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Data:

Principle:

Case-control:

Family-based with
parental control,
(FBATS):

Modelling ancestral

founder mutation,

e.g. with likelihood:

Likelihood-based

score tests:

Spatial/clustering:

Association

Phenotypes and marker data from
several loci, for a number of families.

Test association between phenotypes
and marker genotypes at all marker loci

Devlin and Risch (1995).

Falk and Rubinstein (1987), Terwilliger and
Ott (1992), Spielman et al. (1993).
Laird and Rabinowitz (2000).

Kaplan et al. (1995), Terwilliger (1995),
Lazzeroni (1998), Service et al. (1999), McPeek
and Strahs, (1999), Morris et al. (2000, 2002).

Schaid (1996), Clayton (1999), Tu et al. (2000)
Whittemore and Tu (2000), Shih and
Whittemore (2002).

Molitor et al. (2003a,b).



Data:

Principle:

Parametric:

Score tests:

Nonparametric:

Profiling:

Regression:

Est. equations:

Linkage

Phenotypes and marker data from
several loci, for a number of families.

Test coinheritance of phenotypes and
marker data at a number of loci (not
necessarily marker loci).

Morton (1955), Kruglyak et al. (1996)
Whittemore (1996), McPeek (1999), Héssjer,
(2003,2005).

Penrose (1935), Risch (1990), Whittemore and
Halpern (1994), Kruglyak et al. (1996)

Risch (1984), Amos (1994), Almasy and Blangero
(1998).

Haseman and Elston (1972), Sham et al. (2002).
Liang et al. (2001), Chen et al. (2002).



Combined Association and Linkage

Approximate joint
likelihood (pseudomarkers):

QTL variance components:

Terwilliger and Géring (2000),
Goring and Terwilliger (2000).

Fulker et al. (1999), Sham et al. (2000).
Abecasis et al. (2000).



Goals:

Combined score test for association and linkage

'Biological’ parameters (dis locus penetrances, ass between

marker and dis gene, marker allele frequencies)
Arbitrary (outbred) pedigrees

Wide class of genetic models
Multipoint approach

Efficiency/power comparison  between association,
linkage and combined score tests.



Setup:

et
K = nr. of markers
x; = markerlocusz,2=1,..., K,
7 = disease locus

and, for one family, define

nr. of individuals of the family

(Y1,...,Y,), phenotypes of family members
(G1,...,G,), disease genotypes of

family members

(Hj1,...,H;,), marker genotypes at z;,
{1,...,n}, set of genotyped individuals
{H;x, k € T}, marker data at x;

(M, ..., Mg), marker data at all loci.

Elg'ﬂﬁﬁ QAN
Ml

Data: (Y, M) for a number (IN) of outbred families
of arbitrary (and possibly different) form



Hypothesis Test

Consider a fixed marker locus x;. Let

A

association between H; and G,

€

penetrance between Y and G,

Hypothesis test at x;:

where

™

Null(z;): xi =1, =A=0,
Alternative(x;): x; = T, # 0.

0 : No association between H; and G.
0 : No penetrance between Y and G.



Ex: Binary Phenotypes

Individual phenotype:

v _ 1, kis affected,
71 0, kis unaffected.

Penetrance:

(J)

P(Yy, = 1]|Gk| = j),
K, + cu(j)

for 1 =0,1,2,, where

|G| number of disease alleles of Gy,
K, = P(Yy=1lc=0)

prevalence under null model.

For entire family,
P(Y|G) = H (Yi|Gy)

if no polygenic or shared environmental effects.



Ex: Gaussian Phenotypes

For each individual, assume

Yy||Gi| = j € N(¢(5), %),

where
Y(j) =m+eu(j), j=0,1,2,
and
m = FE(Y}) = mean under null model.
02 = environmental variance.

For entire family,
Y|G € N(p,0%%),

where

n X n correlation matrix, possibly including
shared environmental and polygenic effects.

M=
|



Gaussian Liability

Penetrance
PY|G) = / P(Y|X)P(X|G)dX.

for entire family, where
X = (X1,...,X,) = vector of individual liabilities
with distribution
X|G € N(u,0°%)
and 11, 02 and X are as before.

Examples:

Y, = 1yx,>1), (liab. threshold):
P(Yy > T|Xp) exp(— [ A(t)), where
A(t) = Ao(t) exp(BXk) (frailty)
h(E(Yr|Xk)) = m+ BXg,where his link
function (GLM)



Likelihood
Retrospective likelihood (Prentice and Pyke, 1979)

L(xz,0) = || Peo(M[Y),

N families

where subscript £ means 'z = 7’ and

x = x;forsomer=1,..., K,
9 — (Q7 A? 8)7
g = (q1,--.,qq) = vector of marker allele

frequencies at x; (nuisance parameters).
One can show
Olog L/OA|y_g = Olog L/Oz|y_p =0,
for outbred pedigrees at null model
6o = (¢,0,0).

Hence reparametrize

€ = (o, €1, €) = (q, Ae, €?).



Expanding Family Likelihood
Retrospective likelihood is
L(z,€) = P, (M|Y),

for one family. Let

n = nr. of individuals

f = nr. of founders
m = 2(n — f) = nr. of meioses

v = (vi,...,vy,) = inheritance vector at

b = (bi,...,bar) = founder marker alleles at =
a = (ai,...,azr) = founder disease alleles at x.

Assume x captures all association with 7:

L(z,e) =) P(M|b,v)P,(b,v]Y),
b,v

where 2" term is complete marker data likelihood, which is split into
association and penetrance terms by summing over a:

Py (b, v]Y) > q Pya(bla)P:(a,v]Y)
Za Pq,A(a7 b)Pg(Y|a, v)

22 a Poala, ) P(Y]G).

R R



Score Vector

Let
S(x) = O0JlogL(x, e)/86|€:(q’0,0)
= (So(®), 51(2), S2(x)),
where
So(z) = OlogL(x, 6)/0€0|e:(q,0,0)
— marker allele freq. score
Si(z) = 0logL(x, 6)/361|E=(q,0,0)
— association score
Sa(z) = Olog L(z,€)/0€a|._ ;0.0 -
= linkage score
One shows

Si(z) = Y Py(b,v|M)Si(b,v), i=0,1,2,
b,v

where

P,(b,v|M) multipoint probability
Si(b,v) = score component i for complete
marker data.



Score Vector, Biallelic Marker (d = 2)

Assume
q = (90, q1) = a; and b; binary,
and
HW-eq.
Pq,A(av b) =" H P(a37 )
A = correlatlon coefficient between
a; and b;.
Then
So(b,v) = mn1/q1 — constant
S1(b,v) = >, wk(bar—1 + bag) — constant
So(b,v) = > ..;wri!BDg — constant
where
ny = nr. of founder marker alleles b, =1
wr = weight assigned to individual k£
wr; = weight assigend to pair &, (

IBDy; nr. of alleles shared IBD by k and .



Example of Weights

1) Binary phenotypes:

_Kp7 Yk — O)

“”“:Y’“_E(Y’““S:m:{ 1 - K,, Y,=1

2) Gaussian (quantitative) phenotypes
W = Yk — E(Yk‘g = 0) = Yk — m,

if no polygenic or shared environmental effects.

In both cases!

Wkl — WEW|

IThis is not true in presence of polygenic and sh. env. effects.



Previous Work Association

S1(b,v):

Binary:  Schaid (1996), Clayton (1999), Whittemore
and Tu (2000), Tu et al. (2000).
General:  Shih and Whittemore (2002).

with penetrance modelled directly as P(Y |H;) at © = x;.

Clayton (1999) and Whittemore and Tu (2000) defined
Si(b,v) = S5 (b) + S (b, v)

where

Si(b) = E(S1(b,v)|b)
founder statistic
Sl(ba ’U) o E(Sl(b7 ’U)|b)

nonfounder statistic

St (b, v)

and the latter includes TDT test as special case.



Previous Work Linkage

Sa(b,v) = Sa(v):

Binary: Whittemore and Halpern (1994), McPeek (1999).
Quantitative:  Commenges (1994), Tang and Siegmund (2001),

Putter et al. (2002), Wang and Huang (2002).
General: Héssjer (2003, 2005).



Test Statistics:

Fisher information entries
Iij — E(SZSJ>, ’L,] — O, ]_, 2.

and matrix

J = I = (Iij)?,j:17 q known
I — (Lo, To2) I (To1, Io2)", g estimated.

Two-sided association test:
Ty (z) = Si(x)/Ju.
One-sided linkage test:
Ty(x) = Sa(a)/\/ Jaz.

Combined test:

T , (x) _ (Sla S2)<]_1(S1, SQ)T, if X Z O,
combined — S%/JH, X < O,

where X = (S, S2)J 2¢T and ¢ = ((0,1)JY?)*.

Remark: If J is diagonal, as for complete marker data, then X = S».



Asymptotics

Assume N pedigrees of identical form, with same Y. If N large and
11 and mo small, approximate

Ty S X2(17 NU%)
T, € N(VNn,1l)
Teombined = (X1 + vV Nn1)?
+ (X2 + VNI 1y, ywnz0p)

where X and X are independent N (0, 1),

Noncentrality parameters, complete marker data:

77% Jll ’ (A€)27
77% J22 . 84

2This is true for complete marker data.



Power

Let
N;(a,3) = sample size required for level «

test T over region(s) €2
to achieve power (3.

fort = 1,2. Then

where C; = C;(a, B, €2) is constant correcting for multiple testing
over region £2.

Required sample size for T ompbined Mmore complicated, but

Ncombined(ay B) ~ C(combined/(n% + 773)7

where Coombined = Cleombined (¢, 3, §2) is constant correcting for
multiple testing over region 2.



Ex: Nuclear Families

Parents : k=1,2
Children: k=3,...,n

For additive model and complete marker data:

2 9
(> =1 wk2)2 + (w1 — c;2) + > 3 Wi
J11 = 0.5- (w%— w22) + > k=3 Wi

and
Joo = 0.125 Y wiy.
3<k<I<n

q known,
q estimated,
nonfounder stat.



Affected Sib Pair
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T7: known g (dotted), estimated g and nonfounder statistic (dashed)

To: solid

Genomewide scan (22 chromosomes, length 3575 cM), o = 0.05, 8 = 0.8
K, =0.1

A =0.5

Relative risk for MZ pair: A = 1.5 =1+ (1 — Kp)2€2.

Dense marker map for linkage. 0.1 cM between independent association tests.



Affected Sib Quartet
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T1: known g (dotted), estimated g and nonfounder statistic (dashed)

T5: solid

Genomewide scan (22 chromosomes, length 3575 cM), a = 0.05, 8 = 0.8
K, =0.1

A =0.5

Relative risk for MZ pairr A = 1.5 =14 (1 — Kp)2€2

Dense marker map for linkage. 0.1 cM between independent association tests.



Aff/Unaff Family, 4 Children

Y=[1,0,1,1,1,0]
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Genomewide scan (22 chromosomes, length 3575 cM), o = 0.05, 8 = 0.8
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Dense marker map for linkage. 0.1 cM between independent association tests.



Quantitative Concordant Sib Pair

Y=K[?,2,2,2]
10 T

10
\
\ s A\
3\
1070 070 N
N - Ny
~ : . ~N -

10° - TN 10° T~

10" o 10"
— 10° 10°
rea) 0 01 02 03 04 05 0 02 04 06 08 1
o] h2 A
N
=z

10* — 10°

-\
B \
10’} 10°
N AN
AN

10 A 102

10" T~ 10"

10° 10°

0 05 1 15 2 0 02 04 06 08 1
k h2

a

T : known q (dotted), estimated q and nonfounder statistic (dashed)

To: solid

Genomewide scan (22 chromosomes, length 3575 cM), « = 0.05, 8 = 0.8
m=0,0=1 k=1

A =0.5

Heritability at main locus h? = 0.3 = Var(¢|Gk|)/Var(Yk)

h2 =0

Dense marker map for linkage. 0.1 cM between independent association tests.



Quantitative Discordant Sib Pair
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Quantitative 4 Children Family

Y=k[2,-2,2,2,-2]
T 10

10 N
N
3 3 A \
10 10 \
W
\
2 2 >
10 10 <N
-\_\ ~. _
10! 10! Trml
~ 10 10°
@__ 0 0.1 0.2 0.3 0.4 0.5 0 0.2 0.4 0.6 0.8 1
2
S h A
=z

T : known g (dotted), estimated g (dashed) and nonfounder stat. (dash-dotted)
To: solid

Genomewide scan (22 chromosomes, length 3575 cM), o = 0.05, 8 = 0.8
m=0,0=1 k=1

A =0.5

Heritability at main locus h? = 0.3 = Var(¢|Gk|)/Var(Yk)

h2 =0

Dense marker map for linkage. 0.1 cM between independent association tests.



Ni(a, B8), Nao(a, 8) and Nmpinea(t; )

451

251

N/mln(Nl,NZ,Ncomb)
w

15

Pointwise test, 2 = {z}, « = 0.05, 3 = 0.8
N7: dotted

Ny solid

N ombined: dash-dotted

All three curves standardized by min(Ny, No, N,

combined)
n2/m = tan(wz/2)
100 000 Monte Carlo iterates when computing N ombined for each x.



Conclusions

T combined VEry robust.
Never performs much worse than best of 17 and T5.
Often better than best of 77 and T5.

With multiple testing (2 # {x}), T% is favoured slightly over T3
and Tombined, because dependence extends over longer distances

for linkage. (Simulation or new analytical formulae required to
make this precise.)

o Still, Tiombined IS likely to be the most robust of the three tests for
chromosomewide or genomewide scans.

Hence, choose combined association and linkage test, e.g. Teombined,
when little is known about the genetic model!
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