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Purpose : We investigated the reproducibility of language lateralization by 4 different word
generation paradigms or the rest contents in each paradigm using functional magnetic
resonance imaging in normal volunteers

Materials and Methods : Nine normal volunteers with left-handedness (mean age: 25 yrs) were
examined on a 1.5T MR unit using a single-shot gradient echo epibold sequence. Four different
word generation paradigms of noun, verb, adjective and adverb were used in each normal
volunteer for investigating language system. In each paradigm, two different rest contents
consisted of only seeing the "+~ symbol or reading the meaningless letters. Each task consisted
of 96 phases including 3 activations and 6 rests of 2 different contents. Two activation maps in
one task were obtained under two different rest contents using the correlation method. We
evaluated the detection rates of Broca and Wernicke areas and the differences of language
lateralization among four different word generation paradigms, or between the rest contents.
Results : The detection rates of Broca and Wernicke areas were over 67 % in 4 different
language paradigms and there was no significant difference of them among language
paradigms, or between two different rest contents. Language dominances, in all 4 different
language paradigms, were shown to be consistent in 66 %, but were contrary with language
paradigms in some subjects. The rest contents made no significant effect on dominant
language dominance determination, but the success rates of the dominant language
dominances determined from 4 language paradigms were higher in reading the meaningless
letter (100 %, n=9) than in only seeing “+" on screen at the rest task (78 %, n=7).

Conclusion : High detection rates of Broca and Wernicke areas and high reproducibility of
hemispheric language dominance in 4 different language paradigms showed functional MR
imaging of our word generation paradigms was reliable and may be clinically useful.
However, some inconsistency of hemispheric language dominance with language paradigms
or the rest contents suggests that robust and reliable determination of language lateralization
may need the performance of different paradigm types or the consideration of rest contents.
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Introduction

Many research groups have studied language system
using functional MR imaging in neuroscience and neu-
roradiology (1-4}. Especially, language lateralization de-
termination using MR techniques has drawed the inter-
est of many surgeons and radiologists in view of plan-
ning the neurosurgery treatment of the patients with
epileptic foci or tumor to avoid the important cognitive
areas related to motor or language system (5-7). Many
literatures reported the successful results of functional
MR imaging on language system and showed the possi-
bility of its clinical usage (8-15). Functional MR imaging,
however, was yet not used as a routine and clinical tool
in broader medical fields and did not replace a conven-
tional and invasive WADA test. That functional MR
imaging of language system must be reliable and repro-
ducible for determining hemispheric language domi-
nance will be very critical to decide whether functional
MR imaging can be used as a clinical routine tool.

MR system stability and task performance may be
thought to be major factors to affect the reliability of
Functional MR imaging. MR system stability is very im-
portant because very small signal intensity changes
were induced temporally at the brain activation (16).
The hardware-dependent system stability has been
highly enhanced due to the development of modern
electronic industry and had little technical problems in
obtaining very stable images at many commercial MR
systems. Therefore, task performance affected by rela-
tively subjective factors such as the task contents and
subjects cognitive capabilities may be more important
for the reliability of functional MR imaging. Because the
subjects may have a variety of intellectual capabilities
and can show different responses on the task due to dif-
ferent neurological behaviors with their physical or psy-
chological conditions, their task performances can be d-
ifferent individually with task, especially for high order
cognitive function such as language and memory. Task
performance may determine whether functional map
images are successful or not and change their patterns,
from which hemispheric language dominance may be
affected. Thus, if language dominance was determined
from only one task, there may be much room for error
in determining language dominance using functional
MR imaging, which may be very large limitation for its

clinical implementation. Currently, a variety of lan-
guage paradigms such as word generation and word de-
termination have been used and they activated Broca
and Wernicke areas known as language center.
However, few studies have been reported to compare a
variety of paradigms in view of language lateralization
and to evaluate its reproducibility (11-13, 15). In func-
tional MR imaging, the regional difference of signal in-
tensity between the rest and activation was used for
map images, thus the rest contents can change the acti-
vation patterns and affect hemispheric language domi-
nance in language tasks. Therefore, we investigated the
detection efficiency of Broca and Wernicke areas with 4
different noun, verb, adjective and adverb word genera-
tion paradigms or rest contents in view of the clinical
feasibility of our language paradigms and evaluated
their reproducibility to test whether these word genera-
tion tasks or rest contents could show the same results
in determining language lateralization by functional
magnetic resonance imaging in normal volunteers.

Materials and Methods

Nine normal volunteers with left-handedness
(man =8, woman =1, mean age =25 years) were includ-
ed in our experiments. Handedness was determined by
Edinburgh handedness inventory. Consents of experi-
ments from all volunteers were received. BOLD effect-
based functional MR study was performed ona 1.5T
MR unit (GE Horizon echospeed) using a single-shot gra-
dient echo-epibold sequence (TR/TE/flip angle
=3000ms/50ms/90° , FOV =240 mm, matrix =64 X 64, s-
lice thickness/gap = 6mm/0Omm, 20 axial slices) provided
by GE system. Whole brain was covered in our experi-
ments. A flow-sensitive conventional gradient echo se-
quence (TR/TE/flip angle = 50ms/4ms/60° ) was used for
high-resolution anatomical images to cover the same
brain region of epibold sequence. Additional 3D images
were obtained using 3D gradient echo sequence
(TR/TE/flip angle = 11ms/2ms/15° , FOV = 240 mm, ma-
trix =256 X 256, 124 slabs, nominal slice thickness =
1.5mm) for Talairach coordinate conversion. To mini-
mize the gross head motion, neck-holders {M]-200, USA)
were used. The images were offline-reconstructed at
workstation (SPARC 20, SUN Microsystems, Inc., USA)
and transferred into Pentium III-PC. A series of MR im-
ages were obtained in axial planes. To exclude motion-

— 25—



In Chan Song et al

corrupted images, all MR images were surveyed in a
movie procedure and evaluated using the estimation of
center of mass of image signal intensities.

Four different word generation paradigms were used
for each volunteer; noun, verb, adjective and adverb.
Each volunteer was instructed to shout covertly the cor-
respondent words such as noun, verb, adjective and ad-
verb that could make incomplete and simple phrases or
sentences meaningful. For example, in noun generation
paradigm, if a phrase suchas "red { )} " was displayed
on screen, volunteer covertly shouted a noun of
“apple”. Simple 8 phrases/sentences were presented at a
rate of 1 per 3 seconds during each activation period of
24 seconds. Two different contents were applied for the
rest in each language paradigm. One consisted of only
seeing the “+” symbol (crosshairs rest) during 24 sec-
onds and the other was to read the meaningless letters
{pseudo-word rest) during the same duration. Each task
consisted of 96 phases including 3 activations and 6 rests
of two different rest contents (Fig. 1). All tasks were vi-
sual-guided by LCD projector (SHARP, Japan). Two acti-
vation map images were obtained with rest contents in
each language paradigm by using the cross-correlation
method (17). Reference data was defined as following
our paradigm and processed with 4 seconds temporal
delay and Gaussian convolution with a full width at half
maximum of 4 seconds. For spatial normalization,
Talairach coordinate conversion of map images along
AC-PC line were performed {18). All mapping proce-
dures were performed using homemade program on an
IDL {Research Systems Inc., USA)} platform. Language
lateralization indices {L1) were defined as the ratio (L-
R)/(L+R)*100, L being the number of activated pixels

with p value under 0.000001 in the left hemisphere and
R in the right hemisphere (9). Hemisphere contained all
brain regions excluding cerebellum. We determined lan-
guage dominance with the following levels; LI <-5 for
right dominance, LI >5 for left dominance, 5>LI>-5
for no dominance. Dominant language dominances
were determined as being the largest dominance num-
ber from the results of 4 language paradigms in each
subject. We evaluated the detection rates of Broca and
Wernicke areas in our language paradigms and the dif-
ferences of language lateralization among four different
word generation paradigms, between the rest contents.

Resuits

The activation sites

All volunteers showed the EPI images free of the mo-
tion-artifact in both movie procedures and the evalua-
tion of center of mass in signal intensity and provided
successful functional map images. Most tasks activated
Broca and temporal lobe including Wernicke area com-
monly, and the other activation sites of prefrontal lobe,
premotor and motor areas, supplementary motor area,
anterior cingulate, cerebellum, parietal lobe, and thala-
mus were found.

The detection rate of Broca and Wernicke areas with

paradigms

The detection rates of Broca (Brodmann 44 and 45)
and Wernicke (Brodmann 21) areas, tabulated in Table
1, were very high and showed no significant difference
among 4 different language paradigms irrespective of
the rest contents. Also, there was no significant differ-

8 contents (1/3 secs)

T T

Fig. 1. Diagram of noun generation par-
adigm. Basic 3 conditions of the rest, the
meaningless letter reading and noun
generation were sequentially performed
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three times in one paradigm and each
condition consists of 24 seconds. Eight d-
ifferent contents during each meaning-
less letter reading and noun generation
period are shown at a rate of 1 per 3 sec-
onds
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ence in the detection rates of two sites between two dif-
ferent rest contents. In tasks of crosshairs rest, the detec-
tion rates of Broca and Wernicke areas ranged from
78% to 100%, and from 67% to 100%, respectively and,
in tasks of pseudo-word rest, those of Broca and
Wernicke areas were 89% and ranged from 67% to

100%, respectively. Through most language paradigms
of two different rest contents, Broca and Wernicke areas
were activated bilaterally than unilaterally and the de-
tection rate of bilateral activation in Broca area de-
creased from crosshairs rest to pseudo-word rest. In
Broca area, bilateral activation was 82% and 59% for

Table 1. The Detection Rates of Broca and Wernicke Areas in Word Generation Paradigms for Normal Volunteers {unit:%)

Language paradigm Language paradigm

Broca Crosshairs Pseudo-word
noun verb adjective adverb noun verb adjective adverb
bilateral 78 (n=7) 67 (n=6) 78 (n=7) 78 (n=7) 33(n=3) 56 (n=5) 56 [n=5) 67 (n=6)
unilateral 22 n=2) 11{n=1) 11(n=1) 22 (n=2) 56 (n="5) 33 (n=3) 33{n=3) 22 n=2)
no detection 0 22 (n=2) 11 (n=1) 0 11 (n=1) 11 (n=1) 11 (n=1) 11{n=1)

Language paradigm Language paradigm

Wernicke Crosshairs Pseudo-word
noun verb adjective adverb noun verb adjective adverb
bilateral 45 (n=4) 56 (n=5} 56 (n=5) 67 (n=6) 45 (n=4) 45 (n=4) 67 (n=06) 56 {n="5)
unilateral 33 {n=3) 11{n=1) 22 (n=2) 33{n=3) 22 (n=2) 56 {n=5) 11{n=1) 33({n=3)
no detection 22 (n=2) 33 (n=3) 22 (n=2) 0 33 (n=3) 0 22 n=2) 11{n=1)

Crosshairs and pseudo-word denote the rest contentis “+” and “to read the meaningless letters” respectively.

Fig. 2. Functional MR images of word generation paradigms in two normal volunteers with left-handed (A =noun, B=verb, C=adjective,
D =adverb, p<0.000001). Left: left Broca areas are dominantly activated in all language tasks and the activation of middle temporal lobes
is bilaterally shown in noun, adjective and adverb generation tasks. Three language tasks except verb generation show left language dom-
inance. Right: right Broca areas are dominantly activated in all language tasks, but left middle temporal lobe in only adverb generation
task. All word generation tasks show the same right language lateralization.

— 27—



In Chan Song et af

crosshairs and pseudo-word rests, respectively. In
Wernicke area, bilateral activation was 69% and 67%
for crosshairs and pseudo-word rests, respectively. Only
4% of all 72 trials in all language tasks showed no detec-
tion of Broca and Wernicke areas.

Language lateralization

Table 2 showed language lateralization indices of nor-
mal volunteers for 4 different word generation tasks.
The language dominances in all 4 different language
tasks were consistent in 66% (n=6) for both crosshairs
and pseudo-word rests; right dominance = 3, left domi-
nance = 3 for crosshairs rest, and right dominance =2,
left dominance = 4 for pseudo-word rest. In these cases,
the rest content showed no difference in dominant lan-
guage dominance. Some subjects (11% (n=1) for
crosshairs rest and 22% [n =2) for pseudo-word rest) had
the same and left language dominances in 3 of 4 tasks
and there was no difference of dominant language dom-
inance between two different rest contents. For
crosshairs rest, one subject showed the same language
dominances in half of 4 tasks and the other had no later-
alization in 3 tasks. In the meanwhile, for pseudo-word
rest, one subject revealed right dominant language dom-
inance from the fact that noun and verb generation
tasks showed right dominance, adjective generation rep-
resented left dominance and adverb generation gave no
dominance. Word generation paradigms showing differ-
ent language dominance in each subject were as fol-
lows; noun (n =2}, verb (n=2}, adjective (n= 1} and ad-

verb (n=1) tasks for crosshairs rest, and noun (n=1),
verb (n= 1), adjective {(n=1) and adverb [n=3) tasks for
pseudo-word rest. The success rates of the dominant
language dominances determined from 4 language para-
digms were 100% (n=9) and 78% (n =7} for crosshairs
and pseudo-word rests, respectively (Table 3} and in
some with dominant language dominances, there were
no difference of them between two different rest con-
tents.

Discussion

Our language paradigms could detect Broca and tem-
poral areas including Wernicke areas at very high rates

Table 3. Dominant Language Lateralization determined from 4 d-
ifferent word generation paradigms

Dominant language lateralization

Subject Crosshairs Pseudo-word
1 N L
2 R R
3 L L
4 L L
5 L L
6 R R
7 N L
8 R R
9 L L

Crosshairs and pseudo-word denote the rest contentis “+” and
“to read the meaningless letters” respectively.
N:no lateralization, L:left dominance, R:right dominance

Table 2. Language Lateralization Indices of Word Generation Paradigms in Normal Volunteers {unit: %)

Language paradigm Language paradigm
Subject Crosshairs Pseudo-word

noun verb adjective adverb noun verb adjective adverb
1 -10.8 -1.76 0.13 1.39 36.5 6.57 12.9 16.9
2 -27.0 -30.1 -35.3 -12.3 -26.4 -31.2 -44.2 -31.6
3 499 339 13.0 46.9 179 295 253 22.3
4 17.3 -7.95 12.1 10.9 260.9 33.8 6.22 3.96
5 7.55 17.05 321 37.0 22.1 12.5 37.8 29.3
6 -31.6 -19.7 -20.9 -37.9 -5.2 -38.5 -18.2 -13.4
7 -11.3 -11.7 6.2 225 6.8 7.6 18.4 35.3
8 -24.1 -18.9 -13.2. -5.9 -15.7 -9.15 24.1 1.92
9 18.4 50.0 54.0 66.0 49.0 36.8 57.0 -2.69

Crosshairs and pseudo-word denote the rest content is “+" and “to read the meaningless letters” respectively.
Positive values means strong left dominance and negative values means strong right dominance.
Language lateralization indices (LI) were defined as the ratio (L-R)/(L + R}*100, L being the number of activated pixels with p value under

0.000001 in the left hemisphere and R in the right hemisphere.
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irrespective of the rest contents. Since Peterson (19)
firstly reported the functional imaging of language sys-
tem using word generation paradigm on PET system,
many language paradigms has been designed and ap-
plied in neuroscience or clinical fields using imaging
modalities of PET and MR units. A variety of word gen-
eration included noun and verb generation from incom-
plete sentence or phrases, verb generation associated
with a specific noun, picture-naming, cued word gener-
ation, categorical word generation. From these para-
digms, broader areas of frontal and temporal lobes in-
cluding Broca and Wernicke areas has been reported to
be involved with language system and many other acti-
vation sites like cerebellum, premotor cortex, supple-
mentary motor area, anterior cingulate were found in
many literatures (20-22). Many activation sites illustrat-
ed above were shown in our data. Because Broca and
Wernicke areas have been historically known as lan-
guage centers, high detection of Broca and Wernicke ar-
eas shows our language paradigms can be useful for s-
tudying language systems. Also, our study showed the
rest contents made little effect on the detection rate of
Broca and Wernicke areas. The meaningless letter read-
ing is associated with both orthographical and phonolog-
ical processes related to the identification of letters and
their articulation. Therefore, our finding demonstrated
orthographical and phonological processes might have
little relationship with Broca and Wernicke areas. Our
dominant bilateral activation in Broca and Wernicke ar-
eas represented both sides of them would share a por-
tion of language processes although relatively dominant
sides existed. In Broca area, decrease of bilateral activa-
tion from crosshairs to pseudo-word rests shows other
language processes, related to Broca, but not ortho-
graphical and phonological processes, may have in-
creased functional asymmetry.

The high consistency in language dominance between
paradigms represents the high feasibility of functional
MR imaging for reliable language dominance determi-
nation. The feasibility of functional MR imaging for de-
termining language dominance and high correlation
with WADA test was demonstrated in clinical studies
(12-15). Although our data could not be compared with
WADA test due to normal volunteers, high consistency
of language dominance through 4 different word gener-
ation paradigms reveals there is the clinical potentiality
of functional MR imaging for determining hemispheric

language dominance. In fact, our word generation para-
digms can be assumed to make nearly similar activation
patterns due to similar sentence structures if it were not
for specific language process related with word type of
noun, verb, adjective and adverb. Therefore, high repro-
ducibility of language dominance in 4 different language
paradigms can be expected in our study if all experi-
mental conditions were set to be good. Most subjects
showed these assumptions came true in our results, but
language paradigms in some subjects showed contradic-
tory results for each other. Although the sources of these
inconsistencies among language paradigms were un-
known, our study showed different language domi-
nances with language paradigms could exist, as shown
in other literature. This finding suggests only one specif-
ic paradigm may make error in language dominance de-
termination and several language paradigms are needed
for its reliability and robustness. In addition, more eval-
uation on the precision of language dominance about
each paradigm will be made through comparative study
on patients with WADA test.

The different rest contents in the same activation para-
digm can change the activation patterns because func-
tional MR imaging used the difference of image intensi-
ties between the activation and rest periods. Less activa-
tion sites were detected in pseudo-word rest than in
crosshairs rest for most subjects, which may be ex-
plained by the fact that orthographical components in-
volved with the identification of letters could be elimi-
nated in pseudo-word rest. Although our results showed
the rest contents might make little effect on language
dominance and the detection rates of Broca and
Wernicke areas, pseudo-word rest was shown to induce
the activation asymmetry of Broca and Wernicke areas,
to say, from bilateral to unilateral. Also, the success
rates of language dominance determination were a little
higher in pseudo-word rest than in crosshairs rest.
Because there was no gold standard for language lateral-
ization in normal volunteers who did not undergo a
WADA test, its accuracy with rest contents could not be
known. However, the increase in the activation asym-
metry of Broca and Wernicke areas, and higher success
rates of language dominance determination in pseudo-
word rest represented the usage of the meaningless let-
ter reading as the rest content might provide larger pos-
sibility for a clinical tool as determining language lateral-
ization.
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Many reports (23-25} showed relationship of language
system with handedness and different activation pat-
terns or language lateralization for subjects with left-
handedness from ones with right-handedness in func-
tional MRI. Also, left-handedness was known to be
more heterogeneous in language system compared with
right-handedness. These facts may affect a variety of re-
sults shown in our word generation paradigms and in-
duce lateralization inconsistency among word genera-
tion paradigms. Because our study examined only sub-
jects with left-handedness, further study on right-hand-
edness will be necessary.

We have some technical limitations in measuring lat-
eralization indices. What the threshold of p value for the
activation sites to be meaningful is and how we selected
the region of interest where lateralization indices were
measured may be the most critical. Currently, optimal
thresholds of p value were not known for reflecting w-
hole language systems precisely and they were used as
determined by each research group. Although the
threshold of p values could change the values of lateral-
ization indices, these might make no effect on language
dominance determination in our study. However, as
their values were higher, it has been known that arti-
facts related to noises can be reduced and the possibility
for measuring lateralization indices more precisely may
be higher. Therefore, high thresholds in p value
{=0.000001 in our study) were preferable for language
lateralization determination. We used the hemispheric
measurement in lateralization index. Although Broca
and Wernicke areas has been known as language cen-
ters classically, recent researches showed many other
important sites of frontal lobe, temporal lobe and cere-
bellum were involved with complex language networks
(20-22). Therefore, hemispheric measurement including
these sites will be thought to be reasonable and can re-
flect language system more exactly. However, Lehericy
(26) reported functional MRI lateralization in the frontal
but not in the temporal lobes were well correlated with
the WADA test. More evaluation on the selection of the
measurement areas for increasing the reliability and
precision of language lateralization will be necessary.

Conclusions

High detection rates of Broca and Wernicke areas
shown in our study suggest noun, verb, adjective and

adverb generation paradigms may be feasible for evalu-
ating language system. In addition, although there were
the intra-subject differences of lateralization indices a-
mong different language paradigms, the consistent de-
termination of language dominance from 4 different lan-
guage paradigms in most volunteers showed our word
generation paradigms might be useful in clinical applica-
tion. However, inconsistent language dominance among
different paradigms or between the rest contents in
some volunteers suggests that different paradigm types
or the rest contents must be considered carefully for ro-
bust and reliable determination of language lateraliza-
tion.
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