predict a lower risk for women with a single first-degree
relative affected > 60 years of age (see Table 2). Minor upwards adjustments were made only to values
with a risk to age 80 years of <25% to reflect the increase in risk in the last 20 years (see Table 3).

The 3% 10-year risk for women in their forties with a single first-degree relative affected aged 30-39 is
equivalent to the version 6 TC read-out for a typical pedigree (Figure 7).
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TABLE 3 Adjusted Claus tables for women with a single affected first-degree relative

29 0.007 0.005
39 0.028 0.024
49 0.065 0.054
59 0.126 0.096
69 0.181 0.144
79 0.231 0.195
Lifetime risk 1ind 1in5

0.003 0.002 0.002 0.001
0.018 0.012 0.010 0.008
0.042 0.033 0.028 0.025
0.074 0.067 0.057 0.050
0.116 0.102 0.090 0.082
0.162 0.140 0.126 0.118
1in 6-7 1in7 1in8 1in9

Woman's age is 40 years.

Age at menarche is unknown.
No information about childbirth.
Woman is premenopausal.
Height is unknown.

Weight is unknown.

Woman has never used HRT.

Risk after 10 years is 3.082%.

10-year population risk is 1.606%.
Lifetime risk is 17.4%.

Lifetime population risk is 9.736%.
Probability of a BRCAT gene is 0.404%.
Probability of a BRCA2 gene is 0.484%.

76 76
60 35 60
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FIGURE 1 Tyrer—Cuzick read-out giving 10-year risk aged 40 years for a woman with a single first-degree relative

with breast cancer.
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Only first-ever invasive [International Classification of Diseases, Tenth Edition (ICD-10)% C50] or ductal
carcinoma in situ (DCIS) breast cancer diagnosis, from time of initial assessment to date of last follow-up
(usually 1 August 2011), was assessed for the entire cohort; all prevalent cancers were excluded to exclude
lead time bias. Mutation carriers and those testing negative for a BRCA1, BRCA2 or TP53 mutation were
included as gene carriers only if they were ascertained by the clinic as such. This avoids the bias of those
developing breast cancer being more likely to be tested in follow-up. As such, final identified gene carrier
status was not considered owing to testing bias, as breast cancers were preferentially tested.

Statistical analysis

The predicted risk during the follow-up period was compared against the observed numbers of breast
cancers (database and NWCIS data). To express the predicted risk in terms of the follow-up period,
projections of the absolute 10-year risk were obtained from the models. These were then converted,

first into an annual risk (division by 10) and then into a follow-up risk by multiplying by the number of years
of follow-up. Follow-up was taken as the period of time from initial assessment with clinical breast
examination and mammogram to the most recent examination or 1 August 2011, whichever was the later.
The expected number (E) of breast cancers in the cohort was calculated as the sum of these predicted risks.
The E was then compared with the observed number (O) of women with breast cancer. A Poisson model
was used to obtain 95% confidence intervals (Cls) of the ratio of expected versus observed (E : O) numbers.5

Risk models

Gail model

® Absolute risks of 1-20 years (including and excluding competing mortality) were calculated using the

code available from www.cancer.gov/bcrisktool.

® Ethnicity was taken to be ‘white’ for all probands, as 98% were of white origin in the Family History

Risk Study (FH-Risk).

® Very little information was available about benign disease, and no information was available on the
number of biopsies. In total, 23 of the probands had a previous hyperplasia diagnosis. These were all

taken to have one previous biopsy.

® A summary of the other risk factors (age, number of first-degree relatives, age at menarche and age at

first child) is in Table 4.

TABLE 4 Some characteristics of the cohort

Other
1%
25%
50%
75%
99%

20
33
39
45
63

1
3

3
14
20
27
61

N/A=1257

9
12
13
14
17

N/A=4220, none = 1042
16
21
25
28
38

FDR, first-degree relative; N/A, not applicable; none, no children.
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Tyrer—Cuzick model

® Absolute risks of 1-20 years (no competing mortality), based on version 6.
® The family history information used included age, diagnosis and age of breast cancer, bilateral breast
cancer and ovarian cancer for the following relatives:

mother

sisters and half-sisters

daughters

aunt, maternal and paternal
grandmother, maternal and paternal
nieces (from brother or sister)
cousins (from uncles and aunts).

O O0OO0OO0OOOO

Affected father and brother status was also included.

No BRCA test results were used, but they will be incorporated later.

Similar to the Gail model, there was very little information on benign disease.

In addition to the Gail model factors, information on height and weight was used (Table 5).

BOADICEA model

The BOADICEA model used the same family history information as TC; 10- to 20-year risks were
generated. Unfortunately, BOADICEA risks could be generated only for individuals from families with only
one proband (Table 6). Therefore, output was possible on only 6717 women.

Results

Manual model

The analysis of the whole study population was carried out on data from 8824 women [age range
14.5-81.3 years; interquartile range (IQR) 33.9-46.0 years; median 39.5 years at entry] (Table 7). Forty
prevalent cancers (15 carcinomas in situ) were excluded (rate 40/8824 = 4.5 per 1000). The mean time of
follow-up was 9.71 years (range 0.10-26.00 years). During follow-up, 406 first incident breast cancers
were diagnosed (372 invasive, 34 carcinomas in situ) in 85,726.9 woman-years, giving an incidence of
4.7 cancers per 1000 women per year (95% Cl 4.3 to 5.2) (Table 8). The expected incidence based on
9.71 years of follow-up for a woman aged 39.5 years would be 1.5 per 1000 in the local region based on
NWCIS rates.

TABLE 5 Height and weight distributions in cohort

Missing value, n 2008 3349 3460
1% 1.49 46.3 17.9
25% 1.57 58.1 21.8
50% 1.63 64.4 24.0
75% 1.68 73.0 273
99% 1.80 112.5 42.2

BMI, body mass index.
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TABLE 6 Number of probands per family and prospective cancers in the probands

Number of probands Count Per cent Cancer Cancer per cent
1 6717 84.0 210 50.5
2 895 1.2 102 245
3 226 2.8 33 7.9
4 84 1.1 23 55
5 35 0.4 19 4.6
6 15 0.2 14 3.4
7 7 0.1 3 0.7
8 4 0.1 5 1.2
9 2 0.0 3 0.7
10 2 0.0 1 0.2
1M 2 0.0 0 0.0
12 2 0.0 0 0.0
13 1 0.0 1 0.2
40 1 0.0 2 0.5

TABLE 7 Baseline characteristics of study population

Median age  Range of

at entry age atentry  Prospective Invasive  Carcinoma
(years) (\CELD) breast cancers Invasive/ductal lobular in situ
Al 8824 39.5 16.9-81.3 446 382 15 49
Very high 1447 38.05 16.5-77.4 105 89 1 15
High 2659 39.0 16.9-72.0 140 115 6 19
Moderate 3518 394 14.8-81.3 149 131 4 14
Average 1200 43.6 16.9-76.7 52 47 4 1
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Eighteen female carriers contributed risk in their twenties, 81 contributed risk in their thirties,

37 contributed risk in their forties and 26, 18 and 8, respectively, contributed risk in the subsequent three
decades. In total, eight breast cancers occurred, with 8.40 expected [observed vs. expected (O : E) 0.99,
95% Cl 0.43 to 1.96] using rates from our regional penetrance estimates.®® Of the 406 breast cancers

that occurred, 203 (50%) had no upwards or downwards variation in their genetic-based risk based on
reproductive risk factors by the study clinicians (DGE and AH), while 68 (17%) had a downwards change
and 135 (33%) had an upwards change in risk. Of women without breast cancer, 42% had no variation in
their genetic-based risk based on reproductive risk factors, while 39% had a downwards change and 19%
had an upwards change.

The expected against observed counts for all breast cancers are shown in Table 9 divided into risk
categories as defined by NICE guidelines.? These O : E ratios are close to 1.0 across all risk categories,
especially for women in their forties. A further breakdown of risk for the forties group shows good
discrimination around the 3% 10-year threshold for annual mammography set by NICE. The 12-16%
lifetime risk category, which predominantly includes a single first-degree relative aged in their forties with
breast cancer, has a 10-year risk of 2.75%, below the 3% threshold, whereas the 17-19% category,
which predominantly includes women with a single first-degree relative aged in their thirties with breast
cancer, has a 10-year risk of 3.1% above the threshold. The only risk and age category that statistically
differed from 1.0 was the near population (average) risk group in their fifties, in whom there was a
significant underestimate of the breast cancers that occurred (O:E 1.61, 95% Cl 1.06 to 2.34).

TABLE 9 Observed and expected number of cancers from the TC and Gail 10-year cumulative risk bands

Overall 9527 97,958 416 382.9 1.09 0.98 to 1.20 0.092
Overall 9527 97,958 416 412.5 1.01 091 to 1.11 0.863
0-1 1175 12,481 21 11.0 1.92 1.19t02.93 0.006
0-1 1223 12,272 20 9.9 2.02 1.23t03.12 0.004
1-2 1652 17,917 39 349 1.12 0.80 to 1.53 0.446
1-2 1603 16,326 48 30.8 1.56 1.15t0 2.07 0.004
2-3 1669 17,691 53 51.3 1.03 0.77 to 1.35 0.780
2-3 1518 15,433 59 44.0 1.34 1.02to 1.73 0.029
3-4 1504 15,702 69 59.3 1.16 0.91 to 1.47 0.217
3-4 1070 10,445 49 37.9 1.29 0.96to 1.71 0.074
4-5 1102 11,303 64 534 1.20 0.92 to 1.53 0.150
4-5 1682 18,062 79 84.7 0.93 0.74to0 1.16 0.587
5-8 1734 16,591 106 105.4 1.01 0.82t0 1.22 0.922
5-8 1536 16,469 94 100.5 0.94 0.76to 1.14 0.550
8-12 516 4556 40 43.0 0.93 0.67 to 1.27 0.760
8-12 565 5720 45 584 0.77 0.56 to 1.03 0.088
12+ 175 1717 24 24.7 0.97 0.62 to 1.45 1.000
12+ 330 3232 22 46.3 0.48 03010 0.72 <0.001

a The p-values are based on a two-sided test for differences between the observed and expected numbers of
breast cancer.
Italic text denotes figures for Gail.
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PROJECT 1: IMPROVEMENT OF RISK PREDICTION ALGORITHMS FOR WOMEN AT HIGH RISK OF BREAST CANCER

Computer models

Follow-up was for a median of 10.2 years (IQR 5.0-15.5 years; range 0.1-26.0 years). A total of 9527 women
had assessable follow-up and 416 breast cancers occurred in 97,958 years of follow-up. 382.9 cancers were
expected by O : E ratio 1.09 (95% Cl 0.98 to 1.20) with TC and 412.5 were expected by O : E ratio 1.01

(95% C10.91 to 1.11) with Gail. However, although Gail accurately predicted the number of cancers,

its calibration was substantially worse than TC. The observed and expected risks are tabulated in Table 9,
based on 10-year absolute risk groups from TC and Gail. Gail significantly overestimates risk in those with
risks in the lowest three categories (0-3% 10-year) risk and significantly overestimates risk in the highest risk
category (> 12% 10-year risk). In contrast, TC significantly underestimated risk only in the lowest risk category
(0-1% 10-year risk). Figure 2 shows the distribution of 10-year risk at baseline from the Gail model (includes
competing risks) and the TC model (does not).

Figure 3 shows observed risk from Kaplan—Meier estimates by 10-year risk quintile. There is overlap of the
quintiles with Gail, but good separation with TC.

Figure 4 shows the same, but with emphasis on the spread of risk between the upper and lower quintiles
of TC and Gail.

Figure 5 again shows the upper and lower quintiles, but adds the expected risk from those groups based
on the two models. There is much better overlap in the TC plot than in Gail.
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FIGURE 2 Baseline risks. (a) Histogram of 10-year risk distribution in this cohort at baseline from TC and Gail
models; and (b) individual risk prediction comparison (Spearman’s correlation coefficient 0.79).
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FIGURE 3 Observed risk by 10-year risk at baseline quintile (Q1=bottom quintile, Q5 =top quintile). (a) Gail;
and (b) TC.
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FIGURE 4 Comparison of the spread of observed risk from the upper and lower quintile groups at baseline.
Q, quintile.
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FIGURE 5 Comparison of observed and expected risk through follow-up time from the upper and lower quintile
10-year risk groups from the (a) TC and (b) Gail risk models.

The overall performance of the models is compared in Table 10. The log-likelihood of the predictions was
used as a primary performance measure to compare models. Using this performance measure, TC
performed much better than Gail: on a likelihood radio chi-squared scale the difference was 98.3.

Assessment of BOADICEA

The BOADICEA model could be assessed only in the families with only one proband. This limited the
analysis to 6268 single-proband families. One hundred and ninety-seven breast cancers occurred in 70,293
years of follow-up. BOADICEA predicted 203.59 breast cancers, with good discrimination across the risk
groups (Table 11).

Assessment of the Ford model (BRCAPRO)
Assessment of this model was abandoned. It was the worst performing model in our previous analysis and

it proved not possible to run the analyses on time owing to difficulties with running the pedigrees through
the model.

TABLE 10 Performance summary of the Gail and TC models

Gail 10-year risk 1.7-5.0 1.64 62.29 0.62 0.61 -2001.2

TC 10-year risk 1.7-5.0 2.13 118.01 0.66 0.65 -1952.1

HR, hazard ratio.

The hazard ratio (HR) estimate from a Cox model is for the difference between the 25th and 75th percentiles of the predictor
(IQR); LR-CHI is the log-likelihood ratio chi-squared statistic (degrees of freedom = 1) from the same Cox model. Ch and Cg
are two estimates of the concordance index (Ch is Harrell’s statistic and Cg is from Gonen). Finally, the models may be
compared using the predictions and data only through the log-likelihood (Bernoulli form), which was the primary model
comparison measure in the pre-defined SAP.
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TABLE 11 Number, observed and expected breast cancers assessed by BOADICEA

<1 972 1 10.25 0.93 0.52 t0 1.68
1-2 1391 33 30.8 0.93 0.66 to 1.31
2-3 1553 52 49.67 0.96 0.73t0 1.25
3-4 1103 42 45.64 1.09 0.80 to 1.47
4-5 701 33 35.33 1.07 0.76 t0 1.51
5-8 424 20 23.95 1.20 0.77 10 1.86
>8 124 6 7.95 1.33 0.60 t0 2.95
Total 6268 197 203.59 1.03 0.90 to 1.19
Discussion

Accurate individualised breast cancer risk assessment is essential for the provision of risk—benefit analysis prior
to the initiation of any surveillance or preventative interventions. We have extended our original study®” with
a longer follow-up and greater number of incident cancers (sixfold power) to confirm that manual risk
assessment and the TC model remain accurate tools for women with a family history of breast cancer. We
also provide updated Claus tables for current use in the UK. The expected-to-observed ratios with the Manual
model are all very close to 1.0, particularly for women in their forties, for whom discrimination between
moderate and near population risk is even more important for risk stratification in order to implement annual
mammography. NICE? has set a 3% 10-year risk aged 40 years as the threshold for annual mammography in
England and Wales, and the Manual model accurately predicts this based on the adjusted Claus tables.

The TC model (see Figure 1), Claus model (as accessed on version CancerGene6®’) and BOADICEA® also
predict this accurately, with a 10-year risk of 3.1%, 3% and 3%, respectively, compared with the 3.1%
observed for women who typically had this type of pedigree. However, when the same pedigree is input to
Gail and BRCAPRO (FORD) (as accessed on CancerGene version 6; The University of Texas Southwestern
Medical Center at Dallas and the BayesMendel Group, www4.utsouthwestern.edu/breasthealth/cagene/),
the 10-year risks were < 3.0%, at 2.7% and 1.7%, respectively. Previously, we showed that the Gail, Claus
and Ford models all significantly underestimated risk.>” In particular, the Gail, Claus and Ford models all
underestimated risk in women with a single first-degree relative affected with breast cancer, while the TC
and the Manual models were both accurate in this subgroup. The new outputs from the Claus model, in
particular, suggest that modifications have been made to this to provide data similar to those in the tables
and this might now provide a more accurate assessment. Our modifications to the Claus tables provide more
accurate assessment for current breast cancer risks.

When risks in other age groups are assessed, only the very high-risk group exceeds the 10-year 3% risk
from age 30 years and the group as a whole falls short of the 8% 10-year risk previously deemed as the
threshold for MRI screening in the thirties.>”° Indeed, when gene carriers are excluded, the 10-year risk
drops to 5.7% in those at very high risk (lifetime 40-50%) of breast cancer. The American College of
Surgeons recommends MRI screening in women with a lifetime risk of breast cancer as low as 20-25%.""
The incidence rates in this risk group are 20-25% of those deemed cost-effective by NICE at 8% 10-year
risk in the thirties and 20% 10-year risk in the forties.? Thus, American College of Surgeons screening for
moderate-risk women based on the cost-effectiveness analysis is likely to cost in excess of US$120,000 per
quality-adjusted life-year (QALY).” In fact, NICE has now dropped the breast cancer risk threshold in favour
of a simple mutation-based eligibility, as work from the MARIBS study showed that those testing negative
for BRCAT and BRCAZ2 dropped below the breast cancer risk thresholds.”? This was possible as NICE
dropped the genetic testing threshold to a 10% likelihood of identifying a mutation and included
unaffected women for the first time in the eligibility.?
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The question of which risk model to use in the family history setting is a problem, as the models often give
quite different read-outs.”>”* To our knowledge there has been only one other assessment of breast

cancer risk prediction in the family history setting, this time in North America, which again showed that TC
substantially outperformed the Gail model.” In this study, the Gail model, as in our original series,*” predicted
cancer rates half of those that actually occurred. This is, perhaps, not surprising, as Gail does not include
second-degree relatives or the age at breast cancer onset in first-degree relatives. Nonetheless, in the current
update Gail predicted the number of breast cancers accurately, but not the proportions in each risk category.
Changes have been made to the model since 2003 to increase the rates expected with a family history, but
its discrimination compared with TC remains poor. Surprisingly, our interrogation of the Claus model showed
that a maternal grandmother with breast cancer was ignored but a maternal aunt was included in assessing
risk. This may be because the original Claus tables did not have a read-out for grandmothers.*® Using the
Manual model, we would include a grandmother in the same way that we would include an aunt in the
tables.>25%%% It is likely, therefore, that the Claus model would predict lower incidence than the Manual model
use of tables where there is an affected maternal grandmother. Nearly 1500 of our women had an affected
maternal grandmother. As yet, there has been no formal validation of the BOADICEA model for its breast
cancer risk output. We did consider using the Claus ‘extended’ model to incorporate ovarian and other
cancers, but this would have meant reassessing > 8000 women.”®

Although the core risk assessment in the present study was adjusted Claus tables, there were upwards or
downwards alterations owing to non-familial risk factors in > 50% of women. This was usually by only one
or less than one order in the odds ratios (ORs) that we usually quote for women. For instance, an upwards
variation from 25% or 1 in 4 lifetime risk usually was to either 3 in 10 (30%) or 1 in 3 (33%). It is of note
that the predominant variation in those with cancer was an upwards variation, whereas in those without
cancer it was downwards. This demonstrates the added value of adding hormonal risk factor information,
which is currently not incorporated into the Claus model, BRCAPRO (Ford) or BOADICEA.

There are some potential weaknesses in the present study. Although screening is likely to increase the
incidence of breast cancer through early detection, most of this effect will be offset by excluding the
prevalent cases. Moreover, the Gail and TC models have been derived from a screened population. The
subanalysis carried out on each risk group does reduce power to discriminate between models and, thus,
for some estimates Cls are wide. We have not compared the Manual model directly with the computer
models in this present study, other than in specific examples. The primary aim was to determine whether
or not adjustments to the Claus tables to reflect modern incidence rates of breast cancer provided an
accurate risk prediction. The longer mean follow-up data and the large study size also mitigate this
potential weakness. We have included both invasive breast cancers and in situ disease. Exclusion of in situ
disease would not have substantially affected the results; the E : O ratio would move from 0.95 to 1.03
with the Manual model. It would also have made the TC model more accurate. The other main issue is the
alteration in risk in the Manual model from the ‘genetic prediction’ based on hormonal and reproductive
factors. This study is, therefore, not a pure output of modified Claus tables and the modification by two
experienced clinicians (DGE and AH) may not be entirely reproducible. Given that screening is likely to be
recommended in women at moderate and high risk, we believe that our Manual model and the TC
models are the most appropriate in the family history setting. The Manual model can be used quickly and
gives similar read-out to the TC, which provides the most useful and accurate tool for clinicians involved in
breast cancer risk assessment.*’

Manual risk prediction which adds hormonal and reproductive factors remains an accurate approach to
breast cancer risk estimation when used in conjunction with adjusted Claus tables provided here.

This approach would be reasonable as a back-up to use of validated tools such as TC or as a stand-alone
in a busy clinic and where incidence rates of breast cancer are similar, such as North America, northern
Europe and Australasia.
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Study 1b: expected versus observed ovarian cancers
(FH-Risk cohort)

This section has been reproduced from Ovarian cancer among 8005 women from a breast cancer family
history clinic: no increased risk of invasive ovarian cancer in families testing negative for BRCA1 and
BRCA2. Ingham SL, Warwick J, Buchan |, Sahin S, O'Hara C, Moran A, Howell A, Evans DG. J Med Genet
vol. 50, pp. 368-372, 2013,”” with permission from BMJ Publishing Group Ltd.

The Breast Cancer FHC in South Manchester was established in 1987 and includes information
(demographic, pedigree, screening and disease symptomatology) on individuals and families with a family
history of breast and ovarian cancer. Families in the North-West region of England who have a family
history of breast or ovarian cancer are referred to the FHC from their GP surgeries. Women who attend the
FHC have a detailed family tree elicited with all first-, second- and, if possible, third-degree relatives.

The genetic status of all family members is recorded (BRCAT, BRCA2 and negative results) if testing has
occurred. Details of all tested and untested patients and relatives are entered into a FileMaker Pro 7
database (FileMaker Inc., Santa Clara, CA, USA).

This was a retrospective study, and only women in the family history database (FileMaker Pro 7) were
included. Their data were verified against medical records, NHS Summary Care Records and the NWCIS.
All cases of ovarian cancers were confirmed by means of hospital/pathology records, Regional Cancer
Registries (from 1960) or death certification. The date the patient first attended the FHC was considered
the ascertainment date. Follow-up was censored on 31 December 2010, date of ovarian cancer, date of
oophorectomy or date of death (obtained from death certification either directly or via the NWCIS).
Patients were excluded if they had ovarian cancer or oophorectomy prior to being seen in the FHC.

Statistics

Patients were grouped by genetic status and by ovarian cancer type (invasive epithelial or borderline).
Person-years at risk analyses were performed to assess expected ovarian cancers in the family history
population using data from the NWCIS. The expected numbers of cases for each genetic status (BRCAT,
BRCA2, BRCA negative and BRCA untested) were calculated. Observed-to-expected ratios were assessed
for statistical significance using the common method from Clayton and Hills based on the Poisson
assumption. Confidence limits for RR were based on the Byar’s approximation of the exact

Poisson distribution.

Results

We have assessed risk of ovarian cancer in 8005 women from 895 families from time of referral without
ovarian cancer to our FHC. A total of 1613 women from breast cancer families that had tested negative
for BRCA1/BRCAZ2 were followed for a total of 17,589 years between 0.04 and 25 years and checked
against a cancer registry for ovarian cancer incidence. Data were censored at ovarian cancer diagnosis,
oophorectomy or death. During follow-up, only one invasive epithelial ovarian cancer occurred, although
two borderline tumours were diagnosed. Expected rates for this cohort from cancer registry data were
2.99 epithelial ovarian tumours, with 2.74 for invasive cancer and 0.25 for borderline tumours. The RR of
developing invasive ovarian cancer in this group was 0.37 (95% Cl 0.01 to 2.03), compared with the
general population. The upper confidence limit for invasive RR was 2.03 and for borderline tumours was
28.90 (Table 12). The 351 women who were from BRCA2 breast cancer families had a total follow-up of
3230.47 years between 0.02 and 23.72 years. These years of follow-up to ovarian cancer, oophorectomy
or death showed no borderline tumours, but five invasive epithelial tumours were recorded. Expected rates
for women from BRCAZ2 positive families were 0.319 ovarian tumours, including 0.300 invasive cancers
and 0.032 borderline tumours (see Table 12). The RR was 16.67 (95% Cl 5.41 to 38.89) (see Table 12) for
invasive cancers in BRCAZ.
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TABLE 12 Observed vs. expected ovarian cancers in BRCA1, BRCA2 and BRCA-negative families

BRCA1
Invasive epithelial 310 13 0.26 50.00 26.62 to 85.50
Borderline tumour 0 0.03 0 0 to 122.960
BRCA2
Invasive epithelial 351 5 0.300 16.67 5.41 to 38.89
Borderline tumour 0 0.032 0 0to 122.960

BRCA negative
Invasive epithelial 1613 1 2.74 0.37 0.01 to 2.03
Borderline tumour 2 0.25 8.00 0.97 t0 28.90
BRCA untested
Invasive epithelial 5731 9 9.07 0.99 0.45 to0 1.88
Borderline tumour 3 0.84 3.57 0.74 to 10.44

Source: reproduced from Ovarian cancer among 8005 women from a breast cancer family history clinic: no increased risk of
invasive ovarian cancer in families testing negative for BRCA1 and BRCA2. Ingham SL, Warwick J, Buchan |, Sahin S,

O’Hara C, Moran A, Howell A, Evans DG. J Med Genet vol. 50, pp. 368-372, 2013, with permission from BMJ Publishing
Group Ltd.”’

Thirteen cancers were identified in the cohort of 310 women whose families had tested positive for BRCAT
in 1981.60 years of follow-up, of which all 13 were invasive epithelial tumours and none were borderline
cancers. The expected rate of invasive tumours was 0.26, which, as expected, was higher than the
expected rate of borderline cancers (0.03). The RR for the invasive cancers was 50.00, although with wide
Cls (95% Cl 26.62 to 85.50) (see Table 12).

From families untested for BRCA1/BRCA2, 5731 women had 58,904 years of follow-up and 14 ovarian
tumours were diagnosed. There were nine epithelial ovarian cancers, two malignant germ cell tumours and
three borderline tumours. Using the same average invasive ovarian tumour rates of 0.154 per 1000 as in
the untested cohort, we would have expected 9.07 invasive ovarian cancers and, using a similar analysis,
0.84 borderline tumours. The RR for invasive cancers was calculated as 0.99 (95% Cl 0.45 to 1.88),
increasing to RR 3.57 for borderline tumours (95% Cl 0.72 to 10.44) (see Table 12).

Discussion

The present study from our FH-Risk cohort has shown that in a large cohort of women from breast cancer
families testing negative for BRCA1/BRCA2, there was no increased risk of ovarian cancer. There was

a non-significant (95% Cl 0.97 to 28.90) increased risk of borderline tumour, and an apparently
non-significant reduced risk of invasive epithelial ovarian cancer, with only one cancer occurring when
2.74 were expected. This study provides strong evidence to support the counselling of women whose
breast cancer-only family tests negative for BRCA1/BRCA?2 that they are not at increased risk of ovarian
cancer, although indications are that counselling in ovarian cancer risk does need to continue in women
whose families have tested BRCA1/BRCA2 positive. Statistically significant increased risk was seen in
both BRCAT and BRCAZ2 families: RR 50.0 (95% Cl 26.62 to 85.50) and RR 16.67 (95% Cl 5.41 to
38.89), respectively.

Our study contained only 167 women who had developed breast cancer and who personally had tested

negative for BRCA1/BRCA2, but support that these women may also be reassured comes from a large
Swedish study’® that found that their founder mutation, BRCAT 3171 ins5, explains the excess of ovarian
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cancer after breast cancer in 2600 women in their region. The authors estimated that BRCAT gene
mutations were associated with about 80-85% of the estimated 63 excess cases of ovarian cancer
diagnosed after breast cancer.

The only other prospective study mainly in unaffected women showed that, during 2534 woman-years of
follow-up, one case of ovarian cancer was diagnosed, when 0.66 was expected (standard incidence
ratio=1.52, 95% Cl 0.02 to 8.46).”° This study used questionnaires to families and did not verify
diagnoses against a cancer registry as we have done. Our study also has over five times the follow-up.
Nonetheless, both studies show no overall evidence of any increased risk.

Although data from the BCLC estimated that close to 100% of families with two or more ovarian cancers in
addition to breast cancer (at least 2 < 60 years) had mutations in BRCA1/BRCA2,%* recent results have
shown that three of eight (37.5%) of the mutations in RAD57D (RAD51 paralog D) were in families with
two or more ovarian cancers that fulfilled BCLC criteria.® However, the frequency of RAD57C (RAD51
paralog C) and RAD51D mutations was only 1.3%8" and 0.9%,% respectively, in breast ovary kindreds
negative for pathogenic mutations in BRCAT and BRCA2. Furthermore, although the initial study on
RAD51C® suggested that mutations might be high risk for both breast and ovarian cancer, the RAD51D
study estimated that the risk was high only for ovarian cancer, with a non-significant increased breast
cancer risk of less than twofold (1.37, 95% CI 0.92 to 2.05; p = 0.64)).%° Neither study found mutations in
breast cancer-only kindreds (0/737), supporting the lack of a strong link with breast cancer ®#’

If BRCA1/BRCA2 mutations account for the great majority of the inherited link between breast and ovarian
cancer, the main factor affecting the ability to confidently exclude risk of ovarian cancer in families testing
negative is the sensitivity of the testing. Tests on most cancer-predisposing genes are limited, in that they do
not screen the intronic areas outside the intron-exon boundaries, and nor do they screen for positional
effects of mutations in other genes that can affect genes at a distance, such as EPCAM (epithelial cell
adhesion molecule) mutations and MSH2 (MutS homolog 1).82 There are relatively few papers that
adequately assess the sensitivity of BRCAT/BRCA2 mutation testing. Simply using a panel of found mutations
and assessing different screening tests does not address the overall sensitivity.®* The tests can be assessed
only against a gold standard, such as gene sequencing, which, in any case, does not screen the introns. It is
first necessary to identify families with a very high a priori probability of BRCA1/BRCA2 involvement, such as
breast/ovarian families fulfilling BCLC criteria or such families with a Manchester score® of > 40. We have
previously shown that sequencing plus multiplex ligation dependent probe amplification (MLPA) identified
mutations in 58 out of 65 (89%) families with both breast and ovarian cancer and a Manchester score of

> 40.%° Breast cancer phenocopies can reduce the sensitivity of tests, as around 6% of tests of breast
cancers in families with mutations are mutation negative;® thus, true sensitivity could be closer to 95%.
Even if one takes the lower sensitivity estimate, this would reduce the excess risk of ovarian cancer in a
breast cancer-only family by ninefold. The true likelihood of a missed mutation can be estimated from our
testing of 2009 breast cancer-only families, of whom only 240 (11.9%: 100 BRCAT; 140 BRCA2) had
mutations identified by sequencing plus MLPA. Allowing for a Bayesian calculation, no more than 1.5% of
these breast cancer-only families would have had a missed mutation.

There are some potential limitations to the present study. Not all participants remained in active follow-up,
and a small proportion may have moved out of the north-west of England and an ovarian cancer could
have been missed. Despite the large numbers of women, the confidence limits are still quite wide and
include a twofold RR of invasive ovarian cancer. Nevertheless, the data are now strongly supportive of
informing women from breast cancer-only families who test negative for BRCA1/BRCAZ2 that their risks of
ovarian cancer are not increased.

In conclusion, this, the largest prospective follow-up of a BRCA-negative cohort, has demonstrated that
there is no evidence of an increased risk of invasive ovarian cancer in families who have tested negative for
BRCA1/BRCA2.
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Study 2: FH-Risk case-control study

Recruitment

A total of 320 cases and 980 controls were recruited between November 2010 and September 2012 to
the MD study. A further series of cases and controls were available who had blood DNA but no assessable
mammogram for a cancer. All cases have been matched to three controls, with two extra controls
recruited. Samples of DNA have been obtained on 426 women affected with breast cancer and 1275
controls. Direct consent for FH-Risk was obtained for 320 cases and 980 controls (Figure 6). A further 38

who had been affected with breast cancer and had subsequently died having previously supplied a blood
sample were also included.
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FIGURE 6 Uptake to the FH-Risk study over a 2-year period. (a) Cumulative uptake to FH-Risk — cases; and
(b) cumulative uptake to FH-Risk — controls.
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Cases and controls were matched on a 1: 3 basis, with age at assessable mammogram being the
matching criterion. When sufficient controls were unavailable, matching was carried out on a 1: 1 basis.
Controls did not have cancer at last follow-up and cases had to have been diagnosed after an assessable
mammogram or have an assessable mammogram at date of cancer diagnosis and no cancer in the
contralateral breast. Controls were also matched for type of mammogram, either digital or analogue. The
guestionnaire data were updated to include clothes size and alcohol intake as well as ensuring that data
were held on age at menarche and age at first full-term pregnancy. The TC model was used to incorporate
an adjustment for MD using VASs and two digital methods [Volpara™ (version 1.4.5; Volpara Solutions,
Wellington, New Zealand) and Quantra™ (version 2.0; Hologic, Inc., Marlborough, MA, USA)]. For breast
cancer cases with no assessable mammogram but in whom blood DNA was available, controls were also
recruited for the DNA SNP study in Chapter 3.

Mammographic density analysis

We carried out case—control analyses of data from women who developed breast cancer prior to, or while,
attending the FHC, along with matched controls, with the aim of investigating the association of MD with
case—control status. It was necessary to group the cases into those in whom the cancer was detected in a
film mammogram (either at time of diagnosis or prior to diagnosis) (n = 82) and those in whom the cancer
was detected by full-field digital mammography (FFDM) (either at time of diagnosis or prior to diagnosis)

(n =48). The number of cases in this substudy was limited by the availability of Cumulus data. The two
groups were analysed separately. Cases were matched to controls who did not develop breast cancer, and
were imaged using a similar modality. Controls were identified from the FHC at the time of recruitment.
Matching was performed on the basis of age at which the mammogram was taken, with film
mammograms matched to a single film control and FFDM mammograms matched to three digital controls.
Film mammograms were digitised using a Vidar CAD-PRO® (Vidar Systems Corporation, Hemdon, VA, USA)
digitiser to enable Cumulus analysis.

The MD assessments were made in the contralateral breast of cancer cases matched to the same breast in
the controls. Although visual assessment using VAS and Cumulus reading were carried out on both digital
and analogue mammograms, these were not comparable, as the appearance of images from the two
modalities differs. VAS assessments were made by two readers drawn from a pool of 12 on a pragmatic
basis, with at least one reader being a consultant radiologist or a breast physician. Scores were averaged
across readers and views for the breast of interest. Cumulus was undertaken by a single trained and
validated reader (JS) who assessed a single mediolateral oblique (MLO) view, with cases and controls
presented in random order. The Cumulus assessor was blinded to case—control status, and undertook
assessment of the analogue and digital groups in different sessions.

The demographic characteristics were reported as number and percentage by case—control status.
Comparisons of categorical data were made using the chi-squared test. For those variables where the data
were ordinal, a chi-squared test for trend was also conducted. Continuous variables were assessed by means of
an unpaired sample t-test when the distribution was normally distributed or by the Mann-Whitney U-test
when the distribution was not normally distributed. The analysis of the relationship between density methods
and case—control status was performed using conditional logistic regression [in Statistical Product and Service
Solutions (SPSS) version 20; IBM Corporation, Armonk, NY, USA] owing to the matched nature of the data set.
The univariate associations were performed initially, and the multivariate associations were subsequently
performed adjusting for breast area. Factors not associated in univariate analysis were not assessed in
multivariate analyses.

The SNP results are in Chapter 3. The FH-Risk case—control study was also used to assess incorporation of MD
into risk assessment. The study was affected by the policy of destroying analogue mammograms after 3 years
and by the fact that no raw data from digital mammograms were saved. Therefore, only 320 cases had an
assessable mammogram. The controls were matched for age and type of mammogram but, owing to
hospital policy of destroying mammograms, the analogue controls were from a much later era (see Table 13).
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PROJECT 1: IMPROVEMENT OF RISK PREDICTION ALGORITHMS FOR WOMEN AT HIGH RISK OF BREAST CANCER

TABLE 13 Demographic characteristics for family history analogue case—control analysis

Characteristics Case subjects (N =82), n (%) Control subjects (N =82), n (%)

Age (years)

<38 24 (29.3) 23(28.0)
38-42 17 (20.7) 21 (25.6)
43-47 19 (23.2) 18 (22.0)
>48 22 (26.8) 20 (26.8) 0.904
Mean (SD) 43.7 (8.1) 43.3(7.9) 0.795

Menopausal status

Premenopausal 57 (69.5) 67 (81.7)

Started 7 (8.5) 2(2.4)

Finished 16 (19.5) 10 (12.2)

Unknown 2(2.4) 3(3.7) 0.160
BMI (kg/m?)

<25 48 (58.5) 40 (48.8)

25-29 24 (29.3) 25 (30.5)

>30 5(6.1) 9(11.0)

Unknown 5(6.1) 8(9.8) 0.461

Mean (SD) 24.3(3.8) 24.8 (4.5) 0.486
Parity

Nulliparous 13 (15.9) 19 (23.2)

Parous 68 (82.9) 62 (75.6)

Unknown 1(1.2) 1(1.2) 0.375
HRT use

Never/unknown 74 (90.2) 78 (95.1)

Previous/current 8(9.8) 4 (4.9) 0.231

Year of mammogram

1988-92 11(13.4) 1(1.2)

1993-7 24 (29.3) 3(3.7)

1998-2002 21(25.6) 18 (22.0)

2003-7 26 (31.7) 60 (73.2) 0.000

SD, standard deviation.
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Density results: analogue (film) mammograms

Table 13 shows the demographic characteristics of women with film mammograms. The majority were
parous and had a body mass index (BMI) in the normal range; mean BMI was approximately 24.5 kg/m?.
There were very few current or previous users of HRT (< 10% of cancer cases and < 5% of controls) based
on data available at the time of referral;, however, the average age was approximately 43 years and the
majority of women had not yet been through the menopause at the time of referral. Fifty-six per cent of
cancers were in the left breast, and 44% in the right breast. The year of mammogram ranged from 1988
to 2007, with more of the control subjects than the case subjects having recent images. Matching on
age alone appeared to be adequate in the analogue film group, as there were no significant differences
between cases and controls for other important parameters such as BMI, parity, HRT use and
menopausal status.

Table 14 shows the analysis of breast density measures made in women with film mammograms. The
results show no association between MD, as measured by VAS, and risk of developing breast cancer.

The only significant association with risk was in women with Cumulus percentage density of 41-50% with
an OR of 4.16 (95% Cl 1.32 to 13.06) compared with those in the lowest quartile (< 27% density). Those
with percentage density of >50% also had an increased risk of breast cancer (OR 3.19, 95% Cl 0.99 to
10.31), which approached statistical significance. Adjustment for breast area increased the ORs slightly,
but there were no changes in statistical significance.

TABLE 14 Numbers of cases and controls in quartiles of density measures and ORs for the risk of developing breast
cancer from univariate logistic regression, and after adjustment for breast area. Data are for analogue
(film) mammograms

VAS
<30 23 (28.0) 20 (24.4) 1.00 (referent)
30-46 16 (19.5) 24 (29.3) 0.57 (0.24 to 1.37)
47-60 21 (25.6) 21 (25.6) 0.93 (0.42 to 2.09)
>60 22 (26.8) 17 (20.7) 1.19 (0.49 to 2.87)
Mean (SD) 46.1 (20.8) 43.6 (20.9)

Cumulus dense area (mm?)

Mean (SD) 205,688 (92,817) 193,095 (90,939)

< 140,000 17 (20.7) 23(28.0) 1.00 (referent) 1.00 (referent)
140,001-190,000 22 (26.8) 20 (24.4) 1.59 (0.66 to 3.85) 1.65 (0.66 to 4.14)
190,001-250,000 21 (25.6) 18 (22.0) 1.76 (0.67 to 4.70) 2.10 (0.69 to 6.36)
> 250,000 22 (26.8) 21 (25.6) 1.52 (0.60 to 3.88) 2.03(0.67 t0 6.17)

Cumulus percentage density

Mean (SD) 41.0 (15.3) 37.0(17.9)

<27 13 (15.9) 24 (29.3) 1.00 (referent) 1.00 (referent)
28-40 24 (29.3) 24 (29.3) 2.48 (0.81 to 7.58) 2.47 (0.73 t0 8.43)
41-50 24 (29.3) 15 (18.3) 4.16 (1.32 to 13.06) 4.41 (1.15 to 16.99)
>50 21 (25.6) 19 (23.2) 3.19(0.99 to 10.31) 3.43(0.89 to 13.20)

SD, standard deviation
Bold text indicates statistically significant results.
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Density results: digital mammograms

Table 15 shows the demographic characteristics of women with FFDM mammograms. More case subjects
were premenopausal (88% cases; 66% controls); this difference was not statistically significant. There was,
however, a significant difference between BMI categories for the cases and controls. The cases had a lower
mean BMI (24.2 kg/m?) than the controls (26.5 kg/m?), although it should be noted that BMI was not recorded
for 22% of controls and 14% of cases. Fifty-six per cent of the cancers were in the right breast and 44%
were in the left breast. There were very few current or previous users of HRT (< 5%) based on data available
at the time of referral; however, the average age was approximately 46 years. The year of mammogram
ranged from 2006 to 2012, with more of the control subjects than the case subjects having recent images.

TABLE 15 Demographic characteristics for family history digital case—control analysis

Age (years)

<39 11 (23.4) 35 (24.5)

39-46 15(31.9) 38 (26.6)

47-50 10 (21.3) 32 (22.4)

>50 11 (23.4) 38 (26.6) 0911

Mean (SD) 45.7 (8.1) 459 (8.2) 0.859
Menopausal status

Premenopausal 40 (83.3) 95 (66.0)

Started 2(4.2) 19(13.2)

Finished 5(10.4) 22 (15.3)

Unknown 1(2.1) 8 (5.6) 0.124
BMI (kg/m?)

<25 26 (54.2) 55 (38.2)

25-29 10 (20.8) 37 (25.7)

>30 5(10.4) 20(13.9)

Unknown 7 (14.6) 32 (22.2) 0.280

Mean (SD) 24.2 (4.0) 26.5 (6.5) 0.036
Parity

Nulliparous 7 (14.6) 29 (20.1)

Parous 40 (83.3) 113 (78.5)

Unknown 1(2.1) 2(1.4) 0.667
HRT use

Never/unknown 45 (93.8) 139 (96.5)

Previous/current 3 (6.3) 5(3.5) 0.404
Year of mammogram

2006 5(10.4) 0(0.0)

2007 10 (20.8) 3(2.1)

2008 12 (25.0) 6 (4.2)

2009 13 (27.1) 9 (6.3)

2010 6(12.5) 41 (28.5)

2011 1(2.1) 67 (46.5)

2012 1(2.1) 18 (12.5) 0.000

SD, standard deviation.
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Table 16 shows the analysis of breast density measures made in women with digital mammograms.

The results show no significant association between MD and risk of developing breast cancer for density
measured by Cumulus (both percentage density and dense area), but a significant association for density
measured by VAS following adjustment for menopausal status, breast area and BMI. The ORs for Cumulus
tended to be higher after adjusting for BMI, menopausal status and breast area; however, none was

statistically significant.

Discussion

In women with film mammograms, Cumulus was the only method that showed significant association
with breast cancer risk. Use of Cumulus for mammograms acquired in this way is well established, and the
inclusion of prior mammograms as well as contralateral breast of diagnostic mammograms provides a
similar methodology to published validation of Cumulus for breast cancer risk.?*## In a study in which
mammograms (contralateral breast for cancers, and matched controls) were assigned to density classes,
the RR for women in the highest density group associated with radiologist allocation was higher than
computer-based allocation using interactive thresholding.?® However, in this Family History analogue
mammography substudy, VAS assessments were not related to cancer risk; this may be due, in part, to
interobserver variability dominating any genuine effect in a small evaluation. The failure to match on date
of mammogram is also an important shortcoming in this study. It is of interest that in the density analysis
of the larger PROCAS screening study (see Chapter 4), and in the subgroup of family history cases with

TABLE 16 Numbers of cases and controls in quartiles of density measures and ORs for the risk of developing breast
cancer from univariate logistic regression, and after adjustment for breast area, BMI and menopausal status.

Data are for FFDM mammograms

VAS
Mean (SD) 38.99 (18.1) 34.37 (19.2)
<21 9(18.8) 37 (25.7) 1.00 (referent) 1.00 (referent)
21-35 13 (27.1) 39 (27.1) 1.38 (0.54 to 3.54) 15.80 (1.24 to 200.69)
36-48 12 (25.0) 35 (24.3) 1.40 (0.50 to 3.90) 18.44 (1.30 to 261.01)
>49 14 (29.2) 33(22.9) 1.76 (0.67 to 4.66) 7.81 (0.62 to 98.80)

Cumulus dense area (mm?)

Mean (SD) 75,552 (37,763) 74,164 (39,933)

<48,000 9 (22.0) 37 (26.4) 1.00 (referent) 1.00 (referent)

48,001-70,000 12 (29.3) 33(23.6) 1.36 (0.52 to 3.54) 1.99 (0.46 to 8.73)

70,001-96,000 9 (22.0) 34 (24.3) 1.22 (0.41 to0 3.67) 2.23(0.44 t0 11.33)

>96,000 11 (26.8) 36 (25.7) 1.22 (0.44 to 3.41) 1.86 (0.35 t0 9.93)
Cumulus percentage density

Mean (SD) 36.2 (19.6) 33.8(18.3)

<19 11 (26.8) 33 (23.6) 1.00 (referent) 1.00 (referent)

19-32 7(17.1) 38 (27.1) 0.53(0.17 to 1.67) 1.15(0.16 to 8.04)

33-48 11 (26.8) 35 (25) 0.99 (0.38 to 2.56) 3.58 (0.54 to 23.59)

>49 12 (29.3) 34 (24.3) 1.19 (0.45 to 3.18) 3.39 (0.34 t0 33.32)

SD, standard deviation.

Bold text indicates statistically significant results.
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PROJECT 1: IMPROVEMENT OF RISK PREDICTION ALGORITHMS FOR WOMEN AT HIGH RISK OF BREAST CANCER

digital screening mammograms which were matched with controls on a 1: 3 basis, VAS provided the most
predictive MD method. Visual assessment recorded on VAS, following adjustment for BMI, menopausal
status and Cumulus breast area, was the only method significantly associated with an increased risk of
breast cancer in the digital group. For the other methods, the ORs tended to be higher after adjusting

for menopausal status and breast area, but did not show statistical significance. For the VAS measures,
the Cls for the OR were very wide, reflecting the limited number of cases. Significance was achieved only
following the inclusion of breast area as measured by Cumulus in the model.

These results are consistent with previously published work showing that the association between breast
cancer and MD is higher in an asymptomatic population.® In this substudy we were unable to assess
volumetric breast density; in analogue mammograms, the Manchester Stepwedge method can be applied
prospectively only, and in the digital group only seven cases/controls were amenable to processing by
Quantra and Volpara (with GE Healthcare images and raw data).

The small number of cases for which both Cumulus and VAS were available is a limitation of this substudy.
Furthermore, Cumulus was performed on a single mammographic image (MLO), whereas VAS assessment
used the mean across both views [MLO and craniocaudal (CC)]; ideally, we would have liked to have had
Cumulus for both mammographic views for the contralateral breast. A further limitation is that the
covariate information was collected at the time of referral, which was very often not the same time as

the mammogram was acquired. Of all FH-Risk mammograms (both digital and film), approximately 25%
were taken at the same time as referral to the clinic, 5% were taken within 1 year of referral and the
remaining 70% were taken over 1 year after referral. For those with a larger interval, BMI, HRT use and
menopausal status may be inaccurate.

Publications resulting from work in Chapter 2
Ingham SL, Warwick J, Buchan I, Sahin S, O'Hara C, Moran A, et al. Ovarian cancer among 8005 women
from a breast cancer family history clinic: no increased risk of invasive ovarian cancer in families testing

negative for BRCAT and BRCA2. J Med Genet 2013;50:368-72.""

Evans DG, Ingham S, Dawe S, Roberts L, Lalloo F, Brentnall AR, et al. Breast cancer risk assessment in 8824
women attending a family history evaluation and screening programme. Fam Cancer 2014;13:189-96.%°
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Chapter 3 Project 2: assessment of predictive
value of new genetic variants

Introduction

Deoxyribonucleic acid testing

Over the years there has been growing epidemiological evidence that women with a family history of
breast cancer are at an increased risk of developing the disease. One of the early large studies investigating
familial breast cancer risk (the Cancer and Steroid Hormone case—control study) showed that the RR of
breast cancer was 2.1 in females with a first-degree relative affected by breast cancer.®® In addition, the
study predicted that the underlying genetic susceptibility was due to one or more, rare, highly penetrant
autosomal dominant genes. The Cancer and Steroid Hormone study provided epidemiological evidence
that familial breast cancers develop at a relatively younger age, in comparison with non-familial breast
cancers, there are more cases of bilateral breast cancer in familial clusters, and, in familial clusters, cases of
ovarian cancer are often seen in relatives of women with breast cancer.?® In addition, there was evidence
that there was an association between male breast cancer and familial risk of breast cancer, with female
relatives of affected males at a two- to threefold increased risk compared with the general population
risk.?" The increased risk of breast cancer in relatives of probands affected by breast cancer potentially
could be attributed to shared environmental and/or genetic factors. However, evidence from twin studies
indicates that the majority of the excess familial risk is due to an inherited predisposition. One study
estimated that individuals who have a monozygotic twin who has had a diagnosis of breast cancer have a
lifetime breast cancer risk of 33%. Another twin study showed that 27% of breast cancer was attributable
to inherited factors,* demonstrating that single high-risk dominant genes which were estimated to cause
around 4-5% of breast cancer could account for only a fraction of the familial component.

Genes increasing breast cancer susceptibility

The epidemiological evidence for familial predisposition to breast cancer led to extensive searches for
genes which underlie this susceptibility. Three classes of breast cancer susceptibility genes have been
identified so far from these studies: high-, moderate- and low-penetrance genes, according to the level of
breast cancer risk they confer and the prevalence of disease-causing variants in the population. The level
of penetrance describes the likelihood that an individual who carries a mutation in a gene or a particular
genetic variant will develop breast cancer as a result of the presence of that mutation/variant. Mutations in
high-penetrance genes such as BRCAT and BRCA2 confer around a 10- to 20-fold increased risk of breast
cancer over that of non-mutation carriers (approximating to a 40-80% lifetime risk). The group of genes
described as moderate penetrance confer an approximately two- to three fold increased risk (equating to a
20-36% lifetime risk). The loci described here of low penetrance confer a RR of less than 1.3-fold. It is
possible that other breast cancer susceptibility genes exist which may confer RR of breast cancer which do
not comply with these descriptions. The proportion of familial component of breast cancer identified in
2008, when we applied for funding for the National Institute for Health Research (NIHR) programme grant,
and that currently identified (2014) are shown in Figures 7 and 8.2 BRCAT and BRCAZ2 account for a large
proportion of high-risk predisposition.
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O BRCAT1

O BRCAZ2

I TP53/STK11/CDH1/PTEN
O CHEK2/ATM/BRIP1/PALB2
B GWAS SNPs

Proportion of the familial excess risk accounted for by known genes or variants in 2008.
ATM, ATM serine/threonine kinase; BRIP1, BRCAT-interacting protein C-terminal helicase 1; CDH1, cadherin 1;
CHEK?2, checkpoint kinase 2; PALB2, partner and localizer of BRCA2; PTEN, phosphatase and tensin homolog;
STK11, serine/threonine kinase 11.

W Other

O BRCAT

OO0 BRCAZ2

I TP53/STK11/CDH1/PTEN
O CHEK2/ATM/BRIP1/PALB2
B GWAS SNPs

O 1COGs estimated

Proportion of the familial excess risk accounted for by known genes or variants in 2014. ATM, ATM
serine/threonine kinase; BRIP1, BRCA1-interacting protein C-terminal helicase 1; CDH1, cadherin 1; CHEK?2,
checkpoint kinase 2; PALB2, partner and localizer of BRCA2; PTEN, phosphatase and tensin homolog; STK11, serine/
threonine kinase 11; ICOG, International Collaborative Oncological Gene-environment Study.

High-penetrance breast cancer susceptibility genes

The identification of pathogenic mutations in BRCAT and BRCAZ in the last decade of the twentieth
century was a major advance in the understanding of breast cancer susceptibility. Mutations in BRCAT and
BRCA?Z are relatively rare, with a combined frequency of around 0.2% in outbred populations.®? The
associated phenotype is inherited in an autosomal dominant manner. At the cellular level, however, they
act as recessive genes. Breast and ovarian cancer cells are homozygous for mutations in these genes owing
to somatic loss of the wild-type allele.?*** Mutation carriers have a 10- to 20-fold increased risk of breast
cancer and are at an increased risk of ovarian and other cancers.?>® Pathogenic mutations in BRCA7 and
BRCAZ2 account for approximately 16% of familial breast cancer.?’92-%°

BRCAT1

In 1990, genetic linkage analysis of families with multiple cases of early-onset breast cancer led to the
localisation of this, the first breast cancer susceptibility gene, to chromosome 17q12-g21. Following this,
an international collaborative study coordinated by the BCLC confirmed linkage to chromosome 174,

and BRCAT was cloned in 1994.%
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BRCAZ2

Following evidence from a study which showed that only 45% of families with multiple cases of breast
cancer were linked to the BRCAT locus, it became clear that BRCAT was not the only breast cancer
susceptibility gene.®® As a result of this, the presence of at least one further breast cancer susceptibility
gene was confirmed by the absence of linkage to BRCAT of families with early-onset female breast cancers
and at least one case of male breast cancer.?’ A genome-wide linkage search was performed using families
which included male breast cancer cases and multiple-case families which were not linked to BRCA1. This
led to the localisation of BRCA2 to chromosome 13g12-q13 in 1994* and the cloning of the BRCA2 gene
the following year.481%

TP53 and other high-penetrance genes

TP53 is a high-penetrance gene, mutations in which cause Li-Fraumeni syndrome.*"°' Patients with
germline mutations in TP53 may have a family history of a number of cancer types including leukaemia,
soft tissue sarcomas, brain tumours and osteosarcomas. Female TP53 mutation carriers have an 18-fold RR
of being diagnosed with breast cancer before the age of 45 years, compared with the general population,
and > 50% of TP53 mutation carriers are diagnosed with cancer before the age of 30 years."® TP53
germline mutations are, however, considerably rarer than BRCAT and BRCA2'® mutations.

There are three other genes also thought to confer high risks of breast cancer: mutations in PTEN
(phosphatase and tensin homolog) cause Cowden disease,*® mutations in LKB1/STK11 (serine/threonine
kinase 11) cause Peutz—Jeghers syndrome'® and mutations in CDHT (cadherin 1, type 1) cause hereditary
diffuse gastric cancer.’® The precise risks associated with these gene mutations are not known.

The hunt for other high-penetrance breast cancer genes

It is likely that all of these high-penetrance genes together account for no more than about 20% of the
familial risk of breast cancer (see Figure 7); therefore, genome-wide linkage analyses have been performed
on large numbers of families affected by breast cancer without a BRCAT or BRCA2 mutation, with the aim
of identifying further high-penetrance breast cancer susceptibility genes. Although no such genes have yet
been identified through these studies, their existence cannot be excluded.' If other high-penetrance genes
do exist, only a small number of breast cancer families are likely to be due to mutations in these genes.

In 2001, Antoniou et al.'” performed a large population-based study which suggested that a number

of common, moderate- to low-penetrance genes with additive effects could account for familial cases not
caused by BRCAT or BRCA2. Subsequently, rare moderate penetrance and common low-penetrance breast
cancer susceptibility alleles were identified.

Breast cancer susceptibility genes with moderate penetrance

Text in this section has been reused with permission from Evans DG. Genetic Predisposition and Breast
Screening. In Benson JR, Gui G, Tuttle TM, editors. Early BreastCancer: From Screening to Multidisciplinary
Management. 3rd edn. CRC Press; 2013. pp. 17-27.1%

In order to explain the 80% of familial breast cancer risk which is not attributable to the high-risk breast
cancer genes discussed previously, candidate genes have been investigated through large case—control
studies. These genes were selected for mutational analysis because the proteins they encode have been
shown to be involved in the same biological pathways as BRCAT and BRCA2. Such studies have yielded at
least four genes which each confer an approximately twofold risk of breast cancer in mutation carriers.

CHEK2

The first rare moderate-penetrance breast cancer susceptibility gene to be identified was CHEK2
(checkpoint kinase 2). This gene encodes a cell cycle checkpoint protein kinase that phosphorylates p53
and BRCAT and is involved in DNA repair.’'° |t was demonstrated that CHEK2*1100delC, a frameshift
mutation leading to truncated protein which affects its kinase activity, was present in 1.1% (18/1620) of
healthy individuals but was present in 5.5% (55/1071) of familial breast cancer cases (p = 0.00000003).
The RR of breast cancer in carriers of the CHEK2*1100delC allele was estimated to be 2.2-fold."™
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ATM

This was the second moderate-penetrance breast cancer gene for which there was strong molecular
evidence. The possibility that ATM (ATM serine/threonine kinase) could be a breast cancer susceptibility
gene was first proposed over 20 years ago when epidemiologists suggested that relatives of patients with
an autosomal recessive condition called ataxia-telangiectasia which predisposes to cancer in childhood,
particularly lymphoid cancers, had an increased risk of breast cancer.”" The ATM gene was then mapped
and identified by positional cloning.''>''* ATM is a protein kinase with multiple complex functions,
including a central role in DNA double-strand break repair in concert with BRCA1/BRCA2. The ATM protein
has been demonstrated to phosphorylate the BRCAT, p53 and CHEK2 proteins.”

The role of ATM in breast cancer susceptibility has been investigated in multiple studies. The largest of
these, which identified 12 mutations in 443 familial breast cancer cases and two in healthy controls

(0 =0.0047), has shown that the RR of breast cancer in monoallelic ATM mutation carriers is 2.37;""
however, certain mutations may cause high-risk susceptibility.

BRIP1

In 2006, BRIPT (BRCAT-interacting protien C-terminal helicase 1), a BRCAT-interacting helicase (also known
as BACHT), was also shown to be a rare moderate-penetrance breast cancer susceptibility allele. This gene
was investigated as a candidate gene because it is a binding partner of BRCAT and, thus, is implicated in
some of the activities of BRCAT in DNA repair."®'"” Truncating mutations in this gene are rarer than in
CHEK2 or ATM. In a case—control study, nine mutations were identified in 1212 familial breast cancer cases,
compared with two in 2081 healthy controls (p = 0.003); the RR of breast cancer in monoallelic carriers of
BRIPT mutations is 2.0."" Interestingly, almost simultaneously, BRIPT was identified as the gene responsible
for Fanconi anaemia (complementation group J) in biallelic mutation carriers of the gene.'” BRIPT was the
second gene found to predispose to breast cancer in monoallelic mutation carriers and to cause Fanconi
anaemia in biallelic mutation carriers; BRCA2 was the first such breast cancer susceptibility gene.'"®

PALB2

The fourth rare moderate-penetrance breast cancer susceptibility gene to be identified, PALB2 (partner and
localizer of BRCA2), has also been demonstrated to predispose to breast cancer in monoallelic mutation
carriers and to cause Fanconi anaemia (complementation group N) in biallelic mutation carriers."'*'?° PALB2
encodes a protein which interacts with BRCAZ2. In a familial breast cancer case—control study, 10 truncating
mutations were identified in 923 individuals with breast cancer, but no mutations were identified in 1084
healthy controls (o =0.0004). The RR of breast cancer associated with a mutation in PALB2 was estimated
at 2.3-fold.™

Each of these moderate-penetrance genes makes up a relatively small proportion of the overall familial risk
of breast cancer (see Figure 7). Compared with the 16-20% of familial risk accounted for by mutations in
BRCAT and BRCA2, in 2008, it was estimated that the currently identified moderate-penetrance breast
cancer susceptibility genes accounted for only 2.3% of the familial component of risk.'?? In keeping with
findings in BRCAT and BRCA2, most of the pathogenic mutations in these genes lead to premature protein
truncation through nonsense codons or translational frameshifts. A very small number are possibly due to
missense sequence variants. The moderate-penetrance breast cancer susceptibility genes each harbour
multiple different rare pathogenic mutations.

The features of moderate-penetrance breast cancer susceptibility genes differ from those of high-penetrance
genes in several ways. There are differences in the extent of segregation of disease-causing mutations with
breast cancer. In breast cancer families which are due to mutations in BRCAT or BRCA2, the mutation and
disease status usually occur together in individuals, that is, family members who carry the mutation will
usually be the individuals who are affected by breast and/or ovarian cancer. However, it has been suggested
that phenocopies (women with breast cancer but without the familial mutation) can constitute around 24%
of breast cancer cases in a family; this is based on data from families known to carry a BRCAT or BRCA2
mutation.®® In breast cancer families due to moderate-penetrance breast cancer genes where the risks are
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two- to threefold, disease-causing mutations often do not segregate with the disease. This is due to the
lower penetrance of the mutations in these genes, which means that most mutation carriers do not actually
develop breast cancer. Other relevant factors are the high rate of sporadic breast cancer, and the likelihood
that familial breast cancer clusters without mutations in BRCA T or BRCAZ2 are probably due to a random
aggregation of susceptibility alleles in many different genes.

In contrast to BRCAT and BRCA?2, there is no strong evidence for the occurrence of other cancers, or an
early age at onset of breast cancer, in heterozygous carriers of mutations in CHEK2, ATM, BRIPT and
PALB2. A possible reason for this could be the lack of sufficient identified cases to provide evidence of
these features.

Neurofibromatosis type 1
Women with the inherited tumour-prone condition neurofibromatosis type 1 are now thought to be at
moderately increased risk of developing breast cancer.'?

The currently identified high- and moderate-risk genes are shown in Table 17.

TABLE 17 Genes associated with a moderate or high lifetime risk of breast cancer and effects on life expectancy

CHEK2 22q Breast cancer > 25 years 20 1in 200 ?normal
ATM 11q Breast cancer > 25 years 20 1in 200 ?normal
BRIP Breast cancer > 25 years 20 1in 1000 ?normal
PALB2 Breast cancer > 25 years 20-40 <1in 1000 ?normal
NF1 17q Neurofibroma First year 100 1in 2600 54-72 years
Glioma First year 12
Breast cancer > 25 years 17
PTENCowden 109 Breast cancer > 25 years 60 1in 200,000- Reduced
Thyroid 30 years 10 220,000 in women
PIJS 19p Gl malignancy 20 years 60 1in 25,000 58 years
Breast > 25 years 40
LFS/TP53 17p Sarcoma First year 80 1in 30,000 Severely reduced
Breast cancer > 16 years 95
(women)
Gliomas First year 20
HDGC/CDH1 169 Gastric > 16 years 70-80 Very rare Reduced
Breast (women) > 35 years 20-40
BRCA2 13q Breast/ovary > 18 years 40-90 1in 800 68 years
(women)
Prostate (men) > 30 years 20
Pancreas > 30 years 5
BRCAT 17q Breast (women) > 18 years 60-90 1in 1000 62 years
Ovary > 20 years 40-60

Gl, gastrointestinal; NF1, neurofibromatosis type 1; PJS, Peutz—Jeghers syndrome.
Reused with permission from Evans DG. Genetic Predisposition and Breast Screening. In Benson JR, Gui G, Tuttle TM,
editors. Early Breast Cancer: From Screening to Multidisciplinary Management. 3rd edn. CRC Press; 2013. pp. 17-27.'%
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Breast cancer susceptibility genes and loci with low penetrance

The identification of genes and loci leading to low-penetrance breast cancer susceptibility required an
alternative strategy from the linkage studies employed in the discovery of genes like BRCAT and BRCA2
because, by their nature, they do not give rise to the large multiple-case families required for this. Therefore,
other methodologies have been utilised in the discovery of these loci. In the past, this has usually been
through association studies which have investigated candidate genes related to the biology of normal breast
tissue or breast cancer. More recently, the availability of high-resolution linkage disequilibrium maps and
comprehensive sets of tagging SNPs that cover most common sequence variants has led to the successful
completion of multiple GWASs. The benefits of this study design are that the approach is not biased and
does not rely on knowledge of prior function. It also minimises the likelihood of failing to identify important
variants in genes which have not previously been studied. Although it has been speculated for some time
that a proportion of familial breast cancer risk is due to common low-penetrance loci, these have only
recently been identified. In the past, only small numbers of cases and controls were utilised in targeted
association studies, but, when these studies were expanded, preliminary associations were usually not
confirmed. The recent results in this field are due to large-scale, multinational collaborations which have
given rise to thousands of cases and controls, resulting in the statistical power to detect small effects, thereby
overcoming the limitations of earlier small studies.’*

By 2008, when we applied for funding, 10 susceptibility loci had been reported for which there was statistically
robust evidence 8192830125129 Five of these loci were in regions that include known protein-encoding genes.
The genes are CASP8,*® FGFR2,%° TNRC9 (trinucleotide repeat-containing 9),4'° MAP3K1 and LSP1 8

Some of these loci also include other protein-encoding genes, and it is possible that the association with breast
cancer could be due to these, or even to regions which currently are not known to include biologically

relevant sequences.

The SNP at 6g22 was identified through cases and controls from the relatively genetically isolated
Ashkenazi Jewish population;'® the RR of breast cancer conferred by this SNP in other populations may
differ. The group that has recently identified the breast cancer susceptibility locus at 6925 has provided
evidence that common loci can confer varying risks of breast cancer dependent on the population studied.
The group found that the RR of breast cancer in the population of Chinese women studied was 1.36 or
1.59, respectively, for the G>A heterozygous and homozygous variants at this locus. However, in the
European population studied the association was weaker and the RRs conferred were 1.11 and

1.35, respectively.?®

Investigations studying the subtypes of breast tumour associated with these susceptibility loci have revealed
that certain lodi, particularly in FGFR2, TNRC9, 8g24, 2935 and 5p12, are more commonly associated with
oestrogen receptor-positive disease than oestrogen receptor-negative disease.'”® These findings suggest
that breast tumours of these two subtypes might have differing aetiologies relating to genetic background,
as has already been indicated by findings in breast tumours of BRCA7 and BRCA2 mutation carriers.

In 2009, two further susceptibility loci were identified.™°

In 2010, a larger GWAS was published of 582,886 SNPs in 3659 breast cancer cases with a family history
of breast cancer and 4897 controls.”™' This validated the existing SNPs and identified five further SNPs,
bringing the total to 18 validated SNPs. Turnbull published new ORs and allele frequencies allowing
application of these SNPs in clinical practice.”™' The SNPs and the allele frequencies are shown in Table 18.

Since the Turnbull report,’" a major international initiative, the International Collaborative Oncological
Gene-Environment Study (ICOGS),"™? was initiated, culminating in multiple reports in Nature Genetics in
March 2013. These brought the number of identified validated SNPs to only 77334 but boosted the
'known’ familial component of breast cancer attributed to SNPs to only 14% (see Figure 7).2” Evidence
from the GWAS data nonetheless suggests that other, rarer SNPs may contribute as much as 41% of
heritability, leaving only 24% as ‘missing heritability’.?’
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TABLE 18 Breast cancer susceptibility SNPs, published RAFs and associated ORs, and observed genotype frequencies
in the 478 participants who have provided a DNA sample

Published risk alleles, RAFs and

per-allele ORs for developing Genotype frequencies among the 478
breast cancer who provided DNA samples
No risk One risk Two risk
Gene/locus Risk allele RAF™! OR™' alleles (%) allele (%) alleles (%)

rs2981579 FGFR2 T 0.42 1.43 35 50 15
rs10931936 CASP8 C 0.74 0.88 8 37 55
rs3803662 TOX3 T 0.26 1.3 55 38 7

rs889312 MAP3K C 0.28 1.22 51 39 10
rs13387042 2q A 0.49 1.21 25 52 23
rs1011970 CDKNZA T 0.17 1.09 70 28 2

rs704010 10922 A 0.39 1.07 38 48 14
rs1156287 COXT11 A 0.71 1.1 8 36 56
rs11249433 NOTCH C 0.42 1.08 35 45 20
rs614367 11913 T 0.15 1.15 72 25 3

rs10995190 10g21 G 0.85 1.16 2 23 75
rs4973768 3p24 T 0.47 1.16 32 48 20
rs3757318 ESR1 A 0.07 1.3 89 11 0

rs1562430 8924 G 0.42 0.85 41 43 16
rs8009944 RADS5TLT A 0.75 0.88 7 41 52
rs909116 LSP1 T 0.53 1.17 21 51 28
rs9790879 5p12 C 0.40 1.1 34 51 15
rs713588 10q A 0.60 0.86 16 48 36

CDKN2A, cyclin-dependent kinase inhibitor 2A; COX11, COX11 cytochrome c oxidase copper chaperone;
ESR1, estrogen receptor 1; RAF, risk allele frequency.

The RR of breast cancer conferred by the common low-penetrance loci ranges from 1.04 to 1.43 in
European populations (some SNPs are protective, giving ORs of 0.85-0.88, equivalent to an increase in risk
for the common allele of 1.13-1.18; see Table 18). The risks are small, but, as the population prevalence
of each allele is high, their contribution to the familial risk of breast cancer, in European populations, is
relatively large. It has been estimated that if the attributable risks of the loci characterised by Turnbull

et al., and the breast cancer susceptibility variant in CASP8, were combined, they would account for 10%
of the familial risk of breast cancer in European populations. It is postulated that there may be up to
hundreds of further common low-penetrance breast cancer susceptibility alleles yet to be identified which
confer small risks of breast cancer, which are most likely less than those conferred by the variants so far
identified. An important and interesting area of ongoing research is in identifying the role of the loci
described above in the development of breast cancer. Some work has already been performed in this
field to investigate possible pathways by which SNPs in FGFR2 could be causative for breast cancer, but
much remains to be learnt regarding the mechanism by which common low-penetrance SNPs lead to
cancer formation.
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In our application to NIHR in 2008, we were aware of 10 SNPs that could be assessed. Our plan at that
time was to:

assess BARD1 (Cys557Ser) variant

assess common ATM variants

assess five genes from the GWAS

assess variant in the type | TGF-ss receptor, TGFBR1*6 A, which may account for ~5% of all
breast cancer

add other validated SNPs as they are found.

Frequencies of the variants will be compared with a regional control sample set of 500 women matched
for ethnicity and age.

The necessity of identifying a control population was negated by the publication of allele frequencies in
the Turnbull data,”™" many of which derived from Manchester. Pragmatically, the research plan changed in
2010 to include all of the SNPs identified in the Turnbull et al. study.

We initially proposed analyses in four studies assessing impact of SNPs in different situations, the fourth
assessing the predictive value from the other three.

1. We had already validated seven gene variants previously associated with increased breast cancer risk
(BARD1, TOX3, FGFR2, MAP3K1, LSP1, CASP8 and 8q) in ~200 female BRCAT and ~200 BRCA2
carriers, confirming increased risk of breast cancer conferred by variants in FGFR2 and TOX3 and the
protective effect of the minority allele in CASP8 in BRCA1/BRCA2-positive individuals.'** We proposed to
extend our analysis to include all female carriers (n =850 at that time) and assess the variants for
interactions and modifier effects. New variants were proposed to be added as they were identified.

As above, the proposed research was extended to test 925 proven BRCAT or BRCA2 female carriers for
the 18 SNPs identified by Turnbull et al.™’

2. The second proposed analysis was to test the SNPs in 1400 high-risk BRCA 1/BRCA2-negative breast
cancer cases and compare this with 500 matched control samples. The variants were to be weighted
for their individual effects in heterozygous and homozygous states and assessed for interactions with
other variants. This analysis was deemed unnecessary as we obtained funding (from the Genesis breast
cancer prevention appeal) for obtaining saliva DNA in 10,000 women from our population-based
PROCAS study. We were, thus, able to assess the predictive value of SNPs for non-BRCA-related
breast cancer.

3. Testing of DNA from 58 breast cancer phenocopies (women who are negative for the family BRCA1/
BRCA2 mutation) was, likewise, proposed to be assessed for the variants in a weighted analysis to
identify whether or not significantly more of the high-risk alleles are carried by those women to account
for their increased risk of breast cancer. DNA from phenocopies was tested for the 18 SNPs identified
by Turnbull et al.™’

4. We proposed using data from the first three analyses to develop a weighted score to assess the
predictive value of the combined group of validated variants in predicting which women developed
breast cancer in our familial screening programme. We proposed using the incident cancers and
matching with controls on a 1: 3 basis randomly selected from our FHC for presence or absence of
familial BRCA1/BRCA2 mutation, plus all other currently used risk factors (menarche, parity, age, family
history and breast disease). Women were recruited from our FHCs to provide blood samples for DNA
analysis or to give permission to use stored DNA. Matching of controls was changed (with statistical
advice) to matching for just age and type of mammogram. It was felt that overmatching would not
allow for the examination of differences in the other risk factors being assessed. Matching was still kept
at a 1:3 cases-to-controls basis and tested for the 18 SNPs identified by Turnbull et a/.™'
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Deoxyribonucleic acid testing
The DNA was extracted from blood or saliva samples provided by women attending the genetic clinics at
St Mary's Hospital or the FHC at Wythenshawe hospital.

BRCA1/BRCA2 testing

Using DNA Sanger sequencing and MLPA analysis, BRCAT and BRCA2 mutations were identified in women
referred with breast or ovarian cancer; relatives of these identified BRCA1/BRCA2 mutation carriers were
then also offered targeted screening for the family-specific genetic mutation.

Single nucleotide polymorphism testing

Women were typed for 18 SNPs that have been shown to be associated with breast cancer risk in the
general population [FGFR2, CASPS, TOX3, MAP3K, 2q, CDKN2A (cyclin-dependent kinase inhibitor 2A),
10922, COX11 (COX11 cytochrome c oxidase copper chaperone), NOTCH, 11g13, 10921, SLC4A7 (solute
carrier family 4, sodium bicarbonate cotransporter, member 7), 6925.1, 8924, RAD51L1, LSP1, 5p12 and
10q], as risks were identical for two SNPs at the same locus; the nineteenth SNP was dropped.’' Using the
published per SNP ORs and risk allele frequencies (RAFs) from Turnbull et al."*' (e.g. FGFR2 per-allele OR is
1.43 with RAF of 0.42; see Table 18), we calculated the OR for each of the three SNP genotypes (no risk
alleles, one risk allele and two risk alleles), assuming independence. To obtain an overall breast cancer

risk score for each woman, we multiplied the ORs for each of her 18 genotypes together. As a subset

of three SNPs (TOX3, 2q and 6g25.1) has now been validated to be associated with increased risk of
breast cancer in BRCAT mutation carriers,® and another subset of nine SNPs (FGFR2, TOX3, MAP3K, 2q,
1p11.2, SLC4A7, 6g25.1, LSPT1 and 5p12) in BRCA2 mutation carriers,’*'3” we repeated the analysis

using only these SNPs. Finally, we calculated an alternative overall breast cancer risk score based on a
combination of SNPs validated to increase risk in BRCA1/BRCA2 mutation carriers and SNPs not yet
validated in BRCA1/BRCA2 mutation carriers, that is, all of the original 18 breast cancer susceptibility SNPs,
except for those that have been shown to have no association with breast cancer risk in BRCAT/BRCA2
mutation carriers.

Statistical analysis

Age at the development of breast cancer (time from date of birth to the date of diagnosis in cases) or from
date of birth to the date of last follow-up (if not a case) was analysed using survival analysis with the
censor variable set at 1 for breast cancer cases and 0 otherwise. Cumulative hazard curves were calculated
using the Nelson-Aalen estimator'*® and the Cox proportional hazards™” model was used to assess the
relationship between breast cancer risk and overall breast cancer risk score (which was split into quintiles
and entered into the model as an ordinal categorical variable) and calculate the HRs. The proportional
hazards assumption was assessed graphically by plotting —In(-In(survival)) versus In(time) for each of the
five risk groups and checking to see that the curves are parallel.

Methods: study 1 — BRCA1/BRCA2

Families with individuals with breast and/or ovarian cancer have been screened for mutations in
BRCAT1/BRCAZ2 since 1996 in the Manchester region in north-west England, encompassing ~5 million
people. Women with a family history of breast/ovarian cancer who attend specialist genetic clinics in these
two regions have a detailed three-generation family tree constructed. The date the first family member
was referred to the genetic service was considered as the family ascertainment date. If a BRCAT/BRCA2
mutation is identified, further attempts are made to ensure that all individuals relevant to discussions

on risk are represented on the family tree. All cases of breast/abdominal cancers are confirmed by means
of hospital/pathology records, regional Cancer Registries (from 1960) or death certification. Once a
family-specific pathogenic BRCA1/BRCA2 mutation is identified, predictive testing is offered to all

blood relatives.
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PROJECT 2: ASSESSMENT OF PREDICTIVE VALUE OF NEW GENETIC VARIANTS

The details of all tested relatives and first-degree untested female relatives were entered onto a FileMaker
Pro 7 database. The initial individual in whom a mutation was identified was designated the ‘index’ case,
with all other individuals being classified according to their position in the pedigree compared with a
proven mutation carrier. All women reaching 20 years were entered on the database even if they were
untested for a mutation. The exception was for mothers of a mutation carrier when it was clear that the
mutation was paternally inherited (i.e. there was no maternal family history but a very convincing paternal
history of breast/ovarian cancer). A total of 807 index cases were studied. Date of birth and date of last
follow-up, breast cancer status, ovarian cancer status, dates of diagnoses and date of death (if applicable),
gene mutation identified in the family, the individuals relationship to a known mutation carrier and their
mutation status were entered.

All identified mutation carriers from whom DNA was available were assessed for breast cancer incidence.
Women were censored at risk-reducing mastectomy last follow-up/death or at the event of breast cancer,
whichever was the soonest. The predictive ability of the Cox models was assessed using Harrell’s C
concordance statistic.”**'** The type | error () was set at 5%. Thus, this analysis assessed the impact of the
multiplicative SNP genotypes on penetrance of breast cancer. We estimate that about half of our patient
samples have been used in analysis of SNPs in CIMBA (Consortium of Investigators of Modifiers of BRCA1/
BRCA2). Ethics approval for the study was through the North Manchester Research Ethics Committee
(08/H1006/77) and the University of Manchester Ethics Committee (08229).

Methods: study 2 - PROCAS (UKCRN-ID 8080)

A subset of the PROCAS population was invited to attend drop-in days and provide a saliva sample for
DNA extraction. Women giving their consent were provided with an Oragene kit (DNA Genotek Inc.,
Ottawa, ON, Canada) to collect a saliva sample. DNA was extracted in accordance with the manufacturer’s
protocols and 18 known validated breast cancer SNPs (only one for each genetic locus) associated with
breast cancer were typed (see Table 18). Genotyping was performed as multiplexed assays using the
Sequenom® MassARRAY™ jPLEX™ Gold system (Agena Bioscience GmbH, Hamburg, Germany), thereby
reducing the costs and time associated with the genetic analysis to sample sets of 384 being analysed and
scored in <5 days. Chips were run on a MALDI-TOF mass spectrometer (Wickham Laboratories Ltd,
Gosport, UK) and the mass automatically converted to the allele call. One of the SNPs (rs10931936)

was genotyped using a TagMan® (ThermoFisher Scientific, Waltham, MA, USA) SNP genotyping allelic
discrimination assay (C___2960444_10). Reactions were performed at standard conditions and analysed
using SDS software (The WERCS, Latham, NY, USA). Quality checks including duplicate samples, water and
positive controls were undertaken. Using the published estimates of per-allele ORs for breast cancer from
the most recent GWAS™' for the majority of the SNPs (all except rs713588), we calculated the RR of
developing breast cancer for each genotype. For example, for FGFR2, the published RAF of the risk allele T
is 0.42 and the per-allele OR is 1.43. The frequency of genotypes TT, TC and CC is, therefore, 0.17 (0.422),
0.49 (2 x0.42 x 0.58) and 0.34 (0.58?), respectively, the average population risk relative to genotype CC is
1.39(0.17 x 1.432+0.49 x 1.43 + 0.34 x 1.00) and the risk relative to the general population for each of
the three genotypes is 1.47 (1.432/1.39), 1.03 (1.43/1.39) and 0.72 (1/1.39), respectively. We then
calculated a combined risk score for each woman, based on her SNPs, by multiplying her individual risk
ratios together.

Methods: study 3 — phenocopies in BRCA1/BRCA2

Families including individuals with breast and/or ovarian cancer have been screened for mutations in
BRCAT1/BRCAZ2 since 1996 in the overlapping regions of Manchester and Birmingham in mid/north-west
England, encompassing ~10 million people. The methods used were as in study 1 but only women with
breast cancer who tested negative for the family mutation were the main point of the analysis. The
resultant combined series is referred to as the M6-ICE (Inherited Cancer in England) study.

Women with breast or ovarian cancer who tested negative for the family mutation were defined as
phenocopies. In 90% of cases, at least two independent blood draws from every phenocopy have been
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genotyped to firmly establish negative mutation status. Only first-degree relatives of proven pathogenic
mutation carriers were included in the study.

An analysis was undertaken assessing prospective breast cancer risk in individuals testing negative for the
family mutation using date of ascertainment of the family by the genetic service as the start date. Standard
incidence ratios were derived using age- and year-specific data from the population-based NWCIS, as
previously described.* Follow-up was censored at 1 July 2011 or date of breast cancer, date of death or
date of bilateral risk reducing breast surgery, whichever was the earliest. Person-years at risk analyses

were performed to assess expected cancers in the general female population using data from the NWCIS.
O : E ratios were assessed for statistical significance using the common method from Clayton and Hills
based on the Poisson assumption.’® A subset of women testing negative for the family mutation was part
of an assessment programme, FH-Risk, for which we had ethics approval to check details against the
NWCIS for cancer incidence. This was carried out in September 2011. A final analysis was carried out using
date of testing of unaffected first-degree relatives as the start date.

An assessment of the strength of family history of breast cancer was also included by summating the
BRCA2 element of the Manchester scoring system for each affected family member.*® This system scores
breast cancers in the direct lineage based on age at diagnosis, giving higher scores for earlier age at
diagnosis. An assessment was also made of close breast cancer family history (first-degree relative and
second-degree relative) using diagnosis < 40 years in a first-degree relative, < 50 years in at least two
relatives (including a first-degree relative) or at least three relatives (including a first-degree relative)
diagnosed at < 60 years as a surrogate for increased ‘breast cancerness’.

Deoxyribonucleic acid testing for single nucleotide polymorphisms
Methods were as per Methods: study 2 — PROCAS (UKCRN-ID 8080) using the SNP18 score.

Methods: study 4 — FH-Risk case-control

The cases and controls were matched on a 1: 3 basis with age at assessable mammogram being the
matching criterion. The controls did not have cancer at last follow-up and cases had to have been
diagnosed after an assessable mammogram or have an assessable mammogram at date of cancer
diagnosis and no cancer in the contralateral breast. The controls were also matched for type of
mammogram, either digital or analogue. The questionnaire data were updated to include clothes size and
alcohol intake as well as ensuring that data were held on age at menarche and age at first full-term
pregnancy. The TC model was used to incorporate an adjustment for MD using the VAS and two digital
methods (Volpara and Quantra). For breast cancer cases with no assessable mammogram but in whom
blood DNA was available, controls were also recruited for the DNA SNP study.

Recruitment was between 1987 and 2012. Follow-up was until 2013, median 8.4 years in the present
study. The primary end point was diagnosis of invasive breast cancer or DCIS (ICD-10% codes C-50 and
D-05.1). The cases that accrued were identified by BRCA7-negative controls who attended the clinic

but were not diagnosed with breast cancer to last follow-up and were matched approximately 3: 1 to the
non-BRCAT cases on age at breast cancer diagnosis or last mammogram prior to diagnosis (cases), with
age at last follow-up or mammogram (controls). As many BRCA7-confirmed participants were genotyped
as was possible. A 18 SNP polygenic score was assessed for predictive performance. This was calculated
relative to the population, based on the RAFs in Table 18, so that the mean risk for each SNP in the
population was 1.0. The OR estimates were taken from Turnbull et al.”' when not available. The TC
breast cancer risk model was used to calculate expected risk from breast cancer on the basis of family
histories of the disease and other phenotypic factors, as described in the analysis of the complete family
history cohort.>’

Analysis was carried out separately for BRCAT and non-BRCAT carriers, and when combined.
Hardy—-Weinberg equilibrium for each SNP was tested by assessing the observed number of homozygotes
against the expected number using a binomial distribution. Age and SNP score distributions were
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summarised by percentiles. The numbers of failed assays were reported by SNP, as well as the distribution
for individual samples. Assay failures were ignored in the SNP score by imputing a population RR of 1.0
when they occurred. Analysis of baseline risk factors (age) and time to diagnosis was undertaken by
assuming that the controls were representative of the complete cohort controls. A plot of observed versus
expected RR from the SNP score was obtained using a binary regression (normal) kernel smoother, with
bandwidth set by hand. Unconditional logistic regression models were used to assess the performance of
the SNP score by fitting a model with a single covariate for the log-RR, 10-year absolute risk from age,
and 10-year absolute risk from age and the SNP score. The main measure of prediction power was the
likelihood-ratio y2 (degrees of freedom = 1) statistic from the model. The area under the receiver operating
characteristic curve was used as a secondary measure of discrimination. Kaplan—-Meier survival estimates of
risk groups were obtained, weighting by the sampling fraction of controls in the cohort. The SNP18 and
TC RRs were compared using a scatterplot.

Results

Study 1: BRCA1/BRCA2

Text in this section has been reused with permission from Ingham SL, Warwick J, Byers H, Lalloo F,
Newman WG, Evans DGR. Is multiple SNP testing in BRCA2 and BRCAT female carriers ready for use in
clinical practice? Results from a large Genetic Centre in the UK. Clinical Genetics 2013, 84:1, 37-42,
© 2012 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd."

A total of 480 and 445 women with a confirmed pathogenic mutation in BRCAT and BRCA2, respectively,
were identified from the records of the Department of Genetic Medicine (Table 19). Of the 480 BRCA1
mutation carriers, 462 were included in the analyses (18 failed DNA samples); 58% (268/462) to date
have developed breast cancer. Estimates of the HRs (each quintile relative to the highest risk group,
quintile 1) and the corresponding 95% Cls are also shown (Table 20). There was no difference in age at
the development of breast cancer between the risk groups (overall breast cancer risk score split into
quintiles) based on the 18 SNPs (p =0.25; see Table 20). There was little separation between the

TABLE 19 Descriptive statistics of the population

BRCAT Index Yes 211
No 44
First-degree relative Yes 52
No 125
Second-degree relative Yes 7
No "
Third-degree relative Yes 0
No 7
Fourth-degree relative Yes 0
No 1
Fifth-degree relative Yes 1
No 1
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TABLE 19 Descriptive statistics of the population (continued)

Gene Carrier Breast cancer Number of carriers
BRCA2 Index Yes 200
No 33
First-degree relative Yes 69
No 118
Second-degree relative Yes 5
No 10
Third-degree relative Yes 8
No 2
Fourth-degree relative Yes 0
No 0
Fifth-degree relative Yes 0
No 0

Source: reproduced with permission from Ingham SL, Warwick J, Byers H, Lalloo F, Newman WG, Evans DGR. Is multiple
SNP testing in BRCA2 and BRCAT female carriers ready for use in clinical practice? Results from a large Genetic Centre in
the UK. Clinical Genetics 2013, 84:1, 37-42, © 2012 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd."*

TABLE 20 Hazard ratios from the Cox model for age at the development of breast cancer in BRCAT mutation
carriers, by overall breast cancer risk score (split into quintiles)

Median age (years) at the

Overall breast development of breast
cancer risk score  Category cancer (95% ClI) HR (95% ClI) Harrell's C
18 SNPs* Quintile 1 (highest risk) ~ 47.01 (44.4 to 49.98) 1.00 (1.00) 0.25 0.54
Quintile 2 46.35 (43.21 to 49.50) 1.09 (0.75 to 1.59)
Quintile 3 51.34 (43.89 to 63.94) 0.85 (0.56 to 1.27)
Quintile 4 44.33 (40.89 to 50.01) 1.24 (0.85 to 1.80)
Quintile 5 (lowest risk) ~ 45.46 (43.06 to 47.59) 1.20 (0.82 to 1.75)
3 SNPs® Quintile 1 (highest risk) ~ 44.64 (42.35 to 47.90) 1.00 (1.00) 0.12 0.51
Quintile 2 44.50 (43.04 to 48.62) 0.97 (0.69 to 1.36)
Quintile 3 51.10 (41.67 to 62.50) 0.70 (0.41 to 1.21)
Quintile 4 48.42 (45.46 to 52.06) 0.74 (0.54 to 1.03)
Quintile 5 45.91 (39.38 to 54.47) 0.94 (0.60 to 1.47)
9 SNPs* Quintile 1(highest risk) ~ 46.60 (44.28 to 48.62) 1.00 (1.00) 0.92 0.48
Quintile 2 45.51 (43.06 to 50.18) 1.12 (0.77 to 1.61)
Quintile 3 45.85 (44.05 to 54.24) 0.83 (0.56 to 1.23)
Quintile 4 44.31 (41.08 to 49.50) 1.11 (0.76 to 1.62)
Quintile 5 48.42 (43.23 t0 51.90) 0.99 (0.68 to 1.45)

HR, hazard ratio.

a Validated in a general population. ORs and RAFs taken from Turnbull et a/.”'

b Validated in BRCAT mutation carriers. ORs and RAFs taken from Antoniou et al."®

c Three SNPs validated in BRCAT mutation carriers and six validated in a general population but not yet validated in
BRCAT mutation carriers. ORs and RAFs for the three validated SNPs taken from Antoniou et al.'*® and for the six not yet
validated in BRCAT mutation carriers taken from Turnbull et al."'

Source: reproduced with permission from Ingham SL, Warwick J, Byers H, Lalloo F, Newman WG, Evans DGR. Is multiple

SNP testing in BRCA2 and BRCAT female carriers ready for use in clinical practice? Results from a large Genetic Centre in

the UK. Clinical Genetics 2013, 84:1, 37-42, © 2012 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd."*
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cumulative hazard curves (Figure 9). Basing our risk score on only the three SNPs that have been

validated in BRCAT carriers, or the three validated SNPs, plus six that have not yet been validated in

BRCAT mutation carriers, did not lead to better discrimination; there was no difference in age at the
development of breast cancer between the risk groups (p=0.12 and p =0.92, respectively; see Table 20)
and there was no distinct separation between the corresponding cumulative hazard curves (Figure 10). The
Harrell's C-statistic (the probability that when one of two subjects is observed to develop breast cancer
before other one that develops breast cancer second has the lower of the predicted HRs) for the 18, three
and nine SNPs based overall breast cancer risk scores was 0.54, 0.51 and 0.48, respectively (i.e. the models
have poor predictive ability).

Of the 445 BRCA?2 carriers, 280 had developed breast cancer by the cut-off date of 1 December 2010 for
follow-up and data extraction. The HRs (each quintile relative to quintile 1, the highest-risk group) and

corresponding 95% Cls are given in Table 21. There was a significant difference in age at the development

Nelson-Aalen cumulative hazard estimates
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Cumulative hazard of developing breast cancer in 480 BRCAT mutation carriers, by risk group (overall
breast cancer risk score split into quintiles), based on the 18 SNPs from Turnbull et al."*' Source: reproduced with
permission from Ingham SL, Warwick J, Byers H, Lalloo F, Newman WG, Evans DGR. Is multiple SNP testing in
BRCA2 and BRCA1 female carriers ready for use in clinical practice? Results from a large Genetic Centre in the UK.
Clinical Genetics 2013, 84:1, 37-42, © 2012 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd."*

of breast cancer between the risk groups (overall breast cancer risk score split into quintiles) based on the

Nelson-Aalen cumulative hazard estimates: BRCAT1 carriers
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Cumulative hazard of developing breast cancer in 480 BRCAT mutation carriers, by risk group (overall
breast cancer risk score split into quintiles), based on the three validated SNPs from Antoniou et al.”*® and the six
SNPs from Turnbull et al.”®' that have not yet been validated in BRCAT mutation carriers. Source: reproduced with
permission from Ingham SL, Warwick J, Byers H, Lalloo F, Newman WG, Evans DGR. Is multiple SNP testing in
BRCA2 and BRCA1 female carriers ready for use in clinical practice? Results from a large Genetic Centre in the UK.
Clinical Genetics 2013, 84:1, 37-42, © 2012 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd."°

NIHR Journals Library



DOI: 10.3310/pgfar04110
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overall breast cancer risk score (split into quintiles)

18 SNPs* Quintile 1 (highest risk) ~ 43.31 (39.67 to 49.64) 1.00 1.00 p<0.001 0.59
Quintile 2 46.78 (43.65 to 48.11) 0.97 0.68to01.38
Quintile 3 49.66 (45.26 to 53.79) 0.66 0.46t0 0.95
Quintile 4 49.37 (46.22 to 57.08) 0.63 0.441t00.91
Quintile 5 (lowest risk) 52.46 (49.1 to 58.60) 0.47 0.33t0 0.69
9 SNPs® Quintile 1 (highest risk) ~ 45.16 (42.23 to 49.26) 1.00 1.00 p<0.001 0.58
Quintile 2 46.55 (42.53 to 48.93) 1.01 0.71to 1.45
Quintile 3 46.24 (44.16 to 48.92) 094 0.67to1.33
Quintile 4 53.87 (48.11 to 60.90) 0.51 0.35t00.75
Quintile 5 (lowest risk) 53.79 (50.11 to 58.6) 0.49 0.33t00.71
5 SNPs* Quintile 1 (highest risk) ~ 46.27 (42.78 to 49.65) 1.00 1.00 p<0.001 0.57
Quintile 2 46.67 (41.28 to 49.64) 1.00 0.70to 1.42
Quintile 3 46.78 (42.88 to 48.93) 1.01 0.71t0 143
Quintile 4 52.36 (49.11 to 58.51) 0.56 0.381t00.81
Quintile 5 (lowest risk) ~ 52.08 (46.28 to 59.06) 0.57 0.381t00.84
15 SNPs* Quintile 1 (highest risk) ~ 45.16 (41.28 to 49.26) 1.00 1.00 p<0.001 0.59
Quintile 2 45.26 (42.78 to 47.16) 1.05 0.741t0 1.49
Quintile 3 48.19 (44.3 t0 51.99) 0.75 0.52to 1.07
Quintile 4 53.79 (48.78 to 59.06) 0.52 0.361t00.75
Quintile 5 (lowest risk) ~ 54.53 (49.11 to 58.51) 0.48 03310 0.70

HR, hazard ratio.

a Validated in a general population. ORs and RAFs taken from Turnbull et al."

Validated in BRCA2 mutation carriers. ORs and RAFs taken from Antoniou et al.'*

b

¢ Validated in BRCA2 mutation carriers. ORs and RAFs taken from Antoniou et al.'*

d Based on the nine validated SNP from Antoniou et al."*® and the six SNPs from Turnbull et a/.”*' that have not yet been
validated in BRCA2 mutation carriers.

Source: reproduced with permission from Ingham SL, Warwick J, Byers H, Lalloo F, Newman WG, Evans DGR. Is multiple

SNP testing in BRCA2 and BRCAT female carriers ready for use in clinical practice? Results from a large Genetic Centre in

the UK. Clinical Genetics 2013, 84:1, 37-42, © 2012 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd."°

18 SNPs (0 < 0.001; see Table 27) and clear trend for reducing hazard with reducing overall breast cancer
risk score (increasing quintile). The cumulative hazard curves (Figure 17) illustrate that there was clear
differentiation between the risk groups. It should be noted, however, that breast cancer cases arise across
a wide range of ages in each quintile (as indicated by the position of the steps in the cumulative hazard
curves) and that the predictive ability of the model was, therefore, only modest (Harrell's C=0.59). The
alternative breast cancer risk scores (based on 9, 5 and 15 SNPs, respectively) also lead to risk groups with
significant differences in age at the development of breast cancer (p < 0.001 for all). The cumulative
hazard curves (Figure 12) suggest that the overall breast cancer risk scores based on 15 SNPs might be
slightly better than those based on the original 18 SNPs as a measure of breast cancer risk in BRCA2
mutation carriers, but Harrell's C-statistic for this model was also 0.59, suggesting that in terms of
predictive ability it offers no improvement.
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Nelson-Aalen cumulative hazard estimates: Turnbull weightings
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FIGURE 11 Cumulative hazard of developing breast cancer in 445 BRCA2 mutation carriers by risk group (overall
breast cancer risk score split into quintiles) based on the 18 SNPs from Turnbull et al.”*' Source: reproduced with
permission from Ingham SL, Warwick J, Byers H, Lalloo F, Newman WG, Evans DGR. Is multiple SNP testing in
BRCA2 and BRCA1 female carriers ready for use in clinical practice? Results from a large Genetic Centre in the UK.
Clinical Genetics 2013, 84:1, 37-42, © 2012 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd."°®

Nelson-Aalen cumulative hazard estimates: BRCAZ2 carriers
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FIGURE 12 Cumulative hazard of developing breast cancer in 445 BRCA2 mutation carriers, by risk group (overall
breast cancer risk score split into quintiles), based on the nine validated SNPs from Antoniou et al.'*® and the six
SNPs from Turnbull et al.*' that have not yet been validated in BRCA2 mutation carriers. Source: reproduced with
permission from Ingham SL, Warwick J, Byers H, Lalloo F, Newman WG, Evans DGR. Is multiple SNP testing in
BRCA2 and BRCA1 female carriers ready for use in clinical practice? Results from a large Genetic Centre in the UK.
Clinical Genetics 2013, 84:1, 37-42, © 2012 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd."*

Study 2: PROCAS population testing

As part of the PROCAS study, women were invited to provide a saliva DNA sample for testing of the

18 SNPs. A total of 9958 saliva samples have now been obtained, including samples from 398 women
with breast cancer after recruitment and 454 with prevalent breast cancers. Genotyping has been carried
out on 6954 women. Initial analysis was performed on the first 993 cases to assess interaction between SNP
score and TC risk. The overall risk score for each woman (her estimated RR of developing breast cancer
compared with that of the general population) was obtained by multiplying her individual per-allele RRs
together. The interquartile range (IQR) for this SNP-based estimate of breast cancer RR was 0.68-1.29,
whereas for the same 993 women the TC estimate of breast cancer risk, relative to the population average
of 2.7%, was 0.84-1.45. The IQR of the corresponding TC estimates of absolute breast cancer risk was
2.28-3.93%. If it was assumed that every woman has a 10-year absolute risk of developing breast cancer
of 2.7% (i.e. roughly the population average), adding the SNPs information gave modified individual risk
estimates with an IQR of 1.78-3.48%. Using the individual risk estimates from the TC model instead of the
population mean to represent the underlying risk led to modified individual risk estimates with an IQR of
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1.83-4.41. The distribution of these SNP-based risk estimates together with those obtained from the TC
model are shown in Figure 13. The addition of SNPs to the TC model broadened the distribution of risk
estimates so that fewer individuals are in the average-risk category (Figure 14). Furthermore, greater
numbers were assigned to both the highest- and lowest-risk categories, suggesting that the incorporation of
SNPs information into the TC model may lead to better discrimination. Overall, in the 993 who provided a
DNA sample, there was no correlation between the SNP-based risk estimates and those from the TC model
(p=0.02), between the SNP-based risk estimates and MD (p =-0.09), or between the risk estimates from
the TC model and MD (p =0.07). A scatterplot showing lack of correlation is shown in Figure 15. Overlap of
highest 10% risk on 18 SNP, VAS and TC is shown in Figure 16. This shows only a random association, with
only 1 out of 993 being high risk on all three, as would be expected by chance.
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FIGURE 13 Predicted breast cancer risk from the TC model (based on classic breast cancer risk factors), and
predicted breast cancer risk based on the SNPs alone (assuming that each woman has average breast cancer risk)
for the 993 women who provided DNA samples.
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FIGURE 14 Predicted breast cancer risk from the TC model (based on classic breast cancer risk factors), and
predicted breast cancer risk from the TC model (crudely adjusted to take account of individual SNPs) for the 993
women who provided DNA samples.
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FIGURE 15 Scatterplot showing correlation between TC and SNP RR.

FIGURE 16 Venn diagram of overlap of highest 10% risk from 993 women with SNP, TC score and VAS density.

We have genotyped 6954 women from PROCAS, including 673 with breast cancer. There was a clear

increase in overall predicted RR from the PRS in those with breast cancer. Median (mean) RR was 1.00

(1.15), compared with 0.90 (1.02) for those without. The distribution was also shifted to the right in all
categories (Figure 17).

We next investigated how a polygenic SNP score based on these SNPs would compare with classical risk
factors, and how much information it might add to risk assessment.

Our analysis was based on simulated SNP scores from 100,000 women with population allele frequencies
for the 67 SNPs identified,?” and treating them as independent so that a combined risk score can be
obtained by multiplying their RRs; and the TC risk model risk predictions from the first 10,000 women
enrolled to the PROCAS study (predicting risk of breast cancer at screening) in Manchester, UK.™' The
outcome measure was the 10-year RR of developing breast cancer.
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FIGURE 17 Ten-year risk in those with breast cancer compared with those without based on PRS from SNP18.
BC, breast cancer.

Histograms are shown in Figure 18 for the TC model, the SNP score using 18 genes previously published'
but with risks updated from Latif et al.,”® the full set of 67 SNPs, and a combined TC + SNP67 distribution
assuming independence. Initial evaluations have shown that the TC model and SNP18 scores appear to

be independent.™

Of particular interest is the > 8% 10-year risk group, for whom NICE guidelines in the UK advise offering
the preventative use of tamoxifen.'? The SNP score was less able than the TC model to identify women at
high risk (0.02% for SNP18, 0.37% for SNP67 and 0.77% for the TC model). However, adding SNP67 to
TC gave a substantial increment to 2.85%, and similar effects were seen in the 5-8% 10-year risk group
(1.72%, 4.28%, 6.64% and 8.17%, respectively), in which the number of women identified is much
greater. It is also noticeable that the SNPs identified more low-risk women than the TC model, which
mainly uses uncommon high-risk phenotypes.
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FIGURE 18 Predicted 10-year RR and corresponding absolute 10-year risk for a woman aged 50 years using classical
factors (TC), the 18 SNPs in Turnbull et al.,”"' the 67 ICOGS SNPs (SNP67), and both combined (TC+ SNP67). The
phenotypic markers are from 10,000 women of routine-screening age (46-70 years) in the UK.
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We undertook an analysis first to assess the potential increased risk in those testing negative for BRCAT or
BRCA2. This analysis was not part of the original data analysis plan, but fed into the SNP analysis that was
funded. Among 809 families with a proven pathogenic mutation (428 BRCAT or 381 BRCA2), 290 first-degree
female relatives with breast cancer have undergone genetic testing following the identification of the family
mutation. Forty-nine (17%) first-degree relatives with breast cancer tested negative for the family mutation.
Ninety-five breast cancers occurred in first-degree relatives after the family ascertainment date and 21 (22%)
of these tested negative. Of those who underwent predictive testing for the family mutation as unaffected
individuals but who have subsequently developed breast cancer, 8 out of 42 (19%) have tested negative.

Prospective analysis

In total 279 female first-degree relatives tested negative for the family BRCAT mutation and 250 tested
negative for BRCA2. Two women (BRCAT) who had undergone bilateral risk-reducing breast surgery prior
to ascertainment in the genetics service were excluded from the analysis, as were 27 women who had
developed breast cancer prior to family ascertainment and one woman who died prior to family
ascertainment (BRCA2). Thus, 17 breast cancers from BRCA1 families and 13 breast cancers from BRCA2
families were excluded from the prospective analysis. Following family ascertainment, seven (2.5%) cases
of breast cancer occurred in the remaining 262 women testing negative for the familial BRCAT mutation
and 14 (5.9%) occurred in 237 women testing negative for their familial BRCA2 mutation.

Using a pragmatic recent date of follow-up (30 June 2011), assuming notification of breast cancers, the
rates were 2.17 per 1000 (in 3217 years) in BRCAT non-carriers, with a median age at ascertainment of
36.4 years, and 5.3 per 1000 (in 2634 years) in BRCA2 non-carriers, with a median age at ascertainment
of 35.9 years (see Table 2). Using a person-years at risk analysis, 3.95 cancers would have been expected
in the cohort of BRCAT women and 3.06 in BRCA2. The O : E ratio was, therefore, 1.77 (95% CI 0.71 to
3.65) for the BRCAT group and 4.57 (95% Cl 2.50 to 7.67) for the BRCA2 group. The difference between
the observed and expected values for BRCA2 was statistically significant: p < 0.0001. This analysis does
not allow for any testing bias of those developing breast cancer. We are aware of 15 breast cancers in
untested first-degree relatives, of which two or three (using the phenocopy rate of 17%) would be
expected to have tested negative. However, we cannot be sure that we were informed of breast cancers in
relatives who were not known to the service, perhaps because they were estranged or were living abroad.

Sufficient DNA was available to test 36 first-degree relative phenocopies for the 18 validated SNPs. Testing
was also carried out on 445 BRCA2 mutation carriers (280 affected and 165 unaffected with breast
cancer) and 462 BRCAT1 carriers, 185 family history breast cancers testing negative for BRCA1/BRCA2 from
full mutation testing and 421 population female controls from the NHSBSP in the PROCAS trial, as
described above. The mean RR for the 18 SNPs was 1.27 for 22 first-degree relative BRCA2 phenocopies
(range 0.82-3.17; median 1.18) and 1.31 (range 0.82-3.17) for the 18 first-degree relatives diagnosed
aged < 60 years. The BRCAT phenocopy RR was 1.24 (range 0.41-2.63) for 14 first-degree relatives and
1.13 for 12 aged < 60 years at diagnosis. In the 280 affected BRCA2 mutation carriers, the mean RR

was 1.165 (range 0.29-5.09; median 1.01), with a RR of 0.993 (0.33-3.36; median 0.86) for the 165
unaffected carriers. In the 268 affected BRCAT mutation carriers, the mean RR was 1.07 (range 0.24-4.35;
median 0.93), with a RR of 1.11 (0.265-3.79; median 0.956) for the 194 unaffected individuals.

Among 185 family history-positive breast cancers without BRCA1/BRCA2 mutations, the RR was 1.24
(range 0.37-4.62; median 1.10). The mean score in a series of 421 control samples from the general
female population was 1.04 (range 0.24-4.3; median 0.93).
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Study 4: FH-Risk
Samples of DNA have been obtained from 426 women affected with breast cancer and 1275 controls.

Direct consent for FH-Risk was obtained for 320 cases and 980 controls (Figure 19). A further 38 who had

been affected with breast cancer and had subsequently died having previously supplied a blood sample
were also included. In addition, a further 68 BRCA1/BRCA2 mutation carriers and 295 who had tested
negative for a family mutation as part of study 1 were included, as they were part of the FHC. DNA was
tested in 1701 individuals and 18SNP RR scores were generated as previously described. In view of the
results from study 1, 67 BRCAT mutation breast cancer-affected carriers and 189 unaffected BRCAT

carriers were excluded from further evaluation. The distribution of RRs for unaffected and affected controls
is shown in Figure 20. Although overall distribution of RR was very similar, a significantly higher proportion

of cases, 33 out of 359 (9.2%), had RRs > 2, compared with controls: 56 out of 1079 (5.2%) (p =0.01).
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FIGURE 19 Uptake to the FH-Risk study over a 2-year period. (a) Cumulative uptake to FH-Risk - cases; and
(b) cumulative uptake to FH-Risk — controls.
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FIGURE 20 Distribution of RRs from 18SNP scores in FH-Risk cases and controls. BC, breast cancer.

Prospective analysis
A second analysis was carried out only using prospective breast cancers and excluding cancers detected on
first screen (prevalent).

In this analysis, of 1415 women genotyped who attended the FHC and were breast cancer free at
baseline, 199 were BRCAT carriers. There were 306 cases, including 45 BRCAT carriers.

The median year of enrolment for cases was 1999 (IQR 1995-2004); it was 2002 (IQR 1996-2007) for
controls. The median age at matching was 50 years in cases and controls.

Single nucleotide polymorphism 18 score

® Table 22 shows the SNPs assayed and their failure rates. A total of 1148 (94.4%) of the non-BRCA1
samples were successful for all 18 SNPS; the numbers with 1, 2, 3, 4 and 5+ failures were, respectively,
41 (3.4%), 17 (1.4%), 5 (0.4%), 3 (0.2%) and 2 (0.2%), with a maximum of 6/18. The tests for
Hardy—Weinberg equilibrium for each SNP are in Table 22.

® Tables 23 and 24 show quantiles of the SNP score and age at baseline in cases and controls by BRCA1
test result.

® Table 25 shows the results from logistic regression fits of the log SNP score, log 10-year absolute risk
from age at recruitment, and log 10-year absolute risk from age at recruitment and the SNP score.
It shows that adding the SNP score to age rates was useful for non-BRCAT participants, but that
neither age at baseline nor the SNP score was predictive for BRCAT carriers.

® Graphs are used to show the performance of the SNP score and age at recruitment in Figure 21.

Excluding BRCAT cases and controls, the predicted risk from the SNP score was 82% (95% Cl 45% to

121%) of expected. See also the histogram in Figure 27a and the binary regression plot in Figure 22.
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TABLE 22 Summary of SNPs genotyped, excluding BRCAT

SNP Locus Allele RAF RR Fail Ph control Phcase O/E control O/E case
rs614367 11913 T 15 121 1(<1%) 0.589 0.953 0.99 1.00
rs704010 10922 A 38 1.08  0(0%) 0.736 0.231 0.99 1.07
rs713588 10q A 44 098 3(<1%) 0.448 0.772 1.02 1.01
rs889312 MAP3K C 28 1.12 5(<1%) 0.659 0.621 1.01 0.97
rs909116 LSP1 T 53 1.17 2(<1%) 0.149 0.854 1.05 1.01
rs1011970 CDKN2A T 17 1.06 1(<1%) 0.354 0.442 1.02 0.97
rs1156287 COX11 G 29 091 26Q2%) 0.366 0.481 0.97 1.03
rs1562430 8924 A 58 117  5(<1%) 0.428 0.568 1.02 1.03
rs2981579 FGFR2 T 40 1.27 1(<1%) 0718 0.119 0.99 0.90
rs3757318 ESR1 A 7 116 2(<1%) 0.706 0.957 1.00 1.00
rs3803662 TOX3 T 26 124  6(<1%) 0.425 0.142 0.98 0.92
rs4973768 3p24SLC T 47 110  4(<1%) 0.751 0.104 1.01 0.90
rs8009944 RAD51LT A 75 088 3(<1%) 0.391 0.945 1.02 0.99
rs9790879 5p12 C 40 1.10  0(0%) 0.793 0.051 0.99 0.88
rs10995190 10921 A 16 0.86 0(0%) 0.536 0.964 0.99 1.00
rs11249433 1p11.2 C 40 1.09 20 (2%) 0.700 0.355 1.01 1.05
rs13387042 2935 A 49 1.14 32 (3%) 0.669 0.243 1.01 1.07
rs10931936  CASP8 C 74 088 2(<1%) 0.096 0.857 0.96 1.01

ESRT1, estrogen receptor 1.

RR is the relative risk (OR) estimate used to form the polygenic SNP score, RAF is the risk allele frequency (per cent).
Hardy—Weinberg equilibrium is also tested where Ph is the p-value from a test on the number of homozygotes, where the
observed number of homozygotes divided by the expected number is also given.

TABLE 23 Quantiles of SNP score by case/control and BRCA1 subgroups

Quantiles

5%
Control 0.56 0.76 0.99 1.28 1.84
Case 0.59 0.82 1.07 1.39 2.08
BRCAT 0.53 0.76 0.95 1.22 2.06
BRCAT — control 0.51 0.74 0.96 1.25 2.08
BRCAT — case 0.57 0.78 0.92 1.13 1.59
Not BRCA 0.57 0.78 1.02 1.33 1.90
Not BRCA — control 0.56 0.77 1.00 1.29 1.79
Not BRCA — case 0.59 0.84 1.10 1.42 2.10

© Queen’s Printer and Controller of HMSO 2016. This work was produced by Evans et al. under the terms of a commissioning contract issued by the Secretary of State for Health.
This issue may be freely reproduced for the purposes of private research and study and extracts (or indeed, the full report) may be included in professional journals provided that
suitable acknowledgement is made and the reproduction is not associated with any form of advertising. Applications for commercial reproduction should be addressed to: NIHR
Journals Library, National Institute for Health Research, Evaluation, Trials and Studies Coordinating Centre, Alpha House, University of Southampton Science Park, Southampton
SO16 7NS, UK.



PROJECT 2: ASSESSMENT OF PREDICTIVE VALUE OF NEW GENETIC VARIANTS

TABLE 24 Quantiles of age at recruitment by case/control and BRCAT subgroups

Control

Case

BRCA1

BRCAT - control
BRCAT — case

Not BRCA

Not BRCA — control
Not BRCA — case

Quantiles

5%
28
29
25
25
27
28
28
29

34
35
31
31
32
35
35
36

39
42
36
37
35
40
39
43

44
48
42
42
42
45
44
49

54
56
53
52
53
55
54
56

TABLE 25 Single nucleotide polymorphism 18 results from logistic regression model estimation. The OR is between
the 75th and 25th quantile of each predictor in controls

OR OR 95% ClI LR-CHI AUC AUC95% ClI
SNP 1.39 1.16 to 1.66 13.4 0.56 0.52 to 0.60
Age 1.39 1.19to 1.62 18.0 0.58 0.54 t0 0.62
Age + SNP 1.97 1.51 to 2.59 25.6 0.59 0.56 to 0.63
SNP (BRCAT) 0.90 0.58 to 1.38 0.2 0.53 0.44 10 0.61
Age (BRCAT) 1.01 0.65 to 1.56 0.0 0.50 0.41 to 0.59
SNP +age (BRCAT) 0.91 0.53 to 1.54 0.1 0.49 0.39 t0 0.58

AUC, area under the curve.
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FIGURE 21 The SNP18 results for BRCAT-negative cases and controls. (a) Histograms of the SNP score RR
distribution in cases and controls; and (b) histograms of absolute 10-year risk based on age at recruitment and
the SNP RR. Plot (c) shows the ROCs; and (d) is the estimated cumulative risk (weighted by sampling fraction) by
10-year absolute risk quantile based on age and the SNP score. AUC, area under the curve. (continued)
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FIGURE 21 The SNP18 results for BRCA1-negative cases and controls. (a) Histograms of the SNP score RR
distribution in cases and controls; and (b) histograms of absolute 10-year risk based on age at recruitment and
the SNP RR. Plot (c) shows the ROCs; and (d) is the estimated cumulative risk (weighted by sampling fraction) by
10-year absolute risk quantile based on age and the SNP score. AUC, area under the curve.
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FIGURE 22 Observed vs. expected RR from SNP18 in BRCAT1-negative samples.
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Tyrer—Cuzick model and single nucleotide polymorphism 18 score

Figure 23 shows that there was very little correlation between the SNP18 score and projected 10-year
RR from the TC model. SNP18 had a median RR of 1.00 in controls; it was 2.47 for TC.

Figure 24 shows the results of combining the TC model and SNP18.

Table 26 provides a tabular summary of combining the SNP18 score with TC in this cohort. There is a
substantial improvement in the LR-c? seen when adding SNPs to TC by treating them as independent.

2.0 0
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o
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© 40 ® o Control (Spearman -0.03; p=0.38)
a Case (Spearman 0.08; p=0.22)
s
o
0.5
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Tyrer—Cuzick vs. SNP18, BRCAT-negative cases and controls.

(@) (b)

50 1 50+

40 - 40+
& &
£ 307 £ 307 m Control
g O Case g O Case
5 20 S 20+
o o

= I

<1 1-2 2-3 3-5 5-8 8+ <1 1-2 2-3 3-5 5-8 8+
TC 10 year (%) TCxSNP18 10 year (%)
Tyrer—Cuzick x SNP18 results, BRCA1-negative cases and controls. (a) Histograms of the TC 10-year risk in
cases and control; and (b) histograms of TCx SNP18 10-year risk. Plot (c) shows receiver operating characteristic

curve; and (d) is the estimated cumulative risk (weighted by sampling fraction) by 10-year absolute risk quantile.
AUC, area under the curve. (continued)
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FIGURE 24 Tyrer—Cuzick x SNP18 results, BRCAT-negative cases and controls. (a) Histograms of the TC 10-year risk in
cases and control; and (b) histograms of TCx SNP18 10-year risk. Plot (c) shows receiver operating characteristic
curve; and (d) is the estimated cumulative risk (weighted by sampling fraction) by 10-year absolute risk quantile.
AUC, area under the curve.

TABLE 26 Summary of performance of SNP and TC scores in non-BRCAT + set, alone and when combined

SNP RR 0.77-1.29 1.53 1.26 to 1.87 0.58 0.54 t0 0.62 18.4
TC 10-year 2.29-5.68 1.57 1.30 to 1.91 0.59 0.55 10 0.63 22.8
TC 4SNP 10-year 2.17-5.82 1.74 1.45 to0 2.09 0.62 0.58 to 0.66 37.7

AUC, area under the curve.

Discussion

Overall, it has been possible to show some utility in using SNPs to predict breast cancer risk. This is not
only for women in the general population, but also for those with a family history and also, in particular,
for BRCA2 mutation carriers.

Study 1: BRCA1/BRCA2 carriers

The recent publications from CIMBA have suggested that breast cancer susceptibility SNPs could be used to
provide BRCA2, and possibly BRCAT, mutation carriers with more detailed information as to their breast
cancer risk.?”*2 The present study has confirmed that in BRCA2 mutation carriers there is a strong relationship
between a woman'’s SNPs profile and the age at which she develops breast cancer, but suggests that in
BRCAT mutation carriers the SNPs do not add further discriminatory information. Furthermore, it seems that
in BRCA2 mutation carriers the overall breast cancer risk scores derived from the CIMBA-validated SNPs only
with the adjusted weightings for BRCA2'* are no better at predicting risk than the weightings from all

18 SNPs from the general population of breast cancer in Turnbull et al.,"*" including the nine SNPs validated in
the CIMBA study and three SNPs that have not been shown to increase risk in BRCA2 mutation carriers.
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In BRCAT mutation carriers, the median age at the development of breast cancer varies with risk group,
but there was no trend for later age at diagnosis with lower risk score (see Table 19). Furthermore, there
was considerable overlap between the 95% Cls for the respective risk groups. There are a number of
possible explanations for this. First, it may be that the RAFs used are inappropriate as they relate to the
general population rather than to BRCAT carriers. Second, as we saw no improvement in the predictive
ability of our risk model when only BRCAT-validated SNPs (TOX3, 2q, 6g25.1) were included, it may be
that too small a proportion of the variation in time to the development of breast cancer in this population
is explained by the SNPs that have been validated in BRCAT carriers so far (i.e. we need to find more
BRCAT-validated SNPs or increase the study size considerably). Third, it may be that in BRCAT carriers the
modifying effect of the SNPs (individually or jointly) on age at the development of breast cancer is very
much smaller than in BRCAZ2 carriers or the general population so that, again, our study lacks

sufficient power.

In BRCA2 mutation carriers, however, for the overall breast cancer risk scores based on either 18 or 15
SNPs, there was a clear trend for an increased age at diagnosis with decreasing risk scores (see Table 2).
For example, in the highest-risk group, 7% of women (based on 18 SNPs) had developed breast cancer

by the age of 30 years and 92% had developed breast cancer by the age of 70 years, whereas in the
lowest-risk group the corresponding figures were 2% and 77%, respectively. Thus, there is clearly
information in the overall breast cancer risk score that might be useful to both clinicians and women with
BRCAZ2 mutations. Our results on cumulative incidence must be interpreted with caution, as there is
substantial testing bias towards young women affected with breast cancer. Unfortunately, we do not have
access to samples on a large proportion of unaffected close relatives and can test only those who have
come forward for clinical predictive testing. As a result, the cumulative risks to 70 years would be predicted
to be substantially lower in an unaffected woman tested aged 20 years. In reality, the predicted risks can
be used from the range provided by Antoniou et al.,'**'3” and even this may widen as more validated SNPs
are added. The performance of the Cox model to predict the order in which a pair of women would
develop breast cancer was disappointing but not surprising, given the overlap between the risk groups as
regards age at diagnosis.

Estimates of breast cancer risk can vary considerably between family-based studies®®* and population-based
studies, "% especially for BRCA2. This difference in risk could be partly explained by low-risk genetic
variants, such as the SNPs identified in GWAS. The current analysis validates the work of CIMBA and
suggests that use of SNPs with the BRCA2-related weightings'®” or the Turnbull weightings'™' can be used
to advise women within a range of breast cancer lifetime risks of between 42% and 96%. Clinicians could
use the SNP multiplicative risk alongside family history of breast cancer and other risk factors to give a better
indication of where their risk is likely to lie in this range. We have previously shown that decisions regarding
risk-reducing surgery are driven by counselled risk.™ Although some of the present sample set was used to
derive the initial large-scale study of validation in BRCA2,'*” we are not aware of any genetics centres using
SNPs. Validation in a smaller overlapping set does show that the risk differences are meaningful even
between the bottom and top 20% of samples. Therefore, we believe the time is right to consider the use
of SNP-adjusted penetrance estimates and that this is likely to affect decision-making in women with
BRCAZ2 mutations.

Conclusions

The 18 validated breast cancer susceptibility SNPs identified through GWAS?® differentiate the risks of
breast cancer between women with BRCA2 mutations, but not between those with BRCAT mutations.
There is little difference in the altered risks when validated susceptibility SNPs or a mixture of validated and
unvalidated SNPs are factored in. Although further studies would be useful in confirming and refining the
risk effects of the SNPs, it may now be appropriate to use these SNPs to help women with BRCA2
mutations make maximally informed decisions about their management options.
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Study 2: PROCAS (population modelling)

In order to assess whether or not there are substantial interactions between existing risk factors including
family history and MD and the 18SNP gene test, it was necessary to model this using population data. This is
particularly important, as family history clearly has a strong genetic component, and MD also is thought to
have a 60% heritable component. We carried this out on nearly 1000 samples (n = 993) and showed that the
18SNP test was effectively independent of existing risk factors in TC and MD as measured by a VAS.

The range of 10-year risks identified by the TC programme in the first 10,000 women in PROCAS is quite
narrow, with 43.2% of all women having a 10-year risk of between 2% and 3%."" These risks were
calculated from family history information as well as from standard reproductive risk factors, but when risk
information from SNPs was added to that from the TC model, a wider spread was generated, suggesting that
adding SNPs to the TC model might lead to better discrimination. Two other studies, using seven' and

15 susceptibility SNPs,™® also found no association between being assessed as high risk using one of the
established breast cancer risk prediction models, such as the Gail'*'™° and TC models,” and being assessed as
high risk based on SNPs. The addition of SNP information to the Gail model led to better discrimination,'#" !
although the magnitude of the improvement was small; for one study,' the area under the curve (AUC)
increased from 0.557 to 0.594 with the addition of SNPs to the classic Gail risk model (p < 0.001) and, for the
other, adding seven SNPs to the National Cancer Institute’s Breast Cancer Risk Assessment Tool increased the
AUC from 0.607 to 0.632."" Although significant, these effects are relatively modest and still result in AUCs
which are not of a high value. The fact that there is little association between the three methods of assessing
breast cancer risk (percentage dense area, TC model and SNPs) is promising, as it suggests that the addition
of MD and SNPs to the TC model may lead to improved overall performance (by adding new, independent,
information). The issue of how information on MD and SNPs might be used to further develop the TC model
will be explored in detail, and the predictive ability of the expanded model assessed, when the data from this
study are suitably mature and a sufficient number of breast cancers have occurred.

We have also shown that the assessment of MD can be incorporated into routine screening practice. It is
likely that addition of MD to standard risk factors and DNA testing will further improve the precision of risk
assessment, although, ideally, this will involve an automated measure of MD that can be made on digital
mammograms that are now carried out in many areas of the NHSBSP. Ultimately, the incorporation of risk
SNP results and MD into current risk prediction models will require further ongoing research and the
maturation of prospective data from this and other cohorts. The performance of this, and existing risk
prediction models, is currently being assessed, as the PROCAS study now has sufficient follow-up data.
However, we are hoping to boost the number of prospective breast cancers with DNA above the current
398, and some cases are yet to be genotyped.

We also carried out modelling work to assess the potential impact of moving from the 18SNP test to a
67SNP test. Our data suggest that, although the spread in towards high risk currently achieved by SNP67 is
not as large as that obtained from classical phenotypic markers, SNPs may add substantially to classic
factors when used together.

Study 3: phenocopies

In a prospective analysis of the excess risk of breast cancer in women testing negative for a family BRCA1/
BRCA2 mutation, we found excess risk to be confined to BRCA2 non-carriers with an observed to expected
ratio of 4.57-fold (95% Cl 2.50 to 7.67; p < 0.0001) (O: E in BRCAT non-carriers 1.77)."? Increased risk
was seen especially in BRCAZ2 families with high incidence of breast cancer (Manchester BRCA2 score of

> 10), potentially implicating unlinked genetic modifiers causing this excess. Genotyping of 18 breast
cancer susceptibility SNPs defined a RR of 1.31 for BRCA2 breast cancer phenocopies with a breast cancer
diagnosis aged < 60 years. In this case, unaffected women in BRCA2 mutation-positive families might

be expected to have a protective profile with a SNP RR < 1.0. However, we did not find this, suggesting
that there is a bias towards higher allele frequencies of risk SNPs in the BRCA2 mutation-positive families.
This then infers that selection of families for mutation screening also selects for higher SNP scores,
irrespective of the subsequent BRCA2 mutation status. For BRCAT, there was little effect of the SNPs,

© Queen'’s Printer and Controller of HMSO 2016. This work was produced by Evans et al. under the terms of a commissioning contract issued by the Secretary of State for Health.
This issue may be freely reproduced for the purposes of private research and study and extracts (or indeed, the full report) may be included in professional journals provided that
suitable acknowledgement is made and the reproduction is not associated with any form of advertising. Applications for commercial reproduction should be addressed to: NIHR
Journals Library, National Institute for Health Research, Evaluation, Trials and Studies Coordinating Centre, Alpha House, University of Southampton Science Park, Southampton
SO16 7NS, UK.

63



64

PROJECT 2: ASSESSMENT OF PREDICTIVE VALUE OF NEW GENETIC VARIANTS

with affected carriers having a lower RR than unaffected individuals. The 18 SNPs appear to contribute to
the higher rate of breast cancer for those testing negative in BRCA2 families, although there must be other
factors involved. At present, the 18 SNPs are considered to account for no more than 10% of the familial
component of breast cancer.?’

FH-Risk single nucleotide polymorphisms

This analysis has suggested that a SNP18 score may be added to the TC model by treating them as
independent, for individuals who have not tested positive for BRCAT mutations. Some points for discussion
include the following. The study design, matching by age at diagnosis or last mammogram prior to
diagnosis, differs from the International Breast Cancer Intervention Study | (IBIS-I) case—control study for
SNPs, in which controls were matched by age at baseline and length of follow-up. An advantage of

the present case—control design is that age at baseline is not matched out, so one may estimate the
performance of risk models that include age as a factor.

Overall SNP18 improves the AUC with TC from 0.59 to 0.62 and, therefore, in non-BRCA 7-related risk
appears to add useful discrimination.

Conclusions

Our study in four different populations has shown that addition of the SNP18 improves the discrimination
of breast cancer risk. This appears particularly effective in non-BRCA family history-positive cases (FH-Risk)
and in the general population (PROCAS). However, our assessment has shown that this is not yet useful in
BRCAT carriers. This may be because SNP18 includes only a small number of SNPs that are associated with
oestrogen receptor-negative breast cancer. The overall effects of adding SNPs to risk models are still
relatively modest, with AUC scores which are still relatively low. Modelling as part of our study has shown
that further benefit may be achieved by adding the additional SNPs with lower RRs identified in 2013 as
part of the ICOGS initiative.
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Chapter 4 PROCAS: Predicting Risk of Breast
Cancer at Screening

Introduction

Individual breast cancer risk is highly variable, and yet the interval for mammography in the NHSBSP is the
same (3-yearly) for all women regardless of risk. The only exception is women who identify themselves
through cancer genetic services and are assessed as high risk according to the 2013 updated NICE
guidance. These women are now entitled to annual screening between the ages of 50 and 59 years,
although this is still not fully embedded in the NHSBSP. During the 2011-12 screening round, overall
NHSBSP coverage was 77.0%."*° Uptake of routine invitations for women aged 50-70 years was 73.1%,'*
with comparatively lower uptake (67.7%) in the 71-74 years age group, including the programme’s
extension to women aged 71-73 years.”™® A total of 15,749 women aged > 45 years had cancers detected
by the screening programme in 2011-12, a rate of 8.1 cases per 1000 women screened, with the cancer
detection rate being highest among women aged > 70 years (13.9 per 1000 women screened).® Uptake
to breast screening in Greater Manchester is typically slightly lower than the national average, with 69.5%
of eligible women screened during the 2011-12 screening round.

The Greater Manchester NHSBSP covers five main areas of Greater Manchester: Tameside, Oldham,
Salford, Manchester and Trafford. In each of these areas there are several local screening sites. Attendance
at screening varies broadly, both across each main area and by local screening site. Table 27 shows the
overall uptake in each screening area, along with figures for the sites with the lowest and highest uptake
in each area.

Evidence suggests that approximately 10% of women of screening age are likely to be at moderate or
high risk of breast cancer. Although those with a significant family history of breast cancer may be aware
that they are at increased risk, a large number of women without significant family history may be at
increased risk because of lifestyle factors and be unaware of this risk. Furthermore, with the exception of
those who request referral to a family history or genetics clinic, there is currently no way for women to
receive risk assessment and access appropriate risk-based surveillance and preventative interventions.

Risk factors
There are a number of breast cancer risk factors, which fall broadly into the following categories: family
history, hormonal and reproductive risk factors, genetic factors, lifestyle risk factors and MD.

TABLE 27 Uptake to breast screening in the Greater Manchester NHSBSP in the last screening round for each site
(as at 31 May 2014)

Manchester 58 52 65
Oldham 66 28 75
Tameside 72 50 87
Trafford 71 49 78
Salford 66 44 90
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Family history of breast cancer in relatives'

When assessing risk based on family history of breast cancer, the following factors must be taken into
consideration: degree of relationship (first degree or greater); whether the cancer is unilateral or bilateral;
age at onset of breast cancer; number of cases in the family and whether or not they occur on the same
side; other related early-onset tumours (e.g. ovarian); and number of unaffected relatives (large families
with many unaffected relatives will be less likely to harbour a high-risk gene mutation).

Hormonal and reproductive risk factors

Exposure to endogenous oestrogens is an important risk factor for breast cancer. Early age at menarche
(aged < 12 years) and late menopause (aged > 53 years) increase breast cancer risk by increasing years of
oestrogen and progesterone exposure.?'

Long-term combined HRT use after the menopause (> 5 years) is associated with a significant increase in
breast cancer risk, although the risk from oestrogen-only HRT appears much lower and may be risk
neutral.'®" The results of a meta-analysis suggest that HRT appears to increase risk cumulatively by 1-2%
per year, although the risk disappears within 5 years of cessation.' A meta-analysis suggested that both
during current use of the combined oral contraceptive and 10 years post use, there may be a 24% increase
in risk of breast cancer.™

The age at first full-term pregnancy influences the RR of breast cancer, with early first full-term pregnancy
offering some protection by transforming breast parenchymal cells into a more stable state, potentially
resulting in less proliferation in the second half of the menstrual cycle. Women having their first full-term
pregnancy over the age of 30 years have double the risk of women who had their first full-term pregnancy
under the age of 20 years, and this is the case for both women in the general population and those at
highest risk from a BRCA1/BRCA2 mutation.?%?'

Genetic factors

Mutations in breast cancer genes such as BRCAT and BRCA2 are too infrequent to affect risk prediction
appreciably in the models for the general population. However, recently identified SNPs in many genes and
outside genes (n=77),%” which individually confer small changes in risk, may prove useful in predicting
larger differences in risk when considered together. Four GWASs,®'%?” published before our programme
grant, found common genetic variants (SNPs) each carried by 28-44% of the population associated with a
1.07-1.26 RR of breast cancer. These variants, linked to four genes (FGFR2, TOX3, MAP3K1 and LSPT),
confer as much as a 1.17-1.64 risk if two copies are carried. When combined in an individual, they give
higher than additive risk of breast cancer.?® Another variant, CASPS, is associated with reduced breast
cancer risk.*® There are now 77 genetic variants associated with breast cancer risk, but their application
requires further validation and assessment of interactions. Therefore, to improve the accuracy of existing
risk prediction models, it is necessary to investigate validated SNPs as they are discovered, and, where
possible, incorporate these genetic factors into the best-performing risk models.

Lifestyle risk factors

Expert reports estimate that 15-40% of breast cancer may be preventable by lifestyle change: weight
control, exercise and reduced alcohol intake.'*”'*® These estimations are consistent with recent cohort
studies which report 25-30% less breast cancer among women who adhere to cancer prevention
recommendations, that is, those who are a healthy weight (BMI of 18.5-25 kg/m?), limit alcohol (< 1-2 units
per day) and engage in regular moderate or vigorous physical activity (100-200 minutes per week),

than among women who do not follow these recommendations.™'®' We and others have demonstrated
that losing and maintaining a weight loss of > 5%, either before or after the menopause, reduces
post-menopausal breast cancer risk by 25-40% in the general population.'®*'% Weight control also appears
to be important for reducing the risk of post-menopausal breast cancer among women at moderate risk
with a family history with low-penetrance genetic variants (15-30% lifetime risk),’*'®*'®> and among
high-risk BRCA1/BRCAZ carriers (up to 60-80% lifetime risk). BMI is the only lifestyle factor that is currently
incorporated into any risk model.
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Mammographic density

The relationship between MD and breast cancer risk was first established using subjective categorical
classifications, based on descriptors or on the percentage of the breast area occupied by radio-opaque
(dense) connective and epithelial tissue, as opposed to the radiolucent fatty component of the breast.?*%
Women with high density were found to have a risk 4-6 times higher than that of those with
predominantly fatty breasts.> Subsequently, semiautomated methods were developed to quantify more
accurately the percentage area of dense tissue. In particular, Cumulus software® became the accepted
gold standard for quantification of density for research purposes. Cumulus is an interactive program in
which an operator selects a threshold to separate dense from fatty regions. It has never been widely
adopted in routine clinical practice as it requires a skilled operator and is time-consuming, but Cumulus
measurements have been shown to relate strongly to breast cancer risk.? In the USA, the most widely
used categorisation of density is the American College of Radiology’s BI-RADS (Breast Imaging Reporting
and Data System), a subjective visual assessment into four classes which aims to identify mammograms in
which the sensitivity of mammography is reduced because of MD.' In the UK, the use of BI-RADS is
not common, and other techniques such as estimation of percentage density using a VAS have been
successfully related to risk of cancer.'®’

Subjective visual estimates of MD and thresholding methods suffer from the limitation that the assessment is
in two dimensions, as the mammogram is a projection image of the three-dimensional structure of the
breast. The same volume of dense tissue could, therefore, give rise to different density estimates, depending
on compression and imaging. To overcome this and reduce dependence on imaging parameters, researchers
developed methods to calculate the three-dimensional volumes of fatty and dense fibroglandular tissue in
digitised film mammograms, either by a process of calibration involving the acquisition of images of, for
example, a calibrated stepwedge'®®'® or by modelling the physics of the imaging process.'® With the
advent of FFDM, it has become possible to routinely quantify the volumes of dense fibroglandular and fatty
tissue in the breast, using models of the imaging process and information from the Digital Imaging and
Communications in Medicine (DICOM) header associated with the images. The first two commercial products
to achieve this were Quantra, from Hologic, and Volpara, from Volpara Solutions. Although the body of
research associating such methods to risk is not as extensive as that for visual and semiautomated methods
because of the limited longitudinal FFDM data available, these methods have been shown to correlate with
BI-RADS and Cumulus, and agree with MR-based assessments of volumes of fat and gland.”'"®

Breast cancer risk is generally assessed using models that include a combination of the previously stated
risk factors.'"?%149150 Breast cancer risk models perform well at predicting the overall number of breast
cancer cases arising in a particular population, but are poor at identifying the specific individuals.??

In the USA, the Gail model is widely used.'*'*° Until recently, the two most frequently used models were
the Gail model and the Claus model. More recently, in the UK, the TC and BOADICEA models have
been used.

Gail model

The Gail model was originally designed to determine eligibility for the Breast Cancer Prevention Trial, and
has since been modified (in part to adjust for race)'?? and made available on the National Cancer Institute
website (http://bcra.nci.nih.gov/brc/g1.htm). The model has been validated in a number of settings and
probably works best in general assessment clinics,’”® where family history is not the main reason for
referral. The Gail model is based on age, first-degree family history, the number of surgical biopsies of the
breast and reproductive factors such as age at menarche, age at first pregnancy and age at menopause.
The major limitation of the Gail model is the inclusion of only first-degree relatives, which results in
underestimating risk in the 50% of families with cancer in the paternal lineage, and also takes no account
of age at onset of breast cancer.®”'’® As a result, it performed less well in our own validation set from a
FHC (Table 28), substantially underestimating risk overall and in most subgroups groups assessed.
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PROCAS: PREDICTING RISK OF BREAST CANCER AT SCREENING

TABLE 28 Known risk factors and how they are incorporated into existing risk models

RR at BRCAPRO/
extremes  Gail Claus Ford BOADICEA
Prediction
Amir et al.*”’ validation 0.48 0.56 0.49 0.81 Not assessed
study ratio®
95% Cl 0.37 to 0.64 0.43t0 0.75 0.37 to 0.65 0.62 to 1.08 Not assessed
Personal information
Age (20-70) 30 Yes Yes Yes Yes Yes
BMI 2 No No No Yes No
Alcohol intake (04 units) 1.24 No No No No No
daily
Hormonal/reproductive factors
Age at menarche 2 Yes No No Yes No
Age at first live birth 3 Yes No No Yes No
Age at menopause 4 No No No Yes No
HRT use 2 No No No Yes No
OCP use 1.24 No No No No No
Breastfeeding 0.8 No No No No No
Plasma oestrogen 5 No No No No No

Personal breast disease

Breast biopsies 2 Yes No No Yes No
Atypical ductal 3 Yes No No Yes No
hyperplasia

Lobular carcinoma in situ 4 No No No Yes No
Breast density 6 No No No No No
Family history

First-degree relatives 3 Yes Yes Yes Yes Yes
Second-degree relatives 1.5 No Yes Yes Yes Yes
Third-degree relatives No No No No Yes
Age of onset of breast 3 No Yes Yes Yes Yes
cancer

Bilateral breast cancer 3 No No Yes Yes Yes
Ovarian cancer 1.5 No No Yes Yes Yes
Male breast cancer 3-5 No No Yes No Yes

OCP, oral contraceptive pill.
a Expected over observed cancer ratio (all models assessed underestimated cancer occurrence).
Adapted with permission from Evans and Howell.> © Biomed Central 2007.
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Claus model

Three years after the publication of the Claus model, lifetime risk tables for most combinations of affected
first- and second-degree relatives were published.”* Although these do not give figures for some
combinations of relatives, such as for mother and maternal grandmother, an estimation of this risk can be
garnered by using the mother—maternal aunt combination. An expansion of the original Claus model
estimates breast cancer risk in women with a family history of ovarian cancer.””” The major drawback of
the Claus model is that it does not include any of the non-hereditary risk factors, and agreement between
the Gail and Claus models has been shown to be relatively poor.”®'% Although the tables make no
adjustments for unaffected relatives, the computerised version is able to reduce the likelihood of the
‘dominant gene’ with increasing number of affected women. However, the tables give consistently higher
risk figures than the computer model, suggesting either that a population risk element is not added back
into the calculation or that the adjustment for unaffected relatives is made from the original averaged
figure rather than assuming that each family will have already had an ‘average’ number of unaffected
relatives.®” The latter appears to be the likely explanation, as inputting families with zero unaffected female
relatives gives risk figures close to the Claus table figure. Another potential drawback of the Claus tables is
that these reflect risks for women in the 1980s in the USA. These are lower than the current incidence in
both North America and most of Europe. As such, an upwards adjustment of 3-4% for lifetime risk is
necessary for lifetime risks < 20%. Our own validation of the Claus computer model showed that it
substantially underestimated risks in the FHC. However, manual use of the Claus tables provided accurate
risk estimation (see Table 28). A modified version of the Claus model has now been validated as ‘Claus
extended’, by adding risk for bilateral disease, ovarian cancer and three or more affected relatives.”

BRCAPRO

Parmigiani et al.’® developed a Bayesian model that incorporated published BRCAT and BRCA2 mutation
frequencies, cancer penetrance in mutation carriers, cancer status (affected, unaffected or unknown) and
age of the consultee’s first- and second-degree relatives. An advantage of this model is that it includes
information on both affected and unaffected relatives. In addition, it provides estimates for the likelihood
of finding either a BRCAT or a BRCA2 mutation in a family. An output that calculates breast cancer risk
using the likelihood of BRCAT/BRCA2 can be utilised. None of the non-hereditary risk factors can yet be
incorporated into the model (see Table 28). The major drawback from the breast cancer risk assessment
aspect is that no other ‘genetic’ element is allowed for.'® Therefore, in breast cancer-only families it will
underestimate risk. As a result, BRCAPRO produced the least accurate breast cancer risk estimation from
our FHC validation. It predicted only 49% of the breast cancers that actually occurred in the screened
group of 1900 women.*’

Tyrer—Cuzick model

Until recently, no single model integrated family history, surrogate measures of endogenous oestrogen
exposure and benign breast disease in a comprehensive fashion. The TC model, based partly on a data set
acquired from IBIS-I and other epidemiological data, has now done this."" The major advantage over the
Claus model and BRCAPRO is that the model allows for the presence of multiple genes of differing
penetrance. It does give a read-out of BRCAT/BRCA2, but also allows for a lower-penetrance BRCAX. As
can be seen in Table 28, the TC model addresses many of the pitfalls of the previous models: significantly,
the combination of extensive family history, endogenous oestrogen exposure and benign breast disease
(atypical hyperplasia). In our original validation, the TC model performed by far the best at breast cancer
risk estimation.>’

In a previous study, the goodness of fit and discriminatory accuracy of the above four models was assessed
using data from 1317 women. The main analysis was on data from 1933 women attending our Family
History Evaluation and Screening Programme in Manchester, UK, who underwent ongoing screening, of
whom 52 developed cancer.>” All models were applied to these women over a mean follow-up of 5.27 years
to estimate risk of breast cancer. The ratios of expected to observed numbers of breast cancers (95% Cl)
were 0.48 (0.37 to 0.64) for Gail, 0.56 (0.43 to 0.75) for Claus, 0.49 (0.37 to 0.65) for Ford and 0.81
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(0.62-1.08) for TC (see Table 28). The accuracy of the models for individual cases was evaluated using
receiver operating characteristic curves. These showed that the AUC was 0.735 for Gail, 0.716 for Claus,
0.737 for Ford and 0.762 for TC. The TC model was the most consistently accurate model for prediction of
breast cancer. Gail, Claus and Ford all significantly underestimated risk, although with a manual approach
the accuracy of Claus tables may be improved by making adjustments for other risk factors (‘Manual
method’) by subtracting from the lifetime risk for a positive endocrine risk factor (e.g. a lifetime risk may
change from 1in 5 to 1 in 4 with late age of first pregnancy). The Gail, Claus and BRCAPRO models

all underestimated risk, particularly in women with a single first-degree relative affected with breast cancer.
TC and the Manual model were both accurate in this subgroup. Conversely, all of the models accurately
predicted risk in women with multiple relatives affected with breast cancer (i.e. two first-degree relatives and
one first-degree plus two other relatives). This implies that the effect of a single affected first-degree relative
is higher than may have been previously thought. The Gail model is likely to have underestimated in this
group, as it does not take into account age of breast cancer, and most women in our single first-degree
relative category had a relative diagnosed at < 40 years of age. The Ford, TC and Manual models were the
only models to accurately predict risk in women with a family history of ovarian cancer. As these were the
only models to take account of ovarian cancer in their risk assessment algorithm, this confirmed that ovarian
cancer has a significant effect on breast cancer risk.

The Gail, Claus and BRCAPRO models all significantly underestimated risk in women who were nulliparous
or whose first live birth occurred after the age of 30 years. Moreover, the Gail model appeared to increase
risk with pregnancy under the age of 30 years in the familial setting. It is not clear why such a modification
to the effects of age at first birth should be made, unless it is as a result of modifications to the model
made after early results suggested an increase with BRCA1/BRCA2 mutation carriers. However, the Gail
model has determined an apparent increase in risk with early first pregnancy and it would appear to be
misplaced from our results, and from subsequent studies published on BRCA1/BRCA2. Furthermore, the
Gail, Claus and BRCAPRO models also underestimated risk in women whose menarche occurred after

the age of 12 years. The TC and Manual models accurately predicted risk in these subgroups. These
results suggest that age at first live birth also has an important effect on breast cancer risk, while age at
menarche perhaps has a lesser effect. The effect of pregnancy under the age of 30 years appeared to
reduce risk by 40-50%, compared with an older first pregnancy or late age/nulliparity, whereas at the
extremes of menarche there was only a 12-14% effect. Our study remains the only one to validate risk
models prospectively and, clearly, further such studies are necessary to gauge the accuracy of these and
newer models. Indeed, the tendency to modify models to adapt for new risk factors without prospective
validation in an independent data set is a problem, and can lead to erroneous risk prediction.

BOADICEA

Using segregation analysis, a group in Cambridge, UK, has derived a susceptibility model (BOADICEA) in
which susceptibility is explained by mutations in BRCAT and BRCAZ2 together with a polygenic component
reflecting the joint multiplicative effect of multiple genes of small effect on breast cancer risk." The group
has shown that the overall familial risks of breast cancer predicted by the model are close to those observed
in epidemiological studies. The predicted prevalences of BRCAT and BRCA2 mutations among unselected
cases of breast and ovarian cancer were also consistent with observations from population-based studies.
The group also showed that its predictions were closer to the observed values than those obtained using
the Claus model and BRCAPRO. The predicted mutation probabilities and cancer risks in individuals with a
family history can now be derived from this model. Early validation studies have been carried out on
mutation probability but not yet on cancer risk prediction.'®?

Model selection in NHS Breast Screening Programme

The Claus, BRCAPRO and BOADICEA models are unsuitable for population prediction, as they are entirely
based on family history risk factors. Therefore, the models being assessed as part of this project are Gail
and TC.
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National Institute for Health and Care Excellence guidelines for moderate- and
high-risk women

Women are considered to be at moderate risk of breast cancer if they have a 10-year risk of between
5% and 8%, as measured by TC, and at high risk if they have a 10-year risk of >8%. Current NICE
guidelines for management of women at risk of familial breast cancer recommend that women between
the ages of 50 and 59 years who are at increased risk but do not have a BRCA1/BRCA2 mutation be
offered annual mammography and advice about menstrual, reproductive, hormonal and lifestyle risk
factors.'? Chemoprevention with tamoxifen or raloxifene is also recommended for those at increased
familial risk of breast cancer.’

Methods

Collection of risk information

Risk information was collected by running a large-scale, regional study entitied PROCAS within the Greater
Manchester NHSBSP. Recruitment was carried out in two phases: for the first 3 years of recruitment, all
women invited for breast screening were sent an invitation to participate in the PROCAS study; the second
phase of recruitment involved inviting only those who had not previously attended screening in the area.
As screening is triennial, this meant that all women attending screening during the recruitment period
were invited once during this time.

A two-page questionnaire (see Appendix 1) was devised to collect the risk information required to
calculate individual breast cancer risk. Family history information, including number and ages of sisters,
current age or age at death of mother and details of any relatives affected by breast or ovarian cancer,
was collected. It was not possible to collect information on unaffected second-degree relatives, as this
would have required a much longer questionnaire, which we believe would have deterred women from
participating. Hormonal risk factors, namely age at menarche, menopausal status, HRT use and parity,
were collected. The following lifestyle information was also collected: current BMI, BMI aged 20 years,
clothes size, alcohol consumption and exercise habits.

Women were mailed the guestionnaire and a consent form in the interval between receiving the call for
screening and attendance, in five screening areas of Greater Manchester. Women were consented to the
study when they attended their screening appointment. The vast majority of participants were consented
by a radiographer, rather than by a dedicated member of the study team. Completed consent forms and
guestionnaires were sent to the study team, based at the University Hospital of South Manchester, where
the questionnaire data were entered onto a study database and a 10-year TC risk score for each individual
was automatically produced. Participants were also asked to indicate whether or not they wished to be
informed of their individual risk of breast cancer.

Uptake to screening in the Greater Manchester NHSBSP across all screening sites during the first phase of
recruitment was 68%, and overall uptake to PROCAS across all sites during this time was 37%. There was
wide variation in uptake to screening and to PROCAS in the various screening sites, as demonstrated in
Table 29.

In the second phase of recruitment, uptake to screening across all sites was 58% and uptake to PROCAS
was 47%. As recruitment phase 2 involved recruiting only those attending screening for the first time, it is
not possible to report uptake by site, as these data are gathered collectively for all attendees and so
cannot be obtained for specific groups of women. It also means that there will be a significantly higher
number of younger participants than in recruitment phase 1.
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PROCAS: PREDICTING RISK OF BREAST CANCER AT SCREENING

TABLE 29 Percentage uptake to screening and PROCAS by site in recruitment phase 1

Site Main area % uptake to screening % uptake PROCAS
Longsight Manchester 53.93 23.76
Lower Broughton Salford 61.24 27.49
Kath Lock Manchester 64.08 28.93
Little Hulton Health Centre Salford 63.39 29.04
North Manchester General Hospital Manchester 55.42 29.10
Clayton Manchester 63.59 29.71
Eccles Salford 67.37 30.91
Harpurhey Manchester 69.48 31.78
Pendleton Gateway Salford 62.75 33.51
Partington Trafford 63.47 33.94
Gorton Manchester 63.88 34.23
Withington Community Hospital Manchester 34.36 34.36
Tameside Tameside 73.75 34.59
Crickett's Lane Tameside 73.53 34.80
Disabled clinics Manchester 81.80 35.57
Seymour Grove Trafford 64.03 36.35
Hyde Tameside 74.03 36.66
Royton Oldham 81.58 37.30
Irlam Salford 75.01 38.14
Trafford General Hospital Trafford 79.48 38.32
Pendlebury Salford 73.41 38.34
Wythenshawe Manchester 63.90 38.40
Ann Street Manchester 74.95 41.42
Walkden Salford 76.66 4414
Stalybridge Tameside 77.44 45.26
Uppermill Oldham 80.97 45.58
Glossop Tameside 79.25 47.61
Bodmin Road Manchester 78.25 52.34
Oldham Integrated Care Centre Oldham 75.48 56.19
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Demographics of PROCAS participants

Tables 30 and 31 show the demographics of the PROCAS participants recruited in each recruitment phase.
During recruitment to phase 1, the proportion of women in age groups 50-54, 55-59 and 60-64 years
was 20-25%; fewer women were in the 65-69 age group (17%) and in the under-50 (7%) and over-70
age groups (6%). The majority were white (91%) and almost 4% did not report their ethnicity. Initial TC
scores were low (< 2), average (2-4), moderate (5-7) and high (> 8) for 19.6%, 70.6%, 8.6% and 1.2%,
respectively. As expected in phase 2, the proportion of women recruited were younger, with 43% aged
<50 years and 49% aged 50-54 years, and the majority were white (89%). Equally high proportions in
both phases stated a preference to be informed of their risk.

TABLE 30 Demographics of PROCAS participants recruited in recruitment phase 1

Age (years)

<50 3448 7.01 6.41
50-54 12,533 2547 26.32
55-59 10,721 21.79 21.36
60-64 11,093 22.54 20.90
65-69 8488 17.25 17.39
>70 2923 5.94 7.62
Ethnicity
White 44,836 91.12 82.8 GMR®
Black or black British 506 1.03 2.76 GMR®
Asian or Asian British 647 1.31 10.15 GMR®
Mixed 238 0.48 2.26 GMR®
Jewish 451 0.92 1.2 GMR®
Other 710 1.44 1 GMR®
Data not known 1818 3.69

10-year TC risk

0-1 87 0.18
>1-2 9572 19.45
>2-3 21,298 43.28
>3-4 9625 19.56
>4-5 3780 7.68
>5-8 4242 8.62
>8 602 1.22

Preference to be informed of risk
Yes 46,767 95.04
No 2439 4.96

a GMR is the ethnicity breakdown of Greater Manchester from 2011 census but is not age adjusted.
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PROCAS: PREDICTING RISK OF BREAST CANCER AT SCREENING

TABLE 31 Demographics of PROCAS participants recruited in recruitment phase 2

Percentage invited

Demographic Number Percentage for first screen

Age (years)

<50 1868 42.55 27.14
50-54 2144 48.84 43.14
55-59 212 4.83 13.26
60-64 103 2.35 8.49
65-69 43 0.98 5.99
>70 20 0.46 1.98
Ethnicity
White 3909 89.04 82.8 GMR®
Black or black British 97 2.21 2.76 GMR?
Asian or Asian British 144 3.28 10.15 GMR?
Mixed 31 0.71 2.26 GMR?®
Jewish 22 0.50 1.2 GMR®
Other 110 2.51 1 GMR?
Data not known 77 1.75

10-year TC risk

0-1 7 0.16
>1-2 820 18.68
>2-3 1945 44.31
>3-4 892 20.32
>4-5 303 6.90
>5-8 378 8.61
>8 45 1.03

Preference to be informed of risk
Yes 4244 96.67
No 146 3.33

a GMR is the ethnicity breakdown of Greater Manchester from the 2011 census but is not age adjusted.

The higher percentage of Asian participants in phase 2 may simply reflect the ethnicity spread to younger
ages in those of Asian origin in the UK and Greater Manchester. The NHSBSP does not have ethnicity data
to determine which ethnicities have been invited for screening.

Table 32 shows further characteristics of the whole PROCAS population. Approximately one-third of the

PROCAS population were in the normal BMI category range; this was a greater proportion than expected
from the general population (p < 0.0001). However, the PROCAS population, although containing fewer
overweight women (p < 0.0001), also contained a larger proportion of obese women (p < 0.0001)

(Table 33).
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TABLE 32 Characteristics of PROCAS population (n=53,596)

Characteristic Number (%) of participants

BMI (kg/m?)
Underweight (< 18.5) 389 (0.73)
Normal weight (18.5-24.9) 18,536 (34.58)
Overweight (25.0-29.9) 17,760 (33.14)
Obese (>30) 13,273 (24.76)
Unknown or not stated 3638 (6.79)

Menopausal status

Premenopausal 5338 (9.96)
Perimenopausal 9486 (17.70)
Postmenopausal 36,143 (67.44)
Unknown or not stated 2629 (4.90)
Parity
Nulliparous 6719 (12.53)
Parous 46,675 (87.09)
Unknown or not stated 202 (0.38)
HRT use
Current user/within last 5 years 10,228 (19.08)
Never taken/over 5 years ago 42,784 (79.83)
Unknown or not stated 584 (1.09)

Alcohol intake

0 units per week
1-2 units per week
3-6 units per week

7-14 units per week

14,678 (27.39)
7725 (14.41)

10,462 (19.52)
12,454 (23.24)

15-27 units per week 4846 (9.04)
> 28 units per week 1017 (1.90)
Does drink alcohol but amount not stated 1545 (2.88)
Unknown or not stated 869 (1.62)

Exercise®

Inactive (<659 minutes/week)

43,412 (81.00)

Moderately inactive (660-779 minutes/week) 1089 (2.03)
Moderately active (780-1679 minutes/week) 4414 (8.24)
Active (> 1680 minutes/week) 2204 (4.11)
Unknown or not stated 2477 (4.62)

continued
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TABLE 32 Characteristics of PROCAS population (n=53,596) (continued)

Number of affected FDRs

0 46,742 (87.21)
1 6369 (11.88)
2 450 (0.84)
3 31 (0.06)
>4 4(0.01)

IMD score
Mean 24.53

FDR, first-degree relative; IMD, Index of Multiple Deprivation.
a Exercise categories as determined by the EPIC study.”

TABLE 33 Body mass index of PROCAS population compared with 2012 averages for Greater Manchester'®

Underweight (< 18.5) 0.8% 1.5%

Normal weight (18.5-24.9) 37.1% 33.8%
Overweight (25.0-29.9) 35.5% 40.7%
Obese (>30) 26.6% 24.0%

Approximately two-thirds of women in the PROCAS study were postmenopausal, with a further 18%
being perimenopausal. Nineteen per cent reported being current or previous users (within the last 5 years)
of HRT. The majority were parous (87%) and did not have an affected first-degree relative (87%).

The national UK average alcohol consumption for women aged > 45 years in 2009 was 8.5 units per
week.'® Assuming that the alcohol intake was in the middle of the range and that those drinking over
28 units averaged 35 units, the average intake of PROCAS women was 6.3 units daily, a little lower than
the national average (see Table 32). The majority of women were inactive (81%) as defined by the

EPIC study.?

The mean Index of Multiple Deprivation score for all women in the PROCAS population was 24.53.8¢
This ranged from 13.09 in Trafford to 38.44 in the Manchester district, where a higher Index of Multiple
Deprivation score indicates a higher level of deprivation.

Risk feedback

All participants recruited to the study were asked to specify whether or not they wished to be informed of
their personal 10-year TC breast cancer risk. Participants were advised that the majority of women would
receive their risk via letter at the end of the study, but that all women who were found to be at high risk
of breast cancer (> 8% 10-year TC risk) and a small number of those at low and moderate risk would
receive an invitation for a risk feedback appointment with a study clinician experienced in risk
communication. All participants had at least two opportunities to opt out of receiving personal breast
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cancer risk information: first at the time of initial consent (by not ticking a box labelled ‘I wish to know
my risk’) and later by contacting the study co-ordinator. Those who received an invitation for a risk
appointment were also given a further opportunity to opt out of receiving their risk by declining

an appointment.

The majority of women recruited to PROCAS have received their risk feedback via letter in 2014 and 2015.
This has been done as part of an externally funded study, which has allowed us to work directly with
participants to co-design a letter that effectively communicates individual breast cancer risk while
minimising negative psychological impact; to explore the acceptability of receiving this information; and to
explore intentions to change behaviour. However, all women found to be at high risk of breast cancer

(TC 10-year risk of >8%) and a proportion of those at moderate (TC 10-year risk of 5-7.99%) and low
risk (TC 10-year risk of <1.5%) have received their risk feedback either in person or via telephone.

In total, to June 2014, 984 participants across the low-, moderate- and high-risk categories were invited
for a risk feedback appointment and 687 (69.82%) participants attended their appointment. Uptake of risk
feedback varied across the different risk categories, with highest uptake among those at highest risk.
Pairwise comparisons showed that there were significant differences between attendance in those in the
high- and moderate-risk categories versus those in the low-risk category (p < 0.001, p < 0.005, respectively)
(Table 34).

It became apparent during the risk feedback process that information provided by participants on their
PROCAS questionnaire was not always accurate. As a result, participants’ risk often changed following a
risk consultation, and in some cases participants’ risk changed to such an extent that they no longer
remained in the same risk category. Table 35 shows how the numbers of participants in each risk category
change following risk counselling. It is apparent that there were fewer changes in risk categorisation in
those who were originally assessed as being low risk. This is to be expected because the majority of errors
are with recording of relatives’ cancer diagnoses and the low-risk participants are very unlikely to have had
any affected relatives. The greatest proportion of changes in risk occurred in those originally assessed as
having a 10-year TC risk of >8%. This is largely because the PROCAS questionnaire, owing to space
restrictions, did not collect information on unaffected female relatives, which is an important factor in

risk prediction.

Uptake to risk feedback invite by risk category

Low risk (£ 1.5% 192 105 (54.69) 67 25 (13.02) 56 (29.17) 6(3.13)
10-year TC risk)

Moderate risk 95 69 (72.63) 60 7 (7.37) 17 (17.89) 2(2.11)
(5-7.99% 10-year

TC risk)

High risk (> 8% 689 513 (74.46) 55 53 (7.69) 115 (16.69) 8(1.16)

10-year TC risk)
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Changes to risk following risk counselling

<1.5% (n=105) 89 (84.76) 16 (15.24) 0 0
5-7.99% (n=69) 0 9 (13.04) 54 (78.26) 6 (8.70)
>8% (n=513) 0 19 (3.70) 166 (32.36) 328 (63.94)

The process of risk feedback, although part of the planned PROCAS study, was not part of the originally
funded programme grant. Therefore, full analyses for all participants recruited to PROCAS are still ongoing.
However, based on the first 40,000 participants, we are able to report that referral for 18-monthly
screening was offered to 330 women, of whom two declined, and referrals from primary care providers
have been received for 260 women, with 23 already receiving screening through the FHC. Thus, 283 out
of 330 women (86%) have commenced additional breast screening. Three breast cancers have now been
detected on the interval 18-monthly breast screen: (1) a multifocal DCIS with an 8 mm and 4 mm focus of
invasive grade 2 node-negative invasive ductal carcinoma in a 57-year-old; (2) a 51-year-old with a 15 mm
grade 2 node-negative invasive ductal carcinoma; and (3) a 54-year-old with a 7 mm grade 1 node-negative
invasive ductal carcinoma. Of the first 40,000 participants, 10 of the 575 with > 8% 10-year risk were
identified with breast cancer on the first mammogram; three of the five detected subsequently were picked
up on the interval mammogram; one was an interval cancer before risk counseling and the other was
picked up on the 3-year mammogram. Therefore, 15 (2.6%) cancers have occurred in those with a TC

> 8% 10-year risk. Six cancers (2.6%) have occurred in the 232 women with a 5-8% 10-year risk with

> 60% density: four at prevalent screen and two on the 3-year mammogram. Only nine breast cancers
(0.64%) have occurred in the 1395 women with < 1.5% 10-year risks. After confirmation of the high-risk
category, there have been 15 out of 441 (3.4%) who developed breast cancer.

Of the first 40,000 participants, for high-risk women attending their risk feedback appointment the
reattendance rate at the next 3-year screening was 93% (200/215). However, this rose to 99% (200/202)
for those actually invited (six were aged over 70 years and therefore were not invited, one died and six had
moved area). For low-risk women the reattendance rate was 81% (43/53). In addition, we were able to
assess reattendance in those women who did not have risk feedback. Of those due to have a further
mammogram, 112 out of 143 (78%) had reattended. Overall reattendance at the next 3-yearly screen
was 411 out of 454 (90.5%) for those risk counselled, with high-risk reattendance significantly higher
(p=0.0006; p <0.0001 for those invited) than for usual reattendance rates but reattendance rates for
low-risk and those not counselled were not significantly lower (p =0.65 and 0.065). Figures from the
2012-13 Greater Manchester NHSBSP showed that among women who attended their previous
mammogram and whose last screen was within the last 5 years, 39,058 were invited and 32,925 (84.3%)
attended. Overall reattendance at the next 3-yearly screen for women who attended their risk
appointments over all three risk categories (high, moderate and low) was 90.5%. Reattendance was
significantly higher for high-risk women invited for feedback (p =0.015) than usual reattendance rates in
Greater Manchester, but was not significantly lower for low-risk women and non-counselled women.

Of the first 40,000 participants, 253 out of 459 (55%) high-risk women and 56 out of 100 (56%) low-risk
women filled in the risk perception questionnaire. Thirty-one high-risk women had previously attended the
FHC for risk assessment between 1991 and 2011 (median 1997), some 1-20 years prior to their risk
assessment in PROCAS. There was a clear trend for high-risk women to ascribe higher levels of risk to
themselves than did low-risk women, and previously counselled women had more accurate risk
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perceptions for themselves and the general population than low-risk women. Women expressed risk in
both descriptive categories and ORs as being higher in the high-risk group, although their estimates of the
population risk were similar. Only a minority (37% high, 29% low) gave the ‘correct’ current lifetime risk
range for the general population of 1 in 8-10, apart from those seen previously in the FHC (57%).'®

There have been no untoward adverse events in women at high risk that we are aware of, and women
were content to receive their risk information and keen to take action despite 86% learning their risk for
the first time. Women at low risk were pleased to be informed of their risk, but only one (1%) expressed a
desire to cease screening.

The present study has shown that it is possible to collect and feedback risk information to women at both
high and low risk of breast cancer from a large population-based mammography screening programme.
We believe that this is the first study to both assess and feed back breast cancer risk information on a
population basis on this scale. Women at high risk were more likely than those at low risk to perceive
that they were high risk before risk counselling. This is most likely due to the almost certain presence

of a family history of breast cancer in those at high risk and the absence of this in those at low risk.
Accordingly, both attendance at risk counselling (69% vs. 52%) and reattendance at the subsequent
mammography screen were significantly higher in women counselled about their high risk than in those
told about their low risk (p < 0.0001). Indeed, high-risk women were more likely than the entire screening
population to reattend. Low-risk women, the majority of whom had received prior screening, were
reluctant to discontinue screening. It is reassuring to screening programmes, which are judged by
reattendance rate, that there was not a significant drop-off in attendance at the subsequent screen when
such a programme as PROCAS is introduced.

Women at high lifetime risk of breast cancer are now recommended in the UK to be offered annual
mammography screening between 40 and 60 years of age.'? There was a high take-up of the offer of
additional screening in high-risk women in PROCAS; for the 14% not referred for extra screening by their
GP, we are aware that this decision not to refer might have been the GP’s rather than the woman'’s. It is
reassuring that not only does the TC programme reliably identify women at high risk (the 2.6% detection
rate can be considered to represent a 3-year period, including lead time: thus, 0.9% annually), but > 1%
have been detected with extremely good prognosis stage 1 cancers at the interval screen. Although these
numbers are small for the interval screens, they represent an extremely high rate. As all three of the
cancers occurred in women in their fifties, even the grade 1 cancer would probably have presented during
the woman's lifetime and might not be considered an ‘overdiagnosis’.

This study has also assessed risk perception. Unlike many previous studies such as our own that were
based mainly on women coming forward concerned about their breast cancer risks owing to family
history,'®'® the present study addresses risk perception in women at either end of the risk spectrum from
the general population, the great majority of whom had not been assessed previously. Risk perception
was, as reported previously, not overly accurate;'®”'® however, high-risk women were significantly more
likely than low-risk women to assess their risks as above average in both a verbal and an OR format.
Perception of population risk was not statistically significantly different between the two previously
uncounselled groups. However, those seen previously in the FHC had better overall risk perceptions, as we
have reported before.'®

There are some limitations to the present study. Although the study represents sampling of the whole
screening population, only 43% of those screened joined the study. This could have biased the population
to women with higher risks. A survey alongside our FHC did not suggest that this was the case, with the
proportion identified as moderate risk from family history alone not being higher than those already
identified in the 40-49 years age group in our region.’ We have not conducted formal assessment of the
impact of risk information on anxiety and intention to change behaviour, although funding has been
sought for this and this is planned in a new prospective arm. There were some inaccuracies in women’s
filling-in of the gquestionnaires, particularly in relation to bilateral disease and the timing of menopause.
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In future, using an online version with prompts and pop-up questions to confirm these areas is likely to
improve accuracy. Certainly, if only a paper questionnaire is used, confirming details in those whose
management will change is important, as this may change risk category substantially. This means that, for
those identified at high risk, further assessment is necessary. This is likely in practice, as women identified
at high risk from guestionnaire data would usually be offered referral.

Measurement of mammographic density in PROCAS

In the initial proposal, we planned to undertake visual assessment of mammograms using three breast
density measures: VASs, Cumulus thresholding and the Manchester Stepwedge (for mammograms
recorded on film).

Assessment using VASs had previously been employed by mammographic film readers in Manchester in
CADET (Computer-Aided Detection Evaluation Trial),”" and a significant association with cancer risk was
found.™” Cumulus thresholding has been widely used in research studies and the relationship with

risk of developing cancer is well established.?®®” However, the research that underpins these relationships
was based on analysis of film mammograms, and the NHSBSP was in the process of a transition to

FFDM at the time the PROCAS study commenced. Risk relationships for digital mammography are at an
early stage because of a lack of longitudinal data. The appearance of digital mammograms differs
significantly from that of FFDM images, despite the application of post-processing. VAS and Cumulus are
both area-based methods; they are assessments of a two-dimensional image of a three-dimensional
structure. Consequently, they provide estimates of the proportion of the breast area occupied by dense
fibroglandular tissue, and the estimates can vary depending on the way in which the breast is positioned.
The third method we proposed to use was one we developed ourselves and which was evaluated in a
pilot trial."®® This involved the analysis of digitised film mammograms by imaging a calibrated stepwedge
alongside the breast. Preliminary evaluation of our own method and a similar one developed by colleagues
in California'? suggests that calibration techniques provide risk information. Such methods were particularly
attractive in the context of the NHSBSP, as an automatic read-out could be obtained from digitised
mammograms, which could be integrated with risk information by appropriate computer programs.

As PROCAS progressed, two other breast density methods became available to us. These were both
designed for use with FFDM images, provided that the raw ('for processing’) data were available. The first
of these is Quantra, from Hologic, which we obtained in July 2010. We started to run Volpara from
Volpara Solutions in September 2010. Both of these methods were based on the work of Highnam and
Brady,'”® originally for film mammograms, which models the physics of the imaging process and enables
the computation of volumetric breast density.

Visual estimation of percentage density using visual assessment scores

Screening mammograms are routinely reviewed by pairs of readers, with arbitration by a further pair,

if required. Reader pairs generally comprise a consultant radiologist or a breast physician working with an
advanced practitioner radiographer, but pairings are pragmatic, with the proviso of a maximum of one
advanced practitioner radiographer in a pair. In analogue (film) mammography, the mammograms

are displayed on an illuminated viewer, and for digital mammography, the images are presented on
high-resolution monitors. In PROCAS, readers assess MD at the time of reading the screening films,
recording estimates for all four views on a single paper form containing four 10-cm horizontal VASs,
labelled 0% and 100% at the left and right ends, respectively. The two readers complete VAS forms
independently. The forms are digitised and processed by custom software which reads the patient
identification number, finds the positions of the scales and marks, converts them to percentage densities
and outputs the results in a spreadsheet. As visual assessment is subjective, it suffers from intra- and
interobserver variability. To improve consistency between readers, we developed a method for correcting
values adjusting for each reader.’™
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Cumulus thresholding

Cumulus thresholding is applicable to both digitised film mammograms and FFDM images; for film
mammograms we used a Vidar CAD-PRO digitiser. Cumulus software was obtained for use in this project,
and training was undertaken in January 2010 by one of us (RW) (see Contributions of authors) who had
been trained by the Toronto team that developed the software. Although several readers were trained,
assessment using Cumulus was undertaken by a single reader (JS), whose performance was validated on
test sets of data developed for this purpose by RW and the Toronto team. It takes approximately 1 day to
analyse 200 images, so a single MLO view (the contralateral breast for cancer cases) was analysed for each
woman in the FH-Risk cohort and a case—control set in the PROCAS-screening women. Analysis involves
delineating the pectoral muscle and adjusting thresholds to identify the breast area and glandular
component. The method produces measures of breast area, dense tissue area and hence fat area and
area-based percentage density. As Cumulus is based on an operator’s assessment, it is subject to intra- and
interobserver variability.

Manchester Stepwedge

The Manchester Stepwedge method is applicable only to digitised mammograms on which the calibrated
aluminium stepwedge and thickness markers (on the breast compression plate) have been imaged.
Calibration data were obtained for each analogue mammography unit used in PROCAS. To analyse the
images, digitisation was undertaken using a Vidar CAD-PRO digitiser. An operator then ran custom
software which locates the stepwedge and the compression markers in each image, providing an
opportunity to review the automated detections and correct them as necessary. Analysis of the distance
between pairs of markers in the mammogram enables accurate measurement of compressed breast
thickness, taking into account tilt of the compression plate. The brightness of each pixel in the
mammogram can be matched to the stepwedge image and, with the compressed thickness and
calibration data, this enables computation of the thickness of fibroglandular tissue. The method accounts
for differences in compression, plate tilt, imaging parameter changes and the drop-off in breast thickness
where the breast loses contact with the compression plate. It outputs a measure of the volume of fat and
gland in the breast and hence percentage density by volume.

Quantra

Quantra, from Hologic, is applicable to FFDM images obtained on Hologic 2D Systems (Hologic, Inc.,
Marlborough, MA, USA), GE 2D Systems (GE Healthcare Life Sciences, Buckinghamshire, UK) or Siemens
Mammomat Novation Systems (Siemens Medical Solutions USA, Inc., Malvern, PA, USA) for which the
raw (‘for processing’) data are available. It is a fully automated method that uses a model of the physics
of the imaging process along with data from the DICOM image header to calculate the thickness of
fibroglandular tissue at each pixel position in the image. It provides values for each screening view, each
breast and per patient, giving the volume of the breast in cubic centimetres, volume of fibroglandular
tissue (in cubic centimetres), percentage density by volume, a BI-RADS-like score and the area of dense
tissue as a percentage of breast area. During the course of PROCAS, the version of software changed,
and we are now using version 2.0.

Volpara

Volpara, from Volpara Solutions, is able to process images from a range of manufacturers (Hologic, GE,
Siemens and Fuji). It is a fully automated method in which knowledge of tissue attenuation coefficients,
the physics of the imaging process and information in the DICOM header are used to compute glandular
thickness at each pixel position. Volpara uses a relative physics model which reduces the need for accurate
imaging physics data, but depends on locating a suitable fatty reference area within the image.’*4
Volpara outputs the fibroglandular tissue volume, total breast tissue volume, percentage of density by
volume, and a Volpara Density Grade correlated with BI-RADS. The software developed during the course
of the PROCAS study, with the most recent version used being 1.4.5.
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Mammogram data in PROCAS

The mammogram data used in the PROCAS study have been obtained using analogue mammography and
two different types of FFDM system [Fischer Senoscan (Carestream Health Inc., Rochester, NY, USA) and
GE Essential (GE Medical Systems Ltd, Chalfont St Giles, UK)]. At the outset of the study, the raw digital
data were not collected. Table 36 gives a summary of the data available for analysis and the MD methods
available for each data source.

Figure 25 shows the mammographic percentage density distributions for VAS, Quantra and Volpara for all
women recruited to the PROCAS study. In total, 50,831 women had VAS MD assessment with a mean
percentage density of 27.4, compared with 38,706 women who had Volpara measurement and mean
density of 7.05 and 36,014 women who had Quantra measurement and a mean density of 12.01.

TABLE 36 Number of PROCAS cases acquired from each data source and MD methods applicable for each
image type

System Number of cases VAS Quantra Volpara Stepwedge Cumulus
Analogue 6787 v v v
Fischer 1724 v
GE (no raw data) 4200 v
GE (raw data) 38,861 v v/ v v/
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FIGURE 25 Measurement of density assessment for VAS, Volpara and Quantra. (a) Mean =27.396, SD =17.079,

n=50,831; (b) mean=7.05, SD=4.037, n=38,706; and (c) mean=12.01, SD=7.113, n=36,014.
SD, standard deviation. (continued)
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FIGURE 25 Measurement of density assessment for VAS, Volpara and Quantra. (a) Mean =27.396, SD=17.079,
n=50,831; (b) mean=7.05, SD=4.037, n=38,706; and (c) mean=12.01, SD=7.113, n=36,014.
SD, standard deviation.
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Analysis of density data

We have undertaken a number of different analyses of MD data in PROCAS. The most comprehensive

is a cohort analysis comparing the density of cancer cases with that of non-cancer cases. We have also
undertaken a more rigorous case—control study which compares the density of the contralateral breast of
women with unilateral screen-detected cancer in FFDM images with the density of the same breast in
matched controls. Ideally, we would have evaluated density in the prior mammograms (the screening
mammograms prior to cancer detection) as this would have provided a genuine assessment of the ability
of MD to predict cancer. Within PROCAS this is not currently possible for digital data, as insufficient
women have had a cancer at their second screen, or in the interval following the first screen; however,
as the data become available we will undertake this analysis. The contralateral breasts of women with
unilateral cancers are used as a surrogate for the priors, and MD is assessed by all available methods. Priors
are when a previous mammogram is available before the mammogram which detected the cancer. We
present a small case—control analysis of the film priors of cancer cases compared with matched controls.

We have also undertaken analyses of the impact of HRT, parity and menopausal status on volumetric MD;
of the inter- and intraobserver variability in visual assessment of MD;'*® of the relationship of MD to
ethnicity;"®® and of factors affecting density assessment.”” These analyses are described below, along with
a method that we have developed which enables the adjustment of visual assessments to compensate for
differences in practice between observers.™ Finally, we have evaluated the potential of using automated
measures of breast volume to predict self-reported weight and BMI;'® the acquisition of weight data is
problematic, and an automated, objective approach would be helpful.

Cohort study

Aim

The aim of this study was to compare the MD of women who developed breast cancer with that of those
who did not, and hence to evaluate the performance of the different density assessment methods

(VAS, Volpara and Quantra) employed in the PROCAS study.

Methods

Design

The study design was a large cohort study of women from the Greater Manchester area who were invited
for breast cancer screening from October 2009 to June 2014. Cases were those who developed breast
cancer while taking part in the PROCAS study, while controls were those who did not develop breast cancer
while taking part in the PROCAS study. Density was assessed using all mammographic views. Mammograms
were mainly analogue in the initial 12-month period (October 2009-September 2010), switching to
completely digital thereafter (October 2010-June 2014). The date of entry to the study was the date of
mammogram at study entry. Although the study was notified of breast cancers by the three methods
below, a determined ‘last date of follow-up’ was not possible, as the study could not be certain that a
participant was not affected by breast cancer on a certain date using the case ascertainment method.

Identification of cases
Cancer cases were identified by one of three methods:

1. Matching the PROCAS data set to the Somerset Cancer Registry. The Somerset Cancer Registry is a
‘real-time’ database that collects information about the patient journey.'*

2. Matching with the NWCIS database, a histological database of breast cancer diagnoses, for cancers
diagnosed in the north-west.>®

3. Notifications from participants that they had been diagnosed with breast cancer.

The three sources of information were cross-checked and all cancer diagnoses were validated.
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Inclusion criteria

To enable processing with Volpara and Quantra, all women in this study had to have GE digital screening
mammograms with raw (‘for processing’) image data as well as MD assessment on VAS. Mammograms
were mainly analogue in the initial 12-month period (October 2009-September 2010), switching to
completely digital thereafter (October 2010—-June 2014).

Exclusion criteria
All women with a previous diagnosis of cancer were excluded from this study, as were those who did not
have MD assessment by all three methods. These were the only exclusion criteria.

Outcome
The outcome for this study was the development of breast cancer by June 2014.

Density assessment

Mammographic density for the first mammogram while taking part in the PROCAS study was assessed by
an area-based method (VAS) and volumetric methods (Volpara and Quantra). The VAS measures were
made by two independent readers per case, drawn from a pool of 17 readers, and averaged. Version 1.4.5
of Volpara and version 2.0 of Quantra were used to obtain volumetric density data. For Volpara, the mean
density across the four views was used, while for Quantra the maximum was used, in accordance with
recommended practice.

Statistical analysis

In order to examine the relationship between density methods and case—control status, analysis was
performed using logistic regression (in SPSS). Univariate associations were performed using quartiles for
each density measure, with the lowest quartile as the referent category. Further multivariate associations
were performed adjusting for age, menopausal status and BMI.

Results

In total, 33,543 women had MD assessment by all three density measures, of whom 401 had a previous
diagnosis of cancer and were, therefore, excluded from this particular study. This left 33,142 women, of
whom 437 developed breast cancer (1.32%).

Table 37 shows the number and percentage of cases and controls in each quartile for each density
measure, as well as the univariate and multivariate associations. In the univariate analysis, all density
measures, with the exception of Volpara percentage density, were associated with an increased risk of
developing breast cancer. The strongest association was for VAS, with those in the highest quartile having
twice the odds of developing breast cancer of those in the lowest quartile. Corresponding odds for
Volpara dense volume, Quantra dense volume and Quantra percentage density were in the region of
1.5-1.7. Further adjustment for age, menopausal status and BMI made the associations with the third
quartile of Volpara of dense volume and second quartile of Quantra percentage density non-significant,
but the highest quartile of Volpara became statistically significant (OR 1.60, 95% CI 1.15 to 2.23). The
other associations with Volpara and Quantra were of similar magnitude to those in the univariate analysis.
On the other hand, the ORs for VAS increased further after adjustment for age, menopausal group and
BMI, with those in the highest quartile having an OR of developing cancer of 2.75 compared with those in
the lowest quartile.
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TABLE 37 Number of cancer and control cases by quartiles of density measures, univariate and multivariate ORs for
developing breast cancer

Multivariate (adjusted

86

Mammography density Univariate, OR for age, BMI and menopausal
assessment Controls, n (%) Cases, n (%) (95% Cl) status), OR (95% ClI)
VAS
<14 8373 (25.6) 68 (15.6) 1.00 (referent) 1.00 (referent)
14-23 7758 (13.7) 107 (24.5) 170 (1.25t0 2.31)  2.04 (1.48 to 2.81)
24-36 8166 (25.0) 117 (26.8) 1.76 (1.31t0 2.38)  2.05 (1.48 to 2.84)
> 36 8408 (25.7) 145 (33.2) 2.12(1.59t0 2.84) 2.75(1.99 to 3.81)
Volpara dense volume (cc)
<35 7863 (24.0) 82 (18.8) 1.00 (referent) 1.00 (referent)
36-46 8673 (26.5) 112 (25.6) 1.24(093t0 1.65  1.19(0.89t0 1.61)
46-61 8264 (25.3) 115 (26.3) 1.33(1.00 to 1.77) 1.31(0.97 to 1.78)
>61 7905 (24.2) 128 (29.3) 1.55(1.18 to 2.05) 1.57 (1.15 to 2.14)
Volpara percentage density
<4.4 8073 (24.7) 96 (22.0) 1.00 (referent) 1.00 (referent)
4.4-57 8260 (25.3) 112 (25.6) 1.14(0.87 t0 1.50)  1.19 (0.89 to 1.60)
5.8-8.2 8167 (25.0) 112 (25.6) 1.15(0.88t0 1.52)  1.33(0.98 to 1.81)
>8.2 8199 (25.1) 117 (26.8) 1.20 (0.92 to 1.58) 1.60 (1.15 to 2.23)
Quantra dense volume (cc)
<60 8123 (24.8) 81 (18.5) 1.00 (referent) 1.00 (referent)
60-87 8046 (24.6) 105 (24.0) 1.31(0.98t0 1.75)  1.33(0.98 to 1.80)
88-129 8477 (25.9) 118 (30.4) 1.40 (1.05 to 1.86)  1.47 (1.08 to 1.99)
>129 8059 (24.6) 133 (30.4) 1.66 (1.25t0 2.19)  1.72 (1.24 to 2.38)
Quantra percentage density
<8 6924 (21.2) 69 (15.8) 1.00 (referent) 1.00 (referent)
8-10 10,507 (32.1) 139 (31.8) 1.33 (0.99 to 1.78) 1.24 (0.92 to 1.68)
11-13 6620 (20.2) 99 (22.7) 1.50(1.10t0 2.04)  1.50 (1.09 to 2.06)
>13 8654 (26.5) 130 (29.7) 1.51(1.12t0 2.02)  1.67 (1.22 to 2.27)

Bold text indicates significant values where the Cl does not include 1.0.
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Discussion

In the PROCAS cohort, for whom VAS assessment and the two volumetric methods were used, VAS
showed the strongest associations with the development of breast cancer, but all methods showed some
associations. For the cancer cases, the image including the cancer was included in the analysis. We have
established that in the majority of cases the difference in volumetric density between mammographic
images with cancer and the opposite (cancer-free) breast is small,’®” but the inclusion of diagnostic images
showing cancer might have slightly increased the average density of the cases.

One limitation of this analysis is that it includes a mix of prior and diagnostic mammograms; however,
owing to the transition of mammography from film screen to digital during the course of the PROCAS
project and the necessity of using FFDM images for this study, most of the cancers are diagnostic
mammograms. Until we have a larger temporal data set, we are unable to comment on the way in which
density changes prior to and at the time of diagnosis, but this will remain a longer-term aim. As the
questionnaire was administered at the time of initial mammography in PROCAS, the covariate information
may be less accurate for those women with cancers detected as interval cancers or at a subsequent screen.

In this analysis we carried out adjustment for a limited number of factors (age, BMI and menopausal status);
however, further adjustment for other factors such as HRT and parity will be an important next step.
Another issue with these data is that for Volpara the mean density assessed across the four views was used,
while for Quantra the maximum was used. It would be interesting to evaluate both of these strategies on
both volumetric methods to establish which produces the most predictive estimates of density.

Case-control study

Aim

The aim of this study was to compare MD in the contralateral breast of screen-detected cancers at the
time of diagnosis with that of matched controls and hence to evaluate the performance of different
density assessment methods employed in the PROCAS study.

Methods

Design

The study design was a case—control study, in which cases were those who developed unilateral breast
cancer during their initial screening round while taking part in the PROCAS study. Cases were matched to
controls whose mammograms were deemed cancer free at both the initial and the subsequent screening
rounds. For controls, the mammograms from the initial screening round were analysed.

Inclusion criteria

To enable processing with Volpara and Quantra all women had GE digital screening mammograms with
raw (‘for processing’) image data. For analysis with Cumulus, processed (‘for presentation’) images were
required. For inclusion as a cancer case, breast cancer was identified at the first screen following
recruitment to the PROCAS study. For inclusion as a control, a cancer-free screening mammogram
subsequent to the initial screen in the PROCAS study was required. These criteria ensured that that risk
information was current for the mammograms analysed, and that the control mammograms were unlikely
to show early signs of cancer.

Exclusion criteria

All women with a previous diagnosis of cancer were excluded from the study. Cancer cases were excluded
if they had bilateral breast cancer or unknown laterality. Women with breast implants and those with
unacceptable values for BMI calculated from self-reported height and weight (< 10 kg/m? or > 60 kg/m?)
were also excluded from analysis.
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Questionnaire data
PROCAS questionnaire data were used to obtain age, menopausal status and self-reported height
and weight.

Identification of cases
Cancer cases were identified by one of three methods:

1. Matching the PROCAS data set to the Somerset Cancer Registry. The Somerset Cancer Registry is a
‘real-time’ database that collects information about the patient journey.'®

2. Matching with the NWCIS database, a histological database of breast cancer diagnoses, for cancers
diagnosed in the north-west.?%®

3. Notifications from participants that they had been diagnosed with breast cancer.

The three sources of information were cross-checked and all cancer diagnoses were validated.

Cancers were categorised into those detected at the initial screen in PROCAS and those detected at a
subsequent screen, and then those which were obtained on a GE system and had raw data were
identified. A total of 324 cancer cases were identified who matched the inclusion and exclusion criteria.

Matching

Controls were identified from the existing PROCAS study database. As they were required to have two
screens in the PROCAS study, women with two screening appointments more than 180 days apart were
identified. These women were then matched to the PROCAS data set on NHS number and date of the
initial mammogram after recruitment to PROCAS, and the exclusion criteria listed above were applied.

Cancer cases were matched to three controls on the basis of age (within 6 months), menopausal status
(premenopausal, perimenopausal, postmenopausal or unknown), HRT use (current, never or previous) and
BMI categories (underweight < 18.5 kg/m?, normal weight 18.5-24 kg/m?, overweight 25-29 kg/m?

and obese > 30 kg/m?). When an exact match was not possible, the matching criteria were relaxed,

for example age matched within 1 year or BMI matched to the next category.

Density assessment

Mammographic density was assessed by area-based methods (VAS and Cumulus) and volumetric methods
(Volpara and Quantra). The VAS measures were made by two independent readers per case, drawn from a
pool of 17 readers. Cumulus was undertaken by a single trained and validated reader (JS) who assessed

a single MLO view of 180 cancers and 540 controls, presented in random order in four batches, each
containing approximately 50 cancers and 150 matched controls. The assessor was blinded to case—control
status. Version 1.4.5 of Volpara and version 2.0 of Quantra were used to obtain volumetric density data.

Statistical analysis

The data were merged into a single database for statistical analysis. The demographic characteristics were
reported as number and percentage by case—control status. Comparisons of categorical data were made
using the chi-squared test. For those variables for which the data were ordinal, a chi-squared test for trend
was also conducted. Continuous variables were assessed by means of an unpaired sample t-test when

the distribution was normally distributed or by the Mann-Whitney U-test when the distribution was not
normally distributed.

To examine the relationship between density methods and case—control status, analysis was performed
using conditional logistic regression (in SPSS) owing to the matched nature of the data set. Univariate
associations were performed initially, and multivariate associations were performed adjusting for breast
area (for Cumulus) and for breast volume (for Volpara and Quantra).
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Table 38 shows the composition of the case—control data set. There was no significant difference between
cases and controls in any of the descriptors listed, apart from the TC risk score computed at entry to the
PROCAS study, which was significantly higher for cases than for controls (p < 0.05).

TABLE 38 Composition of the case—control data set

Age (years)
<50
50-54
55-59
60-64
65-69
>70
Mean (SD)
Menopausal status
Perimenopausal
Postmenopausal
Premenopausal
Unknown
HRT
Never
Previous
Current
BMI (kg/m?)
<25
25-29
>30
Unknown
Mean (SD)
Ethnic origin
Asian/Asian British
Black/black British
Jewish
Mixed
Other
White

53 (5.5)
252 (25.9)
154 (15.8)
234 (24.1)
199 (20.5)
80 (8.2)
59.99 (7.05)

116 (11.9)
717 (73.8)
96 (9.9)
43 (4.4)

583 (60.0)
335(34.5)
54 (5.6)

281 (28.9)
342 (35.2)
287 (29.5)
62 (6.4)
28.41 (5.71)

6 (0.6)
11(1.1)
10 (1)

6 (0.6)
15(1.5)
917 (94.3)

19 (5.9)

82 (25.3)
52 (16.0)
78 (24.1)
67 (20.7)
26 (8.0)
60.02 (7.17)

38(11.7)
241 (74.4)
33(10.2)
12 (3.7)

212 (65.4)
92 (28.4)
18 (5.6)

92 (28.4)
112 (34.6)
95 (29.3)
25(7.7)
28.08 (5.19)

1(0.3)
3(0.9)
9(2.8)
300 (92.6)

continued
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TABLE 38 Composition of the case—control data set (continued)

Parameter assessment Control subjects (N =972), n (%) Case subjects (N =324), n (%)
Initial TC
Mean (SD) 3.13(1.42) 3.53(2.29)
Alcohol
No 254 (26.1) 76 (23.5)
Yes 702 (72.2) 240 (74.1)
Unknown 16 (1.6) 8(2.5)
Any children
No 112 (11.5) 40(12.3)
Yes 859 (88.4) 284 (87.7)
Biopsy of breast
No 794 (81.7) 254 (78.4)
Yes 151 (15.5) 57 (17.6)
Not known 27 (2.8) 13 (4.0)

SD, standard deviation.

The mean age of the women was 60 years. Seventy-four per cent were postmenopausal, and 94%
indicated that they were not current users of HRT. The mean BMI was approximately 28 kg/m?
(overweight), with about one-third of women in each of the BMI categories. The majority of women
declared their ethnicity as white. In the cancer group, and hence in the controls, there was an equal split
with regard to the laterality of the cancer.

Table 39 shows univariate analysis of MD measured by the area-based methods.

TABLE 39 Mammographic density by area-based methods: VAS and Cumulus

Parameter Control subjects Case subjects ivariate analysis,

assessment (N=972), n (%) (N =324), n (%) OR (95% Cl)

VAS
<125 263 (27.7) 45 (14.1) 1.00 (referent)
12.5-22 261 (27.4) 85 (26.6) 1.98 (1.32 to 2.98)
23-35 215 (22.6) 75 (23.4) 2.23 (1.45 to 3.43)
>36 212 (22.3) 115 (35.9) 3.59 (2.37 to 5.43)
Mean (SD) 23.69 (15.1) 29.89 (16.65)

Cumulus percentage density

Mean (SD) 21.2(12.81) 24.06 (13.46)

<12 148 (27.4) 40 (22.2) 1.00 (referent)
12-19 129 (23.9) 39 (21.7) 1.18 (0.71 to 1.95)
20-29 140 (25.9) 47 (26.1) 1.42 (0.84 to 2.39)
>30 123 (22.8) 54 (30.0) 1.93 (1.12 to 3.34)
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TABLE 39 Mammographic density by area-based methods: VAS and Cumulus (continued)

LETEINEI G Control subjects Case subjects Univariate analysis,

assessment (N=972), n (%) (N =324), n (%) OR (95% CI)

Cumulus dense area (mm?)

Mean (SD) 54,907 (33,440) 60,832 (32,439)

< 32,000 144 (26.7) 35(19.4) 1.00 (referent)
32,000-50,799 136 (25.2) 44 (24.4) 1.37 (0.82 to 2.29)
50,800-72,999 133 (24.6) 50 (27.8) 1.60 (0.97 to 2.64)
>72,300 127 (23.5) 51(28.3) 1.76 (1.04 to 2.95)

SD, standard deviation.
Bold text indicates statistical significance.

Density measured using VAS was significantly associated with cancer status, and showed a dose-response
relationship with increasing density (y? trend 33.3; p =0.000). Those in the highest quartile of dense

area and percentage density for Cumulus had an increased likelihood of cancer (OR 1.76 and 1.93,
respectively), compared with those in the lowest quartile. Adjustment for breast area made little difference
to the ORs for Cumulus dense area and Cumulus percentage density. For Cumulus dense area, the OR for
the highest category became 1.87, with 95% CI 1.10 to 3.19. For Cumulus percentage density, the OR
for the highest density group, following adjustment for breast area, was 1.80 with 95% CI 1.03 to 3.15.
Table 40 shows univariate analysis of the volumetric MD measures.

Volpara percentage density showed an association with cancer status and a dose-response relationship
with increasing density (2 trend 9.2; p=0.002). The relationship with Volpara gland volume was less clear.

TABLE 40 Mammographic density by volumetric methods: Volpara gland volume and MD and Quantra gland
volume and MD

Parameter Control subjects Case subjects Univariate analysis,

assessed (N=972), n (%) (N =324), n (%) OR (95% CI)

Volpara gland volume (cm3)

<35 249 (25.8) 63 (19.7) 1.00 (referent)
35-46 254 (26.3) 93 (29.2) 1.46 (1.02 to 2.10)
47-60 229 (23.7) 74 (23.2) 1.33 (0.90 to 1.96)
>60 233 (24.1) 89 (27.9) 1.56 (1.05 to 2.3)
Mean (SD) 50.6 (23.51) 54.97 (28.67)

Volpara breast density (%)

<4 211 (21.9) 42 (13.2) 1.00 (referent)
4-5.49 280 (29.0) 95 (29.9) 1.88 (1.23 to 2.86)
5.5-7 253 (26.2) 95 (29.9) 2.15 (1.39 to 3.32)
>7 220 (22.8) 86 (27) 2.33 (1.46 to 3.72)
Mean (SD) 6.52 (3.58) 7.25(4.1)

continued
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TABLE 40 Mammographic density by volumetric methods: Volpara gland volume and MD and Quantra gland
volume and MD (continued)

Quantra gland volume (cm?)

Mean (SD) 112.3(74.3) 111.9 (76.3)

<70 264 (27.3) 98 (30.6) 1.00 (referent)
70-94 204 (21.1) 73 (22.8) 0.95 (0.66 to 1.37)
95-134 251 (26.0) 66 (20.6) 0.71 (0.49 to 1.02)
>135 248 (25.6) 83 (25.9) 0.86 (0.59 to 1.27)

Quantra breast density (%)

Mean (SD) 12.2 (6.73) 12.3 (6.67)

<9 270 (27.9) 95 (29.7) 1.00 (referent)
9-10 205 (21.2) 59 (18.4) 0.84 (0.57 to 1.22)
11-14 268 (27.7) 94 (29.4) 0.99 (0.70 to 1.40)
>15 224 (23.2) 72 (22.5) 0.91 (0.62 to 1.33)

SD, standard deviation.
Bold text indicates statistical significance.

Adjustment for breast volume for Volpara increased the OR of the highest percentage density group to
2.61 with 95% Cl 1.55 to 4.39, and for Volpara gland volume the OR of the highest group was increased
to 1.72 with 95% Cl 1.12 to 2.64. There was no association between MD measured by Quantra and
cancer status, even after adjustment for breast volume.

Discussion of mammographic density measures

We performed a matched case—control analysis using the contralateral breast images of women with
unilateral breast cancer to determine which MD method showed the strongest association with the
presence of cancer. Much of the literature on MD and risk is based on relative, area-based measures
applied to film mammograms, but in the PROCAS study the vast majority of mammograms are FFDM
images and hence are amenable to processing by automated volumetric density software. This had the
potential additional benefits of allowing absolute rather than relative density measures, which should be
less susceptible to change in weight, which has previously been associated with a change in the fatty
content of the breast.?® Such methods enable objective measurement that is independent of observer bias
and imaging parameters, and is reproducible and feasible on a large scale. However, in this analysis,
subjective assessment by mammographic readers demonstrated the strongest relationship with cancer,
despite known interobserver variability.?*?

Volumetric measures fared less well, with the exception of percentage density measured using Volpara.
Commercial volumetric measures were developed to fulfil a need for density assessment in the USA, where
readers in many states are obliged by law to inform women of their MD; most readers currently use the
subjective BI-RADS categorisation, but FDA-approved volumetric methods are an attractive alternative in a
litigious environment. Volumetric measures are thus used most often not to identify risk of developing
cancer, but to identify women for whom mammography is less effective. However, the volumetric software
from both manufacturers is evolving to quantify density more accurately in response to the drive for
personalised screening. It is possible that the relationship of dense tissue to fat in area-based measures is
more strongly related to cancer risk than that in volumetric measures, and that using volumes of fat and
gland independently and in different proportions may provide improved risk prediction. Furthermore,
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manufacturers of volumetric density software have recently begun to output area-based measures of
density. Our results also indicate that correcting MD measures for breast volume may help in strengthening
the association with cancer.

Visual assessments made by the readers in the PROCAS study are subject to inter- and intraocbserver
variability.?> The VAS density readings were undertaken in a pragmatic fashion at the time of radiological
assessment of the images rather than in a carefully managed, artificial environment. Despite this, the
average VAS reading from the pair of readers was found to be associated with cancer, with the OR
increasing for higher density estimates. VAS reading is relatively time-consuming and required subsequent
automated analysis of the VAS forms to convert the markers into percentages. It would, however, be
straightforward to computerise the process, with readers sliding a cursor to indicate percentage. As such,
VAS was chosen for incorporation into the best-performing prediction model for the purposes of this
report. VAS was also available on all subjects.

The semiautomated thresholding approach showed some relationship with cancer, but was not as effective
as either VAS reading or Volpara percentage density. All of the Cumulus assessments took place in a limited
time period by a single observer blinded to case—control status, but this was a considerable time after reader
training and validation, and the images were acquired using FFDM, unlike those used for validation.
Cumulus is impractical for large-scale use, as it is labour intensive and requires a skilled operator.

Density case-control study of film priors using the Manchester
Stepwedge and visual assessment score

Aim

The aim of this case—control study was to compare MD in the screening round prior to detection of breast
cancer using a case—control methodology. Differences were compared using an area-based (VAS) and a
volumetric-based (Manchester Stepwedge) measure.

Methods

The study design was case—control, in which cases were those who developed unilateral breast cancer after
their first screening round while taking part in the PROCAS study. Cases, therefore, had to have a ‘'normal’
screen prior to developing breast cancer during their second screen or between screens. Cases were
matched to controls who were deemed to be cancer free at both the initial and the subsequent screening
rounds. For cases and controls, the mammograms from the initial screening round were analysed.

To enable processing with the Manchester Stepwedge, only data from women who were imaged using
analogue mammography with the stepwedge calibration object in position at the first screen following
recruitment to the PROCAS study were included. All women with a previous diagnosis of cancer were
excluded from the study. Cancer cases were excluded if they had bilateral breast cancer or unknown
laterality. Controls were also identified from the PROCAS study database as women with two screening
appointments more than 180 days apart, and an initial PROCAS film mammogram showing a stepwedge
imaged alongside the breast. For controls, the subsequent screening mammogram was read as cancer free.
Women with breast implants and those with infeasible values for BMI calculated from self-reported height
and weight (< 10 kg/m? or > 60 kg/m?) were also excluded from analysis. Questionnaire data were used to
obtain age, menopausal status and self-reported height and weight.

Cancer cases were matched to one control on the basis of age (within 1 year), menopausal status
(premenopausal, perimenopausal, postmenopausal or unknown), HRT use (current, never or previous) and
BMI categories (underweight < 18.5 kg/m?, normal weight 18.5-24 kg/m2, overweight 25-29 kg/m? and
obese > 30 kg/m?). When an exact match was not possible, the matching criteria were relaxed, for
example age matched within 18 months or BMI matched to the next category.
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Density assessment

Mammographic density of cases was assessed in the prior mammogram of the breast that developed
breast cancer; for controls, density of the same breast as that of their matched case was used. The VAS
measures were made by two independent readers per case, drawn from a pool of 17 readers. The
Manchester Stepwedge software was used to produce results of volumetric breast densities for both
groups of patients. The programme enabled the operator to identify the stepwedge and the positions of
radio-opaque markers along the edges of the mammogram. These data were used along with calibration
data to estimate the thickness of dense tissue at all points in the compressed breast image. The software
outputs breast volume, dense volume and percentage of dense tissue (dense volume as a proportion of
breast volume)

Statistical analysis

Demographic characteristics were reported as number and percentage by case—control status.
Comparisons of categorical data were made using the chi-squared test. For those variables where the
data was ordinal, a chi-squared test for trend was also conducted. Continuous variables were assessed
by means of an unpaired sample t-test when the distribution was normally distributed or by the
Mann-Whitney U-test when the distribution was not normally distributed.

To examine the relationship between density methods and case—control status, analysis was performed
using conditional logistic regression (in SPSS) owing to the matched nature of the data set.

In total, 104 women with analogue mammograms developed breast cancer during the course of the study.
Forty-four of these were diagnosed at their first screen while taking part in the PROCAS study and were
therefore not eligible for this particular case—control study. The remaining 60 women were eligible for
inclusion; however, following exclusion of those for whom there was no calibrated stepwedge on the
mammograms and those with missing analogue mammograms, the available sample was 49 women.

For one further subject, the software failed, and this subject was subsequently excluded from the study.

Women were matched to one control, and Table 41 shows the demographic characteristics for cases and
controls. The matching criteria were adequate, with women in the case and control groups being of similar
age (mean approximately 59 years) and BMI (mean approximately 27 kg/m?), and with similar proportions
of women who were postmenopausal (65% both groups) and current users of HRT (23% of cases and
25% of controls). Study participants were also similar with regard to other characteristics, including parity
(approximately 85% in each group were parous), initial TC score (mean: cases 3.02, controls 2.84;

p = 0.46), ethnicity, previous breast biopsies and year of mammogram.

Table 42 shows the number and percentages of cancer and control subjects for each density method.
Density methods were split into quartiles, with the lowest quartile used as the referent group. There were
no statistically significant associations with any density method; however, the VAS for the CC view did
approach statistical significance for the second quartile (OR 3.24, 95% CIl 0.99 to 10.54). We did not
adjust for any other factors.
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TABLE 41 Demographic characteristics for PROCAS stepwedge case—control study

Age (years)

<55 14 (29.2) 13 (27.1)

55-59 8(16.7) 12 (25.0)

60-64 14 (29.2) 11 (22.9)

>65 12 (25.0) 12 (25.0) 0.754
Unknown

Mean (SD) 59.3 (6.80) 58.9 (6.71) 0.775

Menopausal status

Premenopausal 3(6.3) 4 (8.3)

Perimenopausal 8(16.7) 8(16.7)

Postmenopausal 31 (64.6) 31 (64.6)

Unknown 6(12.5) 5(10.4) 0.972
BMI (kg/m?)

<25 19 (39.6) 20 (41.7)

25-29 18 (37.5) 17 (35.4)

>30 8(16.7) 9(18.8)

Unknown 3(6.3) 2(4.2) 0.958

Mean (SD) 26.9 (5.04) 26.7 (4.95) 0.920
Parity

Nulliparous 6 (12.5) 6(12.5)

Parous 41 (85.4) 42 (87.5)

Unknown 1(2.1) 0(0.0) 0.603
HRT use

Never/unknown 19 (39.6) 19 (39.6)

Previous 18 (37.5) 17 (35.4)

Current 11(22.9) 12 (25.0) 0.965

Year of mammogram

2009 9 (18.80) 14 (29.20)

2010 39(81.20) 34 (70.80) 0.232
Initial TC

Mean (SD) 3.02 (1.22) 2.84(1.27) 0.464
Ethnic origin

White 43 (89.6) 46 (95.8)

Other/unknown 5(10.4) 2(4.2) 0.453

Biopsy of breast
Yes 11(22.92) 6(12.5)
No/unknown 37 (77.08) 42 (87.5) 0.182

SD, standard deviation.
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TABLE 42 Number and percentages of case and control subjects for quartiles of density measures, with associated

ORs (95% Cls)

Mammographic

Case subjects
(N=49), n (%)

Control subjects
(N=49), n (%)

Univariate, OR
(95% q1)

density measure

VAS
<16
16-28
28-44
>45
Mean (SD)
Median

VAS (CC view)
<15
15-29
30-43
>44
Mean (SD)
Median

11(2.9)
11 (22.9)
16 (33.3)
10 (20.8)
33.4(21.5)
293

8(16.7)
17 (35.4)
11(22.9)
12 (25.0)
33.6 (21.5)
28.8

Stepwedge breast volume (cm?)

<550
550-749
750-1049
> 1050
Mean (SD)
Median

12 (25.0)

17 (35.4)
11(22.9)
8(16.7)
784.63 (360.5)
668.4

Stepwedge gland volume (cm?)

<20
20-34
35-54
>55
Mean (SD)
Median

11(22.9)

12 (25.0)

12 (25.0)

13 (27.1)
50.22 (50.53)
37.0

Stepwedge breast density (%)

<2
2-4.49
4.5-8

>9

Mean (SD)
Median

13 (27.08)
11(22.92)
12 (25.00)
12 (25.00)
8.07 (10.95)
4.74

14 (29.2)
9(18.8)
12 (25.0)
13 (27.1)
30.8 (19.8)
29.0

15 (31.3)
9(18.8)
12 (25.0)
12 (25.0)
30.2 (19.7)
27.8

12 (25.0)
8(16.7)

14 (29.2)

14 (29.2)
933.25 (553.25)
868.6

10 (20.8)
15(31.3)
11(22.9)
11(22.9)
44.45 (39.47)
321

11(22.9)
12 (25.0)
11(22.9)
14 (29.2)
6.35 (5.74)
4.77

1.00 (referent)

1.54 (0.49 to 4.82)
1.65 (0.57 to 4.81)
0.91 (0.27 to 3.06)

1.00 (referent)
3.24(0.99 to 10.54)
1.61(0.51 to 5.05)
1.80 (0.49 to 6.62)

1.00 (referent)

1.88 (0.45 to 7.87)
0.47 (0.09 to 2.47)
0.29 (0.05 to 1.70)

1.00 (referent)
0.72 (0.23 t0 2.19)
1.03(0.32 t0 3.3)
1.03 (0.34 to 3.08)

1.00 (referent)

0.81(0.25 to 2.63)
0.94 (0.32 t0 2.78)
0.71(0.22 to 2.29)

0.677
0.515
0.587

0.201
0.424
0.538

0.155
0.122
0.215

0.901
0.535
0.667

0.939
0.336
0.436

SD, standard deviation.
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Discussion

These data are interesting because by using the prior mammograms of cancer rather than the contralateral
mammogram at time of diagnosis the density data genuinely assess risk of developing cancer. However,
the numbers are very small and no density measure achieved statistical significance.

There were limitations of the method that affected the viability of some of the results. With regard to the
markers which are used to measure compressed breast thickness, ideally two pairs should be located to
enable the measurement of paddle tilt. In most cases the software identified at least two pairs of markers,
but in some instances incomplete or poorly located pairs were identified (e.g. when a marker coincided
with a patient identification label). This produces inaccurate thickness estimates and hence errors in
density assessment.

Ideally, we would have liked to have analysed MLO views as well as CC views with the stepwedge
method, but the process of digitisation and analysis is time-consuming, and we decided to perform an
initial investigation of a single view in the first place. We did, however, analyse VAS results for both
mammographic views and for the CC view alone to enable comparison with the stepwedge method. VAS
for a single view approached statistical significance for those in the second quartile. We would also ideally
match with more controls to increase the power to detect a significant effect. These analyses do not
correct for other factors such as BMI.2% Although we did not correct for BMI explicitly, data were matched
on BMI category.

The data set contained both interval (n=11) and screen-detected cancers (n = 38). Had any signs of
abnormality been missed when the prior mammogram was first read, this might have had an impact on
the density at the initial screen.

From these data we are unable to predict the presence of cancer from MD, with either area-based or
volumetric density methods. However, the evaluation of a larger set of images is required; previous
research has demonstrated the ability of visual and computer-assisted density assessment to predict later
cancers in more extensive data sets.'®?% Longitudinal assessment (such as that employed by Kerlikowske
et al.,*® but using continuous objective density assessment) may also be important.

The stepwedge method has previously been evaluated in a screening population,?® and was found to be a
feasible but time-consuming method of obtaining volumetric estimates from film mammograms. The main
drawback of the technique is that the stepwedge and markers have to be imaged at the time of
mammography, and images without these objects cannot be analysed. The numbers of cancers evaluable
in the study were too small to make any meaningful evaluation. As it is now possible to calibrate digital
mammograms without using a stepwedge, this method is unlikely to be used in the future.

The relationship between volumetric and area-based mammographic
density to age and hormonal factors

Introduction and aims

Percentage breast density estimated visually or assessed by computer-assisted area-based measures
declines with age, menopausal status and parity and increases with current HRT use.”®?*2"" Automated
volumetric density measurement methods, including Quantra and Volpara, remove subjectivity; it is
important to determine how these methods relate to age and endocrine changes, and here we describe
these associations. For comparison we also present VAS measurements.

Methods

Women undergoing routine screening in the NHSBSP who agreed to enter the PROCAS study completed
guestionnaires concerning personal information, including weight, height, parity, menopausal status and
HRT use.
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There were originally 50,929 subjects, of whom 731 were excluded owing to a previous diagnosis of
cancer, as were a further 506 with a current diagnosis of cancer. At the time of analysis, volumetric density
measures were available for Quantra (23,253) and Volpara (11,947) subjects. From these cohorts, a further
1692 (7.3%) and 826 (6.9%) were excluded from the Quantra and Volpara groups, respectively, because
they had a BMI outside the range 17.5-60 kg/m2. A further 188 and 95 subjects were excluded because
their average breast density distribution had not returned a reading. Finally, a further three in each group
were excluded owing to discrepancies in the reporting of ‘ever used HRT' and ‘still on HRT'. Thus, the final
numbers of subjects in this substudy were 21,370 in the Quantra data set and 11,023 in the Volpara 1.4.0
data set.

Results

Descriptive statistics for the subjects for each of the two density methods are shown in Table 43. Density
significantly declined with age (p <0.001) by both methods. Figure 26 shows plots of gland volume and
percentage density for Quantra and Volpara. Both methods show a decline in volumetric density until the
56-60 years age group for percentage density, and a further decline in gland volume until the 61-65 years
age group is seen only with Volpara.

The effect of hormonal factors on glandular volume is illustrated in Figure 27. In women aged < 50 years
the mean percentage density by Quantra was 19.23 for premenopausal women and 16.29 for
postmenopausal women (p < 0.05), and in women aged 51-55 years these figures were 18.06 and 15.72,
respectively (p < 0.05). For density measured by Volpara, the corresponding figures are 7.74 and 6.64

(p < 0.05) for women aged < 50 years, and 7.54 and 6.00 (p < 0.05) for women aged 51-55 years.

TABLE 43 Descriptive statistics for subsets analysed by Quantra and Volpara

Age (years)

<50 2187 (10.2) 1540 (14.0)
51-55 5401 (25.3) 2373 (21.5)
56-60 4814 (22.5) 2377 (21.6)
61-65 4736 (22.2) 2565 (23.3)
66-70 3273 (15.3) 1799 (16.3)
>70 959 (4.5) 369 (3.3)
Mean (SD) 59.0 (6.6) 58.8 (6.8)
BMI (kg/m?)
Mean (SD) 27.6 (5.5) 27.9 (5.5)

Menopausal status

Premenopausal 1474 (6.9) 996 (9.0)

Perimenopausal 2624 (12.3) 1341 (12.2)
Postmenopausal 15,222 (71.2) 7550 (68.5)
Missing 2050 (9.6) 1136 (10.3)

Current HRT use
No 19,735 (92.3) 10,296 (93.4)
Yes 1635 (7.7) 727 (6.6)

SD, standard deviation.
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FIGURE 26 Plots of gland volume and percentage MD by volume by age for Quantra and Volpara. (a) Gland
volume vs. age (Quantra); (b) gland volume vs. age (Volpara); (c) percentage density vs. age (Quantra); and
(d) percentage density vs. age (Volpara).
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Plots of gland volume and percentage MD by age and menopausal status, HRT use and parity for
Quantra and Volpara. Gland volume vs. menopausal status by age group by (a) Quantra and (b) Volpara (black,
premenopausal; blue, perimenopausal; green, postmenopausal); gland volume vs. HRT use by age group by
(c) Quantra and (d) Volpara (green, never/ever used; black, current use); and gland volume vs. parity by age group
by (e) Quantra and (f) Volpara (green, no children; black, children). (continued)
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FIGURE 27 Plots of gland volume and percentage MD by age and menopausal status, HRT use and parity for
Quantra and Volpara. Gland volume vs. menopausal status by age group by (a) Quantra and (b) Volpara (black,
premenopausal; blue, perimenopausal; green, postmenopausal); gland volume vs. HRT use by age group by

(c) Quantra and (d) Volpara (green, never/ever used; black, current use); and gland volume vs. parity by age group
by (e) Quantra and (f) Volpara (green, no children; black, children).

Current HRT use was associated with significantly higher percentage density (p < 0.05) for those over
50 years (Volpara) and from 51 to 70 years (Quantra). Nulliparity was associated with higher density at all
ages (p < 0.05 for Quantra above the age of 50 years and for Volpara for age 51-65 years).

Conclusion

These data indicate that volumetric percentage density by both methods is related to age and endocrine
factors in the same directions as area-based methods. In women under the age of 55 years, density was
significantly higher for premenopausal than postmenopausal women. For those aged over 50 years,
current use of HRT also showed an increase in density, as did nulliparity.

Ethnicity and mammographic density

Introduction and aims

Increased mobility of the world population has resulted in many countries having a diverse ethnic mix, now
apparent in the breast screening age group in Greater Manchester.?'? Ethnicity is related to risk of breast
cancer, with women of white ethnicity being more likely than women in other racial groups to develop
breast cancer.?'® In one study, approximately 141 per 100,000 women of white ethnic origin were found
to have developed the disease, compared with 119 per 100,000 for African American women, 96 per
100,000 for Asian American women, 90 per 100,000 for Hispanic/Latina women and 50 per 100,000 for
Native American/Alaskan native women.?"

Published data relating MD to ethnicity have yielded mixed results. A UK study of 428 symptomatic patients
using Quantra showed significant differences between white, Asian and black women, but did not control
for any confounding factors such as age or HRT use.?'* White, Hispanic, Asian, Native American and black
women participated in a study of 28,501 women in a breast-screening programme in Washington, USA.2'¢
After adjusting for age, differences in MD were found between Native American and white women, and
between white and Asian women. However, when BMI, HRT use, menopausal status and parity were taken
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into account, the difference between Native American and white women was no longer significant. More
recent research in similar ethnic groups evaluated the breast density of 442 women.?'” African American
women were found to have higher density than Asian American women after adjusting for BMI, family
history, menstrual and reproductive factors. In this work, Asian American and white women were found to
have similar MDs. In contrast with this, a British study found that Asian women had significantly lower
breast density, assessed using Wolfe grades, than Caucasian participants.?'® However, in a study of 15,292
women of Asian, white, African American and other (Native American and Caribbean) racial backgrounds,
no significant differences were found when confounding factors, including bra size, were taken into
account.?” The picture is, thus, unclear; previous studies have evaluated different populations using a
variety of methodologies, including subjective assessment of density.

Use of automated digital volumetric measurement of breast density may offer advantages over visual and
semiautomated methods, including objectivity, reproducibility, suitability for population-based studies,
resolution and the ability to assess absolute, rather than relative, breast density.??® Regardless of the degree
of association with risk, the identification of women with high MD is important because the detection of
cancers using conventional mammography is more difficult in this case,?' and it may be appropriate to use
alternative screening methodologies.

The aims of this substudy are to determine whether or not there is an association between MD and
ethnicity in the PROCAS cohort.

Data were used in this substudy from women for whom GE FFDM images with raw (‘for processing’) image
data and guestionnaire data on ethnicity, date of birth, HRT use, weight and height were available. Records
for all non-white British or Irish participants recruited to PROCAS before 15 June 2011 were examined, and
the first 1038 white British or Irish PROCAS participants with suitable data were also included. Women
diagnosed with cancer at the time of screening and women with previous breast cancers were excluded.

Mammograms were analysed using Hologic's Quantra software, which provided measures of breast
volume, glandular volume and percentage density by volume for the left and right breasts. These were
averaged to provide a single measure of each type per woman.

Questionnaire data were extracted from the PROCAS study database. BMI was calculated from self-reported
height and weight. One-way analysis of variance was used to determine whether or not a relationship
existed between the breast density measures and ethnicity. Pairwise comparisons were carried out on each
ethnic group versus white British/Irish (the largest group which was used as a reference) using Scheffé’s test.
A general linear model was used to further investigate the link between average breast density and
ethnicity while adjusting for HRT use, BMI and age. Univariate analysis of the variables was performed and
pairwise comparisons were done using Bonferroni’s test.

The ethnic categories available for participants to select on the questionnaire were Asian or Asian British —
Bangladeshi, Indian, Pakistani, Chinese; black or black British — African or Caribbean; Jewish origin; Jewish
Ashkenazi; mixed — white and black African/Asian/black Caribbean; white — British or Irish; and other —
please specify. Women were instructed to ‘please tick all that apply’ on the questionnaire. In subsequent
analysis, the Jewish Ashkenazi women were included in the ‘Jewish origin’ category.

The age of participants ranged from 46 to 74 years. The mean BMI for all the ethnic groups in the study
was > 25 kg/m?, in the overweight range. Mean ages and BMls for each group are shown in Table 44.
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Just over one-third of the women in the study had ever used HRT. Usage was highest in the Jewish group
and lowest in women of black origin and those of Asian or mixed race (Table 45). The mean age of
women who reported ever using HRT (61.41 years) was significantly higher than that of women who had
never used it (57.19 years) (p < 0.01). This is likely to relate to the menopausal status of the individuals.

The volumetric MDs of women in the different ethnic groups are presented in Table 46, along with fat and
gland volumes.

TABLE 44 Mean BMI and age in each ethnic group

Ethnicity Number analysed Mean BMI (kg/m?) (SD) Mean age (years) (SD)
White British or Irish 1038 27.36 (5.49) 58.8 (6.99)
Black or black British 71 29.49 (4.60) 57.9 (7.36)
Asian or Asian British 76 26.24 (4.64) 57.5(6.75)
Jewish origin 89 25.52 (4.22) 60.1 (6.87)
Mixed 30 29.75 (5.83) 56.7 (6.29)
Others 48 25.50 (4.66) 58.8 (6.37)
All 1352 27.45 (5.37) 58.7 (6.96)

SD, standard deviation.

TABLE 45 Hormone replacement therapy use for women of different ethnicities

Ethnicity Ever used HRT (%)
White British or Irish 37.5
Black or black British 235
Asian or Asian British 26.7
Jewish 42.9
Mixed 26.7
Others 354
All ethnicities 36.2

TABLE 46 Gland and fat volumes (cm?3) and percentage density by volume for women of different ethnicities

Gland volume (cm?) Breast volume (cm?3) Volumetric density (%)
Ethnicity Mean SD Mean SD Mean sD
White 101.9 58.9 642.4 363.2 16.9 6.5
Black or black British 126.4 72.2 777.8 442.5 171 5.9
Asian or Asian British 78.9 47.9 454.8 259.2 18.3 6.0
Jewish origin 100.7 50.2 544.5 260.9 19.6 7.5
Mixed 117.0 455 694.6 2935 17.3 3.9
Others 97.5 63.3 596.3 450.1 18.1 6.4

SD, standard deviation.
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Using Scheffé’s test, slight differences were observed in the average volumetric density in all ethnic groups.
However, only women of Jewish ethnic origin had significantly higher breast density than the white British
or Irish population (p=10.012).

Once adjusted for age, BMI and HRT use, the results showed that the difference between average breast
density of the Jewish participants and that of the white British or Irish women was of only borderline
significance (p =0.053).

Discussion

Investigation of the relationship between breast density and ethnicity, although facilitated by the
availability of automated methods of measuring density, remains difficult because of the many
confounding factors such as the possible impact of a change in lifestyle on second-generation immigrants,
and wide variations between definitions of ethnic groups. This substudy is the first that has specifically
compared the volumetric breast density of Jewish women with that of white British or Irish women; this
comparison is particularly interesting because of the known difference in genetic susceptibility to breast
cancer of Ashkenazi Jewish women.???> The high rate of HRT use found in this group is of interest.

The population studied is unlikely to be representative of women of screening age in Greater Manchester, as
attendance at screening is not uniform across all ethnic groups, with women of non-white origin less likely to
present for screening.??® Further, the sample was selected from the PROCAS study on a pragmatic basis
aimed at maximising the proportion of non-white British participants. The mobile units used for screening
relocate to facilitate access, and the uptake of screening and the proportion of women consenting to take
part in PROCAS vary according to location, with lower rates in less affluent areas of the city.

The work reported here uses Quantra for MD assessment. This holds several potential advantages over
visual and semiautomated methods including objectivity, reproducibility, suitability for population-based
studies, resolution and the ability to assess absolute, rather than relative, breast density.??° Regardless of
the degree of association with risk, the identification of subgroups of women with high MD is important
because the detection of cancers using conventional mammography is more difficult in this case,??' and it
may be appropriate to use alternative screening methodologies.

In this sample we found that the only ethnicities for which, after adjusting for potential confounding
factors, there was some limited evidence of a difference in breast density were white British or Irish and
Jewish women. This is in contrast to recently reported data from the UK, which found that Asian women
had lower breast density as measured by Quantra; however, that research was carried out in a symptomatic
population rather than a screening population, and did not adjust for confounding factors such as age and
BMI.?"™ Quantra also provides data on volume of glandular tissue in the breast. This may be more reliable
than percentage density, as it is affected less by the weight of the women at the time of imaging.?"

Using breast volume as a surrogate for weight/body mass index

Introduction

Mammographic density is one of the strongest modifiable risk factors for breast cancer and is usually
reported as a relative measure, describing the proportion of the breast area or volume occupied by
radio-dense tissue. However, there is evidence that when women gain weight, they gain breast fat and
hence gain breast volume.?®" This results in a decrease in percentage breast density and hence a decrease in
the apparent risk of developing breast cancer, despite the gain in weight conferring an actual increase in
risk for postmenopausal women. Similarly, loss of weight (which is beneficial in terms of breast cancer risk)
leads to an increase in percentage density and apparent risk. For this reason, breast density measurements
made for the purpose of assessing cancer risk are often corrected for BMI or weight as well as for age.?'"?**
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As weight is not routinely recorded at mammographic screening, and the weight of many women changes
between screens, it would be advantageous to find a surrogate measure that could be used to correct
relative density measures. It has been proposed that the breast volume or fat volume computed by
commercial breast density software could be used in this way.??* The aim of this evaluation® is to
determine whether or not this would be appropriate.

Method

We used PROCAS questionnaire data, including height and weight at the time of screening, and the
corresponding digital screening mammograms were analysed with Quantra (version 1.3) and Volpara
(version 1.3.1). Quantra outputs total breast volume and dense tissue volume for both breasts, combining
data from the CC and MLO views. A single average total breast volume was calculated for each case.

The fat volume was obtained by subtracting the dense tissue volume from the total breast volume. Volpara
gave measures of average breast volume and average fat volume from both the left and the right breasts.
It also provided average total breast volume and average fat volume for each case.

Women were excluded if they had had a previous breast cancer or tissue biopsy, if essential data were
missing or invalid or if their recorded clothes size was unrealistic for their calculated BMI. We thus analysed
data from 7398 women, out which 500 data sets were set aside for evaluation, leaving a sample of 6898
data sets. Weight ranged from 36 kg to 172 kg and BMI ranged from 15.17 kg/m? to 62.38 kg/m2, with
95.7% of women declaring themselves to be white British or Irish.

To test the significance of a possible association between weight or BMI and the volumetric breast
measures, Pearson’s correlation was used. This was run as a two-tailed test, and a correlation coefficient
(r) > 0.4 was taken as a positive correlation between two variables. Owing to the large population size, an
additional criterion of r > 0.7 was used to indicate a significant association, in this instance the correlation
squared (r?) is 0.49, which would indicate that almost half of the variation in ‘true’ BMI (or weight)
between women could be explained by the prediction model. Linear regression was used to produce
predictive models for weight and BMI from the sample population; these were applied to the test set

data in order to predict weight and BMI for these 500 women. Predicted values were compared with
self-reported weight and BMI values and analysed by calculating intraclass correlation (ICC).

Finally, to increase the data available for testing, the predictive models were applied to the entire data set
available and histograms were plotted to show the differences between self-reported and calculated
weights and BMls.

Results

All volumetric breast measurements showed a positive correlation with either weight or BMI (Table 47).
Figure 28 shows an example plot for weight versus Volpara breast volume.'® In general the points on the
graphs become more scattered with increasing volumetric measurements, suggesting that predictive
models may perform better for women of lower weight/BMI.

For illustration, self-reported and predicted values for the minimum, maximum and mean self-reported
weights and BMlIs in a separate group of women were obtained and are presented for Quantra in Table 48
and for Volpara in Table 49.

Intraclass correlation was used to assess agreement between predicted and self-reported values. For all
predicted values, the ICCs indicated moderate agreement. For weight, the ICC ranged between 0.609 and
0.634. The lowest ICC agreement was obtained when using the values predicted using Volpara breast
volume data, for which the ICC =0.609 (95% Cl 0.522 to 0.683; p < 0.001). The highest ICC agreement
was obtained when using the values predicted using Quantra fat volume data, for which the ICC =0.634
(95% Cl 0.573 to 0.689; p < 0.001).
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TABLE 47 Correlations between density measures and self-reported weight and BMI in a population of
6898 women

Breast density measure Weight or BMI Coefficient value p-value
Quantra breast volume Weight 0.688 <0.001
Quantra fat volume Weight 0.695 <0.001
Volpara breast volume Weight 0.709 <0.001
Volpara fat volume Weight 0.712 <0.001
Quantra breast volume BMI 0.701 <0.001
Quantra fat volume BMI 0.710 <0.001
Volpara breast volume BMI 0.724 <0.001
Volpara fat volume BMI 0.728 <0.001
o
150 1
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FIGURE 28 Self-reported weight plotted against breast volume measured by Volpara.

TABLE 48 Self-reported and predicted weight and BMI in a separate group of 408 women

VELEL]S Minimum Maximum Mean SD
Self-reported weight (kg) 48 121 72.95 14.88
Weight (kg) predicted from breast volume 55 (14.58) 114 (5.78) 72.62 (0.45) 10.31
Weight (kg) predicted from fat volume 55 (14.58) 111 (8.26) 72.83(0.16) 10.51
Calculated BMI (kg/m?) 19.79 47.71 27.97 5.37
BMI (kg/m?) predicted from breast volume 21.13(6.77) 44.57 (6.58) 28.17(0.72) 4.05
BMI (kg/m?) predicted from fat volume 21.16 (6.92) 41.44 (13.14) 27.68 (1.04) 3.82

SD, standard deviation.
The predicted values were obtained using the appropriate regression formula obtained from Quantra measurements in the
sample population. Bracketed values are percentage difference between self-reported values and predicted values rounded
to two decimal places.
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TABLE 49 Self-reported and predicted weight and BMI in a separate group of 237 women

Self-reported weight (kg) 49 132 72.90 13.85
Weight (kg) predicted from breast volume 56 (14.29) 125 (5.30) 73.32 (0.58) 11.47
Weight (kg) predicted from fat volume 56 (14.29) 123 (6.82) 72.94 (0.05) 11.31
Calculated BMI (kg/m?) 19.49 53.15 27.96 5.45
BMI (kg/m?) predicted from breast volume 21.37 (9.64) 46.58 (12.36) 27.80 (0.57) 417
BMI (kg/m?) predicted from fat volume 21.35(9.54) 45.98 (13.49) 27.66 (1.07) 411

SD, standard deviation.
The predicted values were obtained using the appropriate regression formula obtained from Volpara measurements in the
sample population. Bracketed values are percentage difference between self-reported values and predicted values rounded
to two decimal places.

For BMI, the ICC ranged between 0.594 and 0.629. This indicates a slightly weaker agreement between
these predicted values and self-reported values than for weight. The lowest ICC agreement between
self-reported and predicted values was obtained with values predicted using Volpara breast volume data,
for which the ICC =0.594 (95% CI 0.505 to 0.671; p <0.001). The highest ICC was the same for two
of the sets of predicted values analysed against self-reported values, the values predicted using Quantra
breast volume data and those predicted using Quantra fat volume data, for which the ICC =0.629
(95% Cl 0.567 to 0.685; p <0.001).

Frequency histograms showing the difference between actual (self-reported) and predicted weight and
BMI values and those calculated by applying the predictive models to the entire data set are shown in
Figure 29.
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FIGURE 29 Frequency histograms (a) showing the difference between actual (self-reported) and predicted weight
for Volpara; (b) showing the difference between actual (self-reported) and predicted weight for Quantra;

(c) showing the difference between actual (self-reported) and predicted BMI for Volpara; and (d) showing the
difference between actual (self-reported) and predicted BMI for Quantra. (continued)
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FIGURE 29 Frequency histograms (a) showing the difference between actual (self-reported) and predicted weight
for Volpara; (b) showing the difference between actual (self-reported) and predicted weight for Quantra;

(c) showing the difference between actual (self-reported) and predicted BMI for Volpara; and (d) showing the
difference between actual (self-reported) and predicted BMI for Quantra.

Discussion

One of the limitations of this work is that we have assessed the volumetric measures against self-reported,
rather than measured, values. It is known that self-reported data are subject to errors, particularly in
people who are overweight,??® and this could potentially have contributed to the greater spread of data
seen with increasing weight. For similar reasons, it is unsurprising that prediction of BMI was less successful
than prediction of weight as the calculation of BMI involved the use of two self-reported data items,
weight and height. It is, however, difficult to obtain measured values for weight and height in a screening
setting, in which appointments are short and space and privacy on mobile units are limited, and so the use
of self-reported data is a pragmatic solution. Should risk-adapted screening be introduced, it is likely that
many of the data collected will be self-reported, and verification will only be implemented should women
fall into high-risk groups, or on the borderline between average and high risk.

Our results indicate that volumetric breast measurements made from mammograms are not an adequate
surrogate for self-reported weight and BMI in models of individual risk. A correlation of 0.634 does not
provide evidence of accurate prediction (the correlation squared is only 0.40, which can be interpreted as
the proportion of variation in ‘true’ BMI between women explained by the prediction model — this is not a
large proportion). However, volumetric measurements could be used as a sanity check on self-reported
data, rather than asking about clothes size, for example, which is itself error-prone because of variations
in size between clothing manufacturers. They could also be used in cases where women fail to provide
self-reported data.

Repeatability of visual assessment score assessment of
mammographic density

Visual assessment of MD is the only method that was applicable to all mammograms in PROCAS. This is

a subjective, relative, area-based method, and in PROCAS it was implemented as a visual estimate of
percentage density by an expert observer recorded on a VAS. This form of MD estimation has been shown
to have a strong association with risk of breast cancer when both the MLO and CC views of the breast are
used,'® and there is evidence that measurements of the relative area of dense tissue are more predictive
of breast cancer than categorical measurements of MD.?® However, the inherent subjectivity of visual
assessment is of concern when it is applied for risk stratification and the reliability of identifying individuals
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at increased or reduced risk of breast cancer is important. Although there is a literature on the variability of
categorical assessment of MD by observers,?>??7 or using computer-assisted thresholding methods such as
Cumulus,® there was a lack of data on variability of visual assessment recorded on a continuous scale
until we undertook this analysis for the PROCAS study.?®

Aim
The aim of this substudy was to examine the repeatability of breast density assessment using VASs.

Method

Seven of the PROCAS VAS density assessors (five consultant radiologists and two breast physicians) each
repeated the assessment of breast density for 100 sets of mammograms that they had previously assessed
for MD during the PROCAS study. The level of agreement between the original and repeat assessments
was investigated.

The readers had between 2 and > 10 years’ experience of MD assessment using VAS and had all
completed between 3000 and 7604 density assessments in 2011, with the exception of the reader with
> 10 years’ experience, who had undertaken 661 VAS assessments that year.

A set of 100 cases was selected for each reader by randomly sampling 10 sets of mammograms from each
decile of the distribution of VAS density as assessed in the PROCAS study by that reader during the period
May 2010-May 2011. Selection in this manner ensured the inclusion of cases across a range of densities,
and an interval of at least 12 months between the initial assessment of the images and the repeat
assessment undertaken for this substudy in May and June 2012. The mammograms were cases that had
been read as normal, and were from women without a previous history of breast surgery of any kind, or
previous breast biopsy. All of the mammogram images were produced by GE Senographe Essential FFDM
systems (GE Healthcare Ltd, Chalfont St Giles, UK); in PROCAS we have observed differences in mean
visually assessed density between different types of mammograms (GE Digital, Fischer Digital and
analogue), so for consistency we used images from a single platform.

Both the initial MD estimation undertaken for the PROCAS study and the repeat assessment for this
substudy took place under similar conditions. Readers viewed the MLO and CC images of both breasts

and marked their density estimates for each view on a single paper form with a set of four 10-cm VASs,
labelled 0% and 100% at the ends. The forms were scanned and density estimates were converted into
numeric values using custom software. All assessment took place in the same clinical reporting room, with
images displayed on Planar Dome E5 5MP self-calibrating monitors (Ampronix Imaging Technology, Irvine,
CA, USA). Readers were blinded to the assessment of other readers and to their own previous assessments.

Agreement between the initial and repeat sets of density results for each reader was examined using the
Bland-Altman limits of agreement framework.??¢22° Differences between paired readings were plotted
against their mean, with horizontal lines indicating the mean difference and 1.96 standard deviations (SDs)
above and below the mean difference. These lines represent the limits of agreement, between which

95% of differences are expected to lie.?” This approach is often used when the level of agreement
between two distinct methods of measurement is evaluated. In this substudy, we treated pairs of density
assessments as replicates by the same method, that is, repeat observations at different times. We can thus
also examine a reader’s coefficient of repeatability, 2.77 sw, where sw is the within-subject SD, estimated
by the square root of the residual mean square in a one-way analysis of variance.?”® Replicates by the same
method are expected to be within one coefficient of repeatability of each other for 95% of subjects.
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Results

In Table 50 we present a summary of the differences between the initial (‘old’) density assessments of each
reader and those (‘new’) assessments produced for this repeatability substudy. Results are shown by
mammographic view for each of the seven readers, along with estimates of the 95% limits of agreement,
within-subject SD and coefficient of repeatability. Six of the seven readers have positive mean differences
for all views. This indicates, on average, an increase in density estimates between the initial assessment
and repeat assessment. For the seventh reader, on average, a decrease in density estimates was observed.

TABLE 50 Differences between repeated breast density estimates, by mammographic view and reader

1 RCC 2.28 7.37 30 -12.16 16.72 543 15.05
RMLO 0.38 7.43 34 -14.18 14.94 523 14.50
LCC 3.10 7.27 28 -11.15 17.35 557 15.43
LMLO 0.34 7.38 32 -14.12 14.80 5.20 14.40
2 RCC 5.78 8.99 28 -11.84 23.40 7.53 20.88
RMLO 497 8.55 27 -11.78 21.72 6.96 19.30
LCC 5.55 9.41 29 -12.89 23.99 7.70 21.33
LMLO 497 9.09 26 -12.85 22.79 7.30 20.23
3 RCC 1.81 11.76 65 -21.24 24.86 8.37 23.21
RMLO 2.75 12.14 52 -21.05 26.55 8.76 24.28
LCC 1.92 11.75 64 -21.10 24.94 8.37 23.21
LMLO 2.83 12.18 64 -21.04 26.70 8.80 24.39
4 RCC 14.66 13.21 62 -11.24 40.56 13.92 38.60
RMLO 10.19 12.84 56 -14.98 35.36 11.56 32.03
LCC 14.11 13.43 60 -12.22 40.44 13.74 38.09
LMLO 13.24 13.87 61 -13.95 40.43 13.52 37.49
5 RCC 3.54 10.37 43 -16.79 23.87 7.72 21.39
RMLO 2.47 12.79 47 -22.60 27.54 9.17 25.41
LCC 2.85 9.88 42 -16.51 22.21 7.24 20.06
LMLO 2.12 12.08 49 -21.56 25.80 8.63 23.93
6 RCC -1.29 10.55 33 -21.96 19.38 7.48 20.72
RMLO -2.18 10.01 30 -21.80 17.44 7.21 19.98
LCC -0.77 10.55 31 -21.44 19.90 7.44 20.62
LMLO -1.58 10.17 29 -21.52 18.36 7.24 20.08
7 RCC 2.14 12.99 42 -23.33 27.61 9.27 25.69
RMLO 1.83 13.70 47 -25.03 28.69 9.73 26.97
LCC 2.26 12.70 42 -22.63 2715 9.08 25.16
LMLO 1.45 13.30 44 -24.62 27.52 9.41 26.10

LCC, left CC; LMLO, left mammogram lateral oblique; RCC, right CC; RMLO, right mammogram lateral oblique.
The unit of difference is the percentage point; max abs denotes the maximum absolute difference.**
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Reader 4, who had only 2 years’ experience reading using VAS, showed the widest limits of agreement
(-13.95 to 40.43 for the left mammogram lateral oblique view) and largest coefficient of repeatability
(38.60 for the right CC view). The sizes of the mean differences for reader 4 (10.19 to 14.66 percentage
points) are considerably larger than those for the other six readers (0.34 to 5.78 percentage points).
Reader 1 (the most experienced VAS reader with the lowest annual VAS workload) showed the narrowest
limits of agreement (-11.15 to 17.35, left CC view) and smallest coefficient of repeatability (14.40, left
mammogram lateral oblique view).

Scatterplots of the new and old estimates, and Bland-Altman plots of the differences between them,

are presented for all readers in Figures 30 and 37. There is little variation between the different
mammographic views within readers. The high proportion of points above the lines of perfect concordance
in Figure 30 shows the increase from the initial to repeat assessments by most readers, while Figure 31
illustrates the variation around the mean difference between the estimates for each reader.
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FIGURE 30 Scatterplots of new (y-axes) and old (x-axes) density estimates by reader and view. All axes range from
0% to 100%. Solid diagonal lines are the lines of perfect concordance.?®® LCC, left CC; LMLO, left mammogram
lateral oblique; RCC, right CC; RMLO, right mammogram lateral oblique.
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FIGURE 31 Bland-Altman plots of the difference (new-old) against the mean of new and old readings. Solid
horizontal lines are the mean differences and dashed horizontal lines are the 95% limits of agreement.>*
LCC, left CC; LMLO, left mammogram lateral oblique; RCC, right CC; RMLO, right mammogram lateral oblique.

Discussion

We have investigated the repeatability of MD assessment by visual assessment recorded on VASs. Six of
the seven readers’ density estimates were higher at the repeat assessment; this may at least partly be
explained by the effect of the gradual transition from screen film mammography to digital mammography
during the period of investigation. Screen film mammography was still being used during the initial
PROCAS assessments of density, so at that time readers were assessing images from both modalities.

We have observed that visual assessments of film mammograms tend to be higher, on average, than those
of digital mammograms. It is possible that once the film comparator was removed (as was the case by the
time of the repeat assessments) the readers may have realigned their baseline for digital mammography
and hence increased their estimates.

Variation around the mean difference between current and previous readings was considerable, with 95%
of differences expected to fall, at best, within 14.25 percentage points of the mean. Such a high degree of
variability is problematic where MD is used to identify individuals at increased risk of breast cancer or where
visual assessment of breast density is used to predict response to a preventative intervention. For example,
a 12- to 18- month reduction in visual breast density of at least 10 percentage points was found to be a
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predictor of a reduction in risk of breast cancer in a study of tamoxifen as a preventative treatment in
high-risk women.2*° This result was obtained using a single, highly experienced, observer and the level of
intraobserver variability found in our pragmatic study would not be clinically acceptable in this context.
However, it is worth noting that a previous study using synthetic mammograms found that reader accuracy
in assessing change in VAS breast density could be improved by viewing the current images and

priors simultaneously.?'

Interobserver variability of visual assessment score assessment
and correction method

Introduction

Interobserver variability is inherent in the visual assessment of breast density, and was investigated in
PROCAS using a common set of images assessed by 12 readers.'® To account for the differences,
we developed a method for adjusting readers’ estimates.’?

Methods

To assess interobserver variability, the MD of 120 screening cases with GE Senographe Essential FFDMs was
independently assessed by 12 experienced mammographic readers (consultant radiologists, breast physicians
and advanced practitioner radiographers). Assessment was performed using a separate VAS for each
projection (CC and MLO) of each breast. These were scanned and converted to percentages, and then
averaged. A Cumulus density result was also produced for each image by a trained and validated user.

The level of agreement between readers was assessed using Bland-Altman limits of agreement*?® and the
concordance correlation coefficient (CCC). The VAS percentage densities were also converted to

BI-RADS breast composition categories [(1) < 25% glandular; (2) 25-50% glandular; (3) 51-75% glandular;
and (4) > 75% glandular] and agreement on this ordinal scale was measured with Cohen’s weighted kappa.

We developed a two-stage method to adjust different observers’ estimates of breast density in order to
make them comparable.’® First, results from all observers are transformed onto the same distribution.
Individual readers produce VAS density results on their own distribution; we compute the empirical
cumulative distribution function (ECDF) separately for each view by each reader, and then construct the
overall ECDF by averaging the individual ECDFs, weighting each reader equally. We transform an original
‘raw’ VAS by a reader to its position in the ECDF of the reader, and then transform that position in the
overall ECDF back to the 0-100% density scale.

Different readers perform assessment on different sets of cases, and each case is assessed by two readers.
The second stage of the process is to account for any differences in case mix seen by different observers,
exploiting differences in pairwise assessment after the first stage of the process. We can then estimate a
correction factor for each reader to deal with differences in case mix.

We applied this two-stage approach to 12 experienced mammographic readers assessing a total of 13,694
screening cases from the PROCAS study. We then investigated the effect of using the adjustment method
on risk stratification by examining the numbers of women who would be reclassified into a different risk
group after adjustment.

Results

This section contains text reproduced with permission from Sergeant JC, Walshaw L, Wilson M, Seed S,
Barr N, Beetles U, et al. ‘Same task, same observers, different values: the problem with visual assessment
of breast density’, Proc SPIE 8673, Medical Imaging 2013: Image Perception, Observer Performance, and
Technology Assessment, 86730T, March 28 2013.2%

The greatest difference between any two readers’ estimates for the same case was 67.75 percentage points,
while the mean difference between two readers ranged from 0.76 to 28.58 percentage points. The 95%
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limits of agreement between pairs of readers were —6.96 to 18.62 at their narrowest and -59.13 to 1.97 at
their widest. Pairwise CCC values ranged from 0.44 to 0.92, while the overall CCC across the 12 readers was
0.70. Pairwise kappa values for the BI-RADS classification ranged from 0.37 to 0.84, with a mean of 0.65.

An illustration of the variability of reader estimations of density is shown in Figure 32. Here, the readings
of each of the 12 readers are plotted against each other, and against the Cumulus estimates of density.
Figure 33 shows Bland-Altman plots illustrating pairings with the poorest and best agreement. For
Cumulus, the widest 95% limits of agreement were for observer 9 (-3.94 to 49.71) and the narrowest
were for observer 3 (3.29 to 32.55); these are shown in Figure 34. CCC values ranged from 0.48 to 0.87
and kappa values ranged from 0.40 to 0.80.

We applied the two-stage density adjustment approach to 13 experienced mammographic readers
assessing a total of 13,694 screening cases. Figure 35 shows box plots of the readers’ estimates of MD for
the cases they read. A scatterplot matrix of pairwise density assessments corresponding to these is shown
in Figure 36.
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FIGURE 32 Scatterplot matrix of density results by observers (labelled 1-12) and Cumulus, with all axes scaled
0-100% and lines of perfect concordance shown.
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FIGURE 35 Box plots showing reader VASs for 13 readers, each reading a subset of 13,694 screening cases.
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FIGURE 36 A scatterplot matrix of pairwise density assessments corresponding to the assessments in Figure 35.
Blank cells in the scatterplot matrix indicates readers who never assessed the same mammograms. All axes are
scaled 0-100% and lines of perfect concordance are shown.

In PROCAS, women are categorised as having a high risk of developing breast cancer if their 10-year risk
as computed by a validated family history-based risk model is between 5% and 8% and their breast
density is at least 46%, the 90th percentile observed in the study population. In this substudy, 1125 of the
13,694 women had a 10-year breast cancer risk of at least 5% but <8%. Of these, 126 had initial breast
density estimates of at least 46%, and were therefore classified as high risk. Following VAS density
adjustment, 147 women were classified as high risk. Of these, 35 women were reclassified (3.5% of those
initially classified as non-high risk). Fourteen women who were initially classified as high risk had their risk
category reduced after adjustment (11.1% of those initially classified as high risk). This is illustrated in the
reclassification table (Table 57).
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TABLE 51 Reclassification of women into risk categories following adjustment of VASs

High risk 112 14 126

Non-high risk 35 964 999

Total 147 978 1125
Discussion

Substantial lack of agreement was found between readers visually assessing percentage breast density,
and between the readers and Cumulus assessments. This study demonstrates the need for reader
harmonisation, either by standardised training before reading commences or by adjustment of results after
reading has taken place, should VAS density assessment be used for risk stratification.

Adjustment of VAS estimates of percentage breast density to take account of interobserver variation
thus had a substantial effect on which women were classified as being at high risk of developing breast
cancer owing to the combination of their 10-year risk estimate and breast density. If VAS assessment of
density is to be used to help assess cancer risk in order to inform screening strategies and preventative
interventions, adjustment must be considered.

Selection of best performing risk prediction model in PROCAS
and incorporation of density

Aim

To assess, using incident and prevalent breast cancers identified on the first mammography screen as part
of PROCAS, the predictive performance and characteristics of risk stratification categories (1) from the TC
and Gail risk models; (2) from MD; and (3) when combined. The aim is to assess their rank-ordering
performance at baseline.

Methods
Data

Sample selection
As of 3 March 2014 there were 53,184 women and 632 confirmed breast cancers (DCIS and invasive) that
occurred after enrolment. The following exclusions were made for this report:

® 769 who had a previous diagnosis of breast cancer (22 cancers in PROCAS)

nine who had a bilateral breast cancer diagnosis, because the breast density measurement would
be affected

45 who had missing data on the side of breast cancer diagnosis

2400 who had no visual assessment of breast density available (eight cancers)

14 who were older than 73 years at enrolment (no cancers)

nine with BMI of > 80 kg/m? and 22 with BMI of < 10 kg/m? (one cancer).

This left 49,916 women who were breast cancer free at baseline, of whom 547 were diagnosed with
breast cancer after enrolment into PROCAS and had a valid breast density measurement.

© Queen'’s Printer and Controller of HMSO 2016. This work was produced by Evans et al. under the terms of a commissioning contract issued by the Secretary of State for Health.

This issue may be freely reproduced for the purposes of private research and study and extracts (or indeed, the full report) may be included in professional journals provided that
suitable acknowledgement is made and the reproduction is not associated with any form of advertising. Applications for commercial reproduction should be addressed to: NIHR
Journals Library, National Institute for Health Research, Evaluation, Trials and Studies Coordinating Centre, Alpha House, University of Southampton Science Park, Southampton

SO16 7NS, UK.

117



Tyrer—Cuzick risk model
The 10-year absolute risk from version 6.0 of the algorithm was applied to data as provided on the
guestionnaires before quality control was complete.

Gail risk model

The 10-year absolute risk (which includes competing mortality) was obtained using the code from the NRI
website in April 2014.%2 It was applied to data as provided on the questionnaires. Number of first-degree
relatives is based on only mothers and sisters. Ethnicity was taken to be white unless reported as black,
when that was used. The number of previous biopsies was not recorded in the questionnaire; it was taken
to be 1 if the woman had reported a previous biopsy of her breast.

Breast density
Mean percentage density was obtained from two readers and eight views. For cancers this was obtained
from the mean of the scores on the contralateral breast.

Statistical methods

Age, BMI, TC and Gail 10-year risk, and breast density were tabulated by percentiles. The relationship
between density and age and BMI was assessed. To combine breast density with the TC and Gail absolute
risks, a residual was obtained by fitting a linear regression of density against age and BMI, for those with
BMI information. The model also included a term for type of mammogram (digital or film), because visual
density measurements from digital images are known to be systematically less than those from film. The
difference between that expected given age and BMI and that observed was used as a measure of breast
density that is by definition independent of age and BMI and zero when the women has mean density for
her BMI (if known) and age. Logistic regression was used to assess the significance of TC and the density
residual (DR), and to calibrate the RR from the density measure. The calibrated RR from VAS was combined
with the TC score to produce TC + density absolute 10-year risks. Tables showing the breakdown of
cancers in 1-2%, 2-3%, 3-5%, 5-8% and > 8% 10-year risk groups showed the stage, grade and lymph
node positivity data by risk group for both TC and TC + density predictions. To compare against the TC
groups, a table with the same number of women in each group was produced.

Table 52 summarises the distribution of age, BMI, the TC 10-year risk and VAS density by case status.
Breast cancer cases had marginally higher BMI but were well matched on age. Breast cancer cases also had
higher overall 10-year risk based on the TC and Gail models.

Quantiles of risk factors used in the present analysis

Age No 49,369 49.0 52.0 58.0 64.0 70.0
Yes 547 49.0 53.0 60.0 65.0 70.0
BMI No 45,640 20.5 23.6 26.5 30.4 38.2
Yes 503 21.0 24.1 26.9 30.5 388
Gail 10-year No 49,369 2.2 2.9 3.5 4.3 7.0
Yes 547 2.4 3.0 3.7 4.5 7.5
TC 10-year No 49,369 1.6 2.1 2.7 3.5 6.1
Yes 547 1.7 2.3 2.9 3.9 6.8
Density No 49,369 5.8 13.6 244 37.8 60.5
Yes 547 8.2 18.2 28.0 40.8 66.9
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Figure 37 shows that MD was strongly influenced by both age and BMI.

Table 53 also shows that density was affected by the type of mammogram. Old analogue film
mammograms were associated with higher VASs than digital mammograms.
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TABLE 53 Quantiles of density by other factors

Age

BMI

Mammogram type

<50
50-59
>60
<20
20-25
25-30
>30
Unknown
Film
Fisher
Digital

Unknown

4306
24,038
21,572
1573
15,817
16,421
12,332
3773
6723
1665
40,826
702

8.5
6.0
5.4
12.8
8.6
6.1
4.5
5.6
6.0
6.2
5.8
6.8

20.9 34.0 47.7
14.5 25.8 39.2
12.1 214 336
26.4 39.8 56.9
19.9 314 44.9
13.9 236 35.9
9.0 15.8 26.8
13.2 236 37.0
15.0 272 43.1
16.0 27.9 445
134 2338 36.8
13.1 25.9 432

70.1
62.5
54.4
80.1
67.2
55.1
459
59.5
71.0
66.8
57.8
65.0
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A linear model was fitted by regressing density on age, BMI and type of mammogram (digital or not).
The DR was the difference between the expected value of density from this model and that observed.
In other words, the DR is interpreted as the difference between a woman'’s density and the average
density for women of the same age and BMI. For example, if DR =+10, then the woman has density of
10 percentage points more than would be expected based on her age and BMI.

Table 54 shows summary results of using TC and Gail with the DR to predict case status in the cohort.
The Gail model only achieved an AUC c-statistic of 0.54, while TC was better, at 0.57. Adding DR to the
models significantly improved the discrimination to a c-statistic of 0.58 for Gail and 0.60 for TC.
Furthermore, adding DR to each model increased the ORs between upper and lower quantiles in

both models.

The multivariate ORs are given for the difference between the upper 75th and lower 25th quantiles.
The p-value is from the stepwise likelihood-ratio test for each predictor (TC or Gail first, then density);

similarly, the AUCs are when TC or Gail are used alone, and then when the DR is added.

Figure 38 compares the receiver operating characteristic curves showing the improved performances with
density added as DR.

Figure 39 shows the histogram of ORs from fitted logistic regression models with (1) TC alone, (2) DR
alone, and (3) TC and the DR combined.

Figure 40 shows a scatterplot with cancers marked in red against the 10-year risk score from Gail and TC.

TABLE 54 Adding the DR to Gail and TC models, summary measures of performance

Gail 10-year 1.12 (1.05 to 1.19) 2.90 4.30 0.54 12.3 4.47e-04
DR (with Gail) 1.42 (1.28 to 1.58) -11.81 9.43 0.58 39.7 <0.0001
TC 10-year 1.18 (1.11 to 1.25) 2.12 3.48 0.57 30.7 <0.0001
DR (with TC) 1.41(1.26 to 1.56) -11.81 9.43 0.60 37.9 <0.0001

— Age (AUC 0.54)
— — Gail (AUC 0.54)
---TC(AUCO0.57)

Density (AUC 0.58)
-—- Gail+density (AUC 0.58)
--- TC+density (AUC 0.60)

True-positive rate

T T
0.0 0.2 0.4 0.6 0.8 1.0
False-positive rate

FIGURE 38 Receiver operator characteristic curves showing performance of Gail and TC models with and
without DR.
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FIGURE 40 Gail and TC predictions (green X = breast cancer diagnosed).

Tables 55 and 56 show TC and Gail predictions broken down by cancer detection. Neither TC nor Gail was
predictive of a higher proportion of higher stage, grade or lymph node involvement.

Table 57 does the same analysis for the DR, by restricting the number of women in each group to be the
same as the absolute risk groups from Tables 53 and 54. Density does appear predictive of increased
proportions of higher-stage cancers.
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TABLE 55 Tyrer—Cuzick groups and cancer characteristics

BC, n (%) Stage,n High,n(%) Grade,n High, n (%) Yes, n (%)

<1% 98 (0.2) 0(0.0) 0 0(0.0) 0 0(0) 0 0 (0)

1-2% 9415 (19.1) 71(0.8) 64 7 (10.9) 65 15 (23) 64 12 (19)
2-35% 27712 (56.1) 298 (1.1) 273 20(7.3) 267 52 (19) 266 39 (15)
3.5-5% 7322 (14.8) 98 (1.3) 81 9(11.1) 85 20 (24) 81 16 (20)
5-8% 4225 (8.6) 63 (1.5) 59 9 (15.3) 59 14 (24) 55 11 (20)
>8% 597 (1.2) 17 (2.8) 17 1(5.9) 16 2(12) 16 3(19)
Total 49369 (100.0) 547 (1.1) 494 46 (9.3) 492 103 (21) 482 81(17)

BC, breast cancer; LN, lymph node.

n is the number in each group (% of those in sample). The percentage of women diagnosed with DCIS or invasive BC is
given. First the number of women with stage, grade and LN information is given and then the number who have a high
stage, etc. (% of those assessed).

TABLE 56 Gail groups and cancer characteristics

132_3:&7: N (%) BC, n (%) Stage,n High,n(%) Grade,n High,n(%) LN,n Yes, n(%)
<1% 0(0.0) 0(0.0) 0 0(0.0) 0 0(0) 0 0(0)

1-2% 877 (1.8) 6(0.7) 5 0(0.0) 5 3(60) 5 0(0)
2-3.5% 22,823 (46.2) 228 (1.0) 205 19 (9.3) 204 46 (23) 203 33(16)
3.5-5%  18,385(37.2) 215(1.2) 195 18(9.2) 194 36 (19) 189 31 (16)
5-8% 6375 (12.9) 79(1.2) 70 4(5.7) 71 12(17) 67 9(13)
>8% 909 (1.8) 19 (2.1) 19 5(26.3) 18 6(33) 18 8 (44)
Total 49,369 (100.0) 547 (1.1) 494 46 (9.3) 492 103 (21) 482 81 (17)

BC, breast cancer; LN, lymph node.

n is the number in each group (% of those in sample). The percentage of women diagnosed with DCIS or invasive BC is
given. First the number of women with stage, grade and LN information is given and then the number who have a high
stage, etc. (% of those assessed).

TABLE 57 Density residual groups and cancer characteristics, with approximately the same number in each as
observed in the TC groups (slight differences owing to ties)

132-3:;?:‘ BC, n (%) Stage,n High,n(%) Grade,n High, n (%) Yes, n (%)
1 (low) 97 (0.2) 1(1.0) 1 0(0.0) 1 0(0) 1 0(0)

2 9436 (19.1) 50 (0.5) 43 1(2.3) 41 8 (20) 41 2 (5)

3 27,692 (56.1) 318 (1.1) 286 25(8.7) 287 61(21) 280 46 (16)

4 7319 (14.8) 101 (1.4) 94 12 (12.8) 92 19 (21) 92 17 (18)

5 4222 (8.6) 66 (1.6) 59 8(13.6) 60 14 (23) 57 16 (28)

6 (high) 603 (1.2) 11(1.8) " 0(0.0) 1M1 1(9) 1M1 0 (0)

Total 49,369 (100.0) 547 (1.1) 494 46 (9.3) 492 103 (21) 482 81 (17)

BC, breast cancer.
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Tables 58 and 59 show how the prediction from Tables 53 and 54 change when density is combined with
TC and Gail. Combining Gail and TC means that the proportion of low-risk cancers that have high stage
(stages 2b and 3) is substantially lower. Only 18 out of 272 (6.6%) breast cancers occurring in women
with a MD-adjusted TC score of <3.5% 10-year risk had high stage at diagnosis, whereas 28 out of 222
(12.6%) of those with TC risks of >3.5% in 10 years had high-stage cancers (p =0.029). If we assume
that the inclusion of prevalent cases adds a soujourn time of 2.5 years and that overall follow-up is, on
average, 4 years, then in women with average or below-average risks (< 3.5% 10-year risk) the chances of
getting a high-stage cancer with 3-yearly NHSBSP screening is 18 in 4 x 34,670 = 1.3 per 10,000 per year,
compared with 28 in 4 x 14,699 =4.76 per 10,000 annually (p < 0.001). TC picked out only 29.8% of the
population as having a 10-year risk of > 3.5%. While adjusting the Gail score with density also predicted
higher-stage cancers, 49.8% of the population was deemed to have a 10-year risk of > 3.5%. Thirty-five
high-stage cancers occurred in 333 (10.5%) women at < 3.5% 10-year risk, compared with only 11 in 191
(5.8%) (p=0.077).

Density was associated with stage grade and nodal status, which drives the pattern seen in Tables 60 and 61.

Table 60 shows a clear rising proportion of cancers with increasing DR. Further data on the cancers are given
in Tables 61-65.

These tables also show that breast cancers diagnosed after the age of 65 years were less likely to be high
stage with lymph node involvement, and were of lower grade.

TABLE 58 Tyrer—Cuzick + DR groups and cancer characteristics

<1% 414 (0.8) 2 (0.5) 2 0(0.0) 2 0(0) 2 1 (50)
1-2% 12,642 (25.6) 89 (0.7) 78 3(3.8) 72 12 (17) 75 79
2-3.5% 21,614 (43.8) 208 (1.0) 192 15(7.8) 194 42 (22) 189 29 (15)
3.5-5% 8434 (17.1) 134.(1.6) 116 15(12.9) 120 26 (22) 117 26 (22)
5-8% 4863 (9.9) 84 (1.7) 77 10 (13.0) 77 16 (21) 73 13 (18)
8%+ 1402 (2.8) 30 (2.1) 29 3(10.3) 27 7 (26) 26 5(19)
Total 49,369 (100.0) 547 (1.1) 494 46 (9.3) 492 103 (21) 482 81 (17)

BC, breast cancer; LN, lymph node

TABLE 59 Gail + DR groups and cancer characteristics

<1% 1(0.0) 0(0.0) 0 0(0.0) 0 0(0) 0 0(0)
1-2% 3429 (6.9) 20(0.6) 17 0(0.0) 18 6 (33) 17 1(6)
2-3.5% 21,381 (43.3) 194 (0.9) 174 11 (6.3) 171 43 (25) 170 21(12)
3.5-5% 14,077 (28.5) 165 (1.2) 147 17 (11.6) 150 25(17) 144 30 (21)
5-8% 8350 (16.9) 130 (1.6) 119 14 (11.8) 118 22 (19) 117 22 (19)
>8% 2131 (4.3) 38(1.8) 37 4(10.8) 35 7 (20) 34 7(21)
Total 49,369 (100.0) 547 (1.1) 494 46 (9.3) 492 103 (21) 482 81 (17)

BC, breast cancer; LN, lymph node.
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PROCAS: PREDICTING RISK OF BREAST CANCER AT SCREENING

TABLE 60 Cancers with stage information, broken down by DR

DR

<-20
-20to -10
-10t0 0
Oto 10
10 to 20
>20

N (%)
19 (4)
74 (15)
129 (26)
112 (23)
71 (14)
89 (18)

High stage, n (%)
0(0)

45

10 (8)

12.(11)

12.(17)

8(9)

Recall that, for example, a DR of 10% means that the density is 10 percentage points higher than the average density for a

woman of the same age and BMI.

TABLE 61 Cancers with stage information, broken down by age

Age (years) N (%) High stage, n (%)
<50 34 (7) 3(9)
50-55 120 (24) 14 (12)
55-60 81 (16) 79
60-65 121 (24) 17 (14)
65-70 104 (21) 4 (4)
>70 34 (7) 103)
TABLE 62 Logistic regressions of pathology vs. the DR and age

Test OR (95% CI) p-value
Grade

DR 1.01 (0.76 to 1.33) 0.961

Age (10-year) 0.66 (0.48 t0 0.91) 0.012
Stage

DR 1.53(1.04 to 2.24) 0.030

Age > 65 years 0.28 (0.09 to 0.66) 0.009
LN+

DR 1.44 (1.06 to 1.94) 0.019

Age > 65 years 0.47 (0.09 to 0.66) 0.017

LN, lymph node.

The OR for density is for the difference between the 75th and 25th percentiles (as earlier); for age it is for a 10-year

increase in age, or the difference between those older than 65 years and those not.
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TABLE 63 Cancers with LN information, broken down by DR

DR N (%) LN+, n (%)
<-20 19 (4) 1(5)
-20t0 -10 73 (15) 8(11)
-10t0 0 123 (26) 17 (14)
0to 10 111 (23) 22 (20)

10 to 20 70 (15) 15 (21)
>20 86 (18) 18 (21)

LN, lymph node.

TABLE 64 Cancers with LN information, broken down by age

Age (years) N (%) LN+, n (%)
<50 34.(7) 4(12)
50-55 115 (24) 28 (24)
55-60 81(17) 11(14)
60-65 117 (24) 24.(21)
65-70 104 (22) 11(11)
>70 31(6) 3(10)

LN, lymph node.

TABLE 65 Cancers with grade information, broken down by age

Age (years) N (%) High grade, n (%)
<50 34(7) 9 (26)

50-55 116 (24) 32 (28)

55-60 85 (17) 19 (22)

60-65 121 (25) 21(17)

65-70 103 (21) 18 (17)

>70 33(7) 309
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The results from our analyses of prospective breast cancers in PROCAS indicate that TC, Gail and density
are predictive for a screening population, and that density may be combined with a prediction model.
TC appeared to perform better than Gail and, in particular, has good discriminatory value for overall
prediction and high-stage prediction when combined with density. More cancers occurred with Gail and
TC in higher-risk groups, but little difference by risk group was identified in predicting the probability of
high stage, grade or lymph node status given a cancer diagnosis based on Gail or TC. High density was
linked to higher stage and lymph node involvement. Although the addition of density significantly
improved the AUCs for both Gail and TC, the overall AUC scores were still modest.

We have previously shown that TC is accurate in risk assessment® in the FHC setting and the present study
has shown that it predicts accurately in the general population. A number of breast cancer risk models have
been developed in the past 25 years.?? These incorporate known genetic, reproductive and other risk factors
to a greater or lesser extent (see Table 28). Gail et al.**"*° described a risk assessment model, which focuses
primarily on non-genetic risk factors with limited information on family history. A model of RRs for various
combinations of the utilised risk factors (see Table 28) was developed from case—control data from the
Breast Cancer Detection Demonstration Project. Individualised breast cancer probabilities from information
on RRs and the baseline hazard rate are generated. These calculations take into account competing risks
and the interval of risk. The data depend on having periodic breast surveillance. The Gail model was
originally designed to determine eligibility for the Breast Cancer Prevention Trial, and has since been
modified (in part to adjust for race) and made available on the National Cancer Institute website.?*? The
model has been validated in a number of settings and probably works best in general assessment clinics, in
which family history is not the main reason for referral,'*>%17¢ although it should also be useful in general
population screening programmes. The major limitation of the Gail model is the inclusion of only first-
degree relatives, which results in underestimating risk in the 50% of familial risk with cancer in the paternal
lineage and also takes no account of age at onset of breast cancer.

The Claus model'”” and BRCAPRQ'®' are primarily genetic models calculating a likelihood of either a
putative high-risk dominant gene'” or BRCA1/BRCAZ2."®' Breast cancer risks are imputed from this
calculation. As such, given the rarity of BRCAT/BRCAZ or the putative dominant gene in the Claus model,
these models are useful only in the familial setting and are not relevant to the current study. BOADICEA®
is another model primarily developed to assess genetic risk, but has been validated in a population-based
series of breast cancers. Although the inclusion of non-genetic risks is anticipated, these are not yet
available in the online model.

The TC model," based partly on a data set acquired from IBIS-l and other epidemiological data, incorporates
both familial and non-genetic risk factors in a comprehensive way."" The major advantage over the Claus
model and BRCAPRO is that the model allows for the presence of multiple genes of differing penetrance.

It does give a read-out of BRCA1/BRCAZ2, but also allows for a lower-penetrance BRCAX. As such, the TC
model addresses many of the pitfalls of the previous models: significantly, the combination of extensive family
history, endogenous oestrogen exposure and benign breast disease (atypical hyperplasia). It is unsurprising,
therefore, that the model performs better than the simpler Gail model, this being particularly so in the familial
setting® and now, as we have shown, in the population setting.

Mammographic density is the single assessable risk factor with the largest population attributable risk and
also has a substantial heritable component.?®*#4 The difference in risk between women with extremely
dense, as opposed to predominantly fatty, breasts is approximately four- to sixfold.?*®* The incorporation of
MD into standard risk prediction models has been associated with some improvement in precision of risk
prediction.***> Here we have shown that adding an adjusted MD score to Gail and TC not only improves
the discrimination significantly, but also predicts higher-stage cancers. It is likely that our results also
indicate that TC should replace Gail in North America, as a study from Canada has shown that TC
substantially outperformed the Gail model.”” The authors applied 10-year absolute risk of breast cancer,
using prospective data from 1857 women, over a mean follow-up length of 8.1 years, of whom 83
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developed cancer. The 10-year risks assigned by Gail and TC differed, with ranges at the extremes of
0.001% and 79.5%. The mean Gail- and TC-assigned risks of 3.2% and 5.5%, respectively, were lower
than the cohort’'s 10-year cumulative probability of developing breast cancer of 6.25%. Agreement
between assigned and observed risks was better for TC [HL X4(2) =7.2, p-value 0.13] than for Gail, with
Gail significantly underpredicting cancers (p < 0.001). The TC model also showed better discrimination
(AUC =69.5%, 95% Cl 63.8% to 75.2%) than the Gail model (AUC =63.2%, 95% Cl 57.6% to 68.9%).
In almost all covariate-specific subgroups, Gail mean risks were significantly lower than the observed risks,
while IBIS-I risks showed generally good agreement with observed risks, even in the subgroups of women
considered at average risk (e.g. no family history of breast cancer, BRCA1/BRCA2 mutation negative).

A further study from Marin County using data from 12,843 participants, of whom 203 had developed
breast cancer during a 5-year period, showed that TC achieved an AUC of 0.65 (95% Cl 0.61 to 0.68),
compared with 0.62 (95% Cl 0.59 to 0.66) for Gail and 0.60 (95% Cl 0.56 to 0.63) for BRCAPRO. The
corresponding estimated expected versus observed ratios for the models were 1.08 (95% Cl 0.95 to 1.25),
0.81 (95% CI 0.71 to 0.93) and 0.59 (95% CI 0.52 to 0.68). In women with an age at first birth of > 30
years, the AUC for the TC, Gail and BRCAPRO models was 0.69 (95% Cl 0.62 to 0.75), 0.63 (95% Cl 0.56
to0 0.70) and 0.62 (95% CI 0.56 to 0.68), and the E: O ratio was 1.15 (95% CI 0.89 to 1.47), 0.81 (95%
Cl10.63 to 1.05) and 0.53 (95% Cl 0.41 to 0.68), respectively.

The current study has, therefore, shown that TC is a reliable model for risk prediction in a UK general
population screening programme. The discriminatory value is significantly improved by incorporating an
adjustment for age and BMI-adjusted MD. These results have implications for national breast screening
programmes as it appears effective to offer 3-yearly mammography screening in around 70% of the
female population aged 47-73 years of age and the higher rates of high-stage cancers in women with
above-average risk would justify an 18-monthly interval screen, which may downstage such cancers.

Publications arising from work in Chapter 4

Sergeant JC, Wilson M, Barr N, Beetles U, Boggis C, Bundred S, et al. Inter-observer agreement in visual
analogue scale assessment of percentage breast density. Breast Cancer Res 2013;15(Suppl. 1):17.7%

Sergeant JC, Walshaw L, Wilson M, Seed S, Barr N, Beetles U, et al. ‘Same task, same observers, different
values: the problem with visual assessment of breast density’, Proc SPIE 8673, Medical Imaging 2013:
Image Perception, Observer Performance, and Technology Assessment, 86730T, March 28 2013.2%

Sperrin M, Bardwell L, Sergeant JC, Astley S, Buchan I. Correcting for rater bias in scores on a continuous
scale, with application to breast density. Stat Med 2013;32:4666-78."%

Hashmi S, Sergeant JC, Morris J, Whiteside S, Stavrinos P, Evans DG, et al. Ethnic variation in volumetric
breast density. In Maidment ADA, Bakic PR, Gavenonis, S, editors. Breast Imaging 11th International
Workshop. Berlin Heidelberg: Springer-Verlag; 2012. pp. 127-33.%

O’Donovan E, Sergeant J, Harkness E, Morris J, Wilson M, Lim Y, et al. Use of Volumetric Breast Density
Measures for the Prediction of Weight and Body Mass Index. In Fujita H, Hara T, Muramatsu C, editors.
Breast Imaging 12th International Workshop. Berlin: Springer-Verlag; 2014. pp. 282-9."%#

Evans DG, Brentnall AR, Harvie M, Dawe S, Sergeant J, Stavrinos P, et al. Breast cancer risk in young
women in the national breast screening programme: implications for applying NICE guidelines for
additional screening and chemoprevention. Cancer Prev Res (Phila) 2014,7:993-1001."°
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Chapter 5 Cost-effectiveness

his section reports the aims, methods and results of three studies used to address the overarching

research question outlined in the original proposal to understand the relative cost-effectiveness of using
risk-based algorithms to inform the appropriate screening intervals in the NHSBSP. The early work in the
programme was used to provide a mechanism (risk-based algorithm) for dividing a population of women
into distinct categories that predicted their risk of breast cancer, which was then used to infer prespecified
screening intervals to use as part of a risk-based national breast screening programme. The risk prediction
studies, PROCAS and the study designed to assess the predictive value of new genetic variants (reported in
Chapters 2, 3 and 4, respectively) informed the development of a risk-based algorithm which is used to
select the appropriate screening interval for women participating in a national breast screening programme.

Aim

The focus of the cost-effectiveness work was to identify the relevant costs and patient benefits affected by
using risk-based algorithms to inform the appropriate length of screening interval compared with the
current NHSBSP.

Objectives
There were two initial objectives:

1. to identify and critically appraise the existing economic evidence supporting the use of a national breast
screening programme and individual screening modalities in the UK

2. to identify the potential incremental costs and patient benefits associated with a risk-based screening
programme as part of the NHSBSP and identify the expected cost-effectiveness.

At the request of external reviewers, a third objective was added:

3. to quantify the impact of women attending the UK breast screening programme on their
out-of-pocket expenses.

These three objectives were addressed using three distinct studies:

1. systematic review of economic evaluations of breast screening programmes and screening modalities

2. quantifying the impact of a national breast screening programme on women'’s out-of-pocket expenses

3. preliminary model-based cost-effectiveness analysis of a risk-based screening strategy for breast cancer
as part of the NHSBSP.

The aim, methods and results from these three studies are now described.

Study 1: systematic review of economic evaluations of breast
screening programmes and screening modalities

Background

A key stage in structuring an economic model, suitable to inform resource allocation decisions, is to
identify and critically appraise existing published economic evaluations related to the intervention
(breast screening programmes) of interest.
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COST-EFFECTIVENESS

Aim
The primary aim is to identify published articles which have conducted an economic evaluation of breast
cancer screening programmes and to summarise and critically appraise these studies.

Objectives of review

® |dentify the number of published economic evaluations of breast cancer screening programmes.
Identify the comparators, specifically if an option of no screening was evaluated and, if not, what
screening intervention comparator was used.

® |dentify the interventions evaluated and classify according to screening modality, age range and
screening interval and studies which have examined risk-based screening interventions.

® C(lassify the evaluations as either trial or model based.

Methods
A systematic review was conducted of economic evaluations relevant to breast screening in a general
population of women and published in peer-reviewed journals.

Literature search

The electronic databases Ovid MEDLINE, Ovid EMBASE and NHS Economic Evaluations Database (accessed
via the Centre for Reviews and Dissemination databases) were systematically searched to identify economic
evaluations published in peer-reviewed journals. Electronic search strategies were designed for each
respective database and combined index and free-text terms for breast cancer screening and associated
screening modalities (e.g. mammography) with the Centre for Reviews and Dissemination economics filter
(see Appendices 2-4). In addition, the reference lists of relevant studies were hand-searched to identify
further studies meeting the inclusion criteria. All searches were performed on 30 January 2014.

Inclusion criteria and study selection for critical review

Two reviewers (IJ and EG) independently screened all retrieved titles and abstracts to identify the studies
eligible for inclusion in the critical review. Studies were included if they met the inclusion criteria
summarised in Table 66.

Data collection and extraction

Data were extracted from the identified studies by two reviewers (Sean Gavan and KP) using a structured
data collection form. The de novo data extraction form was developed based on the CHEERS
(Consolidated Health Economic Evaluation Reporting Standards)*’ checklist and supplemented by criteria
suggested by Karnon et al.?*®

TABLE 66 Criteria for inclusion in the critical review

Study design Full economic evaluation®

Population Adult women in the general population

Intervention Breast screening programme, change to a breast screening programme or screening modality
and comparator included as either intervention or comparator

Type Cost per unit of effectiveness; cost per QALY; cost—benefit analysis

Outcomes Cost and direct impact on effectiveness (cases detected; cancer deaths prevented) and/or patient

benefits (life-years gained, QALYs)
Availability English; full text

a As defined as per Drummond et al.?*®
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The data extracted encompassed:

i. viewpoint — societal/health system/health service/payer
ii. type of alternative (technology/screening programme/screening interval)
iii. comparator (current screening programme or no screening)
iv. study population (eligible age)
v. type of evaluation (model or trial based)
vi. model type: decision tree/Markov model
vii. whether or not calibration was performed
viii. whether or not model validation was performed
iX. uncertainty analysis included (one way and/or probabilistic)
x. method used to estimate effectiveness and data source (meta-analysis/RCT/cohort study/
published studies)
xi. whether or not screening was linked to treatment
xii. primary measure of benefit (clinical effectiveness/life-years/QALYs)
xiii. resources included
Xiv. price year (currency)
xv. time horizon (discount rate)
xvi. incremental cost-effectiveness ratio results
xvii. key parameters driving cost-effectiveness.

Results were tabulated and then summarised in a narrative synthesis.

Results
This section reports the main findings from the systematic review of published economic evaluations of

breast screening programmes.

Study identification

Figure 41 summarises the study identification and inclusion process. The search of electronic databases
identified 2959 published studies, which were screened for eligibility. A total of 71 studies were identified
and included in the review. A further 15 studies may be added at a later date if the hard copies of the

manuscripts can be sourced.

Table 67 provides an overview of these studies. The full data extraction table is available from the authors
on request. Three other key modelling studies were identified: Tan et al.,>'° the Wisconsin simulation
model?"" and Breastscreen Australia Evaluation (2009).3'? Tan et al.*'® developed a Markov model to
characterise breast cancer progression but did not attach cost data, and this study is not, therefore, an
economic evaluation. The Wisconsin model®'" was developed as part of the National Cancer Institute
Cancer Intervention and Surveillance Modelling Network. It is a patient-level simulation model, continually
updated, that uses data from Wisconsin State, USA. The model simulates breast cancer in a population
over time, generating cancer registry-like data sets. The model uses parametric input assumptions about
natural history, screening and treatment, and can be used to evaluate the relative cost-effectiveness of
different breast screening-related policies. The Australian cost-effectiveness analysis®'? compared the
current BreastScreen Australia programme and various alternative screening scenarios with a hypothetical
no-screening scenario using a Markov model. BreastScreen Australia actively targets all women aged
50-69 years; however, women aged 40-49 years and > 70 years are also eligible to attend. The model
consists of two separate components: the natural history of disease component and the BreastScreen
Australia screening pathway. These models were not included in the review as they were not published in
a peer-reviewed journal, but they are mentioned here as they were subsequently used to inform the final
model structure.
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EMBASE,
HTA, Records identified
MEDLINE,

NHS EED,

J Duplicates identified ]

A
[ Abstracts screened ]

Studies excluded
Further duplicates,
o| Not full economic evaluation,
"| Not BSP,
Not in English,
A \No abstract/not research article,

[ Manuscript review ]

N\

Studies excluded
Further duplicates,
Not in English,
ol Full text not available,
Not full research article,
No comparator,
A Cost analysis,

[ Included in review ] | Review,

Study identification and inclusion. BSP, breast screening programme.

Summary of included studies

Ahern (2009),%*° USA Viewpoint: not reported Model
Type of alternative: screening intervals (10 strategies) Cost—utility analysis
Comparator: no screening

Study population (eligible age): women in USA (40-79 years)

Arveux (2003),%° France Viewpoint: not reported Model based
Type of alternative: screening programme Cost-effectiveness analysis
Comparator: no screening

Study population (eligible age): women in France
(50-65 years)

Baker (1998),' UK Viewpoint: societal/health system/health service/payer Model
Type of alternative: screening programme (seven policies) Cost-effectiveness analysis
Comparator: no screening

Study population (eligible age): women (50-65 years)
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TABLE 67 Summary of included studies (continued)

Boer (1995),%# Viewpoint: not reported
the Netherlands
Type of alternative: screening interval

Comparator: current 2-year interval screening

Study population (eligible age): women in the Netherlands
(aged 51-75 years)

Boer (1998),%* UK Viewpoint: not reported
Type of alternative: screening interval (two strategies)

Comparator: 3-year interval screening for women aged
50-64 years

Study population (eligible age): women in the UK
(50-69 years)

Boer (1999),2# Viewpoint: health system
the Netherlands
Type of alternative: screening interval (three strategies)

Comparator: 2-year interval screening for women
aged 50-64 years

Study population (eligible age): women in the Netherlands
(50-96 years)

Brancato (2007),%** Italy Viewpoint: not reported
Type of alternative: technology
Comparator: no ultrasonography
Study population (eligible age): women who have

self-referred to receive an ultrasonography, within 1 month of
receiving a negative mammography (29-85 years)

Brown (1996),%%¢ UK Viewpoint: health service and patients

Type of alternative: technology (consensus or non-consensus
double mammography reading)

Comparator: single reading of mammography

Study population (eligible age): women in the UK
(50-64 years)

Bryan (1995),% UK Viewpoint: health service and patients
Type of alternative: technology (two-view) screening
Comparator: one-view screening

Study population (eligible age): women in the UK
(50-64 years)

Model based

Cost-utility analysis

Model based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Retrospective cohort based

Cost-effectiveness analysis

Prospective cohort based

Cost-effectiveness analysis

Prospective cohort based

Cost-effectiveness analysis

continued
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TABLE 67 Summary of included studies (continued)

Burnside (2001),%*
USA/Sweden

Cairns (1998),%° UK

Carles (2011),%°

Spain (Catalonia)

Caumo (2011),%" Italy

Ciatto (1995),% Italy

Clarke (1991),%3 UK

Clarke (1998),** Australia

de Gelder (2009),%%°
Switzerland

Viewpoint: not reported

Type of alternative: screening programme (two countries):

USA
Comparator: screening programme in Sweden

Study population (eligible age): women in the USA
(40-79 years)

Viewpoint: not reported
Type of alternative: technology (double reading)
Comparator: current practice — single reading of X-rays

Study population (eligible age): women in Scotland
(age unreported)

Viewpoint: national health system
Type of alternative: screening programme (20 strategies)

Comparator: not reported explicitly

Study population (eligible age): women in Spain (40-79 years)

Viewpoint: health service

Type of alternative: technology (arbitration of double reading)

Comparator: current practice in Florence in 2005

Study population (eligible age): women (not reported)

Viewpoint: health service
Type of alternative: technology (double reading)
Comparator: single reading

Study population (eligible age): women (50-70 years)

Viewpoint: health service
Type of alternative: screening programme
Comparator: no screening

Study population (eligible age): women
(not reported explicitly)

Viewpoint: societal
Type of alternative: screening programme (mobile van)
Comparator: fixed screening unit

Study population (eligible age): women (50-69 years)

Viewpoint: not reported explicitly

Type of alternative: screening (mammography and % of
opportunistic: five strategies)

Comparator: no screening

Study population (eligible age): women (50-69 years)

Model based

Cost-effectiveness analysis

Retrospective cohort based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Prospective cohort based

Cost-effectiveness analysis

Prospective cohort based

Cost-effectiveness analysis

Trial based

Cost-effectiveness analysis

Model based

Cost-benefit analysis

Model based

Cost-effectiveness analysis
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TABLE 67 Summary of included studies (continued)

de Koning (1991),%°
the Netherlands

Feig (1995),%7 USA

Garuz (1997),%%® Spain

Groenewoud (2007),%*°
the Netherlands

Gryd-Hansen

(2000),%° Denmark

Guerriero (2011),%" UK

Hall (1992),% Australia

Viewpoint: not reported

Type of alternative: screening interval and age groups
(five strategies)

Comparator: no screening

Study population (eligible age): women (varied: 50-70 years

for comparator)

Viewpoint: not reported
Type of alternative: screening programme
Comparator: not reported explicitly

Study population (eligible age): women (40-49 years)

Viewpoint: not reported
Type of alternative: screening programme
Comparator: do nothing

Study population (eligible age): women (50-65 years)

Viewpoint: not reported

Type of alternative: technology (double reading/referral
strategies)

Comparator: current referral strategy

Study population (eligible age): women (50-74 years)

Viewpoint: societal
Type of alternative: screening programme
Comparator: current practice

Study population (eligible age): women (varied)

Viewpoint: health service

Type of alternative: technology (computer aided detection —

CAD)
Comparator: current (double reading) practice

Study population (eligible age): women (50-70 years)

Viewpoint: not reported explicitly
Type of alternative: screening programme
Comparator: no screening

Study population (eligible age): women (45-69 years)

Model based

Cost-effectiveness analysis

Prospective-cohort based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Model based

Cost-benefit analysis

Trial-based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

continued
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TABLE 67 Summary of included studies (continued)

Henderson (2012),%* USA

Hunter (2004),%** Canada

Johnston (1999),%° UK

Kang (2013),%* Korea

Kerlikowske (1999),%¢” USA

Lee (2009),%%® Korea

Leivo (1999),% Finland

Leivo (1999),%”° Finland

Viewpoint: payer
Type of alternative: technology (digital mammography)
Comparator: single film mammography

Study population (eligible age): women (> 65 years)

Viewpoint: health service
Type of alternative: screening programme from age 40
Comparator: current screening (50-69 years)

Study population (eligible age): women (40-69 years)

Viewpoint: health service
Type of alternative: technology (two-view mammography)
Comparator: current practice (one view)

Study population (eligible age): women (50-64 years)

Viewpoint: government payer
Type of alternative: screening programme
Comparator: no screening (non-attenders)

Study population (eligible age): women (> 40 years)

Viewpoint: not reported
Type of alternative: screening age
Comparator: screening between 50 and 69 years

Study population (eligible age): women (> 65 years)

Viewpoint: health system
Type of alternative: screening interval and age range
Comparator: current screening

Study population (eligible age): women (35-75 years)

Viewpoint: societal
Type of alternative: screening programme
Comparator: no screening

Study population (eligible age): women (50-59 years)

Viewpoint: societal
Type of alternative: technology (double reading)
Comparator: single reading

Study population (eligible age): women (50-59 years)

Retrospective cohort based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Prospective cohort based

Cost-effectiveness analysis

Retrospective cohort based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Retrospective cohort based

Cost-effectiveness analysis

Retrospective cohort based

Cost-effectiveness analysis
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TABLE 67 Summary of included studies (continued)

Lindfors (1995),%”" USA

Lindfors (2006),%”> USA

Madan (2010),%” UK

Mandelblatt (2005),%* USA

Melnikow (2013),%® USA

Mooney (1982),”¢ UK

Moskowitz (1979),%” USA

Viewpoint: payer
Type of alternative: screening interval and age bands
Comparator: no screening

Study population (eligible age): women (varied age bands
between 40 and 79 years)

Viewpoint: societal

Type of alternative: technology (with and without computer
aided detection)

Comparator: no screening

Study population (eligible age): women (40-79 years)

Viewpoint: health service
Type of alternative: screening age
Comparator: no screening

Study population (eligible age): women (47-49 years)

Viewpoint: societal
Type of alternative: screening age
Comparator: screening age 50 to 70 years

Study population (eligible age): women (50-70 years,
79 years or lifetime)

Viewpoint: health system

Type of alternative: technology (digital or film
mammaography)/screening interval(annual or every 2 years)/
screening age (start 40 or 50 years)

Comparator: no screening

Study population (eligible age): women (40-64 years)

Viewpoint: societal
Type of alternative: screening programme (6 strategies)
Comparator: not reported explicitly

Study population (eligible age): women (40-59 years)

Viewpoint: not reported
Type of alternative: screening programme
Comparator: no screening

Study population (eligible age): women (not reported)

Model based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Retrospective cohort based

Cost-effectiveness analysis

Retrospective cohort based

Cost-effectiveness analysis

continued
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TABLE 67 Summary of included studies (continued)

Moskowitz (1987),%”® USA

Moss (2001),%”° UK

Neeser (2007),%°
Switzerland

Nguyen (2013),”®' Vietnam

Norum (1999),%* Norway

Nutting (1994),”® USA

Ohnuki (2006),%* Japan

Okonkwo (2008),%® India

Viewpoint: societal
Type of alternative: screening programme
Comparator: no screening

Study population (eligible age): women (not reported)

Viewpoint: health service
Type of alternative: screening age
Comparator: current screening (50-64 years)

Study population (eligible age): women (50-69 years)

Viewpoint: health system insurance
Type of alternative: screening programme
Comparator: opportunistic screening

Study population (eligible age): women (baseline age
40-70 years)

Viewpoint: payer
Type of alternative: screening programme
Comparator: no screening

Study population (eligible age): women (40 years)

Viewpoint: societal
Type of alternative: screening programme
Comparator: no screening

Study population (eligible age): women (50-69 years)

Viewpoint: payer
Type of alternative: technology (mammography)
Comparator: current practice of clinical breast examination

Study population (eligible age): Native American women
(> 50 years)

Viewpoint: health-care payer
Type of alternative: technology and screening age
Comparator: no screening (clinical breast examination)

Study population (eligible age): women (30-79 years)

Viewpoint: not reported

Type of alternative: technology, screening interval and
screening age

Comparator: no screening (clinical breast examination)

Study population (eligible age): women (40-70 years; varied)

Retrospective cohort based

Cost-effectiveness analysis

Retrospective cohort based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis
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TABLE 67 Summary of included studies (continued)

Okubo (1991),%¢ Japan

Pharoah (2013),%%” UK

Rojnik (2008),%%® Slovenia

Rosenquist (1994),%%° USA

Rosenquist (1998),° USA

Salzmann (1997),%" USA

Schousboe (2011),%2 USA

Shen (2005),%* USA

Viewpoint: payer

Type of alternative: technology (mammography + physical
examination)

Comparator: no screening

Study population (eligible age): women (30-80 years)

Viewpoint: health service
Type of alternative: screening programme
Comparator: no screening

Study population (eligible age): women (50-85 years)

Viewpoint: health system

Type of alternative: screening programme (36 strategies
varied by interval and start age)

Comparator: no screening

Study population (eligible age): women (> 40 years)

Viewpoint: payer
Type of alternative: technology (mammography)
Comparator: no screening (clinical observation)

Study population (eligible age): women (40-49 years)

Viewpoint: societal
Type of alternative: screening interval and start age

Study population (eligible age): women (40-79 years; varied)

Viewpoint: payer
Type of alternative: screening start age
Comparator: no screening

Study population (eligible age): women (40-69 years)

Viewpoint: payer

Type of alternative:® screening programme, screening interval,
screening age

Comparator: no screening

Study population (eligible age): women (40-79 years; varied)

Viewpoint: health system

Type of alternative: technology (mammography), screening
interval, screening aged (48 strategies)

Comparator: no screening

Study population (eligible age): women (40-79 years)

Model based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis
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TABLE 67 Summary of included studies (continued)

Souza (2013),% Brazil

Stout (2006),*° USA

Szeto (1996),%%
New Zealand

Taylor (2005),%” UK

Tosteson (2008),%%® USA

Van Dyck (2012),° UK

van Ineveld (1993),>®
Spain/France/UK/
the Netherlands

Viewpoint: health system

Type of alternative: screening technology (film or digital
mammography), screening interval, screening age
(seven strategies)

Comparator: no screening (usual care)

Study population (eligible age): women (40-69 years; varied)

Viewpoint: societal

Type of alternative: screening interval, screening age
(11 strategies)

Comparator: no screening

Study population (eligible age): women (40-80 years; varied)

Viewpoint: health system

Type of alternative: technology (mammography), screening
interval, screening age (four strategies)

Comparator: no screening

Study population (eligible age): women (45-69 years; varied)

Viewpoint: health service
Type of alternative: technology (computer aided detection)
Comparator: no computer aided detection

Study population (eligible age): women (50 years)

Viewpoint: societal and payer

Type of alternative:® technology (digital mammography),
age-targeted screening, breast density-targeted screening

Comparator: film mammography

Study population (eligible age): women (> 40 years; varied)

Viewpoint: not reported explicitly

Type of alternative:® screening programme (stratification by
genetic test and risk calculator)

Comparator: current screening programme

Study population (eligible age): women (50-69 years)

Viewpoint: health service
Type of alternative: screening programme (different countries)
Comparator: not reported explicitly

Study population (eligible age): women (50-70 years)

Model based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis

Model based

Cost-effectiveness analysis
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TABLE 67 Summary of included studies (continued)

Wald (1995),%°" UK Viewpoint: societal Trial based

Type of alternative: technology (two view mammography; Cost-effectiveness analysis
two strategies)

Comparator: current programme (one view mammography)

Study population (eligible age): women (50- 64 years)
Wang (2009),*” Australia Viewpoint: societal Model based

Type of alternative: technology (digital mammography) Cost-effectiveness analysis
Comparator: film mammography

Study population (eligible age): pre- or perimenopausal

women with dense breasts (< 50 years)

Warmerdam (1997),° Viewpoint: health system Model based

Germany
Type of alternative: screening programme (two ‘quality’ Cost-effectiveness analysis
strategies)

Comparator: baseline current screening programme

Study population (eligible age): women (50— 69 years)

Wong (2007),** Viewpoint: societal Model based
Hong Kong
Type of alternative: screening programme, screening age Cost-effectiveness analysis

Comparator: no screening

Study population (eligible age): women (40-79 years; varied)

Wong (2010),°* Viewpoint: societal Model based
Hong Kong
Type of alternative: screening programme, screening age Cost-effectiveness analysis

Comparator: no screening

Study population (eligible age): women (40-79 years; varied)

Wong (2012),%% Viewpoint: societal Model based

Hong Kong
Type of alternative: screening programme, treatment Cost-effectiveness analysis
strategies (five strategies)
Comparator: current screening programme

Study population (eligible age): women (40-79 years; varied)
Woo (2007),” Hong Kong  Viewpoint: societal Model based

Type of alternative: screening programme, screening interval, Cost-effectiveness analysis
screening age (18 strategies)

Comparator: no screening

Study population (eligible age): women (40-74 years)

continued
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Summary of included studies (continued)

Zelle (2012),°® Ghana Viewpoint: health system Model based

Type of alternative: screening programme, technology Cost-effectiveness analysis
(16 strategies)

Comparator: current practice (10% coverage)

Study population (eligible age): women (40-69 years; varied)
Zelle (2013),3% Peru Viewpoint: health system Model based

Type of alternative: screening programme, technology Cost-effectiveness analysis
(94 strategies)

Comparator: current practice

Study population (eligible age): women (40-69 years; varied)

Study overview

There were a total of 71 economic evaluations included in the review. Of these, 52 were model-based
evaluations, 10 were retrospective cohort-based evaluations, six were prospective cohort-evaluations and
three were trial-based evaluations. The majority (n = 69) conducted cost-effectiveness analysis and there
were two cost—benefit analyses.

The review covered studies up to the end of December 2013 and the first study*’” was published in 1979.
The analyses were based in a number of countries including the USA (n = 18239:257:263.267.271,.272.274,275,277.278.283,
2897293,295,298)' the UK (n — 'I5241,243,246,247,249,253,26W,265,Z73,276,279,287,297,299,303)[ the Netherlands (n — 4242,244,256,259)]
Hong Kong (n = 43%73%), Australia (n = 3%4%623%) |taly (n = 3%>%"2%2), Japan (n = 2?%*?%%), Korea (n = 22662%%),
Finland (n = 2%°279), Spain (n = 2%°%2%%) and Switzerland (n = 2%>%%); and there was one study in each of
France,?® Brazil,*** Ghana,**® Germany,** New Zealand,*® Vietnam,?®' Peru,** Norway,*® Slovenia,*®
Canada,? India*® and Denmark.?° One study®* compared programmes across four countries (the UK,

the Netherlands, Spain and France) and one study**® compared programmes across two countries (the USA
and Sweden).

The number of different interventions and varied jurisdictions for the analyses limits the comparability
between the programmes and ability to provide an overall statement of relative cost-effectiveness owing to
issues with generalisability.?'* Van Ineveld et al.*® explicitly concluded, in their comparison of breast
screening programmes for four European countries (the UK, France, Spain and the Netherlands), that ‘no
uniform policy recommendations for breast cancer screening can be made for all countries in the European
Community’. In terms of the remaining 15 analyses that focused on the UK, eight studies concluded that
the programme or technology was potentially cost-effective but that more robust evidence was needed
before a definitive conclusion could be reached,#219254287.2% fjye studies suggested an optimal programme
based on relative cost-effectiveness?##246:247:279301 gnd two studies, both evaluating computer-aided
detection, concluded that the technology was not likely to be a cost-effective use of resources but that
more evidence was needed to support this conclusion.?#22%®

Interventions and comparators

A number of interventions were evaluated in the identified studies: introducing a screening programme
using mammography; using a mobile screening unit; different screening programmes that may vary by
screening modality, screening interval or screening age; screening interval; screening age; and new
technologies (two-view reading, double reading, computer-aided detection, digital mammography,
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ultrasonography). Some studies included multiple interventions for evaluation and hence reported a range
of strategies. One study®® reported that 94 strategies were evaluated. Two studies?*®*® compared
screening programmes across countries. Three studies explicitly covered some form of stratified screening
strategy (risk and/or density based),?9%2982%

A study had to state that a comparator was included in the analysis to be defined as an economic
evaluation and hence to be eligible for the review. However, on some occasions, a comparator, although
alluded to, was not reported explicitly. On the occasions when a comparator was reported explicitly, those
used were no screening, opportunistic screening and the existing screening programme or technology

(in terms of modality, screening interval and screening age).

Study population

The age range of the women included in the eligible study population depended on the country base for
the analysis and the screening programme under evaluation. A number of studies specifically evaluated
the choice of age range for the screening programme in terms of the impact on the relative costs and
outcomes. Not every study reported the eligible age range for the screening programme. The earliest
reported starting age for a screening programme that was evaluated was 30 years (Japan) and the oldest
included age was 85 years (UK), with one study evaluating lifetime screening (USA).

The majority of the modelling studies described pre-clinical disease incidence and disease progression rates,
which were sourced from longitudinal observational databases. For some studies, historical incidence

data for breast cancer were incorporated into the model because either opportunistic screening or a
population-based screening programme was already available in the study setting.

Validation and calibration

Validation and calibration of decision-analytic and mathematical models of screening interventions are
important aspects to include in the design of a robust model-based economic analysis. Validation has
always been recognised to be a key component of developing a model structure which accurately reflects
the stated decision problem.?™ In contrast, calibration emerged into recognition as a key component
around 2010 onwards.?'> However, owing to word constraints set by journal article lengths, the process of
model validation or calibration is not generally reported in detail.

Three studies described a method of model validation. de Koning et al.?*® compare the predicted results
with the actual results from the first 7500 women screened in the Netherlands in 1989. The study presents
six model outputs: attendance rate, positive screens, biopsy, breast cancer detection rate, positive
predictive value, and malignant diagnosis with biopsy and lymph node metastases. The predicted estimates
from the model match very closely those observed. However, it is worth noting that the outputs chosen for
validation represent a short time period. The performance of the model, in terms of long-term predictions,
cannot be ascertained. Both Schousboe et al.°? and the Australian Department of Health Review (not
included in the review as not in a peer-reviewed journal) compare the predicted age-adjusted breast cancer
incidence and mortality data for their respective countries.

Stout et al.?*> was the only identified study that explicitly described a process of model calibration for
unobservable input parameters. The study utilised breast cancer incidence data from the USA to calibrate

a lag time parameter representing the period between the start of biological growth and the detection

of a tumour. In addition, the model parameter determining the growth rate of a tumour is also calibrated.
In furthering the robustness of their model, once calibrated the model outputs were validated using cancer
registry data. This study remains the only robust description of modelling calibration and validation for any
of the studies identified.
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Overview of key model-based evaluations

There were 52 model-based evaluations. The most commonly reproduced model structure was the
Microsimulation Screening Analysis (MISCAN) model, which was used in nine studies. The MISCAN model
was applied in a range of country settings outside the Netherlands, for which it was originally designed,
but in all cases these models still relied on Dutch data to populate key aspects of the model structure.
The MISCAN model is not publicly available. Therefore, a range of model types including decision trees,
Markov state transition models, individual patient-level simulation models and mathematical models were
used in the studies identified. In general, each individual study developed a de novo model relevant to a
specific research question.

Overview of evaluations of stratified screening strategies

Three studies explicitly stated that they conducted a model-based analysis of a stratified screening
strategy.?#2%%82% Two of these studies were based in the USA?°>2% and one was UK based.?® These studies
are now described with their key findings and relevance to the UK setting.

Tosteson?®® used a discrete event simulation (DES) model with a lifetime horizon, taking a societal and
Medicare perspective relevant to the US setting. The model was the Wisconsin breast cancer epidemiology
simulation model.?"" All-digital mammography was compared with targeted mammography interventions.
Mammography screening was targeted using different strategies: age (women < 50 years); and age and
density targeted (women < 50 years or women > 50 years with dense breasts). The model structure and
data sources were relevant to US women, which limits the relevance of the findings of this study to the UK
setting. The authors concluded that all-digital was not a cost-effective option when compared with film
mammography. Age-targeted mammography was identified to be a relatively cost-effective use of
resources but density-targeted mammography was of uncertain added value, especially in older women
(those aged > 65 years). The findings were sensitive to a number of assumptions but, most importantly,
the accuracy of the screening modality in older women with non-dense breasts.

Schousboe et al.?** used a five-state Markov model with a lifetime horizon, taking the US payers’
perspective and using data from a US population of women. The study perspective and source of data
limit the relevance of the findings from this study to the UK setting. The Markov model was also overly
simplistic in terms of capturing the potentially relevant health states and pathways of care likely to be
influenced by a stratified screening programme, and was not viewed as a potentially useful starting point
for the model-based analysis proposed as part of this programme. This study did not define a single
stratified screening intervention per se but rather used observational data to identify what factors
influenced relative cost-effectiveness of a breast screening programme. The authors concluded that
mammography screening (offered every 3—4 years, biennially or annually) should be stratified based on key
criteria: woman's age; breast density (defined using BI-RADS categories 1-4); history of breast biopsy;
family history of breast cancer; and beliefs about the potential benefits and harms of screening. The
findings were sensitive to the cost of digital mammography and the assumed prevalence of dense breasts
in a population.

Van Dyck et al.** used four ‘what-if’ scenarios structured around pathways depicted by decision trees and
populated with data from the UK population. The study perspective, time horizon, nature and source of
model inputs or method of analysis were not reported in the main body of the text. Supplementary
materials were provided but did not give additional information, except that reference was made to using
a Markov model alongside the decision tree reported in the main paper. The interventions proposed
involved stratifying women aged > 50 years by family history and genetic testing using electronic health
records, a SNP-based test [BRCAT, BRCA2, TP53, FGFR2, TNRCP, MAP3K1, LSP1, CHECK2, gene(ATM),
BRIP1, PALB2] and a breast cancer risk calculator (it was not stated explicitly which one was used). These
interventions were combined and used pre screen to create two risk profiles (high and low, but risk levels
were not reported). The estimated incremental costs and benefits were not reported and the key drivers of
relative cost-effectiveness were not stated. The data inputs and method of analysis were not reported
sufficiently for this study to provide a useful starting point for any subsequent analysis.
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Discussion

The main aim of an economic evaluation is to examine the available evidence on the costs and
effectiveness of health technologies in order to provide decision-makers with the relevant information to
assess the technology’s ability to provide value for money to the payer. However, this may require
information to be gathered from outside the traditional evidence base of a randomised controlled trial
(RCT).3'® For example, trial evidence may not examine all the relevant comparators or it may have a short
study period which does not examine long-term costs or effects. Models have been exploited in economic
evaluation as a means to synthesise the relevant sources of information that are available, extrapolate
results into the future and provide estimates of costs and effects in the absence of direct observation.

Broadly, four classifications of modelling approaches are described in the breast screening literature:
decision trees, state-transition, mathematical and DES. The MISCAN model was developed by van
Oortmarssen et al.>' and is widely reported in the literature. The model is a specifically developed
computer simulation package to, first, assess the clinical impact of different screening policies. The model
has also been applied to prostate and colorectal cancer screening programmes.

The MISCAN model structure was used as an individual patient sampling model in nine of the identified
studies. The natural history of this model is defined in terms of the size of the tumour, where distinction is
made between pre-clinical, clinical and screen-detected cancers. This follows closely the general modelling
approach for screening programmes presented by Karnon et al.?*® The advantage of this modelling
approach is that it allows a patient pathway to vary between those who attend screening and those who
do not and, where appropriate, account for differences in the patient characteristics, such as disease
progression and incidence. Movement from one phase to another is also determined by the treatment an
individual is assumed to receive based on the characteristics of the tumour in terms of size.

In contrast, some models, such as the ones used by Carles et al.?*° and Salzmann et al.,®' present
comparatively simple four-state model structures. Both of the studies fail to explicitly describe and justify
the model structures presented. It is questionable if these structures capture the underlying essentials of
the breast disease process and screening interventions. Madan et al.?”® provided a unique approach in their
model of the addition of an extra screening round to the English NHSBSP. Although the authors do not
explicitly state the model type, it can be inferred from the model structure that a decision-tree-type model
is used, representing the only identified study to take such an approach. The premise of their study is to
provide a ‘rapid-response’ economic analysis and argue that decision-makers may be willing to trade-off
precision of results estimates for a faster turnaround time with producing and analysing a model.

None of the identified studies described the process of defining the model structure. The process for
defining a model structure as described by Karnon et al.?*® may be considered as a second-order issue
when presenting higher-level methods and results. If this is the case, and combined with limited amount of
space in which studies are reported in academic journals, it is perhaps understandable that this feature is
not included in the identified studies. This may also be because some of the models reported were
‘borrowed’ from previous studies and directly applied to the current research question. Therefore, the
authors were not involved in the construction phase of the model and hence were not able to define the
process of defining the model structure. All of the studies fail to report a justification for the choice of
modelling technique employed. Again, this may be a result of the limited space available and the relative
importance authors place on including this justification, compared with presenting the detail of the results
from a model.
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COST-EFFECTIVENESS

Concluding remarks

This review has identified a substantial number of published economic evaluations relevant to breast
screening programmes, the technologies used and modifications to the programme in terms of screening
interval and age groups appropriate for screening. None of the identified 52 models provides an
‘off-the-shelf’ model that is fit for the purpose of answering the research question posed by PROCAS.
Therefore, it will be necessary to construct a de novo model. The process suggested by Karnon et al.?% will
prove useful to inform the general concepts of how to model in the context of breast screening. The
MISCAN model cannot be used directly as it is not publicly available, but will inform the approach taken to
including cumulative incidence and unobserved parameters. This approach will be supplemented by the
modelling proposed by Tan et al.,?*° a study which, although not an economic evaluation, provides some
useful information.

Study 2: quantifying the impact of a national breast screening
programme on women's out-of-pocket expenses

Background

In the UK, guidance published by NICE*' recommends using the NHS and social services perspective in
economic evaluations. The NHS perspective was, therefore, suggested as the relevant viewpoint for the
proposed economic evaluation of the risk-stratified breast screening programme. Some published
economic evaluations of mammography-based breast screening programmes, such as the one by Brown
et al.,** have used a broader perspective to include the costs incurred by women attending the screening
in the UK. The study by Brown et al. used a survey-based approach to identify and quantify the travel
and time costs for the women to attend the screening van. The study identified costs for a sample of

132 women who attended screening in 1992 and found that the mean private cost of assessment was
£43.53 (SD £30.29), which included a mean travel cost of £10.74 and mean time cost of £32.75.
Knowledge of this study might have prompted reviewers of the original PROCAS proposal to suggest that
the study design also include an evaluation of the private assessment costs incurred by the women.

Aim
To identify the private assessment cost incurred by women when attending a breast screening programme.

Study objectives
This study has two objectives:

1. to estimate the distance travelled by women attending the NHSBSP van
2. to identify the self-reported distance travelled and time taken to attend the NHSBSP van.

Method

This study used two approaches to estimate and identify distance travelled and time to attend the screen:
(1) survey-based self-report and (2) geographical distance calculation. The methods for these two
approaches are now described.

Survey of PROCAS participants

An online survey (available from lan Jacob on request) was used to identify PROCAS participants’
self-reported travel and time costs by focusing on four key aspects related to attending the breast
screening appointment: the journey to the breast screening centre; the time at the breast screening centre;
whether or not they had any companions for their visit; and whether or not they were responsible for
caring for children or older people at home. The survey was piloted in a sample of women to check the
wording of the questions. The final survey was administered using the QUALTRICS online survey tool
(www.qualtrics.com).
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Sampling frame

This aspect of the study used a stratified purposive sampling approach. At the time of invitation

(February 2014), the PROCAS study sample was 53,605. From this eligible sample, women who had
attended their screening mammogram within the previous 6 months were identified as potentially eligible
survey respondents. Respondents who had died or received a diagnosis of breast cancer were excluded
from the eligible sample, which gave a potential sample size of 51,540, of whom 2350 had attended for
screening in the last 6 months. The aim was to target a representative sample from each of the 14 active
screening sites, and the final target sample size was 600 owing to financial constraints. Not all screening
locations are active in the Greater Manchester area at the same time, and 14 screening sites were active at
the time of the survey. A weighted sample by number of participants in each of these sites was asked to
complete the survey (n =594). An invitation to participate in the online survey was posted to each of these
identified participants. No reminder was sent.

Table 68 shows the total number of women who were eligible for screening, the number recruited to the
PROCAS study and the number invited to participate in the survey by screening van location.

Geographical distance calculation

This method uses data collected from PROCAS study participants’ stated home addresses with postcodes
and the known postcode location of the relevant NHSBSP van. Figure 42 shows the location of the
screening van sites in Manchester.

The distance between these two postcode-location points was then calculated using Google Maps
(Google Inc., Mountain View, CA, USA) and the code ‘ggmap’ in the statistical software package R

(The R Foundation for Statistical Computing, Vienna, Austria). The distance calculation involved estimating
the distance from the home postcode location to the screening site postcode.

Sampling frame
This aspect of the study used the addresses of all PROCAS participants who attended the van for a
screening visit recruited up to March 2013. This equated to a sample size of 50,016 women.

Results
This section reports the results from the two approaches used to generate estimates of travel distance for
the study participants to the screening van and the time taken to attend screening.

Survey of PROCAS participants

A total of 175 respondents started to complete the survey and are included in the analysis, which
represents a response rate of 29% (175/594). Two of these women stated that they were eligible for free
public transport.

Table 69 summarises the responses to the questions included in the survey to identify out-of-pocket expenses.

The majority (75%, n=131) of women travelled to the screening van from home and the most common
mode of travel was car (81%, n= 141). Twenty-nine per cent (n=51) did not return to their original
starting location after their visit to the screening van but travelled on to a different location, for example
they returned to work or went shopping.

Eleven (6%) women reported paying a fare to travel to the screening van, which was a mean of £4.00
(range £2.10 to £8.00).

The mean time taken to travel to the screening van was 18 minutes (range 1-90 minutes). One woman
did not answer this question.
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TABLE 68 Number of women taking part in PROCAS and invited to take part in the survey

Total 53,605 2350 594
Ann Street, Manchester 1747 0 0
Ashton Primary Care Centre, Tameside 2521 0 0
Bodmin Road, Manchester 7884 0 0
Clayton/Newton Heath, Manchester 1634 131 39
Cricketts Lane, Tameside 466 0 0
Eccles, Salford 1294 0 0
Elizabeth Hall 4385 0 0
Failsworth, Manchester 1 0 0
Glossop, Tameside 2463 635 160
Gorton, Manchester 1005 0 0
Harpurhey, Manchester 1333 0 0
Hyde, Tameside 2053 90 24
Irlam, Salford 751 0 0
Kath Lock, Manchester 221 0 0
Little Hulton, Salford 343 0 0
Longsight, Manchester 1072 68 23
Lower Broughton, Salford 588 52 10
Nightingale Centre, Manchester 330 2 1
Nightingale Car Park, Manchester 569 544 124
North Manchester, Manchester 593 0 0
Northenden, Manchester 606 0 0
Oldham 12 0 0
Oldham Integrated Care Centre, Oldham 2882 412 119
Other 14 0 0
Partington, Trafford 263 0 0
Pendlebury, Salford 1396 128 29
Pendleton Gateway, Salford 1691 83 20
Royal Oldham, Oldham 2 0 0
Royton, Oldham 185 0 0
Seymour Grove, Trafford 1246 1 1
Stalybridge, Tameside 2656 21 6
Trafford General, Trafford 2618 29 5
Uppermill, Oldham 1509 0 0
Walkden, Salford 2220 0 0
Withington Community Hospital, Manchester 3615 154 33
Wythenshawe, Manchester 1436 0 0
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FIGURE 42 Screening van sites in Manchester.
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TABLE 69 Summary of responses to survey on out-of-pocket expenses

Where did you travel from?

From home 75% (131)
From work 25% (43)
Other: from the gym 0.5% (1)

How did you travel?

Car 81% (141)
Walked 11% (19)
Bus 6% (10)
Taxi 2% (3)
Other: unreported 0.5% (1)

Where would you have been if you were not on the screening van?

At work 61% (106)
Looking for work 0.5% (1)
Leisure activities 5% (9)
Doing housework 24% (42)
Sick leave 1% (2)
Childcare, caring for relative/friend or voluntary work 2% (3)
Some ‘other’ activity 6% (10)
Did not answer 1% (2)

The mean distance travelled to the screening van was 4.08 miles (range 0-17 miles). Seven of the women
reported a travel distance of zero miles.

The mean time that women reported spending at the screening van, including waiting and screening time,
was 36 minutes (range 10-240 minutes). Two women did not answer this question.

The majority of women (61%, n = 106) reported that they would have been at work had they not been at
the screening van. For the women who reported taking time off work, the mean reported time away from
work was 2 hours and 23 minutes (range 3 minutes to 8 hours and 30 minutes). Four women did not
answer this question. Seven per cent of women (n = 12) reported that they had lost earnings as a result of
being away from work.

Some women (17%, n=29) reported they had a companion with them when they visited the screening
van. Just one woman reported that this person accompanied them because of their poor health. A very
small percentage of women (2%, n=4) needed to get someone to look after children/dependants while
they were at the screening visit, which took a mean of 1 hour and 55 minutes (range 40 minutes to

4 hours). No one had to pay for this care.

A small percentage of women, 13% (n=22), reported that they needed to pay other costs while
attending the screening visit. Two women did not answer this question. The reported additional expense
was parking, with the exception of one woman who reported paying for petrol. The mean reported
additional cost was £2.83 (range £1.20 to £5.00).
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Attaching unit costs

The cost of women'’s time was estimated using the median gross weekly earnings for women (including
full-time and part-time workers) for 2013, which is £327.5%'8 for an assumed 37-hour week. This equated
to a cost of £2.66 (range 15 pence to £13.28) for travel time and £5.31 (range £1.48 to £35.41) for
screening time.

Using the government-advised mileage rate for a 2000cc petrol car, which is 24 pence per mile,*" the
distance travelled equates to 98 pence (range £0 to £4.08).

Geographical distance calculation
This study used data for 50,016 women recruited to PROCAS. The mean estimated distance travelled was
1.48 miles, which would take a mean of 5.57 minutes to travel.

Discussion

This study has identified relatively low travel costs and travel time for women to attend the breast
screening programme, which is not surprising given that the service is available in screening vans close to
women'’s homes. There was a large variation in the reported time it took for women to be screened,
including the waiting time.

There is no agreed method for estimating patients’ assessment costs for attending a screening programme.
The two approaches used here are not likely to produce the same estimates of travel distance because the
self-report survey asked women to use the actual starting location on the day they attended the screening
van. However, the geographical distance travelled method assumed that the women travelled from their
home to the screening van.

Limitations

This study has a number of limitations. The self-report survey was limited by the relatively low response
rate and subsequent small sample size. However, this sample size was still larger than the sample used in
the study previously reported by Brown et al.>*® The survey could also have been biased as a result of the
use of self-reporting and relying on reliable recall of the actual day of visiting the screening van. We tried
to minimise the impact of poor recall by asking women to complete the survey within 6 months of their
screening visit.

The screening van locations rotate around the Greater Manchester area, and hence it was not possible to
sample from every location in the area. We also had to limit the sampling frame to exclude women
without a subsequent diagnosis of cancer. The potential bias from limiting the sampling frame in these
two ways is not known.

Concluding remarks
This study has shown that it was valid to exclude patient assessment costs from the eocnomic evaluation
and use the NHS perspective for identifying and quantifying resource use and costs.
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Study 3: preliminary model-based cost-effectiveness analysis of
a risk-based screening strategy for breast cancer as part of the
NHS Breast Screening Programme

Background

There is still considerable uncertainty about who should receive mammographic screening, at what age
and at what interval. When it was first introduced, the existing NHSBSP was informed by economic
evidence.*?° In theory, any changes to existing programmes should also be informed by economic
evidence, as modifications are likely to alter the balance of relative costs and patient benefits. The
risk-based screening programme developed as part of PROCAS will ideally save money by concentrating
resources where they are needed most while also avoiding unnecessary screening in women at low risk of
developing cancer. It is, however, necessary to identify the incremental costs and benefits associated with
the proposed risk-based screening programme. Generating this evidence base will help decision-makers to
understand what factors will help to facilitate an effective use of the finite health-care budget allocated
to the provision of a national screening programme.

Owing to the timing of the work in the programme grant, the proposed risk-based screening intervention
developed as part of PROCAS was still in its initial stages when the work on the economic modelling was
started. It was decided to develop a preliminary economic model, rather than produce a definitive model,
to identify the potentially relevant costs and patient benefits for a risk-based strategy compared with the
existing screening programme. The draft model would be structured in such a way to allow it to be
repopulated as and when data from the PROCAS cohort become available over time.

Aim
This study aimed to identify the incremental costs and patient benefits associated with using risk-based
screening strategies for breast cancer.

Method

A preliminary model-based cost-effectiveness analysis was conducted. A systematic review did not identify
any relevant model-based evaluations. Therefore, a de novo decision-analytic model, taking the NHS
perspective over a lifetime horizon, was structured to compare risk-based breast screening with the current
screening programme. The risk stratification was assumed to be provided using a risk prediction algorithm
(developed during projects 1 and 2).

Model structure

A range of mathematical and simulation modelling techniques has been used to evaluate breast cancer
screening policies. These models include simple decision trees, cohort Markov models and more complex
modelling approaches that aim to overcome the Markovian assumption of exponential transition rates
between health states. These decision-analytic models provide a structure for ordering and synthesising
information from a wide range of sources, which may include primary and secondary data analysis
alongside less robust evidence such as expert opinion. The ultimate aim of which is to explore the impacts
of screening policies in terms of effectiveness (incidence and mortality) and costs over the lifetime of a
screening cohort.

Before constructing a model, it is important to be clear about the nature of the problem and define the

objectives, scope and context of the study. Table 70 describes the objectives and scope of this preliminary
model-based evaluation.
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TABLE 70 Objectives and scope of the model

Decision problem/decision objective

Research and policy context

Perspective

Target population

Health outcomes

Strategies/comparators

Time horizon

To evaluate a risk-based screening strategy to inform an interval policy, as
proposed by the PROCAS study in the context of the NHSBSP

The preliminary analysis will be used to inform the data needed to produce a
model-based cost per unit of effectiveness. The preliminary analysis may also help
to inform future developments of NHSBSP screening policies

Health care/NHS

A cohort of English women aged 50 years for whom a 10-year or lifetime risk of
developing breast cancer will determine their risk category and screening interval

Breast cancer incidence
Breast cancer mortality
Life-years gained

QALYs

Risk-based screening interval (as determined by PROCAS developed risk-based
algorithm)

Current NHSBSP screening policy (universal 3-year interval)

Lifetime

Model approach

The selected modelling approach used in this preliminary analysis was informed by a review of existing
model-based evaluations of breast screening programmes and also current methods and approaches
informed by the more general literature on how to conduct economic analyses of cancer screening
programmes. A general cancer screening model structure, as presented by Karnon et al.,**® formed the
framework for identifying the relevant modelling structure and approach (Figure 43). In this description
there is a distinction made between the model structure and the modelling approaches (or techniques)
used to inform the final structure described in the following section. The framework proposed by Karnon
et al. defined two broad cancer states, non-invasive and invasive, which interact with screening. Moving
from this general framework to a breast cancer-specific model requires representation of disease
progression. Karnon et al. also suggested natural history of disease modelling as the preferred analytic
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FIGURE 43 General cancer screening model (Karnon et al.*).
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approach, where the disease is described from the point of progression, at which it becomes detectable,
and subsequent death. It was argued that this approach permits the evaluation of screening options that
have not been observed in primary research where only estimates of test sensitivity and specificity are
required to assess these options. The systematic review (see study 1) identified two broad approaches
when representing the natural history of breast cancer: (1) tumour size and (2) tumour stage.

Several modelling approaches (or techniques) are available to evaluate breast cancer screening. Broadly,
three classifications of models are described in the general modelling literature including decision trees,
state-transition models (Markov) and individual sampling models (DES). In reviewing modelling studies

of screening programmes, Karnon et al.?* also distinguished an additional classification of ‘complex
mathematical models’. Decision tree models are not useful as a single approach in this context, as they are
overly simplistic and restrictive when evaluating screening programmes, but they may be combined with
other structures to represent the complexity of the process being modelled.

The cohort Markov model is the most commonly employed technique when modelling the economic
impact of health-care interventions over time. This also appears to be the most common approach taken
when examining screening programmes. This is a state-transition approach that requires the definition and
representation of disease and screening programme in terms of mutually exclusive (health) states. The time
horizon of the model is split into cycles of equal length, at the end of which a cohort of individuals may
move to another health state and remain in the same state. This process continues until the entire cohort
reaches an absorbing state (e.g. death). Movement between these states is determined by transition
probabilities, which are conditional on the current health state but may also vary according to the overall
time in the model (Figure 44).

Cycle Health states
length= 1 year

Healthy: no

Model| start screen-detectable Screen-detectable Screen-detectable Death from Death from
year=0 DClIS/invasive DCIS invasive cancer breast cancer other causes
cancer
Healthy: no
Model start screen-detectable Screen-detectable Screen-detectable Death from Death from
year=1 DdClS/invasive DCIS invasive cancer breast cancer other causes
cancer
>
Healthy: no
Model start screen-detectable Screen-detectable Screen-detectable Death from Death from
year=2 DClS/invasive DCIS invasive cancer breast cancer other causes

cancer

FIGURE 44 An example of a state-transition model.
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Individual event-based models provide an alternative and perhaps more flexible modelling technique, an
example of which is DES. This type of model asks what and when is the next event for the participant

at the point in which they experience their current event. This approach is distinguished from a
state-transition model in which this question is asked at regularly occurring intervals. The participants in a
DES model structure can retain a memory of previous events and individual characteristics which then can
influence their pathway through the model. Barton et al.?** catalogue four different DES modelling
techniques which can be used to determine which event occurs and the timing of the events and discuss
the advantages and disadvantages of (1) the time-slice approach; (2) determining first event and then time;
(3) determining first time and then event; and (4) sampling times for each possible event and taking

the minimum.

State-transition models require transition probabilities between each of the allowed subsequent states.
For example, the rate of transition between DCIS to clinically invasive breast cancer per cycle length or the
transition probability of ‘other cause mortality’ (from any health state), which may be age dependent.
This is distinguished from time-to-event parameters in an event-based model, which are typically derived
from fitting parametric survival curves to observed data (e.g. Kaplan—-Meier curves).

The natural history of breast cancer can be described in more complex mathematical models, such as those
presented by Baker**' and updates to the family of MISCAN models.3'” Using this method, the authors
describe input parameters as continuous variables that change over time, the parameters of which are
specified in mathematical functions which may be solved either analytically or numerically (by simulation).
The type of data required by these more complex models are similar to those of event-based models, but
are generally used in order to better describe the pre-clinical phases of the disease.

Evaluating an individual risk-based screening policy means that there is a need to incorporate an element
of within-cohort heterogeneity in terms of breast cancer risk and also to understand how to set the
defined screening intervals based on estimated risk. Increased risk for subgroups of the cohort would,

in turn, mean that each defined risk category faces differing breast cancer rates. Previously published
models assumed that all women face the same risk of developing disease; incorporating heterogenity
based on risk in other model structures would result in cumbersome structures. The MISCAN model may
have proved a useful starting point for this preliminary economic analysis of a risk stratified screening
programme. However, three factors meant that using the MISCAN model was not practical or feasible.
The MISCAN model is not publicy available and would have required collaboration with the model
developers. This was explored but did not prove to be a practical solution. The MISCAN model is
populated from US data (the Surveilance, Epidemiology and End Results program), which makes it of
limited direct relevance to the UK population without further intepretation of the relevance of these data.
In addition, the MISCAN model would have still required extensive modification to make it relevant to
evaluate a risk-based screening strategy for the UK context.

A de novo model was, therefore, developed [hereafter termed the Manchester Breast Screening Model
(MBSM)]. The MBSM developed for this takes into account the advantages and disadvantages of each
published model type (see the systematic review in study 1) and the policy question under evaluation.
The MSBM needed to be able to incorporate four components:

i. a decision-tree based structure to represent the choice between a risk-based screening programme and
current practice (Figure 45)
ii. a DES to represent the care pathway in the screening programmes (Figure 46; box C)
iii. a state-transition structure to represent development of a tumour (see Figure 46; boxes A and B)
iv. a survival analysis approach to represent subsequent progression to death.

Table 71 summarises the key events represented in the model.
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FIGURE 45 The intervention and comparator pathways included in the MBSM.
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FIGURE 46 The MBSM.
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TABLE 71 Events in the MBSM

Model component Associated events
Natural history Onset indolent DCIS
Onset aggressive DCIS
Tumour growth from 1 mm
Tumour growth from 11 mm
Tumour growth from 21 mm
Tumour growth from 51 mm
Screening Screening mammogram
Do not attend screening mammogram
Further assessment from positive screening result
Symptomatic presentation to GP
Treatment Diagnosis of breast cancer
Treatment for breast cancer
Mortality Death from other causes

Death from breast cancer

Figure 45 also illustrates how the risk categories informed by the PROCAS-developed risk-based algorithm
were linked with the relevant defined screening interval. There were no published data on the relevant risk
categories or associated screening interval. Therefore, expert judgement was used to define the relevant
risk categories identified in PROCAS and the suggested relevant screening interval. Two clinicians (a
geneticist and a breast oncologist) and an imaging scientist provided their expert opinion collectively to
produce the six risk categories and screening intervals.

The face validity of the MBSM was confirmed using input from all members of the programme grant
research team and also supplemented with expert opion elicited during a separate 1-day (December 2013)
workshop (funded by Genesis). The expert workshop was attended by 12 experts representing academics,
clinicians and imaging scientists with an interest in breast screening programmes. This included individuals
from the national screening committees and academics with previous experience of evaluating

screening programmes.

Informing model input parameters
The approaches to informing the model input parameters are now described.

Ten-year and lifetime risk of invasive breast cancer

Incorporating risk of being diagnosed with breast cancer is a key parameter input. There were no
published data reporting the proportion of women falling into each risk category (10-year or lifetime)
following screening. The estimated 10-year risk was taken from the application of the IBIS-I breast cancer
risk evaluation tool'" for the PROCAS study population who were aged 50 years at the time of enrolment
(Figure 47). The x-axis on Figure 47 shows the estimated probability associated with each risk category.
This was the assumed age at which their risk of breast cancer was estimated. The average 10-year risk is
lower for this sample age when compared with the entire PROCAS study population which comprised a
range of ages (Table 72).
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FIGURE 47 Empirical distribution of estimated 10-year breast cancer risk.
TABLE 72 Description of estimated 10-year risk of developing breast cancer
Entire sample 53,590 0.590 2.120 2.670 3.062 3.480 26.320
Sample aged 50 years 3254 0.880 2.120 1.650 2.951 3.300 17.310

To incorporate individual risk into the MBSM, the estimated 10-year risk for each individual was adjusted
to reflect lifetime risk. Owing to lack of data, it was necessary to assume that the RR at 10 years for each
individual in comparison with the average population risk as estimated by the IBIS-I tool remained constant
throughout the lifetime of an individual.

A range of parametric distributions were fitted to the adjusted lifetime risk of the PROCAS study
population, the aim of which was to identify the most appropriate distribution, and its associated
parameters, which we could use as a direct input parameter.

Two goodness-of-fit statistics were used to select the most appropriate distribution. The Kolmogorov—Smirnov
test measures the fitted cumulative distribution to the input data and is calculated as the largest absolute
difference between the cumulative distributions for the input data and fitted distribution. A small p-value
indicated that the sample is highly unlikely, and, therefore, the fit should be rejected. Conversely, a high
p-value indicated the sample is very likely and would be repeated and, therefore, the fit should not be
rejected. The Anderson—Darling statistics can be interpreted in the same way. The best-fitting distribution is
selected based on the highest estimated value. For the observed data, the Pearson type V distribution was
identified as having the highest p-value and, therefore, this distribution was selected for the model (Table 73).

For comparative purposes, the worst (Weibull) and best (Pearson type V) distributions for the probability
density function, cumulative density function, quantile—quantile plot, probability—probability plot and box

plots are shown in Appendix 5.

As part of the goodness-of-fit procedure, the estimated parameters for the Pearson type V distribution
were estimated, which were then used in the model.

NIHR Journals Library www. journalslibrary.nihr.ac.uk



DOI: 10.3310/pgfar04110 PROGRAMME GRANTS FOR APPLIED RESEARCH 2016 VOL. 4 NO. 11

TABLE 73 Goodness-of-fit statistics for lifetime risk

Beta 0.117 0 73.6 0
Erlang 0.101 0 53.3 0
Exponential 0.376 0 620 0
Gamma 0.101 0 53.2 0
Log-normal 0.0709 1.10x 107 23.6 0
Normal 0.156 0 147 0
Pearson type V 0.0477 7.05x 107 8.12 0
Pearson type VI 0.0676 2.23x1073 21.3 0
Weibull 0.131 0.00 127 0

Incidence of invasive and in situ breast cancer

The incidences of invasive (ICD-10% C50) and in situ (ICD-10% DO5) breast cancer were obtained from the
Office for National Statistics for the years 2009-11.32" These rates represent observed breast cancer
dignosis incorporating the effectiveness of the current univeral screening programme (3-year interval,

age range 47-73 years). An empirical distribution was formed (Figure 48), representing the age at which a
diagnosis is likely to occur. The combined incidence rates for both invasive and in situ carcinoma were
used to provide a single age at which clinical diagnosis will occur. This allows specification of the type of
DCIS (indolent or aggressive), taking account of the assumption in the model structure that all breast
cancer tumours onset in a DCIS phase.

In situ carcinoma and invasive carcinoma

To reflect that a certain number of in situ carcinomas (DCIS) will never progress to invasive disease,
two types of DCIS, indolent and aggressive, were defined. It was assumed that indolent DCIS will never
progress but aggressive DCIS will progress through a defined natural history model. The probability of
aggressive DCIS was informed by Tan et a/.3'°

Breast cancer stage
Breast cancer stage was based on the tumour node metastasis (TNM) staging system and matched the
tumour size at diagnosis to stage.

Onset lag period

Current breast cancer incidence represents the age at which diagnosis occurs. However, it is not possible
to directly observe the age at which the tumour is initiated in an individual. In the model, a tumour onset
lag parameter was defined to adjust observed breast cancer incidence to reflect the onset of a tumour.
This parameter was informed from a published breast cancer natural history model.??? To reflect the
uncertainty with this variable, a uniform distribution was assumed based on the reported range for the
estimated lag period.

Tumour growth

The rates of growth of preclinical cancers is also an unobservable parameter. The approach presented in
Tan et al."° was taken to estimate this parameter in which tumour growth is defined as a series of events
classified by the size in millimeters. Each of the sojourn times was taken from Tan et al.*'® and used to
estimate individual growth rates for each participant. Each sojourn time was assumed to follow an
exponential distribution.
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Mortality

The model incorporates two events for mortality: death due to other causes and death due to breast
cancer. The probability of dying from other causes was modelled as an age-dependent probability
distribution which was informed by Office for National Statistics death registrations for England and Wales
by single year of age for females.?? To reflect more recent mortality rates, we use the period 2003-12.
These data were used to construct an empirical distribution which allows the sampling of age-conditional
rates. Figure 49 shows the comparison between all-cause mortality for the entire period (1963-2012; see
black line) and the period used to inform our model (green line). Figure 50 shows the same comparison of
data plotted as a cumulative probability mortality distribution.

The relative survival of screening participants who are subsequently diagnosed with breast cancer based on
tumour diameter was modelled, using data reported by the National Cancer Intelligence Network;*** these
data are matched to the tumour size at diagnosis within the model (Table 74).

Mammography screening test performance

The performance of mammography screening is defined in terms of sensitivity and specificity. The
sensitivity of mammography screening depends on the size of the tumour (Table 75). This parameter was
informed by the study by Tan et al.3™
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FIGURE 49 Smoothed empirical probability mortality distribution.
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FIGURE 50 Smoothed empirical cumulative probability mortality distribution.
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Relative survival following treatment for breast cancer

0-10 0.91
11-20 0.818
12-50 0.6165
>51 0.48

Mammography screening test performance

<10 0.90
11-20 0.91
21-50 0.92
>51 0.93
Specificity 0.95

Costs associated with the screening, diagnosis and treatment of breast cancer in the UK
The associated costs for screening were estimated from the reported programme cost from the NHSBSP.
The programme screened 1.94 million women aged > 45 years, which equated to approximately £49 per
woman screened. However, the year for these cost data was not reported in the original data source. Once
a diagnosis of breast cancer has occurred, it is classified according to TNM stage. The UK relevant costs by
stage were taken from Dolan et al.***> and inflated to current prices. These were the only available data
and, ideally, more recent treatment costs would make the estimates more up to date.

Health-related quality of life

To simplify the calculation of QALYs between events in the model, age-dependent utility values were not
incorporated. Instead, an average breast cancer free utility value between the ages of 45 and 100 years
was defined as 0.79. This was informed by age-specific UK general population utility values, which came
from the EQ-5D.3%

Utility values associated with breast cancer were informed by a published literature review and synthesised
meta-analysis.3*’ The review defined utilities in terms of early breast cancer and metastatic breast cancer.
These were then matched based on the stage at which the breast cancer is diagnosed (Table 76). Peasgood
et al.**’ identified a large number of utility values. A total of 13 databases were searched, and 49 papers
providing 476 unique utility values were identified. A variety of methods were used to elicit the utility
values, and these were found to vary significantly between valuation methods and depending on who
conducted the valuation. The identified utility values were grouped into six categories: screening-related
states; preventative states; adverse events in breast cancer and its treatment; non-specific breast cancer;
metastatic breast cancer states; and early breast cancer states. The large number of values identified

for metastatic breast cancer and early breast cancer states enabled data to be synthesised using
metaregression. This method used utility as the dependent variables with study characteristics as
independent variables allowing the estimation of pooled utility values. The authors used two separate
models for early and metastatic breast cancer as these health states differ considerably, which requires
different control variables to be used in the metaregression. Table 77 shows three models together with the
overall mean estimated utility value. Model 1 was weighted by the inverse of the SD, model 2 was weighted
by sample size using all available utility values and model 3 was weighted by sample size but drops any
values that may not be recognised as utility scores.

NIHR Journals Library



DOI: 10.3310/pgfar04110

© Queen'’s Printer and Controller of HMSO 2016. This work was produced by Evans et al. under the terms of a commissioning contract issued by the Secretary of State for Health.
This issue may be freely reproduced for the purposes of private research and study and extracts (or indeed, the full report) may be included in professional journals provided that
suitable acknowledgement is made and the reproduction is not associated with any form of advertising. Applications for commercial reproduction should be addressed to: NIHR
Journals Library, National Institute for Health Research, Evaluation, Trials and Studies Coordinating Centre, Alpha House, University of Southampton Science Park, Southampton

SO16 7NS, UK.

PROGRAMME GRANTS FOR APPLIED RESEARCH 2016 VOL. 4 NO. 11

TABLE 76 Summary of model input parameters

Utility cancer free
Utility early breast cancer
Utility metastatic breast cancer

Lifetime risk of breast cancer

Sojourn time aggressive DCIS

Sojourn time <10 mm tumour

Sojourn time 11-20 mm

Sojourn time 21-50 mm

Sojourn time >51 mm

Onset lag period

All-cause mortality

Breast cancer relative survival

Sensitivity
DCIS
<10mm
11-20mm
21-50 mm
>51Tmm
Specificity
Cost screening mammography
Cost recall assessment
Cost symptomatic presentation
Cost breast cancer treatment
Stage 1
Stage 2
Stage 3
Stage 4

0.85

0.679

0.638

Pearson V
o=7.83851
p=0.64014
Exponential
p=0.01
Exponential
p=0.80
Exponential
p=2.40
Exponential
p=6.40
Exponential
p=0.40

Uniform

a=15

b=4

Empirical distribution
0-10mm=0.91
11-20mm=0.818
12-50mm=0.615
51mm=0.48

0.88
0.90
0.91
0.92
0.93
0.95
£49
£320
£486

£12,571
£10,694
£9293

£15,546

163



Breast cancer utility values

Early breast cancer states 0.725 0.663 0.648 0.679
Metastatic breast cancer states 0.641 0.64 0.632 0.638
Discounting

To present costs and benefits in present values, it is necessary to apply a discount rate. In line with current
recommendations published by NICE, all costs and benefits were discounted at 3.5% per year.??®

Two approaches were taken to calculate discounted costs and discounted QALYs because the analysis aims
to identify the incremental costs and benefits of risk-based screening intervals over the lifetime of a
population of women. Approach 1 takes account of the instantaneous events in the screening programme
and approach 2 takes account of discounting between these events.

The first approach deals with costs or QALYs accrued at a single time point, such as the cost of attending
subsequent screening mammograms. The standard discounting formula is applied (see Equation 1):

G

Discounted cost= -
(1-DR)

To calculate the discounted costs or QALYs which were accrued between two events, for example the
QALYs between two screening mammograms, an alternative discounting formula was applied (see
Equation 2):

(elb(—IDR) _ gla(~IDR))

(=IDR) ' @)

Discounted QALY =V,

where V,, is the value of costs or QALYs accrued at a constant rate between the times of events a and b.
The instantaneous discount rate (IDR) is equivalent to the discount rate (DR) from Equation 1, given by
Equation 3:

IDR=In(1+DR). 3)

Summary of model input parameters
Table 76 summarises the model input parameters.

Modelling assumptions
The key assumptions taken in our model are:

Death attributable to breast cancer occurs only following the initiation of breast cancer onset in

the model.

Following a test positive mammogram, screen recall assessment happens immediately.

Following a confirmed diagnosis of breast cancer, treatment follows immediately.

Only women who have a progressing preclinical tumour will present symptomatically [i.e. women
without a breast tumour will not present symptomatically outside a screening programme (e.g. ‘worried
well" women)].

Once women reach the maximum age range for the screening programme, no further screening
mammograms take place (i.e. once women reach the maximum screening age they will not request a
screening appointment)

Women with indolent DCIS will not progress on to subsequent breast cancer natural history states.
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Only one diagnosis can occur in the lifetime of a woman.

Following the initial screening appointment where screening interval based on risk is determined,

no further adjustments are made to this risk-based interval.

The TC estimated risk is a perfect measure of risk in our population.

The risk of being diagnosed with breast cancer does not change over time [e.g. when women change
lifestyle factors that may effect this risk (i.e. smoking cessation)].

e All women enter the model at the age of 45 years rather than 50 years. This was necessary to allow
time for the tumour to progress to a detectable size at the age of 50 years, which would mirror current
evidence. In addition, to account for prevalence of breast cancer at the initial screening appointment;
tumour onset may have occurred subsequent to 45 years of age.

® There is a lag period, taken from the literature, which shifts the observed incidence of breast cancer
under the current screening policy to younger ages. The age distribution of onset remains the same.

® There is independence between the risk of developing breast cancer and the rate at which breast
cancer progresses.

Results
Results from the preliminary economic model are now presented. These results are indicative only and
represent an initial analysis of the data.

Costs
The estimated total costs and discounted cost per screening participant are shown in Table 78.

Life-years
The estimated total life-years per screening participant are shown in Table 79.

Quality-adjusted life-years
The estimated total QALYs per screening participant are shown in Table 80.

Incremental quality-adjusted life-year

The estimated total incremental cost-effectiveness ratio for the proposed risk-based screening policy
compared with the current universal screening policy in shown in Table 87.

TABLE 78 Total costs and discounted cost per screening participant

Current £463.89 £297.16
Risk based £735.78 £271.88 £463.75 £166.53

TABLE 79 Total life-years per screening participant

Current 34.804
Risk based 34.858 0.054
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TABLE 80 Total QALYs

Current 0.808
Risk based 1.023 0.215

TABLE 81 Incremental cost-effectiveness ratio risk-based vs. current screening policy

Current 297.16 0.808
Risk based 463.75 1.023
Difference 166.58 0.215
ICER £773.63 per QALY

ICER, incremental cost-effectiveness ratio.

Discussion

This study conducted a preliminary economic analysis model to represent a risk-based breast screening

strategy compared with the current NHSBSP. The model was populated to show some indicative results
from introducing a risk-based screeing programme with subsequent targeted screening intervals.

The model-based evaluation was, as anticipated, limited by the availability of key data inputs. Key data

are needed before a sufficiently robust base case analysis can be conducted.

In the absence of these data, it was not logical to perform sensitivity analysis on a base case that was not
sufficiently advanced. Conducting a sensitivity analysis at this stage of the model development would only
indicate what we already know, which is that there are key parameter inputs that were not sufficiently
informed. Ideally, we would want to use a combination of probabilistic and one-way sensitivity analyses to
understand joint uncertainty in the model parameters together with key structural assumptions that are
driving relative cost-effectiveness. Three remaining analyses are in progress: model calibration to confirm
whether or not the estimated unobservable natural history parameters accurately reflect observed
incidence of in situ and invasive breast cancer; (2) probabilistic sensitivity analysis to identify the joint
parameter uncertainty in the model; and (3) expected value of perfect information will be calculated to
guantify the value of future research.

Concluding remarks

This preliminary model-based cost-effectiveness analysis study has identified the relevant costs and patient
benefits associated with introducing a risk-based stratified screening programme. Using the available data,
the risk-based screening programme appears to be a potentially cost-effective option, but this result is
uncertain because of the limitations in the available data. The current level of uncertainty would suggest
that it is not rational to recommend the introduction of a risk-based breast screening programme at a
national level.

General discussion

A substantial body of economic evidence has been developed to inform the inception and modification
of breast screening programmes in the UK and globally. This study conducted a systematic review,
which confirmed this extensive evidence base but failed to identify definitive evidence to support the
cost-effectiveness of existing screening programmes. Subsequent modifications to a breast screening
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programme should also be informed by economic evidence. This study started to look at the implications
of introducing a risk-based stratified screening programme by structuring a preliminary model-based
cost-effectiveness analysis to identify the incremental costs and benefits compared with the current
national breast screening programme.

The model-based analysis assumed the NHS perspective. A survey to understand the patient assessment
costs of attending a screening programme was conducted, and confirmed that the patient costs incurred
were relatively low. The results from this survey were consistent with those reported by Brown et al.%*¢ This
finding provided reassurance that taking the NHS perspective for the economic analysis was reasonable.
The NHS viewpoint is also suggested to be most appropriate given the lack of agreement on the methods
to incorporate a broader perspective, and current national guidelines for economic analysis suggest that
the NHS perspective is appropriate.3%®

The economic analysis suggested that if the assumptions and model inputs used in the preliminary analysis
are correct then risk-based stratified screening could be a cost-effective use of health-care resources. The
estimated cost per QALY was below the nationally agreed threshold range of £20,000 per QALY used by
NICE to guide whether or not interventions are likely to be cost-effective. However, this finding should

be interpreted with extreme caution. The availability of data necessary to understand the impact of
introducing a risk-based screening programme was low in terms of relevance to the research question.

In particular, the identified key data requirements included information on the predictive value of the
risk-based algorithm; empirical data to support the identified relevant risk categories and associated
screening interval; estimated lifetime risk for each individual is needed to replace the current extrapolation
of 10-year risk data to incorporate individual risk into the MBSM; whether or not the duration of the
preclinical screen-detectable period (sojourn time) is linked with the algorithm predicted risk category; and
the cost of treatment linked with identified risk category.

A number of key assumptions were made to generate an estimate of cost-effectiveness, which are likely to
drive the observed incremental costs and benefits of the intervention compared with current practice. One
key assumption that needs further evaluation using a prospective follow-up study is that the method used
to create the risk stratifications, the TC risk algorithm, generates a perfectly sensitive and specific measure
of risk in the population of women. There were no data to support or refute this assumption available for
this economic analysis but expert opinion suggested that this was a valid approach to take. Generating
robust evidence to identify the predictive value of risk-scoring algorithms will be a common challenge as
health-care systems embrace the move towards personalised medicine.3?

A further key assumption was the assumed independence between the estimated risk of developing breast
cancer and subsequent rate at which breast cancer progresses. This has implications for the treatment
strategies used by clinicians and the overall survival of women. There are an increasing number of
personalised medicines in the area of breast cancer emerging into practice. However, these currently focus
on the genetic variation or the presence of specific biomarkers in the breast tumour.3 It is likely that,

as risk-scoring algorithms become used in practice, clinicians will evolve their prescribing behaviour to
personalise the treatment regimens and more aggressively treat women at a high risk of breast cancer.
This is an area for future research.

Overdiagnosis is a key topic for continued debate when evaluating the impact of national breast screening
programmes. Overdiagnosis describes cancers picked up and treated as a result of screening which would
not have been diagnosed in a woman's lifetime had screening not taken place. Duffy et al.*' estimated
the absolute benefits of a national breast screening programme to be 8.8 and 5.7 breast cancer deaths
prevented per 1000 women screened for 20 years starting at age 50 years, from the Swedish Two-County
Trial and screening programme in England, respectively. The corresponding estimated numbers of cases
overdiagnosed per 1000 women screened for 20 years were, respectively, 4.3 and 2.3 per 1000. The issue
of overdiagnosis is an important caveat for any screening programme and it is not clear whether using a
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risk-based strategy will inflate or decrease the number of overdiagnosed cases of breast cancer or the
associated impact on relative cost-effectiveness.

There are a number of limitations with the assumed cost of the screening programme. The component
costs of the assumed £96M cost per year is not known. It is likely that the number of women screened is
increasing over time, which would mean that £96M per year will be an underestimate of the current costs.
Furthermore, this figure does not include non-attenders, which may affect the total cost. Overall, the
published figure is likely to be an underestimate of the total NHSBSP cost, but there are no other data
sources to verify this figure. This is an area for future research.

Implications for policy

This study has developed a preliminary economic model, which is indicative of the relative cost-effectiveness
of the risk-based stratified screening programme compared with the current UK screening programme.

The model has indicated some key parameters and assumptions that drive the observed estimate of
cost-effectiveness. Based on the current uncertainties in the evidence base, it is necessary for further work
to be carried out. This study was designed from a UK perspective and it is outside its scope to try and draw
comparison across other EU countries. The model provides a conceptual basis for identifying the relative
costs and benefits of a risk-based strategy, but further data, and subsequent sensitivity analysis, are required
before definitive conclusions can be made.

Future research

The model-based analysis has identified some key uncertainties in the evidence base needed to generate
robust estimates of the relative cost-effectiveness of a risk-based breast screening programme.

® The accuracy and predictive value of the algorithm (TC) used to generate the risk subgroups in the
population of women.

® Information on the link between the estimated risk of developing breast cancer and the rate at which
breast cancer progresses.

® The observed uptake rate of a risk-based screening programme together with an understanding of the
factors driving the observed uptake rate and relationship with women’s perception of their perceived
risk of developing breast cancer.
The actual cost of the current national breast screening programme.

® The cost of treatment for breast cancer, taking into account current treatment modalities, and the
potential link between risk category and selection of treatment.

® The resources and costs used, for a national programme, to inform women of their individual risk of
developing cancer and the mechanism needed to target them towards the appropriate screening
interval. Subsequent modifications to the risk-based algorithm and associated screening interval could
be evaluated using the proposed MBSM.

Conclusion

This preliminary model-based cost-effectiveness analysis has shown that using a risk-based stratified breast
screening programme may potentially be a cost-effective use of resources. This result should be interpreted
with extreme caution, as there were limitations in the data available to populate the model inputs and the
estimated relative cost-effectiveness is associated with extensive uncertainty. Additional research is needed
to reduce the current uncertainty in the evidence base to produce a reliable base-case analysis, and then
subsequent sensitivity analyses are needed to identify the key drivers of the relative cost-effectiveness of

a risk-based breast screening programme.
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Chapter 6 Patient and public involvement

Patient and public involvement contribution to study design
and study management

The involvement of patients and the public has been vital in the design, set-up and management of our
programme grant. When devising our initial research plan, the opinions of patients in our FHC were used
to inform the initial study design. We found that 98% of women seen in our FHC wanted to know their
precise breast cancer risk. As the overall purpose of this programme grant is to improve personalised
breast cancer risk prediction, we needed to ensure that women would opt to receive this information.

In 2008, prior to the start of the grant, a public forum was set up, during which our research plans were
discussed with women from the local area, not necessarily those women with a family history of breast
cancer. Feedback from this session supported the views expressed by our FHC patients, so it was clear that
women from both the screening population and the FHC population would welcome this research, as it
would give them the opportunity to be informed of their risks and access information about how to
manage their risk.

Wendy Watson, the director of the Hereditary Breast Cancer Helpline, has acted as patient representative
throughout this programme grant. In 2011, Fiona Harrison, a previous FHC patient who participated in the
IBIS-I breast cancer prevention study, became involved as a patient representative on a related Research for
Patient Benefit grant being run by our team. As the two grants were related, Fiona also became involved
in this programme grant and, along with Wendy, has offered advice on study design, participant literature,
feedback of risk information and dissemination of study results. In addition, both Fiona and Wendy have
attended the regular 2-monthly programme management meetings, which last, on average, 3 hours.

As part of International Women'’s Day in March 2013, we held an evening event for women about breast
cancer prediction and prevention. Thirty-one women invited (out of 100) from our FHC and PROCAS study
attended a series of three presentations about current research into breast cancer risk prediction and how
women can reduce their risk of breast cancer and other diseases by following a healthy diet and lifestyle,
and in some instances through drug prevention. After the talks, we invited women to form small groups
and initiated discussion of issues surrounding lifestyle change, and how women could be encouraged and
supported to make positive changes to their current diet and exercise behaviours to minimise their risk of
breast cancer and other diseases. The conclusions from each group were presented by the facilitators at
the end. Women in general gave strong support to the concept of introducing preventative measures
based on risk but were more sceptical about reducing screening in women found to be at low risk.

The International Women’s Day event has helped to shape our plans for future research projects.

Impact of patient and public involvement

Although it was not funded in this programme grant, as part of PROCAS we offered all participants the
opportunity to receive their personalised risk information.

A working group of researchers and patient representatives was set up to develop the risk feedback letter.
Through the working group, we developed a short information leaflet for the FH-Risk study, which
reminded women about the aims of the study and how SNPs contribute to breast cancer risk. Once
approved by the ethics board, this information leaflet was sent out, along with a letter that informed
women of whether or not their breast cancer risk had changed since their original risk assessment at the
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FHC. We found that the newly developed information leaflet reduced the number of queries the research
team received from women on the study.

Although we have given risk feedback to all women at high risk on the PROCAS study and a proportion of
the women at low risk in person, we are yet to send out risk feedback to the majority of women who will
be receiving this information by letter. Following extensive discussions with our patient representatives and
the working group, it was decided that it was necessary to conduct a full study to explore, in depth, how
best to communicate risk while minimising the potentially negative psychological impact of receiving risk
information by letter.

Challenges of patient and public involvement and
lessons learnt

Both of our patient representatives are involved in our other ongoing research projects as well as our
proposals for future research. Their input has been invaluable; however, we have highlighted some ways
we could improve our patient and public involvement. First, as both our patient representatives have
been heavily involved in many of our research projects they have become expert representatives and

we felt that it was important to have some input from lay people. In addition, both of our patient
representatives have a family history of breast cancer, and although part of this programme grant is
focused on this population of women, the PROCAS study is being run in the general screening population.
We decided that it would be beneficial to have input from public representatives who do not have as
much knowledge of familial breast cancer risk. We also felt that it was important to have input from a
greater number of patient and public representatives, from more diverse backgrounds. Finally, we were
aware that the way in which we engage with our patient representatives does not utilise their skills in the
best way possible, because this occurs mainly in the context of formal investigator meetings.

From our International Women'’s Day forum we realise that it may be difficult to ‘sell’ a reduction or
removal of mammography screening to women identified at low risk as part of a risk stratified screening
approach. However, women attending were likely to be strong ‘believers’ in the benefits rather than
disbenefits of mammography screening.

In 2014 we sought funding to set up a formal patient and public panel, involving women from diverse
ethnic and social backgrounds. The patient and public panels include women from both the FHC and
the general population (NHSBSP). The panel is led by Fiona Harrison and one of the research team
(Louise Donnelly) and meets separately from the bimonthly investigators’ meetings, allowing a more
informal forum for discussion. The function of the panel is to review new project ideas, funding
applications and patient information, and to assist the research team in developing research through a
patient lens. The panel will meet up to four times per year, but have also reviewed intended studies

via e-mail. After a panel meeting, Fiona Harrison feeds back the outcome of the panel at the next
investigators’ meeting. We have found this to be a more effective utilisation of our patient representative’s
skills, knowledge and input. We have secured external funding for our patient and public panel from
Genesis Breast Cancer Prevention Appeal. This allows us to hold regular sessions, involve more members,
as appropriate, and develop training for the panel members.
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Chapter 7 Conclusions

his report covers a 5-year programme of work linking risk prediction, screening and prevention in the

familial and population settings. The vast majority of the goals set out in the original grant application
from 2008 have been fulfilled, with many transcended. The three large bodies of work in Chapters 2—4 are
enhanced by the preliminary cost-effectiveness analysis presented in Chapter 5. The project outlined in
Chapter 2 has shown that risk prediction is accurate using a number of models in the FHC setting. In a
study of nearly 10,000 women, there was broad accuracy in terms of the number of predicted cancers in
total, as well as over various risk groupings. Although a Manual model incorporating adapted Claus
tables was accurate,?'® this involved a clinician’s adjustment for non-familial risk factors and may not be
transposable to all routine practice. TC was clearly superior to the Gail model, but direct comparisons with
the BOADICEA model were not possible across the whole population. On the basis of this research, the use
of either TC or BOADICEA appears appropriate in the FHC setting, as recommended already by the recent
NICE guidelines for familial breast cancer. Work in the FH-Risk cohort also showed that the increased risk of
ovarian cancer was confined to families with BRCAT and BRCA2 mutations and that women with a breast
cancer-only family history testing negative for BRCAT/BRCA2 can be reassured that they are not at increased
risk of ovarian cancer.?” The addition of SNP testing using a PRS improved the accuracy of TC in the familial
setting, as shown in Chapter 3, with an AUC c-statistic of 0.6. Further work in Chapter 3 showed that using
a SNP18 PRS was not accurate for BRCA 1 families but had good predictive value for BRCA2 and non-BRCA2
familial breast cancer.3? We also showed that SNPs may partly explain the additional risk of breast cancer in
those testing negative for a known family BRCA2 mutation.®? We showed that, using a TC score adjusted
for PRS, the breast cancer risks were much more stretched out over a larger range, with many more
identified at lower levels of risk.3*'33 The PRS also significantly improved breast cancer risk prediction by TC
in the general screening population aged 46-73 years of age. Although further research is required to
validate more recent SNPs, it appears that use of a PRS-adjusted TC has good utility in both the general
population and in familial clinics and that using further recently identified SNPs will improve
risk precision.??#3%3

In Chapter 4 we assessed all of the various measures of MD. A VAS on a linear scale by radiologists was
shown to have good predictive value in determining breast cancer risk and was shown to be superior to
Cumulus and automatic measures in 324 breast cancers and 972 controls. Although VAS was the best
performing measure, we have noted significant inter- and intraobserver variations, although these can be
corrected.3*432¢ Addition of MD from VAS in the form of a DR adjusted for age, menopausal status and BMI
also significantly improved TC in the PROCAS population of > 50,000 women. Use of a DR adjustment to
the best performing risk prediction model, TC, substantially improved risk prediction in the general
population for high-stage breast cancer. The 30% of the population with above average risk (> 3.5%
10-year risk) had a rate of high-stage cancers 3.5-fold that of those at average and below average risk

(4.7 per 10,000 vs. 1.3 per 10,000). This allows better risk stratification such that women at high and
moderate risk will potentially gain better access to NICE-approved additional surveillance and preventative
strategies such as chemoprevention with tamoxifen or raloxifene.3® The research also indicates that 3-yearly
screening is sufficient for ~70% of the population with average/below-average risks, but that more frequent
screening may be justified in those with a MD-adjusted 10-year risk of > 3.5%.

The research has also shown that it is feasible to collect breast cancer risk information3"#** from women
attending breast screening through the NHSBSP and that most women wish to know their risk. Ninety-five
per cent of women indicated that they wanted risk information and 75% of high-risk women invited for a
telephone or clinic appointment received their risks. Importantly, 99% of those invited for their next
mammogram reattended.
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CONCLUSIONS

Chapter 5 reported the preliminary model-based cost-effectiveness analysis that identified the relevant
incremental costs and benefits of introducing a risk-based screening strategy with associated screening
intervals. Using existing available data, the economic analysis suggested that a risk-based stratified breast
screening programme may potentially be a cost-effective use of resources, but this result should be
interpreted with extreme caution. There were several limitations in the data available to populate the
model inputs and the estimated relative cost-effectiveness is associated with extensive uncertainty.
Additional research is needed to reduce the current uncertainty in the evidence base to produce a reliable
base-case analysis and then subsequent sensitivity analyses are needed to identify the key drivers of the
relative cost-effectiveness of a risk-based breast screening programme.

The body of research from this programme grant over a 5-year period has already resulted in 11
peer-reviewed publications®'®329332333 and we have a further eight already in preparation. This research will
inform NICE guidelines on familial breast cancer, particularly in terms of the use of risk prediction models,
and will inform clinical practice over use of SNPs in the familial and general population settings. We have
shown that it is feasible to undertake risk provision in the setting of the NHSBSP and that it is possible

to deliver reasonably accurate risks to women that can inform future risk stratification to enhance
personalised medicine including extra screening and NICE-approved chemoprevention. Nonetheless, further
work is necessary to improve risk precision, particularly in low-risk groups.

Implications for practice
A number of conclusions can be considered for potential inclusion in current practice:

1. For more accurate breast cancer risk assessment, the inclusion of data from multiple SNP testing and
MD could be considered in conjunction with a validated risk assessment model such as BOADICEA or
TC, based on work in both FH-Risk and PROCAS.

2. Risk-stratified screening could be considered in the general population, even if this identifies just those
at sufficient risk for NICE-approved enhanced screening. Further studies are needed to confirm if the
higher stage identified in the above-average risk group is validated.

3. Population assessment of breast cancer risk could be considered for eligibility for NICE-approved
chemoprevention.

Research recommendations (in priority order)

Research recommendations require two separate but linked work streams: (a) improved risk prediction
(research recommendations 2, 3 and 5) and (b) better integration of risk prediction into services and
patient experience (research recommendations 1, 4 and 6).

1. A pilot study of breast risk provision in real time in the NHSBSP using an online system as preference and
receipt of results in 2 weeks. A randomised study may be required to assess whether simple letters to
women explaining their risks and, if indicated, access to further services through their GP may require an
additional use of personnel to provide risk information to those at high and possibly moderate risk.

2. Development of a better risk prediction automatic MD model. This is required as the best performing
measure was VAS and for full automation better performance of an automatic measure is required.

3. Validation studies of SNP67 in the screening population and FHCs using prospective cohorts.

4. Population of a model-based cost-effectiveness analysis using model inputs from data relevant to a
risk-based stratified population, such as the predictive value of the risk-based algorithm; the selected
relevant risk categories and associated screening interval; estimated lifetime risk for each identified risk
category; duration of the preclinical screen-detectable period (sojourn time); the cost of the screen
including providing risk-information and subsequent mammography; and the cost of treating identified
breast cancers.
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5. Randomised controlled studies to show whether increased screening frequency will downstage breast
cancers in women predicted by MD and TC to have a risk of > 3.5% is effective or whether further

strategies such as tomosynthesis or MRI may be required.
6. Impact of risk assessment on women in population screening programmes.
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Appendix 1 PROCAS two-page questionnaire

University Hospital [i']
UHSM PROCAS of South M);nche’\)ster
§ Predicting the Risk Of Cancer At Screening
Your Hospital NHS Foundation Trust

We would be grateful if you would fill in this questionnaire
before attending for screening. Please complete all sections.
If you have any questions please call 0161 291 4408 or 07907 846402

Please try and give an accurate answer to each question, and make sure you answer all questions. If you don’t
know the answer to a question, please write “unknown”. If you can’t remember dates or other information
precisely just do the best you can and tick the box that shows how certain you are about your answer.

All information collected will be kept completely confidential and is for research purposes only.

Please bring your completed questionnaire to your mammogram appointment. Thank you

Name:

Postcode:

Date of birth:

How sure are you?

Height ft in OR cm Notsure [ | Fairlysure [ | Certain [__]
Notsure [ | Fairlysure [ | Certain [ |
Notsure [ | Fairlysure [ | Certain [ |

Notsure [ | Fairlysure [ | Certain [ |

Weight now st Ib OR kg

Weight at age 20: st Ib OR kg

What is your current UK clothes size for
trousers / skirts? (i.e. size 10, 14, 20)

yrs Notsure [ | Fairlysure [ | Certain [_|

At what age did you have your first period?

Have you had a hysterectomy? Yes I:I No l:l

If yes, at what age did you have your hysterectomy? yrs

Not sure l:l Fairly sure l:l Certain |:|

Have you been through the
menopause (“the change”) yet? Yes I:l No l:l
If not, are you currently going through the menopause?

Unknown l:[ Yes l:l No I:I

If you answered ‘yes’ to either of the above,
at what age did you start going through the yrs
menopause?

Have you ever been on Hormone
Replacement Therapy (HRT)? Yes[ | No[ |

Not sure I:I Fairly sure I:I Certain I:I
Not sure I:l Fairly sure [:| Certain |:|

Not sure I:I Fairly sure l:l Certain |:|

If yes, please answer the following questions:
Please specify the type of HRT (circle one option below)

Notsure [ | Fairlysure [ | Certain [ |

Oestrogen only Combined Unknown

How many years were you on HRT? yrs

Are you still on HRT? Yes |:| No |:|

If not, how long ago did you stop?

Not sure |:|
Not sure |:|

Fairly sure I:l Certain |:|

Fairly sure |:|

Certain |:|

How many sisters do you have? (please circle)
0 1 2 3 4 5 6 7+ Unknown

Notsure [ |

Fairly sure [ |

Certain [_|

PROCAS questionnaire, version 8.0 11.08.! PLEASE TURN OVER Page 1 of 2
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Have you had any children? Yes I:l No I:l

If yes, please answer the following questions:
How many children?

How old were you at your first pregnancy? yrs Notsure [ | Fairlysure [ | Certain [ ]

Has your mother or a sister had breast cancer?

Unknown [ ] Yes [ | No [ | Notsure [ | Fairlysure [ | Certain [ ]

If yes, please specify mother/sister and what age they were:

Age: yrs Notsure [ | Fairlysure [ | Certain [ |
Age: yrs Notsure [ | Fairlysure [ | Certain [ |
Age: yrs Notsure [ | Fairlysure [ | Certain [ ]

Has any other relative developed breast cancer?

Unknown [ ] Yes[ | No [ | Notsure [ | Fairlysure [ | Certain [ ]

If yes, please specify relationship (e.g. maternal aunt) and
what age they were:

Age: yrs Notsure [ | Fairlysure [ | Certain [ |

Age: yrs Notsure [ | Fairlysure [ | Certain [ ]
Age: yrs Notsure [ | Fairlysure [ | Certain [ |
Have you ever had a biopsy of your breast? Yes[ | No|[ |
If yes, please state which hospital / breast screening centre you attended and the date:
Location Date:

How much moderate / vigorous activity have you done during the past week?

(include activities where you feel warm and slightly out of breath, including brisk walking, cycling, swimming,
exercise classes, housework, DIY, gardening, other sports or work related activities)

hours mins

Do you drink alcohol? Yes[ | No[ ]

If yes, how many units per week, on average?
(one unit = %z pint of beer/lager, small (125ml) glass of wine, 1 measure of spirits)

Units
Ethnic or other origin (please tick all that apply)
Asian or Asian British — Bangladeshi, Indian, Pakistani, Mixed — White and Black Africa / Asian / Black
Chinese Caribbean
Black or Black British — African or Caribbean White — British or Irish
Jewish Other — please specify
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Appendix 2 MEDLINE search filter

0 NOoO U WN -

W W W NN DNDNNDNNNDNDN=2 2 a2
N - O 0o NOoOUu s WN -~ O LOVOONOOUPd WN - O VO

. Economics/

. exp "Costs and Cost Analysis”/

. "Value of Life"/

. Economics, Dental/

. exp Economics, Hospital/

. Economics, Medical/

. Economics, Nursing/

. Economics, Pharmaceutical/
.lor2or3ord4or5or6or7or8
. (econom$ or cost or costs or costly or costing or price or prices or pricing or pharmacoeconomic$).ti,ab.
. (expenditure$ not energy).ti,ab.

. (value adj1 money).ti,ab.

. budget$.ti,ab.

. 10or11or12o0r13

. 9o0r14

. letter.pt.

. editorial.pt.

. historical article.pt.

. 160r17o0r18

. 15 not 19

. Animals/

. Humans/

. 21 not (21 and 22)

. 20 not 23

. (metabolic adj cost).ti,ab.

. ((energy or oxygen) adj cost).ti,ab.
. 24 not (25 or 26)

. Breast/ or Breast Neoplasms/ or Breast Self-Examination/ or Carcinoma, Ductal, Breast/ or Breast Diseases/
. screening.mp. or Mass Screening/
. 28 and 29

. 27 and 30

. limit 31 to english language
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Appendix 3 EMBASE search filter

—_
A W N =

N NN NDNN =2 2
u b WN - O O 0

© NV WN =

o v

AA
ISR

26.
27.
28.
29.
30.
31.
32.

33.
34.
35.
36.

Health Economics/

exp Economic Evaluation/

exp Health Care Cost/

exp Pharmacoeconomics/

lor2or3or4d

(econom$ or cost or costs or costly or costing or price or prices or pricing or pharmacoeconomic$).ti,ab.
(expenditure$ not energy).ti,ab.

(value adj2 money).ti,ab.

budget$.ti,ab.

6or7or8or9

. 50r10

. letter.pt.

. editorial.pt.
. note.pt.

12or13o0r 14
11 not 15

. (metabolic adj cost).ti,ab.

. ((energy or oxygen) adj cost).ti,ab.

. ((energy or oxygen) adj expenditure).ti,ab.

. 17 o0or180r 19

. 16 not 20

. exp Animal/

. exp Animal Experiment/

. Nonhuman/

. (rat or rats or mouse or mice or hamster or hamsters or animal or animals or dog or dogs or cat or cats or

bovine or sheep).ti,ab.

22 or 23 or 24 or 25

exp Human/

exp Human Experiment/

27 or 28

26 not (26 and 29)

21 not 30

exp breast cancer/ or exp breast tumor/ or exp breast/ or exp breast carcinoma/ or exp breast metastasis/
or exp breast self examination/

mass screening/ or screening/ or cancer screening/ or screening test/
32 and 33

31 and 34

limit 35 to english language
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Appendix 4 NHS Economic Evaluation Database
and Health Technology Assessment search filter

1 MeSH DESCRIPTOR Breast EXPLODE ALL TREES

2 MeSH DESCRIPTOR Breast Diseases EXPLODE ALL TREES

3 MeSH DESCRIPTOR Breast Neoplasms EXPLODE ALL TREES

4 MeSH DESCRIPTOR Breast Self-Examination EXPLODE ALL TREES

5 MeSH DESCRIPTOR Carcinoma, Ductal, Breast EXPLODE ALL TREES
6 #1 OR #2 OR #3 OR #4 OR #5

7 MeSH DESCRIPTOR Early Detection of Cancer EXPLODE ALL TREES

8 MeSH DESCRIPTOR Mass Screening EXPLODE ALL TREES

9 #7 OR #8

10 #6 AND #9

11 * IN NHSEED

12 * IN HTA

13 #10 AND #11

14 #10 AND #12search filters
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Appendix 5 Examples of parametric distributions
potentially fitted to the adjusted lifetime risk of the
PROCAS study population

o display the goodness of fit of the parameteric distribution chosen to represent the lifetime risk of

developing breast cancer, we display plots comparing the worst (Weibull) and best (Pearson type V)
distributions. Each of these plots is used to assess how closely the input data for risk and parametric
distributions agree. Fitted density displays the empirical distribution of the input data in comparison with
the parametric distributions. The comparatively larger peak for the Pearson type V clearly indicates an
improved fit. Fitted distribution displays the cumulative probability distribution. The quantile—quantile (Q-Q)
plots the quantiles and the probability—probability (P-P) plots the cumulative distribution; the goodness of
fit for both of these plots is represented by deviations from the 45-degree line. Finally, we display the box
plots for the quartiles for the best and worst distribution and all fitted distributions.

Fitted density

030
2
e
5 = [nput
= 0.15 = Weibull
Q Pearson type V
o
o
0.00 —! ! ! !
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Input values
Fitted distribution

1.0
B L
2
S = [nput
z 0.5 = Weibull
Q B Pearson type V
o
o -

0.0 1 1 1 1 ]

0.0 0.1 0.2 0.3 0.4 0.5 0.6

Input values
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