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SERFEAE T30 AN T ey sy, i TAE
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Bz 2 A S A 2T LXK A BN i TR
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FRAE & AR o3 B L aih b, A WF5E H DR SR W B
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s 7E 2 22 % AR5 B ALSE TAEIR124F 55 h
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MBS sZeAy, Fam Ak AN DX I Tk S X
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K R WNFFASE 8 90 2, 7R B 035 B3I 68 S ) b 2k
BAREENE, ARG BALS 5 — Rk, WIok
DX 434 T R A 2205 B 9T T8 R 8 T BRI A R
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AR R 22.4% . BT BB R A T A% R LR
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T ARG T HBCR. B A & A3 it Matlab it
18— TACEE, BURTA B R 78 RS R/MN(138 px x
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I TSR TR IR 2 B s T HR SR Uk,
FERERESNAT Ry S 060 2 38 3 4 8 110 2 >J SE g0 L Bl
I PN 25 S G B R EAT AR AR A B pls
BT B R A L S G & R RSk 3T b, IR 2]
JREER IS K257 om, HERESAS X, Scgb ARk
BEAIL 52 B8 2 1 DX 382, LA Sh4.59°%5.54°.

1RSI A S AR QI 1. T LD B T A AR
RTINS/ 4 Vi S VA A 1 s 0 B VA
FFRAF 600 ms. 7E 7 far i Ry 25K B 15 8 B 1% &
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ORI F, 400 ms/a BEFFE P15k 5 — 2K - A,
B AR 2R 0 % GEfC B R, REfil a2 8
50400 ms/a MR, MR TF I
Ab s, ZERBEASS AR — BRI B, MER
B b2 g, B T B RESE B R A A
HE. ZESEH AN E R, K E R A 50% 0
BER K A T 2R E A (HED, 50%R9 1%
VR TR T B R AP S0 0 & R G ED. 240 B S
ICAZ B A — EAY i i P 2 T A2 k. 2 0 3 fn i
TCHNFEAS—BO i, Hefse. sl i 7 2 3
SR TR AR RN . FERE TR S —AN12 s A
ARG N IRy S A ri N N =2 B A1 0F Y S
[ L NS e o S B M 5 = S W e iR o T
FAGBBEOLT, 105 P15 52 8000 5 34350 A 25K Thi

Bl 1 (MO @)L gt By 2 sKE @) 4 58
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Figure 1 (Color online) Experimental procedure. The procedure of the
visual working memory behavior experimental when the encoding stage
load is 2 pictures (a) and 4 pictures (b) information. First, present
memory stimuli including faces and houses, and then present clues to
remind which pictures to remember. After 11 s of memory maintenance
phase, test stimulation is presented. Subjects need to determine whether
the test stimulus is the same as the one in the memory stimulus

fLalFZ 25k b F IR R (5 B, i)a P REpL. Btz sk
oAl B A5 BR BR A7 A 4 R 25K ) R {5 B 58 e — .

E 43 20 run, B runfd F 8 trial. A
2 40 trial, —3E 1604 trial. 78 B IR PEAT 5286
B, AR runtF 2L A S Rl RABE S min. AEASEL
Arun, A3 minfK BEFE], DUE T RS2 T LU
T FEIH R R AL 55 . ALREHE U e S5 RMR
BOYE R (8 min), KHALGE R 2 & H (15
min) LA K AL AN G5 - 248 X 35 (2915 min), F5L50
(Z12 h). FESERURISE 2 5, SO ERE N —E
ARSI ) (PR A7 SR RN Bl 2 I 3] S 6 I ) A
FVEE# R ARG o RN 2 0 A e W) A, R R Y
SEHGHR L3 diE AT GO R R AT A [R] R R ] B ). 26 1R
ST 48R X1 R A A% W AL R 5 (2950 min), 5521k
SE Ji 3 S HT 1T 10/ run A9 A% 3L 4R B R A (41 h),
553U 5E AR 11~20> run BY K i D) BE 2% 1 36 48 191 415
(Z91 h). JFH, BT R Y KA 255 31T
KA DM 5 22 43 Bk B2 68K 2 R A D e R 24 R
A5 AR XTS5
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X AT 2500 52 e 2 (VI~VA) B4 2 57 P B T 2 8Ll
R 09 B I B 2 52 o 4R AIE ) i — 2
Fr33Z I AN R GE I 5 A A AR R AR
R B R L, RN PERA 1024
768, WIHTF 60 Hz. Wi H 7622w vy i3 B TR
B b7 I ROC B LS A RE. T FLIX (FFA, STS).
5 T 24 X (PPA) LA K T PN 78 (IPS) X8 1) 5 (i B, o
e L AMALE BRI R: mILE R . TR
VRN P . T L P ok YR 15 2 v L Tl A 24 2 3
ZRosk I B — B I 0 R T R N (TR,
SR A BT, ARk E A 2200 ms, B R Z(E]
[E] %300 ms, 245K AH [R50 0 & gl sl — A2 e, 2]
Hez [aalpg12 s. A4 runfld & 3R He 4554, ARk
W IE B2 run B KGO DL 33 EE % 2w, FF
ZEWFE 2928 15 min. FRATHEHE 25 22 8 R
SE AR B S N . S 4 o R R A R R Sk AN
g, ERTERE S AT, BRI RN UL
T, KIS A A e i B S N R 2 B

2 B R BRI S By Br
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FER AT S0 2 Wi AR 2 E AT S5 A AR A0 SR A DL fiE
T J5 HHECE 20 B %) s mT LUK 25 /4R Fn ) e A8 i 47
X5, AR REAR B R AR U] 3.0 TH
B PR (Siemens Medical, 75 [E). gk Ak
VD T A A A0 Vi A B L R A A TR R
£E B 2 9] i (magnetization-prepared rapidacquisition
gradient echo, MPRAGE) ¥4I S0k R4 B A =4 ¥t
REYT1E. HHE A} [E] (repetition time, TR)=2000 ms,
[8] 3 s} ] (echotime, TE)=2.52 ms, SR} [E](inversion
time, TI)=1900 ms, BH%: fA=9°, W24 =256x256,
JZE=1.0 mm, £Z K/N=1 mmx] mmxl mm,
17625 w6 4 ik

DI REAZ B B i RAE R B 2 1218 1B ZR P, T3 %)
R T2 I AL A BE (8135 - T AR 7 A R . H A ) (]
(repetition time, TR)=2000 ms, [F)%Hf[A](echo time,
TE)=30 ms, B 790°, EE K3 mm, PEF (field
of view, FOV)=192 mmx192 mm, JZ[[]#F=0, 45K
64x64, JIr A1 14 4714 DRI R S A A L T B 41 4
615 %512 H T BrainVoyager QX4 M B4 A B4 7
AL HEFN DS BRIX p 4 . FAb B A0 R4S 4518
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AL E | S5F5 5 I REAR X 55 . Skalf Ik | 2R bhta s
B DL Mm@ g I (0.015 Hz) &k i8Sk S5t
PR 6 S SEIIARER T3 mm, & 0PK2
BB, A A gk shad K, R L, RREIE T
JE AT, BT DAEEE MR, R, 185 S h S hE
W FE AR B 4 A v, ARSI 95 K 1245 B K 1Y)
.

2.2 Bt

(1) & S4ERIX.  TEFEAT B — )RR AR B8 40
B Z 0, FRATH B — > 13 ) 25 4 45 54l 8 8 i Bk
GRS, SEEES R R 5 AP AT AL . AR
50 vh 6 R AL R W) P B 2 LA KT AL L B %
DX, RS S MR SE B2 2RV, V2, V3,
V4. HAth i fz 2 3 BRI AR 8] (bilateral fusiform
face area, IFFA, rFFA). XUl & 5% [A] (bilateral-
parahippocampal place area, IPPA, rPPA) . XUfll|35 |14
(bilateral superior temporalsulcus, ISTS, rSTS) . XUl i
IN 74 (bilateral intraparietal sulcus, 1IPS, rIPS). B 54
T Ab FE 22 S5 Y T Be AR R s LG — i e P s A
(general linear model, GLM). FEARGANDE K2 J2 1) 5 o7
Hh, I E 57 B B U HE TR 5 BT e 1 1Y B BT R
T, SR AR A0 0 B o7 [ 0] 43 4 L DXk 45
K, 38 A AP D IR S 56 AT 55 0T R RE RN
(P<0.001), W i 3 19 X 08 OV I~VAFIIPS.
FEXT ] FLFH B 24080 XY 2 A7 b, 7E 808 1) GLMAS
AUeh ARG T L R 0 B0 0 2 B T Y
PO AR R DL Y8R DX 6, s R B T
Z T AL O A R B 1 %R DY E AL, A
B K P<0.001. 5 2 K 2 B A 2% X f 9 i T
Talairach A& FR AR F A9 A A5 AN 2R LR 12 )2 R
WM& I3 4r).

(1) P o B BB, T i BE 0 B 2 B
XEFATE L SCIR BB 120 248X (VL V2, V3, V4,
IFFA, rFFA, 1PPA, rPPA, 1IPS, rIPS, ISTS, rSTS), X
FHE IS4 4T . XA D6 TR AR AS [R] 254
T, DA —skidC K R IR 2R R A, SIS
TRXS W Y BOLDAE S1H. £ trialfl & 16/1NTR. K5
B A R) 254 F ) Br A5 BOLDAE #% FETR A9 I e 11 7
B PEY, A3 BN S5 0 B0 th 4214

TEWOE SR BE Sy Fr b, FRATT R BB S A 6 TRAY
B A AE A TAR 12 4E 7 By BeF R xR,



F1 XX FETalairach22 FRik 2 o By 2L R

Table 1 The coordinates of the region of interest in the Talairach
coordinate system

DR IX X Y z
IFFA —-42.93 -46.90 -16.13
rFFA 38.05 —48.16 -16.55
ISTS -51.38 -59.15 7.44
STS 46.61 -52.30 8.04
IPPA -30.63 —44.74 -10.56
rPPA 25.18 —41.99 -9.90
1IPS —25.82 ~73.62 24.78
1IPS 28.45 -71.61 27.15

i NSNS TRIF Uiy WS TG i B 2 DD W E 2 =, 10
B3R 1 2 TR 2 R B B3 %) Mo s (L A foe R I
PGSR BE T 45 ). FESR6 N TRES I Z 5, 24HERIX
PSR B TR R TR AT R A b 2 Y A
A trial (955 5~6 TR, WHLE10~12 sHIEE, R4
PO HEAT -3, A R 44 B B 1 ST o B

N T RFAEASE TAE IS 4E 5 B B 0] S0 o K2
JERDSER X XCIZ N RS, RATRA T 2%
#2040 1 5 (multivoxel pattern analysis, MVPA).
TEROE B oMb, MRS S SR o M 4 R T
555355 6 TRIWEHEAE I v T AR ICIC 4k 45 B B A
TG, ZIRRBERX @ TE 2 AR AE 5 B0
I B M 2 YA G, R 2 Y R X L
TR R By s (R . i ek BROR i 1 T (2 e
classifier) X 43 7EAS [A] AN HEIRZS T BAT 09 4 25 1]
B 2Rk EN 2N ERRES
() 25 AR ) 0 B, R b akt B T % SRS A R 43 T )
B 5 W L AR A5 DR 3R i o i A5 5 A ) 2R A B IR iy
[] 7.

ZRER T B U TIN5 F—2%N
FRAEZE B, FRAELE£E T LUk DL 4 i 2Rl e A1k A
PR IX AR ZE O RRAE. T DL A AR O RRAE B ik
HA WA, B LA T8 R B LS R 2
FROEM 8. 5 0 R B AR, A S T 4
FEW BOMTE (s K. 58 =20 Mo 25 ds, 81
RN GRIERE AR A 3 288 LUE 43 2S48 75 X ik 45
P2 2 R X AN R pR . 5 DU 20 SRz A,
RN B 454, ] 4328 i 52 B 2000 %) B8 4i
2 [ R A 3 43 2 4% R 7 I B 00 A5 S, A

5% H il FH 1) J2: leave-one-run-out i J7 5. 7E I RE#
LR, FRE — A R &5 S
B4R X BN AR S s ok, BI 2888 RE s T
50% F 1E By 8 %0 AN R IA H1 3k B2 AT A . AR 5 v
HEAT 2 R Z A8 40 # iY T H A9 R libsvm(http://www.
csie.ntu.edu.tw/~cjlin/libsvm/)!*®.

(i) EMadr. TEXERX T rdp, R4
R A K BLARE H R BLALSE T AR 1212 B faf 2508 A9 AH
KM X K HAN s 2848 bR, BT LA, AR 506 A FH 4 i
R 5 BT 7 150 BT I 45 A7 7E S5 S 5 2 179 i DX B A
B T ARG 0 fr SO0 B3 A 6. Bk, B a4
voxel, $HCH 2R By B0 S0 58 5 (GRS R s 61
TRIFE). HR, XT84 voxel B44 25 1F 015 2x2 1)
D5 2538, R A EAE RN 32300 G X e 4k
R 1 3 BV FDRZ B 5, P<0.05, {42 >200.

3 SEERER

3.1 frhEsk

T AR S 50 2o AR v B A N HEAT T E SR IR S
A TR AT IERR, SR mE. o4k
R R AERR IR LA {E B S I K 8 0.93
(5D=0.05), 4e¥p25k mALAE B P IERFEH0.72
(SD=0.07), 4+ 15K b7 115 B A3 1E 7 25 0.92
(SD=0.07), 4eFe25k b7+ B A5 B IE# % 0.72
(SD=0.07). XF4Fh &5/ T B IE#R I T HZ M £

B 2 WoE TARICAZRRE AT R SRy g R R S i 5500 w2,
PR B A B, SCHARA RS

Figure 2 Visual working memory behavior experimental results. The
main effect of load was significant, the main effect of stimulating mate-
rial was not significant, and the interaction was not significant
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K25 22500, S far s, 8500 1 35 (F(1,11)=233.794,
P<0.001), #HR}2RA F50W M2 BEAERA B3, I H,
TEAFPIEIE T, B A9 IE 6 R 80 0 2 = T RE VLK,
A AR YRAT 55 29X B8 AT 1Y, FRATT 0% 52 50 4000 2
B S T AR L TG . F7 R sese
FEGfT N IR F) TS S A T, TR A A
TR TAEICAZ A B A B, e 2 g Rr &I E B
Bom b 2 2 R B SE TARICAZ A S fr 200,

3.2 DRIEORIE s Pras ik

AT SR BT AL BT K BE S W E
. mE3 AR, ICAZ RS & 01E S 1B 4
TREDEESFP AT A B (. itk, FeiTiBE oot
H4N-TRABOLDAE S AT T 20K AL ) x2 (1 fif)
T, R T 2250 BoR, Bra X A 52 5
YRR A B35, R 21 R 4 i A4 32 8500 AR A (.
XU, (55 AW 32 S R ) X 4 B
R e Ny, AR B TAEICAZ R N A X — 3
IR AR T, S IAAWER AT e £ trial
HB R m LRI, SO B R, (E R G s g
oy s A Hrp—2 IR e 7012 4 35
AN GG, AR ATFEICIZ A TR b 2 A S e, o FLA
S i DX s A S A DX ) s g O AN — B
U, FRATEIHTF TR WA A 5 HEBR B T e A 4 5 B Bt
(AT 52 30 1R 22 A, 1 SR PR W (e s L T of 38 o
ZHTHIME SR T iC I dE R B BE RO M 275 B0 53 OB,
BATHESR T 74 TREE SR, BN ZTREE S E 2
[l V% 2 HL LK, nTREAFTE AR BT DAFRAT T e &
Ve B R B R g BER 5 WS, 6 TR(EE
10~12 s)HY {5 5.

T 2 XoF A 2R 0 A R o B TR 5 B 1) O 25 o B et
W, R FEAERERT B, BUIEE H 55 [ (PP A) FDSU T3
PN YA (TPS) ) 3 TG 58 B 70 s {7 BB s rp B 3 e T
Xof T FLAE B A 4E 4, RIS T 200 B2 (F(1,11)ppa=
41.66, P<0.001; F(1,11)ppa=29.58, P<0.001; F(1,11)ps=
29.09, P<0.001; F(1,11),ps=28.75, P<0.001), oA fix
X0 A 3 0 o SRS R ) 230y e Ah, I T XA
AT FE 000 A R i 8 2 R 67 7T ) 28 A FH A i
ELOWOE R A R AR, IRAT AT LU i T 55 (PPA)
[l IV TO0 PN 94 (TPS ) B4) 9843t 5 P85 A 1) DB g 3 70 AL i T4
ICAZ AR WY BERICAC 2, AR AU A 38005 o J3E 7
T A ASHE R W Ho A 2. X TR B (FFA) R 1 v4)
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(STS) LA S AR 58 Kz 2K ik, 1242 P9 25N BEAR 5 H:
TG R F ) BB

e, AT A 0 & S S AT T .
MEI3FT LA, DRI & 55 e 58 L LN TRCGR
22 S)BFIR B, P FRATHRE T A AE S 2 T
T2x2T7 25001, S5 LI, R X4 32 AR H
F RN P 3. TAIFLAE 46 DR s J= 1 8 DX A
A TR B (F(1,11)5pa=27.07, P<0.001; F(1,11),ppa=
11.90, P=0.005; F(1,11)s7s=15.66, P=0.002; F(1,11),s7s=
20.66, P<0.001; F(1,11)ppa=49.36, P<0.001; F(1,11),pppr=
57.47, P<0.001; F(1,11);ps=18.46, P=0.001; F(1,11),ps=
13.03, P=0.004), {H &5 far i 3500 M 22 HAE A
. X2 RAFEIRATR TN, B L g 8 XX
FLAI ) B2 K T35 s R RS g, 2, s J= ik
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Figure 3 (Color online) Activaty intensity result. Activation intensity results for regions of interest for V1, V2, V3, V4, bilateral FFA, bilateral STS,
bilateral PPA, and bilateral IPS. The activation intensity of the bilateral PPA and IPS in the visual information retention phase (10-12 s) can distinguish
memory-maintaining content, which is significantly stronger in activation of house information maintenance than in activation of face information.
However, there is no significant difference in the activation intensity of other areas of interest in the maintenance activities of face information and
house information
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Figure 4 Multivariate pattern analysis (MVPA) results under high
load.V4, bilateral FFA, and bilateral STS were able to characterize visual
working memory during the maintenance phase, and their decoding
accuracy was significantly higher than 50%. This result was corrected by

Bonferroni multiple comparison (*; P<0.05; ***: P<0.005; ***%*:
P<0.001; - : P=0.02, uncorrected)
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Figure 5 (Color online) Whole brain analysis results. FDR correction P<0.05, voxel>200
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Visual working memory (WM) refers to the maintenance and manipulation of visual information that is not in the visual
field. Visual WM provides an essential connection between perception and higher cognitive functions. Previous fMRI
studies with classification methods showed that early visual cortex could retain information of visual features maintained
in WM. However, we still know little about the neural mechanisms of visual WM during maintenance period in higher
visual cortex and the influence of memory load on such mechanisms. Therefore, the present study utilized a modified
delayed match-to-sample paradigm to investigate the visual WM performance. Participants were required to maintain one
or two target items (face or house) for 11s. At the same time, function magnetic resonance imaging (fMRI) was applied
to acquire the neural activities in visual cortical areas. Behavioral results showed that memory load but not stimuli sig-
nificantly affected the accuracy of memory. Next, the amplitude of the neural activity during maintenance in each area
was extracted. In order to reveal the areas sensitive to mnemonic stimuli, we compared the activity induced by face and
house WM. The results showed that parahippocampal place area (PPA) and intra-parietal sulcus (IPS) were activated
differently to different stimuli. Specifically, the neural response was stronger when house relative to face was held in
memory. To further investigate whether other areas also retained visual information in WM, activation pattern analysis
with decoding method was applied to the neural response in each area. The results demonstrated decoding performance in
face selective areas including superior temporal sulcus (STS), FFA and V4. Taken together, these results indicated that
higher visual cortex could retain visual information held in WM. Specifically, PPA and IPS showed general stronger re-
sponses to mnemonic houses than mnemonic faces, while FFA, STS, and V4 contained different detailed representations
of mnemonic faces and mnemonic houses. These findings were consistent with previous findings concerning visual fea-
tures, and supported the view that the contents in visual working memory are represented in visual cortex. Notably, we
did not find any effects of memory load on the neural activity in PPA and IPS. However, the activity pattern analysis
about other areas showed significant effects only in high memory load condition, suggesting that high memory load
might refine the representations in face selective areas without boosting the average activation level. In order to find the
cortical areas of which responses were significantly modulated by memory load, we further performed a voxel-based
whole brain analysis. Specifically, a 2 (stimuli: face, house) * 2 (memory load: 1 item, 2 items) repeated measures
ANOVA was performed for each voxel on the neural response during the maintenance. No interaction was observed in
each voxel. Interestingly, the main effect for memory load was significant in bilateral putamen. In summary, our findings
revealed the crucial role of higher visual cortex in maintaining visual information in WM and the important role of puta-
men in modulating memory load.

visual working memory, maintenance phase, load effect, behavioral performance, activation intensity, decoding
mechanism
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