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Abstract

This study used functional magnetic resonance imaging (fMRI) to examine brain–behavior correlations in a group of 16 children
(9- to 12-year-olds). Activation was measured during a semantic judgment task presented in either the visual or auditory modality
that required the individual to determine whether a final word was related in meaning to one of two previous words (e.g., found–
tank–lost). The main finding was that higher performers (i.e., accuracy) were associated with more activation in posterior represen-
tational systems including the inferior and middle temporal gyri, whereas lower performers were associated with more activation in
anterior regions including the inferior and middle frontal gyri. This pattern of results was interpreted as reflecting an elaborated
semantic representational system in temporal areas for the high accuracy performers that allowed them to efficiently and accurately
make meaning based judgments. The low accuracy performers may have an inaccurate or weakly interconnected semantic system
that results in greater use of frontal areas in a feature selection process.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Left inferior frontal gyrus (IFG) and middle (MTG)
and inferior (ITG) temporal gyri have repeatedly been
implicated in semantic processing (Binder et al., 1997;
Demonet et al., 1992; Poldrack et al., 1999; Price,
Moore, Humphreys, & Wise, 1997; Wagner, Desmond,
Demb, Glover, & Gabrieli, 1997). Further, functional
connectivity between IFG (BA 47/11) and MTG (BAs
37, 20, 21) has been established for semantic processing
(Bokde, Tagamets, Friedman, & Horwitz, 2001), sug-
gesting that these areas act as a semantic network (for
review, see Bookheimer, 2002; Price, 2000). Within this
network, temporal cortex has often been associated with
the storage of semantic representations (for review, see
Martin, 2001), and frontal cortex has been implicated
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in on-line manipulation of these representations (Kapur
et al., 1994, 1996). The goal of the current study is to
establish correlations between behavioral performance
and activation within this semantic network. Specifical-
ly, we hypothesize that better performance on an on-line
semantic association judgment task correlates with more
activation of elaborated semantic representations in
temporal cortex, and with less activation (i.e., more effi-
cient semantic manipulation processes) in prefrontal
cortex. Inferior frontal gyrus, specifically BAs 47, 44,
and 45, has been implicated in various tasks involving
on-line manipulation of semantic representations. In
general, these are tasks where the participant must focus
on features of the stimulus to make a decision. These
tasks include verb-generation (Petersen, Fox, Posner,
Mintum, & Raichle, 1988; Petersen, Fox, Posner, Min-
tum, & Raichle, 1989; Seger, Desmond, Glover, &
Gabrieli, 2000), category-decision (Petersen et al.,
1988, 1989), various semantic judgment tasks (Binder
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et al., 1997; Devlin, Matthews, & Rusworth, 2003; Pold-
rack et al., 1999; Price et al., 1997), semantic comparison
tasks (Chee et al., 2000; Pugh et al., 1996; Ricci et al.,
1999), semantic encoding (Kapur et al., 1994, 1996; Pet-
ersen & Fiez, 1993; Shallice et al., 1994; Wagner et al.,
1997, 1998), and semantic priming (Demb et al., 1995;
Seger et al., 2000; Wagner et al., 1997). Thus, there is
extensive evidence that inferior frontal gyrus is implicat-
ed in semantic manipulations, as well as playing a role
during semantic encoding and retrieval.

Similar to tasks that triggered activation in inferior
frontal gyrus, middle and inferior temporal gyri have
been implicated in studies of both semantic decision
and word generation. Middle and inferior temporal gyri
have been implicated in semantic judgment tasks (Bind-
er et al., 1997; Pugh et al., 1996; Wise et al., 1991),
semantic category monitoring (Demonet et al., 1992),
semantic matching (Chee et al., 2000), and word-gener-
ation given a category (Gourovitch et al., 2000). Fur-
ther, MTG by itself has been implicated on an
animacy-decision task (Price et al., 1997), and ITG by
itself has been implicated on semantic matching tasks
(Ricci et al., 1999) and successful semantic access (Van-
denberghe, Price, Wise, Josephs, & Frackowiak, 1996;
Wagner et al., 1998). Moreover, semantic categories dis-
tinguished by specific attributes (e.g., animals [+ ani-
mate], tools [� animate]) have been localized to
specific regions within temporal cortex (e.g., see Farah
& McClelland, 1991; Perani, Schnur, Tettamanti, Gor-
no-Tempini, & Cappa, 1999), suggesting that semantic
content is represented here.

1.1. Parametric designs

Parametric studies have significantly contributed to
our understanding of brain–behavior relationships,
and especially frontal lobe involvement in semantic
tasks. Various studies have correlated behavioral vari-
ables with neural activation to find reliable changes in
the activity within the semantic network. These studies
suggest that activation in left IFG is associated with in-
creased task difficulty, selection/retrieval demands, and
lower performance, while activation in temporal cortex
is correlated with higher performance.

1.1.1. Within-subjects brain–behavior correlations
A sizable amount of research has varied parameters

within-subject in order to draw brain–behavior correla-
tions. Here, manipulations of task difficulty are of par-
ticular interest. Although task difficulty has been
operationalized in various ways, increased activation
in IFG has been associated with increased difficulty
across these definitions. In a PET study in which high-
and low-familiarity objects were overtly named, in-
creased activation across inferior (BA 45/47) and middle
(BA 10) frontal gyri was identified in the low-familiarity
(i.e., high difficulty) condition (Whatmough, Chertkow,
Murtha, & Hanratty, 2002). Thompson-Schill, D�Espos-
ito, Aguirre, and Farah (1997) and Thompson-Schill,
D�Esposito, and Kan (1999) used word-generation par-
adigms given a base word, where the amount of inhibi-
tory effort (selection demands) needed to generate an
appropriate item was varied. High selection demands
were associated with increased activation in BAs 44,
45. In a similar study where participants were asked to
generate �usual� and �unusual� verbs given novel and
repeated base nouns, Seger et al. (2000) found increased
activation in BAs 44, 45 associated with increased
retrieval demands (novel vs. repeated base nouns), and
activation in bilateral middle frontal gyri (BA 10) asso-
ciated with increased selection demands (unusual vs.
usual verbs). Further, it has been shown that identifica-
tion of weak (i.e., more difficult) vs. strong associations
(Wagner, Paré-Blagoev, Clark, & Poldrack, 2001), and
encoding of previously otherwise grouped word pairs
(i.e., inhibiting previous associations) vs. novel word
pairs (Fletcher, Shallice, & Dolan, 2000) activates ante-
rior IFG (BAs 45/47).

Other semantic tasks that may require increased cog-
nitive support have yielded similar results. Activity in
BAs 45/47 has been correlated with subsequent retrieval
success after semantic encoding (Kirchhoff, Wagner,
Maril, & Stern, 2000). Moreover, partial word retrieval
has been associated with activation in IFG, suggesting
that this region may be involved when word retrieval
is most difficult. Kikyo, Ohki, and Miyashita (2002) cor-
related the degree of participants� reported �feeling of
knowing� after failed word-retrieval with activation dur-
ing attempted retrieval, identifying increased activation
in bilateral BA 47. The authors suggested that these
areas might be involved in accessing and screening avail-
able information about the target. Further, the degree to
which participants can semantically structure learned
word-lists has also been correlated with increased activ-
ity in inferior (BA 45) and middle (BA 10) frontal gyri
(Fletcher, Shallice, & Dolan, 1998a; Savage et al.,
2001). In summary, converging evidence suggests that
increased task difficulty correlates with activity in inferi-
or and middle frontal gyri.

1.1.2. Between-subjects brain–behavior correlations

Lower performance on semantic tasks across individ-
uals has been associated with higher activation in IFG.
Schlaggar et al. (2002) correlated accuracy and reaction
time (RT) measures to the signal during word-genera-
tion from a visually presented base word, and found that
activation in left BAs 45/47 was performance-related,
showing greater activation in low-performance children
relative to high-performance children and performance-
matched adults. Similarly, in a bilingual fMRI study of
a semantic association judgment task, Chee, Hon, Lee,
and Soon (2001) found that a smaller signal change in
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left prefrontal cortex (BA 44, 45) was associated with
higher language proficiency and shorter RTs, while a
larger signal change was associated with lower language
proficiency and longer RTs (also see Hernandez, Marti-
nez, & Kohnert, 2000). Further, lower language profi-
ciency was also associated with right prefrontal
activation. The authors suggest that neurons in prefron-
tal cortex are less �well-tuned� to unfamiliar representa-
tional patterns, resulting in more effortful semantic
retrieval and manipulation in lower performance indi-
viduals (i.e., individuals with less experience).

Further, limited findings suggest a possible correla-
tion between higher performance and activation in tem-
poral regions. Shaywitz et al. (2002) performed
correlations across a large continuum of dyslexic to nor-
mal performing children on a visual word categorization
task. High performers correlated with activation in left
occipitotemporal and parietotemporal regions. Low per-
formers, on the other hand, correlated with right occip-
itotemporal cortex, suggesting the usage of an �ancillary
system.� It is especially worth noting that lower perform-
ers correlated with less temporal activation, suggesting
that higher performers are associated with more elabo-
rated posterior semantic representations.

1.2. Current study

The primary goal of this study was to examine brain–
behavior correlations in both, frontal and temporal cor-
texes during semantic associative processing. We aimed
to (1) expand the limited literature on between-subject
brain–behavior correlations, and to (2) specifically build
on Shaywitz et al.�s (2002) findings suggesting a possible
brain–performance correlation for temporal cortex. We
targeted a population (9- to 12-year-old children) that
features large variation in performance, which may be
particularly suited to revealing brain–performance cor-
relations. Further, the semantic task used by Booth
et al. (2002) was employed, where participants were
shown, or listened to, three words and had to decide
whether the third word was semantically associated to
either of the previous two. This task requires a specific
feature search to establish a dimension of similarity be-
tween words, as well as deep semantic processing of pre-
sented words. We reasoned that, based on previous
findings, the processing demands of this task were likely
to implicate both frontal and temporal cortexes.

We hypothesized that if IFG and MFG indeed pro-
vide additional cognitive guidance in semantic manipu-
lation tasks, then children who fail more frequently in
identifying semantic associations would likely recruit
more of these guidance mechanisms and show more acti-
vation in IFG/MFG relative to children who identify
semantic associations easily. We also expected that chil-
dren who identified associations easily would have more
elaborated semantic representations in MTG and ITG.
2. Methods

2.1. Participants

Sixteen children (M age = 10.7 (SD = 0.7) years,
range = 9.3–11.8) participated. Behavioral accuracy
means were obtained for high association, low associa-
tion, and unrelated trials of the semantic judgment task.
In the auditory modality, one participant performed be-
low two standard deviations from the mean on the unre-
lated items, and was excluded from analysis on these
grounds. This resulted in a mean age of 10.7
(SD = 0.7) with 15 participants for the auditory seman-
tics condition. Eight males and eight females participat-
ed. All children were right-hand dominant (M = 75,
range = 20–90, where negative scores indicate left-hand
dominance) according to a 10 item likert-scale question-
naire. All children were recruited from private and pub-
lic schools in the Evanston, Illinois area.

All parents were administered an internal interview.
None of the participants had a history of intelligence
deficits, reading deficits or oral-language deficits. All
participants were native English speakers and had nor-
mal hearing and normal or corrected-to-normal vision.
All participants were free of neurological diseases or
psychiatric disorders and were not taking medication
affecting the central nervous system.

2.2. Functional activation tasks

2.2.1. Word judgment tasks

In the word judgment task, three words were pre-
sented sequentially and the participant had to deter-
mine whether or not the final word was semantically
associated to either of the two preceding words. For
example, in the sequence found–tank–lost, the first
and third words are associated, while in the sequence
snap–king–queen, the second and the third words are
associated. Half of the semantically related pairs had
a high association and half had a low association
(Nelson, McEvoy, & Schreiber, 1999). There was no
overlap in free association values for the high associ-
ates (M = .59) and the low associates (M = .27). Half
of the correct trials involved a match to the first stim-
ulus (first match) and half involved a match to the sec-
ond stimulus (second match). If there was a match, the
participant pressed a button with the index finger; if
there was no match, the participant pressed a different
button with the middle finger. Versions of the word
judgment task were presented to subjects in both a
visual (reading words) and an auditory (hearing words)
format. These visual and auditory task versions were
comprised of different stimulus lists, which consisted
of 50 sets each, and were balanced for word frequency
and associability. For details on stimulus characteris-
tics, see Booth et al. (2002).
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The word-reading task lasted 9 min and consisted of
10 blocks of 54 s. This included a 4-s introduction screen
to each block. The five experimental blocks alternated
with the five control blocks. In each trial for the experi-
mental blocks, three consecutive words were presented
in lowercase letters with each word presented for
800 ms followed by a 200 ms blank interval. A yellow fix-
ation cross (+) appeared on the screen after the third
stimulus was removed, indicating the need to make a re-
sponse during the subsequent 2000 ms interval. Partici-
pants were told that they could respond before the
yellow cross (+) appeared on the screen. Participants
were encouraged to respond as quickly as possible with-
out making errors. Each trial lasted a total of 5000 ms
and there were 10 trials in each block. The timing for
the auditory task was the same as for the visual task.
All stimuli for this task were recorded in a soundproof
booth using a digital recorder and a high quality stereo
microphone. A native Chicagoan female spoke each word
in isolation so that there would be no contextual effects.
All words longer than 800 ms were shortened through lin-
ear transformation to this duration (less than 1% of the
words). All words were then normalized so that they were
of equal amplitude. The stimuli were easily heard through
the headphones in the 1.5 T scanner. During the auditory
tasks, a white fixation cross (+) was presented during the
presentation of the auditory stimuli. As in the visual word
tasks, a yellow fixation cross (+) appeared on the screen
after the third stimulus was presented. Participants were
asked to fixate on the cross during the entire trial.

2.2.2. Control tasks

The control blocks for the visual and auditory tasks
were designed to equate the experimental and control
blocks in terms of their memory demands and response
characteristics. The experimental set-up and timing for
the control blocks was exactly the same as for the word
blocks. For control blocks in the visual tasks, the three
stimuli were abstract, non-linguistic symbols consisting
of straight lines (e.g., = n-n n - = n). For control blocks
in the auditory tasks, the three stimuli were high
(700 Hz), medium (500 Hz), and low frequency
(300 Hz) non-linguistic pure tones (e.g., 300–500–300).
The tones were 600 ms in duration and contained a
100 ms linear fade in and a 100 ms linear fade out.

2.3. Experimental procedure

After informed consent was obtained, participants
were administered an informal interview about their
developmental history (see above) and given their first
practice session in a simulator to acclimate the partici-
pant to the scanner environment (Rosenberg et al.,
1997). Different stimuli (matched in their stimulus char-
acteristics) were used in the practice and fMRI sessions.
Within 3 days, the participant was administered the first
MRI session. Within 2 months, the participant was
administered the second practice and MRI session.
The auditory and visual tasks were run on separate days
with an approximately equal number of participants
receiving the visual and auditory modality first.

2.3.1. MRI data acquisition

After screening, the participant was asked to lie down
on the scanner bed. The head position was secured with
a specially designed vacuum pillow (Bioniz, Toledo,
OH) that allowed for the insertion of two earphones
(for the auditory sessions). An optical response box
(Lightwave Medical, Burnaby, Canada) was placed in
the participant� right hand and a compression alarm ball
was placed in the left hand. The head coil was positioned
over the participant�s head and a goggle system for the
visual presentation of stimuli (Avotec, Jensen Beach,
FL) was secured to the head coil. Each imaging session
took less than 1 h.

All images were acquired using a 1.5 T GE scanner.
Gradient echo localizer images were acquired to deter-
mine the placement of the functional slices. For the
functional imaging studies, a susceptibility weighted sin-
gle-shot echo planar imaging (EPI) method with blood
oxygenation level-dependent (BOLD) was used. The fol-
lowing scan parameters were used: TE = 40 ms, flip an-
gle = 90�, matrix size = 64 · 64, field of view = 22 cm,
slice thickness = 4 mm, number of slices = 32. These
scanning parameters resulted in a 3.437 · 3.437 · 4 mm
voxel size. The acquisition of this volume was repeated
every 3 s (TR = 3000 ms) for a total of 9 min per run.
This resulted in 90 volumes for each word judgment task
and 90 volumes for each non-linguistic control task.

At the end of the functional imaging session, a high
resolution, T1 weighted 3D image was acquired (SPGR,
TR = 21 ms, TE = 8 ms, flip angle = 20�, matrix
size = 256 · 256, field of view = 22 cm, slice thick-
ness = 1 mm). These scanning parameters resulted in a
.86 · .86 · 1 mm voxel size. The orientation of this 3D
volume was identical to the functional slices.

2.3.2. Image data analysis

Data analysis were performed using SPM-99 (Statis-
tical Parametric Mapping) for motion correction and
statistical inference (Friston, Ashburner, et al., 1995;
Friston, Holmes et al., 1995; Friston, Jezzard, & Turner,
1994). The functional images were realigned to the last
functional volume in the scanning session using affine
transformations. No individual runs had more than
2.5 mm maximum displacement (less than the voxel size)
from the beginning to the end of the run for any partic-
ipant in the x-plane. All statistical analyses were con-
ducted on these movement-corrected images.

Images were then segmented and the gray-white mat-
ter information was used to co-register the structural
and functional images. The co-registered images were
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normalized to the MNI stereotaxic template (12 linear
affine parameters for brain size and position, 8 non-lin-
ear iterations and 2 · 2 · 2 non-linear basis functions for
subtle morphological differences). The MNI template is
similar to the Talairach and Tournoux (1988) stereotax-
ic atlas (Talairach & Tournoux, 1988) and there are
algorithms to convert between coordinate spaces (Cal-
der, Lawrence, & Young, 2001; Duncan et al., 2000).
Considering the age of our participants and our voxel
size, it is reasonable to normalize all participants into
the standard MNI template (Burgund et al., 2002; Kang,
Burgund, Lugar, Petersen, & Schlaggar, 2003; Muzik,
Chugani, Juhasz, Shen, & Chugani, 2000; Wilke, Schmi-
thorst, & Holland, 2002).

Statistical analyses were calculated on the smoothed
data (7 mm isotropic Gaussian kernal) using a delayed
boxcar design with a 6-s delay from onset of block to ac-
count for the lag in hemodynamic response. A high pass
filter was applied equal to two cycles of the experimental
and control conditions (216 s) to remove low frequency
effects such as signal drift, cardiac, and respiratory pul-
sations. We used global normalization to scale the mean
of each scan to a common value in order to correct for
the whole brain differences over time.
3. Results

3.1. Behavioral performance

Average performance levels were high in both the
auditory (M = 89.5% (SD = 7.4%)) and visual
(M = 93.9% (SD = 3.7%)) modalities. Accuracy levels
across the two modalities ranged from 72.9 to 100%.
We performed a modality (auditory, visual) · block
(baseline, words) · session (practice, test) repeated mea-
sures ANOVA on accuracy. This analysis revealed no
significant within-subject effects, suggesting that partici-
pants performed with similar accuracy levels in the audi-
tory and visual modalities, on the experimental and
baseline tasks, and inside and outside of the scanner.
Since accuracy levels were similar inside and outside of
the scanner, we only report accuracy data from the scan-
ning sessions. Although no effect of age was expected
given the small range in the children�s ages (9–12 years),
accuracy scores were correlated with participants� ages
to rule out age as a contributing factor in the brain–be-
havior correlation. No accuracy–age correlation was
found (p = .4), confirming that age may not enter as a
factor in the brain–behavior correlation.

3.2. Analysis of fMRI data

Behavioral accuracy measures acquired during the
imaging session were correlated with brain activation
during the word-judgment tasks (i.e., the experimental
condition) in both modalities. We examined the relation
between the continuous measure of behavioral perfor-
mance and the intensity of activation. A design matrix
was created to include all fMRI data from each child,
and the preliminary threshold for activation was re-
moved to estimate each voxel�s intensity of activation
during each condition relative to the global mean inten-
sity. Raw accuracy scores on the tasks were converted
into z scores by subtracting each individual�s accuracy
score from the mean for that subject group. This z score
resulted in a mean of 0 with individuals with higher er-
rors rates having a positive z score and those with lower
error rates having a negative z score. These z scores were
entered as a T-contrast in the statistical analysis for the
experimental condition of interest. This procedure
weights the b estimates of each voxel�s signal intensity
relative to the global mean by the individual�s accuracy,
thereby testing for a systematic relationship between
voxel intensity and performance. A significant effect in
this comparison (positive association) would mean that
greater intensity activation was associated with poorer
performance (higher error rates). We then reversed the
signs of the z scores so that those with lower error rates
or reaction times had positive z scores and those with
higher error rates had negative z scores. A significant ef-
fect in this comparison (negative association) indicated
that greater intensity activation was associated with bet-
ter performance (lower error rates).

The resulting maps were masked with the experimen-
tal–control contrast for the whole group at p = .01
uncorrected. This was done separately for the auditory
and visual modalities. Within our regions of interest,
our criteria in reporting areas of significant activation
were p < 0.01 uncorrected at the voxel level, and a clus-
ter size greater or equal to 10 voxels. The anterior re-
gions of interest were the inferior and middle frontal
gyri, and the posterior regions of interest were the mid-
dle and inferior temporal gyri.

3.3. Activation associated with high accuracy levels

Table 1A presents significant auditory and visual
modality activations that correlate with higher-accura-
cy. Fig. 1 shows brain activation patterns associated
with higher-accuracy across these two modalities. For
the auditory modality, higher-accuracy was associated
with activation in right middle temporal gyrus (BA 21,
63 voxels). For the visual modality, higher-accuracy
was associated with activation in left middle temporal
gyrus (BA 37, 37 voxels) and right inferior temporal
gyrus (BA 37, 69 voxels).

3.4. Activation associated with low accuracy levels

Table 1B presents significant auditory and visual
modality activations that correlate with lower-accuracy.



Table 1
Stereotaxic coordinates (x, y, z) of greater activation associated with higher-accuracy (A) and lower-accuracy (B) performance on the semantic
judgment task for the auditory and visual modalities (H = hemisphere, BA = Brodmann�s area)

Location Significance Coordinate

Area H BA z test Voxels x y z

(A) High
Auditory Middle temporal gyrus R 21 4.06 63 63 �45 3
Visual Middle temporal gyrus L 37 4.00 37 �54 �60 �3

Inferior temporal gyrus R 37 3.55 69 48 �69 �3
Middle frontal gyrus R 46 3.23 21 48 18 24

(B) Low
Auditory Middle frontal gyrus L 10 8.88 170 �42 54 �6

Inferior frontal gyrus L 47 3.62 14 �33 30 �18
Visual Inferior frontal gyrus R 47 4.21 84 48 39 �15

21 21 33 �9
Inferior frontal gyrus L 47 4.01 27 �15 24 �15

Within our regions of interest, the number of voxels per activated cluster based on a z test is reported at p < .01 uncorrected. Outside these areas,
nothing reached significance for p = .01 corrected.

Fig. 1. Neural activation associated with higher-accuracy performance on auditory (red) and visual (green) versions of the semantic judgment task.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this paper.)
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Fig. 2 shows brain activation patterns associated with
lower-accuracy across these two modalities. For the
auditory modality, lower-accuracy was associated with
activation in left middle frontal gyrus (BA 10, 170 voxels)
and left inferior frontal gyrus (BA 47, 14 voxels). For the
visual modality, lower-accuracy was associated with acti-
vation in left inferior frontal gyrus (BA 47, 27 voxels)
and right inferior frontal gyrus (BA 47, 105 voxels).
4. Discussion

During on-line associative semantic processing, high-
er-accuracy was associated with more activation in mid-
dle and inferior temporal gyri, while lower-accuracy was
associated with more activation in inferior and middle
frontal gyri. While processing in both the auditory and
visual modalities followed this general pattern, there
were modality differences that will be discussed later.

Middle temporal gyrus was positively correlated with
higher-accuracy in both modalities. Combined with pre-
vious results (Binder et al., 1997; Chee et al., 2000; Pugh
et al., 1996; Wise et al., 1991), this suggests that the mid-
dle temporal gyrus is central to successful access of
semantic content. This finding is consistent with our
hypothesis that children who perform more accurately
at identifying semantic associations have a more elabo-
rated temporal semantic network at their disposal,



Fig. 2. Neural activation associated with lower-accuracy performance on auditory (red) and visual (green) versions of the semantic judgment task.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this paper.)
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which activates more widely. Behavioral findings also
suggest that as breadth and depth of vocabulary knowl-
edge increase, the child�s semantic system is gradually
elaborated as conceptual links are added or strength-
ened between lexical representations (McGregor & Ap-
pel, 2002; McGregor, Friedman, Reilly, & Newman,
2002). With more of these conceptual links available,
it becomes increasingly likely that a child who accesses
the first and second words of the three-word sequence
presented in our task will also automatically activate,
and thus prime, semantically associated words (Plaut
& Booth, 2000). In such a case, when the third word is
presented, appropriate semantic environments have
already been activated, resulting in facilitation.

The present finding that more activation in the inferi-
or frontal gyrus (BA 47) is associated with lower-accura-
cy is consistent with Schlaggar et al. (2002), who showed
that activation in BA 45/47 correlates with lower accu-
racy in children. Further, our finding is consistent with
other parametric designs implicating left IFG in more
effortful semantic processing (Fletcher et al., 1998a,
Fletcher, Shallice, Frith, Frackowiak, & Dolan, 1998b;
Kikyo et al., 2002; Seger et al., 2000; Thompson-Schill
et al., 1997, 1999; Wagner et al., 2001; Whatmough
et al., 2002). Previous studies using processing tasks
focusing on the semantic relationship between words
also found increased activation in IFG with increased
interference (Fletcher et al., 2000; Savage et al., 2001;
Wagner et al., 2001). Thus, our between-subjects results
contribute to a body of evidence suggesting that IFG is
implicated in semantic processing, especially if this pro-
cessing is effortful or requires manipulations at the fea-
ture level.

Although not explicitly addressed in the current
study, the dissociation between lower-accuracy and
higher-accuracy performers� anteroventral IFG activa-
tion is consistent with previous evidence suggesting
that this region is not necessary for accurate semantic
processing. For example, Devlin et al. (2003) applied
transcranial magnetic stimulation (TMS) to pars orbi-
talis without reducing accuracy. Moreover, patient
SW, who had a lesion in this area, performed within
the normal accuracy range on the Palmtrees and Pyr-
amids task (see Devlin et al., 2003). These findings
implicate anteroventral IFG as a region that mediates
semantic processing, arguably guiding it, without
being directly responsible for its content or being the
only alternative in successfully accomplishing semantic
manipulations. These conclusions are consistent with
previous claims that this region is implicated in
semantic control processes (Bookheimer, 2002; Price,
2000).

We also found that activation of the middle frontal
gyrus (BA 10) was associated with lower-accuracy. It
is likely that the low-performing children retrieved
semantic associates to presented words differently than
the high-performing children. We suggest that the low-
performing children did so less automatically, thus
requiring more cognitive guidance. BA 10 has previously
been implicated with increased processing demands (Sa-
vage et al., 2001; Seger et al., 2000; Whatmough et al.,
2002), consistent with our hypothesis that lower-accura-
cy performers had to devote more resources to the
search for semantic relationships. The activation of
BA 10 only in the auditory modality may be due to a
more extensive semantic search in this modality. For
the visual modality, more resources may be used in
decoding the visual word forms in these relatively inex-
perienced readers, and therefore, less time is available
for semantic search.
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4.1. Modality differences

Convergent modality-general activations during
semantic judgment tasks have been demonstrated in
BAs 45, 46, 47, and 10 (Adams & Janata, 2002; Booth
et al., 2002; Chee, O�Craven, Bergida, Rosen, & Savoy,
1999; Michael, Keller, Carpenter, & Just, 2001). Even
though regions activated in by the auditory and visual
modalities do not overlap in the present findings, they
are adjacent to each other. This has also been found in
some previous bi-modal studies (Adams & Janata,
2002; Michael et al., 2001) and converges with findings
that lesions in ITG or MTG tend to produce multimod-
al comprehension deficits (Chee et al., 1999). The cur-
rent finding of left-lateralized auditory and bilateral
visual activations in frontal cortex is also consistent with
previous findings of semantic activation in adults (Booth
et al., 2002).

We found right-lateralized auditory and bilateral
visual activations in temporal cortex were associated
with higher accuracy. Specifically, 63 voxels were active
in right MTG in the auditory modality, whereas in the
visual modality, 69 voxels were active in right ITG
and 37 voxels were active in left MTG. The finding that
higher-accuracy correlates with temporal activation in
the left hemisphere is consistent with Shaywitz et al.�s
(2002) findings on visual word processing. Shaywitz
et al. (2002) found left temporal activation was associat-
ed with higher-accuracy, but also found that lower-accu-
racy correlated with activation in right temporal regions.
These inconsistencies with our results may be related to
task differences. Shaywitz et al. had their participants
perform category decisions, whereas our participants
identified relationships between words. This associative
semantic processing likely makes demands on wider �se-
mantic fields,� thus involving the right hemisphere to a
larger extent. This interpretation is consistent with the
Coarse Semantic Coding Hypothesis (Beeman, Bowden,
& Gernsbacher, 2000; Bowden & Beeman, 1998). This
hypothesis argues that the right hemisphere is implicated
in �coarse semantic coding,� co-activating large semantic
fields which may overlap and thus aid in the generation
of distant associations, and is based on strong priming
effects for distant semantic associations upon presenta-
tion to the left visual field (Beeman et al., 2000; Bowden
& Beeman, 1998). Under the assumption of weaker con-
nections and more sparse representations in children
compared to adults, we suggest that this right-hemi-
sphere semantic processing component may be particu-
larly relied on in establishing semantic associations.
5. Conclusion

The present study identified brain–behavior correla-
tions showing that more activation in the inferior and
middle frontal gyri (BAs 47, 10) were associated with
lower-accuracy in semantic processing, whereas more
activation in the middle temporal gyrus (BAs 21, 37)
was associated with higher-accuracy in semantic pro-
cessing in a group of children. Anterior regions in
lower-accuracy performers may be recruited when pos-
terior regions that access semantic representations are
inadequate or inefficient in providing semantic associa-
tive links between concepts. Once recruited, the anteri-
or regions may be involved in feature selection
processes needed to identify semantic associations (Se-
ger et al., 2000; Thompson-Schill et al., 1997, 1999;
Wagner et al., 2001). In contrast, higher-accuracy per-
formers with elaborated posterior semantic representa-
tions may be able to automatically access semantic
environments via spreading-activation mechanisms,
providing for a broader semantic context to identify
associations between words. Although the correlation-
al nature of the study design does not allow for claims
about causality or the involvement of specific mecha-
nisms, this sort of interactive cooperation between
frontal and posterior areas has been previously sug-
gested in models of the semantic system, where the
anterior component has an executive function and
the posterior component stores semantic representa-
tions (e.g., see Bookheimer, 2002; O�Reilly & Munak-
ata, 2000).
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