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Abstract Objective To explore the role of the prefrontal cortex in semantic encoding of unrebted
word pairs by using functional nea~infrared spectroscopy ( INRS). Method Fortyeight subjects
were presented unrebted pairs of Chinese words under both the nonsemantic and semantic enco-
ding conditons Under the nonsemantic condition subjects judged whether the two words had
smibrorthographic structures under the semantic condition they genemted a sentence nvolving
the presented word pairs The changes of regionalblood volume associated w ith the cognitive tasks
were measured by using N RS equipmentwhich was a continuous optical mager Result The re-
gions that corresponded 1o the prefrontal regions showed greater activation under semantc than
nonsemantic condition in both keftand right hem ispheres although the extent of the activa tion was
Brger in the lkeft than right prefoontal egions This result was consistent with other neuromaging
studies on unrebted word pairs processing but dd notconform to the strict intempretations of the
hem ispheric encod ng/retreval asynmetry model ( HERA). Conclusion This study suggests that
material specificity is one of the mportant factors to influence hem ispheric asymmetry h memory
encod ing When associations between items are required rght prefrontal regions partcipate in the
encod ing processing as well ltalo indicates that NIRS maging is a viable metod of nvestgating
hgher level cognitive process ing such as memory.
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Using functonal neuromaging techngues
such as positon em ission tonography ( PET)
and functional magnetic resonance mag ing
( MR1), many researchers have studied the
ol of the prefontal cortex in episodic mem o-
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Iy, which concerns memories for events or ex-
periences“’ 7 One of the memoty models that
has received considerable attention is the hem+
spheric encoding/retrieval asymmetry model
(HERA) posited by Tulving et al”. tt P IOpPOSeES
that the left prefontal cortex contrbutes more
o encoding whie the rght prefrontal cortex
contrbutes more to retreval processes This
proposalhas gained supports from many stud-
les.using verbalmaterals such as single words
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and related word pais (e g anmat—tiger).
For example Kapur et ol asked subjects ©
process visually presented words under either
deep encoding conditon ( to categorze the
noun as living or nonlving) or shallow conditon
(o judge whether the ktter “a” was in the
womrd). The PET results showed that the re-
gional cerbral blood fow ( ICBF) of the left
prefrontal cortex ncreased significantly when
the deep condition was compared with the
shallov condition No activation was found in
the right prefoontal cortex. In another study,
when subjectswere asked to retrieve the stud-
ied words the rghtprefronfal cortex was act+
vatdmore than the kft”. The acquisition of
the related word pairs was also assocated w ith
activity in the left prefoontal cortex whereas
retrievalwas assocated withactvity in the right
prefrontal co rex' ™.

However there still remain same debates
in recent years about the HERA modeJ espe-
cally conceming encoding prooess Enco-
ding conditons involving nonvermal stmulj
such as unfamilar fices and pctures same-
tmes yielded bibteralor right-beralzed actva—
tions in the prefromalcor‘te%l 0= Add tional
exceptions to the HERA model of keft hem+
spheric dominance for encoding have been
found in vertbal studies demonstrating bibteml
acthvation rebted o unrelated word pairs (e g
candle—street). A PET study revealed increa—
ses in ICBF n blla'reral frontal areas during en-
coding ofword palrs o Using MR] Mottaghy
etal™ showed that during encod ing of unreb
edwor pairs activation was observed in bibt
el fronalaras aswell withanaugmentaton
on te left side It is speculated that episodic
encod ing asymmetry s related to the nature of
the materalbeing encoded and even kefthter
alzaton for encoding of vebal materal might
be influenced by the type of veral materal
used The pumpose of our study was to deter
m ine whether the right prefrontal cortex con-
trbutes to semantic encoding of unrebtedword
pairs andwhether there is difference betveen
the activation of the Bftand rghtprefrontalcor
tex

For our investigaton we used functional
nea ~infrared spectroscopy ( N RS), an optical
maging techngue that can measure brain act+
vaton in viva Lightwith wavekngths of 760
nm and 850 nm have different absormption char
actristcs with respect to oxyhemoglobin
(OxyHDb), and deoxyhemog bbin ( Deoxy-Hb).

The reltive changes of Oxy-Hb and Deoxy-Hb
can be detected and then applied to detem ine
the blood volume (or the blood concentraton)
within te measured regions” ™. Stdes
have shown that fNRS find hgs are consistent
with the results of PET and MRI[”*. NRS
has been used to measure the cognition-rek ted
activation of the prefontal corex”" . Forex
amplg Hoshi& Tamur' ®' used NRS © ex
amine the spato-ttmpornal differences of brain
activationwhen sub pcts attem pted 1o sole dif
ferentmathematical problems B bod oxygena-
ton changes during bBnguage processing have
also shown lknguage-rebted responses in the
prefonal regionsm

In the present study, we used the N RS
mager to explore whether the encoding of un-
related word pairs would confim the lefthter
alzed hem ispheric asynmetry predicted by the
HERAmode} orconfim the bilateral findings in
other stud es about encoding of unreb ted word
pairs Memory encoding was manipubted by
providing a nonsemantic or semantc ask Re-
gional blbod volume changes in te prefrontal
areas wer measured during both tasks By
camparing the differences in blod volume
changes betwveen the leftand rght prefrontal
areas we expected to obtain the evidence con-
ceming the role ofprefrontal cortex in semantic
encoding of unrelated word pairs

M ethod

Subjects Forty-eight healthy rghthanded
university students (age range 18~ 22 mean
age 20 2 halfmal) participated in the exper+
ment Theyall had nomal or corrected-to-nor
malvision and none had a personal or fam iy
history of neumlogical or psychatric illhess

Materak Fifty unrebted Chinese word
pairs were campied for the study, for exam-
plk rosemagnet Each word in te pair
which had modermte frequency (mean 368 per
million), was a coampound composed of two
Chinese characters Each charmacter was used
only once in the experment Five pairs were
used as the practice pairs Another 5 pairs
were used as filler pairs three at the beg inning
of the listand tvoatthe end The remaining 40
word pairs were used as the study stmuli
They were divided into wo sets each having
20 pairs Each subgct was presented both
lists with the order of the lists and the tasks
being countebalanced

Procedure The subjcts were randomly
divided ,into. twoe gmoups accoring, o whether
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their left or right prefrontal regions was meas-
ured ( LPF, RPF). Each subpctwas rmandam ly
assigned to one of o task orders ( nonseman-
tic folbwed by semantic or semantic followed
by nonsemantic). For the nonsemantic task
subectswere asked to judge whether the wo
words had smibr orthogmphic structures h
the semantic condition te subjects were
asked to generte a meaningful sentence using
the wowors A fixation point “+ ” was first
presented at the center of the screen for 500
ms Eachwom pairwas then presented for5 s
and then disappeared replced with the next
fxation point Following the presentation of
each lst the subpcts were asked to rehx
completl, mepeating “I'm now resting” s+
lently and continuousl. When the second task
and rest sequence finished the subjects per
formed an incdental recognition test to judge
the presented word pairs were old/recombined
ones

The sequence of the experment for each
subjectwas rest1 (30 s) —semantic or nonse-
mantic encoding (150s) — rest2 (60 s) —-non-
semantic or semantic encoding ( 150 s) — rest3
(180 s) —recognition st The mager was
used during the encod ing session but notdur
ng the recogntion test

Data acquision The N RS equpment
was a continuous wave lght mager having nine
sources and four probes of two wavelengths of
760 rm and 850 nm'"**"". The bl size of the
mager is 9 cm x4 om. As shown in figure 1,
there were 16 detection channels based upon
allpossble combinations of the source /detec-
tor fom which adequate sgnal were ob-
ained h each channe| the distance betwveen
the source and the detectorwas 2 5 cn. The
mager was either placed on subjects’ left or
rght forehead h measurng the activation of
keft prefontal cortex the right edge of the ma-
ger reached the mddle of the forehead and
the upper edge was close t the hairline The
ke ft edge reached to EEG electrode pos itions F7
according to the htmatonal 10/20 system.
From these scap positions NRS signalswere
obtained on the Eft anterior and dorsal part of
the prefrontal brain areas Tomeasure the right
prefrontal cortex the detection areas were
symmetrical o the keft

Data analysis The light intensity change
were tansfomed to optcal density change
(A0 D. ) foreach of the wavelengths 4 0.
D. = b (IO /IESt)_ Ig (IO /]rest) = Q (Irest) - b
(lest) (where Iy represents the incident light
intens)ity; eoand I fepresent the. lght nten-

sity during rest and fask perfomance). The
blood volume (BV) change was calkubtd by
the algebraic expression A0. D.,, =
AQO. D. 850 + kAO. D. 760- (Cons'tant k is the
mod ifcation factor for reducing the crosstak
between the changes of blood volum e and oxy-
gena tion )" h oder to better ana ze the
dag the 16 channels were divded into 4 re-
gions in each hem isphere ( see figure 1 for de-
ail).

right prefrontal cortex

left preforntal cortex

Fig 1 D etection regibns in bih teral prefrontal areas
The magerwas either placed on the left or right fore-
head. In order to analyze the datg the 16 channels
were divided nto 4 regions n both left and right pre-
fontalareas. For examplg region A includes channel
I, 2 5and 6 The regons on the left and rghtwere
synmetrcal thus regons A and C weremore htera)
and regons B and D were more medal

To obtain the BV change rebted to enco-
ding levels the baselneBV obtained in the rest
period mmediately preced ng the ask was sub-
tacted from the ask BV TheBV difference be-
ween tasks was obtained by subtacting the
BV of the nonsemantic fask from that of the se
mantc sk BVD iflerene = ( BVSemantb -
BVP e e edingRe st ) (B VNonsemantic - BVP reedingRest ) .
We took the upper pointofA0.D. asQ 3 o e
Im inate possible artibcts

Result

Behaviral perfoomance For the recogn+
ton task we calkubted the proportion of pairs
correctly recognized ( hitmte) and the recom-
bined pairs incorrectly attrbuted t te study
list ( falke-abm rtk) (see @bk 1). A 2
(hemisphere) x 2 (encoding process nonse-
mantic semantic) analysis of varance ( ANO-
VA) was perfomed The method of inducing
encoding processing differences was success-
ful as shown by the sgnificantly superior recall
of semantically encoded words w ith mean hit
rate beng Q 38 for the nonsemantc task and
Q91 for the semantic fasks F (1 46) =
36 78, P < Q0 001 The main effect for hem+
sphere and the interaction were not sgnificant
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Table1 Recognitbon scores of the hitrate false-ahm rate d and B i nonsen antic and semantic tasks(¥ ts)

hem isphere type of encoding hitate Blseabm @ate d B
left nonsemantic 0.39%0Q 13 0 56%0. 34 0.22%0 19 0 99t0Q 16
semantic 0.92%0 12 Q 300 19 3.61 %1 38 0 43%0 5
rght nonsemantic 0.36%0 14 0 60%0. 13 0. 18 X0 09 087023
semantic 0.89%0 14 0 310 28 3.43%1 10 0 560 25
P> 0 05 Fakeabm mte 4’ and B analyses 0047
yielded smilar results mLrr

INIRS results \Whilke subjects encoded the
word pairs the blood volume increased in the
prefrontal cortex under both the nonsemantic
and semantic conditons rebhtve © the base-
lne Furthemorg te blood volume change
was greater under the semantic than under
nonsemantic conditon The N RS mage of the
bbod volume change of all 48 subjects was
shown in figure 2 h the nonsemantic and se-
mantic asks the most activated region was
regon C bibterll but the extentwas larger in
the semantic ask When the wo tasks were
campared both Eft and rght prefrontal corti
ces showed the activation especilly region C.

B A

(a)
I 0.02
0.06
JO
0.02
(c)
0.02

right prefrontal cortex

006
002
006
002

002

left prefrontal cortex

Fig 2 Images of the blood vo lm e difference in bilateral
prefrontal regions between different task cond+
tions

a blood volume diference betwveen uonsemanttc and

rest condition b blood volme d ifference betveen se-

mantic and rest condition ¢ bbod volume difference
betwween semantic and nousemantic conditbn

To detemmine the effect of encoding task
the BVbitternce Was analyzed by a 2 ( hem+
sphere) x4 (region A, B Cand D) ANOVA,
w ith hem isphere as a between-subject varable
and region as a withn-sub pct variable ( fgure
3). Themaineffectof hem isphere was not s g
nificant F(1 46) = Q60 P=044 Themain
effect of region atiained significance, F (3 138)
= 6 76 P< Q 000l with post hoc tests re-
vealng (A=B) < (C = D), sugges-

O RPF
G031

02

B

0o
0
A B C D
detected region
Fig 3 Blood volune difference betwveen sanantic and

nonsan antic task in detected regions i both
hem ispheres

ting the greatestactivity was in the region tat
corresponds to the dorsolateralprefrontalcortex
when hem ispheric actvity was combined The
ntraction beween hemisphere and region
showved a trend F (3 138) = 2 26 P=0Q 08
In the keftprefrontalcortex BVoieence N fregions
C and D were lkrger than in other two regions
P< Q05 butregionsC and D were notsgnif+
canty diferent F (1, 23) = Q15 P=Q 7 In
contmst in the right prefrontalcortex only the
BVbimence N region C was significantly lamger
than other regions P < Q 03 The BVbiference N
region D showed significant difference (P < Q
05) between hem ispheres butB Vb ference N re-
gion C was not significant suggesting bilateral
prefrontal regions ply the mporant ok in se-
mantc encoding processing

D iscussion

In tis study we used NRS maging tech-
nique to investigate the rle of the prefontal
cortex in semantic encoding compared w ith
nonsemantic encoding The main findings were
that blood volume increased biateraly in te
dorsobteral prefrontal cortex with a more ex
tensive blood volume increase in the Bft hem+
sphere ( egions C and D) than in the rght
hem isphere ( Imited 1 region C).

For bain maging nvestgations about en-
coding verbalmatera] many of the tasks have
based on the effectiveness of semantc enco-
ding for subsequent mem.ory retrieval””.



322

18

When the materal is processed semantically
(i e formeaning), memory onan unexpected
( incdental) test is genemly equivalknt t
memoty on an expected ( intentional) memory
test"”, whereas memory for materal pro-
cessed nonsemantically s considembly lower
The recognition results of our data showed that
the recall in the nonsemantic cond iton was ver
y bbw and the recall in the semanttc conditbn
was about2 5 tmesas great Our maging re-
sults supported the common PET and MR
findings ofactiation of the dorsolatera | pre fron-
@l cortex when the semantic conditon was
campared w ith the nonsemantic conditon "',
Regaming the HERA model predicton of
keft bteralzation for veal encoding the bibt
eralactiation we found dd not confom to the
strict ntemprettons of the HERA model* ”,
which suggested that left prefrontal cortical re-
gions are involed in encoding infomaton but
right prefrontalareas are not at kast insofaras
verbal infomation is concermed Our dat did
not support the encoding aspect of the HERA
mode] because the rght prefrontal area also
showed activations in semantic encoding pro-
cessing On the other hand our findings were
consistent with previous studies using other
functional bmin maging technigues such as
PET and MR which showed biktemal prefron-
fal cortical areas activated when subjects were
encoding unrelated word pairs[ Y 0 addi
tion the presence of bibteral activation during
semantic encod ing of verbalmateral is not un-
canmone g, [28 (Fig 1), 29 (p 5875), 30
(Fg 1) 1. In the studies that revealed bibteral
acthvation the activation of the keft hem isphere
predom inated aswas also true of our study.
The expermental design of our study was
smibr o that of Kapuret al™ and other stud-
es However te stmuliwe used unrehted
word pairs were different from theirs and may
account for the bibterl prefontal activation
Asmentioned in introduction other neuromag-
ing studies using unrehtd word pairs mter
the single words typically presented reveakd
bilateralprefromalactivationsaswellm'14]. Dur
ing encoding processing sub pctsmustnot on-
v process words ind vidually, butalso integrate
them by processing the rebtbns between
them. The left hem isphere may be more adept
at representing lcal infomation and the right
hemisphere s better with gbbal infomaton
Consequentl, assocaton betveen unrehlted
womrdsmay require the rght prefrontal cortex or
the ntemction of both hemispheres . In. con-

tast the assocaton process is not needed in
encoding single words thus hterality is more
pronounced Our results supported the view
that the HERA model s influenced by materal
speciﬂciiy“l' 2 g, when te fask requires
fom ing associations between items

The fact thatwe have biateral activation
whereas it is not found inmany previous stud-
ies may also rebte to statistical thresholding
methods used to define regions of activation in
PET and MRIstudies As Fletcherand Henson
noted “the failure ofa gien region o suwive
such thresholding does not mean thatwe can
exclude t from considemtion ” [2 p 874].
Because N RS maging isa fairly new technolo-
gy thresholding techngues have not yet been
develbped thus our finding of bilateral activa-
ton may be amatter of survival scans thresho+
ding On the other hand even if thresholding
techngues had been applied in our study, we
would have found biatemlactivaton of the dor
sohteralprefrontalcortex for the blood volume
changes in the left and right C regions were
highand essentally equivalent Future develop-
ments regarding the use of NRS should in-
clude development of statistical thresholding
particubrly as equipment expands the amount
ofbminama thatcan be investgated

The spatial resolution of the extant equip-
ment s cerainly not comparabke to MR
However our results wer sufficiently sens+
tive to delineate greater activation of regions C
biatermlly and D in the left hemisphers and lit
te acthation in regions A and B. These findings
were smibr o those of MRIland PET studies
thus suggesting the sensitivity of the fNRS m-
aging equipment we used was good Because
NRS systems have poor spatal resolution
fine-gmined bcalzation could be mproved by
having MR | scans for each subject in the fu-
ure

Clearly, our findings support the vability of
N RS forevaluatingbrinactiation during high-
er level cognitive processing Same advantages
of NRS include portabilty affordability and
ease ofuse * *'. These in conjunctionw ith the
fact that it can be used repeated ly on the same
subjects make it an useful tool for evaluating
brain activation changes rehted to a variety of
fasks particubrly those rebted o lkarming and
memory over tme An additonal asset of
N RS suggested by Villringer and Chance'” &
that the biochem ical specificity conce ming oxy-
genated and deoxygenated hemogbbin means
NRS can be emplbyed to valdate, the pre-
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sumed basis of the MR Isgnal

h sum, using N RS we found biateralac-
tivations in the prefrontal regions w ith weaker
acthvation in the rght hem isphere when com—
pared the semantic with nonsemantic cond+
tion It suggests that associational require—
ments influence hem ispheric asynmetry of the
prefrontal regons iNnmemoty encoding process-

ing.
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