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Conclusions
1) Theoretical distributions C and E assess correctly the statistical significance of bivariate LODs

Cautious: SOLAR assumes distribution D (Type 1 error ↑)
2) These Bivariate models are not powerful for detecting pleiotropic QTLs in BMD phenotypes: 

Other models are needed for the joint mapping of highly & positively correlated traits
Work presented at the European Mathematical Genetic Meeting (Munich, May 2009) 
Manuscript in preparation

Multivariate linkage analysis
Multiple phenotypes are often correlated with each other to some degree & these correlations may results from common genetic effects

Joint analysis uses the correlation structure and thus may have greater power to map QTLs over univariate analysis
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Almasy L et al, Am J Hum Genet 62: 1198–1211 (1998)
Amos C I.et al, Hum Hered ;51:133–144 (2001)

Chrom.
Pos 

(cM)

Univariate LOD Bivariate LOD

LS FN PC1 PC2 Unconst. Const. S_PC
5 0 1.04 0.79 0.78 1.31 2.38 1.38 2.09

11 58 2.63 0.29 2.00 0.01 2.77 2.77 2.00

13 24-27 1.19 2.42 2.01 0.41 2.83 2.71 2.31

17 83 3.68 1.02 3.39 0 4.01 4.01 3.39

21 44-45 2.06 0.49 2.00 0 2.17 2.17 2.00

22 17-19 2.72 0.59 2.03 0.14 2.62 2.62 2.11

Chr

Univariate analysis Bivariate analysis

LS/FN PC1/PC2 Uncons. Const. S_PC

Asymp. Global Emp. Asymp. Global Emp. Emp. Emp. Emp.

5 (0.014) (0.032) (7x10-3) (0.015) 3x10-3 (0.031) 0.028

11
0.25x10-

3 0.6x10-3 1x10-3 2.4x10-3 1.2x10-
3 1x10-3 3.3x10-3

13
0.42x10-

3 1.2x10-3 1x10-3 2.4x10-3 1x10-3 1.2x10-
3 1.7x10-3

17 0.2x10-4 <10-4 0.4x10-
4 <10-4 <10-4 <10-4 <10-4

21 1x10-3 2.8x10-3 1x10-3 2.4x10-3 5x10-3 5x10-3 3.3x10-3

22 0.2x10-3 0.17x10-3 1x10-3 2.4x10-3 3x10-3 1.4x10-
3 2.8x10-3
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Parameters:

Parameters:

• Bivariate

What is the null distribution of the bivariate linkage test ?
• Model over-parameterized: (σ2

QTL,X, σ2
QTL,Y,σQTLXY) not free parameters

Three asymptotic distributions proposed:
1) De Andrade et al, 1997 (A)

2) Almasy et al, 1997 (B)

3) Amos et al, 2001 (C)

RESULTS : Asymptotic vs Empirical p-values
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AIM  � Asses bivariate tests distributions in NEMO data
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Linkage test:

Suggestions:
• Reduce the number of df (Almasy et al, 1997) Constraint test:

Two asymptotic distributions proposed:
1) Amos et al, 2001 (D)

2) Mangin, pers. com. Wang, 2003 (E)

• Alternative method (Mangin et al, 1998) S_PC test : 
1) PCA Analysis of traits X and Y → PC1, PC2
2) Univariate VC analysis of PC1 and PC2 (Uncorrelated)
Asymptotic distribution :

2 2
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2 2 2
0 1 2

1 1 1
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2 2 2
0 1 2

1 1 1
4 2 4χ χ χ+ +

N.E.M.O.: NEtwork on Male Osteoporosis in Europe
Families selected through a male (probands) with low BMD values
at lumbar spine (LS) or femoral neck (FN)

103 families (821 individuals - 624 have DNA, 597 phenotyped): 
Mean size: ~ 8 ind/fam

Heritability :

Phenotypic correlation between LS and FN = 0.65

LS FN PC1 (85%) PC2

h2 (p<10-5) 0.63 ±0.06 0.59 ±0.07 0.67 ±0.06 0.39 ±0.07

2 2 2 2
1 2 1 2(1 ) (1 )

2 7 %

P C Eh h h hρ ρ ρ= × × + − × − ×

→ 7 3 % →
6 447 4 48 6 4 4 447 4 4 4 48

Simulation Methods: 
Pedigree structure, family information & phenotypes kept as observed in NEMO.

1)Marker genotypes simulated under H0 : No linkage for LS nor FN 
(SIMULATE) 2 microsatellites spaced of 10cM (Heterozygotie ~75%)

2) For each replicate:
- Estimation of IBD (LOKI 2.4.7)
- LOD-scores multipoint calculation (SOLAR 4.0.6)

�4 univariate & 2 bivariate linkage analyses 
3) Empirical distribution of each VC linkage test under H0 derived from 
12,000 replicates.

APPLICATION: Bivariate Linkage Mapping of LS & FN BMD in NEMO

� Large overlap in the regions detected under Biv. & Univ.

� Some LODs are higher with Biv. than with Univ.: Is evidence for linkage significantly better?

Statistical significance of the linkage peaksChromosomal regions with LOD≥2

Asymptotic distributions: 
A → conservative test
B & C→ anti-conservative

Empirical distribution best predicted by C

Unconstraint test

Asymptotic distributions:
D & E → anti-conservative

Empirical distribution best predicted by E

Constraint test:

, , , ,1QTL X QTL XY QTL X QTL Yρ σ σ σ= ± → = ±

Mangin B, P et al. Biometrics 54: 88-89 (1998)
Self SG et al, J Am Stat Assoc 82:605–610 (1987) 
Wang K Hum Hered; 55: 1-15 (2003)

Variance Component model 
(Amos et al, 1994; Almasy et al, 1998)

• Univariate

No, except on Chr 5 (obviously) & Chr13�

Bivariate linkage analysis for mapping 
quantitative trait loci in pedigrees: 

Comparison of methods and assessment of the 
test statistics distributions in the NEMO study


