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Abstract
Most linkage programs assume linkage equilibrium among multiple linked markers. This assumption
may lead to bias for tightly linked markers where strong linkage disequilibrium (LD) exists. We used
simulated data from Genetic Analysis Workshop 14 to examine the possible effect of LD on
multipoint linkage analysis. Single-nucleotide polymorphism packets from a non-disease-related
region that was generated with LD were used for both model-free and parametric linkage analyses.
Results showed that high LD among markers can induce false-positive evidence of linkage for
affected sib-pair analysis when parental data are missing. Bias can be eliminated with parental data
and can be reduced when additional markers not in LD are included in the analyses.

Background
Most multipoint linkage programs assume linkage equi-
librium among the markers being studied. This assump-
tion is appropriate for the study of sparsely spaced
markers with inter-marker distances exceeding a few cen-
timorgans, because linkage equilibrium is expected over
these intervals for almost all populations. However, with
recent advances in high-throughput genotyping technol-
ogy, much denser markers are available and linkage dise-
quilibrium (LD) may exist among the markers. Applying
linkage analyses that assume linkage equilibrium to dense
markers may lead to bias. It is well known that misspeci-
fication of allele frequencies can cause inflation of LOD
scores for both model-free [1] and model based [2,3] link-
age approaches. However, estimating allele frequencies
from the available data will generally correct this problem
[4]. Rare exceptions such as unrecognized inbreeding at a
high level or the presence of pronounced stratification
might cause an excess of false-positive rates for linkage
tests when only affected sib-pairs lacking parents are ana-
lyzed [5]. In the case of tightly linked loci, assuming link-

age equilibrium for tightly linked markers causes incorrect
inference of haplotype frequencies, which can lead to a
bias similar to that induced by misspecification of allele
frequencies for multi-allelic markers. However, accurately
estimating haplotype frequencies is more difficult than
estimating allele frequencies because of phase uncer-
tainty. Many currently available programs such as ALLE-
GRO and GENEHUNTER do not allow the user to specify
haplotype frequencies, while programs that will allow the
user to specify haplotypes, including LINKAGE and
LIPPED are very unwieldy to use in this case.

Recently, Huang et al. [6] demonstrated that assuming
linkage equilibrium between tight linked markers where
strong LD exists may cause apparent over-sharing of
multipoint IBD among affected sibs and thus result in
false-positive evidence for linkage. Here in this workshop,
Genetic Analysis Workshop 14 (GAW14), we used the
simulated data to further explore the effect that LD exerts
in causing an excess of false-positive results. The work-
shop data afforded a more realistic situation upon which
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to study effects of LD than was covered by Huang et al. [6],
because the data were simulated to represent a complex
disease model and a large set of markers were available for
further examination of the possible effects that LD can
have upon multipoint linkage analysis.

Methods
In order to examine the possible effect of LD on linkage
analysis, we decided to study the markers from a dense
marker dataset, because the inter-marker distances are
smaller and the simulated LD was higher. Single-nucleo-
tide polymorphism (SNP) packets from the non-disease
related regions that were generated with LD were bought

and used for the analyses. The inter-marker distance was
0.29 cM on average among these markers (20 SNPs per
packet). Pedigree samples from the Aipotu population of
simulated GAW14 data were used for the analyses. There
were 100 nuclear families in the replicate sample and at
least two sibs were affected with Kofendrerd Personality
Disorder (KPD) in each family. We treated parents from
each family as unrelated individuals and used them to
estimate haplotype frequencies and LD. Haplotype fre-
quencies were estimated by using the expectation maximi-
zation algorithm [7] and pair-wise LD was calculated by
using standard formula [8] that are implemented in the
EMLD program. We randomly selected a single sib pair

Table 1: Pair-wise LD between 20 SNPs of SNP packet 121 in sample replicate 1 from Aipotu population (D' measure above the 
diagonal and r2 below the diagonal).
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aBold text indicates the three markers that are in strong linkage disequilibrium.
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from each family to ensure independence of the sib pairs.
We then studied each family either including or excluding
all parental genotype data. Multipoint and single-point
linkage analyses of the affected sib-pair data were carried
out using ALLEGRO [9]. For model-free multipoint link-
age analyses, we used a Kong and Cox exponential model
[10] and the score function of Spairs [11]. For the paramet-
ric linkage analyses, we assumed a simple dominant dis-
ease model with 100% penetrance in carriers and 0%
penetrance in non-carriers, and we incorporated a hetero-

geneity parameter [12], thus allowing some but not all
families to be linked.

Results
Although all the SNP packets that we examined were from
regions that were generated with LD, LD was not strong in
most of the regions and did not have an obvious effect on
linkage analysis. However, strong LD existed between
three markers in SNP packet 121: B03T2407, B03T2408,
and C03R0221 with pair-wise D' > 0.95 and r2 > 0.38. The

Linkage analysis results for the 20 SNPs and the three SNPs with strong LDFigure 1
Linkage analysis results for the 20 SNPs and the three SNPs with strong LD. The left panel indicates results using a 
nonparametric NPL approach, while the right panel indicates results from a parametric linkage analysis allowing for locus heter-
ogeneity.
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Table 2: Multipoint LOD scores for different set of markers from model-free linkage analysis.

Marker Multipoint LOD scores at the marker location from model-free linkage analysesb

B03T2401 -- -- -- -- -- -- -- 0.48
B03T2402 -- -- -- -- -- -- -- 0.46
B03T2403 -- -- -- -- -- -- -- 0.42
B03T2404 -- -- -- -- -- -- -- 0.36
B03T2405 -- -- 1.06 -- -- -- 0.69 0.35
B03T2406 -- 1.06 1.08 -- -- 0.78 0.73 0.33

B03T2407a 2.05 1.13 1.16 1.74 1.42 0.85 0.83 0.34
B03T2408 2.06 1.15 1.18 1.75 1.43 0.86 0.85 0.37
C03R0221 2.09 1.18 1.22 1.74 1.42 0.87 0.84 0.46
B03T2410 -- -- -- 1.72 1.40 0.86 0.82 0.47
B03T2411 -- -- -- -- 1.39 -- 0.80 0.44
B03T2412 -- -- -- -- -- -- -- 0.34
B03T2413 -- -- -- -- -- -- -- 0.19
B03T2414 -- -- -- -- -- -- -- 0.17
B03T2415 -- -- -- -- -- -- -- 0.14
B03T2416 -- -- -- -- -- -- -- 0.11
B03T2417 -- -- -- -- -- -- -- 0.11
B03T2418 -- -- -- -- -- -- -- 0.09
C03R0222 -- -- -- -- -- -- -- 0.08
B03T2420 -- -- -- -- -- -- -- 0.08

aMarkers in strong LD are indicated by bold.
bColumns reflect results from varying multipoint analyses including markers as indicated.
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pair-wise LD as measured by D' and r2 for this packet is
shown in Table 1.

Single-point linkage analysis did not show any evidence
of linkage both for the three markers in strong LD alone
and for the whole marker set (Fig. 1). However, using the
three markers that are in strong LD and affected sib-pair
only data, multipoint linkage analysis showed false-posi-
tive evidence of linkage for both model-free and paramet-
ric linkage analyses that incorporated a heterogeneity
parameter (Fig. 1). This confirmed the observation by
Huang et al. [6]. Including parents in the multipoint anal-
ysis eliminated the false-positive evidence (data not
shown). The false-positive evidence induced by LD can be
gradually reduced by adding markers that are not in LD to
either or both sides of the three core markers that are in
strong LD, and it seemed a better "rescue" effect can be
achieved by adding markers to both sides than to a single
side (Table 2). With all 20 markers, there is no evidence of
linkage (maximal LOD score at the peak position: 0.34 ±
0.2).

Conclusion
For multipoint linkage analysis of affected sib-pair data,
for which parental phase information is inferred from the
sib pairs, usual methods of linkage analysis assume link-
age equilibrium between multiple linked markers and
assigns equal probabilities to all possible phases. This
assumption can cause overestimation of multipoint iden-
tity by decent (IBD) sharing and induces false positives for
both model-free and parametric linkage analysis, as
showed by Huang et al. [6]. This study further confirmed
this observation by studying independently generated
data that were simulated to reflect conditions that might
be found in a genome scan. Among the markers that we
studied, false-positive evidence for linkage was only
obtained for a small subset of markers that showed high
LD. We also showed here that including markers that are
not in LD can reduce the false-positive evidence of linkage
induced by markers in high LD. This indicated that
including markers that are not in strong LD ensures that
the haplotype frequencies are closer to those expected
under the linkage equilibrium assumption and thus may
help to reduce false-positive linkage findings. We also
found that the LD effect is severe only when the majority
of the markers being jointly examined are in strong LD.
Single-point linkage analysis is not affected by LD. There-
fore, given the relatively accurate allele frequencies that
can readily be obtained for single marker, single-point
linkage analysis can be used as a check for any suspicious
false positives by comparing results to multipoint analy-
sis. However, when a very large number of SNPs are stud-
ied, a possibility remains that allele frequency estimates
for individual SNPs might be biased perhaps either by
unrecognized strong stratification in the sample or by

nonrandom errors introduced during processing. A poten-
tial further check is the confirmation of linkage at multi-
ple SNPs in a region, as well as absence of linkage signal
for most of the remainder of the genome. With current
advances in high-throughput genotyping technology,
high density marker data are easily generated. Caution
must be taken when applying traditional linkage analysis
to dense markers where strong LD may exist.

Our results indicate that LD among tightly linked marker
should be examined, especially in the fine-mapping stage
where strong LD is likely to exist between the markers.
Markers that are in strong LD should not be used together
for linkage analysis in order to avoid possible false posi-
tives. An alternative approach is to modify current linkage
programs to allow for LD so that all marker information
can be used in the search for a disease-related region.
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