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Joh

4, 24 85 5o 347 P Kwlenco B THE Aol B2 BHA &4 53 2

, SRR 4
< FAAR] AAZME 7 AR O A ol ol A% AY = Y =e T
Atz Aol A = Yk ol#d Ae] AF kol tig = 4Ee e Bf 77
Ae 1 235 7Y st g BF 7He8ES S7F =E AR ThSkinner, 1938). 24
A 28] dF F= d7eA FE B AARAM S, & 4F &F, J8n 74 T
3 22 AFE Mgk, oldd A5 58 AP flol fUIAY WS U = &
A Sle ASE] addolrlel A4 8l primary reinforcer)o] 2} F-ET 8 HI7

4
8 }
£ AR0 WA B Bl VEE DI 5 g 2a0] 2 A5 ol
38 7F3}(conditioned reinforcer) T 128 7238} (secondary reinforcer)©] 2} F-20). QU7 Al
DA AT oplel E, A, A5 1Y B pe F o 2459 FAY A5 7
< 7H g e, old ojxkA AER dF T8 Shes dodle 8% aclo] #
2 YAl 2 AFE A TS T E/\]oﬂ A3 2714 aclow
& AFolA HAreward)d A (penalty) A= 0.2 d8] AFE-H ThBreiter, Aharon,
Kahneman, Dale, & Shizgal, 2001; Knutson, Adams, Fong, & Hommer, 2001).
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- U 1_. =
 7IHE ol &% gYgd AFE Tl TEEO S ThBerridge & Robinson, 1998; Schultz, Dayan,
& Montague, 1997). BA Age| #ositia 4y Ty d9om FHe =Tl AE

(dopaminergic neuron), ©]¢} 2173} F-3H4 ol B= M ZA|(ventral striatum) 3
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ZH(nucleus accumbens), S (substantia nigra), ¥ EA(amygdala), $FHAFY G(orbitofrontal cortex) 5
o] &HA AUtk A, F=& WFeE 3 AYTH d7ES =30 7o wkgo] BA
A2 AL sl W) BAS AU 2O ATOR WL Wil o) At B
& g5 717 QE‘r(Momague Dayan, & Sejnowski, 1996; Schultz, 1997). IZtE thdo= &
RI S7olA= Sl 7o AEE e AxA GHoA FARE 7 2435 dhS
7‘4_“5‘]'@‘—4' dE , 347 ES(Knutson et al., 2001), E2 DI (Bray & O’Doherty, 2007),
(Salimpoor et al, 2013) T FS TR RS St w2 S8 &435 S5 2
stod, S BFZQ Freward prediction erron®] G- YERHAL Utk W]dS(caudate
nucleus)®} I ZHputamen) 0.2 TFAAH H|S HZA|(dorsal striatum)= AA S5 ZHIAY Hw
lake ol #dogta dHA JAeH, BS XA ventral striatum)obE 7152 02 AT o
£ B0 55 AxAY A5 vg 2SS dSshes ¢ @40 #REHE v uiS AxAle
= g5l U HRE At B W] 93 HHg Pes AdPshe 52t

th n[o

s F =
L gA4s E.?_]WO’Doherty et al., 2004; Tricomi, Delgado, & Fiez, 2004). weh FAA BA e
S B2 To 2 AIE Hols YYo= QhepdTade] HuHn) kTl &4
FAA8 B FU1et foudk 4#ES R THKnutson, Fong, Bennett, Adams, & Hommer,
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dils] - 425 / stsneitozM BT MY 2H T 24et A

2003). 52 A=H(ODoherty, Kringelbach, Rolls, Hornak, & Andrews, 2001) == $7ZF Z}=(Anderson
et al, 2003)% 2 AR FIES AHET AFEL T Ho] WAL FEsle] wost
o B4 ik BrhA A4S §HS BF3ThHare, Camerer, & Rangel, 2009).

St AolA A duu e ALle] A wkgo] tidk RUE P A% ARE AEshrel
L FA 2 A (error processing) S TRFRICE. o]of AT AT FH FHOE HS A
Z(dorsal anterior cingulate cortex; dACC)/MIUWS A A 531 F(dorsomedial prefrontal cortex; dmPFC)©] )
o} H S A Am S AT Ee AeE AT o Yehbe oF #E FF A (error
related negativity)2] FYAZ & A S (Debener et al., 2005; Iannaccone et al., 2015), W& &7
Al B (internal error signal)¥eqF ofUe 44 &4 T 9 o F /\Ji(external error signal) *2]

A= T ThHolroyd et al, 2004; Shackman et al, 2011). HUlS HHFYH(ventromedial frontal
lobe) &7 FAFE0] A1 2] AHF Ao gAE d5e 5% i‘%g A o, H-A
HERFHE Ed)e 58 g o AddAHog JAHIFTo] B % 3HTHWheeler &
Fellows, 2008). 542 &4 22 2d vedol= oF 2] o|gjo= F-2] y|tuo] of7]A]
4 g de F3 A AgrE dolgd 7HsAE 18] B 4 e l(Kuhnen & Knutson, 2005;
Xu, Liang, Wang, Li, & Jiang, 2009), 5 S(anterior insula)’} A H 02 AT 7hs/do] Ert
B vedst Al s=de vla 43 B iMRI ATlME AR ddste] S 29
GA4317F A B QU ThBischoff-Grethe, Hazeltine, Bergren, Ivry, & Grafton, 2009; Ullsperger
& von Cramon, 2003). A% =& A4 2 #HEAo FHE A4S 7FA I ) O™ (Stephani,
Fernandez-Baca Vaca, Maciunas, Koubeissi, & Liiders, 2011), W& A1A] Arejiint ofz} BAA A A
9 XS ISt d9o® I A ATHGu, Hof, Friston, & Fan, 2013; Singer, Critchley, &
Preuschoff, 2009). E3F A& T AAAZS I Er ofyzt FAZ AR A5l Host=
Ao2 dHA UthKim, Shimojo, & O'Doherty, 2006; Samanez-Larkin, Hollon, Carstensen, & Knutson,

q

2008).

A ATE wle} o] Bk AROIN FHA A5 ol YEue XA acle B

2o]1 5718 8 %A(Pessiglione et al., 2007) = A 2 (Ressler, 2004)S ZE33ta gtk o]
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RIX| ket M28W™ 1=

uﬂzw a7l HEMow ARSI AL %— wwg 5 B g
& TEn Aned AgHe 4, og 594 AAHENE A A2 AgHe gL

A

TEI7E A STk BAAE AW /\Vd"] 54 s =] falMe 1 deH 54
g atolo] Holx 509 ool SEA #AL QFHT} O So] FENG HAE AT
ATolM 54 A=< Addsidles 7

uyo] ANY S8 Aol ANY gl 22k,
LeEoz AoAY FEAYCR AW AL W

of

o
o
80% vs. 20%) =L G Utk Aok o]
< A% G FEF deue og[ds] B4 ASd Ui AEE @l #3 ARIVE AL
Aol Bge] Fuw QTS vty & 4 ok oldl B I M Eet e FEY
(O'Doherty, Critchley, Deichmann, & Dolan, 2003), ¥]“d3(Delgado, Miller, Inati, & Phelps, 2005)¢]
ool HuEith IriArt sleme] BAA AA LS 4R Rabe A9 S5 I=ds
TR 2 AL T EW(pseudo feedbackyol] THall w]/gsl /o] T&%Q“bfﬂ(&ger & Cincotta,
2005), °l= F7HAEe] & TS fdl A=Y FHE o] &stH o] Ay o] nlddle T
3 AL AUse ofmgitt
& AFeAs Hu FRIb o7t vs F AY F3S TFEAT SEsAldds 54
2 Biolu &4 54 WA ik wkgol wEt fHFo® AAlSte, s sTwjo] M
Hk8-9] /9 Hh-Scorrect/incorrect response)®l] T3 HRE JIAEF FHHTE ol9} D] FAAAY
A= erxﬂ T A/ W FHsA AemS AAStL AR A FHY SAS AR
of dHo=H vEMO e AR} HAgoly A”d| il o] FoAA FEF St F

F

Aol FHF B AEE EeAoR U FAHBH ARIoIAEE, SFAId AT o
Ao o]Fe A4l AF S AT AREN EEHE Jod JrRAVE a7E Ao
2 783tk

B A7 MR 7S o838t F3A R 9 o] Sy muMog AAEE A9

$A%; leaming riah9h FA HEMOZ ANHE AHFAAY; random wiah®] HHAZ 74
o T3 9L ASAAT AR, A=W KPR, AT uglel A&ABT FHAYY
S 2k HaE Fal PA vSue] wsle] S vsuelw ke BYHE Ul o
=47 sed A T 99S A Sk B4, doW gute] fREEAY, TA
Alash eglel W A S G AEA WS HeltbAE Fa) M=o A

A FHAAE AAS A7t Aol Belshs T 39S PRt sEn v
=, W= 83 A9 7o) 4EAEL Holk T 9oL sk FUF AATE A
slesolehs g ol ofio] me) wel Bolshs T o] YEAE 2ANYT
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A7t
AAderael A F9 R 29 187 B4 49, BRAY 2=324)0] B AT
Wt BE A A4 AR 71 0EE AR A BAAY, H5e4d 17

=70
A kg B Aol QAT WAE A 3 A AAITE A6 AEEiia,
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DA A(cue stimulus) 22 2R bl 16709 A2 4719 E3(A, E, O, U)°] 47 st
Nyt BN AFREATE ©A AL 1659 Aok (visual angle)S A LCD FYE]ol| A
oF 2259 AV|E AANHAIT B A= A TIPS F AY FFe s b A
o] HASEEE HAFHIIN olF f& FAATE ARl da e ®MF AX ], 2adt
XP*"— T /‘}9”5‘}04 —‘:r /\163 T3S TESAT & 25 ASo] BAR AANEHAS o,
sh7] ffsl A Aol EAHA 7o 439 o, K
P, J= ’i‘*d/\lf‘ﬂ O, T A = 4%*133)% JIE3HA] dot= HA a3tk A A7 A3
A ERA 7] JAFH@EAREE A A 7)ol a7FH7] wied T AeREes FAeE
WEZ | oM Al TF RS 9% F7F A FAA 0] aFHE S Hagsnh =y A
& 98 23S ARSI e, 7S] g5-+so0stAY 84 2 F5A-s000] A7l B

o] AA WIS TEA St AT AE goul S FESHTH

Figure 1= fMRI &9 3¢ 7 3% 7 714 #AA 785 BAEth A=
3 Aol AL T AFo] AAEHATKFigure 14). A7EAFE @A AFo] AA(15R)EH =
B¢ A&y QEE AA HE F 3UE FEE WS SRS AANITE 4 A TA
s & Ee ¢ ¥h3o] AR A ¥Eo R IEAT Wite vk H/eEs U
U= dud ARE o]gste] thajo] Ao A Wk A A AFHLE T 55
stAth FAAI S g Bg TA] 1}301 sl ¢ %v%“ﬂ/ﬂ Jr = Rt A9 AA
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A B
[ Learning Trial ] [ Random Trial
4 consonants / 4 repetitions for each run 4 vowels / 4 repetitions for every run
Feedback Feedback

9000 ms
ITl

1000 ms

1500 ms

Type of Feedback

Reward Penalty

(Figure 1) Experimental design. For each condition, a cue stimulus was presented for 1.5 s,
followed by a feedback stimulus (1 s) with a 2 s ISI (inter-stimulus interval). (A) In learning
trials, participants learned by trial and error to make left or right responses to consonant
cues, guided by performance-dependent feedback. (B) In random trials, participants were
instructed to respond according to the left-right position of the vowel cues, and were
previously informed that feedback would be given with random probability. ITI = inter-trial
interval. Insert shows two kinds of feedback, indicating monetary reward or penalty (500
KW, ~ 50 USD).

SFABAME runmtt 4719 A2 Aol 4§ HEE A AJE o] §F runollAl ShsFol o] FolF
T A BT FAANGME dg &3 9 s s wiAle] st 48] BE A
o] BE runoll 414 WkE AAEHATE o]n] ShFH W*ﬂ—ﬂ At Aol BAZE A ARE SH
3t7] H8ll, 5 runoll A LI A Aol tigk S AT AAH)O] run vt 4 AJFH 29
HATh A MA un A scan A AFHA A AAHAR 4719 AF o] AREHSL
A runol| A St @A) AQl HAbs SACA AQdE AT Ho] A g Ao
2 7y G BHlA = ALE A

E MRl AFNAME BT 4319 rundll Z2A MRI data”} SAEJTE ZF rund F 367014 A8
CrsAE 16 A&, FAAY 16 A&, Z719A18 4 Ald) oz o] Folx 9lar, 37FA] Aol A
#H MRI HZrapid event-related MRS W} 219 A2 AAIEHJTE o] run®] £8AI7H
88 240l ZF 252719 H3I G (volume images)©] FSHAT 7 AdYe] HTHZ QkE- 4

¢

N

c
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5| Z2F / SrEU|SHORN BALL HH M T BN o7

(hemodynamic responses function: HRF)®] FA G848 Z7HA717] Y8l Al 7+ ZH(nter-trial
interval: ITD®] & 3KOptseq2, Dale, 1999) HAS AA FEH FHH 9Z(range=1-275)2] A& 3+
A& FRATE IFIS/SA system (Integrated Functional Imaging System, MRI Devices, Inc., Gainesville,
L 5" E-prime (version 1.1, Psychology Software Tools, Inc., Pittsburgh, PA)S ARE3Fe] MRI
scanner YH- LCD EUYE o) A A5S AAStY, Z7EAe] & HE ¥k A855 3359

MR G A, B AR FLT NG FE 7R ASIAE BAA 4 AW fRA
o I | <A 5 A AT A7AES MRI 3717F
1ol % o

HlS
o
11
E
o
=

todo]] T3t B o]of FUIE WAL S 1

ae T AU
AP AA = da 9)\2114 A4 T2 F MR 270 Bl TEAECIA Sad ©A A

o rf

B Ao T e ALY 3.0 T MR 7]7|(Intera Achieva; Philips Medical Systems,
the Netherlands)oll Al 5% AT} T2-weighted single-shot EPI 71594 &5 AMSE ¥HEE= U
I 2o} repetition time(TR) = 2000ms, echo time(TE) = 31ms, flip angle = 90°, number of volumes
per run = 252 volumes, number of slice = 30, interleaved, 4mm slices with no gap, filed of view(FOV)
= 22 cm, matrix size = 64 X 64, voxel size = 343 X 343 X 4 mm’. B4 HHEL AC-PCanterior
commissure-posterior commissure)X1 ol BHBHA AA A SHAnt. 7ed T FF Foll I At}
4L Q) L= FT Y4 Tl-weighted 3D fast-field echo sequence (TR = shortest, TE =
4.60 ms, flip angle = 8°, FOV = 240 X 240 mm’, matrix size = 240 X 240 X 180, voxel size = 1.0
X 10 X 1.0 mm)E AHEate] FEHTH

BE A F4EALE Madab 7.6(Mathworks, USA)OIA] T& 3 SPM8(Statistical Parametric
Mapping; Wellcome Department of Cognitive Neurology, London, UK)S AF&3}e] o] FojH ). 7)<l
o] A Og}byv]i‘é%](preprocessing)o 3 GAe] AIZE B A slice timing), Hy &2 a3E HA
¥ FZFMontreal Neurological Institute template) . 22| o] u] Aol 2%}
(normalization), 114 F7HA HH SKsmoothing, full width at half maximum=6mm) =22 o] Fo]%]
ok olFA ARdAEZE | Al G2 4 ved A A BOLD AlE HEkE H7] 9fs)
of Al FEEE PRI S ARESte] B4 EATH

A F8L A7AEC] ZF AldolA e B s oo meba o] fEH R )<l

ANA HE 67FA regressors 7F BEH HJATh 71 o] A 2 A WEER 7R
=) Aot Aol =5 A BYAAE AldH AT 5‘42 A E40ll= 4719 v= F3S

(realignment) e
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F-514, -, FARY, FAAE Ald)ke] AREHIH o] BAlA E5H A9l B4
A e WS FARERICRE s R AHEEHATE AFalleTE S v T
A HE AM7E galeas B v Ao FaAe 7 89l 1 4EAE a3t B45
Ak

A 249 SAA fFolde HA 7 F3l4 El(whole brain voxel-wise)oll A THEHI A S
02 A% 1F &F IVIE BEAS] A3 7IHOZE ALLEHE family-wise error rate p < .001 (©]
3} Fwp)olghe Wl AT SAH EAE ARESte] olFolHth ol9k HES voxel —r-v—oﬂ/ﬂ

%3]
A EAE BEHUA H2sh 9402 37 O oAl HoldhuenTE FI01T
S Gefoz sy & 97 Askld Huaac, fe9 B4 AIE B T el
3l MarsBaR software(http://marsbar.sourceforge.net) = ©]- 88t FAFY E2(Region of Interest; ROI
analysisy= SFATE ROI PGl tis) T=m AAe} FHAH HAF BOLD & W3} mean percent
signal change), A= AA] AJHE 7]F0 2 BOLD AlZ S5 43 A7 AFE(time-series
da)E F53FATE AFEA A Folgt FsA8S Hole 7 FYol A= 4 A &
Yol AR ARE 4HEete FEw AW T RE3o] ©e T8I AFGimple main effect
analysisys AAIBIATE TA] =2 A AHAAEE olg G99 &3} Aolg Uel=rt
5 @otiy] fla BOLD A& AREATS ARHS &4 AA AoR g "}ifﬂ‘ﬁ‘? 34
ol Ay T ghg-e @Odiiv”—ﬂ Hh-g- 3<F(canonical HRRE LEiste] I|=d 2= A|A] &

7} ZAHE AR A AA F 8%, Figure 4914 B boxE EANC] BOLD A& 2 7}75—6}
Aok

re
iin

oot
Ot
i

QET A7 BUT ATHE PANADG BY SEAYAE Wi hE % wg
(percent of correct response) o/ F7F UERR=E, ol AlZt ©Ad] Ok 29 HF HESo) o]of

© T g v APo R AT 93] 5ol o] FolHES AAG o]|

AN& FBtype of trial: S5, FAHT WHE A A B4 (repetitions: 1%, 2™, 3", 47) 2919]
528 a3 ARV} HJAY, K3, 63)=14.17, p < .0001, (Figure 2A). StFo] QT7E A &
AAPL wkg AA L Aaglo] B2 A HbEES B Wi Ao AY 43 1t f9

ol i

1_,

rir

Hooox rr X

=)

7F YERRTE K1, 21)=33.73, p < .0001 (SF5AISY M=67.8%, SD=7.3; FAAY M=84.9%,
SD=12.2). WHEAIZEANA Al F3 o FaH7L FoetA Uettetl, FAASY ©A akad
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o] Agle HHEAIZIM=671.7ms, SD=101.0)°] 3r5AI3 9] HHG-AIThM=824.9ms, SD=71.6)E.T}
Th K1, 21)=66.1, p < .0001, (Figure 2B). HHE A|A] 3o W2 FEAE Fo|3HA Yehgts
tl, SFAFNA 5o WPom whFARlo] Hap WA =3k FAAFANME APS gHE
G2 wkgAIZke] ZAHAY R3, 63)=3.9, p < .05. 1A runollA 53 dojo gk &S
88k 719 Hit A BEEEL 585% (SD=103)E A TFG0%)ET= st =
Utk 21)=3.8, p. < 001. ©]= HEA WHE AAle] H A WESEET WA|RE o] A runol A

Sk Ao AE wkgol B3 A7) 7] Mgho] o] RojHge HoFETh
A B
100 950 -
¥
T % 800 - 1
Q\W — 850 -
3 80 [
2 £
c < 800 4
<]
a2 7 E
6 750 A
B 60
§ -@-Learning 700 1 i
B 50 650 I
d + -O-Random +
T T T iv T 1
1 2 3 4 Learning Random
Repetitions Type of Trial

(Figure 2) Behavioral results. (A) Percent of correct responses for learning trials vs. random
trials as a function of repetitions. The percent of correct responses increased from the 1% to
the 4™ repetition in the learning trials only.(B) Response times (RT) of random and learning
trials differs significantly. Error bars represent SEs. * p { .001.

fMRI Zt

SEU B

o g37F A8 FREEAYT T )l meba ofgA] Bk Aol theto] Lofr
7] 915 AN, A e §HE W0 F ol Mura Aske OeT 2o nal
A ARde] AA7et Adglol vlEwo] Aol E vkl el @S 7R AAH
L staAas B4 glol AAEE PAA gl B4 AolE Hol: T Y
SATHTable 1, Trial Types). L A3} F= 3743 A(inferior parietal cortex), FS A (cerebellum),
U= W)= A F3)F(dorsolateral prefrontal cortex), Y= A5y 7é](prernotor cortex), HiU|= A A
T A Z AAe) 2 (dmPFC/AACC), %2 =/3HA F3(insula/inferior frontal gyrus), $-= 1|4+

& ™ Z(head of caudate nucleus), += 7] 2D (precuneus), LB = AoLAFF H(lateral

Lo
o
dot
r [
QL
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(Table 1) Brain regions showing effects of trial and feedback types, and interactions between trial
and feedback types

MNI coordinate ' Cluster
Regions L/R BA T-value )
b3 y z size
Trial Types
Learning > Random
inferior parietal cortex’ L 40/7 —36 —48 36 10.0 574
cerebellum R - 8 —76 —24 8.18 90
L - —8 —80 —30 7.93 95
’ R - 30 —64 =30 8.13 59
DLPFC R 46 44 32 28 6.89 119
’ L 46 —42 28 24 6.80 44
premotorcortex L 6 —40 10 52 7.60 91
L 9 —46 8 32 6.89 43
R 8 30 16 48 7.22 20
dmFC/dACC R 32 2 2 46 7.84 352
insula/s inferiorfronta.lgyrus* R 47 38 20 —2 7.03 20
L 47 —32 22 —6 6.63 11
internal capsule L - —8 2 2 7.01 10
caudate nucleus (Head) R - 8 16 2 6.88 10
precuneus R 7 10 —62 42 6.72 13
lateral orbitofrontal cortex R 10 32 50 4 6.58 10
Random > Learning
fusiform gyrus L 36 —28 —34 —20 8.16 37
posterior cingulate gyrus L - —6 =52 22 7.89 40
angular gyrus L 39 —48 —68 20 7.68 57
parahippocampal gyrus L 28 —20 —14 —22 7.29 32
R 28 24 —16 —24 6.75 11
superior temporal gyrus R 22 60 —8 4 6.84 4
precentral gyrus R 4 12 —36 62 6.80 27
inferior frontal gyrus L 47 —30 34 —12 6.66 9
Feedback Types
Reward > Penalty
cuneus L 17/18 —12 —9% 6 697 28
R 17/18 14 —92 6 6.84 11
Penalty > Reward
lingual gyrus L 18 -10 —82 -10 7.48 18
insula/inferior frontal gyrus” L 47 —42 18 -2 7.17 25
L 47 —30 24 —8 5.66 5
Interaction between Trial and Feedback types®
DLPEC L 48 —40 16 24 58.81 27
dmPFC/dACC L 32/8 —2 24 42 44.87 24
insula/inferior frontal gyrus L 47 —30 26 —6 4271 5

" voxel-wise FWE p < 001 (T > 618, k > 5). * brain regions also showing significant interaction of learning and feedback types.

* F value for 2 X 2 ANOVA. BA, Brodmann’s area; L, left; R, right; DLPFC, dorsolateral prefrontal cortex; dACC, dorsal anterior cingulate cortex.
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orbitofrontal cortex) 54 FAAYe m=ulof nls| S|y T’JE‘ﬂ.‘ o 3 =2 IS
B KFigure 3A). JJr—’i 0}—1‘7& 14, = WeS AAFAA, wiiS AFIHMS [ d,
*ZE ERHTIE % HEAE E9E Hole dYo|qlth 4F aM, 95 WS HAF
| —?——f— A7 29, T2 FHFI <
ES FAIE Holx ukd —El'—* Alge] sewo] Asjii= Bk
W Shey m el HjE) B g oo giE] £ &45tE Holy Y digk £4 A,
= WFd3 (fusiform  gyrus)2k ¥S 3PS (parahippocampus) T HIEE o T3 FYGlA]
437t JAE A KEFigure 3B). ©] F9E] g F71 ROI B4 A3 F o

il oo of

1 A
| olel saAdels FEue we u odje w@As
giolo] wa Aok

A= =2 WS st @Yo
(deactivation)Z H.0]= E

A Learning feedbacks > Random feedbacks
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E s OPenalty E“
¥ & 6 ﬁz
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°f 2o 54
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Iateral OFC 8 3244 Tvalue
caudate “ . 8
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B Random feedbacks > Learning feedbacks
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? 51 w
. 1 2_2 = Reward 52
o/ & . Ei OPenalty g "

" -5 S 6 |
fu3|form gyrus parahlpchaanus STG -6 & N
x=-48 x=-28 x=-6 y=-14 y=-8 Learning Randen Learning  Random
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Trial type
(Figure 3) Learning Effects. (A) Brain regions showing significantly greater activations for
learning feedbacks relative to random feedbacks (left panel), as indicated by bar graphs for
the cerebellum (CB) and caudate nucleus (right panels). (B) Brain regions showing greater
activations for random feedbacks than learning feedbacks (left panel), as indicated by bar
graphs for the left fusiform gyrus (right panels) and the parahippocampal gyrus.

e FAH a9l 44 BT N fd 5 &

A& F 3 Aaglo] ME WS Fof whe w=wo] BRIV T ™A ] ulet &3}

zpolE Kol T FAS AWHE}GE Wi(Table 1, Feedback Types), £S5 A43(lingual gyrus), ¥
¥ Ensul)oll A AA7PE OE T ATWEA v AR) 3 24 Zpolrh

29 (cuneus) >

e
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A5 A Figure 4). =5 AA39} #5 S == 434 Aol et w2 BALE Hiith
V2 =0l A% A steARe) Al talel FUAR] AW seug 953 o 2
o) BHotE Bl T YAl o Zm ® ok} HEu AAksk AW f9
o] HEAES HYo] 5 B RAHUT W &5 Hage] AF Ad A= vis|
B vedoM S8 EAo] FEE A (Figure 4A), 5<+—§— A5 = AEaE T Aol A
o] sl H& D43 FS B ThFigure 4B).
A Reward > Penalty B Penalty > Reward
L. Cuneus L. lingual gyrus
Ny 12 - |nsulaw Ve, 12
(_‘i_*: 15*-4,‘ 10 Reward 21
: . ;“1 75 E . OPenalty \v 75 g 8 |
(Y é} LT;J 61 ‘ E i ]
4 5 47 5, |
‘;J \'%&k‘x‘- Tvalue g 2 \t ’ Tva\ue E 5,
z=6 5 0 z=-1 AP
a 5 | . o
CUNEUS 2] lingual gyrus *]
Learning Random Learning Random
Trial type Trial type

(Figure 4) Differences in activations between monetary reward and penalty. (A) Activations
were significantly higher for reward in the bilateral cuneus. (B) The right lingual gyrus and
left insula showed significantly greater activations for penalty.

ANPFE 2 HEdGy a9 4EAE

#= welS AHFIAADLPFO), WS AWM FIAdmPFC), 18 H5 HF S(anterior
insular) 5] FHNA FEMo] 9HES= BOLD A5 o3 AldxA=w FsAg aart
H2E A TKTable 1, Interaction between Trial and Feedback Types, voxel-wise FWE p < .001). ©l&
ROI FHe] AZEAH B4 A= Figure 500l AAEHJTE I =9 3% BOLD ASAZEZ 3 11
efzoll A B Gtz BANE o8t 3G At #Y @ FEI E4S 3 AR
EE ROIGNA] 1) St vleo]] i3l i B4 FErF FAAE semo vls) #-ofsAl
w9E0m, p < 001, 2) S Tule] BHE Al Sk TEuRn fols B

o} p < 001

ol
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- 76 -



Ui - gox / sEusHoRN AN XY B Fe| 28 67

DLPFC
MNI = -4, 16, 46 0 2 4 6 8 10 12 14 16 18
Time(s)
0.9
*  * .
0.7 —f— Learning- Reward
[
%30.5 ~f— Learning - Penalty
=
o
T:u 0.3 Random - Reward
9 Random - Penalty
< 01
-0.1 1 1 B Feedback related
. cue feedback BOLD signal
Dorsomedial PFC 03 - 8
MNI =-4,16, 46 0 2 4 6 8 10 12 14 16 18
Time (s)
0.6
0.5 - * %
&
@ 0.4
©
75 5 03 -
202
=
&
e 0.1 - | \
X
0 _1/1 | \ im
J — o S
0 -0.1 1 1 N 1 - E
Tvalue 0. e feedback
Insula 0 2 4 6 8 10 12 14 16 18

MNI =-32,22, -4

Time (s)

(Figure b) Brain regions showing interaction between trial types (learning vs. random) and
feedback types (reward vs. penalty) (left panel). An increase in percent signal change occurred
mainly for penalty in the learning trials, as shown by the time-series in the right panel.
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AR A HAY 2174 A Hneural substrates)y= TFHE H Atk 214 g5
AR fFaR 7 25S AR BE MR1 UERe 0] 88k ‘:‘”?3‘}%1%131 5
HANOVA)S] FAIZ =gl 2} Hoﬂii} olE Tl SEAdA TN
St #d SA Bt 93 Xd 3t :
of #ojshe F9e AyHEIH 3]
Sy

B AT T 9F AHE olsetell lolA ShEAI# I wwstaal sk FAA@e 2 7}
A B4 asiEd g3 2nh A, FAAAAE B A= AA] Aol wet 25
HIE g st A4S IAE AATo e A Ade] v JR7E 85 Ao A
Aol g WE /ol A dFe FA FEF itk FAAHAA DAl i HE R
& A bl e Vs e HHXﬂ’c‘?Pﬂ sto] 247 gl &5 AolA AR s
A stk 53 7AE ©@M ASe BHe SA AA4dddAE FHst He A &
AEZ GA A52 SFFAPF TR 10 Bewe Agsit 24, A 3 d 2t
Aol A FAANGAA AAHE Hege] FAAE A st Fudle 3 AW P
B3 AR YT LS AT FUF AYAEE DoluA FEF stk AA, AA FAAHY
9] 5020 aFshe AlolMe FHA B gedo] AAFIL YA 50%] AldelAe 53
2 A dede] mEts A A7 vle] &A st o] % Alde] dew o 3
ofuAl A sHTE FAANY L 514 FFolu Edo] Al ASHAY ddd
ol 87HA dete HodA SeAds FEEY mebd FANFCdME LT
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Y 2E Wee AASHSET Fa9 ANE XTI AT FAAY =

SABel AATE FEuo] HEjHoz we o

Ao BEEe A §9 x AE‘%‘ 2@ w. Aol FEAE Lstel FINske

nlls 2 Qofo] sHAAT A b AolE Hol: tlEAel gofow WA
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2nls| - Ztes / sETEHoRN HAD} XY B F=| BAE o7

o o F7H WS Holet, ole mAElo]l dF fdAd BRAZ BAFES vEhith
(Balleine, Delgado, & Hikosaka, 2007; O'Doherty et al., 2004; Seger & Cincotta, 2005; Tricomi et al.,
2004). & A7 Sg-vednto] 2 whg-o] A of Fof we} AAHAGE HelA o= 7}
WAoIY A {3 3 ApolE H T FY9o® A AL AEdE AL &F
gl Ta% e Huek AYAFMiddleron & Strick, 2002; Williams & Eskandar, 2006)
T YA A B ok SF-ed A 59k AMe 7 Rkgo] FUHES
AT, T Al BFollA ThAjdd g &5 §hE 4AFEo] a7 EUTHE HollA g5 AlY
9] &M A F7hs 718 F HA &H9 F FA 715 Wotze et al, 1999; Stoodley, Valera,
& Schmahmann, 2012)0ll4 S8, TFfRE 1A HgoA 9] & AT thd HZ HellE AA
st EA7F 2@ 4 S Zo|thPeterburs & Desmond, 2016; Rustemeier, Koch, Schwarz, & Bellebaum,
2016).

B AT 43 (fusiform gyrus), U138 (posterior cingulate gyrus), Z18](angular gyrus), 317HY
3](parahippocampal gyrus), &5-7°] G(superior temporal gyrus) 52 T 7 FHoA gF.9=
ol Q35| WA SNdeactivation) ¥H&& HYUS AT FE, 43, SHHF T

G FA AdElresting stae) Bt H A FUPF YElUE UE2E ZE Y EY I(default mode
pd

o oo
o

mE

network; DMN)(Raichle et al., 2001)%] hubZ A|UE = FHEolth AA AAE o] &3 7594
ATES HA FYFA DMNZL ZIAZEEG W2 HEAEE B dEsilon, 1 H|
243t AErt HA| dol5/8 9 Fo] U5 HiSThBuckner, Andrews Hanna, &
Schacter, 2008; Fox et al., 2005; Mckiernan, Kaufman, Kucera-Thompson, & Binder, 2003; Spreng, 2012).
B AFollA T e e Xe] g Hg) SaAfY] Al 897 =55 st o
SAEe gew AAl Ao o2 DMN g9 RIS veSTbt B As 2 AR
o= oe|d F US Aotk 53] ¥F WFAE et sjvpgleld #EE Shg-vewo] tidl
HIEASL A B ATolA AREE Sk Ao 543 BEste] =o0E Favt ok olE
T3 992 WS ST (medial temporal lobe)®] 3HITFEEZA HAE7]1 Y (procedural memory)S £
Tothe HAES HIZAASLE Hole ZoE Il FYo|THLuking & Barch, 2013; Seger &
Cincotta, 2006). ¥ A9 TFA P AL AZPAFAG A= A Aget dapE 719
of olEsh= ss o= old 719 Aol A w5l uzhe] BFo] Tk W, Ae
2 7] (episodic memory) FAoll HAS= Z o2 AR YF FFIHY FFo] AstEHe= BA
ARl IAE BAY+= Aol BE v} AthPoldrack et al., 2001; Seger & Cincotta, 2005). 315 I}
Al Bt F B9 A S AVEE T Y o BA ARdArE RuEV|E gtk B
ATolA sjwplE]7} St e 3 AR HIEAHSIE He B AT A= oA
AT Aetel WA A7 AAY dAE HHT F e Aolth
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TR BT ol e Tl 92 IR AIZ G, S okt HETE S5

[== ey | [

B A EMS vnd Aol ANAGGe] A G FH Magn 45 A
487k 28 A sl_w Aol A sa AL =P P SAMLZA, A7)
of Aholol] ojg Azbd Helghgol NI AT B 5 Ak fASH FH vswe F 4

FEAAET T A7) (magnitude) S 5}%&4 WA Z71E FESt] AR A TH(Delgado,
Locke, Stenger, & Fiez, 2003)|A = A Im=wo] Hla)] HA} Jeilo] =2 = A4 &4
7h HAEQAE, AFAES ol =W AL AF9] B A7) gk AlAA Apole] g
o7 Btk AT RAHZAQ I (Taylor et al, 1998)°1F FAAHA A3olA ShEE thof
(Maratos, Dolan, Morris, Henson, & Rugg, 2001)& Oléﬁ}b U AA3le] s Rud v Q)
01 B Aol A" Al gouwo] ek FUksk A3 o] Ade] Bofn] A et
HHAE 7R = wjAE 5 glok

E AFA A BAE 93 e B AF 7]Funcorrected p < 001, T > 3.19)= A&
S W, BAA e #Adtr e #HS5 SHIMNI HE L -8, 16, —10, T=4.37,
k=45, R 10, 10, —12, T=4.24, k=18)% HZ WS AFFAFIIMNI FH3E L. —4, 56, —4,
T=4.15, k=95)°14 B4 9= EAA w-3EHAY > Ad)o] #ZHH. o+ 71& 97 2AH
(Liu, Hairston, Schrier, & Fan, 2011)¢} YX|8h= TAo|t) o]l HAF T FYoA R I=w)
o Y& A3 dHE A sF-RAY gudo] gEo] opd AAA FRHORE AAH AT
o] 3ls Aotk B AFd A3 3 Fol| FoAE B HJEHRS 10029 FEE 9
=28 4 glof, 71E9] ATt g B oVt dFEts AR Wkl i dlF HFo
= ﬁfﬂ R 0117‘4 a9 gty AR Sy AabellA g5y ol wE} BAdo] 74|

t olm] R ¥ TKKim, Kim, & Kang, 2015;

Tricomi & Fiez, 2012). % 03?91 T A 48 BFolA FHA 1B} sjowle) B H:@L@_Mo]
EA) @A A A N
Fagdo| W7FEHAl Wkesln o wE 48 A WA #
2004; Buzzell er al, 2016)= A& of & AFoA B #AH T o§°ﬂ %74]5122 ‘rT-/]?l'
sk E > ADE T AAH9S HeAol Uth
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el
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B GA7tel whe} ST FAA e T 4L BolE T
Aok MA@ G vs FAHT el FHERAY v Y 29lo= 3
HgEA o AJ528S AnE A3 = wjoZ A F3Z(DLPFO), WiUE AF34
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(dmPEC/AACC), 183l #ZF HZ S(anterior insulan)olA] Ss5-2Hol] EH EA45t5 Hols A
o7 gt ol BV T X7 Ftds AldRd wE 243 Yol 2olE Hol=
T Yol WAHA 2 A thxzF .

wjelS ARFadol B4 719 9 ALH Fo 22 7wl 8T 4 e AL
Z A& Y+=l(Curtis & D’Esposito, 2003; Krawczyk, 2002), o= ¥l St&of| YRS F= =
283 AA &4 F Fo|ThPeters, Van Duijvenvoorde, Koolschijn, & Crone, 2016; Zanolie, Van
Leijenhorst, Rombouts, & Crone, 2008). & £, Seger2008)= AlY2E Fgt sy F9t
Fulo] Y 75l TAdt= I HHZ3] Z(corticostriatal loop)E FA3= WHOE g 9
e Fohal ARG vk ok B sede deks WA A A7 #4E
= As 988 skt o] FAo] AxA9 WS AXFIHA TJ8l3 $F 57 H(posterior
parietal lobe) 52 PG| AAQ 3| Z(executive loop)E T3l o]FAXTI Hkth B AT
ﬁﬂrc’ﬂ/‘i Hje| S AHFudn #5 g Pe] FAV = Hlg Sarsde w2 2435}

E‘Ri‘t‘r% %ﬁ% Shs-AdE vEdo] g 32 o8 AHHI Jue FAZL E F Ut
(Collins & Frank, 2012; Seger, 2008).

Ao AE sedof tisiAnt 4std JdHor AIE 23S willS ATy
Z(dmPFC/AACC)®] #HZEHJTE WS AFFHo] /A #Asks 7 FY
al., 2004; Iannaccone et al., 2015; Steele et al., 2016)& THIT}IH o Zr}53F &
& 2Rl 3ol g S & sedof tis)] F7kd §he-S Holet, A3egol&dd w
29 A3 pidS TG A TA 2 LRAHAAL T ZRl AAEAZA A

gy B Z0F Az o8] dojdtial HYTHAmiez, Joseph, & Procyk, 2006; Holroyd &
Coles, 2002; Shackman et al, 2011). & A7-9] BAA EXoxel-wise FWE p < .05)°4 &2
(substantia nigra, MNI Z¥ L: —8, —14, —12, F=42.61, k=31; R: 8, —14, —1, F=37.01, k=16)
2 Zx(midbrain, MNI 33 6, —28, —8, F=37.5, k=13)A = AdZs)miy=E A JEOﬂOﬂer Q

ARG ukg SElo] MARSITRE HolA ol A7k AXY A B & Ak £ AT ¥

Aol SR AU AZuS] ASE S W55k TR ANHLE AE ol Bl

A AR SANAFA N THA TSmo] e 0F A5 AW ol F4 5
HATY o] HofstA) sk

s TS AT e A" HHe] a7HA BTl A %
< Zlojt}, olo] Hlgl S A HEWE wkgo] EXSS dETE TG YUWoE FEI
2R/ AYE oIS ZoE B,

A& 55 AA 724 9 A4 3 #Fdste o2 dHA O]E}(Gu et al., 2013; Singer et
al, 2009). 53], 5%, w43 &4 2 R AR ik A 5o 2 g4 7H A
M A g)oke] FAA-S YEPATHKuhnen & Knutson, 2005; Xu et al, 2009). ¥ AgrollA F Alg<]
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F

w34 Ed BR 22 #AS B Zolgke A 2, FAA-AE o o sha-AR
el F7HE Rkl vehtth ol2fdk Adks iIEe] Al s e 514 &4
of FejMe W HH AA WS HIS TS Uit g AW A vEN=

(salient network)®] hubZA19] HE E9] 7|5 (Menon & Uddin, 2010)° HFE-S

Wi A Foixl Ao & ArAg ] drht BdEo] JeAoh 22 A Asalience)
o] MZsHAl Wkttt LA UATHMetereau & Dreher, 2013). E3] 27 ATE & AAAS
e ARolER S &) dlY oF AEE AE BAste] Aoz dedoewn 5
& 9 ALA PFL vjrste TS 5= Ao 2 A tE THBastin et al., 2016; Ham, Leff, de
Boissezon, Joffe, & Sharp, 2013). 5‘”—*1% v = l AEAO R £ WS HYl FYor AS
9} vjUlZ AAFE
] Edolgs B é_?} —JXI A= 3H%‘r Aol 34 PF FAS 9 ARE 2 e I
SABY AE AT 22 FAES 7R AR AYEJS Zlolth ol AN A
e Fol wiuS AAFg wielE ATl o EEAd o749 Y Ve ARA

27} ol FolHE Aor A

~

R N N A B mu EUR T

Sulo] tha) wWEHel W3 Mol TYeo] WAHA Gtk ol dgol oln 4w

WA AFargeel O my vsue 9% w}— e %7}%401 ARE AFH Rk
=]

FFE A e dTE stde Aotk =4, 5]—}6]'31]'% ‘?_H‘HE ']E‘E‘ *d’iiii A A=

= 75l vlg] sFo] QFEE AldolA AANE A T T AR 843LE oSt

= ASE YERTh Al nj=ulo] A 35 4@—% s FHR] ARAYAA S FEIS

Zolth shs/ddte] e o] YH= FU WY 2/FE A= T AAE FA|F

o, 7|& g ¥4, AWIE 48R e AFE T T s Aotk ole o)F PFAl

g 7W7ﬂ HE Aol oA ARAE A FAst=
3] :

AT ASFANARE 49 A

2 A7 A% a4 glol @ AN HHER ARPE =0T Dasl Ak WA, T A
WA AT ARAR A7 ST Bl Ao, SwAk A4 AR)elA Hol7k sic A
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LU [ SSISHORAN B XY U T A HT

3 250l FREE T YoM HElEs B #HA AF-E(Carreiras & Price, 2008; Obleser,
Leaver, VanMeter, & Rauschecker, 2010)% €], B A4+ 44 v Ahs Q73814 4otk
wehA, AR FolX BE Ao HlRo] HAe] FR AP ztolr B vew EA A
o FFE vA wE A @RS Aol 7SI 258 WHEAHCRE 1HE davt e
Azt Aol FFAdY e, HAe A4 #d ARAE 873817 st FHAI A
A7 e oKt Hloid Aol A AAHATHE Holth FAA A Aol AAE A
ool X Apo|7t 7] AAAHEA ] Fofshs T G &3} HHe] 91X AolE of
719 Ze g 7T & Aok 2y & AT 7Y s RdAE woRd 23E gEEA
At A, dAet T=w 2= 2ke] AA] AR Al FAIEE 7] Wil 3 (overlap)
@A ¥ BOLD 4159 vl ¥ BOLD A& 7+ Ed(dissociation)’} S1HTE 51309 ThA
A HA Bt TES A A ARE 7oA dEshe HHol 87 HM, S5 Hl DAl
O B2 o Fort d3EAES Aotk oldd ©A AHAAdA T &4 Aoyt D= #
d &4 Aolol] FFS FAS /HeAS AT & glok AT HA HEREAS o] &5 A3
AT Liu et al, 20110l &3t HAF T3 AWl 23 thro] gHo] HE Ao]E Ho|A|RE
T & W o] Oﬂ%{anticipation), AIHoutcome), H7Hevaluation) I EF #FAogity E A=
FEAg s HR el AFEY-atTAEI9e] JAI =, wiuS AFIY9 18 AS
=9 AR e AuEs W 94 AA B BOLD AZ(DEA A5 AA F 5s3)lA
A8 7kl Apol7h BAEHA olE G2 FAAE BlE| S5AEe ©hA] A=l el we
2HE Bk B, StsAlde] A aeulo] AAEHIY Al AeHow uru

BOLD 4137} o|%o o F7letal Qe Zlo] #&HETE & AFolA TAje seme] 24zt
ztolE Fi YElUE BOLD 4l Z7]E 1#de o o9 #d Ty &4 2sE

(detection)3+3L 1 A7 AF LS BHo=7 3 B AT Az o) s A A7} H

.1;_

> oo
oo

R
XN

A Fee & F AUtk AR, & AFolA Shs demad S Ade] AR A Hofst
o] 54 @AY i 8 Aol WAE dFS
= xS F5M7te S o B Al

= Ao FHom o] yehr] Eoltt. $& Aol 54 Tl il
FEe e PR e A AAAA sh= WHEAJ] HAKBischoft-Grethe et al,,
E TEE F A& Zlojth npAHe R B AT g A s A
5 AFANEE-HS5 S AAFHE-H#S sk WA d3d
As AT 7kE T ok B A7 WS vE S E DCM(dynamic
causal model), SEM(structural equation mode)@ 22 YEHT B8 FLslo] 949 71 A4 #

W4e Wi ¥4 At avEn,

= =
= M 99S FHAGLNE AY =
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(Abstract)

Learning-associated Reward and Penalty in Feedback Learning:

an fMRI activation study

Jinhee Kim Eunjoo Kang

Department of Psychology, Kangwon National University

Rewards or penalties become informative only when contingent on an immediately preceding response.
Our goal was to determine if the brain responds differently to motivational events depending on whether
they provide feedback with the contingencies effective for learning. Event-related fMRI data were obtained
from 22 volunteers performing a visuomotor categorical task. In learning-condition trials, participants
learned by trial and error to make left or right responses to letter cues (16 consonants). Monetary rewards
(+500) or penalties (-500) were given as feedback (learning feedback). In random-condition trials, cues (4
vowels) appeared right or left of the display center, and participants were instructed to respond with the
appropriate hand. However, rewards or penalties (random feedback) were given randomly (50/50%)
regardless of the correctness of response. Feedback-associated BOLD responses were analyzed with ANOVA
[trial type (learning vs. random) x feedback type (reward vs. penalty)} using SPM8 (voxel-wise FWE p <
.001). The right caudate nucleus and right cerebellum showed activation, whereas the left parahippocampus
and other regions as the default mode network showed deactivation, both greater for learning trials than
random trials. Activations associated with reward feedback did not differ between the two trial types for
any brain region. For penalty, both learning-penalty and random-penalty enhanced activity in the left
insular cortex, but not the right. The left insula, however, as well as the left dorsolateral prefrontal cortex
and dorsomedial prefrontal cortex/dorsal anterior cingulate cortex, showed much greater responses for
learning-penalty than for random-penalty. These findings suggest that learning-penalty plays a critical role
in learning, unlike rewards or random-penalty, probably not only due to its evoking of aversive emotional
responses, but also because of error-detection processing, either of which might lead to changes in planning

or strategy.

Key words : reinforcement learning, negative feedback, error processing, anterior insula, prefrontal cortex

- 90 -



