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or women at increased risk of
Fbreast cancer, important oppor-

tunities exist for primary and
secondary prevention, Effective med-
ical triage requires that risk be recog-
nized and quantified. An extensive
body of literature describes the hor-
monal/reproductive, family history,
histologic, and demographic factors
that contribute to breast cancer risk.
The concept that clinicians should
identify women at high risk for breast
cancer has come of age. The justifi-
cation for practicing breast cancer
risk assessment encompasses the fol-
lowing reasons:

+ *This work was completed at the University
of Pittsburgh before Ms. Peters’ employment at
the National Cancer Institute (NCI) and does
not represent the views of the NCI, National
Institutes of Health, Department of Health and
Human Services, or the federal government.
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ABSTRACT

Women at increased risk of breast cancer have important opportu-
nities for early detection and prevention. There are, however, serious
drawbacks to the available interventions. The magnitude of breast
cancer risk is a crucial factor in the optimization of medical benefit
when considering the efficacy of risk-reduction methods, the adverse
effects of intervention, and economic and quality-of-life outcomes.
Breast cancer risk assessment has become increasingly quantitative
and is amenable to computerization. The assembly of risk factor
information into practical, quantitative models for clinical and scien-
tific use is relatively advanced for breast cancer, and represents a
paradigm for broader risk management in medicine. Using a case-
based approach, we will summarize the major breast cancer risk
assessment models, compare and contrast their utility, and illustrate
the role of genetic testing in risk management. Important consider-
ations relevant to clinical oncology practice include the role of risk
assessment in cancer prevention, the logistics of implementing risk
assessment, the ramifications of conveying risk information with
limited genetic counseling, and the mechanisms for genetics referral.
Medical professionals can embrace new preventive medicine tech-
niques more effectively by utilizing quantitative methods to assess their
patients’ risks. '

(1) The importance of maintain-

ing a high level of suspicion for clin-
ical diagnosis, despite the young age
of a patient[1]

(2) The need to begin surveillance
earlier than recommended by stand-
ard guidelines[2,3]

(3) Better information about the
effectiveness of prophylactic mastec-
tomy, the ideal surgical approach,
and the optimal age at surgery[4-7)
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(4) The opportunity for breast can-
cer chemoprevention[8]

(5) Recognition of the risks of ad-
ditional preventable cancers, such as
ovarian cancer in BRCA1 and
BRCA2 carriers

(6) The chance to treat not only
high-risk patients, but also the high-
risk family.

Genetic counseling for inherited
cancer syndromes has grown tremen-




Table 1

Epidemiologic Models of Breast Cancer Risk

Model Family History of Breast Cancer Additional Risk Factors
Gail First-degree relatives only Currentage ‘
(maximum of 2) Race (statistical significance
No paternal family history not achieved for nonwhites)
Age at menarche
Age at first live birth
Number of breast biopsies
Atypical hyperplasia on biopsy
Claus First- and second-degree relatives Age at onset in relatives

(maximum of 2)

Format

Tables, graphs, handheld calculators,
computer programs including NCI Risk Disk
and CancerGene, commercially available
pedigree-drawing programs

Tables, CancerGene, commercially
available pedigree-drawing programs

NCI = National Cancer Institute.

dously over the past several years,
due in large part to the discovery of
two genes, BRCAl and BRCA2,
mutations of which account for the
majority of hereditary breast/ovarian
cancer families.[9,10] Mutations in
several other genes also confer sus-
ceptibility to breast cancer—name-
ly, TP53 (aka p53) associated with
Li-Fraumeni syndrome and PTEN
associated with Cowden disease.
These conditions account for less than
1% of hereditary breast cancer, and
no available mathematical modeling
incorporates them. Therefore, they
will not be discussed further in this
article.

Genetic testing for mutations in
BRCAL1 and BRCA2 can be thought
of as a highly sophisticated method
of risk assessment. However, for the
majority of women, genetic testing is
not useful in clarifying risk. Mathe-

matical models can be used to identi- -

fy families for whom testing may be
beneficial and to estimate risk in the
absence of genetic testing.

For most women at moderate risk
(loosely defined as a non-Jewish fam-
ily with one or two relatives with
breast cancer and no ovarian cancer
or male breast cancer), quantitative
risk assessment alone may be suffi-
cient for guiding medical decision-

One or two copies of this article for person-
al or internal use may be made at no charge.
Copies beyond that number require that a 9¢
per page per copy fee be paid to the Copyright
Clearance Center, 222 Rosewood Drive, Dan-
vers, MA 01970. Specify ISSN 0890-9091. For
further information, contact the CCC at 508-
750-8400. Write publisher for bulk quantities.

making about chemoprevention, sur-
gical prevention, and assessment of
the risk/benefit ratio for hormone re-
placement therapy. Using a case-
based approach, we will summarize
the major breast cancer risk assess-
ment models, compare and contrast
their utility, and illustrate the role of
genetic testing in risk management.

Mathematical Models tbr-

Breast Cancer Risk Assessment

Breast cancer is a common dis-
ease—the most common cancer
found among women and the second
major cause of cancer death. Prelim-
inary searches for the causes or risk
factors for breast cancer have been
population-based. After female gen-
der, the most important risk factor is
increasing age. Composite incidence
projections derived from the Surveil-
lance, Epidemiology, and End Re-
sults (SEER) registry of the National
Cancer Institute (NCI) have enabled
the determination of general age-
related population risks for breast can-
cer.[11] The next largest risk factor
is family history. Early quantifica-
tion of this influence consisted of
empiric prevalence tables based on
various configurations of affected
relatives.[12-14]

Relative risks and odds ratios for
various characteristics have been de-
rived from several studies; however,
an individual woman’s risk is based
on a combination of these factors.
Therefore, statistical modeling that
incorporates the relative weight of

separate risk factors is necessary to
approximate an individual’s unique
risk. Ideally, the model is then vali-
dated in population studies. Of the
models discussed here, only the Gail
model[15] has been validated.[16-18]

Epidemiologic Models

The quantitative models currently
used in breast cancer risk assessment
can be loosely divided into two cate-
gories: epidemiologic and genetic.
The Gail15] and Claus[19] models
are epidemiologic tools used to pre-
dict absolute breast cancer risk over
specified intervals of time for wom-
en who have never had breast cancer.
They are derived from large popula-
tion-based datasets and, thus, apply
to a broad range of women, particu-
larly those without a strong family
history of breast cancer (Table 1).

Genetic Models

The newest category of models
estimates BRCA1 or BRCA2 muta-
tion carrier status (and, indirectly,
breast cancer risk), based entirely on
family history of breast and ovarian
cancer. These models were derived
from small populations with a strong
family history of these diseases.
Specifically, the Couch (University
of Pennsylvania),[20] Shattuck-
Eidens,[21] and Myriad (Frank) mod-
els[22] were derived from logistic
regression of risk factors predicting a
positive mutation test outcome. The
Berry-Parmigiani-Aguilar model
(BRCAPRO)[23,24] is based on
Bayesian calculations of the proba-
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bility of carrying a BRCA1 or BRCA2
mutation, given the individual fami-
ly pattern of affected and unaffected
individuals.

The genetic models calculate
mutation probabilities based on af-
fected individuals. Risk can be ad-
justed by Mendelian extrapolation for
unaffected relatives. Brief descrip-
tions of each model are presented
below and in Table 2; a detailed dis-
cussion of their derivations
found elsewhere.[25]

Two other quantitative models of
mutation carrier risk not detailed in
this paper are worth noting.| First,
Ford et al provide tables predicting
the probability of linkage to BRCA1

“and BRCA?2 for high-risk families
with a minimum of four cases of
breast cancer diagnosed prior [to age
60 and various combinations of ova-
rian cancer and male breast can-
cer.[26] The probability of linkage
(an indirect measure of whether the
gene in question is involved) does

not equate with the probability of
finding a mutation, because a variety
of mutation types are not identified
even by complete DNA sequencing of
the coding region and intron/exon
boundaries. Genetic testing detected
BRCA1 or BRCA2 mutations in only
63% of families with linkage scores
suggesting involvement of these genes.

Second, Myriad Genetic Labora-
tories, Inc, provides and updates a
set of penetrance tables on their web-
site (Wwww.myriad.com), reporting the
frequency of BRCAI and BRCA2
mutations for various constellations
of family history, including Jewish
and non-Jewish ancestry. The data in
these tables were not obtained in a
controlled research study and have
not been statistically modeled. More-
over, family history was not collect-
ed in a systematic, verifiable fashion.
Nevertheless, the dataset includes
several thousand individuals who
have undergone genetic testing and
is quite impressive.

Gail Model

Using multivariate logistic regres-
sion, the following risk factors for
developing breast cancer were iden-
tified in the Breast Cancer Detection
Demonstration Project (BCDDP)
population: age at menarche, age at
first live birth, number of previous
breast biopsies, number of first-
degree relatives with breast cancer,
and current age of the individual.[27]
In addition to these characteristics,
the demonstration of atypical hyper-
plasia on biopsy is incorporated-into
the original ‘Gail model as another
multiplication factor. Relative risk
estimates were calculated for each of
these parameters, and a woman’s
composite relative risk is obtained
by multiplying the numbers associat-
ed with each relative risk factor. Ab-
solute risk—defined as the probability
of developing breast cancer over a
specified time—is computed by mul-
tiplying the composite relative risk
by the baseline proportional hazards

Table 2

Model Relevant Variables

Couch (University
of Pennsylvania)

in same person

Average age at diagnosis of BC in family
Cancer types: BC, OC, BC and OC

Genetic Models Used to Eftimate Risk of BRCA1 and BRCA2 Mutations

Output

Ashkenazi Jewish ancestry

Shattuck-Eidens

Proband with BC (unilateral or bilateral) or OC
Age at onset in'proband only

inthe proband

(not in family members)
Cancer types: BC, OC, BC and OC in

the same person

Ashkenazi Jewish ancestry

Composite family probability of
BRCA1 mutation

Probability of BRCA1 mutation

Probability of BRCA1 and

Format

Tables
CancerGene

Tables

Additional calculations
needed if more than
1 relative affected

CancerGene

Table

BRCA2 mutations for proband

age 50)

Myriad (Frank) Proband with BC at less than age 50 (required)
or 40 years
Proband with OC or bilateral BC
Relative with BC less than age 50
Relative with OC at any age
Berry- All first- and second-degree relatives, affected
Parmigiani- and unaffected
Aguilar Current ages or ages at death
(BRCAPRO) Cancer types: BC (unilateral or bilateral),

age at diagnosis

OC, BC and OC in same person, including

Includes male breast cancer

Ashkenazi Jewish ancestry

BRCA1 or BRCA2 mutation status:
positive, negative, or not yet tested

Probability of BRCA1 and BRCA2
mutations for affected or unaffected
individuals within 2 degrees of
relationship of affected relatives

(only if affected wtih BC before

CancerGene: Windows-
based program with
database storage

BC = breast cancer; OC = ovarian cancer.
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estimation derived from the BCDDP
population.

The NCI website contains a breast
cancer risk assessment tool in Win-
dows format (http://bcra.nci.nih.gov/
brc/) based on a revised version of
the Gail model[28] that was used to
determine eligibility for the Breast
Cancer Prevention Trial.[8] It pro-
vides S-year and lifetime- risks for
developing breast cancer and differs
from the original model in that (1) it
predicts invasive cancer only (the
original predicted both invasive and
in situ cancers), (2) the baseline inci-
dence is derived from SEER data (the
original Gail model used baseline data
from the BCDDP population), and
(3) it includes a separate baseline
incidence for black women (the orig-
inal applied only to white women).

The Gail model is routinely used in
cancer risk counseling to derive a pre-
liminary breast cancer risk estimate
for unaffected women. It is not appli-
cable to women who have already had
either in situ or invasive cancers. Al-
though the model has been formally
validated in three studies[16-18] and
can accurately predict the rate of
breast cancer development in popu-
lations, it tends to overestimate risk
for young women and underestimate
risk for older women. Some of the
overprediction in younger women re-
sults from the fact that the model was
based on a population of women who
were undergoing annual screening
mammography.

From the standpoint of genetic risk
assessment, the main limitations of
the Gail model are that it does not
incorporate breast cancer history for
more than two first-degree relatives
and does not consider age at onset of
cancer. Furthermore;, _becaiuse second-
degree relatives are not included,
paternal family history is ignored. It
should also be pointed out that
although risk models may be accu-
rate for populations, risk predictions
for individuals may be of limited
accuracy.[29]

Claus Model

A second epidemiologic model
used to estimate a woman’s risk of
developing breast cancer over time
is the Claus model.[19] Using segre-

gation analysis on data obtained from
the Cancer and Steroid Hormone
Study (CASH), tables were construct-
ed that predict cumulative probabili-
ties for the occurrence of breast cancer
at different ages, depending on both
the presence of breast cancer in vari-
ous combinations of first- and sec-
ond-degree relatives and age at onset
of cancer. Although the Claus model
is only useful for the subset of wom-
en with one or two relatives with
breast cancer, it may be more accu-
rate than the Gail model for this co-
hort, particularly in the setting of
premenopausal breast cancer and mi-
nor nonfamilial risk factors, and es-
pecially when there is a paternal
family history of breast cancer.

In general, the Gail and Claus
models should be avoided in individ-
uals with a strong family history of
cancer and used only with caution
when genetic testing has produced
negative results.

Couch Medel

The Couch model[20] is based on
data from 169 women who were as-
sessed at a high-risk clinic and tested
for mutations in the BRCA1 gene.
Risk is based on the average age at

diagnosis of breast cancer in a wom- -

an’s family, ethnicity (Ashkenazi
Jewish descent or not), the presence
of familial breast cancer only or fa-
milial breast and ovarian cancer, and
whether any individual has had both
breast and ovarian cancer. Risks are
provided in tables.

Shattuck-Eidens Model

The Shattuck-Eidens model[21] is
based on a subset of 593 women with
either breast or ovarian cancer who
were evaluated in 20 familial risk
clinics and underwent full-sequence
mutation analysis for BRCA1. Risk
factors included in the final model
are based on the characteristics of
both the proband and her family. For
the proband, the risk factors are breast
or ovarian cancer status including age
at onset and Ashkenazi Jewish an-
cestry. For the family, risk factors
include breast or ovarian cancer sta-
tus, but not age at onset or degree of
relatedness.

Cancer status for both the proband

and family members are categorized
according to the presence of breast
cancer alone, ovarian cancer alone,
or both cancers in the same individu-
al. Bilaterality is also considered for
the proband, who must be affected
for the model to be applicable. Lim-
ited risk values are provided in
graphs, but it is necessary to calcu-
late the regression equation for many
families.

Myriad Model

The Myriad (Frank) model[22] is
based on logistic regression analysis
of data from 238 women who under-
went complete DNA sequencing of
the BRCA1 and BRCA2 genes in
familial risk clinics across the Unit-
ed States. All of the subjects were
diagnosed with breast cancer before
age 50 years and had at least one
first- or second-degree relative with
breast cancer before age 50 or ovari-
an cancer at any age.

Risk factors include breast cancer
status of the proband, two affected
sites in the proband (either a second
primary breast cancer or ovarian can-
cer), categorical age of onset in the
proband (under 50 years or under 40
years), and breast or ovarian cancer
status in a maximum of two rela-
tives. A simple chart lists the proba-
bilities of carrying a mutation for
varying combinations of family
history.

Berry-Parmigiani-Aguilar
Model (BRCAPRO)

Berry et al[23,24] devised a math-
ematical model using Bayesian prin-
ciples to estimate the probability of
carrying BRCA1 and BRCA2 muta-
tions. The model incorporates all af-
fected and unaffected first- and
second-degree relatives and Ashkena-
zi Jewish ancestry. Age at onset in
affected relatives and age achieved
cancer-free in unaffected relatives are
important components of this model.
Breast and ovarian cancer histories are
considered. Only the BRCAPRO and
the Ford models incorporate informa-
tion on males with breast cancer.

The BRCAPRO model is based
on Mendelian principles and utilizes
published mutation frequencies and
penetrance estimates. It is computa-
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Figure 1: Extended Pedlgree of Family A—The proband is a 45-year-old
white, non-Ashkenazi Jewish female of mixed European descent whose mother

and sister died of breast cancer.

tionally intensive and only feasible if
done by computer (in practice, using
the CancerGene program, as dis-
cussed below). A validator study has
recently been published.[30]

Case Vignettes

As the following cases show, each
of the models has strengths and limi-.
tations based on the purpose and set-
ting of the risk assessment and the
similarity of the patient’s family to
the underlying dataset. None of the

1086

models incorporate a history of non—
breast/ovarian cancers associated with
BRCAL1 or BRCA2, such as pancre-
atic cancer. The risk estimates are
only as good as the quality of the
medical information used with the
models; verification of cancer diag-
nosis by record review is paramount.
The models are not universally ap-
plicable, do not substitute for a care-
ful pedigree analy51s by a professional
with training in genetics, and require
interpretation based on experienced
clinical judgment.

ONCOLOGY « VOLUME 16 + NUMBER 8

These cases are based on clinical

| experiences at the University of

Pittsburgh Cancer Institute/Magee-
Womens Hospital Cancer Genetics
Program. The pedigree structure and
clinical histories have been altered to
preserve the anonymity of the pa-
tients and their relatives.

Family A

¢ Family Hlstory—-The proband in
family A is a 45-year-old white, non—
Ashkenazi Jewish female of mixed
European descent referred to the Can-
cer Genetics Program because both
her mother and sister died of breast
cancer. An extended pedigree reveals
that there have been no other cancer
cases in the family, her mother and
sister had postmenopausal breast can-
cer, and she has two unaffected sis-
ters over age 50 (Figure 1).

e Risk Assessment—As expected
based on pedigree analysis, the ap-
plicable mutation risk models pre-
dict a BRCA mutation risk of about
1% in this family, suggesting that
genetic testing would not be bene-
ficial. Thus, the Gail and Claus
models will best approximate this
woman’s risk of developing breast
cancer.

The Gail model predicts that this |

patient’s risk of developing breast can-
cer over the next 20 years is about

21%. Her age at menarche was aver- |
age, rather than late, conferring a slight- |-

ly increased risk. She also had one
breast biopsy before age 50, which,
although benign and without atypia, is
associated with an increased risk. The
major component of her elevated risk
is due to a family history of breast
cancer in two first-degree relatives.
This figures into the Gail summary
relative risk as an interaction term with
age at first live birth. In contrast to
women with a minimal family history,
in whom early parity seems to be pro-
tective, women in the BCDDP popu-
lation with two or more affected
first-degree relatives had higher risks
of breast cancer associated with earli-
er parity. Similar observations have
been seen in other studies.[31,32]
The Claus model predicts a 14%
risk of developing breast cancer over
the next 20 years. This is lower than




the Gail risk because the Claus model
takes into account the somewhat
later ages of breast cancer onset in
relatives and does not include addi-
tional risk factors considered by the
Gail model (such as the breast biopsy
in this case). Indeed, models based on
such different factors would not be
expected to agree precisely.[33-35]

¢ Medical Management—A wom-
an who has lived through the illness-
es and deaths of her mother and sister
is not often reassured by the low prob-
ability of having high-penetrance
genes. Maintaining a high level of
concern is appropriate because other,
less penetrant genes and/or environ-

‘| mental factors may be involved, as

reflected in the epidemiologic mod-
els. Her risks based on these models
are 3 to 10 times higher than that of
the general population. A discussion
of prophylactic mastectomy should
include her quantitative breast can-
cer risks, particularly because wom-
en typically overestimate their risk
of breast cancer. The characteristics
of her screening mammograms (ie,
breast density) will factor into the
medical decision-making. If increased
breast density is present, enrollment
in a breast magnetic imaging research
trial might be considered.[36]

An additional strategy is tamox-
ifen chemoprevention, which is as-
sociated with a 49% reduction in the
incidence of invasive breast cancer.
This benefit extends to the subgroup
of women with a family history of
breast cancer.[8] The Gail 5-year risk
of 5.2% puts this patient in the cate-
gory of high-risk women who may
benefit from tamoxifen chemopreven-
tion. However, before recommend-
ing tamoxifen, it is ‘important to
consider a woman’s risk for uterine
cancer and thromboembolic events.
Gail and colleagues have published
net benefit/risk tables that provide
estimates of benefit for women with
varying backgrounds who are taking
tamoxifen.[37]

¢ Tamoxifen Risk/Benefit Analy-
sis—For most women considering
breast cancer chemoprevention, ge-
netic testing (for BRCA genes or
predisposition to thromboembolic

; -fq_‘_y‘!?’f, 35 yrZ:

/56yr

. 77 Menarche at 13 yr - ' Breast cancer at 32 yr -
40 yr i First live birth at 23 yr +::Breast qancer‘at‘41:yr' S
Ovarian cancer - Number of biopsies: 1. - e e
atdoyr _;Atypwalhyperlasna: No
' “Breast cancer risk
] R 5yr 10yr 20yr
~F Gaib ¢ 2.8% 5% 11%
| Claus NA 5% 9%
| 'BRCAPRO 3% 6% 10%
.| Poputation " 0.9% 2% 6%
_.Mutation risk  BRCAT BRCA2
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. Shattuck-Eidens ~ 22% NA
_ Myriad ’ 33% 3%
15% 1%
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Figure 2: Extended Pedigree of Family B—The proband is a 56-year-old
white female whose sister died of breast cancer at age 44. A paternal aunt was
diagnosed with ovarian cancer at age 52, and a few cousins have breast and

ovarian cancer.

events) does not play a role in man-

.agement, and a careful family histo-

ry is sufficient. In this case, the father
carries a factor V Leiden (fVL) mu-
tation, which increases the risk of
deep-vein thrombosis and subsequent
pulmonary embolism. There is a 50%
chance that this patient inherited this
mutation from her father; testing for
this mutation is indicated before
tamoxifen therapy is initiated. If she
has the fVL mutation, then tamox-
ifen is contraindicated. If fVL gene
testing is negative, her net benefit/
risk index can be estimated using the
approach developed by Gail et al.[37]

Based on this patient’s age (45
years), a Gail S5-year risk level of
5.2%, her race, and never having had
a hysterectomy, her net benefit/risk
index is 258. The net benefit/risk in-
dex improves to 274 for a woman
who has had a hysterectomy. Given
the same risk profile, a patient in her
50s with a uterus would have a net
benefit/risk index of 94, and without
a uterus, 214, The comparative bene-
fit in women without vs with a uterus
is greater for women age 50 or older
compared to younger women because
the age-specific incidence of uterine
cancer climbs markedly after age 50.
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Family B

¢ Family History—The proband is
a 56-year-old white female of Italian
descent. Her family cancer history
includes a sister with bilateral breast
cancer diagnosed at ages 32 and 41,
who died at age 44, a paternal aunt
with ovarian cancer diagnosed at age
52, and cousins with breast and ova-
rian cancer (Figure 2). The maternal
family history is negative for cancer.
Although this patient was referred to
cancer genetic counseling by her gy-
necologist because of her immediate
family history, she only learned of
her extended family history after dis-
cussing her impending genetics ap-
pointment with a family member.

~ Further examination of this ex-
tended pedigree more strongly sup-
ports the possibility of autosomal
dominant transmission of cancer.
There is a direct link between the
proband’s immediate family mem-
bers with breast and ovarian cancer
and more distant affected relatives.
Although this connection is through
a woman who lived to age 80 with-
out developing cancer, we know that
the penetrance of BRCA1 and
BRCA?2 mutations is not 100%—ie,
it is possible for carriers to live a
long life without developing cancer.

e Risk Assessment—The first step
is to recognize that the use of the
epidemiologic Gail or Claus models
would neglect significant hereditary
risk factors such as bilateral breast
cancer and ovarian cancer. Moreover,
the Gail model ignores onset of breast
cancer at a young age and all pater-
nal family history of cancer.

The next step is to choose a relative
(or relatives) for whom to calculate
the probability of a having BRCA1 or
BRCA2 mutation, ie, “designate a
proband” for the genetic risk models.
In general, it is best to base mutation
probability estimates on the closest af-
fected relative to the patient who ex-
hibits the strongest hereditary
‘indicators. Because the BRCAPRO
calculations take into account only the
first- and second-degree relatives of
the designated proband, looking one
or two degrees of relationship further
may help to incorporate additional af-
fected relatives.

1088

The CancerGene program (see be-
low) readily allows one to change
the designated proband for the pur-
poses of calculation. This helps to
gauge the overall familial risk and to
determine which relative has the high-
est probability of testing positive for
a germ-line mutation. It is important
to avoid testing relatives with possi-
bly sporadic cancer, because a nega-
tive test result may mislead one to
conclude that none of the familial
cancers are genetic,

All of the models can be used to
calculate risk for the sister with breast
cancer, but only the Shattuck-Eidens
and BRCAPRO models calculate risk
for a proband affected with ovarian
cancer alone. Since the paternal aunt
in this case is alive and may be will-
ing to provide a blood sample for
genetic testing, we would want to
know her pretest probability. Assum-
ing the aunt agrees to undergo genet-
ic counseling and testing, we will
illustrate risk assessment for both the
affected sister and the paternal aunt,
beginning with calculations for the
affected sister. '

The Couch model would be inap
propriate in this case because it is
based on a family’s average age at
onset of breast cancer and only one
close relative had breast cancer. (As
discussed below, we would avoid in-
cluding distant relatives.) In the orig-
inal dataset, the mean number of
affected family members was four,
and only 4 of 169 families had just a
single individual with breast cancer.
Averaging an individual’s two ages
at diagnosis of bilateral disease might
be misleading.

The Shattuck-Eidens model esti-
mates that the proband’s sister has a
45% probability of carrying a muta-
tion in the BRCA1 gene, based on her
age at initial diagnosis of breast can-
cer (32 years), her bilateral breast can-
cer, and the paternal aunt’s ovarian
cancer. Using Mendelian principles of
autosomal dominant inheritance, this
patient’s risk of carrying a BRCA1
mutation would be half of her sister’s
risk, or about 22% according to this
model.

The Myriad model predicts a 71%
pretest probability that the affected
sister carries a mutation in the BRCA1
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or BRCA2 gene, based on the param-
eters of breast cancer diagnosis after
age 40, bilateral breast cancer, and a
relative with ovarian cancer. This pa-
tient’s Myriad risk would be one-half
of this, or about 36%.

The BRCAPRO model can be used
to directly calculate risk for the pa-
tient and will also incorporate the
fact that she has reached age 56 with-
out developing cancer. It will include
her affected sister’s ages at both breast
cancer diagnoses, the fact that her
two other sisters have lived to the
age of 46 and 53 without developing
cancer, and her paternal aunt’s age at
diagnosis of ovarian cancer. The BR-
CAPRO combined risk for BRCA1
and BRCA? is 16% for our proband
and 61% for her affected sister. The
proband’s risk is not half of the af-
fected sister’s risk, as would be pre-
dicted by Mendelian laws alone,
because the model has made a Baye-
sian adjustment to reflect the likeli-
hood that the proband would be
affected by her current age if she
indeed carries a mutation.

In this case, the genetic risk mod-
els predict a range of about 16% to
36% for our proband. It should be
noted that the Shattuck-Eidens risk
of 22% is only for BRCAl muta-
tions and not BRCA2 mutations. In
general, the model that can incorpo-
rate most of the salient genetic fea-
tures in the family will be the most
applicable. However, none of the
models are likely to be as accurate
when including cancer status beyond
that of second-degree relatives. Al-
though some limited third-degree his-
tory was included in the datasets used
to derive the logistic regression mod-
els, the bulk of these datasets com-
prised first- and second-degree
relatives. Also, the reporting of ac-
curate histories becomes problemat-
ic in more distant relatives,[38] for
whom it is more difficult to obtain
confirming records. Therefore, with-
out compelling reasons, we avoid the
use of third-degree or more distant
relatives in model input, although
noting these relatives in the chart
may prove useful.

¢ Genetic Testing —Recommenda-
tions from the Department of Health’s




Advisory Committee on Genetic Test-
ing advise that:

Individual and family members con-
sidering genetic testing should have
access to appropriate genetic educa-
tion and counseling resources to en-
sure their ability to make an informed
decision about being tested.... Docu-
mentation of informed consent must
be obtained for tests [such as BRCA]
that require high scrutiny.[39]

Informed consent involves a num-
ber of components, including a dis-
cussion of the purposes of the testing,
the nature and cost of the test being
considered, and the risks, benefits,
and limitations of testing. Many prac-
titioners have argued effectively for
the inclusion of information about
the probability of finding a mutation
in the gene being analyzed.

Although the probability of find-
ing a BRCA1 or BRCA2 mutation in
this patient is not extraordinarily high,
testing would be reasonable under
current guidelines, which advise
consideration of genetic testing for
pretest probabilities of 10% or great-
er.[40] However, the strategy that is
likeliest to produce a clear result is to
offer testing to an affected relative.
If the proband is tested first and the
result is negative (the probability of
this scenario is high: 100% - 16% =
84%), there would be several com-
peting explanations for the result (see
Table 3). Thus, it is essential to try to
distinguish these possibilities by
aiming for a testing strategy that pro-
duces a true-negative result. The pa-
ternal aunt, as the closest affected
living relative, would be offered test-
ing first. Her BRCAPRO pretest prob-
ability is 56%, making her an
excellent candidate. -

Genetic Test Interpretation
and Cost

If complete DNA sequencing in her
aunt is negative, the unaffected pa-
tient’s risk drops from 16% to 7.5%
(BRCAPRO can be recalculated us-
ing the genetic test results on the aunt).
With this low risk, genetic testing for
the patient would probably be fruit-
less. Since most heéreditary breast/ova-
rian cancer is attributable to BRCA1
and BRCA2 mutations,[9,10] most of

Table3

Cdmpeting Explanations for Negative Mutation Testing

in an Unaffected Individual®

+ Undetectable mutation—The cancers in the family are caused bya
BRCA1 or BRCA2 mutation not detected by current testing methodologies.

» Wrong gene—The cancers in the family could be caused by germ-line
mutation of another gene, either described.or unknown.b

» Not hereditary—The cancers in the family could be sporadic.

¢ True negative—The family has a germ-line BRCA1 or BRCA2 mutation,
but the patient did not inherit the mutation.

2No mutation yet identified in the family.

*The patient is at high risk despite a negative genetic test resuit.

¢ When testing an affected individual, another reason for a negative test result is: Wrong person
tested. The person tested had a sporadic cancer; other relatives have a mutation; see text.

the proband’s excess ovarian cancer
risk is excluded by the aunt’s nega-
tive genetic testing results. However,
her risk of breast cancer remains in-
creased based on her sister’s young
age at breast cancer diagnosis, and she
should be managed accordingly.

The woman’s 5-year risk per the
Gail model is 2.8% (menarche at
age 13, one previous breast biopsy,
first live birth at 23), making her a
possible candidate for tamoxifen
chemoprevention; it seems reason-
able to use this modél for medical
decision-making once the genetic risk
has been reduced. It would also seem
reasonable to use the Claus model
(see Figure 2).[41]

If a BRCA1 or BRCA2 mutation
were found in the aunt, the proband
could be tested for that specific mu-
tation. If the same mutation were
found in the proband, her risk of
developing breast cancer by age 70
is estimated at approximately 85%,
with a 20% to 44% risk of ovarian
cancer by age 70.[26] Screening,
surveillance, and prevention strate-
gies would be recommended based
on this risk.[3,7] If the proband is
negative, she can forgo enhanced
cancer surveillance.

It is most cost-effective to test the
aunt first. If the patient undergoes
genetic sequencing first ($2,760), has
a negative result (84% chance), and
the aunt is then tested to clarify the

results, the total cost to the family is
$5,520. If the aunt is tested first, a
mutation is found (56% chance), and
the patient is then offered a muta-
tion-specific test, the total cost is
$2,760 + $325 = $3,085. If the aunt’s
results are negative (44% chance),
the proband would not be tested, and
the total cost would be $2,760.

If the aunt does not participate in
genetic counseling and testing, the
patient could be tested, but a nega-
tive result would lack the desired clar-
ity (see Table 3). Using the negative
test results in the BRCAPRO model,
the calculated probabilities would
then be only 2%.

Family C

e Family History—The proband is
an unaffected 30-year-old white fe-
male of Ashkenazi Jewish descent
through both parents. She had two
sisters, both diagnosed with breast
cancer at age 37, who are now de-
ceased. Their mother developed ova-
rian cancer at age 38 and died at age
40. A maternal aunt, three paternal
great-aunts, and a paternal great-
grandmother also had breast cancer
(Figure 3).

o Risk Assessment—The BRCAI
and BRCA2 mutation carrier rate for
Ashkenazi Jews is about 2.5%, an
order of magnitude higher than in the
general white population. In other
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Flgure 3 Extended Pedigree of Family C—The proband is an unaffected
30-year-old white female of Ashkenazi Jewish descent whose two sisters died
of breast cancer.

words, about 1 in 40 Ashkenazi Jew-
ish men and women, unselected for a
family history of cancer, are carriers.
Three Ashkenazi founder mutations
(BRCA1 185delAG and 5382insC,
and BRCA2 6174delT) .account for
approximately 90% of carrier fami-
lies,[22,42] and targeted panel test-
ing for these mutations is relatively
inexpensive. In contrast, in the gen-
eral population, there are hundreds
of low-frequency mutation sites.
Therefore, complete DNA sequenc-
ing is required.

1090

As shown in Figure 3, all the ge-
netic models predict a high probabil-
ity that a mutation is present in this
unaffected 30-year-old proband. The
Couch mode] is more applicable to
this family than to family B because
of the history of multiple cases of

breast cancer. Specifically, the mod- '

el predicts a BRCA1 mutation carri-
er risk of 77% for the family, based
on an average age of breast cancer
onset of 38 years, Ashkenazi Jewish
descent, and a history of both breast
and ovarian cancer in the family. Be-
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cause she is unaffected, the proband’s
risk would be half of the family risk,
or about 39%.

The risk of mutation as calculated
by the Shattuck-Eidens model is 53%
for either sister, based on unilateral
breast cancer at age 37, Ashkenazi
Jewish descent, two additional cases
of breast cancer (the other sister and
maternal aunt) and one case of ovari-
an cancer (the mother) in the family.
The age of onset for affected relatives
is not incorporated into this model.

If the Shattuck-Eidens model ' were
calculated for the mother, her risk
would be 73%, based on a diagnosis
of ovarian cancer at age 38,
Ashkenazi ancestry, and three addi-
tional cases of breast cancer in the
family (maternal aunt and two sis-
ters). The mother’s higher calculated
risk reflects the greater “genetic

weight” of ovarian cancer than breast .|

cancer, particularly for BRCA1. This

proband’s BRCA1 mutation carrier ||

risk could be either 26% or 36%,
depending on the relative chosen for
the calculation.

The BRCAPRO model predicts a

| BRCA1 and BRCA2 mutation risk

of 52%. Bayesian updating did not
appreciably reduce this unaffected
proband’s risk (as it did in family B).
Even with the propensity for early
onset in mutation carriers, breast can-

cer cases by the age of 30 are uncom- |
mon. Therefore, it would be unlikely |
that she had already developed breast |

cancer, even if she were a mutation

carrier.

It is also interesting that the -
proband’s calculated BRCAPRO

mutation probability is over 50%, giv-
en that she is unaffected (her maxi-
mum prior probability based on
autosomal dominant inheritance is
50%). The BRCAPRO program does
not incorporate relatives beyond the
second degree; therefore, the pater-
nal great-grandmother and great-aunts
are not accounted for in this calcula-
tion. The > 50% probability reflects
both the very high familial risk from
the maternal side (approaching 100%)
and the relatively high baseline car-
rier rate potentially also heritable
from the paternal side. Indeed, Jew-
ish families have been reported with
as many as three unique BRCA1 and




Table4

Clinical Factors for Breast Cancer Risk Assessment

Variable

Patientage

Race

Menarche

First live birth

Number of breast biopsies

Atypical hyperplasia

First-degree relatives with breast cancer
) Second-degree relatives with breast cancer
1| Personal history of breast cancer

1 Ages at onset of breast cancer

Bilateral breast cancer

Ovarian cancer diagnoses and ages of onset

Gail
Model

Claus
Model

X

X X X X X X

Breast and ovarian cancer in the same individual X

Jewish ancestry

Male breast cancer

Ages of unaffected relatives, or age at death

Family history of non—breast/ovarian cancer

Hysterectomy

Qophorectomy

Personal and farﬁily history of thromboemboilic disease

Personal and family history of osteoporosis

Personal and family history of cardiovascular disease

Oral contraceptive use, estrogen
replacementtherapy, menopausal status,
childbearing complete

Genetic :
Risk Additional Medical
Modeis ‘Decision-Making
X X
X
X
X
X X
X X
X X
X X
X
X
X
X
X
X
X
X

-

BRCAZ2 mutations,[43] making it cru-
cial to test for the complete three-
mutation panel, even in families in
which -a mutation has already been
identified.

o Genetic Testing and Interpreta-
tion—The proband underwent genet-
ic testing for the three Ashkenazi
founder mutations, and the result was
negative. Although it is preferable to
test an affected family member first
because she has a higher probability

of carrying a mutation, all the affect-
ed relatives in this family were
deceased. Her pretest mutation prob-
ability of about 50% was high enough
to merit testing, but the interpreta-
tion of a negative test remains prob-
lematic, and plans for sorting out the
meaning with further testing must be
considered in advance. One is often
faced with the decision of whether to
proceed with expensive full sequenc-

‘ing in Ashkenazi families who re-

ceive negative results after founder

mutation testing. There are several
ways to deal with this residual risk
after negative testing.

Offit describes a Bayesian meth-
od of calculating remaining risk after
a negative test result.[44] A simpler
alternative is to recalculate the muta-
tion risk models as if the family were
not Ashkenazi Jewish, and, if the risk
remains substantial, consider pro-
ceeding with full sequencing. This
estimation method assumes that all
the additional risk seen in Ashkenazi
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Jews is related to the founder muta-
tions. Although the accuracy of this
assumption is uncertain, several stud-
ies show that Ashkenazi descent is a
greater risk factor at lower levels of
overall risk and loses some of its
~impact when the family history is
highly suggestive of a BRCA1 or
BRCAZ2 mutation.[22] When risks are
thus recalculated, the Couch and Shat-
tuck-Eidens models predict about a
20% probability that a BRCAl mu-
tation - exists, and the BRCAPRO
model combined risk drops negligi-
bly from 52% to 48%. Proceeding
with full sequencing is warranted,
based on this residual risk.
Another approach would be to try
to obtain tumor blocks taken from a
deceased relative as a source of DNA
to test for the founder mutations. Full
DNA sequencing is technically diffi-
cult on paraffin blocks and generally
unavailable, but the Ashkenazi Jew-
ish founder mutations can be tested
this way. If a founder mutation is
identified in a tumor block, then the
patient’s result can be interpreted as
a true-negative finding, and DNA se-
quencing is unnecessary.

Conclusions

Risk assessment may be used for
screening and triage, for medical de-
cision-making about chemopreven-
tion and prophylactic surgery, for
clinical trial eligibility,[45] and in
genetic counseling for pretest deci-
sion-making and posttest interpreta-
tion. The accuracy of risk predictions
has different consequences for dif-
ferent interventions. An overestimat-
ed risk that results in triage to genetic
counseling is trivial compared to one
that leads to a decision to have pro-
phylactic surgery.

Although the optimal model for
clinical or research applications will
be one that most closely parallels
the individual’s risk factors, another
strategy is to calculate risk with all
models and use the resulting esti-
mates to bracket the true probabili-
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ties. The discrepancies between risk
estimates in these models underscore
the need to develop more accurate
risk-assessment tools. Validation
studies of the genetic models are
essential. No currently available
model fully incorporates both envi-
ronmental/lifestyle and genetic fac-
tors, the broad constellation of
cancers that can be seen in heredi-
tary syndromes, or the specific his-
tologic subtypes associated with
germ-line mutations. Table 4 high-
lights the clinical information need-
ed to use the models discussed herein.

Computerization

One of the most useful features of
quantitative risk models is their abil-
ity to be computerized. In the clini-
cal setting, standardization of risk
factor data collection will foster the
establishment of simple, number-
based objective criteria for referral
to more comprehensive risk assess-
ment, tailored surveillance, and
chemoprevention. In the research set-
ting, standardized risk assessment fa-
cilitates not only the development of
entry criteria, but also statistical anal-
ysis of results. It has become obvious
from the sometimes conflicting re-
sults of preliminary small population
studies that the ability to combine
results and “meta-analyze” is a press-
ing need.

All of the models described in this
article are available in computerized
versions. The original Gail model[46]
and the modified NCI Gail model[28]
are available as small programs on
disk. We have developed an integrat-
ed program, BRISK, that calculates
Gail, Claus, and population risks[47]
and are evaluating an expanded pro-
gram that provides risk estimates
based on the Gail, Claus, Couch, Shat-
tuck-Eidens, Myriad, and BRCAPRO
models. Patient data are entered once
and automatically routed to algo-
rithms for each model.

The CancerGene program, written
by David Euhus, MD, includes these
same models and can be downloaded
from http://www.isds.duke.edu/~gp/
brcapro.html. This program has a
limited pedigree drawing tool, pro-
vides information and references for
several hereditary cancer syndromes,
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and features a “suggest a syndrome”
capability.

Ethical Considerations

Traditionally, model-based risk
assessment has been performed as
part of a comprehensive counseling
service in cancer genetics programs,
ie, as a supplement to thorough pedi-
gree analysis.[48,49] A thorough ped-
igree analysis may modify or abrogate
the model-based risks. Medical ge-
neticists and genetic counselors are
well versed in interpreting risks for
patients, putting them into perspec-
tive, and assisting with psychologi-
cal adjustment.

Issues of risk perception and com-
munication are reviewed in depth

elsewhere.[50] We have found that a |

brief risk assessment at the time of
mammography has no measurable
adverse psychological effect, and a
short discussion at that time may
serve to improve mood.[47] Howev-
er, little is known of the psychologi-
cal ramifications of providing patients
with numerical risks outside of the
research and counseling settings.
The ethical and medicolegal obli-
gations of taking a family cancer his-

tory and acting upon it are becoming |

more explicit,[51] but the challenge
to practitioners is substantial. Partic-
ular subgroups of at-risk women may
benefit most from genetic counsel-

ing, and women at moderate risk ex- |-

perience benefits such as developing
an accurate view of their risk and
more realistic expectations of genet-
ic testing.[52] :

Importantly, there are various
medical situations for which risk-
based triage seems crucial. For ex-
ample, in many institutions, Gail
model risk factors are gathered at
the time of screening mammogra-
phy, but absolute risk is not system-
atically calculated, level of risk is
not highlighted in the report, and
opportunities for chemoprevention
are probably lost.

Evolving Field

Computerized tools may aid in the
ascertainment of high-risk families
and decision-making about referral.
In the primary care setting, a com-
puterized decision support system was




found to improve physicians’ man-
agement decisions about familial
breast and ovarian cancer, required
less than a minute of additional time
compared with pen and paper, result-
ed in significantly more accurate ped-
igrees than a pedigree drawing
program, and was the practitioners’
preferred method.[53] A touchscreen
family cancer history program used
in a comprehensive cancer center out-
patient setting provided an effective
method of gathering self-reported .
family history data.[54] The most
time-intensive component of triage-—
analysis by genetics professionals—
can be automated, in part, by com-
puterized risk assessment.

As the complex interactions be-
tween low penetrance genes and en-
vironmental modifiers are elucidated,
genetic risk profiling will gain more
meaning in the care of patients with
“sporadic” cancer. Medical profes-
sionals can more effectively embrace
new methods of preventive medicine
by using quantitative methods to as-
sess their patients’ risks.

This article is reviewed
on pages 1094 and 1098.
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ubinstein and colleagues pro-
Rvide an excellent review of
mathematical models for es-
timating breast cancer risk, includ-
ing the risk of carrying inherited
mutations of BRCA1 and BRCA2.
Since we and others reviewed early
models to predict the likelihood of
inherited susceptibility to breast can-
cer,[1] newer quantitative tools, most
notably by Parmigiani and col-
leagues,[2] have been developed.
These models have been made avail-
able on CD-ROM, over the Internet,
and in other electronic versions that
are accessible to most clinicians and
researchers. These quantitative re-
_sources constitute useful and impor-
tant aids in genetic counseling.
With this commentary, I will pro-
vide additional perspective to the
excellent overview presented by Ru-
binstein et al, addressing several ar-
eas that the authors did not fully touch
upon. These topics include (1) the

Tﬁe .R,v'iibijn'siéih‘et,al Article Reviewed

importance of being aware of genetic
testing guidelines propagated by in-
surers, (2) the probability of detecting
missense variants of unknown signifi-
cance as a result of genetic testing, (3)
the psychological implications of test-
ing unaffected probands, and (4) spe-
cial aspects of testing individuals of
Ashkenazi ancestry.

Finally, I will review a general
caution that affects all quantitative
modeling for hereditary breast cancer.
This relates to the highly selected
(ie, biased) nature of the ascertain-
ments that have been used to gener-
ate risk (penetrance) information.

Quantitative Estimates and
Insurance Reimbursement
Perhaps the most clinically rele-
vant application of quantitative risk
estimates relates to the use of quanti-
tative models by third-party carriers.
In contrast to the early dire forecasts
regarding insurance abuse of genetic
information, several large carriers in-
clude BRCA testing in their cover-
age plans (without penalty) if specific
family history criteria are met. For
example, Blue Cross/Blue Shield has

issued centralized guidelines on

BRCA testing.[3] However, Blue

Cross guidelines vary according to ;|
the policies of local plans in each |!
state. .

As part of an American Medical -
Association conference, the Kaiser T
system circulated proposed criteria ||

for BRCA testing,[4] and guidelines

have also been issued by Aetna/US |.

Healthcare.[5] These policies may be
of as much interest to health-care
providers as the theoretical models
presented in this excellent review.
Citation of the theoretical models may
be useful for clinicians seeking to
obtain insurance coverage for testing
services provided to those insured by
companies without established
policies.

Detecting Missense Mutations of
Unknown Significance

A surprisingly overlooked aspect
of BRCA testing relates to the fre-
quent occurrence of “ambiguous” re-
sults. Missense mutations of unknown
significance are found in up to 10%-
15% of patients tested. The probabil-

ity of detecting these variants depends |

on the ethnic origin of the proband,

Continued on page 1097. |
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