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Abstract: Early detection of breast cancer through screening reduces breast cancer mortality. The ben-
efits of screening must also be considered within the context of potential harms (e.g., false positives,
overdiagnosis). Furthermore, while breast cancer risk is highly variable within the population, most
screening programs use age to determine eligibility. A risk-based approach is expected to improve the
benefit-harm ratio of breast cancer screening programs. The PERSPECTIVE I&I (Personalized Risk
Assessment for Prevention and Early Detection of Breast Cancer: Integration and Implementation)
project seeks to improve personalized risk assessment to allow for a cost-effective, population-based
approach to risk-based screening and determine best practices for implementation in Canada. This
commentary describes the four inter-related activities that comprise the PERSPECTIVE I&I project. 1:
Identification and validation of novel moderate to high-risk susceptibility genes. 2: Improvement,
validation, and adaptation of a risk prediction web-tool for the Canadian context. 3: Development
and piloting of a socio-ethical framework to support implementation of risk-based breast cancer
screening. 4: Economic analysis to optimize the implementation of risk-based screening. Risk-based
screening and prevention is expected to benefit all women, empowering them to work with their
healthcare provider to make informed decisions about screening and prevention.

Keywords: breast cancer; screening; risk prediction; risk stratification

1. Introduction

Breast cancer is a leading cause of morbidity and mortality in women worldwide [1,2],
with significant care and cost assumed by the public health care sector [3–5]. In Canada,
mortality attributable to breast cancer has fallen by ~48% since the peak in 1986, mainly due
to improved treatments and earlier diagnosis resulting from mammography screening [1].

Organizations responsible for publishing breast cancer screening recommendations,
including the Canadian Task Force on Preventive Health Care, agree that women between
the ages of 50–74 years should receive routine mammography screening [6–8]. Breast cancer
screening, as currently practiced, uses age as the primary criterion for eligibility and is
primarily targeted at women over 50 years of age. There is still considerable debate on the
optimal screening interval, and whether younger women would also benefit from screening
mammograms. The reason for this controversy is the need to balance the benefits of
regular screening with potential harms including false-positive and false-negative findings,
overdiagnosis, overtreatment, and the associated anxiety and unnecessary costs [8–10].

Breast cancer risk is highly variable, such that a large proportion of breast cancer cases
occur in a minority of women who are most susceptible [11,12]. Most Canadian breast
screening programs target women between the ages of 50 and 74 years, with mammograms
every two years. Beyond this, many programs also have recommendations for younger
(<50 years) and older (>74 years) women, as well as annual mammography for women
at higher risk (e.g., those with a family history of breast cancer or dense breasts) [13,14].
Some programs also recommend screening with mammography, MRI and/or ultrasound
(starting prior to age 50) for women identified as high-risk (e.g., greater than 20–30%
lifetime risk), and/or refer these individuals for genetic testing [6,13,15–18]. Women are
primarily identified as high risk based on having a family history of the disease, followed
by testing for BRCA1 and BRCA2 mutations. This approach has the limitation of missing
women without a known family history but with a significant genetic predisposition. Addi-
tional risk genes beyond BRCA1 and BRCA2 have been identified; however, commercially
available testing panels include genes with uncertain impacts on risk [19–21]. This leads
to significant challenges in the genetic counselling and clinical management of women
who carry these variants. Beyond variation in rare and moderate penetrance genes, the
discovery of many common genetic variants associated with breast cancer risk has led to
development of polygenic risk scores (PRS) that can predict risk [22,23].

Multiple breast cancer risk prediction models have been developed and validated in a
variety of settings [24–27], and are continually being updated to incorporate advances in
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the genomics and epidemiology of the disease. Recent versions of some models, such as
the Breast and Ovarian Analysis of Disease Incidence and Carrier Estimation Algorithm
(BOADICEA), now include mammographic density, one of the strongest risk factors for
breast cancer, in addition to pathogenic variants in multiple genes and PRS [26]. There is
increasing interest in the application of these models for risk stratification to inform recom-
mendations for screening and prevention. This approach could be applied to both women
at high risk, seen in cancer genetic clinics, as well as women in the general population.

Implementation of a risk-based approach to screening may bring new socio-ethical
and legal challenges for women, health professionals and decision makers [28]. Additional
legal duties for health professionals managing risk assessment, as well as potential issues
surrounding the compliance of risk assessment tools with federal and provincial regulations
will require careful consideration and foresight. Such anticipatory work will lead to the
development of policies that appropriately address outstanding issues and that are also
acceptable to end-users. It will also require significant economic considerations, given
ever-present concerns about rising health care costs.

In this commentary, we describe how the PERSPECTIVE I&I (Personalized Risk Assess-
ment for Prevention and Early Detection of Breast Cancer: Integration and Implementation)
project seeks to improve personalized risk assessment, to offer cost-effective risk-based
screening and interventions, and identify best practices to implementation within the
context of the universal health care coverage provided by Canada’s health care programs.

2. Overview of the PERSPECTIVE I&I Project

The PERSPECTIVE I&I project is comprised of four connected activities which are
being undertaken largely in parallel. 1: Identification and validation of novel moderate-
to high-risk breast cancer susceptibility genes through a well-powered whole exome
sequencing (WES) case-control study, in order to develop a more comprehensive multi-gene
panel test. 2: Improvement, validation and adaptation of a comprehensive risk prediction
web-tool suitable to the Canadian context. 3: Development and piloting of a socio-ethical
framework to support implementation of a personalized risk-based approach to breast
cancer screening at the population level. 4: Economic analysis to optimize personalized
risk-based screening implementation (Figure 1).

2.1. Identification and Validation of Novel Moderate- to High-Risk Breast Cancer
Susceptibility Genes

Our understanding of the genetic susceptibility to breast cancer is essential to the
assessment of a woman’s risk of the disease. Currently, variants in the known moderate
and high-risk genes explain 15–20% of the heritability of breast cancer, while estimates
for GWAS data suggest that common variants explain approximately 40% [19–21]. Only a
small fraction of genes, mostly involved in DNA repair, have been investigated as potential
susceptibility genes, raising the possibility that many other important susceptibility genes
remain to be identified.
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A major component of our PERSPECTIVE I&I project is focused on the identification of
new breast cancer predisposition genes. This is being achieved through a large-scale whole
exome sequencing (WES) study involving over 10,000 breast cancer cases and controls,
where cases all have a family history of breast cancer and/or were diagnosed prior to
age 50. The data resulting from the sequencing performed in PERSPECTIVE I&I will be
combined with additional data generated through the EU-funded Horizon 2020 project
BRIDGES (Breast Cancer Risk after Diagnostic Gene Sequencing, https://bridges-research.
eu (accessed on 2 June 2021)). Thus, a combined analysis will be performed in a total of
approximately 18,000 breast cancer cases and controls. This collaboration with the BRIDGES
project almost doubles the size of the final sample set, which significantly increases the
power to identify moderate-risk alleles. Candidate genes identified through this combined
analysis will be subjected to validation, as part of PERSPECTIVE I&I, through targeted
sequencing in a large sample set of 10,000 breast cancer cases and 10 000 controls from
the Breast Cancer Association Consortium (http://bcac.ccge.medschl.cam.ac.uk (accessed
on 2 June 2021)). The identification of new predisposition genes through this project will
provide valuable information regarding the genetic susceptibility of breast cancer. This

https://bridges-research.eu
https://bridges-research.eu
http://bcac.ccge.medschl.cam.ac.uk
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information can then be incorporated into clinical genetic tests used in the context of cancer
genetic clinics to identify women at high risk of the disease. For genes that are confirmed,
these data will also provide risk estimates that, upon further validation in larger studies,
can then be incorporated in the updated risk models.

The sequencing efforts put forth to identify new breast cancer genes will be further
supported by functional analysis of missense variants in selected breast cancer associated
genes, focusing on those involved in DNA repair pathways [29,30]. Indeed, although the
deleterious impact of truncating variants in known breast cancer susceptibility genes is well
understood, the clinical significance of missense variants in such genes is often unknown
and therefore represents an additional challenge for the clinical management of carriers
of such variants of uncertain significance (VUS). An important component of our project
involves the use of multiple functional assays of reported missense variants [30–32] as
well as a high-throughput site-saturation mutagenesis approach to evaluate the functional
impact of all possible missense substitutions in key breast cancer predisposition genes [33].
Collaboration and sharing of these results with the ENIGMA Consortium (Evidence-based
Network for the Interpretation of Germline Mutant Alleles, https://enigmaconsortium.org
(accessed on 2 June 2021)) will help improve the interpretation of missense VUS in these
genes and accelerate their clinical translation.

Development of a Clinical Grade Genetic Test Including Validated Breast Cancer
Susceptibility Genes and Polygenic Risk Score

In addition to the high and moderate risk breast cancer alleles, common low risk
alleles also explain a significant proportion of the genetic susceptibility to breast cancer.
While the risk conferred by individual common low risk SNPs (Single Nucleotide Poly-
morphisms) is not sufficiently large to be useful in risk prediction (e.g., RR < 1.3), their
effects can be combined to provide a SNP profile or polygenic risk score (PRS), which can
be incorporated into risk prediction models [34–37]. The application of a PRS to inform
risk-stratified screening and other decisions (e.g., preventive interventions including pro-
phylactic surgeries or chemoprevention) in the context of cancer genetics clinics requires
the development of a clinical-grade genotyping assay suitable to generate a woman’s PRS.
Particularly within the context of high-volume breast cancer screening programs, a test
should be low-cost and high throughput, allowing for easy integration into other existing
breast cancer genetic tests.

To develop a clinical grade PRS test in the PERSPECTIVE I&I project, we adapted
the recently developed and validated 313 SNP PRS [23] to a next-generation sequencing
(NGS) platform. NGS was chosen because of the ubiquity of its use in clinical laboratories,
the potential for automation of technical procedures, the adaptability to genomic DNA
from multiple sources (including saliva), and the ability to produce an inexpensive assay
targeting the small genomic footprint of PRS SNP loci. NGS is also a versatile method that
will allow for the addition of a SNP panel design into other existing NGS clinical assays,
including those used for moderate- and high-penetrance genes (e.g., BRCA1 and BRCA2).
A major deliverable of the project will be the development of a new clinical-grade Breast
Cancer Genetic Risk Multi-Gene test which will include the SNPs making up the PRS,
as well as all coding exons of previously confirmed and newly identified breast cancer
susceptibility genes. The new test, which will be intended for use in cancer genetic clinics,
will address the need for a more comprehensive risk test to inform the genetic counselling
of women at high risk of the disease.

2.2. Improvement, Validation and Adaptation of a Comprehensive Risk Prediction Web-Tool

Combining genetic and lifestyle/hormonal risk factors together can provide signif-
icant levels of breast cancer risk stratification [38,39]. The BOADICEA model [40] was
originally developed to predict the risks of developing breast and ovarian cancer on the
basis of BRCA1 and BRCA2 mutations and explicit cancer family history. It has subse-
quently been extended to incorporate the effects of rare pathogenic variants in the other
established breast cancer susceptibility genes (PALB2, CHEK2 and ATM), the effects of

https://enigmaconsortium.org
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several lifestyle/hormonal and reproductive risk factors, mammographic density and the
latest validated PRS for breast cancer [12,26,41]. This makes it the most comprehensive risk
prediction model of its kind. Based on these risk factors, the model predicts substantial
variation in absolute breast cancer risk among women in the general population, women
with family history, and those with mutations in moderate- or high-risk genes [26]. This
model has been validated for both predicting mutation carrier probabilities and future
cancer risks [24,25,27,42].

The development and validation of BOADICEA, including the currently used PRS, has
been based on data from women of European ancestry [23,26]. However, the distribution
of risk factors can vary across populations, and both PRS distribution and effect size,
have been shown to vary by ancestry [43]. As part of the CONFLUENCE project (https:
//dceg.cancer.gov/research/cancer-types/breast-cancer/confluence-project (accessed on
2 June 2021)), existing GWAS data and newly generated genome-wide genotyping data,
from a total of 300,000 breast cancer cases and 300,000 controls of different races/ethnicities,
will be used for the development of more powerful new subtype-specific PRS, to be
incorporated into a later version of the model, in addition to improving the PRS in women
of non-European ancestry. Furthermore, several additional breast cancer susceptibility
genes have now been identified and will be incorporated into an extended version of
BOADICEA. Novel genes identified through the WES performed in Activity 1 will also
be incorporated. PERSPECTIVE I&I aims to customize and validate the extended version
of BOADICEA to the diverse Canadian population. The validation will utilize two large
prospective Canadian cohorts, the Canadian Partnership for Tomorrow’s Health study
(CanPath; www.canpath.ca (accessed on 2 June 2021), formerly the Canadian Partnership
for Tomorrow Project [CPTP]) [44] and the Canadian Longitudinal Study of Aging (CLSA,
https://www.clsa-elcv.ca/ (accessed on 2 June 2021)).

Finally, BOADICEA has been implemented in CanRisk (www.canrisk.org (accessed
on 2 June 2021)), a web-tool that facilitates breast cancer risk calculations by health care
professionals in the clinic [45]. This platform was developed following close consultations
and usability assessments with key stakeholders at different levels of clinical care [46].
CanRisk has recently gained regulatory approval (CE marking) for use by healthcare
professionals in the United Kingdom, and the European Economic Area (EEA) (released 6
January 2020) [45]. While the regulatory path for such web-tools in Canada is less clearly
defined than in the UK/EEA regions [47–51], our team is at the forefront of the research
and discussion to advance this issue and enable the use of CanRisk by Canadian health
professionals [52].

2.3. Development of a Socio-Ethical Framework to Support Implementation of a Personalized
Risk-Based Approach to Breast Cancer Screening
2.3.1. Screening Cohorts

To move beyond risk stratification within cancer genetic clinics and apply this ap-
proach at the population level, we need to assess acceptability, uptake, and effectiveness of
a risk-based screening approach (Figure 2). To address these needs, we are conducting a
pre-implementation study in >5000 women from Québec and Ontario, Canada. This study
leverages the resources available through the existing screening programs including infras-
tructure, databases, links to primary care genetic clinics, and cancer registries [15,53,54].

https://dceg.cancer.gov/research/cancer-types/breast-cancer/confluence-project
https://dceg.cancer.gov/research/cancer-types/breast-cancer/confluence-project
www.canpath.ca
https://www.clsa-elcv.ca/
https://www.clsa-elcv.ca/
www.canrisk.org
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Figure 2. Framework to support implementation of a personalized risk-based approach to breast cancer screening.

Figure 3 provides an overview of data collection and follow-up, also described be-
low. Broadly, unaffected women between the ages of 40–69 years are being solicited for
recruitment through screening centers, family physicians and nurses, mailed invitations,
social media (e.g., Facebook, Twitter), and study websites (https://etudeperspective.ca/;
www.cancercareontario.ca/perspective (accessed on 2 June 2021)). In Québec, an online
platform has been developed so that participants can complete the entire study process
in a secure on-line environment. In Ontario, participants have the option of either paper
or on-line questionnaires, allowing for the assessment of different recruitment and data
collection strategies.

https://etudeperspective.ca/
www.cancercareontario.ca/perspective
www.cancercareontario.ca/perspective
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risk categories.

Eligible participants complete an entry questionnaire and provide consent for a DNA
saliva test (to generate their PRS), and for release of screening mammogram reports (for
mammographic density). The questionnaire captures the information needed for risk
assessment using the CanRisk web tool, including detailed information on family history
of cancers (first- and second-degree), anthropometric, hormonal, and lifestyle risk factors.
The Predisposing, Reinforcing, and Enabling Constructs, in Educational Diagnosis and
Evaluation (PRECEDE) model [55] was used to develop additional aspects of the ques-
tionnaire, which collects information related to a woman’s perceived risk of breast cancer,
acceptability of genetic testing, and risk-based screening.

Following completion of the entry questionnaire, saliva kits for DNA sample collection
are sent and returned by mail to a central clinical laboratory (University Health Network,
Toronto, ON, Canada) for assessment of the PRS. Mammographic density, as reported by
the radiologist according to the Breast Imaging, Reporting and Data System (BI-RADS)
classification, is abstracted from recent mammogram reports. Questionnaire data, PRS, and
mammographic density are then used to estimate 10-year breast cancer risks, using the
CanRisk prediction tool [45].

All consenting women receive a personalized letter (via mail or secured website)
which reports their risk category based on their 10-year age-dependent risk estimate.
These three categories, referred to as “average”, “higher than average” and “high”, are
based on a remaining lifetime risk (from age 30 to 80 years) of <15%, 15–24% and ≥25%
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respectively. The letter also provides details of a proposed screening action plan based
on the risk category, age at risk assessment, and provincial breast screening guidelines
(Table 1). Specifically, it is suggested that women estimated to be at average risk category
aged 40–49 years, not undergo screening with mammography, while those who are age
50–69 years be screened every two years with a mammogram. Women estimated to be at
higher-than-average risk category aged 40–49 years are encouraged to discuss screening
options with their primary care provider, while it is proposed that those age 50–69 years
undergo annual screening with mammogram. Finally, it is proposed that all women
estimated to be in the high risk category (ages 40–69 years) undergo annual screening with
both mammogram and MRI.

Table 1. Overview of screening action plan, risk communication & follow-up procedures by estimated risk level.

Risk Level Risk Communication a Screening Action Plan Follow-Up

Average 10-year absolute risk
equivalent to lifetime risk of
<15%

Risk Letter: includes risk level
and range

40–49 years:
No regular screening with a
mammogram

Phone call with study genetic
counsellor or nurse available
upon request

Average risk: “In this risk level,
up to <number> out of 1000
women your age may get breast
cancer over the next 10 years”.

50–69 years:
Screened every 2 years with a
mammogram

Follow-up with questionnaire
at time of risk communication
and 1 year later.

Higher than Average 10-year
absolute risk equivalent to
lifetime risk of 15 to <25%

Risk Letter: includes risk level
and range

Ontario
40–49 years: Talk to primary
care provider about screening
with a mammogram every
year.

Phone call with study genetic
counsellor or nurse available
upon request

Higher than Average risk: “In
this risk level, about <number>
to <number> out of 1000 women
your age may get breast cancer
over the next 10 years”.

50–69 years:
Screened every year with a
mammogram

Follow-up with questionnaire
at time of risk communication
and 1 year later.

Québec
Screened every 1–2 years with
a mammogram, ultrasound
considered if breast density is
>75%

High 10-year absolute risk
equivalent to lifetime risk of
≥25%

Risk Letter: includes risk level
and range 40–69 years:

Screened every year with a
mammogram and magnetic
resonance imaging (MRI)

Phone call with study genetic
counsellor or nurse

High risk: “In this risk level,
<number> or more out of 1000
women your age may get breast
cancer over the next 10 years”.

Follow-up with questionnaire
at time of risk communication
and 1 year later.

a Women are encouraged to discuss their risk level and screening action plan with their primary care provider. In Quebec, the risk
letter is also sent to the family physician. Additional materials supporting risk communication for both women and their primary care
provider include: A booklet/Information sheet on Understanding your Assessment, the study Website also includes information to support
understanding your risk assessment as well as many other resources (e.g., frequently asked questions).

In Québec, the risk letter is also sent to the woman’s family physician, while in
Ontario women can communicate this information to their primary care provider based
on their preferences. In both provinces, women at high risk are contacted by a healthcare
professional (e.g., family doctor, nurse, genetic counsellor) for further counselling about
their risk level and screening plan. Counselling of women at any risk level is available
upon request.

Once notified of their estimated risk level, participants are invited to complete a follow-
up questionnaire on the psychological impact of learning their risk level as well as their
knowledge, attitudes and behaviors (KAB) towards risk-based screening recommendations.
All participants are then invited to complete a 1-year follow-up questionnaire to capture in
addition to KAB and psychosocial impact described above, their screening behaviors and
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short-term outcomes. Linkage to provincial administrative health data will be conducted,
allowing for intermediate and long-term follow-up in order to observe the potential impact
of risk-based screening on breast screening outcomes (e.g., cancer detection rate, false-
positives, benign biopsies, stage at diagnosis). Throughout this pre-implementation study
real-world information on human, material and financial resources, and uptake rates is
being collected to inform the cost-effectiveness analysis in Activity 4 (see below).

To maximize the long-term impact of this project, a PERSPECTIVE I&I Biobank has
been established. This resource provides a platform for the storage of collected data and
remaining DNA samples and allows for the possibility to re-contact participants for the
collection of additional data or samples for future studies.

2.3.2. Assessing Acceptability and Health Care System Readiness

Implementation of a risk-based screening approach faces considerable organizational
challenges that require real-world evidence to address [56–58]. To be successful, it also
must be accepted and supported by stakeholders, including the beneficiaries (women),
providers (health care professionals), and payers (health agencies). To characterize the KAB
of Canadian women with respect to risk-based screening, a population-based survey of four
Canadian provinces (Alberta, British Columbia, Ontario, Québec) was conducted [59]. This
survey assessed attitudes towards risk-based screening including less frequent screening
at lower-than-average risk and more frequent screening at high risk, breast cancer risk
perception, views on genetic discrimination, knowledge of the potential use of predictive
health information by insurers and employers, and perception of the potential impact of
breast cancer risk assessment on insurability. A second survey is being developed to exam-
ine the knowledge, concerns and needs of clinicians (e.g., medical oncologists, surgeons,
radiologists, geneticists, family doctors, and nurses) as they relate to risk prediction, risk
communication, and risk-based screening. To make sure that the recruitment and data
collection processes presented above are running correctly, we surveyed participants who
completed the entry questionnaire and received their saliva kit. In addition, we surveyed
physicians and nurse practitioners to obtain their feedback and opinions about receiving
risk assessment results for their patients participating in the study. We also developed and
planned a series of online forums with health care professionals in order to gather their
views on the implementation of a risk-based breast cancer screening approach into the
health care system.

A gap analysis will be conducted by reviewing screening program reports, guide-
lines and policies. Existing screening pathways will be mapped to identify the inter-
organizational networks involved, and the resources (human and material) required to
operate these programs. Different scenarios for the implementation of a risk-based ap-
proach to screening will be developed in consultation with multiple stakeholders and
informed by the different components of Activity 3 (e.g., follow-up surveys, health care
professionals’ survey etc.). Requirements for risk-based screening will be compared with
the existing operational system, ensuring early knowledge transfer and continued prepara-
tions for implementation, all in close consultation with stakeholders. These scenarios will
also be used to inform simulation models for cost-effectiveness analyses (Activity 4).

2.3.3. Socio-Ethical and Legal Issues

Building on the results from our previous engagement with decision makers [60–62],
and our extensive research on genetic discrimination [63] and regulatory approval in
personalized healthcare [64], potential options to address emergent socio-ethical and legal
challenges associated with the implementation of risk-based screening have been identified.
These options are being investigated through interdisciplinary legal, ethical and social
analyses described below.

As the personalized risk-based approach may involve risk estimation for tens of
thousands of women each year, we anticipate that specialized medical health professionals
(e.g., geneticists, genetic counsellors) may be reserved for the most complex cases. Decision
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makers have suggested that nurses could assume increased duties [62], including sampling,
requesting laboratory analysis, ordering imaging exams, and providing personalized
follow-up recommendations to support this approach. Consideration of this approach is
critical both to containing costs and avoiding resource constraints (e.g., genetic counsellors).
The legality of this proposal has been analyzed in the current regulatory framework of
medical practice [65], and its feasibility and acceptability will be assessed through semi-
structured interviews with nurses, other healthcare professionals, and decision-makers.

Once estimated, risk estimates and associated screening action plans must be com-
municated effectively to women. In-person counselling to understand risk estimates may
not always be available (e.g., in remote areas) and may require specialized resources such
as phone or video consultations. These resources have been shown to be non-inferior to
in-person counseling for knowledge, perceived stress, and satisfaction [66,67], but may
provide somewhat lower levels of perceived support and emotional recognition [68]. While
video consultations may allow for emotional recognition by providing non-verbal cues, the
use of video raises several issues related to acceptability and privacy. The capacity of the
current legal framework to regulate this technology [69], as well as women’s satisfaction
with virtual care, are being evaluated with selected participants from the PERSPECTIVE
I&I cohort.

The use of the extended version of BOADICEA implemented in the CanRisk web-
tool [45] raises complex regulatory issues, considering the significance of the medical risk
information it provides [51]. The specific requirements needed for the CanRisk tool to
comply with the Canadian legal framework for web-tools “software as a Medical Device”
are being assessed. The adequacy of this nascent legal framework and its integration
with international standards are also evaluated through legal analysis and semi-structured
interviews with key stakeholders such as Health Canada’s decision makers and specialists
in medical devices and compliance.

One last, but crucial challenge is the need to inform women about the potential risk of
discrimination on the basis of genetic and other predictive health data along with existing
legal protections [70]. The focus of the Canadian Genetic Non-Discrimination Act S-201
(2017), expressed in the terms used and definition included in the act, is on genetic tests and
their results. Hence, the act likely does not apply to other types of predictive health data [71].
Prior to developing resources to inform women of these potential risks, it is crucial to
assess their level of understanding of genetic privacy and the potential use of predictive
health information by insurers and employers. Concerns about genetic discrimination and,
discrimination from predictive results, are assessed in both the population survey described
above for other questions [59] and in the follow-up questionnaires (described above).

2.4. Economic Analysis to Optimize Personalized Risk-Based Screening Implementation

To determine whether risk-based screening will provide economic value, we are lever-
aging the BOADICEA algorithm along with the Canadian Partnership Against Cancer
(CPAC)-OncoSim Breast Cancer model [72]. While the BOADICEA model estimates indi-
vidual breast cancer risk, OncoSim Breast Cancer is a microsimulation model that operates
at the population level, able to project and evaluate a range of cancer control interventions
from screening to treatment. OncoSim is being augmented to simulate a wide range of
scenarios where women are offered risk assessment using BOADICEA, and then, based on
their risk level, offered more or less intensive breast cancer screening. A significant innova-
tion is the development of the Genetic Mixing Model to provide appropriate population
estimates of the joint distribution of the key genetic risk factors–pathogenic variants, family
history, and the polygenic risk score [73]. These scenarios will explore policy alternatives
regarding the ages at which risk assessments will begin to be offered, the range of data to
be used for assessing risk (e.g., whether family history should focus only on first degree
relatives or also include second degree), the starting ages and frequencies of breast cancer
screening conditional on women’s risk categories, the specific age-dependent thresholds
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to be used to partition projected risks into different categories, and the modalities for
screening (e.g., mammogram, MRI or both).

This expanded OncoSim breast cancer model, known as PopRiskS-BC (Population
Risk Stratification for Breast Cancer), simulates breast cancer risk factors and follows
a representative population sample of women through screening, diagnosis, treatment,
survival and end-of-life care pathways by stage and tumor pathology, competing risks,
and quality-adjusted life years (QALYs). The PopRiskS-BC model will also track the costs
of all interventions women may encounter along these pathways, including the real-world
costs and take-up rates revealed by Activity 3 (described above), in combination with the
projected QALYs, to assess the cost-effectiveness of risk-based screening recommendations.

Beyond these simulated data, real-world administrative health data will be available
in Ontario, whereas we will use Québec health system costs for comparison. In Ontario the
public sector pays for screening, hospitalizations, most physician services, and emergency
department services, and for selected prescription medications for all provincial permanent
residents (a population of 14.6 million). The provincial government collects individual-
level data for all these health service encounters and the providers. The Ontario pre-
implementation cohort (Activity 3) will be linked using their unique encrypted health
card number to these data in order to determine costs and outcomes related to screening,
diagnosis, and treatment [74,75]. The cost of each provincially funded health care resource
used by each woman will be calculated, as well as the health care resources used by the
risk stratification procedures themselves.

Finally, the PopRiskS-BC model will be used with the administrative data to evalu-
ate the prospective cost-effectiveness, budget, and other impacts of different screening
scenarios (e.g., variable start age, frequency, modality based on risk). This analysis will
be conducted in accordance with the recent update to the Canadian Agency for Drugs
and Technologies in Health (CADTH) guidelines (29 March 2017) for cost-effectiveness
evaluations [2].

3. Discussion

Early randomized clinical trials [76] showed that screening with mammography
reduces breast cancer mortality [8,77], and led to the widespread implementation of
population-based screening programs around the world. Both the Canadian Task Force
on Preventive Health Care [6] and the US Preventive Services Task Force [78] recommend
breast screening every two to three years for women age 50 to 74 years. The benefits of
screening mammography however, come with potential harms, including anxiety and un-
necessary work-up associated with a false-positive result, or a false-negative result leading
to false reassurance and delayed diagnosis, as well as overdiagnosis [79–81]. Furthermore,
because breast cancer risk is variable within the population, as is the sensitivity of mam-
mography (e.g., lower sensitivity in women with dense breasts [82,83]), different women
ideally require different recommendations regarding the most appropriate screening plan
for their personal situation. This could include recommendations for screening frequency,
age of screening initiation and cessation, and the use of additional screening modalities
(e.g., MRI, ultrasound), and potentially consideration of preventive treatments.

The PERSPECTIVE I&I project has assembled a multidisciplinary team of researchers,
clinicians and decision makers to build on best practices, generate evidence to address
the challenges associated with implementation of a risk-based approach within existing
screening programs, as well as assessing the impact on patient outcomes and experience.
This project takes a comprehensive approach to improving the accuracy of breast cancer
risk assessment. In the cancer genetic clinic, this will optimize the genetic counselling
of women at high risk with respect to screening and risk reduction strategies. At the
population-level, this will generate real-world evidence on how to shift from a primarily
age-based screening approach to one based on estimated personalized risk. This includes
assessment of the feasibility, organizational readiness, effectiveness, efficiency, resources,
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costs and cost-effectiveness of implementing a risk-based breast cancer screening approach
within the Canadian healthcare system.

This interdisciplinary project has several strengths. The first is our approach to the
identification, validation, and integration of both rare and common genetic variation
underlying breast cancer risk, to develop a clinical grade genetic test. This work will
inform risk assessment in women suspected to be at high risk who are seen in cancer genetic
clinics, but also extend this approach to the general population. To this end, conducting
the pre-implementation study using the infrastructure of existing screening programs as
opposed to developing a new system to support a risk-based approach is a major strength.
Furthermore, by incorporating the preferences of women and how knowledge of risk
affects behavior, as well as considering the legal implications of changing clinical roles, risk
communication and privacy, this work will inform our understanding of the experience of
both the healthcare system and women undergoing risk assessment. Moreover, leveraging
available administrative health data resources allows for long-term follow-up to assess
the impact of a risk-based approach on outcomes, while considering issues related to
cost-effectiveness.

Still, this study has some limitations. First, while it is a strength that we are conducting
the pre-implementation study (Activity 3) in two Canadian provinces representing a little
over 60% of the population of Canada, allowing us to examine the impact of different
recruitment methods and healthcare delivery systems, this does not capture potential
variability present within other provinces and territories. This is partially being miti-
gated through the creation of a Canadian Translational Advisory Committee with national
representation that meets biannually to facilitate translation of knowledge produced by
PERSPECTIVE I&I project and uptake of project findings. We are also only including
women who have had a prior mammogram, to allow for the inclusion of mammographic
density in the risk prediction calculation. Practically, many younger women (prior to
age 50 years) may have their risk estimated prior to having a screening mammogram,
in particular those referred to genetic clinics for risk assessment (and referral for to the
High Risk Ontario Breast Screening Program) as they may be at high risk. To address this
issue for implementation, risks will be estimated excluding different risk factors (including
mammographic density) to determine the potential impact on risk estimation and any
associated screening recommendations.

The European Collaborative on Personalized Early Detection and Prevention of Breast
Cancer (ENVISION) recently published a consensus statement [28] highlighting the need
for implementation studies that address feasibility and acceptability, including health
system readiness, engaging multiple stakeholders, and considering social/ethical/legal
issues related to risk prediction and risk communication. To address this need, in addition
to our project in Canada (PERSPECTIVE I&I), efforts are underway in the United States
(WISDOM [84,85]), Europe (e.g., My Personal Breast Screening [MyPebs] [86]), and the
United Kingdom (Predicting the Risk of Cancer at Screening [PROCAS] [87]) to use risk
prediction models to inform recommendations for screening and prevention [28]. The col-
lective efforts of these projects will help to generate evidence for a risk-based approach with
the goal of improving the benefit-harm ratio of population-based breast cancer screening
programs across all levels of risk.

Ideally, risk-based screening will balance the benefits and harms of screening by
targeting higher risk women to receive earlier and more frequent breast cancer screening,
in turn ensuring they preferentially receive timely diagnosis and treatment. Simultaneously,
women at lower risk may avoid unnecessary procedures and treatments that could lead to
complications and psychological stress. The microsimulation results will inform whether
and how to screen low-risk women. This project will generate the necessary evidence
to support such a more personalized screening program design. Furthermore, accurate
risk assessment may provide an opportunity for the reallocation of resources toward
those who will benefit the most, increasing efficiency of an already resource constrained
healthcare system [88]. Ultimately, it is hoped that personalized risk assessment and
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risk communication will offer more women the opportunity to make informed choices
with their health care provider about effective breast cancer screening and prevention
approaches and improve their health empowerment.
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