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§1. Ú ó

1.1 �ÄÏ|'éïÄ�½Â

�ÄÏ|'éïÄ(genome-wide association study, {P�GWAS)´�«^5Ïé�

<aE,;¾½5G�'é�¢DCÉ��{. ùp�¢DCÉÌ�´�üØ[�õ�

5(single nucleotide polymorphism§{P�SNP). SNP´<a�¢D�CÉ¥�~��

�«, Ó¤k®�õ�5�90%±þ, §3<aÄÏ|¥2��3, ²þz�100�300�w

Äé¥Ò�3��SNP, Ùoê��300��½�õ. GWASò<aÄÏ|¥ê±z�O

�SNPs��IP :, l8I<+¥�ÅÄ�����5��¾~Úéì��|^ÄÏ�

¡Eâ?1ÿS, ±¼�����N�DNAS��*ÿêâ¿8���âC :�ÄÏ.

êâ, ,�é�ÜSNPs :Å�/?1ÚOu�9©Û, ±ÏçÀÑ�E,;¾kwÍ'

é�¢D :, �õu5E,;¾��ä!ý�ÚS�k��£�JønØ�â.

∗I[g,�ÆÄ7¡þ�8(11371353)!I[g,�ÆÄ7�c�8(11301465)!�H�A^Ä:ïÄOy�c�8

(2013FD001)Ú�H�Æ�?Ä7�8(2012CG018)]Ï.
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1.2 �ÄÏ|'éïÄ�ÿÀÄÏ'éïÄ�éXÚ«O

ÿÀÄÏ'éïÄ(candidate gene association study, {P�CGAS)��ÄÏ|'é

ïÄØÓ, §�'5�Ü©¯k�½Ð�ÄÏ¥���½õ�¢DCÉ�Ly.½;¾

G��m�'é, GWASK´3<a�ÄÏ|��S×£Úu�¢DCÉ�E,;¾

�'é. CGASÚGWAS��þÑáu'éïÄ, Ñ´Äu~�;¾/~�CÉ(common

disease/common variant)b�,=¢DÏ�é~�;¾´a5�K�Ny3�L1% – 5%�

<+¥Ñy�½êþ�ÄÏâC. §��ó��n�Ä���, =ÏL'�SNP :þ�

��� ÄÏªÇ(minor allele frequency, {P�MAF)3¾~|Úéì|mkÃwÍ5

�É, ?�ÑTSNP´Ä�;¾�3XÚOÆ'é�(Ø. ��XGWAS�¯�uÐ, ~

~òGWASuÿÑ��wÍ�SNPs��CGAS?�ÚïÄ�é�, ± �8IN�«�.

1.3 �ÄÏ|'éïÄ�`³Ú¤�

GWASäk±eA:`³: (1)§ØI�ýk¼�E,;¾½5G�)ÔÆÏ´, Ó�

§ÃI[Xêâ, �;�[X�¾¤
DNAÿSI�J±¼����Ï�; (2)§k�Uu

y�
#�ÏLÙ¦�{£OØÑ5�ÄÏ; (3)§N´/¤��é�, Ø
GWAS	, ¦

�  ¬UY�Y©Û�Ü�, lk|uuy¢D�A�$�´aÄÏ :; (4)§�±

üØ,
A½¢D'é��U5; (5)§Jøüa(�âC�êâ –S� �9��êC

É(copy-number variation, CNV), ��'é©ÛJø�è���êâ.

GWAS���¤�: 2005c, Science,���
Klein�(2005)éäkc#�'5�À

���Ú)�?1�GWAS ïÄ, ù�´1��úmuL�|^û�zÄÏ�¡?1E

,;¾GWAS�(J, ¿¤õuy���À���Ú)�kwÍ'é�ÄÏCFH. ��

3�.��S, �X��é<aE,;¾½5G�GWAS�UmÐ, k'�ïÄ¤J

ºY�Ã��. 3L��8c¥, GWAS3¬55;¾!S©�XÚ;¾!%É+XÚ;

¾!g��¼5;¾! ²° a;¾!�Ç¾!a/5;¾�ÃõE,;¾+�±9

�!�ÇÚ�!É��<a5G�¡��
â��?�ïÄ¤J, �¯õE,;¾Ú5

Ge�Ú�ÄÏ�ä9�Nz£�C½
nØÄ:. �â{IIá¥)ïÄ�(National

Institutes of Health, NIH)e`�I[JwïÄ¤(National Cancer Institute, NCI)±9I

[<aÄÏ|ïÄ¤(National Human Genome Research Institute, NHGRI)úÙ3Ù�

Õþ�GWAS®oP¹(http://www.genome.gov/gwastudies/), ��2013c9�21F, �I

�Æ[®²é300{«E,;¾Ú5GmÐ1900õ�GWAS, uy11299õ��;¾½5G

'é�SNPs, (½�;¾½5G'é�´aÄÏ½ :�L1000�, úm���GWASï

Ä¤J�êþ¥Åc4O�³(ã1).

1.4 �ÄÏ|'éïÄ�uÐyG

2006c±5, �X<aÄÏ|Oy(The Human Genome Project, {¡HGP)ÚIS

<aÄÏ|üN.ãOy(The International HapMap Project, {¡HapMapOy)��U
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ã1 2005c∼2013cGWASïÄ¤Jr³ã

�¤, ±9pÏþÄÏ©.Eâ���uÐ, AO´C5c5e��ÿS(next-generation

sequencing, NGS)Eâ�ÑyÚA^[2], ¦GWAS�X���2�+�uÐ. �cGWAS

�Ì�ó�g´´�é�ÄÏ|!	wf|½dcGWAS®£O�´aÄÏSÜ?1p

ÏþÿS9'é©Û, ?3�	�Õá<+¥�y, ±ÏuyE,;¾½5G�#�$

ªÚ¾�CÉ.

§2. �ÄÏ|'éïÄ¥�3�¯KÚ]Ô

2.1 +N©�

X¤±�, 'éïÄ�(JN´É�·,Ï��K�, +N©�(population stratifi-

cation)´��¾~ –éì�Oe�'éïÄ¥Ñyb�5(J��«���·,Ï�.

§´�duyk½¢DÉÚ�ØÓ��¾~|�éì|¥�3X� ÄÏªÇ�XÚ5

�É, ¦�NõGWAS�(JJ±3ØÓ<+�ïÄ¥��E½�y. 'X, 3{I�<

1S<Úp\¢<¥II.0k¾��¾Çké��É. <1S<�II.0k¾��¾'Ç

�p, XJ|^<1S<Úx<�·Ü<+?1II.0k¾�GWAS, @
3<1S<¥ª

Ç�p�� ÄÏ.òk�U�@�´�;¾�'é, ¢Sþù
� ÄÏ.�II.0

k¾¿Ø�½�'é[3].

2.2 õu�

õu�(Multiple testing)´GWASI�¡éÚ?n����¯K. duGWASÏ

~´éÄÏ|þ�50�∼300��SNPsÓ�?1b�u�, e·�±ÊÏ�b�u�¥
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²~æ^�wÍ5Y²α = 0.055�äz��u�¥�SNPs´Ä�;¾�3XÚOÆ

'é, ò¬��1Ia�ØÇO��5Nõb�5�'é(J. ¦+ÚOþkNõ��

õu���{, 'XBonferroni��{[4]!4~�Bonferroni��{[5]!�[O���{

(permutation correction)[6]!��b�5Ç(false discovery rate, FDR){[7]�, GWAS²~

æ^�´Bonferoni���{, ù´�
¦þü$b�5Ç[8].

§3. ÚO©Û�{

3.1 ¢D�.

½ÂD����Å�«5Cþ, D = 1L«�N�¾, D = 0L«�NØ�¾. PK =

P(D = 1)���<+¥T;¾��¾Ç. b�,SNP :þ�� ÄÏ�GÚg, KT 

:þÄÏ.kn«: GG!GgÚgg. Ø���5, ·�b�G�ºx� ÄÏ, Pθ = P(G)

���<+¥G�ªÇ. òn«ÄÏ.�	wÇ(penetrance)©OP�f0 = P(D = 1|gg),

f1 = P(D = 1|Gg)Úf2 = P(D = 1|GG). b½3��<+¥ÄÏ.�©ÙVÇ÷vM� –

§Ë�²ï½Æ(Hardy-Weinberg equilibrium, HWE), =P(GG) = θ2, P(Gg) = 2θ(1− θ),
P(gg) = (1 − θ)2. ±ÄÏ.gg�ëìÄÏ.(b�f0 > 0), ÄÏ.GGÚGg��éºx(ge-

notype relative risk)�λ1 = f1/f0, λ2 = f2/f0. w,kK = f0P(gg) +f1P(Gg) +f2P(GG).

Pp0 = P(gg|D = 1) = f0P(gg)/K, p1 = P(Gg|D = 1) = f1P(Gg)/K, p2 = P(GG|D =

1) = f2P(gg)/K, q0 = P(gg|D = 0) = (1 − f0)P(gg)/(1 − K), q1 = P(Gg|D = 0) =

(1− f1)P(Gg)/(1−K), q2 = P(GG|D = 0) = (1− f2)P(gg)/(1−K). ¢D'éïÄÒ´

u�"b�H0 : pi = qi, i = 0, 1, 2, =¾~|�éì|¥ÄÏ.�©ÙÃ�É. éáb��

L«�H1 : pi 6= qi, i = 0, 1, 2. Tb�u�¯K�du

H0 : f2 = f1 = f0 = K ↔ H1 : f2 ≥ f1 ≥ f0, f2 > f0.

~^�n«¢D�.´: Û5�.(recessive model)!w5�.(dominant model)Ú�

\�.(additive model), §��x
ÄÏ.éLy.(;¾½5G)�K�. 3H1e(TSNP

�;¾�3'é), þ¡�n«¢D�.�±^ÄÏ.�	wÇ½�éºx5L«: Û5�

.(f0 = f1 < f2½λ1 = 1 < λ2)!w5�.(f0 < f1 = f2½1 < λ1 = λ2)!�\�.(f1 =

(f0 + f2)/2½2λ1 = 1 + λ2). Ïd, éáb�´kS�½É���.

3.2 õ�ã�O

GWAS~æ^õ�ã�O(multiple-stage design)�üÑ5?1ÄÏÿSÚÚOu�,

Ù¥±ü�ã�O(two-stage design)��õ�. 1��ã: k3Ü©�¾~Úéì��(l

�Ü��¥Uì�½'~π�ÅÄ�, ����Ä0 < π ≤ 0.5��¹)¥é�ÄÏ|��À

J�¤kSNPs?1ÿS, �â1��ãÚOu��(JçÀÑ�wÍ���Ü©SNPs (A

���êz�Ø�); 1��ã: 3{e�¾~Úéì��¥é1��ãÀÑ�SNPs?1

ÿS, ,�(Üü��ã�(J?1éÜ©Û. aq/�±�Ñn�ã�O½�p�ã�
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O. �'u�g5é�Ü����ÜSNPs?1ÿS���ã�O, Ün�ï�ü�ã½õ

�ã�O3�±ÚOõ��cJe, Ø=�±��/ü$GWAS¥ÄÏÿS�ó�þÚ¤

^, �U
éü��ã¥©O�wkwÍ5�SNPs�(J?1'�Ú�y©Û, lJ

p�ÄÏ|'éïÄ��Ç. Skol�(2006)�Ñ3ü�ãGWAS¥òü��ã�u�ÚO

þ\�Ú�éÜ©Û(joint analysis)�{'E©Û(replication-based analysis)�{äk

�p�ÚOõ�. 5¿�, Skol�(2006)�Ñ�éÜ©Û�{´Äu� ÄÏ�u�ÚOþ

5¢��, §�k�d3�¢D�.��\�.�âk'�p�õ�, �Ï~�¹e·�

¯k¿Ø���;¾'é�SNP :�¢D�., XJb½�¢D�.Ø�(Ò�U¬Ø

�½¦�,
wÍ�'é(J. Wang�(2006)�Äo�ÿS¤^�Ï�, JÑ
���`

ü�ã�O(optimal two-stage design)�nØµe. Yu�(2007)Äu1��ã�(J, g·

A/5O�1��ã�yïÄ¤I���þ. �ÀÀ�(2011)�Ä�¢D�.Ø(½5,

JÑ
ÄuMAX3 (Û5!w5!�\�.eCochran-Armitageª³5u�ÚOþ���

�)�ü�ã�O9©Û�{.

3.3 +N©��Å��{

Å�GWAS+N©���{kéõ«, 'X�ÄÏ|��(genomic control, GC)[13],

(�'é(structured association, SA)[14, 15], Ì¤©©Û(PCA)[16], õºÝ©Û[17],  ��

�¦[18], ��©þ�.[19]�. e¡éÙ¥��ÄÏ|��!(�'éÚÌ¤©©Û{�{

�0�.

3.3.1 �ÄÏ|��

�ÄÏ|���{b�+N©�ò'é©Ûu�ÚOþ��
��~êÏfλ�, Ï

Ll¤uÿ�SNPs¥À��Ü©�E,;¾vk'é�¢DIP¿'�§�3¾~|�

éì|¥� ÄÏ�ªÇ�É5�O+N©��A, ,�2l'éu�ÚOþ¥£Øù�

�A[13, 20]. äNö�´é¾~ –éì�Oe2×3�ÄÏ.êâLæ^Cochran-Armitageª

³5u�[21]½3�\¢D�.b�eé2 × 2�� ÄÏêâLæ^χ2u�[22]5O�¤

À�¥5¢DIP�χ2�, ,��ù
χ2ÚOþ�¥ êØ±0.456���[13]��+N©

� lXê½��)äÏfλ��O(eλ̂ ≈ 1L²Ø�3+N©�; eλ̂ > 1L²�3+N

©�½Ù¦�·,Ï�). �Yé�ÄÏ|��S�SNP?1'éu��, ò�SNP?O�

�χ2ÚOþØ±c¡�OÑ5���)äÏfλ̂5¢yéd3�+N©�·,Ï����.

3.3.2 (�'é

Pritchard�(2000a)JÑ
SA�{. §|^õ�¢DIP?�ÄÏ.êâ, Äkæ^

Äu�.���dàa�{5íä+N(�¿�½�����N¤8á�f+N, ,

�3�f+N¥©O?1'éu�, ��ò�f+N¥'éu��(J?1nÜ5�

�oN�'éïÄ(J. äNXe: b���äkW (W�U´���)�a(f+N)�
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�., z�f+Nd¤À¢DIP?��X�� ÄÏªÇ5�x¿«©. -XL«z

����N�ÄÏ.êâ, Y = (y1, y2, . . . , yW )L«z��N�yk+N��U5(yi�

T�N�ÄÏ|g1 i�f+N�'~), ZL«�f+N¥À��IP :?(��

�)� ÄÏªÇ. b½�+N¥HWE¤á��¢DIP?uë£²ï, dd��(½


^�VÇ©ÙP(X|Y,Z). Äu*ÿ�ÄÏ.êâX9k�&EP(Y ) (b�z��N

Ñ5gü�+N�, yi = 1/W , i = 1, . . . ,W )ÚP(Z) (��Dirichlet©Ù), �����©

ÙP(Y,Z|X) ∝ P(X|Y, Z)P(Y )P(Z)±9P(W |X) ∝ P(X|W )P(W ). 2|^Markov chain

Monte Carlo (MCMC)�{ÚGibbsÄ��{�)���©Ù��Å��5éW , YÚZ?

1íä, =�Ó��OÑf+N�ê8!z�f+N¥¤�	�¢DIP?� ÄÏ�

ªÇ!z����N�¢D�µ(UVÇ��8a��A�f+N¥)[15]. T�{�^�

Structure�lPritchard¢�¿��Õþgde1(http://pritchardlab.stanford.edu/stru-

cture.html), duSA�{O�þ�!¤�p, ¦�§3GWAS¥�A^É��½��.

3.3.3 Ì¤©©Û

Price�(2006)JÑ
ÄuPCA�EIGENSTRAT�{, ÙÌ�©�n�Ú½: (i)éÄ

Ï.êâA^PCA���N�“yk �”. b�·�kN��N, z��NkM�SNPs.

-gij�1j��N1i�SNP :þ�ÄÏ.¿±d�EM × N�ÄÏ.êâÝ
. òT

Ý
¥���Uì1?1IOz(z���Ñ~�§¤31�þ��Ø±
√
pi(1− pi), Ù

¥pi =
(
1+
∑
j
gij
)/

(2+2N)),PC���Ý
�X¿O�ÙN×N����Ý
Ψ (Ψjj′L

«X�1j��1j′��m����). ½ÂΨ�1k�A��þ�¢DCÉ�1k�¶, K

1j��N÷X¢DCÉ�1k�¶���Xajk�u1k�A��þ�1j���; (ii)

ÀJc10�Ì¤©¿O��5£8�í�, =÷z�^�I¶éÄÏ.ÚLy.¥�8

ÑuX�Ü©?1ëY5/N�. -aj�1j��N÷¢DCÉ,��½�¶þ�

X, ½Âg∗ij = gij − γiaj , Ù¥γi =
∑
j
ajgij

/∑
j
a2j´±X5é31i�SNP?äkk�

ÄÏ.��N�ýÿ��£8Xê. aq/, é¢DCÉ�z�^¶Ú���N�Ly

.�?1N�; (iii)é²LXN���ÄÏ.ÚLy.êâO�'éu��χ2 ÚO

þ. duEIGENSTRAT�{äkO�{B!Ñ�á�õ�¡�`³, �±Ó�?nê±

�O�SNPs :, Åì¤�GWAS¥A^��2��+N©����{. 5¿Price�J

Ñ�Ì¤©Ò´A��þ, ¦éõ¢Só�ö�Jn), LiÚYu (2008)A^õºÝ�{

(multidimensional scaling, MDS)[23]y²
TA��þ�´Ì¤©, ¿JÑÄuål£8

�g��ï���FÚOþ5éÿS��?1¢D�µ'�, ¿ÏLÀJ�ÜÌ¤©��

��`f85¢yé+N©��µ�9��[24].

3.4 ü :u�

b�3��GWAS¥�8
r�¾~�NÚs�éì�N¿é¦��ÄÏ.?1ÿS.

o��þ�n = r + s. P¾~|Úéì|¥äkÄÏ.(gg, Gg, GG)�<ê©O�(r0, r1,
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r2)Ú(s0, s1, s2). òÄÏ.êâ®oXL1¤«.

L1 ¾~|Úéì|¥ÄÏ.�ªê

gg Gg GG Ú

¾~ r0 r1 r2 r

éì s0 s1 s2 s

Ú n0 n1 n2 n

3.4.1 � ÄÏªÇ�u�

P�¾+NÚèx+N¥ºx� ÄÏ�ªÇ©O�θ1Úθ2. Äu� ÄÏ�ªÇ�

u�ÚOþ�

Z =
θ̂1 − θ̂2√( 1

2r
+

1

2s

)
[θ̂(1− θ̂)]

,

Ù¥θ̂1 = (2r2+r1)/2r, θ̂2 = (2s2+s1)/2s, θ̂ = (2n2+n1)/2n. �min{r, s} → ∞�r/n→ ξ

(0 < ξ <∞), Z3H0eìCÑlN(0, 1).

3.4.2 Cochran-Armitageª³5u�

�Ä�Jþ�A(Dose effect), =ºx� ÄÏ�ê�O\¬O\��<�¾�ºx,

Cochran-Armitageª³5u�ÚOþ[21, 22]�

CATT(x) =

[ 2∑
i=0

xi

(ri
r
− si
s

)]
√
n

rs

[ 2∑
i=0

x2i
ni
n
−
( 2∑
i=0

xi
ni
n

)2] ,

Ù¥(x0, x1, x2) = (0, x, 1)©O�LÄÏ.(gg, Gg, GG)��©. x = 0, 1©O�Û5�.

Úw5�.��`�©, x = 0.5��\�.e��`�©(=ex�ÐéAu¤�	�

SNP�ý¢¢D�., KCATT(x)´u�TSNP�;¾�3'é5�õ��p�u�[25]).

�min{r, s} → ∞�r/n→ ξ (0 < ξ <∞), CATT(x)3H0eìCÑlN(0, 1).

3.5 è�ü :u�

GWAS¥~^�u�ÚOþ, 'X�\¢D�.e�ª³5u�ÚOþ, Ùõ�Ñ�

6u;¾ :?d3�¢D�.. ,, 3¢S¥·�����x¢DÆ[�@��¢D

�.�Ø�ÙÙ¥=��´ý¢�, Ïd�±��éAu¢D�.��xu�ÚOþ. X

J¢D�.�½kØ¦^x¥Ù§�u�ÚOþ, ò¬¦bÒ5Úb�5�(JwÍO

�. �é¢D�.Ø(½5¯K, èu�ÚOþK´��'�Ð�ÀJ[26].
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3.5.1 ��Öχ2u�

n�©Ù: (r0, r1, r2) ∼ Mul(r, p0, p1, p2), (s0, s1, s2) ∼ Mul(s, q0, q1, q2). ��Ö(Pear-

son)χ2ÚOþ�

CHI2 =
2∑
i=0

(ri − nir/n)2

nir/n
+

2∑
i=0

(si − nis/n)2

nis/n
,

3"b�H0¤á�, TCHI2u�ÚOþìCÑlgdÝ�2�¥%k�©Ù.

3.5.2 ��q,'u�

��q,'u�(constrained likelihood ratio test, CLRT)dWangÚSheffield (2005)

JÑ, Ùu�ÚOþ�/ªXe

CLRT = 2
[

max
{f0≤f1≤f2� f0<f2}½ {f0≥f1≥f2� f0>f2}

l2(f0, f1, f2)− l0
]
,

Ù¥l2(f0, f1, f2) =
2∑
i=0

ri log fi + si log(1 − fi), l0 = r log f̂0 + s log(1 − f̂0), f̂0 = r/n.

CLRT�äN�E�ª�: (i)�	wÇ�g,�Of̂i = ri/ni, i = 0, 1, 2k4O½4~

�^S, K��ò§���O��\l2; (ii)�(r0/n0, r1/n1, r2/n2)vkU^Sü��, k

3Û5�.eO�f̂0 = f̂1 = (r0 + r1)/(n0 + n1)Úf̂2 = r2/n22r§��\l2¥��Û

5�.e�CLRTu�ÚOþ(P�CLRTR), ,�3w5�.eO�f̂0 = r0/n0Úf̂1 =

f̂2 = (r1 + r2)/(n1 + n2)2r§��\CLRTL�ª��w5�.e�u�ÚOþ(P�

CLRTD), ��O���q,'u�ÚOþ�CLRT = max(CLRTR,CLRTD). 3"b�

e, CLRT�ìC©Ù´õ�k�©Ù���·Ü/ª.

3.5.3 MAX

MAXu�ÚOþ�/ª�MAX = max
x∈[0,1]

|CATT(x)|, =�k��©�SCATTÚOþ

����. �¼�MAX3H0e�ìC©Ù´'�(J�, ��±æ^Bootstrap�{5�

[ÙCq©Ù[28], oéÆ�(2010)�Ñ
,�«k��O�úª5CqMAX�P -�.

3.5.4 �����Çèu�

�©������Çèu�(maximin efficiency robust test, MERT)dGastwirth

31985cJÑ[30]. �õ�éáb��.ÑwqÜn��±^§5��'�è��u�Ú

Oþ. Zheng�(2006)r§A^5u�SNP�E,;¾�m�'é, u�ÚOþXe

MERT =
CATT(0) + CATT(1)√

2(1 + ρ0,1)
,
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Ù¥ρ0,1 = p0p2/[
√
p0(1− p0)

√
p2(1− p2) ]�H0eCATT(0)ÚCATT(1)�m��'Xê

(3¢SO�¥, pi^p̂i = ni/n, i = 0, 1, 25?1�O). �min{r, s} → ∞�r/n → ξ

(0 < ξ <∞)�, MERT3H0eìCÑlN(0, 1).

3.5.5 MAX3

Freidlin�(2002)JÑ
MAX3 = max{|CATT(0)|, |CATT(1/2)|, |CATT(1)|}, =Û
5!w5Ú�\¢D�.en�CATTÚOþ����. MAX3�Ä
~^�n«¢

D�., Ïd§'?¿ü�CATTäk�Ð�è5. ùn�CATTÚOþ3H0e��'

Xê�(ρ0,13c¡®²�Ñ)

ρ0,1/2 =
p2(p1 + 2p0)√

p2(1− p2)
√

(p1 + 2p2)p0 + (p1 + 2p0)p2
,

ρ1/2,1 =
p0(p1 + 2p2)√

p0(1− p0)
√

(p1 + 2p2)p0 + (p1 + 2p0)p2
,

2�âCATT(0), CATT(1/2), CATT(1)nö�m��5'XCATT(1/2) = ω0CATT(0)+

ω1CATT(1), Ù¥ω0 = (ρ0,1/2 − ρ0,1ρ1/2,1)/(1− ρ20,1), ω1 = (ρ1/2,1 − ρ0,1ρ0,1/2)/(1− ρ20,1),
±9(CATT(0),CATT(1))3H0eìCÑl�����©Ùf(z0, z1; Σ) (Ùþ��þ�0,

���
Σ�Ìé����1�é����ρ0,1), =�¢yMAX3�P -�O�P(MAX3 >

t) = 1− P(MAX3 < t), P(MAX3 < t)�{z�Xe��È©5O�

PH0(MAX3 < t)

= P(|CATT(0)| < t, |CATT(1/2)| < t, |CATT(1)| < t)

= P(|CATT(0)| < t, |ω0CATT(0) + ω1CATT(1)| < t, |CATT(1)| < t)

= 2

∫ t(1−ω1)/ω0

0

∫ t

−t
f(z0, z1; Σ)dz1dz0 + 2

∫ t

t(1−ω1)/ω0

∫ (t−ω0z0)/ω1

−t
f(z0, z1; Σ)dz1dz0

= 2
[ ∫ t(1−ω1)/ω0

0
Φ
( t− ρ0,1z0√

1− ρ20,1

)
φ(z0)dz0

+

∫ t

t(1−ω1)/ω0

Φ
((t− ω0z0)/ω2 − ρ0,1z0√

1− ρ20,1

)
φ(z0)dz0 −

∫ t

0
Φ
(−t− ρ0,1z0√

1− ρ20,1

)
φ(z0)dz0

]
,

Ù¥φ(·)ÚΦ(·)©O�IO��©Ù��Ý¼êÚ\È©Ù¼ê. oéÆ�(2008)�Ñ
�

«k��O�úªCqMAX3�P -�, Ó�, ¦���Ñ
3k�Cþ�XÛO�MAX3

��©u�ÚOþ.

3.5.6 MIN2

WTCCC (2007)JÑ¿A^MIN25u�Ô«;¾�SNPs�m�'é. MIN2´�

Pearsonk�u�(P�T1)�P -�(P�P1)��\�.eª³5u��P -�(P�P2)ùü
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ö¥����5éSNP?1u�¿±d���ªµdSNPs�;¾'é5��â, =

MIN2 = min{P1, P2}.

PT2 = [CATT(1/2)]2, ¿-Fi�Ti, i = 1, 2�\È©Ù¼ê, MIN23H0e�©Ù¼êF�

F (c) = PH0(MIN2 < c) = 1− PH0(P1 > c, P2 > c)

= 1− PH0(T1 < F−11 (1− c), T2 < F−12 (1− c)).

Joo�(2009)?�Ú�Ñ
O�MIN2u��ìCP -��wL�ªXe

PMIN2 = F (MIN2) = 1− PH0(T1 < F−11 (1−MIN2), T2 < F−12 (1−MIN2))

=
1

2
e−F

−1
2 (1−MIN2)/2 +

1

2
MIN2

− 1

2π

∫ −2 log(MIN2)

F−1
2 (1−MIN2)

e−v/2 arcsin
(2F−12 (1−MIN2)

v
− 1
)

dv.

3.5.7 ¢D�.ÀJu�

Zheng�(2008)JÑ
�«¢D�.ÀJ(genetic model selection, GMS)�èu�

�{. §©�ü�Ú½: 1�Ú¦^SongÚElston (2006)JÑ�M� –§Ë�Ø²ïª³

5u�(Hardy-Weinberg disequilibrium trend test, HWDTT)5ÿÑSNPd3�¢D�.,

ùpHWDTTÚOþ�/ªXe

HWDTT =

[
p̂2 −

(
p̂2 +

1

2
p̂1

)2]
−
[
q̂2 −

(
q̂2 +

1

2
q̂1

)2]
√(1

r
+

1

s

)( 1

16n4

)
[2n− (2n2 + n1)]2(2n2 + n1)2

,

Ù¥p̂i = ri/r, q̂i = si/s, i = 1, 2. 3H0eHWDTT ∼ N(0, 1), �c = Φ−1(0.95) = 1.645,

�HWDTT > c�ÀJÛ5�., �HWDTT < −c�ÀJw5�., �|HWDTT| < c�K

��\�.. 1�Ú¦^�ÀJ�¢D�.�éA��`�CATT5?1'éu�. ��

�GMSÚOþ=�

GMS = CATT(0)I{CATT(0.5) > 0}I{HWDTT > c}

+ CATT(0.5)I{CATT(0.5) > 0}I{|HWDTT| ≤ c}

+ CATT(1)I{CATT(0.5) > 0}I{HWDTT < −c}

−CATT(1)I{CATT(0.5) ≤ 0}I{HWDTT > c}

−CATT(0.5)I{CATT(0.5) ≤ 0}I{|HWDTT| ≤ c}

−CATT(0)I{CATT(0.5) ≤ 0}I{HWDTT < −c},

Ù¥I{·}�«5¼ê. Joo�(2010)?�ÚïÄ
GMS3H0e�ìC©Ù. �MAX3aq,

HWDTTìC/��L«�CATT(0)ÚCATT(0.5)��5|ÜHWDTT = µ0CATT(0) +
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µ1CATT(1), Ù¥µ0 = (ρ0 − ρ0,1ρ1)/(1 − ρ20,1), µ1 = (ρ1 − ρ0,1ρ0)/(1 − ρ20,1), ρ0 =√
(1− θ)/(1 + θ)�CATT(0)�HWDTT�ìC"�'Xê, ρ1=−

√
θ/(2− θ)�CATT(1)

�HWDTT3"b�¤á���'Xê. P(CATT(0),CATT(0.5),HWDTT)Ú(CATT(1),

CATT(0.5),−HWDTT)�éÜ�Ý¼ê©O�f1(z; Σ1)Úf2(z; Σ2) (þ��þÑ�0, �

��
�Σi, i = 1, 2�n���©Ù), �â¢SêâO�GMS�¿�ýé��t, t > 0, �

±UXe�úª5O�GMS�P -�

PGMS = 2PH0(GMS > t)

= 4[P(CATT(0) > t,CATT(0.5) > 0,HWDTT > c)

+P(CATT(1) > t,CATT(0.5) > 0,−HWDTT > c)

+ 0.9P(CATT(0.5) > t)]

= 3.6− 3.6Φ(t) + 4

∫ +∞

t

∫ +∞

0

∫ +∞

c
[f1(z; Σ1) + f2(z; Σ2)]dz.

3.6 �ëêu�

Cc5ïÄ<
�JÑeZ^uGWAS��ëêu��{. ���	�5G´��.

�, Schaid�(2005)JÑ
�«ÄuU-ÚOþ�'éu��{. Äk©Oé¾~|Úéì

|¥¤k����N��éæ^\\.Ø¼ê5O��½� :8þÄÏ.��©, ,�

ò¾~|S�éì|S���ÄÏ.�©�þ?1\�²þ���, ����Ûu�ÚO

þ=k1�gdÝ, ÏäkwÍ�õ�`³.

���	�5G´ëY�, Zhang�(2010)JÑ
�«·Üü� :'é©Û�2Â

Kendall τ�u��{. Á©��(2012)ÏLé��éD���{ïÄ
��CþN��'

é©Û�2ÂKendall τ�u��{. oéÆ�(2013)l¢D�.��ÝJÑ
�«·Üü

� :'é©Û��ëêª³5u��{, ¤�Ñ��ëêª³5u��{�~�*, 

��Ñ
Ù3�b�e���L�ª, ±dïÄù«�ëêu��{�õ�, ¿JÑ
�

aé¤kd3¢D�.(�\¢D�.!w5¢D�.!Û5¢D�.)Ñäkè5��

ëêu��{.

3.7 ��dÏf

��dÏf(Bayes factor, BF)dJeffreys31961cJÑ[42], ¿�A^uGWAS¥[33].

P*ÿêâΥ3H0ÚH1e�VÇ©OP�P(Υ|H0)ÚP(Υ|H1), ��dÏf�½Â�

BF10 =
P(Υ|H1)

P(Υ|H0)
.

BF3/ªþaquªÇÚOÆ�¥�q,', �BF�±'�ü�ØÓ�., q,'

��´'�Ó���.eü�ØÓ�ëê�[43]. BF´*ÿêâéH0½H1 Ð§Ý�

��Ýþ, ���BF��|±êâ5guH1, �BF���1�`²êâY3H0�H1eä
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k����U5. KassÚRaftery (1995)�ìq,'u�ÚOþòBF�g,éê�2¦

±2=2 ln(BF10), �Ñ
¢S¥A^BF���µ�OK: �2 ln(BF10)30�2�m, �f

�yâáýH0; 2�6�m, ²(�yâáýH0; 6�10�m, r��yâáýH0; �u10

�, �~r��yâáýH0. b½*ÿêâΥ3H0ÚH1e�VÇ�Ý¼ê©O´p(Υ|ζ0,
H0)Úp(Υ|ζ1, H1) (Ù¥ζi´Hi, i = 0, 1e�ëê), Kk

BF10 =
P(Υ|H1)

P(Υ|H0)
=

∫
p(Υ|ζ1, H1)p(ζ1|H1)dζ1∫
p(Υ|ζ0, H0)p(ζ0|H0)dζ0

,

Ù¥p(ζi|Hi)´Hi, i = 0, 1e�k��Ý¼ê. 5¿�, 3p��/eÏ~J±��BFL

�ª¥ü�È©��°()Û(J, ü«~^�Cq�{(.Ê.dÐmÚ�AkâÄ

�)�O�þÑ�~�, ØBu3GWAS¥¯�/©Ûþz��SNPs. Wakefield (2007)J

Ñ
�«CqO�BF�{$�{, ¡�ìC��dÏf(asymptotic Bayes factor, ABF).

§ÄuXe�logistic£8�.

logit[P(D = 1|ζ, gi)] = β0 + β1gi, i = 0, 1, 2,

Ù¥ζ = (β0, β1), β0�?�ëê, β1�SNP¢D�A�Xê, gi, i = 0, 1, 2´�6u

¢D�.!éAÄÏ.(gg, Gg, GG)���Cþ. ù�"b�=z�H0 : β1 = 0.

(β0, β1)�MLE(β̂0, β̂1)äkìC©Ù[
β̂0

β̂1

]
∼ N2

([
β0

β1

]
,

[
i00 i01

i10 i11

]−1)
,

Ù¥i00, i01 = i10, i11�*ÿ�Fisher&E
¥���3(β̂0, β̂1)?���. �C�β∗0 =

β0 + (i01/i00)β1, Ù�O�β̂
∗
0 = β̂0 + (i01/i00)β̂1, Kk[

β̂∗0

β̂1

]
∼ N2

([
β∗0

β1

]
,

[
i−100 0

0 (i11 − i201/i00)−1

]−1)
.

òBF¥�*ÿêâΥ±�Oþβ̂∗0 , β̂1�O, �âβ̂∗0�β̂1�ìCÕá5�, ¿b½β∗0�β13

H1e�k��pÕá, =p(β∗0 , β1|H1) = p(β∗0 |H1)p(β1|H1), β
∗
03H0ÚH1e��Ó�k

�, =p(β∗0 |H0) = p(β∗0 |H1), l��ìC��dÏf

ABF10 =
P(β̂∗0 , β̂1|H1)

P(β̂∗0 , β̂1|H0)
=

∫
p(β̂1|β1, H1)p(β1|H1)dβ1

p(β̂1|H0)
,

ùpp(β̂1|H0)´N(0, σ20)��Ý¼ê, p(β̂1|β1, H1)´N(β1, σ
2
0)��Ý¼ê, Ù¥σ20 = (i11−

i201/i00)
−1. e�β13H1e�k��N(0, σ21), ?�Úk

ABF10 =

√
σ20

σ20 + σ21
exp

( β̂21
2σ20
× σ21
σ20 + σ21

)
,
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Ù¥β̂21/σ
2
0Ò´u�H0 : β1 = 0�WaldÚOþ. O�ABF10�6uβ1�k�©ÙN(0, σ21)

�À�, Wakefield (2009)�Ñ
�«ÀJσ21��{: b½`³'exp(β1)±��é��VÇ

pβ1�u�½�þ.Uβ1 , =P(β1 ≤ ln(Uβ1)) = 1− pβ1 , )�σ1 = ln(Uβ1)/Φ−1(1− pβ1). �

�pβ1 = 0.05, Uβ1 = 1.5�kσ21 ≈ 0.061.

§4. ;.Y~©Û

4.1 Wellcome Trust Case Control Consortium

2005c, =I50�ïÄÅ�Ü�¤á
��ïÄ�¬, The Wellcome Trust Case

Control Consortium (WTCCC). T�¬�3Ïé�E,;¾�'é�âC :. î8�

�, T�¬®²uyC90��II.0k¾, )%¾Úaº�5'!ö�<aE,;¾�'é

�SNPs. 2007c, WTCCCÏLé7«~�E,;¾(V�5�aæN!)%¾!�Û�¾!

pÉØ!aº�5'!ö! I.0k¾! II.0k¾)�O14000�¾~��(z«;¾Ñ

k2000�¾~��)Ú3000���éì��?1�5��GWAS(17000����Ü�)¹

3�Ø�6��î³x«<, o�ÿS
500568�SNP). 3²LBonferoni���wÍ5Y

²(5 × 10−7)e(½
6«;¾�24�Õá��¾ÄÏ :(V��aæNÚ)%¾�1�!

�Û�¾9�!aº�5'!ö3�!I.0k¾7�!II.0k¾3�),,	uy
58��	

�´a (P -�0u1 × 10−5�5 × 10−7�m)[33], ù
;¾'é :õê�Ù§ïÄìè

Õá?1�GWAS¤y¢[47–49].

4.2 Ú�ÁÚ° ©�w

GWAS3¥IåÚ�î{I[�, �²LIS�Æ[�Ø�ãå, Cc5���
�


ïÄ¤J. e¡±Ú�ÁÚ° ©�w�GWAS�~. 2009c, ÜÆ�ìè�¤
¥I

<Ú�Á(psoriasis, Æ¶�Õ�¾)�GWAS[50]. ¦�é6860 Õ�¾�öÚ8472 �~

éì�N?1
ÄÏÿS, ÚOu��(Juy u/ÚN1q21þ�?è�Ï��z�

�(late cornified envelope, LCE)ÄÏq�Ú�Á�mkwÍ�¢D'é5, J«L���

/¤[��ª"©z3Ú�Á�u¾Å�¥k��^, TïÄ¤J®3î³<«�ï

Ä¥��
�y[51]. d	, TïÄ�y¢
ü�± ���Ú�Á´aÄÏMHCÚIL2B.

2010cTìè3cÏ��êâ�Ä:þ?�Ú*�
�y��þ(o�ÿS
11605��ö

Ú17107�éì9254�Ø%[X), ¿�õ[ISÚ�ÁïÄÅ�Ü�, 3î{<+¥éï

Ä(J?1�y©Û, #uy
6�ÓÚ�Á�'é�´aÄÏ :[52].

° ©�w(schizophrenia)´�«î�° ;¾. ïÄö�@�¢D!rc�¸!

 ²�Æ9%n��¬{§´��° ©�w��Ï�. 2010c, o7�(2010)�
�

yép\¢<+�GWAS¤uy��° ©�wk'é�7�SNP[54]3¥IÇx<+¥´

Ä�kwÍ'é, æ8
2496�° ©�w�öÚ5184��~éì�ÄÏ.êâ, (Ju

yk4�SNPs3Çx<+¥Ø´õ��, ,	n�SNPs3Çx+N¥�° ©�wkwÍ
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�'é5. 2011c, ��u�(2011)3Çx<+¥é° ©�w?1GWAS, uyÄÏ|«

�6p21-p22.1Ú11p11.2«�´° ©�w�´a«�.

§5. GWASÐ"

GWAS3<aE,;¾Ú5G�ÅnïÄ�¡®²��
NõÚ<Ê8�¤Ò, N

õ�;¾/5G�'é�´aÄÏ :ºY�uy. �·��A��2/@£�, éE,

;¾Ú5G�GWAS==´�«E,;¾/5Gd3�)ÔÆÅ�û��´þ���m

à[56, 57], ��Y��5z�ä9£��k�����ãål. 5¿�, ± �GWASÌ

�Äu“~�;¾/~�CÉ”b�5?1, ù=·^u�;¾/5G�'é�~�CÉï

Ä. �5�õ�ïÄ(JL²$ªõ�5½DkCÉ, 'X��êõ�5(CNV), éu~

�CÉÃ{)º�¢D�U5åXé��Ü©��^[58, 59], AO´�Xe��ÿSEâ

�¯�uÐ¦�$¤�¼�DkCÉ�°þêâÅì¤�y¢, 3“~�;¾/DkCÉ”

(common disease/rare variant, CDRV)b�euÐ#�p�ÚOu��{5©Ûdaêâ

C�½�qLk]Ô5[60–62]. �CïÄ<
JÑÄu[Xêâ�GWAS¿æ^²;�

D4Ø²ïu�(transmission disequilibrium test, TDT)5?1ÚO©Û[63–65], ,�«ü

Ñ´¦^Äu[X�'é©ÛécÏGWASuy�´a :?1�y©Û[66], ù��{®

¤õ/A^�c�|J�<aî;¾��¾ÅnïÄ¥[67]. Ó�, �kØ�ÆöJÑò

�KÁ�ïÄ¥�?Ô©Û(meta-analysis)�g�Ú�{^uGWAS, =|Ü�éÓ�«

;¾½5G?1�õ�GWAS�êâ½(J5J,'éu��õ�, ùÒk�UéÑ@


ü�GWAS�Uuy�(¢é;¾�ºxäk[��A�¢DâC[68], XÛk�/GØ

��GWAS¤^���¥d3�·,Ï��´��Ø�£;�¯K[69]. ,	, �ÄSNP�

m�p�A�õ :u��{�ÅÚ,å, �Ù¥�9��p�ã.O�!õu��¯

K�k�ïÄ<
�Ñ�Ð�)û�{[70, 71]. o�, GWAS3.��SE?uØäuÐ

¥, §I��Üõ�Æ��;�±9�K��!61¾Æ[!¢DÆ[!ÚOÆ[!O�

Å�Æ[�õ�¡�åþ5�Ó��, ��ïó�ö�Jø
#�Å�Ú]Ô.
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