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A simple method for detection of imprinting effects
based on case–parents trios
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Using data from families in which marker genotypes are
known for the father, the mother and the affected offspring, a
simple statistic for testing for imprinting effects is developed.
The statistic considers whether the expected number of
families in which the father carries more copies of a particular
marker allele than the mother is equal to the expected
number of families in which the mother carries more copies
of the allele than the father. The proposed parent-of-origin
effects test statistic (POET) is shown to be normally

distributed and can be employed to test for imprinting in
situations where the marker locus need not be a disease
susceptibility locus and where the female and male
recombination fractions are sex-specific. A simulation study
is conducted to characterize the power of the POET and
other properties, and its results show that it is appropriate to
employ the POET.
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Introduction

Genomic imprinting, also known as ‘parent-of-origin’
effects, exists in many mammalian genes. Imprinting has
been illustrated in several genetic disorders such as
Beckwith–Wiedemann, Prader–Willi and Angleman
syndromes (Falls et al., 1999). Morison et al. (2001) have
constructed an imprinted-gene database, which con-
tained more than 230 records at the time of submission
(http://igc.otago.ac.nz). Reviews of the mechanisms and
function of genomic imprinting have been conducted by
Pfeifer (2000), Reik and Walter (2001) and Wilkins and
Haig (2003).

As the usual statistical methods for linkage analysis
may be ineffective or fail to detect linkage for an
imprinted gene, several studies have been performed
recently to test for imprinting for qualitative and
quantitative traits or to incorporate imprinting effects
into existing tests for linkage. Based on case–parents
trios, Weinberg (1999) proposed some test statistics to
test for imprinting and maternal effects when a marker
locus is a disease susceptibility locus (DSL). A likelihood-
based method, allowing for incorporation of ascertain-
ment and differential male and female ascertainment
probabilities, has been developed for testing for imprint-
ing effects in complex diseases (Haghighi and Hodge,
2002). For the affected sib pairs analysis, Wu et al. (2005)
have proposed a robust generalized minimax test for
imprinting and linkage, based on alleles shared identity-
by-descent for the incorporation of imprinting effects.

For the quantitative trait locus, mixture models have
been used to perform quantitative tests for maternal
effects and imprinting effects with incomplete case–
parents trios (Van den Oord, 2000). Hanson et al. (2001)
and Shete and Amos (2002) have used the statistics
constructed for linkage between the trait and the marker
locus in the variance-components (Amos, 1994) and
Haseman and Elston (1972) models, respectively, to test
whether the effect of the maternally derived locus is
equal to that of the paternally derived locus with sex-
specific recombination fractions. Shete et al. (2003) have
extended the variance-components model to test for
imprinting by using extended pedigrees.

Human recombination fraction can differ between
males and females. Feenstra et al. (2004) used the lod
scores to detect sex differences in male–female recombi-
nation fractions. The recombination rate for human
females is on average 60% higher than that for human
males (Fann and Ott, 1995; Broman et al., 1998; Ott, 1999;
Feenstra et al., 2004). In linkage analysis, sex-specific
recombination rates will be a consequence of imprinting,
and Smalley (1993) suggested that this information could
be used to try to identify the traits undergoing imprint-
ing. Hence, it is particularly important in testing for
imprinting and conducting linkage analysis with im-
printing effects to incorporate the sex-specific recombi-
nation fractions into the analysis.

The paper is organized as follows. Based on the case–
parents trios, the same data used in the transmission
disequilibrium test (TDT) for linkage (Spielman et al.,
1993), we first propose a novel parent-of-origin effects
test (POET) to test for imprinting in situations where the
marker locus need not be a DSL per se and where the
female and male recombination fractions are sex-specific.
The POET tests the equality of the expected numbers of
two groups of families that are in symmetry in terms of
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the mating type. The test statistic is shown to be
asymptotically normal distributed. We then compare
the type I error rates of the test statistic simulated by
10 000 replicates with the nominal level of 0.05 for a
variety of parameter values, and find that they are highly
consistent. The analytical power is derived and is
compared with the power obtained by simulation. They
are found to be almost the same. The simulation results
illustrate that it is appropriate to use the POET.

Methods

Notations and data
Assume that at the marker locus there are two alleles M1

and M2 with population frequencies g and g0 ¼ 1�g,
respectively. Note that M1 and M2 may represent two
groups of alleles. It is convenient to denote the marker
genotypes M2M2, M1M2, and M1M1 by the numbers 0, 1,
and 2, respectively (i.e. the number of copies of the
marker allele M1 carried by an individual). At a DSL,
there are two alleles D and d with population frequencies
p and q¼ 1�p, respectively. In order to take imprinting
effects into account, it is necessary, for a heterozygote Dd,
to specify the parental origin of the disease allele D. We
therefore let D/D, D/d, d/D and d/d denote the four
ordered genotypes at the DSL, where the left allele of the
slash / is paternal and the right allele is maternal. We
assume that there is no maternal effect (e.g. intrauterine
effect, mitochondrial effect), so the risks for an individual
with two copies, one paternal copy, one maternal copy,
and no copies of the disease allele D at the DSL are
denoted by fD/D, fD/d, fd/D and fd/d, respectively. The
population disease prevalence is then f¼ p2fD/Dþ
pqfD/dþ pqfd/Dþ q2fd/d. Without loss of generality, we
assume that the risk for an individual with two copies of
the disease allele D is greater than for an individual with
one copy, either paternal or maternal, and similarly that
the risk for an individual with one copy is greater than
for one with no copies. fD/d¼fd/d indicates that the
paternally derived allele is completely silenced and
fd/D¼fd/d indicates that the maternally derived allele
is completely silenced. The condition fD/d¼fd/D holds if
and only if there is no imprinting effect. fD/d4fd/D

indicates that a paternally derived allele is associated
with a greater increase in risk than a maternally derived
allele. Similarly, fd/D4fD/d indicates that a maternally
derived allele is associated with a greater increase in risk
than a paternally derived allele. Imprinting effects can be
measured by the degree of imprinting I¼ (fD/d�fd/D)/2
(Strauch et al., 2000), the half of the difference between
the expression of the paternally derived allele and that of
the maternally derived allele, which is the negative value
of the ‘delta’ measure (Haghighi and Hodge, 2002). It
follows that (fd/d�fD/D)/2pIp(fD/D�fd/d)/2. Note that
here we allow genes to be partially imprinted, although
genes are believed to be either completely imprinted or
not at all. The case of I¼ (fd/d�fD/D)/2 corresponds to
complete paternal imprinting or complete maternal
expression and the case of I¼ (fD/D�fd/d)/2 corresponds
to complete maternal imprinting or complete paternal
expression. So the null hypothesis of no imprinting
effects is equivalently expressed as I¼ 0. The coefficient
of linkage disequilibrium (LD) between the marker locus
and the DSL is taken as d ¼ PDM1 � pg, where PDM1 is the

frequency of haplotype DM1. Suppose that the marker
locus is in LD with the DSL (i.e. da0). Let yf and ym
denote, respectively, the female and male recombination
fractions between the marker locus and the DSL.

Hardy–Weinberg equilibrium in the parental
generation and Mendelian transmission are assumed
throughout this paper. There are n independent case–
parents trios, each with known marker genotypes FMC,
where F, M and C, respectively, denote the genotypes of
the father, mother and affected child at the marker locus.
Notice that in each case–parents trio, the child’s disease
phenotype is known (affected) and the marker geno-
types of the trio are known. These families are classified
jointly by the mating type FM, the paired parental
genotypes and the genotype C of the affected child. The
mating symmetry is assumed in the sense that
P(F¼ i, M¼ j)¼P(F¼ j, M¼ i) for all i, j¼ 0, 1, 2. There
are theoretically 33¼ 27 types of combinations, but only
15 of these types are genetically possible. Let NFMC

denote the number of families that fall into genotype
category FMC. These 15 numbers {NFMC} follow a
multinomial distribution. We are interested in the
distribution of such a trio when the trio has been
selected because the child is affected. Bayes’ theorem is
employed to calculate the conditional probability for a
trio, given that the child is a case. Table 1 lists all 15 types
of family and the corresponding conditional probabili-
ties. Their derivations are outlined in Appendix A. An
essential issue is to find out the informative families
relevant to genomic imprinting from these 15 types of
family.

Proposed statistic and power
In order to effectively exploit the information from trios
relevant to imprinting effects, the trios are partitioned
into three groups by the mating types FM. The first,
second and third groups are characterized by F4M,
M4F and F¼M respectively (see the third column of
Table 1). When the father and the mother carry the same
number of copies of the marker allele M1, they have an
equal chance of transmitting M1 to the affected offspring.
Let NF4M¼N100þN101þN201þN211þN212 denote the
number of families in the first group and
NM4F¼N010þN011þN021þN121þN122 the number of
families in the second group. If there is no imprinting
effect, the difference between the numbers of families
belonging to these two groups is expected to be zero by
symmetry. Furthermore, NF4M4NM4F would provide a
clue of paternal expression of the disease allele D and the
reverse case NF4MoNM4F would provide a clue of
maternal expression of the disease allele D. In fact, we
obtain E(NF4M�NM4F)¼ 2nd(1�gþ g2)I/f from Table 1
after tedious algebra. So in the presence of LD, the
expected numbers of families belonging to the first two
groups are equal if and only if there is no imprinting
effect (i.e. I¼ 0), based on the fact that 1�gþ g2 is greater
than 3/4 whatever the g value. So the test for I¼ 0
essentially tests for the equality of E(NF4M) and
E(NM4F). Hence, we propose the following ‘parent-of-
origin effects test’ (POET) statistic

POET ¼ NF4M �NM4Fffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NF4M þNM4F

p ð1Þ
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where NF4MþNM4F is the minimum variance unbiased
estimator for the variance of NF4M�NM4F. Notice that
the (square of the) POET is a McNemar’s test and has a
similar form as the TDT (Spielman et al., 1993).

Based on the theorem in Appendix B, we can derive
the asymptotic distribution of the POET. This is N(m,s2),
where

m ¼
ffiffiffi
n

p e1 � e2ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e1 þ e2

p ð2Þ

s2 ¼ 1 � ðe1 � e2Þ2

4ðe1 þ e2Þ
� 3ðe1 � e2Þ2

4ðe1 þ e2Þ2
ð3Þ

e1 and e2 are the sums of the conditional probabilities of
mating types 1 and 2 (see the last column of Table 1),
respectively, e1�e2¼ 2d(1�gþ g2)I/f, e1þ e2¼ 2g(1�g)
(2�3gþ 3g2)þ 2dD(1�2 g)(1�3gþ 3g2)�2Rd2(1�3gþ 3g2)/
f, R¼fD/D�fD/d�fd/Dþfd/d is the difference between
the sum of two homozygote risks and the sum of two
heterozygote risks and D¼ (p(2fD/D�fD/d�fd/D)þ
q(fD/dþfd/D�2fd/d))/(2f) is the difference between
two ratios P(D|affected child)/P(D|random man)
and P(d|affected child)/P(d|random man), where
P(D|affected child) represents the probability that a
chromosome of an affected child has an allele D at the
DSL, and the other three probabilities P(D|random
man), P(d|affected child) and P(d|random man) are
similarly defined.

It is obvious that under the null hypothesis of no
imprinting, we have m¼ 0 and s2¼ 1. So the correspond-
ing rejection region about no genomic imprinting is
|POET|4za/2, where a is the significance level and za/2

is the upper a/2 point of a standard normal distribution.
In this paper, the significance level is taken as 0.05 and
z0.025¼ 1.96. It follows immediately that the asymptotic
power of the POET is

Power ¼ F
�za=2 � m

s

� �
þ 1 � F

za=2 � m
s

� �
ð4Þ

where F( � ) is the cumulative distribution function of a
standard normal random variable. The asymptotic
normality of the POET and the accuracy of the power
Equation (4) are assessed via simulations.

Remarks
It is obvious from the power expression (4) that there are
numerous parameters that affect the power of the POET.
Let g2¼fD/D/fd/d, g1p¼fD/d/fd/d, g1m¼fd/D/fd/d denote
the genotypic relative risks (Risch and Merikangas,
1996), and g1¼ (g1pþ g1m)/2 denote the average of
the two heterozygous genotypic relative risks, then
D¼ (pg2þ (q�p)g1�q)/(p2g2þ 2pqg1þ q2), I/f¼ (g1p�g1m)/
(2(p2g2þ2pqg1þq2)), R/f¼(g2�2g1þ1)/(p2g2þ 2pqg1þq2).
It is concluded from Equation (4) that the power depends
on the four risks fD/D, fD/d, fd/D, fd/d only through g2, g1p

and g1m. So we fix the background risk fd/d at 0.05 in
our simulation study. Notice that g1p¼ 1 means complete
silencing of the paternally derived allele and g1m¼ 1
means complete silencing of the maternally derived
allele.

It is noted that the power of the POET is independent
of the designation of the two marker alleles M1 and M2.
In fact, if we interchange M1 and M2, the coefficient of LD
changes from d to �d. So, from the expressions of m and
s2 in Equations (2) and (3), we find that the mean of the
POET changes from m to �m while s2 remains unchanged.
Therefore, the power of the POET is invariant when the
two marker alleles M1 and M2 are interchanged. As a
result, we need only to consider the case where the
marker allele frequency g is less than 0.5 in the
simulation study.

Notice from Equations (2) and (3) that the analytical
power of the POET is symmetric about the degree
of imprinting I. Interpreted precisely, for the
parameter vector (fD/d, fd/D), the power evaluated
at fD/d¼ a, fd/D¼ b is just the same as that evaluated
at fD/d¼ b, fd/D¼ a while all other parameters
remain unchanged. In particular, we conclude that the
silencing of the paternally derived allele and the
complementary silencing of the maternally derived
allele are equally easy or equally difficult to detect.
We therefore need only to assess the performance
of the POET in the case of I40 in our simulation
study.

Table 1 Classification of all 15 genetically feasible family types for nuclear families each with a single affected child, together with the
conditional probability of each trio, given that the child is a case

Family type FMCa Mating type Family number Conditional probabilityb

1 100 1 N100 (fD/Dw3w6+fD/dw4w6+fd/Dw3w8+fd/dw4w8)/f
2 101 1 N101 (fD/Dw3w5+fD/dw4w5+fd/Dw3w7+fd/dw4w7)/f
3 201 1 N201 (fD/Dw1w3+fD/dw1w4+fd/Dw2w3+fd/dw2w4)/f
4 211 1 N211 (fD/Dw1w10+fD/dw1w12+fd/Dw2w10+fd/dw2w12)/f
5 212 1 N212 (fD/Dw1w9+fD/dw1w11+fd/Dw2w9+fd/dw2w11)/f
6 010 2 N010 (fD/Dw3w10+fD/dw3w12+fd/Dw4w10+fd/dw4w12)/f
7 011 2 N011 (fD/Dw3w9+fD/dw3w11+fd/Dw4w9+fd/dw4w11)/f
8 021 2 N021 (fD/Dw1w3+fD/dw2w3+fd/Dw1w4+fd/dw2w4)/f
9 121 2 N121 (fD/Dw1w6+fD/dw2w6+fd/Dw1w8+fd/dw2w8)/f
10 122 2 N122 (fD/Dw1w5+fD/dw2w5+fd/Dw1w7+fd/dw2w7)/f
11 000 3 N000 (fD/Dw3

2+fD/dw3w4+fd/Dw3w4+fd/dw4
2)/f

12 110 3 N110 (fD/Dw6w10+fD/dw6w12+fd/Dw8w10+fd/dw8w12)/f
13 111 3 N111 (fD/Dw5w10+fD/dw5w12+fd/Dw7w10+fd/dw7w12)/f+

(fD/Dw6w9+fD/dw6w11+fd/Dw8w9+fd/dw8w11)/f
14 112 3 N112 (fD/Dw5w9+fD/dw5w11+fd/Dw7w9+fd/dw7w11)/f
15 222 3 N222 (fD/Dw1

2+fD/dw1w2+fd/Dw1w2+fd/dw2
2)/f

aF, M and C denote the genotypes of the father, mother and child, respectively.
bw1¼ (pg+d)g, w2¼ (qg�d)g, w3¼ (pg0�d)g0, w4¼ (qg0+d)g0, w5¼ pgg0+g0d�dym, w6¼ pgg0�gd+dym, w7¼ qgg0�g0d+dym, w8¼ qgg0+gd�dym,
w9¼ pgg0+g0d�dyf, w10¼ pgg0�gd+dyf, w11¼ qgg0�g0d+dyf, w12¼ qgg0+gd�dyf, f¼ p2fD/D+pqfD/d+pqfd/D+q

2fd/d.
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Simulation methods
In order to assess the performance of the POET in finite
samples, a number of parameter values are chosen for
the simulation study, based on the following principles.
The parameters g2 and p are chosen as follows: g2¼ 2, 4, 8,
16 and p¼ 0.01, 0.1, 0.5, 0.8 (Risch and Merikangas, 1996;
Knapp, 1999; Deng and Chen, 2001). When g2 is given,
we take g1¼ (3þ g2)/4, (1þ g2)/2, (1þ 3g2)/4, equally
spaced in the range of 1 and g2. For a given g1, the range
of the degree of imprinting I according to the diamond of
inheritance (Strauch et al., 2000) can be derived as
follows: when g1¼ (3þ g2)/4 or (1þ 3g2)/4, fd/d(1�g2)/4
pIpfd/d(g2�1)/4; when g1¼ (1þ g2)/2, fd/d(1�g2)/2
pIpfd/d(g2�1)/2. The coefficient of LD d is taken as
0.9dmax (Deng and Chen, 2001), where dmax¼min(p(1�g),
g(1�p)). Remember that the analytical power of the
POET is independent of the designation of the two
marker alleles. So we choose g¼ 0.2 or 0.4. For
illustrative purposes, we adopt yf¼ 0.146 and
ym¼ 0.084, which are the female and male recombination
fractions between ABO and the locus for the nail–patella
syndrome (NPS1) respectively (Ott, 1999). Once the
parameter values and the sample size n are chosen, we
randomly generate n trios according to the probability
distribution listed in the last column of Table 1. For a
given number of replicates (e.g. 10 000 replicates), the n
trios are generated with 10 000 replicates, and so it
follows 10 000 values of the POET. For the given
significance level a, the actual power/type I error rate
is then estimated as the proportion of rejecting the null
hypothesis (i.e. |POET|4za/2), in 10 000 replicates
performed when the alternative/null hypothesis holds.

Results

For a given significance level a¼ 0.05, Table 2 exhibits the
actual type I error rates of the POET with 10 000
replicates for a variety of parameter values, where the
sample size n¼ 100, g¼ 0.2, yf¼ 0.146 and ym¼ 0.084. The
entries in Table 2 show that the actual type I error rates
are highly consistent with the nominal value of 0.05,
which demonstrates the high accuracy of the asymptotic
normality result of the POET under the null hypothesis
of no imprinting. We also investigate the performance of
the POET when the female and male recombination
fractions take other values, when g¼ 0.4, and when

the sample size n¼ 200 or 400. It is found that the
corresponding type I error rates of the POET are again
very close to the nominal value of 0.05 (results not shown
here for brevity). All these results indicate that the POET
controls the size very well, even though the sample size
is not large.

Based on the power calculation formula (4) of the
POET, we first obtain the sample size needed for the test
to gain 80% analytical power, when there is imprinting.
For this particular sample size, we then evaluate the
actual power by simulation with 10 000 replicates. Table 3
lists the required sample sizes and the actual powers
associated with them. It is observed that the sample sizes
needed for the test to gain 80% power are very large in
some scenarios but quite modest in others. However, for
common diseases with large g2, the sample sizes needed
to gain 80% power are small to moderate and so it is
practical to use this approach. We also conducted the
simulation with marker allele frequency g¼ 0.4 and with
the other parameter values the same as those given in
Table 3 (results omitted for brevity). All the simulation
results show a very strong agreement between the
analytical powers and the actual powers. So the power
calculation Equation (4) appears very accurate.

The sample sizes are chosen respectively as 100, 200
and 400 to exhibit the effect of the degree of imprinting

Table 2 Type I error rates of the POET at a significance level of 0.05
for simulation with no imprinting, having the marker allele
frequency 0.2 and the sample size 100

P

g2 g1 0.01 0.1 0.5 0.8

2 1.25 0.050 0.045 0.051 0.046
1.50 0.051 0.052 0.050 0.051
1.75 0.048 0.051 0.050 0.045

4 1.75 0.050 0.048 0.052 0.049
2.50 0.051 0.048 0.051 0.051
3.25 0.048 0.050 0.051 0.045

8 2.75 0.051 0.047 0.051 0.050
4.50 0.047 0.046 0.047 0.051
6.25 0.052 0.049 0.050 0.051

16 4.75 0.055 0.048 0.048 0.049
8.50 0.051 0.051 0.048 0.052

12.25 0.052 0.051 0.048 0.050

Table 3 Sample sizes required to gain 80% power of the POET according to the asymptotical power calculation formula and the actual
powers associated with these sample sizes, having the marker allele frequency 0.2

g2 I g1 P

0.01 0.1 0.5 0.8

2 0.0125 1.25 422680 (0.804) 4741 (0.804) 5228 (0.802) 50223 (0.796)
0.0250 1.50 106954 (0.800) 1312 (0.795) 1557 (0.801) 13697 (0.797)
0.0125 1.75 433004 (0.802) 5805 (0.799) 7340 (0.799) 59571 (0.798)

4 0.0375 1.75 48125 (0.805) 662 (0.803) 1430 (0.802) 19029 (0.801)
0.0750 2.50 12465 (0.800) 213 (0.800) 493 (0.801) 5468 (0.808)
0.0375 3.25 51647 (0.804) 1092 (0.799) 2620 (0.804) 24937 (0.795)

8 0.0875 2.75 9272 (0.800) 178 (0.797) 781 (0.799) 12842 (0.801)
0.1750 4.50 2509 (0.799) 70 (0.803) 297 (0.804) 3799 (0.799)
0.0875 6.25 10850 (0.797) 427 (0.797) 1708 (0.803) 17768 (0.797)

16 0.1875 4.75 2213 (0.797) 70 (0.793) 576 (0.797) 10707 (0.797)
0.3750 8.50 647 (0.804) 34 (0.816) 233 (0.792) 3216 (0.803)
0.1875 12.25 3014 (0.803) 246 (0.798) 1398 (0.801) 15240 (0.800)
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I on the actual power of the POET via simulation with
100 000 replicates. Figure 1 depicts the actual power
function of the POET when the degree of imprinting
changes from the leftmost point fd/d(1�g2)/2 to the
rightmost point fd/d(g2�1)/2. The power at I¼ 0 (i.e.
under the null hypothesis) is very close to 0.05, as
expected. The symmetry of the power function about
I¼ 0 (as mentioned earlier) is confirmed in Figure 1.

As expected, we observe that the power is a mono-
tonically increasing function of the sample size n or
the absolute value of the degree of imprinting |I|. The
rightmost point of I, fd/d(g2�1)/2, corresponding to
g1p¼ g2 and g1m¼ 1, or equivalently fD/d¼fD/D and
fd/D¼fd/d, means that the disease allele D is complete
maternal imprinting or complete paternal expression. In
this situation (and also at the leftmost point of I), the
difference between the expression of the paternally
derived allele and that of the maternally derived allele
reaches its greatest extent. This kind of differential
expression should be the easiest one to detect. The upper
right part of Figure 1 shows that in our case, for
moderate disease allele frequency p¼ 0.1, the modest
imprinting effects are easy to detect.

In addition to the simulation studies given above, we
would also like to investigate the power of the POET for
a small to medium sample size of 100 or 200, with
parameters taking the following values: the disease allele
frequency pA[0.05, 0.35], the marker allele frequency
gA[0.1, 0.5], fd/dA[0, 0.1], fD/DA[0.8, 1], and the degree of
imprinting I¼ (fD/D�fd/d)/2. More precisely, we calcu-
late the power of the POET for p with increments of 0.01,
g with 0.1, fd/d with 0.02, and fD/D with 0.04. Thus, we
have 31	 5¼ 155 powers of the POET for given fd/d and

fD/D. It is observed from the results that the bigger the
difference between fD/D and fd/d, the more powerful the
POET, assuming all other parameter values are fixed. The
mean and standard deviation of those 155 powers with
given fd/d and fD/D can be obtained accordingly. For a
sample size n¼ 100, when fd/d¼ 0.1 and fD/D¼ 0.8, the
corresponding mean and standard deviation are 80.13
and 20.08% respectively. When fd/d¼ 0.0 and fD/D¼ 0.8,
the corresponding values are 98.70 and 4.90%. For a
bigger sample size n¼ 200, the power increases con-
siderably. For example, when the sample size n¼ 200,
fd/d¼ 0.1 and fD/D¼ 0.8, the mean and standard devia-
tion of the corresponding powers of the POET are 93.70
and 12.08%, respectively. In summary, for the parameter
values listed in the beginning of this paragraph, the
power of the POET is relatively high. Notice that based
on our Equation (4), it is possible to know the power of
the POET for a given sample size and set of parameter
values.

Discussion

The POET was developed to test for imprinting
when association between the marker locus and a DSL
is present. Furthermore, from the expression of
E(NF4M�NM4F), we know that it is also appropriate to
use the POET to test for association if there is imprinting.
The POET can therefore be thought of as a test for
imprinting in the presence of known association, or as a
test for both imprinting and association.

The primary benefit of the POET is that it is
appropriate in situations where the marker locus need
not be the DSL per se and where the female and male
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recombination fractions are sex-specific. One attractive
feature of the POET is that it uses the same marker
genotype data (from affected children and their parents)
collected for testing for linkage by the TDT, and so no
extra data are needed. In fact, the TDT uses the families
in which there is at least one heterozygous parent at the
marker locus and tests for the equality of the expected
number of times of the marker allele M1 transmitted and
the expected number of times not transmitted from the
heterozygous parents to the affected children. The POET
uses the families in which the two parents’ marker
genotypes are different and tests for the equality of the
expected number of families in which the father carries
more copies of the marker allele M1 than the mother and
the expected number of families in which the mother
carries more copies of the marker allele M1 than the
father. Our POET uses data of 10 family types of Table 1,
namely types 1–10, while the TDT uses 11 types (1, 2, 4, 5,
6, 7, 9, 10, 12, 13, and 14). The TDT has been commonly
used and is a powerful tool for testing for linkage when
the case–parents trios are available. We believe that the
POET would be an equally effective way of testing for
imprinting. These two tests are employed for different
purposes, but both are simple and easy to use. Moreover,
the POET, like the TDT, is also applicable to the
population not in Hardy–Weinberg equilibrium (simula-
tion results are omitted for brevity), for example, the
population stratification demographic model.

The statistical methods for testing for linkage incor-
porating imprinting effects generally have greater power
than the usual statistical methods ignoring imprinting
effects, if the gene is actually imprinted (Wu et al., 2005).
So it is important to test if the trait of interest is
imprinted. Here we propose a simple test, using the
case–parents trios, to detect imprinting effects. Many of
the known imprinted genes influence fetal development,
so incorporating imprinting effects into linkage analysis
may be particularly useful for study of development-
related traits such as birth weight (Bartolomei and
Tilghman, 1997; Hanson et al., 2001). Notice that the
POET is not valid when there are maternal effects (e.g.
effects mediated through the intrauterine environment
by the mother). In a future study, we will focus on the
improvement of the TDT when there is a prior belief of
imprinting for the trait of interest, and the development
of test statistics for testing for imprinting effects in the
presence of maternal effects.
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Appendix A

Derivation of the conditional probabilities in Table 1
The first family type 100 in Table 1 is taken as an example
to illustrate how the conditional probabilities listed
in the last column of Table 1 are derived. In order to
find the conditional probability P(FMC¼ 100|child is
affected), it is necessary to calculate P(F¼M1M2,
M¼M2M2, C¼M2M2, child is affected), which is the
sum of the following four terms by the law of total
probability: P(F¼M1M2, M¼M2M2, C¼DM2/DM2)fD/D,
P(F¼M1M2, M¼M2M2, C¼DM2/dM2)fD/d, P(F¼M1M2,
M¼M2M2, C¼ dM2/DM2)fd/D, P(F¼M1M2, M¼M2M2,
C¼ dM2/dM2)fd/d where the left haplotype of the slash /
is paternal and the right one is maternal. The first term
(ignoring factor fD/D) can be further written as a product
of two probabilities, P(F¼M1M2, CP¼DM2)P(M¼M2M2,
CM¼DM2), where CP and CM denote respectively the
paternal and maternal haplotypes at the marker locus
and the DSL. For the first probability, considering all
possible ordered genotypes at the marker locus and the
DSL and seeing whether there is recombination between
these two loci, we have

PðF ¼ M1M2;CP ¼ DM2Þ
¼ PðF ¼ DM1=DM2;CP ¼ DM2Þ
þ PðF ¼ DM2=DM1;CP ¼ DM2Þ
þ PðF ¼ DM1=dM2;CP ¼ DM2Þ
þ PðF ¼ dM1=DM2;CP ¼ DM2Þ
þ PðF ¼ DM2=dM1;CP ¼ DM2Þ
þ PðF ¼ dM2=DM1;CP ¼ DM2Þ

¼ PDM1PDM2

ym
2
þ1 � ym

2

� �
þPDM2PDM1

ym
2

þ 1 � ym
2

� �

þ PDM1
PdM2

ym
2

þ PdM1
PDM2

1 � ym
2

þ PDM2PdM1

1 � ym
2

þ PdM2
PDM1

ym
2

¼ gPDM2 þ ymðPDM1PdM2
� PdM1

PDM2Þ
which is just w6 listed in the footnote of Table 1

after some transformations. The second probability is
just w3 by the same principle. So P(F¼M1M2,
M¼M2M2, C¼DM2/DM2)¼w3w6. Similarly, we have

P(F¼M1M2, M¼M2M2, C¼DM2/dM2)¼w4w6, P(F¼
M1M2, M¼M2M2, C¼dM2/DM2)¼w3w8 and P(F¼M1M2,
M¼M2M2, C¼ dM2/dM2)¼w4w8. Finally, we have the
expression of the conditional probability P(FMC¼
100|child is affected).

Appendix B

Proof for asymptotic normality of the POET

Theorem Let u¼ (u1, y, um)T, v¼ (v1, y, vm)T, uivi¼ 0,
ui2¼ui, vi2¼ vi (i.e. ui¼ 0 or 1 and vi¼ 0 or 1), for any i,
(N1, ?, Nm, Nmþ 1)T be a multinomially distributed random
variable of size n¼

P
i¼ 1
mþ 1Ni and with parameters (s1,y, sm,

smþ 1), where smþ 1¼1�
P

i¼ 1
m si. Denote N¼ (N1, y, Nm)T,

then the distribution of ðuTN � vTNÞ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uTN þ vTN

p
tends to

the normal distribution with mean
ffiffiffi
n

p
ða1 � a2Þ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a1 þ a2

p
and

variance 1�(a1�a2)2/(4(a1þ a2))�3(a1�a2)2/(4(a1þ a2)2),
where a1¼uTs, a2¼ vTs, and s¼ (s1, y, sm)T.

Proof Note that N/n is the maximum likelihood estima-
tor of the parameter vector s and from the asymptotic
normality of the maximum likelihood estimator, we have
in lawffiffiffi

n
p N

n
� s

� �
! N 0;

X� �
where

P
¼ (sij)m	m, sii¼ si(1�si) and sij¼�sisj for iaj

(Rao, 1973). It follows immediately that

ffiffiffi
n

p uTN
n

vTN
n

 !
� uTs

vTs

� � !
! Nð0; ðu; vÞT

X
ðu; vÞÞ

Let

g
x1

x2

� �
¼ x1 � x2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x1 þ x2
p

then we have

ffiffiffi
n

p
g

uTN
n

vTN
n

 !
� g

uTs

vTs

 ! !

! N 0;
qg
qxT

ðu; vÞT
X

ðu; vÞ qg
qx

� �
where the derivative qg/qx is evaluated at x1¼ uTs and
x2¼ vTs. After some matrix multiplication, we complete
the proof.
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