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Abstract We present an extension of a regression-based

quantitative-trait linkage analysis method to incorporate

parent-of-origin effects. We separately regressed total,

paternal, and maternal IBD sharing on traits’ squared sums

and differences. We also developed a test for imprinting

that indicates whether there is any difference between the

paternal and maternal regression coefficients. Since this

method treats the identity-by-descent information as the

dependent variable that is conditioned on the trait, it can be

readily applied to data from complex ascertainment pro-

cesses. We performed a simulation study to examine the

performance of the method. We found that when using

empirical critical values, the method shows identical or

higher power compared to existing methods for evaluation

of parent-of-origin effect in linkage analysis of quantitative

traits. Missing parental genotypes increase the type I error

rate of the linkage test and decrease the power of the

imprinting test. When the major gene has a low heritability,

the power of the method decreases considerably, but the

statistical tests still perform well. We also applied a per-

mutation algorithm, which ensures the appropriate type I

error rate for the test for imprinting. The method was ap-

plied to a data from a study of 6 body size related measures

and 23 loci on chromosome 7 for 255 nuclear families.

Multipoint identities-by-descent (IBD) were obtained using

a modification of the SIMWALK 2 program. A parent-of-

origin effect consistent with maternal imprinting was sug-

gested at 99.67–111.26 Mb for body mass index, bioelec-

trical impedance analysis, waist circumference, and leptin

concentration.

Introduction

The primary purpose of linkage analysis is to determine the

chromosomal regions associated with diseases or traits.

Model-free methods of linkage analysis often evaluate the

relationship between the trait values and the proportion of

alleles shared identical-by-descent (IBD) at a marker locus

in a pedigree. For quantitative traits two major approaches

have been developed, the Haseman–Elston (H–E) method

(Haseman and Elston 1972) and the variance-components

(VC) method (Amos 1994; Fulker and Cherny 1996), with

many extensions to each. The advantages of a regression-

based method like the H–E include robustness and com-

putational feasibility, while the VC methods are often more

powerful and more easily incorporate data from extended

pedigrees.

Sham et al¢s. (2002) proposed a regression-based pro-

cedure that has desirable properties from both of these

major methods. The method achieves power comparable to

variance components methods while maintaining the
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robustness to non-normality of the trait distribution that is a

feature of the H–E method. Also, since this method treats

the identity by descent information as the dependent vari-

able that is conditioned on the trait, it can be readily

applied to data from complex ascertainment processes.

However, Sham et al’s. (2002) method requires that the

population parameters of the trait distribution be correctly

specified in order to standardize the traits and apply it to

ascertained samples.

Imprinting is an epigenetic alteration of genes in which

primarily the maternally or paternally inherited copy is

expressed (Tilghman 1999; Wilkins and Haig 2003). For

example, ‘maternal imprinting’ means silencing of the

maternal allele and expression of the paternal allele. This is

also called a ‘parent-of-origin’ effect. Several hypotheses

have been proposed to describe its origin, with the sex-

conflict theory being the most popular one (Bartolomei and

Tilghman 1997). Since the first observations of imprinting

made in the 1970s, imprinted genes have been implicated

in more than 20 human disorders, for example, the Prader–

Willi (MIM 176270) and Angelman (MIM 105830) syn-

dromes.

Due to the relatively high cost of molecular techniques

like DNA methylation probing, genetic statistical methods

that are powerful in detecting imprinting are desirable.

Following detection of linkage, bioinformatics approaches

may further reduce the number of candidate genes that

require molecular screening (Greally 2002). However,

since imprinting causes deviations from Mendelian law,

conventional linkage analysis methods are not appropriate

and require modification. Several methods have been

developed to account for the parent-of-origin effect in

linkage analysis of binary traits (Knapp and Strauch 2004;

Strauch et al. 2000; Vincent et al. 2006; Wu et al. 2005).

For quantitative traits, Hanson et al. (2001) and Shete and

Amos (2002) partitioned the estimated IBD sharing pro-

portion of marker alleles into parent-specific components,

which were then used in H–E or variance components

methods of linkage analysis. In evaluating evidence for

imprinting, they calculated statistics for linkage between

trait and marker loci derived from either or both parents

and compared them to v1
2 or t-test. Gorlova et al. (2003)

also used parent-specific IBD sharing proportions in H–E

method to obtain parent-specific slope coefficients, while

significance of the test for imprinting was evaluated using a

permutation procedure.

Shete and Amos (2002) further showed that a joint test

for linkage and imprinting is more powerful than a simple

test for linkage as a first step in analyzing data in the

presence of complete or substantial imprinting. In the

absence of imprinting, test for linkage and imprinting can

be less powerful than an usual linkage test. To ensure

optimal power in applying linkage tests, the investigator

could consider whether the trait under study has previously

been found to show imprinting effects, if there is evidence

from segregation analysis for imprinting, or if the trait

under study is among those hypothesized to be influenced

by imprinting, such as traits related to body size or

embryonic development (Smith et al. 2006).

Notably, the methods evaluating parent-of-origin effects

for quantitative traits are sensitive to ascertainment (Amos

and de Andrade 2001; Iyengar et al. 1997) and may par-

ticularly suffer a loss of power or, in the case of variance

components methods, may provide inaccurate estimates if a

correction for nonrandom sampling is not provided. In

contrast, the method proposed by Sham et al. is expected to

provide a valid test even for samples selected for particular

trait values.

In this paper, we apply Sham et al.’s linkage analysis

method to evaluate not only total but also parent-specific

linkage signals, using simulated (to evaluate its perfor-

mance) as well as real data sets. In addition, we propose a

test for imprinting that asymptotically has a standard nor-

mal distribution under the null. When applying the method

to data on 6 obesity-related traits in 255 nuclear families,

we detected a paternal effect in the proximal part of the

studied segment of Chromosome 7.

Methods and data

General methodology

The regression equation proposed by Sham et al. (2002) is

P̂C ¼ R0YP̂R�1
Y YC þ e;

where P̂C is the mean-centered vector of pairwise IBD

sharing proportions calculated as P̂C ¼ P̂� EðP̂Þ: YC is

the mean-centered vector of stacked pairwise squared sums

and squared differences of standardized traits

ðSij ¼ ðXi þ XjÞ2;Dij ¼ ðXi � XjÞ2 for i „ j). The vector

of squared sums, S, and the vector of squared differences,

D, are collinear, since each element of S and D is a linear

combination of two squares and a cross-product, and there

are n squares and n(n–1)/2 cross-products (overall

n(n + 1)/2 elements), whereas there are m = n(n–1)/2

elements in each of the vectors S and D (corresponding

to the number of pairs among n individuals) (Sham et al.

2002). To remove this collinearity between the vectors S

and D, we trim the latter by removing the last n(n–3)/2

elements from it, retaining exactly n elements. This ensures

that collinearity is removed, while each individual is

represented at least once. The trimmed vector D is denoted

d. Thus, vector Y, defined as Y ¼ S;d½ �0; has m + n

elements, instead of 2m, due to the trimming of D;

YC ¼ Y� EðYÞÞ: RY is the variance–covariance matrix of
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the vector Y, and RYP̂ is the covariance matrix of stacked

RSP̂ and RdP̂: The dimensions of the arguments in the

equation are

P̂C
m�1
¼ R0YP̂

m�ðmþnÞ
R�1

Y
ðmþnÞ�ðmþnÞ

YC
ðmþnÞ�1

þ e
m�1

:

The statistic used in the final linkage testing is denoted

as T,

T ¼ Q
_ Xk

i¼1

B0P
_

C

h i

i
¼ Q

_ 2Xk

i¼1

B0R
P

_B

� �

i

;

where k is the number of pedigrees and Q̂ is the phenotypic

variance explained by the additive effects of the QTL, a

scalar weighted across all pedigrees and calculated as

Q
_

¼

Pk

i¼1

B0P
_

C

h i

i

Pk

i¼1

B0R
P

_B

� �

i

:

Here B ¼ HR�1
Y YC; and H is a matrix composed of two

blocks stacked horizontally, the first block being an m by m

square matrix with diagonal elements 2 and off-diagonal

elements 0, the second block being the first n columns of a

similar square matrix with diagonal elements –2. RP̂ is the

variance–covariance matrix of the IBD sharing proportion

vector P̂:
In applying Sham et al. (2002) method for detection of

parent-of-origin effect, we calculated three T statistics: T

(overall linkage), Tp (paternal), and Tm (maternal), each

from its individual regression model, using overall P̂ and

parent-specific P̂s (paternal P̂p and maternal P̂mÞ; esti-

mated by the IBD_FM program (Shete and Amos 2002).

Under the null hypothesis, the test statistic T proposed by

the authors asymptotically follows a 50:50 mixture of 0 and

v1
2 because a negative Q̂ is not biologically plausible as it

corresponds to less sharing of alleles than expected by

chance. Theoretically, therefore, the 95% quantile of T is

v2
1 1� 2að Þ ¼ v2

1ð0:9Þ � 2:71: If there is no linkage and no

imprinting, all three statistics should be similar in value

and less than 2.71 with probability 0.95. If there is linkage

but no imprinting, the overall T should be larger than both

Tp and Tm, and exceed 2.71 (at the a = 0.05 nominal level).

In the case of linkage without imprinting, Tp and Tm will

have similar values but are not expected to follow the 50:50

mixture of 0 and v1
2. If there is linkage and also full

imprinting, which in our simulation is maternal (only the

paternal allele is simulated to be expressed, while the

maternal one is silenced), Tp should be larger than Tm as

well as T, since T is not a good indicator of linkage under

imprinting. Tm, on the other hand, should have a central

Chi-square distribution. The three statistics considered

together, therefore, could help determining the presence or

absence of linkage and imprinting for a specific trait at a

specific locus.

Test for imprinting

In addition to the T statistic proposed by Sham et al.

(2002), we propose a statistical test for imprinting to fur-

ther determine the presence or absence of imprinting, de-

fined as follows: I ¼ Q̂p�Q̂mffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VarðQ̂pÞþVarðQ̂mÞ
p

;
where the subscript p

or m indicates that Q̂ is estimated with paternal or maternal

IBD sharing proportions. Q̂p and Q̂m are assumed to be

independent under the null hypothesis. Here,

VarðQÞ ¼ 1=
P

B0Rp̂B½ �; as follows from the Appendix C

to Sham et al’s paper (Sham et al. 2002). VarðQ̂pÞ and

VarðQ̂mÞ are obtained by using corresponding paternal or

maternal RP̂ matrices. Under no imprinting, the distribu-

tion of I is expected to be asymptotically standard normal

provided the parental genotypes are available and there is

no selection. Violation of these requirements may lead to

dependencies. Therefore, we suggest obtaining empirical

P-values instead. Empirical critical values from data sim-

ulated under the null hypothesis can also be derived. There

are two variants of null hypothesis for this situation: (1)

linkage is present but there is no imprinting, and (2) there is

no linkage. The distribution of I can be obtained for both of

these scenarios in a simulation setting. When dealing with

real data, the reference distribution of I can be obtained

assuming no linkage, which, however, may result in a

suboptimal test. A better way to obtain the reference dis-

tribution for I is a permutation technique similar to that

described by Gorlova et al. (2003). We denote the per-

muted test as IpermL since we are leaving intact the effects

of linkage but permuting the imprinting effects within

families. In that procedure, paternal and maternal compo-

nents of IBD are permuted within blocks defined by all sib

pairs belonging to the same family, with probability 0.5,

independently for each family. Thus, the total identity-by-

descent within families and hence total linkage is pre-

served, while any parent-specific linkage is removed by

permuting the parental components.

In calculating the T and I statistics, both RY and RP̂ can

be obtained either using theoretical formulas (assuming

multivariate normality) or imputation, or directly from the

sample. The choice as to which one to use should be handled

with caution. When the sample is uniform in structure and is

large enough, the covariance matrices could be reliably

estimated from the sample. However, if not all family sizes

are well represented, then the sample estimates are likely to

be biased and theoretical covariance matrices are preferred
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(Sham, personal communication). In calculating theoretical

RY; heritability and kinship coefficient are needed. To cal-

culate imputed RP̂; one can use either the original or the

alternative definition described in Sham et al.’s paper. The

latter defines each element in the matrix as

Covðp̂ij;p̂klÞ ¼ ðp̂ij � 0:5Þðp̂kl � 0:5Þ between pairs of sib-

pairs in each family, where 0.5 is the expectation of IBD

sharing proportions between sibs. Although this definition

has some obvious problems (e.g. the estimates of the

covariance can exceed the estimates of the variance), its

advantage is that it can be implemented in a straightforward

way, and is computationally easy. This, and the fact that its

properties were not investigated in the original paper, served

as a reason to choose this approach when implementing the

method (Table 1). The performance of the method while

using the sample-based estimate of RP̂ was not evaluated by

Sham et al. as well, but is evaluated here (Table 2).

To increase the precision of the sample-based estimate

of RP̂; we used information from both sib pairs and from

larger sibships. In families with two children, there is only

one sib pair and hence only p1 2 exists. Thus, RP̂ matrix

consists of just one element, the variance, for such families.

However, in calculating this variance, we not only used

families having exactly two children, but also families that

included several independent pairs of children [for exam-

ple, from a family with five children, we included (1,2) and

(3,4) sibling pairs], since IBD sharing is pairwise as well as

jointly independent for such sib pairs (Blackwelder and

Elston 1985). When larger sibships were studied, the same

approach of using all appropriate families was used for

estimating variances and covariances. For example, when

calculating RP̂ for triads (sets of three offspring), all

families with one or more independent triads were

used—there would be one triad from families with three,

four, or five children (randomly chosen in case of more

than three children available), and two triads from families

with six to eight children and so on. From these triads (and

larger clusters of sibs) variances and covariances between

identities by descent were estimated.

Simulated data

The performance of the method was first evaluated on

simulated data under seven different scenarios, one of

which is shown in four different sample sizes. We simu-

lated quantitative trait with the major gene variance of

0.25, the polygene variance of 0.50, and the residual

environmental variance of 0.25. These settings were used

in all scenarios except when otherwise indicated. In all

settings we simulated the data using a disease allele fre-

quency of 0.3. For the imprinting simulations we assumed

complete maternal imprinting (maternal allele silencing)

without dominance. Conditional on genotypes, a normally

distributed major gene value was simulated. A normally

distributed polygene value was simulated using a normal

distribution with mean 0 and variance specified above.

Finally, the residual was simulated based on the normal

distribution. The major gene value, polygene value, and

residual value were added to obtain the final phenotype

value used in the analysis. We evaluated the performance

of the method using both theoretical (imputed) and sample

covariance matrices of p.

1. Base case scenario. Our base case scenario included

100 nuclear families in each dataset, 6 family members

(parents and four siblings) in each family.

2. Misspecification of the population mean of the trait.

Sham’s method requires that the population mean of

the trait be correctly specified when standardizing the

trait. To test the effect of the misspecification of the

population mean, which might occur in analyses of

real datasets, we analyzed data with mean estimate

shifted by 1 SD.

3. Missing parental genotypes. In a real dataset, parental

marker information usually is not complete; this hap-

pens especially often with the paternal genotype. To

test the effect of missing parental genotypes, we ran-

domly deleted a part of the parental markers in the

simulated sample. We assumed that a paternal marker

had a 50% chance and a maternal marker a 30%

chance of being missing, independently. These pro-

portions of missing genotypes are somewhat higher

than (although comparable to) those observed in our

real dataset. Thus, around 15% families had both

parental genotypes missing. Absence of parental

genotypes can be expected to reduce the power of

imprinting tests.

4. Low heritability. To test the effect of the major gene

component of genetic variance on the performance of

the method, we set the major gene variance to 0.12, the

polygenic variance to 0.50, and the residual environ-

mental variance to 0.38.

5. Effect of larger number of families (200) in the sample.

We also evaluated the effect of a larger number of

families on the method’s performance, assuming the

sample size of 200 families with 4 children in each

(1,200 sib pairs).

6. Ascertainment. We also explored the properties of the

method when analyzing a selected sample. The selec-

tion criteria were chosen to mimic those by which the

ascertainment was done in our real dataset. Namely,

one of the sibs had to have the trait value that was

greater than the mean by 1.3 SD; another sib had to

exceed the mean by 0.25 SD; additionally, one more

sib and at least one parent had to be at the mean value

or below with respect to the trait.
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7 a–d. Presence of families with different sizes. Finally,

we simulated samples that were represented by a

mixture of families with different sizes. The proportion

of families of each size was as follows: 57% with 4

family members (two children), 28% with 5 members,

10% with 6 members and 5% with 7 members. These

numbers approximately reflect the relative proportion

of such families in the population (families with one

child were excluded since no sib pair can be obtained

from them; families with more than five children were

also excluded because they are rare in the population).

This analysis was performed with three different sam-

ple sizes: (a) 100 families as in the base case; (b) 150

families, to have about the same number of sibs as in

the base case (which was 100 families with 4 children);

(c) 240 families, to have about the same number of sib

pairs as in the base case; (d) 1,000 families, to evaluate

how well the larger sample size agrees with asymptotic

properties of the statistics and how much the power is

improved.

Analysis setup for the simulated data

To test the performance of the method in detecting linkage

and imprinting, we simulated four datasets in each simu-

lation run, as follows:

1. The trait locus is not imprinted and is not linked to the

marker locus (the null hypothesis denoted as NI.NL);

2. The trait locus is imprinted but is not linked to the

marker locus (another null hypothesis, I.NL);

3. The trait locus is not imprinted and is linked to the

marker locus (alternative for linkage, null for

imprinting in presence of linkage, NI.L); and

4. The trait locus is imprinted (maternal allele silenced)

and is linked to the marker locus (alternative for both

linkage and imprinting, I.L.).

We assumed a normally distributed trait and a genetic

marker with eight alleles. Marker information was used as

an input by the IBD_FM program. Its output (total and

parent-specific P̂sÞ; along with the trait information,

served as input for the program that implemented Sham

et al.’s method in SAS. After 10,000 repeats of this sim-

ulation process we analyzed the four statistics, T, Tp, Tm

and I. We expected T, Tp, and Tm to follow the 50:50

mixture of 0 and v1
2, and I—to asymptotically follow the

standard normal distribution. These distributions were used

to obtain theoretical type 1 error rates and power for each

of these statistics. Empirical critical levels (the 95th per-

centiles of each linkage statistics) were obtained from the

NI.NL output, since the distributions of the four statistics

from the I.NL dataset were identical to those from NI.NL

(since both are essentially the null). The empirical power to

detect linkage was estimated for both the NI.L and I.L

output.

We tested whether the distribution of I was standard

normal under NI.NL, NI.L, and permuted imprinting I.L

model, which we denote IpermL. The three models, NI.NL,

NI.L, and IpermL are all null for imprinting, with NI.L and

IpermL corresponding to the situation with linkage but no

imprinting. Ten thousand permutations were performed to

generate the I statistic’s distribution under the IpermL

model. As mentioned, the theoretical type 1 error rate for

the I statistic was estimated by comparison of its distri-

butions under the no-imprinting, linkage models (NI.L and

IpermL) to the standard normal distribution. The empirical

type 1 error rate for the no-imprinting, linkage model

(NI.L) was obtained using the critical value from the no-

imprinting, no-linkage (NI.NL) model. The empirical type

1 error rate for the permutation-derived distribution of I

(from the IpermL model) (Gorlova et al. 2003) corresponds

to its nominal level by definition. Also, the empirical power

to detect imprinting was obtained from applying the critical

values from the permutation-derived distribution of I to the

I.L output. Since the permutation procedure results in a

correct type 1 error, the use of critical values obtained from

it provides a common level of type I error rate and,

therefore, ensures a fair comparison of power across dif-

ferent scenarios (Table 3).

In addition to the conventional type 1 error rate and

power, we also calculated the proportions of simulation

runs that resulted in the expected ordering of T, Tp and Tm

under the I.L model, which is Tp > T > Tm (Table 2).

Real dataset: study participants

We applied the method to data that have been collected to

study the genetics of body size. The dataset contained 255

nuclear families, with a variable number of siblings (Li

et al. 2003). All family probands (extremely obese indi-

viduals with BMI > 40) had at least one obese sibling

(BMI > 30) and at least one parent and one sibling of

normal weight (BMI < 27). All subjects gave informed

consent, and the protocol was approved by the Committee

on Studies Involving Human Beings at the University of

Pennsylvania. There were 891 siblings (1,341 sib pairs)

overall. The median sibship size was 3. Data on six obes-

ity-related traits, namely, body mass index (BMI), bio-

electrical impedance analysis (BIA, a body fat percentage

measure), waist–hip ratio (WHR), fasting glucose, plasma

leptin concentration, and waist circumference, were

obtained for each family member. The characteristics of

the traits’ distributions were presented previously (Li et al.

2003). Twenty-three markers on chromosome 7 (7q22.1–

7q35), flanking but mostly 5¢ of the leptin gene, located

from 111.3 cM (99.67 Mb) to 155 cM (143.12 Mb) were
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genotyped for each individual (Table 4). The proportion of

families with parental marker information completely

missing varied from 4 to 9% for different markers. The

genotype information on fathers was less than 50% miss-

ing, and on mothers less than 10% missing for all markers

(Table 4). We identified 11 families for whom the parental

genotype information was missing for all markers. These

families were included when evaluating total linkage, but

not when the analysis of parent-specific linkage and

imprinting was performed (leaving 839 sibs and 1223 sib

pairs available). This reduced the proportion of families

without parental genotype information to at most 4.5% (for

the marker –2,548). Five families were excluded because

they had only one child.

Analysis setup for the real data

Overall and parent-specific IBD sharing proportions were

calculated at each marker from the sample by a modifica-

tion of the SIMWALK program that outputs multipoint

parent-specific IBDs, which further reduces the impact of

missing parental genotypes. Linkage and imprinting sta-

tistics T, Tp, Tm and I were calculated using the sample-

derived RP̂ as described above, at each locus for each of

the six traits, respectively. The use of the sample-derived

RP̂ was justified because families of each size were well

represented (we had 49, 90, 49, 31, and 20 families with 2,

3, 4, 5, and 6 children, respectively). For comparison, we

performed the same analysis based on the imputed RP̂; but

since the results were very similar (despite that the test for

imprinting was likely less powerful), we only present those

based on the sample-derived RP̂: To determine the sig-

nificance of the statistics in each locus-trait combination,

we simulated markers under the absence of linkage, using

program SIMULATE (Terwilliger et al. 1993) for a sample

that had the same family structure and trait values as the

real sample (20,000 simulations were performed for each

of the 6 traits). As to simulating the marker data, we realize

that it would be appropriate to replicate patterns of missing

data and allele frequencies in the original data. Alterna-

tively, a set of assumptions that results in the most con-

servative null distribution can be obtained. We chose to use

the setting corresponding to the marker –2,548, which is a

diallelic marker with allele frequencies of 0.62 and 0.38

and for which 4.5% of families have both parental geno-

types missing, because it produced the most conservative

reference distribution. Empirical 95% critical values of the

statistics were obtained from the simulated data after

applying our method to them, and used to decide upon

linkage significance. We applied the permutation technique

as described above (Gorlova et al. 2003) to test for the

presence of imprinting. This procedure was repeated 1,000

times for loci with evidence for linkage, where the parent-

of-origin effect was probable in view of parent-specific

linkage statistics.

As was mentioned, Sham et al.’s method requires that

the traits be standardized. In particular, the trait value

should be population mean-centered. The population mean

in many cases cannot be estimated from the sample due to

ascertainment of the families. Thus, in our case of a highly

selected sample, we relied upon the mean estimates

available in literature. The mean estimates for BMI, waist-

to-hip ratio and leptin were obtained from the paper by

Ruhl and Everhart (2001); for waist circumference from

Langenberg et al. (2003); for BIA from Chumlea et al.

(2002). We used the midpoint of fasting glucose normal

range, according to the American Diabetes Association, as

its population mean. As for the standard deviations, since

Sham et al.’s simulation study shows that the method is

robust to misspecified variance, we just used the sample

statistics. In obtaining the covariance matrices of squared

sums and squared differences, the estimate of trait’s heri-

tability is required and also multivariate normality is

assumed. We used the estimates of heritability from liter-

ature (Freeman et al. 2002; Luke et al. 2001). After stan-

dardization, the traits were adjusted for sex, age and

Table 1 Method’s performance at the 0.05 significance level based on the simulated data, with the imputed covariance matrix of IBD

Base case Test for linkage Test for imprinting

T Tp Tm I

5% critical

value

Empirical

power

(NI.L, I.L)

5% critical

value

Empirical

power

(NI.L, I.L)

5% critical

value

Empirical type

1 error rate (I.L)

or power (NI.L)

5% critical

value

Empiricala/theoreticalb

type 1 error rate (NI.NL, NI.L)

or empirical power (I.L)

NI.NL 2.260 2.279 2.117 2.142 0.050/0.073

NI.L 10.991 0.800 7.862 0.539 7.668 0.558 1.447 0.010/0.026

I.L 11.199 0.807 13.752 0.947 2.232 0.054 3.017 0.482c

a Based on the NI.NL-derived critical values
b Based on the standard normal distribution
c Based on the critical value from NI.L
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squared age; the residuals were then converted to approx-

imate normality via the Box–Cox transformation. Race was

not adjusted since it was never statistically significant when

the other three covariates were in the model. While Sham’s

method remains valid even if the traits are not normally

distributed, the power should be improved for more nor-

mally distributed data sets (Sham et al. 2002).

Results

Results of the simulation study

We first studied the performance of the method using the

imputed covariance matrix RP̂ under the base case sce-

nario. We observed that the distribution of T under the null

model of no linkage deviated from the expected 50:50

mixture of 0 and v1
2 at the tail (Fig. 1a, b). The 95th per-

centiles of T, Tp, and Tm under the null were 2.26, 2.279,

and 2.117, respectively, as compared to the theoretical

value 2.71; the type 1 error rate for maternal linkage under

the I.L model (maternal imprinting) was 0.054; the

empirical power for the test for total linkage was 0.80 in

both NI.L and I.L settings, and for the parent-specific

linkage close to 0.55 under NI.L setting and 0.947 (pater-

nal) for the I.L setting (Table 1). The distribution of I

statistic deviated from the standard normal distribution

under both NI.NL and NI.L models; the empirical power

for the test for imprinting was 0.482 (Table 1). Due to the

deviation of the linkage statistic distribution from expected,

and to the fact that the test for imprinting was more pow-

erful when the sample-derived estimates of RP̂ were used

(see below), we decided to use the sample-derived, rather

than imputed estimates of RP̂; in the rest of our simulations.

When using the sample-derived estimate for the RP̂
matrix under the base case scenario (Table 2, block 1), we

noted that the distributions of T, Tp, and Tm under the NI.NL

setting were very close to the expected 50:50 mixture of 0

and v1
2, as evidenced by both the mean values of the three

statistics and by their 95% critical values (Table 2, block 1).

Under the I.L setting (maternal imprinting), Tp had the

highest power (94.9%) and Tm was significant in about

5.5% of simulations when using the 95% critical value from

the NI.NL model, which was close to the correct type I error

rate. With our simulation setting of eight alleles and high

major gene effect of 0.25, the method gives a very high

power (0.80) for overall T to test linkage (Table 2, block 1).

When there is no imprinting, Tp and Tm have about the same

power (close to 0.55), which is much lower than that of the

overall T. The panel of T, Tp and Tm is helpful in deter-

mining the presence of imprinting: when imprinting is

present, 90.5% simulations show the expected ordering of

T, Tp and Tm, so that Tp > T > Tm.T
a
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Table 3 Method’s performance at the 0.05 significance level based on the simulated data, with the sample-derived covariance matrix of

IBD—test for imprinting (I statistic)

Simulation setting Linkage

and imprinting

model

Two-sided

5% critical

value

Mean SD Empirical type 1

error rate (NI.NL,

NI.L, IpermL) or

empirical

powera(I.L)

Theoretical type 1

error rate (NI.NL,

NI.L, IpermL) based

on the critical values

from the standard

normal distribution

1. Base case: 100 families,
4 children in each; major
gene variance 25%

NI.NL 1.9617 –0.0018 1.00 0.0500 0.0501

NI.L 2.1665 0.0107 1.12 0.0800 0.0801

IpermLb 2.2848 –0.0158 1.17 0.0500 0.0957

I.L 4.2749 0.5885

2. Misspecified mean
(shifted by 1 SD)

NI.NL 1.9665 –0.0033 0.99 0.0500 0.0512

NI.L 2.1942 0.0061 1.12 0.0793 0.0807

IpermL 2.2670 –0.0099 1.16 0.0500 0.0893

I.L 4.0920 0.5120

3. Missing parental
genotypes: paternal 50%,
maternal 30%

NI.NL 1.9086 –0.0116 0.97 0.0500 0.0442

NI.L 2.0978 0.0145 1.09 0.0765 0.0683

IpermL 2.1985 –0.0089 1.14 0.0500 0.0837

I.L 3.9901 0.5269

4. Lower major gene effect
(major gene variance 12%)

NI.NL 1.9617 –0.0018 1.00 0.0500 0.0501

NI.L 2.0676 0.0108 1.07 0.0651 0.0651

IpermL 2.1391 0.0087 1.09 0.0500 0.0731

I.L 2.9164 0.1860

5. 200 families NI.NL 1.9529 0.0124 0.99 0.0500 0.0493

NI.L 2.1817 0.0017 1.13 0.0837 0.0827

IpermL 2.2888 –0.0026 1.18 0.0500 0.0957

I.L 5.4282 0.9042

6. Ascertainment NI.NL 1.9608 0.0009 1.00 0.0500 0.0502

NI.L 2.2031 –0.0048 1.12 0.0786 0.0786

I.L(p) 2.3569 –0.0156 1.20 0.0500 0.1052

I.L 6.1805 0.9803

7a. Varying family size,
100 families

NI.NL 1.9622 –0.0068 1.01 0.0500 0.0504

NI.L 2.0724 0.0037 1.06 0.0641 0.0646

IpermL 2.1688 0.0021 1.10 0.0500 0.0757

I.L 3.1844 0.2777

7b. Varying family size,
150 families

NI.NL 1.9768 –0.0144 1.01 0.0500 0.0520

NI.L 2.0627 –0.0041 1.06 0.0605 0.0626

IpermL 2.1389 –0.0096 1.09 0.0500 0.0731

I.L 3.5850 0.4116

7c. Varying family size,
240 families

NI.NL 1.9372 0.0338 1.00 0.0500 0.0470

NI.L 2.0935 –0.0081 1.07 0.0695 0.0662

IpermL 2.1661 –0.0285 1.10 0.0500 0.0764

I.L 4.119 0.6138

7d. Varying family size,
1,000 families

NI.NL 1.9209 0.0086 0.99 0.0500 0.0459

NI.L 2.1543 0.0058 1.10 0.0800 0.0740

IpermL 2.2367 –0.0103 1.14 0.0500 0.0841

I.L 6.9053 0.9978

a Empirical type 1 error rate is 0.05 for the NI.NL model by definition (using the critical values obtained from the NI.NL itself). For the NI.L

model, the empirical type 1 error is based on the NI.NL-derived critical value. For the IpermLb model, empirical type 1 error rate is 0.05 by

definition (using the critical values obtained from the IpermL itself). For the I.L model, the empirical power is based on the critical value from the

IpermL model
b IpermL stands for the setting in which parent-specific values of IBD sharing (i.e. paternal vs. maternal) for sib pairs were permuted within

families, to provide a null distribution for the test for imprinting, I, under the presence of linkage
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Under the base-case scenario, the test for imprinting

based on index I (Table 3, block 1) follows the standard

normal distribution perfectly under the no-linkage, no-

imprinting model (as reflected by the mean, SD, and the

critical value), resulting in the correct theoretical type 1

error rate. We also obtained the distribution of I under the

NI.L model. We noted that the mean was close to zero, but

the distribution was wider—its standard deviation was

greater than that for the standard normal distribution (1.12

rather than 1). This resulted in an inflated type 1 error rate

of I (both theoretical, i.e. based on the standard normal

distribution, and empirical, i.e. based on the critical values

from NI.NL) under NI.L, of about 0.08. We as well ob-

tained the distribution of I using the permutation procedure

Table 4 Genetic markers used in the study, their genetic and physical locations, and completeness of parental genotype information

No Marker Gen.

location

(cM)

Phys.

location

(Mb)

No of

alleles

Both parents genotyped Only mother missing Only father missing Both parents missing

N % a %b N % a %b N % a %b Na %a Nb %b

1 D7S2480 111.3 99.67 14 110 45.1 43.1 18 7.4 7.1 109 44.7 42.7 7 2.9 18 7.1

2 D7S796 113.4 103.06 10 110 45.1 43.1 19 7.8 7.5 111 45.5 43.5 4 1.6 15 5.9

3 D7S2459 119.8 106.89 7 108 44.3 42.4 23 9.4 9 108 44.3 42.4 5 2 16 6.3

4 D7S692 121.4 107.9 11 111 45.5 43.5 22 9 8.6 111 45.5 43.5 0 0 11 4.3

5 D7S523 123 111.26 11 111 45.5 43.5 23 9.4 9 109 44.7 42.7 1 0.4 12 4.7

6 D7S643 125.2 120.29 14 110 45.1 43.1 22 9 8.6 109 44.7 42.7 3 1.2 14 5.5

7 D7S685 127.8 120.85 10 109 44.7 42.7 21 8.6 8.2 109 44.7 42.7 5 2 16 6.3

8 D7S2529 128.8 121.97 13 109 44.7 42.7 23 9.4 9 108 44.3 42.4 4 1.6 15 5.9

9 D7S514 130.2 126.58 11 110 45.1 43.1 22 9 8.6 111 45.5 43.5 1 0.4 12 4.7

10 D7S2501 130.7 127.07 11 111 45.5 43.5 22 9 8.6 109 44.7 42.7 2 0.8 13 5.1

11 D7S504 130.8 127.17 11 110 45.1 43.1 22 9 8.6 109 44.7 42.7 3 1.2 14 5.5

12 D7S1875 130.9 127.3 16 109 44.7 42.7 22 9 8.6 110 45.1 43.1 3 1.2 14 5.5

13 D7S1529 131 127.33 21 106 43.4 41.6 26 11 10 105 43 41.2 7 2.9 18 7.1

14 –2548 131.1 127.435 2 102 41.8 40 24 9.8 9.4 107 43.9 42 11 4.5 22 8.6

15 +19 131.102 127.435 2 111 45.5 43.5 20 8.2 7.8 112 45.9 43.9 1 0.4 12 4.7

16 D7S530 134.55 128.76 12 112 45.9 43.9 21 8.6 8.2 110 45.1 43.1 1 0.4 12 4.7

17 D7S649 136.1 130.27 8 109 44.7 42.7 22 9 8.6 111 45.5 43.5 2 0.8 13 5.1

18 D7S1804 137 131.7 17 109 44.7 42.7 23 9.4 9 108 44.3 42.4 4 1.6 15 5.9

19 D7S2452 138.3 132.84 14 109 44.7 42.7 24 9.8 9.4 109 44.7 42.7 2 0.8 13 5.1

20 D7S2438 138.42 133.33 15 108 44.3 42.4 23 9.4 9 111 45.5 43.5 2 0.8 13 5.1

21 D7S1837 142 136.12 7 109 44.7 42.7 23 9.4 9 110 45.1 43.1 2 0.8 13 5.1

22 D7S2202 149.9 139.19 9 104 42.6 40.8 25 10 9.8 107 43.9 42 8 3.3 19 7.5

23 D7S794 155 143.12 9 108 44.3 42.4 23 9.4 9 111 45.5 43.5 2 0.8 13 5.1

N Number of families
a Percentage among families not including those with both parental genotypes missing for all markers (11 excluded)
b Percentage among all 255 families
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Fig. 1 a Distributions of T statistics calculated in three ways: (i)

theoretically as a 50:50 mixture of v1
2 and zero (solid line), (ii) using

the sample RP̂ (dashed line) and (iii) using the imputed RP̂ (bold

dashed line). b Tails of the distributions of T statistics calculated

theoretically, using the sample RP̂ and the imputed RP̂ to show

differences in detail
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(corresponding to linkage but no imprinting), observing

that in this setting it was, again, wider than the standard

normal distribution (mean –0.016, SD 1.17; Table 3 block

1). By definition, the permutation procedure ensures the

correct type 1 error for a given significance level, yet we

also wanted to evaluate the false-positive rate of the

imprinting test associated with the use of standard normal

distribution instead of permutation-based distribution (un-

der this and other scenarios (below), line IpermL). Our re-

sults (Table 3) suggest that under the base case scenario the

use of critical values from the standard normal distribution

would lead to a liberal test. The power for the test for

imprinting was moderately high (0.589) based on the per-

mutation-derived critical value.

When a biased population trait mean is used in stan-

dardization, both linkage and imprinting tests lose power,

while the type 1 error rate is not greatly affected (Tables 2

and 3, block 2 in both).

A common problem with real datasets is unavailability

of genetic information on parents, especially on fathers.

However, the parental information is essential in deter-

mining parent-of-origin effect. When paternal information

had a 50% chance and maternal information—a 30%

chance of being missing, independently, resulting in 15%

of families with totally missing parental information, the

power of the tests for linkage did not decrease much, al-

though the type 1 error rate for maternal linkage did in-

crease to about 0.08 (Table 2, block 3). There was a

moderate loss in power for the imprinting test as well

(Table 3 block 3), while the type 1 error for this test did not

suffer further inflation—it remained at about 0.08 level.

The effect of a lower major gene variance (0.25 vs.

0.12) on the method’s performance (Tables 2 and 3, block

4) was substantial. The power of linkage tests dropped

approximately by half and the power for the test for

imprinting was only about 0.19, while the type 1 error

rate for the tests for linkage and imprinting was similar to

that for the base case.

Results in block 5 of Tables 2 and 3 were calculated for

a sample of 200 families (parents and four children in

each). A high power was observed for the linkage tests, and

a considerable gain in power was noted for the test for

imprinting (the power reached 0.90). Again, the type 1

error rate remained almost unchanged.

We also evaluated the effect of selected samples on the

performance of our statistics (Tables 2 and 3, block 6). The

particular ascertainment scheme used in the simulations

resulted in a very high power for both linkage and

imprinting tests. However, under this scenario the theo-

retical type 1 error for the test for imprinting was inflated to

more than 0.1 (Table 3 block 6), indicating that empirical

P-values should be obtained. The type 1 error rate for the

linkage tests, however, was almost identical to that in the

base case (between 0.05 and 0.06).

When the sample consisted of families non-uniform in

size (Tables 2 and 3, blocks 7a–d), the theoretical type 1

error for the test for imprinting was modestly inflated

(between 0.07 and 0.09, as it was in the base case),

regardless of the number of families in the sample, making

the empirical permutation-based critical values for the test

for imprinting more appropriate. An inflation of the type 1

error for the tests for linkage was not observed in com-

parison to the base case. The power, as expected, depended

on the number of families in the sample for both linkage

and imprinting tests, exceeding 0.99 for the setting with

1,000 families per sample.
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Fig. 2 Overall and parent-

specific linkages to 6 obesity

related traits along the segment

of Chromosome 7 ranging from

99.67 to 143.12 Mb; a body

mass index; b bioelectric

impedance index; c waist

circumference; d leptin

concentration; e waist-to-hip

ratio; f glucose concentration.

Horizontal lines indicate critical

values at the 0.05 significance

level
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Due to the high major gene effect incorporated in this

simulation setting of the datasets, the power of overall

linkage test (and, accordingly, the T statistic values) was

almost identical for the datasets with and without imprinting

(I.L and NI.L scenarios, 0.80 power and T close to 19). On

the other hand, when the major gene effect was lower—12%

(block 4 of the Table 2), the linkage signal provided by

overall T was higher when there was no imprinting.

Overall, the method performs relatively well under dif-

ferent scenarios, is not very sensitive to a modest amount

of missing parental genotype information or to ascertain-

ment, has an acceptable type 1 error rate for the tests for

linkage, and possesses a high power to detect both linkage

and imprinting provided that the permutation-based critical

values are obtained for the test for imprinting. The critical

values from the standard normal distribution can still be

Table 5 Significant linkage and imprinting findings on Chromosome 7 (99.67–143.12 Mb)

No Marker Mb Trait Ta Tp
a Tm

a Ib

LOD P-value LOD P-value LOD P-value P-value

1 D7S2480 99.67 BMI 0.73c 0.037 1.75 0.004 0 >0.999 0.007

BIA 0.58 0.052 0.93 0.023 0.0700 0.28 0.3216

Leptin 0.16 0.190 1.31 0.011 0 >0.999 0.002

Waist circumference 0.9 0.023 1.39 0.007 0.0005 0.47 0.0716

2 D7S796 103.06 BMI 0.49 0.069 0.92 0.024 0 >0.999 0.0454

Leptin 0.30 0.120 1.15 0.015 0 >0.999 0.0056

Waist circumference 0.25 0.143 0.62 0.051 0 >0.999 0.066

3 D7S2459 106.89 BMI 1.25 0.010 1.71 0.005 0 >0.999 0.0212

BIA 1.45 0.006 1.75 0.004 0.0061 0.43 0.0174

Leptin 1.03 0.018 1.40 0.009 0 >0.999 0.0196

Waist circumference 0.66 0.043 1.04 0.018 0 >0.999 0.0302

4 D7S692 107.9 BMI 1.2 0.012 1.55 0.007 0 >0.999 0.039

BIA 1.91 0.002 1.66 0.004 0.0261 0.36 0.049

Leptin 0.88 0.026 1.08 0.018 0 >0.999 0.0558

Waist circumference 0.50 0.066 0.70 0.042 0 >0.999 0.0566

5 D7S523 111.26 BMI 0.99 0.020 0.95 0.023 0.1976 0.17 0.3824

BIA 1.28 0.010 0.87 0.026 0.2444 0.14

Waist-to-hip ratio 0.018 0.378 0 >0.999 1.1884 0.01 0.0004

Leptin 0.21 0.164 0.88 0.027 0 >0.999 0.0294

Waist circumference 0.62 0.048 0.61 0.052 0.0269 0.36

6 D7S643 120.29 BMI 0.53 0.062 0.64 0.048 0.0514 0.31

Leptin 0.14 0.280 0.87 0.027 0 >0.999 0.0294

9 D7S514 126.58 BIA 0.83 0.026 0.66 0.046 0.1121 0.24

10 D7S2501 127.07 BIA 0.89 0.023 0.61 0.051 0.1872 0.18

11 D7S504 127.17 BIA 0.87 0.024 0.59 0.054 0.1806 0.19

12 D7S1875 127.3 BIA 1.09 0.014 0.93 0.023 0.1404 0.21

13 D7S1529 127.33 BIA 0.77 0.032 0.60 0.053 0.1370 0.22

14 –2548 127.435 BIA 0.73 0.036 0.62 0.051 0.0773 0.28

15 19 127.435 BIA 0.65 0.046 0.63 0.050 0.0805 0.27

16 D7S530 128.76 BIA 0.88 0.023 0.67 0.044 0.1991 0.17

17 D7S649 130.27 BIA 0.88 0.023 0.83 0.029 0.1646 0.20

18 D7S1804 131.7 BIA 1.15 0.012 0.85 0.027 0.2870 0.13

19 D7S2452 132.84 BIA 1.19 0.011 0.77 0.032 0.3528 0.10

20 D7S2438 133.33 BIA 1 0.016 0.65 0.047 0.3012 0.12

22 D7S2202 139.19 BIA 0.82 0.028 0.52 0.065 0.2548 0.14

Waist circumference 0.65 0.045 0.55 0.061 0.1153 0.23

a LOD is obtained by dividing the corresponding value of T by 2ln(10)
b P-values for I are only presented when the parent-of-origin effect was suggested by the panel of T, Tp, and Tm

c LOD scores significant at the 0.05 level, along with the corresponding p-values, are shown in bold
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used, although with caution, for the preliminary screening

of the results.

The corresponding type 1 errors and powers for the 0.01

and 0.001 significance levels are presented in the Supple-

mentary Tables 1a and 1b.

Results of the analysis of families ascertained through

extremely obese probands

Figure 2a–f shows linkage for the 6 obesity related traits.

In each graph, the horizontal axis is the physical location of

the 23 loci on chromosome 7, ranging from 99.67 to

143.12 Mb (Table 4). The vertical axis is the T statistics

scale. Three curves for the T, Tp, and Tm are plotted in each

graph, and the three horizontal reference lines represent the

empirical 95% critical values (obtained from the SIMU-

LATE’s output) for the three T’s, respectively to show

significance. As expected, these three values are very close,

resulting in overlapping reference lines.

For four traits, BMI, BIA, leptin, and waist circum-

ference, there was a broad region of linkage, paternal and

total, but not maternal, located mainly in the proximal

part of the studied segment of Chromosome 7. It ranged

approximately between 99.67 and 111.26 Mb. Only a

single peak of maternal linkage at 111.26 Mb (marker

D7S523) was found for waist-to-hip ratio, while no

linkage was detected for fasting glucose. Empirical P-

values for the above-referenced peaks are shown in Ta-

ble 5. For loci showing linkage in the proximal part for

BMI, BIA, waist circumference, and leptin, the Tp is the

greatest, followed by overall T and then by an insignifi-

cant Tm, indicating possible existence of maternal

imprinting (silencing of the maternal allele). For loci

showing linkage for BIA more distally (128–132 Mb),

overall T is greater in value than either Tp or Tm, sug-

gesting linkage without imprinting.

The test for imprinting was significant for several loci

(Table 5). In particular, locus D7S2480 at 99.67 Mb

showed maternal imprinting (silencing) for BMI and leptin,

while statistical significance for waist circumference was

not reached. Maternal imprinting was also detected at locus

D7S796 for BMI and leptin, at locus D7S2459 for BMI,

BIA, leptin, and waist circumference, at locus D7S692 for

BMI and BIA, and at loci D7S523 and D7S643 for leptin

only. In addition, we observed maternal linkage only and

paternal imprinting at locus D7S523 for the waist-to-hip

ratio, albeit no total linkage was noted.

Discussion

In this study we described a method to detect parent-of-

origin effect based on the regression approach proposed by

Sham et al. (2002). We implemented this method in SAS

and applied it to both simulated and real data.

We explored the performance of the method when using

an alternative definition of the imputed RP̂ matrix (Sham

et al. 2002). We found that although this definition allows

easier implementation and does not require intense com-

putations, it results in a distribution for T that deviates at

the tail from the 50:50 mixture of 0 and v1
2 under the null

(Table 1; Fig. 1a, b). On the other hand, our implementa-

tion also allows using sample-derived covariance matrices

of estimated IBD sharing and squared sums and squared

differences of the trait. In this case, the distribution of the

linkage test statistics is a 50:50 mixture of v1
2 and zero

under the null. Thus, in case when the marker information

is complete, sample RP̂ should be a good estimate of the

real covariance matrix and no simulated dataset is needed

to determine the critical value for the test for linkage. We

compared the T statistics (for total linkage) from our pro-

gram with the LOD score obtained from MERLIN-RE-

GRESS (the LOD score was multiplied by 4.6 to bring it to

the same scale as T) under the null of no linkage. The two

statistics had almost identical distribution and were highly

correlated with the coefficient 0.93 when we used the

sample-derived RP̂ matrix (the slight difference in output

may be largely explained by the fact that MERLIN-RE-

GRESS removes uninformative families). However, when

the imputed RP̂ matrix was used, the correlation coefficient

was 0.85.

Another advantage of the sample-derived RP̂ is that it

provides higher power to detect imprinting, compared to

the imputed RP̂ (Table 1 and 2).

The test for imprinting proposed here follows the stan-

dard normal distribution under the null model of no link-

age. However, its distribution becomes wider than the

standard normal under the null model of linkage but no

imprinting. This results in an inflated type 1 error rate if

one uses the critical values from the standard normal dis-

tribution, which constitutes a limitation of the proposed

method. Although the critical values from the standard

normal distribution can still be used for the initial analysis,

the empirical exact P-values should be obtained by per-

mutation.

We were particularly interested to evaluate the per-

formance of the test for imprinting when one parent

suffered from more missing genotype data than the other

parent, because there might have been an inflation of the

type I error for this test in the presence of linkage. We did

not observe such behavior of the test for imprinting: for

the model with missing parental genotypes, the null dis-

tribution resulting from the permutation (again, this is the

only empirical distribution which maintains linkage, but

not imprinting, that can be obtained when analyzing real

data) was very similar to such distribution obtained under
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the scenario of complete parental genotype information

(Table 3).

This method can be applied to data from ascertained

families, since the trait data are conditioned upon. Al-

though ascertainment can cause a deviation of the trait

distribution from normality, we in our simulation setting

did not observe a strong effect on the type 1 error for any of

the linkage statistics. In contrast, when applying variance

components methods to non-randomly selected samples, an

ascertainment correction is generally required in order to

obtain unbiased parameter estimates (Amos and de And-

rade 2001). The method that we have been studying here is

applicable to non-normally distributed trait observations,

since they are conditioned upon, given a highly polymor-

phic marker (Sham et al. 2002). However, to reduce the

impact of extreme observations that may become influen-

tial, one could apply a transformation. In a separate study

of variance components methods we have found that first

ranking the data and then applying an inverse normal

transformation to the ranks preserved power and did not

lead to an excess of false positive results (Peng et al. 2007).

We compared the performance of this method to the

extensions of variance components and H–E methods

(Hanson et al. 2001) that incorporate parent-of-origin ef-

fects in the linkage analysis of quantitative traits. Hanson

et al. (2001) simulated data for the sample of 263 families

with 956 sibs overall (2 to 11 children per family),

allowing for 20% of maternal and 48% of paternal geno-

types to be missing, for a range of the major gene variance,

under the null model of no linkage, and under the alter-

native models of linkage with and without imprinting. For

the test of imprinting, assuming the major gene variance of

0.1, they observed the type 1 error of 0.034 and the power

of 0.196 for the variance components method, and the type

1 error of 0.072 and the power of 0.212 for the H–E

method. This may be compared to our simulation setting

presented in Table 3 (block 4), where, for a slightly higher

major gene variance of 0.12 and a considerably smaller

sample size we observe the nominal type 1 error of 0.05

and the similar power of 0.186 for the test of imprinting

using the permutation procedure. Assuming the major gene

variance of 0.3, the authors observed the type 1 error of

0.054 and the power of 0.904 for the variance components

method and the type 1 error of 0.102 and power of 0.855

for the H–Elston method. Our comparable setting is shown

in Table 3, block 5, corresponding to a lower major gene

variance of 0.25 and 200 families with 4 children in each,

for which the power was 0.904, with the nominal type 1

error of 0.05 (as assessed by permutation). These com-

parisons indicate that the method described here tends to

perform identically or better than existing methods for

evaluation of parent-of-origin effect in linkage analysis of

quantitative traits. Unfortunately, the authors (Hanson

et al. 2001) did not present results for selected samples;

thus, we cannot evaluate whether there was an inflation of

type 1 error and what the power would be for imprinting

detection for the variance components method or for the

H–E method, whereas the presented method is extremely

powerful in that setting while maintaining the type 1 error

rate.

By this method, we detected a parent-of-origin effect

consistent with maternal imprinting at several markers on

chromosome 7 for several body-size and obesity related

traits. The proportions of missing genotype data were low

and should not have led to a significant power loss based on

the simulation study, especially with the use of multipoint

IBDs. The detected parent-of-origin effect is not likely to

be an artifact due to sex differences in the frequency and

distribution of crossover exchanges. For that to happen, the

sex difference in recombination must reach five-to tenfold,

as assessed by simulation studies (Hanson et al. 2001) and

by analytical approach (Shete and Amos 2002). However,

in this region of chromosome 7 the sex difference in

recombination never exceeds fourfold.

Four out of six traits, namely BMI, BIA, leptin, and

waist circumference, showed a very similar pattern of

linkage and of parent-of-origin effect, suggesting that they

are controlled by the same gene or genes located in this

region. On the other hand, fasting glucose did not show any

linkage, while waist-to-hip ratio only showed maternal

linkage at a single locus (D7S523), with a significant test

for imprinting (Table 5). However, as the signal for total

linkage was very weak, this result cannot be viewed as

convincing.

Interestingly, two clusters of imprinted genes were

identified in this region, one containing PEG10 (7q21–31)

and the other—it PEG1/MEST (MIM 601029), MESTIT1

(MIM 607794), and COPG2 (MIM 604355) (7q32) (Ko-

bayashi et al. 1997; Nakabayashi et al. 2002; Okita et al.

2003; Yamasaki et al. 2000). Most of markers that show

paternal linkage in our study are located between these two

identified clusters. In particular, Kobayashi et al. (1997)

demonstrated that the PEG1/MEST gene located near

D7S649 (one of the markers used in this analysis) is an

imprinted gene expressed from a paternal allele. In our

study, we observed a significant total and paternal (but not

maternal) linkage at this marker for BIA, but the pattern of

linkage was more consistent with total linkage than with

imprinting, although there might be partial imprinting. The

PEG1/MEST gene might be relevant to the body size-re-

lated traits. In experiments with mice it was shown that

when the null allele of the PEG1/MEST gene is paternally

transmitted, the offspring exhibit severe intrauterine

growth retardation (Ferguson-Smith et al. 1991).

A possible limitation of this study is that both definitions

of RP̂ have some problems. The calculation of the imputed
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matrix, under certain circumstances, can result in estimates

of the covariance greater than that of the variance. The

sample based matrix, on the other hand, does not allow for

family-specific marker information, which is not appro-

priate with heterogeneous sample, but is a good estimate

when families in the sample are similar in contributing

marker informativeness.

A possible future extension that could further improve

power would be an extension of the method to non-nuclear

families while allowing for the parent-of-origin effect.

Shete et al. (2003) showed how to extend variance com-

ponents and H–E tests for extended families and docu-

mented a substantial increase in power when extended

pedigrees are studied.
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