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A Maximum-Likelihood Method for Estimating the
Disease Predisposition of Heterozygotes

MICHAEL SWIFT,' JOSHUA COHEN,2 AND ROGER PINKHAM3

INTRODUCTION

There are many ways to analyze genetic predisposition to common diseases such
as cancer or diabetes. In most instances clinical disease results from the interac-
tion of several factors, and it is difficult to isolate the effect of any single disease-
predisposing gene. There are exceptions: rather uncommon single-gene syndromes
clearly associated with a striking prevalence of cancer or diabetes in individuals
who have the syndrome [1; 2, pp. 151-194].
One approach to detecting the disease-predisposing effect of single genes which

are important in the general population is based on the hypothesis that a gene
which produces a small increment in specific disease risk in the heterozygote may
be associated with a recognizable syndrome in homozygotes [3, 4, 5]. There are
several hundred known human autosomal recessive syndromes [6], and for most
of them little is known of the disease tendencies of heterozygous carriers. Estimates
of gene frequency suggest that for each of these recessive syndromes the heterozy-
gote frequency is likely to be between .001 and .04. For any gene with a heterozy-
gote frequency in this range, it is important to know whether the carriers of that
gene are predisposed to any specific serious common disease. If we are interested in
diabetes, for example, it seems sensible to examine the heterozygous carriers of genes
causing recessive syndromes associated with carbohydrate intolerance [2, pp. 151-
194]. It is unlikely that any single gene of this category produces an overwhelming
tendency to diabetes in heterozygotes-that would have been noticed on casual
inspection of pedigrees. A less obvious effect may still be important if diabetes is
determined polygenically [2, pp. 151-194]: genes identified in homozygotes by the
recessive syndromes they cause may comprise, in heterozygotes, a substantial pro-
portion of the polygenic system.
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DISEASE PREDISPOSITION IN HETEROZYGOTES

A direct test of this hypothesis is impossible at present, since, for most of the
genes with which we are concerned, there is no reliable way to identify heterozygous
carriers in the general population. For any gene associated with a recognizable
autosomal recessive syndrome, we can, however, study the prevalence of diabetes
(or any other common illness) in a group of obligatory heterozygotes, the parents
or offspring of persons having the syndrome. This approach was used [7] to study
Penrose's conjecture [3] that the phenylketonuric heterozygote is predisposed to
mental illness and to search for an increased prevalence of specific chronic diseases
in cystic fibrosis heterozygotes [5]. The sensitivity of such a comparison between
a group of obligatory heterozygotes and a control group is determined by the size
and composition of the experimental group. For example, in one study three cases
of diabetes mellitus were found among 132 parents, aged 20-56, of cystic fibrosis
probands [5]. In this age range, diabetes occurs in the United States population
at a frequency below .01 [8]. If cystic fibrosis heterozygotes have two or three
times the normal risk of developing diabetes, the most likely finding is the three
cases of diabetes actually observed. But the difference between the observed number
of diabetics in the experimental group (three) and the number expected in a sample
from the general population (about one) is not significant. A much larger sample,
or one composed of much older individuals, would be necessary to demonstrate a
two- or threefold increase in risk of diabetes associated with heterozygosity for
the cystic fibrosis gene.
To test the hypothesis that heterozygous carriers of the gene for the recessive

syndrome Fanconi's anemia (FA) were unusually likely to die from a malignant
neoplasm, death certificates were collected for all close relatives of eight FA pro-
bands (extending to first cousins once removed) who died after 1930 in the
United States or Canada [4]. The strategy of including all relatives with a sub-
stantial probability of being heterozygous for the FA gene provided, compared to
the available group of obligatory heterozygotes, a larger sample with a wider dis-
tribution of ages. A malignant neoplasm was found to have been the underlying
cause of death in 27 out of 102 deaths, a finding which was compared to the 17.4
such deaths expected in a sample of that size for the general population.
The standard statistical techniques (x2, Poisson, binomial, etc.) for comparing

the observed and expected number in this type of study ignore relevant information
about the sample: the prior probability (by relationship to the proband) that a
given relative is heterozygous for the gene in question. The assignments of prob-
ability of heterozygosity to relatives of probands are given in figure 1 for the cases
in which the parents of the probands were either first cousins or totally unrelated;
assignments for other types of matings are easy to deduce. In addition, the stan-
dard statistical techniques assess only the probability of observing a disparity
(between the observed and control data) as large as the one in hand, while a
statistic such as the relative risk better expresses the magnitude of disease predis-
position for the heterozygous carrier.
The maximum-likelihood method which is presented here for estimating the

relative risk to heterozygotes takes account of the probabilities of heterozygosity
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FIG. 1.-The prior probability that a relative of a proband with a rare autosomal recessive
syndrome will be heterozygous for the gene is proportional to the gray-shaded portion of each
circle or square. These probabilities of heterozygosity are based solely on the relationship to the
homozygous proband and disregard the small probability of carrying the gene as a random
member of the general population.

associated with various relationships to the proband and compares the observed
incidence of disease to sex- and age-specific control data.

ANALYTICAL FORMULATION

In the general population the probability of a "test disorder" such as malignant
neoplasm or diabetes is usually age-, race-, and sex-dependent, and we denote by
Rj the probability of the test disorder for a particular age, race, and sex category.
For a heterozygous carrier of a gene associated with an autosomal recessive syn-
drome, the probability of the test disorder is the product 6Rj, where 0 is the rela-
tive risk.
A relative of a homozygous proband will be of kind i (parent, sibling, uncle,

etc.) and have probability Pi of being a heterozygous carrier (fig. 1). Then Pj0Rj
is the probability that a heterozygous carrier in age-race-sex class j who is a relative
of kind i has the test disorder.
The probability of not being heterozygous but nonetheless suffering from the

disorder in question is (1- Pj)Rj. Thus finally

Pj0Rj+ (1 -Pi)Rj -- a).jj
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is the total probability of suffering from the disorder in question (malignant neo-
plasm, diabetes, etc.) for a relative of kind i in class j.
Note that the probability Pi is determined by theory from the family structure;

Rj, on the other hand, is an empirical fact determinable in principle by census.
If the total number of relatives of kind i and class j is partitioned into xij who

have the test disorder and yj who do not, then the probability of observing this
event is given by the binomial distribution

(Xi +)-Yi)ji (1 - j)ij.

The probability for occurrences xij and nonoccurrences Yij over all kinds and classes
is supplied by the product

(xij + Yii) cojjij (1 - i) N.
i~i Xi~j

Now this product depends on 0 only through the c~ij and not the binomial coeffi-
cients. Thus it is convenient to omit these factors and define L(0) by

L(0) -lwci ij (1 - coj) iN.
ij

We refer to L(0) as the likelihood function for the observations xij, yij (for all i
and j).

MAXIMUM-LIKELIHOOD ESTIMATION

To estimate 0 one may employ the method of maximum likelihood [9, 10],
determining that value 0 of 6 which maximizes L(8). This may be done analyti-
cally but is often done empirically by making a plot of ln L(O) against 6 and
noting that value of 0 which yields the maximum. Such estimates of i are known to
have many desirable properties [1 1, 12]. One property of particular value is that
for large I(xv + yb), 6 can be shown to have a certain limiting normal distribu-
tion, and this allows one to make significance tests and confidence statements about
0 [11].

In fact 0 is approximately normally distributed about 0 with variance the re-
ciprocal of

a2ln L ] (xi + yq)P42Ri2
ao2 W Wij( 1 - o)ii)

where E denotes expected value. Thus the probability that

9-zo-.&.+zoc
is given by 4(z), where

/ [21n L*2= 11-E _a092 j'

and
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¢D(Z) fe-x2dx.

Examples of the use of this technique to find confidence intervals may be found
in Kendall and Stuart [12]. We will demonstrate our use of this method in a
subsequent paper and give computer simulations checking the quality of the ap-
proximations.

PRACTICAL APPLICATIONS

The relative risk that an FA heterozygote will die from a malignant neoplasm
can be estimated using this maximum-likelihood method. In table 1 the 54 deaths
of male FA relatives and 48 deaths of female FA relatives (from [4]) are parti-
tioned by probability of heterozygosity and by underlying cause of death (malig-
nant neoplasm or other cause). Two sets of control data, the first taken from the
1950 United States mortality data [13] and the second from the 1962 United
States statistics, are also given in table 1. Each control datum, Rj, is the age-
specific proportion of deaths due to malignant neoplasm among all deaths in the
United States white male or female population for 1950 or 1962. The observed
number of death certificates of FA relatives of kind i and age class j with a
malignant neoplasm as the cause of death is xij, and the number of deaths from all
other causes of death in each subgroup is given by yij. The procedure for abstract-
ing the underlying cause of death from each death certificate of an FA relative was
the same as that used in compiling the control standard mortality statistics.
The In L(O) for the male FA relatives and the 1950 control data is plotted in

figure 2. Because ln L(0) is maximum at 0 = 3.2, we estimate that a male FA
heterozygote has 3.2 times the normal risk of dying from a malignant neoplasm
(table 2). All risk estimates derived from the FA family data are summarized in
table 2. Using the 1962 mortality statistics as control data and the same set of
observed xij and yjj, we estimated the relative risk of malignant neoplasm for
males to be 2.6 (compared to 3.2 when the 1950 control data were used) and for
females, 1.1 (1.5 when the 1950 control data were used). (But see the note added
in proof, p. 316.)

Swift et al. [14] also analyzed the illness and mortality data of the FA families
for the prevalence of diabetes mellitus. While conventional mortality statistics
[13] (by single underlying cause) are a reliable and consistent measure of the
prevalence of malignant neoplasms among the dying [15], for diabetes, surveys
that tabulate all the causes of death and associated conditions [16] reflect the
prevalence of this diagnosis at death much more accurately [17]. With both the
FA death certificates [14] and the control data (the survey of all causes of death
on United States death certificates in 1955 [16]) analyzed in this way (table 3),
the risk that FA heterozygotes die with diabetes was estimated to be 2.1 times
normal for the males and 7.3 for the females.

For the living FA relatives, control data from three different population surveys
were used in three separate sets of estimates of risk of diabetes for male and female
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TABLE 1

DEATHS FROM MALIGNANT NEOPLASMS AMONG RELATIVES OF FA PROBANDS

PROBABILITY OF HETEROZYGOSITY (Pi)
CONTROL RATE (Rj)

.125 .25 .5 .667 1.0

AGE U.S. U.S.
GROUP 1950 1962 xij Yjj x1jYij xij Yij xij Yjj Xij Yij

Male

0-4
5-9

20-24
30-34
35-39
40-44
45-49
50-54
55-59
60-64
65-69
70-74
75-79
80-84
85+

.0163

.1237

.0603

.1026

.1115

.1204

.142 7

.1605

.1743

.1804
.1686
.1599
.1393
.1177
.0784

.0175

.1793

.0726

.1228

.1289

.1485

.1685

.1872

.2053

.2085
.1974
.1779
.1507
.1224
.0843

. . .

. .

. ..

. .

. . .

1
*. .

1
. . .

. . .

. . .

1. .

1
3..
1
3

* . .

. ..

. .

1

. . .1

. . .

. . .

.

4
1
2
1

1

. . .

. . .

. . .

1
1
1
3
2
1
2
3
1
2

* . .

. .

.

. . .

. .

.

. . .

2
. . .

1
. . .

. . .

1. . .

1

. . .

5
3
2
1

. . .

*..

. . .

. . .

. . .

.. .

.. .

..

..

.

..

. .

.

.

. . .

. . .

Female

0-4
15-19
25-29
35-39
40-44
50-54
55-59
60-64
65-69
70-74
75-79
80-84
85+

.0182

.1055

.152 1

.2870

.33 72

.3362

.309 1

.2588

.2119

.1719

.1357

.1043

.0686

.0200

.1293

.1650

.3 101

.3580

.3799

.3366

.2895

.2390

.182 1

.1391

.1030

.0652

. .

.

. .

2
1

. . .

. . .

.. .

.

.

. . .

1
. . .

2
1
1

1
. . .

. . .

1

. . .

..

. . .

1
1
1
2
1

. . .

. . .

2
1

. .

1
. . .

4

5
1
1
4
1

. ..

. ..

..

1
. ..

1
1

. . .

. . .

2
. .

1
. .

. . .

. . .

1
3. .

1
* . .

3

.

. .

. .

. . .

. . .

. ..

. .

. . .

. . .

NOTE.-For each relative of an FA proband in the families studied [4], Pi is determined solely by his or
her relationship to that proband (see fig. 1). Each Rj is the age-specific proportion of deaths due to malignant
neoplasm among white males or females taken from the United States mortality statistics for 1950 or 1962 [13].
As discussed in the text, a single set of Rj is used in each estimation of 0. Each xij is the number of deaths
from malignant neoplasm observed for relatives of FA probands of probability group i and age class j, and
yij is the number of observed deaths due to all other causes for relatives of the same sex in the same group
and class.

FA heterozygotes. The control and observed data are listed in tables 4 and 5, and
the estimates of 0 for each set of control data are in table 2. The control and
experimental data were not obtained by identical survey techniques, since the
FA relatives were asked to list their hospitalizations and illnesses, while the con.
trols were asked directly whether they had diabetes. Thus the values in table 2
for the relative risk of diabetes for living FA heterozygotes may be underestimates.
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FIG. 2.-The relative risk of dying from a malignant neoplasm for a male FA heterozygote
was estimated by plotting ln L(O) against 6, using the likelihood function described in the text
and the observed and control data (1950 mortality statistics) in table 1.

CONTROL DATA

Since the observed data are compared to values established by census or survey
from the general population, the most serious question is whether the experimental
families may be regarded as a random sample from the general population. While
the FA families were chosen only because they contained one or more probands
with Fanconi's anemia, it might be that this particular syndrome occurs mainly in
a population subgroup in which malignant neoplasms are unusually frequent,
independent of the FA gene. If this were true, the increased risk of dying from
malignant neoplasm might not be associated with the FA gene. Studies of medical-
genetic associations are often questioned because of doubts about the stratification
of the sample.

There is no absolute answer to such doubts. Obvious stratification might be
detected by examining the ethnic origins, social class, occupations, or geographical
distribution of the families in the sample. Previous studies of medical-genetic
associations have used special groups as additional controls for hidden stratifica-
tion in the experimental group. "Sib" controls [19] would not be appropriate here,
but "spouse" controls would. The spouses of sibs of affected probands, and of the
grandparents' sibs, aunts, uncles, and cousins, are not part of the experimental
sample. Since they presumably came from the same population strata as the family
members within the sample, they constitute a suitable control group. The value of
this control is limited by its small size and restricted age distribution.
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TABLE 2

ESTIMATES OF THE RELATIVE RISK OF MALIGNANT NEOPLASM OR OF
DIABETES FOR FA HETEROZYGOTES

HETEROZYGOTE
GROUP

ESTI-
Age MATE

Sex range CONTROL DATA AND REFERENCE OF 0

I. Deaths from
malignant
neoplasms .. Male All Mortality by underlying cause, U.S. 1950 [13] 3.2

Male All Mortality by underlying cause, U.S. 1962 [13] 2.6
Male > 30 Mortality by underlying cause, U.S. 1950 [131 3.2
Male > 55 Mortality by underlying cause, U.S. 1950 [131 3.4
Male All Mortality by underlying cause, U.S. 1950 [13] 3.1*
Female All Mortality by underlying cause, U.S. 1950 [13] 1.5
Female All Mortality by underlying cause, U.S. 1962 [13] 1.1
Both All Mortality by underlying cause, U.S. 1950 [13] 2.1

II. Deaths with
diabetes ... Male All Survey of multiple causes of death, U.S. 1955 [16] 2.1

Male > 35 Survey of multiple causes of death, U.S. 1955 [16] 2.4
Female All Survey of multiple causes of death, U.S. 1955 [16] 7.3
Female > 35 Survey of multiple causes of death, U.S. 1955 [16] 7.5
Female All Survey of multiple causes of death, U.S. 1955 [16] 6.8*

III. Diabetes in
living
individuals Male All U.S. National Health Interview Study 1964-1965 [8] 0.9

Female All U.S. National Health Interview Study 1964-1965 [8] 5.3
Female > 25 U.S. National Health Interview Study 1964-1965 [8] 5.4
Female > 45 U.S. National Health Interview Study 1964-1965 [8] 5.9
Female All U.S. National Health Interview Study 1964-1965 [81 5.2*
Female All Prince Edward Island, Canada 1966 [20] 5.9
Female All Sudbury, Massachusetts, 1965 [18] 9.7

NOTE.-All estimates of 0 were obtained by the maximum-likelihood method described in the text from the
data tabulated in tables 1 and 3-5. Estimates of 0 are given for particular groupings of heterozygotes (by sex,
age, or probability of heterozygosity) and for different sets of population control statistics.

* Estimate of 0 when data were omitted for relatives whose probability of heterozygosity was less than .25.

A set of families "matched" to the experimental families for various stratifica-
tion parameters would not provide reliable control data, since such control families
would not provide data of accuracy and completeness comparable to those obtained
from the experimental families. It has been shown, in fact, that malignant neo-
plasms in families "matched" to those with breast cancer probands were found
at a prevalence lower than that of the general population [21 ], strongly suggesting
that such controls were inaccurate or incomplete in their reporting.

It is clear from the nature of the likelihood function and from the examples given
above that, for a given set of observed data, the estimate of relative risk varies if
the control data are changed. Often it is necessary to choose among sets of control
data, since several may appear to be equally valid representations of the state of
affairs in the control population. The interpretation of differences in estimates of
0 when different sets of control data are used depends on their magnitude. Small
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TABLE 3

DEATHS WITH DIABETES IN RELATIVES OF FA PROBANDS

PROBABILITY OF HETEROZYGOSITY (Pi)

.125 .25 .5 .667 1.0
CONTROL

AGE RATE
GROUP (Rj) Xii YUj Xij Yij Xij YUj Xij Yij Xij Yij

Male

0-4 ......0007 ...... ... ... ... ... ... ... ...

5-14 ...... 0078 ... ... ... 1 ... ... ... ... ... ...

15-24 ...... 0071 ... 1 ...... ... 1 ...

25-34 ...... .0185 .. ... ... ... .. ..... . . . 1 ......

35-44 ...... . 0210 ... 5 ... 1 ... ... ... ... ... ...

45-54 ...... .0240 ... 1 ... 2 ... 1 ... ...

55-64 ...... .0371 ...... 1 8 ... 7 ... 1
65-74 ...... .0411 ... 1 1 5 ... 5 ... ... ... ...

75-84 ...... .0333 ... 1 1 4 ... 2 ...... ... ...

85+. . ..... .0182 ... ... ... 2 ... ... ... ... ... ...

Female

0-4 ...... .0006 ... ... ... 2 ... 2 ... ... ... ...

5-14 ...... . 0142 ... ... ... ... ... ... ... ... ... ...

15-24 ...... .0242 ... 1 ... 1 ... ... ... ... ... ...

25-34 ...... . 0294 .. ... 1 ... ... ... ...

35-44 ...... .0238 1 2 ... 1 ... ... ... ...

45-54 ...... .0440 ... 3 ... 1 ... ... ... ... ... ...

55-64 ...... .0883 1 1 2 4 1 1 ... ... ... 1
65-74 ...... .0949 ...... 4 6 ... 2 ... ... ... ...

75-84 ...... 0564 ... 1 2 3 ... 3 ...... ... ...

85+ . .... .. .0234 ... ... ... 1 ... ... ... ... ... ...

NOTE.-Pi is described in the note to table 1. Each Rj is the age-specific proportion of deaths of white males
or females for whom diabetes was listed as one of the causes of death or associated conditions on the death
certificate, as reported in the 1955 survey of multiple causes of deaths on death certificates [161. Each xij is
the number of deaths of relatives of FA probands of probability group i and age class j for whom diabetes was
listed on the death certificate, and Yij is the number of death certificates remaining among relatives of the
same sex in that group and class.

differences in relative risk are biologically unimportant and may be disregarded,
while larger discrepancies between estimates must be investigated.

There is, for example, a relatively large difference between the estimate of risk
of diabetes for living female FA heterozygotes based on the United States Health
Survey [8] data, 5.3, and the estimate using the Sudbury, Massachusetts [18]
data, 9.7. The Sudbury study was, however, noteworthy for finding a much lower
prevalence of diabetes in adult females than almost all other surveys of comparable
populations. Comparisons such as this are often available to check on the validity
of control data and of risk estimates derived from them.

HETEROGENEITY OF RELATIVE RISK

In the general population the absolute risk of developing a test disorder such as
cancer or diabetes varies enormously with age, sex, or other population parameters.
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TABLE 4

DIABETES AMONG LIVING RELATIVES OF FA PROBANDS

313

PROBABILITY OF HETEROZYGOSITY (Pi)

.125 .25 .5 .667 1.0

AGES xij Yij Xij Yjj x1j Yij Xij Yij Xij YUj

Male

.. 7 ... 3

.. 4 ... 2
11 ... 4

.. 3 ... 6

.. 4 ... 5

.. 2 ... 8

.. 3 ... 1

.. 4 ... 2
10 ... 2

1 3 ... 2
.. 7 ... 3
.. 9 ... 1
.. S ... 2
.. 3 ... 3
.. 1 ... 3
...... ~... 2..... ...2 1 * . .

* . .

*
. .

*
. .

. . .

2
3
2
3
4
3
1
3
2. .

2
. . .

1 ... ...

2 ... ...
3 ... ...
2 ... ...

* . *... *...

*...... ...

*...... ...

...... ... ...

... ... I

... ... 4

... ... 1

... ... 1

... ... 1

...... ... ...

.... ... ...

...... ... ...

...... ... ...

1

Female

2
7
4
5
5
4
9
9

11
16
6
5
5
2

* . .

. . .* ..

. . .

. .

. . .

* . .

. . .

. . .

. . .

. . .

. . .

1
*. .

4
4
7
4

12
4

*. .

1
2
1
1
2
4
3
2
1

. . .

. . .

. . .

. . .

. .

. . .

* . .

* . .

. . .

* . .

* . .

1

. .

1
3
1
3
1
2
1
6
5
3
2
2
3

. . .

. . .

. . .

1

. . .

4
1

1

1
*...

I
I

* *

2
2

. . .

. .

. .

* . .

. . .

* . .

. . .

* . .

. . .

* . .

. . .

. . .

. . .

. . .

. . .

. .

. .

* . .

1
*...

. . .

NOTE.-The interpretation of Pi is given in the note to table 1. Each xij is the number of diagnosed cases
of diabetes mellitus among relatives of FA probands of probability group i and age class j, and yij is the
number of other relatives of the same sex in the same group and class. The control data, Rj, are given in
table 5.

Such variation in risk for the overall population is incorporated into the maximum-
likelihood estimation of relative risk described and demonstrated above. Further-
more, for a given gene the relative risk of the test disorder may also vary as these
or other parameters are varied. Such variation can be seen in the data analyzed in
Practical Applications and summarized in table 2. For FA heterozygotes there is

0-4
5-9
10-14
15-19
20-24
25-29
30-34
35-39
40-44
45-49
50-54
55-59
60-64
65-69
70-74
75-79
80+

0-4
5-9
10-14
15-19
20-24
25-29
30-34
35-39
40-44
45-49
50-54
55-59
60-64
65-69
70-74
75-79
80+

. . .

. . .

* . .

* . .

. . .

. .

* . .

. .

* . .

* . .

1

. . .



314 SWIFT ET AL.

TABLE 5

PREVALENCE OF DIABETES IN THREE NORTH AMERICAN POPULATIONS

PROPORTION OF DIABETICS (Rj)

POPULATION, REFERENCE,
AND AGE GROUP Male Female

U.S. Health Survey, 1964-1965 [8]:
<25 .............................. .0012 .0013
25-44 .............................. .0062 .0062
45-54 .............................. .0154 .0200
55-64 .............................. .0320 .0414
65-74 .............................. .0471 .0606
75+ .............................. .0470 .0508

Prince Edward Island, Canada, 1966 [20]:
0-9 .............................. .0005 .0003
10-19 .............................. .0013 .0015
20-29 .............................. .0027 .0020
30-39 .............................. .0032 .0050
40-49 .............................. .0050 .0075
50-59 .............................. .0194 .0248
60-69 .............................. .0262 .0460
70-79 .............................. .0381 .0604
80-89 .............................. .0433 .0580
90+ .............................. .0400 .0350

Sudbury, Massachusetts, 1965 [18]:
15-24 .............................. .000 .000
25-34 .............................. .006 .003
35-44 .............................. .011 .000
45-54 .............................. .034 .007
55-64 .............................. .036 .023
65-74 .............................. .139 .033
75. .............................. .053 .059

NOTE.-Each population survey was used separately in estimating the relative risk of diabetes for FA
heterozygotes from the data in table 4. The estimates obtained are listed in table 2. Each Rj is the age- and
sex-specific proportion of diagnosed diabetics discovered in that survey, grouped by age as they were

originally reported.

a substantial difference between men and women in the estimates of relative risk
for diabetes. The significance and biological meaning, if any, of this difference
in risk estimates between the sexes are unclear.

While it is desirable in principle to examine relative risk estimates for male or
female heterozygotes grouped by age, it is obvious that small sample sizes would
likely lead to poor statistical precision. The proper procedure in designing a study
would be to choose in advance groupings by age and sex that seem appropriate to
the problem at hand and to insist that pertinent subsamples be of adequate size.
For data that have already been collected, such as those presented in this paper,
it is interesting to examine the effect of subdividing the sample by age category
(table 2). As we have seen, the estimated relative risks for males and females,
based on the reported data, differ widely. In contrast, if one estimates relative risks
for restricted age groups within each sex, no great disparity in relative risk appears.
If the sample size were large enough and if there were an important difference for
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male or female heterozygotes in the relative risk of the test disorder at different
ages, then this manner of analysis would reveal it. It may be possible to examine
how well an estimate of 0 fits a body of data by the likelihood ratio or other test
of goodness of fit. We are presently studing the conditions under which such a test
can be applied.

CONCLUSION

A numerical value for the relative risk of developing some test disorder usefully
summarizes information about disease predisposition associated with a particular
gene. The method of data collection described previously [4] and the mathematical
analysis presented in this paper offer a practical way of estimating the disease-
predisposing effects of each of the several hundred human genes which can be
identified at present only by the rare syndrome which they produce in homozygotes.
The confidence limits for estimates of relative risk will be analyzed in subsequent

papers of this series. Still, it is important to note that these risk estimates have
only limited numerical precision. In general, we wish to know the magnitude of
elevation in disease risk associated with a particular gene-whether it is two, three,
four, or more times normal-and the significance of the observed elevation.
While the Fanconi's anemia study [4, 14] may serve to illustrate the usefulness

of this method, there are deficiencies in it which should be avoided in the future.
Except for syndromes of extreme rarity, it should be possible to study more than
eight families, thus providing a larger sample. Tracing relatives with a probability
of .125 of being heterozygous was difficult out of proportion to the value of the
information obtained, and examples in table 2 show that omitting relatives at the
.125 probability level changed the relative risk estimates very little. We do not
plan to include relatives at this probability level in future studies. Also, spouse
controls should be compiled along with blood relatives, even though the data on
these spouses will be limited in accuracy, quantity, and scope.
Another limitation in estimating relative risk derives from using the "proportion

of" deaths from the test disorder. For example, for women in the general population
aged 35-60, about 0.33 of all deaths are due to a malignant neoplasm. No matter
how many deaths from malignant neoplasm occurred in carriers of a particular
gene, it is impossible to obtain (using these age-specific proportionate death rates)
an estimate of relative risk greater than three for women of this age. A more
accurate estimate of risk might be obtained by comparing observed and control
incidence rates in the maximum-likelihood calculation. (See the note added in
proof, p. 316.) Finally, the method demonstrated in this paper does not analyze the
effect of competing risks.

For an uncommon gene randomly distributed in the population, the fraction of
heterozygous gene carriers with a specific test disorder among all patients with
that disorder is given approximately by the product of the heterozygote frequency
and the heterozygote's relative risk of the disorder. For example, if the frequency
of FA heterozygotes in the population is .003 [4] and the relative risk of malignant
neoplasm for FA heterozygotes is about three, then we estimate that 17o of all
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persons dying from cancer and leukemia would carry the FA gene. Similarly, if the
relative risk of diabetes for female FA heterozygotes is six, then about 2%o of all
female diabetics carry the FA gene.
When specific biochemical tests become available to identify the heterozygous

carriers of genes causing autosomal recessive syndromes, estimates of relative risk
for each such gene can be based on direct measurements of the heterozygote fre-
quency in the general population and in groups afflicted with the specific test dis-
order. For the time being it may be desirable to measure the disease-predisposing
effects of these genes by the indirect methods presented here.

SUMMARY

Genes which produce autosomal recessive syndromes may have a significant effect
in predisposing heterozygous carriers to serious common diseases such as cancer or
diabetes. For any specific autosomal recessive syndrome, such disease predisposition
may be detected, if it exists, by studying the major illnesses and causes of death in
the families of homozygous probands. Each relative has, by virtue of his relation-
ship to the proband, a prior probability of being heterozygous for the gene for the
syndrome. We use these prior probabilities in a maximum-likelihood method to
estimate from the compiled family data the risk that the heterozygote will develop
or die from the common illness under investigation.

Genes which can be studied in this way may account for a substantial proportion
of disease predisposition in the general population.
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NOTE ADDED IN PROOF.-Since this article was submitted for publication, a
computer program was developed to extract information about the incidence of
death from specific causes from family data collected in the Fanconi's anemia and
similar studies. As indicated in the text, estimations of risk based on incidence
data may measure disease predisposition more reliably than those employing age-
specific proportionate death rates.
We estimated the relative risk of dying from a malignant neoplasm, comparing

the incidence in the FA families to 1960 control rates for the U.S. white population
[22], to be 3.4 for male and 2.6 for female FA heterozygotes. With this more
accurate method of estimating risk, there is a small difference in risk increment
between the sexes.
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