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Abstract
Developmental differences (9- to 15-year-olds) in effective connectivity in left hemisphere regions
were examined using dynamic causal modeling (DCM) of functional magnetic resonance imaging
(fMRI) data. Children completed spelling tasks in the visual and auditory modalities in which they
were asked to determine if two words were spelled the same from the first vowel onwards. Intrinsic
(anatomical) connections were strongest from primary cortical regions to unimodal association areas
– from Heschl’s gyrus to superior temporal gyrus for the auditory spelling task and from calcarine
to fusiform gyrus for the visual spelling task. The modulatory (experimental) effect for the visual
spelling task from calcarine to superior temporal gyrus was stronger than all other effects from
calcarine and this effect showed a developmental increase, suggesting automatic activation of
phonology that increased with age. The modulatory effect from Heschl’s gyrus to dorsal inferior
frontal gyrus also showed a developmental increase, suggesting age-related increases in phonological
segmentation in verbal working memory. All together, these results suggest that there are
developmental increases in automatic access into brain regions involved in phonological processing
in tasks that require orthographic processing.
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1. Introduction
Previous studies suggest that frontal brain areas, and other regions involved in complex
cognitive tasks, continue to develop throughout late childhood, while primary cortical regions
involved in lower level sensory processing mature earlier (Berl et al., 2006; Brown et al.,
2005). However, the processing of complex cognitive tasks may also alter primary sensory
processes and their connectivity with other brain regions in late childhood. The current study
examines developmental changes from childhood to adolescence in the influence of bottom–
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up processes emanating from primary sensory regions on other cortical regions in complex
cognitive tasks, namely, spelling judgments in the visual and auditory modalities.

Neuroimaging studies with adults performing spelling tasks have shown activation in left
inferior frontal gyrus, left inferior parietal cortex (supramarginal gyrus, angular gyrus, and/or
inferior parietal lobule), and left inferior temporal/fusiform gyrus. These studies have used a
variety of tasks including mentally writing the written word form (Sugishita et al., 1996),
converting Japanese Kana words to Kanji characters and then mentally recalling their visual
form (Nakamura et al., 2000), spelling judgments independent of whether words are presented
in the auditory or visual modality as compared to rhyming judgments (Booth et al., 2002),
physical writing of a visually presented word (Nakamura et al., 2000), physical writing of a
spoken word (Menon and Desmond, 2001; Petrideset al., 1995; Tokunaga et al., 1999), physical
writing of associates of a semantic category (Beeson et al., 2003), and physical writing of a
word referring to a visual picture (Katanoda et al., 2001; Sugihara et al., 2006). The most
consistent finding across these spelling studies in adults is activation in left inferior parietal
cortex, a region that has been implicated in mapping between phonological and orthographic
representations (Booth et al., 2002, 2003a). The majority of studies have also shown activation
in left inferior temporal/fusiform gyrus that has been implicated in orthographic processing
(Dehaene et al., 2004), and in left inferior frontal gyrus that has been implicated in modulating
processes in posterior brain regions (Bitan et al., 2005) and/or phonological processing
(Poldrack et al., 1999).

Although some studies have examined the neural correlates of spelling in children and
adolescents (Lee et al., 1999; Richards et al., 2005), more relevant to the current investigation
are studies that have directly examined skill and developmental differences on spelling
judgments to auditorily and visually presented words (e.g. are grade–laid spelled the same
from the first vowel onwards). In a study with adults examining brain–behavior correlations,
higher accuracy on a visual spelling task was associated with greater activation in left inferior
frontal gyrus (BA 46) and left fusiform gyrus (BA 37), and higher accuracy on an auditory
spelling task was associated with greater activation in left supramarginal gyrus (BA 40), left
angular gyrus (BA 39), and left fusiform gyrus (BA 37) (Booth et al., 2003a). These findings
suggest that higher accuracy is associated with greater engagement of brain regions involved
in orthographic and phonological processing. Three studies have examined differences
between adults and children on spelling judgments. In one study, adults showed greater
activation than children in left angular gyrus (BA 39) and left inferior frontal gyrus (BA 9) in
a visual spelling task and in left inferior frontal gyrus (BA 44/45/9), left angular gyrus (BA
39) and left superior temporal gyrus (BA 22) in an auditory spelling task (Booth et al., 2004).
In another study, adults showed greater modality independent activation (across auditory and
visual modalities) than children in left inferior frontal gyrus (BA 9) (Booth et al., 2003b).
Finally, using dynamic causal modeling (DCM) to examine effective connectivity (Friston et
al., 2003; Penny et al., 2004), one study found that adults show greater top–down control than
children from left inferior frontal gyrus (BA 45/46/9) to left inferior parietal lobule/precuneus
(BA 40/7) in a visual spelling task (Bitan et al., 2006). Only one study has reported age-related/
skill differences in activation within children (9- to 15-year-olds) during spelling tasks (Booth
et al., 2007). In an auditory spelling task, developmental increases in activation were found in
inferior parietal lobule/precuneus (BA 40/7) and accuracy related increases were found in left
inferior frontal gyrus (BA 44/9) and left inferior parietal lobule (BA 40). Taken together, these
studies converge on the importance of left inferior frontal gyrus (BA 44/9), left inferior parietal
cortex (BA 40/39), and left fusiform gyrus (BA 37) for spelling tasks, showing that these
regions tend to become more engaged over the course of development and with higher skill.

The current study is the first to examine developmental differences in effective connectivity
between brain regions during a spelling task in the visual and auditory modalities. We employed
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dynamic causal modeling (DCM) to examine the directional influence (effective connectivity)
that one brain region has on another. In DCM, intrinsic connections between regions are
interregional influences in the absence of modulating experimental effects, whereas changes
in the intrinsic connectivity between regions induced by the experimental design (in our case,
the spelling tasks) are modulatory effects. In the spelling tasks, children (9- to 15-year-olds)
had to determine whether two words were spelled the same from the first vowel onwards. A
spelling task to auditorily presented words requires the maintenance of phonological
information in memory, accessing visual orthographic information, segmentation of the onset
from the rime, and a determination of whether two words have similar spelling of the rime. A
spelling task presented in the visual modality could be based on visual orthographic
information, however, it is likely that children would activate phonological representations
because of behavioral studies showing automatic activation of phonological representations
when reading (Booth et al., 1999).

Based on previous neuroimaging studies, we chose to examine connectivity with left inferior
parietal cortex (BA 40), left fusiform gyrus (BA 37), and left inferior frontal gyrus. We divided
the left inferior frontal gyrus into a dorsal (BA 44/9) and ventral (BA 45/47) portion because
studies have suggested that the dorsal portion is involved in phonological processing, whereas
the ventral portion has been implicated in semantic processing (Poldrack et al., 1999). We
additionally included left superior temporal gyrus (BA 22) and left fusiform gyrus (BA 37)
because studies have implicated these regions in phonological (Paulesu et al., 1996; Pugh et
al., 1996) and orthographic processing (Cohen et al., 2004; Dehaene et al., 2004), respectively.
Our input region for the auditory spelling task was left primary auditory cortex (Heschl’s gyrus,
BA 41) and for the visual spelling task was primary visual cortex (calcarine, BA 17). The focus
of this paper is on the influence of these primary cortical regions on areas involved in
orthographic and phonological processing because studies have implicated primary cortical
regions in reading disorders using moving visual stimuli (Demb et al., 1997) and auditory
stimuli with rapid acoustic transitions (Helenius et al., 2002). Because our spelling tasks
demanded access to orthographic representations and studies have shown age-related effects
in fusiform gyrus when reading (Booth et al., 2003b, 2001), we may expect developmental
increases in the influence from these primary cortical regions on left fusiform gyrus. However,
behavioral studies suggests that there are developmental increases in the automatic activation
of phonological information (Booth et al., 1999), so alternatively we may expect age-related
increases in the influence from these primary regions on areas involved in phonological
processing (i.e. left dorsal inferior frontal gyrus and left superior temporal gyrus) despite the
orthographic requirements of the task.

2. Results
2.1. Behavioral results

A one-way ANOVA with 4 age groups (9-year-olds, 11-year-olds, 13-year-olds, and 15-year-
olds) on scaled scores for the standardized measures of Verbal IQ, Performance IQ, and
WRAT-III Spelling showed no significant age differences in neither the auditory nor the visual
task group. A one-way ANOVA with 4 age groups (9-year-olds, 11-year-olds, 13-year-olds,
and 15-year-olds) for accuracy on the spelling task showed significant difference between age
groups [F(3,36)= 3.31; F(3,44)=2.72, p<0.05 for the auditory and visual tasks, respectively].
An increase of accuracy with age was confirmed by a positive correlation between accuracy
and age [r(38)=0.47, p<0.005; r(46)=0.39, p<0.05 for the auditory and visual tasks,
respectively]. Because age was correlated with accuracy for both tasks, all correlations
involving age were partialed for accuracy and all correlations involving accuracy were partialed
for age. See Table 1 for means on these measures. More detailed analyses of accuracy and
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reaction time in the separate spelling conditions are reported elsewhere (Bitan et al., in
press;Booth et al., 2007).

2.2. Conventional analysis
Fig. 1 and Table 2 present regions of activation for the auditory spelling task and the visual
spelling task compared to null. For the auditory spelling task (Fig. 1A), there was bilateral
activation in inferior frontal gyri, but it was more extensive in left hemisphere. There was also
bilateral activation in Heschl’s gyri that extended bilaterally into superior/middle temporal gyri
and inferior parietal lobules. Fusiform activation was confined to the left hemisphere.
Additional areas of activation included bilateral lingual gyrus extending into cuneus and
posterior cingulate, and bilateral medial frontal gyrus extending into anterior cingulate. For the
visual spelling task (Fig. 1B), there was bilateral activation in inferior frontal gyri, but it was
more extensive in left hemisphere. There was bilateral activation in superior temporal gyrus
that extended into middle temporal gyrus, fusiform gyrus, inferior parietal lobule, lingual gyrus
and cuneus. Additional areas of activation included bilateral medial frontal gyrus extending
into anterior cingulate, left thalamus, left parahippocampal gyrus and right middle frontal
gyrus.

2.3. Effective connectivity for auditory spelling task
Table 3 shows the significance of intrinsic connections across the whole group for the auditory
spelling task. Most intrinsic connections were significant with the exception of all input to
Heschl’s gyrus, output from Heschl’s gyrus to dorsal inferior frontal gyrus and to fusiform
gyrus, and bidirectional connections between inferior parietal lobule and fusiform gyrus.
Because our a priori connections of interest were those emanating from Heschl’s gyrus, we
calculated a one-way ANOVA with 5-coupled regions from Heschl’s gyrus, with Scheffe’s
contrasts between means. This analysis revealed that there were significant differences in the
intrinsic connections from Heschl’s gyrus, F(38)=100.43, p<0.001. In particular, the
connection from Heschl’s gyrus to superior temporal gyrus was stronger than all other
connections out from Heschl’s gyrus (p<0.001; see Fig. 2A, green arrow), the connection from
Heschl’s gyrus to inferior parietal lobule was stronger than all other connections out from
Heschl’s gyrus except from Heschl’s to superior temporal gyrus (p<0.001), and the connection
from Heschl’s gyrus to ventral inferior frontal gyrus was stronger than from Heschl’s gyrus to
fusiform gyrus (p=0.006). There were no significant age or accuracy correlations with the
intrinsic connections.

Table 3 shows the significance of modulatory effects across the whole group for the auditory
spelling task. There were modulatory effects on all inputs to fusiform gyrus, dorsal inferior
frontal gyrus, superior temporal gyrus, and ventral inferior frontal gyrus (except from inferior
parietal lobule). Heschl’s gyrus and inferior parietal lobule were the only two regions with no
significant modulatory input. Modulatory effects for all outputs were found for each region,
except to Heschl’s gyrus. Because our a priori effects of interest were those emanating from
Heschl’s gyrus, we calculated a one-way ANOVA with 5-coupled regions from Heschl’s gyrus,
with Scheffe’s comparisons between means. This analysis revealed that there were significant
differences in the modulatory effects from Heschl’s gyrus, F(38)=5.46, p<0.001. In particular,
the modulatory effect from Heschl’s gyrus to inferior parietal lobule was weaker than all other
connections out from Heschl’s gyrus (p<0.05), and there were no significant differences among
the other modulatory effects. In addition, correlational analyses showed that there was a
developmental increase in the modulatory effect from Heschl’s gyrus to dorsal inferior frontal
gyrus [r(38)=.48, p=0.003; see Fig. 2A, scatter plot]. There were no other correlations between
age and modulatory effects, and there were no correlations between accuracy and modulatory
effects.
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2.4. Effective connectivity for visual spelling task
Table 3 shows the significance of intrinsic connections across the whole group for the visual
spelling task. All intrinsic connections were significant with the exception of the connection
from calcarine to ventral inferior frontal gyrus. Because our a priori connections of interest
were those emanating from calcarine, we calculated a one-way ANOVA with 5-coupled
regions from calcarine, with Scheffe’s comparisons between means. This analysis revealed
that there were significant differences in the intrinsic connections from calcarine, F(46)= 62.18,
p<0.001. In particular, the connection from calcarine to fusiform gyrus was stronger than all
other connections out from calcarine (p<0.001; see Fig. 2B, green arrow) and the connection
from calcarine to ventral inferior frontal gyrus was weaker than all other connections out from
calcarine (p<0.001). There were no significant age or accuracy correlations with the intrinsic
connections.

Table 3 shows the significance of modulatory effects across the whole group for the visual
spelling task. All modulatory effects between regions were significant. Because our a priori
effects of interest were those emanating from calcarine, we calculated a one-way ANOVA with
5-coupled regions from calcarine, with Scheffe’s comparisons between means. This analysis
revealed that there were significant differences in the modulatory effects from calcarine, F(46)
=3.58, p=0.007. In particular, the modulatory effect from calcarine to superior temporal gyrus
was stronger than from calcarine to inferior parietal lobule (p=0.025) and to dorsal inferior
frontal gyrus (p=0.044; see Fig. 2B, red arrow). In addition, correlational analyses showed that
there was a developmental increase in the modulatory effect from calcarine to superior temporal
gyrus [r(46)=.41, p=0.004; see Fig. 2B, scatter plot]. There were no other correlations between
age and modulatory effects, and there were no correlations between accuracy and modulatory
effects.

3. Discussion
This study used dynamic causal modeling (DCM) to examine intrinsic connections and
modulatory effects in left hemisphere regions when children (9- to 15-year-olds) performed
spelling tasks in the auditory and visual modalities. Intrinsic connections are interregional
influences in the absence of modulating experimental effects and modulatory effects are the
changes in the intrinsic connectivity between regions induced by the spelling task. For both
modalities, there were modulatory effects involving inferior frontal gyrus, inferior parietal
cortex and fusiform gyrus. This is broadly consistent with studies in adults that have reported
activation in these regions in a variety of spelling tasks (Beeson et al., 2003; Booth et al.,
2002; Katanoda et al., 2001; Menon and Desmond, 2001; Nakamura et al., 2000; Petrides et
al., 1995; Sugihara et al., 2006; Sugishita et al., 1996; Tokunaga et al., 1999). None of these
studies, however, found activation in superior temporal gyrus, whereas our study revealed
reliable activation in and modulatory effects on connections with superior temporal gyrus in
both visual and auditory modalities. This could be explained by task differences as most of
previous studies used physical writing which may have placed greater emphasis on motor
processes (Beeson et al., 2003; Katanoda et al., 2001; Menon and Desmond, 2001; Nakamura
et al., 2000; Petrides et al., 1995; Sugihara et al., 2006; Tokunaga et al., 1999). In contrast, our
tasks involved spelling judgments to sequentially presented words, so it is more likely that
phonological processes were engaged. One notable difference between the modalities in our
study was that the auditory spelling task had unidirectional modulatory effects out of primary
auditory cortex (Heschl’s gyrus), whereas the visual spelling task had bidirectional modulatory
effects for primary visual cortex (calcarine). This presumably reflects the fact that the auditory
spelling task required the mapping from phonological to orthographic forms, whereas the visual
spelling task performance could be aided by lower level visual processing.
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As may be expected, both tasks had strongest intrinsic connections from primary cortical
regions (Heschl’s gyrus for the auditory task and calcarine for the visual task) to unimodal
association regions of the respective modality (i.e. superior temporal gyrus, usually depicted
in phonological processing, for the auditory task; and fusiform gyrus, usually depicted in
orthographic processing, for the visual task). Interestingly, the modulatory effect of the spelling
task on connections going out from the primary regions showed developmental increases for
the connection going into superior temporal gyrus in the visual task, and for the connection
going into dorsal inferior frontal gyrus in the auditory task. These results show that, despite
the orthographic demands of the spelling tasks, there were age-related increases in the
connectivity with regions involved in phonological processing. These represent the two major
findings of the current study and will be discussed in turn.

3.1. Effective connectivity from primary visual cortex
Left superior temporal gyrus (BA 22) seems to be centrally involved in phonological
processing. Studies have shown greater activation in this region for words with higher
phonological complexity (Desai et al., 2006) and words with low phono-tactic probabilities
show different effects over repeated exposure as compared to words with high phonotactic
probabilities (Majerus et al., 2005). Activation of phonological representations also seems to
be automatic when reading. Activation in left superior temporal gyrus has been found for briefly
presented Chinese characters (Peng et al., 2004), making judgments of the stress of words
(strong or weak initial stress) whether spoken or written (Aleman et al., 2005), and there is
greater activation for words than for objects (Moore and Price, 1999). Languages with more
regular correspondences between graphemes and phonemes seem to show more robust
activation in left superior temporal gyrus (Meschyan and Hernandez, 2006), presumably
because phonology is more easily accessible. Left superior temporal gyrus seems to be involved
in phonological and not articulatory processes, as studies show activation in this region is not
modulated by word length (Graves et al., 2007). Further, a transcranial magnetic simulation
study (TMS) showed that repetition priming during pronunciation was eliminated when left
inferior parietal lobule, but not when left superior temporal gyrus, was stimulated, In contrast,
priming during lexical decision was eliminated when left superior temporal gyrus, but not left
inferior parietal lobule, was stimulated (Nakamura et al., 2006). The authors suggested that
this double dissociation reflects that left inferior parietal lobule is critical for articulation,
whereas that left superior temporal cortex is centrally involved in phonological processing.

Our study found developmental increases in modulatory effects for the visual spelling task
from calcarine to superior temporal gyrus. Although there were developmental increases in the
modulatory effect from calcarine to superior temporal gyrus, the modulatory effect for the
group as a whole from calcarine to superior temporal gyrus was stronger than other effects
from calcarine, suggesting automatic activation of phonology for all children despite the
orthographic requirements of the task. The developmental increase in this modulatory effect
is consistent with many behavioral studies that show automatic phonological activation during
reading increases with age and skill (Booth et al., 1999, 2000). Previous studies using visual
spelling tasks similar to the current study have not reported developmental differences in signal
intensity in superior temporal gyrus (Booth et al., 2003b, 2004). This may suggest that the
nature of phonological representations in superior temporal cortex does not change
substantially during late childhood and adolescence. However, automatic access to these
representations from primary visual regions still increases in this age range, and may
presumably account also for improvements in reading fluency (Speece and Ritchey, 2005).
Although previous studies have implicated deficits in primary visual cortex in reading disorders
(Demb et al., 1997), studies examining spelling tasks have not generally reported
developmental or skill effects in primary cortex (Booth et al., 2003a,b, 2004, 2007) and
synaptogenesis and structural MRI studies suggest early maturation of visual cortex
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(Huttenlocher and Dabholkar, 1997; Sowell et al., 2001). Therefore, the developmental
increase in modulatory effects from calcarine to superior temporal gyrus seems to be primarily
due to the maturation of these pathways and their strategic recruitment for the task, and not
maturation within each brain region.

3.2. Effective connectivity from primary auditory cortex
Several studies using verbal working memory paradigms have shown activation in left dorsal
inferior frontal gyrus (BA 44) during maintenance/manipulation of verbal information in
memory (Barde and Thompson-Schill, 2002; Tsukiura et al., 2001) that increases with greater
load demands (Woodward et al., 2006; Zarahn et al., 2005). Although these studies suggest
that dorsal inferior frontal gyrus may be generally related to maintenance/manipulation in
verbal memory, other studies suggest that dorsal inferior frontal gyrus is more specifically
involved in phonological segmentation. One of the most consistent findings is that
pseudowords produce greater activation than words in dorsal inferior frontal gyrus for both the
visual and auditory modalities (Burton et al., 2005; Fiebach et al., 2002; Heim et al., 2005;
Ischebeck et al., 2004). Pseudo-words place large demands on segmentation because they must
be decomposed and read by grapheme to phoneme correspondences. More direct evidence for
the role of dorsal inferior frontal gyrus in segmentation is that this region shows activation
during initial phoneme discrimination (Heim et al., 2003), and a transcranial magnetic
stimulation study (TMS) showed increased reaction time and decreased accuracy for initial
sound similarity judgments and stress assignment judgments (Romero et al., 2006). Other
studies suggest that dorsal inferior frontal gyrus may also be involved in segmentation during
covert and overt articulatory rehearsal (Hickok and Poeppel, 2007; Horwitz et al., 2003). One
study showed greater activation for high load compared to low load in articulatory rehearsal
but not in verbal working memory (Chen and Desmond, 2005). Together, these studies suggest
that dorsal inferior frontal gyrus is involved in verbal working memory in general and in
phonological segmentation in particular.

Our study found developmental increases in modulatory effects for the auditory spelling task
from Heschl’s gyrus to dorsal inferior frontal gyrus, and not to ventral inferior frontal gyrus.
This suggests that brain regions implicated in phonological, and not semantic processing, were
recruited for spelling (Poldrack et al., 1999). Our finding, showing the importance of dorsal
inferior frontal gyrus in spelling, is consistent with several studies in adults reporting activation
in BA 9/44 in spelling tasks (Booth et al., 2002; Katanoda et al., 2001; Nakamura et al.,
2000; Tokunaga et al., 1999), although there is one inconsistent study showing activation in
ventral inferior frontal gyrus (Beeson et al., 2003). In addition, our results of developmental
increases in the modulatory effects into dorsal inferior frontal gyrus is consistent with studies
using a similar auditory spelling task that have shown developmental increases in signal
intensity in dorsal inferior frontal gyrus (BA 44/9) (Booth et al., 2003b, 2004). The
developmental increase in effective connectivity to dorsal inferior frontal gyrus could reflect
verbal working memory and phonological segmentation required by the auditory spelling task.
This task requires the maintenance of phonological information in memory, accessing visual
orthographic information, segmentation of the onset from the rime, and a determination of
whether two words have similar spelling of the rime. Although previous studies have implicated
deficits in primary auditory cortex in reading disorders (Helenius et al., 2002), studies
examining spelling tasks have not generally reported developmental or skill effects in auditory
cortex after age 9 (Booth et al., 2003a,b, 2004, 2007) and synaptogenesis and structural MRI
studies suggest early maturation of auditory cortex (Huttenlocher and Dabholkar, 1997; Sowell
et al., 2001). Therefore, the developmental increase in modulatory effects from Heschl’s gyrus
to dorsal inferior frontal gyrus seems to be primarily due to the maturation of this pathway,
and its strategic recruitment in the spelling task, and not maturation within auditory cortex.
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3.3. Lack of developmental differences in inferior parietal lobule
Although in previous studies we found greater activation in adults compared to children and
developmental increases (9-to 15-year-olds) in signal intensity in inferior parietal cortex (BA
40/39) using tasks similar to (Booth et al., 2004) or the same as (Booth et al., in press) the
current study, we did not find developmental differences in effective connectivity with inferior
parietal lobule in either the auditory or the visual modality. The independence of developmental
differences in signal intensity and effective connectivity is consistent with a developmental
study examining rhyming judgments to visually presented words (Bitan et al., 2007). The
rhyming task showed developmental increases (9- to 15-year-olds) in signal intensity in inferior
parietal cortex, but no developmental effects in effective connectivity with this region. They
suggested that the cortical system involved in orthographic processing and in mapping of
orthography to phonology may mature and become more elaborated during development, but
there is no change in its interaction with other regions that reflects its contribution to the
rhyming task. In both the rhyming task and in the current spelling tasks, the increase in
activation may thus reflect growing connectivity within the region, rather than connectivity
between regions.

3.4. Conclusion
This study showed developmental increases in the effective connectivity from Heschl’s gyrus
to dorsal inferior frontal gyrus in an auditory spelling task and from calcarine to superior
temporal gyrus in a visual spelling task. These findings suggest that with maturation, primary
cortical regions gain direct access to regions involved in phonological representations and
phonological segmentation, which are utilized automatically regardless of the requirements of
the task.

4. Experimental procedures
4.1. Participants

Forty healthy children (9- to 15-year-olds, 24 females) performed the auditory spelling task.
Forty-eight healthy children (9- to 15-year-olds, 24 females) performed the visual spelling task.
See Table 1 for age breakdown and standardized measures (see below for statistical analyses
on these measures). Parents of children were given an interview to ensure their children met
the inclusionary criteria for the study. Children were reported to be right handed, native English
speakers, with normal hearing and normal or corrected-to-normal vision. All children were
reported to be free of neurological diseases or psychiatric disorders and were not taking
medication affecting the central nervous system. Children were reported to not have a history
of intelligence, reading, attention or oral-language deficits. Children were recruited from the
Chicago metropolitan area.

4.2. Standardized testing
All participants were administered the Performance and Verbal portions of the Wechsler
Abbreviated Scale of Intelligence (WASI) (Wechsler, 1999) and the Spelling subtest of the
Wide Range Achievement Test – Third Edition (Wilkinson, 1993).

4.3. Tasks
For the auditory spelling task, two spoken words were presented in a sequential order and a
black fixation-cross appeared throughout the trial. The duration of each word was between 500
and 800 ms followed by a brief period of silence, with the second word beginning 1000 ms
after the onset of the first. For the visual spelling task, each word was presented visually for
800 ms followed with a second word beginning 1000 ms after the onset of the first. For both
tasks, a red fixation-cross appeared on the screen after the second word, indicating the need to
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make a response during the subsequent 2600-ms interval. If the two words had the same spelling
for all letters from the first vowel onwards, the participant was asked to press a button with the
index finger; if the two words did not have the same spelling for all letters from the first vowel
onwards, the participant was asked to press a different button with the middle finger.

For both tasks, twenty-four word pairs were presented in each one of four lexical conditions
that independently manipulated the orthographic and phonological similarity between words.
In the two non-conflicting conditions, the two words were either similar in both orthography
and phonology (O+P+, e.g. gate–hate), or different in both orthography and phonology (O−P
−, e.g. press–list). In the two conflicting conditions, the two words had either similar
orthography but different phonology (O+P−, e.g. pint–mint), or different orthography but
similar phonology (O−P+, e.g. jazz–has). Orthographic and phonological similarity was
manipulated so the spelling decision could not solely be based on the sound or spelling of the
word. All words were monosyllabic words, 4–7 letters long, and were matched across
conditions for written word frequency in adults and children (The Educator’s Word Frequency
Guide, 1996) and for written and spoken word frequency in adults (Baayen et al., 1995).

There were three kinds of control tasks. The simple perceptual control for the auditory spelling
task had 24 pairs of single pure tones and for the visual spelling task had 24 pairs of single
non-linguistic symbols. The complex perceptual control for the auditory spelling task had 24
pairs of three-tone stimuli and for the visual spelling task had 24 pairs of three non-linguistic
symbols. For both the simple and complex perceptual controls, participants determined whether
the stimuli were identical or not by pressing a yes or no button. The third control task involved
72 null events each for the auditory spelling and visual spelling tasks. The participant was
instructed to press a button when a black fixation-cross at the center of the visual field turned
red. Procedures for presenting the tones, symbols and fixation-crosses were the same as the
word judgment tasks. Each task was administered in two 108 trial runs, in which the order of
lexical, perceptual, and null trials was optimized for event-related design (Burock et al.,
1998). The order of stimuli within task was fixed for all subjects.

4.4. MRI practice session
After informed consent was obtained and the standardized tests were administered, participants
were invited for a practice session, in which they were trained to minimize head movement in
front of a computer screen using an infrared tracking device. In addition, they performed one
run of each experimental task in a simulator scanner, in order to make sure they understood
the tasks and to acclimatize themselves to the scanner environment. Different stimuli were
used in the practice and in the scanning sessions. Scanning took place within a week from the
practice session.

4.5. MRI data acquisition
Images were acquired using a 1.5-T GE scanner, using a standard head coil. Head movement
was minimized using vacuum pillow (Bionix, Toledo, OH). The stimuli were projected onto
a screen, and viewed through a mirror attached to the inside of the head coil. Participants’
responses were recorded using an optical response box (Current Designs, Philadelphia, PA).
The blood oxygen level dependent (BOLD) functional images were acquired using the echo
planar imaging (EPI) method. The following parameters were used for scanning: time of echo
(TE)=35 ms, flip angle=90°, matrix size=64×64, field of view=24 cm, slice thickness=5 mm,
number of slices=24; time of repetition (TR)=2000 ms. Four runs, with 240 repetitions each,
were administered for the functional images. In addition, structural T1 weighted 3D image
were acquired (TR = 21 ms, TE = 8 ms, flip angle = 20°, matrix size = 256 × 256, field of view
= 22 cm, slice thickness = 1 mm, number of slices = 124).
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4.6. Image analysis
Data analysis was performed using SPM2 (Statistical Parametric Mapping)
(http://www.fil.ion.ucl.ac.uk/spm). The images were spatially realigned to the first volume to
correct for head movements. No individual runs had more than 4 mm maximum displacement.
Sinc interpolation was used to minimize timing-errors between slices. The functional images
were co-registered with the anatomical image, and normalized to the standard T1 Montreal
Neurological Institute (MNI) template. The data was then smoothed with a 10-mm isotropic
Gaussian kernel. Statistical analyses at the first level were calculated using an event-related
design, with word trials, perceptual trials, null trials, auditory or visual trials (word+perceptual)
as four conditions. A high pass filter with a cutoff period of 128 s was applied. Word pairs
were treated as individual events for analysis and modeled using a canonical hemodynamic
response function (HRF). Group results for the conventional analyses were obtained using
random-effects analyses by combining subject-specific summary statistics across the group in
the contrast of all words versus null.

4.7. Effective connectivity
Based on the group main effect in the conventional analysis of words versus null, five regions
of interest (ROIs) were specified in lateral portions of the left hemisphere separately for the
auditory spelling and visual spelling task: dorsal inferior frontal gyrus (BA 44/9), ventral
inferior frontal gyrus (BA 45/47), fusiform gyrus (BA 19/37), superior temporal gyrus (BA
22), and inferior parietal lobule (BA 40/7). We chose lateral portions of the left hemisphere
because the left lateralization of language and because previous studies have implicated these
regions in spelling in both adults and children (Booth et al., 2002, 2004, 2007). For dorsal
inferior frontal gyrus, ventral inferior frontal gyrus, fusiform gyrus, and inferior parietal lobule,
subject-specific ROIs were defined as the most active voxel within 25 mm of the group
maximum with the constraint that no individual had two ROIs closer than 25 mm, so for some
individuals ROIs were defined based on the second or third most active local maxima in each
individual. The following anatomical masks were used for the individual ROIs to insure that
similar neural regions were represented across individuals: inferior frontal gyrus for dorsal and
ventral inferior frontal gyrus; inferior temporal gyrus/fusiform gyrus for fusiform gyrus;
superior temporal gyrus for superior temporal gyrus, and inferior/superior parietal lobule for
inferior parietal lobule. Regional responses were summarized as the principal eigenvariate
within a 6-mm radius sphere centered on the chosen voxel for each individual. In order to keep
Heschl’s gyrus (the input region for the auditory task) distinct from superior temporal gyrus,
we used a fixed ROI across individuals for superior temporal gyrus with a 6-mm sphere
centered on the group maximum. In order to make the ROI selection procedure similar to the
auditory task, the same ROI for superior temporal gyrus was used for the visual spelling task.
In order to ensure our input region for the auditory spelling task was primary auditory area,
Heschl’s gyrus (BA 41) was defined as the intersection of a 6 mm sphere centered on the group
maximum and an anatomical mask of Heschl’s gyrus (based on Pick Atlas of SPM2). In order
to ensure our input region for the visual spelling task was primary visual area, calcarine (BA
17) was defined as the intersection of a 6-mm sphere centered on the group maximum and an
anatomical mask of calcarine (based on Pick Atlas of SPM2).

Effective connectivity analysis was performed using the dynamic causal modeling (DCM) tool
in SPM2 (Friston et al., 2003; Penny et al., 2004). DCM is a nonlinear systems identification
procedure that uses Bayesian estimation of parameters to make inferences about effective
connectivity between neural systems and how this connectivity is affected by experimental
conditions. In DCM, three sets of parameters are estimated: the direct influence of stimuli on
regional activity; the intrinsic or latent connections between regions (i.e., the interregional
influences in the absence of modulating experimental effects); and the changes in the intrinsic
connectivity between regions induced by the experimental design (modulatory effects)
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(Mechelli et al., 2003). In the present experiment, modulatory effects represent the influence
of the spelling task (both conflicting and non-conflicting conditions) on the connectivity
between regions. Since ‘connectivity’ in DCM is measured through the coupling of changes
in imaging signals, rather than anatomically, a significant unidirectional modulatory influence
of one brain region upon another does not necessarily reflect the presence of a direct and
unidirectional anatomical connection. Instead, the connectivity revealed by DCM reflects the
inferred direction of neural influences that are specific to the imaging conditions and that may
be mediated through inter-neurons or other brain regions not explicitly included in the model.

The analysis adopted a two-stage procedure that is formally identical to the summary statistic
approach used in random effects analysis of neuroimaging data. The parameters from the
subject-specific, first level DCM models were taken to a second, between-subject level using
the random effects approach (Bitan et al., 2005). Separate DCM models were specified for the
auditory and visual modalities. Subject-specific DCMs were assumed to be fully connected
(resulting in 30 connections). The modulatory (bilinear) effects for each of the spelling tasks
were specified on the connections among all regions. In the visual task model, direct input of
the ‘visual’ condition (including words and perceptual conditions) was specified on calcarine.
In the auditory task model, direct input of the ‘auditory’ condition (including words and
perceptual conditions) was specified on Heschl’s gyrus.

Our a priori modulatory effects of interest were the connections going out from the input regions
(Heschl’s gyrus for the auditory spelling task and calcarine for the visual spelling task). Because
each of the input regions had connections with 5 other regions, we set our corrected level of
significance at p<0.01 in our one-sample tests for intrinsic connections, modulatory effects,
and correlations of these effects with age (partialed for accuracy) or accuracy (partialed for
age). We also calculated one-way analyses of variance (ANOVAs), with Scheffe’s post-hoc
tests, on the connections going out from the input regions to determine if output was
significantly stronger with certain coupled regions. All other analyses reported are significant
corrected for 25 connections (p<0.002).
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Fig. 1.
Left hemisphere regions of interest based on the conventional analysis for the auditory spelling
task (A) and visual spelling task (B). Green arrows indicate each region of interest. dIFG, dorsal
inferior frontal gyrus; vIFG, ventral inferior frontal gyrus; FG, fusiform gyrus; STG, superior
temporal gyrus; IPL, inferior parietal lobule; HG, Heschl’s gyrus; CAL, calcarine.
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Fig. 2.
Intrinsic connections and modulatory effects from primary cortical regions for the effective
connectivity analyses for the auditory spelling task (A) and the visual spelling task (B). For
the auditory spelling task, the intrinsic connection from Heschl’s gyrus to superior temporal
gyrus (green) was stronger than all other intrinsic connections out from Heschl’s gyrus. The
modulatory effect from Heschl’s gyrus to dorsal inferior frontal gyrus was significantly
correlated with age (r=.48). Scatter plot of this correlation with fitted line is in lower left corner.
For the visual spelling task, the intrinsic connection from calcarine to fusiform gyrus (green)
was stronger than all other intrinsic connections out from calcarine and the modulatory effect
from calcarine to superior temporal gyrus (red) was stronger than other modulatory effects out
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from calcarine. The modulatory effect from calcarine to superior temporal gyrus was also
significantly correlated with age (r=.41). Scatter plot of this correlation with fitted line is in
lower left corner. dIFG, Dorsal inferior frontal gyrus; vIFG, ventral inferior frontal gyrus; FG,
fusiform gyrus; STG, superior temporal gyrus; IPL, inferior parietal lobule; HG, Heschl’s
gyrus; CAL, calcarine. Bold arrows indicate significant intrinsic connections (thin arrows, non-
significant) and solid arrows indicate significant modulatory effects (dotted arrows, non-
significant).
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Table 1
Means (and standard deviations) for age, standardized scores and accuracy in scanner for the different age groups for
the auditory spelling and visual spelling task

9-year-olds 11-year-olds 13-year-olds 15-year-olds

Auditory spelling

  N 8 8 13 11

  Age (months) 107 (2.5) 128 (8.7) 154 (2.5) 178 (3.6)

  WASI Verbal IQ 121 (15.5) 123 (12.8) 108 (5.9) 112 (11.2)

  WASI Performance 120 (10.1) 118 (19.2) 105 (11.3) 99 (12.7)

IQ

  WRAT-III: Spelling 115 (15.3) 119 (12) 113 (11.9) 110 (7.1)

  Accuracy in scanner 72% (12%) 77% (11%) 78% (6%) 85% (7%)

Visual spelling

  N 12 10 15 11

  Age (months) 106 (2.4) 131 (2.8) 155 (2.9) 178 (3.6)

  WASI Verbal IQ 117 (19.1) 118 (16.0) 110 (10.8) 112 (11.2)

  WASI Performance 117 (12.3) 107 (19.2) 104 (10.9) 99 (12.7)

IQ

  WRAT-III: Spelling 111 (14.2) 116 (13.6) 108 (14.5) 110 (8.1)

  Accuracy in scanner 88% (11%) 90% (9%) 93% (6%) 96% (2%)

WASI Verbal IQ, WASI Performance IQ and WRAT-III Spelling in standard scores (M=100, SD=15). Accuracy on the spelling tasks in scanner is in
percentages.
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