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trait is approximately correct. This problem raised the question of how
to improve the power of regression-based linkage analysis methods, and
invoked a series of papers to make use of a more informative measure of trait
similarity. Different trait similarity measures are summarized in Table 1 and
are implemented in the software package Statistical Analysis for Genetic
Epidemiology (S.A.G.E).2°

Wright?! initially indicated that using only the squared difference of a
pair of trait values as the trait similarity measure may result in loss of some
information for linkage, although this had also been noted by Gaines and
Elston?? in another context. He pointed out that the full likelihood func-
tion for a sib pair can be written in terms of both a sum and a difference.
Under the bivariate normal assumption, he demonstrated that a nontrivial
amount of power can be gained when the sum of the pair of trait values
is also included. Responding to Wright,?! Drigalenko?? first proposed an
extension of the HE method that uses both the sib-pair trait sum and dif-
ference as dependent variables. Because the squared pair sum of the trait
values (taken with opposite sign) results in a regression line that is parallel
to that for the squared pair difference, he suggested estimating the slope
by simply averaging the estimates from the two regressions of the squared
sum and difference, which is the best estimate under the assumption that
the residuals have the same variance for both the squared sum and squared
difference. He also showed that such a combination is equivalent to per-
forming a single regression using the pair-trait product. Based on the same

Table 1 Definitions of the Dependent Variable for Various Forms of
Haseman—Elston Regression

Keyword Acronym Dependent Variable Option in S.A.G.E.
Original oHE - % (X1j — X25)? diff
Revisited rHE (X15 — X)(X25 — X) prod
Weighted?® wHE %[(1 —w)(X1j + Xoj —2X)?  W2-W4
—w(X1; — X25)%]
Sibship sample smHE (X15 — X5)(X25 — X5) sibship_mean = yes
mean

Shrinkage mean pmHE (X15 — i5)( X245 — i) —

X: overall mean; Yj: sibship mean; fi;: shrinkage mean; w: weight.

2Various slightly different weighting options are available in S.A.G.E.; W4, which is
asymptotically optimal and adjusts for all the nonindependence of full-sib-pair squared
sums and differences in larger sibships, is the one used for simulation here.
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statistics — are often used. Although each approach has its own advan-
tages and disadvantages and is usually viewed separately, it is worth noting
that they are closely related in large samples because of the similarity of
the underlying trait model.

Based on a general trait model, Putter and colleagues?® derived a score
test for the proportion of the total phenotypic variance due to the quan-
titative trait locus in a variance component model and showed that, for
sib pairs, it is mathematically equivalent to the HE method that optimally
combines the squared sum and the squared difference of the centered phe-
notype values of the sib pairs. Because score tests and likelihood-ratio tests
are equivalent for large sample sizes, the variance component likelihood-
ratio test is also asymptotically equivalent to this optimal HE test. Their
results gave a theoretical explanation of the empirical observations found
in simulation studies reporting similar power of the variance component
likelihood-ratio test and the optimal HE method.

Based on a trait model in which the trait value is generated by a family-
specific effect, a QTL, and a random effect, Tritchler and colleagues*” pro-
posed a score test for genetic linkage in nuclear families that applies to any
trait having a distribution belonging to the exponential family. They also
showed that the score test is closely related to HE methods. For sib pairs,
their score test is proportional to the regression estimate of § in the model
mi—1 = B(X;1—fi;)(Xi2—f1;)+€;. The HE regression tests are obtained from
the above regression by interchanging the response variable and the predic-
tor variable and adding an intercept: (X;1 —fi;)(Xi2—fi;) = a+5(m;—1)+¢;.
Different estimates of fi; yield different HE test statistics. For example, this
test is the original HE regression if ji; is estimated by the sample mean of
a sib pair; while it is the revisited HE regression if fi; is estimated by the
overall mean.

Chen and colleagues** viewed various methods for QTL mapping from
the framework of GEE, and different choices of the working matrix lead
to the different methods. Although there is a close relationship among the
various linkage test statistics for a large sample, the question of which
method should be used for a given data set is difficult to answer. The recent
computer simulation results from Cuenco and colleagues,*® Szatkiewicz and
colleagues,*® and Chen and colleagues® provide some comparison of the
performance of the various new methods in terms of power and the type I
error rates.

Here, we have only focused on using the regression framework to detect
linkage for a quantitative trait. In the linkage literature, a regression method
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is also used in affected sib-pair (ASP) designs to incorporate covariates.
Common complex diseases are likely to be genetically heterogeneous, with
different genetic and environmental factors contributing to the disease.’!
It is critical to take account of heterogeneity in a linkage analysis. The
regression-based methods can be used to deal with heterogeneity in ASP
linkage analysis by allowing the IBD sharing probabilities for an ASP to
depend on covariate information. For example, Olson®? showed that the
ASP LOD score can be reparameterized in terms of the natural logarithms
of relationship-specific relative recurrence risks. The method incorporates
locus heterogeneity by allowing the genetic relative risk to be conditional
on indicators of heterogeneity, so that the allele sharing at the marker locus
differs for different values of the indicators. The original model of Olson®?
required two additional parameters for each covariate, and therefore may
not be optimal in terms of power. To reduce the number of regression
parameters, different approaches have been proposed. Currently, the LOD-
PAL software in S.A.G.E. constrains the relative risks in a manner that
reduces both the number of parameters in the basic model and the number
of additional parameters for each heterogeneity indicator.??

We have discussed many features related to regression-based linkage
methods. The power of a regression-based method depends on how we mea-
sure the marker similarity and the trait similarity between two relatives
in a pair. The regression-based statistics, score test statistics, and vari-
ance component statistics are related because they all test for a nonzero
QTL variance component. In a general sense, they are all in fact variance
component methods, although the usual variance component method is to
use a maximum likelihood-ratio test to examine the QTL variance, which
is based on the critical assumption of multivariate normality for pedigree
data. Apart from being robust to nonnormality, regression-based methods
also include the advantage of rapid computation, which makes it feasible to
evaluate p-values empirically. The regression framework also offers flexibility
to model environmental effects as well as gene—gene and gene—environment
interactions.
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