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Summary

The familial risk of breast cancer is investigated in a large population-based, case-control study conducted
by the Centers for Disease Control. The data set is based on 4,730 histologically confirmed breast cancer

cases aged 20 to 54 years and on 4,688 controls who were frequency matched to cases on the basis of both
geographic region and 5-year categories of age, and it includes family histories, obtained through interviews
of cases and controls, of breast cancer in mothers and sisters. Segregation analysis and goodness-of-fit tests
of genetic models provide evidence for the existence of a rare autosomal dominant allele (q = .0033) leading
to increased susceptibility to breast cancer. The effect of genotype on the risk of breast cancer is shown to
be a function of a woman's age. Although, compared with noncarriers, carriers of the allele appear to be
at greater risk at all ages, the ratio of age-specific risks is greatest at young ages and declines steadily thereafter.
The proportion of cases predicted to carry the allele is highest (36%) among cases aged 20-29 years. This
proportion gradually decreases to 1% among cases aged 80 years or older. The cumulative lifetime risk of
breast cancer for women who carry the susceptibility allele is predicted to be high, approximately 92%,
while the cumulative lifetime risk for noncarriers is estimated to be approximately 10%.

Introduction

Numerous studies have investigated the genetic trans-
mission of breast cancer. In most instances, the trans-
mission is reported to be explained by an autosomal
dominant gene with sporadic cases (Williams and An-
derson 1984; Bishop et al. 1988; Newman et al.
1988), although Goldstein et al. (1988) found evi-
dence for a recessive subgroup defined by synchronous
bilateral probands. Go et al. (1983), using high-risk
families and no prevalence constraints in their analy-
sis, found that a number of different transmission
models fit the data equally well as did the Goldstein
et al. (1987) model using bilateral breast cancer cases.
In some studies, affected individuals have been defined
solely by the presence of breast cancer, while in other
studies breast cancer cases have been divided into sub-
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groups based on menopausal status (Go et al. 1983;
Bishop et al. 1988), age at onset (Sattin et al. 1985;
Schwartz et al. 1985; Lynch et al. 1988a, 1988b;
Claus et al. 1990a, 1990b), bilaterality (Goldstein et
al. 1987, 1988), time interval between first and second
primary tumors for bilateral cases (Goldstein et al.
1988), and occurrence of other cancers (Go et al.
1983; Schildkraut et al. 1989).
The present study investigates the ability of a num-

ber of possible genetic models to fit the observed pat-
terns of transmission of breast cancer in a population-
based, case-control study conducted by the Centers
for Disease Control (CDC). This data set is the largest
of its kind ever collected. In this data set the pattern
of breast cancer among first-degree relatives, as well
as the ages at which those relatives with breast cancer
are affected, appear to be the most informative risk
factors for the prediction of a woman's risk of breast
cancer (Claus et al. 1990a). Risk of breast cancer to
a mother or sister of a breast cancer case increases with
decreasing age at onset of the case. The increase in risk
to relatives that is associated with early age at onset
appears not to be due entirely to correlation among
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ages at onset within families, indicating that age at
onset and disease status may both share the same ge-
netic determinant (Claus et al. 1990b). Furthermore,
the risk to an individual increases with the number of
family members affected with breast cancer, including
a sharp increase in risk to women with at least two
affected first-degree relatives. This finding lends sup-
port to a hypothesis that the distribution of breast
cancer cases in the general population includes a small
number of genetic cases combined with a larger num-
ber of nongenetic cases.
Based on these findings, genetic models are fit to

the age-specific familial recurrence data incorporating
information on family history of breast cancer as well
as the ages at onset of relatives affected with breast
cancer. Goodness-of-fit tests are used to compare the
observed age-specific risk patterns with those pre-
dicted under the best-fitting genetic models. In addi-
tion, the age-specific risks of breast cancer for postu-
lated carriers and noncarriers of the disease are
compared in a test of proportionality of hazards by
genotype. An analysis of this sort is important for its
possible insight into the etiology of this disease, as well
as for its potential to provide information for genetic
linkage studies.

Subjects and Methods

Study Population
Data were obtained from the Cancer and Steroid

Hormone Study, a multicenter, population-based,
case-control study conducted by the CDC. The data
set consists of 4,730 histologically confirmed breast
cancer cases aged 20-54 years and of 4,688 controls.
The cases were registered between December 1, 1980,
and December 31, 1982, at eight Surveillance, Epide-
miology, and End Results (SEER) Centers of the Na-
tional Cancer Institute. The eight centers include the
cities and metropolitan areas of Atlanta, Detroit, San
Francisco, and Seattle, the four urban counties of
Utah, and the states of Connecticut, Iowa, and New
Mexico. Controls were frequency matched to cases
according to geographic region and 5-year categories
of age. Cases and controls with a previous history
of breast cancer or with a breast biopsy of unknown
outcome were excluded from the study. Cases and
controls were interviewed about the occurrence of
breast cancer in specific female relatives. For all of the
analyses in this study, only the mothers and sisters of
white cases and controls were included. Second-degree

relatives and nonwhites were not included because of
underreporting of the disease for these groups (Claus
et al. 1990a) and because of the relatively small num-
ber of nonwhite cases and controls. Daughters were
also excluded, as only two daughters of cases and two
daughters of controls were reported to have had breast
cancer. During the interview, in addition to family
history an extensive amount of additional information
was collected concerning pregnancy and menstrual
history, history of benign breast disease, age at onset
of disease, alcohol and cigarette usage, breast surgery,
sociodemographic variables, and use of oral contra-
ceptives. A detailed description of the study may be
found elsewhere (Wingo et al. 1988).

Analysis

Segregation analysis is performed using POINTER
(Lalouel and Yee 1980). All individuals in the analysis
are assigned to liability classes according to both age
at last observation and sex. The liability classes, based
on the observed cumulative risk of breast cancer at
10-year age intervals among first-degree relatives of
the controls, are .0002 by age 29 years, .0045 by age
39 years, .0157 by age 49 years, .0293 by age 59
years, .0458 by age 69 years, .0725 by age 79 years
and .0997 at age 80 years or older. Males were given
a liability value of zero, as no information regarding
breast cancer exists for these individuals within this
data set. Because of the 2-year time span of the study,
the probability that any of the families were included
in the study because of having more than one proband
was very small, and, in fact, no such families were
observed. Therefore, the ascertainment probability
used is .001, corresponding to single ascertainment.
Given a particular mode of inheritance, POINTER
estimates the probability or likelihood of observing
the sample data (in the form of nuclear families) and
allows for the estimation of genetic parameters as well
as for statistical comparison of various transmission
models by using either a joint or conditional likeli-
hood. When conditional likelihood is used, the pheno-
types of offspring are calculated conditional on paren-
tal phenotypes,while the joint likelihood considers a
nuclear family as a whole, with the phenotypes of
parents and offspring considered jointly (Lalouel and
Morton 1981). Both joint and conditional models are
examined in the present study. Note that, although
POINTER allows for testing among the various trans-
mission models, an overall goodness-of-fit test for a
set of data is not available.

In addition to the POINTER analyses, several ge-
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netic models are fit to the age-specific recurrence pat-
terns of breast cancer among first-degree relatives by
using maximum likelihood. The likelihoods are com-
puted as a joint analysis of mothers and sisters of cases
and controls (also defined as the probands). The likeli-
hood for the mother of a case is calculated conditional
on the age at which the case was affected. The likeli-
hood for sisters of cases is calculated conditional on
both the age at which the case was affected and the
breast cancer status of the mother. The age at which
a mother with breast cancer was affected or, in the case
of an unaffected mother, the current age or the age at
time of death is also incorporated into the model. For
relatives of controls, the likelihood for mothers and
sisters is calculated conditional on the current age of
the control. As was done for sisters of cases, the likeli-
hood for sisters of controls is calculated conditional
on both the mother's breast cancer status and age. In
these analyses, the age-at-onset distribution as well as
the risk of breast cancer are assumed to be dependent
on the same diallelic major locus, with alleles A (ab-
normal) and a (normal).

Let P, M, and S represent the breast cancer status
of a proband, mother, and sister, respectively, and
define each as 1 if the individual is affected at a given
age and as 0 if the individual is not affected by their
current age or by age at death. Let ap, am, and a, repre-
sent age at onset for a case, an affected mother, and
an affected sister, respectively, and let cap, cam, and cas
represent current age or age at death for a control, an
unaffected mother, and an unaffected sister, respec-
tively. Let Gk represent the probability that an individ-
ual has genotype k; let Gik represent the probability
that a mother has genotype j, given that the proband
has genotype k; and let Gijk represent the probability
that a sister has genotype i, given that the mother
has genotype j and that the proband has genotype k.
Finally, define R(x, k, 0) as the cumulative risk of breast
cancer up to age x for an individual with genotype
k, where 0 represents the parameter vector; and let
r(x,k,0) represent the corresponding density function.
Set

H(rel,k, 0) = [ r(xk)kk0) if rel = 1
d e1 -nR(xk,) ifrel=0

and then

InL = In E pr(Mi = m/Pi = p) +

In Y, pr(Si=s/Mi=m,Pi=p),

where i is summed over the cases and controls and
where p, m, and s s 0,1. Let i be implicit; then it can
be shown that the first term, pr(M = mr/P = p), is equal
to

EE H(m~j,)0)xGjk x Gk x H(p,k,0)CZHk m j Jk[ZGH(pkO) j
~~~~ik~ ~ ~

and that pr(S = s/M = m,P = p) is equal to

ELZZ H(s,i,0) x Gijk XGjk x H(P k,0) ]x
ijk~~~~~~~~

Gjk X H(p,k,0)
gHmJ,j0) x Gj X Ek xHpk0

, ~~~~~EG*x H(p-,k.,0) \
(LH(mj.,e) x Gj X ii

EH~m~j,0)xGjx GkxH(p.k,0)

where i, j, k £ AA, Aa, aa.
In the first model the age-at-onset distribution is

assumed to be a genotype-dependent step function. If
FRAC is defined as the fractional portion of a given
number, the cumulative risk function takes on the
form of a step function as follows:

ix-1

R(x,k,0) = Z kik + [[FRAC(x/ 10) + 1 /10] x kixk
i=1

r(x,k,0) = [FRAC(x/10) + 1/10]x kixk

The parameters of interest, which are estimated
using the maximum-likelihood computer program
MAXLIK (Kaplan and Elston 1972), include the gene
frequency of the high-risk allele A, denoted as q, and
each genotype's age-specific interval penetrances-
i.e., ,iAA, XiAa, and Xia,,-where i denotes the seven
age categories 20-29, 30-39, 40-49, 50-59, 60-69,
70-79, and 80-89 years, and where ix represents the
interval which contains the age x. Because of the ex-
tremely low occurrence of breast cancer in women
before the age of 20 years, the probability of becoming
affected with breast cancer before 20 years of age is
assumed to be zero.
The second model mimics a Cox proportional haz-

ards model in an attempt to test the effect that geno-
type has on risk. If time t is divided into i intervals
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each with lower endpoint ti 1 and upper endpoint t,
and if yi represents the hazard in interval i for genotype
aa, then the cumulative hazard function for genotype
aa can be written as

i-l

H(t) = yj(tj-tj 1)+i(t-ti 1)
j=1

The penetrance or the probability that a woman is
affected with breast cancer within the ith interval is
therefore

Xi = F(ti) - F(ti 1) = exp[- yj(tj - t- l)] -
i- '=l

exp[ -Eyj(tj- ti 01)
j=1

Let (tj -t1) be set equal to a constant of 10 years;
then Xi is given by

Xi = exp(-10 E y)-exp(-10 E yj),
j=1 j=1

where i is defined as above. For individuals with geno-
type Aa and AA, let aAa and aAA, respectively, repre-
sent the proportion by which the hazard increases over
that for individuals with genotype aa. The hazard con-
stant for interval i is therefore represented by yi for
an individual with genotype aa, by aAa x yi for an
individual with genotype Aa, and by aAA x yi for an
individual with genotype AA, where A is the suscepti-
bility allele. Under an autosomal dominant major-
locus model aAa = aAA. For an intermediate model,
aAa and aAA are estimated separately, while, for an
autosomal recessive model, aAa is set equal to 1 and
aAA is estimated. Maximum-likelihood estimates using
MAXLIK are calculated for a maximum of 10 parame-
ters: yi, i = 1,7, the hazard constant for each age
interval; aAa and aAA, the hazard proportionality con-
stants for genotype Aa and aa, respectively; and q, the
gene frequency. Hence, a general equation for the age-
and genotype-specific penetrance is written as

i i-1

Xik = exp( - 1Oak E yj) - exp( - 1Oak E Yj)
j=1 j=1

where it is assumed that aaa is set equal to 1. The
cumulative risk function and corresponding density
function, R(x,k,8) and r(x,k,O), respectively, are de-
fined as before.
Note that the proportional hazards model is nested

within the first model. To test whether the assumption
of proportional hazards holds, it is therefore assumed
that two times the difference between the log likeli-
hood from the proportional hazards model and the
log likelihood for the first model is distributed as a X2
random variable with df equal to the number of age
intervals.
On the basis of the shape of the derived age-at-onset

step functions from the first model, a model assuming
a normal age-at-onset distribution for each genotype
is examined. For this model, the parameters include
q, the gene frequency of allele A; gj and aj, the mean
and SD of the age-at-onset distribution for genotype
j; and Xj, the cumulative lifetime penetrance for an
individual with genotypej, wherej is defined to be AA,
Aa, or aa. Define F(x,k,0) as the cumulative normal
age-at-onset distribution for individuals with geno-
type k, and define f(x,k,0) as the corresponding nor-
mal density function, and let Xk be the lifetime pene-
trance for an individual with genotype k. Then

R(x,k,0) = Xk X F(x,k,0)
r(x,k,0) = kkxf(x,k,0)

Goodness-of-fit tests are used to compare the ob-
served age-specific risk patterns with those predicted
under the best-fitting genetic models. Both observed
age-specific breast cancer risk among relatives and
standard errors are calculated using the Kaplan-Meier
method with BMDP1L (Dixon 1983). Separate plots
are computed for mothers and sisters of probands
whose age at onset is 20-29, 30-39, 40-49, or 50-
54 years. The plots for sisters are also stratified by the
breast cancer disease status (i.e., affected or not) of
the mother. Plots for mothers and sisters of the con-
trols are also derived. In an effort to determine the
extent to which the models with highest likelihood
obtained from POINTER and from the likelihood
analyses actually fit the observed survival curves, the
expected survival curves under the most likely models
are compared graphically with the various observed
survival curves described above. The expected curves
under POINTER are not examined for the relatives of
the controls, as the controls were used to define the
liability classes.

Relatives with unknown current age or unknown
age at death are eliminated from all analyses. For
affected relatives with known current age but un-
known age at onset, their age at onset is estimated by
using the average age at onset for affected individuals
whose current age matches that of the relative.
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Table I

Segregation Analysis with POINTER, under Joint Likelihood

Model da tb q 2 zc - 21nL + c

Sporadic, q = H = 0 -46,511.36

Multifactorial, q = 0:
No generation difference ..... .254 [1] - 46,716.87

(.013)

Generation difference .236 1.236 -46,717.38
(.022) (.267)

Major locus, H = 0:
Recessive ................. [0] 1.627 .1612 - 46,741.72

(.074) (.0143)

Intermediate ............... [0.5] 3.817 .0023 - 46,807.21
(.170) (.0008)

Dominant ................. [1] 1.916 .0023 -46,807.76
(.090) (.0005)

Mixed ..................... 1 1.916 .0023 0 - 46,807.76

a Degree of dominance; square brackets indicate that parameter was fixed at given value.
b Distance between the means of the two homozygous genotypic distributions.
c Ratio of adult h2 to childhood h2; square brackets indicate that parameter was fixed at given value.

Results

Table 1 presents results from the analyses using
POINTER under a joint likelihood. Under a major-
locus model, an autosomal dominant model provides
the best fit to the data. The intermediate model con-

verges to the dominant model. A recessive model is
rejected (x2 = 66.04, P < .01). A major-locus model
provides a better fit to the data than does either a

sporadic model or a model with only a polygenic com-
ponent (x2 = 296.40, P < .01 and X2 = 90.89, P <
.01, respectively). The mixed model converges to the
dominant model. Under the dominant model, q is esti-
mated to be .0023. The lifetime risk of breast cancer

is estimated to be 69% for carriers of the abnormal
susceptibility allele, versus approximately 10% for
noncarriers. By age 29 years the proportion of total
cases who are carriers is estimated to be 47% , while
by age 80 years and older the proportion of cases who
are carriers has gradually decreased to 2.5%. The re-

sults for the conditional model (not presented here)
are similar.

The results from the likelihood model for which age

at onset is assumed to be distributed as a step function
are presented in table 2. The data are best fit by an

autosomal dominant model. Under this model q is

estimated to be .0033. The lifetime risk of breast can-
cer for carriers of the abnormal allele is estimated to be
nearly 100%, versus 12% for noncarriers. The results
from the model for which age at onset is normally
distributed are presented in table 3. As for the step-
function model, an autosomal dominant model pro-
vides the best fit. The value of q is once again estimated
to be .0033. The lifetime risk of breast cancer to carri-

Table 2

Cumulative Probability of Individual Being Affected with
Breast Cancer by a Given Age, Under
Step-Function Model

CUMULATIVE PROBABILITY
FOR GENOTYPE

AGE
(Years) AA Aa aa

20-29 ..... .0167 .0167 .0002
30-39 ..... .1444 .1444 .0027
40-49 ..... .3758 .3758 .0138
50-59 ..... .5477 .5477 .0275
60-69 ..... .6743 .6743 .0497
70-79 ..... .9452 .9452 .0798
80 + ...... 1.0000 1.0000 .1254

NOTE.-The estimated value of q = .0033.
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Table 3

Parameter Estimates and Standard Errors When Age at
Onset Is Assumed to Be Normally Distributed

Parameter Estimate Standard error

9AA (LAa) ......... 55.435 1.742

Iaa ................ 68.990 1.532
OAA (=Aa = (Yaa) 15.387 .669
XAA (XAa) ......... .928 .163
Xaa. .. ........ . .100 .009
q ................ .0033 .0012

ers is 92%, versus a lifetime risk of 10% for noncarri-
ers. The median age at onset for carriers of the abnor-
mal gene is estimated to be approximately 55 years,
versus 69 years for noncarriers.
The null hypothesis of proportional hazards across

genotypes is strongly rejected in this study (X2 =
344.02, df = 6, P << .01), indicating that the ratio
of the hazards functions for individuals with different
genotypes is not constant but very much time depen-
dent. Table 4 presents the age-specific hazard ratios
computed by comparing the estimated risk for the het-
erozygotes with the estimated risk for the normal ho-
mozygotes, under both the step-function model and
the model for which age at onset is normally distrib-
uted. The increase in risk starts off high; for the 20-
29-year age interval the ratio of the hazards is esti-
mated at approximately 98 under the step-function
model and at approximately 76 under the normal dis-
tribution model, and it gradually decreases over time,
to 2 and 3, respectively, for the 80-89-year age inter-
val. The pattern of hazards ratios gives strength to
the argument that age at onset and disease status are

Table 4

Ratio of Estimated Risk of Breast Cancer for Heterozygotes
versus Estimated Risk of Breast Cancer for
Normal Homozygotes

RISK RATIO IN
AGE

(Years) Step-Function Model Normal Model

20-29 98 76
30-39 ..... 50 43
40-49 ..... 21 25
50-59 ..... 13 14
60-69 ..... 6 8
70-79 ..... 9 5
80+ ...... 2 3

indeed strongly related for breast cancer and that fa-
milial cases are increasingly represented among cases
with early onset.
The predicted and observed age-specific breast can-

cer risk curves for mothers and sisters are presented in
figures 1-10. At all times, for both mothers and sisters,
the predicted risk curves for the step-function model
remain within 2 SD of the observed Kaplan-Meier
product limit estimates and provide a closer fit to the
observed risks than do any of the predicted curves. For
mothers of cases, the fit is excellent. The predicted risk
curves for mothers of cases whose age at onset is 30-
54 years are essentially identical to the observed risk
curves. The predicted curves for mothers of very
young cases (age at onset 20-29 years) slightly under-
estimate the observed curves, although they lie within
the confidence limits. The model in which age at onset
is assumed to be normally distributed also fits the risk
curves for mothers quite well, particularly when the
case's age at onset was 40-54 years. For cases age 20-
39 years, the normal model tends to underestimate the
risk to mothers, and at one point the predicted normal
curve slips outside the confidence band. POINTER

.30

0

4
(3

0

cZ

0N~

kZ

.20

.10

.00

/
/

/

AGE

Figure I Cumulative risk of breast cancer for mothers of
cases aged 20-29 years. Dotted line (- -) denotes 95% confidence
interval; asterisked line (*-*) denotes observed values; triangled
line (A-A) denotes step function values; squared line (LJ-4) denotes
POINTER values; and circled line (0-0) denotes normal values.
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Figure 2 Cumulative risk of breast cancer for mothers of
cases age 30-39 years. Scheme for plotted values is as in fig. 1.
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Figure 3 Cumulative risk of breast cancer for mothers of
cases age 40-49 years. Scheme for plotted values is as in fig. 1.
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Figure 4 Cumulative risk of breast cancer for mothers of
cases age 50-54 years. Scheme for plotted values is as in fig. 1.

fares poorly here, tending to underestimate the risk to
mothers of cases whose age at onset is 30-54 years.
For mothers of cases age 20-29 years, POINTER pro-
vides as good a fit to the observed data for mothers as
does the step function. However, as the age of the case
increases from 30 years onward, so does the amount
by which POINTER underestimates the true risk to
mothers, causing the POINTER curve to fall outside
the confidence band for the observed values.
The fit for sisters of white cases, presented by both

the case's age at onset and breast cancer status of the
mother, is generally quite good under the step-func-
tion model but varies somewhat by the case's age at
onset. Although at no time do the predicted risk curves
under the step-function model fall outside the confi-
dence bands, the ability of the predicted curve to
match the observed curve increases greatly with the
case's age at onset. This holds true regardless of the
disease status of the mother. Sisters ofyoung probands
are so few that the Kaplan-Meier estimates for these
women are not stable, as evidenced by the large stan-
dard errors- and hence wide confidence bands-
around these estimates. The model tends in this in-
stance to underestimate the risk to sisters of young
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Figure 5 Cumulative risk of breast cancer for sisters of cases

age 20-39 years and with an affected mother. Scheme for plotted
values is as in fig. 1.

(<40 years old) cases. When the case's age at onset is
>40 years, the step-function model does well. The
normal plots once again slightly underestimate the
true risk to sisters, and POINTER greatly underesti-
mates the true risk, falling outside the confidence
bands for all categories of sisters. The curves predicted
under POINTER tend to underestimate the risk to
both mothers and sisters and fall outside the confi-
dence band for the observed values in almost every

instance. For mothers and sisters of the controls, both
the step-function model and the normal distribution
model provide good fits to the observed values. The
fact that these models fit the control series indicates
that the models are successful in predicting age-specific
breast cancer risk for the general population.

Discussion

The results of the present study provide evidence

(,- ~~~~~~~~~/
u ~~~~~~~~~/u ~~~~~~~~/

20°.20-/
C /

.10 /

.00
25 35 45 55 65 75 85

AGE

Figure 6 Cumulative risk of breast cancer for sisters of cases
age 40-49 years and with an affected mother. Scheme for plotted
values is as in fig. 1.

for the existence of a rare autosomal dominant allele
segregating for increased susceptibility to breast can-
cer. The allele appears to confer particularly high risk
at young ages. The rarity of the susceptibility allele
implies that the number ofwomen in the general popu-
lation who are carriers for the allele is small and that
the majority of women diagnosed with breast cancer
can probably be defined as nongenetic cases. The
best-fitting models in this study predict that, among
those women who do carry the allele, nearly all will
become affected with breast cancer if they live long
enough. Women who are noncarriers are predicted to
have essentially the reported lifetime risk seen for the
general U.S. population, i.e., approximately 10%.
These results concur with those of Newman et al.
(1988), who performed segregation analyses on a sub-
set of 1,579 breast cancer cases taken from the San
Francisco Bay area and metropolitan Detroit portions
of the CDC data set and who also found evidence
for the existence of a rare autosomal dominant allele.
Although the autosomal dominant single-major-locus
model fit well here, evidence has also been presented
elsewhere to suggest that there may be more than one
locus underlying breast cancer and that shared gene(s)
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Figure 7 Cumulative risk of breast cancer for sisters of cases
age 50-54 years and with an affected mother. Scheme for plotted
values is as in fig. 1.

and unique gene(s) may exist for breast and ovarian
cancer (Schildkraut et al. 1989).

In this analysis, POINTER yields consistently lower
cumulative risks. This may be explained by the fact
that the other models provide greater flexibility in
fitting the data than does the POINTER model.
POINTER analyses are constrained by liability classes
so that only d, t, q, and h2 (heritability) may vary. The
age-specific liability classes are determined by thresh-
olds on a mixture ofnormal liability components. The
other models in the present study allow for estimation
of parameters representing both genotype- and age-
dependent risks and hence afford greater flexibility in
fitting the observed age-dependent risk data.

Furthermore, it should be noted that POINTER im-
poses a constraint on the model specified; namely, the
use of liability thresholds forces a relationship between
age at onset and genotype. When more than one geno-
type is at risk, individuals in low-frequency liability

Figure 8 Cumulative risk of breast cancer for sisters of cases
age 20-39 years and with an unaffected mother. Scheme for plotted
values is as in fig. 1.

classes will more frequently have a high-risk genotype
than will those in high-frequency liability classes, and
hence the risk to relatives of the former will be pre-
dicted to be greater than for relatives of the latter. To
demonstrate this effect, the POINTER analysis was
performed again by using the CDC pedigrees with one
change. Age at onset was randomly reassigned across
families within each class of relative (mothers or sis-
ters). As was true with the nonrandomized data set,
an autosomal dominant model provides the best fit to
the data (t = 2.104, q = .0014). The model once
again predicts that early-onset cases are more likely to
be genetic cases (Aa) than are later-onset cases and
that the age-specific as well as the cumulative risk of
breast cancer for mothers and sisters is dependent on
the proband's age at onset; however, this relationship
was no longer present in the observed data set after
randomization. These findings indicate that investiga-
tors working with a disease for which the relationship
between age at onset and disease status is unknown-
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Figure 9 Cumulative risk of breast cancer for sisters of cases
age 40-49 years and with an unaffected mother. Scheme for plotted
values is as in fig. 1.
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Figure 10 Cumulative risk of breast cancer for sisters of
cases age 50-54 years and with an unaffected mother. Scheme for
plotted values is as in fig. 1.

or known, but not as described byPOINTER- should
be aware of these implicit assumptions regarding age.
Furthermore, the same effect occurs when liability
classes are defined by other criteria, such as sex.

Breast cancer as a disease does not have quantifiable
laboratory findings; one must rely on clinical observa-
tions for diagnosis. Since early detection of breast can-
cer is one of the most important factors in determining
survival, it becomes extremely important to identify,
before visible onset of the disease, those women who
are at greater risk. Given the very high probability of
a carrier becoming affected with breast cancer, the
question arises as to how these women can be identi-
fied. It has been shown in this data set that the number
of first-degree relatives affected with breast cancer,
along with the ages at which these relatives became
affected, are the two most important factors determin-
ing a woman's risk (Claus et al. 1990a). The present
study predicts that the great majority of breast cancers
are nongenetic. The implication of this finding is that
most women in the general population are at some
risk for breast cancer, and for these women it will be
important to identify other risk factors.
The present study is unique in its attempt to measure

how good a fit various genetic models provide to an
observed data set, for it calculates the expected age-
specific risk of breast cancer under a given genetic
model and then compares them with the observed
age-specific risk. In general, most investigators test a
series of nested likelihood models and then choose the
model with the best likelihood, without providing any
means of testing goodness of fit.

In the past, family studies involving breast cancer
have focused on small numbers of large pedigrees.
Such studies have suffered from lack of power due to
small size and, in general, from problems including
nonrandom ascertainment of families with seemingly
unusually high rates of cancers; many of these samples
were obtained from clinic populations, and control
series were not employed, making generalization
difficult. An important strength of the present study is
that the CDC data set consists of incident cases who
were selected without regard to family history. An
analysis of this type has not, to our knowledge, been
attempted on so large a population-based series of
respondents as that provided by the CDC data set. It
is hoped that the results presented in the present paper
will give physicians and their patients a reference point
from which to begin to assess the possible risks associ-
ated with various patterns of family history of breast
cancer.
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