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ABSTRACT

The transmission/disequilibrium test (TDT) is widely used to detect
the linkage disequilibrium between a candidate locus (a marker) and a disease
locus. The TDT is a family-based design and has the advantage that it is a
valid test when population stratification exists. The TDT requires the marker
genotypes of affected individuals and their parents. For diseases with late
age of onset, it is difficult or impossible to obtain the marker genotypes of
the parents. Therefore, when both parents’ marker genotypes are unavailable,
Ewens and Spielman extended the TDT to the S-TDT for use in sibships with
at least one affected individual and one unaffected individual. When only one
of the parents’ genotype is available, Sun et al. proposed a test, the 1-TDT,
for use with marker genotypes of affected individuals and only one available
parent. Here, we study the sample sizes of TDT, S-TDT, and 1-TDT. We
show that the sample size needed for the 1-TDT is roughly the same as the
sample size needed for the S-TDT with two sibs and is about twice the sample
size needed for the TDT.

1. INTRODUCTION

The transmission/disequilibrium test (TDT) was introduced by Spiel-
man et al. (1993) to test the linkage disequilibrium between a candidate marker

and a susceptible disease gene. If linkage disequilibrium is detected, the marker



may be within or linked to the susceptible disease gene. Risch and Merikangas
(1996) showed that the TDT is more powerful than allele sharing methods to
detect linkage if the disease is common and the relative risks are low. The
TDT tests the unequal transmission of alleles from the heterozygous parents
to the affected offspring. It does not produce spurious association due to
population stratification (Ewens and Spielman 1995). The TDT requires the
marker genotypes of affected individuals and their parents. For diseases with
late age of onset or short survival time, it is difficult or impossible to obtain
the marker genotypes of the parents. Recently, several new tests have been
proposed to detect linkage disequilibrium when the parental genotypes are not
all available.

Several methods have been proposed to test the linkage between a marker
locus and the disease locus for sibships with at least one affected and one unaf-
fected individual, when neither parents’ genotypes are available (Curtis 1997,
Spielman and Ewens 1998, Boehnke and Langefeld 1998, Horvath and Laird
1998). The basic idea is to compare the high risk allele frequency in affected
individuals with the high risk allele frequency in unaffected individuals. Sim-
ulations have been carried out to compare the power of the different tests
(Monks et al. 1998). It was concluded that the S-TDT developed by Spielman
and Ewens (1998) is generally the most powerful of all the proposed tests. No
sample size formula was available for the S-TDT.

Recently, Knapp (1999b) proposed the RC-TDT that can be used to
analyze families conditional on that the parental genotypes can be inferred.
For some families, the parental genotypes cannot be inferred, for example when
there is one affected offspring and one available parent. Sun et al. (1998,
1999) developed a test, the 1-TDT, that can be used to analyze families with
one affected offspring and one parent. Weinberg (1999) proposed a unified
framework for the different transmission disequilibrium tests using the EM
algorithm. In Sun et al. (1998, 1999) and Weinberg (1999), it was assumed
that the availability of the parents does not depend on the marker genotype
under study.

In the above studies, it was assumed that the genotype of each individual
is known. For complex diseases, a large number of families are needed to detect

the association of the disease with certain genetic markers. DNA pooling can



potentially greatly reduce the genotyping cost in association studies. Shaw
et al. (1998) showed the experimental feasibility of DNA pooling. Risch and
Teng (1998) studied the power of different tests for association using data from
DNA pooling experiments.

The sample size for the TDT has been extensively studied (Risch and
Merikangas 1996, Camp 1997, Knapp 1999a, Tu and Whittemore 1999) under
a variety of different conditions. The power of the S-TDT was only studied
using simulations (Monks et al. 1998). No sample size formulas were available
for the S-TDT and the 1-TDT. In this paper, we develop sample size formulas
for the S-TDT and the 1-TDT. We also compare the efficiency of the different
tests under a variety of different conditions.

This paper is organized as follows. In section 2, we explain the genetic
model and present the general method to obtain the sample sizes. In section 3,
we give the sample size required to detect linkage disequilibrium and compare
the relative power of the TDT, S-TDT and 1-TDT. A real data example is
also given in this section. In section 4, we show the limitations of our study

and point out directions for future research.

2. METHODS
2.1. A Genetic Model

We consider a marker locus with alleles “M” and “m” and a disease locus
with alleles “D” and “d”. “D” is the high risk susceptible disease allele. As in
Risch and Teng (1998), we assume a general disease model for penetrances at
the disease locus. Let the penetrances for genotypes “DD”, “Dd” and “dd” be
f2, f1 and fo, respectively. We also assume that the penetrances, fo, fi and
fo, are low, so unaffected individuals can be treated as random. Under this
assumption, we can reduce the penetrance parameters to relative penetrance
parameters. Fix fy = 1, then f; is the relative risk of genotype “Dd” versus
“dd”, and fs is the relative risk of genotype “DD” versus “dd”. For a dominant
model, we have fy = fi; for a recessive model, we have f; = 1; for an additive
model, fo = 2f; — 1; and for a multiplicative model, f, = fZ.

For simplicity, we assume that the marker locus and the disease locus are
in complete disequilibrium. Let the allele frequency of “M” be p and the allele

frequency of allele “m” be ¢ = 1 — p, respectively. In the following, we denote



the genotype “MM”=2, “Mm”=1 and “mm”=0, where the number indicates
the number of “M” alleles a genotype has. Throughout this paper, we assume

random mating.

2.2. The General Formulation

To obtain the sample size required for the S-TDT and the 1-TDT, we
use the general idea in Knapp (1999a) for the sample size formulas of the
TDT. Suppose we have the marker genotype data from n families of the same
structure. For the TDT, we have the genotype data of n affected individuals
together with the genotypes of their parents. For the S-TDT, we have the
genotype data of individuals in n sibships in which a of them are affected and
u of them are unaffected. For the 1-TDT, we have the genotype data of n
affected offspring and the genotype of their one available parent. The sample
size issue for a mixture of families with different structures will be addressed
in the Discussion section.

The general statistic to test the association of a genetic marker with the

disease can be written as

where (U(7),V (i)), i = 1, 2, ..., n are independent identically distributed
random vectors. (U(i), V(i) are usually chosen so that X,, has an approximate
standard normal distribution under the null hypothesis of no association. The
definition of (U(i), V(7)) for the S-TDT and the 1-TDT will be given in the
following sections.

Suppose (U(1),V(1))? is a random vector with expectation (i, v)” and
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As in Risch and Merikangas (1996), we consider one sided test. For a
given point-wise type I error rate «, the null hypothesis of no association is
rejected if X, > 214 (or X, < z,).

Under the alternative hypothesis of association, the power of the test is

given by
1-08=P(X,>2z1-4a)
%P Z>Zl_a_\/ﬁ,u/\/;>

1¢<cf7w7ﬁ>

: (1)

For a given point-wise type I error rate «, the sample size needed to have

power 1 — 3 is given by

(We can obtain the same formula in the X, < z, case.) In the rest of this
paper, we set the genome wide type I error rate at 0.05 and approximately
10® bio-allelic markers are considered (Risch and Merikangas 1996, Tu and
Whittemore 1999, Risch and Teng 1998). Using Bonferroni correction, the
adjusted point-wise type I error rate is 5 x 107%. Then z;_, = 5.33. We also
let the power be 80% corresponding to 2,5 = 0.84.

Using the above general approach, Knapp (1999a) gave the power and
sample size formulas for the TDT. In the following sections, we study the

sample size requirement for the S-TDT and the 1-TDT separately.

2.3. The S-TDT

The S-TDT compares the high risk allele frequency in affected individu-
als with the high risk allele frequency in unaffected individuals. Let a and u be
the numbers of affected sibs and unaffected sibs within a family, respectively
and t = a + u. Let r and s be the numbers of sibs with genotypes 2 and 1,
respectively. The S-TDT statistic is given by (Spielman and Ewens 1998)

T _YS—AS
S — \/VS )

where Yy is the number of “M” alleles among the affected sibs.
Ag=> (2r+s)a/t
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and
Vs =Y auldr(t —r —s) + s(t — s)]/[*(t — 1)],
are the mean and variance of Yy, respectively, under the null hypothesis of no
linkage disequilibrium.
Let Ys(i), Ag(i) and V(i) be the corresponding values of Ys, Ag and Vg

within the i-th family, respectively. Then

n N n

Ys = ZYS(i), Ag = ZAs(i), Vs = Z V(7).
i=1 i=1 i=1

Let Us(Z) = Ys(l) - AS(Z), then

Here, we consider sibships with one affected and one unaffected first.
According to the numbers of sibs with genotypes 2 and 1, there are 6 types of
sibships: 1) r=2,s=0;2)r=1,s=1;3)r=1,5s=0;4)r=0, s =2; 5)
r=0,s=1;6) r=0, s=0. Denote the conditional probabilities of the six
types of sibships given one affected and one unaffected by p;, 1 = 1,2,---,6,

respectively. We have
p1 = p*(1+p)*fo/(4K),
p2 = p’q(L +p)(fi + f2)/(2K),
ps = p°q*(fo +1)/(4K),
pa =pq(L+pq) 1/ K,
ps = pg*(1+q)(fr + 1)/ (2K),
pe = ¢*(1+¢)*/(4K). (3)

Here K is the probability that there is one affected and one unaffected in a
sibship. Since we are assuming low penetrance, we have K = p? fo +2pq f1 + ¢>.
The procedure for the calculation of p;, i = 1,2,-- -, 6, is given in the appendix.

Table I gives the possible values of Vs(i), As(i), Ys(i) and Ug(i) accord-
ing to different types of sibships and their corresponding probabilities.



TABLE 1.
Possible values of Vs (i), Ag(i), Ys(i) and Ug(i)

and the corresponding probabilities.

Sib genotype Genotype of Probability V(i) Ag(i) Ys(i) Us(i)

(r,s) affected
1 (2,0) 2 y 0 2 2 0
A 1 2 1
2 1,1 2 - ‘ 2 -
( ) it f2p2 1 3 9
X f 1 2 ) 1
AtR 13 2
3 (1,0) 2 fﬁ&m 1 1 2 1
2
1
0 st 1 0 -1
2
4 0,2 1 Pa 0 1 1 0
7 1 1 1
1 1 - - 1 -
g (0.1) JE L 2 2
. 1 1 1 . 1
JAE L 2 2
6 (0,0) 0 e 0 0 0 0

The conditional distribution of (Us(z), Vs(i))T given one affected sib and

one unaffected sib is

(Us(i),V(g(i)) . Probability

99:m+m+m
1
-, = : _I_i
ol Rt
(1 1) . f2 p2+ fl s
274 fzii‘fl fi+1
1.1
( ) f2+1p3
1,1 2 4
( ) ) f2+1p3 ( )
Then for i =1, 2, ..., n, we have
. fo—fi fa—1 fi—1
EUs(i) = + + ;
s() 2(f2+f1)p2 f2+1p3 2(f1+1)p5
) . 1 1
EVs(i) = E(Us(i))* = 1P +p3 + iP5

1 1
E(Vs(i)? = — —ps;
(Vs(4)) 161?2 + p3 + 16275,
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fo—fi fa—1 fi—1
Gt P s P ©)

From (5), we can calculate the mean and variance of Ts. The sample

EUs(i)Vs(i) = 3

size needed for S-TDT can then be calculated from equation (2).
For sibships with more than one affected sib and more than one unaf-
fected sib, we can use the same method to calculate the number of families

needed to detect linkage disequilibrium.

2.4. The 1-TDT
When the genotype of an affected individual and the genotype of only
one parent are available, we use the 1-TDT. The 1-TDT statistic is (Sun et

al. 1999)
_ Ag + Arg — Ajg—Aar b —

vV oV

where A;j, i,7 = 0,1,2 is the number of affected individuals with genotype ¢

T

whose one available parent has genotype 7 and
by = Aor + Aia, c1 = Ay + Aso.

Here we assume that only the genotypes of one affected individual and one
available parent are considered for each family. The variance of b — ¢; can be
estimated by V; = b;+c¢;. T has an approximate standard normal distribution
when by + ¢; is large under the null hypothesis.

Let by (i) and ¢;(7) be the corresponding values of b; and ¢;, respectively
within the ¢-th family. Then b = i bi(i) and ¢; = Zn: c1(2). Let Uy(i) =
bi(i) — c1(2) and Vi(i) = by (i) + cl(i)l:éve have -

Table II gives the values of by(i), ¢1(i), Uy(i) and V;(i) for each family type
and the conditional probability of each family type given one affected child.
In the table, family type i — j(i,7 = 0,1,2) indicates that the genotype
of the affected offspring is j and the genotype of the available parent is j.
K, = p*fo + 2pqfi + ¢? is the probability that there is one affected offspring.



TABLE II.
Possible values of b (7), ¢1(2), Uy (i) and V;(7)
and their corresponding probabilities.

Family type Probability given b1(7) «¢1(i) Ui(i) Vi(i)
one affected child

2—2 p?’fg/Kl 0 0 0 0
21 P2afi/ K 10 1 1
1 -9 P2afs/ K o 1 -1 1
1—1 pqfi/ K 0 0 0 0
1—0 pd*/ Ky 1 0 1 1
00 @K O 0 0 o0
So the distribution of (Uy(4), V1(i))T is
(U1(3), V4(i)) : Probability
(0,0): (P’ fa+paf +¢*)/ K
(1,1): (p°afi +pg*)/ K
(=1L,1): (pafe +pg*f1)/ K (6)
Then for ¢ =1, 2, ..., n, we have

EUL (1) = EUL(0)Va(i) = pg((2p — 1) fr — pf2 + q) / K1;
EVi(i) = BE(U1(0))* = E(Vi(2))* = pa(pfz + fi + )/ K. (7)

From (7), we can calculate the mean and variance of 7. The sample size

needed for S-TDT can then be calculated from equation (2).

3. RESULTS

We compare the numbers of families needed to detect linkage disequilib-
rium using the TDT, the S-TDT and the 1-TDT. For the TDT, we consider
families with the genotypes of one affected offspring and the parents. For
the S-TDT, we consider families with genotypes of one affected offspring and
one unaffected offspring. For the 1-TDT, we consider families with the geno-
types of one affected offspring and only one parent. Because the population
frequency of the disease gene will influence the number of families needed
to detect linkage disequilibrium, we consider three different frequencies: 1)
p = 0.05, 2) p = 0.20, and 3) p = 0.70. The relative penetrance f; is fixed
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to be 4. For different genetic models, we have 1) dominant model: f; = 4,
2) recessive model: f; = 1, 3) multiplicative model: f; = 2, and 4) additive
model: f; = 2.5.

TABLE III.

Number of families needed to detect linkage equilibrium for
four genetic models using the TDT, S-TDT and 1-TDT. f, = 4.

TDT S-TDT 1-TDT

Dominant
p=0.05 315 623 634
p=0.20 231 447 471
p=0.70 2,917 5,640 5,916
Recessive
p=0.05 38,880 79,610 77,118
p=0.20 975 2,079 1,913
p=0.70 204 432 404
Multiplicative
p=0.05 1,248 2,508 2,495
p=0.20 423 859 846
p=0.70 457 926 913
Additive
p=0.05 732 1,464 1,468
p=10.20 340 679 683
p=0.70 691 1,381 1,387

From Table III, we can see that the number of families needed for the
1-TDT is roughly the same as the number of families needed for the S-TDT

with two sibs and is about twice the number of families needed for the TDT.

Example.

The warfarin-aspirin symptomatic intracranial disease study (WASID)
(Chimowitz et al. 1995) is a multicenter study comparing the efficacy of war-
farin with aspirin for the prevention of vascular events in intracranial disease
patients funded by the US National Institute of Health. During the tenure
of this award, 806 patients with intracranial athrosclerosis will be recruited
and randomized to warfarin and aspirin. It was proposed (Dr. B. Stern, Per-
sonal communication) to find genetic mutations associated with intracranial

athrosclerosis based on this cohort of 806 patients and their family based con-
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trols, such as parents or sibs. Since the ages of the patients in this cohort
are about 45-65, their parents are usually not available. It is estimated that
about 10% of the patients, or 80 patients, have one parent available. About
half of the other 806-80=726 patients, or 363 patients, will have one unaffected
sib available for study. We are interested in knowing the power to detect the
association of the genetic mutations with intracranial athrosclerosis.

Since we showed above that the power of the S-TDT is roughly the same
as the power of the 1-TDT, we treat the cases with one parent available the
same as cases with one unaffected sib. Using equation (1), we are able to
calculate the power of the S-TDT with 363+80=443 cases for given high allele
frequency and relative risk under dominant and multiplicative models (Table

IV). Here the relative risk is the relative penetrance of genotype “Dd”.

TABLE 1IV.

Power of the S-TDT with 443 cases for given allele frequency

and relative risk under dominant and multiplicative models.

Ji=2 Ji=4 J1=6
Dominant
p=0.01 7.48 x 1076 0.0010 0.0207
p=0.1 0.0072 0.7757 0.9970
p=0.25 0.0143 0.6858 0.9624
p=0.5 0.0006 0.0303 0.0870
p=0.75 3.50x 107% 259 x107° 4.93x107°
Multiplicative
p=0.01 7.76 x 1076 0.0012 0.0255
p=0.1 0.0229 0.9915 1
p=0.25 0.2308 1 1
p=0.5 0.3179 1 1
p=0.75 0.0688 0.9462 0.9994

4. DISCUSSION

In this paper, we used the general framework developed by Knapp (1999)
to derive the sample size formulas for the S-TDT and the 1-TDT. We had done
simulation to test the appropriateness of the approximation and found that

the simulated power with the given sample size is very close to theoretical
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power (data not shown). Using the sample size formulas, we calculated the
sample sizes needed for the TDT, S-TDT, and 1-TDT under a variety of
different disease models. From the results, we see that in most situations
the sample size needed for the 1-TDT is roughly the same as the sample size
needed for the S-TDT with one affected and one unaffected sibs and is about
twice the sample size needed for the TDT. In addition, with a real example on
intracranial athrosclerosis, we calculated the power of detecting the association
of genetic markers with the disease under study with the available data set.
In this paper, we assumed that there is one affected and one unaffected
in a sibship for the S-TDT. In reality, we may have different types of sibships
available. With any given fixed structure of sibships, such as a affected and u
unaffected in a sibship with a and u fixed, the general framework described in
this paper can still be used to derive the power and the sample size formulas
for the S-TDT. If the number of sibships for each type of structure is large,
normal approximation can be used to approximate the power of the S-TDT.
Generally, if the number of sibships is small, it might be best to use the
permutation method developed by Spielman and Ewens (1998) to study the
power. Similarly, we assumed that we have one affected offspring for the 1-
TDT. A similar method can be used to study the power and sample size for

the 1-TDT when multiple affected offspring are included.

APPENDIX

Here, we calculate the p;, i = 1, 2, ..., 6 in Section 2.3. Denote the event

that there is one affected offspring and one unaffected offspring by ‘A’. Let

By ={r=2,s=0}
By={r=1,s=1};
By ={r=1,s =0}
By ={r=0,s=2};
Bs={r=0,s=1};
Bg ={r=0,s=2}.

r and s be the numbers of offspring with genotype 2 and 1 within the family,
respectively. Let (i,7) denote the mating type, that is, the genotypes of the
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two parents are ¢ and j, respectively. We have

p1:P(31|A)
—ZP (i,) | A)P(By | AN (i)
Am Z])) P(BiNANi,j)

> PN GL))

= (P(B1N A m (2,2)+P(BiNAN(2,1)+P(BiNAN(L1))) /K
= <P4f2 +4p’q - ifz + 4pq” - 116f2> /K

= p*(1+p)*fo/(4K).

We can use the same method to calculate p;, i = 2, 3, 4, 5, 6.
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