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 Ignoring Intermarker Linkage Disequilibrium
Induces False-Positive Evidence of Linkage
for Consanguineous Pedigrees when Genotype
Data Is Missing for Any Pedigree Member 
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the proband or genotype data from the proband’s sibling-
grandparents. For the situation, when parental genotypes 
are unavailable, false-positive evidence for linkage can be 
reduced by including genotype data from either unaffected 
siblings of the proband or the proband’s married-in-grand-
parents in the analysis.  Copyright © 2007 S. Karger AG, Basel 

 Introduction 

 Until the 21st century, genome scans for pedigree data 
relied on the use of microsatellite markers to localize dis-
ease/trait susceptibility genes  [2] . Currently, for linkage 
studies, single nucleotide polymorphisms (SNPs) are rap-
idly replacing microsatellite markers for whole genome 
scans and fine mapping due to the development of auto-
mated large-scale genotyping technologies which facili-
tate inexpensive and rapid genotyping of SNP marker 
loci. Additional advantages of SNP marker loci are their 
low mutation rates and high density across the genome. 
However, since SNPs are diallelic, their informativeness 
is usually lower than that of microsatellite markers, with 
the highest heterozygosity (H) = 0.5 and Polymorphism 
Information Content (PIC) = 0.375. Due to the lower het-
erozygosity, denser maps of SNP loci are necessary for 
genome scans. At present two commercially produced 
panels of SNP markers are commonly used for linkage 
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 Abstract 

 Missing genotype data can increase false-positive evidence 
for linkage when either parametric or nonparametric analy-
sis is carried out ignoring intermarker linkage disequilibrium 
(LD). Previously it was demonstrated by Huang et al.  [1]  that 
no bias occurs in this situation for affected sib-pairs with un-
related parents when either both parents are genotyped or 
genotype data is available for two additional unaffected sib-
lings when parental genotypes are missing. However, this is 
not the case for autosomal recessive consanguineous pedi-
grees, where missing genotype data for any pedigree mem-
ber within a consanguinity loop can increase false-positive 
evidence of linkage. False-positive evidence for linkage is 
further increased when cryptic consanguinity is present. The 
amount of false-positive evidence for linkage, and which 
family members aid in its reduction, is highly dependent on 
which family members are genotyped. When parental geno-
type data is available, the false-positive evidence for linkage 
is usually not as strong as when parental genotype data is 
unavailable. For a pedigree with an affected proband whose 
first-cousin parents have been genotyped, further reduction 
in the false-positive evidence of linkage can be obtained by 
including genotype data from additional affected siblings of 
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genome scans: the Illumina panel with 6,056 SNP mark-
er loci  [3]  and the Affymetrix panel with 10,204 SNP 
marker loci  [4] . The information content of both of these 
panels surpasses the information content of the com-
monly used panel of 400 microsatellite markers spaced 
approximately every 10 cM  [5] . Owing to the decreasing 
cost of SNP genotyping, a new trend is to genotype panels 
developed for whole-genome scan association studies for 
linkage studies; these panels can contain  1 500,000 SNP 
marker loci. Due to the density of the SNP markers used 
for genome scans, there can be considerable linkage dis-
equilibrium (LD) between neighboring marker loci. In 
contrast, the amount of intermarker LD is negligible for 
genome scan microsatellite panels. Due to their low het-
erozygosity, for the analysis of SNP marker loci, multi-
point analysis is almost always carried out in order to 
increase informativeness of the marker loci and thereby 
enhance the power of a given data set.

  When carrying out linkage analysis there is no one 
program which can overcome all the obstacles of analyz-
ing numerous marker loci with intermaker LD in medi-
um to large pedigree structures. Almost all currently 
available linkage analysis programs assume linkage equi-
librium between marker loci with the exception of LINK-
AGE/FASTLINK  [6]  and MERLIN  [7, 8] . However, these 
two linkage programs do have their drawbacks. LINK-
AGE/FASTLINK can only perform parametric linkage 
analysis on a very limited number of marker loci. MER-
LIN is limited in the size of the pedigree structure that 
can be analyzed; there can be no recombination between 
marker loci that are in LD, and analyses allowing for LD 
can be time consuming. For both programs, estimates of 
the haplotype frequencies can be inaccurate if the ana-
lyzed pedigrees only have a limited number of founders 
or if accurate population specific haplotype frequencies 
are not available from other sources such as the HapMap 
project  [9] . Due to these limitations, linkage analysis is 
often carried out using programs such as ALLEGRO  [10, 
11]  and SIMWALK2  [12, 13] , which do not incorporate 
intermarker LD in the analysis.

  It has been well documented that misspecification of 
single maker allele frequency can lead to false-positive 
evidence of linkage  [14, 15]  when pedigree genotype data 
is missing. Analogously, the unrealistic assumption of 
linkage equilibrium can lead to erroneous haplotype in-
ference and increased type I error  [1, 16–18] . Huang et al. 
 [1]  demonstrated that for nuclear pedigrees with unre-
lated parents, when parental genotype data is missing, 
ignoring intermarker LD (D �   1  0.4) introduces false-pos-
itive evidence of linkage for both parametric and non-

parametric linkage analysis. The bias is eliminated when 
genotype data is available from either both parents or two 
additional unaffected siblings  [1] .

  The effect of missing genotype data for consanguine-
ous pedigrees has not been previously evaluated. Al-
though consanguineous pedigrees can be used to study 
both complex and Mendelian traits, they are most com-
monly used for the study of autosomal recessive Mende-
lian traits due to the additional linkage information pro-
vided by these pedigrees compared to kindreds with un-
related parents. Consanguineous pedigrees have been 
highly beneficial in mapping genes for autosomal reces-
sive diseases, in particular for traits with locus heteroge-
neity. For example, over 70 autosomal recessive nonsy-
dromic hearing impairment genes have been localized 
 [19]  using consanguineous pedigrees. In this article it is 
demonstrated that, in contrast to pedigrees where the 
parents are unrelated, for consanguineous pedigrees seg-
regating an autosomal recessive trait false-positive evi-
dence of linkage is increased even when genotype data is 
available for both parents or the affected proband’s two 
unaffected siblings. The problem persists if parental gen-
otypes are missing, even when all founders are genotyped 
within the pedigree. For a first-cousin mating, only when 
great-grand parents, grand-parents and parents are geno-
typed is the problem of false-positive evidence for linkage 
completely eradicated. It is unusual to be able to obtain 
DNA from all family members in gene mapping studies 
using consanguineous pedigrees, since members in the 
upper generations are usually deceased. Although false-
positive linkages are not totally eliminated, their occur-
rence is greatly reduced by the availability of both paren-
tal and two affected siblings’ genotype data or grand-pa-
rental genotype data. An additional factor that can 
increase the false-positive evidence for linkage in con-
sanguineous pedigrees is cryptic consanguinity. For ped-
igrees ascertained from communities where consanguin-
eous marriages have occurred for generations, true famil-
ial relations of all pedigree members are rarely known. 
Missing relationship data can further increase false-pos-
itive evidence for linkage when intermarker LD is not in-
corporated in the analysis.

  Methods 

 In order to investigate the effect of missing genotype data, 
haplotype data was generated using the SimPed program  [20]  for 
a variety of pedigree structures. Haplotype data was generated for 
first-cousin consanguineous pedigrees with affection status con-
sistent with an autosomal recessive mode of inheritance; the phe-



 Consanguinity and Linkage 
Disequilibrium 

Hum Hered 2008;65:199–208 201

notype status for all family members within the consanguinity 
loops is unaffected, and offspring of the consanguineous first-
cousin mating is comprised of an affected proband with two af-
fected and two unaffected siblings (Pedigree A,  fig. 1 ). In order to 
evaluate whether there is an increase in the false-positive evi-
dence for linkage for consanguineous pedigrees segregating traits 
with an autosomal dominant or X-linked recessive mode of in-
heritance, the affection status of family members in pedigree A 
( fig. 1 ) was modified. For the autosomal dominant inheritance 
model the affection status of the father (individual 6), paternal 
grandmother (individual 9) and great grandfather (individual 12) 
were all made affected and for the X-linked recessive inheritance 
model the great-grandfather (individual 12) phenotype status was 
modified to be affected.

  To evaluate the effect of missing genotype data when consan-
guineous mating occurs between more distantly related individu-
als, haplotype data was also generated for a pedigree structure 
with a second-cousin consanguineous mating with an affected 
proband and two affected and two unaffected siblings. For the 
second-cousin consanguineous mating all pedigree members 
within the consanguinity loop phenotype were made unaf-
fected.

  To examine the effects of cryptic inbreeding, haplotype data 
was generated for a pedigree with an affected proband whose ma-
ternal grandparents are both full siblings of the paternal grand-
parents and also a first-cousin of the paternal grandparent for 
whom they are not a sibling (Pedigree B,  fig. 1 ).

  Haplotype data for two marker loci with equal [Marker 1 and 
2 both with minor allele frequency (MAF) = 0.5 (model 1) or
MAF = 0.2 (model 2)] and unequal allele frequencies [Marker 1 
MAF = 0.5 and Marker 2 MAF = 0.3 (model 3)] were generated 
for all family members under the null hypothesis of no linkage 
between the disease and the marker data. For models 1 and 2, D �  
and r 2  between the two completely linked marker loci were varied 
between 0 and 1. For model 3 the allele frequencies at the two 
marker loci are not equal, when D �  = 1, r 2  = 0.43. Unless otherwise 

stated, the results reported within the text are for model 1 for 
D �  = r 2  = 1. 

  For the analysis of families with a single affected proband, all 
additional siblings were removed. Likewise, to study the effect of 
available genotype data for additional affected or unaffected sib-
lings, irrelevant siblings were removed from the pedigree. To ex-
amine the effect of cryptic consanguinity, for pedigree B all fam-
ily members with the exception of the affected proband (individ-
ual 1), his parents (individual 6 and 7), grandparents (individuals 
8, 9, 10 and 11) and grandmother’s parents (individuals 12 and 13) 
were removed so that pedigree B resembled pedigree A ( fig. 1 ). 
The proband in pedigree A has an inbreeding coefficient of 0.0625 
while the inbreeding coefficient for the proband in pedigree B is 
0.15625. To evaluate the effect of missing genotype data for par-
ents, grandparents and great-grandparents, genotype data was 
stripped from selected family members.

  For each of the pedigree structures, haplotype data was gener-
ated for 500 pedigrees. For those pedigrees where the affection 
status was consistent with autosomal recessive inheritance, para-
metric multipoint analysis was carried out under a fully penetrant 
autosomal recessive model. For the first-cousin consanguineous 
pedigrees with affection statuses consistent with an autosomal 
dominant mode of inheritance, parametric multipoint analysis 
under a fully penetrant autosomal dominant model was utilized. 
For the first-cousin consanguineous pedigrees with affection sta-
tuses consistent with an X-linked autosomal recessive mode of 
inheritance, haplotype data were generated following inheritance 
patterns for the X chromosome  [20]  and parametric multipoint 
analysis was carried out utilizing a fully penetrant X-linked reces-
sive model. Unless otherwise stated, the results given are for para-
metric multipoint analysis under an autosomal recessive mode of 
inheritance. The disease allele frequency was set equal to 0.001 for 
all analyses, and the marker data was analyzed under linkage 
equilibrium using the generating allele frequencies. Multipoint 
parametric analysis allowing for linkage admixture  [21]  was car-
ried out using the ALLEGRO program. For each D � /r 2  value eval-
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12 13 14 15  Fig. 1.  Pedigree A and B were used for the 
simulation studies. Pedigree A displays the 
structure of the first-cousin consanguine-
ous mating and pedigree B contains mul-
tiple consanguinity loops. Males and fe-
males are represented as squares and 
 circles, respectively. The filled symbols 
represent affected individuals while unaf-
fected individuals are represented by clear 
symbols. The affected proband is individ-
ual 1 in both pedigree drawings and has an 
inbreeding coefficient of 0.0625 in pedi-
gree A and 0.15625 in pedigree B. 
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uated a total of 200 replicates were generated and analyzed. The 
average was taken for the maximum heterogeneity LOD (HLOD) 
and  � , the proportion of linked families with the disease locus 
completely linked to the map of marker loci. The HLOD was eval-
uated at seven levels of D � /r 2  for each of the three allele frequency 
models; the generating haplotype frequencies for model 1 and 2 
can be viewed in table 2 of Huang et al.  [1] . To evaluate whether 
false-positive evidence of linkage was removed when intermarker 
LD was incorporated in the analysis, MERLIN was used to esti-
mate haplotype frequencies and reanalyze the generated pedigree 
data.

  Results 

  Figures 2  and  3  display the resulting HLODs for anal-
ysis carried out under an autosomal recessive mode of 
inheritance for a first-cousin consanguineous mating 
with a single affected offspring. For the pedigree struc-
ture A ( fig. 1 ), haplotype data was generated for two 
markers with equal allele frequency (Model 1). For  fig-
ure 2  the first-cousin parental genotype data is available 
and HLOD and  �  were evaluated for various configura-
tions of available genotype data, while  figure 3  displays 
the results when parental genotype data is missing.  Ta-

ble 1  displays HLOD and  �  when parental genotype data 
is either available or missing for Model 1 when D �  = r 2  = 
1. The false-positive evidence for linkage is high when 
only genotype data is available for the parents and the 
proband (HLOD = 16.22) and increases when genotype 
data is only available for the proband (HLOD = 26.05). 
Genotyping grandparents and great-grand parents is 
beneficial in reducing false-positive evidence for linkage: 
however, the false-positive evidence for linkage only dis-
appears when the parents, grandparents and great-grand-
parents are all genotyped (HLOD = 0.17) ( fig. 2 ). In the 
case where parental genotype data is missing, even if the 
grandparents and great-grandparents are genotyped, the 
false-positive evidence for linkage remains ( fig. 3  and  ta-
ble 1 ). Although it is unusual to have genotype data avail-
able for great-grandparents, grandparents can often be 
ascertained. This additional genotype data greatly aids in 
the reduction of false-positive evidence for linkage in 
some situations: if the parental genotypes are not avail-
able, then genotyping the married-in-grandparents (in-
dividuals 8 and 11) is most effective (HLOD = 7.27;  �  = 
0.20) in reducing the false-positive evidence for linkage 
compared to genotyping the sibling-grandparents (indi-
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  Fig. 2.  Displays on the Y axis the average 
maximum HLOD scores for 500 first-
cousin consanguineous pedigrees ana-
lyzed under an autosomal recessive mode 
of inheritance when parental genotype 
data is available. Two markers with equal 
allele frequencies were simulated uncon-
ditional on the disease phenotype. The 
strength of intermarker LD is displayed on 
X axis, denoted by D �  values followed by r 2  
in parentheses. Each plotted line is the 
HLOD versus D �  (r 2 ) for different available 
pedigree genotype data, with the number(s) 
in parentheses indicating for whom within 
Pedigree A ( fig. 1 ) is genotype data avail-
able. 
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viduals 9 and 10) (HLOD = 20.08). However, when all 
grandparents are genotyped the HLOD is slightly higher 
than when only married-in-grandparents’ genotype data 
is available, and the proportion of linked families is re-
duced (HLOD = 8.13;  �  = 0.15). When parental genotypes 
are available, genotyping both sets of grandparents 
(HLOD = 2.47) only offers a slight improvement in reduc-
ing the false-positive evidence of linkage compared to 
only genotyping the sibling grandparents (HLOD = 3.24), 
while only genotyping the married-in grandparents is 
not as effective in reducing the false-positive evidence of 
linkage (HLOD = 9.37).

  Unlike the case for unrelated parents  [1] , for first-cous-
in consanguineous matings, genotyping two unaffected 
siblings of the affected proband did not eradicate false-
positive evidence for linkage (HLOD = 5.80) when paren-
tal genotypes are missing ( fig. 4  and  table 1 ); however, ge-
notyping two unaffected siblings of the affected proband 
was of greater benefit in reducing false-positive evidence 
of linkage than genotyping two additional affected sib-
lings (HLOD = 29.24). When parental genotypes are 
available for a first-cousin mating, which siblings’ geno-
type data is most beneficial in reducing the false-positive 

evidence of linkage is reversed. In this case, genotyping 
two affected siblings of the proband is more effective
in decreasing the false-positive evidence for linkage 
(HLOD = 2.09) compared to genotyping two unaffected 
siblings (HLOD = 11.35). In the case where genotype data 
is only available for one parent (HLOD = 22.47;  �  = 0.31), 
genotyping two additional affected siblings of the pro-
band has a greater influence in reducing the proportion 
of linked families than the HLOD (HLOD = 10.58;  �  = 
0.07) compared to genotyping two additional unaffected 
siblings (HLOD = 9.36;  �  = 0.19).

  The effect of missing genotype data was also evaluated 
for second-cousin consanguineous matings. When paren-
tal genotype data is unavailable and two additional affect-
ed siblings of the proband are genotyped, there is only a 
decrease in the proportion of linked families ( �  = 0.20) but 
no decrease in the HLOD = 26.58, compared to when only 
the proband is genotyped (HLOD = 25.94;  �  = 0.34). How-
ever, when there is missing parental genotype data, avail-
able genotype data for two unaffected siblings of the pro-
band greatly reduces the false-positive evidence for linkage 
(HLOD = 2.50;  �  = 0.08). In the case where the consan-
guineous second-cousin parents are genotyped and there 
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  Fig. 3.  Displays on the Y axis the average 
maximum HLOD scores for 500 first-
cousin consanguineous pedigrees ana-
lyzed under an autosomal recessive mode 
of inheritance when parental genotype 
data is missing. Two markers with equal 
allele frequencies were simulated uncon-
ditional on the disease phenotype. The 
strength of intermarker LD is displayed on 
X axis, denoted by D �  followed by r 2  values 
in parentheses. Each plotted line is the 
HLOD versus D �  (r 2 ) for different available 
pedigree genotype data, with the number(s) 
in parentheses indicating for whom within 
Pedigree A ( fig. 1 ) is genotype data avail-
able. 
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is one affected proband, there is still false-positive evi-
dence for linkage (HLOD = 3.65;  �  = 0.13). This false-pos-
itive evidence for linkage is reduced when two additional 
unaffected siblings are genotyped (HLOD = 2.37;  �  = 0.08), 
but the reduction in false-positive evidence for linkage is 
not as dramatic as when an additional affected sibling is 
genotyped (HLOD = 0.97,  �  = 0.03).

  For pedigrees with first-cousin consanguineous mat-
ing with data analyzed under an autosomal dominant 
model of inheritance or X-linked recessive mode of in-
heritance there was an increase in the HLOD and alpha 
when parental genotype data is missing. For a first-cous-
in consanguineous pedigrees with an autosomal domi-
nant mode of inheritance, when genotype data is only 
available for the affected proband and one affected sib-
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  Fig. 4.  Displays for a first-cousin consanguineous mating for an 
autosomal recessive trait the effect of genotyping additional unaf-
fected and affected siblings of the proband when no parental gen-
otypes are missing (first column), parental genotypes are missing 
for one parent (second column) and both parents are genotyped 
(third column). For each panel on the Y axis is displayed the aver-

age maximum HLOD. The strength of intermarker LD is dis-
played on X axis, denoted by D �  followed by r   2  in parenthesis. The 
results are displayed when genotype data for additional unaffect-
ed siblings (row 1), additional affected siblings (row 2) and addi-
tional affected and unaffected siblings (row 3) are included in the 
analysis.       
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ling the HLOD = 2.21 and  �  = 0.28; this modest increase 
in the false-positive evidence for linkage disappears when 
parental genotype data are available. For first-cousin 
consanguineous pedigrees with X-linked autosomal re-
cessive mode of inheritance when genotype data is only 
available for an affected male proband and his affected 
male sibling, the false positive evidence of linkage is in-
creased (HLOD = 7.43 and  �  = 0.32); the false-positive 
evidence for linkage completely disappears when mater-
nal genotype data is available.

  When consanguineous pedigree B ( fig. 1 ) is analyzed 
removing consanguinity loops so only the proband’s par-
ents are first-cousins ( fig. 1 , pedigree A), the false-posi-
tive evidence for linkage is further inflated. When only 
the affected proband is genotyped in the pedigree with 
cryptic consanguinity the HLOD = 36.45 and  �  = 0.4. 
When both parents are genotyped the HLOD and  �  
(22.21 and 0.34, respectively) are reduced, but for both 
situations the presence of cryptic consanguinity increas-
es the false-positive evidence of linkage compared to 
when it is not present (see  table 1 ). The false-positive evi-
dence of linkage is eradicated (HLOD = 0.11) when all 
pedigree members are genotyped within the pedigree 
with cryptic consanguinity. In order to evaluate whether 
or not cryptic consanguinity has an effect when no con-
sanguineous relationships are specified in the analysis, 

data was generated for pedigree B ( fig. 1 ) but with two af-
fected offspring. There is a slight increase in the false-
positive evidence for linkage when neither parent is gen-
otyped (HLOD = 19.15  �  = 0.36) compared to when data 
is generated for pedigrees where the parents are unrelated 
to each other (HLOD = 14.20  �  = 0.31). However, for this 
situation, the presence of cryptic consanguinity did not 
lead to an increase in false-positive evidence of linkage 
when both parents are genotyped (HLOD = 0.09).

  The generated data was reanalyzed using the MERLIN 
program, estimating and incorporating intermarker LD 
in the analysis, and the false-positive evidence for linkage 
was eradicated for consanguineous pedigrees with miss-
ing genotype data. For example, analysis with MERLIN 
of pedigrees with a first-cousin consanguineous mating 
with only a single genotyped affected proband reduced 
the HLOD to 0.09. When cryptic consanguinity was pres-
ent, MERLIN greatly reduced the false-positive evidence 
of linkage but it was not completely removed; the highest 
HLOD of 1.1 ( �  = 0.10) was obtained for first-cousin con-
sanguineous pedigrees with cryptic inbreeding when 
genotype data was only available for the affected pro-
band. When MERLIN was used to carry out the analysis, 
incorporating the generating haplotype frequencies in 
the analysis the HLOD = 1.1 ( �  = 0.10) was still inflated 
for the first-cousin consanguineous pedigrees with cryp-

Table 1. The average maximum HLOD and  �  values for model 1 where both marker loci have equal allele frequencies and D� = r2 = 
1.0 when various family members are genotyped in pedigrees with a first-cousin consanguineous mating segregating an autosomal 
recessive trait

Member genotyped ID number(s) in
pedigree A

No parental genotypes With parental genotypes

HLOD   �  HLOD   � 

Proband 1 26.05 0.33 16.22 0.28
1 additional affected sibling 1, 2 26.77 0.19 5.50 0.09
1 additional unaffected sibling 1, 4 10.24 0.22 13.61 0.24
2 additional affected, siblings 1, 2, 3 29.24 0.13 2.09 0.02
2 additional unaffected siblings 1, 4, 5 5.80 0.15 11.35 0.20
1 additional affected and unaffected siblings 1, 2, 4 7.97 0.12 4.45 0.09
2 additional affected and unaffected siblings 1, 2, 3, 4, 5 2.87 0.02 1.78 0.02
Great-grand parents 1, 12, 13 21.62 0.31 2.46 0.12
Sibling grandparents 1, 9, 10 22.08 0.24 3.24 0.09
Married-in grandparents 1, 8, 11 7.27 0.20 9.37 0.20
All grandparents 1, 8, 9, 10, 11 8.13 0.15 2.47 0.08
Great-grand parents and married-in grandparents 1, 8, 11, 12, 13 5.23 0.18 1.21 0.09
Great-grand parents and all grandparents 1, 8, 9, 10, 11, 12, 13 3.07 0.08 0.17 0.01

The results are shown for when parental genotypes are available and unavailable. The first column states for which additional fam-
ily members are genotype data available in addition to the proband and the second column displays the ID number(s) for these indi-
viduals as shown in pedigree A (fig. 1).
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tic inbreeding when genotype data was only available for 
the proband.

  It has previously been shown for sib-pairs where the 
parents are unrelated that r 2  is a better predictor of the 
increase in the false-positive evidence for linkage than D �  
 [18] . This observation holds true for consanguineous 
pedigrees. When haplotype data is generated under mod-
el 3 when D �  = 1, r 2  = 0.43, the HLOD is lower than for 
data generated under model 1 where r 2  = D �  = 1. For ex-
ample, the HLOD = 2.74 for model 3 and 16.22 for model 
1 for a first-cousin consanguineous pedigree with avail-
able parental genotype data and a single affected pro-
band. Another factor which affects the false-positive evi-
dence for linkage is the Multilocus PIC (MPIC)  [22] . The 
HLOD will increase with increasing MPIC for a fixed r 2  
value, pedigree structure and available genotype data. 
For example, for a first-cousin mating with one affected 
proband where parental genotype data is available for 
two markers each with equal allele frequency (Model 1), 
r 2  = 1 and MPIC = 0.375 the HLOD = 16.22 and  �  = 0.28 
for the same pedigree configuration and two segregat-
ing markers with an r 2  = 1, MAF = 0.2 (Model 2) and 
MPIC = 0.2688 the HLOD decreases to 6.53 and  �  to 0.22. 
It should also be noted that as r 2  decreases for set allele 
frequencies the MPIC increases. For example, for two 
markers with equal allele frequency (Model 1) when r 2  = 
0.64 and r 2  = 0.36 the MPIC = 0.5039 and MPIC = 0.5958, 
respectively. Although MPIC increases, decreasing r 2  al-
ways has a greater effect in reducing the false-positive 
evidence for linkage than MPIC (see  fig. 2–4 ).

  Discussion 

 For two-point linkage analysis and multipoint analy-
sis when there is no intermarker LD and genotype data is 
available for founders but not all pedigree members (e.g. 
parental genotypes), no bias of the LOD score will occur 
since reconstruction of genotypes is not based upon esti-
mates of allele frequencies but only on the genotype data 
of family members  [14, 15] . For consanguineous pedi-
grees where the trait is inherited in an autosomal reces-
sive mode of inheritance, even if all founders are geno-
typed but parental genotypes are missing, if intermarker 
LD is ignored in the analysis there can be false-positive 
evidence of linkage, because haplotype frequencies can 
be incorrect and contribute to the inflation of the LOD 
score. For single markers there is no bias in this situation, 
since although the genotypes cannot always be recon-
structed the probabilities for each compatible genotype is 

correct and is not influenced by incorrectly specified al-
lele frequencies.

  Although consanguineous pedigrees can be used to 
study traits with an autosomal dominant, X-linked or 
complex mode of inheritance, these pedigrees, unlike 
pedigrees with autosomal recessive mode of inheritance, 
do not offer any additional linkage information com-
pared to pedigrees of comparative size without consan-
guinity. For example, for a fully penetrant autosomal 
dominant trait a pedigree with a first-cousin consan-
guineous mating ( fig. 1 , pedigree A with individuals 6, 9 
and 12 phenotype status changed to affected) provides 
the same amount of linkage information as the same ped-
igree structure with the proband’s mother (individual 7) 
unrelated to the other pedigree members. For the autoso-
mal dominant mode of inheritance, whether consan-
guinity is present or not the meioses inherited from indi-
vidual 7 by her affected and unaffected offspring pro-
vides no linkage information and likewise the meioses 
which she inherits from her mother and father (individu-
als 10 and 11) does not provide linkage information.

  For pedigrees where the trait follows an X-linked re-
cessive mode of inheritance for first cousin consanguine-
ous matings and also for unrelated parents, when geno-
type data is available for the female carrier (individual 7) 
it is known with complete accuracy which haplotypes are 
transmitted to her affected and unaffected male children. 
Therefore only when the carrier female is missing her 
genotype data will haplotype probabilities be incorrect 
when intermaker LD is not incorporated in the analysis.

  When analyzing consanguineous pedigrees for which 
there is missing genotype data, it is necessary to proceed 
with caution when analysis is being carried out ignoring 
LD. The amount of false-positive evidence for linkage can 
be evaluated by generating haplotype data for any pedi-
gree structure(s) unconditional on the disease status us-
ing, for example, the SimPed program. If there is an infla-
tion of false-positive evidence for linkage, simulation can 
be used to estimate empirical p values using haplotype 
frequencies estimated from the pedigree data if the sam-
ple size is sufficiently large or from publicly available da-
tabases. However, even if a simulation study indicates 
only a modest or no increase in false-positive evidence for 
linkage, the results may be incorrect due to cryptic con-
sanguinity. Usually knowledge of family relationships is 
incomplete due to information only being available for no 
more than 4–5 generations and, additionally, spouses 
may not know their exact consanguineous relationship. 
Therefore, the amount of consanguinity within a pedi-
gree is often underestimated. Although true familial re-
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lationships cannot be reconstructed, it is possible to eval-
uate whether cryptic consanguinity is present within 
pedigrees using the methods described by  [23] . The in-
crease in false-positive evidence for linkage in the pedi-
grees with cryptic consanguinity is not only because of 
the use of incorrect haplotype frequencies but also due to 
the misspecification of the pedigree structure. It has pre-
viously been shown that not completely specifying famil-
ial relationships can also bias the false-positive rate when 
intermarker LD is not present for affected-sibpair meth-
ods  [24, 25]  as well as parametric linkage analysis and 
homozygosity mapping  [26, 27] .

  In order to increase the speed of linkage analysis, con-
sanguineous pedigrees can initially be analyzed ignoring 
LD, and those regions for which there is either suggestive 
or significant evidence of linkage can be reanalyzed in-
corporating intermarker LD. This analysis can be done 
using the MERLIN program if the pedigrees are not large. 
Larger pedigrees can be analyzed using LINKAGE/
FASTLINK, but only a very limited number of marker 
loci can be analyzed simultaneously, thus reducing the 
informativeness of the marker data. When analysis is car-
ried out with either program, biases in the estimate of 
haplotype frequencies can occur if there are only a lim-
ited number of founders available. Another analysis op-
tion is to use haplotype frequencies from published data 
such as HapMap (www.hapmap.org); however, data is 
only available for a limited number of ethnic backgrounds 

at this time. If the pedigrees under analysis do not come 
from the same population as those individuals being used 
to estimate haplotype frequencies, the haplotypes may 
not be representative and give rise to false-positive evi-
dence of linkage. For the examples given in this article, 
there was a sufficiently large sample to estimate haplo-
type frequencies and the pedigrees were small enough to 
analyze using MERLIN. For the examples shown, false-
positive evidence for linkage was almost completely re-
moved by carrying out linkage analysis incorporating in-
termarker LD in the analysis, except when cryptic in-
breeding was present. Given an adequate number of small 
to medium sized pedigrees, MERLIN is a viable analysis 
tool to distinguish true from false-positive linkage sig-
nals. However, for many studies of consanguineous ped-
igrees with autosomal recessive inheritance, analysis with 
MERLIN will not be a feasible solution to eradicate false-
positive evidence of linkage due to intermarker LD be-
cause of large pedigree structures and/or insufficient 
number of observed genotypes to estimate haplotype fre-
quencies.
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