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Lcde���������fg)*H©hi�J?A¬��jkl�mno

;p)*Ìq�rstuvK�	wx«yST�z{p�|}�~�

��������E��J?A¬BC��5ç@ÏA¬BCh���!

"�v$eËF!"�� atomoxetineP,HIßQ����@ÏA¬BC�ä

��@ÏA¬BC��
)*XvjST¨T��F��b����{>ì'Q

����Y���L[NOb

���)*H©�XYe(a) ¯� 53Ý�0� �<=( ADHD
���

R 53Ý��
���k�
J?A¬�Qfg)*H©hi (Cambridge

Neuropsychological Test Automated Battery�CANTAB) h�5J?A¬�TUa

F ADHD�.����J?A¬hiEF���k����� ADHD����

.F��
J?A¬BC�Â�Y� ¡g¥d@1m$¢ab

(b) Q 279Ý ADHD�.O5�a¨£� (n=108)OR 173Ý���k��

¯�5J?A¬j�jkl9¤ßQ'()*H©�
DEFGb�?�ù

CANTAB�h�J?A¬QR�jkl�TUaF ADHD�.É5�a¨£�

���J?A¬j���jklhiEF����k����a¨£��p��

jklhi
EF¥� ADHDÉ�k��0���J?A¬É�jkl¦�ß

g( ADHD
)*H©�DEFGb

���P,�XYeQ 30Ý 8& 16§�z¨ù�P,
 ADHD�.��

?�©Çª 12«éA¬­
 atomoxetineP,®i�Q¯°5J?A¬R�jk

l�ùP� 4«É 12«
���TUaF�.�¨P�±�9:EFR²+A

¬F���³��µh®
�©J?A¬Ép©�jklEF�F´��³��

µ atomoxetineßF¶�� ADHD�.
J?A¬j�jklBCb

�·�)*K��XYeQ 25Ý ADHD��R 25Ý��¸OMNO¹ù
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£OQRº»��
���k��¯°mno;p)*¼
��MQR5ÉJ?

A¬
ÍLMbTUaF�.QrstuvK (diffusion spectrum imaging�DSI)

½¾
p¿À�Ámno;p)*Ìq (Â$¿OD¿OÃÄÅmnORÆ$¿)


�ÇM�ÈìÉÊM (generalized fractional anisotropy) Ë���k�Ì�ÃÉ

ADHD
�;Í½ÛÉJ?A¬BCF��ÍL�MN9Î¿
ÃÄÅmnÉ

Æ$¿W)*ÏÐ¼b

���STLÑMXYe (a) Q 273ÝADHDmÒ (n=906) 
DNA�DAT1

STLÓÔ 14�������	 (SNP) j 3´variable number of tandem repeat

(VNTR)�TU� 15�ST¬k
 LDTX�ÕÖ 3�z{p×0�B��×0

Øæ( 19kb�Ý�B�O�OÙ�D�²�B��×0Øæ( 3kb�Ý�BÚO

Ü��D�²�B·�×0Øæ( 953bp�Ý� 3´UTRbz{pìÛaF rs27048

(C) /rs429699 (T) j�����ÜGF��ÍL���MìÛLeaF rs27048

(C) /rs429699 (T) j������;
Í½ÛF��ÍL��µ DAT1ST�

ADHD
�����ÜG
¨©+©ª«LÝÞ½1ßàb

(b) DAT1STjJ?A¬
LÑMeQ 382Ý ADHDmÒ (n=1298) 


DNAá�R5J?A¬�?ìÛbz{pìÛaF�B��z{p×0 rs403636

(G) /rs463379 (C) /rs393795 (C) /rs37020 (G) Éâ0Ègkl
ãä�F��Í

LMb�µ DAT1ST� ADHD
â0ÈgklBCÝÞ½1ßàb

å�QL!"����!"aF ADHD±�FJ?A¬
BC�$�cd

9æçLB��!"���jkl9DEFG�ÂÃ atomoxetineHIßQ��

J?A¬j�jklBC�ä ADHD
J?A¬BCjmno;p)*ÑTR

DAT1STãÉF´�ÍLM���@1èéP,ST�QRK�ST�
!"

Q¾ê ADHD
¨©+©ª«b



3

<<�:;

Keywords and Abbreviations: Attention-deficit/hyperactivity disorder (ADHD),

frontostriatal tracts (FS), diffusion spectrum imaging (DSI), executive function (EF),

visual memory (VM), Cambridge Neuropsychological Test Automated Battery

(CANTAB), DAT1, haplotype, linkage disequilibrium (LD)

Although ADHD is often associated with executive deficits, little research has

report other cognitive dysfunction in ADHD. No study has investigated the effect of

atomoxetine on the cognitive dysfunction in children with ADHD. In addition, the

neural correlates and genetic variants of cognitive dysfunction is still inconclusive.

The doctoral thesis will answer these questions from four approaches.

(1) Neuropsychological approach: (a) Using 53 adolescents with childhood

diagnosis of ADHD, and 53 matched controls, we examined their EF assessed by

using the tasks involving the EF of the CANTAB. The ADHD group performed worse

in all the EF tasks, and needed extra assistance while complex tasks were assigned.

(b) Using 279 adolescents with ADHD, 108 unaffected siblings and 173 controls,

we examined their EF and VM to test whether EF and VM can be potential

endophenotypes for ADHD. The ADHD probands and the unaffected siblings

significantly performed worse in all the EF tasks. The unaffected siblings occupied an

intermediate position between ADHD probands and controls in the performance on

two VM tasks, suggesting that EF and VM can be useful endophenotypes for ADHD.

(2) Pharmacological approach: we examined the effect of atomoxetine on EF and

VM in 30 drug-naïve boys with ADHD, aged 8-16, in an open-label trial after

12-week treatment. In addition to improvement in clinical and social functions, results

showed significant improvement in EF and VM after treatment with atomoxetine for 4



4

weeks or 12 weeks. Our findings suggest that atomoxetine is effective in improving

EF and VM among boys with ADHD.

(3) Neuroimaging approach: using 25 children with ADHD and 25 matched

controls, we examined the association between the integrity of FS tracts and EF. The

FS reconstructed by DSI tractography were subdivided into four segments, including

dorsolateral, medial prefrontal, orbitofrontal, and ventrolateral tracts. Children with

ADHD had lower generalized fractional anisotropy of all the bilateral frontostriatal

fiber tracts. ADHD symptom severity and EF performance significantly correlated

with integrity of the FS, particularly the left orbitofrontal and ventrolateral tracts.

(ë) Genetic association approach: (a) we recruited a Chinese family-based

sample (n = 906), and screened 15 polymorphisms across the DAT1 gene, including

14 SNPs and the variable number of tandem repeat (VNTR) polymorphism in

3´-untranslated region (3´UTR). Calculations of pairwise LD revealed three main

haplotype blocks (HBs). Haplotype analysis showed that a haplotype rs27048 (C)

/rs429699 (T) was significantly associated with the inattentive subtype. Our findings

indicate that the DAT1 gene may primarily affect the inattentive subtype of ADHD.

(b) We extended the family-based sample (n = 1298) and examined the

association between DAT1 and EF. Haplotype-based association tests showed that a

haplotype rs403636 (G) /rs463379 (C) /rs393795 (C) /rs37020 (G) in HB1 was

significantly associated with SWM errors. Our findings indicate that DAT1 plays a

role in the SWM errors of ADHD.

In summary, in addition to EF, we identified VM as potential endophenotype for

ADHD and found significant effects of atomoxetine on EF and VM. We demonstrated

that EF was linked to disturbed integrity of frontostriatal tracts and variations of the

DAT1 gene. Further pharmacogenetic and imaging genetic studies are needed to

establish the pathophysiological pathways underlying ADHD.
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1. ==� (Introduction)

>?

�0����
ì)í¨/����9��E�
9:NOb!���(


Þî(!��������(�Attention-Deficit/Hyperactivity Disorder�Zï

ADHD�bADHD��4
�¥OÈgR4ðLñOmn
ò�É²+*ó
ô

õöØbv' ADHD 
÷T4Å�8ËF����9S�L!"aFb1
N

O9�¢STUV
ãÉ�v'Ä²F�øHO��Ojô�W�;bv$�)

*+,�XY+F)*H©�j)*K��XY
ÉEb�{>ù� ADHD9

:�;j<=O>?¨�!"OSTUV�O)*H©�O)*K��OQRP

,HIW�YúQ¯°b

1.1��������@
��ABCDB EFG��


ADHD
b1ûH�;9�øHO��Éô�b�øHXY�Õü: ËF�

�&ý OþHØ�O�QÇª�������½�
D�O���ìsON4

�ç�ádH���OËGH	��µ
��O@1�
I��'E+o
i

�O��Eù
��OËFd0��b��XY�Õü: ���*O���ÌO

����Oì���O�j\�O��¾� �!éÝ²O�dfp"�"*O

���*
#�£�b��Ä²+�g$�þ%�y�¢&�s�E+F���

I'(N4�)p�g*	
��+,4-
�ä+.4bÃç?ß¬+$�/

�á�0Ò��1�
�2���34d
5Ñ67
�8��9*�����

Ñ�á�ß¬:�¾�¸ì;��¿éê<ª�á�]Q=>��ábô�XY�

Õü: ËFGHO�?N4	@
N4�Aá�ç+.=4m
9BCDN4�

çØádçe+ËFGH	N4���+Eá
F���D��G	i�ß¬+

�?HiOIH�Û�E+JN4Ô���7N4�	ç
��d�+ò+ôK
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�LMDÍ�I�çe$��+ËFGH��N�OPQ��
#�$�]j

ç4R>�S��\�OP�çe+EFÔ$��GT
��U
á²b�p�

����Ä²T(5MV+v'5�¥EF�Ò5ÑF
¬��ÃF´�4ðL


NO��?�cWXY
9jXÙO�;b�?(Lß¬+F���Y,Z�O

ô�
[\N4
?( (Fischer et al., 1990)b

4Å<=
pØ]^9 ICD-10�_ðí¨ì`B 10a��9_ðb+�c


a��Hyperkinetic Disorder��v��h9�_
 DSM-IV ��������

��Attention-Deficit/Hyperactivity Disorder�AD/HD�APA 1994�bS�L�p

Ø]^µde
?(MVØfL9Íc
�b1
�É9�F�<=ÜGb

DSM-IVF�g�
�å��h©�øH
�;/1FÙ©���jô�
h©

/1FÙ©âi�<=�cdi��pØ�;j�âi�k�ÜG �Combined

Type��Ê�;�lFi��øH
��/ô��;j���h(�øHÜG

�Inattentive Type�
��/ô�ÜG �Hyperactive-Impulsive Type�bICDh9

mn�op
�å����O��Éô�·q�;j1cdÔFâi��ÂÃ>

á	A�ô�
Èì�Tr�h©�øH�;/1FÙ©��©���;1i�

·©��©ô��; �1F�©âi�<=bp�<=shq1t���;1

cdÔF�pq�8QL�Êl9ÔF��q�u�ß¬�9���v'
b

ADHD 9��vaM
ì)í¨��Ô+�w��l9��cd aFb

� DSM-IVÉ ICD-10
<=shq1t�;xy� 7§QÅ�´���z&�

� F!"@(��§QÅ�5F´��;�âß�<=b�p�<=]^ÀF

C{§�|}Í~
�g�
�ån��9:
!"
@1�¡	9:�;+|

} DSM-IV
<=]^T(ßQv aF@1HI
0��ä�+ã�@1HI


��b<=LQ�ìQ���9¤9F����ÒU\�&�;��
�ÛR

HI¶U�ß¬+Q�;j�5�;Í½�Û
�ã�g�����zHI
I

¶Èì�ß\�Q	YÊ
ÜG
XY���;
�ãb

���Õ
�<�zÉ��9��
�5Ñ��¸ÕQ¦�<=D��d



7

1\�Ä²
HºaV5F
EF��ý��5?(EF9¤É�c�¸
Ä

²��Q�ÔF
�;�Ô5çJ�M°��QR	�ÓÔ�Ó½Ø
�¨�

;�Q�ä<5çfp
ì)í¨( ADHDb4Å)ËF<= ADHD
H©h

ibTr�x@èaº�O���hiO¢�YN�OÉ+AQ�� ADHD�

�99:
��j<=�9_ðLr(�E�<= ADHD 
XYb��È�/


¢��E
9+A�EQR�)*H©�hiE�ù�g(<=L�a�ù


!"ù��ß¢a¦ê ¡��
<=bS�9_ðÏîÃ9�E����È

���@¾ê���Etj�¶Û�µF
��e@Qr(¬sb4ÅÀ�aV

Ô
/{a�EÕüe�¬�XÙa?(�E �CPRS-R:S� R�¬��;a

?(�E �CTRS-R:S� QRXÙÉ�;µ��
 SNAP-IV�ä��/{�E


�¶Û9*[\_ð� ç
 � (Gau et al., 2009; Gau et al., 2008; Gau et al.,

2006)b

ADHD9¡¢æçÀ_Ã�?£Í7�
í¨bQ4Å DSM-IV
<=]

^����¸ Ä²
�?£Ø¤9 5~10%�'4 hF 4%Î¥b�*é��

ù
��XQ�c �¢�N�O9:<=Oì)�<=+A�OÈ��c �À

qa�
N�Oì)�<=+A�E�O<=]^�c �ICD-9OICD-10O

DSM-IIIODSM-III-RODSM-IV�OQR���¦�c �9:O²×O�cqÒ�

+ÔF�c
�?£�u§� 0.5~17.1%�Wb0Ò DSM-III-R
<=]^5�

?£Ø¤9 3~5%��ù DSM-IV��?£¨�©¡	�T( DSM-IV
�å�

�ª�de·�<=ÜG�ØÈì!"aF���ÜG¤« 50~55%��øHÜ

G¤ 30~35%���/ô�ÜG¤ 15~20%b

 ��À�
>?¨�!"��?�ù¬s<=+AÈ��Q_/��¬�

+(á��ù�­®Qµ¯° ADHD
�?£9 7.5% (Gau et al., 2005)b&±_

æ&_/�+
 ADHD!"9�ù/{� SNAP-IV�²³÷6Q DSM-IV
<

=sh
9Q 95´ì$���9¤F ADHD�5�?£¤ 7~8% (Gau et al.,

2008)�Ê9Q�;aµ¶(s�5�?£ß·& 8~12% (Gau et al., 2009)b



8

1.2���������@��HIJKLM

1.2.1 ��HIJKLM

)*H©�9èé)*H©hi���4`
ÏjO@ÏOj?(W�ÈA

¬�ä�*
)*H©�!"aF ADHD
?(NO9é��ÈA¬ÉEµ�

f�4Å!"�µj ADHDrFL|M
)*H©A¬BC9J?A¬

�executive function�
ÉE (Willcutt et al.,2005)bJ?A¬
�å9��p�

¸
¹8j	qº5
|}��'4¬�Ê �goal-directed� 
@ÏA¬�T

rJ?A¬ÂDz�
@ÏA¬�ä_$!"�µj ADHDrFL|M
J?

A¬Õüe»>A¬OZh«¼OÈgklOj½¾¬�W (Pennington & Ozonoff,

1996)�ä ADHD
J?A¬BCß¬+�f�.��¥j4ð¿�
BC

(Faraone et al., 2000)b²³�*J?A¬
!"�ADHD�.��jâ0

(visuo-spatial) 
BC$À^ (verbal) 
BC1�ú�� (Martinussen et al.,

2005)�r$�j�k�Í$�Ê9hi
]ÛÁúd�ADHD�.
J?A¬

BC+ã
�ú´� (Young et al., 2007)b

F�T²+KÂ ADHD�.
J?A¬�Õüº¬OaV­®OP,OQ

Rì)í¨
�¨ (comorbidity) W�ä��T²9¤¬�Þ°� ADHD
J?

A¬BC�
. ADHD�f�+¹ºFJ?A¬
BC��9�*Í7�&L

�
ÃO�²³^�ìÛ (meta-analysis) 
!"�S��=>º¬OÄ¶¬�O

QRì)í¨
�¨��ADHD�.�F��
J?A¬BC (Willcutt et al.,

2005)bv$Í����
ô�
�;�ADHD�.
J?A¬
BCÅÆ+Ç

ª�Ç
d0 (Barkley, 2004)��*!"9�µ'4 ADHD�.�8+FJ?

A¬
ÉE (Muller et al., 2007)�ä BiedermanW4�Ü�
è ��!"a

F�S� ADHD
�;9ºd0FÈ³����J?A¬BCÉ�8Çªw�

(Biederman et al., 2009)�EµJ?A¬BCß¬9�©MÊ¬k (trait marker)�
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�*
!"�µ�ùmethylphenidateßQ��ADHD
J?A¬ (Coghill et al.,

2007)bv$��? ADHD
)*H©A¬!"d5�� ADHD
a¨�Ë�

T(�*F!"�µÌa¨
 ADHD�À^º» (verbal IQ) jÍgº»

(performance IQ)�5EFq+$va¨
�.�\��ß¬Eµa¨�Ë+KÂ

ADHD�.
)*H©A¬ (Faraone et al., 2006)b

�8�*@( ADHD�.J?A¬
BC+�0� �%Çª&���

 ������� ADHD�.
J?A¬!"�8�	�äÃFF
!"TU

Îr�0eFGØ
�ÉM�Ï0�Ø�BarkleyW4aF��� ADHD�.Â

ËF´�
Ègkl
º5»> (response inhibition) XY
BC (Barkley et al.,

2001)�Tr����� ADHD�.
J?A¬5Ñ@1��³
!"b

1.2.2 ���HINOPQ

v$��j)*H©A¬FL
ÃOh9DEFG �endophenotype�bF

N�V^Q?(MV�å ADHD
EFG�Ð��!"ÑÊÓÔ ADHD
DE

FG�Q¨�EÐv' ADHD
f¨÷TbDEFG
�å9�$�;ÉEV

�EÐÒ9:í¨
+,�¨T�EFG�ä�Érí¨cá
��
	�+�

MST
KÂbADHDDEFGxyi�Q�
1t (Doyle et al., 2005)e(1) É

ADHDcdw���9�¬�F ADHD<=
�.��w�rDEFG�e�

9ØF���Ç4
$0� ADHD�.ÔFrDEFG���x8 ADHD�.

��w�rEFGÓ(2) ßQ��FÔ�½�MÊ �Õü�¶Û�
h�È�µ

h�; (3)xy1FUV
�³; (4) É ADHD1FmÒMRST
½Õ�ÊËF

mÒÖ×M½Õ�!".ß¬Ó&+,�EFGST��9�QÓ& ADHD


STb�Çä^�)*H©A¬O)*K�OQR)*Ø+©WXYqßQg(

ADHD
DEFG�����DEFG/�)*H©A¬Í�9Ù~$�¨Ú�

äÃËFÛ®MÜ±
���Tr9� ADHDÍL!"�.@(9r1�g(
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!" ADHD
DEFG (Doyle et al., 2005)b

éÅ[ 1.2 (a)
®Ý�?ßQÏÐ�ADHD�.+��FJ?A¬
BC�

TrJ?A¬BCe�@(9 ADHDß¬
DEFG��b�*!"�µ�J

?A¬
UV£ (heritability) ( 0.72 (Fan et al.,2001)�Tr9�q+FmÒUV

M
)*H©�A¬BCbv$�±� ADHD�.�f�FJ?A¬
BC�

�*
!"eaF�� ADHD�.mn���F ADHD
ÚÞ/eF���=

> (D. I. Slaats-Willemse et al.,2007) Éº5»> (D. Slaats-Willemse et al., 2003)

XY
ÉE��Jß!"(adoption studies)/�jßXÙÍ$��ADHD�.


+XÙ�aF��j��� (visual attention) jº5d0 (reaction time) 
E

F�� (Alberts-Corush et al., 1986)�v$ NiggW4
!"haF�ADHD�.


+XÙ��jâ0�Êg¥ (visuospatial orienting task) F��
º5 (Nigg

et al., 1997)�éL[
!"ßQ¯� ADHDÉJ?A¬BC�FmÒ½ÕMb

�eF
!"µ¶Â�aFADHD�.
ÚÞFJ?A¬XY
ÉE (Asarnow

et al., 2002; Murphy & Barkley, 1996)��ß¬9T(�*
!"b1q9lùz

�hi���J?A¬�{à�ù��
¬sáÈ���� ADHD�.5�a

¨ÚÞ
�pJ?A¬b

�)*H©A¬XY�±�J?A¬ßQg( ADHD
DEFG�$�v

$��ß¬
DEFG9�jkl (visual memory)b�*!"�µ ADHD�.

FG´�
klA¬BC (Rapport et al., 2001)�ä�jkl9��®.����

� ¡
^u���xy>^uk¾���1è��l|nâ¦
^u���T

r�jkl���®.9��@1�ÛyùHãâ¬�'
hi (Berman et al.,

1999)bF¸XY
�³ÆÇ��³!"�jklßQg( ADHD
DEFG�

B��Fä�ä	
µ¶�µ ADHD�.cd��F�jkl
BC�Õüâ

0å@kl (spatial recognition memory) (Kempton et al., 1999)Oæçá���

(delayed matching to sample) (Barnett, Maruff, & Vance, 2009)Ouèå@kl

(pattern recognition memory) (S. M. Rhodes et al.,, 2004)OQR��ÍL�-
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(paired associates learning) (H. T. Chang et al., 1999)WXY�L[��!"qÆÇ

ADHD�.
)*H©A¬BCÕÖ��jkl
NODB��DEFGxy

1¬UV�ä�*!"�µ�jkl
UV£( 0.53�� ��À^É2éêë

ì©íÛ
UV£ (Alarcon et al., 1998)DB·�methylphenidate�� ADHD�

.
�jklBCF´�
��¶U (S. M. Rhodes et al., 2004; S. M. Rhodes et

al., 2006)b�8FL[
!"ÆÇ�jklß¬9 ADHD
DEFG��&4

Å(î�æçL)ËF�Ó��mÒ!"�� ADHD�.5�a¨
ÚÞec

dF�jkl
BCb

1.3���������@NOPQ R�ST

J?A¬9 ADHDß¬
DEFG�äïJ?A¬FL
)*V�,Êb

1( catecholaminergic]^ (A. F. T. Arnsten & B.-M. Li, 2005)�Trð�gù�

catecholaminergic]^
P,�5ÑFß¬�� ADHDJ?A¬
BCb4Å�

À��� ADHD
HIP,b1Fpq��q9 methylphenidate�v$�qh

9 atomoxetineb5/ atomoxetine9���Û|}M
âñLòóôõö»>÷

(highly selective noradrenaline reuptake inhibitor)��+gù�5ø
)*V�,Ê

(Simpson & Perry, 2003)bµQ atomoxetineßQ��Åmn
âñLòó
ù

Û���+�� nucleus accumbensF�ÓKÂ (Bymaster et al., 2002)�ä nucleus

accumbens9j)*Uú÷�'ûMÍL
�È×K (Koob & Le Moal, 1997)�

Tr�atomoxetine9B��� 2002���_ FDAü�ù�HI ADHD
D/

ý)*Uú÷bä�*�X (Caballero & Nahata, 2003) ÉÀ� (Gau et al., 2007)


!"��µ�atomoxetineßQF¶�� ADHD
9:�;�cde�+��

þ�ò+�Ô
KÂ (Prasad & Steer, 2008)�atomoxetine�� ADHD�¨F�

� (Allen et al., 2005) É�� (Geller et al., 2007) 
�.eF$��
I¶�T

r atomoxetine� ADHD
9:HILÝÞÜì½1
ßàb
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FaraoneW�.¾ÃJ?A¬BCe5Ñ��( ADHD
HI4¬�� (S.

V. Faraone et al., 2005)b�8�*!"�µJ?A¬j catecholaminergic]^/


âñLòóFL (L. A. Newman, Darling, & McGaughy, 2008)��4ÅlFG�

!"¯° atomoxetine�� ADHDJ?A¬BC
I¶b�,
!"�µ

atomoxetineßQ��º5d0 (five-choice serial reaction time) (Blondeau &

Dellu-Hagedorn, 2007)O�Ìô�M (Robinson et al., 2008)OQR����� (L.

A. Newman et al., 2008)b4`
!"haF�atomoxetineßQ�����®.

(Samuel R. Chamberlain et al., 2006) j'4 ADHD�. (S. R. Chamberlain et al.,

2007) �
îê	
º5d0 (stop-signal reaction time)�v$��'4 ADHD�

�*�·« (T. Spencer et al., 1998) ÉÜ« (S. V. Faraone et al., 2005) 


atomoxetineHI����.
»>¬�+��Áúb��*F

�Se�µ�

atomoxetine��'4 ADHD�.Çª
��� (sustained attention) (T. Spencer

et al., 1998)O���«¼g¥ (attentional set shifting) (T. Spencer et al., 1998)OQ

Râ0Ègkl (spatial working memory) (S. R. Chamberlain et al., 2007)ÂËF

´�
��¶Ub

�89:L¨ù atomoxetine
0� ADHD�.ä�ä	��Üì{à¯°

atomoxetine��0�J?A¬gù
!"��F�
6�!"aF atomoxetine

��0� ADHD�.
Mí�jêëì©hi (Rapid Visual Information

Processing task) �F��
¶U (Barton et al., 2005)��8Å[
!"ecd�

��.5ø
J?A¬�Ò���«¼g¥ (attentional set shifting)Oâ0½¾¬

� (spatial planning)OQRº5d0 (reaction time)��g.Â��& atomoxetine

����J?A¬
I¶9ÒÓ�r$�é���6�!"lFö×�hî�

.��
�á����OÜ�� (power) ��
���µQ5!"TUÂ�Q

�� atomoxetine�0� ADHD�.
J?A¬I¶L�Ô �
T��lQ�

.��aE����@1�ØZt
!"�¯° atomoxetine�0� ADHD�.

J?A¬BC
I¶b
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±�J?A¬BC�$�Å[ 1.2 (b)  
®Ý�9�[ ADHD�.ß¬c

d��F�jklBC�ä�*
!"�µ�jklß¬j/ý)*
âñLò

ó]^�FÍLM�T(/ý)*âñLòó
�A+�©kl¬� (Gibbs,

2008)��,
!"h�µ7�®�,��?â0kl (spatial memory) hi

d�âñLòó
ùÛ+c³Áú (Rossetti & Carboni, 2005)�EµâñLòó

ß¬��jâ0êë (visuo-spatial information) �w
¬�LÝÞ½1ßà�v

$ ClaytonW4aF7oá��/ý)*
âñLòó]^d�ßQØ����

jkl
¬� (Clayton &Williams, 2000)b ��4`
!"XY�MoorW4

aFÊ�����®.7���âñLòó�+���©5�jå@kl

(visual recognition memory) ¬� (Moor et al., 2005)b±r�$�âñLòóej

���F�.
Lñ (J. T. Coull et al., 2004)�Ê9Ø��Ê
âñLòóùÛ�

��>+�f´�
�����
F� (Carli et al., 1983)b

�8âñLòó��jklXYÝÞ½1ßà���*ÂËFÍL{]¯°

atomoxetine�4`�jkl
gù�lF��
¸
�,!"�µ�atomoxetine

ßQ���jå@kl (Tzavara et al., 2006) QR�j×åhi (visual

discrimination test) 
ãä£ (Seu et al., 2009)�TrFx1�?!"Q¯�

atomoxetine��0� ADHD�.�jklBC
HI¶Ub

1.4���������@UFJKLM ��VW�

L� ADHD
K��!"aV�E�
!"XYßì(TXMRA¬MK

��!"�TXM!"EQMRI �û���� ìÛ�Èp O�Ê!Û�ä

¸
rs"�vK (diffusion tensor imaging�DTI) # ßQìÛ$Ê
)*¼

ÑTbA¬M!"EQ PET �â²vK� 
 fMRI �A¬Mû���� ìÛ

�È%&'>
ãá�Q0E\Ï)*o�
;èb¡	TXM!"�fIaF

ADHD�.¡	�×
p �âE4æ�ÕüØ�
Åmn (prefrontal cortex)
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(Castellanos et al., 2001)O(û (caudate) (Castellanos et al., 2001; Castellanos et al.,

2002)O)$* (pallidum) (Castellanos et al., 1996)OÂÅ¿+Z�Ê (dorsal

anterior cingulate cortex) (dACC) (Larry J. Seidman et al., 2005)R,-p .corpus

callosum) (Larry J. Seidman et al., 2005)�QRæ�
��n (posterior inferior

lobules)R/È (vermis) (Castellanos et al., 1996)brÐ
!"�µ ADHD
Ø�

�Ê'0�Ì�T(�Ç0�mnØ��Ê
!ÛØ¤� 7& 8§Î¥+·&1

2 (peak)�� ADHD
mn�Ê!ÛØ¤1& 11§Î¥â·&12�ä&��

��d ��Ç4
Ø��Ê+éêã3��9 ADHD�.ÊËFE�HI�

5Ø��Êã3
íÛ+�M (Shaw et al., 2009)�Tr ADHD
�.��Èa

VXY¦�F´�
ÉEãáb

�8 ADHDß¬j�È¡	×K
ÉEFL�5/r½1
×K(Åm

n�cdÅmne�4`
J?A¬XYÝÞ½1
ßà (Arnsten, 2009)b²³

)*°4�
Ý5�Åmn¿ßQýì'��A¬L�c
×K�Õü�Â$¿

Åmn�Ê (dorsolateral prefrontal cortex�DLPFC)OD¿Åmn�Ê .medial

prefrontal cortex�MPFC)OÃÄmn�Ê .orbitofrontal cortex� (OFC)OQRÆ

$¿Åmn�Ê .ventrolateral prefrontal cortex�VLPFC)�5/ DLPFCj?�


½¾ (action planning) FL (Fuster, 2002)�MPFCj�¸6�8�
���«7

(shifting under novel situations) FL (Konishi et al., 2010)�OFCjµ89�
?

( (reward-guided behavior) FL (Price, 1999)�VLPFChjâ0êë
ì©

(spatial information processing) FL (Wolf et al., 2009)b

rÐé�û���# 
aV�DTIßQ�:�	L��D)*ÏÐ¼
;

ÊR��M
�ê�Qf¬�%E<F�È×K�0
TXL
ÑT�ä� DTI


!"/ fractional anisotropy (FA)�*E�ù�g(Ø�$Êý=TX
��M

(microstructure integrity) 
�¬ (Johansen-Berg & Behrens, 2009)b�Å
 DTI

!"aF�mno;p (frontostriatal tracts) (Ashtari et al., 2005; Casey et al.,

2007; A. Konrad et al., 2010; Pavuluri et al., 2009)Oæ� (Ashtari et al., 2005)O�
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Ê>?Ìq (corticospinal tract) (Hamilton et al., 2008)OQRL@?ÏÐ¼

(superior longitudinal fasciculus) (A. Konrad et al., 2010)W×K�0�R���

ADHD�.
$Êý=TX
��MF{Ab�L[�� ADHD�.ß¬ÔF

)*ÑT{A
�È×K/�Qmno;p
)*ÑT{A(r�fM
aF

(Liston et al., 2011)b±�j ADHD
<=FÍL�$�eF!"��³aFo

;p
 FA�Ëj0� ADHD�.
�;Í½�ÛFLb

lF��
!"¯°mno;p)*ÑTjJ?A¬�0
Lñ�ListonW

4aFmno;p)*ÑT
'0+�©���®.��' go/no-go task
¶

£ (efficiency) (Liston et al., 2006)�v$ CaseyW4
!"eaF�mno;p


 FA�Ëä��0�ADHD�.��? go/no-go taskd
ô�M+�� (Casey

et al., 2007)�fMRIe�µmno;p
oájADHD�.
J?=> (executive

control) (K. Konrad et al., 2006) QRg¥«¼ (task switching) (Dibbets et al.,

2010) FLb

4Å�� ADHD�.
J?A¬BC
)*TX{Aª«)��³!"


­®�äÃ DTI
ê	ß¬+�&)*ÏÐ#B (crossing fibers) 
[\�Qf

�Qâ¦��)*ÑT
��M�Tr���@1��°ÛÛ
û���
#

 �Q¨¬�­®I¯°mno;p� ADHD�.
J?A¬BCµÝÞ
ß

àb

1.5���������@!"XY�

1.5.1 DAT1!" ��������@Z[\�


ADHDÞ� ¡
UVMí¨�e�9Ø ADHDß¬ÉG	STqFLÑ

M����N
ST�8�+%E�fí¨��+Áú
��C¨
ª+�ä

ADHD ß¬9��STjÀq¹8T²#¿gùµò+
TUb4Å
ÍLM

ìÛ
!"�µ
ß¬ø|ST (candidate gene) q`DE	��×/�p�b
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1
)*V�] ê	wx (dopamine) ] �̂RâñLòó (norepinephrine) ]

^�5/ DAT19rE��&
 ADHDø|STb

DAT1 STÝ�Dàp 5P15.33�é 15 �$�² (exons) j 14 �D�²

(introns) µ�'�Øæ¤( 52kb�F¸XY
�³ÆÇ DAT19 ADHD
f¨

STeB��4ÅHI ADHD 
P,/�ùr	
9/ý)*Uú÷

methylphenidate�ä methylphenidate�9è�E= dopamine transporter (DAT) Q

·&HI¶U (Volz, 2008)DB���*)*K��!"�µ�0� ADHD��


�È DAT�Û$���k�� 50% (Cheon et al., 2003)�v$eF!"�µ'

4 ADHD��
�È DAT�Û$���k�� 17% (Dresel et al., 2000)DB·�

��ù methylphenidateHI�·«���ADHD��
�È DAT�Û��Ø¤

74.7% (Vles et al., 2003)��
î�ù methylphenidate���DAT
�ÛL©�

64% (Feron et al., 2005)DB��DAT1 konck-out
��ßQg( ADHD�1


�,tY (Trinh et al., 2003)bå�QL¸XY
�³�ÆÇ DAT1ST¦�9

ADHD
½1ø|STb

�*
!"b1×/� DAT1 ST� 3´-untranslated region (3'UTR)
ãÉ

(variable number of tandem repeat�VNTR)�T(��Ý5
STãÉjì)í

¨�F��ÍLM�ÕÖì)ìF� (Prata et al., 2009) jGìHI

(Samochowiec et al., 2006)b�8 CookW4� 1995�B�ÕaF DAT1ST


3´VNTRj ADHD�F´�
ÍLM (Cook et al., 1995)���ª
!"ÂËF

�µ�fM
aF (Stephen V. Faraone et al., 2005; D et al., 2006; Purper-Ouakil

et al., 2005)b ��J4
Òj�Fp�!"ìN�µ DAT1ST
 3´VNTR


 10-repeat (Chen et al., 2003) R 11-repeat (Qian et al., 2004) j ADHD�0�

F��ÍLM��5øp�!"Â�ÆÇ�á
ÍLM (Cheuk, Li, & Wong,

2006; Wang et al., 2008)b

��Tóß¬ßQ°��L[��!"TU�0
ÉÊM�B���*!

"�µ ADHD ��9¤cdF5çì)��¨í¨ (comorbidity)�+KÂ
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ADHDj DAT1
ÍLM (Zhou et al., 2008)�Tr�c
 ADHD!"µK®


���F�c
�¨ì)í¨�>+KÂj DAT1 �0
ÍLMìÛDB��

é�ADHD�f
$�EFG (phenotypes) �FÍ7Ø
ÉÊM�0ÒADHD

ßQì'�����ÜG (inattentive subtype)O��j ô�ÜG

(hyperactive-impulsive subtype)OQRk�G (combined subtype)��*
!"�

µÊ9> ADHD<=Læu§ Ò�M�
ÜG�>ßQÁúaFø|ST


ª+ (Genro et al., 2008; Waldman et al., 1998)b

DAT1 
 3'VNTR ß¬j5øMÐ
STãÉu'|}�~� (linkage

disequilibrium�LD)�Tr��? ADHD 
ì²ST!"d�5\� DAT1 S

TL
 LDTX (Greenwood et al., 2002)��8�*¡	!"q�¯° DAT1S

Tj ADHD
ÍLM��5/lF��!"Fµ¶��ST
 LDTX��©

T��Ú�_m
ØZt!"�µ�ADHD��
 DAT1ST� LDTXLF

��z{p×0 (haplotype blocks)�ä�N_ (Friedel et al., 2007) jw�

(Genro et al., 2008) 
!"h�µ�·�z{p×0b��Ó��M�
ÒjO

Y�KãOSTP7 (genetic drift)OQRqÒ
Q�WTóqß¬+KÂ LD

TX�Tr��c
Òjß¬+F�c
 LD TX�²³�?µÏ��*ÂË

F�Ó ADHD
ST!"¯° DAT1�J4Òj
 LDTXb

±�L[µ�&
 3'VNTR���
!"z*¯° DAT1STL
5øzû

����	 (single nucleotide polymorphism�SNP) j ADHD�0
ÍLM�

0Ò Brookes W4zµ¶ rs40184 j ADHD �0�FÍLM (Brookes et al.,

2006)�� GenroW4
!"h�ÆÇ�á
TU (Genro et al., 2008)�v$�

Friedel W4hµ¶ rs27072 j ADHD �0�FÍLM�ä� Gizer W4


meta-analysise�µ rs27072j ADHD�0
��ÍLMb

��? ADHD 
ST!"d)F��½1
Tó1úQ\��T(�

ADHD�á
ì)í¨���¬lùz�STãÉ�úQ°��TrlR�z

�STãÉl¬�:DEF

êë��9 DAT1 ST9*aFF¡	
ã
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É���½1
NO9ÒÓ��S	
ãÉ/|nF�å
¬k�úQR��

Â��³ìÛ��¬kj ADHD�0
ÍLMbÊ�?9Qºª
XY�|n

1R�
STãÉ��Â�9��F¶
XQ��?@1Q��j]^M
X

Q�|nß¬F�å
STãÉ��*
!"�µ haplotype-tagging SNP
X

QßQ�:���¿F¶
�q�R�STLF�å
ãÉ (Kollins et al.,

2008)�T(�qXQßQè�!" LD
TX����x1
STR��ÂÁ

ú�	
STÍLMêëb

�p�Ø��8 DAT1ST� ADHD
¨©ª«LÝÞ½1
ßà���

�c
!"TU�0�8w�´�
�ÉM�ÂÃST
gù��cÒj�0

ß¬F�c
KÂ�Tr�?@1��J4Òj DAT1 ST
 LD TXúQ!

"���³ßQèé haplotype-tagging SNP 
XQ�Q¨ÞYMI¯� DAT1

ST� ADHD
¨©+©ª«b

1.5.2 DAT1!!" UFJKLM�Z[\

é�L[ST
!"�µ DAT19 ADHD
ø|ST��?��³TWi

� DAT19¤+v' ADHD
J?A¬BCbF�U¸XY
�³ÆÇ DAT1

STjJ?A¬9FÍLM
�B��DAT1 STV± .knock-out) 
���

aF��FJ?A¬
{A�0Òâ0Ègkl (spatial working memory) (B. Li

et al., 2010) Éº5»>BC (Trinh et al., 2003)DB��methylphenidateè�»

> DAT ä�©)*K(0
	wxùÛ�ä�*!"aF methylphenidate ß

Q��0� ADHD�.
J?A¬ (Vance et al., 2003)DB·��*!"9�

µ DAT1 ST���0�
J?A¬-���)*WÌ (executive attention

network) 
aVÝÞ½1ßà (Rueda et al., 2005)DB��K�ST�
!"�

�����®.
 DAT1 STãÉjÈgkl
)*º5�F��ÍLM

(Stollstorff et al., 2010)båLµ[�¯� DAT1STj ADHD�.
J?A¬
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BC�0Lñ
!"9Üì�FÙË
b

�*�XY
!"b1×/� DAT1 ST
 3´VNTR jJ?A¬BC�0


Lñ�ä��!"TUÎrFGØ
�ÉM (Barkley et al., 2006; Karama et al.,

2008; Loo et al., 2008; Wohl et al., 2008)�KaramaW4aF DAT1ST
 3´VNTR

jJ?A¬/
Ègkljâ0½¾FL (Karama et al., 2008)�CornishW4h

aF�Ê�.� 3´VNTRZF 10-repeat
STãÉ�hcd��F��
|}

kljº5»>¬� (Cornish et al., 2005)�8ä�*eF!"µ¶Íº
T

U�0Ò Boonstra W4aF ADHD �.Ê9ZF 10-repeat 
STãÉ�ºä

+F$��
J?A¬EF (Boonstra et al., 2008)�r$�eF!"�Ô DAT1

ST
 3' VNTRj ADHD�.
J?A¬BC�0Â�ÍLM�Õü���«

¼g¥ (Wisconsin Card Sorting Task) (Barkley et al., 2006)QRXàg¥ (Stroop

Color-Word Task) (Loo et al., 2008; Wohl et al., 2008)b��!"TUÎr�0


�Éß¬j¸XY
TóFL�0Ò ADHD�.
MMÉµ�ù
)*H©�

hiWbr$�ß¬�9lF DAT1STL
Ò��ãÉ�+v' ADHD�.


J?A¬BC�ä9��STãÉú'
¶Uâ�f�J?A¬
BC�T

rlFR���M�
STG (Ò 3' VNTR) Â�Q��¯� DAT1 ST�J

?A¬BCµÝÞ
ßà�e�äò+��*!"TUÎr�0
�ÉM (Mill

et al., 2006)b

±� 3'VNTR�$�lFG��
!"*¯° DAT1ST
5øãÉj)*

H©A¬�0
Lñ (Bellgrove et al., 2007; Kollins et al., 2008; Rommelse, et al.,

2008)�BellgroveW4aF����®./�DAT1STBÚ�D�² (intron 8)


 3-repeatãÉjâ0��� (spatial attention) FL (Bellgrove et al., 2007)��

�Yö×� 152� ADHDmn
!"µ¶�Ô�DAT1STL
�� SNPs�Õ

ü rs37020Ors464049Ors409588OQR rs2042449 W�jÇª���hi

(Continuous Performance Task�CPT) 
EFFL (Kollins et al., 2008)���v

$��ö×� 350Ý ADHD�.j 195Ý�a¨£�
mÒ!"/�Rommelse
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W4haF DAT1 STL
Ù�ãÉ�Õü 3' VNTROintron 8Ors2550946O

rs11564750Ors3776513OQR rs40184 W�jJ?A¬�0Â���ÍLM

(Rommelse et al., 2008)�Tr DAT1STL 3'VNTRQ$
ãÉjJ?A¬BC

�0Lñ�FZ��³!"b

�pä^��8F�!"aF DAT1STj ADHD�.
J?A¬BC�

0�FÍLM (Cornish et al., 2005; Karama et al., 2008)��5ç
!"Â�ÆÇ

��TU (Loo et al., 2008; Wohl et al., 2008)bTr�� DAT1ST� ADHDJ

?A¬BCµÝÞ
ßà�FZ��³
¯°b

1.6 ��
]^ _`

²³L[ ADHD)*+,�
{]�l��?�Ô�U
!"PØ�TW

¬���³¯° ADHD�)*H©�ODEFGOP,HIO)*K��OQ

RSTUV�WXY
!"ÃO�Q ¬�[\]^ ADHD
¨©ª«�ÂÃ

TW��¬5ù� ADHD�.
9:��jHIb

1.6.1��������@UFJKLM

1.6.1.1 �
]^#(a)ADHDabcdefg@UFJK

(b)UFJK hijkcdl ADHD@NOPQ

1.6.1.2�
_`#

(a)

é��*
!"b19�ùz�
hi��� ADHD �.
J?A¬B

C�!"TUÎr�0{à$�M�e�+]^ ADHD�.�p
J?A¬�

Tr�?�½
�i9mùfg)*H©hi (Cambridge Neuropsychological

Test Automated Battery�CANTAB)��9��â0ODÀ^
Ø�hi�ÕÖ
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���
)*H©A¬hi��*
!"9�� CANTAB����®./FG

�
�¶Û (Luciana & Nelson, 1998)�ÂÃßQ5ù����c
ì)í¨�

@ÏA¬�Õü_`� (Purcell et al., 1997)Oa`� (Sweeney et al., 2000)Oì

)ìF� (Levaux et al., 2007)Obº� (Egerhazi et al., 2007)OQR4~BC�

(Dolan & Park, 2002)b���?µL�
J?A¬�CANTABF��ìhi9

ù���J?A¬�Õü SSPOIEDOSWMOQR SOC�Tr CANTAB ßQ

��I�� ADHD �.
�pJ?A¬b�8�*�XF��
!"�ù

CANTAB ��� ADHD �.
J?A¬�ÂÃaF�.� SWM (Sinead M.

Rhodes et al., 2004)OIED (Rhodes et al., 2005)Oj SOC (Kempton et al., 1999)W

ìhiEF�����J4ÒjÂ�z*�ù CANTAB�!" ADHD�.


J?A¬bTr�?P��j���®.Í$���� ADHD�.
� SSPO

IEDOSWMOQR SOCW CANTAB
J?A¬ìhi
ì���Ìb

(b)

�*�8F!"¯° ADHD�.��a¨
ÚÞ�J?A¬BC��!"

TUÎr�0FGØ
�ÉM (Asarnow et al., 2002; Murphy & Barkley, 1996; D.

Slaats-Willemse et al., 2003; D. I. Slaats-Willemse et al., 2007)��ß¬9é��*


!"á���Ø�ÂÃl�ùz�È����J?A¬�Qf�QF��


^½Ü���¯� ADHD �.��a¨ÚÞ
�pJ?A¬bv$�Å[


CANTAB 9���F�Ûc2Mjì¦M
)*H©��È��ßQdhÔ

ADHD �.��a¨ÚÞý=
 (subtle) J?A¬BC�� CANTAB �*Â

�z�ù��� ADHD�.��a¨ÚÞbTr�?e½ö×·����ÕÖ

ADHD�.OADHD�.��a¨£�OQR���®.�ÂÃ�ù CANTAB


 SSPOIEDOSWMOQR SOCWìhi���·���
J?A¬��?P

� ADHD �.>+FrÍ½
J?A¬BC�ä ADHD �.��a¨£�


J?A¬EF>+Ý� ADHD�.j���®.�0b
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±�J?A¬�$�FF
!"9�µ ADHD �.+���jkl
B

C���*Â��Ó!"¯° ADHD�.��a¨ÚÞ
�jklA¬�Tr

�jkl9¤ßg( ADHD
DEFG�FZ��³i�b�?�ù CANTAB


�jklìhi�ÕÖæçá��� (Delayed Matching to Sample�DMS)O

â0å@kl (Spatial Recognition Memory�SRM)O��ÍL�- (Paired

Associates Learning�PAL)OQRuèå@kl (Pattern Recognition Memory�

PRM)����Å[·���
�jkl��?P� ADHD �.>+FrÍ½


�jklBC�ä ADHD �.��a¨£�
�jklA¬EF>+Ý�

ADHD�.j���®.�0b

1.6.2���������@NOPQ R�ST

1.6.2.1 �
]^#atomoxetinemdno ADHDab@UFJK 

hijkLM

1.6.2.2 �
_`#

{]�laFJ?A¬9 ADHD
DEFG��é��*lF��æG


6�!"¯° atomoxetine9¤¬��0�ADHD�.
J?A¬BC (Barton

et al., 2005)�Tr�FZ��³!"Q�� atomoxetine��0� ADHD�.�

J?A¬
KÂb�?>ö×�	
0� ADHD�.�ÂÃ�ù CANTAB


SSPOIEDOSWMOQR SOCWìhi��¯��è �ù atomoxetine���

0� ADHD �.
J?A¬9¤F�³b�?P��atomoxetine �l¬��

ADHD
�;�e¬���.
J?A¬BCb

±�J?A¬BC�$��?
!"eaF ADHD�.+��F�jkl

BC�ÂÃ�jklßQ�( ADHD
DEFG�Tr�?�ù CANTAB


SRMj PRMWìhi��¯��è �ù atomoxetine���0� ADHD�
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.
�jklA¬9¤F�³b�?P��atomoxetine¬���.
�jkl

BCb

1.6.3���������@UFJKLM ��VW�

1.6.3.1�
]^#pqrAs��tu�vw\cd ADHD��

AxUFJKLMeZ[\

1.6.3.2 �
_`#

�8{]�l/9F¡	!"�ùDTI
XQ�¯°ADHD�.
mno

;p�$Êý=TX
��M��4Å��F!"�ùrstuvK (diffusion

spectrum imaging�DSI) 
XQ�!" ADHD�.
mno;pbÍ��V^


 DTI�DSI ¬���È
)*ÑT�?���
rsM�� (diffusion

measurement)�Qf DSI ¬�F��
ßÛ°ÛÛ (angular resolution) �ì©

)*ÏÐ#B
NO�ä4Å DSI9*���ßQF¶Iù�½¾¡	ì)í

¨
�È)*Ìq�Õüfg� (Chiu et al., 2011)OGìHI (I. C. Liu et al.,

2010)OQR¢h� (Lo et al., 2011)Wb�*
!"�µ�)*ÏÐ#B
�È

×K�DTI>+½¾ãä
)*ÏÐÌq (false fiber pathways) (Wedeen et al.,

2008)�lîãå�mno;p
)*Ìq9Ñimn&o;p�0
)*Ï

Ð��)*°4�L�ÁÌq+j¡	5ø
)*ÏÐ¼#B�TrÊ�ùV

^
 DTI�½¾mno;p
)*Ìq��>+9DEj]
Èg�äÃy1

G	
£�Íg (manual editing) Q*±ãä
)*ÌqbÍ�I�Ê�ù DSI

�½¾mno;p
)*Ìq�±�ßQF¶Ik�)*ÏÐ¼#B
NO�

äÃ)ßQ>mno;p
)*Ìqg�ìý
ÈÝ×ì (segmentation)��¯

°r)*Ìqj ADHD�0��MÉM (specific) 
Lñbr$��?���

³*ìÛ ADHD
J?A¬BCjmno;p
)*Ìq�0
Lñb�?l
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ù DSI 
XQ>mno;p
)*Ìq×ì'��ÈÝ�Õü caudate

nucleus�DLPFC (dorsolateral)Ocaudate nucleus�MPFC (medial prefrontal)Ocaudate

nucleus�OFC (orbitofrontal)OQR caudate nucleus�VLPFC (ventrolateral)�Âh

� ADHD �.j���®.
�ÇM�ÈìÉÊM (generalized fractional

anisotropy�GFA)��?P��j���®.Í$�ADHD �.
��Á)*

Ìq� GFA�Ì�ÂÃ��Á)*Ìq
 GFA+j ADHD
J?A¬BC�

0�F��
ÍLMb

1.6.4���������@!"XY�

1.6.4.1 �
]^#(a) DAT1!"cd ��������Z[

(b) DAT1!"cd UFJKLMZ[

1.6.4.2 �
_`#

(a)

�8 DAT1ST� ADHD
¨©+©ª«/ÝÞ½1
ßà���*
!

"TU�0�w�GØ
�ÉM�MN9�J4
Òj�*lù� DAT1 ST

L
Ò¸�ãÉ��¯��Â�ù� DAT1 ST���pÞY
!"�Tr

DAT1 ST�J4Òj
 ADHD �.µÝÞ
ßà�FZ¦@ (Cheuk et al.,

2006; Wang et al., 2008)b�?
!">mù haplotype-tagging SNP
XQ��

���� DAT1 STj ADHD �0
Lñ�äÃ�?e+> ADHD �.×ì

'�c
ÜG (subtype)��¯° DAT1 STj�c ADHD ÜG
�MÉ
L

ñb�?P��DAT1STL
ãÉ��j ADHDFÍLM�äÃj ADHD


�;jÜGFÍLMb

(b)
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�pä^��8�*��!"Â�aF DAT1STj ADHD�.
J?A

¬BCFÍLM (Barkley et al., 2006; Loo et al., 2008; Rommelse et al., 2008;

Wohl et al., 2008)��eF!"�� DAT1 STjJ?A¬/
â0½¾ (the

tower of London) jÈgkl (working memory) FÍLM (Karama et al.,

2008)�Tr DAT1 STj ADHD �.
J?A¬BC�0
Lñ�FZ��

³
¯°bä�?�*
!"9�� DAT1ST9 ADHD
ø|ST (Shang et

al., 2011)�äÃ�)*H©�!"/�?e����ù CANTAB���
J?

A¬BC�ÕÖ SSPOSWMOIEDOQR SOC WXY�ßQg( ADHD 
D

EFG (Gau & Shang, 2010a)�5/¿Q SWM
¶5Ë (effect size)(rØ�

Tr�?����mÒST!"/>��³¯�DAT1STjADHD�.
J

?A¬BC�0
Lñb²³�?�*
DEFG!"��?P��DAT1 S

Tj ADHD�.
J?A¬BC�MN9 SWM
EF�Îr�0+F��


ÍLMb
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2. ��
yz {| (Materials and methods)

2.1��������@��HIJKLM

2.1.1 ��HIJKLM

2.1.1.1 }~b���

�!"ö×� 53Ý 11& 16§
��� ADHD�.�5/ 40Ý(mM�

13Ý(1M�~��¸( 12.7±1.4§����.�*ÔF´� ADHD�;
~

��¸( 4.8±1.7§�B�Õ�9:L�<=( ADHD
~��¸( 7.6±2.9§�

v$�?e��.
c��×ö×� 53Ý���®.g(�k���k�
M

NO�¸Oº»OXÙ
�n�Û�9j ADHD����o�E 1b

ÙÚj���ìNE�ì)�<=M+AÈ� the Kiddie epidemiologic

version of the Schedule for Affective Disorders and Schizophrenia (K-SADS-E) 
�

��Q¦ê5<=b� 53Ý ADHD�./�F 29 (54.7%) Ý<=(k�ÜG�

17 (32.1%) Ý(�����ÜG�7 (13.2%) Ý(��ô�ÜGb�®.�E�

CANTAB
)*H©hi�r$��?e|ùº�hi/ digit span�����


Çª���ÉÀ^ÈgklbÊ94Åâ�¨ù ADHDP,
�.�h�E

�hi�Å �
î¨ùP, 24ædQLbö�
O±ÁpÒ�eFÍ½fp

í¨ÒH%?í¨OÞº»æ� 80OqöM�2Mí¨¨rO,Êsù¨rO

ì)ìF�¨rO�ªMaVBC�¨rO
.tu¨rWb

2.1.1.2 ������#CABTAB

)*H©hi9é9:H©;²³ CANTAB
¬s>�úQvh�I§�

ÀØ�wì)��È
)*H©Ü±x�hi
d0Ø¤( 90ì;��?|ù

CANTAB
��ìhiQ���®.
J?A¬�Q�ìN¥y���ìhie
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Spatial Span (SSP). SSP9���®.
â0z kl��éêØ�{|L+

ÔF��}�Ý5
$àX~���~�X~+Hke�
�����X~E�

��X~«ã�à��®.xy²³6ÅX~«ã�à
���('{|L
×

K�hiép�X~éê�r	 h�X~br�F·�ë��E�®.
EFe

(1) span lengthe¬�'A�l¦
rè��D(2) total errorseãä�|}
X~

=�D(3) total usage errorse�®.|}������l��
X~�Õ�b

Spatial Working Memory (SWM). SWM9���®.
â0Ègkl��®

.�1t�{|L¡	
X~��Ó���5/�à
X���®.�aF�à

X���xyù£�('{|>X�7 {|¥Xì�ä~Õhi/��X~/


�àX��Ó&����X~��+ôÔF�Ó�àX��Tr�®.xy�

��Ó¸
�àX�����k6Å9ÔF�àX�
X~br�Fp�ë��

E�®.
EFe(1) strategy utilizatione�¸
X~éê��
Õ�D(2) Errors

in total and three different levels of difficultyeãä��
=Õ��QR�·��c

]Û(4-, 6-, and 8-box problems)
ãä��Õ�b

Intra-dimensional/Extra-dimensional Shifts (IED). IED9���®.
���

«¼¬��Ø�{|L+ÔFpq�cMÊ
4¬,���9�Á�v$��h

9u;���hiHk]Û=�F 9�­®��éê�®.xy²³u;
M§

�ÓÔâ¦
Zh��9µ�
ÊÛD«¼(intradimensional shifts�IDS)�E�

��®.xy«7��� �Á
M§�ÓÔâ¦
Zh��9µ�
ÊÛ$«

¼ (extradimensional shifts�EDS)����hi��/�®.xyè�®ä�-

(trial and error) QÓÔâ¦
Zh�äØ���dh&|ª 6Õ�®.â¦
º

5���Zh>+¢�«¼br�F��ë��E�®.
EFe(1)'A�'


 stages�4D(2)(��' stagesµ�
�®�=�D(3)� EDS�Å
ãä=

�D(4)� EDS 0
ãä=�b

Stocking of Cambridge (SOC). SOC9���®.
â0½¾¬���éê{

|L+FpU
à*�~�UF·�à*�LUà*
OUXY9�Uà*
t
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� (template)��7�à*�Å�®.xy6�H/Z¾�Q¨¬ùr�
7�

Õ�>�Uà*OU'LUà*
��bLUà*
OUXYi6*��½�²

³]Û
�cF 2O3O4O
 5Õ
r�7�Õ� (minimum number of moves)b

r�F��ë��E�®.
EFe(1)��c]Û
7�Õ�/'A°�
N

O�4D(2)~�7�Õ�D(3)��®.ã\ÒÓ°�NO&éê7�B��à

*
d0D(4)��®.éê7�B��à*&�'NO
d0b

2.1.1.3 �����

�[M^½
ÈìQ�4É´ì$��µ`Nã©�Q~�ËÉ¬s���

µ|ªã©b(��?��
¨0�k!"��?ùÁpY
����ìÛQ$

��.�j�k�
ì)í¨$£�ÂÃQ^½�p SAS 9.1 (SAS Institute Inc.,

Cary, NC, USA) 
 Proc Glimmix���½°�°$ (odds ratio�OR) É 95%


�I×0b��|ªã©��?�ù�M	­�tY (linear multi-level model)

�$�p�
 CANTAB��ìhi
ì����&�F�c]+�Û
hi

(SWMÉ SOC)��?�Üi�Nj]+Û
#¿gùd+�â�c����µ

�?
½ h��AlphaË��� 0.05��?�ù ������	
d
XQ½°¶5Ë

(effect size)�Ê ������	
dØ� 0.3 �æ� 0.5h(æ (small) 
¶5Ë�Ê

������	
dØ� 0.5 �æ� 0.8h(/W (medium) 
¶5Ë�Ê ������	
dØ�

0.8QLh(Ø (large) 
¶5Ëb

2.1.2 ��HINOPQ

2.1.2.1 }~b���

�!"ö×� 279Ý 8& 16§
0� ADHD�.�5/ 85.7%(mM�~

��¸( 12.5±1.6§����.�*ÔF´� ADHD�;
~��¸( 4.2±1.6

§�B�Õ�9:L�<=( ADHD
~��¸( 6.7±2.9§�cd�?ö×
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ADHD�.�a¨�£�� 1084�~��¸( 12.2±3.3§�v$�?e��

.
c��×ö×� 173Ý���®.g(�k��~��¸( 12.6±1.5§b

ÙÚj���ìNE�ì)�<=M+AÈ� K-SADS-E 
���Q¦ê

5<=b�®.�E� CANTAB
)*H©hi�r$��?e|ùº�hi

/ digit span�����
Çª���ÉÀ^ÈgklbÊ94Åâ�¨ù

ADHDP,
�.�h�E�hi�Å �
î¨ùP, 24ædQLbö�


O±ÁpÒ�eFÍ½fpí¨ÒH%?í¨OÞº»æ� 80OqöM�2M

í¨¨rO,Êsù¨rOì)ìF�¨rO�ªMaVBC�¨rO
.tu

¨rWb

2.1.2.2 �������#CABTAB

�?|ù CANTAB
 SSPOSWMOIEDOSOC���®.
J?A¬�Â

Q DMSOPALOSRMOPRM���®.
�jklA¬�L�J?A¬hio

� 2.1.1.2�Q�h¥y�jkl
��ìhie

Delayed Matching to Sample (DMS). DMS9���®.�� ¡Ã��
^

u�klA¬��~�Õhiéêd�+F��á�^uÔF�{|/�¤ 4.5

���cd�8 (simultaneous condition) /�7á�^u��{|d���|©

^uÔF�{|�XD�æç�8 (delayed condition) /�á�^u6�b��

�*� 0�O4�O
 12������|©^uâ+ÔF�{|�X��®.

1�|©^u/|n��já�^u�Þ�f
^ubr�F��ë��E�®

.
EFe(1)dh&ãäa+
¬�D(2)â¦º5
~�d0D(3)��cÁp

�
â¦º5�4D(4)�â¦Éãäº5��ÔFãä
ß¬Mb

Paired Associates Learning (PAL). PAL9���®.��j^uj�jâ0


�-¬���{|L+ÔF¸�X����X�+Hkºª
��ä.é�ä
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F�X�+ÕÖ^u�5/�ä��X�/
^u��+��E���ÔF�{

|/���®.xyHk/�
^u*('ÖFÍc^u
X�br�F·�ë

��E�®.
EFe(1)ãäa+
=�D(2)â¦�ÔµF^ud
ãä=�D

(3)B�Õ�®
klì�b

Spatial Recognition Memory (SRM). SRM9���®.â0Ý5
å@kl

¬���éêF��X���c
Ý5H�ÔF�*� 5����E���®.

+�Õ�&p�X��5/��9�6Å9*ÔF�
Ý5��v��9�6Å

Â�ÔF�
Ý5��®.xyå@Ô���X�9Ý�6Å9*ÔF�
Ý

5br�Fp�ë��E�®.
EFe(1) the percentage of correct responsese

â¦º5
´ì$D(2) mean response latency for correct responseseâ¦º5
~

�º5d0b

Pattern Recognition Memory (PRM). PRM9���®.�uè^u
å@k

l¬���éêF�]U�cuè
^uH�ÔF�*� 5����E���®

.+�Õ�&p�^u�5/��96Å9*ÔF�
uè��v��96ÅÂ

�ÔF�
uè��®.xyå@Ô���^u96Å9*ÔF�
uèbr�

Fp�ë��E�®.
EFe(1) the percentage of correct responseseâ¦º5


´ì$D(2) mean response latency for correct responseseâ¦º5
~�º5d

0b

2.1.2.3 �����

�[M^½
ÈìQ�4É´ì$��µ`Nã©�Q~�ËÉ¬s���

µ|ªã©b��|ªã©��?�ù�M	­�tY (linear multi-level model)

�$�·�
 CANTABJ?A¬É�jkl
ì����&�F�c]+�Û


hi(SWMOSOCODMS)��?�Üi�Nj]+Û
 interactiond+�â�

c����µ�?
½ h�bAlphaË��� 0.05��?�ù Bonferroni�â
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	½$�
 pË�r$�?eÜi CANTAB
ì��·�9¤F�M����

?+=>MNO�¸OÞº»Oì)í¨�¨OADHD�;OQRXÙÚ�n

�Û�cd�?�ù ������	
d
XQ½°¶5Ë�Ê ������	
dØ� 0.3 �æ�

0.5h(æ
¶5Ë�Ê ������	
dØ� 0.5 �æ� 0.8h(/W
¶5Ë�Ê

������	
dØ� 0.8QLh(Ø
¶5Ëb

2.2���������@NOPQ R�ST

2.2.1. }~b���

�!"ö×� 30Ý 8& 16§�z¨ù�P,HI
m+ ADHD�.�~

��¸( 10.70±1.84§�ÙÚj�.�ìNE�ì)�<=M+AÈ�

K-SADS-E 
���Q¦ê5<=b� 30Ý ADHD�./�F 15 (50%) Ý<

=(k�ÜG�13 (43.3%) Ý(�����ÜG�2 (6.7%) Ý(��ô�ÜGb

F 11Ý�.cdF5øì)�í¨�¨�Õü�êº�Mí� (36.7%)�?(

Zuí� (3.3%)�QR�*F��í�¨r (6.7%)b�®.�E� CANTAB


)*H©hibö�
O±ÁpÒ�eFÍ½fpí¨ÒH%?í¨OÞº»æ

� 80OqöM�2Mí¨¨rO,Êsù¨rOì)ìF�¨rO�ªMaV

BC�¨rO
.tu¨rWb

2.2.2. ������#CABTAB

�?|ù CANTAB
 SSPOSWMOIEDOSOCORVIP���®.
J?A

¬�ÂQ SRMOPRM���®.
�jklA¬�L�J?A¬j�jklh

io� 2.1.2�Q�h¥y RVIPhie

Rapid Visual Information Processing (RVIP).RVIP9���®.
â0Çª�

���Ø�{|/��ì;D+Ô 100�����®.xy²³dh����9
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¤FÔF4¬�U�3-5-7�2-4-6�4-6-8�ÊFÔFhxy����br�FÚ

�ë��E�®.
EFe(1) total hitseâ¦º5
Õ�D(2) total missese5Ñ

º5É�º5
Õ�D(3) total false alarmse�5Ñº5Éº5
Õ�D(4) total

correct rejectionseâ¦ ¡º5
Õ�D(5) probability of hitseâ¦º5
´ì

$D(6) probability of false alarmseãäº5
´ì$D(7) ��edhê	
c2

ÛD(8) mean latencyeâ¦º5
~�d0b

2.2.3. �����

�?�ù 180Ý 8& 16§��aV0�
 CANTABì�g(Et�>�!

" 30Ý ADHD�.
 CANTAB÷êì�«¼( zì��5~�Ë�( 0�1�

¬s��( 1� zì�bé��?�c���®.�?	Õhi�Tr�?�ù

�M	­�tY (linear multi-level model)�$�ùPÅjùP��«OQRÜ�

«
 CANTABJ?A¬É�jklì��NbAlphaË��� 0.05��?�ù

������	
d
XQ½°¶5Ë�Ê ������	
dØ� 0.3 �æ� 0.5h(æ
¶5Ë�

Ê Co����	
dØ� 0.5 �æ� 0.8h(/W
¶5Ë�Ê ������	
dØ� 0.8QL

h(Ø
¶5Ëb

2.3��������@UFJKLM ��VW�

2.3.1. }~b���

�!"ö×� 25Ý0� ADHD�.�v$�?e��.
c��×ö×�

25Ý���®.g(�k���k�
MNO�¸O¹ù£Oº»OXÙ
�

n�Û�9j ADHD��?�4á
��b

ÙÚj���ìNE�ì)�<=M+AÈ� K-SADS-E 
���Q¦ê

5<=b� 25Ý ADHD�./�F 18 (72.0%) Ý�*z¨ùP,HI�µF
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�./ 16 (64.0%) Ý<=(k�ÜG�8 (32.0%) Ý(�����ÜG�1 (4.0%)

Ý(��ô�ÜGb�®.�E� CANTAB
)*H©hijMRI¢��Ê9

�*z¨ù ADHDP,
�.�h�E�MRI¢��Å ��¨ùP, 1«Q

Lbö�
O±ÁpÒ�eFÍ½fpí¨ÒH%?í¨OÞº»æ� 80Oq

öM�2Mí¨¨rO,Êsù¨rOì)ìF�¨rO�ªMaVBC�¨rO


.tu¨rWb

2.3.2. �������#CABTAB

�?|ù CANTAB
 IEDORVIPOSWMOSOC���®.
J?A¬�

L�J?A¬hio� 2.1.1.2R 2.2.2b

2.3.3. MRI��

�®.E� 3T
MRI¢���c�� slicecdö× T2-weightedj DSI


ê	�5/ T2-wighted
 TR/TE = 5920 ms/102 ms�matrix size = 256×256�

spatial resolution = 0.98 mm × 0.98 mm�slice thickness = 3.9 mm�ä DSI
 TR/TE

= 9100 ms/142 ms�image matrix size = 128×128�spatial resolution = 2.5 mm × 2.5

mm�slice thickness = 2.5 mm�=�F 102�rs£Û+�ná�ärsc2Û

ñ� bmax = 4000 s mm�2�²³µö×
 DSI�³�?°ÔnÊì¤¥�

(orientation distribution function�ODF)��?ßQôéQ�¦Y°Ô�ÇM�È

ìÉÊM (generalized fractional anisotropy�GFA) (Tuch, 2004)�

ODF
¬s� / ODF
~X²

E��?>mno;p
)*ÏÐ¼èé 5�M�×K (regions of interest�

ROIs) ((ûODLPFCOMPFCOOFCOÉ VLPFC) ì'p¿À�ÁÏÐ¼�e�

9 caudate nucleus�DLPFC (dorsolateral)Ocaudate nucleus�MPFC (medial

prefrontal)Ocaudate nucleus�OFC (orbitofrontal)OQR caudate nucleus�VLPFC
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(ventrolateral) W)*Ìq��?�ù DSIìÛ�p�> GFAØ� 0.1
 voxel

|n($Ê
×K�ÂÃg( seed voxelQ¾ê tractography�§�÷�
)*Ï

ÐXÊ~Õ7� 0.4� voxel
èÛ�QÓ&���¦§�Ê9MÐ
 voxel


ßÛ¨7 (angle deviation) Ø� 60Û�h¢�
î��)*Ìq�ä~Á)*

ÏÐ¼qnáÂ�ù mean-path analysis algorithm½°Ô~��ÇM�ÈìÉÊ

M (mean GFA)� ��È¿á
�� (lateralization index�LI)�héQ�¦Y

½°e

LI = (Î¿)*¼�mean GFA�¥¿)*¼�mean GFA)/p¿)*¼�~�

GFA

2.3.4. �����

�[M^½
ÈìQ�4É´ì$��µ`Nã©�Q~�ËÉ¬s���

µ|ªã©b(��?��
¨0�k!"��?�ù�M	­�tY (linear

multi-level model)�$�p�
 IQOADHD�;ì�OCANTAB��ìhi


ì�OGFAOQR LIW�³
~�Ë��� GFA��?�ù�å�MtY (general

linear model) �ìÛÎ¥p¿O�Á)*ÏÐ¼OQRp��®.
�N�Alpha

Ë��� 0.05��?�ù ������	
d
XQ½°¶5Ë�Ê ������	
dØ� 0.3 �

æ� 0.5h(æ
¶5Ë�Ê ������	
dØ� 0.5 �æ� 0.8h(/W
¶5Ë�

Ê ������	
dØ� 0.8QLh(Ø
¶5Ëb

(�=>�	½zã©ÍLMdµò+
B�Gä� (type I error)��?�

ù	�M©�tY (multiple linear regression models) �Üip¿�Á)*ÏÐ

¼
GFAjADHD�;ÉJ?A¬�0
Lñ��?>GFAg(¢ã©�ADHD

�;É CANTABJ?A¬hiì�g(Hã©�lù�ª«¬Q (backward

elimination) 
XYÓÔr1�
tY�ÂÃ½° R2�EtYµ¬eh
�Ûb
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2.4���������@!"XY�

2.4.1. DAT1!" ��������@Z[\�


2.4.1.1. }~b���

�!"ö×� 273Ý 7& 18§
��� ADHD�.�5/ 85.7%(mM�

~��¸( 10.8±2.5§�ÙÚj���ìNE�ì)�<=M+AÈ�

K-SADS-E
���Q¦ê5<=b� 273Ý ADHD�./�F 65.2%<=(k

�ÜG�28.9%(�����ÜG�5.9%(��ô�ÜGbcd�?eö×��

.
mÒ DNAá��5/ 108�mn9�Ý�ê�. (proband)O�Ý£�O

QRXÙqÚ�110mn9�Ý�ê�.OQRXÙqÚ�7�mn9�Ý�ê

�.O�Ý£�OQR�ÝXÚ
ÙÚ�39�mn9�Ý�ê�.OQR�Ý

XÚ
ÙÚ�r�=á��( 9064�� 133Ý£�/ 41.5%(mM�~��¸

( 11.5±3.8§�5/ 58Ý£�i� ADHD<=�ä 25.9%<=(k�ÜG�51.7%

(�����ÜG�22.4%(��ô�ÜGb

2.4.1.2. �� SNP !"Q��

�¦��S­ HapMap/��%ÒJ4
ST�S�ÂQ�UÁpg(|n

tag SNPs
¬se(1) SNPxyÝ�DAT1STLD(2) SNP
minor allele frequency

Ø�W� 0.1D(3) 5øËF�|n
 SNPj tag SNP
 LDÍLñ�Ø�W�

0.8bi�L[¬s
 tag SNP��F 14� (rs2937639�rs2617605�rs393795�

rs10052016�rs37020�rs40358�rs37022�rs466630�rs27048�rs429699�rs11133767�

rs40184�rs1042098�rs27072)�r$�?²³{]�l�ôÖ| 4�ß¬j ADHD

FÍL
 SNP (rs6350�rs403636�rs463379�rs6347) �?STGR�b

µF SNPq9�ù matrix-assisted laser desorption/ionization time of flight
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mass spectrometry (MALDI-TOF MS) �?STGR���ù SpectroDESIGNER

�p�½Ý� SNP¿×
9²É¯ù�ÂQ GeneAmp 9700º5I®¹¯�? 4


���
���� (PCR) AØÕÖ SNPÝ5
 DNA°® (100-300 bp)�H

±»�:�Ø �́º5Áp�( 95�O15ì;��ãM 95�O20��²� 56�O

30��æ³ 72�O1ì;���? 45Õ®¹�r�Q 72�O3ì;�'º5b

��������������� (dNTP)�� PCRº5k�&/ú®´µM¶

�
 (shrimp alkaline phosphatase�SAP)�Â� 37�º5 20ì;�>�º5�

dNTP����������� (dNTP)b��>º5k�&75 85�O5ì;�

*± SAPoMbE��?9²æ³�ú®¯ùOThermo Sequenasej17
·

�������� (ddNTP) / dNTPk�,�ãM 94�O5��²� 52�O5��

æ³ 72�O5����? 55Õ®¹�r��ùMALDI-TOF�HÊ�×ì�c


æ³ò,b3' VNTRhHk�*
{]
�iXY (Genro et al., 2008)�Q PCR

úQR�b

2.4.1.3. �����

STG
�S�ù Haploview�p�? Hardy-Weinberg equilibrium (HWE)

Üi�cdeQ Haploview�p�?z{p×0
��b�?�ù Family-Based

Association Test (FBAT) �pìÛSTGj ADHD�0ÍLM
ìÛ�tYe�

( �1F 10� informativemnâ+�?ìÛ�AlphaË��� 0.05�v$�

?�ù Bonferroni�âQ��	½$�µò+
ä�bv$�?e�ùD¾�

FBAT
 Haplotype-Based Association Test (HBAT) ��?z{pÍLMìÛ�Â

Q permutation�â	½$�µò+
ä�b

2.4.2. DAT1!" UFJKLM�Z[\

2.4.2.1. }~b
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�!"æª��?6Å
UVST!"�ö×� 382Ý 7& 18§
���

ADHD�.�5/ 86.1%(mM�~��¸( 10.5±2.6§�ÙÚj���ìNE

�ì)�<=M+AÈ� K-SADS-E
���Q¦ê5<=b� 382Ý ADHD

�./�F 67.3%<=(k�ÜG�27.0%(�����ÜG�5.7%(��ô�

ÜGbcd�?eö×��.
mÒ DNAá��5/ 164�mn9�Ý�ê�

. (proband)O�Ý£�OQRXÙqÚ�15�mn9�Ý�ê�.OpÝ£�O

QRXÙqÚ�144mn9�Ý�ê�.OQRXÙqÚ�17�mn9�Ý�ê

�.O�Ý£�OQR�ÝXÚ
ÙÚ�42�mn9�Ý�ê�.OQR�Ý

XÚ
ÙÚ�r�=á��( 12984�� 211Ý£�/ 43.6%(mM�~��

¸( 11.4±3.9§�5/ 57Ý£�i� ADHD<=�ä 28.1%<=(k�ÜG�

50.9%(�����ÜG�21%(��ô�ÜGb

2.4.2.2. �������#CABTAB

�?|ù CANTAB
 IEDOSSPOSWMOSOC���®.
J?A¬�L

�J?A¬hio� 2.1.1.2b

2.4.2.3. �� SNP !"Q��

�?|n� 15� DAT1
ST¬k�|n
XQjSTGR�o� 2.4.1.2b

2.4.2.4. ����

STG
�S�ù Haploview�p�? Hardy-Weinberg equilibrium (HWE)

Üi�cdeQ Haploview�p�?z{p×0
��b�?�ù Family-Based

Association Test (FBAT) �pìÛSTGjJ?A¬�0ÍLM
ìÛ�tYe

�( �1F 10� informativemnâ+�?ìÛ�AlphaË��� 0.05�v$

�?�ù Bonferroni�âQ��	½$�µò+
ä�bv$�?e�ùD¾�
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FBAT
 Haplotype-Based Association Test (HBAT) ��?z{pÍLMìÛ�Â

Q permutation�â	½$�µò+
ä�b
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3. ��� (Results)

3.1��������@��HIJKLM

3.1.1 ��HIJKLM

53Ý0�d �<=( ADHD
�./�F 19Ý (35.8%) &����d

 i������ÜG�18Ý (34.0%) i�k�ÜG�6Ý (11.3%) i���

ô�ÜG��F 10Ý (18.9%) 9*�i� ADHD
<=b�ì)�í¨
�

¨XY��êº�Mí�r	 (oppositional defiant disorder�ODD) (73.6%)�5

Õ(��í� (41.5%)�j�k�Í$�ADHD��+F�êº�Mí�O?(

Zuí� (conduct disorder�CD)OqöM�2ì) Ö·¸�OQRþ�BC (E

2)b

E 3=T��®.J?A¬hi
EF�j�k�Í$��� SSPXY�

ADHD�F��
�ùãä� (total usage errors)���=ãä� (total errors) É

â0kl�Û (spatial span length) hËF���ÉD� IEDXY�ADHD�F

��
�'hiµ�®Õ� (trials to complete the stages)����'hi
r�

�4 (maximum number of stages completed)OÅÊÛ$«¼ãä� (pre-ED shift

errors)OÉÊÛ$«¼ãä� (ED shift errors) hËF���ÉD� SWMXY�

ADHD�F��
=ãä� (total number of errors)�MN9� 6-boxÉ 8-box


NOL���¹º�ùL (strategy utilization) hËF���É���³ìÛh

�µ�7 SWMhi]ÛÁúd�ADHD�j�k�
�É+´�ÁúD� SOC

XY�ADHD�F��
Qr�7�°�NO� (problems solved in the minimum

number of moves)O=7�� (total moves)O�êã\d0 (initial thinking time)O

ÉÇªã\d0 (subsequent thinking time)���³ìÛh�µ�7 SOChi]

ÛÁúd�ADHD�j�k�
�É+´�Áúb
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3.1.2 ���HINOPQ

E 4=T�·��®.�S��S
$��5/�MNOXÙ
�n�ÛO

QRÙÚ
�¸XY·�F�É�E 5h<F·��ì)¨©
$��j�k�

Í$�ADHD�.F�	
 ODDOCDO���O_`í�OQR��í��j

�a¨£�Í$�ADHD�.F�	
 ODDÉ CDDj�k�Í$��a¨£

�F�	
��í�b

E 6=T��®.J?A¬hi
EF�j�k�Í$������ÛX

Y�ADHD�F��
��j»�EF�ä�a¨£�hF��
»�EFD

� IEDXY�ADHD�.j�a¨£�F��
ÊÛ$«¼ãä� (EDS

errors)OÉ=ãä� (total raw and adjusted errors)D� SSPXY�ADHD�.F

��
'A�l�Û (span sequences successfully recalled) É=�ùãä�

(total usage errors)�ä�a¨£�F��
'A�l�ÛD� SWMXY�ADHD

�.É�a¨£�F��
¹º�ùL (strategy utilization)É=ãä� (total

errors in searching the box)���³ìÛh�µ�7 SWMhi]ÛÁúd�ADHD

�.QR�a¨£�j�k�
�É+´�Áú (^ 1a)D� SOCXY�ADHD

�.É�a¨£�F��
Qr�7�°�NO� (problems in the minimum

number of moves)O~�7�� (mean moves)OÉ�êã\d0 (initial thinking

time)���³ìÛh�µ�7 SOChi]ÛÁúd�ADHD�.QR�a¨£

�j�k�
�É+´�Áú (^ 1b)b�?Üi·��0�J?A¬XY9¤

F�M���TUaF�k�O�a¨£�OÉ ADHD�.��Q�
hiE

FqF´�
�M���Õü���ÛOIED
=ãä� (total errors)OSSP


â0kl�Û (spatial length) É=�ùãä� (total usage errors)OSWM
=ã

ä� (total errors) É�ù¹º (strategy utilization)OSOC
Qr�7�°�NO

� (problems solved in minimum moves)O=7�� (total moves)OÉ~��êã

\d0 (mean initial thinking time)�
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E 7=T��®.�jklhi
EF�j�k�Í$��� DMSXY�

ADHD�.F��
 B"Ocd�8�â¦º5
~���º5d0 (mean

latency of correct responses in simultaneous tasks)Ocd�8�
â¦º5�

(number of correct responses in simultaneous tasks)OQRæç�8�
â¦º5�

(number of correct responses in all delay tasks)�ä�a¨£�F��
ãäº5ß

¬M (probability of an error following a correct response and following an error

response)OÉæç�8�
â¦º5� (number of correct responses in total and all

delays)���³ìÛh�µ�7 DMShi]ÛÁúd�ADHD�.QR�a¨

£�j�k�
�É+´�Áú (^ 2)D� SRMXY�ADHD�.F��
â

¦º5´ì$ (percent of correct responses)�ä�a¨£�
EFh¥�/0D

� PALXY�ADHD�.F��
=ãä� (adjusted total errors)O'A
�®

=� (total trials to success)OÉB�Õ�®
klì� .first trial memory

scores)�ä�a¨£�
EFh¥�/0D� PRMXY��?ËFaF´�


�Éb�?Üi·��0��jklXY9¤F�M���TUaF�k�O�

a¨£�OÉ ADHD�.��ØÈì
hiEFqF´�
�M���±� DMS


æç�8�
~���º5d0 (mean latency in all delays)OQR SRM
â

¦º5´ì$ (percentage of correct responses)�

3.2���������@NOPQ R�ST

E 8=T��®.
S��S�~� IQ( 105.37 ±13.55��¨ù atomoxetine

¼½����®.¨ù
~�÷�( 1.20±0.07 mg/Kg��¨ù atomoxetineÜ�

«����®.
p½OöLòO¾"òOQR�¿í£Â�´��Éb

E 9�µ���ù atomoxetine�� ADHD�;
�ã�9:�;µ��


CGI-ADHD-Sì�� 4«dé 5.57�( 3.43�� 12«dh�( 2.83D�XÙµ

��
 CPRS-R: SÉ SNAP-IV-Parent forms�� 4« (Cohen d, -0.51~-0.90) É 12
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(Cohen d, -0.80~-1.15) «qF´�
��b

E 10�µ���ù atomoxetine�� ADHD�.J?A¬EF
�ã��

IEDXY�4«dÅÊÛ$«¼ãä� (pre-EDS errors)OÊÛ$«¼ãä� (EDS

errors)OÉ=�®�j=ãä� (adjusted total trials and errors) F´��³�12

«dÊÛ$«¼ãä� (EDS errors)O=�®�j=ãä� (adjusted total errors

and trials)OÉ�'
­®� (completed stages) F´��³D� RVIPXY�4

«É 12«d=â¦º5� (total hits)O=Àbº5� (total misses)Oâ¦º5ß

¬M (probability of hits)Oâ¦ ¡=� (total correct rejections)O�ãä
c2

Û (sensitivity to errors)OÉâ¦º5
~���d0 (mean latency to respond

correctly) WqF´��³D� SSPXY�4«d=�ùãä� (total usage errors)

F´��³�12«d'A�l�Û (span sequences successfully recalled)OÉ=�

ùãä� (total usage errors) F´��³D� SWMXY�12«d¹º�ù

(strategy utilization) É=ãä� (total errors) F´��³�ÂÃ=ãä� (total

errors) 
j]Ûj·Õ�<���0�F#¿gùD� SOCXY�4«d�ê

ÉÇªã\d0 (initial and subsequent thinking time) F´��³�12«d=7

�� (total moves)OQr�7�°�NO� (problems solved in the minimum

number of moves)OÉ�êÉÇªã\d0 (initial and subsequent thinking time)

F´��³�ÂÃ~�7�� (mean moves) jÇªã\d0 (subsequent

thinking time) 
j]Ûj·Õ�<���0�F#¿gùb

E 11�µ���ù atomoxetine�� ADHD�.�jklEF
�ã��

PRMXY�4«dâ¦º5
~���d0 (mean latency of correct responses)O

É=â¦º5� (total correct responses) F´��³�12«dâ¦º5
~��

�d0 (mean latency of correct responses) F´��³D� SRMXY�12«dâ

¦º5
~���d0 (mean latency of correct responses) F´��³ (^ 3)b
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3.3���������@UFJKLM ��VW�

^ 4�µ�(û�Â$¿Åmn (caudate nucleus�DLPFC)O(û�D¿Åm

n (caudate nucleus�MPFC)O(û�ÃÄmn (caudate nucleus�OFC)OQR(û�

Æ$¿Åmn (caudate nucleus�VLPFC) W�Ámno;p)*ÌqbE 12�

µ� ADHD�j�k��S��SXY
�[b̂ 5�µj�k�Í$�ADHD

�.�p¿
mno;p)*Ìq� GFA�Ì�Ê$�Î¥p¿
 GFA�ha

F ADHD�.�D¿ÅmnjÂ$¿ÅmnpÁ)*Ìqb*Î¿á
F�b

E 13�µj�k�Í$�ADHD�.� IEDORVPOSWMOR SOCWÀXY


J?A¬EF���b

E 14�µ�*�	½�M©�ìÛ����?aF������;j¥¿


ÃÄmn� GFAF��ÍL�ä��ô��;jÎ¿Â$¿Åmn
É¥¿

D¿Åmn� GFAF��ÍLbE 15�µ ADHD�.
 IED=ãä�É=�

®�jÎ¿ÃÄmnÉÆ$¿Åmn� GFAF��ÍLDRVPãäº5ß¬M

( probability of false alarm) É 
�jÎ¿ÃÄmn� GFAF��ÍLDSWM =

ãä�jÎ¿ÃÄmn� GFAF��ÍLDSOCQr�7�°�NO�É~�

�êã\d0jÎ¥p¿Â$¿Åmn� GFAF��ÍLDSOC~�Çªã\

d0jÎ¿Â$¿Åmn� GFAF��ÍLb

3.4��������@!"XY�

3.4.1 DAT1!" ��������@Z[\�


� 19� DAT1ST¬k/F 4�
STR�'A£Ì� 70% (rs6350�

rs10052016�rs6347�rs11133767)�5Á
 15�¬kqFi� Hardy-Weinberg

~��E 16<F�� 15�ST¬k
Õ1�ÂSTt£ (minor allele

frequency�MAF) QR� DAT1STL
Ý5b^ 6�µ�� 15�ST¬k


LDTX�5/ÕÖ� 3�z{p×0�B��×0Øæ( 19kb�Ý�B�O�O
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Ù�D�²�B��×0Øæ( 3kb�Ý�BÚOÜ��D�²�B·�×0Ø

æ( 953bp�Ý� 3´UTRb

�STj ADHD<=
ÍLMìÛXY�Â��Ó¬kF·&^½���

åDÊ×ì(�c
ÜG��?aFlF�� SNP rs37020 G allele (P = 0.038)

jk�ÜGF��ÍL��*�	½$�
�â��hÍLM�bDF�� SNP

rs429699 T allele (P = 0.017) j�����ÜGF��ÍL��*�	½$�


�â��hÍLM�b (E 17)b

�z{pìÛXY�B��z{p×0 rs27048 (C) /rs429699 (T) j ADHD

F��ÍL��*� permutation�â��hÍLM�bDÊ×ì(�c
ÜG�

�?aFB��z{p×0 rs403636 (G) /rs463379 (C) /rs393795 (C) /rs37020 (G)

jk�ÜGF��ÍL��*� permutation�â��hÍLM�bDB��z

{p×0 rs27048 (C) /rs429699 (T) j�����ÜGF��ÍL�*�

permutation�â��ÍLM�8Çªw� (E 18)b

3.4.2 DAT1!!" UFJKLM�Z[\

^ 7�µ�� 15�ST¬k
 LDTX�5/ÕÖ� 3�z{p×0�B

��×0Øæ( 19kb�Ý�B�O�OÙ�D�²�B��×0Øæ( 3kb�Ý

�BÚOÜ��D�²�B·�×0Øæ( 660bp�Ý� 3´UTRb�STj ADHD

<=
ÍLMìÛXY�Â��Ó¬kF·&^½���å (E 19)D�z{p

ìÛXY���z{p×0j ADHD�0Â���ÍLMb

�J?A¬
ìÛXY��?aF rs2937639j SWM �Dãä (within

errors) (P = 0.049) FÍLM�rs2617605j SWM�Dãä (within errors) (P =

0.004)OSWM�Dãä (within errors) 8 boxes (P = 0.007)OSWM q½ãä

(double errors) (P = 0.002)OQRSWMq½ãä (double errors) 8 boxes (P = 0.009)

FÍLM�rs403636j SWMq½ãä (double errors) (P = 0.024) FÍLM�
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rs37020j SWMq½ãä (double errors) (P = 0.004)OQR SWMq½ãä

(double errors) 8 boxes (P = 0.033) FÍLM (E 20)b

�z{pìÛXY�B��z{p rs403636 (G) /rs463379 (C) /rs393795 (C)

/rs37020 (G) j SWM �Dãä (within errors) (P = 0.0005)OSWM�Dãä

(within errors) 8 boxes (P = 0.001)OSWM double errors (P = 0.0007)OQR SWMq

½ãä (double errors) 8 boxes (P = 0.002) FÍLM (E 21)�*� permutation�

â���rs403636 (G) /rs463379 (C) /rs393795 (C) /rs37020 (G) j SWM�Dãä

(within errors) (2-sided P = 0.0003; the smallest observed P = 0.001)OSWM�Dã

ä (within errors) 8 boxes (2-sided P = 0.0003; the smallest observed P = 0.002)O

SWMq½ãä (double errors) (2-sided P = 0.0004; the smallest observed P =

0.001)OSWMq½ãä (double errors) 8 boxes (2-sided P = 0.0007; the smallest

observed P = 0.004) �<F��ÍLb � SSPOIEDOÉ SOC�Â�É DAT1

L
ST¬k<FÍLMb
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4. ��� (Discussion)

=TQL
!"TU��?9B��!"ÃPaFJ4��� ADHD�.

��FJ?A¬BC (Gau et al., 2009)�5/Õü�z â0klOâ0Ègk

lO���«¼OQRâ0½¾¬�WXY�MN97hi
]ÛÁúd���

BC+ã\�´��S��=>�º»OP,
�ùOQRì)�í¨
�¨�

��ADHD�.
J?A¬BC�8w�b±� ADHD�.+��J?A¬B

C�$��?e��³aF�ADHD�.��a¨£��89:LÂ�i�

ADHD
<=��j���®.Í$�5J?A¬j�jkl�8<F¡	´

�
BC (Gau & Shang, 2010a; Shang & Gau, 2011)�Õü�Q���Û
»�g

¥ (backward) µh�
À^Ègkl (verbal working memory)�ÉQ CANTAB

µh�
â0z klOâ0ÈgklOâ0½¾Oº5»>Oæçá���O

QRâ0å@klW¬���?
aF���J?A¬j�jklBC� ADHD

�.
mÒUVM�ä ADHD�.�a¨£��8Â�C� ADHD
9:<

=���8Fj ADHD�.Í`Å
J?A¬j�jklBC�TrßQÆÇ

)*H©A¬9$$��;�EÐ ADHDf¨ST
+,¬k (D. I.

Slaats-Willemse et al., 2007)�Tr�?
!"���J?A¬j�jklBCß

Q�( ADHD
DEFGb

� ADHD
DEFGjP,HIXY��?9æçLB���0� ADHD

�.cd!" atomoxetine��J?A¬É�jklBC
HI¶U (Gau &

Shang, 2010b; Shang & Gau, 2012)�j�*'4�.
!"Í$���?
!"

ö×��	
á�OF�è
�� 0OÂÃF�	
��Õ� (S. R.

Chamberlain et al., 2007; S. V. Faraone et al., 2005; T. Spencer et al., 1998)��?!

"
b1aF( atomoxetineßQ��0�ADHD�.
J?A¬j�jklB

C�ÕÖÇª��� (RVIP)O=>¬� (RVIP)O���«¼g¥ (IED)Oâ0
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z kl (SSP)Oâ0Ègkl (SWM)Oâ0½¾jNO°�¬� (SOC) OG

èå@kl (PRM)OQRâ0å@kl (SRM) W�r$�â0½¾jNO°�

¬�
���ÛÉ atomoxetine�ù
Çªd0jhi
]ÛFLbTr�?


!"TUj�*
�, (Blondeau & Dellu-Hagedorn, 2007; L. A. Newman et al.,

2008; Robinson et al., 2008) É'4 (S. R. Chamberlain et al., 2007; S. V. Faraone

et al., 2005; T. Spencer et al., 1998) !"�f�atomoxetine¦�ßQ�� ADHD

�.
J?A¬BC��?e9æçLB��!"aF atomoxetine�� ADHD

�.
�jklF��
I¶Dr$��?ej�*!" (S. V. Faraone et al.,

2005; T. Spencer et al., 1998) �fIaF�è ¨ù atomoxetineÂ�+� ADHD

�.
)*H©A¬v'ÄYKÂDr���?eaF�ùmè��j9:�;

��
È����µ atomoxetine¬F¶I��0� ADHD�.
?(�;

(Bangs et al., 2008; Caballero & Nahata, 2003; Gau et al., 2007)b

� ADHD
J?A¬BCj)*K��XY�è� tractography-based
ì

ÛO��I���®.
9:�;ÉJ?A¬OQR��
¨0�k!"�½�

�?aF0� ADHD�.�p¿mno;p
)*Ìq�Fý=TX��M


{A�ÂÃ9:�;RJ?A¬BCjmno;p)*Ìq
{A<FÍL�M

N9� orbitofrontalj ventrolateral
)*ÏÐ5ÍLM�ú�� (Shang et al.,

2012)�Tr�?
!"TUÆÇ�mno;p)*Ìq��M
{A�9�f

ADHD
9:�;ÉJ?A¬BC
ß¬÷Tb

� ADHD
STUV�XY��?
!"ù� DAT1L
 15�STãÉ�

aF� DAT1STLF·�z{p×0�ÂÃz{p rs27048 (C) /rs429699 (T)

j�����ÜG�0F��
ÍLM��?
!"9B���J4Òj/¯°

DAT1ST
 LDTX (Shang et al., 2011)�ä�?
TUe��� DAT1ST�

ADHD
f¨ª«LÝÞ½1
ßàb�?��³¯� DAT1STj ADHD


J?A¬BC�0
Lñ�TUaFz{p rs403636 (G) /rs463379 (C) /rs393795

(C) /rs37020 (G)jâ0Ègkl�0F��ÍLM�Tr�?
TUÆÇ DAT1
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STãÉß¬+�f ADHD
M�J?A¬BC�Q�ìN��Ù�!"�Å

	
°�b

4.1���������@��HIJKLM

4.1.1. ��HIJKLM

4.1.1.1. ��

�6�?aF���0�d �<=( ADHD
�.�&���� �8

FÆ��ì��QLi� ADHD
9:<=��8 ADHD
��jô��;+

º��¸
ÁèäÍ½ÛÈÇ�� (Biederman et al., 2000)��?
!"TU�

µS�&����d �Ø	�
�.5�p�;�8i� ADHD
<=

(Wilens et al., 2002)b

�ù CANTAB(È�����
)*H©A¬����?aF ADHD�.

F´�
J?A¬BC (d=0.4~0.6)��©TUÉ�*_$
!"TU9�f


(Willcutt et al., 2005)�ÂÃ�?
TU�ÆÇ BarkelyW4
PØ@( ADHDl

9z�A¬BC
í¨ (Barkley, 1997)�ºä�?aF ADHD+cd��¡	

�Y
J?A¬BC��É�*�X�ù CANTAB��0� ADHD�.
!"

TUÍÅ�e�9 ADHD+��z â0kl (Pennington & Ozonoff, 1996;

Rhodes et al., 2005)Oâ0Ègkl (Rhodes et al., 2005)O���«¼ (Kempton et

al., 1999)OQRâ0½¾¬� (Rhodes et al., 2005) WXYâ0J?A¬
B

Cbj�*!"ÍÅ (Martinussen et al., 2005)��?
TUaF ADHD�.Â

�F´�ÈÀÈgkl
BC�Trâ0
J?A¬hi�ßQdhÔ ADHD

�.
)*@ÏA¬BCb

�?aF7â0Ègkljâ0½¾hi
]ÛÁúd���� ADHD�

.
J?A¬BC+ã\�ú´���Eµ7��g¥
\®
j]Û��d�

ADHD�.+��+ÔF�s
EFb�'4
!"e�µ (Young et al.,
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2007)�7hi
]ÛÁúd����®.
ã\°�NO
d0+Áú��

ADHD�.
ã\d0Â�F�Ó�ãbTrå�L[!"'U�7g¥]Û

Áúd�ADHD�.�ã\°�NO
ô�MeÁú��r�
EFhã�b

�8J?A¬BC9 ADHD�.�E�)*H©hid
EF���*!

"�µ���BC+KÂ�ð+o
A¬�0Ò GropperW4aF ADHD
�

+�.�5Ègkl
¬�É�¥'É�F´�ÍLM (Gropper & Tannock,

2009)�StavroW4haF��
J?A¬É��
15A¬FÍLM (Stavro et

al., 2007)�BarkleyW4haF�=>� ADHD�;Í½�Û���J?A¬B

CÉ#ü�$i��0F´�
ÍLM (Barkley et al., 2002)�é�J?A¬BC

+KÂ ADHD�.
�cZ¾¬��ß¬Trv'�.�Q17I�''E+

o
ÈgÉg¥�TrJ?A¬BCßQº5 ADHD�.
�ðA¬BCb

�8�*!"�µ methylphenidateßQ�� ADHD�.
J?A¬BC

(Elliott et al., 1997; Kempton et al., 1999)���?
!"ÉaF methylphenidate


�ùÉ��
J?A¬BCFÍLM��ß¬9é���?
!"/P,
H

IÂDºªì��Tr��[\Tó�Ò ADHD
�;Í½ÛÉì)í¨
�

¨W�q+��¨49¤�ùP,HIò+KÂ (Epstein et al., 2006; Kessler et

al., 2005)�TrP,HI�� ADHD�.
J?A¬BC
¶5ÒÓ��FZ

�ªÅÊM
!"úQ¯°b

4.1.1.2. ��
�����

�!"FQ�¸©!"
>�B���8$¦�*
!"�Ø�?
���

ADHD�.á���°���Ê¬ö×�	
á��>Fa���¯� ADHD


ÉÊMÉJ?A¬BC�0
LñDB���?
!"µö×
9#<«¥


ADHD�.�Tr!"TU9¤¬`¯ �Ç
²×��� ADHD�.�FZ

��³�´��9�*
 meta-analysis�µ (Willcutt et al., 2005)�²×!"á�


J?A¬BC5¶5Ë (Cohen�s d = 0.49 ± 0.06) lºÌ�#<«¥á�
¶
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5Ë (Cohen�s d = 0.56 ± 0.04) �TrßQ¯��J?A¬BCÂ�
�#<«

¥
 ADHD�.â+ÔFb

±�L[

>�$��!"eF¸©C§�B���?�ù��
¨0�

k!"�TrßQF¶k�MNO�¸O²*IÝOQRº»W[\T²��J

?A¬EF
KÂDB���?�ù¬sá
)*H©hi CANTAB�ßQ�

�ÂÃs¦I���®.
J?A¬DB·��?������®.É5ÙÚ�

?��
ì)�������Òj��X
!"���¯°�Tr�?
!"T

UßQ����� ADHD�.¦���FJ?A¬BC
NOb

=T�Ø��8 ADHD
�;+º�ËÁúäÈÇ����9J?A¬


BC�8+Çª&���d �äJ?A¬BC+��³KÂ���
Ë¥É²

+4ðA¬ (Biederman et al., 2004)�Tr���� ADHD�.±���59:

�;�$�e5\��5J?A¬�?��
���Q¨ù���� ADHD�

.
Ë¥É²+4ðA¬�Q17
eÌì5 (Biederman et al., 2007)br$�

?��³aF�7â0Ègkljâ0½¾Wg¥
]ÛÁúd�ADHD�.


EF+´������aFßQ°� ADHD�.�Y�@1øHã\
mn

g¥d+FÍk
º5�Tr7ìÎ ¡
g¥� ADHD�.d��?¾Ã5

Ñecd�:17
¢a���.¬F¶I�'g¥b±�J?A¬�$���

5ù� ADHD�.
5ç)*H©A¬úQ���Q¨�� ADHD
¨©+©

ª«
ÉÊMF�ÞYM
�°b

4.1.2. ���HINOPQ

4.1.2.1. ��

�?9B��!"ÃP�ØZt
 ADHD�.É5�a¨
£��Q

CANTABÉ���Û(È����®.��
)*H©A¬�ÕÖ�Ì­
 (â

0�ÛÉ���Û) j�­
 (À^Éâ0Ègkl) J?A¬hibä�?
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!"TU�����J?A¬BC¦�ßQ�( ADHD
DEFG�T(�§

i�� DoyleW�.µ�Ô�DEFG
½1Áp (Doyle et al., 2005)�S��

J?A¬BC��j ADHDcda+�äÃeÔF� ADHDmÒ/�a¨
Ú

ÞfLb�8�*F�!"Â�aF ADHD�.��a¨ÚÞF)*H©A¬


BC (Asarnow et al., 2002)���?
!"�� CANTABFG�
c2M�T

ä1ù�dh ADHD�.��a¨£���
J?A¬BCbé�DEFG+

$?(�;
$�EFG�ÏÐ ADHD
f¨ST�Tr����³¯�J?

A¬BCjST�0
LÑM�>Fa�¯�ADHD
¨T (Nigg et al., 2004; L.

J. Seidman et al., 2000; D. Slaats-Willemse et al., 2005; D. I. Slaats-Willemse et al.,

2007)b

�?6Å
!"aF��� ADHD�.
J?A¬BC�+º�hi
]

ÛÁúäã\�ú´� (Gau et al., 2009)�ä�?����ØZt
DEFG!

"/��ôÕ�����TU�äÃe9B��ÃPaF ADHD�.��a¨

£��5J?A¬BC+º�hi]ÛÁúäã\�´�b�8�*
!"9a

FÒ��N
J?A¬BC�0Òº5»>¬� (D. Slaats-Willemse et al.,

2003)�ßQg( ADHD
DEFG��l�ù�NzÐ
hi����.j�

a¨ÚÞ
J?A¬�Fß¬+�f�c
!"TU�0ÔFGØ
�ÉM�Í

�I��?
!"TU�µ��9lFÒ�J?A¬ßQg( ADHD
DEF

G�ä9¡	
J?A¬BC�+¹º� ADHD
mÒUVM�Tr�ù��


hiÈ�Ò CANTAB�ßQ� ADHD�.j�a¨£�
J?A¬�:r	


êëb

��?
!"/ADHD�.��a¨£�
J?A¬EF¥�ADHD�.

É���®.�0�r$��?eaF� ADHD�.O�a¨£�OQR��

�®.·��0
J?A¬EFF��
�MLñ�Õü���Ûhi
À^È

gklO���«¼g¥
ãä£Oâ0z kl�Ûjãä£Oâ0Ègkl


=ãä£OQRâ0½¾
NO°�¬�W���TU�µ ADHD�.
J
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?A¬BCß¬9��Z�STUV
@Ï?(EFG/
ö2 (the extreme of

a cognitive-behavioral phenotype with genetic susceptibility) (D. Slaats-Willemse et

al., 2003)b

 �ì)�
�¨XY��*!"�µ��F�êº�Mí�É?(ZuB

Cí�
 ADHD�.�5J?A¬BC�Í½ (Oosterlaan et al., 2005)��8�

?
!"�µ ADHD�.$�a¨
£�F�	
�êº�Mí�É?(Zu

BCí���*�=>ì)��¨
Tó���ADHD�.É�a¨£���

8��F��
J?A¬BC�Trì)��¨ÂD�f ADHD�.É�a¨

£��J?A¬BC
b1÷T���aFj�*�X
!"TUÍÅ (L. J.

Seidman et al., 1997; Willcutt et al., 2005)b

±�L[µ�&
DEFG�$��?
!"eaF ADHD�.��a¨

£��Ò�J?A¬hi
EFÂ�´�ÉE�Õü SSP
 total usage errors�

QR SOC
 problems solved in 5-move tasks�� ADHD�.��p�©4Lh

F´�BC��E�p�J?A¬BCÂ�1�g( ADHD
DEFG�ß¬

��BC9¹º� ADHDí¨�f�
.9éïmÒUV�ÍL
Ò�Tóµ

v'
 (S. P. H. D. Durston et al., 2004)b

±�L[
J?A¬BC�$��?e��³�ù CANTAB(È�¯��

jkl9¤( ADHD
DEFG��zã©ìÛ/��?aF ADHD�.��

a¨£�eFæçá��� (DMS) 
BC�ä	ã©
ìÛ�µ�� DMS


ãä£ (an error following a correct response and following an error response) QR

â0å@kl (SRM) 
â¦£ (percent of correct responses) WXY����a

¨£�
EF¥� ADHD�.É���k��0bL[
!"TU�µ�é

DMSÉ SRMµh�
�jklßQg( ADHD
DEFG�T(ø?i��

DoyleW�.µ�Ô�
Áp (Doyle et al., 2005)�S���jklBC��j

ADHDcda+�äÃeÔF� ADHDmÒ/�a¨
ÚÞfL�Tr�?9

æçLB��!"ÃP����jklßQg( ADHD
DEFGb
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�?
!"TUj�*�X
!"TUÍÅ�aF ADHD�.��jkl

hiLF´�
BC�Õü�â0å@kl (SRM) (Kempton et al., 1999) Oæ

çá��� (DMS) (Barnett et al., 2009) Ouèå@kl (PRM) (S. M. Rhodes et

al., 2004) OQR��ÍL�- (PAL) (H. T. Chang et al., 1999) WXY�r$�

?e��³aF�7 DMSæç
d0ãèd��Shi]ÛÁúd�ADHD�

.
�jklBC+ã\�ú´���ß¬�E�jklBCº5� ADHD�

.�kl
�Ñ (retention) 
�l (recall) WXY
j]b

��³ìÛ��?aF ADHD�.� DMS
cd�8jæç�8qF´�


BC��8 KemptonW4���á���æ (n = 30) 
!"/ËFaF

ADHD�.F simultaneous condition
BC (Kempton et al., 1999)����

RhodesW4��©�ØZt (n = 75) 
!"/hj�?�á�aF ADHD�.

� simultaneous conditioneF´�BC (S. M. Rhodes et al., 2004)b7�®.�

�? DMShi
 simultaneous conditiond�xy�ÒÔ�
ø��Qìå�c

â0ÓÔ�0
=æ�É (Moody et al., 1998)��?
!"TUaF ADHD�

.
�jklBCj5kl�Éø��j]�FÍL (Nigg, 2005)b

j ADHD�.ÍÅ�7 DMShi]ÛÁúd��a¨£�
�jklBC

+ã\�ú´���*!"aF�DMShiÉ�ÈM�ÈÝ
A¬FL�MN

9ÕnOÖ×ûOQRØÙ© (Owen et al., 1995)�ä�*
�ÈK��!"9

��Õn (Wolosin et al., 2009)OÖ×û (Lopez-Larson et al., 2009)OQRØÙ©

(Plessen et al., 2006) WÈÝ
ÉE� ADHD
¨©+©ª«LÝÞ�Üì½1


ßà�r$ DurstonW�.aF�ADHD�.��a¨£���ÈÕn
ÚÊ

p +F��
�� (S. Durston et al., 2004)�Tr��@1��³
A¬M�

ÈK�!"��¯�7�? DMShid ADHD�a¨£�
�ÈF��M�


)*ãáb

j�*!"ÍÅ (Kempton et al., 1999)��?Â�aF ADHD�.� PRM


hi/F��
º5bPRMhi
EFj�ÈÕn
D¿ÈÝ (medial
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temporal lobe) 
A¬FL (Luciana & Nelson, 1998)��8)*K��!"�

µ�ADHD�.
ÕnD¿ÈÝFp �� (Brieber et al., 2007) ÉÛÈ%&'

> (Kim et al., 2002) ÉE
F���)*H©�!"ÉaF��jÕnD¿È

ÝFL
)*H©hi/�ADHD�.Â�F��
EF (Barnett et al., 2005)b

rÐ
�,tY!"�µ��8 SHR (spontaneously hypertensive rat) j ADHD

�.FÍÅ
?(EFG��9�jÕnD¿ÈÝFL
)*?(A¬Ü±/Â

�ÔFÉE (Wells et al., 2010)b

r$�?
!"eaF ADHD
�;9¤ÇªÂ�+KÂ�jklBC�

Tr�Eµ ADHD�;�8+º��.�Ë
ÁúäÈÇ������
�j

klBC�8+Çª ��� �µQ�jklBCßQ��(�qMÊ¬k

(trait marker) äD�;¬k (state marker) (Biederman et al., 2009)b�?
!"e

�µ�ù methylphenidatej��
�jklEFFL�ÂÃäØ
�¸â�ù

methylphenidate+¹º��
â0å@kl�é� methylphenidate��?
!"

/ÂDºªì��TrÒ ADHD
�;Í½ÛÉì)í¨
�¨W[\Tó�

qß¬��¨49¤�ùP,HIò+KÂ (Epstein et al., 2006; Kessler et al.,

2005)�Tr methylphenidate�� ADHD�.
�jklBC
¶5ÒÓ��F

Z�ªÅÊM
!"úQ¯°b

4.1.2.2. ��
�����

�?
DEFG!"FQ�¸©!"
>�B���8�!"
 ADHD�

.�E�)*H©hi�Åxy6
P 24æd���?Â��?%&
Ü&


P,ÝÜ�Q¦��.9¤FHk�µ�E�hiÅ
î¨ùP,�µQ�?�

Q�ÞO±P,��J?A¬
�jklß¬v'
KÂ���T(Ø	�9:

L
 ADHD�.qFE�P,
HI (L. J. Seidman et al., 1997)�µQ�?
!

"TU�8­�9:ë\ÙËDB���?lF�ù���Ûhi���®.
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À^Ègkl�Tr5øÀ^J?A¬
�Y9¤�1g( ADHD
DEF

G�hFZ�ª!"úQ¯°DB·���?
!"/Ø	� ADHD�.(m

+�Tr�@1��³
!"�¯�MNTó�� ADHDDEFG
KÂDB

��é��?
!"9 sibling designäD twin design�Tr�Q�ÞO± ADHD

�.j�a¨£��0�í
¹8T² (shared environmental factors) ��J?

A¬É�jklBC
KÂb

±�L[

>�$��!"eF¸©C§�B���?9B��!"�J

4Òj�ù¬sá
)*H©hi CANTAB�Q�� ADHD�.��a¨£�


J?A¬�ä CANTAB9��*
!"/���ÒÔ�
�¶Û (Gau et al.,

2009; Luciana & Nelson, 1998)DB���?ö×�ØZt
á��ÕÖ� ADHD

�.O�a¨£�OQR���k��Tr�?
!"TU9ÜìFØ¨�
D

B·��?�� ADHD�.�£�É5ÙÚ�?��
ì)�<=+A��á


�QßQ� ADHD�.�£�gâ¦
<=�k�>&�i� ADHD<=


£�K®á�/b

4.1.2.3. ���

=T�Ø�é CANTABj���Ûhiµh�
J?A¬É�jklBC

ßQg( ADHD
DEFG�T(��J?A¬É�jklBC��+ÔF�

ADHD�.fL�cd ADHD�.��a¨£�e+ÔFÍ`Å
J?A¬É

�jklBCb� ADHD
ì²ST!"/�ùDEFGßQØ��©dhS

TãÉ
Ü���TrßQ�úF¶IÓÔ ADHD
f¨ST�cdeßQ�

ùDEFG�¯� ADHD�È
)*¨ãb��nXY��� ADHD�.��

a¨£���85?(�;LÂ�i� ADHD
<=��ß¬é���
J?

A¬É�jklBCäKÂ&��£�
Ë¥�-�MN9�g¥
]ÛÁúd

5EF�ß¬�&KÂ�Tr��? ADHD�.
9:<Id�e5ù� ADHD
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�.��a¨£���17
��É¢a�k�T(ç?ËF ADHD
9:<

=äÞº���
J?A¬É�jklBC�Â�©5Ë¥�-j4ð¿�
¬

�b

4.2���������@NOPQ R�ST

4.2.1. ��

�8 SpencerW4zµ¶ atomoxetineÂ�+�� ADHD�.
	j���

(auditory CPT) F��
I¶ (T. Spencer et al., 1998)���?
!"¦�aF

atomoxetineßQ´��� ADHD�.
�j��� (RVIP)��©TUjâñL

òóßQ&=���
©�9�f
 (J. T. Coull et al., 2004; De Martino et al.,

2008)�r$�atomoxetineßQ�� RVIPhi/â¦ ¡ (correct rejections) 


$£��E atomoxetineßQ�ÌADHD�.
ô�Â�©5»>¬� (Barton et

al., 2005; Robinson et al., 2008)b

�8��*'4ADHD�.
!"/Â�µ¶ atomoxetineßQ�����

«¼¬� (S. R. Chamberlain et al., 2007; T. Spencer et al., 1998)���?
!"¦

�aF atomoxetineßQ��0� ADHD�.
���«¼¬� (IED)��,!

"
�³�µâñLòó]^ßQ& @Ï
ßoM (cognitive flexibility)�T(

��Åmn
âñLòóùÛ+v'�i�,
���«¼g¥EF��

(Lapiz & Morilak, 2006; Tait et al., 2007)�ÍºI�ÊÁúÅmn
âñLòóù

ÛhßQ�©���«¼g¥
EF (L. A. Newman et al., 2008)b

�8��*'4ADHD�.
!"/Â�µ¶ atomoxetineßQ��â0È

gkl (S. R. Chamberlain et al., 2007)���?
!"¦�aF atomoxetineßQ

��0� ADHD�.
â0Ègkl (SWM) Éâ0z kl (SSP)��,!

"�µ�7�i�,��?â0Ègklhid�5Åmn
âñLòóùÛ+

L© (Rossetti & Carboni, 2005)��EµâñLòóß¬ëj�â0êë
b�
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ÐÇ (active maintenance)�Â�äKÂÈgkl
ì©�� (A. F. T. Arnsten &

B.-M. Li, 2005)b�?!"
v��¸aF9�â0½¾jNO°�¬� (SOC)


���ÛÉ atomoxetine�ù
Çªd0jhi
]ÛFL��*F!"z*

µ¶ (H. L. Campbell et al., 2008)����®.��?j]g¥
NO°�d�â

ñLòó]^���ã\>�/ÝÞ½1ßàb

±�J?A¬BC�$��?
!")F��ÐM
à]��9aF�

atomoxetine�� ADHD�.
�jklBCF��
¶Ub!"TU�µ�*

� 12«
HI���atomoxetineßQ��Lz PRMj SRMâ¦º5
º5d

0��v�XY��?eaF atomoxetineßQúè���hi
º5d0��

�TUEµ atomoxetine
I¶ÂDzáIùúM
�âì)�g (psychomotor)


íÛ�°��T(��,!"eaF�atomoxetineßQLz stop-signal
º5

d0�äcdúè go-signal
º5d0 (Bari, Eagle, Mar, Robinson, & Robbins,

2009)�Tr atomoxetine
HIßQ��®.�E��c
hid�²³�c


@Ï@t�&�rã7
º5d0b

�*'4
!"Â�aF atomoxetineßQ�� ADHD�.
�jkl (T.

Spencer et al., 1998)���?
!"aF atomoxetine
HI¦�ßQ´�I�©

ADHD�.
�jkl��5/
�Éß¬jQ�¸�TóFL�B�9�¸�

�?
!"á�9ö× 8& 16§
 ADHD�.�ä SpencerW4µö×
á�

9 19& 60§
 ADHD�.��?
á�
�¸´��æDB�9hiÈ��

�?�ù CANTAB/p�hi PRMj SRM����.
�jkl�ä Spencer

W4h9�ù Rey-Osterrieth Complex Figure����.
�jkl�L��¸

ÉhiÈ��� atomoxetine��jklXYI¶
KÂ(Ó�h@1����

³
!"úQ¯°b

� atomoxetine�� ADHD�.�jklBC
I¶��?ßQ¯h

atomoxetineÉ methylphenidate�)*H©�XY�c
P,gùª«b�?


!"�µ atomoxetine��ADHD�.
 PRMÉ SRMhiEFF��
��¶
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U��8�* RhodesW4�ù CANTAB(hiÈ��Â�aF methylphenidate

�� ADHD�.
 PRMEFF��
¶U (S. M. Rhodes et al., 2004)����

,!"/�TzavaraW4haF atomoxetine¦�ßQ���i�,
Gèå@

(pattern recognition) ¬� (Tzavara et al., 2006)br$�KemptonW4aF/ý)

*ÓÔ÷�¬�� ADHD�.
 SRMhiEF (Kempton et al., 1999)�ä�©

TUe�v��MNù� methylphenidate
P,®i!"/úQ�� (S M.

Rhodes et al., 2006)�ä��,!"/�ZhangW4haFâñLòó¦��â0

å@klA¬LÝÞ�½1
ßàbé� atomoxetineb19gù�âñLòó

] �̂ä methylphenidateh9Q	wx]^(b�å�L[�?�� atomoxetine


!"TUÉ�*� methylphenidate
!"TU (Kempton et al., 1999; S. M.

Rhodes et al., 2004; S M. Rhodes et al., 2006)�
¡�?ßQ¯���jkl
H

I¶UL�âñLòóÝÞ��$	wx�½1
ßàb

�P,
ägùåhXY�*�� 12«
HI 0�ADHD�.ÂËF´

�
p½O%òO
Hæí£
�ã�Eµ atomoxetine�À�0�Òj
è 

�ù9Í�6Þ
P,HI��8�*Fz 
��!"µ¶�Ô�p½�ç9

atomoxetineHI0� ADHD�.rEÔF
ägù (Michelson et al., 2001;

Weiss et al., 2005)��5ø
!"eaF��*�è 
�����atomoxetine

�0��.
p½Â�v'���ã (Gau et al., 2007; T J. Spencer et al.,

2005)b �%òÉHæí£��8�?
!"Â�aF atomoxetine��0�

ADHD�.F�ÓKÂ��é� atomoxetine+gù�âñLòó]^�Tr�

��ù atomoxetine
�.�¾Ã5� åh5%òÉHæí£W+ÔV� (S.

R. Chamberlain et al., 2007; Kelsey et al., 2004)b

4.2.2. ��
�����

�?
DEFGjP,HI!"FQ�¸©!"
>�B���*F�!"
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aF atomoxetine
I¶j�.
MNFÍL (Wehmeier et al., 2012)��eF!

"�µ atomoxetine
I¶Â�MNL
�É (Cheng et al., 2007; Robison et al.,

2008)��8�?
!"µö×
á���94ÅæçLù�0� ADHD�.


J?A¬BCÉ atomoxetineHI�0Lñ!"/r	
��T(�?µö×


á�q9m+
 ADHD�.�Tr�?
TU9¤¬`¯ 1+
�.hFZ

��³
!"úQi�DB��9¤ atomoxetine�� ADHD�cÜG�J?A

¬BCF�c
KÂ�h�?@1ö×�	
á�â+F��
Ü���¯��

�NODB·��?
!"ËF6è÷�k��é�ëú!"
�.@1�!"

 0E�=�·Õ
)*H©hi�Tr@1\��.ß¬+T({à¸é2

(loss of novelty) 
.�-
¶5 (learning effect) äKÂç?�hi/
EF

(Lowe & Rabbitt, 1998)��äKÂ�!"TU
�¶�v$�®.
�ª�Ìe

+É)*H©hi
EFF�.ÍL (Locke & Braver, 2008)��é� CANTAB

hiEF��?
!"/FG�
ê�M�T( 10����®.
��ëôh

�Û (one-month test-retest reliability) Â����É�Tr�?@( ADHD�.

�E�HI��5 CANTABhiEFDE´�
�ã�b1)9ÉP,
gù

FL�äDzál9éd0
5øTóµ¬°�DB���8�?
!"�µ

atomoxetine���� ADHD�.
J?A¬�F´�¶U�����@1�½

A¬M)*K��!"�Q��³¯� atomoxetine9ð��Sá
)*©Ìª

«��� ADHD�.
J?A¬BC (S. R. Chamberlain et al., 2009)b

±�L[

>�$��!"eF¸©C§�B���?9B��ÃPö×

ØZt
0� ADHD�.��?��
)*H©�hi�Q¯° atomoxetine�

J?A¬BC
KÂDB���?���.�fÉÙÚ�?9:j¬s
ì)�

+A���ßQ¦@�. ADHD<=
â¦M�ÂÃ�� atomoxetineHI��

?(�;
���?Åý
�zh�DB·��?���ùØ�á
 CANTAB

g(�����.J?A¬BC
È��äÃ�?e�ù���®.�

CANTAB
EFg(Et�>�.
hiì�«¼' z-score�Qì�$��.
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ùPÅ�
J?A¬EF9¤F���Éb

4.2.3. ���

=T�Ø��?
!"aF ADHD�.�*� 12«
 atomoxetineHI��

±�?(�;F´�
���$�5J?A¬j�jklBCeF��
�³�

Õü���O»>¬�O���«¼¬�Oâ0z klOÈgklOâ0½¾

j°�NO¬�Ouèå@klOQRâ0å@klW�8äS�� 12«��

 0T¼d�ADHD�.L[
J?A¬j�jklEFÂ��í âEî~�

Trè �ù atomoxetine���©ADHD�.
J?A¬É�jkl9F¶U


�ä��@ÏA¬
��>Fa� ADHD�.�F¶I�?Ë¥�-�ÂÁ

ú54ð²+A¬b

4.3��������@UFJKLM ��VW�

4.3.1. ��

�ùDSI
XQ��?aFADHD�.p¿mno;p)*Ìq���M�

F{A
F��T(j�k�Í$��ADHD�.mno;p)*Ìq
rsñ

�GFA�Ì�ß¬F¡	¨©Tó+v'��F��0Ò)*ÏÐOU�c�Z

hO)*ïK
ãMªá (degeneration)O
.)*ðñá (myelination) {AW

(Beaulieu, 2002; Mori & Zhang, 2006)�ä�?
!"TUj�*DTI
TU�f

(Ashtari et al., 2005; Liston et al., 2011; Pavuluri et al., 2009)�Eµmno;p)*

Ìq��M
{Aßg(ADHD
+,¬kb

�*
�ÈK�!"aF ADHD�.Î¿Åmn
ÚÊ (Shaw et al., 2009)

É$Ê (Mostofsky et al., 2002) F{A�ä�?
!"��³aF ADHD�.m

no;p)*Ìq
Î¿áF�FBC�����®.�mno;p)*WÌ


Î¿áF�ß¬jâE
@ÏA¬FL�Õü�|}M���QRk��$ç�
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Í[ÓÔµõ9 (Weissman & Banich, 1999)�Tr�?
!"TU�µ±��p


mno;p)*Ìq{A�$�mno;p)*Ìq
Î¿á��eß¬�

ADHD
¨©+©ª«XYÝÞ½1ßà (Rubia et al., 2000)b

�?
!"aF¥¿ orbitofrontal)*Ìq
��MÉ������;�0

�F��ÍL��©TUj ADHD
���=>{A
@ÏtYÍi�

(Castellanos et al., 2006)�rÐ
!"�µÊÁú¥¿ orbitofrontal�Êj5ø�

×
A¬MÑT�h+�©�®.���
&= (Diekhof et al., 2009)�v$e

F!"aF¥¿ orbitofrontal (McCrea, 2009) j caudate (L. E. Campbell et al.,

2009) 
ÉE+�f��
���BC�å�L[
!"TU��?¯� ADHD

�.¥¿ orbitofrontal)*Ìq
{Aß¬�f�9:L
������;b

±� ADHD�.
������;�$��?eaFÎ¿ dorsolateralj¥

¿ medial prefrontal)*Ìq
��Mj��ô��;�F��ÍLM��©T

Uj�*
�ÈK��!"TUÍi��T(�Î¿ DLPFC
p ���aF

j��ô��;FL|M (Kates et al., 2002; Mostofsky et al., 2002; L. J. Seidman,

2006)�ä SpallettaW4haFÎ¿ DLPFC
�È%&'>����+j���

;FÍL (Spalletta et al., 2001)����³q�µÎ¿
 dorsolateral)*Ìq�

9:L
��ô��;ÝÞ�½1ßàb

²³�?
�°��9æçLB�
!"¯� ADHD�.mno;p)*

Ìq{AjJ?A¬BC�0
Lñ��pä^��?
TUaF ADHD�.

��? CANTABhidµ<F
J?A¬BC�jmno;p)*Ìq{A�

0�F��
ÍLb��N
hi���é ADHD�.� IEDhiµ�µ
�

��«¼BC�jÎ¿ orbitofrontalÉ ventrolateral)*Ìq��MF´�ÍL�

Tr�?
!"TUÆÇmno;p)*©Ì��@Ï
ßoM (flexibility)

9Üì½1
 (Kehagia et al., 2010)bv 
!"aFwòó���.��? IED

hid+F´�
BC���EmnjSôû
ÉEß¬+�f���«¼¬�


�� (Downes et al., 1989)�ä OwenW4haFE�mn.±£ 
¨4�5
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���«¼¬�+F´�BC (Owen et al., 1991)�r$�rÐ
�ÈK��!

"aF���«¼¬�jM��×
oMFÍL�ÕÖ VLPFC (Hampshire &

Owen, 2006; Shafritz et al., 2005)Oanterior cingulate cortex (Shafritz et al., 2005)O

o;p (Shafritz et al., 2005)OQRmno;p©Ì (Monchi et al., 2001) W�r

$�OFCez�µ¶j���«¼¬�
& FL (Kehagia et al., 2010)�å�

�Ø�orbitofrontalj ventrolateral)*Ìq
ÉEFß¬ëj� ADHD�.


���«¼BC
¨©+©ª«b

Ê1� RVPhiLF17
EF�@1�®.F�
Çª���O»>=

>¬�OQR¢�åh¬��CoullW4�ùâ²=�vK (Positron Emission

Tomography�PET) # �aF7�®.��? RVPhid��È+F¸�M

�×K
oá�Õü�mn�© (inferior frontal gyrus)O1nOõ;�© (fusiform

gyrus)OQR�aMy�×K (supplementary motor area) W (Coull et al., 1996)�

A¬M
�ÈvK!"h�µj RVPhiEFLñr��
×K9mn1n×

(fronto-parietal regions) (Lawrence et al., 2003)�ä�?
!"aFÎ¿

orbitofrontal)*Ìq
��Mj RVPhi
EF�F��ÍLM�å��Ø�

OFC (Elliott & Deakin, 2005; Rubia et al., 2010)OSôû (Jahfari et al., 2011; H. S.

Liu et al., 2011)OQR50
)*Ìq�� ADHD�.
Çª���É»>¬�

BCXYÝÞ�½1ßàb

v 
!"aF&�E�mn.±£ 
�.� SWM
hiEF+F´

�BC (Owen et al., 1990)�r$�	aMöá� (multiple sclerosis) �.� SWM

hi
EFj5mn¨÷
Øæ<F��ÍL (Foong et al., 1997)�ä�?
!

"haFADHD�.� SWMhi
EFjÎ¿ orbitofrontal)*Ìq
��M

FÍL��©TUj�*¡	
!"TU�f�0ÒWolfW4zµ¶'4 ADHD

�.��?Ègklhid�5orbitofrontalÈÝ
oá+F��
F� (Wolf et

al., 2009)�du BoisgueheneucW4haFâ0ÈgklBCÉÝ�Î¿mn
¨

÷FL (du Boisgueheneuc et al., 2006)�ä�?
!"eæ³� VestergaardW4
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aF�Î¿mn1nWÌ (frontoparietal network) 
rsñ� FAÉ SWMh

i
EFFL (Vestergaard et al., 2011)b

v 
!"µ¶�µ��Èmn�A
�.��? SOC
hid+ÔFâ

0½¾¬�
BC (Shallice, 1982)�OwenW4eaF&�E�mn.±£ 


�.��? SOChid�+ÔFã\d0çø
F� (Owen et al., 1990)�Rowe

W4
!"eaF7�®.�?â0½¾hid�5ã\d0jÎ¿mn
ÛÈ

%&'>�<F´�
ÍLM (Rowe et al., 2001)���
A¬M�ÈvK!"

e���ÅmnjSôû�â0½¾¬�LÝÞ�½1
ßà (Beauchamp et

al., 2003; S. D. Newman et al., 2009; Rowe et al., 2001)��?
!"h���³�

µ ADHD�.â0½¾jNO°�¬�ÉÎ¿ orbitofrontalQR dorsolateral)

*Ìq
��MF��ÍLM��*�ù Tower of London����®.â0½

¾¬�
!"aF���?hid�È orbitofrontal×KF´�oá
F�

(Elliott et al., 1997; Rowe et al., 2001)D � dorsolateral×K�CurtisW4haF

DLPFC+ëj>����Ê½¾ã\jNO°�
>� (Curtis & D'Esposito,

2003)�Ê9DLPFCÔF´�¨÷�h+�f�cjZù¬�
BC (Makris et al.,

2007)�å��Ø�ADHD�.â0½¾jNO°�¬�ÉÎ¿ orbitofrontalQR

dorsolateral)*Ìq
��M¦�F��
ÍLMb

 �)*V�,ÊXY��?
!"�µ������;jØ	�
J?A

¬BCqÉ orbitofrontal)*Ìq
��MF´�ÍL��*
!"aF

orbitofrontal×KF¡	�¢ mesolimbicj mesocortical	wx)*]^
ì¢

(Depue & Collins, 1999)�	wx)*V�]^
ÉE9�aFÉ ADHD�.


������; (Genro et al., 2010; Shang & Gau, 2011) jJ?A¬BC (A. F.

Arnsten & B. M. Li, 2005) FL��?
!"TUe0EÆÇ�ÉE
	wx]

^ß¬9ð�KÂmno;p
)*©Ì��äv'� ADHD�.
9:�;

jJ?A¬BCb
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4.3.2. ��
�����

�?
J?A¬BCj)*K��!"FQ�¸©!"
>�B��é��

?
!"9ú=M�½ (cross-sectional study design)�µQ�Q¦.���?�

ADHD�.µ�z&
mno;p)*ÌqÉE�"û9 ADHD
¨T�
.

9T( ADHDµ�f
�8MTU (compensatory consequences)�Tr@1�ª

è ��!"�¯�mno;p)*ÌqÉEj ADHD�0
TULñDB

���?
!"lìÛmno;p
��M��ß¬)F5ø)*Ìq
ÉEj

ADHDFL�0Òmn-ÕnWÌ (frontotemporal networks) (A. Konrad et al.,

2010)O
mn-o;p-1n-æ�WÌ (fronto-striato-parieto-cerebellar networks)

(Rubia et al., 2009)�Tr@1�ª!"�¯°5ø
)*ÌqÉ ADHD�0


LñDB·��?
!"/F 18� ADHD�.â��ùP,HI��8���

.�E�û���¢�Åy �
P�«���?�8�Q�ÞO±è �ù

ADHDHIP,���Èmno;p)*Ìq
KÂ�Tr��@1ù��z

¨ù ADHDHIP,
 (drug naive) �.úQ!"�Qk�P,��Èß¬ò

+
è KÂDB��é��?�ù�.�j�k��¸��
!"�½�Tr

�?�QÜi�¸��mno;p��M
KÂ���5ù��c�¸� ADHD

�.úQ!"$��Q¯°aV�¸� ADHD�.mno;p��MµÝÞ


ßàb

4.3.3. ��

=T�Ø��?
!"aF ADHD�.Î¥p¿mno;p)*Ìq (e

�9 dorsolateral-caudate�medial prefrontal-caudate�orbitofrontal-caudateÉ

ventrolateral-caudate) 
��MF´�{A�ÂÃ��{AÉ ADHD
9:�;

QRJ?A¬BCF��ÍLM���K�ST�
!">Fa���³¯�m

no;p©ÌOJ?A¬OÉ ADHDf¨STÎr�0
Lñb
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4.4���������@!"XY�

4.4.1. DAT1!" ��������@Z[\�


4.4.1.1. ��

�?
!"� DAT1STLµaF
·�z{p×0j_$
!"FÍc

�eFÍÉ
IX (Brookes et al., 2006; Friedel et al., 2007; Genro et al., 2008)�0

Ò�?j�*
!"�aFr���z{p×09Q( 3´UTRü§��8 DAT1

Ý�ÏÐB�ÁDàp
2ý (telemere)��üE+��ST½�

(recombination) 
ß¬M�� GreenwoodW4eaF�DAT1ST��cÒj�

8�FÍ7�
�fM (Greenwood et al., 2002)��ßQ°�(Ó�?
!"j

_$
!"FÍÅ
aFb�v$�XY���!"Îr�0eF���É�0

Ò�?aF�B��z{p×0ÕÖ�Ý�BÚ�D�² (rs27048) jBÜ�

�D�² (rs429699) 
 SNP�� FriedelW4hÂ�µ¶ rs27048�ÕÖ��Ó


z{p×0�D (Friedel et al., 2007)�ä GenroW4haFB·�z{p×0

ÕÖ�Ý�BÜ��D�²
 SNP (rs40184) (Genro et al., 2008)���?
!"

hÂ�aF�� SNPÝ��Ó��z{p×0�D���!"TU
�Éº5

��c SNPÎr�0|}�~�
 ¡Lñ (Greenwood et al., 2002)�Tr�Ü

i DAT1STd5ÓÔ17
 SNP�Q¨¬¯� DAT1STj ADHD�0
Í

LMb

�?
!"aF DAT1ST
 SNP (rs429699) jz{p (rs27048 (C)

/rs429699 (T)) É ADHD�����ÜG�0�F��
ÍLM���MìÛX

Ye�µz{p (rs27048 (C) /rs429699 (T)) É������;
Í½�ÛF

L�ä�*
!"eaF DAT1STj ADHD�����ÜG (Krause et al.,

2003) É����; (K. Konrad et al., 2010) FÍLM�±� DAT1ST�$�

eF5ø
ST�µ¶j ADHD�����ÜGFL�Õü 5HT1B (Smoller et
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al., 2006) É alpha-2a-adrenergic receptor (Schmitz et al., 2006) STWb�8

WaldmanW4zaF DAT1STÉ ADHD
��ô��;�FLÑ (Waldman

et al., 1998)���?
!"Â�aF DAT1STL
�Ó SNP
z{pj��

ô��;FLbv$�?
!"Â�aF DAT1j ADHD
k�ÜGFLÑ�

�§ÉWohlW4
!"�f (Wohl et al., 2008)��j5øÃP
!"TUh�

Íc (Asherson et al., 2007; Genro et al., 2008)����ÉMß¬9é�Q�¸X

YTóµv'�ÕüST¬k
Ö|Oá�
ØæOQR ADHD�f
9:É

ÊMWb

�8�?aF DAT1STL
ãÉj ADHDF��
ÍLM���?ÂË

F%E���ãÉ�?A¬MìÛ�Tr��ãÉj ADHD�09¤FTUL

ñ�FZi�b�8D�²
STãÉ�+KÂþS�
�U��Ð�Fä�ä

	
!"�µD�²
ãÉ� DAT1
STEFLÝÞ�½1
ßà

(Greenwood & Kelsoe, 2003; Kouzmenko et al., 1997)�0Ò KouzmenkoW4aF

B��D�²
�U+ëj DAT1ST�)*ý�D
EF (Kouzmenko et al.,

1997)�ä GreenwoodW4haF DAT1STL
BhOBÜ�OQRBÜ��

D�²
ãÉßQ�f DAT1STEF�Á(p� (Greenwood & Kelsoe,

2003)b

�Àq�c
Òj!"�µ�3´UTR
 10-repeat allele�J4O��4OQ

R'�4
$0���4
$0(� (Mitchell et al., 2000)�ä�?
á��µ

10-repeat allele
$0( 91.6%�j�*�J4Òjµg
!"Í�f (Chen et

al., 2003; Cheuk et al., 2006; Qian et al., 2004)�Tr�E�?
!"Â��á¨�


w� (selection bias)bäS��?
!"j�*5ø
!" (Gizer et al., 2009;

D. Li et al., 2006; Purper-Ouakil et al., 2005)�lFG3	
�³�µ 3´VNTR


10-repeat allelej ADHD�0FÍLM��8Fp� meta-analysisaF 3´VNTR

j ADHD�0Â�ÍLM (D. Li et al., 2006; Purper-Ouakil et al., 2005)�� Gizer

W4
!"haF 10-repeat alleleÉADHD�0F�=
ÍLM (�°$( 1.12)
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(Gizer et al., 2009)�Tr 3´VNTR
STãÉß¬�9%E�f ADHD
¨T�

ä9�E��ÏÐÎâ¨T
¬k (Greenwood & Kelsoe, 2003)�
. 3´VNTR

9ð�j¹8
#¿gùäv' ADHD (Brookes et al., 2006)b

4.4.1.2. ��
�����

�?
STUV�!"FQ�¸©!"
>�B���?
á�Êô×ì(

�c
 ADHDÜG�MN9��ô�ÜG�hÜ��+Í�ãæ�Tr���

@1ù��c
ÜGö×�	
á�DB���?
!"lF¯���M�


DAT1ST���� ADHD�á
 ¡í¨�5Ñ�9léz�STµv'
�

Tr���@1ù��c
STúQ!"DB·��?
 ADHDá�9�¢#

<«¥�Tr!"TU9¤¬`¯ �Ç
Òj��@1��³
!"�½úQ

i�b

4.4.1.3. ��

=T�Ø��?
!"aF DAT1STL
��z{p×0j ADHD
�

����ÜGFÍLM�ÆÇ�	wx]^� ADHD
¨©+©�XYÝÞ½

1ßàb�?
!"TU�µ��? ADHDì²UV�!"d56ö×cÊM

�
á���á>ßQ$��+aFf¨
STãÉb

4.4.2 DAT1!" UFJKLM�Z[\

4.4.2.1. ��

�8�,!" (Pioli et al., 2008) É4`!" (Mehta et al., 2001) q�µ�

	wx�& â0ÈgklLÝÞ½1ßà��9lFG�
!"MN¯°

DAT1jâ0Ègkl�0
Lñ�é� DAT9 ADHD
b1HIP,

methylphenidate
gùÈÝ�ä�*9Fµ¶�µ methylphenidateßQ�©��
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�®. (Elliott et al., 1997) j ADHD�. (Kempton et al., 1999; Mehta et al.,

2004; Turner et al., 2005) 
â0Ègklhi
EF�ä�?
!"���

DAT1STjâ0Ègkl�0¦��FÍLMbâ0ÈgklÉ�È
M�×

KFL�ÕüÅmn (Nelson et al., 2000; van Asselen et al., 2006)O�1n

(Klingberg et al., 2002; Koch et al., 2005)OQRØÙ© (Abrahams et al., 1999)

W��8 DAT1STb19EF�o;p�ä�ÅmnO�1nOQRØÙ©


EF��� (Diamond, 2007; Durston et al., 2005; Schott et al., 2006)���F¸X

Y
�³�µ DAT1ST+ð�o;pÉ�Ê
)*ì¢�KÂâ0Ègk

l�B��7�?Ègklhid�o;p
	wxA¬ÉÅmn
oM<F´

�
ÍLM (Landau et al., 2009)DB���ÈK��9��Ègklhi
EF


�
�l9Åmn�ä9��mnOo;pOQR1nW×K (Stollstorff et al.,

2010)DB·�A¬M�ÈvK�µ�DAT1
STãÉj�?Ègklhid


)*oMF´�
ÍLM (Bertolino et al., 2006; Bertolino et al., 2009;

Stollstorff et al., 2010)�å�L[!"TU��?ßQ¯�Ø��?Ègklhi

d�Åmnj1n
oM�8+�& DAT1STãÉ
KÂb

�?
!"aF�{p rs403636 (G) /rs463379 (C) /rs393795 (C) /rs37020 (G)

j SWM
 within-search errors 8 boxesÉ double errors 8 boxesF��ÍL�²³

�?�*
J?A¬!"��?aF7hi]ÛÁúd�ADHD�.
J?A

¬BC+ã\�ú´� (Gau et al., 2009)�)*K��!"e�µ7Ègklh

i
]ÛÁúd�Åmnjo;pëj
�Ûe+Áú (C. Chang et al., 2007;

Wager & Smith, 2003)�StollstorffW4eaF�7Ègklhi
]ÛÁúd�

�È
oM+T( DAT1STG
�cäF�c
º5b��@1ù��{p

rs403636 (G)/ rs463379 (C)/ rs393795 (C)/ rs37020 (G)jADHD�.
	wxoM

�0
Lñ��?�­®
A¬M!"b

±�Ègkl�$��?
!"Â�aF DAT1STj5ø
J?A¬FÍ

LM�Õüâ0�ÛO���«¼g¥OQRâ0½¾Wb�89*F¡	!"
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�Ô	wx����«¼¬�XYÝÞ½1ßà (Robbins & Arnsten, 2009)�Â

Ã���«¼¬�j DBH (Barkley et al., 2006) É COMT (Schulz et al., 2011) W

STqFÍL�8ä�*
!"Â�aF DAT1STj���«¼¬��0�F

ÍLM (Barkley et al., 2006; Boonstra et al., 2008; Karama et al., 2008; Schulz et al.,

2011)�TrÍ��Åmn
	wx]^�SchulzW4¯�o;p
	wx]^

�����«¼¬�
KÂ�æ (Schulz et al., 2011)b

4.4.2.2. ��
�����

�?
J?A¬BCj DAT1ST!"FQ�¸©!"
>�B���?l

F¯���STjâ0Ègkl
Lñ�ä�*��c
ì)í¨!"aF�â

0Ègklj DRD3 (Ersche et al., 2011)OCOMT (Nagel et al., 2008)ODysbindin

(Donohoe et al., 2007)OMAOA (Rommelse et al., 2008)WSTqFÍL���ìÛ

5øST>Fa��?�� ADHD�.â0ÈgklBC
¨TF�ÞY
�

°DB���?!"/µ�ù
)*H©hib19h� ADHD�.
J?A

¬BC���5¯° DAT1ST��5ø)*H©A¬BC
KÂb

4.4.2.3. ��

=T�Ø��?
!"aF DAT1STj ADHD�.
â0ÈgklFÍ

LM�é� methylphenidateßQ�� ADHD�.
â0ÈgklBC�Tr�

�@1��³Üi�?µaF
�{pãÉj methylphenidateP,º5�0


Lñ�v$é�â0Ègkl9 ADHD�.
DEFG�Tr��ßQð�A

¬M�ÈvK�¯� DAT1ST��)*©Ì
KÂb
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5. ��� (Prospect)

5.1 R�!"�

�89:!"9*�µP,HI�� ADHD
'¶���8F¡	�.


I¶Â�´��ÂÃ�P,
G�MjE�ÛXYwF¡	�ÉbÊ�° ADHD

HI¶U
ÍLSTehT²�>+Fa���
9:HI�Õü��c
�.

��r17
P,HIOQRi6ÓÔß¬+ò+P,HIägù
�.bÐ�

�é�!"È�
�=�³�9*Fä�ä	
!"¯°P,jST�0
L

ñ�Täu'P,ST� (pharmacogenetics) 
!" (Kieling et al., 2010)�èr

�­®¯° ADHD
¨©+©ª«b�*
!"�§×/�P,º5j DAT1

STG�0
Lñ�T( DAT1STµ«
�'
�$Ê dopamine transporter

â9HI ADHD
P, methylphenidategù
Ý5����!"É�µ���

f
TU�0ÒF�!"aF�DATST� 3´UTR
Ý5ÊF 10-repeat allele�

h��+F�s
P,º5 (Stein et al., 2005)b�eF!"�µÍº
TU�S

10-repeat alleleºäj��
P,º5FÍLM (Winsberg & Comings, 1999)�ä

5ø!"h�µ 10-repeat allelejP,º5�0Â�ÍLM (Langley et al.,

2005)��*
TU�µQ+F�á
�É�ß¬j!"�½L
�cFL�v

$�P,÷�
�ùXYQRTUh� (outcome measure) 
È��qFß¬ò

+��!"TU
�Éb

±� DAT1�$�v$��E�!" ADHDP,ST�
4¬9 DRD4S

T�rv
µ¶9WinsbergW4aF ADHD�.
 DRD4� 7-repeat alleleST

Gj methylphenidate
I¶�0Â�´�
ÍLM (Winsberg & Comings,

1999)�ä SeegerW4haFÊ9 ADHD�.cdZF DRD4L
 7-repeat allele

QR serotonin transporterST
 long allele�h�� methylphenidate
I¶º5

�� (Seeger et al., 2001)b±� 7-repeat allele�$�4-repeat allele9 DRD4LE
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�¯°
STãÉ�CheonW4aF0� ADHD�.Ê9ZF 4/4
STG�h

�E� 8«
 methylphenidate����.+F$��
P,º5 (Cheon et al.,

2007)����@1ù� DRD4L
�cSTG¯°jP,º5�0
Lñb

�*Ø	�
 ADHDP,ST�!"q9¯° methylphenidate
I¶�l

FG��
!"9ìÛSTj atomoxetineI¶�0
Lñ (Ramoz et al., 2009;

Trzepacz et al., 2008)bTrzepaczW4ìÛ CYP2D6ST
 poor metabolizerj

extensive metabolizer�0
I¶jP,÷��TUaF poor metabolizer�ù

atomoxetine
÷�$ extensive metabolizer1Ì 0.1mg/kg���9:HIL��

�@1i6ÏÐ ADHD�.
 CYP2D6
STG�9:�;e¬²³�;��


�u�17I&� atomoxetine
÷� (Trzepacz et al., 2008)bé� atomoxetine

9gù� norepinephrine transporterL�Tr NETST9 atomoxetine
P,ST

�
½14¬�RamozW4aF�*� 6«
 atomoxetineHI���ADHD�

.
 NETSTLÊ9ZFÒ� SNPs�h5I¶+���� (Ramoz et al.,

2009)���@1ù� NETST�?Åý
STãÉR��Q aF����M


P,º5¬kb

�� ADHD
P,ST�!"±�ßQù�L[��TóúQ=>�$�

e@1��c
STO�c
P, (Ò atomoxetine)OQRSTjST
#¿g

ùWÃOúQ¯°�>�¬�°STGj ADHD
P,º5�0
Lñ�ä�

�!"TU>Fa��4á�I (individualized medicine) 
aV���ß²³

ADHD���c
STG�|}r�1
P,HI�Q�©HI¶UÂ�Ìä

gù
a+b

�84Å�� ADHDP,ST�
!"â�Áú��ù��*
!"TU

<FÔÎr��f
F���?@(�ß¬º5� ADHD�.�STGjEF

GL
ÉÊM�r$�*mn�ìQ
h�XYQR��M
!"�½�ß¬q

+�f�Qdh&F�å
STG�ÉbTr�½ÅÊM
!"�cdmn�á


h�XY�q957�?
!"XÊbTr�?
P,ST�!"ö× 160
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Ý 7-18§�z�ù�P,HI
 ADHD�.����.>�ºªì� p�H

I��5/ 804E� methylphenidate�v$ 804E� atomoxetine����
H

I 0D>+ZhI��P,
I¶�b1
I¶��È�( SNAP-IV (XÙa

j�;a)�5ç��I¶
�áÈ�hÕÖ Achenbach Youth Self-report

(YSR)OChild Behavior Checklist (CBCL)OClinical Global

Impressions-ADHD-Severity (CGI-ADHD-S)OClinical Global

Impressions-ADHD-Improvement (CGI-ADHD-I)OSocial Adjustment Inventory for

Children and Adolescents (SAICA)OQR Chinese version of the Family Adaptation,

Partnership, Growth, Affection, and Resolve (Family APGAR-C)Wbv$²³�*

�?
 ADHDDEFG!"TU��.e>E�)*H©hi�ÕÖ��0�

º�hiOÇª���hiOQR CANTABW�cd�?>ö×µF�®.


DNAá��Âù�ß¬+KÂP,¶U
ÍLST (DAT1, DRD4, DRD5, NET,

COMT) �?R�bµF�.>E�è· 24«
� ���TW¬Åý��P

,z Éè 
I¶�Â¯�KÂP¶
ÍLSTãÉb

������
������?
P,ST�!"� 2009�[\_�+·

��4G½¾
�a (NSC 98-2314-B-002-051-MY 3)�Â� 2009� 2012��

l�' 160Ý ADHD�.
ö��4ÅµF�.9�' 24«
��b�?e 

�!">�À���
á�L¾ê ADHD
P,ST��ÂÓÔP,HI¶U

jSTãÉ�0
LÑMbè��c
h�XYµÓÔ�cSTG�P,º5


gù�>+`a�?�ú�° ADHD
¨©+©ª«���²³�.�N
S

TGµaV
�4áHI>+F¶�ç¨�O��G�MOQRÁúP,Y�

ÛbÍºI�Ê9�.ZFjI¶�s
��ägùÍL
STG�hßQk�

E�ËF�ì
P,b�?
P,ST�!"�aV¸
 ADHDHIP,XY

e�F½1
����ùSTÝÜ���P,÷�
XYßQ�:��P,aV


¸tY�T(>ßQ²³�c
STG�äDl9�c
P,����I¶�

0
�ÉMb
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5.2 ���\ JK\��VW�

���*
)*K��!"TU�ADHD�.rE�µ¶ÉE
�È×K

(ÅmnOdACCOstriatumRæ�bdorsolateralR ventrolaterl prefrontal cortex

�É¡	J?A¬ÍL��9���O½¾OÈgklW¬��ä ventrolateral

prefrontal cortex¿É?(»>ÍLDdACCÞ�µ8©Ì (reward circuit) 
�È

ì�5A¬É���O?(»>OjzãäR�ªÍLDstriatum�@(ÉJ?

A¬Rµ8©Ì�FÍLDæ�éê�aFÉ@ÏA¬ÍL�5A¬�FZ�

[bä ADHD�.rE�µ¶ÉE
)*ÏÐ¼(mno;p©Ì��z�©

ÌÂ�¬°� ADHD�.
�ÉÊM�Õü superior longitudinal fasciculus

(Ashtari et al., 2005; Hamilton et al., 2008; A. Konrad et al., 2010; Makris et al., 2008;

Pavuluri et al., 2009)OQR inferior longitudinal fasciculus (A. Konrad et al., 2012;

Pavuluri et al., 2009) W)*Ìq��M
BC�ez��*
 DTI!"aFj

ADHD
�;FÍLM�Tr�FZ�	!"*�°±�mno;pQ$5ç


)*ÏÐ¼� ADHD�.
BCb������
������?
!"Ã

P9*ö×� 40Ý0� ADHD�.QR 40Ý���k��ÂÃ~��®.q

E�Åý
9:�;��O)*H©A¬hiOQR DSI
û���vK��

��?>$� ADHD�.É���k��0�� superior longitudinal fasciculus

QR inferior longitudinal fasciculus)*Ìq
��ML9¤F�N�TW¬Ó&

±�mno;p�$5øj ADHDFL
)*ÌqÉEb

�8�?�*� DSI
!"9aFmno;p
)*Ìq��Mj ADHD


�;ÉJ?A¬BC�0FÍLM�� DSI9Þ�TXM)*K�vK�Ê

1�ÞYI�° ADHD
/ý)*BC�±�TXM)*K�vK�$�5Ñ

e1cdù� ADHD�.
�È)*WÌ�?A¬M)*K�vK!"b�A

¬M)*K�vK!"/�PET95/�©½1
!"È��PET
÷©9lù
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�c
A�M,Ê�ßQ�:�È
�����R�È'>
�ê�eßù�!

" dopamine
��R dopamineÍL
���dopamine transporterQR dopamine

D2 receptor���T( PET!"FA��
NO���©L�1�ù�0�R�

��
!"�Ð��ìÛ�È'>d�9ÈÇùû���# n� PETb

4ÅA¬M)*K��!"/�fMRI9rE�ù�g(!"
È��T(

fMRIßQ<F�È%�ùÛ
;è�ß0Eº5Ô)*o�
;è��:��

��Óhid
e�tYW� (default-mode network) 
vK �¿ï(

resting-state fMRI��QR<F�@Ïhid
�Èo�×Kbcdo�
�×S

9�A¬LÍÑT
×K�äA¬ÍÑT
�×�0�¯h5ÑF)*ÏÐ¼


ÑT�S)*TXL
ÑT (van den Heuvel, Mandl, Kahn, & Hulshoff Pol,

2009)be�tYW�9���ë
;è��FÇª
�Èo����W�ÕÖ

� precuneus / posterior cingulate cortexOÅmn/�ÈÝR1n (parietal lobe) W

×K�äe�tYW���hidoM+���ÊoM�QâEI���@Ïh

ih�+Ôãbä�c
@Ïhi�+9a�c�×
o�����co�
�

×S9A¬LÍL
×Kb�Å
!"aF��9�e�tYW�
9�@Ïh

id�ADHD�.
�Èo��)*TXÉE
Èì�ÅmnO1nOo;pO

æ�� eaFÉâE4F�É��oM��
�Ì
TUqF�µ¶�5/E

��Ô
ÉE( fronto-striatalR fronto-cerebellarA¬MÑT (K. Konrad &

Eickhoff, 2010)b

� 2007�d�Sonuga-Barkej CastellanosW4z*�Ô ADHD9�qe�

tYW�í¨ (default network disorder) (Sonuga-Barke & Castellanos, 2007)�T(

ADHD
e�tYW��Q�5ø
)*WÌ]^úQ& �Tr+�â��

?
)*H©o�v'[\��äEF( ADHD�.
@ÏA¬BC

(Castellanos et al., 2005)�FassbenderW4e�� ADHD�.�È
e�tYW�

�Q�17I»> (Fassbender et al., 2009)bPetersonW4h���³!"aF�

�� 16Ý ADHD�.�� methylphenidateHI��5�È�ÅmnÉ posterior
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cingulate cortex
e�tYW�ßQ�íâE
�»>F� (Peterson et al.,

2009)�ä LiddleW4aF ADHD�.�Èe�tYW�
âE»>F��+´

��& methylphenidateO�ª
�Ì (µ�
�Ì)OQR<=�0#¿gù
K

Â (Liddle et al., 2011)�e�9Ø7E� go/no-gohid��k�
Ä²���

�
Ìµ�
�8��q¬F¶I�Ìe�tYW�
oM��9��ËF¨ù

methylphenidate
 ADHD�.�Ø�lF��µ�
�8�â¬F¶I�Ìe

�tYW�
oM�Ê9¨ù methylphenidate���ADHD�.����
Ì

µ��8��¬F¶�Ìe�tYW�
oM (Liddle et al., 2011)��p�Ø�

��!"TU�µ� ADHD�.�È
e�tYW�O@Ï=>WÌOQR�

�]^WÌ (limbic network) �0�F�Îr ¡¿�
Lñ�ÂÃ+KÂ&�

p
)*©ÌA¬�ä�9lFz�WÌ]^ÉE
NO�Tr��Êcd�?

TXMjA¬M)*K��
¯��>¬�úÞYI�° ADHD�È
)*Ñ

Tj)*WÌBCb

�¤Ø�
0�!"/H (Child Study Center) 94Å_ðL¦@( ADHD

)*K��
��ªX�5ÃPJ�4 Castellanos���Ð�Ü�aE��Ü


L� ADHD�ÈA¬M)*K��
!"�ØØ�©�0�ì)��ç��

ADHD)*WÌBC
�°�5�{� !� Impact Factorö�
_ð  /�

Tr�+½¾� 2013�& 2014�0 Castellanos��
ÃP�-6�
A¬

M)*K���������
!`d ��+TW±�¬�-ÒÓìÛ resting

state functional MRI
�S�$�)¬��XvM
)*ÑTjA¬M)*ÑT

�0
Lñ��ä�-ÒÓ��À��c
!"JK�Õü)*K��O)*H

©�OSTUV�OQR9:<IWW��äu'���úÞY
 ADHD
)

*+,�©�b

5.3VVW!"�
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²³�?�*
!"aF�ADHD�.FSTãÉj�È)*Ìq��M


ÉE�Tr���?½¾èéK�ST� (imaging genetics) 
!"��­®

¯�STGãÉ��ÈTXBCµò+
KÂ�Â�° ADHDéSTãÉ&)

*]^ÉE
+©¨©ª«b�*!"aF� ADHD��QR5�a¨
£

��Ê5 DAT1ST� 3´UTR
Ý5F 10-repeat allele�h�ÈK��µo;p

(striatum) 
 dopamine transporteroM�Ì (Durston et al., 2008)beFA¬M�

ÈK�!"aF�7Íg)*H©hid�DAT1ST� 3´UTR
Ý5LZF

10-repeat allele
 ADHD�.�5Ø�ÂhÅ+Z�Ê (dorsal anterior cingulate

cortex) oM�Ì (Brown et al., 2010)bWaldmanW4eaF�Ê9)*]^÷�

ì�	wxoM�Ì
;2��DAT1ST
�ÛEF>+�f ADHD�;
Í

½ÛÁú (Waldman et al., 1998)bL[��!"��µ�ADHD�ÈA¬
ÉE

jSTG�0�FDE�.
LÑM�cd��!"TUeaF�	wx
oM

3�
3ÌqFß¬ò+�È)*& gù
ÉE��ä�f�����
��

ô�
�; (Durston, 2010)b

±� DAT1ST�$�v$rE�!"
9ù� DRD4STj ADHD)*

K�
Lñ�?¯°bv 
!"�ùp g(�Èãá
h�4¬��Â�a

F DRD4
STG�� ADHD�.
�Èp F��
KÂ (Bobb et al., 2005;

Castellanos et al., 1998)b�rÐ
!"h9ù� DRD4��/MN+EF
ÈÝ

�?K�ST�
!"�0Ò ShawW4aF� DRD4STB·�$�² (exon

III) LÊ9ZF 7-repeat allele
���¥¿ÅmnQR�1n
�È�Ê�3

(Sheridan et al., 2007)bv$F!"�Ô�ZFr 7-repeat allele
 ADHD���

5æ��Êe���3 (Monuteaux et al., 2008)���!"TUq��� DRD4

ST¦�+� ADHD�ÈM�×Kò+´�
KÂb

±�DAT1jDRD4�p�ST�$��*eF��
K�ST�!"¯°5ø


catecholamineST��ADHD�.)*BC
KÂ (Baehne et al., 2009; Bobb et

al., 2005)bBobbW4zù�12�ø|STjADHD
Lñ�?!"�TUaF
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DRD1jNET�p�STÉADHD�0�F��
ÍLM (Bobb et al., 2005)��

��³ç?¯���STãÉ9¤+KÂADHD�.�ÈM�×K
p �TU

aF�È
p j��ø|ST�0Â�´�
ÍLM (Bobb et al., 2005)b

BaehneW4h9!"tryptophan hydroxylase gene (TPH2) 
STãÉ (Baehne et

al., 2009)�TPH2ëj�)*V�,Êserotonin
�'�äserotonin�ADHD
¨

©ª«/eÝÞ½1ßà�äBaehneW4aFTPH2
STG¦�ÉÅmn
�

"ÉEF��ÍLM (Baehne et al., 2009)b

é�K�ST�9�#¸
!"JK�&4Å(îlFG��ø#ù�

ADHD
K�ST�ÍL!"�b1
�§eq9×/�ÅYµ�&
 DAT1

j DRD4�p�ø|ST��Èµò+
KÂ�äÃ!"TU{à�fM

(Durston, 2010)bé�ST
ãÉ+%EKÂST
EF�äF�K��!"


aV��?ßQ%E��ÈvK/����c�×��ST
EF�u��e9

STK��
�ØC�����!"eF5D�

>�T(STK��
nÊ

3�Zá�È�aV��µ�µ
 ¡M�éSTãÉ&�ÈTX
A¬
É

E�/0��+�&¡	5øaVT²
KÂ�ä ADHD9aVMí¨

(developmental disorder)�Tr5Ñ\�STj$�¹8��È'è��/
#¿

gù�â¬Îâ�°ST�)*WÌÉEµò+
KÂb��@1�	
K�S

T�!"�ù��c
STÂ=>ÍLTó�QaF��STGv' ADHD�

.��ÈTXjA¬XY
ÉE
ª>b

������
������?
!"ÃP9*ö×� 40Ý
0� ADHD

�.�*�ºªì�(p����¨ù methylphenidate�v��h¨ù

atomoxetine��ùP�Å6�?MRIvK��ùP 12«��ô�?�ÕMRI

vK�cd�?eFö×�®.
%&Â�? DNA
áá�E���?>�?

�ª
ìÛ�cd¯°STO)*©ÌOQRP,gù·.�0
Lñ�Q�Þ

Y�° ADHD
¨©+©ª«b



78

5.4�����

�,tY
�å9xyÔFj1!"
í¨Íc
?(EFG (Sontag et

al., 2010)�é� ADHD
<=xy�?(EFGLÔF�����O��OQ

Rô�WûH�;�Tr ADHD
�,tY (animal model) e5Ñ1º5�·

XY
�;b�pä^��*
�,!"�µ ADHD
�;jzx

(monoaminergic) )*V�]^
ÉEFL�5/*E�!"
9	wxÉâñ

Lòó]^ÉE
�,tY (Russell, 2007)�är��EM
 ADHD�,tYh

9 SHR (spontaneously hypertensive rats)b²³)*V�,Ê
!"�µ�SHR


�ÈâñLòó]^ (noradrenergic systems) FG´�
�ã (Russell,

2001)��ß¬jÒ�STEF
ÉEFL (Reja et al., 2002)�äÃ SHR�Åm

n
	wxùÛ+���Tr��ÈâñLòój	wxùÛ
�~���SHR

+EF ADHD
ûH�;b±�$�
EFG�$�)*H©�hie�µ SHR

F@ÏA¬
{Ab0Òj�k�Í$�7æç��Áf,d�SHR���+

ò+¸
�-º5 (Hand et al., 2006)�ÂÃSHR�â0kl (spatial memory) 


¬�EF�	��	jÓÔhi/�SHR�µ��
#$º5 (startle response)�

L[��)*@ÏA¬
ÉE�Fa���³�° ADHD
)*+©�ãáb

�8 SHR�¡	XYq�µ9��DEFÙË
 ADHD�,tY���

*eF!"�Ô��5øXY
EF SHRÂ�¬�Þ�E ADHD�0Ò�Ò�

ø��hi/ (five-choice serial reaction time test)�SHRÂ�<F��
º5�

äÃ�P,º5
!"/�SHRÂ��µ� methylphenidate
?(hi��¶

U (van den Bergh et al., 2006)�TrQ SHR(�,tY!" ADHDd�e57

��4`�È+©¨©ãá
 ¡M�Â�¬ùz�
�,tY°�b

v$ DAT1 knockout
��{à DAT1ST�eE�ù�g( ADHD
�

,tY (Sontag et al., 2010)��� DAT1 knockout
��+ÔF?(��

(Gainetdinov & Caron, 2001; Gainetdinov et al., 1999; Giros et al., 1996) 
�;Q
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Râ0klA¬ (Gainetdinov & Caron, 2001; Gainetdinov et al., 1999) L
{

A�ä���;b19j	wx
[±£��FL (Jones et al., 1998)��8

DAT1 knockout
��FL[`Å ADHD
�;��4ÅÂËF�³ÆÇ ADHD

�.
 dopamine transporterF��
F��ºäF¡	!"�µ� ADHD�.

�o;p
 dopamine transporterºä9L©
F� (Cheon et al., 2003; Krause et

al., 2000)�Tr�e9 DAT1 knockout��g( ADHD
�,tY
{§b

±���Q$�5ø
�,tYezù� ADHD
!"/�0Ò%&�	

wx
)*'ó (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, MPTP) 
(²�

±�+ÔF������;�cd�)*H©�hiXY�µF���«7g¥

(shifting attentional sets) QRd0Ïj (time perception) 
BC (Decamp &

Schneider, 2004)�Tr*�MPTPì©
(²e�@(1�g( ADHD���

��ÜG
�,tYb���?
!"ÃP>²³ ADHD�.
ST!"T

U�aVF¶
�,tY�Q­®¯° ADHD�)*V�,Êj)*TXXY


+,�ÉEb
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6. ���<��� (English summary)

The doctoral thesis summarizes that the research results of the author in the

neurobiological and genetic studies on ADHD. The main strategies include

neuropsychological, pharmacological, neuroimaging, and genetic association

approaches.

6.1 Neuropsychological dysfunction in ADHD

6.1.1 Neuropsychological dysfunction

Introduction

Attention-deficit/hyperactivity disorder (ADHD), a common early-onset

neuropsychiatric disorder (Gau et al., 2005), is recognized to have multiple cognitive

dysfunctions (Willcutt et al., 2005), particularly in executive functions. Among them,

the most consistent results are tasks requiring abilities of planning (e.g., Tower of

Hanoi) and inhibition (e.g., Stroop test), followed by tasks requiring subjects to shift

efficiently (e.g., Wisconsin Card Sorting Test), then tasks concerning fluency (e.g.,

letter and design fluency) with negative findings (Pennington & Ozonoff, 1996).

Recent literature has documented that executive functions has discriminative validity

for ADHD with moderate effect sizes (Willcutt et al., 2005), and with greater

reductions in the visuo-spatial executive functions than the verbal working memory

(Martinussen et al., 2005).

The prefrontal cortex develops dramatically in adolescence, and this

development has significant influence on the cognitive control (Blakemore &
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Choudhury, 2006). Although executive function deficits appear to continue across the

life span from childhood into adolescence, there is still relatively little information in

adolescents with ADHD, which has yielded mixed results as to the degree and

domains of executive dysfunctions (Barkley et al., 2001). For example, Barkley and

the colleagues found that adolescents with ADHD showed no deficits in working

memory or response inhibition, which questioned whether executive dysfunctions

were as robust in adolescents as in children with ADHD (Barkley et al., 2001). It

warrants to investigate of adolescents with ADHD to clarify whether executive

function deficits reflect a delay in maturation or a persistent weakness (Martel, et al.,

2007). As the majority of previous studies are conducted in Western populations, their

results may not be generalized to other ethnic groups, such as the Chinese population.

The current study aimed to investigate the verbal and non-verbal executive functions

of adolescents with childhood diagnosis of ADHD and to examine the effect of the

level of task difficulties, persistent ADHD, psychiatric comorbidity, and use and

treatment duration of methylphenidate on executive functions in adolescents.

Materials and Methods

The sample included 53 11-16 year-old adolescents (40 males and 13 females,

mean age at follow-up=12.7±1.4), who were observed to have overt ADHD symptoms

at mean age of 4.8±1.7 years old, were clinically diagnosed with DSM-IVADHD at

mean age of 7.6±2.9 at the Children�s Mental Health Center, Department of

Psychiatry, National Taiwan University Hospital (NTUH), Taipei. Fifty-three

comparison adolescents (controls) were recruited from the same school district and

were matched for sex, age, intelligence, and parental educational levels of the ADHD

group.

The Cambridge Neuropsychological Test Automated Battery (CANTAB) tests
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were administered by a psychologist (Chiu CD), who had be trained to administer the

CANTAB following the standard protocols at a laboratory designed for the CANTAB

assessment at NTUH. The testing lasted approximately 90 minutes, and was

administrated at a fixed schedule to all participants. Four tasks of the CANTAB

involving executive abilities were employed in this study, including Spatial Span

(SSP), Spatial Working Memory (SWM), Intra-Extra Dimensional Shift (IED), and

Stockings of Cambridge (SOC).

The descriptive results were displayed as frequency and percentage for

categorical variables; for continuous variables, mean and SD. To conduct a matched

case-control analysis for the binary variables, we used conditional logistic regression

to compare the rate of psychiatric disorders at adolescence between the case and

control groups, and to calculate the odds ratio (OR) and 95% confidence interval (CI)

by employing the Proc Glimmix procedure of the SAS 9.1 (SAS Institute Inc., Cary,

NC, USA). For the continuous variables, we used the linear multi-level model to

compare the mean scores of the performance of each CANTAB test and IQ. For those

tests with different levels of difficulties (SWM and SOC), we further adjusted the

repeated measures within the same subjects while we examined the interaction

between group and the task difficulty levels. Alpha value was pre-selected at the level

of p < 0.05. The effect sizes (standardized difference between two means) were

further computed using ������	
d. We defined small, medium, and large effect sizes

as Cohen�s d 0.3 to 0.5, 0.5 to 0.8, and > 0.8, respectively. In addition to the

comparisons between the two groups, we also test the effect of persistent ADHD,

comorbidity, current use and duration of methylphenidate treatment on the executive

function in the ADHD group.

Results
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The ADHD group had significantly more total usage errors than the controls.

There was no difference in total errors and spatial span length. The ADHD group

needed more trials to complete the stages than the controls. There were no group

differences in the maximum number of stages completed, pre-ED shift errors, and ED

shift errors. The ADHD group had significantly more total number of errors in

searching the box with blue token than the controls, particularly in 6- and 8-box

problems with small to medium effect sizes. There was no group difference in strategy

utilization. The ADHD group had significantly fewer problems solved in the

minimum number of moves. Three additional measures were compared by the two

groups, and tested for the interaction between group and within task difficulty levels

(i.e., 2-, 3-, 4-, and 5-move problems). Our results showed that the ADHD group had

more total moves, particularly in 5-move problem; shorter total initial thinking time;

and shorter total subsequent thinking time, particularly in 5-move problem than the

controls.

Discussion

As the first to examine neuropsychological functioning in a Han Chinese

adolescent population, this study lends evidence to support the non-verbal executive

dysfunctions measured by the CANTAB (such as short-term spatial memory, spatial

working memory, set-shifting, spatial planning, and problem-solving) in adolescents

with childhood diagnosis of ADHD, particularly in the executive tasks with increased

demands, regardless of IQ score, use of methylphenidate, persistent ADHD and

psychiatric comorbidity (Martinussen et al., 2005).

Previous ADHD studies have criticized the construct of executive functions as

weakly defined and overly broad (Pennington & Ozonoff, 1996). Although the present

study did not employ all but several domains of executive functions, our findings
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demonstrated similar effect sizes (d=0.4~0.6) of executive dysfunctions in the ADHD

group to those found in the majority of previous studies (Willcutt et al., 2005). Our

findings did not support the dysfunctional behavioral inhibition as a single deficit in

ADHD proposed by Barkley (Barkley, 1997) but deficits in several key domains of

executive functions (Willcutt et al., 2005). Our hypothesis of deficits in non-verbal

executive function in ADHD as revealed byWestern studies (Pennington & Ozonoff,

1996) have gained support from the findings of deficits in spatial short-term memory,

working memory, set-shifting, and problem solving measured by the CANTAB

(Kempton et al., 1999).

Major methodological limitations of this study are relatively small sample size,

only recruitment of clinical participants with ADHD, and neuropsychological

assessments at follow-up only. Although our sample size is larger than earlier studies,

it is not sufficient to fully explore the heterogeneity of ADHD. A clinic-based sample

limits the generalization of our results. However, a meta-analysis has shown that the

mean effect sizes (Cohen�s d = 0.49 ± 0.06) on the executive function measures in the

community studies are only slightly smaller than those (Cohen�s d = 0.56 ± 0.04) in

the clinic studies (Willcutt et al., 2005), suggesting that the relation between executive

dysfunction and ADHD was not restricted to clinic-referred samples.

Implications

Despite reductions in ADHD symptoms, deficits in executive function, which has

negative impact on academic performance, remained at adolescence. Assessment of

executive dysfunction at adolescence in children with ADHD is recommended to

provide important information that cannot be extracted from assessments of

psychopathology; therefore, early identification and prevention for the adverse

outcome of ADHD and executive deficits at adolescence can be achieved. We strongly
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recommend extra assistance and educational intervention to these children while the

complex tasks are assigned to them. Future studies will be carried out to examine the

neuropsychological functioning other than executive functioning in a larger sample to

explore the heterogeneity of ADHD.

6.1.2 Neuropsychological endophenotypes

Introduction

Despite substantial evidence supporting the genetic etiology of ADHD (Faraone,

2000), molecular genetic studies, even using ADHD subgroup approaches such as

comorbidity, persistency, and subtype, so far have not provided any conclusive results.

To address these challenges, there has been growing interest in using endophenotypes

such as neuropsychological, neuroimaging, and electrophysiological paradigms

(Doyle et al., 2005) for ADHD genetic studies. Among them, neuropsychological

functioning is recognized as a valuable endophenotype for ADHD genetic studies.

Some studies have shown decreased performance in some domains of

neuropsychological functions in unaffected siblings or other relatives of patients with

ADHD (Rommelse, Van der Stigchel et al., 2008; L. J. Seidman et al., 2000); deficits

in attentional control (D. I. Slaats-Willemse et al., 2007) and response inhibition (D.

Slaats-Willemse et al., 2003) were found in unaffected relatives of ADHD, evidencing

the familial overlap of ADHD and executive dysfunction. However, executive

functions have not been comprehensively assessed among unaffected siblings of

patients with ADHD and no study has examined the neuropsychological functions in

unaffected siblings of ADHD patients using the CANTAB.

In addition to executive fucntion, several rationales endorse further examination

of deficits in visual memory as ADHD endophenotypes. First, there is growing
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evidence for poor performance on visual memory tasks in ADHD, including

impairment in spatial recognition memory (Kempton et al., 1999), delayed matching

to sample (Barnett et al., 2009), pattern recognition memory (S. M. Rhodes et al.,

2004), and paired associates learning (H. T. Chang et al., 1999). These studies support

the extension of the range of neuropsychological deficits associated with ADHD to

visual memory functioning. Second, for neuropsychological measures to be useful

endophenotypes for ADHD, they should demonstrate evidence of heritability.

Although data on the heritability of specific neuropsychological functions are limited,

the heritability of visual memory is estimated as 0.53, somewhat greater than those for

verbal and perceptual speed abilities (Alarcon et al., 1998). Third, despite no

improvement in performance on executive tasks (S. M. Rhodes et al., 2006),

methylphenidate is effective in improving visual memory performance in children

with ADHD (S. M. Rhodes et al., 2004, 2006). Fourth, no data on visual memory

function have been reported in unaffected siblings.

In summary, the literature on neurocognitive impairments in unaffected relatives

is inconsistent with small effect sizes. The CANTAB, which has not previously been

used in studies of ADHD relatives, may have greater power than clinically

administered measures to detect the subtle deficits we expect to see in unaffected

siblings because it is a computerized battery that captures the reaction time of

responses as well as errors in a wide range of executive functions. An investigation of

the executive function and visual memory as potential endophenotypes for ADHD in

a large, ethnic Han Chinese population in Taiwan by comprehensively assessing the

verbal working memory, non-verbal executive functions, and visual memory using the

CANTAB in ADHD adolescents, their behaviorally unaffected siblings, and

unaffected controls, is warranted. We hypothesized that unaffected siblings, similar to

adolescents with ADHD, are more likely to have deficits in executive functions and
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visual memory than unaffected healthy controls.

Materials and Methods

The sample consisted of 279 probands with ADHD, 108 unaffected siblings, and

173 school controls. The probands were 279 patients (male, 85.7%) who had had

overt symptoms noted at ages 4.2±1.6 years and were clinically diagnosed with

DSM-IVADHD at the mean age of 6.7±2.9 years. They were recruited consecutively

mainly from the child psychiatric clinic of National Taiwan University Hospital

(n=240, 86%). Their current and lifetime ADHD and other psychiatric diagnoses were

confirmed by the Chinese Kiddie epidemiologic version of the Schedule for Affective

Disorders and Schizophrenia (K-SADS-E) interview at the mean age of 12.5±1.6 years.

We recruited 108 unaffected biological siblings, who were 8 years old or older and

assessed by using the Chinese K-SADS-E at the mean age of 12.2±3.3 years; and 173

controls (male, 72.8%) from the same school district as the ADHD probands, who

were assessed to be without lifetime ADHD by inquiring into childhood and current

symptoms using the Chinese K-SADS-E at the mean age of 12.6±1.5 years. All

participants who had a clinical diagnosis of psychosis or autism spectrum disorders or

an intelligence quotient (IQ) score less than 80 were excluded.

Four tasks of the CANTAB involving executive abilities were employed in this

study, including SSP, SWM, IED, and SOC. Inaddition, four visual memory tasks

were employed, including Delayed Matching to Sample (DMS), Spatial Recognition

Memory (SRM), Pattern Recognition Memory (PRM), and Paired Associates

Learning (PAL).

The three comparison groups were probands with ADHD, unaffected siblings,

and school controls. The descriptive results were displayed as frequency and

percentage for categorical variables, and for continuous variables, mean and SD. We
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used a multi-level model with random and fixed effects to address the lack to

independence of the probands and their siblings within the same family. The Proc

Glimmix procedure with binomial distribution and logit link for the non-linear mixed

model was used to compare the rate of psychiatric disorders. We used a linear

multi-level model to compare the CANTAB performance and the Bonferroni method

to adjust p values in post hoc analysis due to multiple comparisons, and we controlled

for sex, age, IQ, comorbidity, and parental educational levels in the statistical model.

For those tests with different levels of difficulty (SWM and SOC), we adjusted the

repeated measures within the same subjects while we examined the interaction

between the group and task difficulty. We used the Goodness of Fit test to compare

the model treating the three groups in an order ranging from unaffected controls,

unaffected siblings to ADHD probands, and as a categorical variable to the model

treating the three groups as an ordinal variable. We found that the three groups can be

treated as an ordinal variable. Then we tested the significance of the linear trend

across the three groups in an order ranging from unaffected controls, unaffected

siblings to ADHD probands on the CANTAB performance.

Results

ADHD probands had significantly fewer digits recalled forward (Cohen�s d, 0.25)

and backward (Cohen�s d, 0.48) than unaffected controls. Unaffected siblings recalled

fewer digits backward than unaffected controls. ADHD probands (as well as

unaffected siblings) had more EDS errors, and more total raw and adjusted errors than

unaffected controls, with small effect sizes. The significant differences, except total

raw errors, disappeared in multivariate analyses. Both univariate and multivariate

analyses revealed that ADHD probands (Cohen�s d, 0.67) and unaffected siblings

(Cohen�s d, 0.46) had significantly shorter span sequences successfully recalled than
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unaffected controls; and ADHD probands had more total usage errors than the other

two groups, with small effect sizes. ADHD probands and unaffected siblings showed

poorer use of strategy, with small effect sizes, and had more total errors in searching

the box than the controls, with medium effect sizes; the significant differences were

the same in the 4-, 6- and 8-box searches. The majority of patterns of significant

differences remained in multivariate analyses, except for the 4-box search. ADHD

probands and unaffected siblings solved fewer problems in the minimum number of

moves, mean moves, and shorter initial thinking time, with small to medium effect

sizes (absolute Cohen�s d, 0.33 ~ 0.56), particularly in the 4-move and 5-move tasks.

The majority of patterns of significant differences remained in multivariate analyses.

In DMS, ADHD probands and their unaffected siblings had higher probability of

an error following a correct response and following an error response than the

controls. Unaffected siblings had fewer number of correct responses in total (d, -0.46)

and all delays (d, -0.46) than the controls. In SRM, both univariate and multivariate

analyses revealed that ADHD probands had fewer percent of correct responses than

the controls (d, -0.49) without group difference in mean latency of correct response.

There were no significant differences in SRM performances between unaffected

siblings and probands with ADHD, or between unaffected siblings and controls. In

PAL, ADHD probands had more adjusted total errors, more total trials to success, and

lower first trial memory scores (absolute values of ������	
d, 0.41�0.48). All the

patterns of significant differences disappeared in multivariate analyses. There were no

significant differences in PAL performances between unaffected siblings and

probands with ADHD, or between unaffected siblings and controls. In PRM, we did

not find significant group differences in percentage of correct responses. But ADHD

probands had shorter mean latency of correct responses than the controls in multiple

analyses.
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Discussion

The current study is the first to comprehensively examine executive functions,

which consisted of low (spatial span and digit span forward) and high (verbal and

spatial working memory) executive tasks, by using the CANTAB and digit spans in a

large sample of ADHD probands and their unaffected siblings. Our findings

consistently demonstrated that despite no obvious ADHD symptoms, unaffected

siblings, like ADHD probands, performed significantly worse than unaffected

controls in verbal working memory measured by digit spans backward, and in the

majority of non-verbal executive functions, such as spatial short-term memory, spatial

working memory, spatial planning, and response inhibition, measured by the

CANTAB. These findings indicate the significant familiarity of executive dysfunction

in ADHD, consistent with the idea that subtle cognitive traits may be more closely

linked to the underlying genetic factors than the behavioral phenotype (D. I.

Slaats-Willemse et al., 2007). And, this strongly implies that executive functions

measured by the digit span backward and the CANTAB fulfill some of the important

criteria of an endophenotype (Doyle et al., 2005): executive dysfunctions co-occur

with ADHD and are manifested in unaffected relatives. The CANTAB is also shown

to be a suitable instrument with good psychometric properties. Our results suggest

that studies on executive dysfunction in ADHD probands and their unaffected siblings

can shed light on the effort to explore the genetic etiology of this disorder (Nigg et al.,

2004).

Although individual measures of executive function, such as response inhibition

(D. Slaats-Willemse et al., 2003), have been identified as potential endophenotypes

for ADHD, the use of isolated measures may be problematic and the results may be

inconsistent across settings. In contrast, our findings have shown that a range of
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executive function components may be relevant to the familial risk for this disorder.

Because children with ADHD show a range of deficits on measures of executive

function, a comprehensive battery approach is assumed to be maximally informative.

In addition, our results provide strong evidence to support that visual memory

measured by the DMS can be cognitive endophenotype for ADHD. Our findings

demonstrated that in univariate analyses, unaffected siblings, like ADHD probands,

performed significantly worse than controls in visual memory measured by the DMS

task. In multivariate analyses, unaffected siblings occupied an intermediate position

between the ADHD probands and the controls in probability of an error following a

correct response and following an error response in the DMS, and in percent of

correct responses in the SRM. Although the impairments in visual memory were

modest in unaffected siblings and the tasks in the CANTAB are multifactorial

(Robbins et al., 1994), to the best of our knowledge, this is the first study

documenting that visual memory measured by the CANTAB may be a useful

cognitive endophenotype for ADHD.

The major methodological limitation is the questionable generalization of our

findings to community-based samples. Moreover, as a naturalistic design, although

the currently medicated participants held medication for at least 24 hours before

receiving neuropsychological tests, the concerns about the medication effect on the

executive function remain. However, given that manyADHD children receive

pharmacotherapy, the executive function of treated samples is relevant to clinical

practice (L. J. Seidman et al., 1997). Moreover, the use of only one verbal task (digit

span forward and backward) is another limitation of this study. Lastly, this study is

limited by the fact that the majority of patients (86%) were male. Hence, further

studies of relatives of females with ADHD are warranted.
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Implication

Our findings imply that several measures of executive function and visual

memory function may constitute novel cognitive endophenotypes for ADHD. Our

findings also support the sensitivity and usefulness of the CANTAB tasks in assessing

the executive function and visual memory deficits in ADHD probands and their

unaffected siblings. In addition, the executive function and visual memory as

endophenotype approach may increase the power to detect susceptibility loci and

candidate genes, and can also be used as a paradigm for functional brain imaging

studies in ADHD.

6.2 Neuropsychological endophenotypes and atomoxetine in ADHD

Introduction

Atomoxetine, a highly selective noradrenaline reuptake inhibitor (SNRI), is a

potent inhibitor of the presynaptic norepinephrine transporter, with little affinity for

other noradrenergic receptors or for other neurotransmitter transporters (Simpson &

Perry, 2003). Atomoxetine augments prefrontal norepinephrine levels without

increased catecholamine levels in nucleus accumbens (Bymaster et al., 2002), which

may underlie the addictive properties of stimulants (Koob & Le Moal, 1997), the first

approved medications by the Food and DrugAdministration (FDA) in the United

States for treating ADHD. Atomoxetine was approved by the FDA as the first

nonstimulant substance for treating ADHD in the United States in 2002. Previous

studies have shown its efficacy in reducing clinical symptoms of ADHD (Gau et al.,

2007).

Human studies have demonstrated that a single clinically relevant oral dose of

atomoxetine was associated with decreased stop-signal reaction time in healthy
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participants (Samuel R. Chamberlain et al., 2006) and adults with ADHD (S. R.

Chamberlain et al., 2007), and decreased commission errors in adults with ADHD (S.

R. Chamberlain, Muller et al., 2007). Despite the growing clinical use of atomoxetine

in children, only one pilot study reported significant effect of atomoxetine on

sustained attention measured by the Rapid Visual Information Processing task in nine

children and young people with ADHD (Barton et al., 2005).

Animal studies have shown that norepinephrine efflux is selectively increased

during a task measuring spatial memory (Rossetti & Carboni, 2005), suggesting that

norepinephrine may be involved in the active maintenance of visuo-spatial

information. Activation of neuronal circuits related to norepinephrine release

contributed to a significant enhancement of performance on visual memory in rats

(Clayton &Williams, 2000). Moor et al. have found that intravenous infusion of

norepinephrine improved visual recognition memory in healthy participants (Moor et

al., 2005). Animal studies showed that atomoxetine decreased the errors in visual

recognition memory (radial arm maze) (Tzavara et al., 2006) and the number of

perseverative errors (visual discrimination test) (Seu et al., 2009).

Hence, we conducted the current study to assess the long-term efficacy of

atomoxetine on the improvements of executive functioning measured by five

CANTAB tasks, and visual memory measured by two CANTAB tasks as the primary

aim and on the symptom reductions as the secondary aim in 30 boys with ADHD. We

hypothesized that atomoxetine would improve performance on the CANTAB tasks

with prominent executive and visual memory demands in addition to ADHD-related

symptom reductions.

Materials and Methods

We recruited 30 drug-naive male patients aged 8-16 (mean ± standard deviation,
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SD, 10.70 ± 1.84) with clinically diagnosed DSM-IVADHD from the Children�s

Mental Health Center of National Taiwan University Hospital, Taipei, consecutively.

The participants and their mothers were interviewed by using the Chinese version of

the Schedule for Affective Disorders and Schizophrenia for School-Age

Children-Epidemiological Version (K-SADS-E) to confirm the participants� DSM-IV

diagnoses of ADHD and other psychiatric disorders.

Five CANTAB tasks involving executive abilities were employed in this study,

including SSP, IED, SWM, RVIP, and SOC. Two visual memory tasks were employed,

including PRM and SRM.

Using a sample of 180 normally developing children, aged 8-16, without

DSM-IV diagnosis of ADHD based on the Chinese K-SADS-E as the norm for the

CANTAB assessments, we transformed the raw score of each parameter to its z-score,

which has a mean of zero and a SD of 1, by using the mean and SD derived from the

norm. The data of the CANTAB were expressed by mean ± SD of the raw scores and

z-scores; the data of the CGI-ADHD-S and self-administered measures (SNAP-IV

and CPRS-R:S) were expressed by mean ± SD of the raw scores and t-scores,

respectively. The t-score was defined by multiplying the z-score by 10 and adding 50

with a mean of 50 and a SD of 10 (t-score = z-score x 10 + 50). Because the repeated

measures within the same subject, we used a linear multi-level model to test the mean

differences in the repeated measures of the executive functions measured by the

CANTAB tasks,the CPRS-R:S, the SNAP-IV and the CGI-ADHD-S at Week 4 and

Week 12, as compared to baseline (Week 0), and to test the interactions between visits

and the task difficulties.

Results

At baseline, the mean CGI-ADHD-S rating was �markedly ill� to �severely ill�
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(5.57 ± 0.73). The score significantly decreased to 3.43 (�mildly ill� to �moderately

ill�) at Week 4, and to 2.83 (�borderline ill� to �mildly ill�) at Week 12 (Table 3), with

a significant linear trend of decreasing symptom severity. Regarding parental ratings,

children with ADHD had significant score reductions in the Chinese CPRS-R: S and

SNAP-IV-Parent forms from baseline to Week 4 (Cohen d, -0.51~-0.90) and Week 12

(Cohen d, -0.80~-1.15) except in the oppositional subscales, which showed

significantly reductions at Week 12 with small effect sizes.

In IED, the pre-EDS errors, EDS errors, and adjusted total trials and errors

significantly decreased at Week 4 from baseline with medium effect sizes. The EDS

errors and adjusted total errors and trials were significantly lower and more stages

were completed at Week 12 than at baseline with small to medium effect sizes. In

RVIP, children with ADHD had more total hits, fewer total misses, higher probability

of hits, total correct rejections, better sensitivity to errors, and shorter mean latency to

respond correctly at Week 4 and Week 12 than at baseline (Cohen d ranging from 0.35

to -0.80). There were more total correct rejections [Cohen d, 0.21; mean z-score

difference (95% CI), 0.33 (0.04, 0.61)] and shorter mean latency to respond correctly

[Cohen d, -0.39; mean z-score difference (95% CI), -0.51 (-0.79, -0.23)] at Week 12

than at Week 4. In SSP, children with ADHD had longer span sequences successfully

recalled at Week 12, and fewer total usage errors at Week 4 and Week 12 than at

baseline with medium effect sizes. In SWM, children with ADHD utilized fewer

strategies to improve searching efficacy and had fewer total errors at Week 12 than at

baseline with small effect size. There was marginally significant interaction between

the three visits and the task difficulties (4-, 6-, and 8-box problems) on the total errors

(regression coefficient estimate, �= -1.25, p = .062). In SOC, the participants had

fewer moves, more problems solved in the minimum number of moves, and shorter

initial and subsequent thinking time at Week 12 than at baseline (Cohen d ranging
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from -0.35 to -1.12). Moreover, they had more problems solved in the minimum

number of moves at Week 12 than at Week 4 [Cohen d, 0.57; mean z-score difference

(95% CI), 0.58 (0.26, 0.90)]. Their initial and subsequent thinking time was shorter at

Week 4 as compared to baseline. There were marginally significant interaction

between the three visits and the task difficulties (2-, 3-, 4-, and 5-move problems) on

the mean moves (�= -0.10, p = .053) and the subsequent thinking time (�= 2.19, p

= .044).

For the PRM task, the mean latency of correct responses decreased (Cohen�s d,

�0.50) and total correct responses increased (Cohen�s d, 0.53) significantly at Week 4

from baseline. The mean latency of correct responses also significantly decreased at

Week 12 from baseline (Cohen�s d, �0.50). The mean latency of correct responses of

the SRM task significantly decreased at Week 12 from baseline (Cohen�s d, �0.42),

but there was no significant change in correct responses.

Discussion

The current study is the first to examine the efficacy of atomoxetine in children

with ADHD (Barton et al., 2005) using a wide-range of executive tasks of the

CANTAB with a greater sample size, longer follow-up, and more visits than previous

human studies (Barton et al., 2005; S. V. Faraone et al., 2005). The major finding was

that atomoxetine was effective in improving a variety of non-verbal executive

functions in boys with ADHD including sustained attention (RVIP), inhibitory ability

(RVIP), attentional set shifting (IED), spatial short-term memory (SSP), spatial

working memory (SWM), and spatial planning (SOC), mainly noted at Week 4 and

lasting to Week 12 except that significant improvement in performance of SSP. SWM,

and probably SOC was noted at Week 12. Moreover, the magnitude of improvement

in spatial planning and problem solving was a function of treatment duration of
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atomoxetine and task difficulties. Hence, our results lend strong evidence to support

the findings from animal studies (L. A. Newman et al., 2008) and previous human

studies (S. V. Faraone et al., 2005) that atomoxetine is an effective treatment for the

executive dysfunction associated with ADHD, not only in Western populations (S. V.

Faraone et al., 2005), but also in an ethnic Han Chinese population, and not only in

adults (S. R. Chamberlain et al., 2007) but also in children. Consistent with previous

clinical trials (Gau et al., 2007), our findings also demonstrate the efficacy of

atomoxetine in reducing ADHD-related symptoms based on two well-validated

parental rating scales and investigator�s assessments.

Unlike the negative findings in adults with ADHD (T. Spencer et al., 1998), the

present study demonstrated the association of atomoxetine with some visual memory

functions measured by the PRM and SRM tasks. This disparity may be related to

differences in the mean age of participants and the paradigms deployed. The sample

in this present study (8�16 years old) was much younger than that reported by

Spencer et al. (19�60 years old). We used two CANTAB visual memory tasks

whereas Spencer et al. used one (Rey-Osterrieth Complex Figure).

The neuropsychological profile suggests that atomoxetine may be functionally

distinct from conventional psychostimulants, with different effects on the visual

memory. The significant association of atomoxetine with the mean latency for correct

responses on the PRM task found in the current study was not seen with

methylphenidate (S. M. Rhodes et al., 2004). Our findings support the evidence from

an animal study that at doses relevant to those that increased cortical norepinephrine

release, atomoxetine improved pattern recognition in rats (Tzavara et al., 2006).

Additionally, in contrast to no improvements on the SRM task with stimulant

treatment (Kempton et al., 1999), our findings showed that atomoxetine was

associated with enhanced performance on this task in terms of speeding up correct
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responses. Our finding further supports norepinephrine playing an important role in

regulating the spatial recognition memory (Zhang et al., 2008). Taken together,

improvement in the latency for correct responses on the PRM and SRM tasks with

atomoxetine suggests a more important role for norepinephrine than for dopamine in

the cognitive processes required for optimal performance on these visual memory

tasks.

Several methodological limitations should be considered when interpreting the

findings. The sample size and male subjects only have limited our ability to examine

the differential efficacy of atomoxetine on executive function and visual memory as a

function of sex, ADHD subtypes or comorbid patterns. Next, as a repeated measure

design, the vulnerability of tests to factors as loss of novelty and learning effects has

been highlighted (Lowe & Rabbitt, 1998). The high stability (high ICC no mean

difference for one-month test-retest reliability) of the CANTAB suggests that

evidence of strong change in the CANTAB performance could safely be interpreted as

due to atomoxetine treatment effects rather than to random inter-temporal fluctuations

neuropsychological functioning. Furthermore, longer follow-up period up to 12 weeks

compared to previous studies minimized the practice effect. Last, although this study

demonstrated the effectiveness of atomoxetine in improving executive functioning

and visual memory, head-to-head comparison of atomoxetine with psychostimulants

warrants further investigation and functional brain imaging studies are needed to

explore the precise effects of atomoxetine on the neural circuitry of executive function

and visual memory.

Implication

Our findings indicate that in addition to symptoms reductions, atomoxetine is

also efficacious in improving a variety of non-verbal executive functions and visual
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memory. However, their performance at the endpoint is still not normalized. Therefore,

long-term administration of atomoxetine is recommended for improving executive

functions and visual memory, which may mediate the amelioration of the academic

performance and social functioning in children with ADHD, particularly when they

face difficult and complicated tasks and situations.

6.3 Neuroimaging in ADHD

Introduction

The evidence that ADHD is associated with neurobiological deficits in the

frontostriatal network (T. J. Spencer et al., 2002) has been demonstrated from

morphometric studies showing reduced prefrontal, caudate nucleus, putamen, and

globus pallidus (Overmeyer et al., 2001) volume and cortical thickness (Shaw et al.,

2006); and functional imaging studies showing frontal and striatal hypoperfusion and

hypoactivity (Dickstein et al., 2006). Recently, diffusion tensor imaging (DTI) has

been used to investigate the microstructure integrity of white matter tracts (Ashtari et

al., 2005; A. Konrad et al., 2010). Fractional anisotropy (FA) is usually used as an

index to reflect white matter integrity (Johansen-Berg & Behrens, 2009). Abnormal

white matter microstructures relevant to ADHD have been found by DTI in various

regions including the frontostriatal tract (Ashtari et al., 2005; A. Konrad et al., 2010),

cerebellum (Ashtari et al., 2005), superior longitudinal fasciculus (A. Konrad et al.,

2010) and the corticospinal tract (Hamilton et al., 2008). Among those regions,

disturbed frontostriatal microstructural integrity is recognized as the most consistent

finding in ADHD.

Despite considerable interest in both ADHD and DTI research, to our best

knowledge, there has been no study to correlate the microstructural integrity of
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frontostriatal tracts and a wide range of executive functions or to use diffusion

spectrum imaging (DSI) to reconstruct frontostriatal tracts and to probe

microstructural abnormalities along these tracts that may be related to the functional

deficits observed in children with ADHD. In contrast to DTI, DSI is able to resolve

crossing fibers by performing more comprehensive diffusion measurements than DTI

(Wedeen et al., 2005). Tractography reconstructed from DSI data has been

successfully demonstrated to resolve crossing fiber tracts (Wedeen et al., 2008).

Using a matched case-control study design, the present study aimed to compare

the executive functions and microstructural integrity and asymmetry patterns of the

four frontostriatal tracts, i.e., dorsolateral-caudate, medial prefrontal-caudate,

orbitofrontal-caudate, and ventrolateral-caudate tracts, comparing the DSI

tractography of children with ADHD and typically developing children, and to

investigate whether the white matter tract integrity of frontostriatal circuit was

directly correlated with ADHD symptoms and executive functions. We hypothesized

that frontostriatal connectivity was involved in ADHD pathophysiology and that

disturbed frontostriatal fiber integrity was correlated with ADHD symptoms and

executive functions.

Materials and Methods

We recruited 25 Taiwanese children with ADHD consecutively from the child

psychiatric clinic of National Taiwan University Hospital, Taipei, Taiwan, and 25

typically developing children matched individually for age, sex, handedness, and

full-scale IQ from the schools with similar school districts to the ADHD group rather

than through advertisement. All participants were right-handed, as assessed with the

Edinburgh Inventory (Oldfield, 1971). Children with ADHD were clinically

diagnosed according to the DSM-IV criteria and confirmed by the Chinese Kiddie
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epidemiologic version of the Schedule for Affective Disorders and Schizophrenia

(K-SADS-E) interview. Four CANTAB tasks involving executive abilities were used

to assess the non-verbal executive function, including IED, RVP, SWM, and SOC.

Participants were scanned on 3T MRI system (Trio, Siemens, Erlangen,

Germany) with a 32-channel head coil. DSI was performed using a twice-refocused

balanced echo diffusion echo planar imaging sequence (Reese et al., 2003), TR/TE =

9100 ms/142 ms, image matrix size = 128×128, spatial resolution = 2.5 mm × 2.5 mm,

slice thickness = 2.5 mm. A total of 102 diffusion-encoding gradients with the

maximum diffusion sensitivity bmax = 4000 s mm�2 were sampled on the grid points

in a half sphere of the 3D q-space with |q| � 3.6 units. To divide the frontostriatal fiber

tracts into four tract bundles corresponding to different cortical regions in bilateral

hemispheres, five regions of interest (ROI) were identified using MARINA software

(Bender Institute of Neuroimaging, University of Giessen, Germany). These five

regions were the caudate nucleus, DLPFC, MPFC, OFC, and VLPFC on the Montreal

Neurological Institute (MNI) template. Linear transformation between non-attenuated

image (b0) of DSI and T2W image, and non-linear transformation between T2W

image and MNI template were performed so that the image coordinates of DSI data

could be transformed to the MNI space. The coordinates of the ROIs defined on the

MNI template were then mapped onto individual participants' DSI data through the

inverse transformation using the calculated deformation matrix. The tractography was

reconstructed by using in-house software (DSI Studio: http://dsi-studio.labsolver.org).

Tract-specific sampling of GFAwas performed using an in-house mean-path analysis

algorithm developed in Matlab (The Mathworks, Natick, MA, USA).

The descriptive results were displayed as frequency and percentage for

categorical variables, and mean and SD for continuous variables. To conduct a

matched case-control analysis for continuous variables, we used a linear multilevel
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model to compare the mean scores of IQ, the SNAP-IV, the CANTAB test, the GFA,

and LI values of the four pairs of frontostriatal tracts between the ADHD and typically

developing groups. For the GFA values, a general linear model analysis for repeated

measures was used with the sides (left and right hemispheres) and tracts (dorsolateral,

medial prefrontal, orbitofrontal, and ventrolateral) as the within-subject variables and

groups (ADHD and typically developing) as the between-subject variable. Then the

post hoc analysis was performed using the paired t-test (two-tailed) to compare the

differences in the GFA values of dorsolateral, medial prefrontal, orbitofrontal, and

ventrolateral tracts within the same subjects. To control for inflation of type I error in

calculating multiple univariate correlations, multiple linear regression models with the

backward elimination procedure were conducted to find the relationship between the

measures of executive function and the GFAmeasures of the four pairs of bilateral

frontostriatal tracts (dorsolateral, medial prefrontal, orbitofrontal, and ventrolateral).

The GFA values of the 8 frontostriatal tracts were entered as independent variables,

and ADHD symptoms based on the SNAP-IV and each of the performance scores on

the CANTAB tasks, as the dependent variables. We used backward elimination

procedure to identify the fitted model containing the variables from 8 frontostriatal

tracts which maintained significant effects on each of CANTAB measures. The R2

value provided a quantitative measure of how well the fitted model with frontostriatal

tracts predicted the CANTAB measures.

Results

Children with ADHD had significantly lower GFA values than typically

developing children in four pairs of frontostriatal tracts (������	
d, 0.88 ~ 1.54).

Children with ADHD did not demonstrate significant left-to-right asymmetry in the

dorsolateral and medial prefrontal pairs as shown in typically developing children and
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had lower LI of the medial prefrontal (d = 0.53; P = 0.047) and dorsolateral (d = 0.57;

P = 0.051) tracts than typically developing children.

The multiple linear regression with backward elimination analysis revealed that

the GFA value of the right orbitofrontal tract significantly associated with inattention,

and GFA of the left dorsolateral and right medial prefrontal fiber tracts significantly

associated with hyperactivity/impulsivity within the ADHD group. Within the ADHD

group, results showed (1) that left orbitofrontal and left ventrolateral GFA values were

significantly associated with IED total errors (adjusted) and IED total trials (adjusted);

(2) that left orbitofrontal GFAwas significantly associated with RVP probability of

false alarm and RVP 
�
������
ventrolateral GFA, too); (3) that left orbitofrontal GFA

was significantly associated with SWM total errors; (4) that right and left dorsolateral

GFA values were significantly associated with SOC problems solved in minimum

moves and SOC mean initial thinking time; and (5) that left dorsolateral GFAwas

significantly associated with SOC mean subsequent thinking time.

Discussion

With the strengths of using tractography-based analysis, complete assessments of

clinical symptoms and executive function, and a matched case-control study design

with matching at the individual level, we found that children with ADHD had

disturbed microstructural integrity of all four pairs of frontostriatal tracts, and that

clinical symptomatology and executive functions correlated with integrity of the

frontostriatal tracts, particularly left orbitofrontal and ventrolateral fiber tracts. Our

findings lend evidence to support that disturbed frontostriatal integrity might be

responsible for the clinical symptoms of and executive dysfunction in ADHD.

Reduced white matter integrity of all the frontostriatal tracts in ADHD are

consistent with previous DTI studies (Ashtari et al., 2005; Pavuluri et al., 2009),
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suggesting frontostriatal integrity changes may be the structural correlates for ADHD.

Low GFA values may reflect axonal degeneration, or a less well-organized tract

(Mori & Zhang, 2006). To our best knowledge, this is the first study that demonstrates

a direct association between frontostriatal microstructural integrity, mainly the

orbitofrontal and ventrolateral fiber tracts, and executive functions measured by the

CANTAB in children with ADHD and typically developing children as well.

Our findings should be interpreted in the context of some limitations. First, a

cross-sectional study design has prevented us from determining whether the white

matter abnormalities observed in these frontostriatal tracts reflect the primary

pathophysiology of ADHD or are the consequences of a compensatory

neuro-developmental process. Second, the present study only focused on the

frontostriatal tracts. Exploration of frontotemporal (A. Konrad et al., 2010) and

fronto-striato-parieto-cerebellar (Rubia et al., 2009) networks, which may be

associated with executive dysfunction in ADHD, is warranted. Third, we cannot

completely exclude any potential long-term effects of the medication on

microstructural integrity of the frontostriatal tracts given that 18 children with ADHD

had taken medication for treating ADHD at least one week before the scan. Fourth,

due to the matched design, we were not able to study the age effect in the whole

sample. It merits further investigation to clarify the developmental trajectory of the

microstructural integrity of the frontostriatal and other tracts using a longitudinal

study design.

Implication

Combining previous DTI studies and our DSI tractography analysis, there is

strong evidence to support disturbed white matter tract integrity of the four

frontostriatal circuits (i.e., dorsolateral-caudate, medial prefrontal-caudate,
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orbitofrontal-caudate, and ventrolateral-caudate) in children with ADHD, and

associations between integrity of the frontostriatal tracts and measures of ADHD

symptoms in children with ADHD and executive functions in children with ADHD

and typically developing children as well. Further imaging genetics research on the

relationship between frontostriatal circuitry, executive function, and candidate genes

is warranted.

6.4 Genetic association studies on ADHD

6.4.1 Association of DAT1 gene andADHD

Introduction

Several lines of evidence point to the potential importance of the DAT1 gene in

the pathophysiology of ADHD. First, methylphenidate, the most widely used

stimulant for ADHD treatment, inhibits the action of DAT, thereby increasing synaptic

dopamine concentration to achieve the therapeutic effects (Volz, 2008). Second,

previous neuroimaging studies have also suggested the involvement of DAT in ADHD

(Cheon et al., 2003). Third, after 3 months of treatment with methylphenidate in

children with ADHD, a down-regulation of the DAT with a maximum of 74.7% has

been observed in the striatal system (Vles et al., 2003). Fourth, the DAT1 knock-out

(KO) mice represent an appropriate animal model for ADHD to elucidate the

underlying neural basis of this disorder. The DAT1 KO mice exhibited marked

hyperactivity, and this activity was exacerbated by exposure to a novel environment

(Gainetdinov et al., 1999).

A possible explanation for the inconsistencies of the DAT1 gene in ADHD is that

a combination of susceptibility variants across the gene exists and these combinations
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differ across distinct populations (Genro et al., 2008). Thus, simply genotyping one

marker per gene will provide little conclusive evidence for association of that gene

with the disease. While numerous SNPs have been identified in the DAT1 gene, a

relevant question is to determine which of these SNPs should be tested to detect an

association with ADHD. Genetic studies using markers chosen at random from

polymorphic sites may not be reliable for the detection of nearby causal variation.

Association studies require that SNPs be selected to maximize the probability that

significant LD exists between the unknown causative mutation and the markers

genotyped in studies. Genetic analyses using haplotype-tagging SNP approaches

allow for a more complete examination of how polymorphisms in specific genes may

be associated with ADHD (Kollins et al., 2008). These methods aim to improve

efficiency by removing redundant genotyping and gather additional association

information via LD.

Taken together, although the DAT1 gene was implicated in the pathogenesis of

ADHD, significant heterogeneity was present across studies and no conclusion can be

drawn about the association in any single ethnicity (Cheuk et al., 2006). More studies

are needed in each ethnicity before a firm conclusion can be made. As Han Chinese is

the largest population in the world, further studies are needed to determine if there is a

relationship between ADHD and DAT1 gene. Using a haplotype-tagging SNP

approach, we performed a family-based study to investigate the genetic associations

between the DAT1 gene and ADHD and its diagnostic subtypes in our local Han

Chinese population in Taiwan to establish a role of DAT1 gene in the etiology of this

disorder.

Materials and Methods

The probands were 273 Han Chinese children with ADHD, who were recruited
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consecutively from the Children�s Mental Health Center, National Taiwan University

Hospital, Taiwan. Families of probands were also recruited, resulting in 906 subjects

in total. There were 108 families with one proband, one sibling, and two parents; 9

families with one proband, two siblings, and two parents; 110 trios (one proband plus

two parents); 7 families with one proband, one sibling, and one parent; and 39 duos

(one proband plus one parent). The probands were predominantly male (85.7%) and

their mean age was 10.8 (SD = 2.5) years. Most of them presented the combined

subtype (65.2%), followed by the inattentive (28.9%) and hyperactive/impulsive

(5.9%) subtypes. Among 133 siblings (male 41.5%; mean age, 11.5±3.8), 58 (43.6%)

were suspected of ADHD based on the Chinese K-SADS-E (inattentive subtype,

51.7%; combined subtype, 25.9%; hyperactive/impulsive subtype, 22.4%).

Tag SNPs were selected by searching Han Chinese data from the HapMap

project (www.hapmap.org) using the Tagger program. The following criteria were

used to identify tag SNPs: (1) SNPs were located in the DAT1 gene; (2) SNPs had a

minor allele frequency (MAF) > 0.10; and (3) the other unselected SNPs could be

captured by one of the tag SNPs with an LD correlation coefficient (r2) > 0.80. SNP

selection was completed in September, 2008. In total, 14 tag SNPs (rs2937639,

rs2617605, rs393795, rs10052016, rs37020, rs40358, rs37022, rs466630, rs27048,

rs429699, rs11133767, rs40184, rs1042098, rs27072) were identified. In addition, we

selected other 4 SNPs (rs6350, rs403636, rs463379, rs6347) based on relevance in the

literature.

All SNP genotypings were performed by the method of matrix-assisted laser

desorption/ionization time of flight mass spectrometry (MALDI-TOF MS). The

VNTR in the 3'UTR of the DAT1 gene was amplified using the primers: forward,

5'-TGTGGTGTAGGGAACGGCCTGAG, and reverse,

5'-CTTCCTGGAGGTCACGGCTCAAGG. PCR product with various sizes ranging
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from 323 bp (6 repeats) to 523 bp (11 repeats) were electrophoresed in 3.5% agarose

gel to visualize the repeat number.

The quality of genotyping data were checked on indicators of Hardy-Weinberg

equilibrium (HWE), using Haploview version 4.0. We used Haploview software to

construct haplotype blocks constituted by strong LD markers. We used the

Family-Based Association Test (FBAT) software version 2.0.2 to conduct data

analysis. This program used data from nuclear families, siblings, pedigrees, or any

combination and provided unbiased tests with or without founder genotypes. The

FBAT empirical variance option (FBAT -e) was used for testing association in an area

of known linkage with multiple siblings in a family. Haplotype analyses were

performed using the Haplotype-Based Association Test (HBAT) in the FBAT

program. HBAT �p option (which used the full conditional distribution of offspring

haplotypes) was used to compute an �exact� P value via a Monte Carlo method for

each haplotype separately and for the minimum observed P value among the

haplotypes. Because of the small number of probands with the hyperactive/impulsive

subtype, separate analyses were not performed for this subtype.

Results

A total of 19 polymorphisms (18 SNPs and the 3'VNTR) were investigated here

to cover a region of 50kb in the DAT1 gene. An SNP was included in the analysis if

the genotype missing rate was lower than 30%. Accordingly, four SNPs (rs6350,

rs10052016, rs6347, and rs11133767) were excluded from further analysis. All the

remaining 14 SNP markers and the 3'VNTR were compatible with the

Hardy-Weinberg equilibrium distribution. Observation of D´ values indicated three

main haplotype blocks (HBs): HB1 covering 19kb and including the variants of

introns 2, 4 and 6; HB2 covering 3kb and including the variants of introns 8 and 11;
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and HB3 covering 953bp and including the variants of 3´UTR.

For ADHD inattentive subtype, one SNP showed biased transmission for ADHD

children: rs429699 T allele (P = 0.017). After adjustment for multiple testing, the

corrected P value did not remain significant. One SNP (rs40184, P = 0.081) and the

10-repeat allele of 3´UTR (P = 0.061) displayed trends for association. Haplotype

analyses revealed an overtransmitted haplotype rs27048 (C) /rs429699 (T) in HB2 in

the inattentive subtype (P= 0.008). This haplotype contained the SNP (rs429699) that

was nominally significant when considered on its own. Permutation test for this CT

haplotype showed that association with the inattentive subtype subsample remained

significant (2-sided P = 0.006; the smallest observed P = 0.022). The SNP rs429699

that was nominally significant for inattentive subtype also showed nominally

significant association with the inattention severity (P= 0.019). The haplotype

rs27048 (C) /rs429699 (T) that was significant for the inattentive subtype also

demonstrated significant association with the inattention severity (P= 0.012).

Discussion

To our best knowledge, this is the first study on the genetics of ADHD to

describe the architecture of LD across the DAT1 gene in the Han Chinese population,

and our results highlight the necessity of characterizing the DAT1 gene for association

studies, and choosing a subset of sites that are representative of the LD structure of

variation in this gene. Our findings provided evidence for a role of the DAT1 gene in

ADHD, primarily with respect to the inattentive subtype, in both SNP (rs429699) and

haplotype (rs27048 (C) /rs429699 (T)) analyses. Quantitative analyses also revealed

positive association between the haplotype rs27048/rs429699 and inattention severity.

The findings not only support that DAT1 is a susceptibility gene primarily for the

inattentive subtype of ADHD (Krause et al., 2003) but also suggest the association of
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DAT1 gene with the inattentive symptoms based on DSM-IV (K. Konrad et al., 2010).

In addition to DAT1 gene, previous studies have shown the effects of other candidate

genes on the inattentive ADHD subtype. For example, a haplotype block

encompassing the 5HT1B receptor gene (Smoller et al., 2006) and a polymorphism at

the alpha-2a-adrenergic receptor gene (Schmitz et al., 2006) were associated with

inattentive subtype.

Although the present study shows that the DAT1 gene is a susceptibility locus for

the inattentive subtype of ADHD, no direct functional effects of these polymorphisms

have been examined and identified. Thus, the causal variants remain to be established.

The DAT1 gene is expressed primarily in brain areas with dopaminergic circuitry,

such as mesostriatal, mesolimbic, and mesocortical pathways (Ciliax et al., 1999), and

this highly restricted pattern of DAT1 gene expression is presumably regulated by a

unique combination of regulatory factors. Although intronic polymorphisms have no

direct effect on the amino acid sequence, there are a growing number of examples of

intronic sequences that play an important role in the tissue-specificity of DAT1 gene

expression (Greenwood & Kelsoe, 2003). Future studies are needed to identify

intronic variants of the DAT1 gene causally related to the ADHD inattentive subtype.

Our findings should be interpreted in the context of some limitations. First, the

number of individuals with the subtypes of ADHD was relatively small in the present

study. Although our findings show significant association with DAT1 gene in the

predominantly inattentive ADHD subtype, the power to detect loci of modest effect

would be correspondingly lower for subtype analyses. A larger sample is needed for

stronger evidence of association with the markers at the DAT1 locus. Second, only

one gene was examined in our study. For complex disorders, analyses of different

genes involved in the pathophysiology of ADHD may enhance our understanding on

the genetic contributions to the etiology of this disorder, and therefore gene-gene
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interactions should be considered in further research. Third, ADHD may be accounted

for by both genetic and environmental factors. Further studies are required to detect

the effect of interaction between candidate genes and environmental factors on this

disorder. Fourth, the probands in the current study were clinic-referred, and thus they

represented the upper ends of ADHD-related symptoms. It is needed to test whether

our findings could be extended to the general population.

Implication

In summary, our analyses identified an association between a haplotype of DAT1

gene and the inattentive subtype of ADHD, supporting the relevance of the

dopaminergic system in the pathophysiology of ADHD, especially in the dimension of

inattention. Single marker analyses within this haplotype block also demonstrated

nominal association with the inattentive subtype. The focus on the complete gene plus

the use of haplotype mapping with LD structure in association studies of ADHD may

help to better understand and interpret the results in the DAT1 gene for ADHD

genetics. Because significant ADHD-DAT1 association can only be detected with the

inattentive subtype sample, our findings highlight the importance of establishing

genetically homogeneous samples for ADHD molecular genetic studies. To enhance

our understanding on the role of DAT1 gene, more biological studies are needed to

examine the effects of different polymorphisms on the DAT1 gene and protein

functions, and to determine whether variants at this gene causally related to ADHD

and the inattentive dimension can be identified.

6.4.2 Association of DAT1 gene and executive dysfunction in ADHD

Introduction
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It has been proposed that use of endophenotypes relevant to ADHD is likely to

be informative and allow for increased detection of genetic effects (Castellanos &

Tannock, 2002). Because previous studies in Western countries (D. I. Slaats-Willemse

et al., 2007) and in Taiwan (Gau & Shang, 2010a) have provided strong evidence to

support that executive function can be a useful cognitive endophenotype for ADHD,

examining the relationship between the candidate genes and executive function may

provide insight into the pathways leading from genes to ADHD. Given the

well-established neuromodulatory influence of the dopamine over executive function,

several lines of evidence point to the potential importance of the DAT1 gene in

executive function. First, the DAT1 knock-out (KO) mice represent an appropriate

animal model for ADHD to elucidate the underlying neural basis of this disorder. The

DAT1 KO mice display impairments in executive function (B. Li et al., 2010) Second,

methylphenidate, one of the main drugs used to treat ADHD, targets the dopamine

transporter (DAT). Much research has found that methylphenidate was associated

with better executive function performance in children with ADHD (Vance et al.,

2003). Third, previous studies have documented the role of the DAT1 gene in the

development of executive attention network in healthy children (Rueda et al., 2005).

Fourth, imaging genetic studies have shown that the neural response to working

memory load varied by the genetic variants of the DAT1 gene in typically developing

children (Stollstorff et al., 2010).

Previous studies exploring executive function in relation to DAT1 in ADHD have

focused on the variable number of tandem repeat (VNTR) polymorphism in

3´-untranslated region (3'UTR), and the results revealed a mixed picture (Barkley et

al., 2006; Karama et al., 2008). Several indices of executive function (digit span and

the Tower of London) appeared to be modulated by the 3' VNTR of DAT1 (Karama et

al., 2008). Children with ADHD and homozygous for 10-repeat allele showed
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impaired performance on selective attention and response inhibition compared with

heterozygotes (Cornish et al., 2005). However, contrary findings have been also

reported, in which ADHD patients with the 10-repeat allele performed better than

those with the 9-repeat allele (Boonstra et al., 2008). In addition, no association has

also been found between the 3' VNTR and executive function measured by the

Wisconsin Card Sorting Task (Barkley et al., 2006) and the Stroop Color-Word test

(Loo et al., 2008) in children with ADHD. Methodological aspects, including

differences in ADHD measurement methods, participants� characteristics, and

neuropsychological tasks employed, may contribute significantly to the inconsistent

pattern of results. In addition, because a combination of susceptibility variants across

the gene exists, it may be the combination of certain risk genotypes rather than one

single risk genotype that leads to presence of cognitive dysfunction (Mill et al., 2006).

Taken together, significant heterogeneity is present across studies and no

conclusion can be drawn about the association. More studies are needed before a firm

conclusion can be made. As Han Chinese is the largest population in the world,

further studies are needed to determine if there is a relationship between the DAT1

gene and executive dysfunction in ADHD. Using a haplotype-tagging SNP approach,

our previous work has confirmed the association between polymorphisms in DAT1

and ADHD diagnosis in the Han Chinese population in Taiwan (Shang et al., 2011). In

this study, we further extended our sample size with 382 families (n = 1298) to

investigate the genetic associations between the DAT1 gene and executive dysfunction

in probands with ADHD and their family members.

Materials and Methods

The probands were 382 Han Chinese children with ADHD, who were recruited

consecutively from the Children�s Mental Health Center, National Taiwan University
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Hospital, Taiwan.

Families of probands were also recruited, resulting in 1298 subjects in total.

There were 164 families with one proband, one sibling, and two parents; 15 families

with one proband, two siblings, and two parents; 144 trios (one proband plus two

parents); 17 families with one proband, one sibling, and one parent; and 42 duos (one

proband plus one parent). The probands were predominantly male (86.1%) and their

mean age was 10.5±2.6 years. Most of them presented the combined subtype (67.3%),

followed by the inattentive (27.0%) and hyperactive/impulsive (5.7%) subtypes.

Among the 211 siblings (male 43.6%; mean age, 11.4±3.9) in our sample, 57 were

suspected of ADHD based on the Chinese K-SADS-E (inattentive subtype, 50.9%;

combined subtype, 28.1%; hyperactive/impulsive subtype, 21.0%).

Four tasks of the CANTAB involving executive abilities were employed in this

study, including SSP, SWM, IED, and SOC. All SNP genotypings were performed by

the method of matrix-assisted laser desorption/ionization time of flight mass

spectrometry (MALDI-TOF MS). The VNTR in the 3'UTR of the DAT1 gene was

genotyped using the PCR and electrophoresis. We performed association analysis for

the ADHD families on the quantitative scores of executive function as measured with

the SSP, SWM, IED, and SOC using the FBAT and HBAT programs with the

additive model of inheritance.

Results

Observation of D´ values indicated three main haplotype blocks (HBs): HB1

covering 19kb and including the variants of introns 2, 4 and 6; HB2 covering 3kb and

including the variants of introns 8 and 11; and HB3 covering 660bp and including the

variants of 3´UTR. We then tested for association between DAT1 genotypes and

quantitative scores of executive function as measured with the SSP, SWM, IED, and
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SOC. We found associations for rs2937639 and SWM within errors (P = 0.049); for

rs2617605 and SWM within-search errors (P = 0.004), SWM within-search errors 8

boxes (P = 0.007), SWM double errors (P = 0.002), and SWM double errors 8 boxes

(P = 0.009); for rs403636 and SWM double errors (P = 0.024); for rs37020 and SWM

double errors (P = 0.004) and SWM double errors 8 boxes (P = 0.033) (Table 3). The

association between rs2617605 and SWM double errors survived the correction of

alpha level for multiple testing.

Haplotype analyses revealed an overtransmitted haplotype rs403636 (G)

/rs463379 (C) /rs393795 (C) /rs37020 (G) in HB1 for SWM within-search errors (P =

0.0005), SWM within-search errors 8 boxes (P = 0.001), SWM double errors (P =

0.0007), and SWM double errors 8 boxes (P = 0.002) (Table 4). This haplotype

contained the two SNPs (rs403636 and rs37020) that were nominally significant when

considered on their own. Permutation test for this GCCG haplotype showed that

associations remained significant for SWM within-search errors (2-sided P = 0.0003;

the smallest observed P = 0.001), SWM within-search errors 8 boxes (2-sided P =

0.0003; the smallest observed P = 0.002), SWM double errors (2-sided P = 0.0004;

the smallest observed P = 0.001), and SWM double errors 8 boxes (2-sided P =

0.0007; the smallest observed P = 0.004).

No allele or haplotype was significantly associated with the scores of SSP, IED,

SOC, and strategy utilization in SWM.

Discussion

In the present study, we tested the association between DAT1 on four executive

functioning tasks that were promising endophenotypes for ADHD. Our findings report

novel associations between a haplotype rs403636 (G) /rs463379 (C) /rs393795 (C)

/rs37020 (G) of the DAT1 gene and performance on the SWM task that survived
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corrections for multiple comparisons. The current study provides evidence that allelic

variation in the DAT1 gene accounts for significant variance in neuropsychological

indices of spatial working memory.

Our findings provided some insight into the effects of the DAT1 gene on the

spatial working memory in ADHD. Spatial working memory, one of the major

executive functions, seems to be mediated by a complex network of brain structures

including the prefrontal cortex (PFC) (van Asselen et al., 2006), posterior parietal

cortex (PPC) (Koch et al., 2005), and to a lesser extent, hippocampus (Abrahams et al.,

1999). In a study to examine the neural correlates of various aspects of spatial

working memory in a group of stroke patients, damage to the right dorsolateral PFC

and right PPC impaired the ability to keep spatial information on-line, as indicated by

the within-search errors (van Asselen et al., 2006). Moreover, patients with damage to

the right dorsolateral PFC, right PPC, and the hippocampal formation bilaterally made

more between-search errors (van Asselen et al., 2006). Although DAT1 is mainly

expressed in the striatum and to a lesser extent in the PFC, PPC, and hippocampus

(Diamond, 2007), several lines of evidence suggest that the influence of DAT1 on

spatial working memory is mediated by the striatum and its cortical projections. First,

DAT availability in the caudate is associated with activation in the parietal cortex

during spatial attention (Tomasi et al., 2009). Landau et al. have found that caudate

dopaminergic function is related to PFC-dependent functions, particularly brain

activation and behavioral performance during working memory tasks (Landau et al.,

2009). Second, higher accuracy in the performance on working memory tasks

engaged prefrontal-striatal-parietal regions (Stollstorff et al., 2010). Third, functional

magnetic resonance imaging studies have found that parietal activation during tasks

tapping processes of working memory vary by DAT1 genotype (Stollstorff et al.,

2010). Polymorphisms in the DAT1 gene are associated with neuronal activity in the
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working memory cortical network, including the PFC (Bertolino et al., 2006;

Bertolino et al., 2009). Thus, these results may imply that prefrontal and parietal

activation is sensitive to DAT1 allelic differences during working memory tasks. For a

full understanding of the underlying mechanism, our next step is to examine genetic

effects on the relationship between spatial working memory and brain activation in

patients with ADHD.

Although an effect of DAT1 on spatial working memory was demonstrated in the

present study, we failed to find evidence for association between allelic variations in

the DAT1 gene and performance on other measures of executive function, such as

spatial span, attentional set-shifting, and spatial planning. This might be related to

subtle differences in the underlying neurotransmitter pathways mediating the

executive functions. Several studies have found attentional set-shifting appeared to be

modulated by dopamine-related genes, such as DBH (Barkley et al., 2006) and COMT

(Schulz et al., 2011). However, previous studies failed to found associations of DAT1

with measures of performance on the set-shifting tasks (Barkley et al., 2006). Schulz

et al. suggest that while prefrontal dopamine turnover seems to modulate performance

in set-shifting, striatal dopamine turnover mediated by DAT1 polymorphisms seems

less important in this regard (Schulz et al., 2011). In regard to associations of DAT1

with spatial planning, inconsistent results have been yielded (Karama et al., 2008).

Our current findings need replication before firm conclusions can be drawn on the

specificity of DAT1 in relation to spatial working memory.

Our findings should be viewed in the light of several limitations. First, only one

gene was examined in our study. Analyses of different genes involved in the

pathophysiology of spatial working memory in patients with ADHD may enhance our

understanding on the genetic contributions to the etiology of this disorder. Second, the

probands in the present study were clinic-referred, and thus they represented the upper
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ends of ADHD-related symptoms. It is needed to test whether our findings could be

extended to the general population. Third, the neuropsychological measures used in

the present study are by no means of the full domain of cognitive functions relevant

for ADHD. Our findings need replication before firm conclusions may be drawn on

the effects of DAT1 on neuropsychological functioning in patients with ADHD.

Implication

In summary, the present study has provided strong evidence that DNA variation

in the DAT1 gene predicts measures of spatial working memory. The association

found between DAT1 and spatial working memory may help to increase our

understanding of how this gene contributes to ADHD susceptibility because spatial

working memory is one of the main deficits and an important endophenotype of

ADHD. Our findings support that cognitive endophenotype may be an important tool

to understand the genetics of ADHD, given their more direct link to the genetic

etiology of this disorder.
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8. OO ¡ (Tables and Figures)

O 1 (Table 1)# )*@ÏA¬BC!"/ ADHD�.j�k�
4È�MÊ

ADHD �k�

(n = 53) (n = 53)

ëú!"d
�¸ (~� ± ¬s�) 12.7 ± 1.4 12.7 ± 1.2

mM´ì$ 75.5 75.5

ÔF´� ADHD�;
�¸ (~� ± ¬s�) 4.8 ± 1.7 --

�<=( ADHD
�¸ (~� ± ¬s�) 7.6 ± 2.9 --

�<=j�!"���0
 0 (�) 5.0 ± 3.1 --

4Å�ù ADHDP,
´ì$ 60.4 --

z*�ù ADHDP,
´ì$ 83.0 --

�ù methylphenidate
 0 (ë) 28.4 ± 24.9 --

jXÙc¾
´ì$ 90.4 92.9

XÚ�n�Û (´ì$)

ØøRQL 62.8 62.5

�/ 23.5 29.2

_/RQ� 13.7 8.3

XÚ)¥ (´ì$)

ø¥4* 22.9 24.4

# 4* 77.1 73.2

D# 4* 0.0 2.4

ÙÚ�n�Û (´ì$)

ØøRQL 50.0 56.5

�/ 38.5 32.6

_/RQ� 11.5 10.9

ÙÚ)¥ (´ì$)

ø¥4* 4.2 2.4

# 4* 60.4 73.2

D# 4* 35.4 24.4
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OO 3 (Table 3)# J?A¬hiEF�$�

ADHD �k� ������	
d

~�Ë (¬s�) ~�Ë (¬s�) F p

Spatial Span

Span Length 6.79 (1.52) 7.06 (1.39) 0.87 0.356 0.19

Total Error 15.02 (7.32) 14.31 (6.63) 0.29 0.590 0.10

Total Usage Error 2.32 (1.46) 1.75 (1.27) 5.10 0.028 0.42

Spatial Working Memory

Strategy Utilization 33.89 (4.76) 33.19 (3.67) 0.71 0.402 0.16

Total Errors 30.38 (19.41) 20.04 (13.91) 9.94 0.003 0.61

# of Errors: 4-box problems 0.81 (1.47) 0.57 (1.29) 0.90 0.347 0.17

# of Errors: 6-box problems 8.43 (7.47) 5.34 (5.71) 5.74 0.020 0.46

# of Errors: 8-box problems 21.13 (12.93) 14.13 (9.41) 10.15 0.002 0.62

Intra-dimensional & Extra-dimensional Shift

Complete Stages 8.55 (1.12) 8.68 (0.73) 0.52 0.475 0.14

Complete Stage Trials 79.49 (19.74) 72.57 (13.62) 4.42 0.041 0.41

Pre-extra-dimensional Shift Errors 8.51 (5.87) 6.98 (3.23) 2.90 0.095 0.32

Extra-dimensional Shift Errors 8.72 (9.70) 8.53 (9.70) 0.01 0.921 0.02

Stocking of Cambridge

Problems Solved in Minimum Moves 7.89 (1.89) 8.55 (1.70) 4.36 0.042 0.37

Mean Moves: Total Moves 17.87 (1.79) 17.18 (1.84) 4.45 0.040 0.38

2-move problem 2.01 (0.07) 2.00 (0.00) 1.00 0.322 0.20

3-move problem 3.25 (0.41) 3.21 (0.35) 0.26 0.612 0.10

4-move problem 5.65 (1.11) 5.40 (1.05) 1.68 0.200 0.23

5-move problem 7.10 (1.57) 6.58 (1.31) 3.46 0.069 0.36

Mean Initial Thinking Time(ms)

Total initial thinking time 3800.91 (2539.52) 4953.12 (3305.08) 4.05 0.049 0.39

2-move problem 1194.38 (778.00) 1393.75 (999.90) 1.31 0.257 0.22

3-move problem 3147.47 (2877.39) 4235.14 (4072.45) 2.52 0.118 0.31

4-move problem 4725.33 (4204.48) 6056.42 (4873.64) 2.27 0.138 0.29

5-move problem 6162.79 (6335.71) 8127.17 (7016.33) 2.26 0.139 0.29

Mean Subsequent Thinking Time(ms)

Total subsequent thinking time 443.05 (370.64) 688.91 (723.36) 5.13 0.028 0.43

2-move problem 90.37 (171.34) 221.51 (530.85) 2.93 0.093 0.33

3-move problem 206.14 (426.25) 212.11 (379.50) 0.01 0.940 0.01

4-move problem 882.67 (934.39) 1353.41 (1973.81) 2.61 0.112 0.30

5-move problem 567.48 (560.53) 968.61 (1238.12) 4.54 0.038 0.42
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OO 4 (Table 4)# ADHD�.O�a¨£�OQR�k��4È�MÊ

ADHD (N=279) £�(N=108) �k� (N=173)
F

 �2

~�Ë(¬s�)
or %

~�Ë(¬s�)
or %

~�Ë(¬s�)
or %

��d
�¸ 12.5 (1.6) 12.5 (3.4) 12.6 (1.5) 0.06
mM % 85.7 40.7 72.8 79.79***
m1$ 6.0 0.69 2.7
4Å�ù methylphenidate 50.9
�ù methylphenidate
 
0 (ë)

20.1 (22.1) 4.31

º» 103.0 (11.6) 103.0 (10.6) 110.7 (9.5) 29.97***
ÙÚ

�¸ 42.7 (4.2) 43.6 (3. 9) 4.84*
�n�Û

ØøRQL 50.6 63.9 7.16*
�/ 40.0 29.7
_/RQ� 9.4 6.4

)¥;è

ø¥4* 4.1 6.2 4.09
# 4* 59.3 66.4
5ø 36.7 27.4

XÚ

�¸ 45.7 (4.8) 46.2 (4.5) 1.07
�n�Û

ØøRQL 59.9 76.0 11.41**
�/ 29.6 18.4
_/RQ� 10.5 5.7

)¥;è

ø¥4* 14.8 20.6 2.24
# 4* 79.9 74.0
5ø 5.3 5.5
* p<0.05; ** p<.01; *** p<.001.
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OO 8 (Table 8)# ADHD�.
4È�MÊOP,÷�OQR+ÔV�

~�Ë ± ¬s�

ADHD

(N=30)

�¸ (u§) 10.70 ± 1.84 (8-16)

Þº» (u§) 105.37 ± 13.55 (80-135)

À^Ègkl

�� (z ì�) -0.38 ± 1.33

»� (z ì�) -1.03 ± 1.02

ùPÅ 12« F(1,29) p

p½ (¦0) 38.66 ± 12.76 37.19 ± 11.88 1.08 .309

Atomoxetine~½÷� (12) 46.12 ± 14.67 46.02 ± 14.42 0.10 .756

~�÷�, 12/¦0/~½ 1.20 ± 0.07 1.20 ± 0.08

%ò

öLò 95.58 ± 13.48 92.42 ± 17.38 0.43 .523

¾"ò 55.00 ± 8.28 55.13 ± 8.36 0.05 .820

�¿í£ 83.79 ± 11.97 90.42 ± 14.14 3.13 .097
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OO 12 (Table 12)# ADHD�.É�k�
4È�MÊjº»

~�Ë±¬s�

ADHD

(n=25)

�k�

(n=25)
F p

m/1 22/3 22/3

�¸ (u§:8-17) 11.4±2.1 11.4±2.7 0.04 .840

Þº» 108.4±12.7 111.1±10.9 1.66 .209

Ígº» 105.9±15.4 107.0±12.4 0.13 .718

À^º» 109.8±10.9 113.1±10.9 2.57 .122

Verbal Comprehension Index 110.9±10.0 113.5±10.9 1.82 .191

Perceptual Organization Index 107.3±14.6 108.0±12.8 0.07 .796

Freedom from Distractibility Index 105.3±15.9 110.8±11.7 2.26 .146
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OO 14 (Table 14)# mno;p)*Ìqeh ADHD�.
�����j��ô

��;

SNAP-IV

����� ��ô�

� p � p

Â$¿Åmn L - - -394.25 .001

D¿Åmn R - - -279.11 .006

ÃÄmn R -127.09 <.001 - -

Æ$¿Åmn R - - -131.77 .068

F values F(1,22) = 16.54, p <.001 F(3,20) = 6.96, p = .002

R-square 0.43 0.51

L�eL, Î¿; R, ¥¿; SNAP-IV, the Chinese version of the Swanson, Nolan, and

Pelham, version IV scale.
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OO 16 (Table 16)# DAT1STL 15�¬k
Ý5jÕ1�ÂSTt£ (minor
allele frequency, MAF)

!"¦j !"§¨ ©ªs§¨ £«!" MAF
(%)

rs2937639 Intron 1 1496728 A/G 14.6
rs2617605 Intron 2 1495521 A/G 17.3
rs403636 Intron 2 1491354 G/T 32.0
rs463379 Intron 4 1484164 G/C 47.5
rs393795 Intron 4 1481514 A/C 47.3
rs37020 Intron 6 1471374 G/T 33.7
rs40358 Intron 7 1469142 T/G 35.0
rs37022 Intron 7 1468629 A/T 50.0
rs466630 Inton 7 1468404 G/C 49.3
rs27048 Intron 8 1465645 C/T 17.9
rs429699 Intron 11 1462127 C/T 25.1
rs40184 Intron 14 1448077 G/A 26.1
rs1042098 3´UTR 1447815 T/C 10.6
rs27072 3´UTR 1447522 C/T 26.9
3´VNTR 3´UTR 1446863 9/10 repeats 5.9



181

OO 17 (Table 17)# DAT1STL 15�¬kj�����ÜG�LÑM

!"¦j
£«!

"
£«!"¬­

Informative®
¯°±

Z p

rs2937639 G 0.146 38 0.438 0.662
rs2617605 G 0.173 46 0.384 0.701
rs403636 T 0.32 50 0.232 0.816
rs463379 C 0.475 46 0.563 0.574
rs393795 C 0.473 46 0.563 0.574
rs37020 T 0.337 47 0.232 0.816
rs40358 T 0.65 54 0.471 0.637
rs37022 T 0.5 49 0.229 0.819
rs466630 C 0.493 39 0.679 0.497
rs27048 C 0.821 35 1.511 0.131
rs429699 T 0.251 44 2.393 0.017*
rs40184 G 0.739 48 1.746 0.081
rs1042098 T 0.894 29 0.557 0.577
rs27072 C 0.731 42 0.361 0.718
3´VNTR 10 0.916 20 1.877 0.061

* <0.05
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OO 19 (Table 19)# DAT1STL 15�¬kj ADHD�LÑM

!"¦j
£«!

"
£«!"¬­

Informative®
¯°±

Z p

rs2937639 G 0.144 115 0.758 0.448
rs2617605 G 0.172 134 1.018 0.309
rs403636 G 0.697 167 1.694 0.090
rs463379 C 0.464 182 0.368 0.713
rs393795 C 0.462 178 0.370 0.711
rs37020 G 0.675 165 1.619 0.106
rs40358 T 0.657 179 1.836 0.066
rs37022 T 0.502 189 0.300 0.764
rs466630 C 0.489 152 0.058 0.953
rs27048 T 0.175 142 1.018 0.309
rs429699 C 0.756 158 1.742 0.081
rs40184 G 0.731 167 0.195 0.845
rs1042098 T 0.897 99 0.396 0.691
rs27072 T 0.272 150 0.142 0.887
3´VNTR 10 0.918 81 1.062 0.288
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¡¡ 1 (Figure 1)# ADHD�.O�a¨£�Oj�k�� a) Spatial Working Memory
hi/ 4-box, 6-box, É 8-box NO
=ãä�; b) Stocking of Cambridgehi/
~�7�Õ�
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Group: F(2,1221)=30.32, p<.001
Task: F(2,1221)=559.00, p<.001
Group*Task: F(4,1221)=13.64, p<.001
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Group: F(2,1775)=17.75, p<.001
Task: F(3,1775)=2985.89, p<.001
Group*Task: F(6,1775)=6.63, p<.001
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¡¡ 2 (Figure 2)# ADHD�.O�a¨£�Oj�k�� Delayed Matching
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¡¡ 4 (Figure 4)# Regions of interest (ROIs)Émno;p)*Ìqb34à(
dorsolateral prefrontal cortex�3�à( medial prefrontal cortex�56à(
orbitofrontal cortex�7à( ventrolateral prefrontal cortex�8à( caudate
nucleusb4à( dorsolateral prefrontal - caudate tract��à( medial
prefrontal � caudate tract�56à( orbitofrontal � caudate tract�9à(
ventrolateral prefrontal � caudate tract
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¡¡ 5 (Figure 5)# ADHD�.j�k��Î¥p¿mno;p� generalized
fractional anisotropy
$�; d, ������	
d.
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¡¡ 6 (Figure 6)# UVST!"/�DAT1ST
 15�¬k�|}�~�
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¡¡ 7 (Figure 7)#UVSTjJ?A¬LÑM!"/�DAT1ST
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