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Summary

Although recent functional imaging studies have revealed that various
cortical regions are related to the processing of various linguistic
constructions, it has not yet been discovered which brain areas are
directly associated with the modification process, i.e., the processing of
the relationship between the adjective and the subsequent noun in adjec-
tive-noun constructions. In the present study, we used event-related
functional magnetic resonance imaging (fMRI) to identify the brain
regions that underlie the processing of the semantic relationship between
adjectives and subsequent nouns in adjective-noun constructions. We
used four types of stimulus sentences: correct sentences (filler), sentences
containing semantic errors in the adjective-noun relationship, sentences
containing syntactic errors, and skentences containing lexical errors (base-
line). In the result, the stimulus sentences, which contained semantically
erroncous relations between adjectives and nouns relative to baseline
lexically erroneous stimulus sentences, activated the left anterior inferior
frontal gyrus (IFG): [(x, y, z) = (-44, 25, -2), Z = 4.50]. This region was also
observed on coordinates [(-44, 25, -4), Z = 5.60] even in the comparison of
the semantically erroneous stimulus sentences relative to the syntactical-
ly erroneous stimulus sentences. These two coordinates nearly over-

lapped. Coupled with recent fMRI studies focusing on semantic process-
(81)
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ing, these data indicate that the left anterior IFG is closely associated
with the processing of the adjective-noun construction and/or semantic

relational computation.
Introduction

Recent research on aphasia and functional imaging studies has revealed
the existence of distinct modules for the faculty of language, such as syn-
tactic, phonological, and semantic systems (Embick, et al. 2000; Sakai et
al., 2001; Ullman, 2001; Homae et al., 2003; Wartenburger et al., 2003;
Meyer et al., 2003). Concerning semantic modules, some involvement of
the left temporal regions in semantic processing has been proven
(Thompson-Schill et al., 1999; Malogiannis et al., 2003; Friederici ef al.,
2000).

Semantic processing studies have used various tasks. For example,
subjects have judged whether a presented word is concrete or abstract
(Binder et al., 1997; Friederici et al., 2000); whether the lexicosemantic
relationship (selectional restrictions) between a noun and a verb is nor-
mal (Suzuki and Sakai, 2003; Friederici et al., 2003); and whether two
presented sentences are semantically identical (Dapretto and
Bookheimer, 1999). Many of these studies have indicated the participa-
tion of regions of the left temporal lobe, such as Wernicke’s area, the left
superior and middle temporal gyri in semantic processing (Sakai et al.,
2000; Malogiannis et al., 2003; Friederici et al., 2000). But it should be
emphasized that most of these studies hardly controlled the number of
syllables or the novelty of words used in the experiments, which could
cause unexpected activations. Moreover, in some of these studies, words
instead of sentences have been used as stimuli. It is indispensable to use
sentence-level stimuli to search for the loci of syntactic and semantic

modules.
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In our study, we used sentences as the stimuli that contained the
adjective-noun construction because computation of modification is an
unexplored research topic. The present study is, therefore, an attempt to
specify the locus subserving the computation of modifications, and we
expect that its results will contribute to further specifications of the

brain area for semantic processing and/or retrieval
Material and methods

Subjects

Six male volunteers, mean age 23.8 years ranging from 21 to 27 (SD 2.19)
participated in the experiment. None had a history of neurological or psy-
chiatric disease. Japanese was their first language, and all showed right-
handedness (laterality quotients, 60-100) as determined by the
Edinburgh Inventory (Oldfield, 1971). They all had normal or corrected
to normal vision. Written informed consent was obtained from all the
subjects prior to the experiment whose protocol was approved by the
Ethical Committee of Advanced Telecommunication Research Center

(ATR), whose fMRI we used for our experiment.

Stimuli
In the present study, four types of stimulus sentences were presented
visually for a period of 5000 ms at interstimulus intervals of 500 ms, dur-
ing which a fixation cross was presented. The subjects were required to
look at each stimulus and indicate whether there was an error or not by
pressing a button.

All the words employed in the stimulus sentences were selected from
the fundamental vocabulary for Japanese language teaching (National
Language Research Institute, 1984). The fundamental vocabulary was

graded from score 1 to 40 (maximum), and only words scoring over 20
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were chosen. The lexical frequency of the words was also controlled
according to vocabulary frequency tables (National Language Research
Institute, 1970) to avoid activations related to word-frequency effect
(Chee et al., 2003). Although the stimulus sentences were written in kan-
Jis (Chinese characters) and kanas (syllabled-based characters) to reflect
the natural Japanese writing system, the length of all stimulus sentences
was controlled, i.e., the total number of letters and morae of each sen-
tence were the same (Nakamura ef al., 2000; Valaki et al., 2003).

The stimulus sentences all consisted of, in this order, a subject, an
adjective, a noun and a verb, and were classified into four types: both
éemantically and syntactically correct sentences (COR), semantically
incorrect sentences, in which adjectives and nouns did not match seman-
tically (SEM), syntactically incorrect sentences, in which adjectives fol-
lowed nouns (SYN), and sentences containing lexical errors (LEX). Table
1 below shows sample stimulus sentences.

Each type had 16 stimulus sentences in total. The stimulus sentences
of Types SYN and LEX were derived from the sentences of Type COR. To
produce Type SYN sentences, the position of the adjective and the noun
was changed from Type COR sentences, which caused syntactic errors.
To produce Type LEX sentences, the order of the letters of the adjective
was randomized, which produced an implausible adjective. Since all
types of stimulus sentences contained the same nouns and verbs, the
imageability (i.e., the load with which a stimulus can be mentally imag-
ined) of the words employed in stimulus sentences was controlled
(Casasanto, 2003).

By having the participants perform an error detection task, we expect-
ed to reveal the loci related to error detection. That is to say, we expected

that Type LEX stimulus sentences would activate the region subserving
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Table 1 Samples of experimental stimuli. In the sample sentences, Top
stands for “topic marker” and Acc stands for “accusative case marker”.

Boku wa shikakui hako-o aketa
I Top square box Acc opened

Type COR | opened a square box.”

(Filler) The sentence is both syntactically and semantically correct. The
adjective-noun order is normal, and there is no semantic mis-
| match between the adjective shikakui and the noun hako.

Boku wa hageshii hako o aketa

I Top furious box Acc opened
Type SEM

(active task) | The sentence is semantically incorrect. The adjective hageshii

“T opened a furious box.”

cannot modify the noun hako. Hagesii hako is an unacceptable
expression in Japanese.

Boku wa hako o shikakui aketa

I Top box Acc square opened

Type SYN “T opened a box square.” .
(active task) | The sentence is syntactically incorrect. The noun-adjective order
does not follow the Japanese grammar rules that require adjec-

tives to precede the head noun.

Boku wa ishikaku hako o aketa
Type LEX I Top (Iexical error)  box Acc opened
. “I opened **** hox."
(baseline)

The adjective ishikaku is produced from shikakui by randomiz-

ing the order of its letters.

the lexical knowledge; Type SYN stimulus sentences would reveal activa-
tion related to syntactic processing; and Type SEM stimulus sentences
would activate the region associated with the semantic computation

related to adjective-noun modification.

Prior to the task
Prior to the experiment, whether the adjectives could really modify the

following nouns was checked through three questionnaires, answered by
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43 people ranging 17 to 27 years of age. Type COR stimulus sentences

were selected from answers whose modifying relations were judged to be
correct by a 98.76% majority, while Type SEM sentences were chosen
from the answers whose modifying relations were judged strange by a
majority of 95.73%.

fMRI acquisition

The image scanning was performed on a 1.5 T scanning system (MAG-
NEX ECLIPSE 1.5 T Power Drive 250, Shimadzu Marconi) that used a
standard radiofrequency head coil for signal transmission and reception
and employed the following parameters: TR (repetition time) 6000 msec,
TE (echo time) 43 msec, flip angle 90°, field of view (FOV) 19.2 X19.2 cm,
pixel matrix dimensions 64 X 64 mm, and voxel size 3 X3 x5 mm. Thirty
contiguous 5 mm thick slices without gaps were obtained in the axial
plane for each subject. For each task, there were two scanning sessions
that lasted 234 seconds and yielded 78 functional images (4 scans for sig-

nal stabilization) for each subject.

Image analysis
Image and statistical analyses were performed on MATLAB (Math
Works, Natick, MA) using statistical parametric mapping (Software
SPM2 [Wellcome Department of Cognitive Neurology, London, UK]). The
acquisition timing of each slice was corrected, and the functional images
of each run were realigned. Each individual brain was spatially normal-
ized using the first scan as a reference and then was smoothed by using a
Gaussian kernel of 6 X6 X 10 mm.

A fixed effects model, with a threshold of P< .05, corrected for analyses
across the entire volume of the brain, was used to establish distribution

of activation, since the number of subjects were too small to use a ran-
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dom effects model (Friston et al, 1998). The effects of all event types in

each run were modeled by means of canonical hemodynamic response
functions. All cortical responses with P< .05 are reported. Activated brain
structures were identified by using Talairach Daemon (Talairach and
Tournoux, 1988).

Results

Behavioral data

Response accuracy rates and reaction times were recorded for all
responses in all sentence types to verify that the subjects were perform-
ing the task correctly (Table 2). There was a significant main effect of
active tasks. According to the rates, Types SYN and LEX showed similar-
ity in task difficulty, while some rates in Type COR showed that the
tasks were slightly more difficult because, to certify Type COR sentences
were correct, subjects had to confirm that no modifying, syntactic, or lexi-

cal errors existed.

Table 2 Average percent correct and average reaction time (msec)

Tyeps Average Correct Average P value (F value)
Correct ~ SD RT (ms) RT relative to LEX

COR (filler) 89.58 13.81 1592 .004 (12.89)

SEM 95.83 9.31 1542 .01 (7.85)

SYN 98.96 . 2.32 1544 03 (6.34)

LEX (baseline) 98.96 2.32 1131

fMRI resulis

The brain areas activated in Type SEM sentences relative to Type LEX
sentences and the brain areas activated in Type SEM sentences relative

to Type SYN sentences are listed in Tables 3 and 4, respectively. Figures
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1 and 2 illustrate the activation sites projected onto the standard brain
space for these two comparisons. Type SEM relative to Type LEX showed
significant left frontotemporal activation including middle frontal gyrus,
IFG, and superior temporal gyrus, whilst Type SEM relative to Type
SYN showed the activation in the left anterior IFG. The coordinates of
the left anterior IFG between Type SEM as compared to Type LEX [(x, v,
g) = (-44, 25, -2)] and those of Type SEM as compared to Type SYN [(-44,
25, -4)] were crucially close and the activations around those coordinates
were observed neither in Type SYN relative to Type LEX, nor in Type
SYN relative to the rest condition, nor in Type LEX relative to the rest

condition.

Fig 1 Cortical activation in Type SEM relative to Type LEX. The activai-
ed areas are projected onto a template anatomical MRI scan. The activa-
tion map is thresholded at P = .005. Talairach coordinates and Z score of

local activation are given in Table 3.
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Table 3 Brain regions activated by Type SEM relative to Type LEX
(P< 0.05, Z> 4.00)

Region Cluster-level  Coordinates Z-score

Max Pvalue x vy Z

L. inferior frontal gyrus BA8  0.000 -8 30 42 5.10
L. superior frontal gyrus BA8  0.000 0 32 48 5.00
L. medial frontal gyrus 0.000 ' 0 46 36 4.06
L. middle frontal gyrus 0.000 -44 18 26 4.96
L. inferior frontal gyrus BA 45 0.000 -52 26 18 4.29
L. inferior frontal gyrus 0.001 -44 25 -2 4.50

BA, Brodmann’s area of peak activation. Coordinates: -x left hemisphere,
+x right hemisphere, -y behind the anterior commisure, +y in front of the
anterior commisure, -z below the anterior-posterior commisure plane, +z
above the anterior posterior commisure plane. Regions written in boldface
designate the main peak activation within an area whereas regions writ-

ten in roman designate associated peaks. Threshold was set at P< .05.



90

Fig 2 Cortical activation in Type SEM relative to Type SYN. The activat-
ed areas are projected onto a template anatomical MRI scan. The activa-
tion map is thresholded at P = .005. Talairach coordinates and Z score of

local activation are given in Table 4

Table 4 Brain regions activated by Type SEM relative to Type SYN
(P< 0.05, Z> 4.00)

Region Cluster-level  Coordinates Z-score
Max P value x y z
L. inferior frontal gyrus 0.000 -44 25 -4 5.60
L. superior frontal gyrus BA 47 0.000 -48 36 -14 4.14
Discussion

The present study aimed to identify cerebral areas specifically involved

in the processing of the adjective-noun modification. We expected that
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Type SEM sentences would activate the region subserving the computa-
tion of modification, Type LEX sentences would activate the area related
to the lexical knowledge, and the activation observed in the processing of
Type SYN sentences should be correlated with the syntactic knowledge.
Therefore, we expected that if we compared Type SEM with Types LEX
and SYN, we could reveal the region selectively associated with the com-
putation of modification. ’

The result was that (1) Type SEM relative to Type LEX showed signifi-
cant increase of activation in the left anterior IFG, and Type SEM rela-
tive to Type SYN also showed the activation of the left anterior IFG; (2)
those two activations in the left anterior IFG had notably close Tarairach
coordinates, and seemed to be closely involved in the computation of
modification. The reason for this result is that (1) there was no activation
in the coordinates close to these two among the other comparisons which
did not involve semantic processing, such as Type SYN relative to Type
LEX; (2) there was no participation of other cognitive functions such as
working memory and word novelty processing because the word frequen-
¢y and the number of stimulus letters and morae were controlled among
all the comparisons (Buckner and Koutstaal, 1998; Siliveri et al., 1998;
Chien et al., 2003; Martin et ol., 2003; Chee et al., 2003); (3) there were
no effects of grammatical differences because grammatical functions and
parts of speech employed in the stimulus sentences were controlled
across all the sentence types (Perani et al., 1999; Federmeier et al., 2000;
Tyler et al., 2001; Marshall, 2003; Cappa and Perani, 2003; De Bleser
and Kauschke, 2003; Tyler et al., 2004)

It should also be added that the activation in BA 45 observed in Type
SEM as compared to Type LEX was not found in the comparison between
Type SEM relative to Type SYN. BA 45 was supposed to be related to

syntactic processing (Embick et al., 2000), and since the sentences of
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Types SEM and SYN shared the same syntactic processing subserved at

the frontal areas, BA 45 seemed not to appear in the comparison between
Type SEM relative to Type SYN.

The left anterior IFG

The most notable finding in the present study is that the left anterior
IFG is active in Type SEM as compared to Type LEX and Type SEM as
compared to Type SYN but not in the other comparisons in which the
subjects did not have to operate the semantic processing to perform the
given task. Moreover, these two activation sites nearly overlap on
Talairach coordinates. Thus, the two activations in the left anterior IFG
should be specifically correlated with the computation of modification,
which is commonly implicated in Type SEM as compared to Type LEX
and Type SEM relative to Type SYN.

This finding is in good accordance with the classical and increasing
number of interpretation of fMRI experimental results—that the left
anterior IFG is selectively engaged when subjects perform semantic pro-
cessing (Gabrieli et al., 1998; Poldrack et al., 1999; and also Thompson-
Schill et al., 1997; Thompson-Schill et al., 1999). The first functional neu-
roimaging study implicating the role of the left IFG was Petersen et al.¢’
verb generation experiment (Petersen ef al., 1988). They recorded brain
activity when their subjects generated a plausible verb (e.g., eat) to a pre-
sented noun (e.g., cake) and when their subjects merely read the noun.
Verb generation relative to noun reading produced activation in the left
IFG and other areas, such as the cingulate and the right cerebellum.
Subsequently, several neuroimaging studies have certified similar left
IFG activation in semantic tasks. Kapur et al. compared the brain activa-
tion when their subjects categorized each presented nouns as living or

nonliving with the activation when their subjects detected the presence



93

of the letter ¢ in presented nouns (Kapur et al., 1994). Categorizing task
as compared to perceptual tasks revealed significant activation in the left
IF'G. Moreover, Dapretto and Bookheimer investigated the neural activi-
ty when their subjects judged whether or not the meaning of two present-
ed sentences differed in terms of syntactic or semantic aspects (Dapretto
and Bookheimer, 1999). In ‘semantic’ condition, each pair of presented
sentences was identical in syntactic aspect expect for one word that was
replaced with either synonym or a different word (e.g., “The lawyer ques-
tioned the witness” v.s. “The attorney questioned the witness” (same),
“The man was attacked by the doberman” v.s. “The man was attacked by
the pitbull” (different)), whilst, in ‘syntactic’ condition, the presented sen-
tences in each pair were different in the word order and the voice (e.g.,
“The policeman arrested the thief” v.s. “The thief was arrested by the
policeman” (same), “The teacher was outsmarted by the student” v.s.
“The teacher outsmarted the student” (different)). Their finding indicated
that a part of Broca’s area, centered in the pars opercularis (BA 44), is
critically implicated in syntactic processing, whereas the lower portion of
the left IFG is selectively involved in semantic processing. Taken these
results together, Bookheimer suggested that the semantic manipulation
produced additional activity in the anterior IFG (Bookheimer, 2002).
Crucially, the left anterior IFG activation in our results is significantly
close to the coordinates which Dapretto and Bookheimer referred to as
the region critical for semantic processing [(-48, 20, -4)] (Dapretto and
Bookheimer, 1999). It can, therefore, be concluded that, though it seems
that the anterior IFG is not specific to adjective processing, the area sub-
serves the computation of modification, or relating adjectives to nouns
besides the production of semantically similar words (Petersen et aol.,
1988), the distinction of words according to a category (Kapur et al.,
1994) and visual semantic processing (Phillips et al., 2002; Noppeney et
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al., 2003).

Importantly, the results in our experiment do not contradict the theory
that the left temporal language areas, such as the Wernicke’s area
process semantic aspects (Mummery et al., 1999; Hodges and Patterson,
1995). Rather, our results should be interpreted to indicate that the left
temporal language areas and the left anterior IFG involve different
semantic processing. There is, in fact, research that dissociates those two
regions (Thompson-Schill ez al., 1999). As an example of those research-
es, Thompson-Schill et al. suggest that the left inferior prefrontal cortex
is likely to be involved in the selection of semantic material, and the
Wernicke’s area subserves semantic processing (Thompson-Schill et al.,
1997; 1999). The region identified by Thompson-Schill et al. as crucial to
semantic selection is, however, more superior and posterior than the
semantic-related region that we observed in this experiment. Moreover,
it is unclear how Selection Hypothesis explains the fact that passive lis-
tening to sentences activated the IFG (Miiller ef al., 1997). We cannot
make a claim about the functional dissociation between the Wernicke’s
area and the left anterior IFG from this experiment though the
Wernicke’s area might subserve more basic semantic processing than the
left anterior IFG does, since there is little evidence for semantic deficits
in patients with damage restricted to frontal regions (Mummery et al.,
1999). The Wernicke’s area might integrate semantic features from sen-
sorimotor areas and represent a lexicon, whilst the left anterior IFG
might compute and process the interaction of lexicons represented in the
Wernicke’s area. However, there is still not enough evidence for either of
these two hypotheses. Thus, further research is required to identify and
dissociate the function between the left temporal language areas and the
left anterior IFG.
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Conclusion

The present study demonstrated that the left anterior IFG was activated
in normal subjects for the computation of modification. The anterior IFG
could not be observed in other comparisons in which the subjects did not
necessitate semantic processing to perform the task. Overall, the results
match the hypothesized neural basis for semantic processing (Dapretto
and Bookheimer, 1999; Bookheimer, 2002). Therefore, it can be concluded
that the left anterior IFG subserves the computation of the semantic

relation between the adjective and the following noun.
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