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�̂�Ãº%ò
1) 5ÅxK��¾Ó2)

¹כ ���

���5Åq +þA|9�(Quantitative trait)\� %ò
�¾Ó�̀¦ p�u���H Ä»�����\�¦ ·ú���?/l� 0AK� +þA]j �©�_�

��«Ñ\�¦ Ãº|9��#�, ÅÒ�Ð s�6 x÷&��H Hasemanõ� Elston (1972)_� þj�è]jY�L �r)���&ñ
ZO�Ü¼�Ð

ì�r$3����HX< s���H éß�{9� +þA|9�\� @/ô�Ç ì�r$3�ZO�s���. �&³z�́&h�Ü¼�Ð #��Q +þA|9�[þts� 4�¤ú̧��>� éß�

{9�Ä»�����ýa0A(single locus)ü<����'a÷&#Qe��#Q�<Êa�Ãº|9��>�÷&��H�â
Äº\���H,s��Qô�Ç����'a

�)a #��Q +þA|9��̀¦ 1lxr�\� ì�r$3����H Ä»�������'a$í
 ���&ñ
ZO�(linkage test)s� ]X�z�́y� ¹ô�Çכ��9 z�́&ñ


s���. Amos1px (1990)�ÉrÅÒ$í
ì�r(principal component)���+þA�̧+þA�̀¦s�6 x�#� Hasemanõ�

Elston (1972) ~½ÓZO��̀¦ Ñüt s��©�_� +þA|9�_� �����|¾Ó ì�r$3�ZO�Ü¼�Ð SX��©�r�(����. Õª�Q�� s� ���&ñ


~½ÓZO��Ér :�x>�|¾Ó_� ì�r�í\�¦ ·ú� Ãº \O�l�\� ��f�� ]j 17áx �̧ÀÓ�� ]j@/�Ð :�x]j÷&t� 3lw���H ë�H]j

\�¦ ��t��¦ e����. �:r �7Hë�H\�"f��H s��Qô�Ç �����|¾Ó +þA|9� ��«Ñ_� ����'a$í
���&ñ
\� e��#Q éß�{9����|¾Ó

\� @/ô�Ç q��̧Ãº ÆÒ[j���&ñ
ZO��̀¦ �����|¾Ó ��«Ñ\� @/ô�Ç ì�r$3�ZO�Ü¼�Ð SX��©�r���� :�x>�|¾Ó�̀¦ ��6 x

½+É �¦̀�	כ ]jîß�ô�Ç��. Amos 1px (1990)s� ]jîß�ô�Ç ~½ÓZO�õ� �����|¾Ó ÆÒ[j���&ñ
 :�x>�|¾Ó�̀¦ �̧_�z�́

+«>Ü¼�Ð Òqt$í
ô�Ç ���5Åq+þA +þA|9���«Ñ\� &h�6 x�%i��̀¦ M:, �����|¾Ó ÆÒ[j���&ñ
 :�x>�|¾Ó�Ér Amos 1px

(1990) ~½ÓZO�\�"f_� #��Q ë�H]j&h�s� µ1ÏÒqt÷&t� ·ú§�̀¦ ÷�rëß� ��m��� �̧_�z�́+«>\�"f ]j 17áx �̧

ÀÓ�� &ñ
K���� Ä»_�Ãºï�r\� ����î�r �¦̀�	כ SX�����%i��¦, ���&ñ
§4�s� �8 Z�}6£§�̀¦ �̂¦ Ãº e��%3���.

ÅÒ¹6כ x#Q: Hasemanõ� Elston (1972)_� �r)ì�r$3�, Amos 1px (1990)_� �r)ì�r$3�, �����|¾Ó
q��̧Ãº ÆÒ[j���&ñ
, Ä»�������'a$í
 ���&ñ
.

1. "V*́0

+þA]j �©�(Sib pair)_� ���5Åq +þA|9�(quantitative trait) ��«Ñ\� @/ô�Ç Ä»�������'a$í
 ���&ñ
(linkage
test)\�"f {9�ìøÍ&h�Ü¼�Ð æ¼s���H Hasemanõ� Elston (1972)_� þj�è]jY�L �r)ì�r$3� ~½ÓZO��Ér +þA|9�
\� %ò
�¾Ó�̀¦ p�}9� �Ü¼�Ð	כ \V�©�÷&��H ³ðt�Ä»����� ýa0A(marker locus)\�"f +þA]j �©�s� /BNÄ»ô�Ç @/
wn�Ä»�����(allele) Ãº�� ú́§�̀¦Ãº2�¤ ¿º +þA]j_� +þA|9�s� Ä»��½+É �s�����H	כ éß�í�Hô�Ç "é¶o�\�¦ ���½ÓÜ¼
�Ð ô�Ç��. +þA]j �©�\�"f y�� >h�̂_� +þA|9� °ú̀�כ¦ X1, X2���¦ ô�Ç�����, Y = (X1 −X2)2�̀¦ 7áx5Åq���
Ãº�Ð ��¦, ¿º +þA]j�� ÂÒ�̧�ÐÂÒ'� Óüt�9~ÃÎ�Ér @/wn�Ä»�����_� /BNÄ»(identical by descent, IBD)
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&ñ
�̧\�¦ 1lqwn����Ãº�Ð é�H �r)ì�r$3�\�"f 6£§_� l�Ö�¦l� @/wn���[O��̀¦ ���&ñ
�<ÊÜ¼�Ð+� Ä»�������'a$í
 #�

ÂÒ\�¦ µ1ß)��·p��.
���ª�ô�Ç Ä»���&h� |9�8̈�\�"f �����µ1Ï�&³(pleiotropism)s� �'a8£¤÷&�¦ e����HX<, s�ü< °ú �Ér Ä»���&h�

|9�8̈�_� µ1Ï�&³�Ér #��Q ��t� +þA|9��Ð ���8̈��)a Êê_� ���õ�ëß�Ü¼�Ð �����|̈c Ãº e���� (Amos 1px, 1990).
s��Qô�Ç �â
Äº\� Amos 1px (1990)�Ér ÅÒ¹כ Ä»�����(major gene)\� _�K� 1lxr�\� %ò
�¾Ó�̀¦ ~ÃÎ��H #�
�Q +þA|9�_� &ñ
�Ð\�¦ ì�r$3�\� �̧¿º s�6 xô�Ç����� �8¹¡¤ ���&ñ
§4�s� Z�}��|9� �¦e���̀	כ r�����¦, $���
[þt�Ér Hasemanõ� Elston (1972)_� �r)ì�r$3�ZO��̀¦ �����|¾Ó +þA|9� ��«Ñ_� ì�r$3�\��Ð SX��©�r�(����.
Amos 1px (1990)�Ér Äº��� #��Q +þA|9� ��«Ñü< Ä»����� IBDü<_� ���+þA�'a>�\�¦ þj@/�o���H ÅÒ$í
ì�r
���+þA ���½+Ë���Ãº\�¦ ���©� 	�H :£¤$í
��H(characteristic root)ëß��̀¦ ��6 x�#� ÆÒ&ñ
��¦ Hasemanõ�
Elston (1972)_� �r)d��_� l�Ö�¦l�\�¦ ���&ñ
�Ù¼�Ð+� Ä»�������'a$í
�̀¦ µ1ß�2³��. Õª�Q�� Amos 1px
(1990)õ� Elston 1px (2000)�Ér s� ~½ÓZO��Ér ]j 17áx �̧ÀÓ�� &ñ
K���� Ä»_�Ãºï�rõ� {9�u��t� ·ú§Ü¼Ù¼
�Ð�8¹¡¤���½̈÷&#Q��ô�Ç���¦t�&h���¦e����. ¢̧ô�Ç�r)ì�r$3�~½ÓZO��Ér&ñ
½©$í
��&ñ
õ�ì�ríß�_�1lx
|9�$í
 ��&ñ
s� l��:rs� ÷&t�ëß� ¿º +þA]j_� +þA|9� Ãºu� 	�_� ]jY�L�Ér s��Qô�Ç ��&ñ
s� ëß�7á¤÷&t� ·ú§

��H��. Õª�QÙ¼�Ð y�� >h�̂_� +þA|9�_� ì�r�í\� @/ô�Ç #Q*�ô�Ç ��&ñ
�̧ �t&÷̈½¹כ ·ú§��H q��̧Ãº&h� ~½Ó
ZO�s� �8¹¡¤ &h�]X������H ��s	כ ���/åL÷&%3��� (Wan 1px, 1997; Wang 1px, 1998). +þA]j �©�s� /BNÄ»ô�Ç
@/wn�Ä»����� Ãº\� ���� ����̂ +þA]j �©� ��«Ñ�� [j ç�HÜ¼�Ð ì�rÀÓ|̈c M:, +þA|9� 	�_� ]jY�L�̀¦ í�H0A��
«Ñ�Ð���8̈��#� Kim1px (2006)�Ér î̈
ç�Hõ�ì�ríß�_�¿º��t�8£¤���\�"fq��̧Ãº&h�~½ÓZO�,��r� ú́��
��� Jonckheere (1954)ü< Terpstra (1952)_� 0Au� :�x>�|¾Óõ� Siegelõ� Tukey (1960)_� íß��í :�x
>�|¾Ó�̀¦ #î
½+Ëô�Ç q��̧Ãº ÆÒ[j���&ñ
 ~½ÓZO��̀¦ ]jîß��%i��¦ &ñ
½©$í
 ��«Ñ���¦ çß�ÅÒ|̈c Ãº \O���H �©�S!�

\�"f �8¹¡¤ ���&ñ
§4�s� Z�}6£§�̀¦ µ1ß+ÀI��.
�:r �7Hë�H\�"f��H +þA]j �©�_� #��Q +þA|9� ��«Ñ\�¦ 1lxr�\� �¦�9�#� Ä»�������'a$í
�̀¦ ���&ñ
���H q�

�̧Ãº&h� ~½ÓZO��̀¦ ]jîß���¦, ¢̧ô�Ç s� :�x>�|¾Ó�̀¦ éß�{9�+þA|9�\� @/ô�Ç Hasemanõ� Elston (1972)_� t

���&ñ
_� SX��©���� Amos 1px (1990)_� F :�x>�|¾Ó_� ���&ñ
§4�õ� �̧_�z�́+«>Ü¼�Ð q��§½+É �.���s	כ �����
|¾Óq��̧Ãº&h�ÆÒ[j���&ñ
ZO�_�s��:r&h�C��â
�Ér~½ÓZO��:r\�"f[O�"î
�>� |̈c Dietz (1989)_��7Hë�H\�l�
�í\�¦ é�H��. Dietz (1989)��H Jonckheere (1954)_� y���èÆÒ[j @/wn���[O� (ordered alternative)_�
:�x>�|¾Ó�̀¦ �����|¾Ó_� �â
Äº�Ð {9�ìøÍ�o�%i���. >�íß�s� B�Äº çß�¼#�ô�Ç �����|¾Ó ÆÒ[j���&ñ
 :�x>�|¾Ó�̀¦
��f����t� +þA]j �©�_� ��+þA|9� Ä»�������'a$í
 ���&ñ
_� �â
Äº\� &h�6 xr���� �â
Äº�� \O�Ü¼ 9, s�\� @/ô�Ç
��0px$í
�̀¦ �:r �7Hë�H\�"f ·ú����̂¦ �.���s	כ
�:r �7Hë�H\�"f ]jîß�ô�Ç �����|¾Ó ÆÒ[j���&ñ
õ� Amos 1px (1990)_� ÅÒ$í
ì�r ���+þA�̧+þA�̀¦ s�6 xô�Ç

�r)���&ñ
_� ò́Ö�¦$í
�̀¦ q��§�l� 0AK�"f �'ad��_� @/�©���� ³ðt�Ä»����� ýa0A�� +þA|9�ýa0A(trait
locus)ü< {9�u�ô�Ç���¦ ��&ñ
��¦"f Ø�¦µ1Ïô�Ç��.

2. �î|q@è

Hasemanõ� Elston (1972)_� +þA]j �©� ì�r$3�ZO�\� _����� ���5Åq+þA|9� Xi��H ��6£§õ� °ú �Ér ���+þA

�̧+þA�̀¦ ��ØÔ��H �¦̀�	כ ��&ñ
ô�Ç��.

Xi = µ + gi + ei, i = 1, 2. (2.1)



�����|¾Ó +þA|9�_� Ä»�������'a$í
\� @/ô�Ç q��̧Ãº ÆÒ[j���&ñ
ZO� 21

#�l�"f i��H 'Í	P: ¢̧��H ÑütP: +þA]j\�¦ ����?/ 9, µ��H ����̂î̈
ç�Hs��¦ giü< ei��H y��y�� Ä»���&h� ò́

õ�(genetic effect)ü< 8̈��â
&h� ò́õ�(environment effect)\�¦ �����·p��. @/wn�Ä»����� ����̧(allele
frequency)��y��y�� pü< q(= 1−p)���¿º@/wn�Ä»����� B, b\�@/K�,Ä»���&h� ò́õ�\�¦����?/��H gi��H

Ä»�����+þAs� BB{9� �â
Äº as��¦, Bb{9� �â
Äº d, bb{9� �â
Äº −a�Ð &ñ
_�½+É Ãº e����. Hasemanõ�
Elston (1972) �r) ì�r$3�ZO��Ér ��6£§_� �̧+þA�̀¦ l��:rÜ¼�Ð ô�Ç��.

E(Y |π) = α + βπ. (2.2)

Y��H +þA]j �©�_� ���5Åq +þA|9� Ãºu�_� 	�_� ]jY�L��� (X1 −X2)2s��¦, 1lqwn����Ãº��� π��H +þA]j �©�s�

@/wn� Ä»�����\�¦ /BNÄ»ô�Ç &ñ
�̧�Ð"f �:r �7Hë�H\�"f ��&ñ
���H &ñ
SX�ô�Ç Ä»���&h� &ñ
�Ð�� e����H �â
Äº\�

��H π_� ��0pxô�Ç °úכ�Ér 0, 0.5, 1\� ô�Ç&ñ
�)a��. ëß���� ��>�_� Ä»���&h� &ñ
�Ð�ÐÂÒ'� ÆÒ&ñ
÷&��H �â
Äº\�
��H π\�¦ π̂�Ð @/u�ô�Ç��. ô�Ç¼#� ¼#�_��©� π\� �©�Ãº 2\�¦ Y�L�#� 0, 1, 2��� @/wn�Ä»����� /BNÄ»Ãº�Ð"f
]jr��l��̧ � 9 "f�Ð �©�Ãº �'a>�\� e����H #Q�"� &ñ
_�\�¦ ���×þ��#��̧ ���&ñ
_� ����:r\���H ����<Ês�

\O�Ü¼Ù¼�Ð �:r �7Hë�H\�"f�̧ π = 0, 1, 2�Ð &ñ
_�ô�Ç��. s�ü<°ú s� ¿º +þA]j�� /BNÄ»ô�Ç @/wn�Ä»�����Ãº
\�¦ �â
Äº\� ����"f��H éß�í�Hy� IBD�Ð �����·p��. Ä»�������'a$í
 ���&ñ
�Ér éß�{9�+þA|9�_� �â
Äº\� �r)
d�� (2.2)\�"f 6£§_� l�Ö�¦l�\� @/ô�Ç @/wn���[O��̀¦ t ���&ñ
Ü¼�Ð ·ú����·p��.

Amos 1px (1990)s� 0A_� Hasemanõ� Elston (1972) �r)d���̀¦ �����|¾Ó_� �â
Äº�Ð SX��©�r����
��[jô�Ç õ�&ñ
�Ér $���[þt_� �7Hë�HÜ¼�Ð [�to� 9 #�l�"f��H çß�|ÄÌô�Ç �è>h\� Õª}9� �.���s	כ

2.1. Amos �¶� (1990)?ê ¡®;�êO,0 �ÔäB�!l5æÔ�± �Ýä�®�Þ2 c�ëà�f£ ÞO�éO,0;.ã

Amos 1px (1990)�Ér Hasemanõ� Elston (1972)_� éß�í�H �r)_� SX��©�Ü¼�Ð"f ���_� Ä»���
�� ýa0A\�"f Ñüt s��©�_� +þA|9�õ�_� ����'a$í
�̀¦ 1lxr�\� ���½̈���H ~½ÓZO��̀¦ ]jîß�Ùþ¡��. s�]j ���
_� Ä»�����ýa0A\� p>h_� +þA|9�s� ����'a÷&%3����¦ ��&ñ
� 9, i���P: +þA]j_� h���P: +þA|9�_� �'a8£¤

°úכ Xih��H Hasemanõ� Elston (1972) ~½ÓZO�\�"fü< Ä»���>� ��6£§õ� °ú �Ér ���+þA�̧+þA�̀¦ ��&ñ
ô�Ç
��(Amos 1px (1990)_� l� ñü< {9�u�r�v�l� 0AK� p\�¦ Õª@/�Ð +þA|9�_� Ãº�Ð ��6 x� 9, @/wn�Ä»���
�� ����̧ pü<��H ?/6 x�©� SX�z�́y� ½̈ì�r|̈c Ãº e����x��).

Xih = µh + gih + eih, i = 1, 2;h = 1, . . . , p. (2.3)

#�l�"f µh��H h���P: +þA|9�_� ����̂î̈
ç�Hs��¦, gih��H Ä»���&h� ò́õ��Ð Ä»�����+þA\� ���� ���Ér °úכ

�̀¦ �������. ëß���� Ä»�����+þAs� BBs������ gih��H ah, Bbs������ dh, bbs������ −ah�Ð &ñ
_��)a��.
eih��H 8̈��â
&h� ò́õ�\�¦ ����?/ 9, y�� +þA]j �©�\� @/�#� 1lqwn�e���̀¦ ��&ñ
ô�Ç��. Amos 1px (1990)s�
]jîß�ô�Ç ���+þA�̧+þA�Ér ��6£§õ� °ú ��.

[c1(X11 −X21) + c2(X12 −X22) + · · ·+ cp(X1p −X2p)]2 = α + βπ + ε. (2.4)

���õ�_� {9�ìøÍ�o\� %ò
�¾Ó�̀¦ p�u�t� ·ú§��H E(ε) = 0_� ��&ñ
�\�"f s� d���Ér ��r� ��A�ü< °ú s� ³ð
�&³�)a��.

E

[
p∑

h

c2
h(X1h −X2h)2

]
+E

[
p−1∑

h=1

p∑

h′=h+1

2chch′(X1h −X2h)(X1h′ −X2h′)

]
= α+βπ. (2.5)
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y��+þA]j�©�_�+þA|9�Ãºu�	�s��Ðs�ÀÒ#Q���7áx5Åq���Ãºü< πçß�_����+þA�'a>�\�¦þj@/�o���H p×1
>�Ãº 7�'� c_�°ú̀�כ¦���&ñ
K���� 9 Amos1px (1990)�Ér{9�ìøÍ&h������|¾Ó�r)ì�r$3�~½ÓZO��̀¦s��â

Äº\� &h�6 xr������ (Anderson, 1984; Seber, 1988). Ä»�������'a$í
 ���&ñ
�Ér /BI [O�"î
�>� ÷&��H d��
(2.7)_� R�̀¦ þj@/�o���H ÅÒ$í
ì�r ���+þA�<ÊÃº d\�¦ ½̈���H ��õ	כ °ú ��.
s�]j Y��H 8úx n+þA]j �©�\� @/ô�Ç +þA|9� 	�_� ]jY�Lõ� �§	� Y�L[þt_� �̧��H ��0pxô�Ç ���½+ËÜ¼�Ð s�

ÀÒ#Q��� 7áx5Åq���Ãº\�¦ ����?/ 9 ����"f n × (p2 + p)/2 '��§>=s� ÷&�¦, π��H Hasemanõ� Elston
(1972) ~½ÓZO�\�"fü< °ú s� +þA]j �©�s� /BNÄ»ô�Ç IBD�Ð s�ÀÒ#Q��� n × 1 7�'�s���. Yü< π_� /BNì�r

íß� '��§>=�Ér ��6£§õ� °ú s� W1 ÂÒì�rÜ¼�Ð ì�r½+É�)a��.

Cov(Y , π) =

[
S11 S12

S21 S22

]
,

S11 =
1

n− 1
[(Y − 1Ȳ )′(Y − 1Ȳ )],

S12 =
1

n− 1
[(Y − 1Ȳ )′(π − 1π̄)], S21 = S′12,

S22 =
1

n− 1
[(π − 1π̄)′(π − 1π̄)]. (2.6)

#�l�"f Ȳ��H '��§>= Y_� n +þA]j �©�\� @/ô�Ç î̈
ç�H��� 1× (p2 + p)/2  7�'�s��¦, π̄��H IBD_� î̈
ç�H
s� 9, 1�Ér �̧��H "é¶�è�� 1��� n× 1  7�'�s���.
Ä»�������'a$í
 ���&ñ
_� )Áº��[O��Ér îβ = 0ïs��¦ @/wn���[O��Ér 6£§_� l�Ö�¦l���� îβ < 0ïs���.

)Áº��[O� �\�"f_� �r) ]jY�L½+Ë '��§>=õ� �̧	� ]jY�L½+Ë '��§>=�Ér y��y�� QH = S12S22
−1S21,

QE = S11 −QHs���. ����"f ��A�\� ]jr��)a :�x>�|¾Ó R�̀¦ þj@/�o���H ���+þA�<ÊÃº d\�¦ ½̈�<ÊÜ¼

�Ð+� Ä»�������'a$í
 ���&ñ
s� ���'��÷&��HX< s���H ���Ð "f�Ð ����'a÷&#Q e����H ���Ãº[þt�̀¦ ���+þA ���8̈��

#� "f�Ð 1lqwn���� ÅÒ$í
ì�r�̀¦ Ä»�̧���H ��õ	כ °ú Ü¼ 9 s�\�¦ Ä»�̧½+É M: ]j����̧|	��Ér d′d = 1s���.

R = max
d

d′QHd

d′QEd
. (2.7)

'Í	P: ÅÒ$í
ì�rÜ¼�ÐÂÒ'� d�� (2.5)_� >�Ãº  7�'� c_� °úכs� ���&ñ
�)a��. 7£¤, %�6£§ p>h_� "é¶�è[þt

�Ér +þA|9�Ãºu� 	�s� ]jY�L_� >�Ãº ch
2s� ÷& 9, �� Qt� p(p− 1)/2>h_� "é¶�è[þt�Ér �§	� Y�L_� >�Ãº

2chch′s���. Amos1px (1990)�Ér0A_�d�� (2.7)_�ì�r��ü<ì�r�̧\�y��y��_���Ä»�̧ pü< n−p−1�Ð
��è�H °úכs� ��H��&h���� F ì�r�í�<Ê�̀¦ s�6 x�#� ���&ñ
½+É �¦̀�	כ ]jîß��%i���. s� F ì�r�í���H ���&ñ
 :�x

>�|¾Ó_� ì�r��ü< ì�r�̧_� ��Ä»�̧��H y��y�� pü< n− p− 1s���.

2.2. a��¬�® ¢Å;�5ùç=�ê

2.2.1. [lv�Ýä�ï| ¢Å;�5ùç=�ê ïÕ65��ï|

Ä»�������'a$í
���&ñ
_�Ùþ�d���Ér îIBD��7£x��½+ÉÃº2�¤¿º+þA]j��Ä»��ô�Ç+þA|9��̀¦�Ð#�¿º+þA]j_�
+þA|9�	���Hy���èô�Ç��ï��H��s� 9s���H���Ðy���èÆÒ[j	כ��&ñ
Ü¼�Ð·ú����̂¦Ãºe����.q��̧ÃºÆÒ[j���
&ñ
�̀¦ [O�"î
�l� 0AK�"f Y>���t� l� ñ\�¦ &ñ
_�ô�Ç��. IBD�� k��� ç�H_� #Q�"� +þA]j �©�\�"f 'Í	 ���P:

ü<¿º���P:+þA]j_����5Åq+þA|9�Ãºu�\�¦y��y�� X1k, X2k���¦½+ÉM: Yk��H+þA]j�©�_�+þA|9�	�_�]j
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Y�L��� (X1k−X2k)2s���. Yk_� ì�r�í�<ÊÃº��H y�� ç�H_� ���5Åq ¾º&h� ì�r�í�<ÊÃº�� F0(y), . . . , F2(y){9�
M:, Fk(y) = F (y − τk) (k = 0, 1, 2)�Ð 0Au� �̧Ãº\� @/ô�Ç �'a>��Ð ³ð�&³�)a��. Ä»�������'a$í
s�
�>rF��t� ·ú§��H����� SX�Ò�¦���Ãº Y0, Y1, Y2��H 1lx{9� SX�Ò�¦ì�r�í� 9, @/wn���[O��Ér �̧��H y\� @/�#�

F0(y) ≤ F1(y) ≤ F2(y)�Ð ³ð�&³÷& 9, s� �'a>�\�"f &h�#Q�̧ ���_� ÂÒ1pxd��s� �>rF�ô�Ç��. Õª�QÙ¼
�Ð )Áº��[O�õ� @/wn���[O��Ér ��6£§õ� °ú ��.

H0 : τ0 = τ1 = τ2 vs. H1 : τ0 ≥ τ1 ≥ τ2. (2.8)

��ðøÍ��t��Ð s� @/wn���[O�_� �'a>�\�"f�̧ &h�#Q�̧ ���_� ÂÒ1pxd��s� �>rF�ô�Ç��.
s�]j éß�{9� +þA|9�_� �â
Äº í�H0A\� l��íô�Ç q��̧Ãº y���èÆÒ[j ���&ñ
:�x>�|¾Ó�̀¦ ¶ú�(R�:r��. IBD

�� 7£x��½+ÉÃº2�¤ +þA]j �©�_� +þA|9� 	�_� ]jY�L�Ér y���èÆÒ[j\�¦ ����?/Ù¼�Ð Jonckheere (1954)ü<
Terpstra (1952)�� ]jîß�ô�Ç :�x>�|¾Ó�Ér ��6£§õ� °ú �Ér B�Äº éß�í�Hô�Ç ½̈$í
�̀¦ �������.

J =
1∑

u=0

2∑
v=u+1

Uuv. (2.9)

#�l�"f Uuv��H ¿º ç�H q��§\� @/ô�Ç í�H0A ��«Ñ\� ��H��ô�Ç Mann-Whitney (1947) U :�x>�|¾ÓÜ¼�Ð

"f ��6£§õ� °ú s� &ñ
_��)a��. IBD�� k��� ç�H\� 5Åqô�Ç +þA]j �©�_� Ãº��H nks� 9 s� ç�H\� 5Åqô�Ç +þA]j

�©�_� +þA|9� 	�_� ]jY�L�̀¦ ½̈�̂&h�Ü¼�Ð Ykl (k = 0, 1, 2; l = 1, . . . , nk)s��� ½+É M:,

Uuv =
nu∑

l=1

nv∑

l′=1

Φ(Yul, Yvl′), (2.10)

Φ(a, b) =





1, a < b,
1
2
, a = b,

0, a > b

s���. )Áº��[O� �\�"f Uuv_� l�Î.	°úכ�Ér E(Uuv) = nunv/2s��¦, @/³ð�:r ��H��\�"f_� ì�ríß�õ�
/BNì�ríß��Ér Tryonõ� Hettmansperger (1973)s� ]jr�ô�Ç Var(Uuv)ü< Cov(Uuv, Uu′v′)�̀¦ s�6 x�
#� d�� (2.9)_� :�x>�|¾Ó J_� î̈
ç�Hõ� ì�ríß��̀¦ ½̈���� ��6£§õ� °ú ��. #�l�"f N�Ér n0 + n1 + n2s�

��.

E(J) =

N2 −
2∑

k=0

n2
k

4
, Var(J) =

N2(2N + 3)−
2∑

k=0

n2
k(2nk + 3)

72
. (2.11)

s�]j :�x>�|¾Ó Z = [J − E(J)]/[Var(J)]1/2�� @/³ð�:r �\�"f ��H��&h�Ü¼�Ð ³ðï�r &ñ
½©ì�r�í�<Ê�̀¦

s�6 x�#� Ä»�������'a$í
_� y���èÆÒ[j éß�8£¤���&ñ
s� '��K������.

2.2.2. ���Ýä�ï| ¢Å;�5ùç=�ê ïÕ65��ï|

s�]j p>h_� +þA|9��̀¦ �<Êa� ��6 x�#� Ä»�������'a$í
�̀¦ ·ú����Ð��H �����|¾Ó y���èÆÒ[j ���&ñ
�̀¦ [O�

"î
ô�Ç��. �:r �7Hë�H\�"f ��6 x���H �����|¾Ó y���èÆÒ[j ���&ñ
 :�x>�|¾Ó�Ér Äº��� y�� +þA|9�\� @/K� ·ú¡ ]X�
\�"fü< ��ðøÍ��t��Ð Jonckheere (1954)ü< Terpstra (1952)_� éß����|¾Ó y���èÆÒ[j :�x>�|¾Óõ� ì�ríß�
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�̀¦ >�íß�ô�Ç��. 7£¤, IBD�� 0, 1, 2ç�H_� p>h +þA|9�_� ��«Ñ��H (Y 01, . . . , Y 0n0), (Y 11, . . . , Y 1n1),
(Y 21, . . . , Y 2n2)s��¦, #�l�"f Y kl = (Ykl1, . . . , Yklp)′ (k = 0, 1, 2; l = 1, . . . , nk)�Ér p × 1 +þA
|9�°úכ  7�'�s���. Y kl_� �����|¾Ó ¾º&h�ì�r�í�<ÊÃº��H Fk(y)�Ð ³ð�&³��¦, y�� +þA|9�_� ÅÒ��� ì�r�í�<Ê
Ãº(marginal distribution function)��H F

(1)
k (y), F (2)

k (y), . . . , F (p)
k (y)�Ð ³ð�&³½+É M: p>h_� +þA|9�

\� @/ô�Ç y���èÆÒ[j ���&ñ
_� ��[O��Ér �̧��H y\� @/�#� ��6£§õ� °ú ��.

H0 : F0(y) = F1(y) = F2(y)

vs. H1 : F
(h)
0 (y) ≤ F

(h)
1 (y) ≤ F

(h)
2 (y), h = 1, . . . , p. (2.12)

0A_� @/wn���[O�\�"f &h�#Q�̧ ���_� ÂÒ1pxd��s� $í
wn�� 9, y�� +þA|9�Z>��Ð y���èÆÒ[j�� ��\�¦ Ãº e��
6£§�̀¦ d�� (2.12)��H ìøÍ%ò
��¦ e����.
s�]j y�� +þA|9�\� @/ô�Ç Jonckheere (1954)ü< Terpstra (1952)_� y���èÆÒ[j :�x>�|¾Ó�Ér d��

(2.9)ü< 1lx{9��>� ��6£§õ� °ú s� ³ð�&³�)a��.

Jh =
1∑

u=0

2∑
v=u+1

U (h)
uv , h = 1, . . . , p. (2.13)

y�� +þA|9�\� @/ô�Ç :�x>�|¾Ó Jh_� l�Î.	°úכõ� ì�ríß��Ér 0A_� d�� (2.11)ü< 1lx{9����.
s�]j #��Q +þA|9�s� "f�Ð ����'a÷&#Q e��Ü¼Ù¼�Ð d�� (2.13)\�"f >�íß��)a p × 1 y���èÆÒ[j :�x>�

|¾Ó  7�'� (J1, . . . , Jp)′_� /BNì�ríß��̀¦ ½̈���H ë�H]j�� z���� e����. Dietz (1989)��H í�H0A ��«Ñ\� ��H
���#� s� y���èÆÒ[j :�x>�|¾Ó Jhü< Jh′_� /BNì�ríß��̀¦ ]jr���¦ e����HX< s���H Lehmann (1975, p.
370)õ� Gibbons (1985, pp. 238–240)\� ]jr��)a d�� (2.10)_� Φ(Yul, Yul′)_� /BNì�ríß��̀¦ s�6 x�
#� ½̈�%i���. s�p� ���/åL�%i�1pws� #��Q +þA|9�_� ��«Ñ\�¦ í�H0A ��«Ñ�Ð ���8̈����H ��s	כ s� /BNì�r
íß�>�íß�\�Äº���÷&��HX<s���H/BI[O�"î
�>�÷&��H�©��'a>�Ãº>�íß�\�"f¹כ½̈÷&��Hí�H0A�Ð"f,y��+þA

|9�Z>��Ð ���Ð ���Ð �̧��H ç�H�̀¦ :�xd�¦#Q 1ÂÒ'� N =
2∑

k=0

nk��t� í�H0A\�¦ B�l���H �.���s	כ s�ü< °ú 

s� Òqt$í
�)a h���P: +þA|9�_� m���P: ��«Ñ_� í�H0A\�¦ Rmh�Ð ³ð�&³� 9 ��A� /BNì�ríß� /BNd�� (2.14)ü<
(2.15)�Ér s��Qô�Ç í�H0A_� �<ÊÃº�Ð ³ð�&³÷&%3���.

Cov(Jh, Jh′) =

(N + 1)

[(
N3 −

2∑

k=0

n3
k

)
− 3

(
N2 −

2∑

k=0

n2
k

)]
shh′

36(N − 2)

+

[
3N

(
N2 −

2∑

k=0

n2
k

)
− 2

(
N3 −

2∑

k=0

n3
k

)]
rhh′

24(N − 2)
. (2.14)

s�/BNì�ríß�/BNd��\��í�<Ê�)a rhh′ü< shh′��Hy��y�� h���P:+þA|9�õ� h′���P:+þA|9���s�_���p²ú�(Kendall)
õ� Û¼x�#Qëß�(Spearman)_� í�H0A �©��'a>�Ãº�Ð"f ��6£§õ� °ú �Ér d��\� _�K� >�íß��)a�� (Lehmann
1975, p. 370).
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rhh′ =

2
N∑

m<m′
sign[(Rm′h −Rmh)(Rm′h′ −Rmh′)]

N(N − 1)
,

shh′ =

3
N∑

m,m′,m′′
sign[(Rm′h −Rmh)(Rm′h′ −Rm′′h′)]

N3 −N
. (2.15)

#�l�"f sign(r)�Ér ��A�ü< °ú ��.

sign(r) =





1, r > 0,

0, r = 0,

−1, r < 0.

(2.16)

Dietz (1989)��H ·ú¡\�"f ½̈ô�Ç Jonckheere (1954)ü< Terpstra (1952)_� p-���|¾Ó(p-variate) :�x>�
|¾Óõ� s�_� /BNì�ríß� '��§>=�ÐÂÒ'� ���&ñ
 :�x>�|¾Ó�̀¦ ]jr��%i���. 7£¤, d�� (2.13)\�"f U

(h)
uv _� l�Î.	°úכ

nunv/2\�¦ �É� Jc
h =

∑1
u=0

∑2
v=u+1[U

(h)
uv − nunv/2] ��H l�Î.	°úכs� 0s� ÷& 9 ����"f p × 1 7�'�

N−3/2Jc = N−3/2(Jc
1 , . . . , Jc

p)′�Ér��H��&h�Ü¼�Ð î̈
ç�Hs� 0s��¦/BNì�ríß�'��§>=s� V��� p-���|¾Ó&ñ
½©
ì�r�í\�¦��ØÔ>�÷& 9, V�Ér@/y��"é¶�èü<q�@/y��"é¶�è��y��y�� N−3Var(Jc

h), N−3Cov(Jc
h, Jc

h′)�Ð
s�ÀÒ#Q��� '��§>=s���. Õª�QÙ¼�Ð p-���|¾Ó +þA|9�\� @/ô�Ç �����|¾Ó Ä»�������'a$í
 ���&ñ
~½ÓZO���� y���èÆÒ[j
q��̧Ãº ���&ñ
:�x>�|¾Ó�Ér ���õ�&h�Ü¼�Ð ��6£§õ� °ú ��.

D =
N−3/21′Jc

√
1′V 1

. (2.17)

#�l�"f 1�Ér �̧��H "é¶�è�� 1��� p× 1 7�'�s�Ù¼�Ð 1′Jc =
∑p

h=1 Jc
hs���. s� �����|¾Ó ÆÒ[j���&ñ
 :�x

>�|¾Ó D��H��H��&h�Ü¼�Ð³ðï�r&ñ
½©ì�r�í\�¦���Ér�� (Dietz, 1989,ÂÒ2�¤).@/³ð�:r_�+þA]j�©������|¾Ó
+þA|9���«Ñ_� ����'a$í
���&ñ
�Ér éß�8£¤���&ñ
Ü¼�Ð '��K������. �:r �7Hë�H\�"f ���/åLô�Ç Amos 1px (1990)s�
]jîß�ô�Ç �r)ì�r$3�õ� �����|¾Ó q��̧Ãº ÆÒ[j���&ñ
 :�x>�|¾Ó�̀¦ �̧_�z�́+«>Ü¼�Ð q��§K� �̂¦ �.���s	כ

3. �¬?êÍPæB��

3.1. �¬?êÍPæB�� 5�É̈Ì

�:r ���½̈��H Áº���0A �§C�(random mating) x9� #��Q ýa0Açß�_� �©�0A$í
(epistasis)s� \O�����H
��&ñ
õ� Ä»�������'a$í
s� ç�H+þA(linkage equilibrium)s�����H ��&ñ
 �\�"f s�ÀÒ#Q&����.
��«Ñ Òqt$í
õ�&ñ
�Ér ��6£§õ� °ú ��. ���$�, ¿º +þA]j_� Ä»����� IBD�� 0, 1, 2�� ÷&��H [j ç�H_� q�

Ö�¦s� 0.25, 0.5, 0.25�� ÷&�̧2�¤ �½� ü�Ü¼�Ð ���½Óì�r�í(trinomial) ��«Ñ\�¦ Òqt$í
ô�Ç��. y�� >h�̂_� Ä»
�����+þA�Ér BB, Bb, bb ×�æ ����Ð µ1ÏÒqtSX�Ò�¦�Ér @/wn�Ä»����� ����̧�� p{9� M: y��y�� p2, 2pq, q2s�

�)a�� (Falconerü< Mackay, 1996). ����"f ¿º +þA]j_� ��0pxô�Ç Ä»�����+þA �̧½+Ë�Ér 8úx 9��t�s�



26 �̂�Ãº%ò
, 5ÅxK��¾Ó

��. s�]j IBD�� y��y�� 0, 1, 2_� °ú̀�כ¦ ��|9� M:_� s��Qô�Ç 9��t� ��0pxô�Ç �̧½+Ë_� �̧|	�ÂÒ SX�Ò�¦s�
Hasemanõ� Elston_� 1972�̧��̧ �7Hë�H_� ³ð 1\� ]jr�÷&#Q e��Ü¼ 9, 0A\�"f Òqt$í
�)a ¿º +þA]j_�
Ä»����� IBD°úכ\� ���� s� �̧|	�ÂÒ SX�Ò�¦�̀¦ s�6 x�#� ���½Óì�r�í(multinomial)�Ð +þA]j �©�_� Ä»
�����+þA ��«Ñ\�¦ Òqt$í
ô�Ç��. s� Ä»�����+þA\� @/�#� p>h_� +þA|9�\� @/ô�Ç y��y��_� Ä»���&h� ò́õ���

�>rF���¦, Ä»�����+þA\�"f p���P: +þA|9�_� Ä»���&h� ò́õ���H y�� +þA|9�\� @/ô�Ç Ä»���Ö�¦(heritability)
h2\�_��#�>�íß�|̈cÃºe��Ü¼ 9,+þA|9�s���6£§[j@/\�Ä»���÷&��H&ñ
�̧\�¦����?/��HÄ»���Ö�¦ h2��H

��6£§õ� °ú s� &ñ
_��)a��.

h2 =
σ2

g

σ2
g + σ2

e

. (3.1)

d�� (2.1)_� 8̈��â
&h� ò́õ�_�ì�ríß���� σ2
e��H 1�Ð��&ñ
� 9Ä»���&h� ò́õ� gi_�ì�ríß���� σ2

g��H σ2
a+σ2

dÜ¼

�Ð"f y��y���Ér ��6£§õ� °ú s� ���&ñ
�)a�� (Hasemanõ� Elston, 1972).

σ2
a = 2pq[a− d(p− q)]2,

σ2
d = 4p2q2d2. (3.2)

ëß����Ä»���&h� �̧+þAs���ZO��̧+þA(additive model)s������ d = 0s��¦,Äº$í
�̧+þA(dominance model)
s������ d = as� 9, \P�$í
�̧+þA(recessive model)s������ d = −as���. Õª�QÙ¼�Ð y�� +þA|9�\� @/ô�Ç
Ä»���Ö�¦�̀¦ h2

hs����¦ ô�Ç�����, @/wn�Ä»����� ����̧ pü< h2
h�̀¦ ·ú���� y�� +þA|9�\� @/ô�Ç ahü< dh�� >�

íß�|̈c Ãº e����. ��6£§ éß�>��Ð y�� >h�̂_� ïß�	�[þt�Ér +þA]jçß�_� �©��'a�'a>�(ρs)ü< +þA|9�çß�_� �©��'a�'a
>�(ρt)�̀¦ °ú��̧2�¤ Òqt$í
÷&#Q�� ô�Ç��. +þA]jçß�_� �©��'a�'a>� ρs��H õ��� ���½̈\� ��H���#� 0.25�Ð
&ñ
�%i��¦, +þA|9�çß�_� �©��'a>�Ãº��H ô�Ç²DG���_� �:rI�$í
 �¦a�=·ú�(essential hypertension)_� ��+þA

$í
(polymorphism)���½̈\�"fÃº|9��)az�́]j��«Ñ\�¦�Ð@/�Ð 0.5�Ð��&ñ
Ùþ¡�� (Wagener1px, 1982;
Bae 1px, 2007). ���Ér +þA]j �©�\�"f_� ���Ér +þA|9�çß� �©��'a>�Ãº��H 0.1�Ð ��&ñ
�%i���. e���©���«Ñ\�
"f��H �FGéß�&h���� �'a8£¤u�(extreme observations)\�¦ �í�<Ê���H &ñ
½©ì�r�í�t� ·ú§��H ��«Ñ�� ������
�l� M:ë�H\� q�&ñ
½©ì�r�í\� @/�#��̧ �̧_�z�́+«>s� z�́'��÷&#Q, y�� >h�̂[þt_� ïß�	���H &ñ
½©ì�r�í,
�ÐÕª &ñ
½©(log-normal) ì�r�í�Ð Òqt$í
�%i���. s�XO�>� Òqt$í
�)a ¿º +þA]j_� +þA|9�Ãºu�_� 	�\�¦ s�6 x
�#� Amos 1px (1990)s� ]jîß�ô�Ç �r)ì�r$3�õ� �����|¾Ó q��̧Ãº ÆÒ[j���&ñ
 :�x>�|¾Ó_� ���&ñ
§4��̀¦ q�
�§ô�Ç��. �̧_�z�́+«>_� ���õ�\�¦ ]jr�ô�Ç ³ð\�"f��H �����\�¦ éß�í�Hy� îAmos �r)ï�Ð, Êê��\�¦ î�����
|¾Ó ÆÒ[jï�� ÂÒ�Ér��. ¢̧ô�Ç �����|¾Ó q��̧Ãº ÆÒ[j���&ñ
\�"f��H �̧��H ��«Ñ_� í�H0A\�¦ s�6 xô�Ç ì�r$3�
~½ÓZO�s�Ù¼�Ð q��§_� �̧|	��̀¦ °ú >� �l� 0AK�"f "é¶��«Ñ\� ��H��ô�Ç �̧_�z�́+«> ���õ�ü< í�H0A��«Ñ

�Ð ���8̈��#� z�́r�ô�Ç �̧_�z�́+«> ���õ�\�¦ �̧¿º ]jr�ô�Ç��. ��ZO��̧+þA �\�"f �̧_�z�́+«>�̀¦ �%i��¦,
³ð�:rß¼l� 500�©�_� +þA]j\� @/K� 0A\�"f [O�"î
ô�Ç �©��'a>�Ãº�Ð p-���|¾Ó +þA|9� ��«Ñ\�¦ Òqt$í
�%i�Ü¼
 9 �̧_�z�́+«>_� ìøÍ4�¤S��Ãº��H 1,000���Ü¼�Ð &ñ
�%i���.

3.2. �¬?êÍPæB�� l5æÑä

�̧_�z�́+«>�Ér 500�©�_� +þA]j ��«Ñ\�¦ Òqt$í
�#� 1,000�r ìøÍ4�¤�%i�Ü¼�� îAmos �r)ï_� ���íß�
õ�&ñ
\�"f �ª�&ñ
u�(positive definite) '��§>=s� ����� �â
Äº >�íß�s� Ô�¦��0px�#� s��Qô�Ç �â
Äº_� ��
«Ñ��H ]jü@��¦ 1,000�r ìøÍ4�¤ô�Ç ���õ��� ³ð 3.1ÂÒ'� ³ð 3.4\� ]jr�÷&%3���. )Áº��[O� �\�"f ���
õ���H IBD�� 0, 1, 2��� [j ç�H\�"f +þA|9�_� 	�s��� \O�6£§�̀¦ _�p����H Ä»���Ö�¦ h2 = 0��� �â
Äºs� 9
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³ð 3.1: &ñ
½©ì�r�í +þA|9� ��«Ñ\� ��H��ô�Ç ¿º ~½ÓZO�_� ]j 17áx �̧ÀÓü< ���&ñ
§4�

2-���|¾Ó +þA|9� 3-���|¾Ó +þA|9�a 4-���|¾Ó +þA|9�b

h2 p �����|¾Ó Amos �����|¾Ó Amos �����|¾Ó Amos

ÆÒ[j �r) ÆÒ[j �r) ÆÒ[j �r)

0

0.1 0.051 0.060 0.048 0.129 0.044 0.240

0.3 0.054 0.052 0.046 0.137 0.047 0.246

0.5 0.052 0.057 0.041 0.126 0.058 0.255

0.7 0.042 0.050 0.048 0.150 0.047 0.244

0.9 0.045 0.051 0.062 0.148 0.047 0.256

0.2

0.1 0.447 0.269 0.499 0.222 0.558 0.185

0.3 0.458 0.235 0.531 0.214 0.653 0.180

0.5 0.486 0.280 0.535 0.200 0.598 0.186

0.7 0.477 0.253 0.548 0.218 0.616 0.186

0.9 0.404 0.225 0.500 0.220 0.550 0.181

0.4

0.1 0.910 0.500 0.936 0.450 0.966 0.430

0.3 0.971 0.478 0.984 0.507 0.998 0.461

0.5 0.966 0.487 0.986 0.481 0.992 0.483

0.7 0.965 0.484 0.986 0.499 0.994 0.473

0.9 0.896 0.498 0.942 0.472 0.967 0.430

0.6

0.1 0.997 0.493 0.999 0.487 0.999 0.507

0.3 1.000 0.523 1.000 0.508 1.000 0.474

0.5 1.000 0.517 1.000 0.494 1.000 0.513

0.7 1.000 0.499 1.000 0.507 1.000 0.511

0.9 0.997 0.534 1.000 0.495 0.999 0.501

0.8

0.1 1.000 0.498 1.000 0.491 1.000 0.499

0.3 1.000 0.498 1.000 0.523 1.000 0.503

0.5 1.000 0.513 1.000 0.470 1.000 0.509

0.7 1.000 0.469 1.000 0.521 1.000 0.503

0.9 0.999 0.491 1.000 0.479 1.000 0.520

0.9

0.1 1.000 0.511 1.000 0.491 1.000 0.499

0.3 1.000 0.494 1.000 0.503 1.000 0.507

0.5 1.000 0.506 1.000 0.471 1.000 0.519

0.7 1.000 0.482 1.000 0.534 1.000 0.485

0.9 1.000 0.517 1.000 0.513 1.000 0.517

a: Power is computed at the significance level α = 0.015.

b: Power is computed at the significance level α = 0.0025.

y��y��_� ³ð\�"f'Í	 ÂÒì�rs�s�\�K�{©�ô�Ç��.³ð 3.1ÂÒ'� ³ð 3.4\�]jr��)a ¿º ~½ÓZO��:r_�]j 17áx �̧
ÀÓ\�¦ ¶ú�(R�Ð��� �����|¾Ó ÆÒ[j���&ñ
\�"f��H &ñ
K���� Ä»_�Ãºï�r 0.05\��©�{©�y� ��H]X�ô�Ç ìøÍ���, Amos
�r)��H 2-���|¾Ó +þA|9�_� �â
Äº\�ëß� 0.05 Ãºï�r\� ��¾ú��¦ +þA|9�_� Ãº�� 7£x���<Ê\� ���� ]j 17áx �̧
ÀÓ�� B�Äº &������. \V\�¦ [þt#Q"f ³ð 3.1_� &ñ
½©ì�r�í_� �â
Äº\�¦ �Ð��� 3-���|¾Ó +þA|9�{9� M: ]j 17áx
�̧ÀÓ��H 0.12-0.15 Ãºï�rs� 9 4-���|¾Ó +þA|9�{9� M: ]j 17áx �̧ÀÓ��H 0.24-0.26 Ãºï�rs���. s���H ½̈K�
��� ���&ñ
:�x>�|¾Ó_� ]X�@/°úכs� B�Äº �������H �¦̀�	כ r���ô�Ç��. Õª�QÙ¼�Ð ¿º ��t� ~½ÓZO��:r_� ���&ñ
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³ð 3.2: í�H0A ���8̈��)a &ñ
½©ì�r�í +þA|9� ��«Ñ\� ��H��ô�Ç ¿º ~½ÓZO�_� ]j 17áx �̧ÀÓü< ���&ñ
§4�

2-���|¾Ó +þA|9� 3-���|¾Ó +þA|9�a 4-���|¾Ó +þA|9�b

h2 p �����|¾Ó Amos �����|¾Ó Amos �����|¾Ó Amos

ÆÒ[j �r) ÆÒ[j �r) ÆÒ[j �r)

0

0.1 0.045 0.065 0.035 0.127 0.047 0.232

0.3 0.056 0.048 0.051 0.117 0.044 0.251

0.5 0.055 0.057 0.053 0.116 0.063 0.232

0.7 0.051 0.055 0.040 0.135 0.038 0.234

0.9 0.057 0.059 0.051 0.147 0.050 0.244

0.2

0.1 0.414 0.234 0.527 0.190 0.563 0.192

0.3 0.452 0.262 0.554 0.242 0.597 0.205

0.5 0.505 0.293 0.568 0.250 0.596 0.205

0.7 0.465 0.233 0.569 0.227 0.594 0.205

0.9 0.438 0.241 0.497 0.203 0.533 0.160

0.4

0.1 0.909 0.466 0.944 0.425 0.945 0.395

0.3 0.965 0.475 0.989 0.491 0.989 0.455

0.5 0.980 0.474 0.982 0.468 0.995 0.490

0.7 0.974 0.489 0.988 0.500 0.990 0.489

0.9 0.905 0.462 0.956 0.428 0.953 0.396

0.6

0.1 0.999 0.500 0.999 0.494 1.000 0.486

0.3 1.000 0.497 1.000 0.505 1.000 0.520

0.5 1.000 0.492 1.000 0.469 1.000 0.518

0.7 1.000 0.467 1.000 0.501 1.000 0.481

0.9 0.995 0.492 1.000 0.499 1.000 0.456

0.8

0.1 1.000 0.494 1.000 0.527 1.000 0.486

0.3 1.000 0.503 1.000 0.493 1.000 0.484

0.5 1.000 0.493 1.000 0.506 1.000 0.477

0.7 1.000 0.493 1.000 0.516 1.000 0.474

0.9 1.000 0.511 1.000 0.502 1.000 0.486

0.9

0.1 0.999 0.493 1.000 0.484 1.000 0.487

0.3 1.000 0.488 1.000 0.526 1.000 0.491

0.5 1.000 0.490 1.000 0.498 1.000 0.487

0.7 1.000 0.506 1.000 0.496 1.000 0.506

0.9 1.000 0.492 1.000 0.497 1.000 0.540

a: Power is computed at the significance level α = 0.015.

b: Power is computed at the significance level α = 0.0025.

§4��̀¦ 1lx{9�ô�Ç ]j 17áx �̧ÀÓÃºï�r\�"f q��§�l� 0AK�"f Amos �r)_� Ä»_�Ãºï�rs� 0.05 &ñ
�̧��
÷&�̧2�¤ �Ð&ñ
K� ï�r Êê\� ���&ñ
§4��̀¦ q��§�%i��¦, ½̈�̂&h�Ü¼�Ð��H ìøÍ4�¤&h���� �̧_�z�́+«>Ü¼�Ð 2-, 3-,
4-���|¾Ó +þA|9�_� �â
Äº\� Amos �r)_� &h�]X�ô�Ç Ä»_�ô�Ç>�(significance limit)��H y��y�� 0.05, 0.015,
0.0025�Ð &ñ
ô�Ç Êê ���&ñ
§4��̀¦ ½̈�%i���.
���&ñ
§4� ���õ���H ��A�_� ³ð 3.1ÂÒ'� ³ð 3.4_� ]j 17áx �̧ÀÓ ��6£§\� ]jr�÷&%3���. ���&ñ
§4��̀¦ q�

�§K� �Ð��� y�� +þA]j_� +þA|9�Ãºu��� &ñ
½© ì�r�í���H ³ð 3.1_� �â
Äº�� ³ð 3.2_� í�H0A���8̈��)a &ñ
½©
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³ð 3.3: �ÐÕª &ñ
½©ì�r�í +þA|9� ��«Ñ\� ��H��ô�Ç ¿º ~½ÓZO�_� ]j 17áx �̧ÀÓü< ���&ñ
§4�

2-���|¾Ó +þA|9� 3-���|¾Ó +þA|9�a 4-���|¾Ó +þA|9�b

h2 p �����|¾Ó Amos �����|¾Ó Amos �����|¾Ó Amos

ÆÒ[j �r) ÆÒ[j �r) ÆÒ[j �r)

0

0.1 0.042 0.059 0.038 0.119 0.052 0.271

0.3 0.052 0.049 0.042 0.131 0.057 0.266

0.5 0.033 0.051 0.041 0.112 0.049 0.251

0.7 0.055 0.043 0.047 0.092 0.048 0.263

0.9 0.045 0.041 0.052 0.112 0.048 0.249

0.2

0.1 0.264 0.074 0.285 0.061 0.310 0.065

0.3 0.308 0.082 0.340 0.073 0.350 0.042

0.5 0.307 0.082 0.337 0.070 0.335 0.050

0.7 0.306 0.088 0.306 0.055 0.355 0.050

0.9 0.271 0.060 0.299 0.057 0.287 0.044

0.4

0.1 0.576 0.061 0.604 0.076 0.652 0.049

0.3 0.714 0.111 0.753 0.109 0.771 0.075

0.5 0.718 0.097 0.776 0.096 0.806 0.076

0.7 0.723 0.085 0.747 0.095 0.807 0.084

0.9 0.603 0.070 0.643 0.054 0.678 0.041

0.6

0.1 0.758 0.052 0.798 0.044 0.796 0.033

0.3 0.939 0.110 0.968 0.108 0.972 0.091

0.5 0.955 0.124 0.970 0.131 0.971 0.108

0.7 0.948 0.113 0.980 0.128 0.981 0.115

0.9 0.823 0.068 0.874 0.067 0.882 0.049

0.8

0.1 0.790 0.034 0.797 0.024 0.826 0.024

0.3 0.995 0.091 0.993 0.123 0.994 0.072

0.5 0.993 0.148 0.995 0.176 0.995 0.136

0.7 0.995 0.121 0.998 0.140 0.991 0.155

0.9 0.906 0.072 0.917 0.070 0.946 0.063

0.9

0.1 0.785 0.010 0.797 0.007 0.806 0.000

0.3 0.995 0.098 0.996 0.134 1.000 0.084

0.5 0.999 0.158 0.998 0.163 0.998 0.163

0.7 0.997 0.121 0.997 0.161 0.998 0.168

0.9 0.912 0.000 0.922 0.000 0.956 0.000

a: Power is computed at the significance level α = 0.015.

b: Power is computed at the significance level α = 0.0025.

ì�r�í ��«Ñ_� �â
Äº\� �����|¾Ó ÆÒ[j���&ñ
s� Amos �r)\� q��#� ���&ñ
§4�s� �©�{©�y� Z�}�¦ ��ZO��̧
+þA_� ��&ñ
 �\�"f ���5Åq+þA|9�_� Ä»���Ö�¦(h2)s� 7£x���<Ê\� ���� ���&ñ
§4�s� 7£x��ô�Ç��. ¢̧ô�Ç �����
|¾Ó ÆÒ[j���&ñ
_� �â
Äº\���H �����|¾Ó +þA|9�_� Ãº�� 7£x��½+ÉÃº2�¤ ���&ñ
§4�s� �8¹¡¤ Z�}>� ����èß� ìøÍ���,
Amos �r)_� �â
Äº\���H +þA|9�_� Ãº�� 7£x��½+ÉÃº2�¤ ���&ñ
§4�s� ±ú���t���H �Ü¼�Ð	כ ������ #��Q ���
|¾Ó +þA|9�_� &ñ
�Ð�� �Ð×þ�s� ÷&t� 3lw���H �̧í�H�)a ���õ�\�¦ ]jr���¦ e����. ³ð 3.3s��� ³ð 3.4\�
"fü< °ú s� >h�̂_� +þA|9� Ãºu�[þts� �ÐÕª &ñ
½©ì�r�í���H �â
Äº, ¢̧��H í�H0A���8̈��)a �ÐÕª &ñ
½©ì�r�í
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³ð 3.4: í�H0A ���8̈��)a �ÐÕª &ñ
½©ì�r�í +þA|9� ��«Ñ\� ��H��ô�Ç ¿º ~½ÓZO�_� ]j 17áx �̧ÀÓü< ���&ñ
§4�

2-���|¾Ó +þA|9� 3-���|¾Ó +þA|9�a 4-���|¾Ó +þA|9�b

h2 p �����|¾Ó Amos �����|¾Ó Amos �����|¾Ó Amos

ÆÒ[j �r) ÆÒ[j �r) ÆÒ[j �r)

0

0.1 0.042 0.060 0.056 0.110 0.054 0.232

0.3 0.055 0.074 0.048 0.124 0.047 0.240

0.5 0.047 0.053 0.043 0.119 0.046 0.249

0.7 0.052 0.058 0.044 0.122 0.052 0.252

0.9 0.061 0.058 0.049 0.125 0.047 0.254

0.2

0.1 0.289 0.246 0.301 0.236 0.313 0.186

0.3 0.310 0.271 0.342 0.252 0.389 0.224

0.5 0.296 0.276 0.338 0.265 0.340 0.200

0.7 0.333 0.278 0.309 0.239 0.366 0.219

0.9 0.249 0.242 0.300 0.211 0.307 0.185

0.4

0.1 0.595 0.455 0.616 0.449 0.637 0.393

0.3 0.732 0.496 0.753 0.500 0.771 0.467

0.5 0.721 0.475 0.779 0.499 0.808 0.495

0.7 0.716 0.487 0.786 0.509 0.794 0.479

0.9 0.619 0.434 0.660 0.458 0.693 0.408

0.6

0.1 0.763 0.495 0.788 0.505 0.787 0.479

0.3 0.929 0.525 0.955 0.486 0.966 0.509

0.5 0.962 0.519 0.970 0.525 0.973 0.498

0.7 0.952 0.505 0.977 0.478 0.966 0.512

0.9 0.810 0.522 0.860 0.491 0.884 0.491

0.8

0.1 0.780 0.471 0.831 0.510 0.814 0.492

0.3 0.992 0.540 0.990 0.507 0.996 0.497

0.5 0.997 0.510 0.993 0.524 0.998 0.507

0.7 0.997 0.503 0.999 0.504 0.999 0.494

0.9 0.903 0.499 0.926 0.501 0.935 0.481

0.9

0.1 0.795 0.504 0.804 0.524 0.824 0.495

0.3 0.993 0.505 0.996 0.535 0.999 0.500

0.5 0.999 0.525 0.998 0.500 0.998 0.494

0.7 0.994 0.492 0.999 0.510 0.997 0.491

0.9 0.907 0.492 0.917 0.482 0.948 0.500

a: Power is computed at the significance level α = 0.015.

b: Power is computed at the significance level α = 0.0025.

��«Ñ_� �â
Äº\��̧ ��ðøÍ��t��Ð �����|¾Ó ÆÒ[j���&ñ
s� Amos �r)\� q��#� ���&ñ
§4�s� #����y� Z�}
Ü¼ 9, Ä»���Ö�¦s� 7£x���<Ê\� ���� ���&ñ
§4� ¢̧ô�Ç 7£x�����H �â
�¾Ó�̀¦ �����·p��. :£¤y� ³ð 3.3_� �â
Äº
\� Amos �r)_� ���&ñ
§4��Ér B�Äº ±ú��Ér �Ü¼�Ð	כ ����z�¤��.
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4. l5æ*́0

Amos 1px (1990)�Ér éß�{9� +þA|9�\� @/ô�Ç Hasemanõ� Elston (1972)_� éß�í�H�r) ~½ÓZO�\�"f ��
���|¾Ó +þA|9�_� ì�r$3� ~½ÓZO��̀¦ s�=åJ#Q ?/#Q Ä»���&h� |9�8̈�s� Ñüt s��©�_� +þA|9�\�"f µ1Ï�&³÷&��H�â
Äº\�

@/ô�Ç Ä»�������'a$í
 ì�r$3��̀¦ ��0px�>� �%i���. s� ~½ÓZO��Ér #��Q 7áx5Åq���Ãº[þt_� ��0pxô�Ç �̧��H ���
½+Ë�̀¦ �¦�9�#� IBDü< ����'a$í
s� ���©� Z�}�Ér ���+þA ���½+Ë�̀¦ ¹1ÔÜ¼ 9 s�ü< °ú s� ¹1Ô�Ér ���+þA ���½+Ë
�̀¦ 7áx5Åq���Ãº�Ð¿º#Q��r� Hasemanõ� Elston (1972)_� �r)ì�r$3��̀¦ r�'��ô�Ç��. s��Qô�Ç s�Ä»�Ð
Amos �r)\�"f ��6 xô�Ç ���&ñ
:�x>�|¾Ó_� &ñ
SX�ô�Ç ì�r�í\�¦ ·ú� Ãº \O�Ü¼ 9 $���[þts� ÆÒ�:rõ�&ñ
\�"f
]jr�ô�Ç ��H��&h���� F ì�r�í�Ð_� ��&ñ
�Ér ��f�� �8 ���½̈÷&#Q4R�� ô�Ç��. Õª�QÙ¼�Ð Amos �r)��H
�����|¾Ó ì�r$3�s� ��0px�����H �©�&h�s� e��6£§\��̧ Ô�¦½̈��¦ #��Q +þA|9� Ãºu��Ð s�ÀÒ#Q��� >�Ãº  7�

'�ü< Ä»�������'a$í
 ���+þA�̧+þA_� l�Ö�¦l�\�¦ �<Êa� ÆÒ&ñ
K��� ���H õ�&ñ
\�"f z�́]j�Ð ���&ñ
:�x>�|¾Ó_�

ì�r�í\�¦ ~1�>� �����½+É Ãº \O�Ü¼ 9 ����"f ]j 17áx �̧ÀÓ\�"f ë�H]j�� e��6£§�̀¦ $���[þts� r�������
"f, F ì�r�í_� �̀��Ér e��>�°úכ(critical value)s� ½̈K�4R�� ô�Ç���¦ �Ð_�?/6 x\�"f ���/åL��¦ e����.
ìøÍ���\� q��̧Ãº&h� �����|¾Ó ÆÒ[j���&ñ
_� Ä»�������'a$í
 ì�r$3�Ü¼�Ð_� &h�6 x�Ér ]j 17áx �̧ÀÓ�� �̧&ñ
÷&
���"f�̧ ���&ñ
§4�s� Z�}��. :£¤y� �FGéß�&h���� �'a8£¤u��� ��«Ñ\� �í�<Ê÷&#Q +þA|9� Ãºu��� &ñ
½©ì�r�í�
t� ·ú§��H �â
Äº\� s� q��̧Ãº&h� ÆÒ[j���&ñ
 ~½ÓZO�s� &h�]X��<Ê�̀¦ ·ú� Ãº e����.
�©��'a$í
s� e����H #��Q +þA|9�_� /BNì�ríß��̀¦ y��îß�ô�Ç q��̧Ãº&h� �����|¾Ó ÆÒ[j���&ñ
ZO�s� �©�&h�s� ÷&

��H ���&ñ
_� �©�S!��Ér �̧��H +þA|9�s� °ú �Ér ~½Ó�¾Ó_� @/wn���[O� �\�"fs� 9, ��r� ú́����� #��Q +þA|9�
_� Ä»_�ô�Ç &ñ
�̧\�"f 	�s��� e��t�ëß� {9�ÂÒ +þA|9�\�"f���̧ y���èô�Ç����H @/wn���[O�s� $í
wn�ô�Ç�����
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 :�x>�|¾Ó�̀¦ 7áx½+Ëô�Ç �����|¾Ó y���èÆÒ[j ���&ñ
:�x>�|¾Ó_� ���&ñ
§4�s� Z�}>� ÷& 9 �̧
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���&ñ
:�x>�|¾Ó�Ér ô�Ç +þA|9�_� �â
Äº\� éß����|¾Ó ÆÒ[j���&ñ
 :�x>�|¾Óõ� {9�u����H éß�í�H$í
s� e��Ü¼ 9, s�
ü< ²ú�o� Amos �r)��H éß�{9� +þA|9�_� �â
Äº\� Hasemanõ� Elston (1972)_� �r)�Ð z���ÃÌ÷&t� ·ú§
��H��.
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Comparison of Principal Component Regression and

Nonparametric Multivariate Trend Test for

Multivariate Linkage

Su-Young Kim1) Hae-Hiang Song2)

Abstract

Linear regression method, proposed by Haseman and Elston(1972), for detecting

linkage to a quantitative trait of sib pairs is a linkage testing method for a single locus

and a single trait. However, multivariate methods for detecting linkage are needed,

when information from each of several traits that are affected by the same major gene

are available on each individual. Amos et al. (1990) extended the regression method

of Haseman and Elston(1972) to incorporate observations of two or more traits by esti-

mating the principal component linear function that results in the strongest correlation

between the squared pair differences in the trait measurements and identity by descent

at a marker locus. But, it is impossible to control the probability of type I errors with

this method at present, since the exact distribution of the statistic that they use is yet

unknown. In this paper, we propose a multivariate nonparametric trend test for de-

tecting linkage to multiple traits. We compared with a simulation study the efficiencies

of multivariate nonparametric trend test with those of the method developed by Amos

et al. (1990) for quantitative traits data. For multivariate nonparametric trend test,

the results of the simulation study reveal that the Type I error rates are close to the

predetermined significance levels, and have in general high powers.

Keywords: Haseman and Elston(1972) regression, principal components linear model,
multivariate nonparametric trend test, linkage test.
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