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Summary

The transmission/disequilibrium test (TDT) originally
was introduced to test for linkage between a genetic
marker and a disease-susceptibility locus, in the presence
of association. Recently, the TDT has been used to test
for association in the presence of linkage. The motiva-
tion for this is that linkage analysis typically identifies
large candidate regions, and further refinement is neces-
sary before a search for the disease gene is begun, on
the molecular level. Evidence of association and linkage
may indicate which markers in the region are closest to
a disease locus. As a test of linkage, transmissions from
heterozygous parents to all of their affected children can
be included in the TDT; however, the TDT is a valid
x> test of association only if transmissions to unrelated
affected children are used in the analysis. If the sample
contains independent nuclear families with multiple af-
fected children, then one procedure that has been used to
test for association is to select randomly a single affected
child from each sibship and to apply the TDT to those
data. As an alternative, we propose two statistics that
use data from all of the affected children. The statistics
give valid % tests of the null hypothesis of no association
or no linkage and generally are more powerful than the
TDT with a single, randomly chosen, affected child from
each family.

Introduction

Traditional methods of linkage analysis can be useful
for identification of candidate regions for disease-sus-
ceptibility loci, but these regions are often quite large,
and, therefore, further refinement of location is desirable
before an attempt to map the gene physically is made.
One approach for narrowing of the region of interest is
to test for associations between the disease locus and
markers in the candidate region (e.g., see Copeman et
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al. [1995]; Wang et al. [1996]). Following Spielman and
Ewens (1996), we use the term ““linkage disequilibrium”’
if there is association in the presence of linkage, to differ-
entiate this case from association that occurs without
linkage, as a result of other factors such as population
stratification. In the absence of forces such as selection,
mutation, and drift, in a random mating population,
linkage disequilibrium generally is found only between
tightly linked loci; therefore, evidence of linkage disequi-
librium would suggest that the marker is physically close
to a disease locus.

The transmission/disequilibrium test (TDT) was in-
troduced by Spielman et al. (1993) as a test for linkage
in the presence of association, but it also can be used as
a test of association in the presence of linkage—that is,
linkage disequilibrium—if the data consist of nuclear
families with a single affected child (Spielman and Ewens
1996). As a test of linkage, the TDT is a valid % test,
meaning that it has the correct significance level, even
if families with multiple affected children are in the sam-
ple. However, it is well known that if there is linkage and
no association, then affected siblings cannot be treated
independently, and, consequently, the TDT is not a valid
x* test of linkage disequilibrium, for nuclear families
with more than one affected child. A simple solution is
to select randomly one affected child from each family
and to apply the results for simplex families (e.g., see
Wang et al. [1996]). This strategy, however, is less than
optimal, since much of the data may be discarded, and
a procedure that uses all of the affected individuals
should be more powerful.

In this article, we propose two statistics that use data
from all affected siblings from independent nuclear fami-
lies and that are approximately x> distributed when
there is no linkage disequilibrium. We show how to
construct the statistics for sib-pair data and how to com-
bine sib-pair and simplex families, in a single analysis.
We present evidence that the statistics give valid x* tests
for linkage disequilibrium and examine the power of
the tests, for several alternative models. In addition, we
compare the power of these tests to that of the alterna-
tive of sampling one affected child from each family and
using the TDT.

Methods

In a recent editorial, Spielman and Ewens (1996) pre-
sented the statistic Ty, to generalize the TDT to multi-
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allelic markers. The statistic uses data from nuclear fam-
ilies with at least one affected child. Parents and their
affected children are genotyped at a marker locus with
m alleles, and only parents who are heterozygous at the
marker locus are included in the analysis. Let 7; be the
number of parents that transmit allele i and do not trans-
mit allele j, to an affected child. Then,

Tmhet =

where n; = 272, n; and n; = 2, n;. Since all parents
are heterozygous at the marker locus, 7; = 0 for all i.

If only nuclear families with a single affected child are
sampled, then T, has approximately a y* distribution
with (m — 1) df, under the composite null hypothesis
of no linkage or no association (i.e., no linkage disequi-
librium) (Spielman and Ewens 1996; Kaplan et al.
1997). This result is not true, however, if there are fami-
lies with multiple affected children in the sample. If one
is testing only the simple hypothesis of no linkage, then
Trnhets calculated by use of all of the transmissions from
each family in the sample, is still a valid % test. In fact,
the families even can come from an extended pedigree.
The complication caused by use of families with multiple
affected children arises when the simple hypothesis of
no association is tested, since the transmissions from a
parent to each of his or her affected children are corre-
lated if there is linkage, even if there is no association.
Because of these correlations within families, T does
not lead to a valid % test of the simple null hypothesis
of no association or of the composite null hypothesis of
no association or no linkage.

The statistics that we present focus on the set of trans-
missions from a parent to his or her affected children,
rather than focusing on the individual transmissions to
each child, as is the case with Tphe.. The motivation for
this is that, conditional on the parental genotypes, the set
of transmissions from one parent to his or her affected
offspring is independent of the set of transmissions from
the other parent, if there is no linkage disequilibrium.
Kaplan et al. (1997) showed this for families with a
single affected child, and their argument can be general-
ized easily if there are several affected children. In this
way, we are able to maintain the independence property
and thereby to obtain valid y* tests.

Sib Pairs

We begin by examining the case in which the families
in the sample each have two affected children. We first
consider a marker locus with two alleles, M, and M,,
and suppose that there are b parents in the sample who
are heterozygous at the marker locus. For the kth hetero-
zygous parent, we define a random variable X, as
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2, if M, is transmitted to both affected children;

1, if M, is transmitted to one affected child

X = and M, to the other;

0, if M, is transmitted to both affected children.

In the appendix, we derive the distribution of X, and
show that, when there is no linkage disequilibrium,
Pr(X, = 2) = Pr(X, = 0) for all k. In addition, arguments
similar to those in Kaplan et al. (1997) can be used
to show that the X;;’s are independent under the null
hypothesis of no linkage disequilibrium. It follows that,
under the null hypothesis, the X;;’s are independent and
identically distributed, with E(X};) = 1 and with Var(X,)
= E(X, — 1)~

Let s;; be the number of heterozygous parents that
transmit M, to both affected children; let s,, be the
number of heterozygous parents that transmit M, to
both affected children; and let s, be the number of het-
erozygous parents that transmit M, to one affected child
and M, to the other. The sample mean can be written
as X = (Sh_y Xi )b = (251, + s12)/h. An unbiased estima-
tor of the variance of X, is V = [Z/_, (X, — 1)21/h = (s
+ 555)/h. It follows from the central limit theorem that

z =

<\/Z(X — 1))2 _ (511 - 522)2
N S11 1 S

is approximately a central y* random variable with 1
df, when there is no linkage disequilibrium.

With sib-pair data, when there are only two alleles,
we can write equation (1) as Topee = 2(s11 — $22)/(s11
+ s12 + s2). This allows us to write Z* as Ty Ty, = (b/
2h*)T yhee, where b = s1; + $12 + $55 is the number of
heterozygous parents and where h* = sy; + s,, is the
number of heterozygous parents who transmit the same
allele to both affected offspring. Alternatively, we can
define T#p.. = 2(s11 — $22)(s11 + $22), which is Toper
calculated by use of only heterozygous parents who
transmit the same allele to both affected siblings. This
leads to a second form for Z%, Ty: Tow = T#pee/2. The
two statistics Ty, and T, are identical when there are
two marker alleles, but important differences emerge
when the marker has more than two alleles.

For a marker with 7 > 2 alleles, the development is
more involved. For simplicity, we assume here that m
= 3. The development for a larger m is analogous. To
simplify the notation, we let N(0, 1) denote the normal
distribution, with mean 0 and variance 1, and MVN
(0, I) denote the multivariate normal distribution, with
mean vector 0 and variance-covariance matrix I, the
identity matrix.

To understand how the statistics for testing associa-
tion are constructed, it is helpful to first explain why
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Table 1

Transmitted and Nontransmitted Alleles for a Three-Allele
Marker Locus

NONTRANSMITTED ALLELE

TRANSMITTED ALLELE M, M, M;
M; - nis n13
M, M1 . (2%
M; n3y "3y

NOTE.—;; is the number of parents that transmit allele M; but
do not transmit allele M; to an affected child. Transmissions from
homozygous parents are not included.

Tohe: leads to an approximately valid % test of linkage.
The data from heterozygous parents can be arranged in
a 3 X 3 contingency table (table 1). We can write Topec
as Tonee = Y'Y, where Y is a 3 X 1 vector with ith
component

2 n; —n;
Y, = |- F7—, i=1,2,0r3.
3 V7, + n;
The key point is to recognize that we can write Y; as a
linear combination of random variables that are inde-
pendent and approximately N (0, 1), when there is no
linkage. If we let

n; — ny;
— ] ]
Z,’/ =

V71 + nj; ’

then we can rewrite Y; as

- f

Mix + 1y 7 M3 + 13 7).
——— Lot [ L3
nq. + nq ny. + nq

_ 2 (_ [t ma 7 M3 + n3
3 ny. + n, ! ny. + ny
and
2 ny3 + M3 M3 + N3
Y; = [ ——— 7y — [ 2.
3 ns. + ns3 ns3. + ns

Note that Thee = Y'Y = Z'K'’KZ, where

Zi
Z=|Zs
Zss
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and where K is the 3 X 3 matrix

nyp + Moy ny3 + M3 0
nq. + nq 4. + nq
2 nyp + 1oy My3 + N3
K= _[-|- [— 0 —_
3 n, + n, n, + n,
0 ny3 + 13 N3 + 13
n; + n; n; + n;

(3)

It is important to notice the form of K. In particular,
for each row, the sum of squared elements is 1.

When there is no linkage, Z is approximately MVN
(0, T), and it follows from theorem 4.6 in the work by
Graybill (1961) that if K'K is idempotent, then the distri-
bution of T is approximately %> with df equal to the
rank of K’K. Only in the special case in which 7y, + 1,
= ny3 + 131 = ny3 + 13, is it true that K'K is idempotent,
with a rank of 2; however, the simulations from the
study by Kaplan et al. (1997) provide evidence that the
x* approximation can be used even if the values for #;
+ n; are not all equal. This suggests that if we take any
vector that is approximately MVN (0, I) and multiply
it by a matrix that has the same form as K, then the
product of the resulting vector and its transpose will be
approximately x> with 2 df. It is this observation that
guides us in constructing the x> tests for association.

As previously noted, the transmissions from a parent
to each of his or her affected children are correlated
when there is linkage. As a result, the Z;’s in equation
(2) generally are not N(0, 1), under the null hypothesis
of no association. However, we can construct statistics
that are approximately N(0, 1) in a manner similar to
that used for the two-allele case. Assume that there are
h; parents with genotype M;M, (1 < i < j < 3) and
that each parent has two affected children. For the kth
parent with genotype M;M;, define

2, if M; is transmitted to both affected children;

1, if M; is transmitted to one affected child

X, =
ik and M, to the other;

0, if M; is transmitted to both affected children.

(4)

Similar to the two-allele case, if there is no linkage dis-
equilibrium, then, conditional on the parent having
heterozygous genotype M;M;, Pr(X;, = 2) = Pr(X;i
= 0) and E(X;3) = 1. If X; = Shi | Xyu/b; and if V;
= EZL (X — 1)*/h;; is an unbiased estimator of V;, the
variance of X, then
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o2 Vhy(X, — 1)

[/ \/le

is approximately N(0, 1). Furthermore, Z},, Z{;, and
Z53 are independent; therefore, Z°, the 3 X 1 vector of
these components, is approximately MVN (0, I) when
there is no linkage disequilibrium. Let s;;;; be the number
of M;M; parents that give allele M; (and not allele M;)
to both children, and, similarly, let s;;;; be the number
that give allele M; (and not allele M,) to both children.
It is convenient to define the sums s; = 2, s;;; and s
= 24 S We can write

Zu Siiji — Sjjii
if

VSiiji + Sjiii

We define the matrix

S1122 + S22.11
S1. S

S11,33 T $33,11 0
S1. t S

K® = 122 t S 0 $2233 T 3322
S35, F S22 S22+ 52
0 _ /511,33 + s /522,33 + S3322
$33. + 833 $33. + 833

The matrix K" has the same form as equation (3), and
so it follows from our earlier discussion that, when there
is no linkage disequilibrium, Z"K"K"Z" is approxi-
mately %> with 2 df. Furthermore, we can write T,
= Z"KYK'Z" = Tial2.

We can derive an alternative statistic by noting that
if there is no linkage disequilibrium, then arguments
similar to those in the appendix can be used to show
that the distribution of Xj;, does not depend on 7 and j,
and so Vi, = Vi3 = V3. Hence, we can use a pooled
estimate of the variance,

where the total number of heterozygous parents is h
= by, + b13 + by3 and where the number of heterozygous
parents that give the same allele to both affected children
is b*. We then write

7P = ‘/E(Xij - 1) _ ‘/Z(Sii,j/ - S/‘/’,ii)
ij =

v b*h,
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We define the matrix

=)
by 2

2 h12 h23

K= [Z|-."2 o -2

3 by, b,

0 - \F _ s

L hs. hs. |
Again, K® has the same form as equation (3); therefore,
when there is no linkage disequilibrium, ZP'KP'KPZP
is approximately x> with 2 df. In addition, T,
= ZP'KYKPZP = (h/2h*) Typer- It is important to note
that T, and T, generalize immediately to markers with
more than three alleles. All that is required is that the
general form of Ty in equation (1) be used.

The form of T, suggests a simple derivation of the
distribution of the statistic, under the null hypothesis of
no linkage. We know from previous results that, for a
marker with 7 alleles, T is approximately x> with
(m — 1) df (Spielman and Ewens 1996; Kaplan et al.
1997). In addition, if there is no linkage, then h*/h con-
verges in probability to 'h; therefore, T, also must be
approximately x> with (m — 1) df, when there is no
linkage. Unfortunately, no such simple argument exists
for the case of linkage but no association.

In families in which the parents and both affected
offspring have the same heterozygous genotype, one can-
not determine whether a heterozygous parent transmits
the same allele or different alleles to each of his or her
affected children, and so the calculation of T, is prob-
lematic. For example, if parents and offspring all have
marker genotype M;M,, then it is impossible to tell if
one parent transmitted an M; to both children and the
other parent transmitted an M, to both children or if
both parents transmitted an M; to one child and an M,
to the other. Such a family causes no difficulties in the
calculation of Tyhe, but we do not know whether to
add two observations or no observations to h*. Under
the null hypothesis of no linkage, either both parents
transmit the same allele or both transmit different alleles
to the affected siblings, with equal probability; there-
fore, a simple solution is to add the expected contribu-
tion from the family, under the null hypothesis, which
means the addition of one observation to b*, for each
such family. With highly polymorphic markers, the
number of these families is likely to be small relative to
the number of unambiguous families, and so the error
incurred by substitution of the expected value will be
negligible. Alternatively, if the number of ambiguous
families is not small, which may be the case with a
biallelic marker locus, then the contribution of these
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families can be approximated with the expected value
of the contribution.

Combination of Data from Affected Sib Pairs and
Singletons

The T, statistic can be generalized for the use of data
from all independent nuclear families, regardless of the
number of affected siblings, although the resulting statis-
tic is not a simple function of Tp.. Again, to simplify
the arguments, the development here is for a marker
locus with three alleles. Suppose that there are hy;; par-
ents with marker genotype M;M, and with two affected
children. Let X, be defined as in equation (4). In addi-
tion, let there be by, parents with marker genotype M;M;
and with a single affected child. We define, for the kth
such parent, the random variable

1, if M; and not M is transmitted
to the affected child;

Y., = . . )
ik 0, if M, and not M, is transmitted

to the affected child.

We define

hXif thf
D X+ 2 Y

W-- _ k=1 k=1
[/
hxii + by

and

Vhxij + by \ W — ————
hxi; + by

Zij = 7P 5P ’
in/VX + hy,-,-Vy
hx; + by

which is approximately N(0, 1) if there is no linkage
disequilibrium. We use estimates of the variances,
V% = b§lbx and V¥ = ", pooled over heterozygous
parental genotypes, where by is the total number of
heterozygous parents who have two affected children
and where b3 is the total number of heterozygous par-
ents who transmit the same allele to both children. We
can rewrite

7. = (25)(1'1',/7' + Syij — 25X;’/’,ii - SY/,i)
7 h’:‘ b}
X
—— 4bx; + by;
hx

where sy;;; is, as before, the number of parents with
genotype M;M; who have two affected children and
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who give M; to both children, and where sy;; is the
number of parents with genotype M;M, who have a

single affected child and who transmit M; to that
child.

We define the matrix K by
2hx12 + hyia 2hxi3 + hyis 0
2hx1. + by, 2hxi. + by
K = 21 2bx12 + hyiz 0 2hxa3 + hyas
3 2hxs. + by, 2hxs. + by, ’
0 _ 2hxi3 + hyis _ 2hxa3 + hyas
2hxs. + hys. 2hxs. + bys,

Then, as before, the y* statistic for the test for associa-
tion is

T,=Z'K'KZ

2

2hxi; + by

b

- (ZSXiz,/'/ + Syij — 25x/'/,;1 - Sym)
X

= 4hx; + by
X

2hy;. + by,

Note that, when there are only singletons, the test statis-
tic reduces to Tonee and that, when there are only sib
pairs, it reduces to hxTne/b%. For general m, the statis-
tic is modified by replacement of the %; with (m2 — 1)/
m and by extension of the sums from 1 to m.

Similar arguments can be used to combine families
with larger affected sibships, so that all nuclear families
can be used in a single analysis. We do not present these
derivations in this article.

Monte Carlo Test

An alternative to the use of y* critical values is the
use of Monte Carlo randomization techniques, to deter-
mine an empirical P value. These methods particularly
may be useful when samples are small, since Monte
Carlo tests always attain significance levels close to the
nominal level. We use the same procedure outlined by
Kaplan et al. (1997). The only additional point is that
the labels “transmitted” and “nontransmitted” must be
permuted for each set of sibs as a whole rather than for
each sib independently. The justification for this is that
if a pair of affected sibs has a heterozygous parent with
genotype M;M,, then, when there is no linkage disequi-
librium, the probability that the parent transmits M; to
both children is equal to the probability that the parent
transmits M, to both children and the probability that
the parent transmits M; to the first child and M; to the
second is equal to the probability that the parent trans-
mits M, to the first child and M; to the second.

The procedure is equivalent to the Monte Carlo—Mar-
kov Chain (MCMC) method of Cleves et al. (1997).
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They recommend use of the statistic Ty, which is simply
M Tpne (m — 1). For sib pairs, they exclude the parents
who transmit different marker alleles to each child, since
these parents are uninformative. The Monte Carlo test
using the statistic T, is equivalent to their MCMC test.
We find very little difference in the power of the Monte
Carlo test that uses T, and the one that uses Tj,, and
so either can be used in the Monte Carlo test.

Simulations

Simulations were used to estimate the significance lev-
els and the power of the tests discussed. In all cases, the
nominal significance level used was .05. We used a five-
allele marker locus with unimodal (one allele with fre-
quency .7 and the rest with frequency .075), bimodal
(two alleles with frequency .35 and the rest with fre-
quency .1), or uniform (all alleles with frequency .2)
allele frequencies among chromosomes carrying the nor-
mal allele. Even though our analytic development is for
a three-allele marker locus, we chose to use a five-allele
marker for our simulations because this is, perhaps,
more realistic for the microsatellite markers currently
used in genetic mapping. A biallelic disease locus, with
the disease allele D; having frequency .05, was used.
Three models of inheritance were examined—recessive
(fu =4 and fll = f21 = fzz = 0), additive (fll = .0181,
fi2 = f>1 = 0.0091, and f5, = .0001), and multiplicative
(fir = 012, fis = for = .003, and fo, = .00075), where
f;; is the penetrance (i.e., the probability that an individ-
ual with genotype DD, is affected with the disease).
These models were chosen so that the disease prevalence
was about .001.

In all our simulations, we let the marker be linked
completely to the disease locus, since we were interested
in the behavior of the tests when there is linkage. Sig-
nificance levels were estimated by simulation of data
with no association. In particular, marker allele frequen-
cies for chromosomes with the disease allele were set
equal to those for the normal chromosomes. Power esti-
mates were calculated with haplotype frequencies that
were chosen in order to give varying degrees of associa-
tion measured by an index I*. The definition of I* and
a discussion of how haplotype frequencies were selected
are given in the study by Kaplan et al. (1997). All simu-
lated data consists of independent nuclear families with
two affected children.

Results

We first demonstrated that both T, and T, are valid
x> tests of association, when the data are composed of
sib pairs. The significance levels in table 2 were esti-
mated for the tests using five-allele markers with uni-
modal, bimodal, or uniform distributions of allele fre-
quencies. Estimates are shown for sample sizes of 25,
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50, and 100 families with two affected children. Note
that the actual number of heterozygous parents is a ran-
dom variable depending on the model parameters. There
is complete linkage between disease and marker loci but
no association between alleles at the two loci. To esti-
mate each significance level, we calculated the propor-
tion of 10,000 simulated data sets that had statistics
larger than the y* critical value.

For small samples, both T, and T, gave tests that
are conservative, and, in almost every example, the test
using T, was more conservative than the test using T,.
This result is not surprising, since T, uses the pooled
variance estimate, which is more accurate than indepen-
dent estimation of variances, when samples are small.
In either case, when tables are sparse, a Monte Carlo
test can be used to correct for the conservativeness. In
table 3, we show, for a sample size of 25 families, that
the suggested Monte Carlo procedure gave valid tests
that were less conservative than the % tests. Only the
results for the unimodal marker allele are shown. The
bimodal and uniform markers gave similar results. To
estimate each P value, 99 pseudosamples were drawn.
Again, 10,000 P values were generated for each signifi-
cance-level estimate.

We examined the relative power of the T,, and T, *
tests and found little difference in the powers of the two
tests. These results are not included, for the sake of
brevity. With a sample size of 100 families with affected
sib pairs, there was no difference between the powers
of Ty, and of T, For smaller sample sizes, T, was
somewhat more powerful than T,,, as would be ex-
pected, on the basis of the significance-level results. With
the Monte Carlo test, there was no difference in the
powers of T, and T,,. The Monte Carlo test can be
slightly more powerful than the y test, when the sample
size is small. In light of these results, the following simu-
lations consider only T,, and use the y* critical values
to conduct the test.

The TDT is a valid %* test of association if a single
affected child is chosen randomly from each family;
however, this test can be much less powerful than the
test using T,. This was demonstrated, by simulation,
for the unimodal marker. Using 100 families with two
affected children, we applied T,. We also randomly
sampled an affected child from each sib pair and calcu-
lated Tphe.. Both procedures provided valid x* tests of
linkage disequilibrium, and their estimated powers are
compared in figure 1. For the multiplicative and additive
models, T, can have a great deal more power than T,
calculated from a random sample of children. For the
recessive model, the powers of the two tests were almost
identical. This last result is not surprising, since, with a
recessive disease, complete linkage between the marker
and disease loci, and an infrequent disease allele, almost
all sib pairs will receive the same marker allele from
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Table 2
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Estimates of Significance Levels for the T,, and T,, x* Tests Based on 10,000 Simulated Data Sets,

for a Five-Allele Marker

SIGNIFICANCE LEVEL?

F =100 F =50 F=25

MARKER AND MODEL T Ty T Ty T Ty
Unimodal:

Recessive .0495 .0493 .0493 .0494 .0426 .0428

Multiplicative .0503 .0491 .0487 .0453 .0454 .0344

Additive .0510 .0495 .0485 .0477 .0411 .0339
Bimodal:

Recessive .0493 .0490 .0483 .0486 .0466 .0452

Multiplicative .0490 .0481 .0462 .0452 .0438 .0388

Additive .0494 .0494 .0485 .0470 .0472 .0434
Uniform:

Recessive .0490 .0492 .0462 .0461 .0454 .0457

Multiplicative .0501 .0501 .0456 .0449 .0441 .0409

Additive .0482 .0476 .0473 .0470 .0446 .0428

*For each data set, F families with two affected children were sampled. The nominal significance level

is .05.

their parent. When each parent transmits the same allele
to both affected children, T, is equal to Tiyhe/2. This is
exactly the result obtained when a child was randomly
sampled from each pair. So, under the recessive model
with complete linkage, the two statistics should be ap-
proximately equal.

The estimates of power in figure 1, do not always
vary monotonically with I*. For example, in the additive
model, the marker with I* = .0474 has an estimated
power of .9791, whereas the marker with I* = .0651
has an estimated power of .9563. Kaplan et al. (1997)
showed that the value of I* can be used to predict the
power of the y test using Ty, for families with a single
affected child. This is not the case if the families have

Table 3

Estimates of Significance Levels for the T, and T,, Monte Carlo
Tests Based on 10,000 Simulated Data Sets, for a Five-Allele
Marker

SIGNIFICANCE LEVEL?

MARKER AND MODEL T, Te
Unimodal:
Recessive .0506 .0506
Multiplicative .0498 .0503
Additive .0478 .0482

*For each data set, 25 families with two affected children were
sampled, and P values were calculated by the drawing of 99 pseu-
dosamples. The nominal significance level is .05.

affected sib pairs. However, the plots in figure 1 suggest
that I* could be used to rank markers, in terms of power,
with little error.

Discussion

The TDT originally was proposed by Spielman et al.
(1993) as a test of linkage in the presence of association.
The test uses parents who are heterozygous at the
marker locus and compares the frequencies of marker
alleles that are transmitted to affected children with the
frequencies of marker alleles that are not transmitted.
If there is no linkage, then these frequencies should be
equal. It is important to note that, when testing for
linkage, transmissions to all the affected children can be
included in the test even if the children are related. For
a marker with m alleles, Ty is approximately x* with
(m — 1) df when there is no linkage (Spielman and
Ewens 1996; Kaplan et al. 1997).

If the sample consists of only nuclear families with a
single affected child, then the TDT also can be used to
test for association in the presence of linkage. However,
the TDT is not a valid x* test of association if families in
the sample have several affected sibs, since the transmis-
sions to affected sibs are not independent when there is
linkage. One way to deal with this problem is to sample
randomly one affected child from each family and to use
the TDT. This method discards much of the information
in the sample and, therefore, is not as powerful as the
method proposed in this paper. The method that we pro-
pose considers the set of transmissions to affected sibs
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Figure 1 Estimated powers of the Ty, % test (indicated by *“x”) and the Tpe x> test performed by random sampling of a child

from each family (indicated by an oval [o]). We simulated data for 100 families with two affected children each, assuming complete
linkage between a disease locus and a five-allele unimodal marker locus and varying degrees of association, measured by I*. Estimates
are shown for three models of inheritance. For each power estimate, 10,000 data sets were simulated, and .05 was the nominal significance

level used in both tests.

in a family rather than the transmissions to each child
separately. In this way, the independence property is re-
tained, and statistics that lead to valid % tests of associa-
tion in the presence of linkage can be constructed.

The two statistics that we define differ only in how
the variance Vj; is estimated. For T, the data are pooled
to obtain a single estimate of V;;, whereas, for T,,, the

data are not pooled and each V; is estimated individu-
ally. Both statistics lead to valid y* tests of linkage dis-
equilibrium, and simulation studies indicate that their
powers are similar, with T, being slightly more power-
ful when the sample size is small. This is not unexpected,
since the pooled estimate of the variance should be more
accurate than the individual estimates.
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An alternative to the use of y* critical values is the
use of a Monte Carlo procedure, to estimate P values.
This procedure is the same as the one described by
Kaplan et al. (1997), provided that the labels “transmit-
ted” and “nontransmitted” are permuted for the set of
affected sibs rather than for each sib independently.
Since the Monte Carlo procedure always leads to a test
with a significance level close to the nominal value, we
recommend its use if the sample size is small, to guard
against an overly conservative test.

The tests for linkage disequilibrium presented in this
paper are for independent nuclear families. However, in
practice, the data may consist of extended pedigrees with
several affected individuals. In principle, it is possible
to generalize the arguments discussed here, in order to
construct a single test that accommodates all affected
relatives. For instance, one can estimate the mean and
the variance between transmissions to affected cousin
pairs, just as was done for affected sib pairs, and the
include these data in the statistic, with appropriate
weights. If the data consist of several extended pedigrees,
then this may be a worthwhile exercise that presumably
would lead to a more powerful test of linkage disequilib-
rium.
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Appendix

Consider a marker locus with z alleles, M, M,, .. .,
M,,, having frequencies q1, ¢, ..., q,.. Suppose that
there is a disease locus with d alleles, D, D,, ..., Dy,
having frequencies p1, ps, . . . , pa. We denote the condi-
tional probability that a gamete carries marker allele
M,, given that it carries allele D, as Pr(M;|D,). Let 6 be
the recombination fraction between the disease and the
marker loci. We denote the penetrances, the probability
that an individual is affected, given that he or she
has genotype D,D,, as f,. Finally, we introduce the
following notation: f, (f + fu)4 and Bj
= Pr(M,|D,)Pr(M,|D,) + Pr(M,|D,)Pr(M,|D,).

Let the probability that a parent transmits M; to both
children and does not transmit M;, given that he or she
transmits D, to both children and does not transmit D;,
be T\5. The probability TV5", TV, and T3 are
defined analogously. When random mating is assumed,
these probabilities can be written as

Tilrsz;s) - Tl/rstr = Pr(M; |D Pr( M |D 1 — 9)2
+ Pr(M,[D,)Pr(M,|D,)6?
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and

T(_jrs;_sr) — T 78;7S)

1] 51] 1j3ji Brs (1 - e)e .

Using these probabilities, we can calculate the proba-
bility that a parent with genotype M;M; transmits M; to
both affected children and does not transmit M;, given
that he or she has two affected children:

2 00Dl i (i TEE + [T
P..= P, = Lbv .

sy Jisjt

2 De0spibulid i + fi) B

7,8, tu

and we can calculate the probability that a parent with
genotype M;M, transmits M; and not M; to one child
and M, and not M; to the other, given that he or she
has two affected children:

S pbpibatil T + FTH)

_ ns,tu

l i sz - .
A S 00Dl o + Fi)BE

7,8,ku

When there is no linkage, = ', and these probabilities
reduce to

P,‘l';,'/' = P,'/',./,' = Pji;/i = Pf',',.,'/' = 1/4 . (Al)
When there is no association, Pr(M;|D,) = Pr(M;|D,)
= g,, and the above probabilities become
1 2
Py = Py = i (1—26)
2 prpsptpufrtu(frtu - fS;M) (AZ)
7,S,t,u
4 2 pbsPibuliud i + Fi)
and
1 2
Py = Pyy= Z —(1-26)
4 2 prpsptpu ;;u(ﬂ;u + ﬁ;u)
7,8, t,u
For a marker locus with two alleles, Pr(X, = 2

= P,1,21. It follows from equations (A1), (A2), and (A3

that, when there is no linkage disequilibrium, Pr(X, =

= Pr(X, = 0). In addition, the probabilities given in
equations (A2) and (A3) depend only on the 6, the pene-

)
= P12 12, Pr(Xp = 1) = P12 21+ P21 125 and Pr(X, = 0)
)
2)
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trances, and the disease allele frequencies but are inde-
pendent of the allele frequencies at the marker locus.
Consequently, when there is no linkage disequilibrium,
the same probabilities hold, even for a marker locus
with multiple alleles.
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