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Complex disorders such as diabetes, cardiovascular disease,
asthma, hypertension and psychiatric illnesses account for a
large and disproportionate share of health care costs, but
remain poorly characterized with respect to aetiology. The
transmission of such disorders is complex, reflecting the actions
and interactions of multiple genetic and environmental factors.
Genetic analyses that allow for the simultaneous consideration
of susceptibility from multiple regions may improve the ability
to map genes for complex disorders1,2, but such analyses are
currently computationally intensive and narrowly focused. We
describe here an approach to assessing the evidence for statisti-
cal interactions between unlinked regions that allows multi-
point allele-sharing analysis to take the evidence for linkage at
one region into account in assessing the evidence for linkage
over the rest of the genome. Using this method, we show that
the interaction of genes on chromosomes 2 (NIDDM1) and 15
(near CYP19) makes a contribution to susceptibility to type 2
diabetes in Mexican Americans from Starr County, Texas.
The correlation in scores assessing the evidence for linkage within
families (the family specificΖ scores calculated on the basis of
allele-sharing3, which we will refer to as family NPL scores) can be
used to determine preliminary evidence for statistical interaction
between unlinked regions. The use of the correlation has been sug-
gested to assess potential interaction between unlinked regions,
but in the context of parametric lod scores4. Lod scores were calcu-
lated assuming a specific parametric model, and thus both lod
scores and correlations between lod scores were sensitive to mis-
specification of the underlying model. Calculating the correlation
in family NPL scores from unlinked regions should provide a more
appropriate test of the hypothesis that allele sharing at unlinked
regions is independent within families—both because it is based
on allele-sharing rather than a specific (and possibly incorrect)
parametric model, and because the family NPL scores have a more
appropriate distribution (mean 0, variance 1, with no missing
information) than lod scores for calculation of correlations.

Unless the regions chosen for study actually contain loci that
contribute susceptibility to disease, there is no expectation that
family NPL scores from unlinked regions will be correlated, even
if the regions are selected because they show some evidence for
linkage. However, there is not always a simple correspondence
between the biological interactions of genes and the statistical
interactions that can be detected in the sample sizes commonly
collected for linkage studies. For example, although some models
of epistatic interaction can generate positive correlations between
family NPL scores from the regions to which the loci map, many
models of biological interaction would not generate detectable
correlations. For substantial positive correlation to exist, not only
do the two genes need to have some form of interaction, but there

also need to be additional genetic or environmental factors
potentially common to the affected family members that can
independently lead to the disease. Many of the previously pro-
posed two-locus models, whether parametric or non-parametric,
have implicitly assumed that the phenotypes of affected pairs of
relatives are conditionally independent—that is, given their
genotypes at the two gene locations, their phenotypes are other-
wise independent5,6. If other genes or environmental factors con-
tribute to disease (beyond the two genes explicitly included in the
models), the phenotypes of the relatives will often be dependent,
even after conditioning on the genotypes of the two contributing
loci in the model. This additional dependence between the phe-
notypes is analogous to what was called ‘residual correlation’ in
the context of quantitative traits7. It has been shown for affected
sib pairs that if conditional independence is assumed, then multi-
plicative penetrances (that can be used to model epistasis) lead to
a correlation of 0 in allele sharing at the two susceptibility loci,
which would also be a correlation of 0 for the family NPL scores.
In contrast, without the restriction of conditional independence,
one can construct examples that have substantial positive corre-
lation. Moreover, negative correlations between regions can be
generated when non-overlapping sets of families provide evi-
dence for linkage due to genetic heterogeneity, in the absence of
biological interactions between the susceptibility loci from these
regions. Thus, finding significant correlations between family
NPL scores at unlinked regions provides additional evidence that
loci from those regions contribute to disease susceptibility and
generates insight into the models most consistent with the type of
correlation (positive or negative) observed.

Once preliminary studies provide evidence for statistical inter-
action between regions, it is possible to incorporate linkage evi-
dence from one region in assessing evidence for linkage at a second
region (or multiple regions) by weighting families according to
their evidence for linkage. The multipoint allele-sharing approach
described by Kruglyak et al.3 and extended by Kong and Cox8 to
efficiently use incomplete information was designed to allow fami-
lies to be weighted individually, but these original implementa-
tions assigned each family equal weight. Although traditional
non-parametric analyses usually weighted pairs (rather than fami-
lies) equally, the ‘optimal’ weighting function is dependent on the
true model of disease susceptibility transmission8. As a general
strategy, we choose the scoring function and weighting factors to
be robust over as broad a range of models of transmission as possi-
ble. In the absence of information, such as mutation status at a
known contributory gene that differentiates families (or pairs),
equal weighting may be appropriate, but when such information is
available, it can be used by altering the weights for families. Our
newest extension (GENEHUNTER-PLUS v2.0) allows users to
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specify individual weights for each family based, for example, on
pedigree structure, number of affecteds and/or their evidence for
linkage at a particular location. We can model positive interactions
(such as epistasis) by assigning weight 0 to families with 0 or nega-
tive linkage scores and weight 1 to families with positive linkage
scores (weight0-1), and can model heterogeneity by assigning
weight 1 to families with negative linkage scores and weight 0 to
families with 0 or positive linkage scores (weight1-0). We can also
construct more complex family specific weights proportional to
the evidence for linkage (weightPROP).

A previous genome-wide screen for type 2 diabetes genes in
Mexican Americans localized a major susceptibility gene,
NIDDM1, to the D2S125−D2S140 region of chromosome 2 (mul-
tipoint lod score=4.03; refs 9,10). This was the only region in the
primary analyses to meet genome-wide criteria for significance11.
Animal studies have suggested that type 2 diabetes may result, at
least in part, from epistatic interactions between genes12,13. In
addition, some alleles at genes associated with monogenic forms of
diabetes such as maturity onset diabetes of the young (MODY, a
genetically heterogeneous form of diabetes characterized by auto-
somal dominant inheritance, with onset usually before age 25 and
pancreatic β-cell dysfunction) may cause a form of diabetes that
resembles type 2 diabetes14,15. Thus, we examined the evidence for
statistical interactions between NIDDM1 and the ten other autoso-
mal regions providing nominal evidence for linkage (P<0.05; ref.
9), as well as five regions containing genes for MODY (Table 1).
Two regions, CYP19 on chromosome 15 and the gene encoding
hepatocyte nuclear factor (HNF)-1α/MODY3 (TCF1) on chromo-
some 12, showed significant correlations between their family NPL
scores and the family NPL scores at NIDDM1, even after Bonfer-
roni correction for the number of correlations examined.

Determining the significance of apparent interactions requires
care. The nominal P-values associated with the sample correlations
are calculated using the Pearson’s correlation test (t-test). The sig-
nificance associated with the increased lod, when evidence for
linkage at a particular location is taken into account using family-
specific weights, can be determined either by simulation or by
using a conservative χ2 test with 1 degree of freedom (d.f.) as fol-
lows. If we consider a more general 1-d.f. family of weights in
which weight0-1 and weight1-0 are the two extremes, then the
increase over baseline of the lod for the family weighting yielding
the maximum lod multiplied by 2 log(10) is asymptotically distrib-
uted as a χ2 with 1 d.f. under the null hypothesis of no interaction.
The test is conservative because we are not actually maximizing the
lod with respect to the weighting factors and currently consider
only a few family specific weights. Interpretation of such studies,
however, still requires taking multiple comparisons into account.
To limit the Bonferroni adjustment, it seems prudent to focus on
the top signals from the primary linkage analysis and perhaps a
small number of candidate regions. Even with this adjustment,
such secondary analyses may increase the overall false positive rate
because they are designed to strengthen the support for regions
that do not themselves meet genome-wide criteria for significance.
Given that, and the absence of information on the a priori likeli-
hood of such interactions, it is appropriate to use more stringent
criteria for determining significance, that is, P-values must be
lower than 0.01 instead of 0.05. The evidence for interaction
between the CYP19 and NIDDM1 regions meets these criteria after
the Bonferroni adjustment, but that between NIDDM1 and TCF1
does not (Table 1). More research will be necessary to determine
whether such statistical interactions will be common in complex
traits, and how criteria that have been suggested for assessing
genome-wide significance11 should be modified when the evi-
dence for linkage at multiple susceptibility loci is considered simul-
taneously. In addition, the methods described in this manuscript

are best suited for data sets consisting of many small families, such
as these MA sibships. For example, the P-values (Table 1) are based
on large sample approximations, which can be shown by simula-
tion to be very accurate. P-values obtained in a similar manner can
be much less reliable, however, when the data consist of only a
moderate number of families, especially if these families vary in
size and structure. Moreover, in such situations this method may
lack power. We are currently working on refinements of the
method that make it more suited for data of the latter type.

The lod in the CYP19 region was 1.3 in baseline analysis but
increased to 4.0 when the families were weighted by their evidence
for linkage at NIDDM1 using weight0-1, and to 4.1 when families
were weighted by their evidence for linkage using weightPROP
(Fig. 1a). Note that the more distal region of chromosome 15 with
similar baseline evidence for linkage does not show a comparable
increase in lod when the evidence for linkage at NIDDM1 is taken
into account. The lod score at NIDDM1 rises from 4.0 in the base-
line analyses to 5.6 when families were weighted by their evidence
for linkage at CYP19 using weight0-1 and to 7.3 using weightPROP
(Fig. 1b). In simulations conducted to determine the significance
of the increase in the lod at CYP19 from 1.3 to more than 4.0, we
found that none of 10,000 replicates from a simulation in which 95
families (the number of families in these data with positive NPL
scores at NIDDM1) were randomly chosen and analysed for the
actual chromosome 15 data had a lod score as large as 4.0, although
4 (of 10,000) yielded lods between 3.5 and 4.0. Thus, a reasonable
estimate of the nominal significance of the increase in lod from 1.3
to 4.0 based on simulation is 0.0001, or 0.0015 corrected for the
number of regions examined. The conservative χ2 test described
above would be calculated as 2 log(10) (4.0−1.3)=12.4, giving a P-
value of 0.0004, before adjusting for multiple comparisons. The P-
value obtained in this way is indeed comparable with the P-values
obtained from the correlation test and the simulations, but is more
modest (conservative) because we have not actually maximized the
evidence for linkage over a range of family specific weights (for
example, the lod score for weightPROP is 4.1).

The CYP19 region of chromosome 15 was the only location
besides NIDDM1 to be replicated (P<0.05) in a smaller, indepen-
dent sample of Mexican American families9. This, as well as the evi-
dence for statistical interaction between these regions, suggests that
in collections of Mexican American families similar in size to that in
the original genome scan, the evidence for linkage in analyses of

Table 1 • Interactions between the NPL scores at NIDDM1
and other regions

Region Correlation Corrected Baseline lod NIDDM1-
P-value* weighted lod

CYP19 0.288 2.1×10–3 1.27 4.00 (weight0-1)
D7S502 0.180 0.29 0.76 1.31 (weight0-1)
D3S3054 0.098 ns 0.81 –
D2S377 0.085 ns 1.28 1.50 (weight0-1)
D15S104 0.066 ns 0.93 1.20 (weight0-1)
D3S2452 0.031 ns 1.24 –
D2S441 0.027 ns 0.78 –
D12S379 −0.012 ns 0.68 –
D11S1314 −0.059 ns 0.78 –
D17S1298 −0.172 0.39 0.73 1.21 (weight1-0)
GCK 0.124 ns 0.01 0.26 (weight0-1)
TCF1 −0.228 0.04 0.01 1.03 (weight1-0)
TCF2 0.010 ns 0.00 –
HNF4A 0.003 ns 0.38 –
IPF1 −0.187 0.24 0.32 1.11 (weight1-0)

*P-values corrected by multiplying the nominal P-value by the number of cor-
relations examined (15). Numerical P-values are given only for those loci in
which the uncorrected P-values were nominally significant (P<0.05). Weighted
lod scores are given only for those loci in which a weighted lod score was
greater than the baseline lod score. The marker used for TCF1 was GATA32A10,
for TCF2 was D17S1788, for HNF4A was ADA and for IPF1 was D13S221.
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chromosome 15 might sometimes be more prominent than that for
NIDDM1, and that in many such collections, the signals from both
regions may be comparable and only modest unless the interaction
is properly taken into account. Thus, it is possible that some of the
difficulties recognized in replicating results obtained in genome
scans for complex disorders16 might be alleviated by conducting
analyses to identify potential interactions. Finally, the improvement
in localization offered by linkage analyses that allow for the contri-
butions of multiple susceptibility loci may be critical to the success-
ful positional cloning of genes for complex disorders.

Methods
We report results of analyses on genome scan data from 524 autosomal mark-
ers genotyped in 408 individuals from 170 Mexican American sibships previ-
ously described9. These data included 121 sibships with 2 affected sibs, 34 sib-
ships with 3 affected sibs, 12 sibships with 4 affected sibs, 2 sibships with 5
affected sibs and 1 sibship with 6 affected sibs. A region near D2S140 provided
strong evidence for linkage to type 2 diabetes in Mexican Americans (NID-
DM1, lod=4.03, P<8×10–6). We calculated correlations using the family NPL
scores from this region with each of the other ten autosomal regions provid-
ing nominally significant (P<0.05, lod>0.59) evidence for linkage. We also
calculated correlations between the family NPL scores at NIDDM1 and five
regions from which MODY genes have been characterized (GCK, ref. 17;
TCF1, ref. 18; TCF2, ref. 19; HNF4A, ref. 20; and IPF1, ref. 21). In addition, we
weighted the contribution from families according to their evidence for link-
age at NIDDM1 in linkage analyses on these 15 regions. In constructing the
weight0-1 family weighting, we assigned families weight 0 if their NPL score at
NIDDM1 (D2S140, the location providing the strongest evidence for linkage

in the NIDDM1 region) was 0 or negative and weight 1 if their NPL score at
NIDDM1 was positive. In constructing the weight1-0 family weighting, we
assigned families weight 1 if their NPL score at NIDDM1 was negative and
weight 0 if their NPL score at NIDDM1 was 0 or positive. In constructing the
weightPROP family weighting, the weight for families with positive NPL scores
was the family NPL score, and the weight for families with negative NPL
scores was 0. In all of these analyses, we used the exponential model8 to calcu-
late the lod scores. We used simulation studies to assess the significance of the
increase in lod score at CYP19 with the weight0-1 family weighting on NID-
DM1. At D2S140 there were 95 families with positive NPL scores and 75 fami-
lies with 0 or negative NPL scores. Simulations based on the weight0-1 or
weight1-0 family weighting can be rapidly conducted using the extension
which allows families to be weighted individually. We conduct the basic
GENEHUNTER analysis only once on the actual data (in this case, from chro-
mosome 15), and then many replicate weighting files are generated randomly
(in this example, 95 randomly chosen families are given weight 1 and the
remaining 75 families are given weight 0) and used to calculate the final lod
scores. The software is distributed as GENEHUNTER-PLUS (version 2.0 or
later) and is available via anonymous ftp (galton.uchicago.edu on the
/pub/kong directory). The allele-sharing method used has been described8

and version 2.0 introduces an option to provide a family specific weight in the
lod score computation, but does not include simulation.
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Fig. 1 Interaction between NIDDM1 and CYP19. a, Multipoint allele-sharing analysis of chromosome 15 weighted by the evidence for linkage at NIDDM1 on
chromosome 2. b, Multipoint allele-sharing analysis of chromosome 2 weighted by the evidence for linkage at CYP19 on chromosome 15.
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