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AR o F4bEE4at 72 E 23 k. mepA] giREY JEARE 7N AZRAA 242 ERd T
Z (unbalanced structure)E Z¥al 131, SAS, SPSS$} 22 FAAZE A= o B3 ARE
AA3] o = Q7] Wil thgst Rz 2] s it dE 9 7 Aks 719 AFRAA

BEA A2 EY o2 Kang 5 (2010)0)] &3te] Alotd APE3RF 7w EMMAX, Zhou®} Stephens
(2012)°l ¢J3 AlHE GEMMA So] gt

S

Family 1 Family 2

Figure 1.1 Unbalanced structure in family data
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EWS H=A0+ I, +p1 U1+ +pp U0l 31, 4o Ea7M55351 (02,0, p1,- -+, 08, B) =
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B3O 20 5 5(0))
v
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matrix
v
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v

Estimate 301, G20+ @+ Sn+1)

Figure 2.1 Parameter estimation procedure
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2YAYH (85 F83te] 71E 2 (Model 1)3} AEA Agst =
Model 13} Model 29] X2 A4

23 (Model 2)E W23}
A2keke aesiglon wEtM X n
i_‘r AQQoeg Al 7=

12

2]

x 19 E o]th. Model 12
ARS A3 2oty Model 2= 2 =Fox A|oksl ubyog 3}
Q1o st 7HE ko] FEARE e BYoltt. £ By

o B AN 42 e 2ok
[Model 1]

y=XB+b+e
b~ MVN(0,0°\®),e ~ MV N(0,0°1)

[Model 2]

y=XB+b+e

b~ MVN(0,0°A®),e ~ MVN(0,0%(I 4 p¥))

% Rge wodgnel 483tel AnE BASNA A AAZ ABA A Model 2014 A
b B 2R X4 ARE ettt RIS 50085 30008 7HA] S 7IH A A
7k 7Hg gt %A‘EE FEs=A el 2t Flgure 3.1, 3.2v #E9 =27 FFAFLA (mean
square error; MSE) & Ho&EH, y&2 MSE, z£2 % E2] 37|15 Yepdc).
msE of i MSE of o
o‘-s |||.
(a) (b)

()

sample size

(d)

Figure 3.1 Mean square error when =0
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MSEarp MSE of o°
0497 oo7
0149
0.108
W 5
£ 2
003
0018
0.038 0.038 —
. . -nr012 -O )

sample size sample size

(a) (b)

MSE of o2 MSE of

c)

MSE
MSE

0.077
0.019
0013

1 0.05
0012 0.044

(¢) (d)

Figure 3.2 Mean square error when $=0.68

Figure 3.1 8 =0, p = 0.4, h? = 0.3& 7} 3920, Figure 3.2= 3= 0.68, p = 0.4, h? = 0.3
7}ttt Figure 3.1, 3.2+ BF %89 3771 AR weg} MSEZto] Ztopzl& HojErt. webAl
F39E BFE2 A4S wEsita £ 4 9l

2oz J7HE( B =0) 3PollA B €= (Wald) A 5A] 482 =7] (empirical size; ES) S
T3], fol4E a9} vl skt Table 3.1 = 0,p = 09 wje] A2 ES7}F §94237 SAH
< HojZEr)h webA Akt o] BAFeZ gYeS & 4 ) Figure 3.3, 34582889 QQ
(quantile quantile) 1 © 2, Table 3.18] A3} vpd7iA| 2 A|<hgl Whjo] FAA SR BFehs B
o]Zt}. uAIIAE B =0,p # 02 wl ES 272 Table 3.2 =3} 2|13k o] EAHC T B1F3He
Hojzr

Table 3.1 Empirical size for Model 1

Model 1 Model 2
P h? « ES P h? « ES
0.01 0.016 0.01 0.015
0.05 0.034 0.05 0.054
03 —M 03 —m8M ——————
0.1 0.082 0.1 0.096
0 0.2 0.179 0 0.2 0.185
0.01 0.013 0.01 0.012
0.05 0.057 0.05 0.056
05 —MmM 05 —MmM8M
0.1 0.1 0.1 0.106

0.2 0.196 0.2 0.201
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h? Model 1 Model 2
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Figure 3.3 QQ-plot when =0, p=0
Table 3.2 Empirical size evaluation for Model 2
Model 1 Model 2
P h? a ES P h? a ES
0.01 0.016 0.01 0.012
0.05 0.034 0.05 0.057
0.3 03 —mmM8M8M8
0.1 0.082 0.1 0.101
0.2 0.179 0.2 0.193
0.4 0.4
0.01 0.013 0.01 0.013
0.05 0.057 0.05 0.06
0.5 05 —mM8M8M8
0.1 0.1 0.1 0.119
0.2 0.196 0.2 0.205
0.01 0.016 0.01 0.015
0.05 0.034 0.05 0.06
0.3 03 —mmm————
0.1 0.082 0.1 0.099
0.2 0.179 0.2 0.191
0.2 0.2
0.01 0.013 0.01 0.007
0.05 0.057 0.05 0.035
0.5 0.5 —m8M8
0.1 0.1 0.1 0.065
0.2 0.196 0.2 0.137
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A

t}S© & Table 3.3, 3.4 A3 % 2 (empirical power; EP)& X o=t} Table 3.32 0, p =
0|4 AAE 2ojald Z}Loﬂ St Z¥}tola, Table 3.4= 8 #£ 0, p # 04 wle] Z3}o|t}. Table
3.391 4= p = 0= 7FA 3 7] w &, Model 10| &3t BAZEA L 2E 271 9l on] Table 3.49 A
= Model 27} §83 BAgEA 225 263 itk Table 3.32 p = 09 0, Model 17+ Model 29]
A7) 2ot gl HolFE= vk, Table 3.4+= p # 09 wl+= Model 29] EP7} Model 1¢f H]3}o]
9408 HAET Table 345 Model 28 0|88 49 Ul 5% A% A480] 248 ¢ + sk
metA] B a0 7 Q% 7S FAATY FAMI o] Z1tE = AR Alde RE S o] FROoEH EA49
2L 6}:/\]-}\]%1 2~ 0l o 7-]0]1;]-

s

o EUQL
z oY o
oL, oL

Table 3.3 Empirical power when p =0

Model 1 Model 2
P h? « EP P h? « EP
0.01 0.08 0.01 0.08
0.05 0.21 0.05 0.22
03 —m 03 —MM
0.1 0.32 0.1 0.34
o 0.2 0.45 0.2 0.45
0.01 0.05 0.01 0.05
0.05 0.16 0.05 0.17
5 o 05 — = '
0.1 0.23 0.1 0.25
0.2 0.36 0.2 0.38
Table 3.4 Empirical power when p # 0
Model 1 Model 2
p h? a EP P h? a EP
0.01 0.294 0.01 0.336
0.05 0.513 0.05 0.566
03 — 03 —mMM8M
0.1 0.646 0.1 0.663
0.2 0.77 0.2 0.759
0.4 0.4
0.01 0.285 0.01 0.336
0.05 0.499 0.05 0.555
05 — 0.5 —
0.1 0.629 0.1 0.668
0.2 0.752 0.2 0.78
0.01 0.294 0.01 0.328
0.05 0.513 0.05 0.564
03 ——— 03 —mM
0.1 0.646 0.1 0.668
0.2 0.77 0.2 0.764
0.2 0.2
0.01 0.285 0.01 0.324
0.05 0.499 0.05 0.555
05 —mMmMmMm 05 —mmmm8M8
0.1 0.629 0.1 0.662
0.2 0.752 0.2 0.772

3.2. HTK Z3E 218 84

HTK FSE 25 7|9 ARAA 4% &5t BMIS] AJFAAE #9324 stitt. HTK
FIELE 530 7FEOZ FAFH gon, £ MA4E 2194Fo|t) ¥ W= BMI o1, 37 W4
2 o8} 1}o]2, AEe 13ttt MAF 7 0.05u]vke] AL HWE #A9] 89350 10- 4&@ o
SNPSES —Ewoﬂxi AASHL, AR = 453,37671¢] SNPso] EAo] &85 gt} Figure 3.3
EHHES 2 9SS 1/\1%1%‘% HojEroh
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Frecuency of Sex Histogram of Age Histogram of BMI

Figure 3.5 Histograms for age, sex, and BMI

Table 3.5 TWIN tlo|HE & =&ol|A A|AI3H= Model 13} Model 20 283+ 235 HojFr).
SNPso] B2 #AZ AzZEg o] EMMAX (Kang 5, 2010)& o|&3to] A 10719 SNPE A3t
Holl, A3k oz BA3 A72 A2tk Table 3.5004 * BAlE= B2y £42 3 Fox
8t SNP2 #AISH Zleojth. BMIw &7l &sto] 935 gol W= EAFSZ, Model 2+ 72
QAo 2 lsto] FAT e FAMF o] EAgTE 7ttt EA 2R BH o= A% YA FA
/32 123 Model 20141 SNPs9] pgle] o 252 & 4 UATh

=

Table 3.5 Association analysis results from TWIN data

SNP Model 1 Model 2

SNP1 2.32E-07* 2.17E-07*

SNP2 1.61E-05 2.50E-05

SNP3 2.33E-05 2.80E-05

SNP4 4.59E-06 2.16E-06

SNP5 5.95E-06 3.87E-06

SNP6 8.08E-06 6.27E-06

SNP7 9.03E-06 7.14E-06

SNP8 9.26E-07* 2.09E-07*

SNP9 1.04E-05 5.28E-06

SNP10 9.14E-05 9.83E-05

1.3 8
WA 15 ABE o8 HAAT BAL A5 14 BAGY FAHe] H44 2900 93}
of MPBTHE 1 Slol WA glek B =Rl At Thke YEje B4 FRA F2E 1T 5 A
AYEFEYT AN By BAE 2T £ b PUS AQRAT B AW S FEeto] g7
o Y w] ASHE W A BAZ] ek, Y MLl Y w] /)2 ARG Ao £4
Fe FAstdt. =3 U4 dolgd] 48T w, F o R AHEL 22 5 9L BMIY AFF
A BA2 Bl FAstalnt. webd Ae RS Be3e] B44 290 9% A% FAAT 7
A9 AR AT W), 9 FAGE F W ERAOR 9T 4 It 0= AdEn
T AR PES B5E 2 1) /)12 T B AL BRE Bk oIE Sof A2
271% noje} s, Bag TRl AW 5L O(n®) o2 715, Webd HRRAA B0 7
S 5 Hge) Azkel BRF 5 Gtk Wb F4 ATE Fate] ANRE 29U & Ut S ALY
1
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Abstract

Linear mixed model has often been utilized for genetic association analysis with
family-based samples. The correlation matrix for family-based samples is constructed
with kinship coefficient and assumes that parental phenotypes are independent and
the amount of correlations between parent and offspring is same as that of correla-
tions between siblings. However, for instance, there are positive correlations between
parental heights, which indicates that the assumption for correlation matrix is often
violated. The statistical validity and power are affected by the appropriateness of as-
sumed variance covariance matrix, and in this thesis, we provide the linear mixed model
with flexible variance covariance matrix. Our results show that the proposed method
is usually more efficient than existing approaches, and its application to genome-wide

association study of body mass index illustrates the practical value in real data analysis.

Keywords: Average information method, genome-wide association study, linear mixed

model, Newton-Raphson method, restricted maximum likelihood.
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