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The search for the gene or genes associated with
alcoholism is complicated by the heterogeneous na-
ture of the disease and the difficulty of selecting
appropriate families for study. Computer programs
that simulate genetic inheritance patterns may help

make the task easier.

The author conducts a simulation at the computer. Photograph courtesy of John Rice, Ph.D.
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esearch over the past 20 years

has provided compelling evi-

dence that at least part of the vul-

nerability to alcoholism is
inherited. This has led to a search for the
gene or genes responsible for this vulnera-
bility. An important strategy for determin-
ing the location of a disease gene on a
chromosome is linkage analysis. Linkage
analysis relies on the identification of a
gene that may be completely unrelated to
the disease, but that lies so close to the dis-
ease gene that the two tend to be transmit-
ted to offspring as a unit. (For a more
complete discussion of linkage, see the ar-
ticle by Crabb, pp. 197-203.)

The most powerful approach to linkage
analysis is to study informative family ped-
igrees. The strategy is to determine from
these pedigrees the manner in which the
disease may be inherited and then to deter-
mine whether some other trait or character-
istic is transmitted through the families
along with the disease.

A neighboring gene can serve as a
marker for the disease, because its pres-
ence suggests with high probability that
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Figure 1 Crossing over between homologous chromosomes. (1) A crossover in an AB/ab parent leads to recombinants Ab and aB.
The probability that a recombinant will occur is denoted as ©. (2) A crossover between a disease locus and a marker when
the parent is homozygous (for example, aa) at the marker. There is no way to determine whether the resulting gamete isa
recombinant, and thus no information about linkage.

J

the disease is also present, even though the
disease gene itself may not have been iden-
tified. Moreover, once a linkage is de-
tected, markers closer to the gene may be
found, and ultimately the disease gene it-
self may be cloned and its structure deter-
mined. The next step is to locate the
structural defect within the gene, with the
ultimate goal of curing or preventing the
disease.

For some diseases that are caused by a
defect in a single gene, such as sickle cell
disease or Duchenne and Becker muscular
dystrophies, the process of genetic analy-
sis has been rather straightforward. Deter-
mining linkages is much more difficult for
a condition such as alcoholism, in which
several different genes may be involved. It
is highly unlikely that the same gene or
genes confers vulnerability in all families.
The genes may be specific to alcoholism,
or they may predispose to alcoholism
through a more general effect on appetite,
personality, mood, or behavior. Some
cases of alcoholism appear to lack any ge-
netic component; such cases may occur in
the same families as genetically influenced

alcoholism, further complicating the
analysis.

One important approach to these prob-
lems is the use of computer simulations, in
which a complex system or process is mod-
eled based on data sampled at random
from the system. By repeated sampling, in-
formation is gained to guide the design
and to evaluate the feasibility of expen-
sive, long-term clinical studies before field
work is undertaken. In addition, these tech-
niques can be used to develop statistical
tests to be performed once data are
collected.

For alcoholism, where cases are known
to cluster within families but the mecha-
nism by which the trait is inherited is un-
certain, simulations may be used to model
complexities such as heterogeneity, envi-
ronmental resemblance, or age effects, and
to evaluate their impact on the ability to de-
tect linkage to a single gene. In addition,
alternative sampling strategies may be ex-
plored to ensure that pedigrees are selected
in an optimal way and have enough family
members to provide a statistically ade-
quate sample size.

This article will demonstrate how com-
puter simulation can be used to estimate
the information for a genetic linkage
study. General approaches to simulating
genetic data for a given set of pedigrees
have been described by Boehnke (1986),
Ploughman and Boehnke (1989) and Ott
(1989), and a computer program,
SIMLINK (available from Drs. Plough-
man and Boehnke), is commonly used to
implement these methods. Other applica-
tions of simulation studies can be found in
Goldin et al. (1984), Cox et al. (1988),
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Martinez and Goldin (1989) and Neuman
and Rice (1990). Much of this work is
mathematical in nature, and rather than go
into a detailed treatment here, we will start
from first principles and use a basic exam-
ple to demonstrate the utility of
simulations.

METHODS

The Recombination Fraction ©

Humans have 22 autosomal (nonsex) pairs
of chromosomes plus 2 unpaired sex chro-
mosomes (the X and the Y). The chromo-
somes of a pair are termed homologous,
and a particular gene occupies the same po-
sition (or locus) on each. Many genes are
polymorphic; that is, they occur in differ-
ent forms called alleles. If a gene has two
alleles, A and a, the possible genotypes at
that locus are AA, Aa, and aa. Individuals
who are AA or aa are known as homozy-
gotes, and those who are Aa are heterozy-
gotes. The expression of a particular
genotype is known as the phenotype; the
phenotype is the observable physical or
biochemical trait produced by the
genotype.

If allele D is dominant over d, then Dd
and DD individuals express the same phe-
notype. However, there are cases where a
given genotype, although present, is not
expressed, and the corresponding pheno-
type is not observed. This phenomenon is
called reduced penetrance and will be dis-
cussed later.

Gametes (eggs and sperm) are formed
by a process known as meiosis, by which
each gamete receives only one of each pair

of chromosomes. In the formation of ga-
metes, a parent passes one of his or her
two alleles with a probability of ;. Thus,
a child receives one allele from the father
and one from the mother. In the case of the
sex chromosomes, because a male is XY
and a female XX, a male offspring re-
ceives his Y chromosome from the father,
and a female offspring receives the
father’s X chromosome. This results in the
distinctive pattern of inheritance for X-
linked genetic disorders such as color
blindness and hemophilia.

For two loci with, for example, alleles
A, a at the first and alleles B, b at the sec-
ond, four combinations (or haplotypes) are
produced: AB, Ab, aB, and ab. If an indi-
vidual with genotype AB/ab produces ga-
metes of the four types, each with
probability 14, then the two loci are said to
be unlinked.

In the process of meiosis during gamete
formation, crossing over between homolo-
gous chromosomes can occur, as illus-
trated in Figure 1. If the loci are close
physically on the same chromosome, they
will tend to be transmitted as a unit, rather
than be separated by a crossover. That is,
if a parent is AB/ab (indicating that A and
B are on one of the two homologous chro-
mosomes, and that a and b are on the
other), then the AB and ab gametes will be
overrepresented. Haplotypes Ab and aB,
the products of crossing over, are termed
recombinants, and AB and ab are termed
nonrecombinants. The probability that a
parent will produce a recombinant is
called the recombination fraction. It is tra-
ditionally denoted by the Greek letter ©.
If two loci are on different chromosomes,
they are unlinked and © = 1.

As stated earlier, the goal in linkage
analysis is to identify an (unknown) dis-
ease locus by identifying a known marker
locus linked to the disease. In general, a
battery of markers is available for linkage
analysis, and we wish to test statistically
for cotransmission of the marker with the
disease phenotype in families (Figure 2).

The Lod Score

Consider a dominant disease with alleles
D and d and suppose an affected parent is
homozygous at the marker (a), so that he
or she is, for example, Da/da (compare Fig-
ure 1). Recombinants would be Da and da,
and nonrecombinants would also be Da
and da. Therefore, there is no way to iden-
tify which children are recombinants and
which are not. This illustrates the rule that
we need a doubly heterozygous parent to
provide information for linkage. Now con-
sider a doubly heterozygous parent (Dd at
the disease locus and Aa at the marker
locus). If there is only one child, we do not
have enough information to test for link-
age, because we do not know the phase of
the parent. That is, we do not know which
two alleles occur together on the same
chromosome; we do not know whether the
parent is DA/da or Da/dA, so we cannot
tell whether or not the child is a recombi-
nant. Thus we need more than one child in
order to estimate © .

In deciding whether there is evidence
for linkage in a data set, investigators com-
pute a number called the lod score, Z. This
number reflects how strongly the data sup-
port evidence for linkage. A value of Z
above 3 for a given recombination fraction
is taken as evidence for linkage, a value

o
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Figure 2 A hypothetical family with i5 children. Squares represent males; circles represent females; shaded individuals are affect-
-ed by a hypothetical disease; and unshaded individuals are unaffected. Note that each affected child received an “A™from
the father and each unaffected child received a “B," providing evidence for linkage between the disease and the marker.
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Table 1 Simulation Results for Incomplete Marker Information

1 Family
of Mean Lod
Score® Power
452 100%
4.22 100%
292 64%
2.60 56%
1.67 27%
2.36 56%
2.05 46%
1.19 17%
2.02 43%
1.49 26%
0.84 12%

Number
Phase' e’ Alleles
Known 0.0 Infinite
Unknown 0.0 Infinite
Unknown 0.0 4
Unknown 0.0 3
Unknown 0.0 2
Unknown 0.05 4
Unknown 0.05 3
Unknown 0.05 2
Unknown 0.1 4
Unknown 0.1 3
Unknown 0.1 2
'Phase = The genotype of the parent.

3 Families
Mean Lod
Score® Power®
4,52 100%
3.62 100%
2.43 31%
2.1 20%
1.21 0%
1.77 13%
1.70 13%
0.85 1%
1.36 9%
1.17 5%
0.73 0%

2@ = Recombination fraction—the probabifity that a parent will produce a child who is a recombinant, or who has a different combination of alleles from that of the parent.
3Lod score = The logarithmic odds of linkage among loci; the evidence for finkage in a data set.
4power = The power to detect linkage (which decreases as the © increases or is greatly reduced as penetrance is decreased, for example).

below -2 is taken as evidence against link-
age, and values between -2 and 3 indicate
that more data is needed before reaching a
conclusion (Ott 1985). A value of 3 corre-
sponds to odds favoring linkage of 1,000:1.

Investigators choose a particular set of
families and simulate marker data and
compute the average lod score in each situ-
ation. They also compute the power to de-
tect linkage, where the power is the
proportion of times the lod score is above
3. A power of 100 percent means that, if a
linkage does exist, it will always be found
(using the particular families and markers
selected for study). A power of 10 percent
means that there is only 1 chance in 10
that the families and markers selected will
provide enough information to detect the
linkage.

RESULTS

To illustrate these concepts, we chose a sin-
gle nuclear family with 2 parents and 15
children. We chose 1 parent affected by a
hypothetical disease and 1 parent unaf-
fected, with 6 of the 15 children affected.
We first considered a rare dominant trait,
and assumed that the affected parent is of
genotype Dd at the trait locus while the un-
affected parent is of genotype dd. In addi-
tion, we considered 3 families, each with 5
children, 2 of whom were affected and 3
of whom were unaffected. Under these
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conditions, we know that each affected
child is of genotype Dd and each unaf-
fected child is of genotype dd.

If each affected parent is a double het-
erozygote and phase is known (see above),
the lod score is calculated to be 4.52 for
the case of ® = 0.0. (A O of 0 indicates
zero probability that a parent will produce
a recombinant; it indicates that the genes
are closely linked and always cotrans-
mitted.) Moreover, since we have com-
plete information, there is no difference
between having 15 children in 1 family, or
5 children in each of 3 families. (By anal-
ogy, the odds of a coin toss are the same
whether one flips 1 penny 15 times or 3
pennies 5 times each.) These lod scores
are given in the first row of Table 1. Using
a lod score above 3 as a cutoff, we have
100 percent power in this “ideal” situation;
the linkage will always be detected. We
have indicated an infinite number of al-
leles in the table to indicate that the
marker is fully informative: Both parents
are heterozygous at the marker, as in the
example shown in Figure 2.

In general, there is no way to know the
phase of the affected parent in a nuclear
family. When © = 0.0, examination of the
first child will, in fact, determine the phase
of the parent (since there could not have
been a crossover), so that the score with
phase unknown is the same as the lod
score for a family of 14 children with

phase known. In this setting, the contribu-
tion of one child to the lod score is 0.3
when © = 0.0, so that the lod score is re-
duced by 0.3 in the second row of Table 1
for one family, and 0.9 for three families.

We then asked two important practical
questions: What is the effect of having a
marker that is not fully informative? What
is the effect of ® = 0.0? (A marker would
not be fully informative if, due to chance,
the person were homozygous at the
marker; see Figure 1). We used the pro-
gram SIMLINK to address these ques-
tions. We specified the family structure
and phenotypes, and randomly selected
marker data assuming 4, 3, and 2 alleles
(that is, 4, 3, or 2 possible variants of the
marker gene).

In each case, we assumed that the al-
leles occurred with equal frequency. Thus,
we assumed frequencies of 0.25 for each
of four alleles; 0.33 for each of three al-
leles; and 0.5 for each of two alleles.
Equal frequencies can be shown to give
the greatest power, and other combinations
would give reduced lod scores and power.
Simulations were performed for various
combinations of © , number of alleles, and
family structure, as shown in Table 1. One
hundred replicates were generated for each
combination, and the average lod score
and power were determined and reported
in Table 1.

Recall that if the affected parent is a ho-
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mozygote at the marker locus, then the
family contributes no information for link-
age. This is more likely to happen as the
marker becomes less polymorphic (as
there are fewer possible alleles that can
occur at the marker locus). Note that when
© = 0.0, the power decreases to 27 per-
cent for the two-allele system with one
large family, and O percent with the three
small families (Table 1). These simulations
underscore the importance of having
highly polymorphic markers. Indeed,
Table 1 shows that an experiment that
could be definitive with one marker may
be a waste of time (and money) with a less
informative one. As expected, the power
to detect linkage decreases as © increases.

In the above simulation, we assumed a
one-to-one correspondence between the ge-
notype and phenotype at the trait. This
means that all affected people were Dd
and all unaffected people were dd (com-
plete penetrance). We next simulated 100
replicates of the large family with a
marker with 4 alleles and a reduced pene-
trance at the trait locus. Reduced pene-
trance means that not all the children who
are Dd will be affected. We simulated data
with all affected people known to be Dd
and with the unaffected parent to be dd.
We allowed the unaffected children to be
either dd or Dd according to the pene-
trances indicated in Table 2. For example,
with a penetrance of 0.8, 20 percent of the
children who are Dd will have the unaf-
fected phenotype. Thus, it is uncertain
whether an unaffected person has geno-
type dd and is a recombinant, or has geno-
type Dd and is a nonpenetrant
nonrecombinant. Even when in reality © =
0.0, the power to detect linkage is greatly
reduced as penetrance is decreased.

In a linkage study, in addition to the
power to detect linkage, it is important to
be able to exclude areas of the chromo-
some where there is no trait locus. The

i

generally accepted cutoff to exclude link-
age to a marker is when the lod score is
less than -2. The last column in Table 2
shows the average lod score when the true
O is 13 (i.e., no linkage) in each simula-
tion, and the lod score is computed at @ =
0. Note that the reduced penetrance also af-
fects our power to exclude linkage.

DISCUSSION

We created an example to illustrate the pro-
cess of using simulations to explore the ro-
bustness of methods and to estimate the
power of families for the detection of link-
age. It must be emphasized that computa-
tion of power depends on assumptions
concerning the true mechanism of inheri-
tance of the disease. When the mode of in-
heritance is known, the family phenotypic
data can be used with a program such as
SIMLINK to determine power. When
designing a study, the phenotypic data it-
self can be simulated to decide whether the
intended sample size is large enough to
provide adequate power for testing the pri-
mary hypotheses.

The above simulations are based on the
assumption that the trait being studied is
determined by a rare dominant gene; there-
fore, they may provide little guidance on
the sample sizes needed for a study of alco-
holism, which is not likely to be caused by
such a gene. A major question we have not
addressed is that of heterogeneity. If only
a portion of families have the disease
linked to a marker, then the overall lod
score would be made up of families that
make a positive contribution (the linked
families) and those that make a negative
contribution (the unlinked families). Ac-
cordingly, heterogeneity must be consid-
ered for linkage to a complex disease.
Simulations by Martinez and Goldin
(1989) have explored the effects of hetero-
geneity in this setting.

Table 2 Simulation Results for Reduced Penetrance

©=00
Mean Lod
| Penetrance Score
1.0 2.92
1 09 2.08
- 0.8 1.75
0.7 1.4
| 0.6 1.26
‘ 0.5 1.18

e=05
Mean Lod

Power Score
64% -16.34
19% -8.34
14% -6.65
3% -6.60
0% -7.17

0% -5.79

VOL. 14, NO. 3, 1990

Another complicating factor is the pres-
ence of bilineal pedigrees, in which a trait
occurs on both sides of the family. Alco-
holism is a common disorder, and, more-
over, there may be a tendency for
assortative mating to increase the chances
of finding families with alcoholism on
both the maternal and paternal sides. If a
disorder is heterogeneous, families may be
sampled with heterogeneous forms of ill-
ness within the same pedigree. Although
the strategy of identifying large extended
pedigrees has proven successful in dissect-
ing heterogeneity for a rare disorder such
as retinitis pigmentosa, this approach may
be problematic for a common disorder.

In summary, simulation studies will
likely play a central role in genetic studies
of disorders such as alcoholism. The avail-
ability of linkage maps of the human ge-
nome provides a technology which, if
thoughtfully applied, can help unravel dis-
eases that have eluded investigators seek-
ing clues to the etiology and prevention of
genetic illnesses. W
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