
Developmental changes in activation and effective connectivity in
phonological processing

Tali Bitana,*, Jimmy Cheonb, Dong Lub, Douglas D. Burmanb, Darren R. Gitelmanc, M-Marsel
Mesulamc, and James R. Boothb,d

aDepartment of Communication Disorders, Haifa University, Mt. Carmel, 32905 Haifa, Israel

bDepartment of Communication Sciences and Disorders, Northwestern University, Evanston, Illinois, USA

cNorthwestern University Medical School, Chicago, Illinois, USA

dDepartment of Radiology, Evanston Northwestern Healthcare, Evanston, Illinois, USA

Abstract
The current study examined developmental changes in activation and effective connectivity among
brain regions during a phonological processing task, using fMRI. Participants, ages 9–15, were
scanned while performing rhyming judgments on pairs of visually presented words. The orthographic
and phonological similarity between words in the pair was independently manipulated, so that
rhyming judgment could not be based on orthographic similarity. Our results show a developmental
increase in activation in the dorsal part of left inferior frontal gyrus (IFG), accompanied by a decrease
in the dorsal part of left superior temporal gyrus (STG). The coupling of dorsal IFG with other selected
brain regions involved in the phonological decision increased with age, while the coupling of STG
decreased with age. These results suggest that during development there is a shift from reliance on
sensory auditory representations to reliance on phonological segmentation and covert articulation
for performing rhyming judgment on visually presented words. In addition, we found a
developmental increase in activation in left posterior parietal cortex that was not accompanied by a
change in its connectivity with the other regions. These results suggest that maturational changes
within a cortical region are not necessarily accompanied by an increase in its interactions with other
regions and its contribution to the task. Our results are consistent with the idea that there is reduced
reliance on primary sensory processes as task-relevant processes mature and become more efficient
during development.

Introduction
The process of mapping visual words onto phonological representations forms the basis of
reading acquisition. Phonological processing of visually presented words undergoes major
changes while children mature and become fluent readers. The current study uses functional
magnetic resonance imaging (fMRI) to examine developmental changes in phonological
processing in school-age children performing rhyming judgment on visually presented words.
Rhyming judgments in adults activate the left superior temporal, supramarginal and dorsal
inferior frontal gyri (Booth et al., 2002a; Crosson et al., 1999; Kareken et al., 2000; Lurito et
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al., 2000; Paulesu et al., 1996; Pugh et al., 1996; Xu et al., 2001). In children, phonological
tasks such as non-word reading, phoneme deletion and rhyming judgment resulted in the
activation of left temporo-parietal and frontal regions (Booth et al., 2004; Georgiewa, 1999;
Shaywitz et al., 2002; Temple et al., 2001). Developmental changes in activation examined in
a number of language tasks showed increases in activation in left inferior frontal gyrus in single
word generation tasks (Brown et al., 2005; Gaillard et al., 2003; Holland et al., 2001; Schapiro
et al., 2004; Schlaggar et al., 2002; Szaflarski et al., 2006) and in a rhyming task to visually
presented words when comparing children to adults (Booth et al., 2004). Developmental
increases in activation were also found in left superior temporal gyrus in a verb generation task
(Schapiro et al., 2004) and in an auditory narrative comprehension task (Schmithorst et al.,
2006). Finally, several studies have also found developmental increases in activation in left
inferior parietal lobule in single word generation tasks (Brown et al., 2005; Schapiro et al.,
2004).

Developmental increases in activation in regions relevant for task performance may reflect
reorganization in cortical areas and formation of new representations (Durston et al., 2006;
Johnson, 2000). Alternatively, an increase in activation may reflect a change in strategy,
resulting in greater reliance on a specific cognitive process for the performance of the given
task. In the latter case, the change is specific to the task, rather than maturation of a cortical
system. This pattern, referred to as “process switch” in adult learning studies (Poldrack,
2000), is often accompanied by decreased activation in a different brain region (Raichle et al.,
1994). A decrease in activation may thus reflect less engagement of a specific cognitive process
in a given task, and consequently reduced activity in the neural substrates associated with that
process. Alternatively, a developmental decrease in activation may reflect increasing neural
efficiency in a specific brain region while it continues to contribute to the task. In adult learning
studies, a mechanism, by which experience results in a reduction in the neural resources
required to achieve a cognitive goal, has been suggested to explain the reduction in activation
in primed compared to novel stimuli (Dehaene et al., 2004; Wagner et al., 2000) and in practiced
items following repeated presentation (Buckner et al., 2000; Poldrack and Gabrieli, 2001;
Reber et al., 2005). The developmental decrease in extrastriate activation by words has
similarly been suggested to result from improved “tuning” (selectivity) of lower level
mechanisms (Brown et al., 2005). During development such a process may result from pruning
of neurons and elimination of redundant connections, thereby increasing the signal to noise
ratio and strengthening relevant connections in the system (Durston et al., 2006; Johnson,
2000). Examining developmental changes in the interactions among brain regions may help to
distinguish between the different potential explanations for increases and decreases in
activation.

In the current study, we identify regions that show developmental changes in activation and
examine changes in effective connectivity between these regions and regions that are active
across ages. While our previous study examined developmental changes in a rhyming task by
comparing children to adults (Booth et al., 2004), in the current study, we examine the
correlation between activation and age in a sample of children 9–15 years old. This enabled us
to deconfound the effect of age from linear changes in performance, the importance of which
was emphasized by recent developmental studies (Brown et al., 2005; Casey, 2002).

An additional contribution of the current study is the examination of developmental changes
in a task that increases the demands on the mapping between orthography and phonology by
independently manipulating orthographic and phonological similarity between words. In the
non-conflicting conditions, both orthography and phonology of the words were either similar
(lime–dime) or different (staff–gain). In conflicting conditions, words had similar phonology
and different orthography (jazz–has) or different phonology and similar orthography (pint–
mint). This manipulation encourages the participants to generate the phonological
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representations of words, rather than rely on orthographic information to perform the rhyming
judgment. In addition, it enables a comparison between conditions with high and low demands
on the mapping between orthography and phonology (Bitan et al., in press).

Our previous analyses of the same data (Bitan et al., in press) showed the activation for the
rhyming task in left inferior frontal and superior temporal gyri as well as greater activation for
conflicting compared to non-conflicting conditions in left inferior frontal and left inferior
parietal cortices. However, in our previous paper, we did not examine developmental effects.
Because these regions have also shown developmental increases in activation in previous
studies, we predict that left inferior frontal, left inferior parietal and left superior temporal
regions would show developmental increases in activation in the rhyming task, reflecting
reorganization and formation of new representations. Alternatively, some of these regions may
show a developmental decrease in activation, which may either reflect an increase in the neural
efficiency in these regions (Poldrack and Gabrieli, 2001; Reber et al., 2005) or a shift away
from cognitive processes involving these regions (Raichle et al., 1994).

Materials and methods
Participants

Thirty-six healthy children (ages 9–15, mean=11.7), 22 females, participated in the study.
Children were all right handed (mean=78, range 50–90) according to the 9 item Likert-scale
questionnaire (−90 to 90, positive scores indicate right hand dominance). All children were
native English speakers, with normal hearing and normal or corrected-to-normal vision. All
children were free of neurological diseases or psychiatric disorders and were not taking
medication affecting the central nervous system. Children were recruited from the Chicago
metropolitan area. Parents of children were given an interview to ensure that they did not have
a history of intelligence, reading, attention or oral-language deficits. Children were given
standardized intelligence tests (Wechsler Abbreviated Scale of Intelligence (WASI) (The
Psychological Corporation, 1999)), and reading tests from the Woodcock Johnson battery
(Woodcock et al., 2001). The results per age group are presented in Table 1. The Institutional
Review Board at Northwestern University and Evanston Northwestern Healthcare Research
Institute approved the informed consent procedures.

Tasks
Rhyming task—Two words were presented visually in a sequential order and the participant
had to determine whether the words rhymed and indicate their judgment by pressing one of
two buttons. Each word was presented for 800 ms followed by a 200-ms blank interval. A red
fixation cross appeared on the screen after the second word, indicating the need to make a
response during the subsequent 2600-ms interval. 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 (e.g., dime–lime), or different in both
orthography and phonology (e.g., staff–gain). In the two conflicting conditions, the two words
had either similar orthography but different phonology (e.g., pint–mint), or different
orthography but similar phonology (e.g., jazz–has). If the words rhymed the participant pressed
a button with the index finger, and if they did not rhyme the participant pressed a different
button with the middle finger.

Control conditions—Two perceptual control conditions were used in which two symbol
strings were presented visually in sequential order and the participant had to determine whether
the strings matched. In the ‘Simple’ condition, the symbol string consisted of a single symbol,
while in the ‘Complex’ condition, the symbol string consisted of three different symbols (e.g.,
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) subtending a similar visual angle and visual complexity as the words. Timing parameters
were the same as for the lexical conditions. 24 Items were presented in each perceptual
condition, with half of them matching. In addition to the perceptual control conditions, 72
fixation trials were included as a baseline. In the fixation condition, a black fixation cross was
presented for the same duration as the stimuli in the lexical and perceptual conditions and
participants were instructed to press a button when the black fixation cross turned red. Button
press in the fixation condition was included to equate the motor response and motor planning
components between the experimental and the baseline conditions.

Stimulus characteristics
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; Bitan et al., in
press). The symbols in the control conditions consisted of re-arranged parts of lower case
Courier letters. In the Complex condition a symbol did not repeat within any symbol string.
Non-matching pairs differed in one symbol, with the position of the non-matching symbol
equally distributed across the string. All words and symbols were presented in lower case, at
the center of the screen, with a 0.5-letter offset of position between the first and second stimulus.

Experimental procedure
After informed consent was obtained and the standardized intelligence test was 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 the 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. In the scanning session, two 8.3-min runs of 108 trial each
were performed, in which the order of rhyming, perceptual and fixation trials was optimized
for event-related design (Burock et al., 1998). The order of stimuli within task was fixed for
all subjects. Accuracy of performance in the scanner and reaction time from the onset of the
second item in each trial were recorded.

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 BOLD functional images were acquired using the EPI (echo planar imaging) method. The
following parameters were used for scanning: TE = 35 ms, flip angle = 90°, matrix size = 64
× 64, field of view = 24 cm, slice thickness = 5 mm, number of slices = 24; TR = 2000 ms.
Two runs, with 240 repetitions each, were administered for the functional images. In addition,
structural T1-weighted 3D image were acquired (SPGR, 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), using an identical orientation as the functional images.

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 (Henson et al., 1999).
The functional images were co-registered with the anatomical image and normalized to the
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standard T1 template volume (MNI). The data were then smoothened with a 10-mm isotropic
Gaussian kernel. Statistical analyses at the first level were calculated using an event-related
design, with ‘rhyming task’, ‘perceptual task,’ and the fixation events as three conditions of
interest. A high pass filter with a cutoff period of 128 s was applied. Pairs of items were treated
as individual events for analysis and modeled using a canonical HRF. Group results were
obtained using random effects analyses by combining subject-specific summary statistics
across the group as implemented in SPM2 (Penny and Holmes, 2003).

In a recent paper, we presented the main effect of comparing the rhyming task with the
perceptual task and comparisons among the different conditions within the rhyming task (Bitan
et al., in press). In the current paper we focus on the developmental changes. Because there
were no significant differences between the effects of age in any of the 4 rhyming task
conditions, the contrast collapsing across all conditions vs. fixation is used for determining the
nodes for the effective connectivity analysis. The main effects for all rhyming task conditions
vs. fixation and for the complex perceptual condition vs. fixation were tested using a one-
sample t-test. Only the complex perceptual condition was included in the analysis because it
was better matched with the words in the rhyming task for visual complexity. Developmental
changes were determined with a multiple regression analysis using a contrast collapsing all
rhyming task conditions vs. fixation, or the complex perceptual condition vs. fixation, from
each individual. The participants' age in months was entered as a covariate, together with
accuracy of performance in the scanner as a second covariate. This allowed us to examine age-
related increases or decreases in activation that were independent of linear accuracy
differences.

Because reaction time was negatively correlated with age, and increased time on the task could
result in increased activation, a decrease in activation with age could result from decreased
time on task. To account for this possibility, we included reaction time as an additional covariate
when testing for decreased activation with age. Because our sample included a larger number
of girls than boys in the older ages, we carried out an additional analysis to rule out the
possibility that the effect of age was due to sex differences. An ANCOVA was performed with
sex as a discrete variable and accuracy as a continuous variable. No activation was found that
was greater for boys compared to girls. The map of activation that was greater for girls
compared to boys, at a threshold of p<0.005, was used as an exclusive mask to look at the
effects of increasing age. The results of the age correlation were not changed by using this
mask. In addition, regions that showed correlation with age were overlaid on maps showing
activation related to the conflict between orthography and phonology. These included regions
that showed greater activation for conflicting compared to non-conflicting conditions and
regions in which the differential activation for conflicting (vs. non-conflicting) conditions
correlated with accuracy on the conflicting conditions. Although this is a qualitative approach,
it provides information regarding the overlap between the different analyses. All reported areas
of activation were significant using uncorrected p<0.001 at the voxel level and containing a
cluster size greater than or equal to 10 voxels. The results of the main effects (rhyming task or
perceptual conditions vs. fixation, conflicting vs. non-conflicting) are displayed with a more
stringent threshold of uncorrected p<0.0001 to enable the distinction among brain structures
that otherwise comprise a single cluster. In all tables, clusters that survive a family-wise error
correction for multiple comparisons at p<0.05 are presented in bold.

Effective connectivity analysis
To further examine brain regions that show developmental changes in activation, we conducted
an effective connectivity analysis in a network with six regions of interest (ROIs), shown in
Table 2. The network was limited to 6 nodes in order to simplify the model. These include
three left hemisphere regions that were active for all rhyming task conditions across all ages
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(Table 3): fusiform gyrus (FG), ventral inferior frontal gyrus (IFG), and lateral temporal cortex
(LTC). In addition, three left hemisphere age-dependent regions were included that showed a
developmental change in activation specific for linguistic stimuli (Table 4). Of these three,
dorsal IFG (BA 9), and intraparietal sulcus (IPS) showed a developmental increase in activation
whereas anterior superior temporal gyrus (STG) showed a developmental decrease in
activation.

The nodes chosen for the effective connectivity analysis in this study extend the model used
in our previous study of effective connectivity in children during this task (Bitan et al., 2006).
Our earlier study included the three left hemisphere regions that were active for lexical
conditions across all ages in this study, identifying the fusiform gyrus as an input region and
the LTC and ventral IFG as involved in the phonological decision. From the regions that
showed age-dependent activation in the current study, the posterior temporoparietal cluster
(Heschl/supramarginal gyri) was not included in the model because it was contiguous with the
anterior STG under a more liberal threshold. The MFG (BA 6) was not included because the
developmental increase in this area was not specific to the linguistic task.

The six regions of interest were specified for each individual, each specified as a 6-mm radius
sphere. For the age-dependent regions (dorsal IFG, anterior STG and IPS), a fixed voxel was
chosen as the center of the ROI across all individuals. For regions that were active across ages
(ventral IFG, LTC and FG), the ROI was centered on the most significant voxel within 30 mm
of the group maximum in the ‘rhyming vs. fixation’ activation map, restricted by an anatomical
mask of the relevant region (i.e., IFG for IFG, superior and middle temporal gyri for LTC, and
fusiform and inferior temporal gyri for FG). A weaker voxel was chosen in individuals where
the distance between the centers of different ROIs was less than 26 mm apart. Two subjects
were excluded because they had no significant clusters within 30 mm from the group reference
voxel (one in LTC and one in ventral IFG), resulting in a sample of 34 subjects for the effective
connectivity analysis. Table 5 shows the peak co-ordinates used for the individually defined
ROIs.

Effective connectivity analysis was examined 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 to make inferences about effective
connectivity between neural systems and how it 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 in the absence of modulating experimental
effects; and the changes in the intrinsic connectivity between regions induced by the
experimental design (i.e., modulatory effects) (Mechelli et al., 2003). The validity of the
effective connectivity analysis depends on the choice of regions accurately representing the
nodes in the network involved in the task. Our 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). Subject-specific DCMs were fully and reciprocally connected (resulting in 30
connections) with modulatory (bilinear) effects of the rhyming task specified on coupling
among all regions, except for the effects on the fusiform gyrus. DCM requires a specification
of the direct influence of the stimuli on a region. In the current model, the fusiform gyrus was
specified as the region receiving input for the rhyming task.

The second level analysis was done on the bilinear effects on the coupling between the three
age-dependent regions (i.e., dorsal IFG, anterior STG and IPS) and two regions involved in
the phonological decision (Bitan et al., 2005) that were active across ages (i.e., ventral IFG and
LTC). To test the effect of age on the bilinear effects while controlling for the effect of accuracy,
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a GLM analysis was conducted separately for each age-dependent region, resulting in a model
of 2 paired regions (ventral IFG, LTC) by 2 directions (in, out), with 2 covariates (age in months
and accuracy of performance in the scanner). For regions that showed a significant three-way
interaction of age by paired region by direction, a follow-up analysis was performed within
each direction, and the results are reported at a significance level of p<0.05 corrected for 2
comparisons. The correlation of each bilinear term with age, while accuracy is controlled, is
reported at the level of p<0.05 corrected for 4 comparisons (four correlations per region).

Results
Behavioral results

Here we report behavioral results collapsed for conflicting and non-conflicting conditions,
because they show a significant difference in accuracy and reaction time (Bitan et al., in
press), and this distinction is relevant for the fMRI analysis presented below. (For a detailed
statistical analysis of the behavioral results for specific conditions, see Bitan et al., in press).
The accuracy of performance in the scanner was 86% on average for all rhyming task
conditions, with an average of 78% and 93% on conflicting and non-conflicting conditions,
respectively. Average performance on the perceptual control conditions was 93%. The reaction
time across rhyming task conditions was 1384 ms (1461 and 1307 ms for conflicting and non-
conflicting, respectively) and 1137 ms for the perceptual conditions (Bitan et al., in press). Fig.
1 shows the correlation of age with accuracy of performance and reaction time in the rhyming
task. Age was significantly correlated with accuracy of performance in both the rhyming and
perceptual tasks (r=0.46, 0.37 respectively; p<0.05). Age was also negatively correlated with
reaction time on both the rhyming and perceptual tasks (r=−0.48, −0.39; respectively, p<0.05).

fMRI results
Main effects—Fig. 2 and Table 3 present regions that were active for the rhyming task and
the complex perceptual task compared to fixation. Both perceptual and rhyming tasks activated
the bilateral fusiform/ventral occipital cortex (BAs 18, 19, 37), anterior cingulate (BA 32), and
bilateral inferior frontal cortex (BA 47/13 on the right, BA 9 on the left). Activation for rhyming
task was also found in a large portion of the left inferior frontal gyrus, in left superior temporal
gyrus, and in left posterior parietal cortex.

Correlation with age in the rhyming task—Fig. 3 and Table 4 present regions that
showed an increase or decrease in activation with age for the rhyming task, when linear effects
of accuracy were controlled. Increase in activation was found in left inferior frontal gyrus (BA
9), in left middle frontal gyrus (BA6) and in bilateral posterior parietal cortices (BA 40/7). A
decrease in activation with age was found in the anterior part of left superior temporal gyrus
(BA 22) and in a posterior cluster in left supramarginal gyrus. To account for the possible
confound of time on task, reaction time was included as an additional covariate in the
examination of decreased activation with age. Table 4 shows that when reaction time and
accuracy are both controlled a decrease in activation with age is still found in the anterior part
of left superior temporal gyrus. In addition the posterior cluster was found bilaterally in Heschl
gyri (BA 41) extending into supramarginal gyrus on the left and into posterior superior temporal
gyrus on the right.

Age correlation and sensitivity to the conflict—Regions that show a developmental
change in activation were overlaid on regions that were involved in the conflict between
orthography and phonology (Figs. 4a, b). Although this is a qualitative approach, it shows that
some of the developmental changes occur in regions engaged in the resolution of this conflict.
Table 6 presents regions that showed greater activation in conflicting compared to non-
conflicting conditions, and regions in which the differential activation for conflicting
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(compared to non-conflicting) conditions was correlated with accuracy in the conflicting
conditions. Fig. 4a shows that the developmental increase in activation in left inferior frontal
gyrus (BA 9) was found in a region that shows greater activation for conflicting compared to
non-conflicting conditions. Fig. 4b shows the overlap between the developmental increase in
activation in the posterior parietal cortices and the correlation between the differential
activation for conflicting conditions and accuracy in the conflicting conditions. Although the
clusters are distributed across anatomical structures (the intraparietal sulcus and inferior
parietal lobule), these clusters overlap in the left hemisphere, and will be interpreted together.

Correlation with age in perceptual conditions—An increase of activation with age
(when accuracy was controlled) was found for the complex perceptual condition in the left
middle frontal gyrus (BA 6) (x=−39, y=0, z=57; z-score = 4.2, 40 voxels). Fig. 4c shows that
activation in middle frontal gyrus for both the rhyming and the perceptual tasks increased with
age.

Effective connectivity analysis—The effect of age on the bilinear effects, while
controlling for accuracy, was examined separately in each age-dependent region, using a GLM
analysis of two-paired regions ×2 directions with 2 covariates (age and accuracy). For dorsal
IFG a significant main effect of age was found (F(1,31)=5.2, p<0.05), with no interaction of
age with direction or paired region. Fig. 5 shows that all bilinear effects on the coupling with
dorsal IFG increase with age. Although there is no significant interaction, the correlation with
age is strongest for the effect of LTC on dorsal IFG (r=0.41, p corrected for 4 comparisons
<0.05). A similar GLM analysis performed on the coupling of anterior STG shows a significant
three-way interaction of age by region by direction (F(1,31)=15.1, p<0.01). In a separate
analysis within each direction, only the coupling going out from anterior STG shows a
significant main effect of age (F(1,31)=5.6, p<0.05 corrected for 2 comparisons) and a
significant interaction of age with paired region (F(1,31)=7.7, p<0.05 corrected for 2
comparisons). Fig. 5 shows that the effect of anterior STG on ventral IFG and LTC both
decrease with age, but the correlation with age is stronger for the effect on ventral IFG (r=
(−0.46), p corrected for 4 comparisons <0.05). A GLM analysis for the coupling of IPS did not
reveal any significant main effect or interaction with age. Although for the effect of IPS on
LTC there is a trend for positive correlation with age, this effect is not significant (p corrected
for 4 comparisons=0.10). Bilinear effects on the connections from fusiform gyrus to age-
dependent regions were uncorrelated with age (r=0.04; 0.17; −0.08 for coupling with dIFG,
IPS, aSTG, respectively). They are not displayed in Fig. 5 since they were not part of the
prediction that focused on the coupling of age-dependent regions with regions involved in the
phonological decision.

Discussion
Our behavioral results show that performance on the rhyming task improved with age, both in
terms of accuracy and reaction time. Nevertheless, our sample size enabled us to identify
developmental changes in activation while controlling for linear differences in performance.
Our fMRI results indicate three patterns of age-related changes. Consistent with our prediction,
a developmental increase in activation, specific to linguistic stimuli, was found in the dorsal
aspect of left inferior frontal gyrus (IFG; BA 9) and in bilateral posterior parietal regions (BA
40/7). However, an age-related decrease in activation, specific to linguistic stimuli, was found
in anterior left superior temporal gyrus (STG; BA 22) and bilateral Heschl gyri (BA 41). In
addition, a developmental increase in activation for both linguistic and perceptual stimuli was
found in left middle frontal gyrus (BA 6). Effective connectivity analysis showed an overall
developmental increase in the coupling of dorsal IFG and a decrease in the effect of anterior
STG on ventral IFG. There was no significant change in the coupling of left intraparietal sulcus
with other regions selected in the model.
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Increase in activation in dorsal inferior frontal gyrus
The age-related increase in activation in the dorsal part of left inferior frontal gyrus (BA 9)
was found in a region that was more active for conditions that have conflicting orthographic
and phonological information (e.g., pint–mint, jazz–has) compared to non-conflicting
conditions. Activation in BA 9 has been previously found in tasks that require phonological
segmentation and covert articulation (Clark and Wagner, 2003; Demonet et al., 1992; Fiebach
et al., 2002; Fiez et al., 1999; Gitelman et al., 2005; Mechelli et al., 2005). In a meta-analysis
of 129 language studies, phonological, semantic and syntactic clusters of activation peaks were
identified in the frontal and temporal lobes (Vigneau et al., 2006). Among the clusters identified
in the meta-analysis, the closest (12 mm) to the developmental increase found in the current
study was in lower precentral gyrus (BA 9; −48, 2, 26), and was associated with phonological
processing, silent rehearsal and complex mouth and tongue movements. The greater activation
in BA 9 in conflicting compared to non-conflicting conditions in our study suggests that
conflicting conditions recruit phonological segmentation and covert articulation processes to
a greater extent than non-conflicting conditions (Bitan et al., in press).

The age-related increase in activation in dorsal IFG (BA 9) is consistent with previous findings
of greater activation in adults compared to children in left BA 9/44 in a rhyming task to visually
presented words (Booth et al., 2004), and with a developmental increase in activation in BA
44, in single word generation tasks (Schapiro et al., 2004; Schlaggar et al., 2002). The increase
in activation in the current study may suggest that during development school-age children
show greater reliance on phonological segmentation and covert articulation for making
rhyming judgments. Alternatively, the increase in activation may reflect maturation of the
cortical system involved in phonological segmentation, including reorganization and formation
of new representations, but with no change in the contribution of this region to the phonological
task. The results of our effective connectivity analysis support the former interpretation. The
coupling of dorsal IFG with the two regions that are involved in integration and making the
phonological decision, i.e., ventral IFG and LTC (Bitan et al., 2005), increased with age. These
results suggest that the increase in activation in dorsal IFG does not reflect only maturation of
the cortical system but also growing contribution of this region to performance on the rhyming
task.

Decreases in activation in superior temporal gyrus
Our results show an age-related decrease in activation in the dorsal aspect of the superior
temporal gyrus, in two clusters (which are contiguous with a more liberal threshold). When
linear effects of accuracy and reaction time were controlled, decreased activation with age was
found in the anterior part of left superior temporal gyrus (STG) on the border of the insula (BA
22/13), and in posterior bilateral clusters in Heschl gyri (BA 41) extending into supramarginal
gyrus on the left and into superior temporal gyrus on the right. Both left hemisphere clusters
are distinct from the more posterior lateral temporal cortex (LTC) which was active across all
ages and is presumably involved in integration of abstract phonological information (Bitan et
al., 2005). Heschl gyri is primary auditory cortex, sensitive to acoustic parameters (Binder et
al., 2000; Howard et al., 2000; Inui et al., 2006). Two nearby clusters, identified in a recent
meta-analysis (Vigneau et al., 2006) (planum temporale, 9 mm; −60, −27, 9; and STG, 14 mm,
−50, −38, 12), were associated with unimodal auditory processing such as consonant perception
(Joanisse and Gati, 2003) and voice onset time processing (Jancke et al., 2002). The anterior
STG cluster, which also showed a developmental decrease in activation in the current study,
is located near an auditory phonological cluster (14 mm, −56, −12, −3) identified in a meta-
analysis (Vigneau et al., 2006). This cluster was sensitive to human voice and speech sounds
(Belin et al., 2002) and was activated by listening to syllables (Poeppel et al., 2004; Sekiyama
et al., 2003), pseudo-words (Binder et al., 2000), and detection of rhymes (Booth et al.,
2002b).
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Our results show a developmental decrease in activation in the dorsal aspect of left superior
temporal gyrus, implicated in sensory acoustic processing and in auditory phonological
processing. One interpretation for these findings may be that maturation and experience
resulted in improved neural efficiency in this region, and that the generation of auditory
phonological representations in older children requires less neural activity. However, in terms
of connectivity, this interpretation would predict a preservation or even an increase in the effect
of anterior STG on brain regions involved in the phonological decision (i.e., LTC and ventral
IFG). Instead, our results show an age-related decrease in the effect of anterior STG on these
regions, suggesting an alternative account for the decrease in activation in anterior STG.
Altogether these results suggest that during development, there is less engagement of auditory
phonological representations when making a phonological judgment on visually presented
words. Instead, older children presumably rely on abstract phonological representations,
associated with LTC, and on phonological segmentation and covert articulation associated with
dorsal IFG.

Support for this interpretation can be found in a study that examined the effect of age of
acquisition on activation to visually presented words (Fiebach et al., 2003). Reading early
acquired words resulted in greater activation in the temporal operculum (−44, −10, 9; 12 mm
from the anterior STG in the current study), while reading late acquired words resulted in
greater activation in lateral inferior frontal areas. The authors suggest that early learned words
are represented in the brain in a more auditory sensory manner than late learned words (Fiebach
et al., 2003). These findings support the conclusion of the current study that the reduced
involvement of the dorsal STG reflects age-related reduction in the engagement of auditory
processing in reading visually presented words. Our results are also consistent with the findings
of word generation studies showing developmental decreases in activation in the middle portion
of the left insula (BA 13; −41, −13, −2; 2 mm from the anterior STG cluster in the current
study) (Brown et al., 2005) and in left posterior insula (Szaflarski et al., 2006). The authors
suggest that these regressive changes in activation reflect narrowing of activation from a
relatively large and diffuse set of lower level brain regions that compensate for less efficient
processing in language-specific areas, to regions that are specifically related to the task. Higher
level regions in frontal and parietal cortex may be recruited to provide top-down guidance for
the selection of the lower level mechanisms for specific task performance (Bitan et al., 2006;
Brown et al., 2005; Johnson, 2000).

Increase in activation in intraparietal sulcus
The age-related increase in activation in left intraparietal sulcus (BA 40) was found in a region
in which the differential activation for conflicting compared to non-conflicting conditions was
correlated with the accuracy in conflicting conditions. The correlation with accuracy suggests
that the cognitive processes associated with this region are critical for performance in the
conflicting conditions. We have suggested that conflicting pairs require repetitive mapping
between orthography and phonology, which presumably involves the left inferior parietal
lobule (Bitan et al., in press). Previous studies have also showed that left inferior parietal lobule
is involved in tasks that require mapping between orthographic and phonological
representations (Booth et al., 2002a; Clark and Wagner, 2003; Demonet et al., 1992; Fiebach
et al., 2002; Fiez et al., 1999; Mechelli et al., 2005). The cluster in the intraparietal sulcus that
shows a developmental increase in activation in the current study is also close (9 mm) to another
cluster in superior/inferior parietal lobules that was more active for an orthographic compared
to the phonological judgment task (Bitan et al., in press).

The age-related increase in the activation in left intraparietal sulcus is consistent with similar
findings in different parts of the posterior parietal cortex. In single word generation tasks to
both visually and auditory presented words, a developmental increase in activation was found
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in left inferior parietal lobule (BA 40) (Brown et al., 2005) and precuneus (BA 7/19) (Schapiro
et al., 2004). The results of the effective connectivity analysis show that despite the
developmental increase in activation, there was no significant change in the coupling between
IPS and other brain regions involved in the rhyming task. One possible interpretation of these
results is that the positive correlation with age was too weak to reach significance; alternatively,
there may a change in connectivity with regions which are not part of this model. A third, more
intriguing, explanation for these results is that the cortical system involved in orthographic
processing and in mapping of orthography to phonology matures and becomes more elaborated
during development, but there is no change in its interaction with other regions that reflects its
contribution to the rhyming task. The increase in activation may thus reflect growing
connectivity within the region, rather than connectivity between regions.

Increase in activation common to linguistic and perceptual stimuli
Our results show a developmental increase in activation in left middle frontal gyrus (BA 6).
This cluster overlapped with a region showing a developmental increase in activation for the
perceptual task, suggesting that it was not specific for linguistic processing. BA 6 has been
implicated in previous studies of visual and verbal working memory (Crosson et al., 1999;
Fiez et al., 1996; Jonides et al., 1993; Petrides et al., 1993). Working memory may be required
in the current rhyming task to hold the first stimulus in memory while processing the second
stimulus in a pair. The age-related increase in activation in BA 6 may reflect the maturation of
working memory mechanisms, not specific to language processing.

Conclusions
The current study examined developmental changes in the neural correlates of a phonological
judgment task, as reflected in activation in specific brain regions and connectivity between
them. Consistent with previous studies that showed both progressive and regressive changes
during development; our results show language-specific increases in the activation in left dorsal
inferior frontal gyrus accompanied by decreases in activation in dorsal superior temporal
regions. The coupling of these regions with brain regions involved in the phonological decision
followed a similar pattern of increase for dorsal IFG and a decrease for anterior STG. These
results suggest that while children of all ages in this study generate abstract phonological
representations when performing rhyming judgments on visually presented words, there is a
shift from reliance on auditory phonology in younger children to greater reliance on
phonological segmentation and covert articulation in older children. These results support the
notion that as task-relevant processes mature there is a reduction in reliance on low-level
auditory processes that serve as compensatory mechanisms in earlier ages. Our results also
show an age-related increase in activation in a posterior parietal region with, however, no
change in the coupling of this region with other brain regions. These findings may suggest that
although the cortical system involved in mapping between orthography and phonology
matures, there is no change in the contribution of this system to performing the rhyming task.
Our findings demonstrate the contribution of effective connectivity analysis to the
understanding of developmental changes in activation in specific brain regions. Although we
did not find evidence for a decrease in activation accompanied by an increase in connectivity,
this pattern may nevertheless be found in different brain regions or in different tasks and would
suggest that experience resulted in growing in neural efficiency.
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Fig. 1.
Correlation of performance in the scanner in the rhyming task with age of participants. (a)
Accuracy and (b) reaction time are presented.
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Fig. 2.
Regions of activation in the rhyming (red) and perceptual (blue) tasks, and their overlap
(purple). Activation is displayed at the threshold of uncorrected p<0.0001.
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Fig. 3.
Regions showing age-related changes in activation for the rhyming task when linear effects of
accuracy are controlled. Red—increased activation with age; blue—decreased activation with
age. Plots show the correlation of signal intensity (y axis) and age in months (x axis) in each
region. IFG—inferior frontal gyrus (−54, 9, 33), IPS—intraparietal sulcus (−36, −54, 54), STG
—superior temporal gyrus (−51, −9, −3), SMG—supramarginal gyrus (−57, −27, 18), MFG
—middle frontal gyrus (−39, −6, 51). BA—Brodmann area.
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Fig. 4.
Developmental increase in activation in the rhyming task (red) overlaid on other maps (blue).
(a) Blue=conflicting vs. non-conflicting in inferior frontal gyrus (BA9; displayed at the
threshold of uncorrected p<0.0001); (b) blue=correlation between the differential activation
for conflicting (compared to non-conflicting conditions) and accuracy in conflicting conditions
in intraparietal sulcus (BA 40) and (c) blue=the developmental increase in activation in
perceptual condition in middle frontal gyrus (BA 6). Overlap is always purple.
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Fig. 5.
Correlation with age in bilinear effects (controlled for accuracy). Boxed regions—regions
showing correlation of activation with age in conventional analysis. Black arrows—significant
main effect of age; grey—non-significant correlations with age; star—significant correlation
with age when calculated separately for each bilinear effect. d—Dorsal, v—ventral, a—
anterior, IFG—inferior frontal gyrus, STG—superior temporal gyrus, LTC—lateral temporal
cortex, IPS—intraparietal sulcus.
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Table 2
ROIs used for the effective connectivity analysis

ROI BA x y z

Age-dependent regions

Dorsal inferior frontal gyrus 44/9 −54 9 36

Anterior superior temporal gyrus/insula 22/13 −45 −12 −3

Intraparietal sulcus 7/19 −30 −57 48

Regions active across ages

Lateral temporal cortex 22 −51 −42 9

Ventral inferior frontal gyrus 45/46 −45 30 9

Fusiform/inferior temporal gyrus 19/37 −45 −69 −12

For age-dependent regions these voxels served as the center of ROI across all subjects. For regions that were active across ages these voxels served as the
group reference for individually defined ROIs.
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