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Abstract
The purpose of this research was to model the familial
clustering of breast cancer and to provide an accurate
risk estimate for individuals from the general population,
based on their family history of breast and ovarian
cancer.
We constructed a genetic model as an extension of a
model by Claus et al. (E. B. Claus et al., Am. J. Hum.
Genet., 48: 232–242, 1991), with three breast cancer
genes, BRCA1, BRCA2, and a hypothetical BRCAu, in two
variants, one in which BRCAu was dominant and one in
which BRCAu was recessive. The model parameters were
estimated using published estimates of population
incidence and relative risks. Risk estimation was
performed for a set of 196 counselees and for a set of
simulated counselees with both the dominant BRCAu and
the recessive BRCAu model, and compared relating to
medical management.
Estimates of the model parameters were found.
Relative risks among family members were comparable
between the model of Claus et al. (E. B. Claus et al.,
Am. J. Hum. Genet., 48: 232–242, 1991) and our model.
The dominant and the recessive model provided
approximately similar lifetime risks for breast cancer.
Our model is suitable for breast cancer risk
estimation in a health care setting.
Introduction
It has been demonstrated that a family history of breast cancer
is a risk factor for breast cancer (1–3). This familial risk for
breast cancer has first been modeled by Claus et al. (4) as a
single autosomal dominant susceptibility gene.
After publication of this model, two highly penetrant
breast cancer susceptibility genes, BRCA1 and BRCA2, were
identified (5–10). These genes were modeled by Parmigiani et
al. (11) and Berry et al. (12), with the primary aim to estimate
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BRCA1 and BRCA2 carrier probabilities in counselees based on
their family history of breast and ovarian cancer.
However, these two breast cancer susceptibility genes only
explain a small proportion of the familial clustering of breast
cancer (13). Because shared environmental risk factors presumably account for ⬍10% of familial clustering (14), additional as
yet unidentified genes are probably involved in breast cancer
susceptibility. Antoniou et al. (15, 16) and Cui et al. (17) aimed
to estimate the prevalence and breast cancer risk of BRCA1 and
BRCA2, and to model the unknown breast cancer susceptibility
genes by using data from a population-based series of breast
cancer families (15, 17) and from high-risk families (16).
Here, we present a model of breast cancer risk among
women from the general population with a family history of
breast cancer for the use of risk estimation in health care
settings. It includes both the known BRCA1 and BRCA2 genes
and an additional hypothetical gene BRCAu, and so extending
the familial clustering of breast cancer as modeled by Claus et
al. (4). For the quantification of model parameters we used
published data, both from a meta-analysis on breast cancer risks
and from population-based studies on the penetrance and mutated-allele frequency of BRCA1 and BRCA2.
Materials and Methods
Design. First, a genetic model with three genes, BRCA1,
BRCA2, and a hypothetical third gene, was constructed. To
estimate model parameters, published data on breast cancer
risks and incidence were used (1, 7–10, 18). Second, we explored the use of this model for individual risk estimation as
provided in familial cancer clinics using both simulated pedigrees and real pedigrees.
The Hypothetical Gene BRCAu. In addition to the known
breast cancer susceptibility genes, BRCA1 and BRCA2, a third
gene was hypothezised: BRCAu, where “u” denotes unknown.
Previous research has shown that from a biological view the
familial clustering not explained by the BRCA1 and BRCA2
genes is most likely polygenic (15–17). However, as our objective was risk estimation in health care settings, the biological
correctness was not of primary importance.
The third gene was modeled to explain all of the familial
clustering of breast cancer unaccounted for by the BRCA1 and
BRCA2 genes. The total familial clustering as modeled by
Claus et al. (4) was taken as the reference, but had to be
extended with the information available on BRCA1 and BRCA2,
on bilateral breast cancer and on ovarian cancer, and with the
population breast cancer incidence.
We constructed two variants of the genetic model, as two
extremes. In the first variant BRCAu was assumed to be dominant (model I) and in the second BRCAu was assumed to be
recessive (model II).
Parameters in the Genetic Model. The following model parameters were used: the mutated-allele frequencies of BRCA1,
BRCA2, and BRCAu, the genetic susceptibility for breast cancer
based on these genes, and breast cancer penetrance. These

1479

1480

Modeling Familial Breast Cancer

parameters were estimated using relative risks for breast cancer
among women with family relatives with breast cancer.
Mutated-Allele Frequencies. The mutated-allele frequencies
in the population are denoted by q1, q2, and qu for BRCA1,
BRCA2, and BRCAu, respectively. Individuals inherit two
BRCA1, BRCA2, and BRCAu alleles, one from each parent. For
any randomly chosen individual, the probability that an individual has inherited zero, one, or two mutated copies on, for
example, the BRCAu gene equal (1⫺qu)2, 2qu(1⫺qu), and q2u,
respectively. Similar expressions hold for BRCA1 and BRCA2.
The mutated allele frequencies q1 and q2 were both estimated at 0.0006 [by Ford et al. (7) for BRCA1 and by Peto et
al. (8) for BRCA2] The parameter qu is unknown and has to be
estimated, denoted by q̂u,I for model I and by q̂u,II for model II.
Genetic Susceptibility. The probability that a woman is genetically susceptible due to the BRCA genes is denoted by r. As
mutations on the BRCA1 and BRCA2 genes were found to be
dominant, a woman has to carry only one of these to be
genetically susceptible. In model I (mutated allele on BRCAu is
dominant), ru also equals the probability that a woman carries
at least one mutated allele, but in model II, in which the mutated
allele on BRCAu is recessive, ru equals the probability of
carrying two copies.
Let the joint probabilities that a woman and her mother,
her sister, her daughter, or any first degree relative both are
genetically susceptible by their allelic combination on a BRCA
gene be denoted by ri,M, ri,S, ri,D, and ri,FD, respectively, for i ⫽
1,2,u. Note that ri,M ⫽ ri,D. The probability that a woman in the
general population is not genetically susceptible to breast cancer by any of these genes is indicated by p.
As the mutations of BRCA1 and BRCA2 are highly penetrant, we assume that carrying a mutation on BRCAu in addition
to a mutation on BRCA1 or BRCA2 has no additional effect on
breast cancer susceptibility. Thus, p⬇1⫺r1⫺r2⫺ru.
In addition, for dominant mutations ri⬇2qi and ri,D ⫽
ri,M⬇ri,S⬇qi. Thus, ri,FD⬇qi. This is true for BRCA1 and
BRCA2, and also for BRCAu in model I. In model II the mutated
allele on BRCAu is assumed to be recessive, and then ru ⫽ q2u,
ru,D ⫽ ru,M ⫽ q3u and ru,S⬇0.25q2u⫹0.5q3u.
On the basis of the values for q1 and q2 of 0.0006, r1 and
r2 equal 0.0012 and ri,D ⫽ ri,M⬇ri,S⬇ 0.0006 for i ⫽ 1,2. The
parameters ru and p have to be estimated, denoted by r̂u,I and p̂I
for model I, and r̂u,II and p̂II for model II.
Breast Cancer Penetrance. For women who are genetically
susceptible by their BRCA1, BRCA2 or BRCAu gene, the penetrance for breast cancer is denoted by F1, F2, and Fu, respectively, and the penetrance for breast cancer for women who are
not genetically susceptible on any of these genes by F0. The
population penetrance is denoted by F, i.e., the risk for women
from the general population at age x is F(x).
The conditional risk for women at age x with a mother who
is affected with breast cancer before or at age y is denoted by
FM(x 兩 y). For the risk of developing breast cancer between ages
a and b, we use the notation F([a,b]), with F([a,b]) ⫽ F(b) ⫺
F(a).
Using the parameters as stated above, the penetrance of
breast cancer in the general population at age x equals:
F共x兲 ⬇ pF0共x兲 ⫹ r1F1共x兲 ⫹ r2F2共x兲 ⫹ ruFu共x兲,

(A)

An estimate of F was computed based on the age-dependent
breast cancer incidence as given by the Netherlands Cancer
Registry (18). Estimates of the penetrance for women carrying
BRCA1 and BRCA2 mutations, F1 and F2 at the ages 40, 50, 60,
and 70 were taken from Easton et al. (10) and Ford et al. (9).
The parameters Fu and F0 have to be estimated, denoted by F̂u,I
and F̂0,I for model I, and F̂u,II and F̂0,II for model II.
Relative Risks for Breast Cancer. Relative risks for breast
cancer are used to measure genetic effects, and these are denoted generically by . The relative risk for breast cancer for a
woman at age x with a mother with breast cancer before or at
age y is the ratio of the penetrance for such women and the
penetrance for women from the general population: M(x 兩 y) ⫽
FM(x 兩 y)/F(x). Analogously, S, D, and FD are defined as the
relative risks for women with a sister, a daughter, or any first
degree relative with breast cancer, respectively.
If no breast cancer susceptibility genes existed, the relative
risk M(x 兩 y) would equal 1 for all values of x and y. The
difference M ⫺ 1 thus represents the genetic association between a woman and her mother at certain ages of breast cancer
onset. This association is shown in Equation C in which the
relative risk M is written in terms of the genetic model (see
Appendix for the derivation)

M共x兩y兲 ⫺ 1 ⬇

冊

Fi共y兲
⫺1 .
F共y兲

(C)

Similarly, the relative risk of a woman with a sister with breast
cancer, S, is:

S共x兩y兲 ⫺ 1 ⬇

冘 冉
ri,S

i ⫽ 1,2,u

冊冉

Fi共x兲
⫺1
F共x兲

冊

Fi共y兲
⫺1 .
F共y兲

(D)

A similar relationship holds for D. In model I, ri,D ⫽
ri,M⬇ri,S⬇qi for i ⫽ 1,2,u and D(x 兩 y)⬇M(x 兩 y)⬇S(x 兩 y) for
all values of x and y. Consequently, in this model the first
degree relative does not have to be specified and the following
equation, with ri,FD⬇qi for i ⫽ 1,2,u, holds

FD共x兩y兲 ⫺ 1 ⬇

冘 冉
ri,FD

i ⫽ 1,2,u

冊冉

Fi共x兲
⫺1
F共x兲

冊

Fi共y兲
⫺1 .
F共y兲

(E)

The risk of being affected with breast cancer between two ages
is

FD共关a0, b0兴兩关a1, b1兴兲 ⫺ 1 ⬇

冘 冉
ri,FD

i ⫽ 1,2,u

冊

Fi共关a0, b0兴兲
⫺1
F共关a0, b0兴兲
䡠

冉

冊

Fi共关a1, b1兴兲
⫺ 1 . (F)
F共关a1, b1兴兲

In model II the mutation on the BRCAu gene was assumed to be
recessive, and different equations apply. For quⱕ0.5, from
Equations C) and D, S(x 兩 y)ⱖM(x 兩 y) for all values of x and
y. Consequently, S(x 兩 y) ⲏ FD(x 兩 y) ⲏ M(x 兩 y) for all values
of x and y. From Equations C and D and the inequalities above,
it follows that

冘 冉
ri,M

冊

Fi共x兲
⫺1
F共x兲

2

ⱗ FD共x兩x兲 ⫺ 1 ⱗ

冘 冉
ri,S

i ⫽ 1,2,u

冊

2
Fi共x兲
⫺1 ,
F共x兲

(G)

F共关a, b兴兲 ⬇ pF0共关a, b兴兲 ⫹ r1F1共关a, b兴兲 ⫹ r2F2共关a, b兴兲
⫹ ruFu共关a, b兴兲.

冊冉

Fi共x兲
⫺1
F共x兲

ri,M

i ⫽ 1,2,u

i ⫽ 1,2,u

and between ages a and b:

冘 冉

(B)

and similarly for FD([a,b] 兩 [a,b]).
Estimates of the relative risks were taken from a reanalysis

Cancer Epidemiology, Biomarkers & Prevention

of combined data from 52 epidemiological studies (1), which
provided a cross-classified table with estimates of
FD([x1,x2] 兩 [y1,y2]), for [x1,x2] and [y1,y2] varying from (0,
40, 40, 50, 50, 60) and [60,⬁). In our analysis the interval
[60,⬁) was interpreted as [60,70]. It also presented estimates of
M(x 兩 y) and S(x 兩 y) (1) (for x ⫽ 50 and y ⫽ 50, separately;
for other values of x and y estimates of M and S hardly
differed, and published estimates of FD).
The parameters of model I have to be estimated using
Equations A and E. Equation E, however, can be solved for
many different values of ru,I and Fu,I. To find a unique solution,
the number of unknown parameters in this equation has to be
reduced. Therefore, we chose a value of 0.03 for q̂u,I, based on
Antoniou et al. (15).
Risk Estimation. To compare the outcomes of model I and II,
an actual risk estimation was performed for a set of 196 true
counselees and for a set of simulated counselees.
The risk for breast cancer of a woman was estimated using
the history of all family members of unilateral, bilateral, and
male breast cancer and ovarian cancer, using the BRCAPRO
calculations according to Parmigiani et al. (11), incorporating
both affected and nonaffected relatives.
Comparison of the Models Using Real Pedigrees. For 196
women who attended the department of clinical genetics at
Leiden University Medical Center for genetic counseling, the
family history was elicited by questionnaire and interview. All
of the first, second, and third degree relatives on the paternal
and maternal side were taken into consideration. An extensive
description of the data are given by van Asperen et al.3. For all
196 of the women the lifetime risk of breast cancer (up to the
age of 75) was computed with both model I and model II.
Comparison of the Models Using Simulated Pedigrees. Because all of the pedigrees in the population are different, it was
impossible to perform simulations for all of the possible pedigrees separately. Therefore, we used one large pedigree and
applied different patterns of familial clustering. The counselee
in this pedigree is a woman of 35 who has one sister aged 38.
She has two paternal aunts, one paternal uncle, two maternal
aunts, and one maternal uncle. Her parents, and aunts and
uncles on both sides are between 58 and 69 years of age. The
paternal grandmother died when she was 82, and the maternal
grandmother when she was 70 years of age. To check the
sensitivity of the results found with respect to the pedigree that
was used, we also simulated other pedigrees. Outcomes were
similar.
Genotypes in the pedigree were generated 5 million times
with model I and 5 million times with model II. All of the
members of the pedigree inherited genotypes according to
Mendelian rules. Given the genotype of an individual it was
simulated whether the individual developed (bilateral) breast
and/or ovarian cancer, and if so at what age, resulting in a
phenotypic family history.
In general, only women with a family history of breast or
ovarian cancer attend familial cancer clinics for risk estimation.
Therefore, comparisons were restricted to simulated pedigrees
in which the counselee was without breast symptoms and met
one of the following criteria: (a) the counselee had at least one
first-degree relative with breast cancer under the age of 50 or at

3
van Asperen, C. J., Jonker, M. A., Jacobi, C. E., van Diemen-Homan, J. E. M.,
Bakker, E., Breuning, M. H., van Houwelingen, J. C., and de Bock, G. H. Risk
estimation for healthy women from breast cancer families: new insights and new
strategies. Cancer Epidemiol. Biomark. Prev., in press, 2004.

Table 1 Estimates of the penetrance for BRCA1 (F̂1; 10), BRCA2 (F̂2; 9),
and for BRCAu, and noncarriers in Model I (F̂u,I and F̂0,I) and in Model II
(F̂u,II and F̂0,II)
BRCA1

BRCA2

F1

F2

BRCAu, Model I
F̂u,I

F̂0,I

BRCAu, Model II
F̂u,II

F̂0,II

0.19
0.51
0.54
0.85
53.9
16.5
0.96

0.12
0.28
0.48
0.84
58.5
13.8
1.00

0.082
0.17
0.28
0.38
56.3
17.2
0.48

0.0016
0.012
0.027
0.048
66.3
14.9
0.08

0.14
0.25
0.42
0.57
67.7
25.7
1.00

0.0011
0.0106
0.025
0.048
72.0
16.5
0.10

Age
40
50
60
70


c

The formula for the penetrance function for each of these genes is given by the
product of c and ⌽ (age ⫺ )/, where ⌽ denotes the normal cumulative
distribution.

least two second-degree relatives with breast cancer under the
age of 50, either in the paternal or in the maternal family or on
both sides; or (b) both ovarian and breast cancer occurred in one
side or in both sides of the counselee’s family.
For all of the simulated pedigrees that met one of these
criteria, lifetime risk for breast cancer up to age 75 was estimated with both model I and model II, using the phenotypic
family history of breast and/or ovarian cancer. The estimated
risks were categorized to evaluate whether the additional diagnostics that would be offered to the counselee would depend on
the model (I or II) that was used in the risk estimation. The
category thresholds were based on common guidelines for
additional management of counselees: 0.2 and 0.3 (19). A
lifetime risk of breast cancer of 0.3 is often taken as a threshold
for additional genetic assessment, such as DNA testing. A
lifetime risk of 0.2 is often taken as a threshold for yearly
surveillance, and a lifetime risk ⬍0.2 is used as an indication
that special interventions will not be cost-effective.
Results
Estimation of Remaining Parameters in Model I. For model
I the parameters p̂u,I, q̂u,I, r̂u,I, F̂u,I, and F̂0,I had to be estimated.
Equations A and E were available for the estimation of the
parameters in model I, because rS⬇rM⬇rFD. As thus three
parameters were unknown, a unique solution of the two equations does not exist. However, for any given q̂u,I, p̂u,I and r̂u,I are
fixed, and we, therefore, fixed q̂u,I at 0.03.
Then estimates for F̂u,I(40) and F̂0,I(40) were found using
Equations A and E (Table 1). Subsequently, we estimated
F̂u,I([40, 50]) and F̂0,I([40, 50]) using Equations B and F.
Because Fu([a,b])⫹Fu(a) ⫽ Fu(b)⫺Fu(a)⫹Fu(a) ⫽ Fu(b) for
all values of a and b with aⱕb, Fu(50) and F0(50) were
estimated by, respectively, F̂u,I([40, 50])⫹F̂u,I(40) and F̂0,I([40,
50])⫹F̂0,I(40), (Table 1). Analogous to these, estimates
F̂u,I(60),F̂u,I(70), F̂0,I(60), and F̂0,I(70) were found.
Estimation of Remaining Parameters in Model II. As p̂u,II,
q̂u,II, r̂u,II, F̂u,II, and F̂0,II were unknown, the parameters F̂u,II,
F̂0,II, and q̂u,II had to be estimated. For this model: p ⬇
1⫺2q1⫺2q2⫺q2u. Using the Equations A, C, and D with x ⫽ 50
and y ⫽ 50, we found q̂u,II ⫽ 0.193, and F̂u,II(50) ⫽ 0.247,
F̂0,II(50) ⫽ 0.0106. The probability that a woman is genetically
susceptible to breast cancer by the genotype at BRCAu in
2
model II is r̂u,II ⫽ q̂u,II
⫽ 0.037.
The estimates of FD(40兩40)FD([50,60]兩[50,60]) and
FD([60,70]兩[60,70]) from the literature were used to estimate
intervals (lower bound, upper bound) for F̂u,II(x) and F̂0,II(x) for
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Table 2 The estimated genetic association due to BRCA1, BRCA2, and
BRCAu, in Model I, related to the estimates of the relative risk FD(x兩x) and
the Claus-model
Genetic association due to
Age (x)
40
50
60
70

Relative risks

BRCA1

BRCA2

BRCAu

FD(x兩x)

Claus(x兩x)

0.48
0.30
0.084
0.079

0.18
0.084
0.064
0.077

4.04
1.41
0.95
0.62

5.70
2.79
2.10
1.78

5.36
3.04
1.97
1.51

x ⫽ 40, x ⫽ 60, and x ⫽ 70, using Equation G, namely
[0.117;0.155],[0.396;0.440], and [0.526;0.606]. The midpoints
of the intervals were taken as estimates for F̂u,II (Table 1).
Using Equation A, F̂0,II was found (Table 1).
Genetic Association for Developing Breast Cancer. The
BRCA1, BRCA2, and BRCAu genes together explained all familial clustering of breast cancer as observed in the general
population and, thus, represent the genetic associations for
developing breast cancer (Table 2, presented for model I). The
total contribution of BRCAu in the genetic association is independent of the choice of q̂u,I. At each age, the genetic association of BRCA1, BRCA2, and BRCAu adds up to FD-1. For
comparison, the relative risks according to the model of Claus
et al. (4) are presented as well (Table 2). The results show that
the estimated genetic association due to BRCA1 and BRCA2 is
much lower than of BRCAu, indicating that BRCA1 and BRCA2
only explain a small proportion of the total genetic association
for developing breast cancer. The findings of Claus et al. (4)
differ only slightly.
Risk Estimation. Table 1 shows penetrance functions for
carriers of one of the BRCA genes and for noncarriers.
These functions summarize the information needed for risk
estimation.
Comparison of the Models for Real Pedigrees. The relative
risks for breast cancer up to age 75, as computed for 196
women, are presented in Fig. 1. Estimation of risks was based
on the family history of breast and/or ovarian cancer among the
first, second, and third degree relatives, and were computed
with both model I and model II.
For breast cancer risks ⬍0.25 the two models largely
agreed. For risks of ⱖ0.25 the differences between the outcomes of the two models increased slightly with lifetime risk.
This finding is likely caused by the fact that in model I the
penetrance for BRCAu at age 75 is lower than the penetrance for
BRCAu at age 75 in model II. If both ovarian cancer and breast
cancer had been diagnosed in the family, the two models
provided similar lifetime risks.
Comparison of the Models for Simulated Data. In the first
simulation, in which model I was used to generate genotypes of
pedigrees, 4.76% of the 5 million simulated pedigrees satisfied
the inclusion criteria. On the basis of selected pedigrees, the
lifetime risks for breast cancer up to age 75 were computed
based on the phenotypic family history for each counselee with
both model I and model II. The categorized risks are presented
in Table 3. Each cell provides the percentages of counselees
who were selected for the corresponding category.
For 89.1% of the selected pedigrees, the lifetime risks as
computed by model I and model II agreed. Thus, the additional
diagnostics were independent of the genetic model that was
used for risk estimation. Risk estimates from the two models
differed by at most one risk category. Almost 9% of the counselees were located below the diagonal in Table 3. For these

counselees the lifetime risk estimated by model II was lower
than by model I. In 2% of the counselees, as categorized above
the diagonal, model II estimated higher lifetime risks than
model I.
Similar results were obtained in the simulation, in which
model II generated genotypes of pedigrees. Of the 5 million
simulated pedigrees, 4.62% satisfied the inclusion criteria. For
89.3% of the pedigrees model I and model II agreed regarding
lifetime risks, for 8.8% model I estimated higher lifetime risks
than model II, and for 1.9% of the counselees model II estimated higher lifetime risks than model I.
We found that where model I estimated higher lifetime
risks than model II, women in either the paternal or the maternal
family, but not in both, were affected with breast cancer. If the
estimated lifetime risks from model II were higher than from
model I, both the paternal and maternal family of the counselee
were affected with breast cancer. When both ovarian cancer and
breast cancer were present in the family, the estimated risks in
both models agreed. Such a family history indicates that probably BRCA1 or BRCA2 mutated alleles are involved, and the
parameters for these genes are equal in the two models.
The results for other pedigrees and for a different choice of
the mutated allele-frequency q̂u,I were similar (data not shown).
We have assessed q̂u,I in a range of 0.0006 – 0.03. The lowest
frequency (i.e., 0.0006) was based on the mutated-allele frequencies as found for BRCA1 and BRCA2. The highest mutated-allele frequency (i.e., 0.03) was based on the results of the
analysis of Antoniou et al. (15). Any choice of q̂u,I results in
similar associations between first-degree relatives. For a small
minority of the families, a different choice of q̂u,I resulted in a
slightly different risk estimate, caused by multiple breast cancer
cases among first and second degree relatives, i.e., high risk
families. These differences in risk estimates depending on the
choice of q̂u,I did not result in different clinical management.
Discussion
In this article we presented two genetic models for individual
breast cancer risk estimation. These two models contain either
a dominant or a recessive third hypothetical gene, BRCAu, in
addition to BRCA1 and BRCA2. To estimate model parameters
for this third gene we used published estimates of the population penetrance of breast cancer and of relative breast cancer
risks for women with an affected first degree relative. The
parameters for the hypothetical third gene were estimated such
that the three genes jointly explain the relative risks and
population penetrance.
The method described in this article has several advantages over likelihood methods applied to data from an epidemiological study (as e.g., Ref. 15). First, as estimates of the
relative risks were taken from external sources, accurate estimates based on a meta-analysis could be used. Second, in view
of the simplicity of the estimation method, the method can
easily be adjusted to different population penetrances. This may
be important to adapt the genetic models to country-specific
population risks. And third, the estimation procedure can easily
be repeated when new, more accurate estimates of the mutatedallele frequency, and the penetrance for BRCA1 and BRCA2
become available. Moreover, if new breast cancer predisposition genes are identified, but all of the genetic association
cannot yet be explained, the method described here can be use
again to extend the genetic model, which then explains all of the
genetic association using the new information.
To quantify our model, we used the Dutch overall breast
cancer incidence and penetrance, combined with gene-specific
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Fig. 1.

penetrances of BRCA1 and BRCA2 derived from other European countries, as no Dutch data are available. We think that
these penetrances do not differ much between these countries,
and, therefore, we expect no problems in the general use of our
model. Moreover, the model can be easily fit on the overall
breast cancer penetrance of other countries.
For the penetrance functions of BRCA1 and BRCA2, the
estimates of Easton et al. (10) and Ford et al. (9) were used.
Because these estimates were derived from studies of multiple
case families, they may overestimate the risks of BRCA1 and
BRCA2 carriers in other families, as suggested by Antoniou et
al. (20). A lower penetrance function for BRCA1 or BRCA2
carriers in our model would result in either a higher penetrance
function for BRCAu carriers or a higher BRCAu mutated allele
frequency. Biased estimates of the model parameters for
BRCA1 and BRCA2 would, thus, be corrected by the estimates
of the parameters for BRCAu, thus ensuring that the model still
provides adequate risk estimates.
Available data strongly indicate that BRCA1 and BRCA2
mutations tend to account for most families with large numbers
of cases, whereas the proportion of overall familial aggregation
due to BRCA1 and BRCA2 is small. This indicates that if the
additional gene is assumed to be dominant this gene must be
quite common with a lower penetrance function than the penetrance functions for BRCA1 and BRCA2. Accordingly, we
chose in this study a value of 0.03 for qu,I to enable us to
estimate the parameters of model I. This value was based on a
previous study by Antoniou et al. (15) who considered, similar
to our model I, a model with, in addition to BRCA1 and BRCA2,
a dominant gene named BRCA3. They assumed that the penetrance functions for woman BRCA1 and BRCA2 carriers were

Table 3 Correspondence of lifetime risks of counselees according to Model I
and Model II, whereby the genotypes of the family members in the pedigrees
were generated by Model I
Model I2兩Model II3 LTRa ⱕ 0.2 0.2 ⬍ LTR ⱕ 0.3 LTR ⬎ 0.3 Total
LTR ⱕ 0.2
0.2 ⬍ LTR ⱕ 0.3
LTR ⬎ 0.3
Total
a

LTR, lifetime risk.

77.9
8.7
0.0
86.6

0.7
8.6
0.1
9.4

0.0
1.3
2.6
3.9

78.6
18.6
2.7
100.0

equal to the estimates in Easton et al. (10) and Ford et al. (9),
as we did, and estimated the model parameters with a maximum
likelihood method. Although different values for qu,I result in
different estimated genetic models, all of the estimated genetic
models correctly predict the genetic association of breast cancer
between two first-degree relatives and also correctly estimate
the penetrance for breast cancer in the total female population.
Antoniou et al. (15) also considered a model with a recessive gene BRCA3 in addition to BRCA1 and BRCA2, comparable with model II in this article. They estimated the remaining model parameters with a maximum likelihood method,
and found a mutated-allele frequency for BRCAu of 0.24 and a
corresponding penetrance at the age of 70 of 0.42. Our estimates are 0.193 for the mutated-allele frequency and 0.57 for
the penetrance at the age of 70.
To compare the outcomes of our two models in individual
risk assessment, two comparisons were performed. In the first
comparison breast cancer risks using both models were computed for a set of 196 women and their families who attended
our hospital for genetic counseling. In the second comparison
the pedigrees were simulated. In both comparisons both model
I and model II yielded similar breast cancer risks for most of the
counselees, and consequently similar medical advice. The differences in breast cancer risks between the two models (see Fig.
1 and Table 3) are mainly caused by the presence of breast
cancer in second degree relatives or by multiple cases among
first degree relatives. It is unknown which of the two models
better explains familial clustering of genetic breast cancer in
larger families (first, second, and third degree relatives). The
results of Cui et al. (17) suggest that there is a substantial
recessively inherited risk of early onset breast cancer. In Antoniou et al. (15) the best fitting single gene model for the third
hypothetical gene was a recessive model (like model II). A
dominant model for the third gene (like model I) gave a somewhat poorer fit, but the difference was not statistically significant. Fortunately, both our models give similar risk estimates
for women from the general population, and, thus, to similar
medical decisions, as was shown in Table 3. For people with a
high breast cancer risk, model II provided slightly higher risks
than model I, but this would seldom affect the medical decisions. For people with lower risks, model I estimated in some
cases slightly higher risks than model II. If model I were used
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for risk estimation, slightly more women would be offered
annual surveillance.
Our model requires a computer program for risk estimation, which may not be practical in clinical practice, as pedigrees have to be entered into a computer. The so-called Claus
Tables (21) are still widely used in clinical practice, as they can
be used for hand-written pedigrees. On the basis of our model,
a new method for practical risk estimation has been developed.3
This method still uses the Claus Tables, but also incorporates
ovarian cancer, bilateral breast cancer, and other situations that
cannot be handled appropriately by the Claus Tables. Therefore, the new method should provide more accurate risks than
those based on the Claus Tables alone.
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Appendix: Derivation of Equation C.
The probability of a woman and her mother both being
genetically susceptible by their allelic combinations on their
BRCA1 gene is denoted by r1,M. Consequently, the probability that a woman is genetically susceptible on BRCA1,
whereas her mother is not, equals r1⫺r1,M, with r1 as the
probability that a woman is genetically susceptible on her
BRCA1 gene. Vice versa the same probability is found.
Combining these results yields that the probability that neither a woman nor her mother are genetically susceptible on
their BRCA1 gene is equal to 1⫺2r1⫹r1,M. Similar results
hold for BRCA2 and BRCAu. If a woman and her mother are
both genetically susceptible to breast cancer, this is because
of their allelic combination on the BRCA1, the BRCA2, or on
the BRCAu gene. So the probability that a woman and her
mother are both genetically susceptible to breast cancer and are
affected before the ages x and y respectively, is approximately
equal to r1,MF1(x)F1(y)⫹r2,MF2(x)F2(y)⫹ru,MFu(x)Fu(y). A similar equation can be derived for the situation that either the woman
or her mother is genetically susceptible, and both women are
affected before the ages x and y. In the case that both women are
noncarriers the expression is approximately equal to
(1⫺兺i⫽1,2,u(2ri⫺ri,M))F0(x)F0(y). The simultaneous population
penetrance for a woman and her mother, denoted by FM, can be
written as the sum of the probabilities for the four situations just
mentioned.
FM共x, y兲 ⬇

冘

ri,MFi共x兲Fi共y兲 ⫹

i ⫽ 1,2,u

⫹

冘

冘

共ri ⫺ ri,M兲Fi共x兲F0共y兲

i ⫽ 1,2,u

共ri ⫺ ri,M兲F0共x兲Fi共y兲

i ⫽ 1,2,u

冉

⫹ 1⫺

冘

冊

共2ri ⫺ ri,M兲 F0共x兲F0共y兲.

i ⫽ 1,2,u

冘

made if F0, the penetrance for
equation is replaced by the popEquation C is obtained by dividside of the above equation by
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