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Low-Density Lipoprotein Particle Size Loci in Familial
Combined Hyperlipidemia

Evidence for Multiple Loci From a Genome Scan

Michael D. Badzioch, Robert P. Igo, Jr, France Gagnon, John D. Brunzell, Ronald M. Krauss,
Arno G. Motulsky, Ellen M. Wijsman, Gail P. Jarvik

Objective—Low-density lipoprotein (LDL) size is associated with vascular disease and with familial combined
hyperlipidemia (FCHL).

Methods and Results—We used logarithm of odds (lod) score and Bayesian Markov chain Monte Carlo (MCMC) linkage
analysis methods to perform a 10-cM genome scan of LDL size, measured as peak particle diameter (PPD) and adjusted
for age, sex, body mass index, and triglycerides in 4 large families with FCHL (n�185). We identified significant
evidence of linkage to a chromosome 9p locus (multipoint lodmax�3.70; MCMC intensity ratio [IR]�21) in a single
family, and across all 4 families to chromosomes 16q23 (lodmax�3.00; IR�43) near cholesteryl ester transfer protein
(CETP) and to 11q22 (lodmax�3.71; IR�120). Chromosome 14q24-31, a region with previous suggestive LDL PPD
linkage evidence, yielded an IR of 71 but an lodmax�1.79 in the combined families.

Conclusions—These results of significant evidence of linkage to 3 regions (9p, 16q, and 11q) and confirmatory support
of previous reported linkage to 14q in large FCHL pedigrees demonstrate that LDL size is a trait influenced by multiple
loci and illustrate the complementary use of lod score and MCMC methods in analysis of a complex trait. (Arterioscler
Thromb Vasc Biol. 2004;24:1942-1950.)

Key Words: LDL size � linkage scan � familial combined hyperlipidemia

Cardiovascular disease (CVD) remains the major cause of
death in Western societies. Low-density lipoprotein

(LDL) size, quantitatively measured as the peak particle
diameter (PPD), has been shown to predict CVD.1–3 A related
trait, small, dense LDL is associated with myocardial infarc-
tion,4 as well as with elevated apolipoprotein B (apoB),
triglycerides (TGs), and decreased high-density lipoprotein
cholesterol (HDL-C) levels.4,5 LDL size is highly correlated
with HDL-C and TG levels, and examination of whether its
predictive power in CVD is independent of these correlations
has given contradictory results.1–3 It has been hypothesized
that small, dense LDL causes vascular disease directly
through increased ability to permeate the vascular epithelium,
or through increased susceptibility to oxidation,6,7 in addition
to effects on other atherogenic traits.

The previous studies demonstrating that variation in LDL
size is heritable were reviewed recently by Bosse et al.8

Genetic heterogeneity is suggested by the linkage and asso-
ciation studies. Linkage of LDL size to cholesteryl ester
transfer protein (CETP) and APOA1/C3/A5 has been de-
scribed in families with familial combined hyperlipidemia

(FCHL).9 Only the CETP locus is well established to cause
common variation in LDL size.8–11 Allayee et al also found
weak evidence of linkage of LDL size to the manganese
superoxide dismutase (MnSOD; chromosome 6q25), a region
suggested in a study of familial hypertriglyceridemia.12

Several strategies can be used to improve the power to
detect evidence for linkage to a genetically complex trait such
as LDL size.13 First, large pedigrees are advantageous be-
cause they tend to have more power for linkage detection than
do small pedigrees for an equivalent total number of individ-
uals,13,14 and they also can be analyzed individually, which
can reduce the problem of genetic heterogeneity. Second,
ascertainment of pedigrees through an extreme phenotype
that is related to the complex trait of interest can reduce the
genetic heterogeneity and increase the potential for segrega-
tion at trait loci. Successful examples of these strategies
include the mapping of BRCA1 and Alzheimer disease
loci.15,16 Third, it can be helpful to take covariates into
account, including correlated traits that also have a genetic
basis,13,17 as underscored by the finding of significant evi-
dence of lipoprotein lipase linkage to LDL size only when
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adjusted for TG.18 The only previous genomic scan of LDL
PPD that obtained significant results and used a TG covariate
was of French-Canadians19 that identified a 17q21 locus.
Finally, it is useful to use methods of analysis that effectively
efficiently accommodate the possibility of multilocus inher-
itance, such as Markov chain Monte Carlo (MCMC).20

Families with FCHL, the most common genetic cause of
hyperlipidemia,21,22 may represent a relatively homogeneous
sample with respect to LDL density. The major lipid abnor-
malities seen in FCHL are an increase in TG or cholesterol
caused by an increase in small very low-density lipoprotein,
an increase in intermediate density lipoprotein, and an in-
crease in small dense LDL.9,23,24 Indeed, the small LDL and
high apoB seen in FCHL are found whether the patient is
hypercholesterolemic or hypertriglyceridemic.25 Addition-
ally, small LDL appeared to segregate and predict FCHL
independently of a putative apoB level locus.24

The relationship between LDL size and FCHL and the
understanding of the need for proper covariate adjustments
motivated the genomic scan for LDL size loci in large
families presented here. The use of FCHL families may
reduce genetic heterogeneity, as may the use of fewer, large
families, improving power to detect linkage. Further, our
segregation analyses determined that adjustment of TG was
an important factor in ability to map LDL PPD loci. Only 1
genome scan of LDL PPD adjusted for TG with significant
results has been reported,19 and there has been no such
genomic scan of LDL PPD in families with FCHL. The use of
novel Bayesian MCMC analytic methods allows for: (1)
consideration of multilocus trait models that are not prespeci-
fied, (2) multipoint linkage analyses using all chromosome
markers simultaneously, and (3) comparison of these results
to those of logarithm of odds (lod) score methods. Identifi-
cation of LDL size loci will aid in diagnosis, treatment, and
perhaps prevention of vascular disease, as well as help
unravel the complex genetics of FCHL.

Methods
Families
Analyses were performed on members of 4 large white pedigrees
with well-characterized FCHL. These pedigrees each include 3
generations of sampled adults and multiple large sibships and were
described in detail previously.24,26 Pedigree 1 was identified through
a survivor of a premature myocardial infarction with hyperlipidemia.
The probands in pedigrees 2 to 4 were markedly hypertriglyceride-
mic and originally were thought to represent bilineal FCHL fami-
lies.27 These FCHL families were collected because of their large
size. Pedigrees 1 to 4 have also been referred to previously as
pedigrees 41, 428, 2100, and 2103, respectively.14,26 Seven subjects
were excluded from phenotype analyses: 3 had type II diabetes, and
4 were taking lipid-lowering medications. There were 185 remaining
subjects with phenotype and genotype data; 45, 38, 64, and 38
subjects each in families 1 to 4, respectively. Body mass index (BMI)
was computed using self-reported height and weight. This study was
approved by the University of Washington Institutional
Review Board.

Laboratory Methods
LDL PPD (size in nanometers) was determined by gradient gel
electrophoresis of whole plasma.28–31 Standard enzymatic methods
were used to determine levels of TG (UV method) and HDL-C on an
Abbott Spectrum analyzer.32,33

Genotyping and Error Resolution
Genotyping for the 10-cM genome scan was provided by the
National Heart, Lung, and Blood Institute (NHLBI) Mammalian
Genotyping Service (James Weber, Marshfield, Wis; NHLBI NO1-
HV-48141). We used the Weber 9 panel of 387 markers, with an
average heterozygosity across markers in our data set of 0.76
(SD�0.06). The average percentage of markers for which genotypes
were obtained in an individual was 98.4%. The genotyping error,
determined by blind duplicate samples, was 0.7%. Family structure
errors, sample switches, and genotyping errors were identified and
resolved through a combination of methods, including (1) evaluation
of allele sharing in pairs of individuals under the assumption of a 0%
genotyping error rate, as computed by RELPAIR;34 (2) new methods
to evaluate more complicated relationships among trios of individ-
uals, with a model that allows for genotyping error, implemented in
ECLIPSE;35 and (3) computation of single-locus likelihoods on
complete pedigrees for specific marker data. When pedigree struc-
ture problems could not be resolved, relevant individuals were
removed from further analysis. Genotypes of individual markers
with evidence of genotyping error were removed from any individ-
uals for whom the presence of a genotype would be informative in a
linkage analysis.

Covariate Adjustments
The primary trait was PPD adjusted for variability attributable to age,
sex, BMI, and TG. Adjustment for TG was undertaken to map
quantitative trait loci (QTLs) for LDL size rather than TG levels
because these 2 variables are highly correlated, and our previous
work demonstrated that adjustment for TG was crucial to identifying
the strong linkage of LDL size to the lipoprotein lipase gene in
heterozygous lipoprotein lipase deficiency.18 Segregation analyses
discussed below further supported the increased power of mapping
LDL size adjusted for PPD. Natural log TG (lnTG) was used because
of the marked skewing of the TG distribution; [lnTG]2 significantly
predicted PPD (P�0.05) and was used for PPD adjustment. The
linear term lnTG did not predict further variation in PPD (P�0.05).

For lod score analyses, linear regression across all 4 families was
used to adjust for age, sex, BMI, and [lnTG]2. Each family had
regression residuals for covariates adjusted to a mean of zero,
eliminating differences in mean family LDL size. The resulting
adjusted trait for the individual and combined family lod score
analyses is PPDasbt. Secondary lod score analyses were done without
[lnTG]2 adjustment (PPDasb) to determine whether TG adjustment
influenced the linkage signals.

For MCMC analyses, the same covariates were considered as part
of the joint linkage and segregation analyses. The MCMC trait was
termed PPDasbt2 as a reminder that the lod score and MCMC analyses
include the same covariates, but they are used differently. The
MCMC approach accounts for the relationship among individuals,
whereas the regression approach assumes that individuals are unre-
lated. Nevertheless, the coefficient differences between the resulting
estimates were small (data not shown). For MCMC analyses, but not
for the lod score analyses, covariate adjustments differ among
individual family analyses.

Segregation Analyses
Complex segregation analysis (CSA) was performed on PPDasbt to
estimate parameter values for Mendelian transmission models used
in the lod score linkage analyses. Separate models were generated for
individual families and for all families combined. PAP version 5 was
used to compute likelihoods for the models considered.36,37 PAP
approximations are fairly good even for very large pedigrees.38,39 No
ascertainment correction was undertaken as a result of the lack of
information on the relationship of the FCHL-based ascertainment to
the PPD trait. Likelihood surfaces were interrogated repeatedly and
systematically to avoid acceptance of a local maximum.

Lod Score Linkage Analyses
The lod score approach to linkage analysis40 as implemented by
FASTLINK41,42 was used. This model-based approach is expected to
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have highest power to detect linkage if the Mendelian models
considered are approximately correct. The basic genome scan used
2-point (1-marker) and 3-point (2-marker) linkage analysis with
PPDasbt. Two-point methods for linkage detection are less sensitive
than multipoint methods to model misspecifications,43,44 and are not
affected by map misspecification, whereas multipoint methods
provide more linkage information. Multipoint methods provide a
valid test of linkage even when model misspecification may lead to
biased estimates of location. Allele frequencies were estimated from
our larger set of 15 FCHL families, the remaining 11 of which did
not have PPD measure available, to avoid false-positive results
attributable to low allele frequencies.45 Regions with 2-point maxi-
mum lod scores (zmax) �1 for all families, zmax�2 for single families,
3-point zmax�2, or intensity ratios (IRs) �20 from the MCMC
analyses were followed by multipoint lod score analyses with sets of
3 adjacent markers and adjusted PPD. Multipoint analyses used
sex-specific map distances obtained from the Marshfield Medical
Research Foundation web site converted to Haldane distances. In
addition to gaining comparability with the MCMC analyses (below)
that currently only use the Haldane map function, this map function
is somewhat more robust to trait model misspecification for the lod
score analyses because of the longer resulting genetic map. Sex-
specific maps were used because sex-averaged map results can
inflate the lod score when the male and female maps differ in
length.46 Chromosomal locations are referred to here using the
sex-averaged Haldane map. Sensitivity of analyses to marker allele
frequencies were performed for regions with a zmax�2 by increasing
all rare marker frequencies to 0.025. This did not appreciably change
the results. Multipoint lod score analyses were limited to 3 markers
and a small number of regions because of the excessive computing
time needed to carry out these analyses. The large size of the
pedigrees allowed us to evaluate the possibility of genetic heteroge-
neity by examining the 4 families together and independently.

MCMC Linkage Methods
A Bayesian MCMC approach, as implemented in the computer
program Loki,20,47 was also used for linkage analysis. Unlike the lod
score method, these MCMC analyses allow for multiple QTLs, with
the number of QTLs treated as a random variable and estimated in a
joint linkage and segregation analyses. Thus, the genetic model is
oligogenic and not prespecified. Loki version 2.4.5 was used for
analysis. Details for carrying out the steps of the analyses are
described previously.47,48 The information on unobserved multilocus
marker states obtained with this program was shown recently to
agree well with other estimates and to be superior to estimates
obtained with multipoint approximation methods.49,50 In the analyses
presented here, the MCMC sampler was run for 100 000 iterations,
with every second iteration retained for estimating posterior
distributions.

These MCMC methods require specification of previous distribu-
tions for analysis. For the number of QTLs in the model, a Poisson
distribution with a mean of 2 was assumed, based on the mean
number of loci contributing �10% of the total variance in a
preliminary MCMC segregation analyses. The value for the variance
in the genotype effect (��) was similarly obtained by varying �� in
short segregation analysis–only runs and using the value that
maximized the genetic variance. Allele frequencies were assumed
uniform on 0 to 1. Marker allele frequencies were estimated within
each MCMC run. Loki uses the Haldane map function for multipoint
analysis, and for these analyses, sex-average maps were used.

As for the lod score analyses, the MCMC analyses were per-
formed on all families combined and on each family separately. Each
MCMC genome scan consisted first of an analysis of each chromo-
some using all markers on the chromosome in a single multipoint
analysis. Second, all regions showing positive evidence of linkage
were reanalyzed with single-marker analyses to ensure that there
were no false-positive results from map distance misspecification or
use of sex-average maps.46 All model parameters and covariate
adjustments were simultaneously estimated within each joint MCMC
linkage and segregation iteration. Thus, each MCMC iteration
potentially considers a different model. Although MCMC methods

are more robust than lod score methods to genetic heterogeneity,51,52

it was not known a priori whether a combined analysis of all 4
families would detect a locus that segregated in only 1 family, nor
was it clear that enough data existed within 1 family to estimate all
parameters simultaneously in the MCMC methods because the
oligogenic model requires a large number of parameters.

There is no standard score that can be related easily to the lod
score or to a P value to evaluate the strength of evidence for linkage.
A commonly used measure of support in Bayesian analyses is the
Bayes factor (BF),53 which is the ratio of the odds under 2
hypotheses compared. In an MCMC linkage analysis, the hypotheses
that can be compared are that of linkage versus that of uniform QTL
locations on the genome. A statistic that approximates the BF is the
ratio of posterior to previous probabilities of linkage, and 2 estimates
of this statistic are the L-score and the IR.47,48 The L-score represents
the expectation of the probability ratio over the MCMC run, and the
IR represents the ratio of the expectations of the same probabilities.
L-score and IR are conservative estimates of the BF. We use the IR
here because it is somewhat less conservative, where evidence of
linkage is reasonably strong.48

Results
Models From CSA
When a single Mendelian model for PPDasbt transmission was
generated for the combined families, it was most similar to
the family 1–specific model (Table 1). The proportion of the
total trait variance attributable to the codominant major locus
(Vg/Vt) estimated by the combined family model was 0.60,
and the polygenic variance was near zero. The correlation
between LDL PPD and BMI was �0.36 and between LDL
PPD and TG was �0.64. When PPDasb was considered, the
model was substantially different (Table 1), with a rarer allele
and larger genotype mean deviations. For PPDasb, the Vg/Vt
of 0.36 was substantially lower than the 0.60 found for
PPDasbt. The larger contribution of the major locus component
to the variance supports using PPDasbt as the trait of interest.

Linkage Analyses
Four regions gave results that strongly supported linkage.
These results are summarized here. All regions with signifi-
cant or suggestive linkage analysis results are summarized in
Table 2. The single and 2-marker lod scores for all families
and each family individually for the entire genome scan, as

TABLE 1. Models for Linkage of LDL PPD Adjusted for Age,
Sex, BMI, and �lnTG�2

Mean(AA) Mean(Aa) Mean(aa) SD f(A) Polygenic

PPDasbt

Family 1 �7.54 1.78 9.43 3.10 0.49 0.00

Family 2 �3.94 3.25 7.67 3.77 0.74 0.00

Family 3 �7.50 1.22 5.28 4.41 0.43 0.00

Family 4 �12.91 �6.22 4.75 3.76 0.25 0.06

All families �6.84 1.91 7.10 4.13 0.53 0.03

PPDasb

All families �32.25 �5.14 3.69 6.86 0.11 0.54

PPDasbt and PPDasb derived from complex segregation analysis results. The
mean adjusted PPDasbt and PPDasb is zero for each family.

Mean(AA) indicates mean phenotypic effect for genotype AA; SD, within
genotype standard deviation; f(A), the frequency of the A allele; polygenic,
proportion of the within genotype phenotypic variance caused by unspecified
residual genetic effects.
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well as the parametric multipoint plots, are available online at
http://www.atvb.ahajournals.org.

The strongest evidence for linkage found by analysis of
individual families was on chromosome 9 (Figure 1; Table 2).
These analyses were based on the family-specific CSA
models for PPDasbt. In family 1, a multipoint zmax�3.70 was
found at D9S921 using the 3 telomeric 9p markers in family
1. The 2-point zmax�2.89 at marker D9S921 (24 cM; 9p23)
and 3-point zmax�3.66 (D9S2169/D9S921). The regional zmax

for the remaining individual families were low or zero. Using
the MCMC method, chromosome 9 yielded an IR of 21 at 24
cM (9p23-ter) in family 1. To determine whether the differing
covariate adjustments resulted in differences between the
MCMC and lod score method analyses in the single family
analyses, PPDasbt was used as the trait in the MCMC analyses,
rather than estimating the covariate adjustments within the
joint linkage and segregation analysis. In family 1, the IR for
PPDasbt2 of 21 increased to 52 at 17 cM when the preadjusted
PPDasbt values were used as input.

Considering the 4 families combined, there was significant
evidence for linkage to regions of chromosomes 11, 14, and
16 (Figure 1; Table 2). These lod score analyses considered
the model from the joint segregation analysis of all 4 families.
On chromosome 11, zmax�3.72 with 3-point analysis using

markers D11S2371 and D11S2002 (95 cM). The 2-point
zmax�1.52 with D11S2371 (85 cM; 11q13). The MCMC-
combined family scan yielded an IR of 120 at 93 cM
(chromosome 11q22). Considering the families individually,
the 3-point zmax was 0.60, 1.30, 1.36, and 1.01 under the
all-family model and 0.70, 0.44, 1.37, and 0.11 under the
family-specific models for families 1 to 4, respectively. The
maximum single family IR was 13.4 in family 2. IRs were �3
in the other families.

MCMC analyses yielded a signal of IR�71 at 85 cM on
chromosome 14q. This region did not provide a lod score �3.
The 2-marker zmax�1.77 with markers D14S592 (74 cM) and
D14S588 (84 cM); the 2-point zmax�1.51 with D14S588. This
signal was largely attributable to family 4, which had a
3-marker zmax�2.37. The remaining families had zmax ranging
from 0.3 to 0.4. The single-family IR was 24.3 in family 4 and
6.7 in family 2.

For chromosome 16, the 3-marker (D16S3253-
GATA67G11-D16S2624) multipoint zmax for the combined
families was 3.00 near D16S516 (110 cM; 16q23), with a
second peak of zmax�2.22 near D16S753. The 2-point
zmax�1.66 at GATA67G11 (89 cM; 16q21). The 2-marker
zmax�2.83 (D16S3253-GATA67G11) for the 4 families com-
bined with 2.29, 0.37, 0.91, and 1.18 for families 1 to 4,

TABLE 2. Candidate LDL Size Loci or Related Traits Mapped to Regions
Detected (lod>3) or Suggested by This Study (lod>2.0 or IR >20)

Chromosome Region
Multipoint
Lod Score MCMC IR

Regional Candidates
(trait associated; reference)

Significant; lod�3.00

9p24,24 cM 3.70 (f1) 21–52* (f1) VLDLR

11q13–22,85–94 cM 3.71 120 type 2 diabetes locus64

insulin/glucose level65

16q23,110 cM 3.00 43 CETP 9–11;
LCAT 63;

FOXC2 (type 2 diabetes, HDL-C)66

Consistent with confirmation

14q24,73–84cM 1.77
2.37 (f4)

71
24 (f4)

LDL PPDasbt
19

Suggested; lod �2.00 or IR �20

2p25,20cM 2.11 (f3)

2q37,279 cM 1.69 (f2) 27 (f2) CHD (meta-analysis)67

CAPN10; NIDDM1;
IRS1 (type 2 diabetes)68–70

4q31-32,175 cM 2.56 (f2) 5 (f2) MTP (4q24; type 2 diabetes,
LDL subfractions)71

LDL density (4q25)72

8q12,86 cM 2.12 (f4) �3 (f4) CYP7A1 (cholesterol level)73,74

9q21,184 cM 2.15 (f3) �3 (f3) CEL (lipid metabolism)75

12p13,19 cM 0.91,
1.35 (f2)

20
46 (f2)

OLR1 (myocardial infarction)76

f1-f4 indicates result found in single family 1 through 4; other results are for all families combined;
VLDLR, very low–density lipoprotein receptor; LCAT, lecithin-cholesterol acyltransferase; FOXC2,
helix/forkhead transcription factor; CHD, coronary heart disease; CAPN10, calpain-10 gene; IRS1,
insulin receptor substrate-1; MTP, microsomal triglyceride transfer protein, CEL, carboxyl ester lipase;
OLR1, oxidized LDL receptor gene; HMGCoA, 3-hydroxy-3-methylglutaryl coenzyme A; CYP7A1,
cholesterol 7 alpha-hydrolase.

*Family 1, chromosome 9p24 IR is 21 for PPDasbt2 and 52 for PPDasbt; see Results.
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respectively, using D16S3253-GATA67G11 or adjacent
markers GATA67G11-D16S2624 and the combined family
model. Family 1 has a very wide region with a 2-marker
zmax�1.5, but under the family-specific model, the peak
shifted from D16S3253-GATA67G11 to D16S753-
D16S3396. This shift, some 20 cM toward the p-terminus,
places the peak closer to the CETP locus (Figure 2). The
MCMC IR�43, with a wide peak centered at 105 cM on
chromosome 16q23. Using MCMC methods, all 4 families
individually provided some support for linkage of PPDasbt2 to
chromosome 16, with the highest IRs being 9.4 in family 1
and 7.6 in family 4. Families 3 and 4 had bimodal peaks on
chromosome 16 (Figure 1), which may account for the wide
peak seen in the analysis of the combined families (Figure 2).

Analyses Without TG Adjustment
As expected, without the TG adjustment (PPDasb), chromo-
some 9, 11, 14, and 16 linkage results substantially changed.
The chromosome 9p family 1 2-point zmax dropped from 2.89
to 0.83. The combined family chromosome 14 2-point zmax

dropped from 1.31 to 0.46, the chromosome 16 from 1.66 to
0.55, and chromosome 11 (85 cM) zmax from 1.52 to 0.45.
Considering all 4 families, the strongest signal for PPDasb was
suggestive evidence for linkage to the APOA1/C3/A5 gene
cluster. In family 3, the ordered markers D11S1986 (118 cM),
APOC3 (123 cM), and D11S1998 (126 cM) suggested
linkage to PPDasb with zmax�1.95, 0.37, and 1.81, respec-
tively. The APOC3 marker had a high rate of homozygosity
in key individuals14 and thus lower informativeness for
linkage analysis in this data set. In this region, the 2-marker
(D11S2000-D11S1986) multipoint zmax�2.59 in family 3. All
families had positive lod scores in this region, and the

combined families yielded zmax�1.87 at D11S1998 and a
2-marker zmax�2.08. The APOC3 region gave no evidence of
linkage when LDL size was adjusted for TG levels.

Other regions with zmax �1.5 for PPDasb across all 4
families combined included 1.52 at marker D1S1609 and

Figure 1. Genome scan summary of maximum 3-point lod scores and multipoint MCMC logIR in all families combined and in each
family analyzed separately for linkage of LDL PPD using covariates of age, sex, BMI, and [lnTG]2. Lod scores are plotted at the mid-
point of the 2 markers used. MCMC results have been truncated to a low value of zero and plotted in a log10 scale for consistency with
the lod score results.

Figure 2. Multipoint MCMC IR for linkage of LDL PPD using
covariates of age, sex, BMI, and TG levels on chromosomes 9
(family 1), 11, 14, and 16. Chromosome numbers are indicated
on each graph with the genome scan markers, and their positions
are indicated on the top axis. The dark horizontal bar on the chro-
mosome 16 figure indicates the estimated location of CETP.
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1.85 at D14S599. Each family had a single zmax�2: family 1
had zmax�2.29 at D19S433; family 2 had 2.17 at D21S1446;
family 3 had zmax�2.09 at D9S1838; and family 4 had
zmax�3.17 at D20S480. None of these regions overlapped
with regions of interest for PPDasbt.

Discussion
We present evidence for the existence of 4 loci that influence
TG-adjusted LDL PPD on chromosomes 9p, 11q, 14q, and
16q in a sample of 4 large FCHL pedigrees. LDL PPD has all
the hallmarks of a complex trait, yet we were able to obtain
strong and consistent evidence of linkage with statistically
efficient model-based analyses by using a combination of 2
methods: a classic lod score and also a MCMC joint oligo-
genic segregation and linkage analysis approach. With both
methods, we obtained strong evidence of linkage to chromo-
some 9p in a single family, and to chromosomes 11q and 16q
in a joint analysis of all 4 families. In addition, we found
consistent evidence for linkage at chromosome 14q24, which
was stronger for the MCMC than the lod score method.

Our results, along with highly suggestive linkage to this
region reported by Bosse et al,19 are highly consistent with a
locus in this 14q region detected in 2 very different popula-
tions. Despite the lack of a standard criterion for significance
of the IR, comparison of IR signals that are known to be
significant by lod methods should suggest the range of IR
consistent with linkage within a data set. The IR of 71 for the
chromosome 14 region was intermediate to the IRs of
chromosomes 11 and 16, regions that were significant across
all families by the lod score method. Similarly, the single
family IR of 24 was equivalent to chromosome 9 IR of 21,
which also corresponded to a significant lod score. IRs for
individual family analyses are not comparable to the IRs from
the larger data set of all families combined. A second line of
evidence supporting a 14q QTL is that this was a highly
suggestive region (lod score�2.8) in the only other reported
scan of TG-adjusted LDL PPD, which used a French-
Canadian population.19 At sequential markers D14S592 (74
cM), D14S588 (84 cM; our peak), and D14S53 (97 cM),
Bosse et al reported a zmax�1.73, 1.44, and 2.79. The dip at
D14S588 may be attributable to less information or genotyp-
ing errors at the marker. We did not genotype D14S53, the
marker at which the Bosse group reported their peak; instead,
we genotyped D14S606 at 103 cM. The stronger results by
MCMC than the lod score method may suggest that this locus
is less consistent with the prespecified model used by the lod
score analyses than chromosome 9, 11, and 16 loci. It is
unclear to what extent the loci detected here are involved in
the etiology of FCHL in these families, but there is growing
evidence that FCHL is a multifactorial trait, and these may be
contributing loci.

Our results support genetic heterogeneity in LDL size loci
across and within families. MCMC methods originally esti-
mated between 2 and 3 QTLs per family, and in these
analyses, each family had 2 to 3 regions, with IRs �10,
consistent with the original predictions. In the presence of
locus heterogeneity, loci detected by individual studies are
expected to vary with the population sampled and the method
of ascertainment of the families.54,55 The detection of LDL

size loci in families with FCHL is consistent with the excess
of small, dense LDL seen in subjects with FCHL.9,23,24 That
we detect multiple loci here suggests that even within FCHL,
multiple loci contribute to variation in LDL size variation.
This genetic heterogeneity is a major obstacle for the map-
ping and cloning of novel LDL size loci and will require
strategies to minimize heterogeneity within a sample, such as
the use of large families with similar features, as well as
analytic methods that are more robust to heterogeneity and
can provide relatively accurate gene localization such as
MCMC.

Essential to this mapping success was the demonstration
that PPD adjusted for TG, in addition to age, sex, and BMI,
had a larger genetic contribution from a codominant single
locus than did PPD not adjusted for TG. Indeed, linkage
results on LDL PPD adjusted for age, sex, and BMI but not
TG failed to detect any significant evidence of linkage,
reducing the linkage evidence at the regions identified with
TG adjustment and giving suggestive evidence (lod scores 2.1
to 2.6) in the APOA1/C3/A5 region. The stronger linkage
results for TG adjusted LDL PPD suggests that the loci
detected are not TG loci that are detected because of the
relationship of TG and LDL size. Alternatively, the APOA1/
C3/A5 cluster is known to affect TG56–58 and has been
suggested as an FCHL susceptibility locus.59–61 Polymorph-
isms in this cluster have also been linked to HDL-C levels in
these FCHL families.14

Comparison of results of the MCMC and lod score results
was illuminating. The computational requirements differed.
The single marker lod score analyses were faster than the
MCMC analyses. In contrast, the MCMC multipoint analy-
ses, incorporating all markers on a chromosome, were much
faster than the 2- or 3-marker lod score analyses. Indeed,
3-marker lod score analyses were the limit of what was
computationally practical in these pedigrees. The 2 methods
gave generally consistent results, but there were also some
differences. Both methods detected linkage to chromosomes
11 and 16 across all families combined. Although evidence
from the lod score methods for a chromosome 14 QTL was
only suggestive, evidence from the MCMC analysis was
stronger for chromosome 14 than for 16. This may reflect
differences in the number of markers that can be accommo-
dated, the trait model that is estimated, or some other
difference. For both methods, the chromosome 9 signal was
only detected when family 1 was analyzed separately. Given
the strength of this signal using lod score methods, it was
initially surprising that there was no signal in the combined
family set when analyzed by MCMC methods. This, as well
as other strong signals seen in the MCMC single family
analyses but not in the combined analyses, suggests that when
a family is large enough, single family analyses by MCMC
may yield information not found in the combined analyses.
This may be a particular issue when ascertainment procedures
differ among pedigrees.

Several other observations on the MCMC methods were
made. First, single-family analyses supported locus heteroge-
neity between families, suggesting the specific families that
were responsible for the linkage peaks in the combined
family MCMC analysis. When families are not large, this
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might be approached by analyzing all but 1 family at a time
to see which families contribute to the signal.62 Second, the
large improvement in the IR for chromosome 9p linkage
when preadjusted PPDasbt data were analyzed instead of
PPDasbt2 being estimated within the MCMC analyses supports
the concern that the available data in single families may be
insufficient for accurate simultaneous estimation of trait
models and covariate adjustments. Conversely, the IR for
chromosome 16 remained �40 across the combined families
when the preadjusted data were analyzed instead of the raw
data, which may be expected given the larger data set used to
estimate the covariate effects within the MCMC analysis.

Strong candidate genes that occur at regions we identify as
potentially harboring LDL size loci are summarized in Table
2. The CETP locus on chromosome 16q13 lies between
markers D16S3253 and GATA67G11 and, although not
located at the signal peak, may contribute to this linkage
signal, particularly if undetected genotyping errors or muta-
tions exist or if there are multiple QTLs across the families.
As discussed above, CETP has established effects on LDL
size. Lecithin-cholesterol acyltransferase is further telomeric
at 16q22.1 and has shown linkage to FCHL in 1 study.63

Without the TG adjustment of PPD, the chromosome 11 lod
score peak was at the APOA1/C3/A5 gene cluster region, (120
cM) 35 cM from the peak for PPD with the TG adjustment
(85 cM). The peak at the APOA1/C3/A5 gene cluster without
but not with TG adjustment suggests that the linkage signal
for PPDasbt at 85 cM is a separate locus from that at the
APOA1/C3/A5 cluster. Bosse et al19 also detected a zmax�2.4
for PPD adjusted for age at the chromosome 5q region, near
3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR),
where we detected a multipoint zmax�1.42 across families and
zmax�1.56 in family 2.

In summary, lod score and MCMC results yielded signif-
icant linkage evidence for a chromosome 9p locus for LDL
size in a single family with FCHL as well as significant
evidence in all families combined for chromosome 11q and
16q loci. Our results also support previous evidence of
linkage to chromosome 14q. Use of MCMC and lod score
analyses in this complex trait were complementary. Identifi-
cation of LDL size loci will aid in diagnosis, treatment, and
perhaps prevention of vascular disease, as well as help
unravel the complex genetics of FCHL.
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Family Total 1 2 3 4 Total 1 2 3 4 Family
Chr Max 1.66 2.89 2.28 2.09 2.06 3.72 3.66 2.56 2.15 2.29 Chromosome Maximum

Marker Markers
D1S468 0.30 0.02 0.02 0.86 D1S468-D1S1612

D1S1612 0.06 0.00 0.08 D1S1612-D1S1597
D1S1597 0.00 0.14 0.00 0.15 0.06 0.30 D1S1597-D1S3669
D1S3669 0.08 0.07 0.02 0.27 0.16 0.16 D1S3669-D1S552
D1S552 0.05 0.20 0.00 0.28 0.08 0.03 0.06 0.12 D1S552-D1S1622

D1S1622 0.22 0.14 0.04 0.01 0.12 0.18 0.01 0.03 0.01 0.27 D1S1622-D1S3721
D1S3721 0.00 0.00 0.04 0.01 0.60 D1S3721-D1S2134
D1S2134 0.09 0.30 0.53 D1S2134-D1S3728
D1S3728 0.49 0.02 0.83 0.37 0.01 D1S3728-D1S1665
D1S1665 0.41 1.30 0.13 0.01 0.24 D1S1665-D1S1728
D1S1728 0.00 0.15 0.06 D1S1728-D1S551
D1S551 0.06 0.00 0.26 0.02 D1S551-D1S1588

D1S1588 0.24 0.00 0.07 0.05 D1S1588-D1S1631
D1S1631 0.08 0.05 0.41 0.05 0.26 0.59 D1S1631-D1S534
D1S534 0.58 0.98 D1S534-D1S1653

D1S1653 0.00 0.18 0.01 0.00 0.26 D1S1653-D1S1679
D1S1679 0.19 0.62 0.12 0.00 0.25 D1S1679-D1S1677
D1S1677 0.86 0.18 0.45 0.13 0.11 0.00 0.06 0.08 D1S1677-D1S1589
D1S1589 0.00 0.15 0.01 0.00 0.28 D1S1589-D1S518
D1S518 0.15 0.17 0.06 0.08 0.18 D1S518-D1S1660

D1S1660 0.01 0.51 0.09 0.19 0.02 0.03 0.07 0.19 D1S1660-D1S1678
D1S1678 0.00 0.01 0.01 0.30 0.03 0.00 0.06 0.65 D1S1678-GATA124F08

GATA124F08 0.15 0.01 0.10 0.16 0.09 0.20 0.04 GATA124F08-D1S2141
D1S2141 0.19 0.28 0.11 0.36 0.02 0.21 D1S2141-D1S549
D1S549 0.40 0.11 0.84 0.09 0.08 D1S549-D1S3462

D1S3462 0.19 0.00 0.00 0.24 0.19 D1S3462-D1S235
D1S235 0.23 0.08 0.06 0.22 D1S235-D1S547
D1S547 0.04 0.01 0.02 0.21 0.02 D1S547-D1S1609

D1S1609 0.03 0.14 0.00

D2S2976 0.25 0.06 0.45 0.03 0.28 0.35 0.64 0.41 0.02 0.62 D2S2976-D2S2952
D2S2952 0.47 0.63 0.05 0.54 0.55 0.67 0.05 0.66 D2S2952-D2S1400
D2S1400 0.16 0.36 0.50 0.42 0.59 0.20 0.05 0.36 D2S1400-D2S1360
D2S1360 0.47 0.15 0.33 0.14 0.13 0.56 0.70 0.30 0.20 0.15 D2S1360-D2S405
D2S405 0.37 0.54 0.33 1.24 0.55 0.03 0.38 0.20 D2S405-D2S1788

D2S1788 0.84 0.29 0.03 0.14 0.23 1.37 0.59 0.06 0.39 0.22 D2S1788-D2S1356
D2S1356 0.91 0.66 0.19 0.22 1.40 0.76 0.00 1.58 0.16 D2S1356-D2S1352
D2S1352 0.36 0.15 0.01 1.56 0.13 0.73 0.26 0.04 2.11 0.05 D2S1352-D2S441
D2S441 0.33 0.24 0.03 0.12 0.55 0.20 0.42 0.00 D2S441-D2S1394

D2S1394 0.37 0.05 0.46 0.02 0.69 0.12 0.15 0.56 0.04 D2S1394-D2S1777
D2S1777 0.60 0.12 0.66 0.39 0.01 0.81 0.13 0.10 1.34 D2S1777-D2S1790
D2S1790 0.22 0.13 0.98 0.04 0.22 0.09 0.01 0.68 D2S1790-D2S2972
D2S2972 0.07 0.04 0.06 0.30 0.00 0.32 0.00 0.46 0.57 D2S2972-D2S410
D2S410 0.44 0.32 0.27 0.14 0.22 0.87 D2S410-D2S1328

D2S1328 0.08 0.24 0.07 0.26 0.08 0.25 0.18 0.91 D2S1328-D2S1334
D2S1334 0.19 0.35 0.17 0.28 0.41 0.55 0.17 D2S1334-D2S442
D2S442 0.03 0.12 0.35 0.88 0.16 D2S442-D2S1399

D2S1399 0.09 0.87 0.08 0.13 0.19 0.51 0.09 D2S1399-D2S1353
D2S1353 0.12 0.17 0.13 0.02 0.01 0.22 0.39 0.46 0.01 0.08 D2S1353-D2S1776
D2S1776 0.11 0.51 0.33 0.03 0.36 0.57 0.51 0.08 0.32 D2S1776-D2S1391
D2S1391 0.19 0.21 0.11 0.15 0.24 0.19 0.26 0.17 0.23 0.40 D2S1391-D2S1384
D2S1384 0.18 0.24 0.05 0.12 0.25 0.38 0.12 0.18 D2S1384-D2S2944
D2S2944 0.12 0.25 0.17 0.17 0.35 0.56 0.12 0.18 D2S2944-D2S434
D2S434 0.35 0.33 0.04 0.21 0.71 1.52 0.01 0.02 0.05 D2S434-D2S1363

LDL Peak Particle Density, adjusted for age, sex, BMI, and lnTG –

Total lod scores across all families are generated with an "all family" transmission model, while individual

Maximum lod scores from the 10cM genome scan            

Two marker linkageOne marker linkage
results are generated with family-specific models.  Blank cells represent a maximum lod score of 0. 
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D2S1363 0.29 1.63 0.01 0.00 0.73 0.93 0.30 0.01 0.00 D2S1363-D2S427
D2S427 0.11 0.09 0.15 0.01 0.04 0.82 1.04 1.46 0.02 0.04 D2S427-D2S2968

D2S2968 1.17 1.94 1.41 0.01 1.58 1.11 1.14 0.32 D2S2968-D2S125
D2S125 1.24 0.35 0.45 0.11

D3S2387 0.04 0.72 0.10 D3S2387-D3S1304
D3S1304 0.00 0.00 0.06 D3S1304-D3S4545
D3S4545 0.02 0.08 0.16 D3S4545-D3S1259
D3S1259 0.00 0.10 0.07 0.07 0.12 0.03 0.00 D3S1259-D3S3038
D3S3038 0.00 D3S3038-D3S2432
D3S2432 0.00 0.09 D3S2432-D3S1768
D3S1768 0.03 0.00 0.01 0.08 0.21 0.03 D3S1768-D3S2409
D3S2409 0.02 0.00 0.02 0.01 0.29 0.00 D3S2409-D3S1766
D3S1766 0.02 0.26 D3S1766-D3S4542
D3S4542 0.49 0.02 0.28 0.00 D3S4542-D3S2406
D3S2406 0.02 D3S2406-D3S4529
D3S4529 0.02 0.01 0.15 0.12 0.07 D3S4529-D3S2459
D3S2459 0.05 0.10 0.04 0.06 0.10 0.05 0.01 D3S2459-D3S3045
D3S3045 0.02 0.04 0.04 0.00 0.00 0.07 0.03 D3S3045-D3S2460
D3S2460 0.02 0.12 0.00 0.01 0.10 0.06 D3S2460-D3S4523
D3S4523 0.00 0.40 0.12 0.09 0.14 0.09 D3S4523-D3S1764
D3S1764 0.04 0.03 0.00 0.04 0.02 0.01 0.07 0.00 D3S1764-D3S1744
D3S1744 0.01 0.03 0.10 0.01 0.05 0.09 0.03 D3S1744-D3S1763
D3S1763 0.00 0.01 0.02 0.02 0.01 0.01 0.02 0.05 D3S1763-D3S3053
D3S3053 0.04 0.02 0.12 0.00 0.23 0.20 D3S3053-D3S2427
D3S2427 0.06 0.13 0.24 0.29 0.36 0.00 0.03 0.35 D3S2427-D3S1262
D3S1262 0.31 0.41 0.00 0.00 0.48 0.45 1.04 0.03 D3S1262-D3S2398
D3S2398 0.43 0.94 0.05 1.99 1.37 0.16 D3S2398-D3S2418
D3S2418 0.92 1.56 0.00 1.80 1.61 0.44 0.03 0.06 D3S2418-D3S1311
D3S1311 0.98 0.88 0.19

D4S2366 0.10 0.19 0.05 0.36 0.44 0.37 0.12 0.30 D4S2366-D4S403
D4S403 0.39 0.32 0.00 0.11 0.20 0.55 0.45 0.18 0.87 D4S403-D4S2639

D4S2639 0.53 0.56 0.05 1.28 0.47 0.49 0.05 1.28 D4S2639-D4S2397
D4S2397 0.04 0.01 0.59 1.10 0.13 0.15 D4S2397-D4S2632
D4S2632 0.44 0.67 0.15 0.05 0.87 0.96 0.58 0.06 0.64 D4S2632-D4S1627
D4S1627 0.63 0.40 0.71 0.01 0.37 0.78 0.68 0.56 0.02 0.32 D4S1627-D4S3248
D4S3248 0.57 0.22 0.45 0.64 0.07 0.52 0.55 D4S3248-D4S2367
D4S2367 0.03 0.39 0.00 0.62 0.03 0.03 0.36 0.54 D4S2367-D4S3243
D4S3243 0.00 0.57 0.09 0.01 0.04 D4S3243-D4S2361
D4S2361 0.13 0.04 0.27 0.01 0.09 D4S2361-D4S1647
D4S1647 0.09 0.12 0.20 0.22 0.16 0.01 0.01 D4S1647-D4S2623
D4S2623 0.00 0.00 0.15 0.01 D4S2623-D4S2394
D4S2394 0.04 0.12 0.01 0.05 0.02 0.51 0.03 0.60 D4S2394-D4S1644
D4S1644 0.05 1.06 0.03 1.10 1.22 0.00 0.29 D4S1644-D4S1625
D4S1625 0.50 0.02 0.02 2.17 D4S1625-D4S1629
D4S1629 2.28 0.07 0.25 2.56 D4S1629-D4S2368
D4S2368 0.00 0.30 0.05 0.02 0.70 0.46 D4S2368-D4S2431
D4S2431 0.11 0.97 0.02 0.00 1.11 0.01 0.01 1.18 D4S2431-D4S2417
D4S2417 0.18 0.02 0.09 0.43 0.09 0.03 0.18 D4S2417-D4S408
D4S408 0.11 0.42 0.08 0.10 0.10 0.03 0.03 D4S408-D4S1652

D4S1652 0.22 0.75 0.02

D5S2488 0.22 0.06 0.09 0.01 0.03 D5S2488-D5S2849
D5S2849 0.03 0.08 0.01 0.10 0.02 D5S2849-D5S2505
D5S2505 0.37 0.08 0.24 0.55 0.17 0.44 D5S2505-D5S807
D5S807 0.75 0.21 0.00 0.72 0.65 0.42 0.36 0.20 D5S807-D5S817
D5S817 0.13 0.17 0.00 0.32 0.15 D5S817-D5S2845

D5S2845 0.26 0.23 0.00 0.03 0.08 0.19 D5S2845-D5S2848
D5S2848 0.05 1.16 0.30 1.35 0.25 D5S2848-D5S1470
D5S1470 1.31 0.31 1.23 0.31 1.68 0.34 1.79 0.37 0.01 D5S1470-D5S1457
D5S1457 0.99 0.36 1.29 0.08 0.01 0.96 0.36 1.35 0.10 D5S1457-D5S2500
D5S2500 0.07 0.10 0.25 0.08 0.00 0.10 0.25 0.00 D5S2500-D5S1501
D5S1501 0.22 0.00 0.62 0.39 0.04 0.49 D5S1501-D5S1725
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D5S1725 0.59 0.24 0.11 0.88 0.94 0.85 0.08 0.91 D5S1725-D5S1453
D5S1453 0.00 0.13 0.53 0.21 0.11 0.01 0.80 D5S1453-D5S2501
D5S2501 0.31 0.13 0.06 0.97 0.00 0.46 0.33 0.17 0.75 0.03 D5S2501-D5S1505
D5S1505 0.29 0.32 0.42 0.00 0.01 1.11 0.42 1.01 0.32 0.04 D5S1505-D5S816
D5S816 1.16 0.11 0.68 0.56 0.08 1.34 0.11 1.33 0.71 D5S816-D5S1480

D5S1480 0.17 0.06 0.32 0.03 0.00 0.05 0.19 0.38 0.21 D5S1480-D5S820
D5S820 0.21 0.39 0.44 0.05 0.03 0.58 D5S820-D5S1471

D5S1471 0.00 0.05 D5S1471-D5S1456
D5S1456 0.06 0.10 0.00 D5S1456-D5S211
D5S211 0.03 0.03 D5S211-D5S408
D5S408 0.08

F13A1 0.44 1.35 0.00 0.00 0.27 1.19 0.00 0.00 F13A1-D6S2434
D6S2434 0.15 0.49 0.00 0.30 0.63 0.09 D6S2434-D6S1959
D6S1959 0.18 0.17 0.11 0.00 0.25 0.00 D6S1959-D6S2439
D6S2439 0.09 D6S2439-D6S2427
D6S2427 0.10 0.44 0.00 0.20 0.69 D6S2427-D6S1017
D6S1017 0.11 0.21 D6S1017-D6S2410
D6S2410 0.04 0.01 D6S2410-D6S1053
D6S1053 0.12 0.00 0.02 D6S1053-D6S1031
D6S1031 0.02 0.08 0.08 0.00 0.00 0.04 D6S1031-D6S1056
D6S1056 0.02 0.07 0.50 D6S1056-D6S1021
D6S1021 0.51 0.01 0.21 0.29 0.33 0.00 0.03 0.00 D6S1021-D6S474
D6S474 0.00 0.13 0.14 0.19 0.19 0.20 D6S474-D6S1040

D6S1040 0.57 0.21 0.14 0.08 0.12 0.11 D6S1040-D6S1009
D6S1009 0.13 0.00 0.11 0.29 D6S1009-GATA184A08

GATA184A08 0.01 0.05 0.25 0.00 0.10 0.45 GATA184A08-D6S2436
D6S2436 0.02 0.00 0.00 0.08 0.08 D6S2436-D6S305
D6S305 0.04 0.07 0.01 0.05 0.07 0.00 D6S305-D6S1277

D6S1277 0.05 0.06 0.00 0.00 0.04 0.15 0.01 0.44 D6S1277-D6S1027
D6S1027 0.08 0.57

D7S3056 0.02 0.21 0.01 0.01 D7S3056-D7S513
D7S513 0.02 0.00 D7S513-D7S3051

D7S3051 0.21 0.00 0.00 0.40 0.16 0.58 0.07 0.00 0.37 0.27 D7S3051-D7S1802
D7S1802 0.55 0.00 0.52 0.49 0.39 0.06 0.41 0.05 D7S1802-D7S1808
D7S1808 0.01 0.17 0.00 0.10 0.18 0.02 0.03 D7S1808-D7S817
D7S817 0.06 0.04 0.02 0.14 0.04 0.03 0.00 D7S817-D7S2846

D7S2846 0.14 0.08 0.24 0.02 0.07 D7S2846-D7S1818
D7S1818 0.09 0.19 0.18 0.16 0.01 0.06 D7S1818-D7S3046
D7S3046 0.00 D7S3046-D7S2204
D7S2204 0.02 0.00 0.08 D7S2204-D7S820
D7S820 0.02 0.02 D7S820-D7S821
D7S821 0.01 0.08 D7S821-D7S1799

D7S1799 0.01 0.05 0.01 D7S1799-D7S3061
D7S3061 0.06 0.01 0.01 0.05 0.27 0.21 D7S3061-D7S1804
D7S1804 0.18 0.28 0.30 0.23 0.20 0.05 0.05 D7S1804-D7S1824
D7S1824 0.26 0.26 0.01 0.01 0.33 0.23 0.15 0.18 D7S1824-D7S2195
D7S2195 0.36 0.02 0.09 0.26 0.30 0.02 0.22 0.17 D7S2195-D7S3070
D7S3070 0.06 0.03 0.00 0.24 0.28 0.05 0.26 0.14 D7S3070-D7S3058
D7S3058 0.23 0.23 0.23 0.01 0.00 0.60 0.21 0.23 0.09 0.40 D7S3058-D7S559
D7S559 0.08 0.02 0.26 0.00 0.13

D8S264 0.00 0.51 0.19 0.11 0.71 0.05 0.25 D8S264-D8S277
D8S277 0.61 0.00 0.70 0.01 0.00 D8S277-D8S1130

D8S1130 0.47 0.01 0.01 0.08 1.27 D8S1130-D8S1106
D8S1106 0.01 1.26 0.00 0.26 1.65 0.09 0.46 D8S1106-D8S1145
D8S1145 0.13 0.31 0.01 1.05 0.20 0.62 0.40 D8S1145-D8S136
D8S136 0.04 0.78 0.25 0.54 1.19 0.62 0.48 D8S136-D8S1477

D8S1477 0.33 0.58 0.51 0.37 0.52 0.75 0.58 0.87 D8S1477-D8S1110
D8S1110 0.20 0.01 0.62 0.51 0.29 2.12 D8S1110-D8S1113
D8S1113 0.28 0.18 0.17 2.06 0.48 0.70 0.16 1.59 D8S1113-D8S1136
D8S1136 0.56 0.22 0.23 0.38 0.15 0.40 D8S1136-D8S2324
D8S2324 0.31 0.16 0.29 0.25 0.58 0.38 0.29 0.50 D8S2324-GAAT1A4
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GAAT1A4 0.28 0.67 0.15 0.33 GAAT1A4-D8S257
D8S257 0.07 0.09 0.12 0.01 0.04 D8S257-D8S1132

D8S1132 0.03 0.07 0.08 0.04 0.24 0.19 D8S1132-D8S592
D8S592 0.00 0.15 0.12 0.01 0.46 D8S592-D8S1179

D8S1179 0.60 0.80 D8S1179-D8S1128
D8S1128 0.04 D8S1128-D8S256
D8S256 0.01 0.04 0.00 0.16 0.08 D8S256-D8S373
D8S373 0.00 0.05 0.08

D9S2169 0.75 2.59 0.01 0.55 3.658 0.04 D9S2169-D9S921
D9S921 0.61 2.89 0.06 0.93 3.276 0.17 D9S921-D9S925
D9S925 0.01 0.16 0.24 0.64 0.30 D9S925-D9S1121

D9S1121 0.30 0.37 0.46 0.44 0.61 0.76 D9S1121-D9S1118
D9S1118 0.37 0.28 0.57 0.19 0.54 0.57 0.84 0.11 D9S1118-D9S301
D9S301 0.33 0.43 0.64 0.72 0.41 0.27 0.97 0.59 D9S301-D9S1122

D9S1122 0.93 0.19 0.18 0.84 0.76 0.34 0.00 0.71 0.21 D9S1122-D9S922
D9S922 0.45 0.13 0.37 0.12 0.29 1.89 0.58 0.50 1.03 0.07 D9S922-D9S257
D9S257 0.01 0.12 0.15 0.03 1.00 D9S257-D9S910
D9S910 0.00 0.14 D9S910-D9S938
D9S938 0.09 0.00 0.07 D9S938-D9S930
D9S930 0.00 0.36 0.00 0.35 0.20 D9S930-D9S934
D9S934 0.03 0.35 0.04 0.05 0.04 0.31 0.29 0.05 D9S934-D9S1825

D9S1825 0.51 0.06 0.05 0.03 0.72 0.04 D9S1825-D9S2157
D9S2157 0.29 0.41 2.09 0.41 0.44 2.15 0.02 D9S2157-D9S1838
D9S1838

D10S1435 0.08 0.03 0.22 0.03 0.09 0.01 D10S1435-D10S189
D10S189 0.01 0.01 0.02 D10S189-D10S1412

D10S1412 0.00 D10S1412-D10S1430
D10S1430 0.00 0.33 0.00 D10S1430-D10S1423
D10S1423 0.09 0.04 0.25 0.01 0.01 0.28 D10S1423-D10S1426
D10S1426 0.03 D10S1426-D10S1208
D10S1208 0.43 0.00 0.60 0.06 0.00 0.09 D10S1208-D10S1221
D10S1221 0.00 D10S1221-D10S1225
D10S1225 0.00 D10S1225-GATA121A08

GATA121A08 0.03 0.15 0.05 GATA121A08-D10S1432
D10S1432 0.31 0.11 0.85 0.14 0.24 0.39 D10S1432-D10S2327
D10S2327 0.00 0.01 D10S2327-D10S2470
D10S2470 D10S2470-D10S677
D10S677 0.02 0.00 D10S677-D10S1239

D10S1239 0.04 D10S1239-D10S1237
D10S1237 0.38 D10S1237-D10S1230
D10S1230 0.10 0.05 0.35 0.14 0.00 D10S1230-D10S1213
D10S1213 0.12 0.33 0.01 D10S1213-D10S1248
D10S1248 0.57 0.24 0.00 0.10 0.11 D10S1248-D10S212
D10S212 0.08 0.14 0.15 0.00

D11S1984 0.03 0.46 0.34 0.18 0.31 D11S1984-D11S2362
D11S2362 0.12 0.01 0.27 0.73 0.21 0.09 0.14 D11S2362-D11S1999
D11S1999 0.00 0.00 0.03 D11S1999-D11S1981
D11S1981 0.00 0.00 0.00 0.12 0.00 0.23 0.00 D11S1981-ATA34E08
ATA34E08 0.01 0.18 0.01 0.09 0.14 0.01 ATA34E08-D11S1392
D11S1392 0.01 0.45 0.70 0.39 0.02 0.03 D11S1392-D11S1985
D11S1985 0.31 0.49 0.43 0.03 0.03 1.59 0.76 0.34 0.30 0.72 D11S1985-D11S2371
D11S2371 1.52 0.56 0.08 0.21 0.44 3.72 0.70 0.44 1.37 0.11 D11S2371-D11S2002
D11S2002 1.45 0.80 0.32 0.34 1.81 0.52 0.36 0.97 0.01 D11S2002-D11S2000
D11S2000 0.61 1.36 D11S2000-D11S1986
D11S1986 0.95 0.95 D11S1986-APOCIII

APOCIII 0.10 0.01 0.10 0.12 APOCIII-D11S1998
D11S1998 0.03 0.03 0.67 0.03 0.01 0.62 0.02 D11S1998-D11S4464
D11S4464 0.00 0.06 0.03 0.13 0.07 D11S4464-D11S912
D11S912 0.30 0.01 0.03 0.30 0.01 D11S912-D11S968
D11S968 0.05 0.20 0.04
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D12S372 0.05 0.05 0.00 0.46 0.60 0.23 0.02 0.72 D12S372-D3S2395
D3S2395 0.60 0.90 0.26 0.00 0.78 0.92 1.35 0.30 0.00 0.68 D3S2395-D12S391
D12S391 0.12 0.65 0.33 0.00 0.32 0.88 0.34 0.00 0.21 D12S391-D12S373
D12S373 0.01 0.00 0.09 0.00 0.25 0.03 0.06 0.08 0.20 D12S373-D12S1042

D12S1042 0.05 0.02 0.05 0.18 0.01 0.01 0.13 0.13 D12S1042-GATA91H06
GATA91H06 0.00 0.00 0.01 0.03 0.12 GATA91H06-D12S398

D12S398 0.02 0.06 0.01 0.09 0.05 0.06 0.05 0.03 0.58 D12S398-D12S1294
D12S1294 0.08 0.14 0.01 0.02 0.46 0.04 0.05 0.07 0.03 0.59 D12S1294-D12S375
D12S375 0.00 0.02 0.05 0.07 0.02 0.12 0.74 D12S375-D12S1052

D12S1052 0.16 0.54 0.03 0.10 0.03 0.43 D12S1052-D12S1064
D12S1064 0.12 0.01 0.13 0.43 0.16 0.34 0.32 0.50 D12S1064-D12S1300
D12S1300 0.62 0.10 0.78 0.27 0.20 0.18 0.20 0.31 0.18 0.03 D12S1300-PAH

PAH 0.01 0.24 0.41 0.04 0.06 0.23 0.52 0.29 PAH-D12S2070
D12S2070 0.01 0.17 0.06 0.21 0.13 0.16 0.11 0.01 1.16 D12S2070-D12S395
D12S395 0.04 0.09 0.04 0.02 0.74 0.00 0.08 0.10 0.97 D12S395-D12S2078

D12S2078 0.01 0.90 0.02 0.01 1.43 D12S2078-D12S1045
D12S1045 0.06 0.03 0.02 0.07 0.00 0.19 D12S1045-D12S392
D12S392 0.05 0.01 0.00 0.26

D13S787 0.07 0.00 0.14 0.27 0.03 0.10 0.20 0.03 D13S787-D13S1493
D13S1493 0.22 0.00 0.00 0.15 0.10 0.30 0.13 0.60 D13S1493-D13S894
D13S894 0.07 0.05 0.62 0.00 0.06 0.14 D13S894-D13S325
D13S325 0.03 0.00 0.04 0.00 D13S325-D13S788
D13S788 0.01 0.01 D13S788-D13S800
D13S800 0.01 0.02 0.00 D13S800-D13S317
D13S317 0.00 D13S317-D13S793
D13S793 D13S793-D13S779
D13S779 0.12 0.01 0.18 0.13 D13S779-D13S796
D13S796 0.04 0.00 0.02 0.04 D13S796-D13S285
D13S285 0.05 0.01 0.00

D14S742 0.02 0.01 0.03 0.01 0.01 0.03 0.07 0.05 D14S742-D14S1280
D14S1280 0.15 0.00 0.13 0.08 D14S1280-D14S608
D14S608 0.01 0.21 0.02 0.40 0.02 0.44 D14S608-D14S599
D14S599 0.46 0.02 0.48 0.18 0.89 0.07 0.02 0.31 0.01 D14S599-D14S306
D14S306 0.57 0.12 0.02 0.01 0.99 0.18 0.29 0.07 0.02 D14S306-D14S587
D14S587 0.31 0.08 0.18 0.02 0.38 1.09 0.40 0.39 0.11 1.15 D14S587-D14S592
D14S592 0.47 0.41 0.03 0.00 0.92 1.77 0.47 0.49 0.40 1.00 D14S592-D14S588
D14S588 1.51 0.34 0.45 0.86 0.06 1.29 0.66 0.47 0.21 0.47 D14S588-D14S606
D14S606 0.46 0.51 0.00 0.05 0.66 0.42 0.40 0.01 0.10 D14S606-GATA193A07

GATA193A07 0.00 0.08 0.00 0.02 0.13 0.15 GATA193A07-D14S617
D14S617 0.16 0.44 0.00 0.04 0.07 0.49 0.07 0.03 D14S617-D14S1434

D14S1434 0.01 0.07 0.13 0.58 0.01 0.01 0.01 D14S1434-D14S1426
D14S1426 0.00 0.00 0.00 0.05

D15S822 0.14 0.04 0.14 0.15 0.03 0.01 D15S822-D15S165
D15S165 0.00 0.13 0.00 0.15 0.07 D15S165-ACTC

ACTC 0.00 0.05 0.03 0.04 0.01 ACTC-D15S659
D15S659 0.02 0.01 0.04 0.04 D15S659-D15S643
D15S643 0.07 0.00 0.11 D15S643-D15S1507

D15S1507 0.01 0.35 0.08 0.47 D15S1507-D15S818
D15S818 0.02 0.01 0.06 D15S818-D15S655
D15S655 0.12 0.01 0.25 0.11 0.01 0.15 0.00 D15S655-D15S652
D15S652 0.01 D15S652-D15S816
D15S816 0.00 0.00 0.02 0.01 D15S816-D15S657
D15S657 0.00 0.00 0.07 D15S657-D15S642
D15S642 0.01 0.22

ATA41E04 0.41 0.20 0.00 0.30 0.32 0.95 0.26 0.16 0.51 0.24 ATA41E04-D16S748
D16S748 0.91 0.15 0.13 0.78 0.02 1.70 0.36 0.21 1.52 1.57 D16S748-D16S764
D16S764 0.71 0.18 0.00 0.57 0.83 1.10 1.22 0.70 1.79 D16S764-D16S403
D16S403 1.03 1.09 0.35 0.14 1.27 1.30 0.56 0.15 D16S403-D16S769
D16S769 0.52 1.53 0.16 0.00 1.32 2.02 0.04 0.32 0.09 D16S769-D16S753
D16S753 1.27 1.02 0.15 0.37 0.07 1.99 2.04 0.36 0.53 0.09 D16S753-D16S3396
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D16S3396 1.10 1.40 0.47 0.09 0.00 1.40 1.67 0.41 0.18 0.17 D16S3396-D16S3253
D16S3253 1.03 1.69 0.09 0.18 2.83 1.97 0.52 0.44 2.29 D16S3253-GATA67G11

GATA67G11 1.66 0.31 1.06 0.13 1.84 1.80 0.31 1.27 0.80 0.44 GATA67G11-D16S2624
D16S2624 1.35 0.19 1.33 0.42 0.19 2.04 0.15 1.27 1.00 0.61 D16S2624-D16S516
D16S516 1.11 0.17 0.06 0.45 0.71 0.65 0.27 0.33 1.05 D16S516-D16S402
D16S402 1.40 0.04 0.26 1.31 D16S402-D16S539
D16S539 0.04 0.00 0.11 D16S539-D16S621
D16S621 0.01 0.05 0.00

D17S1308 0.00 0.01 0.47 0.77 D17S1308-D17S1298
D17S1298 0.23 0.32 0.02 0.04 0.24 0.31 D17S1298-D17S974
D17S974 0.04 0.06 0.04 D17S974-D17S1303

D17S1303 0.40 0.00 0.07 0.35 0.01 0.17 D17S1303-D17S947
D17S947 0.32 0.01 0.01 0.06 0.00 0.38 0.01 D17S947-D17S2196

D17S2196 0.07 0.01 0.32 0.02 0.03 0.13 0.00 0.37 0.02 0.02 D17S2196-D17S1294
D17S1294 0.00 0.67 0.04 0.07 0.01 0.64 0.01 D17S1294-D17S1293
D17S1293 0.01 0.03 0.00 0.14 0.01 D17S1293-D17S1299
D17S1299 0.00 0.08 0.03 0.00 0.11 0.01 0.63 0.02 D17S1299-D17S2180
D17S2180 0.03 0.00 0.61 0.01 0.01 0.10 0.01 0.63 0.01 1.41 D17S2180-D17S1290
D17S1290 0.01 1.38 0.37 0.46 0.01 1.38 D17S1290-D17S2193
D17S2193 0.42 0.37 0.05 0.72 0.24 0.26 0.02 0.84 D17S2193-D17S1301
D17S1301 0.01 0.13 0.01 0.06 0.00 0.05 D17S1301-D17S784
D17S784 0.02 0.06 0.00 D17S784-D17S928
D17S928 0.00

GATA178F11 0.16 0.11 GATA178F11-D18S481
D18S481 0.08 0.02 0.02 0.27 0.58 0.05 0.46 D18S481-D18S976
D18S976 0.61 0.04 0.19 0.23 0.76 0.48 0.28 D18S976-D18S843
D18S843 0.23 0.70 0.25 0.30 0.02 0.55 0.30 0.38 D18S843-D18S542
D18S542 0.13 0.08 0.39 0.02 D18S542-D18S877
D18S877 0.24 0.05 0.33 0.07 D18S877-D18S535
D18S535 0.04 0.09 0.01 0.12 0.40 0.17 0.04 D18S535-D18S851
D18S851 0.18 0.41 0.15 0.07 0.40 0.96 0.22 0.02 0.00 D18S851-D18S858
D18S858 0.69 0.76 0.54 0.13 0.00 0.40 1.07 0.30 0.00 0.00 D18S858-D18S1357

D18S1357 0.23 0.00 0.00 0.02 0.47 0.15 D18S1357-D18S1364
D18S1364 0.02 0.08 0.13 0.06 0.18 0.31 0.14 D18S1364-ATA82B02
ATA82B02 0.15 0.29 0.83 0.15 0.39 0.42 0.57 ATA82B02-D18S1371
D18S1371 0.34 0.32 0.79 0.02 0.61 0.27 0.56 D18S1371-D18S844
D18S844 0.31 0.08

D19S591 0.16 0.15 0.52 0.18 0.41 0.43 D19S591-D19S1034
D19S1034 0.16 0.24 0.22 0.27 D19S1034-D19S586
D19S586 0.14 0.18 0.29 0.15 0.00 0.04 0.81 0.01 D19S586-D19S714
D19S714 0.15 0.82 0.19 0.01 0.99 D19S714-D19S433
D19S433 0.37 0.23 0.49 0.15 0.01 0.55 D19S433-D19S245
D19S245 0.03 0.15 0.11 0.23 0.06 D19S245-D19S178
D19S178 0.01 0.04 0.09 0.22 0.00 0.00 0.34 0.07 D19S178-APOE

APOE 0.41 0.27 0.00 0.20 0.10 0.06 0.00 0.42 0.06 APOE-D19S246
D19S246 0.00 0.08 0.01 0.01 0.07 0.32 0.02 D19S246-D19S589
D19S589 0.07 0.06 0.10 0.01 0.02 0.02 0.09 D19S589-D19S254
D19S254 0.01 0.10 0.13

D20S103 0.47 0.02 0.08 D20S103-D20S482
D20S482 0.03 0.11 0.06 0.05 0.04 0.02 0.41 D20S482-D20S851
D20S851 0.05 0.34 0.25 0.20 0.25 0.00 0.04 0.02 D20S851-D20S604
D20S604 0.34 0.06 0.06 0.21 0.05 0.17 0.43 0.00 D20S604-D20S477
D20S477 0.05 0.33 0.00 0.00 0.22 0.46 0.13 D20S477-D20S478
D20S478 0.13 0.53 0.06 0.34 0.46 0.25 0.19 D20S478-D20S481
D20S481 0.23 0.40 0.03 0.42 1.22 1.08 0.67 0.07 1.59 D20S481-D20S480
D20S480 0.93 0.97 0.79 0.00 0.65 0.93 0.91 0.78 0.00 0.65 D20S480-D20S171
D20S171 0.01

D21S1432 0.00 0.13 0.04 D21S1432-D21S1437
D21S1437 0.03 0.06 D21S1437-D21S2052
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D21S2052 0.05 0.06 0.13 D21S2052-D21S1440
D21S1440 0.03 0.68 D21S1440-D21S2055
D21S2055 0.02 0.20 0.04 1.01 D21S2055-D21S1446
D21S1446 0.01 0.27

D22S420 0.16 0.21 0.19 0.02 D22S420-D22S345
D22S345 0.21 0.01 D22S345-D22S689
D22S689 0.03 0.03 0.00 D22S689-D22S685
D22S685 0.06 0.14 0.00 0.08 0.02 D22S685-D22S683
D22S683 0.05 0.07 0.03 0.08 D22S683-D22S445
D22S445 0.02 0.01
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