
A Two-Stage Approach to Genetic Risk Assessment in Primary 
Care

Swati Biswas1, Philamer Atienza2, Jonathan Chipman3, Amanda L. Blackford4, Banu 
Arun5, Kevin Hughes6, and Giovanni Parmigiani7

1Department of Mathematical Sciences, University of Texas at Dallas

2Department of Biostatistics, School of Public Health, University of North Texas Health Science 
Center

3Department of Biostatistics, Vanderbilt School of Medicine

4Division of Biostatistics and Bioinformatics, School of Medicine, Johns Hopkins University

5Department of Breast Medical Oncology and Clinical Cancer Genetics, University of Texas M.D. 
Anderson Cancer Center

6Massachusetts General Hospital and Harvard School of Medicine

7Department of Biostatistics and Computational Biology, Dana Farber Cancer Institute and 
Department of Biostatistics, Harvard School of Public Health

Abstract

Purpose—Genetic risk prediction models such as BRCAPRO are used routinely in genetic 

counseling for identification of potential BRCA1 and BRCA2 mutation carriers. They require 

extensive information on the counselee and her family history, and thus are not practical for 

primary care.

Methods—To address this gap, we develop and test a two-stage approach to genetic risk 

assessment by balancing the tradeoff between the amount of information used and accuracy 

achieved. The first stage is intended for primary care wherein limited information is collected and 

analyzed using a simplified version of BRCAPRO. If the assessed risk is sufficiently high, more 

extensive information is collected and the full BRCAPRO is used (stage two; intended for genetic 

counseling). We consider three first-stage tools: BRCAPROLYTE, BRCAPROLYTE-Plus, and 

BRCAPROLYTE-Simple. We evaluate the two-stage approach on independent clinical data on 

probands with family history of breast and ovarian cancers, and BRCA genetic test results. These 

include population-based data on 1344 probands from Newton-Wellesley Hospital and mostly 

high risk family data on 2713 probands from Cancer Genetics Network and MD Anderson Cancer 
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Center. We use discrimination and calibration measures, appropriately modified to evaluate the 

overall performance of a two-stage approach.

Results—We find that the proposed two-stage approach has very limited loss of discrimination 

and comparable calibration as BRCAPRO. It identifies a similar number of carriers without 

requiring a full family history evaluation on all probands.

Conclusions—We conclude that the two-stage approach allows for practical large-scale genetic 

risk assessment in primary care.
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Introduction

The risk of developing breast and ovarian cancers is high for the carriers of deleterious 

mutations of the BRCA1 and BRCA2 genes, and thus it is critical to identify carriers as 

early as possible [1,2]. Yet there is a lack of streamlined procedures for identifying mutation 

carriers from a general population. As a result, many carriers remain unaware of their status 

[3]. The identification of potential carriers can be ideally initiated by primary care providers; 

however, they need tools that can help them in efficiently identifying high-risk patients 

within their constraints of limited time and resources. Genetic risk prediction models that are 

used currently in genetic counseling are effective but too complex for the primary care 

setting, unless they can be simplified and incorporated into the Electronic Medical Records 

(EMR) or other Health Information Technology (HIT) solutions [4]. With a simplified 

adaptation, potential carriers can be identified in primary care and referred for further risk 

assessment and genetic testing.

The BRCAPRO genetic risk prediction model [5] is used extensively in genetic counseling 

and is available in the BayesMendel R package [6], the CancerGene genetic counseling 

package [7], the web-based risk service [8], the HughesRiskApps (HRA) package [9] and 

other computing environments. Based on the family history information provided by a 

counselee, BRCAPRO estimates the probability that she/he carries a BRCA1/2 mutation as 

well as her/his prospective risk of developing cancer. Several improvements to BRCAPRO 

in recent years allow it to use a variety of information [10–15]. Primary care settings and 

breast imaging centers are ideal for fully reaping the preventative benefits of such risk 

prediction models at a large population level. However, in such settings, collecting and 

assembling the exhaustive family history used by BRCAPRO is not practical.

We have recently proposed three simplified versions of BRCAPRO: BRCAPROLYTE, 

BRCAPROLYTE-Plus, and BRCAPROLYTE-Simple [16]. We evaluated these tools on 

datasets collected in genetic counseling settings, and found that they entail only a modest 

loss of accuracy compared to BRCAPRO, especially BRCAPROLYTE-Plus and 

BRCAPROLYTE-Simple. This suggests that we can use these tools to achieve a balance 

between simplicity (an issue of utmost importance in primary care) and accuracy by carrying 

out genetic risk prediction in two stages. In the first stage, intended for primary care, risk 
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will be assessed using a simplified version of BRCAPRO. Those found to be at sufficiently 

high risk will be referred to the second stage (counseling), where the full BRCAPRO will be 

used. A software implementation of such a two-stage approach is already available in HRA 

[17] which includes two sequentially administered surveys — “Short breast” and “Risk 

Clinic”, using limited and more exhaustive family information. The two-stage procedure has 

not been evaluated in primary care settings thus far.

Our aim is to formally develop and investigate the two-stage approach. We evaluate three 

versions of this approach, each with a different first stage tool – BRCAPROLYTE, 

BRCAPROLYTE-Plus, and BRCAPROLYTE-Simple. In each case, the second stage uses 

BRCAPRO on all available information.

Methods

Cohorts

We use retrospective data from three sources: Cancer Genetics Network (CGN), MD 

Anderson Cancer Center (MDA), and Newton-Wellesley Hospital (NWH). The first two 

have been described and analyzed earlier [14,16,18]; here we analyze them for the first time 

using two-stage approaches. In particular, the pedigree characteristics for each of seven sites 

in CGN and that of MDA can be found in Table 1 of Biswas et al (2013) [16]. For 

completeness, in Table 1, we list the characteristics of the two datasets combined (referred 

as CGN+MDA and analyzed as a whole throughout). MDA as well as all CGN sites except 

one consist of high risk families, i.e., the probands entered the study at least in part because 

of their personal and/or family history. The third cohort captures all probands referred for 

genetic counseling at the NWH. The vast majority of these individuals enter the sample 

through a primary care encounter, typically a breast imaging visit. They are subsequently 

referred to counseling if they have a prior history of ovarian cancer, meet National 

Comprehensive Cancer Network (NCCN) guidelines [19], their BRCAPROLYTE 

probability exceeds 10%, or are referred by a clinician based on his/her interpretation of 

risk. A fraction of this cohort sought genetic counseling after a relative had already been 

tested; they will be analyzed separately also. Pedigree characteristics of NWH data are listed 

in Table 1. Less than 10% of NWH probands are BRCA mutation carriers compared to 21% 

carriers in CGN+MDA data. The latter has also higher proportions of probands with breast 

and/or ovarian cancers along with younger affection ages. The median reported family size 

is about 20, highlighting the practical difficulty of collecting complete family information in 

primary care.

Two-Stage Approach

In this approach, the first stage tool is either BRCAPROLYTE, BRCAPROLYTE-Plus, or 

BRCAPROLYTE-Simple. We had earlier also considered the Family History Assessment 

Tool (FHAT) [20] and another simpler version of BRCAPRO based on first-degree relatives 

only. Their performance was inferior compared to the three selected and thus we do not 

pursue them here. In the second stage, the complete BRCAPRO is used on those probands 

whose first stage probability exceeds a chosen cutoff.
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BRCAPRO

BRCAPRO utilizes information on all available relatives including family structure, ages of 

diagnosis, current age/age at death for unaffected members, ethnicity, and additional 

information such as breast tumor markers and BRCA genetic test results, if available. We 

used the version implemented in BayesMendel 2.0–9.

BRCAPROLYTE

BRCAPROLYTE applies the BRCAPRO model using only information on the numbers and 

types of first- and second- degree relatives, which relatives are affected with breast and 

ovarian cancer, and their affection ages. We performed BRCAPROLYTE calculations using 

BRCAPRO after setting the current age/age at death of all relatives as missing to mimic the 

scenario when ages are not collected/known to the proband.

BRCAPROLYTE-Plus

BRCAPROLYTE does not collect data on ages of unaffected relatives leading to inflated 

carrier probabilities in general [16]. As the numbers of first- and second-degree relatives are 

collected, we can impute the ages of unaffected relatives to compensate for the inflation of 

probabilities, and thereby offset false positives. This idea is implemented in 

BRCAPROLYTE-Plus. The imputation of ages is based on an external large dataset as 

described elsewhere [16].

BRCAPROLYTE-Simple

BRCAPROLYTE-Plus needs knowledge of the numbers of each type of relative. A further 

simplification can be achieved by imputing this information when it is unknown. 

BRCAPROLYTE-Simple does this through two levels of imputation: number of relatives of 

each type and ages of unaffected relatives, based on an external dataset [16]. The burden of 

data collection is therefore the least with BRCAPROLYTE-Simple.

Evaluation Strategy

To establish a baseline, we apply each simplified tool and BRCAPRO separately to all 

probands and compare the results for NWH data. We earlier reported results for each of the 

simplified tools on the CGN and MDA data [16]. This is the first analysis addressing the 

two-stage approach.

We then evaluate the clinical impact of two-stage approaches by quantifying the reduction in 

genetic counseling burden as compared to applying BRCAPRO to all probands. We consider 

various combinations of cutoffs for the two stages (denoted as c1 and c2 respectively) and 

note the number of counselees whose carrier probabilities exceed c1 and/or c2. We compare 

scenarios constructed so that the numbers of carriers captured by the two-stage approaches 

and BRCAPRO are about the same.

The statistical evaluation of a two-stage approach is more involved than that of a single 

stage tool as results from both stages as well as dependence of the second stage on the first 

stage results must be considered. In Supplementary Methods, we show that the overall 

sensitivity (Se.O), specificity (Sp.O), Area Under ROC Curve (AUC.O), and predictive 
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value positive and negative (PVP.O and PVN.O) can be written in terms of sensitivity and 

specificity of the first stage and of the second stage given the results of the first stage.

Next we calculate the ratio of the observed (O) number of carriers to the expected (E) 

number (O/E). To compute E, we need one carrier probability per proband. We use the first 

stage probability for counselees who undergo the first stage only (first stage probability < 

c1) while for the rest we use their second stage probability. We plot O/E, along with their 

95% confidence intervals (CI), for a set of c1 values ranging from 0.01 to 0.1, the cutoffs 

typically used in practice.

We also consider scenarios where the percentage of counselees to be followed-up in the 

second stage is fixed in advance in consideration of resource constraints. This requires 

setting a specific cutoff c1 for the first stage. Depending on whether a proband was 

evaluated at the second stage, we use either the first or second stage probability and 

calculate AUC referred as AUC.p, where “p” is the fixed percentage follow-up and is set to 

25%, 50%, and 75% in turn.

For all analyses, we also report the results when all probands are evaluated using 

BRCAPRO. We refer to each two-stage approach by the name of the corresponding first 

stage tool, as BRCAPRO is always used in the second stage. We used the statistical software 

R 3.1.0 for all computations.

Results

In NWH, BRCAPROLYTE (applied to all probands) overestimates carrier probabilities 

compared to BRCAPRO as reflected in O/E values smaller than 1 in the Supplementary 

Table 1. We also observe higher sensitivity and lower specificity of BRCAPROLYTE for a 

fixed cutoff. BRCAPROLYTE-Plus and BRCAPROLYTE-Simple are better calibrated with 

O/E values closer to 1, and show a trend towards better calibration than BRCAPRO. The 

AUCs of all three first stage tools are close to 0.65, the AUC of BRCAPRO in this dataset. 

We reported similar results for CGN and MDA [16].

Next, we quantify the consequences of using the two-stage approach on the clinical 

workflow. There are 576/2713 BRCA mutation carriers in CGN+MDA and 125/1344 in 

NWH. As shown in Figure 1, when BRCAPRO is applied to all probands, the carrier 

probabilities of 1036 and 363 probands exceed 10%, a cutoff traditionally used in clinical 

practice, though not necessarily optimum [21]. Of these, only 414 and 57 are carriers. The 

genetic counseling burden with this single-stage approach is the totality of probands (2713 

and 1344) and genetic testing is done for 1036 and 363 probands. The sensitivity of 

BRCAPRO at this cutoff is 0.72 and 0.46 in CGN+MDA and NWH, respectively 

(Supplementary Table 1). The corresponding specificities are 0.71 and 0.75. Now let us 

compare these numbers with those for the two-stage approaches.

In Figure 1b, for NWH, we see that out of a total of 1344 probands that go through the first 

stage, 803, 1235, and 964 are referred to the second stage by BRCAPROLYTE, 

BRCAPROLYTE-Plus, and BRCAPROLYTE-Simple, respectively. Correspondingly, the 

reduction in genetic counseling burden as compared to direct counseling of all 1344 
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probands is 541 (40%), 109 (8%), and 380 (28%) families. In the second stage, the numbers 

of probands referred for genetic testing are close to 363 as obtained using BRCAPRO only. 

The sensitivity and specificity for all two-stage approaches are about the same as those of 

BRCAPRO (0.46 and 0.75; Figure 2 discussed below). The comparison on CGN+MDA is 

similar, as shown in Figure 1a. In particular, the reduction in genetic counseling is 129 (5%), 

710 (26%), and 413 (15%) by using BRCAPROLYTE, BRCAPROLYTE-Plus, and 

BRCAPROLYTE-Simple in the first stage, respectively. Thus, two-stage approaches are 

able to capture the same numbers of carriers and achieve same sensitivity and specificity as 

BRCAPRO with a reduction of genetic counseling burden. Additional scenarios are 

considered in Supplementary Tables 1 and 2. We see that similar numbers of carriers can be 

captured using other cutoff combinations as well. The genetic counseling burden can be 

further reduced through a higher first stage cutoff, albeit with larger number of genetic tests.

Figure 2 plots Se.O and Sp.O for specific cutoff combinations for the two stages. We see 

that if we want a two-stage approach to achieve same Se.O value (e.g., 80%) with a similar 

(or higher) Sp.O value as that of BRCAPRO, it is usually possible at different cutoff 

combinations for different models. In general, BRCAPROLYTE has high values of 

sensitivity while BRCAPROLYTE-Plus and BRCAPROLYTE-Simple give slightly higher 

values of specificity for the same sensitivity. If we choose the same cutoff for BRCAPRO 

when applied by itself and when applied as the second-stage (i.e., compare the curves within 

each column panel), then the former seems to have highest sensitivity and lowest specificity. 

However, by allowing the cutoffs to vary, the two-stage approaches can achieve similar 

values of sensitivity and specificity as BRCAPRO. Similar plots for PVP.O and PVN.O is in 

Figure 3, and the same trend is seen. Similar considerations apply to PVP.O and PVN.O.

Table 2 lists AUC.O, AUC.25, AUC.50, and AUC.75. AUC.O values for all two-stage 

approaches are practically same as that of BRCAPRO. In fact, AUCs remain comparable 

even when the percentage of follow-up in the second stage is restricted to 25, 50, or 75%.

Next, we plot O/E values in Figure 4. In general, BRCAPROLYTE tends to overestimate the 

risk of mutation, BRCAPROLYTE-Plus tends to underestimate, and BRCAPROLYTE-

Simple remains in between and is the most stable across varying cutoffs. When compared 

with BRCAPRO, the two datasets show somewhat different trends. In CGN+MDA, the two-

stage approaches have somewhat worse calibration than BRCAPRO with BRCAPROLYTE 

performing the best (remains closest to 1) while in NWH, BRCAPROLYTE-Plus and 

BRCAPROLYTE-Simple have slightly better calibration than BRCAPRO. The CIs overlap 

substantially and so calibration of the two-stage approaches may not be very different from 

BRCAPRO although there seems to be some differences between high risk and community 

practice.

In summary, the two-stage approach has similar discrimination and calibration, and can 

achieve a similar clinical impact without requiring a full evaluation in primary care.
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Discussion

We proposed and evaluated two-stage approaches for genetic risk assessment. The first stage 

can be implemented in a primary care setting using limited family history information, and 

can be efficiently integrated into an EMR or other HIT solutions. Patients with sufficiently 

high risk can then be assessed in further detail, typically, though not necessarily, within a 

genetic counseling clinic. We showed that the overall performance of the two-stage 

approach is comparable to using the more complete assessment on all patients. Even though 

it is more complex than performing a single full evaluation of all patients, the clinical 

importance of this result lies in the fact that the latter is not currently scalable to primary 

care delivery. Moreover, testing everyone is currently not a practical option in the U.S. due 

to financial and other considerations. The two-stage approach makes it possible to screen the 

general population for risk of carrying BRCA mutations. It entails an increase in the burden 

of data collection in primary care, and a duplicate assessment on a relatively large subset of 

families, but also results in a reduction in genetic counseling activities, the most challenging 

and less easily scalable stage.

A practical issue is the choice of cutoffs for use in clinical settings. We illustrated the 

clinical implications using specific combinations of first and second stage cutoffs to quantify 

the genetic counseling and testing burden associated with using different first stage tools in 

different populations. For practical applications, different clinical scenarios may require a 

different balance of specificity, sensitivity, and burden of data collection, and these 

considerations should guide the choice of appropriate combinations.

One of the strengths of our study is use of high-risk as well as population-based data. 

Although specific assessments of discrimination and calibration for the two datasets were 

different, both analyses gave the same conclusion about the viability of the two-stage 

approach. Thus, our overall conclusions are likely to be applicable to the more general 

population, at least qualitatively. However, due to limitations of the data (as discussed 

below), these results may not be fully representative of the use of the two-stage approach in 

an unselected population.

At present, the paucity of medical environments where the potential for genetic testing is 

routinely incorporated into primary care workflows makes it challenging to carry out a 

population-based evaluation of the two-stage approach. Our analysis of the NWH data 

comes close, but still has limitations. The main limitation is that the NWH cohort is enriched 

for patients with BRCAPROLYTE probability exceeding 10%, which makes it more 

difficult to generalize our conclusions on the operating characteristics of the two-stage 

approach involving BRCAPROLYTE as the first step. Generally our analyses are likely to 

overestimate the number of high-risk families found in the first stage, when compared to an 

application of a two-stage approach to a completely unselected population.

The discrimination of the BRCAPRO model in the NWH cohort, as measured by AUC, is 

lower than reported in other datasets [16, 18]. This indicates that the carrier probability 

distributions for BRCA carriers and non-carriers are not well-separated. For example, the 

median probabilities for carriers and non-carriers are 0.07 and 0.03, respectively, compared 
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to 0.34 and 0.03 for CGN+MDA data. If we take each proband in CGN+MDA and find a 

matching proband (with the closest probability) from NWH, the BRCAPRO AUC for this 

subset of NWH probands is 0.72, compared to 0.65 observed in the whole NWH data. Also, 

175 probands in NWH have genetic test results available for at least one relative. Including 

their test results in BRCAPRO calculations increases the AUC from 0.65 to 0.79 showing 

the strong impact of genetic test results. However, if information on relatives’ test results is 

not used (as it will be burdensome to collect this information in the primary care), the results 

of the two-stage approaches for this subset are similar to what we found for the whole NWH 

data.

Of the three two-stage approaches, BRCAPROLYTE tends to over-predict. 

BRCAPROLYTE-Plus gives less inflated estimates but appears to be affected by under-

prediction of carrier probabilities. BRCAPROLYTE-Simple seems to provide a better 

balance between over- and under-prediction. This is somewhat unexpected as 

BRCAPROLYTE-Simple uses less information on family structure than BRCAPROLYTE-

Plus. From a practical point of view, this is a useful result as the burden of data collection in 

the first stage is the least through use of BRCAPROLYTE-Simple. To provide a rough 

estimate of savings in time, consider that it takes about 10 to 30 minutes to collect the vital 

status and age of every relative. Compared to that, it may take only about 3 minutes to 

obtain the age and relationships of each person with cancer, which is sufficient for applying 

BRCAPROLYTE-Simple. Future work can focus on estimation of the burden of data 

collection as well as the acceptance rate of the simplified tools in clinical practice.

In summary, our work proposes a new paradigm of formally integrating genetic risk 

assessment in primary care. By implementing the process of risk assessment in two stages, 

the proposed approach strikes a balance between two competing issues — identifying 

potential carriers among large populations who are currently not receiving adequate risk 

counseling and ensuring that the burden of exhaustive genetic counseling (second stage) 

remains manageable. By adjusting the cutoffs for the two stages, this approach allows 

identification of as many carriers as is practically possible. Although we focused on breast 

and ovarian cancer risk here, the approach is general and can be used for risk prediction for 

other cancers, for which well-established genetic models exist such as pancreas, colon, and 

melanoma [22–24].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Numbers of referrals made at each stage using a two-stage approach, as compared to using 

BRCAPRO only on all probands for (a) CGN+MDA and (b) NWH data. We denote by c1 

and c2 the cutoffs used at the first and second stages, respectively. The number of probands 

whose carrier probability at the first stage exceed c1 is denoted by n1, and out of n1, the 

number of probands with second stage carrier probability exceeding c2 is denoted by n2. 

When we evaluate BRCAPRO alone, the cutoff is labeled as c and the number of probands 

with carrier probability exceeding c is n2. These numbers are further stratified by the carrier 

status in parentheses.
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Figure 2. 
Sensitivity (Se.O) and Specificity (Sp.O) of the two-stage approach and BRCAPRO for (a) 

CGN+MDA and (b) NWH data. The x-axis has two sets of cutoffs, c1 (first stage) followed 

by c2 (second stage) below it. For BRCAPRO, only one cutoff (indicated by the second 

level c2 values) is applicable.
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Figure 3. 
Predictive Value Positive (PVP.O) and Negative (PVN.O) of the two-stage approach and 

BRCAPRO for (a) CGN+MDA and (b) NWH data. The x-axis has two sets of cutoffs, c1 

(first stage) followed by c2 (second stage) below it. For BRCAPRO, only one cutoff (c2) is 

applicable.
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Figure 4. 
Ratio of observed number of carriers to the expected number of carriers as predicted by the 

two-stage approach and BRCAPRO for (a) CGN+MDA and (b) NWH data.
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Table 1

Pedigree Characteristics

CGN+MDA NWH

Total pedigrees 2713 1344

Probands of AJ descent: n (%) 744 (27.4) 366 (27.2)

Probands tested BRCA1+: n (%) 377 (13.9) 49 (3.6)

Probands tested BRCA2+: n (%) 202 (7.4) 76 (5.7)

No. of members per pedigree: median (IQR) 20 (15) 19 (20)

Age of proband: median (IQR) 49 (17) 53 (16)

Males tested: n (%) 87 (3.2) 14 (1)

Males tested with BC: n (%) 48 (1.8) 6 (0.4)

Probands with unilateral BC: n (%) 1628 (60) 698 (51.9)

Probands with bilateral BC: n (%) 244 (9) 72 (5.4)

Probands with OC: n (%) 245 (9) 55 (4.1)

Probands with BC & OC: n (%) 88 (3.2) 17 (1.3)

BC age for proband: median (IQR) 43 (14) 47 (13.75)

OC age for proband: median (IQR) 51 (14) 53 (16.5)

IQR: Inter-Quartile Range; BC: Breast Cancer; OC: Ovarian Cancer
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