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2Ûû˝Í$l�çû˝F

¿ b

7 Ú (EEG; electroencephalographic) £ Š ? 4 ~ P ¨ 	 (

fMRI; functional magnetic resonance imaging) uñ‡û˝×7

ÿ%Š?£m7fûí3b	x� .°xX�wÖÔiõDÌ„;

7Úív‰j&‰ (temporal resolution) ª®…”, Êû˝×7m

7fû,�¿¾íà‰� O7Ú˛Èj&‰ (spatial resolution) œ

Ï; øOÊªW9KóÉÚPõð (ERP; event-related potential)

5m7Ä¨	v, }øó°õð8”F)57Ú’e�Ì, �¤ø

Æm Î� Í7¶M�àí’m6}Ä�Ì7J¾� ¡�VrÖ

d.T|�âAM}×¶ªJêÛÊ¶Mwøõð2ø7Ú�

Ì5(íš$, wš¼'ÖuâkõðŒé(íóP½q (phase

resetting) ¨A, 1Ý9KóÉím7Ä� Ä¤S9KóÉÚP’

e�Ì¶ (ERP average) 'Ø�«ö£DõðóÉ/�<2íA

M� Ñ)ƒy�üwøóÉíÿ%Í$º�, 9KóÉÚP}&

@°v¨ÖAM}×£m7Ä¨	sK	T� …û˝n�¬ ó

«,l_�Êm7ÄìP/¨	5@à, 1Jó«-Z“hT|Ç

ø�ªJ°vøÖAM}×1øw9KóÉAMT×7Š?

¨	�

ÉœÈ : m7ÄìP/¨	, ÖAM}&, ó«,l_��

1Åbç}}éØù : 3b 62P15; Ÿb 62F15�
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1. ùk

1.1 7ÚíVÄ

7ÚÇu¿¾×7Z”íÚ¼, ×7Z”,íÚ¼uêÞÊÿ%�,Õí

Ú¼, â¶M�,ˇDwF�,ˇ5ÈíÚPÏ$Aí� ×7Z”âòÕí

ÿ%j (neuron)  A, Aéí×7Z”©øjí� (mm3) ��øN_ÿ%

j, ,lc_×7�øìÖhÿ%j� [ø_Ú”ÊåZ,C×7í[Þ, Ú

”W¿¸ˇ¹°Q7bh_7�,, Ú”p“ƒíÿu¥<[ÛÊ�,Õ5

Ú¼� ÿ%�,í[Þ�òÕí,ˇQ¯ (synapse) DwF�,:ß, ø_m

75fû, ÖuN¬ˇ¾�«}+íÿ%fûÓ (neuro transmitter) , J“ç¥

@‰“j�f]ƒ-ø_ÿ%j� %â,ˇQ¯5:ß,?ÊmÈf#A—,

N_ÿ%�,, U5êÞ°¥ÚP‰“, ¥�ÚP‰“, ˚Ñ,ˇQ¯(ÚP

(PSP; postsynaptic potential, cÇ 1) � ÿ%jßÞº�ÚPc_v˙ÉM/�

ssí 1/1000 ”� 7ÚÇu*×7Z”[ÞCåZp“A—,N_ÿ%�,

5 EPSP (excitatory postsynaptic potential) D IPSP (inhibitory postsynaptic poten-

tial) íÚP‰“7$Aí (Kandel, Schwartz, ¸ Jessell, 1991)� Ê%¬÷˝�åZ

í«Á, ÊåZ,íÚP�Ñ 2-100 muV , 7wä0¸ˇ�Ê 0.5-100 Hz 5È

(Delores, 1998)�

1.2 7Úm7Ä,l

AéÊwø� 25¬˙2×7m7f]D‰“óçA§, 77ÚmU�œ

#ívÈj&�,J?Ê×7Z”,£ül�m7ÄP0, †7Úª›Œ«n

×7wøv˙� m7ÄÊ×7f�ªJÓÜç5ÚÒÚ~Ü�V�_, Scherg

et al. (1985) T|ø×7ÿ%m7fûcquâ�_Ê72Öí�” (dipole)

Ê«T,¥<�”5Ú¼%¬×7Z”�åQ˝ƒåZê|BbF¾¿|Ví

7Ú� ;WÓÜçÚÒÚ~Ü�£m7ÄÊ×72í}ºl�|ÊåZ,¾

¿íÚPÏ˚Ñß²½æ (forward problem) ; âåZ,¿¾|Ví7ÚmU

,lm7Ä#�£Ê×72íP0˚ÑL�½æ (inverse problem) � 7ÚóÉ

íû˝Ö‚àß²cqV_Ò7Ú’e1ð„j¶í£ü4� Í7, ó°í7

ÚmUªú@Ì¤ím7Ä}º, /©_}º·ª_ºÛ�åZW¿ímU�
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Ã�zV, m7}ºíj1Ýñø�

(a) (b)

Ç 1 ,ˇQ¯,í“ç¥@!…,�EUD{„sé� ‡ˇ¾�,íÿ%
fûÓ, ª?Ê (a) cˇßÞ ”“ (depolarization) ÚP¥@, ¢˚ EPSP , 7
Ó‹7(ˇ¾�,ßÞº�ÚP (action potential) íœ0� (b) �,ñßÞ¬
”“ (hyperpolarization) ÚP¥@, ¢˚ IPSP , 7{„7(ˇ¾�,ßÞº�
ÚPíœ0� ç EPSP ßÞEU45 ”“ (depolarization) C IPSP ßÞ{„
45¬”“ (hyperpolarization) v, ¹$Aø_£Šs”DZ”[Þ�ò5Ú

Š^@, Ê�,ñDcˇˇ5È$A�,ÕÚ¼�(Øªé, 1998)

1.3 m7Ä,lD~P	d5!¯

û˝×7º�vm7íßÞÄ£wf�v˙, |ßíj¶@uc¯~PÍ

$£7Úis�xX, 1øõð}&5½bêÛ�â 3D ×7	d×Û� Dale

£ Sereno (1993) T|!¯~P	dV,l×7m7Ä, B¤m7Ä¨	Ð*¬

 Éõš$C,l�”ˆ�ƒ×7ó”˛Èí&�}&� Ç 2[ý7!¯~

P	d57ÚŠ?4¨	¼˙Ç� §t6Î7ªW7Úõð, 1ªW×7~P

¨	� ó”[µ,ùõí�×Ê 3 �˛ÈDó”[µ 2 �˛È,u.øší,

Ñ�×77Úfûbç_�£«à$l,íïªÚÓœÒ (Markov random

field) Ü� (Ìc 4.1 �), Bb‚à~P¨	ø§t6íåZ� ×7ó”� ë”

‡�|V1k[Þ$A 2 �˛Èæ� (mesh construction) , ¥<æ�“(í’

eªJiäjÖ¶ (boundary element model) ªW×77Úfûbç_�}&,
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JZJÓÜ_��üíl�×7.°¶PíÚûÚÒ (leadfield) � Q-V‚à

Ú”ìPÂF)íÚ”P0D~P	dF)íåZP0P¯� õð(ø7Ú

p“2�E�íõðv¨R¦|V� |(y‚à¥<’mªWm7Ä¨	}

&� …d� 2�ø�Ü9KóÉm7ÄìP/¨	5ê�, � 3��ÜàSJó

«,l�m7Ä¨	_�� � 4�BbT|ó«v˛AM}&¶£w@à

kõÒ’eí!‹�

Ç 2 9KóÉÚPm7Ä¨	¼˙Ç� ¤m7ÄìP!¯×7~P¨	U
ìPªJÌ„Êó”,� ílÊ (a) 2øÚ”P0D~P	dF$AíåZ
[ÞP¯, QOÊ (b) 2øõð¾¿ƒí7Ú‚¦ ¯ABb3b}&í’
e� ìP5‡l‚à (c) 2~P	d½�×7_�, ¨�åZ[Þ� å˝£×
7ó”J�×7ÚÒ_�� |(Ê (d) 2Jó«v˛}&¶ªW×7Š?

¨	�

2. 9KóÉÚPím7Ä¨	}&_�

2.1 9KóÉÚP (ERP)

ø7ÚmUJŒé (stimulus) �Aê�T (event) C¥@ (response) Ñ!õ, ¦

	ìívÈÈ�, Wà�Ì9K‡ 200 …”¸9K( 300…”5ÈíF�mU�

¤�mU˚Ñ �9KóÉÚP� (ERP; event-related potential) � �9KóÉÚP�

uø_û˝×7-�º�Ý�/çíõðj¶� âk×75wøº�£eg

¥@§�óç0, uJ…”��×Û, óúkŠ?4~P¨	 (fMRI) ££äi
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µ£· (PET) , 7Ú£7~šuñ‡|õà7?J…”�ívÈ}<0VÌ

õp“7Š?º�íl¿j¶� Í7…í˛Èj&�.àŠ?4~P¨	7

E�&ç6û˝ZG�

2.2 m7ÄŠ?4¨	

m7ßÞÄÊ×72íf�v˙ªJÓÜç5ÚÒÜ�Vj„, ¤ÚÒ_

�oÊ 80 �H¹˛�ZêA� Í7�âåZ,¾¿í7Ú, ,l×72m7

Ä#�£P0 (¹m7Ä¨	) ºE�'×íê�˛È; ½æíØ�ÊkÆm

ß× (Hämäläinen, 1993) , £×7q¶º�[Ö�AM¹¯7A� VA§t6

£œH…™íÆm}òQ	àƒ7ší‡è� TÜÆm|�Àíj�u½º

ó°í-�º�Cõð, 1ø.°Ÿ!‹�ÌC¸õðÄä5ÈTóÉ}&

(Tendolkara et al., 2000; Spencer et al., 2001; Halgren et al., 2002, Liu et al., 2003) �

ÖÍ½º7ó°í-�º�Cõð, âk©Ÿ-�º�Ì��Ö_�Ïæ, S

½ºõðCÈñ§t6í�ÌMV}&7šø˜ÜrÖ½bí-�v˙� «

wç-�º�óÉím7íDÆmª'üív`, Cu-�º�óÉím7

�b_/FÊP0Ý�ó¡š$º.ó°v, ¬ í}&j¶%%}ø…b

¹¯Êø–� Ä¤�<ç6�‡lJA}}×¶ (principal or independent com-

ponent analysis) ø7ÚmU}×yú®_AMªWm7ÄìP}& (Makeig et

al., 1996) � ¤ù¼¨}&¶ªJøVA§t6£œH…™íÆm Î, J×¦

œ£üím7ÄìP!‹ (Vigário et al., 1999; Tang et al., 2000; Zhukov et al.,

2000; Cao et al., 2001)�

Î7¥�s¼¨m7Ä}×£ìP5Õ,¬ 6�ç6!¯¥s�_�J

°v®Am7Ä}×£ìP; Wà: v‰�”_� (time-varying dipole model)

, …cqm7ÄVAb_�”, wjPu	ìí, Ou#�ÓOvÈ7‰� (

Scherg and von Cramon, 1985, 1986) � ¥_j¶bcqm7Äí_b˛øCm7

Äí_bªà3AM}&¶V,�� Çø�j¶u MUSIC (Schmidt, 1996) C

u…íZG� RAP-MUSIC (Mosher 1992; 1998) , …b‚à3AM}&íä˛È

I	, Jù¼$l¾VªW7ÚmUív˛}&�

âk¥<j¶�|õm7ÄíP0£w#�, Ä¤…bdíum7ÄìP

(source localization) 7Ým7Ä¨	 (source imaging) � rÖíÿ%�çðJõ
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ðêÛò¼íwøº�, wm7Ä@vu}0Ê®Ë5×ü.øí–�7Ý

×àíP0õ (Nunez et al., 1991; Nunez and Westdorp, 1994; Kincses et al., 1999)

� b�¥�}0�m7Ä¨	ªJà|ü¸b¶,l (minimum-norm esti-

mation) , ¤j¶l�§�Ý0, Ä¤�Ñç6Sà (Hämäläinen and Ilmoniemi,

1984; 1994; Dale and Sereno, 1993, Fuchs et al., 1999)�

ÇøjÞ, ÊrÖû˝N| ERP AMívÈš$ (Wà alpha š) ÓOåZ

¾¿ƒíP0.°}�‰“, �íç6?êÛ°ø_§t6×7}ßÞb_

alpha šAM, 7/…bßÞíP0uó�½L (Andrew and Pfurtscheller, 1997;

Lutzenberger, 1997; Magie et al., 1999, 2002) � Ä¤ç6b�˜ËwÑwøº�í

m7Ä1Ý×àíõ7urÖ}0�í–� (Moores, 2003) , /.°m7Ä}

0–�}�½L� Ä¤à‹l�õm7ÄVªWìP, Cu³�ªWAM}×

(Wà|ü¸b¶) VªWm7Ä¨	'Ì¶êcË�«ö£DõðóÉ/�

<2íÿ%jº��

3. Jó«,l�m7Ä¨	/ ìP_�

3.1 Ú¼Ú�”_�

7ÚÒ_�ucq©ø_åZ,íÚ”uâb_m7Ä(4L‹7A, Ä

¤cqÊåZ,[0 I _Ú”,7×72� P _m7Ä, †ÙAªJøBb)

ƒí’e[ýÑ

x(t) = G(r1, · · · , rP , ê1, · · · , êP )q(t) + n(t) (1)

w2 G ∈ RI×P [ýÒä³, …í©øW, Wà gp(rp, êp) H[âPk rp 7j²

Ñ êp í�”FßÞíÚÒ²¾; q(t) ∈ RP [ý P _�”í#�?¹m7Äí

š$, n(t) ∈ RI [ý¾¿ÏÏ� à�ù�FT, Scherg ¸ von Cramon (1985; 1986)

T|ív‰�”_�J£â Mosher (1992; 1998) T|í MUSIC/RAP-MUSIC�

m7ÄìPíj¶·u!k¤�Ú¼Ú�”_�� ¤m7ÄìPíñ™¹Ê

;W¾¿ø¨vÈí’e, °ø |7íj, ¤j¨Öm7Ä_b P , £wP

0 r1, · · · , rP , j² ê1, · · · , êP ¸#� q(t)�

3.2 Ú¼}0�_�
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Çø�um7Ä¨	xX, ….cqm7Äâb_�”ßÞ, 7òQ °

m7ÄÊó”,í}0� Ä¤….. ,�m7ÄíP0� âk7ÚmUV

Äuâ×7ó”,íVÕÿ%�, (pyramidal cells) ÝcÕˇ¾ (apical den-

drite) 5Ú¼¼¦7ßÞí� 7×7Z”µíiVÕÿ%�,5ÝcÕˇ¾£

ß·uD×7Z”µí[Þ�ò (Dale and Sereno, 1993) , m7Ä�”5j²

6ªJ..,l, ªâ~P¨	Vqì¥P0¸j²sá¡bM� ¥_j¶i

k‡6Tk: ÊLHl�m7Äv.. øy½hl�Òä³ (field matrix) ,

Ä¤ªJô-'Öl�¾� cqw×7ó”Ú�(í�Þ˛ÈÑ Ω , BbÊ

…æ�,í©ø_õ· l�…íÚÒ²¾7$AÒä³ G ∈ RI×J , w2 J

H[Ê Ω 2íæ�õb, †ªJø7šp“’e[ýÑ x(t) = Gq(t) + n(t) , w

2 q(t) ∈ RJ [ý J _æ�m7Äš$�

3.3 ó«m7ÄìP/ ¨	_�

×¶Mm7ÄìP/¨	j¶·ªJYó«-ZV·H, ½æ2í˛ø£

„øÓÜ¾ÌªàÓœ‰b£wœ0}º[ý� $l½æÊk#ìø 7Ú

¿¾’e x(t) £7ÚÒ_� G , ©°ø |7í¡b u U)¡bí9(ª?

4 p(u|x(t), G) ∝ p(x(t)|u,G)p(u|G) ®ƒ|×� w2 p(u|G) u,¿¡bílð}

º, …ªJ¥@9l˛øíø<ÞÜ’mlðcq� p(x(t)|u,G) u¾¿’e5

œ0}º� ‚à|×(ðª?4 (MAP; maximum a posterior) íl�j�6ª

Jú„ø¡b u �|…í]˝”Ì (confidence limit)�

à‹Sà 3.1�íÚ¼Ú�”_�†F°í¡b u ÿu�”5P0 r1, · · · , rP

£j² ê1, · · · , êP ,JÙAcq¾¿ÏÏuòg}0, 7ú©ø_vÈõ· l

�¤|×(ðª?4, ¥ÿuF‚í|ü�j¶ (least squares) í½æ (Golub

et al., 1984) � à‹.uú©ø_vÈõ· l��”5P0£j²,7ucq

Êø¨-�õðvÈ (epoch) m7ÄVAb_�”, wjPu	ìí, Ou#

�ÓOvÈ7‰�, ¥ÿuv‰�”_� (time-varying dipole model; Scherg and

von Cramon, 1985, 1986) � |ü�j¶Dv‰�”_�5½æÊk�”í_b

b9l#ì, /ÓOm7Äí_bÓ‹, jæv}Xƒ�Öí–�|üM (lo-

cal minimum) � Mosher (1992; 1998) �AT|Çø�j¶ MUSIC/RAP-MUSIC ,

J3AM}&íä˛ÈI	,ø__MÚ°|�”5P0£j², Ä¤óú@
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k¾¿ÏÏ n(t) 5Çßä˛È (noise subspace) ªœ.}ß×3bA}F°)

í�”¡b�

J,¥<j¶·u�|õm7ÄíP0£w#�� à‹BbSà 3.2 �í

Ú¼}0�_�,7F°í¡b u uÊ Ω 2F�æ�m7Ä#�š$ q(t) , ¥

ÿuF‚ím7Ä¨	 (source imaging) � Jcq¾¿ÏÏuòg}0/wu

‰bÑ Cx , Ú¼�”#�5u‰bÑ Cq , † l�|×9(ª?4 (MAP;

maximum a posterior) ¹Ñl�

qMAP = arg min
q
{(x −Gq)C−1

x (x − Gq) + qT C−1

q q} (2)

¥_j¶˚Ñ|ü¸b¶,l (minimum-norm estimation) , âk…íA…

ƒb (cost function) uùŸ�, Ä¤?˚Ñ L2-norm � ¥_j¶�}¨A,l|

Ví–�¬×, Ä¤�<ç6 (Matsuura and Okabe, 1997; Uutela et al., 1999) ø

|(øáâ qT C−1
x q ZÑ

∑
j |qj| , w2 |qj | uÊ Ω 2� j _P0íÚ¼�”#

�� ¤˚Ñ L1-norm Cu|üÚ¼¶,l (minimum-current estimation) �

4. ó«v˛AM}&¶

4.1 Ü�Rû

âk×7ÿ%º�%%¨Ö�rÖAM7/ª?u½Lí–�, 9KóÉ

ÚP}&@°v¨ÖAM}×£m7Ä¨	sK	T, J)ƒy�üíwø

óÉÿ%Í$º�� cq×7ó”,íÚ¼�”#�uâ K _A}¯A/m

7Äš$ª[ýÑ q(t) = Bs(t) , w2 B í� k WH[� k _AM5×7º“

–�}0 (brain activation topography) ; s(t) í� k �H[� k _AMF˘í7

Úš� Ä¤m7Ä¨	ó«-Z2í„ø¡b u ¨Ö7 B ¸ s(t) 7ªJŸA

p(B, s(t)|x(t), G) ∝ p(x(t)|B, s(t), G)p(B, s(t)|G) (3)

cq×7º“–DAM5¥@š$#�˛¤Ö, † (3) �|(øáªJ

�“A

p(B|s(t)|G) = p(B)p(s(t)) (4)
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ø,�25 s(t) çTŸb¡b (nuisance parameter) 1ø…iÒ“ (marginal-

ize) , Bb)ƒ

p(B|x(t), G) ∝

∫
ds(t)p(x(t)|B, s(t), G)p(s(t)) (5)

cqv˛A}Ì˛¤ó�Ö, †¤ p(s(t)) ílð}0ªJŸA®_AM

í	� ùp¥¹¯mU u(t) = (GB)−1x(t) , w2…í� k �Ñ uk(t) , (5) �í

¬i	}ªJ¡5 infomax ICA íd¶ (MacKay, 1996; Knuth, 1997) , …ªJŸ

A

1

det(GB)

∏
k

pk(uk(t)) (6)

âkBbcq˛È,íA}}º pk(bk) ˛¤uÖí, Ä¤BbªJøl

ð}ºŸA®_AMí	

p(B) =
∏
k

pk(bk) (7)

®_×7º“ËÐ5}º pk(bk) Bbcqu�òg}0 (super-Gaussian) ,

âk¾¿ƒí7ÚwõuøˇÝ�Q¡íÿ%jÊº�, Ä¤Êl�m7Ä

ív`ªJz¥_É[6[ªV, ùpó”[Þ,íæ�5¹¡É[1«à

$l,íïªÚÓœÒÜ�V�×7º“ËÐ}º pk(bk) ªJ)ƒyÕ2

íÿ%¥@–� c¯‡Hí�ä, BbªJ)ƒ

p(B|x(t), G) ∝
∏
k

pk(bk)
1

det(GB)

∏
k

pk(uk(t)) (8)

Bbø¤�˝¬Âj¦ log ª)

L =
∑
j,k

log pk(bjk) − log det(GB) +
∑
k,t

log pk(uk(t)) (9)

Ñ7J|×–N,l� º__�í¡b B , ø¤��}

∂L

∂B
= φ(B) − GT (GB)−T − GT (GB)−T ϕ(U)UT (10)

w2 U = [u(1), · · · , u(T )] , φ(B) ∈ RJ×K / ϕ(U) ∈ RK×T uä³, 7w}b

ƒb (score function) Ñ φ(bjk) = ∂ log pk(bjk)/∂bjk £ ϕ(bjk) = ∂ log pk(uk(t))/∂uk(t)
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‚àAÍG� (natural gradient; Amari, 1998) ¶†, ˝¬° BBT 7)ƒ

∆B = B(BTφ(B) − I − ϕ(U)UT ) (11)

¥_|cD infomax ICA Ý�éN, Í7BbªJõ|âkÊ� (9) �–

Nœ02¨Ö7vÈD˛Èíu	lðáÄ¤)ƒí|c6Ö7D ϕ(U)UT

óú@íøá BT φ(B) �

4.2 õÒ@à

Bbø…j¶@àÊÅ¹p×çwøÿ%-Üçõð�5òäÈ� Qä

È� £ÝÈ59KóÉõð, ×7ÚÒ_�uSàiäjÖ¶ø×7!Z}Ñ

úµ,7×72Ú¼5fÈ5?7úµ.°í�” (7Zµ�åQ˝�åZ) , …

bíûÚ0}�u 0.33, 0.0042 ¸ 0.33 (Ω−1 ·m−1) (Mosher, 1993) � Ç 3 éýxk

õð7ÚšF‚|íÆmAM� Ç 4 éý7Çø_Jó«v˛}&¶,�|

í×7¥@#�£w¥@–�, …bÕ2Ê˝7í�Zµ�

Ç 3 …Çéýxkõð7ÚšF‚|íÆmAM� w2ú"Çâ˝B¬}
�H[ (a) ¤ÆmíåZÚP}0Ç� (b) 9KÉ:ÚP	d (ERP-image) , w
óè™H[tð (trial) , dè™H[vÈW� æHH[óÉ˙�, w2�HH
[Š, �HH[£í� Ç$2ù‘.Hí™(øF�ítð–}Ñú×é, â
-7,}�uú�.°íõðÕ”: òäÈ� QäÈ� £ÝÈ� 7¤Ç�-í
š$uâF�ítð�Ì)ƒíš$� (c) uú�.°íõðÕ” (òäÈ�

QäÈ� £ÝÈ) 5_��Ìš$� hô¥ú"ÇªJõ|wš$uòäíÆ
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Bayesian Approaches to Mapping ERP Features

on the Cortical Surface

Arthur C. Tsai, Michelle Liou and Philip E. Cheng
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ABSTRACT

Electroencephalography (EEG) and functional magnetic resonance images (fMRI)

have been important methodologies for research into human brain function. In this

study, we reviewed methods of mapping event-related neural generators on the cortical

surface based on EEG data and MR brain images. We also briefly introduced a statisti-

cal framework for estimating temporal independent neural generators and their cortical

location simultaneously. The use of the approach was illustrated in an empirical study.

Key words and phrases: Bayesian spatiotemporal analysis, event-related potentials,

ICA, inverse problem.
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