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Summary

Independent replication of linkage in previously studied pedigrees is desirable when genetic heterogeneity is
suspected or when the illness is very rare. When the likelihood of the new data in this type of replication study
is computed as conditional on the previously reported linkage results, it can be considered independent. We
describe a simulation method using the SLINK program in which the initial data are fixed and newly genotyped
individuals are simulated under = .01 and 0 = .50. These give appropriate lod score criteria for rejection and
acceptance of linkage in the follow-up study, which take into account the original marker genotypes in the data.
An estimate of the power to detect linkage in the follow-up data is also generated.

Introduction

How can linkage be replicated when it is initially found
in a complex disease? In general, replication requires a

new experiment with new data. Because of possible
genetic heterogeneity, it has appeared prudent to de-
velop new information on linkage in previously positive
pedigrees. A linkage finding can be "replicated" in the
same pedigrees for which significant results were origi-
nally found, either when additional marker data make
more meioses informative or when new case onsets or

new relatives are studied. It is self-evident that repeat

performance of the same experiment in the same indi-
viduals, even with different methods, may uncover

errors in the original experiment, but it is not a replica-
tion. In assessing the significance of a replication, inclu-
sion in a new analysis of both new and previously ad-
duced information can bias the replication, if it is not
correctly accounted for.

In three notable instances, genetic linkages to psychi-
atric disorders have been tested on additional informa-
tion from the pedigrees in which linkage was originally
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reported (Kelsoe et al. 1989; Baron et al. 1993; Gurling
and Sharma, in press). In each instance, the new infor-
mation was not supportive of linkage. The investigators
in two of the reports noted that, in part of the original
pedigrees, lod scores remained positive, although not
greater than 3, which implies that linkage was not
clearly rejected (Kelsoe et al. 1989; Baron et al. 1993).
In the present paper, we consider what constitute ap-
propriate tests of linkage in follow-up studies of this
kind.
When attempting to replicate linkage by using addi-

tional information from a pedigree or a series of pedi-
grees, ascertainment becomes an issue. In the standard
lod score analysis of linkage in pedigrees, ascertainment
is generally disregarded, for the following reasons de-
scribed by Elston: "as a function of 0 (recombination
fraction) and of D (phase of marker and trait), maximiz-
ing the lod score is equivalent to maximizing the likeli-
hood of the marker data conditional on the trait data.
This conditional likelihood does not depend on the
mode of ascertainment, provided that, conditional on
the trait data, the marker data and the mode of ascer-
tainment are independent" (Elston 1989, p. 487). When
a pedigree is followed up precisely because of the pre-
vious positive finding, however, the marker data are not
independent of the ascertainment. The follow-up
marker/clinical data are conditional on the original
clinical phenotype and marker data.

It is incorrect to add new data on genotypes and

715



Gershon and Goldin

diagnoses to the initial data and then report a new total
lod score as if it were a separate result, because of the
bias in favor of linkage and because of the general prin-
ciple of statistics whereby increasing the number of sta-
tistical tests on the same data increases the type I error
(see Chotai 1984). In some instances, one can derive a
conditional lod score for an enlarged pedigree. It is dem-
onstrated elsewhere, for a case of linkage analysis when
there is ascertainment of nuclear families through a
proband with a particular phenotype and marker geno-
type, that the ascertainment probability is the same as
the unconditional likelihood of the particular geno-
type/phenotype set chosen for an acceptable nuclear
family (Gershon and Matthysse 1977). The same rea-
soning holds for a nuclear family ascertained through
an affected sib-pair with particular marker genotypes
and in some other instances.
The conditional likelihood of (the genotype/pheno-

type distribution of) such a pedigree, X, ascertained
through (the genotype/phenotype distribution of) a
portion of it, Y, can be expressed in terms of uncondi-
tional likelihoods as L(X,O)/L(Y,O), where L is the un-
conditional likelihood function under a given genetic
model. The lod score can then be expressed as (loglo
L[X,O] - logl0 L[Y,0]) - (log1o L[X,.5] - log10 L[Y,.5]).
With rearrangement, this becomes the difference be-
tween two lod scores, lod(X,O) - lod(Y,O).
On follow-up data in a family with appropriate struc-

ture, to calculate a lod score that is not inflated by the
previous positive lod score, we can use the same rea-
soning. Consider a pedigree in which A is the distribu-
tion in the original pedigree of phenotypes and markers
and B is the distribution in the follow-up data. The lod
score-testing replication, conditional on the original
data, is the difference between lod scores, i.e., lod(A
and B,O) -lod(A,O).

This is a test of replication that is not biased by the
previous result. One could choose the value of 0 on
which the lod score maximized in the initial report, or
one could maximize the value of the expression as a
function of 0. This example is chosen to emphasize the
point that it is the increment or decrement in lod score
that is of interest when a previously linked pedigree is
followed up with new data and not whether the total
lod score remains above a certain value.

For most pedigree data, however, it may not be possi-
ble to partition the likelihoods into new versus old
meioses. Another approach would be to determine the
significance of the new result by simulation. We will
demonstrate this approach by using a fictitious pedi-

* * * * * * * * 14 14 14 14 34 34 * * * *

Figure I Pedigree with 33 individuals. Blackened symbols in-
dicate affected individuals. Marker genotypes with alleles 1-4 are
fixed as shown for 19 individuals and are simulated for the remainder
(indicated with an asterisk [*]). The maximum lod score for the pedi-
gree with the 19 individuals genotyped and clinical information on all
33 is 3.39 (0 = 0). When there is no clinical information on the third
generation, the lod score is 4.06 (0 = 0).

gree (see fig. 1). It should be noted that this structure
was chosen for convenience of simulation only.

Methods

A simulation example in one pedigree (fig. 1) is of-
fered in support of the assertion that the lod score of a
followed-up pedigree cannot be evaluated as if it were
an independent result. For simplicity, the new informa-
tion in the pedigree was designed not to change the
apparent phase and informativeness of the original
data. That is, the ancestral couple and the persons
marrying into the pedigree do not have changed diag-
noses (on follow-up), so that the original information,
which implies a coupling phase between illness and al-
lele 1 of the marker locus, is unchanged in the follow-
up analysis.
The initial part of this pedigree has 19 persons geno-

typed as shown in figure 1. The marker genotypes were
chosen purposely so that linkage would be present.
Under a model of dominant illness inheritance with
reduced penetrance (frequency of disease allele = .01;
penetrances of the three genotypes at the disease locus
are .8, .8, and .01), the maximum lod score is 3.39 at 0
= 0. Assuming the same model of inheritance, we used
the program SLINK (Ott 1989; Weeks et al. 1990b) in
order to simulate marker genotypes (four equally fre-
quent alleles) for an additional 14 persons in the two
sibships indicated in figure 1, which can be considered
the follow-up study. The additional individuals were
simulated under linkage at 0 = .01 (1,000 replicates)
and under no linkage at 0 = .5 (10,000 replicates). For
each simulation, we determined the distribution of lod
scores and the average lod score.
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Table I

Distribution of Lod Scores for Complete Pedigree (fig. 1),
Simulated under Linkage and Nonlinkage

PERCENTAGE OF REPLICATES
WITH LOD SCORE > X

FOR =a

LOD SCORE (X) .01 .50

.5 .............. 100 100
1.0 .............. 100 97.1
1.5 .............. 99.9 77.2
2.0 .............. 99.7 48.2
2.5 .............. 97.8 20.0
3.0 .............. 95.6 9.5
3.5 .............. 92.6 5.0
4.0 .............. 83.9 2.6
4.5 .............. 76.6 1.0
5.0 .............. 61.2 .53
5.5 .............. 59.1 .44
6.0 .............. 0 0

a For 0 = .01, 1,000 replicates were simulated; for 0 = .50, 10,000
replicates were simulated.

Results

The distributions of lod scores under linkage and
nonlinkage are shown in table 1. Under the condition
of linkage, the average lod score increased to approxi-
mately 5.0; whereas under the nonlinkage condition,
the average lod score of the enlarged pedigree de-
creased to 2.07. These changes reflect the additional
linkage information in the pedigree. However, under no
linkage, the lod score was >3.0 in 9.5% of the simula-
tions. Clearly, if a lod score of 3.0 is the criterion for
linkage, then this is an unacceptable type I error rate.
To have a 1% type I error in this pedigree, the criterion
for replication of linkage would have to be set at 4.5.
With this criterion, the power to detect linkage with
the information in this followed-up pedigree is 76.6%,
under the simulated parameter value 0 = .01. One can
also use these data to determine a criterion for rejecting
linkage. For example, if linkage were rejected when the
lod score was <2.0, then a true linkage (at 0 = .01)
would be rejected <1% of the time.

This simulation demonstrates how the significance
level of a lod score can be adjusted in a follow-up study
that contains many of the same individuals. This is anal-
ogous to having a criterion that is based on the incre-
ment of the lod score from the new data, since the
initial data were a given for the simulation. In addition,
the procedure gives one an estimate of the power of the

follow-up replication study to detect linkage, if it is
true.

In actuality, it may be difficult to break down data
into old versus new informative meioses. If new
markers have been genotyped, each marker may be in-
formative for a slightly different subset of the data.
When a new system is used at the same locus or when a
haplotype is introduced, it may be necessary to go
through each individual and determine where there is
new information and where there is not, prior to simula-
tion. Another approach would be to carry out the simu-
lations by using multipoint marker data.
What about pedigrees in which follow-up reveals

that the previous genotype data must be revised? One
solution is for the same simulation to be used, but the
revised data would be included with the new data, and
the part of the original data that is not revised would
become the whole set of original data. When trait phe-
notypes must be revised, simulation of marker geno-
types, of course, will not assess the effect of the change.
When the change occurs in an ancestral or marrying-in
person, we would consider this a correction of the origi-
nal data, as opposed to a replication study. The proce-
dure of Hodge and Greenberg (1992), in which lod
scores of a pedigree are compared with a particular per-
son considered affected versus unaffected, is useful in
identifying persons whose affection status is crucial to
the linkage result. These persons are most important to
study on follow-up.

In cases where descendants, who were at risk and
were followed up, have become ill, one can revise the
initial data to omit their prior genotype information
and include their new affection status. In a disease with
variable penetrance, this should not greatly change the
initial conclusions. The simulation of genotypes in the
followed-up pedigree would then proceed as discussed
above, and the replication results can be rationally as-
sessed.

Discussion

In the type of follow-up study that we have de-
scribed, one needs to determine a lod score criterion in
order to have an appropriate type I error. This is similar
to the use of simulation to "correct" a lod score to
account for multiple data analyses (Weeks et al. 1990a).
One would like the overall type I error of the study to
be small. However, in complex diseases, the initial type
I error rate of the lod score may be inflated because of
multiple analysis models, disease classification models,
and the number of markers typed (Clerget-Darpoux et
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al. 1990). Nonetheless, we can use the simulation
method to determine the type I error of a replication
study with fixed initial genotypes. One can argue that,
since the replication is a test of only one hypothesis, the
signficance level does not need to be as stringent as
when a large number of unlinked markers are initially
screened. A P-value of .001, or even .01, would be ac-
ceptable, as compared with the lod score > 3 criterion,
whose asymptotic P-value equivalent is .0001, when a
fixed-sample-%2 test is assumed (Ott 1991). Some recent
follow-ups of previously studied pedigrees in psychiatry
had reductions in lod scores of >2 lod units, as reported
by the authors in each study (Baron et al. 1987, 1993;
Kelsoe et al. 1989; Gurling et al., in press), which would
support a conclusion that replication had failed.

There will be some circumstances where linkage rep-
lication results may be ambiguous, but other data will
serve to confirm the original finding. Finding an associa-
tion or a candidate gene mutation within the linkage
region, e.g., would bypass the issue of replication of
linkage. Characterizing the mutation, after all, is the
goal of linkage studies in disease.
The increasing density and informativeness of the

human genetic linkage map will have an influence on
what constitutes a suitable initial report of linkage and
also on what constitutes replication. At the present
time, linkage should not be claimed until a maximal
amount of genetic marker information has been ex-
tracted from the pedigrees. Normally, this will require
several closely linked, highly polymorphic markers. In-
spection of the data, so that there are not parents ho-
mozygous at all markers and so that there are not ge-
netic marker map inconsistencies, would also be
needed in the initial publication.

In follow-up studies, as elsewhere, replication is a
term that should be distinguished from repetition. Rep-
lication should apply to new data only; where the new
data are conditional on previous data, this should be
accounted for in the analysis. In the design of a follow-
up replication experiment for genetic linkage, care must
be taken that the sample size (ofnew data) in the replica-
tion is adequate to retest the hypothesis of the original
experiment. Interpretation of follow-up replication ex-
periments should be done cautiously. The simulation
procedure described here, using the SLINK program,
provides an empirical basis for assessing the statistical
power and significance of follow-up replication results.
It is incorrect to invoke the current lod score of an

entire pedigree or series of pedigrees as being consistent
with linkage, on the basis of a lod score criterion that is
appropriate for a pedigree asscertained without knowl-
edge of genotypes. In several actual instances described
here, the earlier data in the same pedigrees clearly sup-
ported linkage, and the later data clearly do not.
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