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Brief Communication

Easy Calculations of Lod Scores and Genetic Risks
on Small Computers

G. MARK LATHROP' AND J. M. LALOUEL

SUMMARY

A computer program that calculates lod scores and genetic risks for a
wide variety of both qualitative and quantitative genetic traits is discussed.
An illustration is given of the joint use of a genetic marker, affection
status, and quantitative information in counseling situations regarding
Duchenne muscular dystrophy.

INTRODUCTION

Linkage analysis in man has long been restricted to simple Mendelian traits and
nuclear families [1-5]. Computations were performed by hand with the help of
special tables [5, 6], and the results most often reported as lod scores tables;
however, such calculations were both tedious and error-prone. The advent of
computers, appropriate algorithms, and computer programs such as LIPED [7]
has rendered linkage analysis of more complex phenotype systems or pedigree
data manageable [8-10].

If the yield of the family method for linkage analysis has been modest ([ 1],
p. 111), this can be in part ascribed to the restricted number of well-defined
polymorphic genetic systems available. The identification of new polymorphisms
at the DNA level will be of great value in genetic analysis and will improve the
efficiency of the family method [12]. This new wealth of data will coincide with
advances in computer technology that will make inexpensive personal computers
widely available to researchers. Calculations that once required the help of a
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specialist or the use of large computers now can be done routinely in the laboratory.
This calls for easy-to-use interactive programs requiring minimal storage and
little computer expertise.
The computer program LINKAGE was developed in response to this need. It can

be used for either linkage analysis or calculations of genetic risks from pedigree
data. It is an interactive program, allowing an easy dialogue with the investigator.
It is written in the PASCAL language, which is most appropriate for recursive
calculations as required for pedigrees and is widely available on small computers.
The phenotype at a locus may be defined as a dichotomy of affection status, a
quantitative trait, or a simple Mendelian system. The modular program structure
allows easy extensions. We shall give a brief account of the methods implemented,
as well as some possible applications.

METHODS

We shall refer to the two loci that can be jointly considered as the test locus and the
main locus, respectively. The test locus is assumed to be a simple Mendelian system that
can be treated as a factor-union system [13]. An arbitrary number of factors and alleles
is allowed. Phenotypes at the second locus may be given as another factor-union system,
as affection status, or as one or more quantitative measurements. For affection status,
multiple alleles and incomplete penetrances may be defined. Several quantitative mea-
surements may be considered, allowing for different allelic variants or allelic pleiotropy,
with a multivariate normal distribution of errors. Affection status and quantitative mea-
surements may be considered simultaneously. Allowance is made for linkage disequilibrium,
sex-linkage, and mutation.

Likelihood calculations are carried out using a recursive algorithm [14, 15]. Loops are
treated by duplicating genotypes [ 16]. Lod scores can be obtained for selected recombination
values, or risks may be calculated for certain individuals. LINKAGE may be coupled to the
numerical optimization routine GEMPAS, a PASCAL version of GEMINI [17], thereby allowing
maximum likelihood estimation and tests of hypotheses regarding the genetic parameters.
LINKAGE requires about 20K words of memory for the analysis of a test locus with four
alleles and a main locus with two alleles in a pedigree of 100 individuals. However,
maximum likelihood estimation using LINKAGE and GEMPAS will require a minimum of an
additional 16K words of storage.

A TYPICAL APPLICATION

As an illustration of the efficiency of using jointly affection status and quantitative
information in search of linkage to a polymorphic test locus, we present some
results obtained for Duchenne muscular dystrophy (DMD) using creatine kinase
for carrier detection. Starting from two actual counseling situations, we have
simulated segregation of a polymorphic marker similar to that reported by Murray
et al. [17].

Parameters at the DMD locus were chosen in agreement with reported figures
[ 1 ]: a gene frequency of .0003, a mutation rate of .0001, and mean and standard
deviations for creatine kinase in normal and obligate carrier women of 1.57 +
0.242 and 2.10 + 0.409, as reported by Lubs (see [18]). The phenotypes at the
test locus were generated randomly, assuming two codominant alleles with fre-
quencies .85 and .15, in linkage equilibrium with DMD. A recombination rate
of .15 was assumed.
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FIG. 1. Pedigrees from the two counseling applications showing the genotypes in one simulation.

Alleles at the test locus are denoted "A" (frequency .85) and "a" (frequency .15).
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TABLE 2

RISK CALCULATIONS FOR SOME INDIVIDUALS SHOWN IN FIGURE 1

PROBABILITY OF BEING A CARRIER USING:

INDIVIDUAL Affection status Affection and CK Affection and test locus COMBINED DATA

5 . .333 .497 .459 .680
10 .167 .167 .153 .069 .050
22 .500 .500 .995 .150 .975
24 .500 .500 .987 .850 .998

Five replicates were generated for both pedigrees studied, using an assignment
of DMD genotypes in agreement with the observed data (examples shown in fig.
1). DMD genotypes were thereafter assumed unknown, and lod scores were
computed with and without creatine kinase. Results are presented in figure 1 and
table 1. While a maximum lod score of 1. 12 is obtained at 0 = .25 without
creatine kinase, its inclusion leads to a maximum of 3.49 at the true value 0 =
. 15. This illustrates the substantial information that may be provided by a quan-
titative indicator of liability in certain families.
Genotype risks for certain individuals in the pedigrees of figure 1 are given in

table 2. Individual 5 has probabilities of being a carrier of .33 based on affection
status alone, .459 based on affection status and test locus information, and .497
based on affection status and creatine kinase. When all the information is considered
simultaneously, her probability of being a carrier is .680. For individuals 10 or
24, the risk estimate is primarily determined either by the test locus or by creatine
kinase alone. Individual 22 is of special interest, as she is a recombinant. With
information on test locus alone, she has a risk of .150 of being a carrier; creatine
kinase alone or in combination with the test locus leads to a risk estimate of .98
or greater.

DISCUSSION

The computer program LINKAGE is suitable for a wide range of applications in
linkage studies and genetic counseling. It can be easily implemented on a variety
of computing systems including personal computers. It is available with docu-
mentation, and will be distributed on magnetic tape in standard ASCII format or
on 8-inch DEC-compatible floppy disks.
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NOTE ADDED IN PROOF: The program LINKAGE has been extended for multipoint
linkage analysis and risk calculations. This version will be available from the
authors at the time this paper appears.
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