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Chapter 1 

Introduction and Overview 

 “I could have had a mastectomy with reconstruction and skipped the part where I got cancer. I feel like 

the biggest idiot for not doing so.” 

Elizabeth Wurtzel1 

 

Background  

Advances in genetics supplemented by the fast development of new technologies, such as multigene 

panels, next-generation sequencing (NGS), and whole genomic sequencing, are transforming medical 

practice. While previous panel tests looked at single genes and focused on identifying and diagnosing rare 

genetic disorders, newer tests are being developed to look at multiple genes that may increase the risk of 

disease simultaneously.2 Supported by both public and privately funded research, the cost per genome 

(the cost of sequencing the whole genome of a human) has been reduced much more than expected by 

Moore’s Law.3 Moore’s law describes a long-term trend in the semiconductor industry that demonstrates 

the doubling of capacity with half cost every two years. Technology improvements that ‘keep up’ with 

Moore’s law are deemed as exceptional technological advances.4  

 

Coupled with advances in genetic testing, applications of genetic information have become more 

valuable. Genetic information can guide diagnosis, prediction, and early screening of hereditary disease. 

Moreover, it can potentially help prevent disease, improve the health of individuals and populations, and 

improve medical decision making.5 Genomic-based diagnostic tests will be widely adopted, and the 

application of the genetic information will inevitably have an impact on healthcare budgets and health 

outcomes.6 
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Several organizations have created an evidence framework to evaluate genetic information, including the 

Centers for Disease Control and Prevention’s (CDC) working group7 (Evaluation of Genomic 

Applications in Practice and Prevention [EGAPP)) and the US Preventive Services Task Force 

(USPSTF).8 Theoretical frameworks for conceptual guidance for evaluating genetic information are the 

ACCE (analytical validity, clinical validity, clinical utility, and associated ethical legal and social 

implications) model9, and then Fryback-Thornbury Hierarchic model.10  

 

The ACCE model, as shown from its name, utilizes four criteria for evaluating genetic information: 

analytic validity, clinical validity, clinical utility, and ethical implication. The ACCE model is composed 

of 44 targeted questions that address disorder, testing, and clinical scenarios to provide qualitative 

recommendations to policymakers so they have access to up-to-date and reliable information for making 

decisions.9 The Fryback-Thornbury model is widely used to evaluate screening tests in terms of the scope 

of the assessment and the types of evidence to address consequences and test capacity. The model 

includes a hierarchic structure of six efficacy components starting from technical, diagnostic accuracy, 

diagnostic thinking, therapeutic, patient outcome, and societal efficacy.10 To address the issue of wider 

use and greater expense, the model suggests decision modeling to provide provisional answers.  

 

The Fryback-Thornbury hierarchy model recommends cost-effectiveness analysis to quantitatively assess 

genetic information.10 Carrying out detailed cost-effectiveness (CEA) and cost-utility analyses (CUA) for 

specific disorders can provide evidence for coverage of genetic testing. Therefore, economic evaluation 

using CEA and CUA has been widely adapted to capture the value of genetic information and tests.6 

 

However, CEA/CUA methods and qualitative recommendations are limited to capturing genetic 

information for a specific setting rather than comprehensively capturing the value of genetic 

information.11 As these frameworks have been established during the era of single-gene testing before the 
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emergence of next-generation sequencing (NGS), the pleiotropy (single gene influencing multiple clinical 

features and diagnoses) of genetic information is not incorporated.6 Therefore, there is a distinct need for 

a comprehensive evaluation method to valuing genetic information that weighs the cost of knowing 

genetic information against potential short- and long-term benefits. 

 

Consider, for instance, the value of genetic information in the case of the well-known BRCA mutation. 

The association between germline mutations in the BRCA1 and BRCA2 genes and ovarian and breast 

cancer has been investigated continuously since the genes were discovered in 199412 and 199513, 

respectively. Over the ensuing 25 years, the development of prophylactic surgery and enhanced screening 

was markedly reduced the risk of breast cancer for BRCA mutation carriers.14 Further, the U.S. Food and 

Drug Administration (FDA) approved PARP inhibitors with an indication to treat ovarian cancer patients 

with BRCA mutations.15 More recently, in two meta-analyses16,17 we showed the potential risk of 

colorectal and prostate cancer in association with BRCA mutation. Therefore, a framework that 

quantitively measures the value information regarding of BRCA mutation in a comprehensive way and 

takes specific considerations of the nature of genetics into account. This is likely to enhance the appraisal 

and evaluation of genetic information.   

 

Statement of the Problem  

The problems with the current methods for evaluating genetic information are three-fold: 

1. A comprehensive evaluation of genetic information is needed so that the diverse implications of 

genetic information across different populations and different diseases can be captured. 

2. Current quantitative methods using CEA and CUA methodologies to value genetic testing are 

bundled with treatment and do not allow to capture the independent and intrinsic value of genetic 

information beyond current genetic testing guidelines. Thus, will not be adequate for the evolving 

fields of genetic information and precision medicine. 
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3. The current evaluation methods do not incorporate specific features of genetic information such 

as prevalence, sensitivity, specificity, and specific mutation.  

 

Theoretical Framework  

The Fryback–Thornbury Hierarchic Model of Diagnostic Imaging 

The Fryback–Thornbury model provides conceptual guidance for hierarchically evaluating the efficacy of 

health technologies.10 It is a commonly used evaluation structure for assessing screening tests and the 

types of evidence necessary for addressing various aspects of a screening test. These can be applied to 

genetic information as well. 

 

The model presents six hierarchical levels for screening tests;  

1) Level 1: Technical efficacy in the laboratory setting  

2) Level 2: Accuracy of diagnosis including the test characteristics of the test (e.g., sensitivity and 

specificity of a diagnostic test)  

3) Level 3: Diagnostic efficacy (e.g., the utilization rate by clinicians when it comes to a diagnosis)  

4) Level 4: Therapeutic efficacy (e.g., the utilization rate by clinicians for planning treatment)  

5) Level 5: Patient outcome efficacy (e.g., patients’ benefit and satisfaction with taking the test)  

6) Level 6: Societal efficacy (e.g., cost-effectiveness and cost-benefit analysis) 

 

The Fryback–Thornbury model can help to classify evidence on a genetic test and describe the conceptual 

structure of efficacy. Also, decision modeling of CEA and CUA is recommended to quantitatively assess 

genetic information. 
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Figure 1. Fryback and Thornbury’s framework to measure the efficacy of diagnostic imaging 

Cost-Benefit Analysis (CBA) and Incremental Net-Monetary Benefit (INMB) 

CEA and CUA have been the prevailing methods to quantify the value of genetic information. CEA 

considers the cost and health outcomes (e.g., deaths prevented, life-years saved from intervention) and 

calculates the incremental cost-effectiveness ratio (ICER). CUA incorporates preference-based measures 

of health state utility such as quality-adjusted life-years (QALYs). Current CEA and CUA of genetic tests 

and genetic information tend to focus on the value of ensuring treatment rather than the value of the 

genetic information per se. Also, CEA and CUA focuses on specific settings and cannot capture the 

multiple benefits of identifying a single genetic mutation.6  

 

Cost-benefit analysis (CBA), which translates outcomes into monetary benefits, has been recommended 

as an alternative for capturing the value of genetic information.11 CBA is widely used to quantify the 

impact of non-healthcare programs and allows consequences other than health status to be measures. 
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Another alternative is to apply the expected cost and QALYs generated by an economic evaluation model 

and to estimate the incremental net monetary benefit (INMB) by multiplying the incremental QALY 

benefit of genetic information to willingness-to-pay (WTP) thresholds.  

 

CBA and INMB can incorporate WTP based on the perceived benefit of genetic information. A positive 

INMB value indicates that the benefits of knowing genetic information offset the associated costs. A 

commonly used WTP is the three times the gross domestic product (GDP) per capita as recommended by 

the World Health Organization.18 WTP thresholds can be derived from a contingent valuation or from 

discrete choice experiments. Moreover, personalized WTP and utility can be incorporated to capture the 

value beyond health outcomes and QALYs.19 

 

INMB enales incorporating the pleiotropy feature of genetic information. A gene mutation may affect 

multiple disorders and may bring value in multiple settings. Recent findings of various mutations suggest 

the wide existence of pleiotropic effects, while the disorders seem to have unrelated traits. While CEA 

compares the intervention in one setting, INMB can be applied to multiple settings and combine the 

benefit from each setting to incorporate pleiotropy of genetic mutation.20 The monetized value of knowing 

genetic information can be calculated for different types of cancers and applications.  

 

Value of Perfect Information (VOI) and Expected Value of Perfect Information (EVPI) 

Economic evaluation generates an objective assessment of the available options and provides insights into 

the probability that a decision is optimal. Although the best available evidence may be considered by 

decision-makers, these decisions are inherently surrounded by uncertainty as having complete and perfect 

information is not feasible.  Uncertainty can arise from the internal validity of clinical trials, the limited 

generalizability beyond the trial population, underlying assumptions, or conflicting results. Value of 
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information (VOI) analysis was introduced to capture the value of reducing uncertainty regarding 

decisions and subsequently the expected opportunity cost of wrong decisions.  

 

A key metric in this regard is the expected value of perfect information (EVPI) as shown in the equation 

below.21 EVPI is analyzed as the difference between the expected value of the benefit of an ideal decision 

based on ‘perfect’ information, and the expected value of the benefit of a decision that is based on current 

information and the inherent uncertainty in all parameters: 

 

 

 

Where Ba represents the net-monetary benefit calculated based on a given strategy “a”, θ represents the 

uncertain parameters; λ represents the WTP threshold of the cost-effectiveness ratio; E represents the 

expected outcomes; and max represents the potential maximum outcomes.  

 

Analytical Framework  

Based on three theoretical frameworks, we propose to quantify the comprehensive value of genetic 

information using INMB by comparing a scenario “with genetic information” to an alternate scenario 

“without genetic information.”  

 

To compare the two strategies in terms of INMB, the lifetime outcomes and costs will be quantified from 

a model for each setting. The model will incorporate the probabilities and values assigned to the health 

states and calculated a mean expected life-time cost and quality-adjusted life years (QALY). The QALY 

is derived by adjusting the length of survival gain by the health state utility. INMB will be calculated by 

multiplying the incremental QALY and the willingness-to-pay (WTP) threshold followed by subtracting 



18 

 

the incremental cost as shown in the below equation. A commonly used willingness-to-pay threshold 

(WTP) of $150,000/QALY, which is approximately three times the 2019 US gross domestic product 

(GDP) per capita, is utilized in our analysis as recommended by the World Health Organization.  

 

To capture the value of genetic information at the population level, the eligible population will be 

multiplied by the INMB. The eligible population is the number of individuals who can benefit from 

knowing genetic information in a given year. 

 

• INMB with genetic information – without genetic information  

o Δ QALYs * WTP – Δ Costs 

• Value of genetic information   

o INMB with genetic information-without genetic information * eligible population 

 

Clinical Information 

Role of BRCA Mutation 

BRCA, which is also known as the breast cancer susceptibility gene, is a human gene that produces tumor 

suppressor proteins. Tumor suppressor genes help suppress tumor formation and prevent cancer by 

promoting DNA repair.22 Both BRCA1 and BRCA2 work in the tumor suppression pathway, but the two 

genes work at different stages in the process of DNA repair. BRCA1 functions in both checkpoint 

activation and homologous recombination; whereas BRCA2 is a mediator of homologous recombination, 

which occurs when damage occurs on both strands of DNA. To be specific, BRCA genes repair double-

strand breaks in DNA through homologous recombination by locating double-strand breaks (Figure 1.)22 
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Mutations in BRCA1 and BRCA2 are related to the increased risk of any type of cancers. Women with a 

BRCA mutation have a risk of developing cancer of up to 87%23,24, while men with a mutation have a risk 

of up to 20%.24 Mutation of DNA can accumulate over time by inhibiting protective pathways, such as 

repair of mutation, blockage of division through cell cycle checkpoint control, and apoptosis. As shown in 

Figure 2, BRCA1 and BRCA2 prevent accumulation through DNA repair, cell cycle arrest, and cell death. 

In addition to serving as a repair system, BRCA genes have an inhibitory effect on estrogen signaling 

through the estrogen alpha receptor.25 BRCA genes involve autosomal dominant inheritance, meaning that 

the mutation is located on a non-sex chromosome. The majority of individuals with BRCA mutations 

inherit them from a parent, as there is a 50% chance of inheriting a mutation from an individual with 

BRCA pathogenic variants.26  

Figure 2. Role of the BRCA gene as a tumor suppressor and homologous recombination DNA 

repair gene 
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(A) Process of double-strand break repair by BRCA1 in homologous recombination 

(B) Protective pathway of BRCA1 and BRCA2 through DNA repair, cell cycle arrest, and cell death 

 

Improvements in DNA sequencing over the past two decades have allowed for the incorporation of 

genetic tests in clinical practice. Further, in the two decades since the discovery of the BRCA1 and 

BRCA2 genes, the DNA pathway has become a target for cancer therapy. Various organizations and 

societies have guidelines for BRCA testing. In the U.S., the most widely followed recommendations are 

those of the National Comprehensive Cancer Network (NCCN)27, a non-profit alliance of 28 cancer 

centers nationwide, and the United States Preventative Task Force (USPSTF)27, an independent panel of 

non-federal experts in prevention and evidence-based medicine. NCCN provides a list of criteria for 

evaluating the genetic risk of breast and ovarian cancers, and USPSTF recommends individuals with a 

positive family history of breast or ovarian cancer to be evaluated further. 

  

Breast Cancer 

In the U.S., breast cancer is the most common cancer in females except for non-melanoma skin cancer 

and the second most common cause of death due to cancer. In 2019, an estimated 268,600 women in the 

U.S. were be diagnosed with breast cancer, were 41,760 women are expected to die from the disease. The 

incidence rates have been increasing slightly (0.4% per year) in recent years. In the general population, 

the lifetime risk of developing breast cancer is estimated to be 12.3% (95% CI: 12.2-12.4), and the 

lifetime risk of dying from breast cancer is 2.8% (95% CI: 2.76-2.80).28  

 

In BRCA mutation carriers, the risk of developing breast cancer time varies from approximately 45% to 

88% until age 70.29 Various studies have estimated breast cancer penetrance in carriers of the 

BRCA1 and BRCA2 mutation.  In one of the first two large meta-analyses, Antouniou et al.30 analyzed 22 

studies, including 289 BRCA1 and 221 BRCA2 mutation carriers. Index cases were females with breast 
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cancer or ovarian cancer from families unselected for the presence of the BRCA mutation. In another 

meta-analysis, Chen et al.31 combined risk estimates from the previous studies that included 

734 BRCA1 and 400 BRCA2 mutation carriers (Table 1). The estimated cumulative breast cancer risks by 

age 70 in these two meta-analyses were 55% to 65% for carriers of the BRCA1 mutation and 45% to 47% 

for carriers of the BRCA2 mutation.30,31 

 

Table 1: Estimated cumulative breast cancer risk in carriers of BRCA1 and BRCA2 mutations 

Study Breast cancer risk (%) at 70 years (95% CI)  

  BRCA1 BRCA2 

Antoniou et al.  65 (44-78) 45 (31-56) 

Chen et al.  55 (50-59) 47 (42-51) 

CI = Confidence interval 

 

Moreover, these studies assessed overall survival of breast cancer patients with or without BRCA 

mutations (Table 2). Templeton et al.32 analyzed a total of 16 studies comprising 10,180 individuals to 

determine overall survival among those with BRCA mutations. They found no association between the 

general presence of BRCA mutations and overall survival (HR 1.06, 95% CI: 0.84-1.34) and no 

association between the presence of BRCA1 or BRCA2 on overall survival (BRCA1: HR=1.20, 95% CI: 

0.89-1.61; BRCA2: HR 1.01, 95% CI: 0.80-1.27). An earlier meta-analysis by Lee et al.33 analyzed a total 

of 11 studies that compared disease-free survival rates between BRCA mutation carriers and non-carriers. 

The study demonstrated significantly lower short-term survival rates for BRCA1 mutation carriers 

(HR=1.54, 95% CI: 1.12-2.12), but no significant difference for BRCA2 mutation carriers (HR=1.23, 95% 

CI: 0.96-1.58). A more recent meta-analysis by Zhong et al.34 identified 13 studies that examined the 

effects of BRCA mutations on breast cancer survival. BRCA1 mutation carriers showed worse overall 
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survival outcomes than non-carriers (HR=1.50, 95% CI: 1.11-2.04, p = 0.009). BRCA2 mutations, 

however, were not associated with breast cancer survival (HR=0.97, 95% CI: 0.78-1.22). 

 

Table 2: Estimated hazard ratio of overall survival for BRCA mutation carriers with breast 

cancer 

  Study Hazard ratio (95% CI)  

  BRCA1 BRCA2 

Templeton et al.  HR=1.20 (0.89-1.61) HR=1.01 (0.80-1.27) 

  Lee et al.  HR=1.54 (1.12-2.12) HR=1.23 (0.96-1.58) 

Zhong et al.  HR=1.50 (1.11-2.04) HR=0.97 (0.78-1.22) 

CI = Confidence interval 

 

The use of prophylactic bilateral and contralateral mastectomies is steadily increasing in the U.S. Bilateral 

prophylactic mastectomy is considered for women at a high risk of breast cancer, and unilateral 

prophylactic mastectomy is considered for a noninvasive breast lesion. The proportion of women 

choosing prophylactic mastectomy among women at a high risk of breast cancer is around 35.7% for 

bilateral mastectomy and 22.9% for contralateral mastectomy. Prophylactic mastectomy can be further 

categorized by technical procedure: total mastectomy (also called simple mastectomy) and skin-sparing 

mastectomy. Due to the advantage of current reconstruction surgeries and lower postoperative 

complications, total mastectomy is the preferred prophylactic procedure.35 

 

In BRCA gene mutation carriers, prophylactic mastectomies significantly reduce the incidence of breast 

cancer. A meta-analysis36 of four prospective studies demonstrated a hazard ratio of 0.07 in BRCA1 and 

BRCA mutation carriers receiving risk-reducing bilateral mastectomy (95% CI:0.01-0.44; p=0.0044). 
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Current guidelines for identifying BRCA mutation carriers at a high risk of breast cancer are based on 

genetic testing of affected individuals or those from high-risk families.37 While family history is a 

surrogate marker for positive BRCA mutation, previous studies have shown that the family history-based 

approach misses around 50% of BRCA mutation carriers.38  

 

Ovarian Cancer 

Ovarian cancer is the fifth most common cause of cancer death in women in the U.S., accounting for an 

estimated 22,530 new cases and 13,980 deaths in 2019.28 In the general population, women have a 1.40% 

(95% CI: 1.38-1.43) chance of developing ovarian cancer at least once in their lives, and a 1.02% (95% 

CI: 1.01-1.03) chance of dying from it. The 5-year relative survival rate for every stage of ovarian cancer 

is 44%, though, through early detection, it may improve to 92%.39 However, as ovarian cancer is usually 

asymptomatic, the majority (up to 75%) of women with ovarian cancer have distant disease 

(nonlocalized) at the time of diagnosis.40 Five-year survival rates for a female with localized and distant 

disease are 72% and 27%, respectively.28  

 

The average cumulative risks of developing ovarian cancer by age 70 for women with BRCA1 and 

BRCA2 mutations are approximately 39% (95% CI: 18–54) and 11% (95% CI: 2.4–19), respectively. The 

risks are greater for BRCA1 mutation carriers than for BRCA2 mutation carriers.41  Roughly 10% of all 

cases of ovarian cancer are due to germline mutations in the BRCA1 and BRCA2 genes.42  

 

Antoniou et al.30 found the cumulative risks of ovarian cancer to be 39% (95% CI: 18-54) for BRCA1 and 

11% (95% CI: 2.4-19) for BRCA2 (Table 3) whereas Chen et al.31 reported cumulative risks of ovarian 
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cancer to be 39% (95% CI: 34-45) for BRCA1 mutation carriers and 17% (95% CI: 13-21) for BRCA2 

mutation carriers.  

 

Table 3: Estimated cumulative ovarian cancer risk in carriers of BRCA1 and BRCA2 mutations 

Study Ovarian cancer risk (%) at 70 years (95% CI)  

  BRCA1 BRCA2 

Antoniou et al. 39 (18-54) 11 (2.4-19) 

Chen et al.  39 (34-45) 17 (13-21) 

CI = Confidence interval 

 

Additionally, two systematic literature reviews on ovarian cancer risk and BRCA mutation have been 

reported. Trainer et al.43 reviewed studies published between 1997–2009 to determine criteria for 

selecting patients with ovarian cancer for BRCA testing. The review identified earlier age at onset, severe 

serous tumor histology, and ethnicity associated with BRCA mutations in women with ovarian cancer. In 

2016, Eccles et al.44 reviewed 22 articles that assessed the frequency of  BRCA mutation in women with 

ovarian cancer. The germline BRCA mutation prevalence in patients with ovarian cancer ranged from 5.8–

24.8%. 

 

About 75% of ovarian cancer patients present with nonlocalized disease (stage 3 or 4) at diagnosis as 

ovarian cancer is usually asymptomatic. The initial treatment for these patients may include surgical 

staging, cytoreduction, and first-line platinum-based chemotherapy. The majority of the patients achieve 

some clinical response to chemotherapy initially but will eventually relapse. In patients at stage 3 or 4, the 

risk of relapse after the initial therapy can be as high as 80%.39   
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Recurrent ovarian cancer (ROC) patients usually go through systemic treatment followed by repeated 

courses of platinum-based chemotherapy (PBC) to prolong progression-free survival (PFS) and overall 

survival (OS). As the PBC course progresses, PFS decreases, and eventually, patients become resistant to 

PBC. Once patients become platinum-resistant, limited treatment options with poor outcomes are 

available.45  

 

As there is no curative treatment for ROC patients coupled with decreasing PFS while treating with 

multiple lines of PBC, the use of routine surveillance (RS) has been widely used.45 Another option for 

ROC patients is to utilize targeted maintenance treatment (MTs) to extend PFS. Poly(ADP-ribose) 

polymerase inhibitors (PARPi) have shown benefit as a maintenance therapy by enhancing the time to 

progression after PBC as well as a possible extension of survival. Three PARPi (niraparib, olaparib, and 

rucaparib) have been approved by the US FDA for use as MT for patients with ROC, primary peritoneal 

cancer, fallopian tube and who showed a partial or complete response to PBC.46  

 

A double-blind, phase 2 RCT (Study 19, CT00753545)47 yielded a PFS of 8.4 months for olaparib 

maintenance therapy compared to median PFS of 4.8 months in routine surveillance (RS) and showed a 

hazard ratio (HR) of 0.35 (95% confidence interval[CI]=0.25-0.49). This benefit was more pronounced in 

a cohort with germline BRCA mutations (gBRCA) with median PFS of 19.1 months for the olaparib arm 

compared with 5.5 months for the RS arm (HR=0.30, 95%CI=0.22-0.41).  

 

Prostate Cancer 

In the U.S., prostate cancer is the most common cancer in men except for non-melanoma skin cancer and 

the second common cause of cancer death. In 2019, an estimated 174,650 men in the U.S. were diagnosed 

with prostate cancer, and 31,620 men were expected to die from the disease. The average age of diagnosis 

is 65, and 90% of PCa are found when the disease is localized to the prostate and nearby organs.28  
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Treatment options for localized PCa include curative treatments such as radical prostatectomy (RP), 

radiation therapy (RT), and active surveillance (AS)48. As low-risk PCa often grows very slowly or does 

not grow at all, current guidelines recommend AS for low-risk PCa. In this approach, the tumor is 

monitored regularly, and treatment is initiated only when the tumor progresses. While AS reduces the risk 

of over-treating, it carries the inherent risk of missing the window of treatment, which may be further 

compounded by low patient adherence to the surveillance protocol.49 Currently, the risk of progression is 

determined by three factors; prostate-specific antigen (PSA) testing, biopsy with Gleason scoring, and 

tumor staging. Considering the patients who are classified as low risk in current guidelines, but failed to 

receive right treatment in the right time, there is a need to consider other factors associated with worse 

outcomes in the risk assessment.50   

 

While guidelines have existed for BRCA testing for male breast cancer patients, including those NCCN 

and the USPSTF, this was not the case for prostate cancer until the recently updated NCCN guideline. In 

this guideline, BRCA testing is recommended for individuals with regionally spread or distantly-

metastasized prostate cancer.51 However, the majority of male BRCA carriers wiht low-risk localized 

prostate cancer will not be able to know their mutation status unless identified by occasion.  

 

Moreover, knowing BRCA information can allow better treatment options for metastatic castrate-resistant 

prostate cancer (mCRPC) patients. PARPi including olaparib, rucaparib, niraparib, veliparib, and 

talazoparib were evaluated in early phase trials as monotherapy for mCRPC with homologous 

recombination repair (HRR) gene mutation deficient such as BRCA mutation.52,53 Olaparib and rucaparib 

have received breakthrough designations for mCRPC patients with positive BRCA mutation. Phase II 

studies reported additional clinical benefit of the PARPi and abiraterone combination in BRCA positive 

mCRPC. Phase III trials are ongoing to test the efficacy of various combination treatments for mCRPC.  
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Aim and General Objectives of This Dissertation 

The overall aim of the studies included in this dissertation was to quantify the overall value of genetic 

information using the INMB analytic framework with application to BRCA mutation gene, while also 

integrating our prior work on the risk of prostate and colorectal cancer associated with BRCA mutation. 

Considering the diverse clinical implication of BRCA information, three general objectives are stated as 

described below: 

1. To evaluate the value of BRCA genetic information in breast cancer patients for avoiding and 

preventing cancer (Chapter 2).  

2. To evaluate the value of BRCA genetic information in recurrent ovarian cancer patients for 

identifying eligible patients with better treatment options (Chapter 3).   

3. To evaluate the value of BRCA genetic information in other cancer patients for potential benefits 

(Chapter 4, 5, 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 



28 

 

Figure 3. Overview of dissertation  

     Chapter 2: Women with potential breast cancer 

Objective 1 

 
Value of BRCA genetic information in preventing and 

reducing the risk of breast cancer 

Chapter 1 

 
Introduction and Overview 

     Chapter 3: Recurrent ovarian cancer population 

Objective 2 

 
Value of BRCA genetic information in treating right 

patients with better treatment option  

     Chapter 4: Colorectal cancer population 

Objective 3 

 
BRCA mutation and colorectal cancer risk 

     Chapter 5: Prostate cancer population 

Objective 4 

 
BRCA mutation and prostate cancer risk, frequency, and 

mortality 

     Chapter 6: Localized prostate cancer population 

Objective 5 

 
Value of potential value of BRCA genetic information in 

preventing and treating right patient 

Chapter 7 

 

Discussion, future research and 

conclusion 

 

 
Part III 

Value of Better 

Treatment Option 

 

 

 

 

 

 

 

 

 

 

Part IV 

Potential Values 

 
Part I 

Introduction 

 

 
Part II 

Value of Prevention 

 
Part V 

Retrospect & 

Prospect 



29 

 

References 

1.        Opinion | The Breast Cancer Gene and Me - The New York Times. 

https://www.nytimes.com/2015/09/27/opinion/sunday/elizabeth-wurtzel-the-breast-cancer-gene-and-

me.html?smid=nytcore-ios-share. 

2.         Desmond A, Kurian AW, Gabree M, et al. Clinical actionability of multigene panel testing for hereditary 

breast and ovarian cancer risk assessment. JAMA Oncology. 2015;1(7):943-951. 

doi:10.1001/jamaoncol.2015.2690 

3.         DNA Sequencing Costs: Data | NHGRI. https://www.genome.gov/about-genomics/fact-sheets/DNA-

Sequencing-Costs-Data. Accessed November 26, 2019. 

4.         Waldrop MM. More Than Moore. Nature. 2016;530(7589):144-147. doi:10.1038/530144a 

5.         Kamps R, Brandão R, Bosch B, et al. Next-Generation Sequencing in Oncology: Genetic Diagnosis, Risk 

Prediction and Cancer Classification. International Journal of Molecular Sciences. 2017;18(2):308. 

doi:10.3390/ijms18020308 

6.         Payne K, Gavan SP, Wright SJ, Thompson AJ. Cost-effectiveness analyses of genetic and genomic 

diagnostic tests. Nature Reviews Genetics. 2018;19(4):235-246. doi:10.1038/nrg.2017.108 

7.         Teutsch SM, Bradley LA, Palomaki GE, et al. The evaluation of genomic applications in practice and 

prevention (EGAPP) initiative: Methods of the EGAPP working group. Genetics in Medicine. 

2009;11(1):3-14. doi:10.1097/GIM.0b013e318184137c 

8.         Sawaya GF, Guirguis-Blake J, LeFevre M, Harris R, Petitti D. Update on the methods of the U.S. 

preventive services task force: Estimating certainty and magnitude of net benefit. Annals of Internal 

Medicine. 2007;147(12):871-875. doi:10.7326/0003-4819-147-12-200712180-00007 

9.         Sanderson S, Zimmern R, Kroese M, Higgins J, Patch C, Emery J. How can the evaluation of genetic 

tests be enhanced? Lessons learned from the ACCE framework and evaluating genetic tests in the United 

Kingdom. Genetics in Medicine. 2005;7(7):495-500. doi:10.1097/01.gim.0000179941.44494.73 



30 

 

10.        Fryback DG, Thornbury JR. The efficacy of diagnostic imaging. Medical Decision Making. 

1991;11(2):88-94. doi:10.1177/0272989X9101100203 

11.        Grosse SD, Wordsworth S, Payne K. Economic methods for valuing the outcomes of genetic testing: 

Beyond cost-effectiveness analysis. Genetics in Medicine. 2008;10(9):648-654. 

doi:10.1097/GIM.0b013e3181837217 

12.        Miki Y, Swensen J, Shattuck-Eidens D, et al. A Strong Candidate for the Breast and Ovarian Cancer 

Susceptibility Gene BRCA1. Science. 266:66-71. doi:10.2307/2884716 

13.        Wooster R, Bignell G, Lancaster J, et al. Identification of the breast cancer susceptibility gene BRCA2. 

Nature. 1995;378(6559):789-792. doi:10.1038/378789a0 

14.        Scheuer L, Kauff N, Robson M, et al. Outcome of Preventive Surgery and Screening for Breast and 

Ovarian Cancer in BRCA Mutation Carriers . Journal of Clinical Oncology. 2002;20(5):1260-1268. 

doi:10.1200/jco.2002.20.5.1260 

15.        Kim G, Ison G, McKee AE, et al. FDA approval summary: Olaparib monotherapy in patients with 

deleterious germline BRCA-mutated advanced ovarian cancer treated with three or more lines of 

chemotherapy. Clinical Cancer Research. 2015;21(19):4257-4261. doi:10.1158/1078-0432.CCR-15-0887 

16.        Oh M, McBride A, Yun S, et al. BRCA1 and BRCA2 gene mutations and colorectal cancer risk: 

Systematic review and meta-analysis. Journal of the National Cancer Institute. 2018;110(11). 

doi:10.1093/jnci/djy148 

17.        Oh M, Alkhushaym N, Fallatah S, et al. The association of BRCA1 and BRCA2 mutations with prostate 

cancer risk, frequency, and mortality: A meta-analysis. Prostate. 2019;79(8):880-895. 

doi:10.1002/pros.23795 

18.        Bertram MY, Lauer JA, de Joncheere K, et al. Cost-effectiveness thresholds: Pros and cons. Bulletin of 

the World Health Organization. 2016;94(12):925-930. doi:10.2471/BLT.15.164418 

19.        Grosse SD. Economic analyses of genetic tests in personalized medicine: Clinical utility first, then cost 

utility. Genetics in Medicine. 2014;16(3):225-227. doi:10.1038/gim.2013.158 



31 

 

20.        Phillips KA, Ann Sakowski J, Trosman J, Douglas MP, Liang SY, Neumann P. The economic value of 

personalized medicine tests: What we know and what we need to know. Genetics in Medicine. 

2014;16(3):251-257. doi:10.1038/gim.2013.122 

21.        Carlson JJ, Thariani R, Roth J, et al. Value-of-Information Analysis within a Stakeholder-Driven 

Research Prioritization Process in a US Setting: An Application in Cancer Genomics. Medical Decision 

Making. 2013;33(4):463-471. doi:10.1177/0272989X13484388 

22.        Farmer H, McCabe H, Lord CJ, et al. Targeting the DNA repair defect in BRCA mutant cells as a 

therapeutic strategy. Nature. 2005;434(7035):917-921. doi:10.1038/nature03445 

23.        Ford D, Easton DF, Stratton M, et al. Genetic heterogeneity and penetrance analysis of the BRCA1 and 

BRCA2 genes in breast cancer families. American Journal of Human Genetics. 1998;62(3):676-689. 

doi:10.1086/301749 

24.        Ford D, Easton DF, Bishop DT, Narod SA, Goldgar DE. Risks of cancer in BRCA1-mutation carriers. 

Breast Cancer Linkage Consortium. Lancet (London, England). 1994;343(8899):692-695.  

25.        Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 2000;100(1):57-70. doi:10.1016/S0092-

8674(00)81683-9 

26.        Petrucelli N, Daly MB, Pal T. BRCA1- and BRCA2-Associated Hereditary Breast and Ovarian Cancer.; 

1993. http://www.ncbi.nlm.nih.gov/pubmed/20301425. Accessed November 26, 2019. 

27.        Owens DK, Davidson KW, Krist AH, et al. Risk Assessment, Genetic Counseling, and Genetic Testing 

for BRCA -Related Cancer: US Preventive Services Task Force Recommendation Statement. JAMA - 

Journal of the American Medical Association. 2019;322(7):652-665. doi:10.1001/jama.2019.10987 

28.        Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019 (US statistics). CA: A Cancer Journal for 

Clinicians. 2019;69(1):7-34. doi:10.3322/caac.21551 

29.        Kuchenbaecker KB, Hopper JL, Barnes DR, et al. Risks of breast, ovarian, and contralateral breast 

cancer for BRCA1 and BRCA2 mutation carriers. JAMA - Journal of the American Medical Association. 

2017;317(23):2402-2416. doi:10.1001/jama.2017.7112 



32 

 

30.        Antoniou A, Pharoah PDP, Narod S, et al. Average risks of breast and ovarian cancer associated with 

BRCA1 or BRCA2 mutations detected in case series unselected for family history: A combined analysis of 

22 studies. American Journal of Human Genetics. 2003;72(5):1117-1130. doi:10.1086/375033 

31.        Chen S, Iversen ES, Friebel T, et al. Characterization of BRCA1 and BRCA2 mutations in a large United 

States sample. Journal of Clinical Oncology. 2006;24(6):863-871. doi:10.1200/JCO.2005.03.6772 

32.        Templeton AJ, Gonzalez LD, Vera-Badillo FE, et al. Interaction between Hormonal Receptor Status, 

Age and Survival in Patients with BRCA1/2 Germline Mutations: A Systematic Review and Meta-

Regression. PloS one. 2016;11(5):e0154789. doi:10.1371/journal.pone.0154789 

33.        Lee EH, Park SK, Park B, et al. Effect of BRCA1/2 mutation on short-term and long-term breast cancer 

survival: A systematic review and meta-analysis. Breast Cancer Research and Treatment. 

2010;122(1):11-25. doi:10.1007/s10549-010-0859-2 

34.        Zhong Q, Peng HL, Zhao X, Zhang L, Hwang WT. Effects of BRCA1- And BRCA2-related mutations on 

ovarian and breast cancer survival: A meta-analysis. Clinical Cancer Research. 2015;21(1):211-220. 

doi:10.1158/1078-0432.CCR-14-1816 

35.        Schmauss D, Machens H-G, Harder Y. Breast Reconstruction after Mastectomy. Frontiers in Surgery. 

2016;2. doi:10.3389/fsurg.2015.00071 

36.        de Felice F, Marchetti C, Musella A, et al. Bilateral Risk-Reduction Mastectomy in BRCA1 and BRCA2 

Mutation Carriers: A Meta-analysis. Annals of Surgical Oncology. 2015;22(9):2876-2880. 

doi:10.1245/s10434-015-4532-1 

37.        Daly MB, Pilarski R, Berry M, et al. NCCN Guidelines Insights: Genetic/Familial High-Risk 

Assessment: Breast and Ovarian, Version 2.2017. Journal of the National Comprehensive Cancer 

Network : JNCCN. 2017;15(1):9-20. doi:10.6004/jnccn.2017.0003 

38.        Norum J, Grindedal EM, Heramb C, et al. BRCA mutation carrier detection. A model-based cost-

effectiveness analysis comparing the traditional family history approach and the testing of all patients 

with breast cancer. ESMO open. 2018;3(3):e000328. doi:10.1136/esmoopen-2018-000328 



33 

 

39.        Prat J, FIGO Committee on Gynecologic Oncology. Staging classification for cancer of the ovary, 

fallopian tube, and peritoneum. International journal of gynaecology and obstetrics. 2014;124(1):1-5. 

doi:10.1016/j.ijgo.2013.10.001 

40.        Recurrence and Treatment - Ovarian Cancer Research Alliance. https://ocrahope.org/patients/about-

ovarian-cancer/recurrence/. Accessed October 19, 2019. 

41.        Nelson HD, Huffman LH, Fu R, Harris EL. Genetic risk assessment and BRCA mutation testing for 

breast and ovarian cancer susceptibility: Systematic evidence review for the U.S. Preventive Services 

Task Force. Annals of Internal Medicine. 2005;143(5). doi:10.7326/0003-4819-143-5-200509060-00012 

42.        Nelson HD, Pappas M, Zakher B, Mitchell JP, Okinaka-Hu L, Fu R. Risk assessment, genetic 

counseling, and genetic testing for BRCA-related cancer in women: A systematic review to update the 

U.S. preventive services task force recommendation. Annals of Internal Medicine. 2014;160(4):255-266. 

doi:10.7326/m13-2747 

43.        Trainer AH, Lewis CR, Tucker K, Meiser B, Friedlander M, Ward RL. The role of BRCA mutation 

testing in determining breast cancer therapy. Nature Reviews Clinical Oncology. 2010;7(12):708-715. 

doi:10.1038/nrclinonc.2010.175 

44.        Eccles DM, Balmaña J, Clune J, et al. Selecting Patients with Ovarian Cancer for Germline BRCA 

Mutation Testing: Findings from Guidelines and a Systematic Literature Review. Advances in Therapy. 

2016;33(2):129-150. doi:10.1007/s12325-016-0281-1 

45.        Khalique S, Hook JM, Ledermann JA. Maintenance therapy in ovarian cancer. Current Opinion in 

Oncology. 2014;26(5):521-528. doi:10.1097/CCO.0000000000000110 

46.        Evans T, Matulonis U. PARP inhibitors in ovarian cancer: evidence, experience and clinical potential. 

Therapeutic advances in medical oncology. 2017;9(4):253-267. doi:10.1177/1758834016687254 

47.        Ledermann JA, Harter P, Gourley C, et al. Overall survival in patients with platinum-sensitive recurrent 

serous ovarian cancer receiving olaparib maintenance monotherapy: an updated analysis from a 



34 

 

randomised, placebo-controlled, double-blind, phase 2 trial. The Lancet Oncology. 2016;17(11):1579-

1589. doi:10.1016/S1470-2045(16)30376-X 

48.        Thomsen FB, Brasso K, Klotz LH, Røder MA, Berg KD, Iversen P. Active surveillance for clinically 

localized prostate cancer--A systematic review. Journal of Surgical Oncology. 2014;109(8):830-835. 

doi:10.1002/jso.23584 

49.        Peterson S, Basak R, Moon DH, et al. Population-based cohort of prostate cancer patients on active 

surveillance (AS): guideline adherence, conversion to treatment and decisional regret. Journal of Clinical 

Oncology. 2019;37(15_suppl):6512-6512. doi:10.1200/jco.2019.37.15_suppl.6512 

50.        Kulkarni GS, Lockwood G, Evans A, et al. Clinical predictors of gleason score upgrading: Implications 

for patients considering watchful waiting, active surveillance, or brachytherapy. Cancer. 

2007;109(12):2432-2438. doi:10.1002/cncr.22712 

51.        Mohler JL, Antonarakis ES, Armstrong A, et al. Prostate Cancer, Version 2.2019, NCCN Clinical 

Practice Guidelines in Oncology. J Natl Compr Canc Netw. 2019;17(5):479-505. 

doi:10.6004/jnccn.2019.0023 

52.        Smith MR, Sandhu SK, Kelly WK, et al. Phase II study of niraparib in patients with metastatic 

castration-resistant prostate cancer (mCRPC) and biallelic DNA-repair gene defects (DRD): Preliminary 

results of GALAHAD. Journal of Clinical Oncology. 2019;37(7_suppl):202-202. 

doi:10.1200/jco.2019.37.7_suppl.202 

53.        Mateo J, Porta N, McGovern UB, et al. TOPARP-B: A phase II randomized trial of the poly(ADP)-

ribose polymerase (PARP) inhibitor olaparib for metastatic castration resistant prostate cancers (mCRPC) 

with DNA damage repair (DDR) alterations. Journal of Clinical Oncology. 2019;37(15_suppl):5005-

5005. doi:10.1200/jco.2019.37.15_suppl.5005 

  



35 

 

Chapter 2 

Monetized Value of Knowing BRCA Mutation in Breast Cancer by Avoiding and Reducing the Risk 

 

Abstract 

Importance 

Women with inherited BRCA1/2 mutations have a higher risk of breast cancer morbidity and mortality. 

Expanding genetic testing for all women could identify additional mutation carriers who may benefit from 

preventive interventions. While previous studies focuse 

 

d on the cost-effectiveness of BRCA testing in one disease/setting, the value of knowing BRCA 

information in multiple settings including breast cancer prevention needs further investigation. 

Objective 

To assess the incremental lifetime effects, costs, and net-monetary benefit (NMB) of knowing BRCA 

information to 40-year-old women without breast cancer by comparing two strategies; ‘with BRCA 

information’ and ‘without BRCA information.’  

Design and Settings 

A decision-analytic model in combination with a Markov model and a decision tree compared lifetime 

effects and costs of strategy 1: “with BRCA information” versus strategy 2: “not knowing BRCA 

information” in the general U.S. population of women at age 40. A hypothetical cohort was simulated 

based on the age-specific incidence of breast cancer. The corresponding cumulative risks obtained from 

published literature were utilized for mutation carriers. A life-time horizon was used at discount rate of 



36 

 

3.5% for both effect and cost. Results were estimated for both payer and societal perspectives. 

Probabilistic, deterministic sensitivity analyses and varied scenario analyses assessed model uncertainty.   

Interventions  

In strategy 1, all women at the age of 40 were assumed to have undergone BRCA testing. In strategy 2, 

BRCA information was not available, and only women with multiple family history of breast cancer were 

assumed to receive same prophylactic surgery as BRCA carriers. A positive and negative result (BRCA 

testing for “with BRCA information” and family history testing for “without BRCA information”) 

prompted a different uptake of prophylactic surgery, chemoprevention, or no prevention. 

Main Outcomes and Measures 

Incremental NMB (INMB) was calculated as the monetized benefit of knowing BRCA information per 

person. Components of NMB included direct medical costs in the payer perspective. Indirect health costs 

and benefits were considered in the societal perspective. A willingness-to-pay (WTP) threshold of 

$150,000/QALY was utilized in INMB calculation. The net monetized value of knowing BRCA 

information was estimated by multiplying the INMB with the eligible population. The net monetized 

value of knowing BRCA information was presented for year 2020 and accumulated over the ensuing 15 

years.  

Results 

Compared with strategy 2 (without knowing BRCA information), testing all general female populations at 

the age of 40 provided an additional 0.01 QALYs at a cost of $588, resulting in an INMB of $663 from 

the payer perspective and $1,006 from the societal perspective, respectively (WTP= $150,000). In a 

probabilistic sensitivity analysis, BRCA information showed a positive INMB for 60.1% of the 

simulations. Both deterministic sensitivity and scenario analyses documented the robustness of the 

finding. Escalated to the U.S. population of women age 40 without breast cancer, knowing BRCA status 
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resulted in net monetized value of $1.3 billion ($2.0 billion) in one year and yielded accumulated 

monetized value of $18.3 billion ($27.6 billion) over next 15 years in payer (societal) perspective.  

Conclusions and Relevance 

This study quantifies the monetized value of knowing BRCA information for the general population of 

women age 40 without breast cancer and shows that knowing BRCA information is cost saving for payers 

($1.3 billion in one year and $18.3 billion over the next 15 years) and society ($2.0 billion in one year and 

$27.6 billion in 15 year). This provides compelling short-term and long-term evidence for routine BRCA 

testing of women age 40 without breast cancer as part of wellness screening and disease prevention.  
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Introduction 

Breast Cancer Overview 

Breast cancer is the most common cancer for women in the U.S., except for non-melanoma skin cancer, 

and the second leading cause of cancer death. In 2019, an estimated 268,600 women in the U.S. were 

diagnosed with breast cancer, and 41,760 women were expected to die from the disease. The incidence 

rates have been increasing slightly by 0.4% annually in recent years. In the general population, the 

lifetime risk of developing breast cancer is estimated to be 12.3% (95% Confidence Interval [CI]: 12.2-

12.4), and the lifetime risk of dying from the disease is 2.78% (95% CI: 2.76-2.80)1.  

 

BRCA Mutation and Breast Cancer 

BRCA, also is known as the breast cancer susceptibility gene, is a human gene that produces tumor 

suppressor proteins. Tumor suppressor genes help suppress tumor formation and prevent cancer by 

promoting DNA repair. A Mutation in these genes causes a loss of tumor-suppressive function which 

results in an increased risk of cancers, including breast cancer. In BRCA mutation carriers, the risk of 

developing breast cancer for the first time by age 70 varies from approximately 45% to 88%2,3.  

 

Current Guideline and Interventions 

In the U.S., the National Comprehensive Cancer Network (NCCN) and the United States Preventative 

Task Force (USPSTF) recommends BRCA testing with individuals with a family history of breast or 

ovarian cancer or who present with clinical data4,5. Breast cancer prevention in high-risk individuals 

identified from BRCA testing included risk-reducing mastectomy (RRM)6 or chemoprevention with 

selective estrogen receptor modulators (SERM)7. However, family-history based criteria may miss more 

than 50% of BRCA carriers8.  
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The Current Method to Value Genetic Information 

The limitation of current BRCA testing to women presenting with clinical data or family history can be 

overcome by population-based testing. The falling cost of genetic tests by advances in computational 

bioinformatics coupled with next-generation sequencing technologies has made population testing 

clinically and economically feasible. Cost-effectiveness studies have documented the benefit of BRCA 

testing in several setting, including BRCA testing for Ashkenazi Jewish population, breast cancer patients. 

Typically, these studies focused on specific populations and disorders related to a single mutation.   

 

Problem of the Study 

However, single genetic information can be applied to multiple diseases to guide cancer prevention, and 

personalized care. A BRCA mutation is associated with increased risk of not only breast/ovarian cancer 

but also other cancers including colorectal, prostate, pancreatic and stomach cancers. To show the overall 

value of knowing BRCA information across multiple settings, the value of knowing BRCA information in 

each setting needs to be quantified and combined.  

 

Objectives of the Study 

A compelling case of knowing whether one does or does not have the BRCA mutation was provided by 

the recently deceased – of breast cancer – author Elizabeth Wurtzel9, Ashkenazy Jew, with no family 

history of BRCA or BRCA related disease, and not presenting with breast cancer herself, she fell outside 

the testing parameters for insurance coverage. In her words10, had she known that she carried the BRCA 

mutation, " I could have had a mastectomy with reconstruction and skipped the part where I got cancer. I 

feel like the biggest idiot for not doing so.” 
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Therefore, we aimed to monetize the value of knowing BRCA information in preventing and avoiding 

breast cancer by comparing the costs and outcomes of ‘with BRCA information’ patient populations to 

‘without BRCA information’ patient populations in the decision analysis model. 
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Methods 

Model Description 

Overview of the Model 

A decision-analysis model, in combination with a Markov and decision tree models, was developed to 

calculate the costs and effects of knowing versus not knowing BRCA information in 40-year-old women 

without a history of breast cancer. We defined the intervention (‘BRCA information’) as knowing a BRCA 

mutation status at age 40; followed by the probability of subsequent preventive surgery and/or 

chemoprevention, if a mutation was found. A hypothetical cohort of female individuals was followed for 

a lifetime (i.e., death or until the age of 100 years) with a Markov model cycle length of one year using 

TreeAge Pro software (TreeAge Software Inc., Williamstown, Massachusetts).  

 

Model Structure and Screening Strategies Evaluated 

The model starts with a decision tree (Figure 1a) in which the general population of women age 40 was 

either tested for the BRCA mutation (“with BRCA information”) or not tested (“without BRCA 

information”). In the ‘with BRCA information’ women were stratified by sensitivity (true positive [TP] or 

false positive [FP]) when identified as BRCA mutation carrier and sensitivity (true negative [TN] and 

false negative [FN]) when identified as BRCA mutation non-carrier. Regardless TP or FP, BRCA mutation 

carriers had the same probability (p4) to receive risk-reducing mastectomy [RRM] or chemoprevention. 

BRCA mutation non-carriers were assumed to receive no prophylactic surgery (RRM or 

chemoprevention) regardless of TN or FN.  

 

In the ‘without BRCA information’ women were stratified by family history. For family history positive 

women, sensitivity (true positive [TP] or false positive [FP]) was considered and for family history 



42 

 

negative women, specificity (true negative [TN] and false negative [FN]) was considered. Women with 

positive family history were stratified by underlying BRCA mutation status but had the same probability 

(p13) to receive prophylactic surgery regardless of underlying BRCA mutation status. Women with 

negative family history were also stratified by underlying BRCA mutation status but were assumed to 

receive no prophylactic surgery regardless of underlying BRCA mutation status.   

 

The long-term costs and outcomes were modeled using a Markov model (Figure 1b) with three health 

states: well, breast cancer, and dead. All the individuals begin in the “no breast cancer” state, and they 

transition to “breast cancer” or “dead” state. This decision is governed by the likelihood to have breast 

cancer or death based on BRCA mutation status, uptake of preventive interventions (RRM, 

chemoprevention), family history, and age.  

a 
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b 

 
  

  

 

Figure 1. The decision-tree model (panel a) and Markov model (panel b) assume that all women start at 

age 40. The decision-tree shows the decision nodes (square); chance nodes (empty circles) directed by 

transition probabilities; and Markov nodes (circles with ‘M’). The Markov model shows the three health 

states: (i) no breast cancer, (ii) breast cancer, and (iii) death. BRCA indicates breast cancer gene1 and/or 2; 

RRM, risk reduction mastectomy; TP, true positive; FP, false positive; TN, true negative; FN, false 

negative.  

 

Model Inputs 

Probabilities 

The key model inputs values, standard errors, and sources are summarized in Table 1. The prevalence of 

BRCA mutation in the general population is assumed to be 0.68% by weighting prevalence estimates for 

BRCA1 and BRCA211. The probability of having a positive family history are retrieved from the 

unselected control population data12. BRCA1 or BRCA2 mutations associated risks were calculated by the 

weighted average based on prevalence estimates of 54% for BRCA1 and 46% for BRCA211. The age-

specific incidence of breast cancer was obtained from the SEER statistics13. The corresponding 

cumulative risks in mutation carriers were retained from a recent epidemiological study 3 of BRCA1 and 
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BRCA2 mutation carriers (Table 2). The mean cumulative risk of breast cancer by age 70 years was 60% 

for BRCA1 carriers and 55% for BRCA2 carriers. Mortality rates for the general female population by age 

were based on the U.S. Census Bureau Population Survey14. The mortality rates for breast cancer were 

based on SEER statistics13. Rate to probability conversion formula was used to convert all relevant rates 

into annual probabilities (probability=1 - e - rate × time).  

 

The sensitivity and specificity of the BRCA test and family history test were retrieved from published 

literature15. The probability of BRCA mutation carriers to choose a risk reduction mastectomy was 47%, 

as reported by Evans et al16. The uptake of breast cancer chemoprevention among individuals without 

RRM was 16%, as reported by Smith et al17. The probability of an individual with a family history 

undertaking a risk reduction mastectomy was 3%, based on the assumption that this probability is 

identical to the probability of having more than two first degree relatives with breast cancer or more than 

two 2nd degree relatives and one 1st degree relatives with breast cancer18. 

 

A meta-analysis by Felice et al19 estimated that RRM reduces breast cancer risk by 93%. Another meta-

analysis, Cuzik et al20 found that chemoprevention reduces breast cancer risk by 30%. A meta-analysis by  

Zhu et al21 documented that hazard ratio of all-cause mortality increased by 60% for women with the 

BRCA mutation. RRM was associated with reduction of the hazard ratio of breast cancer-specific 

mortality of 60%. The probabilities used in our model are specified in Supplementary Table 1.  

Table 1. Summary of key input parameters values and sources 

Variable Base value 
SE 

/Range 
Distribution Source 

Transition probabilities 

Starting age 40 years 2.5 Normal Assumption 

BRCA mutation prevalence in general population 
(p1) 

0.00677 0.00046 Beta Jervis 201511 

Sensitivity of BRCA testing (p2) 0.95 0.005 Beta Toland 201815 

Specificity of BRCA testing (p3) 0.99 0.005 Beta Toland 201815 

Probability that carrier will undergo RRM (p3) 0.47 0.056 Beta Evans 200916 

Uptake of breast cancer chemoprevention (p4) 0.163 0.014 Beta Smith 201617 

Hazard ratio of breast cancer for individuals with 
RRM  

0.07 0.110 
Log-
normal 

Felice 201519 
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Hazard ratio of breast cancer for individuals with 

chemoprevention  
0.71 0.059 

Log-

normal 
Cuzik 201520 

Hazard ratio of breast cancer for individuals with 
family history  

1.72 0.099 Beta Brewer 2017
23

 

Probability of having a positive FH or meeting 

testing criteria for non-AJ (p10)  
0.0098 0.003 Beta ABCFR data12  

Sensitivity of family history testing 0.82 0.005 Beta Kerber 1997
24

 

Specificity of family history testing 0.91 0.005 Beta Kerber 1997
24

 

Probability that family history positive individual 

will undergo RRM (One 1st and >two 2nd degree 

relatives or >two 1st degree relatives) 

0.0314 0.002 Beta Jacobi 200318 

BRCA prevalence in those fulfilling clinical criteria 

among FH positive individuals 
0.1 0.005 Beta 

Assumption based on current 

guideline 

Hazard ratio of mortality for BRCA mutation 
carriers 

1.6 0.230 
Log-
normal 

Zhu 201621 

Hazard ratio of mortality for individuals with RRM  
0.4 0.196 

Log-

normal 

Heemskerk-Gerritsen BAM 

201922 

Health state utilities 

Age-specific utility at age 40 
                                  

0.90  
            

0.0020  
Beta 

Sullivan 200525 

Annual decrease in utility because of age 0.00029 0.0001 Beta Sullivan 200525 

Utility with breast cancer 
0.75 0.2 Beta 

Peasgood 201426; Manchanda 
201627 

Utility in first-year mastectomy 
0.82 0.39 Beta 

Peasgood 201426; Manchanda 

201627 
Age after mastectomy to return to normal age-

specific utility 
60 7.7 Beta Geiger 200728 

Costs in 2019 US dollars 

Cost of genetic testing 330 51 Gamma Manchanda 201627,29 

Cost of Counselling 280 43 Gamma Schwarts 201430 

Mastectomy 18,293 2800 Gamma Andersson 200431 

Chemoprevention 1,008 154 Gamma Andersson 200431 

Newly diagnosed breast cancer 63,045 9650 Gamma Fireman 199732 

Continuing breast cancer care 9,604 1470 Gamma Fireman 199732 

Terminal care with breast cancer 78,741 12052 Gamma Fireman 199732 

Health care cost when without breast cancer 5,828 892 Gamma Andersson 200431 

Terminal care costs without breast cancer 46,589 7131 Gamma Andersson 200431 

Absenteeism 2,399 367 Gamma Fu 201133 

Short-term disability 7,729 1183 Gamma Fu 201133 

 

 
Table 2. Breast cancer risks by decade and life table by age group 

Variable Estimate Source 

Cumulative breast cancer risk: general population by decade 

30 0.000 National Vital Statistics Reports, 2019 

40 0.002 

50 0.012 

60 0.020 

70 0.045 

80 0.068 

Cumulative breast cancer risk: BRCA mutation carrier by decade 

30 0.04 Kuchenbaecker 2017 

40 0.18 

50 0.39 

60 0.54 

70 0.64 

80 0.71 
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Life table (probability of dying between ages): general population  

40–41 0.001 US Mortality Files, National Center for 

Health Statistics, CDC, 2019 50–51 0.003 

60–61 0.007 

70–71 0.015 

80–81 0.041 

Life table (probability of dying between ages): breast cancer patients  

40–41 0.025 US Mortality Files, National Center for 

Health Statistics, CDC, 2019 50–51 0.027 

60–61 0.031 

70–71 0.041 

80–81 0.070 

 

Costs 

All costs are provided as 2019 U.S dollar ($) values after adjusting for the increase in the medical 

consumer price index (m-CPI). In the payer perspective analyses, only direct medical costs were 

considered. Costs for genetic testing27,29 and counseling30 were taken from published studies. Medical 

costs related to breast cancer were stratified by the first year after diagnosis, subsequent yearly costs, and 

terminal care costs32. The first year after breast cancer diagnosis was estimated at $63,045, and 

subsequent years of management at $9,60434. The terminal care costs differed whether individual had 

cancer ($78,741) or no cancer ($46,589) before death31. The cost related to prophylactic mastectomy was 

based on the cost of bilateral mastectomy35. In the societal perspective analyses, opportunity costs related 

to absenteeism and short-term disability were incorporated in the model for patients who developed breast 

cancer33. Detailed explanations of the costs are specified in Supplementary Table 2. 

Utility Weights 

Health state utilities (HSU) were estimated based on published literature estimates (Table 1) and were 

based on EuroQol-5D-3L scores. The utilities for the general population of women without breast cancer 

were 0.9025. In the population of women with breast cancer, the majority of cases are diagnosed at an 

early stage36: 41% in stage #1 and 45% in stage #2. versus 9% in stage #3 and 5% in stage #4. The utility 

weight for breast cancer was set as 0.75 26,12,25. The side effects of mastectomy were assumed to reduce 

over time as documented in a 20 year follow up study28 showing no decrease in utility. The loss of utility 

due to mastectomy was assumed to return to zero by age 60.  
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Population Trend 

In the U.S Census Bureau37, the population of female age 40 is estimated to be 2,054,400 in the year 2020 

and projected to increase to 2,569,000 by the year 2035. The total number of eligible 40 year old women 

population who could have received genetic testing over the next 15 years was estimated to be 37,149,200 

in next 15 years. 

Analysis  

General Analysis 

Following the US Second Panel on Cost-Effectiveness in Health and Medicine38, we adopted both payer 

and societal perspectives and discounted all costs and health benefits at a rate of 3.5% per year. The 

details of included costs and outcomes for each perspective were presented using the impact inventory as 

recommended by the US Second Panel on Cost-Effectiveness in Health and Medicine (Table 3). 

Clinicians were engaged in the validation of the health economic model to assess descriptive and face 

validity39. 

 

Table 3. Impact inventory of health outcomes and costs included under payer's and societal perspective  

Sector Type of Impact 

Included in analysis from the 

following perspective? 

Payer Societal 

Formal payer sector 

Health 

Health Outcomes (Effects): ✓ ✓ 

Longevity effects, Years ✓ ✓ 

Health-related quality of life (HRQoL) ✓ ✓ 

Disutility due to adverse events from treatment ✓ ✓ 

Spillover HRQoL, caregiver x x 

Medical Costs:   

Paid for by third-party payers, $ ✓ ✓ 

Future related medical costs, $ ✓ ✓ 

Future unrelated medical costs, $ ✓ ✓ 

Informal payer sector 

 Unpaid caregiver time costs x x 

Transportation costs x x 

Non-payer sector 

Productivity 
Absenteeism x ✓ 

Short-term disability x ✓ 
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Base-Case Cost-Effectiveness and Monetized Value 

For our base-case analysis, we compared two strategies (‘with BRCA information’ vs. ‘without BRCA 

information’) to determine the net monetized value of genetic information using incremental net-

monetary benefit (INMB)40. First, we used the probabilities and values assigned to the health states to 

calculate a mean expected life-time cost (expected in 2019 USD) and quality-adjusted life years 

(QALYs). QALYs are retrieved by adjusting the length of survival gain by the HSU. We calculated the 

INMB by multiplying the incremental QALY, with the willingness-to-pay (WTP) threshold followed by 

subtracting the incremental cost: INMB (with genetic information – without genetic information)  = Δ QALYs * WTP – Δ 

Costs. We adopted a willingness-to-pay threshold (WTP) of $150,000/QALY, which is almost three times 

the 2019 US gross domestic product (GDP) per capita41, as recommended by the World Health 

Organization42. The WTP threshold of $150,000 in the US context has been used frequently including the 

study of Braithwaite et al.43  and has been widely suggested from Neumann et al. 

Second, the net monetized value of knowing genetic information was estimated by multiplying INMB 

with the eligible population of women age 40 that would benefit from knowing BRCA information each 

year: Net monetized value knowing of genetic information = INMB * Number of eligible individuals.  

The net monetized value of knowing genetic information was estimated for each year as well as the 

accumulated value over the next 15 years37.  

 

Sensitivity Analysis 

To examine the impact of uncertainty in the model parameters, we conducted extensive one-way and 

probabilistic sensitivity analyses (PSA)38. For one-way sensitivity analyses, the range of key input 

parameter was used individually to evaluate its effect on results. The 95% CIs or range were utilized 

when varying the probabilities and utility scores. Costs were assumed to vary by ±30%. A tornado 
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diagram was plotted to assess the robustness of the results. For PSA, all included input parameters were 

varied simultaneously. A gamma distribution was utilized for costs, a beta distribution for probability, and 

a log-normal distribution for utility values44. For PSA, Monte Carlo simulations (20,000 times) were 

conducted to randomly sample parameter values from the priori defined distribution of each variable. A 

cost-effectiveness acceptability curve (CEAC) was generated to present the probability of INMB being 

positive at different WTP thresholds.  

Scenario Analysis 

Alternative scenario analyses were implemented to determine the impact of different assumption and 

selected variables on the value of knowing BRCA mutation: start age for BRCA testing, impact of BRCA 

mutation on mortality, and impact of RRM on mortality. Specifically, four scenarios were utilized: 1) start 

testing at the age of 30, 2) start testing at the age of 50, 3) start testing at the age of 60, 4) no impact of 

BRCA mutation and RRM on mortality.    

 

Assumptions 

1) Based on the epidemiology of breast cancer and expert opinions on appropriate age to consider 

prophylactic surgery, the base case model assumes that the mean age of unaffected women is 40. 

2) As the majority of studies for the input parameters did not distinguish between BRCA1 and 

BRCA2 mutation, a weighted average of BRCA1- associated and BRCA2- associated 

prevalence, lifetime cancer risks, and hazard ratio were calculated based on the proportion of 

BRCA1 (23.3%) and BRCA2 (76.6%)11. 

3) The cost of genetic testing for BRCA mutation is based on the cost of a multigene panel test that 

includes BRCA mutation. The sensitivity and specificity are assumed to be the same as the 

widely used BRCA testing kit.  

4) The prevalence and impact of BRCA mutation is based on germline mutation.  
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5) All patients receiving preventive RRM are assumed to have a bilateral mastectomy. The cost 

and the hazard ratio associated with RRM is derived from a bilateral mastectomy. 

6) The probability of having a BRCA mutation probability in individuals with a positive family 

history positive is based on the threshold of the current genetic testing guideline (10%)45.  

7) The cost and utility of the breast cancer health state are based on a weighted average from 

published studies. We assume that this weighted average will capture the long-term cost and 

health state utilities associated with breast cancer through the Markov structure.  

8) We assume the RRM uptake among individuals with positive family history is limited to patients 

with the following criteria: 

I. two or more 1st-degree relatives with breast or ovarian cancer 

II. one 1st degree relative and two or more 2nd-degree relatives with breast or ovarian cancer
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Results 

Base-Case Results 

Incremental Net-Monetary Benefit (INMB) 

The comparison of decision-analytic model outcomes of two different scenarios (with and without BRCA 

information) for undiscounted and discounted lifetime costs, life-years (survival), and QALYs are given 

for eligible population of women age 40 in Table 4. In the base-case results from the societal perspective, 

knowing BRCA information (‘with BRCA information’) at the age of 40 showed higher QALYs of 38.82 

QALYs before discounting and 19.81 QALYs after discounting, accompanied with higher cost of 

$274,083 per-person before discounting and $136,284 per-person after discounting. Compared to 

‘without BRCA information’ scenario, knowing BRCA information for women age 40provided an 

additional 0.01 QALYs at a cost of additional $245 (discounted), resulting in an INMB of $1,006 in 

societal perspective with WTP of $150,000. From a payer perspective, knowing BRCA information for 

general female population provided an additional 0.01 QALYs at a cost of additional $588 (discounted), 

resulting in an INMB of $663 with WTP of $150,000. 

Table 4. Base case model cost-effectiveness results: Undiscounted and discounted costs, QALYs, ICER, and INMB 

(time horizon: lifetime; costs and health effects discounted at 3.5%; WTP: $150,000)  

 Alternative 

Undiscounted Discounted 
ICER     

($/QALY) 
INMB 

($) 

  

Total cost 

($) 

Life-

years 
QALY 

Total 

cost ($) 

Life-

years 

QAL

Y 

Societal 

perspective 

Without BRCA 

information           
273,635  43.36 38.79          136,039  22.09 19.80       

29,397  

          

1,006 
With BRCA 

information 
         

274,083  43.39 38.82          136,284  22.10 19.81 

Payer 

perspective 

Without BRCA 

information           
258,495  43.36 38.79          130,718  22.09 19.80       

70,476  

             

663  
With BRCA 

information 
         
259,000  43.39 38.82          131,306  22.10 19.81 
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Sensitivity Analysis 

One-Way Sensitivity Analysis Results 

Results of the one-way sensitivity analysis (OWSA) indicate that the INMB is not impacted significantly 

regardless of input parameters including, mutation prevalence, costs, utility scores, and hazard ratios. A 

tornado diagram presented the impact of input parameters in descending order as shown in Figure 2. The 

hazard ratio of breast cancer for an individual with family history, utility of mastectomy and of breast 

cancer state, and BRCA prevalence had the most influence on INMB. Varying all these input parameters 

over plausible ranges did not significantly influence the INMB values, and INMB remained positive 

regardless of variation of input parameters at $150,000/QALY WTP thresholds.  

 

Figure 2. Each horizontal bar represents INMB (incremental net monetary benefit) values calculated from 

a range of values evaluated for each variable. The baseline INMB is shown from vertical black lines. 

Probabilistic Sensitivity Analysis Results 

PSA results show that at $150,000/QALY WTP thresholds, testing all women at age of 40 for BRCA 

mutations is the preferred strategy, and INMB is positive 60.1% of the Monte Carlo simulations (Figure 
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3). Decreasing the WTP threshold to $100,000/QALY resulted in a minor reduction in the probability of 

positive INMB, 56.4%.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. This cost-effectiveness acceptability curve (CEAC) shows the probability that a strategy will be 

cost-effective (positive INMB) at varying willingness-to-pay (WTP) thresholds (shown in the x-axis) for 

a patient. 

 

Scenario Analyses 

The alternative scenarios based on different start age for testing are shown in Table 5. The alternative 

strategies still yield a positive INMB with WTP of $150,000, compared to the ‘without BRCA 

information’ scenario. Varying assumptions regarding mortality for BRCA carriers or RRM users did not 

change the direction of INMB (positive INMB).   

With BRCA information Without BRCA information 
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Table 5. Scenario analysis: Different age of knowing BRCA information and different assumptions 

Scenarios 
With BRCA 

information 

Without BRCA 

information ICER     

($/QALY) 

Incremental 

NMB ($) 

  Age 
Total 

cost ($) 
QALYs 

Total cost 

($) 
QALYs 

Different age of knowing 

BRCA information 

(discounted) 

30 142,318 21.594 141,710 21.589 118,396 162 

50 116,807 17.538 116,235 17.529 63,786 773 

60 98,889 14.833 98,318 14.828 101,120 276 

No mortality difference for 

BRCA carriers or RRM users 

(discounted) 

  131,467 19.826 130,876 19.816 60,147 882 

Different age of knowing 

BRCA information 

(undiscounted) 

30 314,320 47.329 313,808 47.295 14,883 4,652 

50 205,230 30.672 204,731 30.645 18,444 3,562 

60 154,674 23.138 154,160 23.123 34,215 1,740 

No mortality difference for 

BRCA carriers or RRM users 

(undiscounted) 

  259,486 38.874 258,972 38.835 13,293 5,281 

 
 

The Monetized Value of Knowing BRCA Mutation in Preventing Breast Cancer 

Considering the population estimates for female with age of 40 in 2020, knowing BRCA mutation yielded 

a net monetized value of 2.0 billion dollars from the societal perspectives and1.3 billion dollars from the 

payer perspective Escalating this to the accumulated number of the eligible female population who could 

have received genetic testing in next 15 years, knowing BRCA mutation yielded accumulated net 

monetized benefit of 18.3 billion dollars and 27.6 billion dollars over next 15 years in payer and societal 

perspectives, respectively in 2019 US dollars.  
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Figure 4. Accumulated net monetized value by knowing BRCA mutation information over the next 15 

years. This is calculated by the number of eligible populations each year to INMB (incremental net 

monetary benefit).   

 

Discussion 

The principal finding from our study is that knowing one’s BRCA mutation status from routine BRCA 

testing all women at age 40 is cost-saving to both society and payers, even after considering the additional 

costs of testing, mastectomy, and chemoprevention. To US society, the INMB benefit of $1,006 translates 

into a net monetized value of $2.0 billion in the year 2020 and accumulated to $27.6 billion in the ensuing 

15 years. To US payers, the INMB benefit of $663 yields a net monetized value of $1.3 billion in year 

202, accumulating to $18.3 billion by 2035.  

 

Therefore, extending BRCA testing to all women age 40 gives women and their clinician the certainty of 

knowledge and the opportunity to make decisions about prophylaxis. It gives women and their extended 
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family members – female and male – the foundation to access the broader familial implication, not only in 

terms of breast cancer, but also other cancers that have been associated with BRCA mutation. The impact 

on quality of life, even if a BRCA mutation is defected and women undergo prophylactic surgery and 

chemoprevention, is perhaps unquantifiable in monetary terms.  

 

The benefit to society includes exclusive savings in direct costs, in addition to savings in indirect costs 

associated with loss of productivity. Certainly in the aggregate, the payer community stands to achieve 

significant savings in direct healthcare expenditure from a modest initial investment that most payers have 

not covered or only under strict condition that do not enable the level of prevention that our study shows, 

which is eminently cost-saving and balances clinical benefit with cost.  

 

Our results confirm but also extended those from the Manchanda et al.12decision analysis model analysis 

of the cost-effectiveness of multi-panel genetic testing of the general population compared to genetic 

testing based on current family history among women from the US and UK payer perspective. The multi-

panel genetic testing comprised BRCA1/BRCA2/RAD51C/RAD51D/BRIP1/PALB2 mutations, and the 

outcomes included reduced risk of ovarian cancer as well as breast cancer. This testing had a 84% chance 

to be cost-effective at a WTP threshold of $100,000/QALY. Whereas Manchanda et al. focused on cost 

effectiveness of BRCA testing, out study focused on the value of BRCA information as gained from 

population-based testing. Moreover, our study had a broader scope focusing on both the societal and 

payer perspectives by incorporating sensitivity, specificity, and other aspects of by capturing the long-

term effect in a lifetime Markov model.  

  

Our analysis has several additional strengths. Our model incorporates specific element of genetic 

information, including sensitivity and specificity of a genetic test, the prevalence of mutation carriers, and 

the long-term impact of mutation. This enabled a more detailed and differentiated comparison of the 
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scenarios ‘with knowing BRCA mutation’ to ‘without knowing BRCA mutation’ in our aim of monetizing 

the value of knowing BRCA information. The model parameters were derived from established literature 

and publicly available materials. An extended time horizon was utilized to estimate the impact of 

knowing BRCA status. Previous analyses adopted a classical cost-effectives approach focused on the 

economic construct of QALYs to evaluate the benefit of BRCA testing and to decide whether BRCA 

testing should be performed, on whom, and under which conditions. We used the QALY metric to 

estimate the long-term benefit of routine population-lead BRCA testing in terms of the value afforded by 

knowing one’s BRCA status. The focus on INMB enables us to incorporate pleiotropy of genetic mutation 

by combining monetized value in multiple settings.  

 

BRCA mutation is not only related to breast cancer but other cancers, including ovarian cancer, prostate 

cancer, and pancreatic cancer. The monetized value of knowing BRCA mutation in year 2020, $1.3 billion 

(payer perspective) and $ 2.0 billion (societal perspective), considers only the value in preventing breast 

cancer. The additional monetized value of knowing BRCA information can be calculated for different 

types of cancers and applications. The additional monetized value of knowing BRCA information can be 

easily combined with current known monetized value by utilizing INMB method provided in our study.  

 

Conservative costs and probabilities are utilized in our model to avoid overestimating the value of 

knowing BRCA mutation. The up-to-date information from meta-analyses, population screening study, 

public databases, and published literature were incorporated to build the model. Also, our analysis follows 

established guidelines for conducting cost-effectiveness study from ISPOR46 and Second US Panel on 

Cost-Effectiveness in Health and Medicine38;  adoption of both payer and societal perspectives, QALYs 

to measure health outcomes, integration of utility scores, discounting both costs and health benefits at a 

rate of 3.5% per year, lifetime horizon for sufficiently long horizon, impact inventory to show the details 

of included costs and outcomes, and testing robustness of the results.  
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Diverse scenario analyses and extensive sensitivity analyses have been conducted to add rigor to the 

results. Thorough OWSA and PSA allows support robustness and accuracy of our results.  

 

The results of our analysis should be interpreted in light of its limitations. The study is based on 

observational data from multiple studies with varying designs and assumptions; with samples of 

predominantly Caucasian women; and recored over relatively short time periods. Replication with more 

diverse data and against longer time horizon is indicated, assuming such data would become available in 

the future. More data on the long-term effect of RRM an dBRCA mutation on breast cancer morbidity and 

mortality would have supported a Markov or microsimulation model that requires fewer assumptions. We 

assumed a fixed cost of $330 for genetic testing, which is below the current cost. Once pricing dynamics 

are clearer, especially when large scale BRCA screening is implemented, differentiated pricing.  

 

We considered only RRM for breast cancer at this time and did not incorporate ovarian cancer and 

oophorectomy. Our INMB calculation is based on a WTP threshold of $150,000 in line with several 

analyses in the cost-effectiveness study of preventive screening. WTP thresholds have been controversial, 

but the CEAC as used in our analysis, shows the probability of being cost-effective across a range of 

WTP. Thus we showed that INMB remains positive with lower threshold of $100,000. Further, as our 

study primarily focuses on quantifying the monetized value of genetic information, which enables not 

only individual but also family decision-making, a higher threshold can be defended.  

 

Conclusions 

This study quantifies the monetized value of knowing BRCA information for the general female 

populations at age 40, demonstrating that knowing BRCA information is highly cost-saving to payer and 

society. For each year in which US women age 40 are tested for BRCA as a general wellness measure the 
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ensuing 15 years yieled savings of $18.3 biliion and $27.6 billion, respectively, with adjustment for 

annual inflation, each subsequent annual cohort of US women age 40 tested for BRCA will add similar 

saving to payer and society. Further, our INMB calculations can be applied to other types of cancer 

associated with BRCA and can estimate the overall value of knowing BRCA mutation across cancer types. 

Important. Evolving knowledge of BRCA information and its value needs to be captured and combined 

with value in other settings. With more scientific progress in BRCA information, the monetized value of 

knowing BRCA information can be captured accurately and it can help patients, physicians and 

policymakers to choose the most appropriate coverage of genetic information. These findings have 

implication to expand BRCA testing criteria to broader female population without family history of breast 

cancer. 
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Supplementary Materials 

Supplementary Table 1. Explanation of key probability parameters values and sources 

Variable Base value SE/Range Distribution Source 

# 
Description         

p1 

BRCA mutation prevalence in general population (p1) 0.00677 0.00046 Beta 
Jervis 2015 , Claus E 1991, 

Whittemore 1997 % Struewing 1997 

p2 
Sensitivity of BRCA testing (p2) 0.95 0.005 Beta Smith 2012 & Myriad 

p3 
Specificity of BRCA testing (p3) 0.99 0.005 Beta GDG & Myriad 

p4 
Probability that carrier will undergo RRM (p3) 0.47 0.056 Beta Evans 2009 

p5 
Uptake of breast cancer chemoprevention (p4) 0.163 0.014 Beta Smith 2016 

p6 The hazard ratio of breast cancer for individuals with RRM  
0.07 0.110 Log-normal Felice 2015 

p7 

The hazard ratio of breast cancer for individuals with 

chemoprevention  

0.71 0.059 Log-normal Cuzik 2015 

p8 

The hazard ratio of breast cancer for individuals with family 

history  

1.72 0.099 Beta Brewer 2017 

p9 

BRCA prevalence in those fulfilling clinical criteria among FH 

positive individuals 
0.1 0.005 Beta 

Assumption based on current 

guideline 

p10 

Probability of having a positive FH fulfilling testing criteria for 

non-AJ (p10)  
0.0098 0.003 Beta ABCFR data  

p11 
The sensitivity of family history testing 0.82 0.005 Beta Kerber 1997 

p12 
The specificity of family history testing 0.91 0.005 Beta Kerber 1997 

p13 

The probability that family history positive individual will 

undergo RRM (One 1st and >two 2nd degree relatives or >two 

1st degree relatives) 

0.0314 0.002 Beta Jacobi 2003 

p14 A hazard ratio of mortality for BRCA mutation carriers 
1.6 0.230 Log-normal Zhu 2016 

p15 A hazard ratio of mortality for individuals with RRM  
0.4 0.196 Log-normal Heemskerk-Gerritsen BAM 2019 

      

Explanation 

p1 
Based on the population prevalence of BRCA1 (0.00158) and BRCA2 (0.00519) from Javis et al. 2015, the base case analysis was conducted as it provides the most up to date 

estimates for BRCA prevalence. Different prevalence ranging from 1/200-1/400 were utilized as sensitivity analysis based on earlier studies.  

p2 

p3 

The range of sensitivity and specificity of BRCA testing is from a recent review paper by Toland et al.  To be conservative, a lower end of the range for sensitivity (95%) and 

specificity (99%) has been utilized as a base case analysis.   

p4 
The probability for BRCA carriers to undergo RRM is from a study by Evans et al. The RRM uptake for BRCA1 carrier was 60%, and BRCA2 carriers were 43%. By assuming 

23.3% BRCA1 and 76.6% BRCA2 carriers, a weighted uptake rate of RRM for BRCA carriers was 47%.  

p5 
The probability for chemoprevention uptake among BRCA carriers is retrieved from a meta-analysis conducted by Smith et al. By assuming the same proportion of BRCA1 and 

BRCA2 carriers, the weighted uptake probability was 16.3%.  

p6 
The hazard ratio of bilateral risk-reduction mastectomy in BRCA carriers is from a meta-analysis conducted by Felice et al. Based on four prospective studies, RRM demonstrated 

a significant risk reduction of breast cancer incidence in BRCA carriers (HR:0.07) 
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p7 
The risk reduction of chemoprevention is obtained from a long-term follow-up of the breast cancer prevention trial (IBIS-1) conducted by Cuzick et al. The chemoprevention 

demonstrated a moderate reduction of the hazard ratio of 0.71. 

p8 
The increased risk of breast cancer by family history is retrieved from a study by Brewer. The hazard ratio of 1.72 was utilized when there was one relative with breast cancer and 

2.52 when there were more than two relatives with breast cancer.   

p9 The prevalence of BRCA mutation carriers among family history positive individuals fulfilling genetic testing is assumed to be 10% based on current testing guidelines of NICE.   

p10 
Based on a previous study by Manchanda et al., the probability of having a positive family history fluffing genetic testing criteria is based unselected control population of the 

Australian Breast Cancer Family Registry database.  

p11 

The range of sensitivity and specificity of family cancer history information was compared to the most recent USPSTF. Among the included study, a study by Kerber et al. that 

compared the self-reported and database-linked family history of breast cancer in a case-control study was utilized as a base case specificity and sensitivity. p12 

p13 

The probability that family history positive individuals will undergo RRM is based on the assumption that when an individual has several relatives with breast cancer. Through 

internal discussion, we assumed that individuals would consider RRM when they have one first degree relatives and more than two-second degree relatives or more than two first 

degree relatives. The proportion of this specific family history is based on a previous study by Jacobi et al.  

p14 The increased mortality among the BRCA mutation carrier was studied based on a recent meta-analysis by Zhu. The increased risk was reflected in a hazard ratio of 1.6. 

p15 RRM showed an association with lower mortality in a recent study by Heemskerk-Gerritsen and was reflected on a hazard ratio of 0.4. 

 

 

Supplementary Table 2. Explanation of cost parameters values and sources 
 

Variable 
Base 

value 
SE/Range Distribution Source 

 

Transition probabilities 
 

Costs in 2019 US dollars 
 

Cost of genetic testing 330 51 Gamma Manchanda 2016 
 

Cost of Counselling (with BRCA mutation) 280 43 Gamma Schwarts 2014, Eggington 2014 
 

Cost of Counselling (without BRCA mutation) 50 15 Gamma Schwarts 2014, Eggington 2014 
 

Mastectomy 24,002 2800 Gamma Del Corral 2015 
 

Chemoprevention 1,008 154 Gamma Andersson 2004 
 

Newly diagnosed breast cancer 63,045 9650 Gamma Fireman 1997 
 

Continuing breast cancer care 9,604 1470 Gamma Fireman 1997 
 

Terminal care with breast cancer 78,741 12052 Gamma Fireman 1997 
 

Health care cost when well 5,828 892 Gamma Andersson 2004 
 

Terminal care costs without cancer 46,589 7131 Gamma Andersson 2004 
 

Absenteeism 2,399 367 Gamma Fu 2011 
 

Short-term disability 7,729 1183 Gamma Fu 2011 
 

 

Explanation 

Cost of genetic testing The cost of BRCA testing is based published study by Manchanda et al.   

Cost of Counselling 

The cost of genetic counseling is based on usual care cost from Schwartz et al. 

assuming 30 minutes of administrator time, 30 minutes of counselor preparation 

and 30 min of counseling time for non-BRCA carriers. For BRCA-carriers, 30 
minutes of administrator time, 1 hour of counselor preparation, and 1 hour of 

counseling time is assumed based on published study by Lawrence et al.  Two 

counseling costs are considered for BRCA-carriers in our analysis for pre- and post-
test counseling.  
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Mastectomy 

The cost of mastectomy is based on bilateral prophylactic mastectomy costs 
including reconstructive surgery. The cost includes the cost for complications based 

on an assumption of 5.6% major complication rate and 26.2% minor complication 

rate. 

 

Chemoprevention 
For the chemoprevention, tamoxifen is utilized for five years, and the cost inputs are 

adjusted from Grann et al. 

Newly diagnosed breast cancer 
The cost for newly diagnosed breast cancer is adjusted from direct medical costs from 
Fireman et al.  

Continuing breast cancer care 
The cost of continuing breast cancer treatment is adjusted from direct medical costs 
from Fireman et al.  

Terminal care with breast cancer 
The cost of terminal care with breast cancer is adjusted from direct medical costs from 

Fireman et al.  

Health care cost when well 
The cost of regular care and terminal care without cancer for females was adopted from 

Andersson et al.  

Absenteeism Based on a retrospective study about the indirect cost of breast cancer-associated 

indirect cost, average number of absenteeism days was 35, and short-term disability 

days were 51 days. Assuming that 56.0% of US females participate in labor force and 
the retirement age of 62, the adjusted incremental costs for absenteeism were $1,911 

and for short-term disability $6,157 in 2011 US dollars.  Short-term disability 
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Chapter 3 

Monetized Value of Knowing BRCA Mutation in Ovarian Cancer: Better Treatment Option 

 

Abstract 

Importance 

As there is no curative treatment and progression-free survival (PFS) in between lines of platinum-based 

chemotherapy (PBC) decreases, routine surveillance (RS) has been commonly used for recurrent ovarian 

cancer (ROC) patients. Recently approved poly(ADP-ribose) polymerase (PARP) inhibitors have shown 

health benefits with better PFS in ROC patients when used as maintenance treatment (MT). The health 

economic evidence has been remained limited to cost-effectiveness of PARP inhibitors compared with 

RS, but the value of knowing BRCA information in identifying the right ROC patient for better treatment 

option (PARP inhibitor) has remained limited. 

Objective 

To assess incremental lifetime effects, costs, and incremental net-monetary benefit (INMB) of knowing 

BRCA information to ROC patients by comparing two strategies, ‘with BRCA information’ and ‘without 

BRCA information.’ 

Design and Settings 

A decision-analytic model in combination with three-state partitioned survival model (PFS, progression, 

and death) and decision tree measured lifetime costs and effects of knowing BRCA information by 

comparing two scenarios in treating U.S. ROC patients. A hypothetical cohort of ROC patients was 

simulated based on the outcomes from randomized controlled trial (Study 19) population using one-

month cycle. Life-time horizon is utilized at discount rate of 3.5% for both cost and effect. Results are 
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presented in both payer and societal perspectives. Probabilistic, deterministic sensitivity analyses and 

varied scenario analyses assess uncertainty of model.   

Interventions 

In ‘with BRCA information,’ strategy BRCA mutation carriers were treated with olaparib until disease 

progression and non-BRCA carriers were under routine surveillance (RS). In ‘without BRCA information’ 

strategy, three possible cases were considered: 1) all patients were treated with RS regardless of mutation 

status until disease progression, 2) all patients were treated with olaparib regardless of mutation status, 3) 

patients with family history of ovarian or breast cancer were treated as BRCA carriers (olaparib until 

disease progression) 

Main Outcomes and Measures 

INMB was calculated as the monetized benefit of knowing BRCA information. Direct medical costs and 

benefits are considered in a payer perspective. Willingness-to-pay (WTP) threshold of $150,000/QALY 

was utilized in INMB calculation. The net monetized value of knowing BRCA information was estimated 

by multiplying INMB to eligible population. The net monetized value of knowing BRCA information was 

presented for each year as well as accumulated value over next 15 years.  

Results 

Treating ROC patients based on knowing BRCA information (‘with BRCA information’) provided an 

additional 0.11 QALYs at $22,696, resulting in an ICER of $210,965 when compared to first case 

(routine surveillance) of ‘without BRCA information’ scenario, in payer perspective. To focus on the 

value of knowing BRCA information in treating right patient, INMB was calculated based on comparison 

of case 2 (family history) of ‘with BRCA information,’ and showed monetized value of $3,528 in payer 

perspective and $3,194 in societal perspective. In probabilistic sensitivity analysis, knowing BRCA 

information showed positive INMB for 82.2%. Drug costs and utilities in the progressed health states 

were the main drivers of the model in both deterministic sensitivity and scenario analyses. Considering 
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the ROC prevalence and incidence estimates, knowing BRCA information resulted in net monetized value 

of 35.6 million in one year and yielded accumulated net monetized value of 97.3 million dollars over next 

15 years in payer perspective.  

Conclusions and Relevance 

This study quantifies the monetized value of knowing BRCA information for ROC patient population and 

shows that knowing BRCA information is cost saving to payer and society. The results of INMB 

calculation can be applied to different disease/settings where BRCA information shows benefits and be 

combined to show to show overall value of knowing BRCA mutation. These findings have implication to 

expand BRCA testing criteria to all ROC patients and possible to other cancers. 
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Introduction 

 

Ovarian Cancer Overview 

 

In the U.S., ovarian cancer is one of the leading causes of cancer death in women, accounting for an 

estimated 22,530 new cases and 13,980 deaths in 2019. The 5-year survival rate for all stages of ovarian 

cancer is 44%1. About 75% of ovarian cancer patients are at nonlocalized disease (stage 3 or 4) at 

diagnosis as ovarian cancer is usually asymptomatic2. The initial treatment for these patients may include 

surgical staging, cytoreduction, and first-line platinum-based chemotherapy. The majority of the patients 

achieve some clinical response to chemotherapy initially but will eventually relapse. In patients at stage 3 

or 4, the risk of relapse after the initial therapy can be as high as 80%3.   

  

Current Treatments 

 

Recurrent ovarian cancer (ROC) patients usually go through systemic treatment followed by repeated 

courses of platinum-based chemotherapy (PBC) for longer progression-free survival (PFS) and overall 

survival (OS). As the PBC course progresses, PFS decreases, and eventually, the patient becomes 

resistant to PBC (platinum-resistant). Once patients become platinum-resistant, limited treatment options 

with poor outcomes 4. 

 

As there is no curative treatment coupled with decreasing PFS while testing multiple lines of PBC, the 

use of routine surveillance (RS) has been widely used. Another option for ROC patients is to utilize 

targeted maintenance treatment (MTs). MFs extend patients’ PFS, which is the primary concern in 

treating ROC5. Poly(ADP-ribose) polymerase inhibitors (PARPi) has shown benefit as a maintenance 

therapy by extending time to progression after PBC, which may also show survival benefit6–8.  
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Three PARPi (niraparib, olaparib, and rucaparib) has been approved by the US Food and Drug 

Administration (FDA) for use as an MTs for patients with ROC, primary peritoneal cancer, fallopian tube 

and who have a partial or complete response to PBC.  

 

A double-blind, phase 2 randomized control trial8 (Study 19, CT00753545) showed benefit of olaparib in 

maintenance therapy by 8.4 months of median PFS versus 4.8 months in routine surveillance (RS) and 

showed a hazard ratio (HR) of 0.35 (95% confidence interval[CI]=0.25-0.49). This benefit was mainly 

attributed from a cohort with germline BRCA mutations (gBRCA) with median PFS of 19.1 months for 

olaparib compared with 5.5 months in the RS (HR=0.30, 95%CI=0.22-0.41).  

The Need for Economic Evaluation on Better Treatments  

While the PARP inhibitor drugs have significantly shown health benefit by extending PFS in the clinical 

trial settings, they are also associated with high costs as translated into use in clinical practice. Currently, 

a health-economic evaluation such as a cost-effectiveness analysis9–11 has been widely adopted to evaluate 

the value of PARP inhibitors for BRCA mutation carriers. The health economic evidence has been 

remained limited to cost-effectiveness of PARP inhibitors compared with RS, but the value of knowing 

BRCA information in identifying the right ROC patient for better treatment option (PARP inhibitor) has 

remained limited. 

 

Problem and Objective of the Study 

 

As mentioned in our previous work, single genetic information can be applied to multiple diseases to 

guide cancer prevention, novel cancer treatment strategy, and personalized care. To show the overall 

value of knowing BRCA information in multiple settings, the value of knowing BRCA information in each 
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setting needs to be quantified and combinable. Therefore, we monetized the value of knowing BRCA 

information in providing better treatment options (olaparib) to right patients (BRCA mutation carriers) by 

comparing the costs and outcomes of “with BRCA information” to “without BRCA information” in 

decision analysis model. 
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Methods 

 

Model Description 

 

Overview of the Model 

 

A decision-analytic model, in combination with the partitioned survival model and decision trees, was 

developed to calculate the costs and effects of knowing BRCA information in maintenance therapy of 

patients with ROC. We defined the intervention (‘BRCA information’) as knowing the BRCA mutation 

status, followed by the possibility of better treatment options (olaparib), if a mutation was found. ROC 

patients were followed for lifetime (i.e., death or the 15-year model time-horizon is reached) with 

partitioned survival model cycle length of one-month using TreeAge Pro software (TreeAge Software 

Inc., Williamstown, Massachusetts).  

 

Population of Interest 

A hypothetical cohort in the model was based on the ROC patients with or without deleterious germline 

BRCA mutation of the Study 198 population: adult patients (18 years or older), platinum-sensitive, high-

grade (grade 2 or 3), recurrent ovarian or fallopian tube cancer or peritoneal cancer, two or more previous 

courses of PBC, and required to have shown an objective response (complete or partial response).   

 

Model Structure  

 

The ‘with BRCA information’ strategy was compared to the ‘without BRCA information’ strategy. In 

‘with BRCA information’ strategy, BRCA mutation carriers were treated with olaparib until disease 

progression and non-BRCA carriers were under routine surveillance (RS). In ‘without BRCA information’ 

strategy, three possible cases were considered: 1) all patients were treated with RS regardless of mutation 
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status until disease progression, 2) all patients were treated with olaparib regardless of mutation status, 3) 

all patients were treated with family history and family history is assumed to surrogate BRCA mutation 

(patients with significant family history of ovarian or breast cancer were treated with olaparib until 

disease progression and patients without significant family history were treated with RS). The model 

starts with a decision tree (Figure 1a) where recurrent ovarian cancer patients were either tested for BRCA 

mutation (‘with BRCA information’) or not tested (‘without BRCA information’). Positive and negative 

results of BRCA and family history testing for will start a cascade of testing for sensitivity and specificity 

of the test followed by treatment of olaparib or RS.  

 

The long-term outcomes and costs were modeled using a partitioned survival model, also known as an 

‘area under the curve’ model12. The percentage of patients by progression status at a given time point is 

utilized to calculate the incurred costs and accrued benefits. The model utilizes a standard three-health 

state structure of (Figure 1b) pre-progression, post-progression, and dead. This structure was widely used 

in previous economic evaluations in oncology13. All of individuals begin in the ‘pre-progression state,’ 

and they transition to ‘post-progression’ or ‘dead’ state. This decision is governed by probability 

progression-free survival (PFS) curve and overall survival (OS) curve derived from Study 19 trial data.    
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Figure 1. The overview of model structure depicting the decision-analytic model shows that all women 

start with recurrent ovarian cancer. Patients are simulated between health states until death occurs or the 

15-year model time-horizon is reached. The cycle length is one month. Presented in the diagram is the 

decision node (square), chance nodes (empty circles) directed by transition probabilities, partition survival 

nodes (circles with ‘P’). BRCA indicates breast cancer gene1 and/or 2; RS, routine surveillance; PFS, 

progression-free survival; and OS, overall survival; S(t), probability of survival beyond time t. (a) 

Decision tree. (b) Partitioned survival model.  
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Efficacy and Safety Inputs  

Model Fit and Extrapolation 

PFS and OS for maintenance olaparib and RS were retrieved by the results of Study 19. To extrapolate 

the PFS and OS over the model time horizon, an approximation of the original individual-level patient 

time-to-event data were derived from the Kaplan-Meier curve. An algorithm14 developed to map the 

digitized curves back to individual time-to-event data by the inverted Kaplan-Meier equations as well as 

the number of events, and numbers at risk were utilized.  Parametric survival curve fitting was performed 

following NICE guidance15. Six parametric distributions were fitted: exponential, Weibull, log-logistic, 

lognormal, generalized gamma, and Gompertz. Both Akaike Information Criterion (AIC) and Bayesian 

Information Criterion (BIC) were measured, and the lowest of the total was selected as the distribution 

with best fit. Further validation was conducted by visual inspection of the fitted distribution on the 

Kaplan-Meier plots and validation by clinical experts.  

 

Progression-Free Survival 

Progression-free survival (PFS) was derived from Kaplan-Meier (KM) results of Study 198.  RCTs of 

olaparib indicate improved PFS compared to RS, especially in the presence of a deleterious BRCA 

mutation. Among the patients with deleterious BRCA mutation (76 patients on olaparib and 62 patients 

with placebo), the median PFS was 11.2 months in the olaparib arm and 4.3 months in the placebo arm 

(HR 0.18; 95% CI, 0.10 to 0.31); benefits were less pronounced with BRCA negative mutations (7.4 

months vs. 5.5 months; HR 0.54; 95% CI, 0.34 to 0.85).  

 

Overall Survival  

An updated analysis of Study 1916 was the only available source of OS data among PARP inhibitors with 

a median follow up of 6.5 years (79% data maturity). For a patient with BRCA mutation of Study 19, the 
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median overall survival was 34.9 and 30.2 months in the olaparib and RS groups, respectively, and 

showed a clinical improvement in OS (HR:0.62, 95% CI, 0.42 to 0.93; p=0.021). The criterion for a 

statistical significance (p<0.0095) was not met for OS due to the alpha spending approach used during 

interim analyses. However, these data demonstrated continued treatment benefit and was utilized in our 

analyses based on previous studies claiming significant benefit for OS. For the BRCA negative mutation 

carriers, the median overall survival was higher for RS, and overall survival benefit of olaparib did not 

differ to RS with multiple crossovers in the KM curve (24.5 months vs. 26.6 months; HR 0.83; 95% CI, 

0.55 to 1.24; p=0.37). 

 

Adverse Event Rates 

To account for toxicity, treatment-related adverse events (AEs) with grade higher than 3 reported in Study 

198 were considered in the model. Study 19 showed that olaparib was associated with few serious AEs, 

including neutropenia, anemia, and nausea.  

 

Other Probabilities 

The prevalence of germline BRCA mutation in platinum-sensitive recurrent ovarian cancer patients is set 

at 14.1% based on the prevalence estimates from Alsop et al17.  Another lower prevalence estimates18, 

10.6%, were utilized as scenario analysis. The sensitivity and specificity of BRCA test were retrieved 

from published literature19. The probability of having a significant family history among ovarian cancer 

patients was estimated (19.4%) from the same study by Alsop et al. 17. Among the BRCA mutation 

carriers, 38.7% had significant family history 17. Significant family history was defined from the study as 

(a) a first degree relative(FDR) diagnosed with ovarian cancer at any age; (b) FDR diagnosed with breast 

cancer at age younger than 60 years; (c) a combination of two of more FDR with breast or ovarian cancer; 

or (d) a male FDR diagnosed with breast cancer at any age.  
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Table 1. Summary of key input parameters values and sources 
Variable Base value SE/Range Distrib

ution 

Source 
Transition probabilities 

BRCA1/BRCA2 germline mutation prevalence in 

platinum-sensitive recurrent ovarian cancer patients (p1) 
0.141 0.0383 Beta Alsop 201217 

Sensitivity of BRCA testing (p2) 0.950 0.0051 Beta Smith 201219  

Specificity of BRCA testing (p3) 

 

 

 

0.990 0.0051 Beta Smith 201219 

The proportion of family history of ovarian/breast 

cancer among general population (p4) 

 

0.194 0.0112 Beta Alsop 201217 

The proportion of family history of ovarian/breast 

cancer among BRCA mutation carrier (p5) 

 

0.387 0.0431 Beta Alsop 201217 

Adverse event probability      

 Olaparib     
 

 
Anemia 0.051 0.0026 Beta Ledermann 

20148   Neutropenia 0.041 0.0021 Beta Ledermann 

20148   Fatigue 0.068 0.0034 Beta Ledermann 

20148   Nausea 0.014 0.0007 Beta Ledermann 

20148   Vomiting 0.027 0.0014 Beta Ledermann 

20148  Routine surveillance     

  Neutropenia 0.017 0.0033 Beta Ledermann 

20148   Fatigue 0.006 0.0011 Beta Ledermann 

20148   Nausea 0.011 0.0026 Beta Ledermann 

20148     Vomiting 0.006 0.0011 Beta Ledermann 

20148 Health state utilities 
 Olaparib     

  Progression-free disease  0.77 0.020 Beta NICE 

TA38120   Progressed disease  0.65 0.065 Beta NICE 

TA38120  Routine surveillance    
 

  Progression-free disease  0.71 0.026 Beta NICE 

TA38120   Progressed disease  0.63 0.065 Beta Mehta 201421 

 Adverse event disutilitiies     

  fatigue 0.03 0.094 Beta Havrilesky 

2009   nausea 0.06 0.108 Beta Havrilesky 

2009     vomiting 0.06 0.108 Beta Havrilesky 

2009 Costs in 2019 US dollars ($) 

  Cost of genetic testing 330 51 Gamm

a 

Manchanda22 

2016   Cost of Counselling 280 43 Gamm

a 

Schwart23 

201423   Olaparib 150mg*120 (WAC) 13,482 2,064 Gamm

a 

Redbook 

201924   Olaparib 150mg*120 (VA) 10,438 1,598 Gamm

a 

VA FSS25 

  Drug administration (IV) 143 22 Gamm

a 

Medicare26 

FFS25   Subsequent chemotherapy 5225 800 Gamm

a 

Redbook 2019 

  Anemia 756 116 Gamm

a 

Rashid 201627 

  Neutropenia 868 133 Gamm

a 

Rashid 201627 

  Nausea 678 104 Gamm

a 

Rashid 201627 

  Vomiting 678 104 Gamm

a 

Rashid 201627 

  Terminal care costs  85,904 13,149 Gamm

a 

Pyenson 2004 

  Blood test 11 2 Gamm

a 

Medicare28 

service   Outpatient visit  78 12 Gamm

a 

Medicare28 

  CT scan  315 48 Gamm

a 

Medicare28 

service   Patient time  670 103 Gamm

a 

Yabroff 

200729   Informal caregiver (progression free) 2,778 425 Gamm

a 

Yabroff 

200930   Informal caregiver (progressed) 2,707 414 Gamm

a 

Yabroff 

200930  
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Cost and Resource Use Inputs 

Cost inputs included olaparib acquisition, subsequent chemotherapy (SC), administration, physician 

office visits, adverse events, and terminal care costs, as shown in Table 1. All costs are provided the 

values in 2019 U.S dollars after adjusting for increase in the medical consumer price index (m-CPI)31,32. 

In payer perspective, only direct medical costs were considered. In societal perspective, direct non-

medical costs related to patient time and non-medical cost of informal caregivers were incorporated in the 

model when patient had progression. All costs were calculated based on a 30-day cycle.  

 

Drug Acquisition Costs 

The costs of olaparib are based on the U.S Department of Veterans Affairs Federal Supply Schedule23 

(VA FSS) of pack of 120, 150mg tablets. Drug costs based on NDC code of 00310-0679-12 from VA 

FSS were publicly available and thus approximated actual drug acquisition cost net of all rebates, copays, 

or other adjustments as recommended from ISPOR Task Force27. Wholesale acquisition cost (WAC) of 

olaparib identified from Redbook24 were utilized as scenario analysis.  

 

Administration and Monitoring Costs 

Costs for laboratory tests, office visits, and imaging were based on Center for Medicare & Medicaid 

Services (CMS) reimbursement 7,33schedules using Current Procedural Terminology (CPT) and 

Healthcare Common Procedure Coding System (HCPCS) codes. Orally administrated drugs (olaparib) 

were assumed to have no costs for administration. Subsequent chemotherapy (SC) was administered 

intravenously (IV) with a unit administration cost. Costs for genetic testing22 and counseling23 are taken 

from published studies. The unit monitoring costs were calculated by the resource use rates.  
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Adverse Event Related Costs 

AE management costs were retrieved from literature21. The adverse event costs consisted of drug costs 

plus hospitalizations used to treat the event, based on diagnosis-related group (DRG) codes and the 

literature. The AE incidence rates were multiplied by the relevant AE management costs to calculate the 

total costs associated with AEs of treatment.  

 

Subsequent Chemotherapy Costs 

The relevant unit drug costs34 for subsequent chemotherapy (SC) regimens were identified and combined 

with a regimen schedule to calculate the mean cost per cycle. The same egimen35 usage for each 

maintenance therapy has been utilized.   

 

Terminal Care Costs 

Terminal care costs were retrieved from a literature36 and were applied once in the model.  

 

Quality-of-Life and Incidence Inputs  

Utility Weights 

Health state utilities were estimated based on published literature estimates, as shown in Table 1. The 

utilities for the progression-free states in the model were based on FACT-O from Study 19 mapped to 

EuroQol-5D-3L scores using OLS mapping algorithm reported by Longworth et al. The utilities for 

progression-free state on maintenance therapy by olaparib was 0.77 and without maintenance therapy 

(RS) was 0.7120. The utilities for the progressed disease states were based from utility of second 

subsequent therapy (olaparib) in OVA-301. For RS, the utilities for progressed disease is from Mehta 

201421.  
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Disutilities 

Health state disutilities relevant to ovarian cancer treatment were retrieved from Havrilesky 200937. From 

the paper, the following symptoms were included for disutilities: fatigue, nausea, and vomiting. For other 

AEs, zero disutilities were assigned assuming asymptomatic and minimal negative effects on quality of 

life. 

 

Prevalence and Incidence Projection 

Among all prevalent cases of ovarian cancer in the US, our target population was ROC patients who are 

eligible for maintenance treatment and respond to platinum-containing regimen. Based on previous 

study38, this population is estimated to represent 4% of prevalent ovarian cancer patients in 2019. From 

the World Ovarian Cancer Coalition's Every Woman Study39, the incidence of ovarian cancer is assumed 

to increase 55% more by year 2035. Among the 229,87540 cases of ovarian cancer, eligible population in 

US for better treatment options in recurrent ovarian cancer is estimated to be 9,195 in year 2020. The 

accumulated new number of eligible female population who could have received better treatment was 

estimated to be 18,384 in next 15 years. 

 

Analysis  

General Analysis 

In accordance with the US Second Panel on Cost-Effectiveness in Health and Medicine41, we adopted 

both payer and societal perspectives and discounted all costs and health benefits at a rate of 3.5% per 

year. The details of included costs and outcomes for each perspective were presented using impact 

inventory as recommended from US Second Panel on Cost-Effectiveness in Health and Medicine (Table 

2). Validation of the health economic model was tested with clinicians by discussing the descriptive and 

face validity41. 
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Table 2. Impact inventory of health outcomes and costs included under payer's and societal perspective  

Sector Type of Impact 

Included in analysis from 

the following perspective? 

Payer Societal 

Formal payer sector 

Health 

Health Outcomes (Effects): ✓ ✓ 

Longevity effects, Years ✓ ✓ 

Health-related quality of life (HRQoL), QALYs ✓ ✓ 

Disutility due to adverse events from treatment, QALYs ✓ ✓ 

Spillover HRQoL, caregiver x x 

Medical Costs: 
  

Paid for by third-party payers, $ ✓ ✓ 

Future related medical costs, $ ✓ ✓ 

Future unrelated medical costs, $ ✓ ✓ 

Informal payer sector 

 Unpaid caregiver time costs x ✓ 

Transportation costs x x 

Non-payer sector 

  Patient time x ✓ 

 

Base-Case Cost-Effectiveness and Monetized Value 

For our base-case analysis, a scenario ‘with BRCA information’ was compared to another scenario 

‘without BRCA information’ that had three possible cases to demonstrate the outcomes (quality-adjusted-

life-year gain [QALY] and life-year gain) and relevant cost of each scenario. Each outcome and relevant 

costs were utilized to calculate incremental cost-effectiveness ratio (ICER) using routine surveillance 

(case 1) as a reference group. To determine monetized value of knowing BRCA information using 

incremental net-monetary benefit42 (INMB), the opportunistic value of treating the right patient was 

considered by using case 3 as a reference group. In another word, the INMB calculation was based on 

comparing a scenario ‘with BRCA information’ to a case of using family history as surrogate marker for 

BRCA mutation (case 3).  
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The model incorporated the probabilities and values assigned to the health states and generated mean 

expected life-time cost (USD in the year 2019) and QALYs. QALYs are retrieved by adjusting the length 

of survival gain by the utility values of the associated health states. We calculated INMB by multiplying 

incremental QALY to willingness-to-pay (WTP) threshold followed by subtracting incremental cost as 

shown in below equation. A commonly used willingness-to-pay threshold (WTP) of $150,000/QALY, 

which is three times the 2019 US gross domestic product (GDP) per capita18, was utilized in our analysis 

as recommended by the World Health Organization18. The WTP threshold of $150,000 in the US context 

has been used in numerous previous studies including study by Braithwaite et al.18 

 

The net monetized value of knowing genetic information was estimated by multiplying INMB to the 

eligible population who can benefit from knowing BRCA information each year (ROC patients). The net 

monetized value of knowing genetic information was presented for each year as well as accumulated 

value over the next 15 years.  

 

 

 

 

 

Sensitivity Analysis 

To present the model parameter uncertainty, we conducted extensive one-way and probabilistic sensitivity 

analyses (PSA). For one-way sensitivity analysis, each range of key input parameter was incorporated 

individually to evaluate the effect on results 18. The 95% CIs or range were utilized when varying the 

probabilities and utility scores. The costs were assumed to vary by ±30%. A tornado diagram was plotted 

to assess the robustness of the results. For PSA, all included input parameters were varied simultaneously. 

A gamma distribution was utilized for costs, a beta distribution for probability, a log-normal distribution 

(a) INMB with genetic information – without genetic information  

• Δ QALYs * WTP – Δ Costs 

(b) Net monetized value knowing of genetic information 

• INMB * Number of eligible individuals  
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for utility values 18. For PSA, Monte Carlo simulation (20,000 times) was conducted to randomly sample 

parameter values from a priori defined distribution of each variable. A cost-effectiveness acceptability 

curve (CEAC) was generated to present the probability of INMB being positive at different WTP 

thresholds.  

 

 

Scenario Analysis 

Alternative scenario analyses were also implemented to determine the impact on the value of knowing 

BRCA information. Additional scenario analyses included different drug prices, prevalence of germline 

BRCA carriers among ROC18, and different parametric fitting for PFS and OS. To be specific, three 

scenarios were utilized: 1) olaparib cost based on WAC, 2) lower prevalence of germline BRCA carriers 

among ROC 3) different parametric fitting based on Weibull distribution.  

 

Assumptions 

The following assumptions were made to implement a working model 

1) Due to lack of data, BRCA1 and BRCA2 mutations were assumed to have similar effectiveness 

and outcomes from maintenance therapy. 

2) For the study that did not differ between germline and somatic BRCA mutation, somatic and 

germline BRCA mutation were assumed to have similar outcomes. 

3) In ‘without BRCA information’ arm, patients with a significant family history of ovarian and 

breast cancer will be treated with olaparib assuming family history can serve as a surrogate 

marker for BRCA mutation.  

4) Study 19, the only available study with OS data among PARP inhibitors, used 400 mg b.i.d. 

capsules of olaparib. However, capsules are no longer available (discontinued), and alternative 

tablet formulation was developed. Based on Study 2443, 300mg b.i.d. tablet formulation was 
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shown to be non-inferior to 400mg b.i.d. capsules. Therefore, we have used the cost of 300mg 

b.i.d. tablet assuming same efficacy of 400mg b.i.d. capsules.  

5) The cost of genetic testing for BRCA mutation is based on the cost of a multigene panel test that 

includes BRCA mutation. The sensitivity and specificity are assumed to be the same as the 

widely used BRCA testing kit manufactured by Myriad.  

6) The efficacy and safety measure for Study 19 is assumed to be generalizable to whole recurrent 

ovarian cancer population 

7) Piecewise parametric fitting approach based on observed Kaplan-Meier data up to 78 months is 

assumed to predict plausible survival estimates.  

8) Subsequent chemotherapy regimen for RS and olaparib maintenance is assumed to have the same 

cost across both arms.  

9) The cost of administration for an oral regimen is assumed to have no administration.    

10) The worldwide incidence trend of ovarian cancer is assumed to be similar to the trend in US. 
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Results 

 

Base-Case Results 

 

Parametric Distribution Fitting 

The goodness of fit statistics for each parametric distribution is shown in Table 3. For OS, PFS for both 

BRCA positive and negative group had the lowest AIC and BIC for lognormal distribution. Therefore, 

lognormal distribution was utilized to extrapolate PFS and OS curves. Visual inspection of the plots was 

confirmed as shown in Figure 2.   

 
Table 3. The goodness of fit statistics for the parametric distributions for OS and PFS 

Curve 
Olaparib Routine surveillance 

AIC BIC AIC BIC 

Overall Survival: gBRCA(+) 

Exponential 483.2   425.4   

Weibull 478.7 483.3 420.5 424.7 

Log-logistic 473.0 475.6 416.8 418.0 

Lognormal 471.0 475.6 415.4 419.7 

Generalised gamma 472.0 478.9 415.0 421.4 

Gompertz 484.1 488.7 425.4 429.7 

Progresson-free survival: gBRCA(+) 

Exponential 198.6   239.9   

Weibull 186.0 193.6 210.9 225.2 

Log-logistic 188.7 193.3 214.2 218.4 

Lognormal 188.4 193.0 216.2 220.5 

Generalised gamma 190.4 197.3 215.2 221.6 

Gompertz 192.5 197.1 230.0 234.2 

Overall Survival: gBRCA(-) 

Exponential 396.1   497.5   

Weibull 393.8 397.9 483.5 487.8 

Log-logistic 380.1 384.2 477.0 481.2 

Lognormal 380.1 384.3 476.0 481.6 

Generalised gamma 384.0 390.1 479.0 485.3 

Gompertz 398.1 402.2 492.1 496.4 

Progression-free survival: gBRCA(-) 

Exponential 196.1   291.8   

Weibull 186.6 190.7 273.1 277.2 

Lognormal 181.9 186.0 266.2 270.3 

Log-logistic 183.6 187.7 267.8 271.9 

Generalised gamma 182.5 188.6 268.0 274.2 

Gompertz 192.5 196.5 282.7 286.8 
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Abbreviations: AIC, Akaike Information Criterion; BIC, Bayesian Information Criterion; OS, overall survival, 

PFS, progression free survival. Lower AIC/BIC indicates a better fit. Best fitting curve (total of AIC and BIC 

were calculated where best fitting curve differed by treatment arm). 

 

 
Figure 2. Kaplan Meier plots and parametric distributions for overall survival (OS). Left: Olaparib, 

Right: routine surveillance (RS), Down: BRCA mutation carriers, and Up: non-BRCA mutation carriers.
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Figure 3. Kaplan Meier plots and parametric distributions for progression-free survival (PFS). Left: 

Olaparib, Right: routine surveillance (RS), Down: BRCA mutation carriers, and Up: non-BRCA mutation 

carriers. 

 

ICER and INMB 

 

The comparison of decision-analytic model outcomes of ‘with BRCA information’ and the three cases of 

‘without BRCA information’ for lifetime costs, life-years (survival), and QALYs are shown on Table 4 

(both undiscounted and discounted). In the base case from payer perspective, knowing BRCA information 

for ROC patients showed higher QALYs of 2.07 QALYs before discounting and 1.90 QALYs after 

discounting, with the total cost value of $33,543 per-person before discounting and $32,868 per-person 

after discounting. Compared with the first case (RS) of ‘without BRCA information’ scenario, knowing 

BRCA information for ROC population provided an additional 0.11 QALYs at a cost of $22,696, resulting 

in an ICER of $210,965 in payer perspective with discount rate of 3.5%. In societal perspective, knowing 

BRCA information for ROC population provided an additional 0.11 QALYs at a cost of $28,025, resulting 

in an ICER of $260,499. ICERs were calculated for other cases using RS as reference group and showed 

higher values of $246,675 and $277,096 for case 2 (family history) and case 3 (all olaparib use), 

respectively in payer perspective. The value of knowing BRCA information is captured by calculating 

INMB using comparison of ‘with BRCA information’ to case 2 (family history) and showed monetized 

value of $3,528 in payer perspective and $3,194 in societal perspective.  

 

 
 

Total cost ($) Life-years QALYs Total cost ($) Life-years QALYs

Routine Surveillance 10,302         3.02 1.94 10,172          2.79 1.79 Ref -

Family history 36,598         3.17 2.07 35,911          2.91 1.90 246,675    Ref

All olaparib 134,950       3.64 2.47 132,375       3.29 2.24 277,096    -

33,543         3.18 2.07 32,868          2.92 1.90 210,965    3,528     

Routine Surveillance 135,342       3.02 1.94 125,535       2.79 1.79 Ref -

Family history 167,838       3.17 2.07 156,268       2.91 1.90 294,544    Ref

All olaparib 285,568       3.64 2.47 268,322       3.29 2.24 323,770    -

165,188       3.18 2.07 153,560       2.92 1.90 260,499    3,194         

With BRCA information

Payer 

Without BRCA information

With BRCA information

Societal 

ICER     

($/QALY)
INMB ($)

Table 4. Base case model cost-effectiveness results: Undiscounted and discounted costs, QALYs, ICER, and incremental 

NMB (time horizon: lifetime; costs and health effects discounted at 3.5%; WTP: $150,000) 

Perspective
Undiscounted Discounted

Without BRCA information

Alternative
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Sensitivity Analysis 

One-Way Sensitivity Analysis Results 

A tornado diagram showing the input parameters in descending order of impact for INMB calculated is 

shown in Figure 2. Results of the one-way sensitivity analysis (OWSA) indicate that the INMB is not 

impacted significantly based on input parameters including olaparib cost, the prevalence of BRCA 

mutation carriers among ROC patients, utility weights, and CS cost. Varying all these input parameters 

over possible ranges did not significantly influence the INMB values, and INMB remained positive 

regardless of variation of input parameters at $150,000/QALY WTP thresholds. 

 

Figure 4. Each horizontal bar represents INMB (incremental net monetary benefit) values calculated from 

a range of values evaluated for each variable. The baseline INMB is shown from vertical black lines. 

 

Probabilistic Sensitivity Analysis Results 

PSA results based on all cases showed that at $150,000/QALY WTP thresholds, routine surveillance is 

the preferred strategy for 82.2% of the Monte Carlo simulations (Figure 3a). Increasing the WTP 

threshold yielded higher probability of positive INMB for olaparib use. For PSA results on INMB 
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calculation by comparing “with BRCA information” to case 2 of “without BRCA information,” INMB 

maintained positive regardless of WTP range.    

(a) 

 

(b) 



94 

 

 

Figure 5. (a) cost-effectiveness acceptability curve (CEAC) for all four cases by using routine 

surveillance as reference group (b) Probability of positive INMB when comparing “with BRCA 

information” to “without BRCA information (family history).” This cost-effectiveness acceptability curve 

(CEAC) shows the probability that a strategy will be cost-effective (positive INMB) at varying 

willingness-to-pay (WTP) thresholds (shown in the x-axis) for a patient. 

 

Scenario Analyses 

The alternative scenarios based on different assumptions on cost, parametric fitting, and prevalence 

resulted in a similar trend of ICER and INMB as shown in Table 5. The higher cost of olaparib based on 

WAC resulted in higher ICER for all cases. Different assumptions on parametric distribution and 

prevalence maintained positive INMB.  
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The Monetized Value of Knowing BRCA Mutation by Prevention 

 

Considering the ROC prevalence estimates for ROC patients in 2020, knowing BRCA information yielded 

a net monetized value of 35.6 million dollars and 32.2 million dollars in payer and societal perspectives, 

respectively, in 2019 US dollars. Considering the accumulated number of new eligible ROC populations 

who could have received genetic testing during the next 15 years, knowing BRCA mutation yielded 

accumulated net monetized value of 97.3 million dollars and 88.1 million dollars over next 15 years in 

payer and societal perspectives, respectively in 2019 US dollars.  

 

 

Total           

cost ($)
QALYs

ICER    

($/QALY)
INMB

Total           

cost ($)
QALYs

ICER    

($/QALY)
INMB

Total           

cost ($)
QALYs

ICER    

($/QALY)
INMB

Routine Surveillance 10,172         1.794 Ref - 9,087      1.762 Ref - 10,173         1.802 Ref -

Family history 35,911         1.899 246,675        Ref 32,033   1.859 238,331 Ref 36,006         1.921 217,772  Ref

All olaparib 132,375       2.235 277,096        - 121,086 2.193 260,186 - 131,217       2.240 276,627  -

32,868         1.902 210,965        3,528       28,398   1.854 210,680 2,942  27,444         1.886 206,227  3,330     With BRCA information

Table 5. Scenario analysis: Different age of knowing BRCA information and 

Olaparib cost based on WAC
Parmateric fitting by Weibull 

distribtuion

Lower prevalence of BRCA among ROC 

patients

Without BRCA information
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Figure 4. Accumulated monetized value by knowing BRCA mutation information over the next 15 years. 

This is calculated by the number of eligible populations each year to INMB (incremental net monetary 

benefit).   

 

Discussion 

 

Model Summary 

 

 

Our finding shows that despite the costs associated with genetic testing and higher treatment costs, 

knowing BRCA information is cost saving because it allows better treatment options for specific ROC 

patients. By selecting right patients on right treatment based on BRCA information, ROC patients will 

have longer time without progression. The benefits of knowing the BRCA information offset the cost of 

genetic testing. Our findings can be utilized to help policy decisions on health care resource allocation for 

better treatment among ROC.  

 

Our findings that knowing the BRCA information compared to without knowing BRCA mutation brings 

INMB of $3,528 is noteworthy. From a population perspective, net monetized value of knowing BRCA 

mutation is $35.6M and $32.2M for payer and societal perspective, respectively, by testing all ROC 

patients in year 2020. By incorporating eligible population until year 2035, the accumulated net 

monetized value will exceed $97.3M and $88.0M in payer and societal perspective, respectively. Our 

quantified value of knowing BRCA information in better treatment option for ROC patients can be 

combined with quantified value in other settings. These results and methodology have important 

implications for clinical care as well as policymakers and program evaluators.  
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Comparison to Other Models/Analyses 

 

Guy et al.10 have conducted a similar decision analysis model to evaluate the cost-effectiveness of PARP 

inhibitors (niraparib, olaparib, and rucaparib) compared to routine surveillance among ROC patients in a 

U.S. payer perspective. The model incorporated ROC patients with or without germline BRCA mutations 

and assumed that mean OS benefit was estimated as double the mean PFS benefit. The results showed 

ICER of 83,078 by comparing olaparib to RS on germline BRCA mutation carriers and mentioned 

olaparib is cost-effective for germline BRCA mutation carriers, which showed significantly lower ICER 

values compared to other cost-effectiveness analyses 9,11, that ranged from $200,000-$300,000. The 

driving factor for the difference was an assumption that presumes OS benefit as double of PFS benefit, 

which has received multiple critiques. Our analyses utilized direct OS benefit and used partitioned 

survival model to minimize assumptions, and our results are in line with other previous studies showing 

higher range of ICER. While previous studies focused on cost-effectiveness of PARP inhibitors, our study 

emphasizes the monetized value of BRCA information with a broader scope (both payer and societal 

perspective) by incorporating genetic specific features (sensitivity and specificity of genetic testing).  

  

Analyses Strengths and Implications 

 

Genetic Information Specific Features 

Our analysis has several advantages. Our model incorporates genetic information specific features 

including sensitivity and specificity of the genetic test, prevalence of mutation carriers, long-term impact 

of mutation, and minimum assumptions. Our analysis focuses on monetizing the value of knowing 

genetic information by comparing two scenarios ‘with BRCA information’ to ‘without BRCA information’ 

for ROC patients. The model parameters utilized in the model are derived from well-established literature 

and published materials. To measure the long-term impact sufficient time horizon is utilized.  
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Previous studies9–11 have focused on using QALYs to measure the costs and health measures. Using 

QALYs based on conventional cost-effectiveness analysis limits the scope by only demonstrating the 

benefit of the intervention but not the monetized value of knowing BRCA information. We focused on 

using INMB, which can be combinable and allows to incorporate pleiotropy of genetic information in 

multiple disease/settings. 

 

 

Additive Feature of INMB 

 

BRCA genes play an essential role in suppressing tumors by regulating DNA repair, transcription, and cell 

cycle in response to DNA damage. Also, BRCA information is not only related to breast and ovarian 

cancer but also in other cancers including prostate, pancreatic, and stomach cancer. To capture the value 

of knowing BRCA information, we have utilized INMB method that can be additive in monetizing the 

value of knowing genetic information in multiple situations. The monetized value of knowing BRCA 

mutation of $35.6M by testing all ROC patients is only by having better treatment option. The additional 

monetized value of knowing BRCA mutation exists for different types of cancers and different types of 

activities including prevention and personalization. The additional monetized value of knowing BRCA 

information can be calculated for different types of cancers and applications. The additional monetized 

value of knowing BRCA information can be easily combined with current known monetized value by 

utilizing INMB method provided in our study. 

 

 

Robustness of Model Under Differing Scenario, Sensitivity Analyses, and Markov Model 

Conservative costs and probabilities are utilized in our model to avoid overestimating the value of 

knowing BRCA information. Our analysis follows established guidelines for conducting cost-

effectiveness study from ISPOR44 and the Second US Panel on Cost-Effectiveness in Health and 



99 

 

Medicine41;  adoption of both payer and societal perspectives, QALYs to measure health outcomes, 

integration of utility scores, discounting both costs and health benefits at a rate of 3.5% per year, lifetime 

horizon for sufficiently long horizon, impact inventory to show the details of included costs and 

outcomes, and testing robustness of the results.  

 

To add rigor to the results, diverse scenario analyses and extensive sensitivity analyses have been 

conducted. Thorough one-way sensitivity and probabilistic sensitivity analyses support robustness and 

accuracy of results.  

 

 

 

Limitations 

 

 

Assumptions on INMB Calculation 

The results of our analysis should be interpreted in light of its limitations. As shown from the analyses, 

the high cost of better treatment options (olaparib) results in high ICER values. As shown from the CEAC 

(figure 3a), a high threshold of WTP is needed to allow cost-effectiveness of olaparib for MT of ROC.  

 

However, the value of knowing BRCA information should not be driven by the cost of the treatment. The 

opportunistic value in identifying the right patient needs to be considered. Therefore, we have assumed 

that this opportunity benefit can be captured by comparing two hypothetical scenarios where olaparib use 

is determined by genetic information or family history.  

 



100 

 

Limited Data from Multiple Sources 

Majority of the parameter utilized in the analyses is from one sole trial, Study 19. However, several inputs 

for the costs and utilities are from various observational studies based on assumptions to align 

heterogeneity of included studies. Ideally, we could have preferred having data from a single source 

consisted of large and generalizable population. While genetic testing costs have reduced drastically, 

some health care providers may charge more than our base-case analysis. Our sensitivity analysis shows 

that INMB will remain positive regardless of the price range and the cost of genetic testing is predicted to 

decline more and more.  

 

High Threshold of WTP 

 

The WTP threshold in U.S has not been fixed. Our INMB calculation is based on the WTP threshold of 

$150,000 in line with several analyses in the cost-effectiveness study of preventive screening. The WTP 

threshold has been controversial, and CEAC has been recommended to show the percentage of being 

cost-effectiveness based on range of WTP. Our scenario analysis and sensitivity analyses (CEAC) showed 

that INMB remains positive with lower threshold of $100,000. As our study primarily focuses on 

quantifying the monetized value of genetic information, which can aid not only individual but also family 

decision-making, a higher threshold can be considered.  

 

Conclusions 

 

This study quantifies the monetized value of knowing BRCA information for ROC patient population and 

shows that knowing BRCA information is cost saving to payer and society. The results of INMB 

calculation can be applied to different settings where BRCA information shows benefits and be combined 

to show to show overall value of knowing BRCA mutation. Evolving knowledge of BRCA information 
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and its value needs to be captured and combined with value in other settings. With more scientific 

progress in BRCA information, the monetized value of knowing BRCA information can be captured 

accurately and it can help patients, physicians and policymakers to choose the most appropriate coverage 

of genetic information. These findings have implication to expand BRCA testing criteria to all ROC 

patients and possible to other cancers. 
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Chapter 4 

BRCA1 and BRCA2 Gene Mutations and Colorectal Cancer Risk: Systematic Review and Meta-

Analysis 

 

 

Abstract 

 

Background 

Investigations of the associations with colorectal cancer have yielded conflicting results. The aim of our 

study was to synthesize the research on colorectal cancer risks in BRCA mutation carriers by means of a 

systematic review and quantitatively by means of meta-analyses overall and in subgroups of BRCA 

mutation carriers.  

Methods 

We searched PubMed/MEDLINE, Embase, Cochrane, Scopus, and ProQuest Dissertation & Theses. 

Unadjusted odds ratios (OR) was used to derive pooled estimates of colorectal cancer risk overall and in 

subgroups defined by mutation type (BRCA1 or BRCA2), cancer type (colorectal or colon cancer), study 

design (age-sex adjusted or crude), and ascertainment method (ascertained or inferred genotyping). The 

associations were evaluated using random-effect models. All statistical tests were two-sided.  

Results 

Eighteen studies were included in the systematic review: five cohort studies with ascertained BRCA 

mutation, six cohort studies involving pedigree analysis, five case-control studies, and two kin-cohort 

studies. Of these 14 were used in the meta-analysis, which revealed a statistically significant increased 

risk of colorectal cancer in overall BRCA mutation carriers (OR=1.24, 95%CI=1.02-1.51, p=0.03. In 
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subgroup meta-analyses by BRCA type, BRCA1 mutation was associated with an increased risk of 

colorectal cancer (OR=1.49, 95%CI=1.19-1.85, p<0.001), but BRCA2 was not (OR=1.10, 95%CI=0.77-

1.58, p=0.61). In subgroup meta-analyses of studies reporting estimates adjusted for age and sex, an 

increased risk of colorectal cancer for BRCA1 (OR=1.56, 95%CI=1.23-1.98, p<0.001), but not for BRCA2 

(OR=1.09, 95%CI=0.75-1.58, p=0.66) was observed. Analyses stratified by ascertainment method found 

no association between BRCA mutation and colorectal cancer risk.  

Conclusion 

The meta-analysis results provide clinicians and health care regulatory agencies with evidence of the 

increased risk of colorectal cancer in BRCA1 mutation carriers, but not in BRCA2.  

 



110 

 

Introduction 

 

Mutations of deoxyribonucleic acid (DNA) tumor suppressor genes have been associated with many 

cancer types.1 These genes encode diverse proteins that help control cell proliferation and thus block 

tumor development.2 The BRCA1 and BRCA2 tumor suppressor genes are involved in homologous 

recombination, known to be an error-free repair pathway for DNA double-strand breaks.3,4  The 

association between germline mutations in the BRCA1 and BRCA2 genes and diverse types of cancer has 

been studied since the genes were discovered in the mid-1990s.5,6 Individuals with BRCA1 or BRCA2 

mutations show statistically significant increased lifetime risks of up to 84% for breast cancer and 40% 

for ovarian cancer.7,8,9,10 These mutations have also been found to be associated with prostate, pancreatic, 

stomach, and colorectal cancer,11,12, but the magnitude of this risk is not clear.  

Allelic losses at the BRCA1 locus have been detected in almost 50% of sporadic colorectal 

cancers.13 One of the early retrospective cohort studies in North America and Western Europe examined 

data from families with ovarian or breast cancer and found the relative risk of colorectal cancer in BRCA1 

mutation carriers to be 4.11 (95% CI: 2.36-7.15).14 Other studies reported the risk of developing 

colorectal cancer in relatives of familial breast cancer patients to be higher than in the general 

population.15,16 However, studies on the incidence of colorectal cancer in BRCA mutation carriers have 

shown contradictory results, and generalizable estimates of the magnitude of the risk of colorectal cancer 

in BRCA mutation carriers remain lacking. A qualitative appraisal and narrative review by Sopik et al.17 

concluded that an increased risk of colorectal cancer exists in high-risk families and that the risk is limited 

to BRCA1 mutation carriers younger than age 50. Hence, the purpose of our study was to synthesize the 

research on colorectal cancer risks in BRCA mutation carriers, qualitatively by means of a systematic 

review and quantitatively by means of overall and stratified meta-analyses. 
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Methods 

 

We followed the guidelines summarized in the Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses (PRISMA)18 and the Meta-analysis of Observational Studies in Epidemiology 

(MOOSE)19 statements. The full checklists summarizing compliance with both PRISMA and MOOSE 

are included in the Supplementary Materials.  

 

Study Selection 

 

The following modified participants, interventions, comparators, outcomes, and studies approach 

(PICOS) guided eligibility screening of studies for inclusion in our study: 1) Participants: human adult 

participants (age>18) who tested positive for either BRCA1 or BRCA2 mutations or had a familial risk of 

BRCA mutation; 2) Intervention: not applicable; 3) Comparisons: cancer-affected and cancer-unaffected 

BRCA mutation carriers versus  population-based incidence rates, and BRCA-negative cancer-affected 

patients; 4) Outcomes: incidence or prevalence of colorectal cancer, including colon cancer if 

differentiated; 5) Studies: investigations reporting colorectal cancer incidence data or sufficient data to 

calculate risk. Excluded were: editorials, letters, commentaries, and review papers; publications reporting 

diseases other than colorectal cancer, such as Lynch syndrome, familial adenomatous polyposis, Peutz-

Jeghers syndrome, or Cowden syndrome; and studies without colorectal cancer incidence data or with 

insufficient data to calculate risk.   

 

Data Sources 

 

A professional health science librarian (J.M.) supported the search of the following bibliographic 

databases: PubMed/MEDLINE (1946-2017), Embase (1947-2017), Cochrane Library (1898-2017), and 

ProQuest Dissertations & Theses (1861-2017). The search was executed by two of the investigators 



112 

 

(M.O., S.Y.) and included a combination of indexing terms (MeSH terms in PubMed and EMTREE terms 

in Embase) as well as keyword terms including "Genes, BRCA1", "Genes, BRCA2", and "Colorectal 

Neoplasms" and translated for each database. We also conducted a manual check of the reference list of 

key manuscripts for the recent relevant publications through Scopus (1823-2017).  The search strategy is 

included as Supplementary Table 1. 

Data Extraction  

 

Two reviewers (M.O., I.A.) independently screened article titles and abstracts for eligibility. 

Disagreements were resolved through discussion and consensus, with unresolved issues escalated to a 

third person (A.M.). The following information was retrieved from each study using a pre-developed 

worksheet: publication date, location, study design, type of colorectal cancer, description of cases and 

controls (e.g., number, recruitment method, matching, etc.), age and gender of cases and controls, and risk 

estimates with corresponding 95% confidence intervals (95% CI). The authors of each trial were 

contacted for additional information if needed.  

 

Quality Assessment 

 

Quality assessment was performed on each included study by two reviewers (M.O., I.A.) independently 

using the Newcastle-Ottawa Scale (NOS). The NOS consists of eight items focused on three domains: 

selection of study groups, ascertainment of the exposure and outcome, and comparability of groups to 

assess the quality of observational studies. Ratings are based on a star system and studies with 

maximum rating of nine. Studies with one to three stars are categorized as low quality, four to six stars 

are categorized as moderate quality, and seven to nine stars are categorized as high quality.  
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Summary Measures 

 

To quantify the risk of colorectal cancer in the meta-analysis, we used the unadjusted odds ratio as 

common metric for studies that reported an estimate such as relative risk, odds ratio, standardized 

incidence ratio, hazard ratio, or provided sufficient information to compute the risk estimate. The 

unadjusted (crude) odds ratio for each study was calculated from a 2x2 contingency table created for each 

study. This calculated odds ratio was utilized in the meta-analysis including all subgroup meta-analyses. 

The cohort studies that reported the standardized incidence ratio (SIR) and case-control studies that 

adjusted for age and gender were used in subgroup meta-analyses to provide age and gender-adjusted 

estimates.  

 

Statistical Analyses 

 

Meta-analytic calculations were performed using Comprehensive Meta-Analysis (Version 3.0). Study-

specific relative log odds ratio were weighted by the inverse of their variance to calculate a summary 

estimate and the corresponding 95% CI. Assuming varying effect sizes across studies, associations 

between BRCA gene mutational status and OR was evaluated using DerSimonian and Laird random-effect 

models. Cochrane’s Q statistic was used to measure heterogeneity through a weighted sum of squares; 

and the I2 statistic [100%x(Q–df)/Q] to quantify the total percentage of variation across each study due to 

heterogeneity. A p-value lower than 0.05 for Cochran’s Q test and I2 exceeding 50% were used as a cut-

off for statistically significant heterogeneity.20 Publication bias was presented by utilizing contour-

enhanced funnel plot of standard error against the effect estimate. The Egger’s linear regression test 

method was applied to evaluate asymmetry of the funnel plot and a statistically significant publication 

bias was considered when the P value was less than 0.10.  Due to the limited number of studies in the 

overall and subgroup meta-analyses, statistical tests comparing the summary effect measures (odds and 

risk ratio) was not performed,  
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Subgroup Analyses 

 

Due to the expected heterogeneity, pre-specified subgroup meta-analyses were conducted as shown in 

Figure 1. After stratifying by BRCA1 and BRCA2, we explored study design features (e.g., ascertained vs. 

inferred genotyping; colorectal cancer vs. colon cancer; Age-sex adjusted vs. crude) as sources of 

heterogeneity.  

 

Results 

Study Selection  

 

Our initial literature search yielded a total of 442 relevant abstracts from PubMed, 616 relevant abstracts 

from Embase, and 12 relevant abstracts from Cochrane Library (Figure 2). An additional 12 records were 

identified by reviewing the reference lists of articles retrieved in the Scopus search or known to the 

authors. ProQuest was searched for theses and dissertations and found none. After removing duplicates, 

949 records were screened. A total of 917 publications were excluded based on abstracts review, leaving 

32 publications assessed in full text. Of these, 14 were excluded: ten publications did not include an 

incidence rate for colorectal cancer, one was an editorial, one study was a review paper, and two 

publications did not include information on BRCA mutation. A total of 18 separate studies were retained 

for the systematic review. Four of these studies were omitted from the meta-analysis: two did not include 

sufficient statistical information to compute an effect size, and two were kin-cohort studies using 

frequency of family history of colorectal cancer as an outcome.  

 

Systematic Review 
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Study Characteristics 

Of the 18 studies in the systematic review, five were cohort studies with ascertained BRCA mutation 

carriers, six were cohort studies involving pedigree analysis, five were case-control studies, and two were 

kin-cohort studies. These studies are summarized in Table 1. 

 

Cohort Studies with Ascertained BRCA Mutation Carriers (n=5)  

Mersch et al.21 included 613 BRCA1 and 459 BRCA2 mutation carriers from patients receiving genetic 

counseling at the University of Texas MD Anderson Cancer Center Genetics clinics between 1997 and 

2013. The number of colorectal cancer cases observed in the sample was compared with the expected 

number in the general population, which was calculated from the number of participants in the study 

sample multiplied by age-specific (5-year intervals) colorectal cancer incidence rates in the population-

based incidence rates (United States Cancer Statistics, 1999-2010). The majority of the carriers were 

females (n=1010, 94.2%) and white (n=803, 74.9%). The standardized incidence ratios (SIR) were 1.58 

(95%CI=0.58-3.44) for BRCA1 and 0.53 (95%CI=0.06-1.90) for BRCA2, indicating no statistically 

significant risk of colorectal cancer between mutation carriers and population-based incidence rates.  

Phelan et al.22 followed 7,015 women with a BRCA1 or BRCA2 mutation from 50 centers in the 

United States, Canada, Poland, France, and Norway enrolled from 1992 to 2010 and followed for an 

average of 5.5 years. Age-standardized incidence rates for each participating country were obtained from 

GLOBOCAN 2008. In total, 21 incident colorectal cancer cases were observed among all mutation 

carriers, which was less than the 23.5 cases expected from the population-specific incidence rates. The 

age-adjusted SIR was 0.92 (95%CI=0.54-1.40) for BRCA1 and 0.82 (95%CI=0.30-1.80) for BRCA2 

(Table 1), indicating no increased risk of colorectal cancer in the mutation carriers. However, in an 

adequately powered sub-analysis of women younger than 50 years of age carrying the BRCA1 mutation 

(n=2,638), there was a 4.76 (95%CI=2.21-9.00) statistically significant increase in the risk of colorectal 

cancer.  
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Kadouri et al.23 conducted a historical cohort study of 1,098 Ashkenazi Jewish women with breast 

and/or ovarian cancer seen in the cancer genetics clinics of Hadassah Medical Center (Jerusalem, Israel) 

between 1995 and 2003. Of the 329 BRCA-positive subjects, 229 were BRCA1, and 100 were BRCA2 

mutation carriers; leaving a comparison group of 769 non-carriers (Table 1). Six colorectal cancers were 

identified among BRCA1 and two among BRCA2 mutation carriers compared to 12 among non-carriers; 

corresponding to statistically non-significant odds ratios of 1.70 (95%CI=0.63-4.57) and 1.29 

(95%CI=0.29-5.84), respectively. The study incorporated time to colorectal cancer by using a Cox 

proportional hazard analysis with the time of onset of colorectal cancer as the end point. This yielded 

hazard ratios of 3.90 (95%CI=1.30-12.10) for BRCA1 carriers and 2.31 for BRCA2 carriers (95%CI=0.50-

11.30); indicating that BRCA1 but not BRCA2 mutation carriers had a statistically significant higher 

colorectal cancer risk than non-carriers.  

Thompson et al.24  reviewed data from 699 families with at least one known BRCA1 mutation 

carrier from 30 centers across Europe and North America. Of the 11,847 subjects, 2,245 were BRCA1 

mutation carriers, 1,106 were non-carriers, and 8,496 individuals had not been tested for mutations. The 

colorectal cancer incidence rate in the 2,245 BRCA1 mutation carriers was utilized to estimate relative 

risk. Fourteen cases of colon cancer were screened among BRCA1 mutation carriers, compared with 7.36 

expected cases from the SEER incidence rates for Caucasians (1983-1987), yielding a statistically 

significant relative risk for colon cancer in BRCA1 carriers of 2.03 (95%CI=1.45-2.85). In addition, in the 

8,496 family members not tested for BRCA mutations, 76 cases of colon cancer were found compared to 

48.77 expected cancers, resulting in a statistically significant SIR of 1.46 (95%CI=1.24-1.94). 

In a cohort study, Lin et al.25 compared the lifetime colorectal cancer risk in BRCA mutation 

carriers relative to the general population. The Creighton Hereditary Cancer Institute Registry (1972-

1997) and the Creighton University Tumor Registry (1965-1996) identified 164 BRCA1 and 88 BRCA2 

gene mutation carriers and compared their colorectal cancer risk with the lifetime risk from the SEER 

Cancer Statistics Review (1993-1995). The risk in female and male BRCA mutation carriers was 3.2% 
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and 5.6%, respectively; which was statistically not significantly different from the corresponding 5.9% 

and 6.0% risks in the general female and male populations.  

Summarized, in this set of five cohort studies with ascertained BRCA mutation carriers, two 

studies reported an increased risk of colon and colorectal cancer among BRCA1 mutation carriers. The 

remaining studies, all of which included both BRCA1 and BRCA2 carriers and focused on colorectal 

cancer, found no increased cancer risk relative to population-specific incidence rates. 

 

Cohort Studies Involving Pedigree Analysis (n=6) 

Moran et al.26 assessed 268 BRCA1 families and 222 BRCA2 families including 3,341 individuals who 

had tested positive for BRCA1 or BRCA2 mutations (n=1,148) or who had not been tested though a 

relative had tested positive (n=2,193). In total, 1,815 possible BRCA1 carriers and 1,526 possible BRCA2 

carriers were included. Person-years from 1975 to 2005 were used for risk analysis, and an assumption 

was made that 50% of those not tested carried the BRCA mutation. SIR was estimated from incidence 

rates for the Northwest of England for the same time frame. For BRCA1 mutation carriers, 11 incident 

colorectal cancer cases were observed, which was less than the 11.4 cases expected, yielding a 

statistically non-significant SIR of 1.00 (95%CI=0.50-1.70). For BRCA2 mutation carriers, 10.4 incident 

colorectal cancer cases were observed, compared to 10.3 expected cases, yielding a statistically non-

significant SIR of 1.00 (95%CI=0.50-1.80) for BRCA2 mutation carriers.  

Van Asperen et al.27 conducted a retrospective cohort study in eight clinical genetics centers in 

the Netherlands of the members of 139 families in which someone had breast and/or ovarian cancer. 

Pedigrees were drawn for all members, and the youngest typed carrier and his/her first-degree relatives 

were selected for the cohort. These presumed BRCA1 or BRCA2 mutation carriers comprised 1,811 

individuals, including 1008 women (55.6%) and 803 men (44.3%). The observed number of colon 

cancers in the carrier group was 20, while 16.5 were expected based on the Netherlands Cancer Statistics 
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(1990-2005), yielding a statistically significant relative risk of 1.50 (95%CI=0.90-2.30) and indicating an 

increased risk of colorectal cancer in presumed BRCA1 or BRCA2 mutation carriers. 

Brohet et al.28 reported on part of a nationwide study in the Netherlands of 517 families with the 

BRCA1 mutation. The risk of other cancers was estimated through an assumption that 50% cohort family 

members being a carrier. These presumed BRCA1 mutation carriers comprised 6,585 individuals, 

including 2,843 women (43.2%) and 3,742 men (56.8%). The observed number of colon cancers in the 

BRCA1 mutation carrier group was 93, while 53.1 were expected based on the Netherlands Cancer 

Statistics (1990-2005), yielding a statistically significant relative risk of 2.51 (95%CI=2.02-3.07) and 

indicating an increased risk of colon cancer in presumed BRCA1 mutation carriers. 

Brose et al.29 examined the colon cancer risk in 147 families of patients from a breast cancer risk 

clinic in the United States. The sample of 483 participants included 316 subjects who tested positive for 

BRCA1 and 167 presumed carriers, which referred to siblings or parents of the identified BRCA1 mutation 

carriers. The cumulative lifetime colon cancer risk in the 483 BRCA1 mutation carriers was compared 

with the population colon cancer risk of 5.6 % in the SEER data. Nineteen cases of colon cancer (11.0%) 

were identified among carriers resulting in a relative risk of 2.00 for colorectal cancer in BRCA1 mutation 

carriers, but the study did not report confidence intervals, and p-values. 

The Breast Cancer Linkage Consortium (BCLC)30 examined colon cancer risks in 173 families 

with BRCA2 mutations. The final cohort comprised 3,728 individuals, including 681 individuals with 

breast or ovarian cancer, 471 unaffected BRCA2 mutation carriers, 390 tested non-carriers and 1,186 

individuals with unknown BRCA mutation status. Eight colon cancer cases were found in the BRCA2 

mutation group compared to 6.56 colon cancer cases expected from SEER data; resulting in a statistically 

non-significant relative risk of 1.43 (95%CI=0.79-2.58) and indicating no increased risk of colorectal 

cancer in the BRCA2 mutation carriers. 

Ford et al.14 examined data from a cohort of 33 families contributed by research groups in North 

America and Western Europe. Each family included at least four people with ovarian or breast cancer 

diagnosed before age 60 with evidence of linkage to BRCA1 mutation. The incidence of colon cancer in 



119 

 

BRCA1 mutation carriers was compared with the expected numbers of colon cancers from the general 

population using age- and sex-specific incidence rates from SEER for the United States, and England and 

Wales incidence rates for Europe. There were seven colon cancer cases among the 464 BRCA1 mutation 

carriers compared to 2.22 expected cases for the general population, yielding a statistically significant 

relative risk for colon cancer among BRCA1 mutation carriers of 4.11 (95%CI=2.36-7.15) 

In summary, in this set of six cohort studies involving pedigree analysis, four studies reported no 

increased risk of colon cancer among BRCA1 or BRCA2 mutation carriers and one study reported no 

increased risk of colorectal cancer among BRCA1 or BRCA2 mutation carriers. The remaining one study 

showed an increased risk of colon cancer among BRCA1 mutation carriers. 

Case-Control Studies (n=5) 

Suchy et al.31 compared 2,398 unselected colorectal cancer patients newly diagnosed between 

1998 and 2008 in nine centers in Poland to 4,570 individuals without colorectal cancer from ten hospitals 

throughout Poland. Ten BRCA1 mutations were identified in the case group and 22 in the control group 

for an odds ratio of 0.80 (95%CI=0.40-1.70), indicating no increased risk of colorectal cancer in BRCA1 

mutation carriers. In a sub-analysis of subjects diagnosed before the age of 60, the odds ratio was 1.70 

(95%CI=0.70-4.00), also statistically non-significant. Sub-analyses of associations between specific 

BRCA1 mutations and colorectal cancer risk yielded no statistically significant odds ratios (C61G: 

OR=2.50, 95%CI=0.60-11.40; 5382insC: OR=0.60, 95%CI= 0.20-1.60)   

Kirchhoff et al.32 compared 586 unselected Ashkenazi Jewish colorectal cancer patients to 5,012 

unaffected Ashkenazi Jews as a control group. In the case group, six BRCA1 or BRCA2 mutation carriers 

were identified compared with 118 BRCA1 or BRCA2 mutation carriers among control subjects. Among 

these six carriers, two were 185delAG carriers, one was a 5382insC carrier, and three were 6147delT 

carriers. This yielded an unadjusted odds ratio of 0.50 (95%CI=0.22-1.14), which was statistically non-

significant and indicates no increased risk of colorectal cancer in the BRCA1 or BRCA2 mutation carriers.  
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Niell et al.33 tested 1,422 unselected colorectal cancer patients matched to 1,566 control subjects 

without colorectal cancer. Matching was done through logistic regression analysis adjusting for age at 

diagnosis and gender. Twenty-four BRCA1 or BRCA2 carriers were identified in the case group and 20 in 

the control group, for an odds ratio of 1.24 (95%CI=0.68-2.26), which was statistically non-significant 

and indicates no increased risk of colorectal cancer in the BRCA1 or BRCA2 mutation carriers. A 

subgroup analysis stratified by BRCA type, BRCA1 yielded an odds ratio of 1.26 (95%CI=0.52-3.06) and 

BRCA2 yielded an odds ratio of 1.22 (95%CI=0.54-2.73). Another subgroup analysis of participants 

younger than age 65 yielded a statistically non-significant odds ratio of 3.14 (95%CI=0.64-15.43). Sub-

analyses of associations between specific BRCA1 and BRCA2 mutations and colorectal cancer risk 

yielded no statistically significant odds ratios (187delAG: OR=1.03, 95%CI=0.39-2.77; 5385insC: 

OR=3.11, 95%CI= 0.32-29.33; 187delAG or 5385insC: OR=1.26, 95%CI= 0.52-3.06; 6147delT: 

OR=1.22, 95%CI= 0.54-2.73).   

Chen-Shtoyerman et al.34 screened 225 unselected Ashkenazi Jewish colorectal cancer patients 

for BRCA1 or BRCA2 mutations and compared them with the mutation frequency in the general 

Ashkenazi Jewish population of 5,318 without colorectal cancer. Four carriers were identified (1.8%) 

which was not significantly different from the 120 carriers from the general Ashkenazi Jewish population 

(2.3%). Among these four carriers, one was a 185delAG carrier, one was a 5382insC carrier, and two 

were 6147delT carriers. As the study did not report odds ratios, confidence intervals, and p-values, the 

unadjusted odds ratio was calculated to be 0.78 (95% 0.29-2.14), which was not statistically significant 

and indicates no increased risk of colorectal cancer in the BRCA1 or BRCA2 mutation carriers. 

In a preliminary study, Drucker et al.35 screened 136 Israeli Jewish colorectal cancer patients for 

BRCA1 or BRCA2 mutations and compared Ashkenazi to non-Ashkenazi, but did not report statistical 

results beyond counts and rates. Among Ashkenazi Jews, 3 of 87 (3.5%) carriers had colorectal cancer 

while no carriers were found among 49 non-Ashkenazi Jews, indicating a possible elevated risk of BRCA 

mutation in Ashkenazi compared to non-Ashkenazi colorectal cancer patients.  
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Summarized, in this set of five case-control studies, three studies reported no increased risk of 

colorectal cancer among BRCA1 or BRCA2 mutation carriers and one study reported no increased risk of 

colorectal cancer among BRCA1 mutation carriers. The remaining study was a preliminary descriptive 

study showing a possible increased colorectal cancer risk in Ashkenazi Jews. The two studies reporting a 

sub-group analysis for early onset colorectal cancer did not infer an age-related risk. 

 

Cohort Studies Involving Kindred (n=2) 

Risch et al.36 screened 649 unselected incident cases of ovarian cancer diagnosed in Ontario, Canada 

during 1995-1996 for mutations in BRCA1 and BRCA2. Of the 515 women with invasive ovarian cancer 

60 had a BRCA mutation, including 39 with BRCA1 and 21 with BRCA2. Family histories of colorectal 

cancer were compared in mutation carriers and non-carriers. The incidence rate of colorectal cancer 

among first-degree relatives was compared with the incidence rate for 455 non-carriers from unselected 

ovarian cancer cases. A total of 2.9% incidence were observed among BRCA1 and 10.3% among BRCA2 

carriers compared to 4.2% expected in the comparison group.  The relative risk of colorectal cancer for 

BRCA1 mutation carriers was 0.70 (95%CI=0.17-2.80), which was statistically non-significant, indicating 

no increased risk of colorectal cancer among first-degree relatives of the BRCA1 mutation carriers. 

However, for BRCA2 mutation carriers, the relative risk was 2.5 (95%CI=1.0-6-3), which was statistically 

significant.  

Struewing et al.37 screened 5,318 Ashkenazi Jewish volunteers for BRCA1 and BRCA2 mutations 

and compared family histories of colon cancer in 114 BRCA mutation carriers and 4,759 non-carriers. 

Nine (7.8%) colon cancer family history cases were reported in the BRCA carriers and 509 (10.6%) in the 

non-carriers group. As relative risk, confidence interval, and p-value were not reported, we estimated the 

relative risk to be 0.71 (95%CI=0.36-1.42), which was not statistically significant and indicated no 

increased risk of colorectal cancer family histories in the BRCA mutation carriersSummarized, the two 

kin-cohort studies reported no increased risk of colorectal or colon cancer family histories among BRCA1 
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mutation carriers. One study showed an increased risk of colorectal cancer family history among BRCA2 

mutation carriers.   

 

Meta-Analyses 

 

Fourteen of the 18 studies in the systematic review were included in the meta-analysis. Two studies25,35 

were excluded as they had insufficient statistical information to compute an effect size, as were two kin-

cohort studies36,37 because the outcome was the frequency of a family history of colorectal cancer. All 

studies included in the meta-analysis had moderate quality (NOS=4-6) based on the Newcastle-Ottawa 

Scale quality assessment (Table 1). The overall meta-analysis (Figure 3) of 18 assessments of colorectal 

cancer risk in BRCA1 or BRCA2 mutation carriers found a statistically significant increase in the odds of 

colorectal cancer for BRCA carriers using a random-effects model (OR=1.24, 95%CI=1.02-1.51, p=0.03).  

Four sub-group meta-analyses that focused on only BRCA1 were performed. The first subgroup 

meta-analysis included the ten studies that focused on BRCA1 (Figure 4A) and found that BRCA1 

mutation carriers were at higher risk of colorectal cancer (OR=1.49, 95%CI=1.19-1.85, p<0.001). The 

second subgroup meta-analysis by BRCA1 only included the seven cohort studies that reported age and 

sex adjusted estimates (Figure 5A), and yielded a statistically significant risk of colorectal cancer 

(OR=1.56, 95%CI=1.23-1.98, p<0.001). The third subgroup meta-analysis included four studies that 

screened for colon cancer and focused on BRCA1 (Supplementary Figure 1A). There was a statistically 

significant difference in risk of colorectal cancer for BRCA1 carriers (OR=1.85, 95%CI=1.39-2.47, 

p<0.001). The fourth subgroup meta-analysis included four studies that ascertained the BRCA mutation 

and focused on BRCA1 (Supplementary Figure 2A). There was no statistically significant difference in 

the risk of colorectal cancer for BRCA1 carriers (OR=1.20, 95%CI=0.85-1.71, p=0.31). 

Four sub-group meta-analyses that focused on BRCA2 only were performed. The first subgroup 

meta-analysis of seven studies focused on BRCA2 (Figure 4B) found no statistically significant risk of 

colorectal cancer for mutation carriers (OR=1.10, 95%CI=0.77-1.58, p=0.61). The second subgroup meta-
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analysis by BRCA2 only included the cohort studies that reported age and sex adjusted estimates.  The 

analysis of six studies (Figure 5B) revealed no statistically significant risk of colorectal cancer between 

carriers and non-carriers (OR=1.09, 95%CI=0.75-1.58, p=0.66). The third subgroup meta-analysis of two 

studies that screened for colon cancer and focused on BRCA2 (Supplementary Figure 1B) found no 

statistically significant risk of colorectal cancer for BRCA2 carriers (OR=1.22, 95%CI=0.70-2.12, 

p=0.49). Lastly, a subgroup meta-analysis of three studies that ascertained BRCA mutation and focused on 

BRCA2 (Supplementary Figure 2B) found no statistically significant risk of colorectal cancer for BRCA2 

carriers (OR=1.02, 95%CI=0.58-1.82, p=0.94).  

The contour enhanced funnel plot of standard error by effect estimate (Figure 6) showed, in 

general, symmetry. Coupled with the Egger’s test (p=0.17) indicating symmetry in the funnel plot, there 

was no evidence of publication bias in the studies included in the meta-analysis.  

 

 

Discussion 

 

The principal finding of our systematic review of 18 and meta-analysis of 14 studies is that the risk of 

colorectal cancer is moderately elevated in BRCA1 but not in BRCA2 mutation carriers. This increased 

risk was independent of study design, specific cancer type, ascertainment method, and age.  

These findings are quite different from those reported by Sopik et al.17 in a narrative review of, by 

their classification, four cohort studies, five case-control studies and four pedigree studies. These authors 

concluded that there may be an increased risk for colorectal cancer in BRCA1 or BRCA2 mutation carriers 

from high-risk families, but that there is little evidence of such risk in unselected populations with 

founder mutations.  Further, the Phelan et al. prospective study of 7015 women with BRCA1 and BRCA2 

mutations included in the Sopik et al.17 review found no colorectal cancer risk signal in the sample at 

large, but a 4.76-fold increase in risk in women age 30-49 carrying the BRCA1 mutation (within a 95%CI 

margin indicating a 2.21-fold to 9-fold incremental risk).22 
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Especially the findings from our meta-analyses provide additional insights into the association of 

BRCA1 and BRCA2 genotypes and colorectal cancer risk. We detected a statistically significant signal in 

colorectal risk when considering both BRCA1 and BRCA2 studies.  However, our results showed that if 

there is an increased risk for colorectal cancer, it is among BRCA1 mutation carriers and not among 

BRCA2 mutation carriers. These findings were not a function of study design for BRCA2: whether 

examining through studies that reported age and sex adjusted estimates, focused on colon cancer, or 

ascertained BRCA2 carriers. BRCA1 showed a statistically significant risk signal for colorectal cancer 

with a higher estimate for subgroup analysis through age and sex adjusted estimates, colon cancer but the 

results were not statistically significant for subgroup analysis when including only ascertained BRCA1 

carriers. The conflicting results for BRCA1 among subgroups may be due to an inherent bias of pedigree-

based studies as these do not adjust for ascertainment bias. In order to reduce ascertainment bias, there are 

strategies to modify segregation analysis and condition on the ascertainment of the proband. However, the 

pedigree-based studies included in the meta-analysis did not utilize this statistical method. Note that, as 

explained in the Methods section, we did not perform statistical comparisons between summary effect 

measures because of the limited number of studies in the meta-analysis and the associated lack of 

statistical power. For instance, to compare BRCA1 versus BRCA2 studies on pedigree versus non-pedigree 

studies, the relative lack of statistical power (10 BRCA1 and 7 BRCA2 studies; 6 pedigree and 8 non 

pedigree studies),  would have increased the likelihood of type II errors and false negative findings .  

Both BRCA1 and BRCA2 work in a common pathway of genome protection known to function in 

homologous recombination. However, the two proteins work at different stages in the BRCA1 and BRCA2 

mediated homologous recombination pathway. The BRCA1 functions upstream of BRCA2, therefore the 

function of BRCA2 is dependent on BRCA1. Also, BRCA1 functions in both checkpoint activation and 

DNA repair, while BRCA2 is a mediator of the core mechanism of homologous recombination.38 The 

links between the two proteins are not well understood, but the difference in mechanism might explain 

why BRCA1 but not BRCA2 is associated with an increased risk for colorectal cancer. 
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Our findings contribute to the evolving knowledge base about the association of BRCA1 and 

BRCA2 mutation status and the risk for certain cancers. Table 2 presents the results from previous meta-

analyses for breast, ovarian and prostate cancer, pancreatic cancer as well as our results in colorectal as 

reported herein. The association is well established for breast and ovarian cancer and examining for 

BRCA mutations has been routine practice. The association of BRCA mutations with the risk of 

developing cancer for less established cancer, such as prostate cancer, colorectal cancer, and pancreatic 

cancer, show relatively lower risk and with conflicting results. A meta-analysis of prostate cancer showed 

no association between BRCA1 mutation and cancer risk. While many other studies showed statistical 

association for BRCA221,24,26, no meta-analysis has been reported for the association between BRCA2 

mutation and prostate cancer. For pancreatic cancer, there is no meta-analysis evidence of studies on the 

risk associated with BRCA1 and/or BRCA2.  However, studies26,41,42 have shown that BRCA mutations 

contribute to a higher risk of pancreatic cancer with relative risk ranging 2.11-5.79 for BRCA2 and 0.80-

4.11 for BRCA1.  Our meta-analyses provide evidence of increased risk of colorectal cancer for BRCA1 

and can be further utilized in the polygenic risk for personalized colorectal cancer screening.  

We could not meta-analytically validate the risk of early onset colorectal cancer risk in BRCA1 

carriers, which was perhaps the major conclusion for the previous Sopik et al.17 study, as the only 

evidence is from the Phelan et al.22 sub-analysis. This remains a hypothesis to be further investigated, 

especially considering a clinical challenge of this finding by Evans and colleagues.43 Of the eight 

colorectal cancers in the BRCA1-positive women younger than 50, only four were confirmed in the 

Phelan et al.22 analysis. Of these, two were squamous cell carcinomas of the anus, which Evans et al.39 

attribute to human papilloma virus. The two confirmed colorectal adenocarcinomas were similar to the 

expected number of 1.68 cases. Evans et al. also reviewed their own data on 890 women with a BRCA1 

mutation, of whom 592 were less than 50 years of age. One case of colorectal cancer occurred among 

those younger than age 50 years. There were no cases of colorectal cancer among women older than age 

50, whereas 3.78 cancers would have been expected.  
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Further, our quantitative meta-analysis results from 14 studies differ from the qualitative 

interpretations by Sopik et al.17 of 13 studies. Our data provide compelling evidence of an increased risk 

of colorectal cancer in carriers of the BRCA1 mutation, but not carriers of the BRCA2 mutation. 

Reasoning by elimination, the finding of no elevated risk among BRCA2 mutation carriers and the 

dilution this likely had on the combined BRCA1 and BRCA2 analysis suggests that BRCA1 mutation 

carriers, in general, may be at greater risk of colorectal cancer. This quantitative finding is in contrast to 

the qualitative conclusion by Sopik et al.17 of no increased risk in the population of BRCA1 mutation 

carriers at large, and the possible nearly five-fold risk in BRCA1-positive women under the age of 50.  

There are some methodological differences between our study and the review by Sopik et al.17. 

We complemented their narrative review with both a systematic review and a set of omnibus and 

stratified meta-analyses. We categorized our 18 studies as cohort studies with ascertained BRCA mutation 

carriers (n=5), cohort studies involving pedigree analysis (n=6), case-control studies (n=5), cohort studies 

and cohort studies involving kindred (n=2); of which 14 were included in the meta-analysis. Further, both 

reviews covered approximately the same time period of approximately 20 years. However, our review 

included one study21 published after the conclusion of the Sopik et al.17 evaluations, but also an additional 

four studies25-28 released within the Sopik et al. 1994-2014 period. Of these five studies, four21,26-28 were 

entered into the meta-analysis. They carried moderate weight in the overall BRCA1 or BRCA2 meta-

analyses, low weight in the BRCA1 sub-analysis, and high weight in the BRCA2 sub-analysis. This may 

have strengthened the evidence against a BRCA2 risk association with colorectal cancer. The lack of a 

statistically significant BRCA2 association may also have added to the finding of, at best, an equivocal 

association between in general BRCA1 or BRCA2 mutation status and colorectal cancer risk. Importantly, 

the Mersch et al.21 2015 study in the BRCA1 sub-analysis had a low relative weight in the meta-analysis 

that showed a increase in risk of colorectal cancer. This suggests that the studies included by Sopik et al.17 

in their review indeed would have yielded a statistically a significant odds ratio had these authors 

performed a meta-analysis. 
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Among the included studies, Brose et al.29 and Thompson et al.11, had some duplication in terms 

of participants, but we included both the study for three reasons. First of all, only 96 of 147 families 

included in Brose et al. are also used in the study by Thompson et al. Secondly, our study analyzed the 

presumed BRCA1 mutation carriers from the Brose et al. As to Thompson et al., our analyses included 

only 2,245 tested BRCA1 mutation carriers while entire study included 11,847 participants. Therefore, all 

the presumed BRCA1 carriers in Thompson et al., duplicated in Brose et al. were not included in our 

analysis. Lastly, we conducted a sensitivity analysis by removing the Brose et al., and did not find a 

statistically  significant difference. Therefore, we concluded that the overlap in the number of participants 

between Brose and Thompson in our analysis is relatively low, and included both of the studies.  

 Our meta-analysis has limitations and needs to be interpreted with some caution. Reviews hold 

the inherent risk of favoring some studies over others or some findings over others. First, heterogeneity in 

study designs must be acknowledged. , While most studies differentiated between BRCA1 and BRCA2 

mutation carriers, some studies did not. Studies differed in how they ascertained BRCA mutation carrier 

with some studies defining mutation based on three well-known founder mutations while other studies 

used whole gene sequencing. Some studies did not confirm BRCA mutation by genetic testing but used 

pedigree instead, assuming that 50% of the study population would have BRCA mutations. Most studies 

focused on colorectal cancer, but three studies were limited to colon cancer. Due to the heterogeneity in 

study design, we performed subgroup analyses which, due to limited statistical power, did not permit 

stratification by BRCA mutation type or comparator. Only six studies were designed specifically to 

capture the risk of colorectal cancer in BRCA mutation carriers as their primary goal. The low incidence 

of colorectal cancers in some studies may be due to the fact that these studies included several cancer 

types. Our stratified analyses carried with them the risk of limited statistical power as the number of 

studies included in our analysis were small. Based on the Newcastle-Ottawa Scale quality assessment 

results, all studies included in the meta-analysis were of moderate quality (NOS=4-6). Therefore, it was 

not feasible to conduct further analyses to assess heterogeneity by study quality. Second, all the studies 

reviewed were non-controlled observational investigations that, consequently, may have been unbalanced 
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with regard to baseline clinical and demographic characteristics of the subjects. While the real-world 

practice may be better reflected in observational studies, the relative lack of baseline characteristics 

including risk factors make their interpretation more difficult and may induce bias. Family history, pre-

existing cancer, diet, smoking status, and increasing age are known risk factors for colorectal cancer.44 

Studies varied in the effect measure used, including SIR, RR, and OR, which necessitated some effect 

measures to be converted into ORs to make them useable in the meta-analyses.  

In conclusion, where a previous qualitative review suggested an increased risk of early-onset 

colorectal cancer only in women under the age of 50 carrying a BRCA1 mutation, our systematic review 

and meta-analysis points at 1.49-fold greater risk of colorectal cancer in BRCA1 mutation carriers, but not 

in BRCA2 mutation carriers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



129 

 

References 

 

1. Fishel R, Lescoe MK, Rao MRS, et al. The human mutator gene homolog MSH2 and its association 

with hereditary nonpolyposis colon cancer. Cell. 1993;75(5):1027-1038.  

2. Lodish H, Berk A, Zipursky SL, Matsudaira P, Baltimore D, Darnell J. The genetic basis of cancer. 

Molecular Cell Biololgy, 5th ed. New York, NY: W.H Freeman and Company; 2003:943-949.  

3. Moynahan ME, Chiu JW, Koller BH, Jasin M. BRCA1 controls homology-directed DNA repair. 

Molecular Cell. 1999;4(4):511-518.  

4. Moynahan ME, Pierce AJ, Jasin M. BRCA2 is required for homology-directed repair of chromosomal 

breaks. Molecular Cell. 2001;7(2):263-272.  

5. Miki Y, Swensen J, Shattuck-Eidens D, et al. A strong candidate for the breast and ovarian cancer 

susceptibility gene BRCA1. Science. 1994;266(5182):66-71. 

6. Wooster R, Bignell G, Lancaster J, et al. Identification of the breast cancer susceptibility gene BRCA2. 

Nature. 1995;378(6559):789-792.  

7. Antoniou A, Pharoah PD, Narod S, et al. Average risks of breast and ovarian cancer associated with 

BRCA1 or BRCA2 mutations detected in case series unselected for family history: A combined analysis of 

22 studies. Am J Hum Genet. 2003;72(5):1117-1130. 

8. Chen S, Iversen ES, Friebel T, et al. Characterization of BRCA1 and BRCA2 mutations in a large united 

states sample. J Clin Oncol. 2006;24(6):863-871.  

9. Easton DF, Ford D, Bishop DT. Breast and ovarian cancer incidence in BRCA1-mutation carriers. 

breast cancer linkage consortium. Am J Hum Genet. 1995;56(1):265-271.  

10. Ford D, Easton DF, Stratton M, et al. Genetic heterogeneity and penetrance analysis of the BRCA1 

and BRCA2 genes in breast cancer families. the breast cancer linkage consortium. Am J Hum Genet. 

1998;62(3):676-689.  

11. Thompson D, Easton DF. Cancer incidence in BRCA1 mutation carriers. J Natl Cancer Inst. 

2002;94(18):1358-1365.  



130 

 

12. Easton D. Cancer risks in BRCA2 mutation carriers. Journal of the National Cancer Institute. 

1999;91(15):1310-1316.  

13. Garcia-Patiño E, Gomendio B, Provencio M, et al. Germ-line BRCA1 mutations in women with 

sporadic breast cancer: Clinical correlations. JCO. 1998;16(1):115-120.  

14. Ford D, Easton DF, Bishop DT, Narod SA, Goldgar DE. Risks of cancer in BRCA1-mutation carriers. 

breast cancer linkage consortium. Lancet. 1994;343(8899):692-695.  

15. Burk RD. BRCA1 mutations and survival in women with ovarian cancer. N Engl J Med. 

1997;336(17):1257. 

16. Phipps RF, Perry PM. Familial breast cancer and the association with colonic carcinoma. Eur J Surg 

Oncol. 1989;15(2):109-111. 

17. Sopik V, Phelan C, Cybulski C, Narod SA. BRCA1 and BRCA2 mutations and the risk for colorectal 

cancer. Clin Genet. 2015;87(5):411-418.  

18. Shamseer L, Moher D, Clarke M, et al. Preferred reporting items for systematic review and meta-

analysis protocols (PRISMA-P) 2015: Elaboration and explanation. BMJ. 2015;349:g7647. 

19. Stroup DF, Berlin JA, Morton SC, et al. Meta-analysis of observational studies in epidemiology: A 

proposal for reporting. meta-analysis of observational studies in epidemiology (MOOSE) group. JAMA. 

2000;283(15):2008-2012. 

20. Higgins JPT, Thompson SG. Quantifying heterogeneity in a meta-analysis. Stat Med. 

2002;21(11):1539-1558.  

21. Mersch J, Jackson MA, Park M, et al. Cancers associated with BRCA1 and BRCA2 mutations other 

than breast and ovarian. Cancer. 2015;121(2):269-275. 

22. Phelan CM, Iqbal J, Lynch HT, et al. Incidence of colorectal cancer in BRCA1 and BRCA2 mutation 

carriers: Results from a follow-up study. Br J Cancer. 2014;110(2):530-534. 

23. Kadouri L, Hubert A, Rotenberg Y, et al. Cancer risks in carriers of the BRCA1/2 Ashkenazi founder 

mutations. J Med Genet. 2007;44(7):467-471. 



131 

 

24. Thompson D, Easton DF. Cancer incidence in BRCA1 mutation carriers. J Natl Cancer Inst. 

2002;94(18):1358-1365. 

25. Lin KM, Ternent CA, Adams DR, et al. Colorectal cancer in hereditary breast cancer kindreds. Dis 

Colon Rectum. 1999;42(8):1041-1045.  

26. Moran A, O'Hara C, Khan S, et al. Risk of cancer other than breast or ovarian in individuals with 

BRCA1 and BRCA2 mutations. Fam Cancer. 2012;11(2):235-242. 

27. Asperen CJ, Brohet RM, Meijers-Heijboer EJ, et al. Cancer risks in BRCA2 families: Estimates for 

sites other than breast and ovary. Journal of Medical Genetics. 2005;42(9):711-719.  

28. Brohet RM, Meijers-Heijboer EJ, Hoogerbrugge N, et al. Risks of cancers other than breast and 

ovarian cancer in BRCA1 mutation carriers [dissertation]. Amsterdam: Vrije Universiteit; 2013. 

http://dare.ubvu.vu.nl/bitstream/handle/1871/39820/dissertation.pdf?sequence=1#page=19 

29. Brose MS, Rebbeck TR, Calzone KA, Stopfer JE, Nathanson KL, Weber BL. Cancer risk estimates 

for BRCA1 mutation carriers identified in a risk evaluation program. Journal of the National Cancer 

Institute. 2002;94(18):1365-1372.  

30. The Breast Cancer Linkage Consortium. Cancer risks in BRCA2 mutation carriers. J Natl Cancer Inst. 

1999;91(15):1310-1316.  

31. Suchy J, Cybulski C, Górski B, et al. BRCA1 mutations and colorectal cancer in Poland. Fam Cancer. 

2010;9(4):541-544. 

32. Kirchhoff T, Satagopan JM, Kauff ND, et al. Frequency of BRCA1 and BRCA2 mutations in 

unselected Ashkenazi Jewish patients with colorectal cancer. J Natl Cancer Inst. 2004;96(1):68-70. 

33. Niell BL, Rennert G, Bonner JD, Almog R, Tomsho LP, Gruber SB. BRCA1 and BRCA2 founder 

mutations and the risk of colorectal cancer. J Natl Cancer Inst. 2004;96(1):15-21. 

34. Chen-Shtoyerman R, Figer A, Fidder HH, et al. The frequency of the predominant Jewish mutations 

in BRCA1 and BRCA2 in unselected Ashkenazi colorectal cancer patients. Br J Cancer. 2001;84(4):475-

477. 



132 

 

35. Drucker L, Stackievitz R, Shpitz B, Yarkoni S. Incidence of BRCA1 and BRCA2 mutations in 

Ashkenazi colorectal cancer patients: Preliminary study. Anticancer Res. 2000;20(1B):559-561. 37. Risch 

HA, Narod SA. Re: Cancer risks in BRCA1 carriers: Time for the next generation of studies. J Natl 

Cancer Inst. 2003;95(10):758. 

36. Risch HA, McLaughlin JR, Cole DE, et al. Prevalence and penetrance of germline BRCA1 and 

BRCA2 mutations in a population series of 649 women with ovarian cancer. Am J Hum Genet. 

2001;68(3):700-710. 

37. Struewing JP, Hartge P, Wacholder S, et al. The risk of cancer associated with specific mutations of 

BRCA1 and BRCA2 among Ashkenazi jews. N Engl J Med. 1997;336(20):1401-1408. 

38. Roy R, Chun J, Powell SN. BRCA1 and BRCA2: Different roles in a common pathway of genome 

protection. Nat Rev Cancer. 2012;12(1):68-78. 

39. Kurian A, Hughes E, Handorf E et al. Breast and Ovarian Cancer Penetrance Estimates Derived From 

Germline Multiple-Gene Sequencing Results in Women. JCO Precision Oncology. 

2017;10.1200/PO.16.00066.  

40. Fachal L, Gómez-Caamaño A, Celeiro-Muñoz C et al. BRCA1 mutations do not increase prostate 

cancer risk: Results from a meta-analysis including new data. Prostate, 2011;71: 1768–1779.  

41. Mocci E, Milne RL, Mendez-Villamil EY et al. Risk of pancreatic cancer in breast cancer families 

from the breast cancer family registry. Cancer Epidemiol Biomarkers Prev. 2013;22(5):803-11 

42. Iqbal J, Ragone A, Lubinski J et al. The incidence of pancreatic cancer in BRCA1 and BRCA2 

mutation carriers. Br J Cancer. 2012;107(12):2005-9` 

43. Evans DG, Clancy T, Hill J, Tischkowitz M. Is there really an increased risk of early colorectal cancer 

in women with BRCA1 pathogenic mutations? Clin Genet. 2016;89(3):399. 

44. Haggar FA, Boushey RP. Colorectal cancer epidemiology: Incidence, mortality, survival, and risk 

factors. Clin Colon Rectal Surg. 2009;22(4):191-197.



133 

 

Tables and Figures 

 

Table 1.  Summary of baseline characteristics of the included studies*  

 

Reference 

(year) 

Stud

y 

desig

n 

Cancer 

type 

Mutatio

n type 

Ascertain

ed 
Participants 

Observed 

cases 
Controls 

Control 

cases 

Reported 

estimates (95% 

CI) 

Calculated 

odds ratio 

(95% CI) 

NO

S 

Scor

e 

Cohort 

studies with 

ascertained 

BRCA 

mutation 

carriers 

            

Mersch, 

et al., 

2015 (21) 

Coho

rt 

Colorectal N/A Yes BRC

A1 

613 6 United States 

Cancer statistics 

(1999-2010) 

3.8 SIR= 1.58 (0.58-

3.44)† 

1.58 (0.44-

5.76) 

5 

  
BRC

A2 

459 2 3.7 SIR=0.53 (0.06-

1.90)† 

0.54 (0.10-

3.02) 

Phelan, et 

al., 2014 

(22) 

Coho

rt 

Colorectal N/A Yes BRC

A1 

5,481 16 Cancer incidence in 

five continents 

(2008) 

17.4 SIR=0.92 (0.54-

1.40)† 

0.92 (0.47-

1.81) 

6 

  
BRC

A2 

1,474 5 6.1 SIR=0.82 (0.30-

1.80)† 

0.82 (0.25-

2.68) 

Kadouri, 

et al., 

2007 (23) 

Coho

rt 

Colorectal Ashken

azi 

founder 

Yes BRC

A1 

229 6 769 Ashkenazi 

mutation non-

carriers 

12 HR= 3.90 (1.30-

12.10)‡ 

1.70 (0.63-

4.57) 

6 

 
BRC

A2 

100 2 HR= 2.31 (0.50-

11.30)‡ 

1.29 (0.28-

5.84) 

Thompso

n, et al., 

2002 (24) 

Coho

rt 

Colon N/A  Yes  BRC

A1 

2,245 14 Cancer incidence in 

five continents 

(1976-1997) 

7.36 RR= 2.03 (1.45–

2.85)§ 

1.91 (0.78-

4.67) 

5 

Lin, et 

al., 1999 

(25) 

Coho

rt 

Colorectal N/A Yes BRC

A 

Male 74 5.6% Cancer incidence in 

SEER (1973-1994) 

6.0% - - 3 

    
Female 

178 
3.2% 5.9% 
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Cohort 

studies 

involving 

pedigree 

analysis 

            

Moran, et 

al., 2012 

(26) 

Coho

rt 

Colorectal N/A No BRC

A1 

1,815 11 Cancer incidence in 

England (1975-

2005) 

11.4 SIR=1.00 (0.50-

1.70)† 

0.96 (0.42-

2.21) 

4 

  
BRC

A2 

1,526 10.4 10.3 SIR=1.00 (0.50-

1.80)† 

1.01 (0.43-

2.40) 

Van 

Asperen, 

et al., 

2005 (27) 

Coho

rt 

Colon N/A No BRC

A2 

1,811 20 Netherlands Cancer 

statistics (1990-

2005) 

16.5 RR= 1.50 (0.90-

2.30)§  

1.21 (0.63-

2.34) 

5   

Brohet, et 

al., 2005 

(28) 

Coho

rt 

Colon N/A No BRC

A1 

6,585 93 Netherlands Cancer 

statistics (1990-

2005) 

53.1 RR= 2.51 (2.02–

3.07)§ 

1.76 (1.26-

2.48) 

5   

Brose, et 

al., 2002 

(29) 

Coho

rt 

Colon N/A No BRC

A1 

483 19 (11%) Cancer incidence in 

SEER (1973-1999) 

5.60%          RR= 2.00 (-)§ 2.04 (0.93-

4.49) 

4   

BCLC, et 

al., 1999 

(30) 

Coho

rt 

Colon N/A No BRC

A2 

3,728 8 Cancer incidence in 

SEER (1973-1999) 

6.5 RR= 1.43 (0.79–

2.58)§ 

1.22 (0.43-

3.43) 

4   

Ford, et 

al., 1994 

(14) 

Coho

rt 

Colon N/A No BRC

A1 

464 7 Cancer incidence in 

five continents 

(1987) 

2.22 RR= 4.11 (2.36–

7.15)§ 

3.19 (0.70-

14.50) 

4   

Case-control studies 
 

Suchy, et 

al., 2010 

(31) 

Case-

contr

ol 

Colorectal Polish 

Founder 

Yes Colorectal 

cancer 

BRCA1 4,570 BRCA1 OR= 0.80 (0.40-

1.70)|| 

0.87 (0.41-

1.83) 

4 

 
2,398 10 22 

Kirchhoff

, et al., 

2004 (32) 

Case-

contr

ol 

Colorectal Ashken

azi 

founder 

Yes Colorectal 

cancer 

BRCA 5,012 BRCA OR= 0.50 (0.22-

1.14)|| 

0.43 (0.19-

0.98) 

4 

 
586 6 118 

Niell, et 

al., 2004 

(33) 

Case-

contr

ol 

Colorectal Ashken

azi 

founder 

Yes Colorectal 

cancer 

BRCA1=  

11 

1,028 BRCA1= 9 OR= 1.26 (0.52-

3.06)|| 

1.26 (0.52-

3.06) 

5 

 
999 BRCA2= 

13 

BRCA2= 11 OR= 1.22 (0.54-

2.73)|| 

1.22 (0.55-

2.74) 
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Chen-

Shtoyerm

an, et al., 

2001 (34) 

Case-

contr

ol 

Colorectal Ashken

azi 

founder 

Yes Colorectal 

cancer 

BRCA 5,318 BRCA - 0.78 (0.29-

2.14) 

4 

 
225 4 120 

Drucker, 

et al., 

2000 (35) 

Case-

contr

ol 

Colorectal Ashken

azi 

founder 

Yes Colorectal 

cancer 

BRCA 49 Non-Ashkenazi 

Jews 

BRCA - - 3 

 
87 3 0 

Cohort 

studies 

involving 

kindred 

            

Risch, et 

al., 2001 

(36) 

Kin-

cohor

t 

Colorectal - No BRC

A1 

39 2.90% 455 mutation non-

carriers 

BRCA1=  

4.2% 

RR=0.7 (0.2-2.8)¶ - 3 

  
BRC

A2 

21 10.30% BRCA2= 

4.2% 

RR=2.5 (1.0-6.3)¶ 

Struewin

g, et al., 

1997 (37) 

Kin-

cohor

t 

Colon Ashken

azi 

founder 

No BRC

A 

114 9 4,759 mutation 

non-carriers 

509 - - 3 

  

 

*CI= confidence interval, RR=relative risk, SIR=standardized incidence ratio, HR= hazard ratio, OR=odds ratio, NOS=Newcastle-Ottawa Scale 

† SIR for BRCA mutation carriers versus population based incidence. 

‡ HR for BRCA mutation carriers versus non-carriers. 

§ RR for BRCA mutation carriers versus population-based incidence. 

|| Odds ratio for BRCA mutation carriers versus non-carriers. 

¶ RR for BRCA mutation carriers versus non-carriers. 
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Table 2. BRCA mutation risk estimates derived from meta-analyses for breast, ovarian, and prostate cancer 

 

BRCA type 
Breast* cancer 

OR (95%CI)|| 

Ovarian* cancer 

OR (95%CI)||  

Colorectal cancer 

OR (95%CI)|| 

Prostate† cancer 

OR (95%CI)||  

Pancreatic‡ cancer 

Range§ 

BRCA1 5.91 (5.25-6.67) 11.80 (9.99-14.00) 1.49 (1.20-1.86) 1.36 (0.87-2.14) 0.80-4.11 

BRCA2 5.26 (4.38-6.31) 3.31 (2.95-3.71) 1.10 (0.77-1.58) 1.07-4.89§ 2.11-5.79 

 

* Data are from [Kurian, et al., 2017 (39)]  

† Data are from the following studies: [Mersch, et al., 2015 (21), Thompson, et al., 2002 (24), Moran, et al., 2012 (26), Fachal et al., 2011 (40)]  

‡Data are from the following studies: [Moran, et al., 2012 (26), Mocci, et al., 2013 (41), Iqbal, et al., 2012 (42)]  

§ Estimated range of risk estimates not from meta-analysis.  

|| Odds ratio for BRCA mutation carriers versus non-carriers. CI=confidence interval, OR=odds ratio 
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Figure 1. Flow diagram of the subgroup meta-analyses  
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Figure 2. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow 

diagram 

 

Records identified through 
database searches of PubMed 
(n=442), Embase (n=616), and 

Cochrane Library (n=12) 
 

Additional records identified 
through citation search 

(n=12) 

Records after duplicates removed 
(n=949) 

Full-text articles 
assessed for eligibility 

(n=32) 
 

Records excluded 
(n=917) 

Full-text articles excluded (n=14):  

No incidence rate for colorectal 

cancer (n=10), editorial (n=1), 

review paper (n=1), and no 

information on BRCA mutation 

(n=2) Studies included in 
systematic review 

(n=18) 

Studies included in 
quantitative synthesis 

(meta-analysis) 
(n=14) 

Studies excluded (n=4): 

Insufficient statistical information to 

compute an effect size (n=2) and 
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Figure 3. Forest plot of the association between overall BRCA mutation carriers and colorectal cancer risk expressed as unadjusted odds 

ratio. Squares indicate study specific risk estimates; horizontal lines indicate 95% confidence intervals (CI); diamond indicates summary estimate 

with the corresponding 95% CI. DerSimonian and Laird random-effects model was used and all statistical tests were two-sided. Test for 

heterogeneity: Chi-squared=19.24, df=18 (P=0.38); I-squared=8.5%.  

 

Figure 4. Forest plots of the association between BRCA mutation carriers and colorectal cancer risk expressed as unadjusted odds ratio. 

A) BRCA1. B) BRCA2. Squares indicate study specific risk estimates; horizontal lines indicate 95% confidence intervals (CI); diamond indicates 
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summary estimate with the corresponding 95% CI. DerSimonian and Laird random-effects model was used and all statistical tests were two-sided. 

Test for heterogeneity: A) Chi-squared= 8.02, df=9 (P=0.53); I-squared=0.0%. B) Chi-squared=1.33, df=6 (P=0.97); I-squared=0.0%. 

A. 

 
B.  



141 

 

 
 

Figure 5. Forest plots of the association between BRCA mutation carriers and colorectal cancer from studies reporting estimates adjusted 

for age and sex. A) BRCA1. B) BRCA2. Squares indicate study specific risk estimates; horizontal lines indicate 95% confidence intervals (CI); 

diamond indicates summary estimate with the corresponding 95% CI. DerSimonian and Laird random-effects model was used and all statistical 

tests were two-sided. Test for heterogeneity: A) Chi-squared= 5.76, df=7 (P=0.58); I-squared=0.0%. B) Chi-squared=1.30, df=5 (P=0.94); I-

squared=0.0%.  

A. 
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B. 

 
 

 

Figure 6. Contour enhanced funnel plot of standard error by effect estimate for overall meta-analysis of the association between BRCA 

mutation and colorectal cancer. 
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Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) checklist 
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Section/topic  # Checklist item  
Reported 

on page #  

TITLE   

Title  1 Identify the report as a systematic review, meta-analysis, or both.  1 

ABSTRACT   

Structured summary  2 Provide a structured summary including, as applicable: background; objectives; data sources; study eligibility criteria, 

participants, and interventions; study appraisal and synthesis methods; results; limitations; conclusions and 

implications of key findings; systematic review registration number.  

3-4 

INTRODUCTION   

Rationale  3 Describe the rationale for the review in the context of what is already known.  5 

Objectives  4 Provide an explicit statement of questions being addressed with reference to participants, interventions, comparisons, 

outcomes, and study design (PICOS).  

6 

METHODS   

Protocol and registration  5 Indicate if a review protocol exists, if and where it can be accessed (e.g., Web address), and, if available, provide 

registration information including registration number.  

- 

Eligibility criteria  6 Specify study characteristics (e.g., PICOS, length of follow-up) and report characteristics (e.g., years considered, 

language, publication status) used as criteria for eligibility, giving rationale.  

6 

Information sources  7 Describe all information sources (e.g., databases with dates of coverage, contact with study authors to identify 

additional studies) in the search and date last searched.  

6-7 

Search  8 Present full electronic search strategy for at least one database, including any limits used, such that it could be 

repeated.  

Appendix 

III 

Study selection  9 State the process for selecting studies (i.e., screening, eligibility, included in systematic review, and, if applicable, 

included in the meta-analysis).  

6 

Data collection process  10 Describe method of data extraction from reports (e.g., piloted forms, independently, in duplicate) and any processes 

for obtaining and confirming data from investigators.  

7 

Data items  11 List and define all variables for which data were sought (e.g., PICOS, funding sources) and any assumptions and 

simplifications made.  

7 

Risk of bias in individual 

studies  

12 Describe methods used for assessing risk of bias of individual studies (including specification of whether this was 

done at the study or outcome level), and how this information is to be used in any data synthesis.  

8 
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Summary measures  13 State the principal summary measures (e.g., risk ratio, difference in means).  8 

Synthesis of results  14 Describe the methods of handling data and combining results of studies, if done, including measures of consistency 

(e.g., I2) for each meta-analysis.  

8 

Risk of bias across studies  15 Specify any assessment of risk of bias that may affect the cumulative evidence (e.g., publication bias, selective 

reporting within studies).  

8 

Additional analyses  16 Describe methods of additional analyses (e.g., sensitivity or subgroup analyses, meta-regression), if done, indicating 

which were pre-specified.  

8 

RESULTS   

Study selection  17 Give numbers of studies screened, assessed for eligibility, and included in the review, with reasons for exclusions at 

each stage, ideally with a flow diagram.  

9 

Study characteristics  18 For each study, present characteristics for which data were extracted (e.g., study size, PICOS, follow-up period) and 

provide the citations.  

9, Table1 

Risk of bias within studies  19 Present data on risk of bias of each study and, if available, any outcome level assessment (see item 12).  10-17, 

Table1 

Results of individual studies  20 For all outcomes considered (benefits or harms), present, for each study: (a) simple summary data for each 

intervention group (b) effect estimates and confidence intervals, ideally with a forest plot.  

10-17, 

Table1 

Synthesis of results  21 Present results of each meta-analysis done, including confidence intervals and measures of consistency.  17 

Risk of bias across studies  22 Present results of any assessment of risk of bias across studies (see Item 15).  Table 1 

Additional analysis  23 Give results of additional analyses, if done (e.g., sensitivity or subgroup analyses, meta-regression [see Item 16]).  17 

DISCUSSION   

Summary of evidence  24 Summarize the main findings including the strength of evidence for each main outcome; consider their relevance to 

key groups (e.g., healthcare providers, users, and policy makers).  

19 

Limitations  25 Discuss limitations at study and outcome level (e.g., risk of bias), and at review-level (e.g., incomplete retrieval of 

identified research, reporting bias).  

22 

Conclusions  26 Provide a general interpretation of the results in the context of other evidence, and implications for future research.  25 

FUNDING   

Funding  27 Describe sources of funding for the systematic review and other support (e.g., supply of data); role of funders for the 

systematic review.  

25 
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Meta-analyses Of Observational Studies in Epidemiology (MOOSE) Checklist  

Item No Recommendation 

Reported 

on Page 

No. 

Reporting of background should include 

1 Problem definition 5 

2 Hypothesis statement 6 

3 Description of study outcome(s) 6 

4 Type of exposure or intervention used 6 

5 Type of study designs used 6 

6 Study population 6 

Reporting of search strategy should include 

7 Qualifications of searchers (eg, librarians and investigators) 7 

8 
Search strategy, including time period included in the synthesis and key 

words 

6, 

Appendix 

III 

9 Effort to include all available studies, including contact with authors 6 

10 Databases and registries searched 7 

11 
Search software used, name and version, including special features used (eg, 

explosion) 
7 

12 Use of hand searching (eg, reference lists of obtained articles) 7 

13 List of citations located and those excluded, including justification Figure 2 

14 Method of addressing articles published in languages other than English - 

15 Method of handling abstracts and unpublished studies 7 

16 Description of any contact with authors - 

Reporting of methods should include 

17 
Description of relevance or appropriateness of studies assembled for 

assessing the hypothesis to be tested 
6-8 

18 
Rationale for the selection and coding of data (eg, sound clinical principles 

or convenience) 
- 

19 
Documentation of how data were classified and coded (eg, multiple raters, 

blinding and interrater reliability) 
- 

20 
Assessment of confounding (eg, comparability of cases and controls in 

studies where appropriate) 
8 

21 
Assessment of study quality, including blinding of quality assessors, 

stratification or regression on possible predictors of study results 
8 

22 Assessment of heterogeneity 8 
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23 

Description of statistical methods (eg, complete description of fixed or 

random effects models, justification of whether the chosen models account 

for predictors of study results, dose-response models, or cumulative meta-

analysis) in sufficient detail to be replicated 

7-8 

24 Provision of appropriate tables and graphics 
Tables 1-2, 

Figs 1-4 

Reporting of results should include 

25 Graphic summarizing individual study estimates and overall estimate Figs 3 

26 Table giving descriptive information for each study included Table 1 

27 Results of sensitivity testing (eg, subgroup analysis) Fig 3 

28 Indication of statistical uncertainty of findings Fig 3 

Reporting of discussion should include 

29 Quantitative assessment of bias (eg, publication bias) Fig 4 

30 Justification for exclusion (eg, exclusion of non-English language citations) Fig 2 

31 Assessment of quality of included studies Table 1 

Reporting of conclusions should include 

32 Consideration of alternative explanations for observed results 25 

33 
Generalization of the conclusions (ie, appropriate for the data presented and 

within the domain of the literature review) 
25 

34 Guidelines for future research - 

35 Disclosure of funding source 25 

 

 

 

 

Supplementary Table 1. Search strategy for Medline/PubMed Search (N = 442) 

Search  Query 

#1 ("Genes, BRCA1"[MeSH]) OR "Genes, BRCA2"[MeSH] OR "BRCA 1" OR 

"BRCA 2" OR "BRCA 1/2" OR "BRCA1" OR "BRCA2")) 

#2 (("Colorectal Neoplasms"[Mesh]) OR "colorectal cancer" OR "colorectal 

cancer*" OR "colorectal tumor*" OR "colorectal neoplasm*") 

#3 #1 AND #2 

((("Genes, BRCA1"[MeSH]) OR "Genes, BRCA2"[MeSH] OR "BRCA 1" OR 

"BRCA 2" OR "BRCA 1/2" OR "BRCA1" OR "BRCA2")) AND (("Colorectal 

Neoplasms"[MeSH]) OR "colorectal cancer" OR "colorectal cancer*" OR 

"colorectal tumor*" OR "colorectal neoplasm*") 
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Chapter 5 

The Association of BRCA1 and BRCA2 Mutations with Prostate Cancer Risk, Frequency, and 

Mortality: A Meta-Analysis 

Abstract 

 

Background 

A prior meta-analysis found no association between BRCA1 mutation and prostate cancer (PCa). 

Subsequent BRCA2 mutation studies have shown an association with PCa risk and mortality. We 

conducted a meta-analysis of overall BRCA mutation carriers and in subgroups to (1) estimate PCa risk 

in BRCA mutation carriers, (2) evaluate the frequency of BRCA mutation carriers in patients with PCa, 

and (3) compare cancer-specific survival (CSS) and overall survival (OS) among BRCA mutation carriers 

and noncarriers. 

 

Methods 

We searched the PubMed/MEDLINE, Embase, and Cochrane databases. Unadjusted odds ratio (OR), 

percentage (%), and hazard ratio (HR) were used to calculate pooled estimates for PCa risk, frequency, 

and survival, respectively. Subgroup analyses by mutation type ( BRCA1 or BRCA2) were conducted for 

the three objectives. Further subgroup analyses by study design (age-sex-adjusted or crude), 

ascertainment method (ascertained or inferred genotyping), population (Ashkenazi Jewish or general 

population), and survival outcomes (CSS or OS) were conducted. The associations were evaluated using 

random-effects models, in two-sided statistical tests.  
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Results 

A total of 8 cohort, 7 case-control, 4 case-series, 28 frequency, and 11 survival studies were included. 

Being a BRCA mutation carrier (BRCA1 and/or BRCA2) was associated with a significant increase in PCa 

risk (OR = 1.90, 95% CI = 1.58-2.29), with BRCA2 mutation being associated with a greater risk of PCa 

(OR = 2.64, 95% CI = 2.03-3.47) than BRCA1 (OR = 1.35, 95% CI = 1.03-1.76). The frequency of BRCA1 

and BRCA2 carriers in patients with PCa was 0.9% and 2.2%, respectively. OS (HR = 2.21, 95% 

CI = 1.64-2.30) and CSS (HR = 2.63, 95% CI = 2.00-3.45) were significantly worse among BRCA2 

carriers compared to noncarriers, whereas OS (HR = 0.47, 95% CI = 0.11-1.99) and CSS (HR = 1.07, 95% 

CI = 0.38-2.96) were statistically not significant when comparing BRCA1 carriers and noncarriers. 

 

Conclusions 

There is a 1.90-fold greater risk of PCa in overall BRCA mutation carriers. This elevated PCa risk is 

attributable mainly to a 2.64-fold greater risk of PCa in BRCA2 carriers compared to a moderate 1.35-fold 

greater risk in BRCA1 carriers. The frequency of BRCA2 mutations was higher than BRCA1 mutations 

among patients with PCa. BRCA2 but not BRCA1 mutations were associated with higher PCa mortality. 

The BRCA mutation may be a clinical factor to stratify high-risk patients and guide clinical strategies for 

more effective treatments for patients with PCa. 
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Introduction 

Prostate cancer (PCa) is the most frequent type of cancer and the second most common cause of cancer 

death among men in the United States. An estimated 164,690 new cases will be diagnosed in the US in 

2018, and  29,430 men will die of the disease.1 In addition to age and race, heritability plays a major role 

in the development of PCa.2,3  There is, for instance, growing evidence of an association between BRCA1 

or BRCA2 mutations and PCa.4  

The BRCA1 and BRCA2 tumor suppressor genes are essential in the maintenance of genomic integrity by 

controlling cellular proliferation and DNA-damage responses. BRCA1 and BRCA2 have been implicated 

in homologous recombination, an error-free repair pathway for DNA double-strand breaks.5,6 The 

association between germline mutations in the BRCA1 and BRCA2 genes and diverse types of cancer have 

been studied since the genes’ discovery in the mid-1990s.7,8 Individuals with BRCA1 and/or BRCA2 

mutations show significantly increased lifetime risks of up to 84% for breast cancer and 40% for ovarian 

cancer.9-12 

PCa is recognized as a component of the hereditary breast and ovarian cancer (HBOC) syndrome.13  In 

families with a known family history of breast and ovarian cancer and a higher incidence of BRCA1 and 

BRCA2 mutations, men may have a higher PCa risk compared to the general population.14,15 The increased 

PCa risk may be up to 3.8-fold for BRCA114 and 8.6-fold for BRCA215 mutation carriers. Several DNA 

sequencing studies of PCa patients have reported frequencies of BRCA mutation, however, the results are 

not consistent. Several DNA sequencing studies of PCa patients have reported frequencies of germline 

BRCA2 mutation of 5% to 6%.16-19  Frequency in the Ashkenazi Jewish population with PCa for BRCA1 

mutation has been reported 0 to 2.7% and from 0 to 2.4% for BRCA2 mutation.20 BRCA mutation has 

been associated with more aggressive PCa, including increased risk of recurrence and poorer survival.21 

However, the magnitude of this risk is not clear.  
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Two meta-analyses aimed to quantify  BRCA mutation status and PCa risk and its association with poor 

outcomes. A 2011 meta-analysis of eight studies of BRCA1 mutation carriers, including 5,705 prostate 

cancer patients and 13,218 control patients, did not show a statistically significant increased risk of 

prostate cancer (OR=1.36, 95%CI=0.87-2.14; P=0.18).22 A 2017 meta-analysis of ten studies evaluating 

overall survival (OS) and cancer-specific survival (CSS) between525 BRCA2 mutation carriers and 8,463 

non-carriers, showed poorer CSS and OS outcomes in carriers compared to non-carriers (CSS: HR=2.53, 

95%CI=2.10-3.06; P<0.001, OS: HR=2.21, 95%CI=1.64-2.99; P<0.001).23  

The association between BRCA2 and prostate cancer risk has been studied as well but has not been the 

subject of a meta-analysis. In addition, the 2011 Fachal et al.22 meta-analysis of BRCA1 needs to be 

updated with recent evidence, as does the 2017 Cui et al.23 on BRCA2 and CSS and OS outcomes. Studies 

assessing the frequency of BRCA1 and BRCA2 mutations in PCa patients have not been the subject of 

meta-analysis, and neither have studies on the association between BRCA1 and CSS and OS.  Following 

up also on our recent meta-analysis on BRCA1 and BRCA2 mutation in colorectal cancer24, we 

synthesized extant research on PCa risks in BRCA mutation carriers quantitatively by means of a meta-

analysis of general BRCA mutation as well as stratified meta-analyses by BRCA1 and BRCA2 separately. 

We report here on a systematic review and meta-analyses of BRCA1 and BRCA2 studies to 1) estimate 

PCa risk in BRCA mutation carriers; 2) assess the frequency of BRCA mutation carriers among PCa 

patients; and 3) compare survival rates of BRCA mutation carriers and non-carriers. 

 

Material and Methods 

 

We followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)25 

guideline and the Meta-analysis of Observational Studies in Epidemiology (MOOSE)25,26  guidelines. 
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Data Sources 

 

A professional health sciences librarian (J.M.) supported the search of the PubMed/MEDLINE (1946-

2018), Embase (1947-2018), and Cochrane Library (1898-2018) databases. The search was executed by 

four investigators (R.A., A.A., N.A., S.F.) and included a combination of indexing and text terms. Article 

references were checked manually for additional studies. The full search strategy is included as Table S1. 

 

Study Selection 

 

The following modified PICOS guided eligibility screening of studies: 1) Participants: human adult 

subjects (age>18) positive for either BRCA1 or BRCA2 mutations or with a familial risk of BRCA 

mutation; 2) Intervention: not applicable; 3) Comparisons: cancer-affected and cancer-unaffected BRCA 

mutation carriers versus general population, familial presumed carriers, and BRCA-negative cancer-

affected patients; 4) Outcomes: sufficient data to calculate risk (odds ratio; standardized incidence ratio; 

relative risk), frequency (number of BRCA mutation carriers among PCa patients), and survival (hazard 

ratio for OS, and CSS); and 5) Study design: observational studies. 

BRCA mutations included in our analysis were mutations that authors explictily mentioned as pathogenic, 

deleterious (frameshift insertion, deletion, nonsense mutation, or known pathogenic splice-site alteration), 

truncation, or assumed loss of function (in pedigree analysis). Studies without explict mention of clinical 

significance but with data of specific change in nucleotide were included if the variants were defined as 

pathogenic in ClinVar (http://www.ncbi.nlm.nih.gov/clinvar/), which is a public archive of relationships 

among sequence variation and human phenotype. 

Excluded were: editorials, letters, commentaries, and review papers; publications reporting prostate 

diseases other than PCa; studies with duplicate participants; and studies with insufficient data to permit 

calculations.   

 

http://www.ncbi.nlm.nih.gov/clinvar/
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Data Extraction  

 

Four reviewers (R.A., A.A., N.A., S.F.) independently screened article titles and abstracts for eligibility. 

Disagreements were resolved through discussion and consensus, with unresolved issues, if any, 

escalated to a fifth person (M.O.). Data were extracted using a pre-developed worksheet: author; 

publication date; study design; mutation type; study location; population; description of cases and, as 

applicable, controls (e.g., number, recruitment method, matching, etc.); age and gender of subjects; 

estimates of risk, frequency, or survival with corresponding 95% confidence intervals (95%CI) or 

relevant data to calculate such. Authors were contacted for additional information if needed.  

 

Quality Assessment 

 

Four reviewers (R.A., A.A., N.A., and S.F.) independently assessed the quality of studies using the 

Newcastle-Ottawa Scale (NOS), which consists of eight items covering three domains: selection of 

study groups, ascertainment of the exposure and outcome, and comparability of groups. Ratings are 

based on a star system with a maximum score of nine. Studies with 1-3 stars are categorized as low 

quality, 4-6 stars as moderate quality, and 7-9 stars as high quality. 

 

Summary Measures 

 

From a 2x2 contingency table created for each study we determined the unadjusted (crude) odds ratio as a 

common metric for studies that reported estimates of PCa risk (e.g., relative risk [RR], odds ratio [OR], 

standardized incidence ratio [SIR]) or provided sufficient information to compute a risk estimate. The 

frequency of BRCA mutation in PCa patients was defined as the percent of mutation carriers in the studied 

PCa population. Hazard ratios (HR) and 95%CIs were extracted when reported. For studies not reporting 
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HRs, survival curves were digitized to extract data. HRs for CSS and OS were used as mortality 

estimates. 

 

Statistical Analyses 

 

Meta-analytic calculations were performed using Comprehensive Meta-Analysis (Version 3.0; BioStat, 

Englewood, NJ, USA). Assuming varying effect sizes across studies, associations between BRCA gene 

mutational status and risk, frequency, and mortality were evaluated using random-effects models with 

Cochrane’s Q to quantify heterogeneity and the I2 statistic [100%x(Q–df)/Q] to quantify the total 

percentage of variation across each study due to heterogeneity. A P-value <0.05 for Cochran’s Q and 

I2>50% were used as cut-off for significant heterogeneity.27 Publication bias was assessed by contour-

enhanced funnel plots of standard error against the effect estimate. Egger’s linear regression method was 

applied to evaluate the asymmetry of the funnel plot with P<0.10 as the significance criterion.28   

 

Subgroup Analyses 

 
Anticipating heterogeneity, prespecified subgroup meta‐analyses were conducted for the three objectives, 

PCa risk, frequency, and survival. After stratifying by BRCA1 and BRCA2, we explored study design 

features (eg, cohort study reporting SIR vs case‐control study; ascertained BRCA mutation vs inferred 

genotyping; CSS vs OS) as sources of heterogeneity to calculate pooled estimates for PCa risk 

(Figure 1A). To calculate a pooled estimate for mutation frequency among patients with PCa, we first 

stratified by BRCA1 and BRCA2 and subsequently by population type (any population vs Ashkenazi 

Jewish population) and lastly by aggressive disease (any prostate patient vs prostate patients with Gleason 

score ≥7) in Figure 1B. To measure the effect of the mutation on survival, we performed subgroup 

analyses by BRCA type (BRCA1 or BRCA2) and survival outcomes (CSS vs OS).

https://onlinelibrary-wiley-com.ezproxy1.library.arizona.edu/doi/full/10.1002/pros.23795#pros23795-fig-0001
https://onlinelibrary-wiley-com.ezproxy1.library.arizona.edu/doi/full/10.1002/pros.23795#pros23795-fig-0001
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Results 

 

Study Selection  

 

Our search yielded 570 relevant abstracts from PubMed, 931 from Embase, and none from Cochrane 

(Figure 2). An additional 21 records were identified from the reference lists of articles or known to the 

authors. After removing duplicates, 847 records were screened, of which 760 were excluded based on the 

abstract review, leaving 87 publications assessed in full text. Of these, 39 were excluded for not including 

a PCa incidence rate (n = 17); for being editorials (n = 6) or review papers (n = 6); for not including 

information on BRCA mutation (n = 8); and for reporting on duplicate patients (n = 2). A total of 36 

separate studies were retained in our analysis, of which subsequently 19 were included in meta‐analyses 

for PCa risk, 28 in meta‐analyses for PCa frequency, and 11 in meta‐analyses for PCa mortality. 

 

Characteristics of the Studies 

 

PCa Risk in BRCA Mutation Carriers 

Of the 19 studies included, seven were case-control studies, four were case-series studies, and eight were 

cohort studies (Tables 1 and 2). 

Among the seven case-control studies22,29-34, three reported on both BRCA1 and BRCA2, three on BRCA1 

only, and one on BRCA2 only (Table 1). Sample sizes ranged from 87 to 3,750 for the case groups and 

from 87 to 3,956 for control groups.  Six of the seven case-control studies reported ORs while one study 

did not report any estimates. For the six studies including BRCA1, ORs ranged from 0.8 to1.6 with four 

having a point estimate <1 versus one study with a point estimate >1; none statistically significant. The 

two studies including BRCA2 had statistically significant point estimates >1. NOS scores were between 

four and five.  
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All four case-series35-38 reported on both BRCA1 and BRCA2 with sample sizes between 82 and 940 

(Table 1). Point estimates of OR for the four BRCA2 studies ranged from 1.00 to 2.93, with only one 

being statistically significant. NOS scores were between four and five. 

 

Among the eight cohort studies4,39-45, three reported on both BRCA1 and BRCA2, two on BRCA1 only, and 

three on BRCA2 only (Table 2). Sample sizes for the participant ranged from 53 to 3728 for the 

participants and from 53 to 3341 for the control groups.  Seven studies reported SIRs and one other study 

did not report any estimates. In the four studies with BRCA1 results, RR point estimates ranged from 1.0 

to 1.07 with only one being statistically significant. All six studies with BRCA2 results yielded point 

estimates ranging from 2.50 to 6.30, four of which were statistically significant. NOS scores were 

between four and six.  

 

The Frequency of BRCA Mutations in PCa Patients 

 

Of the 28 studies14,15,17,21,22,29-38,46-59 included, 16 reported on both BRCA1 and BRCA2, four on BRCA1 

only and ten on BRCA2 only (Table 3). A total of 10 studies were conducted among the Ashkenazi Jewish 

population, which included information regarding aggressive PCa. The definition of aggressive PCa 

differed by each study (Tables S1 and S2). Among 10 studies, three studies (Table S1) included the 

number of BRCA carrier among aggressive patients with PCa and remaining seven studies (Table S2) 

included the number of aggressive patients with PCa among the BRCA carriers identified from any patient 

with PCa. Each of the case groups among the 11 case studies was incorporated in the frequency analysis. 

Sample sizes ranged from 38 to 2019, and the reported frequencies of the overall BRCA mutations ranged 

from 0.0% to 7.0%. 
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Mortality in PCa Patients With and Without BRCA Mutations 

Of the 11 studies21,29-31,49,51,60-64 reporting survival outcomes, three reported on both BRCA1 and BRCA2, 

one on BRCA1 only, six on BRCA2 only, while one did not stratify between BRCA1 and BRCA2 carriers 

(Table 4). Seven studies assessed survival outcome in terms of CSS, two in terms of OS, and two in terms 

of both CSS and OS. NOS scores were between three and eight. 

 

Meta-Analyses 

 

PCa Risk in BRCA Mutation Carriers 

In the combined meta‐analysis of PCa risk in BRCA mutation carriers (BRCA1 and/or BRCA2), the OR 

was 1.90 (95% CI = 1.58‐2.29; P = 0.000) (Figure 3). In the subgroup meta‐analysis of studies that 

included ascertained mutation carrier, the OR for BRCA mutation carriers (BRCA1 and/or BRCA2) was 

1.72 (95% CI = 1.40‐2.12) (Figure S1). In the other subgroup meta‐analysis of studies reporting SIR, the 

OR for BRCA mutation carriers (BRCA1 and/or BRCA2) was 2.43 (95% CI = 1.59‐3.73) (Figure S2). 

Focusing on BRCA1 only, in the meta‐analysis of studies reporting OR, carriers of this mutation were at 

higher risk of PCa than noncarriers (OR = 1.35, 95% CI = 1.03‐1.76; P = 0.030) (Figure 3). In the 

subgroup meta‐analysis of studies that included ascertained mutation carrier, the OR for BRCA1 mutation 

carriers was 1.32 (95% CI = 1.00‐1.75) (Figure S1). In the other meta‐analysis of studies reporting SIR, 

PCa risk was statistically similar between carriers and noncarriers (SIR = 1.54, 95% CI = 0.83‐

2.86; P = 0.174) (Figure S2). Focusing on BRCA2 only, in the meta‐analysis of studies reporting OR, 

carriers of this mutation were at higher risk of PCa than noncarriers (OR = 2.64, 95% CI = 2.03‐

3.42; P < 0.001) (Figure 3). In the subgroup meta‐analysis of studies that included ascertained mutation 

carrier, the OR for BRCA2 mutation carriers was 2.41 (95% CI = 1.76‐3.30) (Figure S1). In the other 

meta‐analysis of studies reporting SIR, carriers of this mutation were at higher PCa risk than noncarriers 



 159 

(SIR = 3.67, 95% CI = 2.04‐6.61; P < 0.0001) (Figure S2). Summarized results of each meta‐analysis can 

be found in Table 5. 

 

The Frequency of BRCA Mutations in PCa Patients  

In the combined BRCA1 and BRCA2 meta‐analysis, the estimated frequency of BRCA mutations carriers 

(BRCA1 and/or BRCA2), in patients with PCa was 1.5% (95% CI = 1.20‐1.90%) (Figure 4). Focusing 

on BRCA1 only, the frequency of BRCA1 in patients with PCa was 0.9% (95% CI = 0.70‐1.30%) 

(Figure 4). In the subgroup analysis of studies that included the Ashkenazi Jewish population, the 

estimated frequency of BRCA1 among Ashkenazi Jewish patients with PCa was 1.4% (95% CI = 1.00‐

1.80%) (Figure S3). In another subgroup analysis of studies that included aggressive patients with PCa, 

the estimated frequency of BRCA mutations in aggressive PCa (metastatic, lethal, or Gleason score ≥7) 

was 1.2% (95% CI = 0.6‐2.3%) for BRCA1 mutation carriers (Figure S4). The proportion of aggressive 

patients with PCa (Gleason score ≥7) among the BRCA1 mutation carriers identified from any patient 

with PCa was 36.3% (95% CI = 20.0‐56.5%) (Figure S5). Focusing on BRCA2 only, the frequency 

of BRCA2 in patients with PCa was 2.2% (95% CI = 1.70‐2.90%) (Figure 4). In the subgroup analysis of 

studies that included the Ashkenazi Jewish population, the estimated frequency of BRCA2 mutations in 

patients with PCa was 2.1% (95% CI = 1.60‐2.60%) (Figure S3). In another subgroup analysis of studies 

that included aggressive patients with PCa, the estimated frequency of BRCA2 mutations in aggressive 

PCa (metastatic, lethal, or Gleason score ≥7) was 4.2% (95% CI:3.0‐6.0) for BRCA2 mutation carriers 

(Figure S4). The proportion of aggressive patients with PCa (Gleason score ≥ 7) among 

the BRCA2 mutation carriers identified from any patient with PCa was 71.1% (95% CI: 31.4‐93.0%) 

for BRCA2 mutation carriers (Figure S5). 

 

Mortality in PCa Patients With and Without BRCA Mutations  
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In the combined BRCA1/BRCA2 meta‐analysis, carriers of these mutations had poorer CSS (HR = 2.53, 

95% CI = 1.98‐3.22; P < 0.0001; Figure 5) and OS (HR = 2.08, 95% CI = 1.55‐2.79; P < 0.0001; Figure 

S6) as compared with noncarriers. Focusing on BRCA1 only, carriers of this mutation showed statistically 

similar CSS (HR = 1.07, 95% CI = 0.38‐2.96; P = 0.904; Figure 5) and OS (HR = 0.47, 95% CI = 0.11‐

1.99; P = 0.305; Figure S6) compared with noncarriers. Focusing on BRCA2 only, carriers of this 

mutation had poorer CSS (HR = 2.63, 95% CI = 2.00‐3.47; P < 0.0001; Figure 5) and OS (HR = 2.21, 95% 

CI = 1.64‐2.99; P < 0.0001; Figure S6) compared with noncarriers. 

 

Publication Bias 

 

Egger’s test for publication bias yielded statistically non-significant results for the meta-analyses on PCa 

risk in BRCA mutation carriers (p=0.667), BRCA mutation in PCa patients (p=0.180), and mortality in 

PCa patients with and without BRCA mutation (p=0.900) (Supplementary Figure 6). This was confirmed 

by funnel plots showing, in general, symmetry.   

https://onlinelibrary-wiley-com.ezproxy1.library.arizona.edu/doi/full/10.1002/pros.23795#pros23795-fig-0005
https://onlinelibrary-wiley-com.ezproxy1.library.arizona.edu/doi/full/10.1002/pros.23795#pros23795-fig-0005
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Discussion 

 

The principal findings of our study are three‐fold. First, we found that the risk of PCa is elevated 

in BRCA mutation carriers in general. This elevated PCa risk was attributable largely to a 2.64‐fold 

greater risk of PCa in BRCA2 and a moderate 1.35‐fold greater risk in BRCA1 carriers. Second, the 

frequency of BRCA mutations among patients with PCa was 1.5% among overall BRCA carriers 

(BRCA1 and/or BRCA2), but higher among BRCA2 (2.2%) than BRCA1 (0.9%) carriers. 

Third, BRCA2, but not BRCA1, was associated with higher PCa mortality. 

 

The meta‐analysis by Fachal et al22 did not show a statistically significant increase in the risk of PCa 

in BRCA1 carriers while ours, which included an additional seven studies, did reveal an increased PCa 

risk. Note that the point estimate of the unadjusted OR in Fachal et al22 (1.36) was virtually identical to 

ours (1.35). Our analyses now add to this prior meta‐analysis by reporting statistically significant 

estimates for overall BRCA (BRCA1 and/or BRCA2) carriers (OR = 1.90) as well as for BRCA2 carriers 

(OR = 2.64). The subgroup analyses based on the ascertainment method and age‐sex adjustment (SIR) 

showed a similar result of an increased PCa risk for BRCA2. But for BRCA1 carriers, subgroup analysis 

based on the ascertainment method was barely significant (P value = 0.05) and the other subgroup 

analysis based on the age‐sex adjustment (SIR) was not significant, though this may be a matter of the 

small number of studies included. 

 

An additional contribution of our study concerns the frequency of BRCA mutation carriers among patients 

with PCa. Our estimates are 1.5% for overall BRCA (BRCA1 and/or BRCA2), with, here too, a lower 

frequency of BRCA1 carriers (0.9%) and a higher frequency for BRCA2 carriers (2.2%). Individual DNA 

sequencing studies have shown germline BRCA2 frequencies of 5% to 6%.16-19 Our frequency rates of 

0.9% and 2.2% are similar to the subgroup analysis based on the Ashkenazi Jewish population (1.4% and 

2.1%) and are higher than those in the general population, which have been estimated at between 1/800 
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(0.125%) and 1/1000 (0.01%).65 Moreover, a high proportion of identified BRCA carriers in our frequency 

analysis was aggressive (Gleason score ≥ 7) patients with PCa based on a meta‐analysis of seven studies. 

(BRCA1: 36.3% 95% CI = 20.0‐56.5%, BRCA2: 71.1% 95% CI: 31.4‐93.0%). Also, the frequency 

of BRCA2 mutation carrier among the aggressive PCa (metastatic, lethal, Gleason score ≥7) was higher 

for than frequency from any PCa based on a meta‐analysis of three studies. (BRCA1: 1.2% 95% CI = 0.6‐

2.3%, BRCA2: 4.2% 95% CI: 3.0‐6.0).Moreover, high proportion of identified BRCA carriers in our 

frequency analysis were aggressive prostate cancer (Gleason score ≥7) patient based on a meta-analysis of 

seven studies. (BRCA1: 36.3% 95%CI=20.0-56.5%, BRCA2: 68.0% 95%CI:42.6-85.8%). Also, frequency 

of BRCA2 mutation carrier among the aggressive prostate cancer (metastatic, lethal, Gleason score ≥7) 

was higher for than frequency from any prostate cancer based on meta-analysis of three studies. (BRCA1: 

1.2% 95%CI=0.6-2.3%, BRCA2: 4.2% 95%CI:3.0-6.0).  

 

A final contribution of our analyses concerns mortality outcomes by updating prior estimates for BRCA2 

carriers, as well as providing estimates for overall BRCA carriers and BRCA1 carriers. From their meta-

analysis of BRCA2 studies, Cui et al.23 reported HRs of 2.21 for OS and 2.53 for CSS. Adding one recent 

study, our HR estimates are similar at 2.21 for OS and 2.63 for CSS. Further, poorer mortality outcomes 

may be limited to BRCA2 carriers. Our meta-analyses revealed similar OS and CSS outcomes for BRCA1 

carriers and non-carriers. This means that the worse survival outcomes in the non-differentiated BRCA 

analyses are attributable mainly to the mortality results observed in the BRCA2 analyses.  

Summarized, the risk of PCa is about twice (1.90-fold) as high among BRCA carriers compared to non-

carriers, mainly due to 2.64-fold increased risk among BRCA2 carriers versus a 1.35-fold elevated risk 

among BRCA1 carriers relative to non-carriers. This may be explained by the higher frequency of BRCA2 

(2.5%) versus BRCA1 (1.1%) in PCa patients at large. This increased PCa risk in BRCA2 carriers and the 

higher frequency of BRCA2 in PCa patients is complemented by the poorer overall and cancer-specific 

survival outcomes among BRCA2 (but not BRCA1) carriers relative to non-carriers. Thus, the increased 

risk, greater frequency, and higher mortality signals are more pronounced among BRCA2 but less so 
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among BRCA1 mutation carriers. Both BRCA1 and BRCA2 work in a common pathway of genome 

protection known to function in homologous recombination. However, the two proteins work at different 

stages in this pathway. BRCA1 functions upstream of BRCA2, therefore the function of BRCA2 is 

dependent on BRCA1. Also, BRCA1 functions in both checkpoint activation and DNA repair, while 

BRCA2 is a mediator of the core mechanism of homologous recombination.66 The links between the two 

proteins are not well understood, but the difference in mechanism might explain why BRCA2 is more and 

BRCA1 is less associated with an increased risk for prostate cancer. 

Our findings contribute to the evolving knowledge base about the association of BRCA1 and BRCA2 

mutation status and the risk for certain cancers. Table 6 summarizes meta-analyses of the risks for breast, 

ovarian67, and colorectal cancer24, as well as our present results for prostate cancer. Also shown are the 

associations of BRCA mutation with survival outcomes for certain cancers. Point estimates of risk are 

higher for ovarian cancer compared to breast cancer for both BRCA1 and BRCA2. The point estimate for 

PCa risk is comparable to that for breast cancer among BRCA2 carriers. The significantly worse survival 

outcomes among BRCA2 carriers with PCa are comparable to those for breast cancer and ovarian cancer.  

Genetic testing for BRCA mutations is well-established for breast and ovarian cancer in routine clinical 

practice, and supported by the National Comprehensive Cancer Network (NCCN) guideline on 

Genetic/Familial High-Risk Assessment: Breast and Ovarian [Version 2.2017]).68 Importantly, this 

guideline also recommends  genetic testing among PCa patients with a biopsy Gleason score >7 and one 

of the following: (1) at least one first-degree relative with ovarian cancer or breast cancer at age 50 or 

younger, or (2) at least two relatives with breast, ovarian, or prostate cancers (Gleason 7 or higher) at any 

age. Further, the guideline states that unaffected men may also consider genetic evaluation if their family 

history meets the same criteria. However, men may not know the Gleason score of male relatives with 

PCa, which may limit eligibility for insurance coverage for genetic testing. Considering our results 

regarding the comparable risk and outcomes of PCa for BRCA2 mutation carriers, BRCA testing should be 

incorporated into routine practice. Furthermore, as tumor sequencing efforts for identifying targets for 
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treatment evolves, the potential to uncover germline mutations such as in BRCA2 must be considered and 

discussed with PCa patients in order to refer patients for genetic consultation.  

Our findings warrant some caution. Studies differed in how they ascertained BRCA mutation status. 

Studies were conducted from different locations with different populations. Some studies defined 

mutation based on three well-known founder mutations while other studies used whole gene sequencing. 

As some studies did not confirm BRCA mutation by genetic testing but used pedigree instead, assuming 

that 50% of the study population would have BRCA mutations. Due to the heterogeneity in study design, 

we ran numerous subgroup analyses based on the all the factors we abovementioned.  Due to limited 

statistical power, additional stratification was not permitted. Only six studies were designed specifically 

to capture the risk of PCa in BRCA mutation carriers as their primary goal. The low incidence of prostate 

cancers in some studies may be due to these studies including several cancer types. Stratified analyses 

also reduced the number of studies in the analysis, and this too may have affected statistical power. All 

the studies reviewed were non-controlled observational investigations that may have been unbalanced in 

baseline demographic and clinical characteristics of subjects. While the real-world practice may be better 

reflected in observational studies, the relative lack of baseline characteristics including risk factors for 

PCa should be considered. Family history, pre-existing cancer, diet, smoking status, and increasing age 

are known risk factors for prostate cancer.69  

 

Conclusion 

 

We report on three meta‐analyses evaluating the risk of PCa among BRCA mutation carriers, the 

frequency of BRCA mutation among patients with PCa, and survival outcomes of PCa 

among BRCA mutation carriers. Meta‐analysis revealed a 1.90‐fold greater risk of PCa in 

overall BRCA (BRCA1 and/or BRCA2) mutation carriers. This elevated PCa risk was attributable largely 

to a 2.64‐fold greater risk of PCa in BRCA2 carriers and a moderate 1.35‐fold greater risk 

in BRCA1 carriers. The frequency of BRCA1 and BRCA2 carriers in patients with PCa was 0.9% and 
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2.2%, respectively, which is higher than the frequency of BRCA mutation in the general 

population. BRCA2, but not BRCA1, mutations were associated with poorer PCa‐specific and OS 

outcomes. Therefore, BRCA mutation is a clinical factor to stratify high‐risk patients and provide clinical 

strategies for more effective targeted treatments for patients with PCa.  
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Tables and Figures 

Table 1. Summary of baseline characteristics of the included case studies 

 
 

Reference 

(year) 

 

Study 

design 

 

Country 

(Population) 

 

 

Mutation 

 

Cases 

 

Controls 

 

Reported estimates 

(95% CI) 

 

Calculated odds ratio 

(95% CI) 

 

NOS 

Score 

Total PCa 

patients 

BRCA 

carriers 
Total control 

group 

BRCA 

carriers 

 

Akbari 

(2014)29 

 

case control 

 

Canada 

 

- 

 

1,904 

 

BRCA2 

 

26 

 

2283 

 

9 

 

OR= 3.50 (1.63-7.48) 

 

OR= 3.46 (1.62-7.41) 

 

6 

 

Cybulski 

(2013)30 

 

case-control 

 

Poland 
5382insC, 

4153delA, 

C61G 

 

3,750 

 

BRCA1 

 

14 

 

3956 

 

17 

 

OR=0.9 (0.4-1.8) 

 

OR= 0.86 (0.41-1.83) 

 

4 

 

Fachal 

(2011)22 

 

case control 

 

Spain 

(Galician) 

 

c.211A>G 

 

905 

 

BRCA1 

 

1 

 

936 

 

3 

 

OR= 0.27 (0.01-2.36) 

 

OR= 1.55 (0.44-5.52) 

 

5 

Gallagher 

(2010)31 

 

case control USA 

(AJ) 

185delAG 

6147delT 

832 

832 

BRCA1 

BRCA2 

6 

20 

454 

454 

4 

3 

OR= 0.38 (0.05-2.75) 

OR= 3.18 (1.52-6.66) 

OR= 0.82 (0.23-2.92) 

OR= 3.64 (1.08-12.31) 

 

5 

Agalliu 

(2009)32 

 

case control USA 

(AJ) 

185delAG,5382 

insC 

6147delT 

978 

969 

BRCA1 

BRCA2 

12 

18 

1247 

1240 

11 

12 

OR= 1.39 (0.60-3.22) 

OR= 1.92 (0.91-4.07) 

OR= 1.39 (0.61-3.17) 

OR= 1.92 (0.92-4.00) 

 

5 

 

Cybulski 

(2008)33 

 

case control 

 

Poland 
 

185delAG,5382 

insC, C61G 

 

1,793 

 

BRCA1 

 

8 

 

4570 

 

22 

 

OR= 0.9 (0.4-2.1) 

 

OR= 0.93 (0.41-2.09) 

 

4 

Hubert 

(1999)34 

 

case control Israel 

(AJ) 

 

- 
87 

87 

BRCA1 

BRCA2 

2 

1 

87 

87 

2 

1 

 

- 
OR= 1.00 (0.14-7.26) 

OR= 1.00 (0.06-16.24) 

 

5 

Kirchhoff 

(2004)35 

 

case-series USA 

(AJ) 

185delAG,5382 

insC 

6147delT 

251 

251 

BRCA1 

BRCA2 

5 

8 

1472 

1472 

12 

16 

OR= 2.20 (0.72-6.70) 

OR= 4.78(1.87-12.25) 

OR= 2.40 (0.85-7.00) 

OR= 2.93 (1.24-6.92) 

5 

Giusti 

(2003)36 
case-series 

Israel 

(AJ) 
- 940 

BRCA1 

BRCA2 

16 

14 

1344 

1344 

10 

11 
- 

OR= 2.08 (0.96-4.50) 

OR= 2.00 (0.89-4.53) 
6 

Vazina 

(2000)37 

 

case-series Israel 

(AJ) 

185delAG,5382 

insC 

6147delT 

147 

86 

BRCA1 

BRCA2 

4 

1 

5318 

5087 

61 

59 

 

- 
OR= 3.53 (1.25-9.98) 

OR= 1.00 (0.14-7.32) 

5 
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Nastiuk 

(1999)38 

 

case-series USA 

(AJ) 

185delAG 

6174delT 

83 

82 

BRCA1 

BRCA2 

1 

1 

3108 

3085 

34 

47 

- 

- 

OR= 1.10 (0.15-8.12)  

4 

OR= 1.60 (0.38-6.70) 

 CI= confidence interval, OR=odds ratio, AJ= Ashkenazi Jewish, NOS=Newcastle-Ottawa Scale, -= not reported, PCa= Prostate Cancer 

 

 

Table 2. Summary of baseline characteristics of the included cohort studies 

  

Study 

design 

 

Country 

(Population) 

 

Mutation 
Cohort Controls  

Reported estimates 

(95% CI) 

 

Calculated odds ratio (95% 

CI) 

 

NOS 

Score BRCA carriers 
PCa 

cases 
Total control group 

PCa 

cases 

Bancroft 

(2014)3

9 

 
cohort Multi- 

national 

 
- 

BRCA1 

BRCA2 

791 

731 

18 

24 

531 

428 

10 

7 

 
- 

OR= 1.21(0.56-2.65) 

OR= 2.04(0.87-4.78) 

 
4 

Mersch 

(2015)4

0 

 
cohort 

 
US 

 
- 

BRCA1 

BRCA2 

1072 

1072 

3 

7 

1072 

1072 

1.79 

1.43 

SIR= 3.09 (0.77-11.13) 

SIR= 4.89 (1.96-10.08) 

OR= 1.69 (0.26-10.80) 

OR = 4.92 (0.81-29.78) 

 
5 

Moran 

(2012)4

1 

 

cohort 

 

UK 

 

- 
BRCA1 

BRCA2 

1815 

1526 

6.1 

31.7 

1815 

1526 

5.8 

5 

SIR= 1.0 (0.4-2.3) 

SIR= 6.3 (4.3-9.0) 

OR= 1.05 (0.34-3.28) 

OR= 6.45 (2.50-16.62) 

 

5 

 

Asperen 

(2005)4

2 

 

cohort 

 

Netherland 

 

- 

 

BRCA2 

 

803 

 

24 

 

803 

 

13.6 

 

SIR= 2.5 (1.6-3.8) 

 

OR=2.78 (0.91-3.46) 

 

5 

 

Thompson 

(2002)4 

 

cohort 
Western 

Europe/ 
North 

America 

 

- 

 

BRCA1 

 

2,245 

 

11 

 

2,245 

 

7.7 

 

SIR= 1.07 (0.75-1.54) 

 

OR= 1.43 (0.57-3.60) 

 

6 

 
BCLC 

(1999)4

3 

 

cohort 

Western 
Europe/ 

North 

America 
(AJ) 

 

- 

 

BRCA2 

 

3,728 

 

29 

 

3,728 

 

6.06 

 

SIR = 4.65 (3.48-6.22) 

 

OR= 4.82 (2.00-11.60) 

 

5 

 

Sigurdsson 

(1997)44 

 

cohort 

 

Iceland 

 

999del5 

 

BRCA2 

 

53 

 

7 

 

53 

 

1.5 

 

SIR= 4.6 (1.9–8.8) 

 

OR= 5.23 (0.86-31.85) 

 

4 

 

Ford 

(1994)4

5 

 

cohort 
Western 

Europe/ 
North 

America 

 

- 

 

BRCA1 

 

464 

 

7 

 

464 

 

1.61 

 

SIR= 2.95(-) 

 

OR= 4.34 (0.78-24.23) 

 

4 
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CI= confidence interval, AJ= Ashkenazi Jewish, SIR=standardized incidence ratio, OR=odds ratio, NOS=Newcastle-Ottawa Scale -= not reported, PCa= prostate cancer 
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Table 3. Summary of baseline characteristics of the frequency studies 

Reference (year) 
Country 

(Population) 

Mutation 

type 
Number of BRCA Carriers Total PCa patients Frequency 

 

Maia (2016)
46

 
Portugal BRCA1 

BRCA2 

1 

1 

38 

38 

2.6% 

2.6% 

 

Pritchard (2016)
17

 

 

UK/USA 
BRCA1 

BRCA2 

6 

37 

692 

692 

0.9% 

5.3% 

 

Na (2017)
47

 

 

Multi-nation 
BRCA1 

BRCA2 

4 

15 

799 

799 

0.5% 

1.9% 

Maier (2014)
48

 Germany BRCA2 5 474 1.1% 

Akbari (2014)
29

 Canada BRCA2 26 1904 1.4% 

 

Castro (2013)
49

 

 

UK 
BRCA1 

BRCA2 

18 

61 

2019 

2019 

0.9% 

3.0% 

Leongamornlert (2012)
14

 UK BRCA1 4 913 0.4% 

Cybulski (2013)
30

 Poland BRCA1 14 3750 0.4% 

Kote-Jaria (2011)
15

 UK BRCA2 19 1832 1.0% 

Fachal (2011)
22

 
Spain 

(Galician) 
BRCA1 1 905 0.1% 

 

Gallagher (2010)
31

 
US 

(AJ) 

BRCA1 

BRCA2 

6 

20 

832 

832 

0.7% 

2.4% 

Manguoglu (2010)
50

 Turkey BRCA2 1 50 2.0% 

 

Agalliu (2009)
32

 
US 

(AJ) 

BRCA1 

BRCA2 

12 

18 

979 

979 

1.2% 

1.8% 

Cybulski (2008)
33

 Poland BRCA1 8 1793 0.4% 

Tryggavadottir (2007)
51

 Iceland BRCA2 30 527 5.7% 

 

Kirchhoff (2004)
35

 
US 

(AJ) 

BRCA1 

BRCA2 

5 

8 

251 

251 

2.0% 

3.2% 

Edwards (2003)
52

 UK BRCA2 6 263 2.3% 

 

Ikonen (2003)
53

 

 
Finland 

BRCA1 

BRCA2 

11 

7 

548 

548 

2.0% 

1.3% 

 

Hamel (2003)
54

 
Canada 

(AJ) 

BRCA1 

BRCA2 

0 

2 

146 

146 

0.0% 

1.4% 

 

Giusti (2003)
36

 
Israel 

(AJ) 

BRCA1 

BRCA2 

16 

14 

940 

940 

1.7% 

1.5% 

 

Vazina (2000)
37

 

 

Israel 
BRCA1 

BRCA2 

4 

1 

147 

86 

1.6% 

0.6% 

Sinclair (2000)
55

 US BRCA2 3 43 7.0% 

 

Nastiuk (1999)
38

 
US 

(AJ) 

BRCA1 

BRCA2 

1 

2 

83 

82 

1.2% 

2.4% 

 

Hartge (1999)
56

 
US 
(AJ) 

BRCA1 

BRCA2 

0 

2 

48 

48 

0.0% 

4.2% 

Wilkens (1999)
57

 US BRCA1 0 47 0.0% 
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 (AJ) BRCA2 1 47 2.1% 

 

Hubert (1999)34 

Israel (AJ) BRCA1 

BRCA2 

2 

1 

87 

87 

2.3% 

1.1% 

 

Lehrer (1998)58 

US (AJ) BRCA1 

BRCA2 

0 

0 

60 

60 

0.0% 

0.0% 

Johannesdottir (1996)59 Iceland BRCA2 2 75 2.7% 
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Table 4. Summary of baseline characteristics of the survival studies 

 

Reference 

(year) 

 

Mutation 

 

Number 

of Pca 

patients 

 

Number of 

BRCA 

carrier 

 

Number 

of Non- 

Carriers 

 

Median/Mean age 

 

Follow- 

up(month) 

 

Outcome 

 

Reported estimates (95% CI) 

 

NOS 

Score 

 

Kim (2016)60 

 

- 

 

510 
BRCA1 

BRCA2 

476 

212 

32 

291 

 

66(44-89) 

 

44 

 

CSS 
HR= 0.44 (0.21-0.92) 

HR=1.66 (1.12-2.45) 

 

4 

Balton (2015)61 - 136 BRCA2 31 59 BRCA2(-); 66 (45-87) 88.8 CSS HR=2.94 (1.76-4.90) 7 

 

Castro (2015)62 

 

- 

 

1302 

 

BRCA 

 

67 

 

1235 

 

57.1 (36.0-85.8) 

 

64 

 

CSS 

 

HR=2.78 (1.53-5.04) 

 

6 

 

Akbari (2014)29 

 

- 

 

1904 

 

BRCA2 

 

26 

 

1878 

 

67 (40-90) 

 

104.4 

 

CSS 

 

HR= 3.48 (1.58-7.72) 

 

7 

    

BRCA1 

 

18 

 

1940 

 

BRCA1(+); 60.8 (48.3-73.5) 

 OS 

CSS 

OS 

CSS 

HR=0.47 (0.11-1.97) 

HR=0.59 (0.14-2.54) 

HR=1.87 (1.14-3.07) 

HR=1.92 (1.09-3.39) 

 

Castro (2013)49 - 2019     50 6 

   
BRCA2 61 1940 

BRCA2(+); 57.6 (41.7-88) 

BRCA(-); 57.2 (32.3-88.9) 

  

 

Cybulski (2012) 

33 

 

5382insC,C61G,4153delA 

 

3487 

 

BRCA1 

 

13 

 

3082 

 

68.3 

 

67.5 

 

OS 

 

HR=1.48 (0.51-4.30) 

 

7 

 
Thorne 

(2011)63 

 
- 

 
148 

 
BRCA2 

 
40 

 
97 

BRCA2(+); 64.9/65.9 (43-84) 

BRCA2(-); 66.8/65.7 (33-87) 

 
- 

OS 

CSS 

HR=2.87(1.63-5.03) 

HR=3.79 (1.95-7.35) 

 
5 

Gallagher 

(2010)31 

 

185delAG 

 

832 
BRCA1 

BRCA2 

6 

20 

806 BRCA1(+); 67.1 (44.7-81.5) 

BRCA2(+); 62.0 (40.8-83.0) 

 

96 

 

CSS 
HR=5.16 (1.09-24.53) 

HR=5.48 (2.03-14.79) 

 

7 
806 

 

Edwards(2010) 

21 

 

- 

 

1608 

 

BRCA2 

 

21 

 

1587 

 

- 

 

- 

 

OS 

 

HR=2.14(1.28-3.56) 

 

5 

Tryggvadottir 

(2007)52 

 
999del5 

 
527 

 
BRCA2 

 
30 

 
497 

BRCA2(+); 69 (48-84) 

BRCA2(-); 74 (50-93) 

 
- 

 
CSS 

 
HR= 3.42(2.12-5.51) 

 
6 
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Table 5. Summary of the meta-analysis and subgroup analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PCa Risk Unadjusted OR (95% CI) P-value I-squared (%) Forest Plots 

Overall BRCA (BRCA1 and/or BRCA2) 1.90 (1.58-2.29) 0.00 20.6 Figure 3 

BRCA1 1.35 (1.03-1.76) 0.03 0.0 Figure 3 

BRCA2 2.64 (2.03-3.42) 0.00 0.0 Figure 3 

Overall BRCA (Ascertained) 1.72 (1.40-2.12) 0.00 0.0 Figure S1 

BRCA1 (Ascertained) 1.32 (1.00-1.75) 0.05 0.0 Figure S1 

BRCA2 (Ascertained) 2.41 (1.76-3.30) 0.00 0.0 Figure S1 

Overall BRCA (SIR) 2.43 (1.59-3.73) 0.00 34.4 Figure S2 

BRCA1 (SIR) 1.54 (0.83-2.86) 0.17 0.0 Figure S2 

BRCA2 (SIR) 3.67 (2.04-6.61) 0.00 36.7 Figure S2 

     
Frequency Event Rate (95% CI) P-value I-squared (%)  
Overall BRCA 1.5% (1.2-1.9%) - 92.4 Figure 4 

BRCA1 0.9% (0.7-1.3%) - 92.6 Figure 4 

BRCA2 2.2% (1.2-1.9%) - 91.0 Figure 4 

Overall BRCA (AJ) 1.7% (1.5-2.1%) - 59.4 Figure S3 

BRCA1 (AJ) 1.4% (1.0-1.8%) - 0.0 Figure S3 

BRCA2 (AJ) 2.1% (1.6-2.6%) - 60.4 Figure S3 

Overall BRCA (Aggressive PCa) 3.2% (2.4-4.4%) - 81.6 Figure S4 

BRCA1 (Aggressive PCa) 1.2% (0.6-2.3%) - 38.7 Figure S4 

BRCA2 (Aggressive PCa) 4.2% (3.0-6.0%) - 37.5 Figure S4 

     
Mortality Hazard Ratio (95% CI) P-value I-squared (%)  
Overall BRCA (CSS) 2.53 (1.98-3.22) 0.00 68.2 Figure 5 

BRCA1 (CSS) 1.06 (0.38-2.96) 0.90 68.3 Figure 5 

BRCA2 (CSS) 2.63 (2.00-3.47) 0.00 43.4 Figure 5 

Overall BRCA (OS) 2.08 (1.55-2.79) 0.00 0.0 Figure S6 

BRCA1 (OS) 0.47 (0.11-1.99) 0.30 0.0 Figure S6 

BRCA2 (OS) 2.21 (1.64-2.99) 0.00 0.0 Figure S6 

CI= confidence interval, SIR=standardized incidence ratio, OR=odds ratio, - = not reported, PCa= prostate cancer, AJ= Ashkenazi 

Jewish Population, CSS= cancer specific survival, OS= overall survival 
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Table 6. BRCA mutation risk estimates derived from meta-analyses for breast, ovarian, colorectal, and prostate cancer 

 
 

Breast16 

 

 

OR (95%CI) 

Ovarian16 

 

 

OR (95%CI) 

Colorectal24 

 

 

OR (95%CI) 

Prostate 

 

 

OR (95%CI) 

 
BRCA1 

5.91 

(5.25-6.67) 

11.8 

(9.99-14.0) 

1.49 

(1.20-1.86) 

1.34 

(1.03-1.76) 

 

BRCA2 
5.26 

(4.38-6.31) 

3.31 

(2.95-3.71) 

1.15 

(0.84-1.58) 

2.64 

(2.03-3.42) 
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Chapter 6 

Monetized Value of Knowing BRCA Mutation in Prostate Cancer: Prevention, Better Treatment, 

and Other Potential Values 

 

Abstract 

Importance 

Current low-risk localized prostate cancer (PCa) patients are treated with active surveillance (AS) and 

higher risk localized PCa patients receive curative intent interventions (radical prostatectomy [RP] or 

radiation therapy [RT]). While BRCA1/2 mutations is shown to increase risk for morbidity and mortality 

of prostate cancer, BRCA mutation is not considered in guiding treatment for low-risk localized PCa 

patient. Moving to genetic testing for low-risk localized PCa patients could identify additional mutation 

carriers who can potentially benefit from prevention and better treatment. While previous studies focused 

on the cost-effectiveness of AS and RP, the value of knowing BRCA information to support treatment 

decision has remained limited. 

Objective 

To assess incremental lifetime effects, costs, and incremental net-monetary benefit (INMB) of BRCA 

information to low-risk localized PCa patients by comparing two strategies; ‘with BRCA information’ and 

‘without BRCA information.’  

Design and Settings 

A decision-analytic model in combination with Markov model and decision tree compared lifetime costs 

and effects of knowing BRCA information (strategy 1: testing all low-risk localized PCa) to ‘without 

BRCA information’ (Strategy 2: offering the same treatment as BRCA carriers based on family history of 
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PCa) in treating U.S. patients with low-risk localized prostate cancer. A hypothetical cohort of low-risk 

localized PCA was simulated based on SPCG-4 trial population. Life-time horizon is utilized at discount 

rate of 3.5% for both cost and effect. Results are presented for both payer and societal perspectives. 

Probabilistic, deterministic sensitivity analyses and varied scenario analyses evaluate model uncertainty.   

Interventions 

In strategy 1, all low-risk localized PCa undergo BRCA testing. BRCA mutation carriers were assumed to 

undertake curative intent interventions (RP or RT) after diagnosis. After metastasis, BRCA carriers were 

offered to receive combination therapy of olaparib and abiraterone. Non-BRCA carriers were assumed to 

undertake active surveillance (AS) as recommended in guidelines followed by abiraterone monotherapy 

after metastasis. In strategy 2, family history was assumed to serve as surrogate for BRCA mutation. 

Patients with positive family history were assumed to be treated the same as BRCA carriers.  

Main Outcomes and Measures 

INMB was calculated as the monetized benefit of knowing BRCA information per person. Components of 

benefit included direct medical costs and benefits in the payer perspective. Indirect health costs and 

benefits were considered for societal perspective. Willingness-to-pay (WTP) threshold of 

$150,000/QALY was utilized in INMB calculation. The net monetized value of knowing BRCA 

information was estimated by multiplying INMB to eligible population. The net monetized value of 

BRCA information was presented for each year as well as accumulated value over next 15 years.  

Results 

Treating low-risk localized prostate cancer patients on ‘with BRCA information; scenario would cost 

$35,057 and result in 11.2 QALYs, while ‘without BRCA information’ scenario would cost higher 

($37,418) and lower outcomes (10.9 QALYs) in payer perspective. The INMB of knowing BRCA 

information among low-risk localized PCa patients was $43,487 and $43,357 in payer and societal 
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perspectives, respectively. In probabilistic sensitivity analysis, ‘with BRCA information’ showed positive 

INMB for 96% of the simulations. Both deterministic sensitivity and scenario analyses showed robustness 

of the finding. Considering the low-risk localized PCa incidence estimates, knowing BRCA information 

resulted in net monetized value of 1.66 billion in one year and yielded accumulated net monetized value 

of 28.1 billion dollars over next 15 years in payer perspective.  

Conclusions and Relevance 

This study quantifies the monetized value of knowing BRCA information for low-risk localized PCa 

patients and shows that knowing BRCA information is cost saving to payer and society. The results of 

INMB calculation can be applied to different settings where BRCA information shows benefits and be 

combined to show overall value of knowing BRCA mutation. These findings have implication to expand 

BRCA testing criteria to other cancers than breast and ovarian cancer. 
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Introduction 

 

Prostate Cancer Overview 

In the U.S., prostate cancer is the most common cancer in men except for non-melanoma skin cancer and 

the second common cause of cancer death. In 2019, an estimated 174,650 men in the U.S. will be 

diagnosed with prostate cancer, and 31,620 men are expected to die from the disease1. The average age of 

diagnosis is 65, and 90% of PCa are found when the disease is localized to the prostate and nearby 

organs2.  

 

Current Treatments 

Active treatment for the localized PCa includes radical prostatectomy (RP), radiation therapy (RT), and 

active surveillance (AS). As low-risk PCa often grows very slowly or does not grow at all, current 

guidelines recommend AS for low-risk PCa. In this approach, the tumor is monitored regularly and only 

treatment when the tumor progress3.  

 

While AS has a benefit to minimize risk of over-treating, it has a chance to miss the window of treatment4 

coupled with low adherence5. Especially, as the risk of progression is determined based on prostate-

specific antigen (PSA) and Gleason score, there is a need to consider reclassification to incorporate other 

factors associated with worse outcomes6.   

 

BRCA Mutation and Prostate Cancer 

BRCA, which is also known as the breast cancer susceptibility gene, is a human gene that produces tumor 

suppressor proteins. Tumor suppressor genes help suppress tumor formation and prevent cancer by 
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promoting DNA repair7. Recently, BRCA has gained significant attention in the setting of other cancers 

including prostate cancer. Based on recent meta-analysis, BRCA mutation carriers appear to have higher 

chance of developing PCa, more aggressive prostate cancer, and PCa mortality8.  

 

Current Guideline and Preventive Interventions 

While there are various organizations and societies that have guidelines for BRCA testing for male breast 

cancer patients, including National Comprehensive Cancer Network (NCCN)9 and the United States 

Preventative Task Force (USPSTF)10, there has been no recommendation for prostate cancer until the 

recent update in NCCN guideline. However, the updated NCCN guideline recommends BRCA testing 

only for high-risk, very-high risk regional, or metastatic prostate cancer. BRCA testing with individuals 

with a family history of breast or ovarian cancer or clinical criteria can enable male patients to be 

informed on their BRCA mutation status, however, majority of male BRCA carriers would not be able to 

know their mutation status unless identified after having high-risk, very-high risk regional, or metastatic 

prostate cancer. Moreover, poly(ADP-ribose) polymerase (PARPi) including olaparib and niraparib11,12 

has been granted breakthrough status by the US Food and Drug Administration to treat patients with 

metastatic castrate-resistant prostate cancer (mCRPC).  

  

The Current Method to Value Genetic Information in Prostate Cancer 

To enable better treatment decisions in the early phase (RP, RT, or AS for low-risk localized PCa) and 

late phase (olaparib for mCRPC), expanding genetic testing criteria for BRCA mutation with early stage 

of prostate cancer needs to be considered. A health-economic evaluation is widely utilized to evaluate and 

compare the value of various health interventions. Result of health-economic evaluation helps resources 

allocation across interventions. Therefore, a cost-effectiveness analysis has been widely adopted to assess 

cost effectiveness of RP or AS. 
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Problem and Objective of the Study 

However, single genetic information can be applied to multiple diseases to guide cancer prevention, a 

novel cancer treatment strategy, and personalized care10. BRCA mutation is associated with increased risk 

of not only breast/ovarian cancer but also other cancers including colorectal, prostate, pancreatic and 

stomach cancer. To show the overall value of knowing BRCA information in multiple settings, the value 

of knowing BRCA information in each setting needs to be quantified and be benefits and be combinable. 

Therefore, we monetized the value of knowing BRCA information in potentially preventing and providing 

better treatment to low-risk localized PCa patients by comparing the costs and outcomes of “with BRCA 

information” to “without BRCA information” in decision analysis model.  
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Methods 

 

Model Description 

 

Overview of the Model 

A decision-analytic model, in combination with Markov model and decision tree, was developed to 

compare costs and effects of BRCA information in treating patients with low risk localized prostate 

cancer. We defined the intervention (‘BRCA information’) as knowing the BRCA mutation status, 

followed by the possibility of radical prostatectomy, radiation therapy, and better treatment option 

(olaparib + abiraterone), if a mutation was found. Low risk localized prostate cancer patients without 

BRCA mutation was followed by active surveillance and abiraterone. All patients were followed for 

lifetime (i.e., death or the 50-year model time-horizon is reached) with Markov model cycle length of one 

year using TreeAge Pro software (TreeAge Software Inc., Williamstown, Massachusetts).  

 

Target Population 

A hypothetical cohort utilized in the model was based on the low risk of localized prostate cancer patients 

with or without deleterious germline BRCA mutation of the SPCG-414–17 trial population. Low risk 

localized prostate cancer was defined by tumor staging (T1 or T2a), PSA level (≤ 10ng/ml), and Gleason 

score (≤6). A hypothetical cohort of men 65 years was simulated based on median age of included 

patients (age of 64.6 for RP group and age of 64.5 for watchful waiting group in SPCG-4 trial). 

   

 



 

 

 181 

 

Interventions 

The ‘with BRCA information’ strategy was compared to the ‘without BRCA information’ strategy. In 

‘with BRCA information’ strategy, treatment pattern differed based on BRCA mutation status. In ‘without 

BRCA information’ strategy, two possible cases were considered: 1) all patients were under AS regardless 

of mutation status, 2) patients with family history (first-degree relative) of prostate cancer were treated the 

same as BRCA mutation carriers. The model starts with a decision tree (Figure 1a), where low risk 

localized prostate cancer patients were either tested for BRCA mutation (‘with BRCA information’) or not 

tested (‘without BRCA information’). Positive and negative results of BRCA testing for ‘with BRCA 

information' strategy will prompt a cascade of testing for sensitivity and specificity of the test followed by 

treatment of PC, RT, abiraterone monotherapy, and abiraterone + olaparib combination therapy. 

 

Health States in the Model 

The long-term outcomes and costs of hypothetical patients with localized PCa were simulated to receive 

AS based on the seven health-state Markov model. The disease evolution was transitioned to localized 

PCa, locally advanced PCa without treatment (RP or RS), locally advanced PCa with treatment (RP or 

RS), stable mCRPC (metastatic castrate-resistant prostate cancer), progressed mCRPC, death due to PCa, 

and death by other cause. Figure 1b shows the seven distinct health states transition during the simulation.  

1) ‘Localized PCa,’ all of low risk localized PCa individual begins in the ‘localized PCa’ state  

2) ‘Local progression with treatment,’ shows eligible low-risk PCa patients who implemented active 

surveillance and received curative treatment (RP or RT). When the disease progressed during the 

simulation, patients underwent RP or RT. 90% of local progression is assumed to receive curative 

treatment under AS. Patients who transitioned to local progression stayed in this state until they 

progressed to mCRPC or died from other causes.  
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3) ‘Local progression without treatment,’ captures eligible low-risk PCa patients who underwent 

active surveillance but failed to receive curative treatment due to low adherence5. 10% of AS is 

assumed to be non-adherent and missed receiving curative treatment. Therefore, 10% of AS were 

assumed to follow outcomes of watchful waiting. Patients who transitioned to local progression 

remained in this state until they progressed to mCRPC or died from other causes. 

4) ‘mCRPC,’ represents the mCRPC state of the disease following the failure of subsequent therapy. 

Patients were simulated to receive abiraterone monotherapy or combination therapy with olaparib 

to improve survival. 

5) ‘Progressed mCRPC,’ represents progressed disease determined based on radiographic 

progression defined in the clinical trials.  

6) ‘Death (PCa),’ represents death from mCRPC.  

7) ‘Death (other cause),’ represents death from other competing causes. 

 

 A six-state Markov model (Figure 1 c) is utilized to estimate long-term outcomes and costs for RP and 

RT arm. In this model, all patient in “localized PCa” is assumed to have curative treatment (RP or RS), 

therefore “locally advanced PCA without treatment” state is eliminated.  

 

Treatment Options Simulated by Mutation Status and Family History 

The trajectory of disease was simulated based on mutation status, family history. Therefore, subsequent 

treatment options were simulated based on mutation status and family history.  

  

1) In ‘with BRCA information’ strategy, BRCA mutation carriers were treated immediately with 

radical prostatectomy or radiation therapy followed by combination therapy of olaparib and 

abiraterone after metastasis. Non-BRCA carriers were under AS defined as monitoring cancer 
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with regular tests and exams followed by PC or AS when progressed locally. After metastasis, 

non-BRCA carriers were treated with abiraterone monotherapy.  

2) In ‘without BRCA information’ strategy, two possible cases were considered:  

(i) All patients were treated with AS regardless of mutation status followed by 

abiraterone monotherapy,  

(ii) Patients with family history (first-degree relative) of prostate cancer were 

treated immediately with RP or RT, followed by olaparib and abiraterone 

combination therapy after metastasis. Patients without family history were 

treated with AS followed by abiraterone monotherapy.  

 

Following the local progression, all patients were assumed to receive subsequent treatments. Subsequent 

treatment simulated following the local progression with curative treatment (RP or RT) was androgen 

deprivation therapy aligned with the trial design of SPCG-4.  

 

a                          



 

 

 184 
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b 

 
 

c 
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Figure 1. Schematic representation of the decision-analytic model shows that all men start at 65 years old 

with low-risk localized prostate cancer. Patients simulate between health states until death occurs, or the 

40-year model time-horizon is reached. The cycle length is one year. Presented in the diagram is the 

decision node (square), chance nodes (empty circles) directed by transition probabilities, Markov nodes 

(circles with ‘M’). BRCA indicates breast cancer gene1 and/or 2; PCa, prostate cancer; RP, radical 

prostatectomy; RT, radiation therapy. (a) Decision tree. (b) Markov model (active surveillance) (c) 

Markov model (radical prostatectomy or radiation therapy) 

 

State-Transition Probabilities and Safety Inputs  

The state-transition probabilities used to simulate the model were generated from the SPCG-4 study until 

metastasis and randomized control trial18 (RCT) after metastasis. The cumulative incidence from time-to-

event curve was fitted to parametric fit. All applicable rates were converted into annual probabilities from 

the rate to probability conversion equation (probability=1 - e - rate × time). 

Model Fit and Extrapolation 

The annual probabilities for local progression and metastasis for AS, RT, and RP were retrieved by the 

results of SPCG-4 study14. To extrapolate the annual probability, an approximation of the original 

individual-level patient time-to-event data were derived from the time-to-event curve for local 

progression and metastasis. An algorithm19 developed to map the digitized curves back to individual time-

to-event data by the inverted Kaplan-Meier (KM) equations as well as the number of events, and numbers 

at risk were utilized.  Parametric survival curve fitting followed NICE guidance20. Six parametric 

distributions were fitted: exponential, Weibull, log-logistic, lognormal, generalized gamma, and 

Gompertz. Both Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC) were 

measured, and the lowest of the total was selected as the distribution with best fit. Further validation was 
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conducted by visual inspection of the fitted distribution on the KM plots and validation by clinical 

experts.  

 

Local Progression  

The annual probability of local progression was derived from the time-to-event curve of the SPCG-4 trial. 

Among SPCG-4 studies, one study14 presented time-to-event curve for local progression based on median 

of 10.8-years follow-up. Local progression was defined as a histologically verified local lesion or a 

palpable mass at the place of the prostate when patients are under curative treatment (RT or RP), and as 

palpable trans-capsular tumor growth or voiding disorder necessitating intervention in the AS group. 

Among the included patients (347 patients under RP and 348 patients under watchful waiting) at 12 years, 

21.5% of the RP group and 45.2% of the watchful waiting group had locally progressed (RR 0.36; 95% 

CI, 0.27 to 0.47).   

 

Metastasis 

The most recent and updated analysis of SPCG15 with a 29-year follow up was utilized to derive annual 

probability for metastasis. Metastases were defined to be present if there was a positive bone scan. The 

cumulative incidence of metastases was 26.6% in the RP group and 43.3% in the watchful waiting group. 

The relative risk based on the entire follow-up period was 0.54 (95% CI, 0.42-0.70). From the SPCG-4 

study, the metastases were not stratified by castrate-resistant group, we have assumed that all metastasis 

were castrate-resistant metastasis. Another study based on mCRPC with ten years follow-up were utilized 

as scenario analysis. 
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Metastasis Progression and Death  

Transition probability of progression from stable mCRPC and death from PCa were derived from overall 

survival and progression-free survival data18. The declining exponential approximation of life expectancy 

(DEALE) method21 was used based on the assumption that patients have a constant hazard of death 

throughout the time being modeled. As the life expectancy of the mCRPC patient population is short, this 

assumption was appropriate. The transition probabilities of all-cause mortality were retrieved from the life 

table, which in the base case reflected the mortality rate of a 65-year old US male22.  

Adverse Event Rates 

Complications of RP and RT included major complications, minor complications, erectile dysfunction, 

and urinary incontinence. Long-term (continuing up to 12 months after surgery and remaining stable after 

one year) adverse effect were incorporated in the analysis.   

 

To account for the toxicity of treatment for mCRPC, all treatment-related adverse events (AEs) with 

grade higher than 3 reported in the study by Clarke et al.18 were considered in the model. Treatment-

related AEs with higher than grade 3 reported in more than 10% of patients in either treatment arm were 

captured. Clarke et al. study showed that combination therapy was associated with higher severe AEs 

(34%), including neutropenia, anemia, pneumonitis, and nausea compared to monotherapy (18%).   

 

Other Probabilities 

The prevalence of germline BRCA mutation in localized PCa patients is set at 1.5% based on the 

prevalence estimates from recent meta-analysis8. The sensitivity and specificity of the BRCA test were 

retrieved from published literature23. The probability of having a first-degree relative history of prostate 

cancer among localized PCa patients was estimated (7.8%) from a study by Randazzo et al24.   
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The relative risk of localized progression for low-risk PCa compared to all PCa patients in the SPCG-4 

study was estimated based previous study. The hazard ratio of prostate-cancer specific survival (CSS) and 

metastases for BRCA mutation carriers were obtained from recent meta-analysis. The hazard ratio of 

mortality increased by 153% when having BRCA mutation based on meta-analysis by Oh et al8. Also, 

hazard ratio of local progression for low-risk PCa patients reduced by 70%25 compared to all participants 

in SPCG-4 study.  

 

Table 1. Summary of transition probabilities and sources       

Variable 
Base 

value 

SE/Rang

e 

Distributio

n 
Source 

Transition probabilities   

  BRCA1/BRCA2 mutation prevalence among 

localized Pca 
0.015 0.002 Beta Oh 20188 

  Sensitivity of BRCA testing  0.950 0.005 Beta Smith 201223 

  Specificity of BRCA testing  0.990 0.005 Beta Smith 201223 

  
PFS/PD to Death (Abiraterone) 0.307 0.022 Beta 

Clarke 

201818 

  
PFS/PD to Death (Olaparib + Abiraterone) 0.328 0.024 Beta 

Clarke 

201818 

 BRCA positive 
   

 

  
PFS-PFS (Abiraterone) 0.278 0.012 Beta 

Clarke 

201818 

  
PFS-PFS (Olaparib + Abiraterone) 0.627 0.022 Beta 

Clarke 

201818 

 BRCA negative 
   

 

  
PFS-PFS (Abiraterone) 0.2782 0.012 Beta 

Clarke 

201818 

  
PFS-PFS (Olaparib + Abiraterone) 0.5744 0.022 Beta 

Clarke 

201818 

 Hazard ratio 
   

 

  

Local progression of low-risk localized PCa 

patients 
0.294 0.316 Log-normal 

Lao 201725 

  CSS for BRCA mutation carriers 2.530 0.317 Log-normal Oh 20188 

  Metastasis for BRCA mutation carriers 3.010 0.655 Log-normal Oh 20188 

Adverse event probability  
   

 

 
Radical prostatectomy 

  
 

 

 

 

Radical prostatectomy side effect (short-term) 0.047 0.017 Beta 
Hayes 

201526 

  
Erectile dysfunction (long-term) 0.453 0.021 Beta 

Hayes 

201526 
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Urinary toxicity (long-term) 0.127 0.011 Beta 

Hayes 

201526 

 
Radiation    

 

  
Urinary toxicity (long-term) 0.040 0.009 Beta 

Hayes 

201526 

  
Erectile dysfunction (long-term) 0.124 0.028 Beta 

Hayes 

201526 

  
Gastrointestinal toxicities (long-term) 0.030 0.010 Beta 

Hayes 

201526 

  
Secondary malignancy (long-term) 0.0003 0.000 Beta 

Hayes 

201526 

 
Olaparib + Abiraterone 

  
 

 

 

 

Anemia 0.211 0.003 Beta 
Clarke 

201818 

 

 

Pneumonia 0.056 0.003 Beta 
Clarke 

201818 

 

 

Hyperkalemia 0.027 0.002 Beta 
Clarke 

201818 

 

 

Myocardial infarction 0.056 0.003 Beta 
Clarke 

201818 

 

 

Asthenia 0.042 0.001 Beta 
Clarke 

201818 

 

 

Vomiting 0.027 0.001 Beta 
Clarke 

201818 

 
Abiraterone    

 

 

 

Nausea 0.027 0.002 Beta 
Clarke 

201818 

 

 

Fatigue 0.027 0.003 Beta 
Clarke 

201818 

 

 

Urinary tract infection 0.027 0.001 Beta 
Clarke 

201818 

 

 

Pneumonia 0.042 0.001 Beta 
Clarke 

201818 

 

 

Musculoskeletal chest pain 0.027 0.001 Beta 
Clarke 

201818 

 

Cost and Resource Use Inputs 

Cost inputs included RP, RT, olaparib acquisition, abiraterone acquisition, subsequent treatment, 

administration, physician office visits, PSA test, biopsy, adverse events, and terminal care costs, as shown 

in Table 2. All costs are provided as values in 2019 U.S dollars after adjusting for increase in the medical 

consumer price index (m-CPI)27. Costs were validated by clinical experts. In payer perspective, only 

direct medical costs were considered. In societal perspective, direct non-medical costs related to patient 
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time and non-medical cost of informal caregivers were incorporated in the model when patient had 

progression. All costs were calculated based on a one-year cycle.  

 

Prostatectomy, Radiation Therapy, Androgen Deprivation Therapy, and Other Treatment Costs 

Costs for RC and RT were derived from a published SEER-Medicare analysis28 that calculated the 

attributable cost of the procedure. The procedure cost of RP and RT were applied one-time as well as 

initial management of local progression and metastasis management. The cost of annual local progression 

management was based on androgen deprivation therapy.  

 

Drug Acquisition Costs 

The costs of olaparib are based on the U.S Department of Veterans Affairs Federal Supply Schedule29 

(VA FSS) of pack of 120, 150mg tablets. Drug costs based on NDC code of 00310-0679-12 from VA 

FSS were publicly available and thus approximated actual drug acquisition cost net of all rebates, copays, 

or other adjustments as recommended from ISPOR Task Force30. Wholesale acquisition cost (WAC) of 

olaparib from Redbook31 were utilized as scenario analysis. The costs of abiraterone were not available 

from VA FSS, and WAC was utilized in our analysis.  

 

Administration and Monitoring Costs 

Costs estimates related to CT scan, blood test, outpatient visit, office visits, and conservative management 

were based on Center for Medicare & Medicaid Services (CMS) reimbursement schedules using Current 

Procedural Terminology (CPT) and Healthcare Common Procedure Coding System (HCPCS) codes.  

Resource use rates were calculated by the unit monitoring costs.  
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Adverse Event Costs 

AE management costs were retrieved from literature. The adverse event costs consisted of drug costs plus 

hospitalizations used to treat the event, based on diagnosis-related group (DRG) codes and the literature. 

The AE incidence rates were calculated by the relevant AE management costs to evaluate the total costs 

associated with AEs of treatment. (Table 2) 

  

Table 2. Summary of cost and utility parameters values and sources  

Variable Base value 
SE/ 

Range 
Distribution Source 

Health state utilities  

  Localized PCa 0.89 0.013 Beta Korfage 200532 

  Radical prostatectomy 0.86 0.015 Beta Korfage 200532 

  Local-progressed PCa 0.68 0.015 Beta Dale 200833 

  Metastatic Pca 0.45 0.019 Beta Cooperberg 201334 

  Metastasis-progressed Pca 0.25 0.060 Beta Wu 200735, Skaltsa 201436 

 Adverse event disutilitiies     

  Erectile dysfunction (long term) 0.10 0.050 Beta Cooperberg 201334 

  Urinary toxicity (long-term) 0.15 0.094 Beta Cooperberg 201334 

  Gastrointestinal toxicities (long-term) 0.2 0.010 Beta Cooperberg 201334 

  Secondary malignancy (long-term) 0.5 0.020 Beta Cooperberg 201334 

Costs in 2019 US dollars  

  Cost of genetic testing $            330 51 Gamma Manchanda 201628 

  Cost of Counselling $            280 43 Gamma Schwartz 201428 

  Olaparib 150mg*120 (WAC, monthly) $       13,482 2,064 Gamma Redbook34 

  Prostatectomy (one time) $       12,212 1,869 Gamma Wang 201428 

  Radiation therapy (one time) $       25,940 3,970 Gamma Wang 201428 

  Local progressed (one time) $       18,172 2,781 Gamma Wang 201428 

  Conservative management cost 

(annual) 
$            548 84 Gamma Wang 201428 

  Local progressed management (annual) $         2,548 390 Gamma Cooperberg 201334 

  Abiraterone (WAC, annual) $       67,316 10,303 Gamma Redbook31 

  Radical prostatectomy side effect 

(Major) 
$         1,749 268 Gamma Cooperberg 201334 

  Urinary toxicity (long-term) $            651 100 Gamma Cooperberg 201334 

  Erectile dysfunction (long-term) $            582 89 Gamma Cooperberg 201334 

  Gastrointestinal toxicities (long-term) $         1,182 181 Gamma Cooperberg 201334 

  Secondary malignancy (long-term) $       13,209 2,022 Gamma Cooperberg 201337 

  Anemia $       755.92 116 Gamma Rashid 201638 

  Pneumonia $         1,298 199 Gamma Tong 201439 
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  Hyperkalemia $         4,499 689 Gamma Betts 201840 

  Myocardial infarction $         1,637 251 Gamma Pignone 201437 

  Asthenia $               -    

  Vomiting $            678 104 Gamma Rashid 201637 

  Nausea $            678 104 Gamma Rashid 201637 

  Fatigue $               -    

  Urinary tract infection $         1,265 194 Gamma Scott 2009  
  Musculoskeletal chest pain $               -    

  Terminal care $         5,761 882 Gamma Mobley 2006 

  Blood test $              11 2 Gamma CMS41 

  Outpatient visit $              78 12 Gamma CMS41 

  CT scan $            315 48 Gamma CMS41 

  Patient time (annual) $         1,208 185 Gamma Yabroff 200742 

  Additional Informal Caregiver (annual) $            208 32 Gamma Yabroff 200742 

 

Quality-of-Life and Incidence Inputs  

Utility Weights 

Health state utilities (HSU) were estimated based on published literature estimates, as shown in Table 2. 

The HSU in the model were based on EuroQol-5D-3L scores. The utilities for localized PCa patients 

without curative treatment (RT or RP) was 0.80 based on a study by Korfage et al32. Disutility were 

applied when adverse event occurred after curative treatment (RT or RP). The utility for metastatic PCa 

and progressed metastatic-PCa were based on studies by Wu et al.35, Skaltsa et al.36, and Cooperberg et 

al34.  

Disutilities 

Health state disutilities relevant to curative treatment (RT or RP) were retrieved from Cooperberg34 et al. 

From the paper, the following symptoms were included for disutilities: of erectile dysfunction, urinary 

toxicity, gastrointestinal toxicities, and secondary malignancy. For other AEs, zero disutilities were 

assigned assuming asymptomatic and minimal negative effects on quality of life. 
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Incidence Projection 

An estimated new incidence of prostate cancer in 2019 was 174,6502. Among the all localized PCa in the 

US, our target population was low-risk cancer who are less than 65-year old. Based on epidemiology data, 

most prostate cancers (90%) are found when the disease is locally confined, and 40% of cases are 

diagnosed in men less than 651. Based on the SPCG-4 study15, 60.6% of localized prostate cancer had 

Gleason score equal or less than 6. Among the 176,650 new cases of prostate cancer, eligible population 

in US for better decisions with BRCA information is estimated to be 38,101 in year 2020. The 

accumulated PCa population who could benefit from BRCA information was estimated to be 646,203 in 

next 15 years. 

 

Analysis  

General Analysis 

Per the US Panel on Cost-Effectiveness in Health and Medicine43, we adopted both payer and societal 

perspectives and discounted all costs and health benefits at a rate of 3.5% per year. The details of included 

costs and outcomes for each perspective were presented using impact inventory as recommended from US 

Second Panel on Cost-Effectiveness in Health and Medicine (Table 3). 

 

Table 3. Impact inventory of health outcomes and costs included under payer's and societal perspective  

Sector Type of Impact 

Included in 

analysis from the 

following 

perspective? 

Payer Societal 

Formal payer sector 

Health 

Health Outcomes (Effects): ✓ ✓ 

Longevity effects, Years ✓ ✓ 

Health-related quality of life (HRQoL), QALYs ✓ ✓ 

Disutility due to adverse events from treatment, QALYs ✓ ✓ 
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Spillover HRQoL, caregiver x x 

Medical Costs: 
  

Paid for by third-party payers, $ ✓ ✓ 

Future related medical costs, $ ✓ ✓ 

Future unrelated medical costs, $ ✓ ✓ 

Informal payer sector 

 Unpaid caregiver time costs x ✓ 

Transportation costs x x 

Non-payer sector 

  Patient time x ✓ 

 

Base-Case Cost-Effectiveness and Monetized Value 

For our base-case analysis, we compared two strategies to determine the monetized value of genetic 

information using incremental net-monetary benefit (INMB). The model incorporated the probabilities 

and HSU and generated mean expected life-time cost (USD in the year 2019) and quality-adjusted life 

years (QALYs). QALYs are retrieved by adjusting the length of survival gain by the HSU. We calculated 

INMB by multiplying incremental QALYs to willingness-to-pay (WTP) threshold followed by 

subtracting incremental cost as shown in below equation. A commonly used willingness-to-pay threshold 

(WTP) of $150,000/QALY, which is three times the 2019 US gross domestic product (GDP) per capita44, 

was utilized in our analysis as recommended by the World Health Organization44. The WTP threshold of 

$150,000 in the US context has been used in numerous previous studies including the study of 

Braithwaite et al.45 

 

The net monetized value of knowing genetic information was estimated by multiplying INMB to the 

eligible population who can benefit from knowing BRCA information each year (low risk localized PCa 

patients). The net monetized value of knowing genetic information was presented for each year as well as 

accumulated value over the next 15 years37.  
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Sensitivity Analysis 

To present the model parameter uncertainty, we conducted extensive one-way and probabilistic sensitivity 

analyses (OWSA). For OWSA, each key input parameter was simulated individually to evaluate the effect 

on results. The 95% CIs or range were utilized when varying the probabilities and HSU. The costs were 

varied by ±30%. A tornado diagram was plotted to assess the robustness of the results. For probabilistic 

sensitivity analysis (PSA), all included input parameters were simulated simultaneously. A gamma 

distribution was utilized for costs, a beta distribution for probability, a log-normal distribution for utility 

values. For PSA, Monte Carlo simulation was utilized to randomly sample parameter values from a priori 

defined distribution of each variable. A cost-effectiveness acceptability curve (CEAC) was generated to 

present the probability of INMB being positive at different WTP thresholds.  

 

Scenario Analysis 

Alternative scenario analyses were also implemented to determine the impact on the value of knowing 

BRCA mutation. Additional scenario analyses included different start age for BRCA or family history 

testing. Also, different drug prices, different parametric fitting for SPCG-4 study, specific probability for 

mCRPC, and different adherence to AS were utilized. To be specific, seven scenarios were utilized: 1) 

start testing at the age of 50, 2) start testing at age of 60, 3) start testing at age of 70, 4) olaparib cost 

based on WAC, 5) different parametric fitting based on Weibull distribution, 6) different probability of 

metastasis, and 7) higher adherence to AS based on observational study (90%) 

 

(c) INMB with genetic information – without genetic information  

• Δ QALYs * WTP – Δ Costs 

(d) Net monetized value knowing of genetic information 

• INMB * Number of eligible individuals  

 



 

 

 197 

 

The Expected Value of Perfect Information Analysis 

Due to the uncertainty surrounding the mean estimate of cost-effectiveness, it is possible to make a faulty 

decision by implementing or not implementing the health intervention. The information gained from 

further research has value as it lessens uncertainty as well as a loss of opportunity cost46. The Expected 

Value of Perfect Information (EVPI) captures expected costs of uncertainty, as perfect information would 

disable to make a wrong decision. 

As shown from the below equation, EVPI is calculated as the difference between the expected value of 

benefit ideal decision based on ‘perfect’ information, and the expected value of benefit of decision based 

on current information (uncertainty in all parameter values). 

 

 

 

 

Where Ba represents the net-monetary benefit calculated based on a given strategy “a,” θ represents the 

uncertain parameters; λ represents the WTP threshold of the cost-effectiveness ratio, E represents the 

expected outcomes, and max represents the potential max outcomes.  

To know the contributing value of eliminating uncertainty related to genetic information, the expected 

value of perfect parameter information (EVPPI)47, which is the value related to uncertainty in a set of 

parameters, will be utilized.  

 

Assumptions 

To implement a working model, the following assumptions were made from observational study 

results: 
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1) Due to lack of data, BRCA1 and BRCA2 mutations were assumed to have similar effectiveness 

and outcomes of treatments. 

2) For the study that did not differ between germline and somatic BRCA mutation, somatic and 

germline BRCA mutation were assumed to have similar outcomes. 

3) In “without BRCA information” arm, patients with a significant family history of prostate 

cancer will be treated with olaparib + abiraterone, assuming family history can serve as 

surrogate biomarker for BRCA mutation.  

4) Patients with BRCA mutation or positive FDR history are assumed to receive a curative 

treatment within one year following diagnosis. 

5) The patient receiving a curative treatment is assumed to have same probability of receiving 

either RT or RP.    

6) The probability of local progression for RT or RP was assumed to be alike based on the SPCG-

4 study.  

7) Fifteen percent of nonadherent active surveillance PCa patients were assumed to develop local 

progression without curative treatment (RP or RT).  

8) Patients who progressed to metastatic prostate cancer were assumed to die only from PCa 

related cause.  

9) The cost of genetic testing for BRCA mutation is based on the cost of a multigene panel test that 

includes BRCA mutation. The sensitivity and specificity are assumed to be the same as the 

widely used BRCA testing kit manufactured by Myriad.  

10) The efficacy and safety measure for SPCG-4 and study by Clarke et al18. are assumed to be 

generalizable to whole recurrent ovarian cancer population 

11) Piecewise parametric fitting approach based on observed Kaplan-Meier data up to 29 years is 

assumed to predict plausible survival estimates.  

12) The worldwide incidence trend of prostate cancer is assumed to be similar to the trend in US. 
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Results 

Base-Case Results 

Parametric Distribution Fitting 

The goodness of fit statistics for each parametric distribution and relevant parameters are shown in Tables 

3 and 4. For local progression and metastasis for both prostatectomy and watchful-waiting, lognormal 

distribution had the lowest AIC and BIC, except for prostatectomy of local progression curve. Therefore, 

lognormal distribution and Weibull distribution were utilized to calculate annual transition probability for 

local progression and metastasis. Visual inspection of the plots was confirmed as shown in Figure 2.   

 

Table 3. The goodness of fit statistics for the parametric distributions for local progression 

and metastasis 

Curve 
Prostatectomy Watchful-waiting  

AIC BIC AIC BIC 

Local progression 

Exponential 639.8  1063.3  

Weibull 640.2 647.9 1060.0 1067.7 

Log-logistic 640.7 648.4 1049.7 1057.4 

Lognormal 643.1 650.8 1038.2 1045.9 

Generalized gamma 641.9 653.4 1043.8 1055.4 

Gompertz 641.8 648.4 1065.1 1072.8 

Metastasis 

Exponential 725.0  1009.8  

Weibull 708.9 716.6 975.5 983.2 

Log-logistic 707.4 715.1 973.4 981.1 

Lognormal 705.0 712.7 973.3 981.0 

Generalized gamma 707.5 719.0 974.8 986.3 

Gompertz 716.9 724.6 987.1 994.8 

Abbreviations: AIC, Akaike Information Criterion; BIC, Bayesian Information Criterion; Lower 

AIC/BIC indicates a better fit.  
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Figure 2. Time-to-event plots and parametric distributions for local progression and metastasis. Left: 

local progression, Right: metastasis, Down: radical prostatectomy (RP), and Up: watchful-waiting. 

 

Table 4. Parametric fitting parameters for local progression, metastasis, and mCRPC progression  

Local progression 
 Radical prostatectomy Watchful waiting 

  Shape Scale Shape Scale 

Weibull 1.16 39.82 1.20 16.91 

Lognormal 3.86 1.72 2.54 1.21 

Metastasis 

Weibull 1.67 44.34 1.78 29.57 

Lognormal 3.78 1.08 3.27 0.93 

Progressed mCRPC 
 Olaparib +Abiraterone Abiraterone 
 Median (months) Median (months) 

BRCA (+) 17.8 6.5 

BRCA (-) 15 9.7 

Death 22.7 20.9 

Abbreviations: mCRPC= metastatic castration resistant prostate cancer. Source: local progression and 

metastasis: SPCG-4; mCRPC progression: Clarke et al.  
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ICER and INMB 

The comparison of decision-analytic model outcomes of ‘with BRCA information’ and the two cases of 

‘without BRCA information’ for undiscounted and discounted lifetime costs, life-years (survival), and 

QALYs are shown on Table 5. In the base case from payer perspective, knowing BRCA information for 

low-risk localized PCa patients (65 years old) showed higher QALYs of 15.50 QALYs before discounting 

and 11.22 QALYs after discounting, with the total cost of $67,074 per-person before discounting and 

$35,057 per-person after discounting. Compared with the first case (AS) of ‘without BRCA information’ 

scenario, knowing BRCA information for low-risk localized PCa population was not only cost-saving 

($190) but also provided an additional QALYs (0.000003 QALYs) in payer perspective with discount rate 

of 3.5%. In societal perspective, knowing BRCA information for low-risk localized PCa population 

provided an additional 0.0003 QALYs by saving $195. By using routine surveillance as reference group, 

family history group was absolutely dominated with a negative ICER value of $7,916 in payer 

perspective. The value of knowing BRCA information is captured by calculating INMB using comparison 

of ‘with BRCA information’ strategy to family history case of ‘without BRCA information’ strategy and 

showed value of $43,487 in payer perspective and $43,357 in societal perspective.  

Table 5. Base case model cost-effectiveness results: Undiscounted and discounted costs, QALYs, 

ICER, and incremental NMB (time horizon: lifetime; costs and health effects discounted at 3.5%; 

WTP: $150,000)  

Perspective Alternative 

Undiscounted Discounted 

ICER     

($/QALY) 
INMB ($) 

Total cost 

($) 

Life-

years 
QALYs 

Total cost 

($) 

Life-

years 
QALYs 

Payer  

Without BRCA 

information         
    

 

Active 
surveillance           73,105  17.50 15.49           35,248  13.09 11.22 

 Ref   -  

 
Family history           65,919  18.31 14.98           37,418  12.71 10.95  Dominated    Ref  

With BRCA 
information           67,074  18.31 15.50           35,057  13.09 11.22 

 Dominant         43,487  

Societal  

Without BRCA 

information 
 

       
    

 

Active 

surveillance           95,983  17.50 15.49           50,797  13.09 11.21 
 Ref   -  

 
Family history           87,572  18.31 14.98           52,542  12.71 10.93  Dominated    Ref  
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With BRCA 

information           89,941  18.31 15.50           50,602  13.09 11.21 
 Dominant               43,357  

 

 

Sensitivity Analysis 

One-Way Sensitivity Analysis Results 

A tornado diagram showing the input parameters in descending order of influence for INMB calculated is 

shown in Figure 2. Results of the one-way sensitivity analysis (OWSA) indicate that the INMB is not 

impacted significantly based on input parameters including olaparib cost, the prevalence of BRCA 

mutation carriers among localized PCa patients, utility weights, and hazard ratios. Varying all these input 

parameters over plausible ranges did not substantially influence the INMB values, and INMB remained 

positive regardless of variation of input parameters at $150,000/QALY WTP thresholds.  

 

 

Figure 4. Each horizontal bar represents INMB (incremental net monetary benefit) values calculated from 

a range of values evaluated for each variable. The baseline INMB is shown from vertical black lines. 
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Probabilistic Sensitivity Analysis Results 

PSA results based on all cases showed that at $150,000/QALY, WTP thresholds “with BRCA 

information” is the preferred strategy for 58.4% of the Monte Carlo simulations (Figure 3a). “With BRCA 

information” had highest probability to be cost-effective regardless of varying the WTP threshold. For 

PSA results on INMB calculation by comparing ‘with BRCA information’ scenario to ‘without BRCA 

information (family history)’ scenario, INMB maintained positive regardless of WTP range.    

(a) 
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(b)  

 Figure 5. (a) cost-effectiveness acceptability curve (CEAC) for all cases by using active surveillance as 

reference group (b) Probability of positive INMB when comparing “with BRCA information” to “without 

BRCA information (family history).” This cost-effectiveness acceptability curve (CEAC) shows the 

probability that a strategy will be cost-effective (positive INMB) at varying willingness-to-pay (WTP) 

thresholds (shown in the x-axis) for a patient. 

 

Scenario Analyses 

The alternative scenarios based on different assumptions on age, cost, parametric fitting, probability, and 

adherence resulted in absolute dominance when compared to active surveillance and positive INMB when 

compared to family history as shown in Table 6. However, when BRCA information is provided at age of 

70, the QALY was higher for active surveillance groups and did not result in absolute dominance. A 

different assumption on parametric distribution and prevalence maintained high INMB ranging from 

$31,324 to $78,588.  
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Table 6. Scenario analysis: Different age of knowing BRCA information and different assumptions (time horizon: 

lifetime; costs and health effects discounted at 3.5%; WTP: $150,000)  

  
  

Active 

surveillance 
Family history With BRCA information 

  

  
Total           

cost ($) 

QAL

Y 

Total           

cost 

($) 

QAL

Y 

Total           

cost 

($) 

QAL

Y 

ICER    

($/QALY) 
INMB 

       vs. Active 

surveillance 

vs. 

Family 

history 

Age         

 50 60,567 14.77 56,926 14.23 60,140 14.78 Dominant 78,588 

 60 43,977 12.53 44,463 12.17 43,713 12.54 Dominant 55,858 

 70 26,709 9.74 29,922 9.55 26,574 9.74 129,750 31,324 

Olaparib cost (WAC) 35,248 11.22 37,883 10.95 35,179 11.22 Dominant 43,831 

Different metastasis probability 37,521 11.16 39,372 10.86 37,332 11.16 Dominant 47,413 

Lower AS adherence  37,538 11.21 38,530 10.93 37,302 11.21 Dominant 42,646 

 

The Expected Value of Perfect Information Results 

Given the uncertainty related ICER estimates, we calculated EVPI for conducting further research to 

reduce uncertainty in decision making. Table 7 presents per-person EVPI and population EVPI for all 

model parameters based on WTP threshold of $150,000. In the base case, per-person EVPI was estimated 

by using the Monte-Carlo simulation. Incorporating an estimated prevalence of low-risk localized prostate 

cancer in U.S., we found that the value of further research is $2.1 billion. Moreover, the uncertainty 

regarding BRCA information measured by EVPPI showed the value of further research to low-risk 

localized prostate cancer and BRCA information is $1.4 billion. 

 

Table 7. Value of Information Estimates: Expected Value of Perfect Information (EVPI/EVPPI; Time Horizon: 

Lifetime) 

  EVPI EVPPI 

Per Subject $3,101 $2,106 

Population level† $2,104,414,885 $1,429,350,765 
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† Population EVPIs were estimated by multiplying per subject EVPI with the prevalence of low-risk localized prostate cancer 

patients among US adult population; We assume that 40% of prostate cancer patients are identified at age younger than 65. 

Also, only 60% of the prostate cancer population are on low-risk state, and 90% are localized; The number of low-risk 

prostate cancer populations would be 0.68 million. 

Notes: All dollars expressed in 2019 US$; Discount rate 3.5% 

 

The Monetized Value of Knowing BRCA Mutation by Prevention 

The INMB of knowing BRCA mutation among ROC patients was $43,487 and $43,357 in payer and 

societal perspectives, respectively. Considering the low-risk localized PCa incidence estimates in 2020, 

knowing BRCA information yielded a net monetized value of 1.66 billion dollars and 1.65 billion dollars 

in payer and societal perspectives, respectively, in 2019 US dollars. Considering the accumulated number 

of new eligible low-risk localized PCa population who could have received genetic testing during the next 

15 years, knowing BRCA information yielded accumulated net monetized value of 28.1 billion dollars and 

28.0 billion dollars over the next 15 years in payer and societal perspectives, respectively in 2019 US 

dollars.  
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Figure 4. Accumulated monetized benefit by knowing BRCA mutation information over the next 15 

years. This is calculated by several eligible populations each year to INMB (incremental net monetary 

benefit).   

 

Discussion 

Model Summary 

Our findings show that despite the costs associated with genetic testing and higher treatment costs, 

knowing BRCA information is cost saving because it allows a better decision for low-risk localized PCa 

patients. By selecting right patients on right treatment with BRCA mutation information, PCa patients will 

have longer time without local progression or metastasis and benefits of knowing the BRCA information 

offsets the cost of genetic testing. Our findings can be utilized to help policy decisions on health care 

resource allocation for better treatment among PCa.  

 

Our findings that knowing the BRCA mutation compared to without knowing BRCA mutation brings 

INMB of $43,487 is noteworthy. From a population perspective, monetized benefit of knowing BRCA 

mutation of $1.7 billion for payer and societal perspective, respectively, by testing all low-risk localized 

PCa patients at the age of 65 in year 2020. By accumulating the net monetized value until year 2035, the 

net monetized value will exceed $28.1 billion and $28.0 billion in payer and societal perspective, 

respectively. Our quantified value of knowing BRCA information in low risk localized PCa can be 

combined with quantified value in other settings. These results and methodology have important 

implications for clinical care as well as policymakers and program evaluators. 
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Comparison to Other Models/Analyses 

Previous studies have conducted a decision analysis model to compare clinical management of localized 

prostate cancer, including prostatectomy, watchful waiting, and active surveillance. Hayes et al. compared 

the cost-effectiveness of observation (AS or WW) to curative treatment (RP or RT) in men ages 65 with 

newly diagnosed low-risk prostate cancer. The results showed observation is more effective and costs less 

than curative treatment, and WW is most effective and least expensive under societal perspective. 

However, the analysis is based on point estimates from a subgroup analysis in PIVOT, which is criticized 

for being underpowered. Lao et al. conducted cost-effectiveness analysis to compare AS, WW, and RP 

using point estimates derived from SPCG-4 study. From the study, RP was cost-effective compared to 

active surveillance, especially in younger men diagnosed with low-risk localized prostate cancer. 

However, the study is conducted in New Zealand setting with payer perspective only. Also, point 

estimates were based on previous SPCG-4 study while there is an updated study with longer follow-up. 

Our analyses utilized time-to-event results directly by fitting parametric curves rather than using point 

estimates from the updated SPCG-4 study. Moreover, our study stresses on the value of knowing BRCA 

information rather than comparing RP and AS, and with a broader scope (both payer and societal 

perspective) by incorporating genetic specific features (sensitivity and specificity of genetic testing).  

  

Analyses Strengths and Implications 

Genetic Information Specific Features 

Our analysis has several advantages. Our model incorporates genetic information specific features 

including sensitivity and specificity of a genetic test, prevalence of mutation carriers, long-term impact of 

mutation, and minimum assumptions. Our analysis focuses on monetizing the potential value of knowing 

genetic information by comparing two scenarios ‘with knowing BRCA information’ to ‘without knowing 

BRCA information’ for low-risk PCa patients. The model parameters utilized in the model are derived 
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from well-established literature and published materials. To measure the long-term impact sufficient time 

horizon is utilized.  

 

Previous studies9–11 have focused on using QALYs to measure the costs and health measures. Using 

QALYs based on conventional cost-effectiveness analysis limits the scope by only demonstrating the 

value of the intervention but not the value of BRCA information. We utilized relevant outcomes and cost 

of two scenarios (‘with BRCA information’ and ‘without BRCA information’) to demonstrate the value of 

knowing BRCA information in low risk localized PCa. Moreover, while previous study has focused on 

using QALYs to measure the costs and health measures, we focused on using INMB, which can be 

combinable and allows to incorporate pleiotropy of genetic mutation. 

 

Additive Feature of INMB 

BRCA genes play an essential role in suppressing tumors by regulating DNA repair, transcription, and cell 

cycle in response to DNA damage. BRCA mutation is not only related to breast cancer prevention, better 

treatment options for ovarian cancer but in other cancers including prostate cancer and pancreatic cancer. 

To capture the value of knowing BRCA information, we have utilized INMB method that can be additive 

in monetizing the economic benefit of genetic information in multiple situations. The monetized value of 

knowing BRCA mutation in year 2020, $1.6 billion considers only the value in having better decision 

options for newly diagnosed low-risk PCa patients. The additional monetized value of knowing BRCA 

information can be calculated for different types of cancers and applications. The additional monetized 

value of knowing BRCA information can be easily combined with current known monetized value by 

utilizing INMB method provided in our study.  
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Robustness of Model Under Differing Scenario, Sensitivity Analyses, and Markov Model 

Conservative costs and probabilities are utilized in our model to avoid overestimating the value of 

knowing BRCA mutation. Our analysis follows established guidelines for conducting cost-effectiveness 

study from ISPOR44 and the Second US Panel on Cost-Effectiveness in Health and Medicine41;  adoption 

of both payer and societal perspectives, QALYs to measure health outcomes, integration of utility scores, 

discounting both costs and health benefits at a rate of 3.5% per year, lifetime horizon for sufficiently long 

horizon, impact inventory to show the details of included costs and outcomes, and testing robustness of 

the results.  

 

To add rigor to the results, diverse scenario analyses and extensive sensitivity analyses have been 

conducted. Thorough one-way sensitivity and probabilistic sensitivity analyses support robustness and 

accuracy of results.  

 

Limitations  

Limited Data and Assumptions  

The results of our analysis should be interpreted in light of its limitations. Our finding is based on the 

assumption that BRCA mutation plays a crucial role in developing metastasis as well as PCa related death. 

We based our assumption based on recent meta-analysis, however the study included different levels of 

PCa, in terms of risk and stage.  

 

Our study is primarily based on a prospective study with 29-year follow-up comparing RP and WW. 

From our study we have assumed the outcome of AS will result in failing to cover all PCa patients with 

timely treatment due to low adherence. Also, as the study has long follow-up, there can be inevitable bias 
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in less reflecting the up-to-date technology advance in PCa treatment including widely adapted PSA and 

its surrogates.  

 

Moreover, the benefit of curative intervention, including RP and RT over AS is still on-going 

controversy. While majority of the studies show benefit in reducing metastasis, there are conflicting 

results for PCa specific survival benefit.  

 

To incorporate the impact of our assumptions, we have conducted multiple scenario analysis. Also, we 

have utilized the most reliable evidence available and incorporated the benefits with less controversy. To 

be specific, we incorporated only the metastasis benefit in our analysis but not survival benefit of curative 

interventions.  

 

When estimating the value of BRCA information, we have calculated INMB by comparing ‘with BRCA 

information’ scenario with ‘without BRCA information’ utilizing family history. We believe the 

opportunity benefit of selecting the right patient would be better captured by comparing two hypothetical 

scenarios. In our proof of concept analysis to quantify the monetized benefit in better decision making, we 

have focused on the base-case analysis of INMB 

 

Many of the input parameters for the costs and utilities are from varied observational studies based on 

assumptions to align heterogeneity of included studies. To be specific, the majority of observational data 

is predominantly from white men, which can limit generalizability to the U.S. population. Ideally, we 

could have preferred having data from a single source consisted of large and generalizable population.  
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Although genetic testing costs have reduced drastically, some health care providers may charge higher 

prices than our base-case analysis. Our sensitivity analysis shows that INMB will remain positive 

regardless of the price range, and the cost of genetic testing is predicted to decline more and more.  

 

In addition, the INMB analysis is based on the WTP threshold of $150,000 in line with a number of 

analyses in cost-effectiveness study. The WTP threshold has been controversy, and CEAC has been 

recommended to show the percentage of being cost-effectiveness based on range of WTP. As our study 

primarily focuses on quantifying the monetized benefit of information that can be additive to another 

monetized benefit of the same genetic information, but in different settings, we have fixed a high range of 

WTP threshold.  

 

Conclusions 

 
We believe that our study is the first to analyze the monetized benefit of genetic information of BRCA for 

low-risk localized PCa population in the U.S. Knowing the genetic information accumulates potential 

monetized benefit to payers and society. Evolving knowledge of BRCA genetic mutation will be adding 

more monetized benefit. With more knowledge, the monetized benefit can help patients, physicians and 

policymakers to choose the most appropriate coverage of genetic information. 
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Chapter 7 

Discussion and Conclusion 

Summary of Findings 

 

The purpose of this dissertation was to quantify the comprehensive value of knowing genetic information 

using the proposed analytic platform with application to BRCA mutation. Our study showed the value of 

knowing BRCA information in preventing breast cancer, identifying eligible patients for better treatment 

options, and potential value in other cancers. The value of BRCA information was assessed by comparing 

two scenarios; “with BRCA information” versus “without BRCA information”. Focusing on the value of 

knowing genetic information, as opposed to genetic testing or intervention, allowed measuring the impact 

of research and policy in the genetics field. Utilizing the INMB method allowed to capture the 

comprehensive value by adding the economic benefit of genetic information in multiple setting/disorders. 

Also, specific treatment of genetic information was considered, including sensitivity and specificity of a 

genetic test, the prevalence of mutation carriers, and the long-term impact of genetic information. 

 

The first part of this dissertation was to estimate the value of BRCA information in preventing breast 

cancer. In this section, we assumed that all women at the age of 40 either underwent BRCA testing or 

never received BRCA testing but relied solely on family history. A decision-analytic model in 

combination with a Markov model and decision tree compared lifetime costs and effects of BRCA 

information. By simulating a hypothetical cohort, we showed that knowing BRCA information resulted in 

monetized benefit of $1.3 billion in one year and yielded accumulated monetized benefit of $18.3 billion 

over the next 15 years from the payer perspective. Scenario analysis based on different assumptions 

showed findings consistent with previous studies that showed multi-panel testing for all women or all 

breast cancer patient is cost-effective compared to current family history based genetic testing guideline. 
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The unique contribution of this study was to focus on the value of knowing BRCA information, but not on 

the cost-effectiveness of interventions related to BRCA testing. By focusing on BRCA information in 

breast cancer settings, the estimated value could be easily combined with values in other settings.  

 

The second part of this dissertation focused on assessing the value of BRCA information in identifying the 

right patient for a better treatment option. In this aim, we have assumed that all ROC patients underwent 

BRCA testing or never received BRCA testing. For the BRCA mutation carriers with ROC, we assumed 

that olaparib was used as maintenance treatment, while routine surveillance (RS) was used for non-BRCA 

carriers with ROC. For the scenario ‘without knowing BRCA information’, we utilized three possible 

cases where patients were all treated the same as non-BRCA carriers (all RS), all treated the same as 

BRCA carriers (all olaparib), or relied solely on family history. A decision-analytic model in combination 

with partitioned survival model (PSM) and decision tree compared lifetime costs and effects of BRCA 

information. By simulating a hypothetical cohort, we showed that olaparib is not cost-effective when 

compared to RS in the current settings. However, knowing BRCA information resulted in a monetized 

benefit of $35.6 million in one year and yielded accumulated monetized benefit of $97.3 million over next 

15 years from the payer perspective. Scenario analysis based on different assumptions showed findings 

consistent with previous studies, which showed olaparib enabled patients to have significantly longer time 

without progression but is not cost-effective due to its high cost. The unique contribution of this study 

was to focus on the value of knowing BRCA information, instead of focusing merely on the cost-

effectiveness of olaparib. The monetized value of knowing BRCA information for better treatment options 

for ROC patients could be easily combined with the value of knowing their information in preventing 

breast cancer. The estimated value by preventing breast cancer and having better treatment option for 

ROC patients resulted in $1.4 billion in one year and yielded accumulated monetized benefit of $18.4 

billion over the next 15 years. 
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The third research of this dissertation identified that BRCA mutation increases the risk not only for breast 

and ovarian cancer but also in colorectal and prostate cancer. The results of our prior meta-analyses 

provide evidence of the increased risk of colorectal cancer in BRCA1 mutation carriers, but not in BRCA2 

carriers. For prostate cancer, there is an increased risk of PCa in overall BRCA mutation carriers, which is 

mainly attributable to a greater risk in BRCA2 carriers. Based on these findings, we estimated the 

potential values of knowing BRCA information in low-risk PCa patients as a proof of concept. We 

assumed that all low-risk PCa patients would undergo BRCA testing or never receive BRCA testing but 

rely solely on family history. Affected BRCA carriers were assumed to undertake RP or RT after 

diagnosis and combination therapy of olaparib and abiraterone after metastasis. Non-BRCA carriers were 

assumed to undertake active surveillance (AS) after diagnosis and monotherapy of abiraterone after 

metastasis. A decision-analytic model in combination with Markov model and decision tree compared 

lifetime costs and effects of BRCA information. By simulating a hypothetical cohort, we showed that 

knowing BRCA information resulted in monetized benefit of $1.66 billion in one year and yielded 

accumulated monetized benefit of $28.1 billion over the next 15 years from the payer perspective. Also, 

the value of further research to reduce uncertainty measured by EVPI was $2.1 billion dollars, in which 

the majority source was from BRCA information shown from EVPPI of $1.4 billion dollars. Scenario 

analyses based on different assumptions showed consistent findings. While previous findings focused on 

cost-effectiveness of RT, RP, or AS and did not consider BRCA mutation in the analysis, we focused on 

potential value of knowing BRCA information to PCa patients.  

 

The estimated value knowing BRCA information in established settings for breast and ovarian cancer 

resulted in 1.4 billion in one year and yielded accumulated monetized benefit of 18.4 billion dollars over 

the next 15 years. On top of this value, we have shown that knowing BRCA information can potentially 

benefit localized-low risk PCa patient. The monetized benefit of knowing BRCA information is expected 
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to be $1.66 billion in 2020 and yielded accumulated monetized benefit of $28.1 billion over the next 15 

years in payer perspective.  

 

The monetized benefit BRCA information of $18.4 billion in established settings and $28.1 in potential 

settings support requests for changing policy to expand genetic testing. Also, the EVPI and EVPPI show 

potential benefit of further research in genetic mutation and its utilization.  

 

Implications of the Study  

 
The findings from our research questions have three significant implications. 

 

Need for a comprehensive evaluation of the value of knowing genetic information  

From our research questions, it was observed that the monetized value of knowing genetic information 

differs from the cost-effectiveness of intervention. Also, as genetic information can be applied to multiple 

settings, the values observed in each setting and across settings need to be combined. By focusing on 

genetic information and combining value from multiple settings, we quantified the monetary benefit of 

BRCA information. Findings from our aims have shown that knowing BRCA information is cost-saving 

for both payers and society.  

 

Implications of further research  

Our studies on potential value of knowing BRCA information - whether for prevention, optimizing 

treatment, or finding featured decision – has also identified the need for further clinic-economic research 

in the field of genetics. On top of monetized benefits from established settings, the potential benefits from 

yet to be established settings underscore the need for additional research. The EVPI and EVPPI for PCa 

shown in Chapter 6 shows that additional research will bring additional benefit by enabling more 
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informed decision. The additional benefit can arise from other disease settings or further personalization. 

Future research can be easily incorporated in the proposed analytic framework and generate evidence that 

can be developed into innovative intervention based on genetic features.  

 

Advantage of broader eligible population for genetic testing 

Our findings demonstrate, albeit indirectly, the opportunity cost of (risk) population not knowing genetic 

information. Broadening the clinical criteria for genetic testing will have access to genetic information to 

a larger population and will allow individuals and their health professionals to make better decisions. The 

applicability of genetic information is growing and expanding. Monetizing the benefit of having genetic 

information may give an impetus for prevention or better therapeutic options. Therefore, our research 

findings have health policy implications in terms of broadening eligible populations for genetic tests.  

 

Limitations 

 
Findings from this study should be interpreted in light of its limitations. Our findings are based on 

multiple assumptions regarding the role of BRCA mutations in morbidity and mortality. To investigate 

this, we incorporated estimates of the long-term effects of BRCA based from the most up-to-date meta-

analysis results and conducted multiple scenario analyses to incorporate the impact of our assumptions.  

 

When estimating the value of knowing BRCA information, we calculated INMB by comparing the ‘with 

BRCA information’ scenario to the ‘without BRCA information’ scenario on the basis family history. We 

defined the value of knowing BRCA information as the opportunity benefit of selecting right patient and 

assumed that comparing two hypothetical scenarios will adequately capture the benefit.  
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Many of the input parameters for the costs and utilities are from various observational studies, implying 

that these data are applicable to the U.S. population. We focused on a hypothetical cohort in the model 

that was aligned with participants from each included observational study.  

 

The inherent limitation of the economic evaluation model warrants caution. The memory-less feature of 

Markov models can over- or under-estimate the benefit of genetic information. Also, the partitioned 

survival model (PSM) does not consider the dependency of PFS and OS. We have incorporated time-

dependent variables in Markov model so that the model reflects disease and clinical evolution. Also, PSM 

could minimize the assumptions utilized in the previous studies due to limited available data.   

 

We incorporated disutilities related to surgical interventions and side effects. However, the increased 

anxiety and stress for genetic information was quantified as a utility. We assumed that the sense of relief 

from enhanced certainty offsets any increased anxiety. Also, the utility preferences in our analysis are 

based on aggregated estimates from the general population. The heterogeneity of value or preference for 

each patient was therefore not addressed. 

 

Future Research  

 
Future research applied to other genetic information should be conducted to further emphasize the value 

of knowing genetic information. Known mutations with high prevalence and significant 

morbidity/mortality such as EGFR (epidermal growth factor receptor), NTRK (neurotrophic-tropomyosin 

receptor tyrosine kinase) would enable capturing the value of knowing genetic information not answered 

in this dissertation.  
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Using individual-level data would enable us to simulate clinical settings with fewer assumptions. Also, 

the relationship between the variation in patient characteristics and model outcomes would be analyzed. 

Fueled with evolving research and available data, microsimulation models based on individual-level data 

can be developed.  

 

The utility preferences for genetic information can be adopted in determining the WTP threshold. As 

genetic information has unique attributes including spill-over effect and insurance value, the genetic 

specific preference would enhance internal validity of the results.  

 

Conclusions 

 
This dissertation assessed the monetized value of knowing BRCA information in the three dimensions of 

prevention, better treatment, and potential expansion. We found that knowing BRCA information 

contributes to positive monetized benefits from both payer and societal perspectives. Thus, these findings 

taken together underscore the importance of BRCA information. Considering the monetized benefit from 

established settings and potential settings, BRCA testing needs to be considered for broader population.   

 

 

 

 

 

 

 


