
Am. J. Hum. Genet. 48:862-872, 1991

Use of the Robust Sib-Pair Method to Screen for Single-Locus,
Multiple-Locus, and Pleiotropic Effects: Application to Traits
Related to Hypertension
Alexander F. Wilson,* Robert C. Elston, * Lieu D. Tran,* and Roger M. Siervogelt
*Department of Biometry and Genetics, Louisiana State University Medical Center, New Orleans; and tDivision of Human Biology, Department
of Community Health, Wright State University School of Medicine, Yellow Springs, OH

Summary

Robust sib-pair linkage analysis can be used as a screening tool in the search for the potential involvement
of single-loci, multiple-loci, and pleiotropic effects of single loci underlying phenotypic variation. Four large
families were each ascertained through one adult white male with essential hypertension. The robust sib-pair
method was used to screen these families for evidence of linkage between 39 quantitative traits related to

hypertension and 25 genetic marker loci. All traits were analyzed on the untransformed, square-root and
log-transformed scales. Among other findings, there is a suggestion of linkage between the 6-phosphogluco-
nate dehydrogenase locus on chromosome 1p36 and mean fifth-phase diastolic blood pressure. There may

also be linkage between the following markers and traits: the adenylate kinase-1 marker and/or the Lewis
blood group marker and the traits height, weight, and biacromial breadth; the glyoxylase I marker and the
traits upper-arm circumference and suprailiac skinfold thickness; the ABO blood group and adenylate
kinase-1 markers on chromosome 9q34 and the third component of complement marker on chromosome
19p13 and dopamine-fB-hydroxylase; and the P1 blood group and the traits weight and 1-h postload serum

glucose level.

Introduction

Genetic linkage analysis can be used to identify single-
locus effects. The demonstration of genetic linkage
between a known polymorphic marker locus and a
trait phenotype indicates that the trait has a genetic
component involved in its underlying etiology.
However, a subtle distinction exists between two dif-
ferent ways linkage analysis can be used to investigate
the genetic etiology of "complex" traits (i.e., traits
thought to have a genetic component but for which
the etiology of that component is, as yet, unknown).
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In the first approach, the phenotype of a trait is as-
sumed to be well identified and usually represents a
distinct clinical or biological entity (such as Hunting-
ton disease, e.g.). Segregation analysis is used to de-
scribe the mode of inheritance of the genetic compo-
nent and to determine relevant parameter estimates.
These estimates are then used in a linkage analysis to
find the physical location(s) in the genome relevant to
that trait. This is the traditional sequence followed in
genetic segregation and linkage studies, and it is most
effective when the phenotype is actually determined in
large part by segregation at a single Mendelian locus.
This approach has been termed phenometric analysis
(Elston and Wilson 1990), in that it seeks to determine
the genotypes underlying specific well-defined pheno-
typic traits. However, it is a less effective approach
when the phenotype is not well defined or is a quantita-
tive trait or when the underlying genetic component
of the trait is responsible for a relatively small portion
of the phenotypic variation. The second approach as-
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sumes that alleles at a putative single locus are involved
in the etiology of a clinical or biological entity and
that the different genotypes at that locus have some
measurable effect on the phenotype. The putative lo-
cus is assumed to be well identified through its Mende-
lian segregation, which can be more precisely mea-
sured if data are available at tightly linked marker loci.
An attempt is then made to determine the kinds of
phenotypic variation, if any, for which its various ge-
notypes are responsible. This second approach,
termed genometric analysis, seeks to measure the phe-
notypic actions and interactions of specific genotypes
(Elston and Wilson 1990). Use is made of this fact in
the Haseman and Elston (1972) robust sib-pair
method and in the stepwise oligogenic method for seg-
regation and linkage analysis (Wilson et al. 1990). In
the most extreme form of this approach, the marker
locus and the putative locus are one and the same,
leading to the measured-genotype method of Boerwin-
kle et al. (1986), or the marker-association method of
George and Elston (1987). In the absence of linkage
information, pedigree discriminant analysis, another
form of genometric analysis, can be used to define the
pleiotropic effects of a single locus (Goldin et al. 1980;
Zlotnick et al. 1983).
Morton (1990) notes that a linkage test in complex

disease is well motivated under either of two condi-
tions: (1) if a prior segregation analysis has given evi-
dence for a major locus or (2) if there is a candidate
locus that may influence liability. The latter motiva-
tion is inherently different from the former. The no-
tion of a candidate locus-for example, a locus in a
biochemical pathway thought to influence the pheno-
type, without such an effect having been actually dem-
onstrated- is a restricted application of the geno-
metric approach.

In addition to the identification of single loci with
major effects, the genometric approach may allow the
identification of single loci with relatively minor
effects, the identification of oligogenic or multiple loci
that affect single traits, and the identification of single
loci that have pleiotropic effects (i.e., that affect sev-
eral phenotypic traits). In the present study we discuss
the use of the robust sib-pair method (Haseman and
Elston 1972; Elston 1984; Amos 1988, pp. 56-58) as
a screening tool to detect possible evidence of linkage,
and we apply it to 25 marker loci and 39 quantitative
hypertension-related traits in an attempt to identify
potential loci that may have single, multiple, or pleio-
tropic effects on these traits.

Methods

Robust Sib-Pair Linkage Analyses
Although the most powerful sib-pair linkage meth-

ods require approximately twice the sample size of
lod-score methods (Demenais and Amos 1989), sib-
pair methods do not require either any assumption
about the mode of inheritance for a particular trait or
any knowledge of the parameters specifying the mode
of inheritance or age-at-onset distribution for that
trait. Sib-pair linkage methods can be broadly classi-
fied into those based on the identity-by-state relation-
ships of the sib pairs at the marker locus, such as the
Penrose (1953) method, and those based on the sib
pair's identity-by-descent (IBD) relationships, such as
the method ofHaseman and Elston (1972). The essen-
tial feature of the Haseman and Elston approach is
that information from both the sibs and their parents'
marker phenotypes are used to estimate, using Bayes-
ian methods, the proportion of alleles (genes) each sib
pair shares IBD at the marker locus. In the case of
sibships of size two or larger, it has been shown that
a valid test results if all possible sib pairs are included
in the analysis as though they were independent
(Blackwelder and Elston 1982; Amos et al. 1989).
For quantitative traits, the squared sib-pair trait

difference is regressed on the estimated proportion of
alleles each sib pair shares IBD at each marker locus.
Thus, if a polymorphic marker is tightly linked to
a putative locus responsible for at least some of the
phenotypic variation of a trait, the alleles at the marker
and putative loci should segregate together. Sibs with
an estimated proportion of alleles IBD that is high
(more likely to be concordant for the marker alleles)
should also have a high probability of having the same
alleles at the putative linked locus, and the difference
between the sibs' phenotypes should be relatively
small. Conversely, if the estimated proportion of al-
leles IBD for the marker locus is low (more likely to
be discordant), the probability of having the same al-
leles at the putative linked locus should be similarly
low, and the difference between the sibs' phenotypes
should be relatively large. Thus, as the proportion of
alleles IBD for the marker locus increases from 0 to 1,
the difference between the sibs' trait phenotypes
should decrease (i.e., the slope of the regression line
should be negative) if a locus tightly linked to the
marker is responsible for part of the trait variation.
On the other hand, if the marker locus is not linked to
a putative locus responsible for some ofthe phenotypic
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variation of the trait, the difference between the phe-
notypes of the sibs would not be expected to change
with the proportion of alleles IBD at the marker locus
(i.e., the slope of the regression line would be expected
to be 0).

In the present paper, two methods were used to
estimate the proportion of alleles IBD for each sib pair.
The first method used information from the parents
and the sib pairs, while the second method used infor-
mation from the parents and the entire sibship (Amos
1988, pp. 56-58). Estimating the proportion of alleles
IBD by using information from the entire sibship de-
creases the variance of these estimates, resulting in a
more powerful test. It is important to note that most
of the information from the robust sib-pair method is
derived from pairs of sibs whose estimated propor-
tions of alleles IBD are near 0 or 1. The distribution
of these estimates depends, in part, on the number
and frequency of the alleles at the marker locus. The
number of sib pairs whose estimated proportions of
alleles IBD are near 0 or 1 can be small, even if the total
number of sib pairs is large, especially if the marker is
not particularly polymorphic. In order to ensure that
outliers were not responsible for spurious significant
results, the analysis for any test significant at a nomi-
nal P value <.05 was repeated after removal of the
squared sib-pair differences more than 3 SD from the
mean for any given estimated proportion of alleles
IBD. Given that the squared sib-pair differences might
be expected to be distributed approximately as either a
X2 or mixture of x2's, large squared sib-pair differences
were more likely than small differences to be removed
as outliers.

Sib-pair analyses were performed on untrans-
formed, square root, and natural log scales for each
trait. These transformations were performed to deter-
mine the scale on which the underlying genetic compo-
nent was most additive. Theoretical considerations
indicate that an additive scale of measurement maxi-
mizes the correlation between the squared sib-pair
differences and the proportion of alleles IBD at the
linked marker locus. Regressions were performed us-
ing both unweighted and weighted least-squares
(WLS) regression (Amos et al. 1989). Although the
WLS method has been found to be the more powerful
on the basis of a limited series of simulations, it was
found to be anticonservative when there are fewer
than 300 sib pairs (Amos et al. 1989), and nothing is
known about its robustness.

Because the sib-pair method is intended as a prelimi-
nary screening test, no attempt was made to adjust

the traits for age, sex, or other covariate effects. If
covariate effects exist, they would decrease the power
of the test, but, except as indicated in the discussion,
they should neither spuriously increase the sib-pair
differences when the estimated proportion of alleles
IBD at the marker locus is low nor decrease the sib-pair
differences when the estimated proportions of alleles
IBD at the marker locus is high.
The results of these analyses can be presented in

the form of a marker-locus by trait phenotype matrix
(marker-phenotype matrix) with the nominal P values
for each marker-phenotype sib-pair test as elements of
the matrix. Tentative evidence for genetic linkage can
be inferred when a P value for a specific marker-
phenotype combination is significant after adjustment
for the number of tests performed. If the marker-
phenotype matrix is arranged with the marker loci
as rows and with the trait phenotypes as columns,
tentative evidence for oligogenic or multiple-locus
involvement can be inferred when there are multiple
significant P values in a single column (i.e., when more
than one marker locus demonstrates significant P val-
ues with a single trait phenotype). Similarly, tentative
evidence for pleiotropic effects of a single locus can be
inferred when multiple significant P values occur in a
single row (i.e., when a single marker demonstrates
significant results with more than one trait pheno-
type). Pleiotropic effects can be identified in two ways.
The first uses a genometric approach; for a given
marker locus, we search among all trait phenotypes to
identify evidence of linkage between that marker locus
and multiple trait phenotypes. The second uses a phe-
nometric approach; here, we select a small set of bio-
logically related trait phenotypes and examine their
linkage relationships with a large set of markers to
identify a locus or loci that may be linked to all or
most of the specified trait phenotypes.
A number of strategies can be used to adjust for

the multiple comparisons. A conservative approach
would use the Bonferroni method to adjust for the
total number of statistical tests, in our case 24 infor-
mative markers x 39 traits x 3 transformations;
however, for an adjusted overall significance level of
.01, this would require a nominal significance level of
3.58 x 10-6. Given that the sib-pair test is intended
as a screening tool to detect possible evidence of link-
age, a less conservative approach was used. When the
test was applied to single traits to identify any marker
locus that gives an indication of linkage to that trait,
we adjusted only for the number of traits. Similarly,
when investigating pleiotropic effects for a given
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marker locus, we adjusted only for the number of
marker loci.

Application

Hypertension is a major risk factor in the develop-
ment of cardiovascular disease, a leading cause of
death in the United States. A genetic component is
thought to be a part of the etiology underlying hyper-
tension, although both the exact mode of inheritance
and the nature of the genetic component are unre-
solved. The evidence supporting a genetic component
for hypertension is well documented, being derived
primarily from epidemiological studies ofgeneral pop-
ulations, simple family studies including twin and
adoption studies, and the estimation of correlations
between relatives (Thomas and Cohen 1955; Thomas
et al. 1964; Pickering 1968; Vandermolen et al. 1970;
Biron et al. 1975; Feinleib et al. 1975; Borhani et al.
1976; Slattery et al. 1988).

Segregation analysis has provided evidence for
single-locus effects in studies of several hypertension-
related traits, e.g., sodium-lithium countertransport
(Dadone et al. 1984; Hasstedt et al. 1988), apolipo-
protein AI (Moll et al. 1986), catechol-o-methyltrans-
ferase (Siervogel et al. 1984; Wilson et al. 1984), and
dopamine-pl-hydroxylase (Wilson et al. 1988). How-
ever, relatively few segregation analyses of blood pres-
sure have been published. Morton et al. (1980) found
no evidence for a major locus for either systolic or
diastolic blood pressure. Carter (1984), in a prelimi-
nary analysis of systolic blood pressure in the Framing-
ham study, reported that both a single Mendelian lo-
cus and an environmental hypothesis were strongly
rejected. She concluded that a person's systolic blood
pressure is dependent on the parents' systolic blood
pressure levels and suggested polygenic or multifacto-
rial transmission as the mode of inheritance. Marazita
et al. (1987) found that diastolic blood pressure fitted
a mixture oftwo distributions significantly better than
it fitted a single normal distribution, although a
single-locus hypothesis was rejected while an environ-
mental hypothesis was not. Rice et al. (1990) found
evidence both for two distributions and for a major
effect for systolic blood pressure, but they rejected the
single-locus Mendelian hypothesis and failed to reject
an environmental hypothesis. Rice et al. noted, how-
ever, that both the evidence for two distributions in
the parental generation (but not in the offspring) and
the finding of equal transmission probabilities (nearly
equal to 1) are compatible with a hypothesis of a true
single-locus effect under the supposition that a reces-

sive genotype for elevated systolic blood pressure has
not yet expressed itself in the offspring. Most recently,
Myers et al. (1990) have suggested possible evidence
for a single recessive locus for systolic blood pressure
in nuclear families from the Framingham study.
As part of a genetic investigation of hypertension,

we have studied four large families, designated as
HGAR 6 and 8-10, each ascertained though one white
middle-aged man with diastolic blood pressure >95
mm Hg. The probands were selected from a popula-
tion originally screened in the National Heart, Lung
and Blood Institute's Multiple Risk Factor Interven-
tion Trial but not enrolled in that study. These fami-
lies, described in detail elsewhere (Siervogel et al.
1980; Siervogel 1983, 1984; Wilson et al. 1984,
1988), comprises 923 individuals more than 8 years
old at the time of the study. Twenty-five marker loci
were determined on about 600 of these individuals,
and various quantitative traits were determined on
500-600 individuals (depending on the trait). The
number of sib pairs used in each test depends on the
number of pairs with complete data for both the trait
and marker locus and varies from 168 to 590 pairs,
with at least 500 sib pairs for most of the trait-marker
combinations.

In the present analysis, we considered the following
39 quantitative traits: pulse rate; systolic and diastolic
blood pressure; height; weight; biacromial and bicris-
tal breadth (shoulder and hip breadth); upper-arm cir-
cumference; triceps, subscapular, and suprailiac skin-
fold thickness; relative weight (weight divided by the
median weight for appropriate race, sex, height, and
age, with the 25 year olds' median weight being used
for those individuals >25 years old); 24-h urine vol-
ume; creatinine, aldosterone, kallikrein, renin, and
dopamine-Di-hydroxylase levels (DBH); fasting plasma
cholesterol, triglycerides, high- and low-density-lipo-
protein cholesterol; 24-h urine sodium and potassium;
hemoglobin; hematocrit; white blood count; fasting
and 1- and 2-h postload serum glucose levels; blood
urea nitrogen; serum uric acid; red blood cell sodium
and potassium; serum pH, sodium, potassium, and
carbon dioxide; and urine pH.
The 25 markers (with locus symbol and chromosomal

location denoted in parentheses) were 6-phosphogluco-
nate dehydrogenase (PGD, lp36), rhesus blood group
(RH, lp36-p34), phosphoglucomutase (PGM1, lp22),
Duffy blood group (FY, 1q21-22), acid phosphatase
(ACP1, 2p25), immunoglobulin K (IGK, 2pl2), trans-
ferrin (TF, 3q21), group-specific component (GC,
4ql2), MNS blood group (MNS, 4q28-q31), properdin
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factor B (BF, 6p21), glyoxylase I (GLO1, 6p21), glu-
tamic pyruvic transaminase (GPT, 8q24), orosomucoid
(ORM, 9q34), adenylate kinase-1 (AK1, 9q34), ABO
blood group (ABO, 9q34), hemoglobin beta (HBB,
lip15), esterase D (ESD, 13q14), immunoglobulin -y
heavy chain (IGHG, 14q32), haptoglobin (HP, 16q22),
Kidd blood group (JK, 18q11-q12), third component
of complement (C3, l9p13), Lewis blood group LE,
19p13), adenosine deaminase (ADA, 20q13), P blood
group (P1, 22qll-qter), and the Kell blood group
(KELL, unassigned). Nomenclature follows that of
McAlpine et al. (1985). The HBB marker locus was
not polymorphic in these families and is therefore not
included in the analyses.

Results

There were a total of 936 tests performed on each
scale (i.e., 24 informative markers for each of the 39
traits). On average, prior to adjustment for multiple
tests, 9.36 of the results on each scale would be signifi-
cant at the .01 level by chance alone. When sib-pair and
parental data were used to estimate the proportion of
alleles IBD and when unweighted regression was used
to test for a significant regression, results from 42 tests
were significant at the .01 level on the untransformed
scale, and 38 results were significant on both the square
root scale and the log scale. When complete sibship and
parental data were used in an unweighted regression
analysis, 29 tests were significant at the .01 level on the
untransformed scale, and 26 and 23 were significant on
the square root scale and log scale, respectively. When
complete sibship and parental data were used in a
weighted regression analysis, 53, 46, and 42 tests were
significant at the .01 level on the untransformed scale,
square root scale, and log scale, respectively. This in-
crease in the number of significant results implies either
that in this situation the WLS method is more powerful
than ordinary linear regression or that the effective sam-
ple size is not large enough to ensure that the WLS test
is not anticonservative. Because the simulations that fo-
cused on the power of the WLS test were limited (Amos
et al. 1989) and because the robusmess of the WLS test
has not been tested, we present the results based on the
most conservative of the three methods used: that in
which the proportion of alleles IBD was estimated using
information from complete sibship and parental data in
an unweighted regression.
The marker-phenotype matrix is illustrated in figure

1, with results presented from sib-pair analyses of 24
informative marker loci and 39 quantitative hyperten-

sion-related traits under the square root transformation.
Chromosomal locations are given to denote groups of
linked marker loci. Nominal significance levels have
been adjusted for 39 traits by using Bonferroni's method.
Similar matrices were obtained for both the untrans-
formed and the log-transformed traits.

Traits that showed a significant negative regression
for a particular marker locus both before and after outli-
ers were removed (adjusted P value ( .05 or nominal P
value < .00131) are presented in table 1, together with
the corresponding marker loci. Among other findings,
evidence for linkage was found between the ABO blood
group locus on chromosome 9q34 and DBH. This link-
age has been corroborated by segregation and lod-score
linkage analyses (Wilson et al. 1988) and by localization
of the structural locus for DBH on 9q34 (Craig et al.
1988). In the earlier lod-score linkage analysis of these
same families, the maximum total lod score between the
ABO marker locus and DBH (with male and female
recombination fractions held equal) was 5.88 at a re-
combination fraction of .0, under the square root trans-
formation. However, it should be noted that the maxi-
mum lod score and corresponding maximum-likelihood
estimate of the recombination fraction were dependent
on the transformation used (Wilson et al. 1988).
The ABO, AK1, and ORM loci are part of a linkage

group located on chromosome 9q34. Distally from the
centromere, the order of the loci is thought to be ORM-
AKi-ABO, and the estimated recombination fractions
are as follows: ORM-AK1, .30; AK1-ABO, .18; and
ORM-ABO, .34 (Meera Khan and Smith 1984). In
the current study, the sib-pair screening method also
suggested linkage to the AK1 locus. These findings are
illustrated in figure 1 under the column headed "DBH"
and illustrate the utility of the sib-pair method in de-
tecting linkage between closely linked marker loci
(ABO-AK1) and a single trait phenotype. However,
no linkage between DBH and ORM was indicated.
The recombination fraction between ABO and AK1
(.18) is considerably smaller than that between ABO
and ORM (.34), and a recombination fraction of the
latter magnitude is beyond the power of the method
to detect linkage in a sample of this size (Blackwelder
and Elston 1982). In addition to the indication of link-
age between the linked ABO and AKi marker loci and
DBH, linkage was also suggested with the C3 locus
on chromosome l9pl3 when outliers were removed.
Biochemical and other statistical evidence have sug-
gested that a second locus may also be involved in the
variation of the specific activity ofDBH (Dunnette and
Weinshilboum 1979, 1982; Wilson et al. 1990).
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Table I

Traits and Tentative Linked Marker Loci from Sib-Pair Linkage Analysis Screen
for Traits Related to Hypertension (nominal P values < .00131)

SCALE

TRAIT Untransformed Square Root Log

Dopamine-o-hydroxylase ......... ABO ABO,AK1 AK1
Diastolic blood pressure .......... PGD PGD
Height ................ ........ AK1, LE AK1, LE AK1, LE
Weight .................. ...... Pi Pi, AK1 AK1, LE
Biacromial breadth AK1
Upper arm circumference ........ GLOt
Suprailiac skinfold thickness ..... GLO1
1-h postload glucose level ........ Pt Pt Pt

Table 1 suggests several other interesting tentative
linkages. There is evidence for a possible linkage be-
tween PGD on chromosome lp36 and mean fifth-phase
diastolic blood pressure. The P values for the regressions
of diastolic blood pressure on PGD (.0001, .0004, and
.0016 for the untransformed scale, square root scale,
and log scale, respectively) were more significant than
the corresponding P values for the confirmed ABO-
DBH linkage (.0003, .0005, and .0348). However, the
distribution of the estimates of the proportion of alleles
IBD for the PGD marker locus (alleles A and C, with
frequencies of .98 and .02, respectively) is relatively
sparse. There are 45, 484, and 61 sib pairs whose pro-

portions of alleles IBD are .25, .50, and .75, respec-

tively. The significance levels of the regression of dia-
stolic blood pressure on PGD, when outliers are

removed, are .0001, .0005 and .0009 for the untrans-
formed scale, square root scale, and log scale, respec-

tively. The removal of outliers decreases the variance of
the estimate of the proportions of alleles IBD, especially

at .5. This phenomenon explains the increase in signifi-
cance often seen when outliers are removed in this sib-
pair regression test. Table 1 also suggests tentative evi-
dence of linkage between the following marker loci and
traits: the AK1 and/or LE markers and the traits height,
weight, and biacromial breadth; the GLO1 marker and
the traits upper-arm circumference and suprailiac skin-
fold thickness; and the P1 blood group and the traits
weight and 1-h postload glucose level.

Table 2 illustrates the genometric approach to the
identification of pleiotropic effects for the putative lo-
cus linked to the PGD marker. Significance levels are

presented for any trait with a significant regression on
the PGD marker locus (at a nominal significance level
<.05). If these P values are adjusted for the 24 infor-
mative marker loci considered, only diastolic blood
pressure (on all three scales) remains significant at the
.05 level (nominal P value = .0021).
Because five ofthe eight traits indicated in table 1 are

anthropometric traits related to body composition, we

Table 2

Traits and Corresponding Nominal Significance Levels for All Indications
of Linkage to PGD on at Least One Scale of Measurement
(nominal P values < .05)

SCALE

TRAIT Untransformed Square Root Log

Diastolic blood pressure ............. .0001 .0004 .0016
Suprailiac skinfold thickness ........ .0150 .0279 .0409
Total serum cholesterol .............. .0068 .0178 .0483
LDL cholesterol ........................ .0426
Serum CO2 ........................ .0080 .0047 .0040
24-h urine volume .0433
White blood count .0401a

a Not significant if outliers are removed.
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Table 3

Nominal Significance Levels for Linkage of Anthropometric Measures, under Square Root
Transformation, to Any Marker Locus (nominal P values < .05)

MARKER SIGNIFICANCE

PGD ACP1 IGK BF GLO1 ORM AK1 IGHG LE Pi
TRAIT lp36 2p25 2pl2 6p2l 6p2l 9q34 9q34 14q32 19pl3 22ql1 KELL

Height .032 <.00005 <.00005 .036a
Weight .037a .001 .017 .0006
Arm circumference.037a .003 .042 .048 .004
Triceps .017 .032 .029
Subscapular .015
Suprailiac .............. .028 .014 .004 .032 .014
Biacromial .002 .018 .046a
Bicristal .002 .007 .008 .008
Relative weight ..050 .026

a Not significant if outliers are removed.

also used a phenometric approach in an attempt to
identify marker loci that may be involved in the etiol-
ogy underlying any ofthe anthropometric traits. Table
3 presents nominal P values and the corresponding
marker locus for any marker locus that had a signifi-
cant regression with any of the anthropometric traits
(nominal P values <.05) on the square root scale. It is
interesting to note that six traits suggested linkage
with the AKi marker locus, six with the GLO1 or
BF markers on chromosome 6p2l, three with the LE
marker locus, and five with the P1 marker locus.

Discussion

Robust sib-pair analysis can be used as a screening
tool in the search for potential major-locus involve-
ment underlying the phenotypic variation of quantita-
tive traits. When results are presented in the form of
a marker-phenotype matrix, in addition to screening
for evidence of single-locus effects, the method can be
used to identify oligogenic or multiple-locus effects
and to identify pleiotropic effects of single loci. Given
the confirmation of the ABO-DBH linkage, serious
consideration must be given to the other tentative link-
ages suggested in the present study. Ofthe 39 quantita-
tive traits considered in the present screening study,
the traits identified in table 1 should be the most likely
candidates for traditional phenometric segregation
and linkage analyses.
However, as with every statistical method, there are

situations in which the sib-pair method will produce
spurious results. In addition to chance sampling varia-
tions, as reflected in the significance level, the method

can give false indications of linkage either when there
are undetected errors in the pedigree structure (e.g.,
nonpaternities, nonmaternities, adoptions, or unde-
tected MZ twins) or when the sample exhibits a trait-
marker association not due to tight linkage. The latter
could occur as a result of either an epistatic effect on
viability of two loci, one hitchhiking with a trait locus
and the other hitchhiking with the marker locus or
genetic heterogeneity in the sample. A marker locus
that has a pleiotropic effect on the trait may also lead
to a significant result, but this can be formally consid-
ered as an effect of linkage -it corresponds to the lim-
iting case oflinkage in which there is complete disequi-
librium and a recombination fraction of zero.
To address these concerns, precautions were taken

to ensure that the data analyzed were consistent with
the family structures for all 24 informative markers,
known adopted individuals were removed from the
families, and like-sex twin pairs with genotyping data
available for both twins were examined to determine
zygosity. Twins discordant for at least one marker
locus were considered to be DZ twins, and both twins
were retained in the analyses. In the case in which both
like-sex twins were concordant for all marker loci, one
twin would be randomly removed, but no like-sex
twin pair in these data was concordant at all marker
loci.

Trait-marker associations were also investigated.
Under the assumption of independence of the trait
measures for all individuals, analysis of variance was
used to test for significant differences of each trait
among marker phenotypes, for those traits and corres-
ponding marker loci presented in table 1. This can be
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considered as a numerically simple screening test that
usually increases type I but not type II error. After
adjustment for multiple comparisons, the only sig-
nificant difference found at even the 20% significance
level was for fifth-phase diastolic blood pressure and
the PGD locus, on all three scales (nominal P values
<.0008 and adjusted P values K.01). On the untrans-
formed scale, the mean fifth-phase diastolic blood
pressure was 72.1 for the PGD "AA" phenotype and
79.4 for the PGD "AC" phenotype. This result was
then corroborated by allowing for familial correla-
tions (George and Elston 1987); the nominal P value
was .005 on the untransformed scale. These findings
suggest either that the PGD "C" allele has a pleiotropic
effect on fifth-phase diastolic blood pressure (thereby
increasing it) or that another locus, tightly linked to
and in linkage disequilibrium with thePGD locus, may
be responsible for some of the variation of fifth-phase
diastolic blood pressure.

It is also interesting to note that Hasstedt et al.
(1989) reported evidence for a single major locus for
a relative-fat-pattern index derived by dividing sub-
scapular skinfold thickness by the sum of subscapular
and suprailiac skinfold thickness. The present study
suggests a number of potential linkages that may in-
volve anthropometric measures including weight, bia-
cromial breadth, upper-arm circumference, and su-
prailiac skinfold thickness.

It should be emphasized that these results were ob-
tained by using a screening methodology and that tra-
ditional segregation and parametric linkage analyses
of these and other data must be performed to corrobo-
rate these findings. In the event that a segregation pat-
tern consistent with that of a single major locus can be
demonstrated, a parametric lod-score linkage analysis
could then be performed. Similarly, if results from the
sib-pair screening test suggest linkage to marker loci
in different linkage groups (an oligogenic model), then
the method of stepwise oligogenic segregation and
linkage analysis (Wilson et al. 1990) can be used in an
attempt to identify several major loci involved in the
phenotypic variation of the trait. This genometric ap-
proach and the measured genotype approach of Boer-
winkle et al. (1986) can be used to incorporate infor-
mation from the linked marker locus, to provide
additional information about the underlying segrega-
tion of genotypes that may be responsible for the trait.
If the sib-pair screening test suggests that a number of
traits may be linked to a single marker locus (pleiotro-
pic effects of a single locus), then a multivariate ap-
proach would be appropriate. This requires a genetic

analysis in the spirit of discriminant analysis, in order
to discriminate among the different genotypes at a sin-
gle locus. Pedigree discriminant functions (Goldin et
al. 1980; Zlotnik et al. 1983), linear functions of the
traits that are most likely distributed as a mixture of
normal distributions and that are segregating in a fash-
ion consistent with that of a single locus, can be deter-
mined from a portion of the data and can then be
cross-validated on the rest of the data. Bonney et al.
(1988) have developed, for a bivariate phenotype, an
analogous method that estimates the linear function
that maximizes the likelihood of the function being
monogenically determined and linked to a marker lo-
cus. These and/or other methods will be used in subse-
quent analyses, in an attempt to identify the underly-
ing putative genetic components.

Clearly, the quantitation of polygenic or multifacto-
rial components of a trait, while ofinterest academically,
can help only minimally in the identification of individu-
als who have a genetic risk for developing a particular
disorder, or in their eventual treatment. The identifica-
tion of single loci, even if their effects on the phenotype
are minor and the identification oftheir interactions with
other genetic loci is a clinically relevant approach in
genetic epidemiology. To this end, the robust sib-pair
method should prove to be an efficient tool to screen
for evidence of linkage between marker loci and trait
phenotypes and to detect oligogenic effects, minor
single-locus effects, and pleiotropic effects, especially as
both the overall number ofmarker loci available and the
number of alleles at each locus increase.
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