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A Functional MRI Study: Cerebral Laterality for
Lexical-Semantic Processing and Human
Voice Perception

M. Koeda
H. Takahashi

N. Yahata
K. Asai

Y. Okubo
H. Tanaka

BACKGROUND AND PURPOSE: Language dominance research using functional neuroimaging has made
important contributions to clinical applications. Nevertheless, although recent neuroimaging studies
demonstrated right-lateralized activation by human voice perception, the influence of voice perception
in terms of language dominance has not been adequately studied. We aimed to accurately clarify
language dominance for lexical-semantic processing in the temporal cortices by focusing on human
voice perception.

METHODS: Thirty normal right-handed subjects were scanned by functional MR imaging while listen-
ing to sentences (SEN), reverse sentences (rSEN), and identifiable nonvocal sounds (SND). We
investigated cerebral activation and the distribution of individual Laterality Index under 3 contrasts:
rSEN-SND, SEN-SND, and SEN-rSEN.

RESULTS: The rSEN-SND contrast, including human voice perception, revealed right-lateralized acti-
vation in the anterior temporal cortices. Both SEN-SND and SEN-rSEN contrasts, including lexical-
semantic processing, showed left-lateralized activation in the inferior and middle frontal gyrus and
middle temporal gyrus. The SEN-rSEN contrast, without the influence of human voice perception,
showed no temporal activation in the right hemisphere. Symmetrical or right-lateralized activation was
observed in 22 of 27 subjects (81.4%) under the rSEN-SND contrast in the temporal cortices. Although
9 of 27 subjects (33.3%) showed symmetrical or right-lateralized activation under the SEN-SND
contrast in the temporal cortices, all subjects showed left-lateralized activation under the SEN-rSEN
contrast.

CONCLUSION: Our results demonstrated that right-lateralized activation by human voice perception
could mask left-lateralized activation by lexical-semantic processing. This finding suggests that the
influence of human voice perception should be adequately taken into account when language domi-
nance is determined.

The research of language dominance using functional neu-
roimaging provides an important contribution to clinical

applications. Evaluation of the language area facilitates an ef-
ficient procedure for surgery of brain tumors or untreatable
epilepsy to prevent the over-resection of the language area.1-5

Despite the disadvantage that the function of the language is
temporarily impaired, the Wada method,6 which is the intra-
carotid amobarbital procedure, has gained wide acceptance as
a standard method to decide language dominance. Recently,
noninvasive examinations for the evaluation of the language
area, consisting of functional MR imaging (fMRI) and func-
tional transcranial Doppler sonography (fTCD), have been
developed as alternatives.1,4,7-10 fMRI is especially useful for
the accurate evaluation of cerebral activity because of its highly
spatial resolution.

Previous fMRI studies analyzing language dominance
demonstrated that investigating different aspects of language
processing helped to assess the laterality in the location of
activation, which is helpful for planning surgery.1,9,11,12 Most
fMRI studies use expressive language tasks such as read-
ing5,13-16 or verbal fluency tasks14,17-19 to examine language
dominance. Passive auditory comprehension tasks are also a
very useful tool for determining language dominance because
cerebral function of the frontotemporal region by lexical-se-
mantic processing can be investigated.14,20-24 Recent fMRI
studies have demonstrated more widespread activation in the
frontotemporal cortices by sentence processing.25,26 Thus,
when language dominance is determined, it is important to
perform the estimation using various tasks.

Recent fMRI studies have indicated that the left temporal
cortex plays a role in semantic processing,27-30 whereas the
right temporal cortex is associated with human voice percep-
tion.31-33 Human voice has a role as an essential tool for con-
veying language and information related to language modifi-
cation such as intonation.34 If cerebral activation as a result of
human voice perception is right hemisphere-dominant, the
influence of human voice perception needs to be considered
when hemisphere dominance for language is determined. In
fact, fMRI studies to determine cerebral laterality for language
have reported right hemisphere dominance for language in
right-handed subjects (ie, atypical lateralization).5,35,36 The
determination of atypical lateralization could in fact be attrib-
utable to right hemisphere dominance for human voice per-
ception. Therefore, to reveal language dominance in each sub-
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ject, it is essential to investigate cerebral activation as a result of
human voice perception as well as lexical-semantic
processing.

In the present study, by examining the effect of general
sounds, language comprehension, and human voice percep-
tion in a single session of fMRI scanning, we aimed to clarify
language dominance for lexical-semantic processing in the
temporal cortices while considering human voice perception.

Materials and Methods

Subjects
Thirty healthy right-handed subjects (mean � SD of Edinburgh

Handedness Inventory score was 91.2 � 10.7),37 15 women and 15

men, participated in the study (mean age, 32.6; SD, 7.1). All volun-

teers were native speakers of Japanese, and none had any history of

neurologic disorders. None of the subjects was taking alcohol or med-

ication at the time, and none had a history of psychiatric disorder,

significant physical illness, head injury, neurologic disorder, or alco-

hol or drug dependency. All subjects underwent an MR imaging to

rule out cerebral anatomic abnormalities. After complete explanation

of the study, written informed consent was obtained from all subjects,

and the study was approved by the Ethics Committee.

Experimental Design
In a single session, 3 types of stimuli were presented: forward-played

sentences (SEN); reverse sentences (rSEN; ie, the same sentences

played in reverse); and identifiable nonvocal sounds (SND). The du-

ration of each stimulus was 20 seconds, and rSEN, SND, and SEN

were played in sequence to each subject. Before each sound, the sub-

jects listened to silence from the headphones for 20 seconds (rest

condition). Each set was 120 seconds, consisting of these 3 sound

conditions and the rest conditions. One session consisted of 8 sets,

with a total scanning time of 960 seconds (Fig 1). As identifiable

nonvocal sounds for the SND condition, the complex sounds of a

shower, washing machine, bell, and computer printer were used.

These identifiable sounds were continued for 20 seconds with tonal

fluctuation. The sentences represented a single topic per set, and one

session consisted of 4 topics, each repeated twice randomly. Concern-

ing the contents of the sentences, each topic was expressed by 1 or 2

sentences, consisting of 6 –7 phrases included in compound sen-

tences. These sentences used conjunctional phrases or long adjuncts.

Therefore, each subject was required to comprehend complex situa-

tions and understand the connection of the phrases or sentences (Ap-

pendix). The material of sentences included the linguistic section of

the contents of Wechsler’s Memory Scale–Revised, translated into

Japanese.

We used reverse sentences for the human voice condition. Reverse

sentences have the same spectrum domain as forward sentences (Fig

1) and maintain the character of human voice. A neuropsychological

study has demonstrated that reverse speech continued for more than

200 ms loses meaning.38 In addition, previous fMRI studies have used

reversed speech as nonsemantic vocal sound.39-41 Furthermore, sub-

jects listening to reversed words or reversed phrases might guess the

meaning of the terms or contents.39 Therefore, instead of using re-

verse words or reverse phrases as nonsemantic vocal sounds, we used

reverse sentences of sufficient length to preclude guessing their mean-

ing. We performed a preliminary study with 30 different subjects

from those participating in the fMRI study. The 30 subjects listened to

2 reverse sentences without being informed in advance that these

sounds were reverse sentences. At first, the subjects listened to reverse

sentences of a male voice, and then they listened to those of a female

voice, each for 20 seconds. After listening to these 2 sounds, we ques-

tioned them concerning the human voice, intonation, contents of the

sentences, and male or female voice (Appendix 2). All subjects could

perceive reverse sentences as “human voice,” “a sound having into-

nation,” “nonsemantic information,” and “a sound that can be dif-

ferentiated as either male or female voice.”

Instruments Used for the Presentation of Stimuli
The stimuli were presented by using Media Studio Pro (version 6.0;

Ulead Systems, Ulead Systems, Taiwan) running under Windows 98.

Subjects listened to the sound stimuli through headphones attached

to an air conductance sound delivery system (Commancer X6, MR

imaging Audio System; Resonance Technology Inc, Los Angeles,

Calif). The average sound pressure of stimulus amplitude was kept at

80 dB at the end of the audio system.

fMRI Acquisition
The images were acquired with a 1.5T Signa system (General Electric,

Milwaukee, Wis). Functional images of 240 volumes were acquired

with T2*-weighted gradient echo-planar imaging sequences sensitive

to blood oxygenation level– dependent contrast. Each volume con-

sisted of 40 transaxial contiguous sections with a section thickness of

3 mm to cover almost the whole brain (flip angle, 90°; echo time [TE],

50 ms; repetition time [TR], 4 seconds; matrix, 64 � 64; field of view,

24 � 24).

Behavioral Data
To ensure that the subjects actively participated in the fMRI study, we

conducted a postscan session in which each subject was asked a series

of questions regarding the contents of each condition (rSEN, SND,

SEN). For the rSEN condition, the subjects were asked 3 questions,

whether the subjects could recognize the sound as voice, could under-

stand the contents, and could discriminate the voice as male or fe-

male. For the SEN condition, the questionnaire consisted of 4 ques-

tions regarding the situation relevant to the sentences, and 4 questions

regarding the proper nouns used in the sentences. For the SND con-

dition, we asked each subject to identify the names of the sound

stimuli.

Fig 1. A, reverse sentences (rSEN); B, identifiable nonvocal sounds (SND). C, sentences
(SEN).
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Image Processing
Data analysis was performed with statistical parametric mapping soft-

ware SPM99 (Wellcome Department of Cognitive Neurology, Lon-

don, UK), which ran with MATLAB (Mathworks, Natick, Mass). All

volumes were realigned to the first volume of each session to correct

for subject motion, and they were spatially normalized to the standard

space defined by the Montreal Neurologic Institute (MNI) template.

After normalization, all scans had a final resolution of 3 � 3 �3 mm3.

Functional images were spatially smoothed with a 3D isotropic

Gaussian kernel (full width at half maximum of 8 mm). Low fre-

quency noise was removed by applying a high-pass filter (cutoff pe-

riod of 80 seconds) to the fMRI time series at each voxel. A temporal

smoothing function was applied to the fMRI time series to enhance

the temporal signal intensity-to-noise ratio. Significance of hemody-

namic changes in each condition was examined by using the general

linear model with boxcar functions convoluted with a hemodynamic

response function. Statistical parametric maps for each contrast of the

t statistics were calculated on a voxel-by-voxel basis. The t values were

then transformed to unit normal distribution, resulting in z scores.

Statistical Analysis
Group analysis was performed on the data for all 30 subjects with the

use of a random effect model on a voxel-by-voxel basis. Three trials

(rSEN, SND, and SEN conditions) were presented by each explana-

tory variable. Each explanatory variable was convoluted with a stan-

dard hemodynamic response function taken from SPM99 to account

for the hemodynamic response lag. The t statistics were calculated for

contrast among the 3 trials.

Cognitive Systems
To assess the specific condition effect, we used the contrasts of reverse

sentences minus identifiable sounds (rSEN-SND), sentences minus

identifiable sounds (SEN-SND), and sentences minus reverse sen-

tences (SEN-rSEN). As shown in Table 1, the contrast of rSEN-SND

included human voice perception. The contrast of SEN-SND was

assumed to represent the activation as a result of lexical-semantic

processing and voice perception. The contrast of SEN-rSEN included

lexical-semantic processing.

A random effects model that estimates the error variance for each

condition across the subjects was implemented for group analysis.

The contrast images obtained from single-subject analysis were en-

tered into the group analysis. A 1-sample t test was applied to deter-

mine group activation for each effect. Significant clusters of activation

were determined by using the conjoint expected probability distribu-

tion of the height and extent of z scores with the height and extent

threshold. Coordinates of activation were converted from MNI coor-

dinates to the Talairach and Tournoux coordinates42 by using

the mni2tal algorithm (http://www.mrc-cbu.cam.ac.uk/Imaging/

Common/mnispace.shtml).

Laterality Index
To investigate cerebral laterality in the temporal cortices, we used the

Laterality Index (LI),1,4 which is calculated by the ratio [VL � VR]/

[VL � VR] � 100 (range, �100 � LI �100), where VL is the voxel

number of the left hemisphere and VR is the voxel number of the right

hemisphere. LI � 20 corresponds to left hemisphere dominance,

�20 � LI � 20 corresponds to symmetrical, and LI � �20 corre-

sponds to right hemisphere dominance.

In our current study, activation of the temporal cortices was ex-

amined using a localized mask that was previously made of an MR

imaging T1 template of the whole brain scanned at 1-mm intervals. In

calculating LI, the total voxel number was fixed for all subjects. When

cerebral activation under each contrast was analyzed in each subject,

the t value of each voxel in the bilateral temporal cortices was calcu-

lated with an spmT file, and the t value of each subject was arranged in

turn from the greatest number. From the assembly of t values of the

left and right hemispheres, a total of 400 voxels were selected from the

greatest value in declining order. We determined the extracted voxel

number of VL � VR as 400 voxels, which closely correspond to 60%

of cerebral activation of the temporal cortices under the contrast of

rSEN-SND (with threshold P � .001, random effect model cluster-

level corrected, VL � 283 voxels, VR � 382 voxels, VL � VR � 665,

and [VL � VR] � 0.6 � [283 � 382] � 0.6 � 399). Language dom-

inance was determined by examining the deviation of each voxel

number of each hemisphere.

Results
Among the subjects, the mean rate of correct answers to the
questionnaire was 96.8 � 6.5% for the SEN condition, 97.2 �
8.0% for the rSEN condition, and 94.4 � 10.6% for the SND
condition (post hoc P � .05). In the subsequent analyses, we
discarded the data if either of the performance rates of the
questionnaire was 2 SD or more below the mean (approxi-
mately 75% for both conditions). This procedure removed 2
women and 1 man from the original group of subjects. There-
fore, 27 subjects were investigated (13 women and 14 men).

Group Analysis
Group analysis was performed to investigate cerebral activa-
tion of the following 3 contrasts: rSEN-SND, SEN-SND, and
SEN-rSEN.

Cerebral activation under the rSEN-SND contrast, includ-
ing human voice perception, was demonstrated in the tempo-
ral cortices. These activated regions were localized at the tem-
poral cortices along the bilateral superior temporal sulcus
(STS) and the bilateral middle temporal gyrus (MTG) (z �
4.16; P � .00005, random effect model uncorrected, extent
threshold �10 voxels) (Fig 2A; and Table 2). Under this
threshold, cerebral activation of the temporal cortices was
right hemisphere-dominant (LI � �26.1 [� �20], L � 136
voxels, R � 232 voxels). The peaks of the activated regions of
the left and right hemispheres were found in slightly different
locations. Activation of the left temporal cortex was observed
at the anterior and central portion along the upper bank of the
STS, whereas that of the right temporal cortex was centered at
the anterior temporal cortex along the STS and the anterior

Table 1: Cognitive systems involved in listening to SEN, rSEN, and
SND

SND rSEN SEN
rSEN-
SND

SEN-
SND

SEN-
rSEN

Lexical-semantic processing � � � � � �
Human voice perception � � � � � �
Tonal fluctuation � � � � � �
Attention � � � � � �
Primary auditory processing � � � � � �

Note:—SND indicates nonvocal sounds; rSEN, reverse sentences; SEN, sentences. SND,
rSEN, and SEN are in the context of subjects scanned by functional MR imaging while
listening to these sounds.
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and central portion of MTG. The activated region of the right
temporal cortex was extended more toward the anterior direc-
tion of the temporal cortex than that of the left temporal
cortex.

The contrast of SEN-SND demonstrated cerebral activa-
tion in the left frontal cortex, the left parietal cortex, and the
bilateral temporal cortices (z � 4.16; P � .00005 random effect
model uncorrected, extent threshold �10 voxels) (Fig 2B and
Table 2). Cerebral activation in the frontal cortex was most
prominent at the left inferior frontal gyrus (IFG) and the left
middle frontal gyrus (MFG). The activated region of the left
IFG was observed at the anterior triangular and opercular por-
tions. Cerebral activation of the temporal cortices was left
hemisphere-dominant (LI � 22.1 [� 20], L � 213 voxels, R �
136 voxels) and the peak of the region centered on the tempo-
ral cortices along the upper bank of the STS and the MTG.
Cerebral activation in the parietal cortex was observed at the
inferior parietal cortex, including the left angular gyrus and
the left precuneus.

The SEN-rSEN contrast showed cerebral activation in the
left hemisphere except the cerebellum, which showed right-
lateralized activation (z � 4.16; P � .00005, random effect
model uncorrected, extent threshold �10 voxels) (Fig 2C and
Table 2). Cerebral activation of the frontal cortex was observed
at the left MFG and the triangular and opercular portion of the
left IFG. Cerebral activation of the latter was spatially extended
more in the direction of the central sulcus than the activated
area under the contrast of SEN-SND. Additional activation
was found in the internal portion of the left superior frontal
gyrus (SFG) along the longitudinal fissure. In the temporal
cortices, only the left MTG was activated (LI � 100 [� 20],
L � 178 voxels, R � 0 voxels). In the parietal cortices, the locus
of the activation was observed around the left inferior parietal
cortex including the precuneus, the left posterior parietal cor-
tex, and the angular gyrus. All these results (cerebral activation
under the rSEN-SND, SEN-SND, and SEN-rSEN contrasts)
satisfied with statistical significance the cluster level in the
temporal cortices (random effect model, cluster level cor-
rected, P � .001) as well as the significance on a voxel-by-voxel
basis (random effect model uncorrected).

Although sex difference of groups was investigated by the
2-sample t test, significant differences of cerebral activation
under each of the 3 contrasts of rSEN-SND, SEN-SND, and
SEN-rSEN were not observed (there was no activation even at
the following lower threshold; P � .005, random effect model
uncorrected). Furthermore, no significant difference in the
average of LI was observed between the male and female sub-
groups (rSEN-SND, Mann-Whitney U � 89.5, P � .801; SEN-
SND, Mann-Whitney U � 78.0, P � .550; SEN-rSEN, Mann-
Whitney U � 84.5, P � .756).

Individual Variability in LI under the 3 Contrasts
Figure 3 shows the LI distribution of the temporal activation
under the rSEN-SND, SEN-SND, and SEN-rSEN contrasts.
Mean � SD of LI under the 3 respective contrasts was �14.6 �
6.1, 30.6 � 8.9, and 56.2 � 5.6. One-way analysis of variance
(ANOVA) for individual LI in temporal activation was signif-
icantly different among the 3 contrasts (ANOVA: F (2, 78) �
26.28, P � .001). Multiple comparison by Bonferroni test after
ANOVA was significantly different among all 3 contrasts: be-
tween rSEN-SND and SEN-SND, P � .001; between rSEN-
SND and SEN-rSEN, P � .001; between SEN-SND and SEN-
rSEN, P � .036. These results showed that LI in each contrast
was significantly different and that language dominance of the
SEN-rSEN contrast was the greatest among the 3 contrasts.

Fig 4 shows individual variability of LI of the temporal
cortices. For the rSEN-SND contrast, 44.4% of the subjects
exhibited right hemisphere dominance, 37% were symmetri-
cal, but 18.6% had left hemisphere dominance. On the other
hand, for the SEN-SND contrast, 66.7% of the subjects exhib-
ited left hemisphere dominance, 3.7% were symmetrical, but
29.6% showed right hemisphere dominance. For the SEN-
rSEN contrast, 81.5% of the subjects exhibited left hemisphere
dominance, and 18.5% were symmetrical. Although 9 of 27
subjects (33%) showed symmetrical or right-lateralized acti-
vation under the SEN-SND contrast, all subjects showed left-
lateralized activation under the SEN-rSEN contrast.

The rate of subjects showing left hemisphere dominance in
the temporal cortices was significantly less in the rSEN-SND
contrast (18.6%) than in the SEN-SND (66.7%) and SEN-
rSEN contrasts (81.5%) (rSEN-SND versus SEN-SND, �2 �
47.00, P � .001; rSEN-SND versus SEN-rSEN, 77.73, �2 �
47.00, P � .001). Furthermore, the difference in the rate of
left-lateralized subjects was also significant in the temporal
cortices between the SEN-SND and SEN-rSEN contrasts (�2

� 4.56 [Yates’s adjustment], P � .033 [Fig 4]).

Discussion
In the present study, we used an fMRI protocol to reveal the
general trend of language dominance in the temporal cortices
by examining lexical-semantic processing and human voice
perception within a single session. Our results showed that
temporal activation under the rSEN-SND contrast, including
human voice perception, was right hemisphere-dominant,
whereas temporal activation under the SEN-SND or SEN-
rSEN contrast, including lexical-semantic processing, was left
hemisphere-dominant. All of the subjects, who were symmet-
rical or right hemisphere-dominant under the SEN-SND con-

Fig 2. Activated areas revealed by the contrasts. rSEN-SND (A), SEN-SND (B), and
SEN-rSEN (C) with a statistical threshold of P � .00005 (random effect model uncorrected;
extent threshold at 10 voxels). SEN, sentences; rSEN, reverse sentences; SND, identifiable
nonvocal sounds.
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trast, showed left-lateralized activation under the SEN-rSEN
contrast.

Cerebral Laterality in Human Voice Perception
We confirmed that reverse sentences could be perceived as
“human voice” and “nonsemantic information” in our pilot
study (see “Appendix 2” and “Experimental Design” in “Ma-
terials and Methods”). By using the contrast of rSEN-SND, we
investigated the cerebral activation of human voice
perception.

In our group analysis, right-lateralized activation by hu-
man voice perception was observed in the anterior portion of
STS and MTG. According to fMRI studies of human voice
perception, the right anterior temporal cortex is significantly
activated when subjects listen to syllables spoken by different
voices compared with those by a single voice.43 Thus, cerebral
activation of the right anterior temporal cortex was believed to
play a role in the perception of subtle tone timbre. Previous
fMRI studies revealed that the right anterior temporal cortex
was implicated in the recognition of prosody and specific
pitch.44-47 Taking these features into account, our results
showed that there is cerebral activation in the right anterior
temporal cortex by perception of the characteristic sounds
constituted by the human voice.

fMRI studies of human voice perception have mainly re-
ported the results of group analysis,33,48,49 but few studies have
reported the results of single subject analysis.32 Although LI
was not estimated, a previous fMRI study of human voice
perception in 8 subjects demonstrated that 4 of the 8 were
right hemisphere-dominant, another 2 were symmetrical, and
the remaining 2 subjects were left hemisphere-dominant.32 In
our present study, cerebral laterality under the rSEN-SND
contrast showed right hemisphere dominance in 44.4% of the
subjects and bilateral activation in 37.0%. On the other hand,
the rate of subjects showing left hemisphere dominance was
significantly less under the rSEN-SND contrast (18.6%) than
under the SEN-SND (66.7%) and SEN-rSEN contrasts
(81.5%). The results of cerebral laterality for human voice per-

ception revealed that most people were symmetrical or right
hemisphere-dominant, whereas relatively few people were left
hemisphere-dominant.

Cerebral Laterality in Lexical-Semantic Processing
In our study, cerebral activation showed left hemisphere dom-
inance in the frontotemporal region under both of the SEN-
SND and SEN-rSEN contrasts. Recent neuroimaging studies
have investigated language dominance by using the reading
task,14,50-53 verbal fluency task,54,55 or auditory comprehen-
sion task,14,28 but to our knowledge, the influence of human
voice perception has not been adequately taken into consider-
ation in determining language dominance.

Some fMRI studies have demonstrated right hemisphere
dominance for language in right-handed subjects—atypical
lateralization.4,5,36,56-58 Although atypical lateralization is
mainly reported in cerebral activation of the frontal cortex
under word production tasks, in an fMRI study using a story-
listening task, atypical lateralization was demonstrated in the
temporal cortices.59 In that study, right hemisphere domi-
nance in the temporal cortices could be influenced by human
voice perception.

Our results under the SEN-SND contrast revealed that
66.7% of subjects were left hemisphere-dominant, and 29.6%
were right hemisphere-dominant. On the other hand, the re-
sults under the SEN-rSEN contrast showed that 81.5% of sub-
jects were left hemisphere-dominant, and none was right
hemisphere-dominant. This difference of language domi-
nance may be attributed to the difference of cognitive function
between the SEN-SND and SEN-rSEN contrasts. Cerebral ac-
tivation under the SEN-SND contrast includes cerebral acti-
vation by lexical-semantic processing and human voice per-
ception. On the other hand, cerebral activation under the
SEN-rSEN contrast could be regarded as more activated by
lexical-semantic processing than by human voice perception
because the subjects could recognize reverse sentences under
the rSEN condition as human voice. Therefore, our results
suggest that evaluating cerebral activation of human voice per-
ception could represent a better way of investigating the cere-
bral laterality of language.

Fig 3. LI distribution of the temporal activation under rSEN-SND, SEN-SND, and SEN-rSEN
contrasts: The bold line shows the mean of LI under each contrast. One-way ANOVA and
multiple comparison by Bonferroni test for individual LI in temporal activation was
significantly different among the 3 contrasts (ANOVA: F (2, 78) � 26.28, P � .001,
Bonferroni: P � .05). *, P � .05; **, P � .001.

Fig 4. Individual variability of LI of the temporal cortices: symmetrical or right-lateralized
activation was observed in 22 of 27 subjects (81.4%) under the rSEN-SND contrast in the
temporal cortices. Although 9 of 27 subjects (33.3%) showed symmetrical or right-
lateralized activation under the SEN-SND contrast in the temporal cortices, all subjects
showed left hemisphere dominance under the SEN-rSEN contrast. *, P � .05; **, P � .001.
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Conclusion
The present study demonstrated that right-lateralized activa-
tion was observed in the temporal cortices by human voice
perception. In contrast, left-lateralized activation was shown
in the frontotemporal region and inferior parietal cortex by
lexical-semantic processing. Although 9 of 27 subjects
(33.3%) were symmetrical or right hemisphere dominant un-
der the SEN-SND contrast, all subjects showed left-lateralized
activation under the SEN-rSEN contrast. Our results demon-
strated that right-lateralized activation by human voice per-
ception could mask left-lateralized activation by lexical-
semantic processing. These findings suggest that the influence
of human voice perception should be adequately taken into
account when determining language dominance.

Appendix 1: Contents of the Sentences
We used the following sentences in the task.

1. Ms. Keiko Ueda, who lives in Kitakyushu city and works as
a licensed cook at a company cafeteria, notified the police near
the station that 56,000 yen was stolen when she was mugged at
Odouri last night.
2. Last night, when Mr. Ichiro Sato was driving a 10-ton truck
full of eggs along the road to Yokohama, near the mouth of the
Tama River the axle of the truck broke, and the truck slipped
off the road and was buried in a ditch.
3. These days “Casual Day” during which businessmen work
in plain clothes with no tie has been established, but the ap-
parel business has developed and is marketing a “Dressed Up
Monday Campaign” that advertises “Let’s be smartly dressed
in a suit every Monday.”
4. Today, the designs of Northern Europe have become in-
creasingly popular, and a cultural event showing a collection
of Swedish designs, music and images, etc., called “Swedish
style 2001,” will be held at various locations in Tokyo.

Appendix 2: Contents of the Questions in the Pilot Study
Questionnaire

Please answer the following question after listening to 2
sounds.

As what did you recognize these sounds? Please circle the
appropriate one.

1. Human voice
2. Animal sound
3. Machine sound
4. Environmental sound
If you circled no. 1, please answer these questions.
As what did you recognize the first sound?
1. Male voice
2. Female voice
As what did you recognize the second sound?
1. Male voice
2. Female voice
Did you recognize these sounds as having intonation?
Yes No
Did you recognize a message from these sounds?
Yes No
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