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A computer programme to calculate risk in X linked
disorders using multiple marker loci
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From the Clinical Section, MRC Clinical and Population Cytogenetics Unit, Western General Hospital,
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SUMMARY A computer programme package has been written which calculates the genetic risk
(recurrence risk) for X linked disorders, incorporating data from multiple probes. The
programme can allow new mutation and the incorporation of other predictors of the disease
genotype of the subjects in the family.

The increasing number of polymorphic DNA probes
specific to the human X chromosome,' and the
steadily increasing data on the linkage relationships
between them and X linked disease loci,2-5 promise
that multiprobe diagnosis will soon become a
feasible proposition in many of these disorders. The
use of closely linked probes known to lie on either
side of the disease locus (bridging probes) would, in
multiply informative families, reduce the rate of
misdiagnosis to the order of 1% or less in situations
where linkage phase is known with certainty.
However, combining the results of even loosely
linked probes with other predictors of carrier status,
for example, creatine kinase levels in Duchenne
muscular dystrophy, can produce estimates of risk
sufficiently low (or high) to be likely to influence an
at risk female's course of action. Unfortunately,
except in the simplest cases, the calculation of such
combined risks is tedious in the extreme. If other
variables are to be incorporated, such as new
mutation, the complexity will be such that errors will
be almost inevitable. There is, therefore, a need for
automation of the calculation process.
One method, using linkage analysis programmes

such as LIPED,6 has been described7 but such
programmes do not allow the possibility of new
mutation or the easy incorporation of other predic-
tors of genotype. In order to perform the calculation
allowing for these factors, multiple runs of the
programme are necessary, the various likelihoods
produced being combined by hand to evaluate the
risk. In most situations, this method will be almost
as tedious and error prone as hand calculation. A
further disadvantage is that information from only
two marker loci can be considered by such a
Received for publication 7 March 1985.
Revised version accepted for publication 3 April 1985.

method. In extensive families, it is likely that
different markers will be informative (that is, key
subjects are heterozygous for the marker) in diffe-
rent parts of the pedigree and that useful informa-
tion may be neglected if a programme cannot cope
with more than two markers.

In this paper, a pair of programmes is presented
which allows the speedy calculation of risk of carrier
status of X linked diseases, incorporating family
structure, linkage data of multiple probes, other
predictors of carrier status, predictors of hemizygote
status, and the possibility of new mutation.

The programme: 'moll' and 'tarde'

There are two programmes used in this package for
risk calculation in X linked disorders, called 'moll'
and 'tarde'. Only the briefest account of the
mechanisms of these programmes will be given here,
the emphasis being to demonstrate their use. The
programmes are flexible in that they allow the user
to define the type of function required. For
example, the programme must perform different
functions when dealing with diseases with high or
negligibly small mutation rates. These different
functions are declared by the user by taking various
'options' when running the programmes. Thus, the
description of the programmes is essentially a des-
cription of the available options.

'MOLL'
The first programme of the pair is 'moll', which
takes input very similar to that taken by LIPED6
and PEDIG.8 Its function is to assign values to each
and every unassigned allele in the input data and to
calculate the prior probability of each permutation
of the assigned values. The output from 'moll' is the
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count of recombinant and non-recombinant meiotic
events between each pair of loci in a standardised
format, given the currently assumed permutation of
alleles and the probe/disease ordering. This count is
followed by a modified prior probability, which is
calculated from population frequencies of alleles,
mutation rates (if allowed), and factors of 0n5 (one
for each child of a woman who is heterozygous at
any locus). In effect, this programme produces an
equation of risk which is a function of the various
recombination fractions.

It is assumed that the order of the DNA probes
along the chromosome is known, but that the
position of the disease locus is not. Thus, the
significance of the family has to be assessed not only
for each possible allele/haplotype permutation, but
also for each possible disease/probe ordering. The
output of this programme forms the input to the
second programme, 'tarde'.
Each of the options available within 'moll' is

designated by a single letter. The most important of
these will be described here.

r. This option indicates that the output is to be
used to calculate the classical genetic risk to a
subject, such as would be required in carrier
identification. The programme requires the user to
define the subject to be counselled and checks each
permutation of alleles to see if that subject is a
carrier under the current assumption. If she is, the
line on output (which describes the current permuta-
tion) will be flagged. If not, no flag will be set.

p. This option allows the production of data
suitable for the calculation of a probability distribu-
tion on risk. It is envisaged that this option would be
used where antenatal diagnosis was being under-
taken. Under this option, the user must define the
fetus and the at risk parent. The p and r options
cannot be run simultaneously.
m. This option allows the programme to permit a

single new mutation in its description of the family.
The user must specify male to child and female to
child mutation rates separately. If this option is not
taken, the processing of any allele/haplotype
assumption which requires a mutation (for example,
a normal mother having an affected son) will be
abandoned without producing any output. This
option can be taken with any of the other options.

1. This option requires the incorporation of
another predictor of carrier status, such as creatine
kinase (CK) data. The relative likelihood of the
predictor value of each female is given in the input
data.

h. This option is similar to option 1 in that it
incorporates other predictors, but this time for
males and females. This might be used when the
disease status of hemizygotes can be statistically

inferred, as in 'age of onset' calculations for late
onset disorders.

a. This option allows the user to change the
number of alleles at each locus. The default number
of alleles is two.

This programme can cope with families of vir-
tually arbitrary structure. Up to 150 subjects can be
specified in the input data, with data on up to five
probes. If more probes are informative, it is only
necessary to alter a single line of the programme to
increase this number. Each probe is allowed to have
a maximum of nine alleles, but the disease locus can
have only two, the disease gene being defined as
allele 2 at the disease locus. Again, alteration of a
single line of the programme allows the number of
alleles to be increased to 99.

TARDEE
This programme takes the output data from 'moll'
and translates it into a risk for the subject. It solves
the equation of risk by substituting the-values of the
recombination fractions. Three options are cur-
rently available.

f. This option specifies that the user is confident
of the position of the disease locus and that he is
willing to specify values for each recombination
fraction and a probe/disease order. Therefore, a
single figure of risk is output.

t. Under this option, the user specifies a position
for the disease locus, but not recombination frac-
tions. Risks are calculated and presented in tabular
form for all sets of probe/disease recombination
fractions in 5% increments. Probe-probe recom-
bination fractions are calculated from the probe/
disease fractions. It is not feasible to produce three
dimensional tables so this option is restricted to a
mnaximum of two probes.

p. This option can be used on data produced by
,moll' under its p option to produce a probability
distribution on risk. The classical risk (being the
mean) is also produced. The user must define the
order and the recombination fractions, as in option
f.

Both these programmes are written in the 'C'
programming language9 and have been tested on the
UNIX operating system. When compiled, 'moll'
occupies 25 k of space and 'tarde' occupies 15 k.

Examples of use

The programmes have been used to calculate risks
for a number of hypothetical pedigrees of varying
complexity. In all of these the results have been
checked by hand. Three examples are presented
here.
The first pedigree (fig I) has information from
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I (2,2) (12,12)

I O(1,1) (22,22)

FIG 1 A smallfamily with an X linked disorder. Results
from two probes known to bridge the disease gene are
available and are indicated in the brackets (probe 1, probe
2). Each probe recognises two alleles (1 and 2), the mother
being heterozygous at both loci. Since there is a finite new
mutation rate, the mother's genotype at the disease locus
cannot be inferred, except to say that she cannot be
homozygous for the disease gene.

two probes. In the calculation of risk of the proband
being a carrier (table 1), the r and m options of
'moll' and the t option of 'tarde' were taken.

In the second pedigree (fig 2), the problem is to
provide data for prenatal diagnosis for the pro-
band. Here there are data from two probes and also
from a predictor of carrier status. An edited form of
the probability distributions of risk for the four
possible male fetuses of the proband are shown in
table 2. In this the risk is taken to be the proportion
of offspring which can be expected to be affected.
Where the two probes agree that the fetus is at low
risk, such risks will be of the order of 1%, possibly
extending up to 5% for useful probes. If they

disagree, the risk will be around 50% if the probes
have equal recombination fractions or to one side if
these are unequal. Thus, the risk will tend to fall
into one of the four regions shown in the table. In
this calculation, the p, m, and options of 'moll' and
the p option of 'tarde' were taken.
The third pedigree (fig 3) is one of the most

complex ones which have been tested and the results
checked. In this pedigree, information can be
obtained from three probes and a predictor of
carrier status. The assumed probe/disease order is

(12,22)
I 0o08]

II [ 2 X ) (12,12)
(0-41

III X (1,2)

FIG 2 Asfig 1, but with relative likelihoods for each female
ofa predictor ofcarrier status. This is the ratio ofthe
proportion ofnormalfemales producing the laboratory
result and the proportion ofcarrierfemales who produce it.
The assumed valuefor each female is shown in square
brackets.

TABLE 1 The calculated risks for the proband in fig I for a series of different recombination fractions. This is the tabular
(or t) option of the programme 'tarde'. The new mutation rate was set at 0-00007 and the disease gene frequency (p)
at 000014, that is, the heterozygote frequency (2p) is four times the mutation rate.'] The population frequency of
allele 1 of each probe was set at 0-80.

Probe I recombination fraction (rf)

0 050 0.100 0-150 0 200 0 250 0 300 0-350 0 400 0 450 0 500

Probe 2
if
0-05 0-007 0-015 0-023 0-031 0-040 0-047 0-054 0-)59 0-062 0-063
010 0-015 0-031 0-047 0-062 0-078 0 091 0-103 0-112 0-118 0-120
0-15 0-023 0-047 0-070 0092 0-114 0-132 0-148 0-160 0-167 0-170
0-20 0-031 0-062 0-092 0-121 0-147 0-169 0-188 0 202 0 210 0 213
0-25 0-040 0-078 0-114 0-147 0-176 0 202 0-222 0-238 0-247 0-250
0 30 0-047 0-091 0-132 0-169 0-202 0 229 0-251 0(267 0-277 0-280
0-35 0-054 0-103 0-148 0-188 0-222 0-251 0-274 0-290 0 300 0 303
0.40 0-059 0-112 0.160 0 202 0-238 0-267 0-290 0 307 0.317 0-320
0-45 0-062 0-118 0-167 0-210 0-247 0 277 0-3()0 0 317 0-327 0-330
0-50 0-063 0-120 0-170 0-213 0-250 0-280 0-303 0-320 0-330 0-333
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TABLE 2 The classical genetic risks and probability
distributions of risk to the four possible offspring of the
proband in fig 2. The table shows the probability that
the risk to the offspring lies in the range given at the top of
the table. The classical genetic risk is the sum of
products of these probabilities and the risks. The probes
were assumed to bridge the disease locus and each to have
a recombination fraction of 010 with respect to the disease
locus and 018 with respect to each other. The other
parameters used in this calculation are defined in the legend
to table 1.

Alleles of Mean 0% 1-5% 20-80% 95-99%Y.
fetus

1.1 0-262 0-138 0)484 0-240) 0138
1,2 0-829 (-109 0-003 (-(99 0(789
2,1 0-(62 (01(9 0(789 (0(99 0(003
2,2 0599 0(138 0(138 0(240 0-484

I (1111 12,11. 1111 12.11. (12,1,2) 1112

in 112.11.121 111 1.21 (11.121

IV

FlG 3 A complex pedigree with information for three
probes, again shown in brackets (probe 1, probe 2,
probe3), this order being theirorderalong thechromosome,
the disease locus lying between probes 1 and 2. Each probe
recognises two alleles. There is also a carrier status

predictor, as in fig 2.

probe 1, disease, probe 2, and probe 3, with
recombination fractions of 0-1, 0-05, and 0-05
between adjacent loci. Without the predictor data,
the risk to the proband of being a carrier is 0-00021.
With the predictor data, it is 0-0075. With all data
except that of probe 3, the risk is 0-040. Without
probe 2 it is 0-157 and without probe 1 it is 0-141. It
is therefore of value in this pedigree to consider all
three probe loci in the calculation of risk. These
calculations used the r, 1, and m options of 'moll'
and the f option of 'tarde'. The other parameters
used in this example are defined in the legend to
table 1.

Discussion

In this paper, a programme package has been
presented which calculates classical genetic risk and
probability distribution on risk for X linked dis-

orders, incorporating multipoint DNA probe data.
It can allow for the possibility of new mutation and
other predictors of genotype status. The package
has been tested with a number of pedigrees.
Whenever there was a discrepancy, the error was
found to be in the hand worked version or in the
input data to the programmes. It appears therefore
that the package functions correctly.
There is little doubt that there is a need for a well

tested risk calculating programme. However, the
major problem arises in the testing. With simple
pedigrees, the results can be checked by hand. On
the other hand, pedigrees of even moderate com-
plexity can involve a thousand or more possible
permutations of alleles in their full description. Each
permutation can involve 20 or more separate cal-
culations. It is not possible to check such a quantity
of arithmetic by hand. Therefore, the risks calcu-
lated by this package for complex families with
information from three or more probes should be
viewed with a degree of suspicion, until the work-
ings have been corroborated by an independent
programme, such as 'LINKAGE"' in its multipoint
form.
The assumption made in the present options of

'tarde', that probe/disease ordering can be known
with certainty, warrants some discussion. It is
certainly possible to define the order of DNA
probes with high polymorphic information contents
to a high degree of accuracy using standard
families. 12 It is unlikely, however, that such
accuracy will ever be achieved with disease loci. In
general, there will be few families who are multiply
informative and in whom linkage haplotypes are
known with certainty. In those where they are, the
probability of the various orders will be heavily
dependent on those meiotic events which show
recombination with respect to the DNA markers.
Such recombinations will themselves be rare if the
loci are closely linked. It is predictable, therefore,
that a major contribution to the risk in most clinical
situations will be the probability that the probe/
disease order has been wrongly inferred. The risks
produced by the f and t options will therefore tend
to be underestimates of the true risk. The organisa-
tion of these programmes, with one programme
producing an equation of risk for each possible
order and a second programme solving them, makes
it an easy matter to allow a valid risk to be calculated
even when order is not certain. However, this
option (in 'tarde') requires order specific probability
distributions of probe/disease separations to be
available. As yet none are, nor are there pro-
grammes to produce them, although it is intended to
develop this package in order to do this. When such
distributions do become available, the new option
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will be implemented to produce indefinite order
risks and the standard errors on risk.

This programme package and its documentation
will be made available to interested parties.
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