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Abstract

Purpose: Episodic memory is described as an ’autobiographical’ memory responsible for storing a record
of the events in our lives., We performed functional brain activation study using H,'"’0 PET to reveal the
neural basis of the encoding and the retrieval of episodic memory in human normal volunteers. Materials
and Methods: Four repeated H,"”0 PET scans with two reference and two activation tasks were
performed on 6 normal volunteers to activate brain areas engaged in encoding and retrieval with verbal
materials. Images from the same subject were spatially registered and normalized using linear and
nonlinear transformation. Using the means and variances for every condition which were adjusted with
analysis of covariance, t-statistic analysis were performed voxel-wise. Results: Encoding of episodic
memory activated the opercular and triangular parts of left inferior frontal gyrus, right prefrontal cortex,
medial frontal area, cingulate gyrus, posterior middle and inferior temporal gyri, and cerebellum, and both
primary visual and visual association areas. Retrieval of episodic memory activated the triangular part of
left inferior frontal gyrus and inferior temporal gyrus, right prefrontal cortex and medial temporal area, and
both cerebellum and primary visual and visual association areas. The activations in the opercular part of
left inferior frontal gyrus and the right prefrontal cortex meant the essential role of these areas in the
encoding and retrieval of episodic memory. Conclusion: We could localize the neural basis of the
encoding and retrieval of episodic memory using H."’0O PET, which was partly consistent with the
hypothesis of hemispheric encoding/retrieval asymmetry. (Korean J Nucl Med 2000;34:10-21)
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Fig. 1. Figures used for reference and activation tasks. (A) reference task for
encoding, (B) reference task for retrieval, (C) activation task for encoding,

(D) activation task for retrieval.
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Table 1. Average Rates of a Correct Response to a Target (hit) and Incorrect Identification of a Distracter
(false alarm) in Reference and Activation Tasks for the Retrieval of Episodic Memory

Correct response

Incorrect identification

Reference 15/15
Activation 9.3/15

0/15
3.0/15

3.070(+2.8)cKTable 1).
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Fig. 2. Statistically significant activation sites in the encoding of episodic memory.

Table 2. Encoding of Episodic Memory: Significantly Activated Brain Areas and Their Brodmann Areas,
Spatial Coordinates and Z Scores

Coordinates Z
Brain area Brodmann area
X y z score
Left hemisphere
@ IFGOp* 44 -42 16 8 3.61
@ IFGTr! 45 -26 34 2 2.84
(3 Primary visual 17 2 -90 -14 3.57
(@) Visual association 18, 19 -32 -94 24 2.21
Right hemisphere
(5 Prefrontal 10, 46 52 32 12 2.87
(6) Medial frontal, Cingulate 24, 32 0 20 32 2.38
(@ Primary visual 17 2 -90 -16 3.64
Visual association, Cerebellum 18, 19 42 -82 -14 3.20
(9 Visual association 7 42 -84 38 3.23
Aud.-Vis. association’ 37 62 -52 20 3.98

* Inferior frontal gyrus, opercular part.
*, Inferior frontal gyrus, triangular part.
¥ Auditory-visual association (posterior middle and inferior temporal gyri).
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Table 3. Retrieval of Episodic Memory: Significantly Activated Brain Areas and Their Brodmann Areas,

Spatial Coordinates and Z Scores

Coordinates 7
Brain area Brodmann area
X y z score

Left hemisphere

@ IFGTr* 45 -32 38 0 2.96

(2 Primary visual 17 2 -88 -12 221

(3 Visual association, Cerebellum 18, 19 -32 -88 -16 3.54

@ Aud.-Vis. association” 37 -54 -54 24 2.99
Right hemisphere

(3 Prefrontal 10, 46 48 50 -2 2.83

(6) Visual association, Cerebellum 18, 19 46 -72 -22 4.14

(@ Medial temporal 30 -46 -26 3.86

*, Inferior frontal gyrus, triangular part.

T, Auditory-visual association (inferior temporal gyrus).

Fig. 3. Statistically significant activation

sites in the retrieval of episodic memory.
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Table 4. Tabular Data Characterizing the Activation Profile at the Encoding of Episodic Memory

Set-level{c}  Cluster-level{k, Z} Voxel-level{Z} Uncorrected k&Z X, ¥, z {mm]}
0.997 (7) 0.230 (4295, 3.98) 0.238 (3.98) 0.002 0.000 62 -52 =20
0.442 (3.75) 0.000 42 -82 8
0.518 (3.68) 0.000 0 -90 -16
0.724 (879, 3.61) 0.592 (3.61) 0.118 0.000 -42 16 8
0.956 (623, 3.23) 0.930 (3.23) 0.183 0.001 42 -84 38
0.969 (3.13) 0.001 20 -90 26
0.998 (648, 2.87) 0.998 (2.87) 0.174 0.002 © 52 32 12
1.000 (2.53) 0.006 56 22 -4
1.000 (2.45) 0.007 42 58 8
0.999 (236, 2.84) 0.999 (2.84) 0.410 0.002 -26 34 2
1.000 (372, 2.38) 1.000 (2.38) 0.299 0.009 0 20 32
1.000 (2.34) 0.010 10 38 32
1.000 (338, 2.21) 1.000 (2.21) 0.323 0.014 -32 -94 -24
1.000 (2.12) 0017 46 718 -16
1.000 (1.66) 0.048 20 -82 -24
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Fig. 4. Statistically significant activation sites in left inferior frontal gyrus, opercular part. (A) encoding, (B)
retrieval.

Fig. 5. Statistically significant activation sites in left inferior frontal gyrus, triangular part. (A) encoding, (B)
retrieval.

Fig. 6. Statistically significant activation sites in right prefrontal cortex. (A) encoding, (B) retrieval.



18  uhakale)sla) ] Al 34 H A1 X 2000

folebAl Aot BARNE s =AY FiEs
27 ¢ WFolelr) Rrke SARAC) AL
ape] aM7h Mol EA| £419) A-HE (degree
of freedom)7t A 97] wWlEQ Role} Azkd,
ol o] eiFare] Ealsl ohujeh e d4kS Q7]
oli$ PETS ol w343} A9 Az BAo|

Qe FAlE & S gl
2. Msi7le] 258

Astrlddel i3t Aol 2 A5H d9ES
A

o
#HZ e SR} AR o] Al
23 gl ARsl7lAdel Rastel] s AdsH
o2 B 4 glrh olgidt A% A7 dA%=
Kapur £79] Z#l} Shallice =%9] Avle} Ax]+}
= Zelch aEh} of QAT shekeiale] w4
AB1ele) MBS whedel A Feka Aei7e]
(working memory)¥} o]2]#& 7]%d(semantic me-
mory), A3Hpriming) Fo| Fofsla gouF o]
ol Sl AFol ol HE Egulol 98 FFeAE
glct B8] #A9lr|ede] #4 24 < phonological
loop®] subvocal rehearsal systemo] =590 7}
S40] Bk &, el HolE selo] o] 5L
A Wed g e A AEES] ael]
) &oll FPA= o] F2] olEE 297 A &
22 Af(rehearsing) & Zojrh I AL 1
go 2 HE o] &g wguEle HAGA] ofeH 7o
9l Q% F37} FAHY S £ Y

Fig. 49} 5% 25 siRe} 4bzhqe] 4t
< w2 Hejslo] Ul Z1o & Fig. 49 IRE
B53h wigk A=, Fig 59 A49E F A
25 A3 AL 2 4 Aok BES 9% 25
7 vhrlol gleke Tulving £ Y614 2 )
B39} A% Aol BAle] YA Ak 4
7)o Aol TAgctr] Bobe $A Ak ok
2 oR /g 9 Ao MY ¢ g #

MRE A ARl B st Wit Aolek
3 Azt
2 ol SERERE LT

4
2
rN
il _[n

=]
visuo-spatial sketch pad& Wlodsls Aoz B F

&R a1 AAE A2 T4

5% Q7] whelk
92 digels %o AF I AFoz Ha

o oz Luulgt £ FAAposterior lobule)2
olo)d] 7] R el Bofele Aoz FeiA 3
t}* Raichle &5{0llA] Q1A 7150l Bojsls ¥
27} tactile learning™ somatosensory discrimina-
tionofl Fofsl= FH|Hct T whgEel Y%t
2 B’ ol o] Al YA oA
ojck.

719 FFEHAL A2 s AR = ¢l
At 54 o) A5 AFHAL HziA] Ao]2
AR R Kolof] o3t Ao g HMT + 3ich
Z, ARkl MRS o] 83 dizdAls vlaA
sl A di”e] BbRHog AXEE W
W, AFBANAE AlEiA A2E e SF
oivt AE o] AAEHIY) viEel o)F AHelst
dold Rz vl gaidE 14 A7 52
A7t gy A BEol o BAe oz

} 4 glth 93 FETNAT S12FHA T
77 igedelo] BN AT ol
oA Sl4e 5 gl ol 53 AT Wl
elo] A7 o) ERlEE Aew 4y
o

S
ok

M odr & droox ¥ R
fr & o

30,

5 AR T o] B8 V1€ oY A2
Sl AxBE Ao Al el Fae ¥
4 TS Fig. 62 92 AAFeIe) B4 By
& g Aem AY YR A7 BASE
ou} kA o1 vleh Fro] 3} Aol visuo-
patial sketch pad2, Q1% Al 418l7]e ol&9
2z Aggta 5E o] g = Aok

A AF vig) Pol HS AT AR
el& Alollx #A3lE|9l vl subvocal rehearsal
systemol] 2|4l BAE RS FE Y &
FAloll A 431ele] BEok} Aegslo) AT
g FE gk R ol slofel Aol R



124 A7 31, A% e

19} 2A4J3ke} 22 9

£ 4o
}OPJ
ok
>

ox
RUR
_?_}"
H
N

H, AFedo] Alslr)el
s T2 g o] Rusie} Q1% Aol o
= Beh= AL B

A= T

)
t
£

A% sAokelalo] 4

tha Zaksla gl

}71°* ool o AVES
Soll oit sl 4el =99

SSRGS = wm o) Rastel %S

z} - & Apdo] 22 72zt gakdlle Tulving 5

2] HERA 7}&44)0” alZo] ¥ BAJY) kRS w4

splon) 2 o) olFE I Y o) THel o

WESS 1Y Yert ook

Arshrled el R s)ol] thslo] Kelly 53 Wagner
T2 vlgslaal sl o] YAl o]z X
B & 9l QlolAverbal) ol Wl 22 3

= Aglel At aElA] ok wddej4
(nonverbal) A ufli= 92 A 5F-odo] TAI3)H o)
L owag 9 ook ek oleld Ase] Aud
‘Material-specific lateralization’ 7}d-& & 5ol
E4E A Al 3 5 el ol
Qoy7] 9 vlgleld Akl AHAsh Qe
a1 WHl AT ATEI A Lol
e S, ol Al <ol 7
18 BA37L ZFob Hee HERA 714l 7]Hk
Sele] 4ol e el o2
AFgh71e] Q1Zell disled Nolde T2 Aide

oleg: thdg 7iedsihir] SslAe= & a4
Wookyet 25 AATE FUdvhe CARA:
cortical asymmetry of reflective activity’ 7}Fd-&
Aekslz 9ek' g7t A8t o1& WA TR E
2o 30246 HelE IR AR 2US ol
G eR Mol FwA QoA B AR s
sz s uad ojele
{complex sequential recognition test)317] ull&-ol]
ol 2] dE & AlzEo) 343 CARA 7}

Mool 3
Y rz

{0

T L= ~]
A= :L‘:'T:z]'%’a

Ak AR WY PR A S g

0
R

S ARe ofumg Ao} Al slol
g o 2Rl Ao} T2 Loz Hojrlul
S2v8] HQIA Aelnt A ALET ek}
of Aefel Ao Bast = el Holslt F

27} Az oA Bt el gle of

r}l

Foll A% 0-15 HoO PETS o]-8-38)F X gAsiagl s
T AR B8 B A $FY HUEAR

& Tdelolet ChY & w9 4ol W o
(30.0 1.4l thsle] F WMol wjzatale) z+ &
o] 4bghr|e] B33 1l Q& AFutAls Alzlw

A EAol B0 PETS Aais)gieh. 233h A=)
Al iR ezl S kel el 4
A mop 3ARE AFIALL 2 A7HER 8
dof AT HAE FFA sglen], A% AT
Aol e dZAlA L 30709) SHLES wol
vl SLEIL A 1DE TlelAw wES
250 so} AAF E7he 5ol o HE %
A slodeh Bask AFeAAL 5A wol
7 QlgEE AR %) 300F 4k AR Ho)
FwA 7l e slglom, 308 ol Al Q)
% AFHAIALE el HoFgd 15719 o4
B AZE 154 FEE HolA FAY ez
HojZu] 7)o 4 9Ji= T1zle] Uhor] HES T
27 Sgleh BE QAe EEARe] 4itsken
FRAgAez A AFAelT AAL E 2 4

Zapaloh e izahal Apolol] FasFeko] o

J

e e Aol W) 5ARE FARY 2k
F AGaACIY Sk Ylelsld 1Y) B
MEe 9370(x£3.3)9em glel 28e gz
A% AL ASE AR S0ME2YNAT L3
Aol #Z AT BT olae] dln
A7, o) 1% Az 3183} A7 Qi3 3
Fol GARET, $ZeAE AAFA, WA
9 2 s, BAA Aggeel FERe



20  The Korean Journal of Nuclear Medicine : Vol. 34, No. 1, 2000

ko A= AR, 1xF AJZF S AT A7 o
& 4, sIEF3A, 1% A2 g Add Azb gt
4, £ Fol BAREYUL, $HlAe AR

g, A7 A AE, £, WEFY So] 243k
Aek. T2 AR AFdelA -‘Jr"‘ TN 4t
71 B33te, & AAFdL dEY S5
AqsA, 25 A4 O 01z]7] 5ol glsto]
FA3E Ao Heldl HE: 0-15 H,0 PETS
ol &% HBAIAHE Fotol AU a3}

b < Sldeh

ﬂ.u
wo

b

9 % 5% F

t?

]

Dk
g
rar

1) Baddeley AD. Human memory: theory and prac-
tice. Allyn & Bacon; 1998.

2) Parkin AJ. Memory and amnesia: an introduc-
tion. Massachusetts: Blackwell Publishers Inc.
1997 pp 17-20.

3) Buckner RL, Tulving E. Néuroimaging studies of
memory: theory and recent PET results. In:
Boller F, Grafman J, editors. Handbook of
neuropsychology. Elsevier Science B.V.; 1995;
10:pp439-66.

4) Tulving E, Kapur S, Craik FI, Moscovitch M,
Houle S. Hemispheric encoding/retrieval asym-
metry in episodic memory: positron emission
‘tomography findings. Proc Natl Acad Sci USA
1994;91:2016-20.

5) Kapur S, Craik FIM, Tulving E, Wilson AA,
Houle S, Brown GM. Neuroanatomical correlates
of encoding in episodic memory: levels of pro-
cessing effect. Proc Natl Acad Sci USA 1994,
91:2008-11.

6) Squire LR, Ojemann JG, Miezin FM, Petersen
SE, Videen TO, Raichle ME. Activation of the
hippocampus in normal humans: a functional
anatomical study of memory. Proc Natl Acad Sci
USA 1992;89:1837-41.

7) Tulving E, Kapur S, Markowitsch HJ, Craik FI,
Habib R, Houle S. Neuroanatomical correlates of
retrieval in episodic. memory: auditory sentence
recognition. Proc Natl Acad Sci USA 1994;91:
2012-5.

8) Shallice T, Fletcher P, Frith CD, Grasby P, Fra-
ckowiak RS, Dolan RJ. Brain regions associated
with acquisition and retrieval of verbal episodic

memory. Nature 1994;368:633-5.

9) Fletcher PC, Frith CD, Grasby PM, Shallice T,
Frackowiak RSJ, Dolan RJ. Brain systems for
encoding and retrieval of auditory-verbal me-
mory. Brain 1995;118:401-16.

10) Fletcher PC, Frith CD, Rugg MD. The functional

neuroanatomy of episodic memory. Trends Neu-

rosci 1997;20:213-8.

Cabeza R, Kapur S, Craik FIM, Mclntosh AR.

Functional neuroanatomy of recall and recogni-

11

~

tion: a PET study of episodic memory. J
Cognitive Neurosci 1997:;9:254-65.

Kelley WM, Miezin FM, McDermott KB, Buck-
ner RL, Raichle ME, Cohen NIJ, et al. Hemi-
spheric specialization in human dorsal frontal
cortex and medial temporal lobe for verbal and
nonverbal memory encoding. Neuron 1998;20:
927-36.

Wagner AD, Poldrack RA, Eldridge LL, Des-
mond JE, Glover GH, Gabrieli JD. Material-
specific lateralization of prefrontal activation

12

~

13

~

during episodic encoding and retrieval. Neurore-
port 1998;9:3711-7.

Nolde SF, Johnson MK, Raye CL. The role of
prefrontal cortex during tests of episodic me-
mory. Trans Cognit Sci 1998;2:399-406.
Friston KJ, Frith CD, Liddle PF, Dolan RIJ,
Lammertsma AA, Frackowiak RSJ. The relation-

14

~

15

~

ship between global and local changes in PET
scans. J Cereb Blood Flow Metab 1990;10:458-
66. ,

16) Friston KJ, Holmes AP, Worsley K], Poline J-P,
Frith CD, Frackowiak RSJ. Statistical parametric
maps in functional imaging: a general linear
approach. Hum Brain Mapp 1995;2:189-210.

17) Talairach J, Tournoux T. A co-planar stereotaxic
atlas of a human brain. Stuttgart: Thieme; 1988.

18) Friston KJ, Passingham RE, Nutt JG, Heather

ID, Sawle GV, Frackowiak RSJ. Localization in

PET images: direct fitting of the intercom-

missural (AC-PC) line. J Cereb Blood Flow

Metab 1989;9:690-5.

Friston KJ, Ashburner J, Frith CD, Poline J-B,

Heather JD, Frackowiak RSJ. Spatial registration

and normalization of images. Hum Brain Mapp

1995;2:165-89.

20) Lee DS, Lee JS, Kim KM Chung JK, Lee MC.
Functional brain mapping using H,' 0O positron

19

~



Lee IS, et al. Functional Mapping of the Neural Basis for the Bncoding and Retrieval of Humen Episodic Memory Using H,°O PET

22

23

24

25

)

=

~—

Pty

emission tomography (I): statistical parametric
mapping method. Korean J Nucl Med 1993,
32:225-37.

Lee IS, Lee DS, Lee S-K, Nam H, Kim SK,
Park KS, et al. Functional brain mapping using
H,"’O positron emission tomography (II): map-
ping of human working memory. Korean J Nucl
Med 1998;32:238-49.

Adler RJ. The geometry of random fields. Chi-
chester: John Wiley & Sons; 1981.

Friston KJ, Holmes A, Poline J-B, Price CIJ,
Frith CD. Detecting activations in PET and
fMRI: levels of inference and power. Neuroi-
mage 1996;4:223-35.

Friston KIJ, KJ, Frackowiak RS]J,
Mazziotta JC, Evans AC. Assessing the signi-

Worsley

ficance of focal activations using their spatial -

extent. Hum Brain Mapp 1994;1:210-20.
Buckner RL, Petersen SE, Ojemann JG, Miezin
FM, Squire LR, Raichle ME. Functional anato-
mical studies of explicit and implicit memory
retrieval tasks. J Neurosci 1995;15:12-29.

26) Petrides M, Alivisatos B, Evans AC, Meyer E.

27)

28)

29)

30)

31)

32)

21

Dissociation of human mid-dorsolateral from
posterior dorsolateral frontal cortex in memory
processing. Proc Natl Acad Sci USA 1993;90:
873-7.

Jonides J, Smith EE, Koeppe RA, Awh E,
Minoshima S, Mintun MA. Spatial working
memory in humans as revealed by PET. Nature
1993;363:623-5.

Posner MI, Petersen SE, Fox PT, Raichle ME.
Localization of cognitive operations in the
human brain. Science 1988;240:1627-31.
Leiner HC, Leiner- AL, Dow RS. Does the
cerebellum contribute to mental skills? Behav
Neurosci 1986,100:443-54.

Raichle ME. Exploring the mind with dynamic
imaging. Semin Neurosci 1990;2:307-15.

Roland PE, Skinhoj E, Lassen NA. Focal
activations of human cerebral cortex during audi-
tory discrimination. 1981;45:
1139-51.

Milner B. Some cognitive effects of frontal lobe
lesions in man. Philos Trans R Soc London Ser
B 1982;298:211-26.

J Neurophysiol




