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Summary

The association of some diseases with specific alleles of certain genetic markers has been difficult to explain.
Several explanations have been proposed for the phenomenon of association, e.g., the existence of multiple,
interacting genes (epistasis) or a disease locus in linkage disequilibrium with the marker locus. One might
suppose that when marker data from families with associated diseases are analyzed for linkage, the existence
of the association would assure that linkage will be found, and found at a tight recombination fraction. In
fact, however, linkage analyses of some diseases associated with HLA, as well as diseases associated with
alleles at other loci located throughout the genome, show significant evidence against linkage, and others show
loose linkage, to the puzzlement of many researchers. In part, the puzzlement arises because linkage analysis
is ideal for looking for loci that are necessary, even if not sufficient, for disease expression but may be much
less useful for finding loci that are neither necessary nor sufficient for disease expression (so-called susceptibil-
ity loci). This work explores what happens when one looks for linkage to susceptibility loci. A susceptibility
locus in this case means that the allele increases risk but is neither necessary nor sufficient for disease
expression. It might be either an allele at the marker locus itself that is increasing susceptibility or an allele
at a locus in linkage disequilibrium with the marker. This work uses computer simulation to examine how
linkage analyses behave when confronted with data from such a model. The results show that if the probability
of having the disease with the associated allele is less than 10 times greater than the probability of having
the disease without the allele, then it may be difficult to detect linkage, even in data sets consisting of 30
nuclear families with at least two people affected. On the basis of these results, it would appear that doing
linkage analysis on risk-factor data may not yield additional information about linkage in the usual sense but
may help distinguish between different hypotheses to explain the association. As the difficulties inherent in
linkage analysis for analyzing common disease become more apparent, investigators will turn to association
analysis to find genes involved in disease. Before embarking on a search for a susceptibility locus, one must
weigh the potential importance of such a gene against the possibility that the locus detected via association
analysis may represent a relatively minor contribution to disease causality.

Introduction type, which is found in only 20% of the general popu-

The association of some diseases with certain alleles
of marker loci is a poorly understood phenomenon.
In some conditions, such as narcolepsy, virtually every
patient with the disease has the associated HLA haplo-
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lation (Langdon et al. 1984; Billiard and Seignalet
1985). The more common type of association is seen
in conditions such as thyroid disease, where 50% of
the patients have an allele that is found in 20% of the
population (Farid et al. 1979; Allanic et al. 1980).
What must be explained is the presence of the marker
allele, in increasing proportions, in patients with the
disease. Because only a fraction of the patients have
the associated allele, the marker allele itself is generally
thought not to be the agent involved in the disease. A
frequent explanation of the phenomenon of associa-
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tion, particularly in connection with the HLA region,
is that the marker allele itself is not causing the disease
but that an allele at a locus in linkage disequilibrium
with the marker locus is. The observation that only a
portion of the patients have the allele is then explained
by recombination that has taken place since the HLA
marker allele or the disease allele first appeared. How-
ever, this explanation has seldom been proved. Fur-
thermore, some studies have found significant evi-
dence against linkage for an associated trait (Go et al.
1987; Roman et al. 1992). I will show that failing to
find linkage when an association exists, or even finding
significant evidence against linkage, may indicate that
the disease-related locus is not necessary for disease
expression and is merely a susceptibility locus. This in
turn implies that linkage analysis may be a disadvanta-
geous way to look for susceptibility loci, not merely
a less powerful way than association analysis (Bodmer
1984). I will also suggest that, because association
studies are very sensitive, the effects that association
detects may be minor or far removed from the proxi-
mate cause of disease. Because so much work has been
done in regard to association and the HLA system, I
will refer most often to HLA-disease association, but
this work applies to all association phenomena.

In the present work, I distinguish two fundamental
concepts: a necessary disease locus versus a suscepti-
bility locus. By the term “necessary disease locus” I
mean one whose disease allele is necessary for disease
expression; that is, all affected people must have that
allele. By the term “susceptibility locus” I mean one
that increases susceptibility or risk for the disease but
that is not necessary for disease expression. In other
words, an allele at some locus makes it more likely
that a person will become ill with a disease, but the
presence of that allele is not the determining factor in
disease expression; it merely lowers the threshold for
disease. The true determining factor could be either
environmental (e.g., a virus) or genetic, for example,
the susceptibility locus may alter the penetrance for
the main locus. Under this model, the marker allele
itself could conceivably be the susceptibility allele.

These two different models of a disease locus —the
necessary disease locus and the susceptibility locus—
may lead to similar outcomes on association tests but
to very different outcomes on linkage tests. If a neces-
sary disease locus exists in linkage disequilibrium with
amarkerlocus (e.g., the HLA region), then some allele
of the marker locus will be found more frequently in
the patient population than in the general population.
The disease will be associated with an allele of the
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marker locus. The marker alleles will also segregate
together with the disease within families, and linkage
analysis will then show that genetic linkage exists be-
tween the disease and the HLA region. Thus, in the
case of an associated necessary disease locus, not only
is a marker allele associated with the disease, but the
marker locus and the disease locus show positive re-
sults on linkage analysis. In contrast, if the locus in-
volved is a susceptibility locus, then, depending on
how much additional risk is conferred by the suscepti-
bility allele and how much risk there is without that
allele, one may or may not observe a segregation of
the disease with the marker.

When we do linkage analysis, most of us imagine
that we are looking for a gene locus that is the cause
of the disease, a locus that is necessary for disease
expression, even if not sufficient. (“Not sufficient”
would mean that other factors, either genetic or envi-
ronmental, in addition to the disease gene, need to be
present for disease expression. These would be mod-
eled by, for example, reduced penetrance in the link-
age analysis.) Susceptibility genes, on the other hand,
are neither necessary nor sufficient for disease expres-
sion. What does it mean to look for linkage to such
loci, and is it even possible to find such loci by using
linkage analysis?

Unfortunately, when confronted with an associa-
tion, we do not know a priori whether the association
points to a necessary disease gene or to a susceptibility
gene. Furthermore, it turns out that it may be fruitless
to do linkage analysis on data that come from a suscep-
tibility locus model, and several differences in the ex-
pected outcome of linkage analysis exist, depending
on which model is the true one. Cox and Spielman
(1989), whose results prefigured those presented here,
showed that an increase in risk will not necessarily
show up as an increase in affected sib haplotype sharing.

In the present work, I investigate the following ques-
tions: Under what conditions is it possible to detect
linkage, when the data, in fact, come from a suscepti-
bility model? Can we determine parameters that will
allow us to predict when it will be fruitful to do linkage
analysis on an associated disease? How can we test
whether the susceptibility model or the linkage dis-
equilibrium model is correct for a given set of data?

The goal of the current work is to see how linkage
analysis results behave when the data derive from a
susceptibility locus. I will show that if the associated
risk factor only increases risk but is not essential for
disease expression, then evidence for linkage can be
difficult to detect, or the evidence may even disprove
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linkage. This suggests that attempts at finding some
risk factors for disease through linkage analysis may
not be fruitful.

Methods

Basic Assumptions

The simulation model assumes that the gene in ques-
tion is a susceptibility gene, not a necessary one. I
assume that the marker allele itself or a locus in com-
plete linkage disequilibrium with the marker increases
susceptibility to the disease. The presence of either one
or two copies of the allele confers the same risk. The
risk of disease, given the associated allele, is called
“a.” If the associated allele is not present, then the risk
of having the disease is B. Thus, if B = 0, the model
is identical to a dominant mode of inheritance with
reduced penetrance, the penetrance being a, and the
locus is necessary for disease expression. The ratio
of a/p is almost identical to what is generally called
“relative risk.”

Simulation of Family Data

Nuclear families were simulated, with the number
of offspring specified according to a well-characterized
distribution (Cavalli-Sforza and Bodmer 1971, pp.
310-313; Greenberg 1984). Each parent was given a
genotype by randomly choosing two alleles (from A,
B, C, or D) at the marker locus. Except as noted,
the gene frequency of allele A, the disease-associated
allele, was .10. The frequency of the other alleles was
.3 each. The alleles were then allowed to segregate
randomly in the offspring. For each individual, if allele
A was present, either homozygously or heterozy-
gously, the probability of being affected was a, where
awassetto.07,.15, or .5. If allele A was not present,
then the probability of being affected was B, where B
was set to values of 0-.05 (and higher when a =
.5). A uniform-random-number generator was used to
assign affectedness status.

Ascertainment Model

In actual data collection in both linkage and associa-
tion studies, families with more than one affected per-
son are often preferentially ascertained. Thus, for
these simulations, only families with at least two
affected family members were included in the analyses.

Analysis

The association model described above is similar to
a dominant mode of inheritance with reduced pene-
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trance. When B = 0, the model is exactly a dominant
model with penetrance equal to a. When p # 0, the
entire population is at risk for the disease, but the risk
is lower for those without the associated allele.

When B # 0, the model might be viewed as a domi-
nant model with sporadics. When investigators do
linkage analysis of associated diseases, they generally
do not assume the existence of sporadics. Thus, ini-
tially, no sporadics were assumed in these analyses.
The linkage analyses assumed a dominant mode of
inheritance. In preliminary calculations, the linkage
analysis assumed a range of analysis penetrance val-
ues. The highest lod score occurs when the assumed
penetrance is the same as a, no matter what the value
of B is. This is what is seen in the case of classical
linkage analysis (i.e., when no association is present)
(Greenberg 1989), even in the presence of heterogene-
ity (Durner and Greenberg 1992). Preliminary calcula-
tions showed that, at the low penetrances used to gen-
erate the data, assuming a penetrance of .1 for all
values of a gave results almost identical to those gener-
ated when the “true” penetrance was used. Thus, for
all analyses, except when a = .5, the analysis pene-
trance was set to .1.

For each value of a and B, 600 nuclear families were
generated. These 600 families were broken into 20
30-family data sets. A data-set size of 30 families is a
good approximation to the usual data-set size in the
literature. Lod scores were calculated at recombina-
tion fraction (0) values of .01, .05, .1, .2, .3, .4, and
.5. Each data set was analyzed separately using LIPED
(Ott 1974), and the means and SDs of the lod scores
over the 30 data sets at the seven values of 6 were
calculated. The means were then plotted.

Results

Bear in mind while interpreting the results that when
data from the above-described association model are
analyzed, B, which is the probability of having the
disease without the associated allele, has an effect on
linkage analysis that is similar to the effect of recombi-
nation or a “sporadic rate” in actual linkage. Thus, if
allele A is segregating in a family, and if a family mem-
ber without A is affected, then the linkage analysis
interprets the non-A-affected person as a recombi-
nant. This has the effects of lowering the lod score and
raising the estimate of 0. As p increases, more apparent
recombinants appear, decreasing the evidence for link-
age. Remember, however, that the data are simulated
from an association model. The disease does not
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strictly segregate with allele A, and B is not a recombi-
nation fraction.

In figures 1-3, we see that as the probability of being
affected without the associated allele (B) increases, the
maximum of the mean lod score curve (henceforward
referred to simply as “the maximum lod score”) rap-
idly decreases. For example, when a, the probability
of being affected given allele A, is .15, and B = 0, the
maximum lod score is 3.2. When B increases to .01,
that is, when the probability of being affected without
the associated allele is only 1% compared with 15%
with the associated allele, the maximum lod score
drops to less than 2.0 and the estimate of 0 increases.
Relative risks (a./B) of less than about 10 yield barely
positive lod scores. Figures 1 and 2 show the lod score
versus 0 curves for o = .07 and .15, respectively. Note
how quickly the maximum value of the lod score falls
as B increases.

Also examined was the more extreme situation
where a, the probability of developing the disease
given the associated allele, was .5. For this simulation,
the frequency of the associated allele in the population
was set to .05. (Assuming a higher allele frequency
would make it harder to detect linkage.) Again, only
families with two or more affected members were as-
certained. Because the risk is so high, linkage is easier
to detect, but the ability to detect linkage when the
associated allele is not the sole determining factor
(B # 0) still falls quickly as B increases. At o/ ratios
less than 10, detection of linkage again becomes
difficult.

The analyses reported thus far assumed that = 0,
even when the true, or generating, B # 0. In order to
show the effect of assuming B # 0, the analyses were
rerun where 0. = .5 and the correct values of B were
assumed. The results, presented in figure 4, show that
the value of the maximum lod score was virtually the
same whether B was set to the generating value or to
0. What changed when the analysis B was set equal to
the generating value (i.e., a nonzero sporadic rate in
the linkage analysis) was the estimate of 8 at which the
maximum lod score occurred. When the analysis p =
0, the 0 values at the maximum lod score increased as
the generating P rose, as is seen in the figures. When the
analysis B equaled the generating value, the estimate of
0 was .01 (the lowest value of 6 assumed) for all values
of B. Thus, assuming a nonzero sporadic rate in the
analysis does not appear to increase the evidence for
linkage but does change (i.e., “improve”) the estimate
of 0.
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Discussion

The reader will have noticed that the model used to
simulate the data can be viewed as a sporadic model
or as a heterogeneity model; those families that have
the associated allele can be viewed as having one form
of disease; those without, another form. From the
mathematical viewpoint, these results are not unex-
pected: If a disease has a relatively high sporadic rate
and if it is analyzed for linkage by assuming a sporadic
rate of zero, then this model misspecification will lead
to an overestimate of 8. However, while this may be
mathematically correct, it may not be biologically
meaningful; rather, the diseases may be identical in
patients with and without the associated allele. In fact,
this is the view taken by most investigators. They do
not allow for sporadics when analyzing linkage be-
tween a disease and an associated marker. Moreover,
as we have shown here, even including a nonzero spo-
radic rate B does not increase our understanding of
what is happening biologically (see fig. 4). Assuming
anonzero sporadic rate improves the estimate of 6 but
has little effect on the maximum lod score. That is,
when the sporadic rate is high, there simply is not very
much linkage information in the data, regardless of
whether B = 0 is used.

Investigators involved in studying diseases in which
there are associations have little evidence that there is
a difference between patients with and without the
associated allele. Some diseases, such as insulin-
dependent diabetes, have associations with alleles at
multiple marker loci (Field 1991). While it is possible
that each separate association represents a different
disease with a different etiology, the parsimonious ex-
planation is that there is only one disease but that
the marker allele itself, or a very near neighbor, is
increasing the susceptibility. Thus, in the absence of
more biological evidence, it cannot be assumed that
lack of evidence for linkage is due to heterogeneity or
sporadics.

It has been suggested that the existence of an associ-
ation assures that linkage will be found (Hodge et
al. 1979). There has also been discussion about how
linkage disequilibrium could bias parameter estimates
in linkage analysis (Hodge and Spence 1981; Clerget-
Darpoux 1982). However, this explanation as it is
generally expressed presupposes that whatever allele
is influencing disease expression is a major factor in
the ultimate expression of the disease. Furthermore,
under this model of association, the associated marker
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allele itself cannot be the disease allele; otherwise, all
affected people would have the marker allele.

Previous investigators have remarked on the possi-
bility of confounding linkage and association (Hodge
and Spence 1981; Clerget-Darpoux 1982). The cur-
rent results suggest that linkage will be difficult to de-
tect if a/P is about 10 or less, and lod scores will
actually be negative for many values of 0 if a/p is
much less than 10. (As stated above, the a/p ratio is
identical to what epidemiologists call “relative risk.”)
When a/B is less than about 10 and data are analyzed
with B = 0, the lod scores will be lowest at a tight
recombination fraction, which is difficult to explain if
one is assuming linkage disequilibrium with a neces-
sary locus. Thus, the danger is less one of confounding
linkage and association than of misinterpreting what
the two distinct analyses— linkage analysis and associ-
ation analysis—say about any given set of data.

Linkage analysis tells us whether a marker locus
is in the proximity of a disease locus by looking for
cosegregation of the disease with alleles at the marker
locus. Linkage analysis does not take into account
which alleles are cosegregating. An association study,
on the other hand, looks at whether patients have a
given allele at a marker locus more frequently than
does the general population. Thus, association analy-
sis is very sensitive to the risk for disease that is con-
ferred by alleles at individual loci. Linkage analysis is
insensitive to the effects of individual alleles but puts
a great deal of weight on the movement of alleles from
generation to generation.

The hypothesis of a necessary disease locus in link-
age disequilibrium with a marker locus might be dis-
tinguishable from the susceptibility-locus model. If a
necessary disease locus is in linkage disequilibrium
with the marker locus, then linkage analysis of families
with and without the marker allele should yield similar
lod scores for families of similar structure. This is so
because, with linkage disequilibrium to a necessary
disease locus, the disease locus is truly linked to the
marker locus, an allele of which will segregate with
the disease. Thus, regardless of whether the associated
allele is present in the family, the disease will segregate
with some allele at the marker locus within a family.
Thus, families could be subdivided on the basis of
whether the index case has the associated allele A. If
these two subgroups of families show different linkage
results, it can be argued that the marker is not near a
necessary disease locus (Greenberg and Hodge 1992).
This is seen, for example, in the case of insulin-
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dependent diabetes mellitus, where families having
DR3/4 in the index case show tight linkage, whereas
the remaining families show loose linkage (Morton et
al. 1983).

Keeping in mind these distinctions between linkage
analysis and association analysis helps one to interpret
the results of the present study. Given data that come
from a susceptibility model, unless a great deal of dis-
ease risk is conferred by the allele or risk factor, look-
ing for linkage to that locus or to the risk factor may
yield little new information beyond the fact of the
association itself. Within the families, the individuals
who do not have the risk factor but who have the
disease will be interpreted by the linkage analysis as
recombinants. That is why the estimate of 0 is so high.
This is exactly what is seen, for example, in multiple
sclerosis (Tiwari et al. 1980) or in thyroid disease (Ro-
man et al. 1992).

Another implication of these results concerns the
familiality, or recurrence risk, of a disease. If a, the
probability of having the disease given the allele, is
arbitrarily low, but B, the probability of having the
disease without that allele, is zero, then detection of
association, with even a minimal sample size, is virtu-
ally certain. However, detection of linkage under such
circumstances is still difficult. Families with multiple
affected cases would be rare, and the low penetrance
would mean that most family members carrying the
associated allele would be unaffected. With such a
low risk, families will not appear to be segregating a
genetically caused condition and would be unlikely
candidates for linkage analysis. In such circumstances,
association is a very sensitive detector of genetic
effects.

If linkage disequilibrium between a necessary dis-
ease locus and a marker locus is the cause of the associ-
ation, how does one explain families that have multi-
ple affected family members but in which the risk
factor —the associated allele—is present in only some
of the affected family members? One cannot invoke a
high 0, since that presupposes that the actual risk fac-
tor is not the allele itself or a locus in linkage disequilib-
rium with it but is a factor that is, at best, loosely
linked. However, if one assumes actual, but loose,
linkage, then one cannot explain the association,
since, according to that explanation, one would antici-
pate very tight linkage.

One possible way out of this conundrum is to as-
sume that another locus elsewhere in the genome pro-
vides the stronger genetic influence on the disease.
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This would explain the high recurrence risk. The asso-
ciation would then exist by virtue of the fact that the
associated allele confers a risk but is not ultimately
responsible for the disease. Two-locus models have
been discussed for such HLA-associated diseases as
coeliac disease (Greenberg and Rotter 1981) and dia-
betes (Thomson 1980), which has a relatively low re-
currence risk in sibs (Wagener et al. 1982) but which
is strongly associated with DR alleles 3 and 4 (Tiwari
and Terasaki 1985).

Whatever the advantages of two-locus models for
HLA-related disease, strict epistasis—i.e., where both
genes are necessary for disease expression—will not
explain all linkage results with HLA-associated dis-
ease. In work on thyroid disease (Roman et al. 1992),
invoking a second locus will not explain the evidence
against linkage of autoimmune thyroid disease with
the HLA locus because the familial risk is high, even
though the HLA region appears not to cosegregate
with the disease. In a thorough study of multiple scle-
rosis, Tiwari et al. (1980) combined data from 10
separate studies. The combined data showed that
there was strong evidence in favor of linkage to HLA,
but the lowest estimate of 6 was .15, a figure far higher
than one would expect in light of the fact that the HLA
region is only about 4 cM in length and that the disease
locus would have to be within the HLA region, for
disequilibrium to be the explanation for the associa-
tion. Epistasis cannot be the whole story because an
epistatically interacting two-locus model shows mini-
mal bias in & (Greenberg and Hodge 1989; Vieland et
al. 1992). In the case of multiple sclerosis, the ob-
served @ is quite different from that expected. In fact,
the graphical results for the different data sets pre-
sented by Tiwari et al. (1980) bear a strong resem-
blance to the results of the simulations shown here.
The estimate of 8 was high, and, although not shown
on the graphs here, the maximum lod score varied
with respect to assumed penetrance, in a way similar
to that of the simulations.

Clerget-Darpoux (1982) also looked at the behavior
of the lod score in the presence of an association, but
for that work the association was explicitly due to a
necessary disease locus in linkage disequilibrium with
the marker locus. Clerget-Darpoux found that unless
one takes account of the association explicitly, by
modifying phase probabilities, the lod score is greatly
underestimated. In the case where the association is
due to linkage disequilibrium with a necessary disease
locus, taking account of the association means explic-
itly allowing for the fact that the associated allele is in
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coupling with the disease allele more often than 50%
of the time, i.e., incorporating phase probabilities.
Since the Clerget-Darpoux method was derived by as-
suming a “necessary” and sufficient locus, it would be
inappropriate to apply it to data such as those being
examined here.

Association analysis is a more sensitive detector of
subtle risk factors, which may be genetic, than is link-
age analysis. But an association study may not be able
to show definitively the movement of the risk factor
from one generation to the next, especially if there are
major environmental factors involved. Linkage analy-
sis is suited to determine the inheritance of disease and
the location of the loci but may be a poor tool to use
to look for risk or susceptibility factors. Association
studies may be much better than linkage analysis to
look for the disease locus, when the penetrance is low.
As more of the human genome is mapped, this will
become more practical. But the effects that are de-
tected by association may not be crucial for disease
expression. This is shown in work by Rigby et al.
(1991). Those authors determined that, in rheumatoid
arthritis, only a 1.61-fold increased risk to sibs, over
the risk to the general population, is due to the HLA
region, of an observed risk of 3.90. Whether one con-
siders such an increase in risk strong enough to justify
devoting resources in its pursuit may depend very
much on the particular disease, on the characteristics
of the marker, and on the knowledge of the chromo-
somal region.

This raises the question, How strong should the
susceptibility or association be before one actively pur-
sues the gene? The first step in such a pursuit is often
linkage analysis. The results here suggest that linkage
analysis may, in some cases, be useless in finding the
gene locus in many cases where association exists but
that it may be useful in showing whether the gene locus
in question is necessary for the disease expression.

Instead of there being a confounding of linkage and
association, there often appears to be no evidence of
linkage when one expects there to be, if one assumes
that the disease locus is necessary for disease expres-
sion. At the same time, if a susceptibility allele is the
reason for the association, linkage analysis is likely to
yield little more information than is already shown by
the fact of the association itself.
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