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SUMMARY

The relationship between increased risk in relatives over population
prevalence (\g = Kz/K) and probability of sharing zero marker alleles
identical by descent (ibd) at a linked locus (such as HLA) by an
affected relative pair is examined. For a model assuming a single
disease-susceptibility locus or group of loci tightly linked to a marker
locus, the relationship is remarkably simple and general. Namely, if
r is the prior probability for the relative pair to share zero marker
alleles identical by descent, then P(sharing 0 markers|both relatives
are affected) is just dg/\g. Alternatively, A4, the increased risk over
population prevalence to a relative R due to a disease locus tightly
linked to marker locus A, equals the prior probability that the relative
pair share zero A alleles ibd divided by the posterior probability that
they share zero alleles ibd, given that they are both affected. For
example, for affected sib pairs, P(sharing 0 markers|both sibs are
affected) = .25/\g. This formula holds true for any number of alleles
at the disease locus and for their frequencies, penetrances, and popu-
lation prevalence. Similar formulas are derived for sharing one and
two markers. Application of these formulas to several well-studied
HL A-associated diseases yields the following results: For multiple
sclerosis, insulin-dependent diabetes mellitus, and coeliac disease, a
single-locus model of disease susceptibility is rejected, implying the
existence of additional unlinked familial determinants. For all three
diseases, the effect of the HLA-linked locus on familiality is minor:
for multiple sclerosis, it accounts for only a 2.5-fold increased risk to
sibs over the population prevalence, compared to an observed value
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of 20; for coeliac disease, it accounts for approximately a 5.25-fold
increased risk to sibs, while the observed value is on the order of 60;
for insulin-dependent diabetes mellitus, it accounts for a 3.42-fold
increased risk in sibs, while the observed value is 15. In all cases, the
secondary determinants must be outside the HLA region. For tuber-
culoid leprosy, an unlinked familial determinant is also implicated
(increased risk to sibs due to HLA = 1.49; observed value = 2.38).
For hemochromatosis and Hodgkin’s disease, there is little evidence
for HLA-unlinked familial determinants. With this formula, it is also
possible to examine the hypothesis of pleiotropy versus linkage dis-
equilibrium by comparing A4 s with the increased risk to sibs due to the
associated allele(s). The formula is also generalized to a two-locus
multiplicative model, which allows for estimation of the potential im-
pact of unlinked loci for this type of model.

INTRODUCTION

A wide range of diseases have been shown to be associated with HLA, the
major histocompatibility complex of humans (Thomson 1981). This relationship
is usually discovered through association with disease of one or more alleles at
one or more of the HL A loci. Confirmatory evidence comes from family studies
showing that affected relatives share HLA haplotypes more frequently than
chance would predict. One of the most common of such paradigms uses af-
fected sib pairs and measures the degree to which haplotypes are shared by
affected sibs. Such information can also be used to draw inferences about mode
of inheritance of an HL A-linked locus (assuming that recombination is negligi-
ble). .

For a number of HLLA-associated diseases, the assumption of a single HLA-
linked disease locus underlying inheritance leads to serious discrepancies
among observations. For example, for a number of diseases, family-recurrence
data have been used to obtain a model of inheritance for the disease, which was
then applied to linkage analysis with HLA, leading to very large estimates of
the recombination fraction (Clerget-Darpoux et al. 1980; Suarez et al. 1982).
Such large values of 6 are inconsistent with the known associations of disease
with certain HLA alleles, associations that require short recombination dis-
tances. To explain the discrepancy, several investigators (Thomson 1980; Ho et
al. 1982) have suggested the possibility that non-HLA-linked alleles are also
important in disease etiology. Such loci may act synergistically (e.g., in a
multiplicative model) or additively (e.g., in genetic heterogeneity) with the
HLA-linked locus.

In the present paper I directly examine the relationship between the in-
creased risk in relatives of affected individuals vis-a-vis the population preva-
lence (\r = Kr/K) and the proportion of affected relative pairs that share zero
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haplotypes identical by descent, i.e., P(sharing 0|both affected). It turns out
that under any single HLA-linked-disease locus model, there is a very simple
relationship between these two values, namely P(0 sharing|both affected) =
br/\gr, Where g is the prior probability that the relatives share zero alleles
identical by descent (ibd). This formula is valid irrespective of the number of
distinct HLA-linked-disease alleles.

Analogous formulas are derived for the probability of affected sib pairs shar-
ing two haplotypes and one haplotype ibd. These formulas can be used to
determine the likelihood of there being HLA-unlinked familial determinants
underlying disease susceptibility. By defining a two-locus, multiplicative
model, it is also possible to assess the relative contribution to familiality of the
HIL A-linked locus and an unlinked locus (or loci) for this type of model.

DERIVATION: SINGLE-LOCUS MODEL

Suppose a single HLA-linked locus underlies disease susceptibility. Con-
sider a relative of type R. Let ¢ equal the probability that two relatives of type
R share zero marker alleles identical by descent (for example, ég = 0 for
parents or offspring; 4 for sibs; ¥ for half sibs, uncles/aunts, nieces/nephews,
grandparents, and grandchildren; ¥ for first cousins; etc.). Let K equal the
population prevalence of disease (more specifically, cumulative lifetime risk);
let Kg equal the risk among relatives of type R of affected probands.

Under a single-locus model, if the two relatives share zero marker alleles
identical by descent, then they are genetically independent, and the probability
that both are affected is K. Without information on marker-allele sharing, the
probability that both are affected is the probability that the proband is affected
(K) times the probability that the relative is affected given that the proband is
affected (KR) (this requires certain assumptions about ascertainment, discussed
below). Hence, letting P represent probability, we have P(2 relatives affected)
= K-Kg. Similarly, P(2 relatives affected and share 0 alleles ibd) = P(2 rela-
tives share zero alleles ibd)-P(2 relatives affected|share 0 alleles ibd) = ¢g K 2,
Therefore,

P(2 relatives share 0 alleles ibd|both are affected)

1
= ¢or'K*/(K-Kg) = dr/Ag . o

Note that this formula holds true irrespective of the mode of inheritance,
number and frequency of alleles, penetrances at the disease-susceptibility
locus, or population prevalence of disease. The only requirement is that recom-
bination be negligible.

It is now clear why linkage analyses have yielded large values for recombina-
tion with HLA. If a model with a high recurrence risk vis-a-vis population
prevalence is assumed, then a low probability of sibs sharing zero haplotypes is
implied. In linkage analysis, only a large value of 8 can reconcile the discrep-
ancy between high values of A5 and of sib haplotype discordance.
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A similar formula can be derived relating the probability of affected sib pairs
sharing two marker alleles to recurrence risks. Specifically, define K as the
recurrence risk in siblings and K, as the recurrence risk in monozygotic (MZ)
twins. Again, P(2 sibs affected) = K-K, while P(2 sibs affected|share 2 alleles
ibd) = K-K,,~, provided that the locus of interest is the only inherited-disease
determinant. In other words, if the sibs share two alleles at the disease-
susceptibility locus, then they have the same genetic relationship as MZ twins.
Then

P(sibs share 2 alleles ibd|both affected)

2
= 1/4K‘KM2/(KK3) = l/4/(Ks/KMz) .

That is, the proportion of affected sib pairs sharing two alleles identical by
descent should be .25 divided by the relative risk to sibs vis-a-vis MZ twins.
The adequacy of a single-locus model can also be tested using this formula,
provided reliable information exists about MZ-twin concordance. We expect
this formula to be less useful in practice, since unbiased twin data are difficult
to obtain.

The analogous formula for affected sib pairs sharing one marker allele ibd
can also be derived. In this case, the probability of two sibs being affected,
given that they share one marker allele ibd is just K - Kp,p, where Kp)o is the
recurrence risk for parents and/or offspring. This is because sibs who share one
disease allele ibd have the same genetic relationship as do parents/offspring.
Therefore, the probability of a sib pair sharing one marker allele given that they
are both affected is .5/(Ks/Kp0). This formula ranges in value from .5 (no
dominance) to 0 (complete dominance).

TWC-LOCUS MULTIPLICATIVE MODEL

We now consider a model of two unlinked disease-susceptibility loci in which
the penetrance matrix can be characterized in a multiplicative fashion (see,
e.g., Hodge 1981). Define two loci A and B (say A represents HLA). Suppose
there are m possible genotypes at the A locus and » possible genotypes at the B
locus. Define penetrance vectors (fy, . . . , f,») and (g¢, . . . , g,) for the A and B
loci, respectively. Enumerate genotypesas A;,i=1,...,m;B;,j=1,...,n.
Then the penetrance of genotype AB; is defined as fig;. Let the population
frequency of genotypes A; and B; be P(A;) and P(B)), respectively. This type of
model is appropriate, for example, for a situation in which a genotype at one
locus is required for susceptibility and penetrance is determined by the other
locus. For example, suppose locus B has two alleles B and b and that only BB
individuals are susceptible, with penetrance determined by genotypes at the A
locus. This case correspondsto g; = 1, g, = g3 = 0.

As above, define K as population prevalence and K as the recurrence risk in
relatives of type R of affected individuals. We make the following additional
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definitions:

Ka = i PA)fi ;
i=1

Ks = ) P(B)g; ;
Jj=1

m

Kur = (Z PA)f;: Z P(relative is A/proband is A)) - fk)/KA ;
i=1 k=1

Kgr ( P(B))g; Z P(relative is Bjjproband is B - g,)/KB ;
V=1 =1

Kr = Kar - Kpr ;
and
Mr = Kar/Ka, Ngr = Kpr/Kp, and Ag = Nag - Apr -

Note that K,z and Kpgr are defined analogously to the single-locus case using
the ‘‘marginal’’ penetrances f and g. The parameters A4, and Az can be inter-
preted as the multiplicative increase in risk to relatives of type R due to alleles
at loci A and B, respectively. In the Appendix, we derive the following equa-
tion:

P(proband and relative share 0 A-locus alleles|both are affected) = dr/Aar -
3)

Knowing the proportion of relative pairs that share no A-locus alleles ibd, we
can calculate A4 from equation (3). Then, since Ag = A4z * Agr, We have

)\BR = )\R/KAR . (4)

Hence, we can calculate the remaining increase in risk to relatives of type R
due to an unidentified locus (loci).

If a second disease-susceptibility locus B has been identified, Agg can also be
calculated from the probability of affected relatives sharing no B alleles ibd,
and the possibility of additional loci can be assessed. Note that in the derivation
of equation (1), the critical equation is P(both relatives affected|share 0 alleles
ibd) = K2. This equation can be extended to any number of loci, where the
conditioning is on sharing zero alleles ibd at any of the relevant loci. In this
case, the relatives are genetically independent, and hence the probability of
both being affected is K2. Once a second (B) locus has been identified, the
adequacy of the multiplicative model can be determined as follows: If associ-
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ated markers are available, then an m X n contingency table (m genotypes at
the A locus X n genotypes at the B locus) should show no deviation from
independence if the multiplicative model is correct. Similarly,a3 X 3o0r2 x 2
table of sharing of marker alleles by affected relatives (depending on the max-
imum possible number of alleles shared) for the A and B loci should reveal no
deviation from independence if the model is correct (see, e.g., Hodge 1981).

An example of a model that deviates from multiplicativity is a genetic-
heterogeneity model. In this case, we would expect sib pairs who share zero
alleles ibd at one marker locus to be concordant for alleles ibd at the second
locus, and vice versa.

LINKAGE DISEQUILIBRIUM VERSUS PLEIOTROPY

With the approach described above, it is also possible to assess in a simple
way whether the effect of HLA can be attributed to a defined HLA allele(s) that
is associated with disease (i.e., pleiotropy) or to an as yet undetected linked
allele (linked disequilibrium). Basically, one can calculate the increased risk to
sibs due to segregation of the defined ‘‘high-risk’’ allele(s) and compare this to
the increased risk calculated from haplotype-discordance data. Relative pene-
trances for the various HLA genotypes can be obtained by comparing HLA
genotype frequencies in cases with those in controls. With the formula of James
(1971), these penetrances can then be used to estimate K. If this value is below
that obtained from the haplotype-discordance data, then linkage disequilibrium
is favored over pleiotropy.

APPLICATION

The most common type of relative examined both for recurrence risk and
HILA haplotype sharing is the sib, although other relative types, such as uncle/
aunt or cousin may also be examined. Even if the only information available for
second- or third-degree relatives is for haplotype sharing, an analysis is still
possible using recurrence-risk information on parents and/or offspring, for
whom haplotype-sharing information is useless. When considering parents, one
must always take selection effects into account. From James (1971) we have Kz
= K + ((s2 + Y251)V4 + 5.Vp)/K, where V4 is the additive genetic variance of
the penetrances and Vp, is the dominance variance; s, is the prior probability
that the relatives share one allele ibd; s, is the prior probability that they share
two alleles ibd. Therefore, for parents and offspring, Kpo = K + (¥2V,)/K; for
uncles, K;; = K + (Y4V,4)/K; and for cousins, Ko = K + (8V4)/K. Hence, K,
= l/2(1(1-!/0 + K) and KC = %(Kp/o + 3K); and Ay = l/Z(Ap/o + 1) and Ac =
Ya(\pio + 3). Thus, assuming a single-locus model, given values for A and A p/o
we can derive a value for Ay or A¢ that can be used in conjunction with the
haplotype-sharing information.

Since affected sib pairs are the most commonly used paradigm in studying
the effect of HLA on disease susceptibility, I have plotted in figure 1 the
relationship between P(sharing 0 marker alleles|2 sibs affected) and \s. As can
be seen in the figure, the probability of sharing zero alleles ibd initially drops
very rapidly with \g; for example, for a fivefold increased risk in sibs over
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Fic. 1.—The relationship between the posterior probability of two sibs sharing zero marker
alleles ibd given that they are both affected (vertical axis) and the relative risk of disease to sibs of
an affected proband vs. the population prevalence (\s = K/K; horizontal axis). The formula is
P(sharing 0 alleles ibd|2 sibs affected) = .25/As.

population prevalence, the probability of sharing zero alleles ibd decreases to
.05. For a 10-fold increased risk, Ag decreases to .025.

Multiple Sclerosis (MS)

Using a model derived from recurrence-risk data for linkage analysis, a num-
ber of investigators have estimated large values of 6 (Ho et al. 1982; Suarez et
al. 1982). In fact, for MS, although the significance of the HLA effect in disease
susceptibility is clear, the proportion of affected sib pairs sharing no HLA
haplotypes ibd is large; for example, summarizing the literature, Ho et al.
(1982) determined that 19 (10.44%) of 182 affected sib pairs shared zero hap-
lotypes ibd. Therefore, according to equation (1) for a single-disease locus
model, Ag should be .25/.104 = 2.4. This value is far below estimates in the
literature of relative risks for sibs; for example, Kuwert (1977) has summarized
a number of studies estimating population prevalence and prevalence in sibs,
giving a median ratio of approximately 20, with remarkable consistency among
studies. For a Ag value of 20, the expected probability of sharing zero haplo-
types ibd is .25/20 = .0125. We assume a Poisson distribution for the number of
sib pairs sharing zero haplotypes. Then the probability of observing that 19 or
more of 182 sib pairs share zero haplotypes, assuming a prior probability of
.0125, is 5.78 x 107 !2. Ho et al. (1982) also observed 76 (41.76%) of 182
affected sib pairs sharing two haplotypes ibd. If a sibling risk of 1% (Kuwert
1977) is assumed, equation (2) gives a value for K, of 4(.4176)(.01) = 1.67%,
which seems quite a bit lower than observed values (Spielman and Nathanson
1982). Once again, unlinked determinants are implicated.

It appears that the contribution of HLA alleles to the familial aggregation of
susceptibility to MS is quite small; for example, assuming a two-locus multi-
plicative model and using equation (4), we obtain Agg = 20/2.4 = 8.35. There-
fore, it seems worthwhile to search for other, unlinked susceptibility loci for
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this disease, although residual familial aggregation may be due to nongenetic
factors.

The strongest allelic association with MS is with the HLA allele DR2.
Stewart et al. (1981) found that of 60 MS patients, 5% were DR2 homozygotes,
61.67% were DR2 heterozygotes, and 33.33% were non-DR2 homozygotes. In
a control series, in which the Hardy-Weinberg equilibrium was assumed, the
corresponding values were 1.74%, 22.92%, and 75.34%. Therefore, assuming a
population prevalence of .001 (the actual value is irrelevant), the penetrance
vectors for the genotypes DR2/DR2, DR2/DRx, and DRx/DRx are .002874,
.002691, and .000442, respectively. Using the formula of James (1971) for recur-
rence risk to sibs and assuming a population frequency of .132 for DR2, we
obtain a risk to sibs of .00146, or A\¢ = K¢/K = 1.46. This value is below the
value of 2.40 estimated from HLA haplotype discordance. Hence, with respect
to allele DR2, these results are more consistent with linkage disequilibrium
than with pleiotropy.

Insulin-Dependent Diabetes Mellitus (IDDM)

The evidence linking HLA to susceptibility to IDDM is prodigious. The
existence of more than two distinct susceptibility alleles in the HLA region
appears likely (Hodge et al. 1980; Svejgaard and Ryder 1981; Risch 1984). The
number of such alleles is irrelevant to assessing the possibility of unlinked
determinants, however, as demonstrated in the derivation of equation (1).
Analysis of IDDM has also been characterized by large estimates of 0 in linkage
when models derived from recurrence risks have been used (Barbosa et al.
1979; Clerget-Darpoux 1980).

Payami et al. (1985) summarized affected sib-pair sharing from the literature
and discovered that 55 (7.74%) of 711 pairs shared zero haplotypes ibd when
truncate selection was assumed and that 44.7 (7.30%) of 612 pairs shared zero
haplotypes when single selection was assumed. Spielman et al. (1980) have
estimated a population lifetime incidence of .004 and a recurrence risk in sibs of
patients of .060. These values are similar to those obtained by Wagener et al.
(1982) from the Pittsburgh study of IDDM. Therefore, \s is approximately 15.
According to equation (1), for a single-locus model, the expected proportion of
affected sib pairs sharing zero haplotypes is then .25/15 = .0167, far below the
observed incidence. If a Poisson distribution for the number of sib pairs sharing
zero haplotypes and a prior probability of .0167 are assumed, the probability of
observing at least 44 of 612 pairs sharing zero haplotypes is 4.61 x 10715
Hence, an unlinked familial determinant is implicated.

The value of .0730 for sharing zero haplotypes corresponds to a value of .25/
.730 = 3.42. Therefore, applying equation (4) for a second locus B, we obtain
Aps = 15/3.42 = 4.39. Payami et al. (1985) also found that, assuming single
selection, 327.8 (53.56%) of the 612 affected sib pairs shared two haplotypes.
On the basis of equation (2) and the assumption that Kg = .06, the predicted
MZ recurrence risk would be 13%, somewhat below observed values (Thom-
son 1980).

Hence, for IDDM, it appears that HLA may not be the primary familial
determinant and that an additional disease locus may be involved. This conclu-
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sion holds true irrespective of the number of HLA-linked disease alleles. It is
also consistent with recent evidence on nonobese diabetic mice, in which at
least two distinct loci are involved in disease susceptibility (Hattori et al. 1986).

The two HLA alleles most strongly associated with susceptibility to IDDM
are DR3 and DR4. Barbosa et al. (1982) have given the genotype distribution of
HLA DR genotypes for 134 IDDM patients and 263 controls. Using these
frequencies and assuming both a pleiotropic model and a disease prevalence of
.004, we can calculate the penetrance of each of the six relevant genotypes:
DR3/DR3 (.0113), DR3/DR4 (.0229), DR4/DR4 (.0117), DR3/DRx (.0030), DR4/
DRx (.0070), and DRx/DRx (.0004). Using these penetrance values along with
gene frequencies of .136 for DR3, .168 for DR4, and .696 for DRx (from Bar-
bosa et al. 1982), we obtain V, = .0000214 and V, = .0000060. Using the
formula of James (1971), we find that Kg = 1.77, a value well below the 3.42
estimated from the haplotype discordance data. Therefore, linkage disequilib-
rium is favored over pleiotropy of the DR3 and DR4 alleles.

Coeliac Disease (CD)

Although the data for coeliac disease are not as extensive, the pattern of
association with HLA appears similar to that for IDDM, with at least two
distinct HLA-linked disease-susceptibility alleles in evidence (Tiwari et al.
1984). Several investigators (see, e.g., Greenberg et al. 1982) have already
suggested the likelihood of a second, HLA-unlinked disease-susceptibility
locus for this disease.

Tiwari et al. (1984) assumed a population prevalence of .0005 for CD and a
recurrence risk in sibs of .03. This gives a value of 60. Summarizing the litera-
ture, Greenberg et al. (1982) found 2 (4.76%) of 42 sib pairs sharing zero
haplotypes ibd. A value of 60 for As corresponds to an expected value of .25/60
= .0042 for the probability of sharing zero haplotypes ibd. If a Poisson distribu-
tion is assumed, the probability of observing at least 2 pairs of 42 sharing zero
haplotypes is .014. Hence, unlinked familial disease determinants are im-
plicated. The observed value of .0476 for sharing zero haplotypes corresponds
to a N4 value of .25/.0476 = 5.25. Therefore, for a second locus in a multiplica-
tive model, A\ps = 60/5.25 = 11.40. Hence, a second locus may be a stronger
determinant of familial aggregation of disease susceptibility than is HLA.

Idiopathic Hemochromatosis (IH)

There has been less controversy about both the inheritance of hemo-
chromatosis and its relationship to HLA. Two studies (Kravitz et al. 1979;
Lalouel et al. 1985) found both recessive inheritance at an HLA-linked locus
with partial expression in the heterozygote and little evidence for recombina-
tion. Hors and Dausset (1983), summarizing affected sib-pair data, found no
pairs of 127 sharing zero haplotypes. From the segregation-analysis results of
Lalouel et al. (1985), I derived \g estimates of 65 for females and 41 for males.
Using the value 41, we would expect (.25/41) x 127 = 0.77 sib pairs to share
zero haplotypes ibd. Therefore, it appears that the HLA-linked locus can en-
tirely account for the familial aggregation of this disorder and that there is little
evidence for the existence of HLA-unlinked familial determinants.
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Tuberculoid Leprosy (TL)

Haile et al. (1985) examined 72 multiplex pedigrees with TL from southern
India. Of 101 affected sib pairs, 17 (16.83%) were found to share no HLA
haplotype. According to equation (1), HLA is responsible for an increased risk
of .25/.1683 = 1.485-fold in sibs vis-a-vis the population prevalence. These
researchers also performed segregation analysis on the family material. Using
the estimates from their best-fitting model, I derived an increased risk to sibs
vis-a-vis population prevalence (As) of 2.38. On the basis of this value, the
probability of observing at least 17 of 101 sib pairs sharing zero haplotypes is
.043. In this case, the residual familial aggregation may well be due to clustering
of the environmental agent (bacterium) responsible for this disease.

Hodgkin’s Disease (HD)

Hors and Dausset (1983) have summarized HLA family studies of Hodgkin’s
disease. They found that of 23 affected sib pairs identified, there were either
1 or 2 who shared zero HLLA haplotypes (discrimination was ambiguous in
one pair). Hence, the value for A,g is either .25/.0435 = 5.75 or .25/.087
= 2.87. They were also able to identify 11 pairs of affected first cousins, of
whom six were HLA concordant and five were discordant. In this case, Ay =
.75/.4545 = 1.65.

Epidemiologic studies report sevenfold increased risk to sibs vis-a-vis popu-
lation prevalence (\5), whereas that to parents and offspring (\p,0) is threefold
(Hors and Dausset 1983). Although the As value of 7 is greater than the 5.75 or
2.87 obtained from the HLA sib-discordance frequency, it is not significantly
so. Assuming that Ay = 7.0, the probability of observing at least one discordant
sib pair is .56; the probability of observing at least two discordant sib pairs is
.20. The expected increased risk to first cousins vis-a-vis population prevalence
is A\c = Ya\pio + 3) = Y4(3.0 + 3) = 1.50. This value is quite similar to the
value of 1.65 obtained from the HLA haplotype-discordance data for first
cousins.

From this limited data set, it appears that HLA alone can account for the
familial aggregation of HD. If this finding continues to hold true in larger
samples, it would suggest that an environmental agent, such as a virus, may
contribute little to the familial aggregation of this disease (e.g., it may be very
widespread).

DISCUSSION

In the derivation of equation (1), we have made certain assumptions about
ascertainment of affected relative pairs. Basically, we assumed that an affected
individual is selected at random from the population (designated as the pro-
band) and that then one of the proband’s affected relatives of type R is selected
at random. For sibs, this coincides with the scheme described by Thomson and
Bodmer (1977). This approach may provide a reasonable approximation of the
true ascertainment schemes for unilineal relatives, e.g., uncles/aunts and
cousins. For sibs, however, it may misrepresent the true method by which
affected pairs are ascertained. However, Risch (1983) has shown that the
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Thomson and Bodmer (1977) ascertainment scheme leads to a maximal amount
of haplotype discordance among affected sib pairs (i.e., the highest probability
of sharing zero haplotypes), although differences due to alternate ascertain-
ment schemes were not large. Therefore, the observed amount of discordance
is at best an underestimate of the amount of discordance assumed for our
analysis. Hence, the results derived above are conservative; that is, the HLA
effect would be overestimated and the effect of other loci would be underes-
timated. Again, discrepancies are likely to be small.

In discussing a two-locus model in the present paper, I do not mean to imply
that the discrepancy between the sibling risk ratio and HLA discordance
proves the existence of an additional locus (loci). What it does prove is the
existence of a non-HLA familial factor(s) and a logical place to look is for
additional segregating loci. This would be especially true for MS, CD, and
IDDM, for which HLA seems to have a relatively minor role in familiality. If
secondary loci do exist, they cannot be either within or tightly linked to the
HLA region. If such a locus were in this region, then discordance at HLA
would also imply discordance at the second locus. Hence, a second locus
would have to exhibit at least a moderate amount of recombination with HLA.

The recent results on nonobese diabetes in mice (Hattori et al. 1986), which
imply the existence of at least two distinct loci, further enhance the possibility
of observing such a model in the study of human IDDM. Evidence for a second
locus involving the insulin gene has also been reported for humans (Bell et al.
1984; Hitman et al. 1985; Raffel et al. 1985). One of the alleles at a locus
flanking the insulin gene on chromosome 11 appears to be more frequent in
IDDM (q = .87) than in controls (¢ = .70). Because the disease-associated
allele is so common in the general population, it can only account for an
increased risk to sibs vis-a-vis population prevalence of 1.16-fold. There are
several possible explanations for this: (1) the disease-associated allele may be
in linkage disequilibrium with the actual disease allele; (2) the disease-
associated allele may actually subsume several distinct alleles, of which only
one is truly related to disease predisposition; and (3) this locus may contribute
only in a very minor way to the familial aggregation of IDDM. Resolution of
these alternatives will be obtained through further studies of affected family
members and identification of additional alleles at either this locus or nearby
loci.

These results indicate that accurate inferences about mode of inheritance,
penetrances, and gene frequencies of HLA-associated disease alleles (at least
for MS, CD, and IDDM) require the use of a two-locus model—or at least the
use of some model that allows for additional familiality. The approach of com-
bined segregation and linkage analysis recently described by Risch (1984a,
1986, in press) and MacLean et al. (1984) provides one such method. In segre-
gation-linkage analysis, haplotype-sharing (and -association) information
among various types of relatives can be analyzed simultaneously.

Although I have shown how to use the derived formula to examine the
question of pleiotropy versus linkage disequilibrium, there are other, more
direct approaches to this question; for example, one can estimate coupling
frequencies in combined segregation-linkage analysis—if coupling frequencies
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of unity for associated alleles are rejected, then linkage disequilibrium is
favored (MacLean et al. 1984; Risch 1984). Alternatively, one can also look at
haplotype associations; if the disease is preferentially associated only with
certain haplotypes bearing the high-risk allele, linkage disequilibrium is favored
(Risch 1984; Thomson et al., in press).

In practice, it may be difficult to distinguish among different multilocus mod-
els without identifying the specific loci involved or closely linked markers. Data
on twins may be helpful in this regard; for example, Ebers et al. (1984) have
recently discovered an 11-fold increased risk to MZ twins vis-a-vis dizygotic
twins of MS patients. Such a result is more suggestive of a nonadditive interac-
tion with HL A than of admixture of a genetically distinct HLA-unlinked form.
Under simple genetic heterogeneity, the maximum increased risk to MZ vis-a-
vis dizygotic twins is fourfold.

The results in the present paper can be expected to apply beyond the realm of
HIL A-associated diseases. With the powerful new molecular-genetic methodol-
ogy and restriction fragment—length polymorphisms, we can anticipate finding
linkages with a number of important complex familial disorders. Once such a
linkage is found, provided that recombination is minimal, the present paper
indicates a way of determining whether such a linked locus alone can account
for the entire familial aggregation of the disease or whether secondary loci
should be sought.
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APPENDIX
DERIVATION OF EQUATION (3)

Following the definitions in the text, I derive the following equations:
m

K = i ilP(Ai)P(Bj)ﬁgj = Zl PA)f; - -an PBj)g; = K4 - K3 ;
i=1j= i= j=

and

P(proband and relative of type R affected)

3

m m n
= > > PAIPB)fg;- Y. Y Pelative is Aglproband is A)
i=1 j=1 k=1 1=1
- P(relative is Bj|proband is B)) - fig

m

o

—-

PA)f; - [

P(relative is Ai|proband is A)) - fk]
k=1

hn

i=

Z P(B)g; - [Z P(relative is Bjproband is Bj)g,]
Jj=1 =1

= (K4 * Kar) - (Kp * Kgg).
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Similarly,
P(proband and relative affected|they share 0 A-locus alleles ibd) = K.® Kg- Kgg .
Thus,

P(proband and relative share 0 A-locus alleles ibd and both are affected)
= ¢r* Ka’ - Kp - Kpr -

Therefore,

P(proband and relative share 0 A-locus alleles ibd|both are affected)
= (g - Ka® - Kp - Kpr)/(Ka - Kar * Kp - KpR)
= Or/(Kar/Ka) = dr/\ar -
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