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Abstract: Objective To explore the ro le of the prefrontal cortex in semantic encoding of unre la ted
word pa irs by using functiona l near-infrared spectroscopy ( fN IRS ). Method Forty-eight sub jects
were presented unre la ted pa irs of Chinese words under both the nonsemantic and semantic enco-
ding conditions. Under the nonsemantic cond ition, sub jects judged whether the two words had
smi ila r orthograph ic structures; under the semantic condition, they genera ted a sentence invo lving
the presented word pa irs. The changes of reg iona l b lood vo lume associated w ith the cognitive tasks
weremeasured by using fN IRS equipmentwhich was a continuous optica l mi ager. Result The re-
gions tha t corresponded to the prefronta l reg ions showed greater activation under semantic than
nonsemantic condition in both left and right hem ispheres, a lthough the extent of the activa tion was
la rger in the left than right prefronta l reg ions. Th is result was cons istent w ith other neuromi ag ing
stud ies on unre la ted word pa irs process ing, but d id not conform to the strict in terpretations of the
hem ispheric encod ing /retrieval asymmetry model ( HERA ). Conclusion This study suggests tha t
ma teria l specificity is one of the mi portant factors to influence hem ispheric asymmetry in memory
encod ing. When associations between items are required, right prefronta l reg ions partic ipate in the
encod ing process ing as wel.l It a lso ind icates that fN IRS mi ag ing is a viab le method of investigating
h igher leve l cognitive process ing such as memory.
Key words: functiona l nea r-infra red spectroscopy( fN IRS); prefronta l cortex; unre lated word pa irs;
hem ispheric encod ing /retrieva l asymmetry model ( HERA); memory

编码非相关词对是否具有半球对称性? 一项近红外光学成像的研究 1杨炯炯,曾少群,骆清铭,管林初,
匡培梓,龚  辉, L ichtyWema ra, Chance Britton1航天医学与医学工程, 2005, 18( 5) : 318~ 323
摘要:目的 本研究采用近红外光学成像技术 ( fN IRS ) ,探讨双侧前额叶在非相关词对的语义编码过程
中的作用。方法 48名被试者分别在深、浅加工 2种实验条件下对非相关词对进行编码,光学成像器即
时记录在前额叶皮层,波长为 760 nm和 850 nm的漫射光强变化,以此推测相应脑组织的血容量变化。
结果 与浅加工相比,在深加工条件下,双侧前额叶中与背外侧前额叶相对应区域的血容量变化都较为
明显,尤其是左侧前额叶。本研究结果并不完全支持 HERA模型,但与其它相关的脑成像研究结果相
似。结论材料的特异性是影响记忆编码中半球一侧化的重要因素,当需要对刺激间的联系进行加工时,
右侧前额叶也会参与记忆的编码过程。本研究还提示 fN IRS技术可用于记忆等脑高级认知功能的研
究。
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中图分类号: TH773  文献标识码: A  文章编号: 1002-0837( 2005) 05-0318-06
通讯作者:杨炯炯 1北京大学心理学系,北京 100087

  Us ing functiona l neuromi ag ing techniques
such as pos itron em ission tomography ( PET)
and functiona l magnetic resonance mi ag ing
( fMR I), many resea rchers have stud ied the
ro le of the prefronta l cortex in ep isod ic memo-
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ry, which concernsmemories for events or ex-
periences

[ 1, 2]
. One of thememory models that

has rece ived considerab le a ttention is the hem-i
spheric encoding / retrieva l asymmetry model
( HERA) posited by Tulv ing et al

[ 3]
. It proposes

that the left prefronta l cortex contributes more
to encoding while the right prefronta l cortex
contributes more to retrieva l processes. Th is
proposa l has ga ined supports from many stud-
ies using verba lma teria ls such as sing le words
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and related word pa irs ( e. g. anmi a l) tiger) .
For example, Kapur et al

[ 4 ]
asked subjects to

process v isua lly presented words under e ither
deep encoding condition ( to categorize the
noun as liv ing or nonliving) or sha llow condition
( to judge whether the letter / a 0 was in the
word). The PET resu lts showed tha t the re-
giona l cerebra l b lood flow ( rCBF) of the left
prefronta l cortex increased significantly when
the deep condition was compa red w ith the
sha llow condition. No activation was found in
the right prefronta l cortex. In another study,
when subjectswere asked to retrieve the stud-
ied words, the right prefronta l cortex was act-i
va tedmore than the left

[ 5]
. The acquisition of

the re lated word pa irswas a lso assoc ia ted w ith
activity in the left prefronta l cortex, whereas
retrieva lwas assoc ia ted w ith activ ity in the right
prefronta l cortex

[ 6]
.

However, there still rema in some deba tes
in recent years about the HERA mode,l espe-
cia lly concern ing encoding process

[ 7~ 9]
. Enco-

ding cond itions invo lving nonverbal stmi u l,i
such as unfam iliar faces and p ic tures, some-
tmi es yie lded b ila tera l or right-la tera lized activa-
tions in the prefronta l cortex

[ 1, 10 ~ 12 ]
. Add itiona l

exceptions to the HERA model of left hem-i
spheric dom inance for encoding have been
found in verba l stud ies demonstrating b ila tera l
activa tion re la ted to unre lated word pairs ( e. g.
cand le) street) . A PET study revea led increa-
ses in rCBF in b ila tera l fronta l areas during en-
coding ofword pa irs

[ 13]
. Us ing fMR,I Mottaghy

et al
[ 14]

showed tha t during encod ing of unre la t-
ed word pa irs activation was observed in b ila t-
era l fronta l a reas aswel,l w ith an augmenta tion
on the left side. It is speculated that ep isod ic
encod ing asymmetry is re lated to the nature of
thema teria l be ing encoded; and even left-la ter-
a liza tion for encoding of verba l material m ight
be influenced by the type of verba l ma teria l
used. The purpose of our study was to deter-
m ine whether the right prefronta l cortex con-
tributes to semantic encoding of unre la ted word
pa irs, and whether there is d ifference between
the activation of the left and right prefronta l cor-
tex.

For our investiga tion, we used functiona l
nea r-infra red spectroscopy ( fN IRS), an optica l
mi ag ing technique tha t canmeasure bra in act-i
va tion in vivo. Light w ith wavelengths of 760
nm and 850 nm have different absorption cha r-
acteristics w ith respect to oxyhemoglob in
( Oxy-Hb) and deoxyhemog lob in ( Deoxy-Hb).

The re lative changes of Oxy-Hb and Deoxy-Hb
can be detected and then applied to determ ine
the blood vo lume ( or the b lood concentra tion)
w ith in the measured reg ions

[ 15 ~ 18]
. S tud ies

have shown tha t fN IRS find ings a re consistent
w ith the resu lts of PET and fMR I

[ 19, 20]
. N IRS

has been used to measure the cognition-re la ted
activation of the prefronta l cortex

[ 21~ 24]
. For ex-

ample, Hoshi& Tamura
[ 25 ]

used fN IRS to ex-
am ine the spa tio-tempora l d ifferences of bra in
activationwhen sub jects attempted to so lve d i-f
ferentmathematical prob lems. B lood oxygena-
tion changes during language processing have
also shown language-re la ted responses in the
prefronta l reg ions

[ 26 ]
.

In the present study, we used the fN IRS
mi ager to exp lore whether the encoding of un-
re lated word pa irs would confirm the left-later-
a lized hem ispheric asymmetry pred icted by the
HERAmode;l or confirm the bilatera l find ings in
other stud ies about encoding of unre la ted word
pa irs. Memory encoding was manipu la ted by
provid ing a nonsemantic or semantic task. Re-
gional b lood vo lume changes in the prefronta l
areas were measured during both tasks. By
comparing the d ifferences in b lood vo lume
changes between the left and right prefronta l
areas, we expected to obta in the evidence con-
cern ing the ro le ofprefronta l cortex in semantic
encoding of unre lated word pa irs.

Method
Subjects Forty-eight hea lthy, right-handed

university students ( age range 18 ~ 22; mean
age 20. 2, ha lfma le) pa rticipa ted in the exper-i
ment. They a ll had norma l or corrected-to-nor-
ma l v ision, and none had a personal or fam ily
h istory of neuro log ica l or psych ia tric illness.

Mater ia ls  Fifty unre la ted Chinese word
pa irs were compiled for the study, for exam-
ple, rose-magnet. Each word in the pa ir,
which had modera te frequency ( mean 368 per
m illion) , was a compound composed of two
Chinese characters. Each cha racter was used
only once in the expermi ent. F ive pa irs were
used as the practice pa irs. Another 5 pa irs
were used as fille r pa irs, three at the beg inn ing
of the list and two a t the end. The rema in ing 40
word pa irs were used as the study stmi u l.i
They were d ivided into two sets, each having
20 pa irs. Each sub ject was presented both
lists, w ith the order of the lists and the tasks
being counterba lanced.

Procedure The subjects were random ly
d ivided into two groups accord ing to whether
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the ir le ft or right prefronta l reg ions was meas-
ured ( LPF, RPF) . Each sub ject was random ly
assigned to one of two task orders ( nonseman-
tic fo llowed by semantic, or semantic fo llowed
by nonsemantic ). For the nonsemantic task,
sub jectswere asked to judge whether the two
words had smi ila r orthograph ic structures. In
the semantic condition, the subjects were
asked to genera te a meaningfu l sentence us ing
the twowords. A fixation point / + 0 was first
presented a t the center of the screen for 500
ms. Eachword pa irwas then presented for 5 s
and then disappeared, rep laced w ith the next
fixation point. Fo llow ing the presentation of
each list, the sub jects were asked to re lax
complete ly, repeating, / I. m now resting0 s-i
lently and continuously. When the second task
and rest sequence fin ished, the subjects per-
formed an inc identa l recognition test to judge
the presented word pa irs were o ld /recombined
ones.

The sequence of the expermi ent for each
subjectwas rest 1 ( 30 s) -semantic or nonse-
mantic encoding ( 150 s) - rest 2 ( 60 s) -non-
semantic or semantic encoding ( 150 s) - rest 3
( 180 s ) -recognition test. The mi ager was
used during the encod ing session, but not dur-
ing the recognition test.

Data acquisition  The fN IRS equipment
was a continuouswave light mi ager having n ine
sources and four probes of twowavelengths of
760 nm and 850 nm

[ 16, 21]
. The total size of the

mi ager is 9 cm @ 4 cm. As shown in figure 1,
there were 16 detection channels based upon
a ll possib le combinations of the source /detec-
tor from which adequa te s igna ls were ob-
ta ined. In each channe,l the d istance between
the source and the detector was 2. 5 cm. The
mi ager was either p laced on subjects. le ft or
right forehead. In measuring the activation of
left prefronta l cortex, the right edge of the mi a-
ger reached the m idd le of the forehead, and
the upper edge was c lose to the ha irline. The
left edge reached to EEG electrode pos itions F7
accord ing to the Interna tiona l 10 /20 system.
From these sca lp positions, fN IRS signa lswere
obta ined on the left anterior and dorsa l part of
the prefronta l bra in areas. Tomeasure the right
prefronta l cortex, the detection areas were
symmetrica l to the left.
  Data analysis The light intens ity change
were transformed to optica l density change
( vO. D. ) for each of the wavelengths: vO.
D. = lg ( I0 /Itest ) - lg ( I0 /Irest ) = lg ( Ires t ) - lg
( Ites t ) ( where I0 represents the incident light
intens ity, Ires t and Itest represent the light inten-

sity during rest and task performance) . The
blood vo lume ( BV ) change was ca lcu la ted by
the a lgebraic expression: vO. D. bv =
vO. D. 850 + k vO. D. 760. ( Constant k is the
mod ification factor for reducing the crossta lk
between the changes of b lood vo lume and oxy-
gena tion. )

[ 21]
. In order to better ana lyze the

da ta, the 16 channels were d iv ided into 4 re-
gions in each hem isphere ( see figure 1 for de-
ta il).

Fig. 1 D etection regions in b ila teral prefron tal areas
The mi age rwas e ither p laced on the le ft o r right fo re-
head. In o rder to ana lyze the data, the 16 channe ls

were d ivided in to 4 reg ions in bo th le ft and righ t p re-
fron tal a reas. Fo r examp le, reg ion A includes channe l

1, 2, 5 and 6. The reg ions on the le ft and r igh t were
symmetr ica,l thus reg ions A and C were more late ra,l

and reg ions B and D were more med ia l

To obta in the BV change re la ted to enco-
ding leve ls, the base lineBV obta ined in the rest
period mi mediate ly preced ing the taskwas sub-
tracted from the taskBV. TheBV difference be-
tween tasks was obta ined by subtracting the
BV of the nonsemantic task from tha t of the se
mantic task: BVD ifference = ( BVSemant ic -
BVP receedingRest ) - ( BVNonsemantic - BVP recedingRes t ) .
We took the upper po int ofvO. D. as 0. 3 to e-
lmi inate possib le artifacts.

Result
Behavioral performance For the recogn-i

tion task, we ca lcu la ted the proportion of pa irs
correctly recognized ( hit-ra te ) and the recom-
bined pa irs incorrectly attributed to the study
list ( fa lse-a la rm ra te ) ( see tab le 1 ). A 2
( hem isphere) x 2 ( encoding process: nonse-
mantic, semantic) ana lys is of va riance ( ANO-
VA ) was performed. The method of inducing
encoding processing d ifferences was success-
fu l as shown by the sign ificantly superior reca ll
o f semantica lly encoded words, w ith mean hit-
rate be ing 0. 38 for the nonsemantic task and
0. 91 for the semantic tasks, F ( 1, 46 ) =
36. 78, P < 0. 001. The ma in effect for hem-i
sphere and the interaction were not s ign ificant,
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Tab le 1 Recogn ition score s of the h it-rate, false-a larm rate, dc and B in nonsem antic and semantic task s(x ? s)

hem isphere type of encoding hit-ra te fa lse-a la rm ra te dc B

left nonsemantic 0. 39 ? 0. 13 0. 56 ? 0. 34 0. 22 ? 0. 19 0. 99 ? 0. 16

semantic 0. 92 ? 0. 12 0. 30 ? 0. 19 3. 61 ? 1. 38 0. 43 ? 0. 59

right nonsemantic 0. 36 ? 0. 14 0. 60 ? 0. 13 0. 18 ? 0. 09 0. 87 ? 0. 23

semantic 0. 89 ? 0. 14 0. 31 ? 0. 28 3. 43 ? 1. 10 0. 56 ? 0. 25

P> 0. 05. Fa lse-a la rm rate, d cand B ana lyses
yie lded smi ilar resu lts.
  fN IRS results While sub jects encoded the
word pa irs, the b lood vo lume increased in the
prefronta l cortex under both the nonsemantic
and semantic conditions re la tive to the base-
line. Furthermore, the b lood vo lume change
was grea ter under the semantic than under
nonsemantic condition. The fN IRS mi age of the
b lood vo lume change of a ll 48 subjects was
shown in figure 2. In the nonsemantic and se-
mantic tasks, the most activated reg ion was
reg ion C bila tera lly, but the extentwas larger in
the semantic task. When the two tasks were
compared, both left and right prefronta l cort-i
ces showed the activation, especially reg ion C.

F ig. 2 Images of the b lood vo lum e d ifference in b ilateral
prefron ta l regions between d ifferent task cond-i
tion s

a. b lood vo lume d iffe rence betw een uonsemant ic and
rest cond ition; b. b lood vo lume d iffe rence betw een se-
mantic and rest cond ition; c. b lood vo lume d ifference
be tween semantic and nousemantic cond it ion

  To determ ine the effect of encoding task,
the BVDifference was ana lyzed by a 2 ( hem-i
sphere) x 4 ( reg ion: A, B, C and D) ANOVA,
w ith hem isphere as a between-subject variab le
and reg ion as a w ith in-sub ject variab le ( figure
3) . Thema in effec t of hem isphere was not s ig-
nificant, F ( 1, 46) = 0. 60, P = 0. 44. Thema in
effect of reg ion a tta ined sign ificance, F ( 3, 138)
= 6. 76, P < 0. 0001, w ith post hoc tests re-
vea ling ( A = B) < ( C = D), sugges-

F ig. 3 Blood volum e d ifference betw een sem antic and
nonsem antic task in detected regions in both

hem ispheres

ting the grea test activity was in the reg ion tha t
corresponds to the dorso latera l prefronta l cortex
when hem ispheric activ ity was combined. The
interaction between hem isphere and reg ion
showed a trend, F ( 3, 138) = 2. 26, P = 0. 08.
In the left prefronta l cortex, BVD ifference in reg ions
C and D were larger than in other two reg ions,
P < 0. 05, but reg ions C and D were not s ign if-i
cantly d ifferent, F ( 1, 23) = 0. 15, P = 0. 7. In
contrast, in the right prefronta l cortex, on ly the
BVDifference in reg ion C was sign ificantly larger
than other reg ions, P < 0. 05. The BVDifference in
reg ion D showed sign ificant d ifference ( P < 0.
05) between hem ispheres, butBVD ifference in re-
gion C was not sign ificant, suggesting b ilatera l
prefronta l reg ions p lay the mi portant ro le in se-
mantic encoding processing.

Discussion
  In th is study, we used fN IRS mi ag ing tech-
nique to investiga te the ro le of the prefronta l
cortex in semantic encoding compared w ith
nonsemantic encoding. Thema in find ingswere
that b lood vo lume increased bilatera lly in the
dorso la tera l prefronta l cortex, w ith a more ex-
tensive b lood vo lume increase in the left hem-i
sphere ( reg ions C and D ) than in the right
hem isphere ( lmi ited to reg ion C).
  For bra in mi ag ing investigations about en-
cod ing verba lma teria,l many of the tasks have
based on the effectiveness of semantic enco-
ding for subsequent memory retrieva l

[ 27]
.
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When the ma teria l is processed semantically
( .i e. formeaning) , memory on an unexpected
( incidenta l ) test is genera lly equiva lent to
memory on an expected ( intentiona l) memory
test

[ 1]
, whereas memory for ma teria l pro-

cessed nonsemantica lly is considerab ly lower.
The recognition resu lts of our data showed that
the reca ll in the nonsemantic cond ition was ver-
y low and the reca ll in the semantic condition
was about 2. 5 tmi es as grea t. Our mi ag ing re-
sults supported the common PET and fMRI
find ings of activa tion of the dorso latera l prefron-
ta l cortex when the semantic condition was
compared w ith the nonsemantic condition

[ 1, 10]
.

Rega rd ing the HERA model pred iction of
left latera lization for verba l encoding, the b ila t-
era l activa tion we found d id not conform to the
strict in terpretations of the HERA model

[ 3, 7 ]
,

which suggested that left prefronta l cortica l re-
gions a re invo lved in encoding informa tion, but
right prefronta l a reas are not, a t least insofa r as
verba l in forma tion is concerned. Our data d id
not support the encoding aspect of the HERA
mode,l because the right prefronta l area a lso
showed activa tions in semantic encoding pro-
cessing. On the other hand, our find ings were
consistent w ith prev ious stud ies using other
functiona l bra in mi ag ing techniques such as
PET and fMR,I which showed bila teral prefron-
ta l cortical a reas activated when subjects were
encod ing unre lated word pa irs

[ 13~ 14]
. In add-i

tion, the presence of b ila teral activation during
semantic encod ing of verba lmateria l is not un-
common e. g. , [ 28 ( F ig 1 ), 29 ( p 5875) , 30
( F ig 1) ]. In the stud ies tha t revea led b ila tera l
activa tion, the activation of the left hem isphere
predom inated, aswas a lso true of our study.

The expermi enta l design of our study was
smi ila r to that of Kapur et al

[ 4]
and other stud-

ies. However, the stmi u li we used, unre lated
word pa irs, were d ifferent from theirs andmay
account for the b ila tera l prefrontal activa tion.
Asmentioned in introduction, other neuromi ag-
ing stud ies using unre lated word pa irs, ra ther
the sing le words typ ica lly presented, revea led
b ila tera l prefronta lactiva tions aswell

[ 13, 14]
. Dur-

ing encoding processing, sub jectsmust not on-
ly process words ind ividua lly, but also integra te
them by processing the re la tions between
them. The left hem isphere may be more adept
a t representing loca l in formation and the right
hem isphere is better w ith g loba l in forma tion.
Consequently, assoc ia tion between unre lated
wordsmay require the right prefronta l cortex or
the interaction of both hem ispheres. In con-

trast, the assoc ia tion process is not needed in
encoding s ing le words, thus laterality is more
pronounced. Our resu lts supported the view
that the HERA model is influenced by materia l
spec ific ity

[ 11, 12]
, e. g. , when the task requ ires

form ing associations between items.
The fact that we have bilatera l activation;

whereas, it is not found inmany previous stud-
ies may a lso re la te to statistica l thresho ld ing
methods used to define reg ions of activation in
PET and fMRI stud ies. As F letcher and Henson
noted, / the fa ilure of a g iven reg ion to surv ive
such threshold ing does not mean that we can
exclude it from considera tion. 0 [ 2, p 874] .
Because fN IRS mi ag ing is a fa irly new technolo-
gy, thresho ld ing techniques have not yet been
developed, thus our find ing of b ilateral activa-
tion may be ama tter of surviva l scans thresho-l
d ing. On the other hand, even if thresho ld ing
techniques had been applied in our study, we
would have found bilatera l activa tion of the dor-
sola tera l prefronta l cortex, for the b lood vo lume
changes in the left and right C reg ions were
h igh and essentia lly equ iva lent. Future deve lop-
ments rega rd ing the use of fN IRS should in-
clude development of statistica l thresho ld ing,
pa rticu la rly as equipment expands the amount
of bra in a rea tha t can be investiga ted.

The spatia l reso lution of the extant equ ip-
ment is certa in ly not comparab le to fMR.I
However, our resu lts were sufficiently sens-i
tive to de lineate greater activation of reg ions C
bilatera lly and D in the left hem isphere, and lit-
tle activa tion in reg ions A and B. These find ings
were smi ila r to those of fMRI and PET stud ies;
thus suggesting the sensitivity of the fN IRS mi -
aging equipment we used was good. Because
fN IRS systems have poor spa tia l reso lution,
fine-gra ined loca lization could be mi proved by
having MR I scans for each subject in the fu-
ture.

C lea rly, our find ings support the v iab ility of
fN IRS for eva luating bra in activa tion during high-
er leve l cognitive processing. Some advantages
of fN IRS include portab ility, affordab ility, and
ease ofuse

[ 15, 18 ]
. These in con junctionw ith the

fact tha t it can be used repea ted ly on the same
subjects make it an useful too l for eva luating
brain activation changes re la ted to a va riety of
tasks, pa rticu la rly those re la ted to learning and
memory over tmi e. An add itiona l asset of
fN IRS suggested by V illringer and Chance

[ 17]
is

that the b iochem ica l specificity concerning oxy-
gena ted and deoxygena ted hemog lob in means
fN IRS can be employed to va lida te the pre-
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sumed bas is of the fMR I s igna.l
In sum, us ing fN IRS we found bilatera l ac-

tivations in the prefronta l reg ions w ith weaker
activa tion in the right hem isphere when com-
pared the semantic w ith nonsemantic cond-i
tion. It suggests tha t associational requ ire-
ments influence hem ispheric asymmetry of the
prefronta l reg ions inmemory encoding process-
ing.
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