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Abstract

Lexical-semantic knowledge is a core language component that undergoes prolonged development
throughout childhood and is therefore highly amenable to developmental studies. Most previous
lexical-semantic functional MRI (fMRI) studies have been limited to single-word or word-pair
tasks, outside a sentence context. Our objective was to investigate the development of lexical-
semantic language networks in typically developing children using a more ecological sentence-
embedded semantic task that permitted performance monitoring while minimizing head movement
by avoiding overt speech. Sixteen adults and 23 children completed two fMRI runs of an auditory
lexical-semantic decision task with a button-press response, using reverse speech as control
condition. Children and adults showed similar activation in bilateral temporal and left inferior
frontal regions. Greater activation in adults than in children was seen in left inferior parietal,
premotor, and inferior frontal regions, and in bilateral supplementary motor area (SMA).
Specifically for semantically incongruous sentences, adults also showed greater activation than
children in left inferior frontal cortex, possibly related to enhanced top-down control. Age-
dependent activation increases in motor-related regions were shown to be unrelated to overt motor
responses, but could be associated with covert speech accompanying semantic decision. Unlike
previous studies, age-dependent differences were not detected in posterior sensory cortices (such
as extrastriate cortex), nor in middle temporal gyrus.

1. Introduction

Semantic comprehension refers to the meaningful interpretation of language elements
(morphemes, words, sentences). Lexical semantics more specifically relates to single word
meanings. From lesion literature, left posterior superior temporal gyrus (corresponding to
part of classical Wernicke’s area) has been implicated in the processing of lexical semantics.
It has been considered that the temporal lobes may “store” semantic representations
(Bookheimer, 2002; Fiez, 1997). However, the more recent neuroimaging literature has
tended to suggest a distributed network for lexical-semantic processing, also including
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inferior parietal regions, the cerebellum, and some regions related to category specific
(potentially sensorimotor-based) components of lexical representations (Hwang, Palmer,
Basho, Zadra, & Miller, 2009; Martin, 2007). Prominent among those additional regions is
left inferior frontal cortex (Broca’s area), which may provide top-down control and on-line
manipulation of elements of semantic representations.

Functional magnetic resonance imaging (fMRI) studies of lexical semantic processing in
adults have implicated activation in the inferior frontal gyrus (IFG) (Binder, 1997; Binder et
al., 1997) and more specifically pars orbitalis of the left inferior frontal lobe (Brodmann
Area [BA] 47) in semantic processing and retrieval of semantic information (Bookheimer,
2002). Ruff and colleagues (Ruff, Blumstein, Myers, & Hutchison, 2008) demonstrated that
prefrontal cortex is recruited in both lexical decision and semantic judgment tasks and
additionally found increased activation in the superior temporal gyrus (STG) associated with
both the storage and retrieval of lexical-semantic information.

While there is a large literature describing the distributed organization of the lexical-
semantic system in adults, developmental changes of lexical-semantic organization in
childhood are less understood. Brain development is characterized by a complex sequence of
constructive and regressive events that aid the formation of highly specialized neural
networks (Kandel, Jessell, & Sanes, 2000; Quartz & Sejnowski, 1997; Rakic, Ang, &
Breunig, 2004). Cognitive development is a protracted process during which changes in
ability are seen in diverse domains such as language, memory, and executive functioning
throughout childhood, adolescence, and — for some domains — even young adulthood.
Several characteristics of language acquisition are pertinent to the study of brain
development as language acquisition has a relatively late onset and a protracted
development, and behavioral studies have shown that language development benefits
heavily from developmental plasticity.

Lexical-semantic skills undergo prolonged development throughout childhood and
adolescence, thus making these tasks highly amenable to developmental studies (Holland et
al., 2001; Vannest, Karunanayaka, Schmithorst, Szaflarski, & Holland, 2009). FMRI
provides a non-invasive method for developmental studies in children. A better
understanding of the mechanisms of cognitive change may broaden our understanding of
cognitive development, elucidate the causes of atypical development, and inform the
diagnosis, treatment, and prevention of developmental disorders.

Few studies have examined lexical semantic processing in children using complete
sentences. Brauer and Friederici (2007) had young children (ages 5 and 6 years) passively
listen to correct, syntactically incorrect, and semantically incongruous sentences. Cortical
activation in children was less left-lateralized than in adults, although no significant
between-group differences were reported. In both children and adults they observed bilateral
activation in STG for all three conditions, and in left lateral IFG and frontal operculum for
the semantically incongruous condition.

Virtually all other lexical semantic fMRI tasks have been limited to single-word or word-
pair tasks, outside a sentence context. Frequently used paradigms include lexical association,
generation, or naming. Word-pair tasks, for example, typically require participants to make
decisions about word pairs (e.g., do the words rhyme?) or complete a word-pair through
generation of an antonym, rhyme, or verb in response to a noun (Brown et al., 2005). These
single word and word-pair tasks have been associated with mostly similar activation patterns
in young adults and children in left inferior frontal, superior and middle temporal, and
anterior cingulate gyri (Blumenfeld, Booth, & Burman, 2006; Bookheimer, 2002; Chou et
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al., 2006; Gaillard et al., 2000; Gaillard et al., 2003; Holland et al., 2001; Kotz, Cappa, von
Cramon, & Friederici, 2002; Schlaggar et al., 2002).

Despite overall strong similarities, differences between children and adults have been found
in several respects. Some studies have reported generally greater left lateralization in adults
than in children (Holland et al., 2001; Holland et al., 2007; Szaflarski, Holland, Schmithorst,
& Byars, 2006). Other studies have yielded more region-specific findings of greater
activation for adults in left dorsal frontal cortex (Schlaggar et al., 2002), left inferior and
middle frontal gyri (Gaillard et al., 2003), left middle temporal gyrus (MTG) (Chou et al.,
2006) and left parietal cortex (Brown et al., 2005). Conversely, children have shown greater
activation than adults in left extrastriate regions (Schlaggar et al., 2002). In a more recent
study by this latter group that combined large sample size with thorough isolation of
performance and age-related effects, greater activation in children (inverse correlation
between activity and age) was detected in medial frontal and anterior cingulate cortex, right
inferior frontal gyrus, medial parietal and posterior cingulate cortex, and bilateral
occipitoparietal cortex (Brown et al., 2005).

Intriguingly, although the study by Brown and colleagues (2005) also reported age-
dependent increases in lateral frontal cortex of the left hemisphere, the effect did not occur
in inferior frontal gyrus, as to be expected from several previous studies (Brauer &
Friederici, 2007; Gaillard et al., 2003; Schlaggar et al., 2002; Szaflarski, Holland et al.,
2006), but rather in BA 6, which is considered premotor cortex. The question remains to
what extent this finding may relate to overt speech responses. Many previous lexical-
semantic studies have resorted to covert responses (Gaillard et al., 2000; Gaillard et al.,
2003; Szaflarski, Holland et al., 2006) given that overt speech can cause artifacts related to
increased head motion and changes in magnetic susceptibility, which is particularly
problematic in a pediatric population where minimizing movement is already challenging.
However, there is a serious trade-off since covert word generation prevents response
monitoring, which is clearly needed in children who may not always be as task-compliant as
the investigator hopes.

Single-word and word-pair paradigms are generally non-ecological, creating highly artificial
task demands that differ dramatically from actual language use in linguistic environments
encountered by children. In the attempt to overcome some of the methodological issues of
studies described above, the present study used a sentence-embedded semantic task that was
easy enough for children and that required participants to respond with a manual button
press, thus avoiding speech-related artifacts. Based on findings from previous studies, as
presented above, we posed three questions: (1) Can age-dependent activation increases in
left lateral frontal cortex be replicated and will these localize to classical Broca’s area (left
inferior frontal gyrus) or to premotor cortex (BA 6)? In case of the latter finding, can we
detect indication of this age-related difference to be related to the effector of task response;
i.e., is the peak of the effect superior to the one seen by Schlaggar et al. (2002) and Brown et
al. (2005), corresponding to somatotopic organization of motor cortex? (2) Can greater
activation in non-perisylvian sensory cortices (in particular extrastriate cortex) in children
compared to adults be replicated for our sentence-embedded manual response paradigm
(Brown et al., 2005)? (3) Can increased activation in left MTG in adults, attributed to richer
semantic representations (Blumenfeld et al., 2006), be replicated? All three of the above
questions are based on findings from some studies that have not been consistently replicated.
We therefore considered them open questions rather than directional hypotheses.
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2. Methods
2.1. Participants

2.2. Stimuli

Twenty-three typically developing children (12 girls) ranging in age from 7.0 to 10.0 years
(M=28.79 years, SD = 1.08 years) and 16 adult volunteers (7 females) ranging in age from
21 to 25 years (M= 22.9 years, SD = 1.31) were recruited for this study from San Diego
county via community and online bulletin boards using Internal Review Board (IRB)
approved fliers. All participants were native monolingual English speakers, and those who
were bilingual or had significant exposure to languages other than English before the age of
five years were excluded from the study. All adult participants were confirmed to be right-
handed by the Edinburgh Handedness Inventory (Oldfield, 1971), which was slightly
modified to be age-appropriate for children; all of the children were also right-handed. All
participants were screened for the presence of bodily ferromagnetic materials. None of them
had a history of learning disabilities, psychiatric disorders, neurological disease or
psychostimulant medication use.

In the lexical-semantic decision task, which was adapted from the paradigm used by
Gaillard and colleagues (2007), a descriptive statement was followed by a noun (e.g.,
“Something that tells time is a clock” or “Something you sit on is spaghetti”’) and
participants were asked to respond via button press and push one button if the sentence was
congruous and a different button if the sentence was incongruous (with button assignments
counterbalanced across participants). Participants responded using their non-dominant left
hand (as discussed below in 4.1). All stimuli were presented binaurally for 2.75 seconds
through noise-reduction headphones (Resonance Technology; www.mrivideo.com) specially
designed for use with fMRI, followed by 1.25 seconds to provide time to respond.

Words used in the semantic task ranged in log of frequency from 4.3 to 11.5, as determined
using Hyperspace Analogue to Language (HAL) word frequency norms (Lund & Burgess,
1996). Control trials consisted of 2.75 seconds of reverse speech to control for auditory and
motor processing. Participants were instructed to push the button for “incorrect” when they
heard the reverse speech.

All participants completed two 6-minute runs of the lexical-semantic decision task. Each run
consisted of 40 lexical-semantic stimuli (20 semantically congruous, 20 incongruous) and 20
control stimuli. Temporal jittering with 60 two-second null baseline trials (presenting only a
visual crosshair) was optimally randomized through both runs using Optseq
(surfer.nmr.mgh.harvard.edu/optseq/).

2.3. Procedure

After explanation of the study, adult participants gave written informed consent and child
participants gave oral and written assent and their parents gave written informed consent.
Participants were assured of confidentiality according to guidelines established and
approved by the IRB and Human Subjects Committees of both the University of California,
San Diego and San Diego State University. Participants received monetary compensation for
their time and effort.

At the first session, participants completed a battery of neurocognitive measures to ensure
that they were at age-appropriate developmental levels and free of learning disorders. At the
end of the first session, participants practiced in a mock scanner to acclimate them to the
scanning environment and teach them the lexical-semantic decision task. Different stimuli
(matched in their stimulus characteristics) were used in the practice and fMRI sessions. At
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the fMRI session, participants were screened for metal and practiced the lexical-semantic
decision task a second time before going into the scanning room.

2.4. Data Acquisition

Participants were scanned at the Center for Functional Magnetic Resonance Imaging at the
University of California, San Diego using a GE 3 Tesla HD Signa Excite magnet with an 8-
channel gradient head coil. All participants completed two 6-minute runs of a lexical-
semantic decision task during which blood-oxygen level-dependent (BOLD) fMRI data
were acquired for 180 image volumes with 39 interleaved axial slices (3 mm slice thickness,
and 4mm? in-plane voxel size) using a single-shot, gradient-recalled, echo-planar (EPI)
pulse sequence (TR 2000 ms; TE 30 ms; flip angle 90; matrix 64 x 64). High-resolution
anatomical images were acquired using a standard FSPGR T1-weighted sequence.
Participants heads were stabilized with foam padding to reduce motion. The experiment was
presented on a MacBook 2 GHz Intel Core 2 Duo laptop with Mac OS X operating system,
using PsyScope software (Cohen, MacWhinney, Flatt, & Provost, 1993). Behavioral
responses were recorded using an MRI compatible response box. Participants viewed a
movie while the FSPGR was acquired and saw a crosshair during the fMRI tasks, both of
which were displayed on a back-projection screen at their feet using a mirror attached to the
head coil.

2.5.1. fMRI Data Analysis—Child participants had been selected from a larger pool
(n=27), based on their compliance with head motion restraints. Each participant (including
adults) reported here completed two functional EPI runs with less than 2.0 mm of motion
per run. The first five volumes of each run were not collected to remove signal equilibration
effects. Each run was then corrected for intra-run motion and field inhomogenieties using
FSL (Smith et al., 2004; Woolrich et al., 2009). Additional preprocessing and data analysis
were completed with Analysis of Functional Neuroimages (AFNI) software (Cox, 1996).
Each volume was slice-time corrected for inter-run motion by registering each volume to the
middle (90t") volume of the first run. The two runs were then concatenated to create a single
time-series with 360 volumes and smoothed with a 6-mm3 full-width at half-maximum
Gaussian kernel. The hemodynamic response function for each stimulus type was estimated
using a general linear model that included separate regressors to estimate the BOLD
response at the onset of each stimulus and at each of the next 6 time-points (0 — 12 s
poststimulus onset). Impulse response functions (IRFs) were estimated across time points 2
through 4 (4-8 s). A multiple regression analysis was performed on the estimated IRFs and
the stimulus time series. Performance-related effects were examined by the use of separate
regressors for incorrect trials in the experimental condition, adapted specifically to each
participant’s responses. The six motion parameters corresponding to translation and rotation
were also used as orthogonal regressors. Activation maps were normalized into standard
space (Talairach & Tournoux, 1988) using AFNI auto-Talairach procedures and interpolated
to 3 mm3 isotropic voxels.

Within-group differences for experimental and control trials were assessed using one-sample
ttests. Additional two-sample independent #tests were used to compare adult and child
groups for the experimental and control trials. Finally, a follow-up analysis was performed
for semantically congruous and incongruous trials, using a one-sample #test for within
group differences and a two-sample independent #test for a between-group comparison. A
minimum cluster size of 624 mm3, a voxel connectivity distance of 5.20 mm, and a single
voxel threshold of £22) = 3.786; p < .001 (child within-group) and a minimum cluster size
of 576 mm3, a voxel connectivity distance of 5.20 mm, and a single voxel threshold of #15)
>4.033; p<.001 (adult within-group) and #38) = 3.539; p < .005 (group comparison) was
used to correct for multiple comparisons. All cluster corrections yielded a corrected
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threshold of p < .05, as determined by Monte Carlo simulation (AFNI program AlphaSim;
(Forman et al., 1995)).

2.5.2. Behavioral data analysis—Behavioral data were analyzed using SPSS 14.0.
Two-sample independent £tests were used to compare the adult and child groups for their
hit rate and overall accuracy (hits and correct rejections) for the experimental condition.

3.1. Behavioral results

All participants were able to complete both runs of the lexical-semantic decision task. Mean
overall accuracy was 99% (SD = 2.0%) in the adults and 93% (SD = 6.9%) in the children.
A two-sample independent #test showed that adults performed significantly better than the
children (437) = 3.536; p=.001). Mean hit rate was 99% (SD = 2.6%) in the adults and
93% (SD = 6.1%) in the children, with adults again performing significantly better than
children (437) = 3.827; p<.001).

3.2. fMRI results

For all contrasts reported below, results are illustrated in Figure 1 and Supplementary
Figures 2-5, with full cluster listings in Tables 1-4 and Supplementary Tables 5 and 6.

3.2.1. Lexical-semantic vs. control condition—Adults showed a large activation
cluster that extended from the left inferior frontal gyrus to the left middle and superior
temporal gyrus (Table 1; Figure 1A). Significant activation was also detected in the right
hemisphere including a large cluster peaking in the right superior temporal gyrus and
extending to the right temporal pole. The adult group also showed activation in bilateral
medial frontal cortex (mostly in SMA), right insula, bilateral pre- and postcentral gyri, as
well as in left inferior temporal and inferior parietal regions. Activation outside cerebral
cortex was observed in left thalamus and in the cerebellum (predominantly the right
hemisphere). Deactivations (greater activity for the reverse speech control condition) were
detected in right inferior parietal lobe, precuneus and posterior cingulate gyrus (mostly in
the right hemisphere), as well as in anterior cingulate, middle frontal, and postcentral gyri of
the left hemisphere.

Similar to the adults, children showed a large activation cluster that extended from the left
middle and superior temporal gyri to the left inferior frontal gyrus (Table 2; Figure 1B). A
cluster in the right hemisphere peaked in superior temporal gyrus, extending to the temporal
pole, middle temporal gyrus, insula, and inferior frontal gyrus. Children further showed
activation in left superior and medial frontal regions (including SMA), left inferior temporal
gyrus and cuneus, as well as lingual and fusiform gyri bilaterally. Outside cerebral cortex,
activation was seen in bilateral thalamus and cerebellum. Deactivations were observed in
bilateral inferior parietal lobules, extending into pericentral cortex and supramarginal gyri,
bilateral middle frontal gyri, right precuneus and cuneus, as well as left middle occipital

gyrus.

In a direct between-group comparison, adults showed greater activation than children in left
pre- and postcentral gyri, extending into inferior parietal lobule and supramarginal gyrus and
inferior frontal gyrus (pars opercularis), as well as in bilateral SMA, right cuneus/precuneus,
and right cerebellum (Table 3; Figure 1C).

We also inspected the group-averaged hemodynamic response time courses for latency
differences between adults and children. Peak activated voxels within the left IFG and MTG
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were selected for each group and independent sample t-tests indicated that the time courses
were not significantly different between groups for either region (Supplementary Figure 2).

3.2.2. Semantically congruous vs. incongruous sentences—Adults showed
greater activation in the left inferior frontal gyrus (pars triangularis) for incongruous trials
(Supplementary Table 5; Supplementary Figure 3A). Inverse effects (greater activation for
congruous than for incongruous sentences) were found in the left superior frontal gyrus,
right SMA, postcentral and supramarginal gyrus, as well as bilateral insula, rolandic
operculum, precuneus, and cingulate cortex.

Children showed bilateral activation for congruous trials in pre- and postcentral gyri,
rolandic operculum, SMA, supramarginal gyrus, cingulate cortex, and putamen
(Supplementary Table 6; Supplementary Figure 3B). Left lateralized activation was seen in
superior frontal gyrus, inferior parietal cortex, and superior occipital gyrus. Right lateralized
activation for congruous trials was found in the insula and superior temporal gyrus. No
significant effects for incongruous trials were detected in the child group. Finally, in a
between-group comparison, adults displayed significantly greater activation than children in
left inferior frontal gyrus (pars triangularis and pars opercularis) for semantically
incongruous trials (Table 4; Figure 1D).

3.2.3. Performance- and motion-adjusted between-group comparison—In view
of differences in performance and head motion between groups, we carried out additional
comparisons for a subset of the children. Note that children generally performed at slightly
lower levels and moved slightly more than adults. It was therefore not possible to fully
match subsamples without sacrificing too much statistical power. As a compromise, we
excluded only 7 children with lowest performance and strongest head motion, respectively.
The sixteen highest performing children, with a mean overall accuracy of 94.8% (SD = .06)
and a mean hit rate of 94.7% (SD = .06%), were compared to the adults. While the adults
still performed better than the children (M= 99%, SD = 2.0; £30) = 9.135; p=.005), the
groups were better matched than in the comparison of full samples. The sixteen children
with the smallest amounts of head movement, M= .58mm (SD = .34) were also compared to
the adults (M= .27mm, SD = .11; {30) = 15.66; p < .001). Comparisons using performance-
and motion-adjusted child subsamples yielded regional effects of group differences
(performance-adjusted Supplementary Figure 4A, motion-adjusted Figure 1E) very similar
to the comparison of full samples (Figure 1C), highlighting that effects for the full samples
were probably not driven by differences in performance or head movement.

4. Discussion

Our findings suggest that towards the end of the first decade of life, children employ overall
similar cortical networks as adults for semantic processing. Both children and adults showed
extensive activation in bilateral superior temporal, and left inferior frontal and middle
temporal gyri. However, in direct group comparisons greater activation was observed in
adults (compared to children) in several regions, including left inferior parietal lobule,
supramarginal gyrus, and IFG. Adults also showed more activation than children in
sensorimotor cortices in the left pre- and postcentral gyri and bilateral supplementary motor
areas, as well as in the right cerebellum. The results of the between-group comparison were
replicated when adults were compared to the 16 highest performing children and to the 16
children with the least head motion, suggesting that our findings were not driven by
differences in performance or movement.
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4.1. Inferior frontal and premotor cortex

Our sentence-embedded semantic paradigm replicated the findings of single-word and word-
pair tasks showing age-dependent activation increases in left lateral frontal cortex with
localized clusters in both premotor cortex (BA 6) and classical Broca’s area. Specifically,
adults had greater activation in the pars opercularis of the left inferior frontal gyrus (BA 44).
This is consistent with a model of age-dependent increase in top-down control mechanisms
during language processing (Brown et al., 2005; Schlaggar et al., 2002). The model of
progressive neural scaffolding (Petersen, van Mier, Fiez, & Raichle, 1998) posits that in the
process of learning, when performance is still immature, large sets of lower-level (e.g.,
sensorimotor) brain regions are recruited for novel tasks. As tasks become learned,
increasing top-down support is provided through higher-level control mechanisms. This
scaffolding model is not specific to language, but relates to domain-general mechanisms of
learning.

We also performed comparisons between incongruous and congruous trials in the
experimental condition. In children, only effects of greater activation for the congruous
condition were observed, which were predominantly located in inferior parietal,
perirolandic, and cingulate cortices bilaterally. Effects of greater activation for congruous
trials were observed in similar regions in adults who, however, also showed one inverse
effect (greater for incongruous trials) in left IFG. Our findings are consistent with those by
Brauer and Friederici (2007) who reported significantly stronger activation for sentences
with semantic violations compared to correct sentences in the posterior portion of the left
frontal operculum in adults. Conversely, 5-7 year old children showed slightly (though not
significantly) reduced activity in the left frontal operculum for the same contrast.
Unfortunately, no direct group comparison was presented in this study. Brauer and
Friederici also reported a larger total volume of cortical activation (outside IFG) for correct
sentences than for semantic violations — a difference that was more pronounced in children
than in adults. This is consistent with our findings of greater activation for congruous
sentences, especially in the child group. Overall, the predominantly greater activation for
semantically congruous compared to incongruous sentences we observed in both groups
suggests that effects for our main comparison (lexico-semantic vs. control) were largely
driven by congruous trials, except for one site in BA 44 of the left hemisphere, which
showed greater activity in adults for semantic incongruity.

Event-related potentials (ERPs) have also been used to examine lexical-semantic processes
that are reflected in a centro-parietally distributed negativity around 400 ms (i.e., N400).
Hahne and colleagues (Hahne, Eckstein, & Friederici, 2004) found that semantic anomalies
in a single-word study elicited an N400 component in both children (ages 6-13 years) and
adults, but the latency of the N400 decreased with age. Aside from this latency difference,
increased N400 amplitude has been reported in children (compared to adults) for semantic
incongruity in word pairs, with an adult-like pattern developing around the age of 12 years
(Wang, Dong, Ren, & Yang, 2009). These differences in N400 amplitude and latency may
reflect reduced processing demands and faster cognitive processing of semantic
incongruities in adults. Our finding of greater activation in left IFG for semantically
incongruous sentences in adults may suggest age-dependent increase in top-down control.
The N400 findings from ERP studies and our fMRI findings in LIFG likely reflect different,
though complementary, aspects of age-dependent change in response to semantic violations.
Differential findings may be attributed to differences in spatial and temporal resolution
between ERP and fMRI.

For analyses of the main comparison (all lexico-semantic trials vs. control), frontal effects of
greater activation in adults than in children extended beyond Broca’s area into several
motor-related regions. One such cluster was seen in bilateral SMA. Activation in SMA has
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been frequently seen for language tasks in both children and adults (Gaillard et al., 2003)
and is often assumed to be due to response-related motion, such as overt speech or button
press (Chee, O’Craven, Bergida, Rosen, & Savoy, 1999). In some language studies with
covert responses, activation was observed in SMA and attributed to “inner speech” (Wise et
al., 1991). Chee and colleagues noted anterior SMA activation in a semantic task relative to
a non-semantic task that was matched for motor response, suggesting a linguistic component
to the activation. Consistent results were also observed by Binder and colleagues (Binder et
al., 1997) who found SMA activation for a semantic decision task. It has been hypothesized
that activation in SMA may be due to the rehearsal component in verbal working memory
(Chee et al., 1999; Fiez et al., 1996). Verbal working memory is inherent in most language
tasks as participants need to hold a word “online” while making a decision or generating a
response. Our lexical-semantic decision task required the participant to keep the definition
sentence online (e.g., “Something you sit on is a...”) while processing the final word of the
sentence (e.g., “spaghetti”’). Of note in the context of motor versus linguistic role of SMA in
our task is that children showed activation in this region only in the left hemisphere, whereas
activity in adults was bilateral (Figures 1A-B).

Additionally, we found an extensive cluster of greater activation in adults than in children in
left precentral gyrus extending into left postcentral and supramarginal gyri and inferior
parietal lobule. Two studies by Schlaggar and colleagues (Brown et al., 2005; Schlaggar et
al., 2002) previously reported concordant effects (activity increasing with age) in similar
regions. One of our research questions was whether effects in motor cortices may have been
related to overt speech responses required in the above studies. Since we also found effects
of greater activation in adults than in children in motor and premotor cortex (for a paradigm
without speech response), it appears unlikely that such effects are selectively tied to overt
speech. Note that our tasks also required a motor response, albeit a manual button press.
Peak coordinates in BA 6 detected in our study were, however, not distinctly superior to
those seen in the overt speech study by Brown and colleagues (2005), as would be expected
based on somatotopic organization (Hauk, Johnsrude, & Pulvermidiller, 2004) if activation
sites were linked to the response effector (hand vs. mouth and vocal tract).

It should be further considered that in the present study participants used their /eft hands for
button presses. While responses by the non-dominant hand may be slightly more effortful,
this allowed us to better segregate activation effects of motor-response (expected in the right
hemisphere) from those related to lexical processing (predominantly expected in the left
hemisphere). It is therefore unlikely that effects in motor and premotor cortex of the left
hemisphere detected in our study were directly tied to button presses. One may argue that
inhibition of a preferential response with the dominant hand could have still contributed to
effects in motor cortex. However, it is hard to construe how this would have resulted in the
group differences observed by us. While children might have found responding with the
non-dominant hand (possibly while inhibiting a right-hand response) more difficult than
adults, such a scenario would have resulted in greater activation in motor and premotor
cortex (reflecting more effortful processing), which is the inverse of our actual finding.

Based on existing findings, greater activity in (pre)motor cortices in adults is therefore
probably not related to motor response, although it remains possible that it reflects
developmental changes in covert speech processes that may have accompanied performance
on our semantic decision task. Our present results appear to suggest that such covert speech
components are more pronounced in adults than in children. While this interpretation may
seem counterintuitive, it is supported by concordant age-dependent effects in left premotor
cortex (BA 6) detected in studies by Szaflarski and colleagues (2006; 2006), who used
covertword generation. As mentioned above, Schlaggar, Petersen, and colleagues (Brown et
al., 2005; Schlaggar et al., 2002) also found consistent age-dependent effects in (pre)motor

Brain Lang. Author manuscript; available in PMC 2013 April 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Moore-Parks et al.

Page 10

cortex for word generation tasks using overt speech. In our view, a more general
interpretation of the pattern of findings suggests that in lexical stimulus-response tasks
children may direct more attentional resources to the perceptual part of the task — reflected
by greater activity in extrastriate cortices as observed by Brown et al. (Brown et al., 2005;
see 4.2) — whereas adults tend to be more response-oriented, reflected in greater activity in
motor, premotor, and supplementary motor cortices. However, this interpretation remains
tentative as no language fMRI study designed to isolate effects of motor planning, covert
speech, or other factors that may contribute to age-dependent changes in premotor cortex is
currently available, to our knowledge.

4.2. Sensory cortex

Some previous single-word and word-pair studies have shown greater activation in non-
perisylvian sensory cortices (in particular extrastriate cortex) in children compared to adults
(Brown et al., 2005; Schlaggar et al., 2002), arguably related to progressive neural
scaffolding (as discussed above) and bottom-up language development emerging from
sensorimotor abilities. This finding was not replicated in our sentence-embedded paradigm.
In fact, we found no cortical areas of greater activation in children than in adults.

Our between-group comparison may have been affected by more extensive negative effects
in children than in adults, including deactivations in sensory cortices (Figure 1B). For
instance, the between-group comparison yielded greater activation in the right cuneus/
precuneus and the left supramarginal gyrus in the adults. This finding does not reflect
significant activation in the precuneus or the supramarginal gyrus for the adult group, but
was instead driven by negative effects in these regions in children.

To explore the reasons of greater deactivation in children for the contrast semantic decision
vs. reverse speech, we examined effects of reverse speech (vs. null baseline). As seen in
Figure 1F-G, positive activation patterns for the reverse speech control condition were
similar between children and adults. Direct group comparisons yielded no clusters of
significant difference for this contrast (therefore not shown in Figure 1). Nonetheless,
inspection of within-group effects showed widespread regions of deactivation for the control
condition (compared to baseline) for adults (Figure 1F) that were not seen in the child group
(with the sole exception of the left medial temporal lobe; Figure 1G). Most of the
deactivated regions seen in the adults (such as medial prefrontal cortex, lateral parietal
cortex, medial temporal lobe) coincided with the default network, i.e., a brain system that is
active during task-free periods and is considered to relate to self-reflective processing (Fair
et al., 2008; Fransson, 2005; Greicius, Supekar, Menon, & Dougherty, 2009). A recent
functional connectivity study by Fair et al. (2008) showed reduced connectivity between
nodes of the default network in children ages 7-9 years, suggesting that the default network
does not mature until adolescence, which could account for the absence of deactivations in
this network in our child group.

However, it remains unclear whether findings related to the default network could explain
the widespread deactivations we observed in children for the higher-order contrast (semantic
decision vs. reverse speech). Except for the precuneus, these deactivations were observed in
regions outside the default network, i.e., in dorsolateral prefrontal and pericentral cortices
and in the inferior parietal lobe. As mentioned, there was also no obvious explanation
related to our hierarchical subtractive task design. In particular, regions with robust
deactivations for the higher-level contrast (semantic vs. reverse) did not show significantly
greater activation for the lower-level contrast (reverse vs. null) in the child group. It thus
remains open whether deactivations observed in the child group may have been indirectly
affected by age-dependent differences in the default network, or by subthreshold differences
in the response to the control condition. Note that use of reverse speech as a control

Brain Lang. Author manuscript; available in PMC 2013 April 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Moore-Parks et al.

Page 11

condition is not uncommon in language studies (e.g., Burton, Noll, & Small, 2001; Perani et
al., 1996; Rdder, Stock, Neville, Bien, & Rosler, 2002), including those in children
(Dehaene-Lambertz, Dehaene, & Hertz-Pannier, 2002; Gaillard et al., 2003; Redcay, Haist,
& Courchesne, 2008).

A further aspect that may have affected direct group comparisons relates to variability in the
child group. Though children performed at high levels on the lexical-semantic decision task,
they exhibited significantly greater variability in performance than the adults, possibly
reflecting different cognitive strategies applied to the task. The children also ranged in age
from 7 to 10 years and maturational changes during this age window are expected to add to
within-group variability. Groupwise effects in some regions, such as SMA, may reflect
greater variability (as opposed to consistent absence of activity).

4.3. Middle temporal gyrus

Some previous studies found age-dependent increases of activation in left MTG, which was
attributed to increasing richness and complexity of semantic representations (Blumenfeld et
al., 2006; Chou et al., 2006). Our results were not consistent with this hypothesis. Although
both children and adults showed extensive left MTG activation in within-group analyses,
there was no significant group difference in this region. The null finding could be due to the
age of the child participants or the lexical stimuli used. As both children and adults
performed near ceiling on the semantic task, it is possible that semantic representations for
the specific lexical items used in our study were equally rich in children and adults. In the
study by Blumenfeld et al. (2006), the child group, aged 9 to 12 years, had a slightly wider
range of variability in performance accuracy (72.9% to 100%) than in the present study
(82.5% to 100%) and a slightly lower mean accuracy for the auditory condition (M = 89.5%)
than in the present study (M= 93%). However, these performance differences were subtle
and since our child cohort was actually younger than the one studied by Blumenfeld et al., it
remains possible that the non-replication of age-dependent MTG effects was instead related
to our task paradigm, in which a prompt word was preceded by a complete sentence.

4.4, Additional findings: Inferior parietal lobule and cerebellum

Studies in adults, indicate a role of the left inferior parietal lobule (IPL) in both phonological
(Hickok & Poeppel, 2000) and semantic processing (Kuperberg, Sitnikova, & Lakshmanan,
2008). Our adult group showed significantly greater activation than the child group in left
IPL for lexical-semantic decision (Figure 1C, Table 3). This is consistent with findings of
age-dependent activation increases for overt word generation in left IPL by Brown et al.
(Brown et al., 2005). Chou and colleagues (Chou et al., 2006) further observed that activity
in left IPL was stronger for semantically associated (compared to unrelated) words in
children ages 9-15 years. Correspondingly, we found activation in left IPL for the contrast
of congruent vs. incongruent sentences in our child group, whereas adults showed activation
for this contrast in right IPL (Supplementary Tables 5-6). This may suggest developmental
changes in hemispheric asymmetry of the IPL response to semantic congruency and
anomaly.

The adult group also showed significantly stronger activation for semantic decision in the
right cerebellar hemisphere, compared to the child group (Figure 1C). The laterality of this
finding is consistent with concordant effects (adults > children) in inferior frontal,
pericentral, and inferior parietal regions of the left hemisphere, given the known crossed
connectivity between cerebral cortex and cerebellum (Schmahmann, 1996). Robust
cerebellar activation in the adult group is consistent with previous imaging studies reporting
cerebellar participation in a wide range of non-motor tasks, including learning, working
memory, and language (Desmond & Fiez, 1998). The significantly reduced cerebellar
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activity in our child group may reflect ongoing maturation of cerebro-cerebellar networks.
This is supported by results from a recent study on verbal working memory showing
reduced load-dependent effects in the cerebellum in children (ages 7-10 years), compared to
adolescents (ages 11-15years; O’Hare, Lu, Houston, Bookheimer, & Sowell, 2008).

4.5 Conclusion

Using a sentence-embedded semantic decision paradigm, we replicated only some of the
findings from previous single-word or word-pair studies. We found greater activation in
adults than in children, not only in left inferior frontal cortex (attributed to age-dependent
increase in top-down control), but also in premotor and motor cortex of the left hemisphere.
The latter finding was most likely related to the language task itself (possibly covert speech),
rather than motor response. Our study did not replicate previous findings of increased
semantic activations in MTG in adults, nor did it replicate increased activation in posterior
sensory cortices in children. Reduced deactivations of the default network and reduced
activations in the cerebellum were also noted in children, compared to adults, which may be
attributed to incomplete maturation of connectivity within default and cerebro-cerebellar
networks.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Significant clusters of activation effects for the contrast lexical-semantic decision vs. reverse
speech within the (A) adult group, (B) child group. (C) Between-group effects showing
greater activation in the adult compared to the child group. (D) Significant clusters of
between-group effects (adults > children) for the contrast of semantically incongruous vs.
congruous trials. No inverse effects (children > adults) were detected for either between-
group analysis (C & D). (E) Results for secondary analyses for a child subsample of the 16
children with least head movement, in comparison to full adult sample (all effects: adults >
children). Significant main effects of control condition (reverse speech) compared to null
baseline in adults (F), and children (G). All clusters shown are significant (p<.05; corr.). Red
represents positive T-scores, blue represents negative T-scores.
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