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Abstract
Brains of 18 children with dyslexia (5 girls, 13 boys) and 21 and without dyslexia (8 girls, 13 boys)
were scanned before and after the children with dyslexia received instructional treatment. Both at
Time 1 and Time 2 all children performed an fMRI phoneme mapping task during brain scanning—
deciding whether letter(s) in pair of pronounceable nonwords could stand for the same sound. Results
were analyzed with a seed point correlational method for functional connectivity from four seed
points based on prior studies: inferior frontal gyrus, middle frontal gyrus, the occipital region, and
cerebellum. At Time 1 before treatment, a significant difference in fMRI connectivity occurred
between children with dyslexia and normal reading controls in the left inferior frontal gyrus and its
correlations with right and left middle frontal gyrus, right and left supplemental motor area, left
precentral gyrus, and right superior frontal gyrus. There were no significant differences for the seed
regions placed in the middle frontal gyrus, occipital gyrus or cerebellum. Children with dyslexia had
greater functional connectivity from the left inferior frontal gyrus seed point to the right inferior
frontal gyrus than did the children without dyslexia. Compared to adults with and without dyslexia
who differed in bilateral connectivity from left inferior frontal gyrus on the same task, the children
with and without dyslexia differed in left side connectivity from left inferior frontal gyrus. At Time
2 after treatment, the children with dyslexia, who had participated in a three-week instructional
program that provided explicit instruction in linguistic awareness, alphabetic principle (taught in a
way to maximize temporal contiguity of grapheme-phoneme associations), decoding and spelling,
and a writers’ workshop, did not differ from the children without dyslexia in any of the clusters in
the group difference map identifying differences between dyslexics and good readers, showing that
functional connectivity (and not just regions of interest) may normalize following instructional
treatment.

Abnormal fMRI connectivity in Children with Dyslexia During a Phoneme
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A variety of brain imaging tools have documented structural (MRI or DTI), chemical (MRSI),
functional, (rCBF, PET, fMRI), and temporal (EEG, ERP, MSI) differences between adults or
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children with dyslexia and good readers of comparable age (for review, see Berninger &
Richards, 2002). These structural and functional differences between dyslexics and good
readers are often associated with phonological processing (Eckert et al., 2003; Eden et al.,
2004; Fulbright et al., 1999; Horwitz et al., 1998; Paulesu et al., 1996; Pugh 2000; Richards et
al., 2002; Schulte-Körne et al., 1998; Shaywitz et al., 1998, 2003; Simos et al., 2000). This
large and growing body of research also provides strong support for the definition of dyslexia
adopted by the International Dyslexia Association (Lyon, Shaywitz, & Shaywitz, 2003) that
dyslexia is unexpected difficulty in oral reading accuracy and fluency and spelling of
neurobiological origin. For the most part, the functional studies have identified regions that
differentiated those with and without dyslexia on the basis of (a) the largest spatial extent of
significant activation when all brain regions are considered or (b) Regions of Interest (ROI).
ROI’s are based on previous research or theory-driven hypotheses. Recently, some functional
imaging studies have adopted a new approach that assesses functional connectivity, that is,
which brain regions may be co-activated in time, suggesting that they are functionally
connected neural networks. Although this special issue is mainly focused on
electrophysiological studies, which are ideally suited for studying the temporal characteristics
of processing, fMRI functional connectivity may provide additional information about the
temporal coordination of brain regions during specific tasks.

Functional Connectivity Studies of Dyslexia
Functional connectivity is a powerful noninvasive technique used to investigate the distribution
of neural networks in participants who are normal controls and who have well characterized
clinical disorders. In the first PET functional connectivity study of dyslexia, Horwitz et al.
(1998) investigated the angular gyrus and its connections during phonological processing. They
found lack of coherence between measurements in the angular gyrus and parieto-temporal
regions, suggesting functional disconnection between the brain regions involved in the
phonological analysis process at the initial stages of phonological decoding.

When this method is applied to fMRI data, functionally connected regions of the brain can be
characterized by low-frequency fluctuations in the BOLD signal when the subject is performing
a continuous task (Hampson et al., 2002; Lowe et al., 1998). The BOLD response of a
continuous task leads to coherent signal changes in anatomically disjoint, but functionally
connected, brain structures and thus implies the existence of neuronal connections between
these regions. In the first fMRI functional connectivity study, Pugh et al. (2000) showed
functional disconnections between the angular gyrus and parietal regions in the left hemisphere
specific to the phonological processing. In another fMRI study, Shaywitz et al. (2003)
compared functional connections associated with the left occipitotemporal region between
persistently poor adult readers and non-impaired readers. Functional connectivity between the
occipitotemporal region and inferior frontal gyrus in the left hemisphere was found to be present
in controls under a real-word reading condition. Poor readers, in contrast, exhibited functional
connections between the left occipitotemporal region and right middle and inferior frontal gyri.

Effective connectivity studies assume unidirectional influences in fMRI connectivity. Using
this approach, Bitan et al. (2005) found both common and unique functional connectivity in
left cortex for a rhyme judgment and spelling task. The common connectivity was in inferior
frontal gyrus and fusiform gyrus. The unique connectivity for rhyming was in lateral temporal
cortex and for spelling was in intraparietal sulcus. They proposed that the inferior frontal gyrus
plays a role in mediating task-specific changes in connectivity. This proposal is consistent with
other findings that the inferior frontal gyrus may serve as the central executive for the networks
in the language system (Richards et al., 2006-b).

Structural abnormalities in white matter pathways could interfere with neuronal transmission,
which will directly affect the synchrony of the BOLD signal. Specific low-frequency temporal
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correlations between the brain regions involved in phonological processing should reflect these
interregional dissociations and show functional differences in the interregional connection in
the two populations. Stanberry et al. (2006) reported differences in fMRI connectivity in adults
with and without dyslexia during phoneme mapping. Analysis of correlations in the low-
frequency range showed that regions known to activate during an "on-off" phoneme-mapping
task exhibited synchronous signal changes when the task was administered continuously
(without any "off" periods). Results showed that three functional networks, which were defined
on the basis of documented structural deficits in dyslexics (Eckert et al., 2003) and included
regions associated with phonological and orthographic processing, differed significantly in
spatial extent between good readers and dyslexics: left inferior frontal gyrus, right inferior
frontal gyrus, and bilateral cerebellum.

Purpose of the Current Study
The purpose of this research is to extend previous research with children, which analyzed
results using a traditional on-off paradigm (and focused on orthographic and morpheme
mapping) (Richards et al., 2006a), to conduct a functional connectivity analysis of the phoneme
mapping task. The goal was to compare results of functional connectivity during phoneme
mapping in children with the previously published results of functional connectivity during
phoneme mapping in adults (Stanberry et al., 2006). To make the task, first used by Aylward
et al. (2003), comparable for the children and the adults, who performed the task continuously
rather than in alternating on-off conditions (Stanberry et al. (2006)), we analyzed functional
connectivity for only the “on” task condition of phoneme mapping in the children. The adults
had not performed the off condition of letter string judgments to control for orthographic
processes in phoneme mapping. Thus, the functional connectivity analyses in Stanberry et al.
for adults and in this article for children for phoneme mapping are assessing the mapping of
phonemes onto letters.

The phoneme task assessed knowledge of the alternations that characterize alphabetic principle
in English—the same phoneme can be spelled by more than one grapheme (1- or 2- letter unit)
(Venezky, 1970). These alternations are predictable for decoding but have to be memorized
for spelling specific words. For example, c, k, ck, and ch can signal /k/ as in cat, kitten,
chicks, and psychology. The phoneme task required the child to decide if the letter(s) in pink
in each pronounceable, nonsense word could stand for the same sound in decoding the words.
For example, the ck in ruck and c in gace could not stand for the same sound but the c in carm
and ck in gick could.

Methods
Participants

Eighteen children with dyslexia (5 girls, 13 boys) and 21 good readers and spellers (8 girls, 13
boys) participated in this study. The children with dyslexia were recruited from a family
genetics study and met the research inclusion criteria for dyslexia (Berninger et al., 2001-b,
2006): a) Verbal IQ of at least 90 (top 75% of the population and less likely to be confounded
with neurogenetic disorders that are more frequent in the lower quartile of the IQ distribution),
and (b) unexpectedly low reading and spelling achievement (below the population mean and
at least one standard deviation below their Verbal IQ). However, the children who qualified
tended to have reading and writing skills that were on average about 1 and 2/3 SD below their
Verbal IQs (Berninger et al., 2006). Verbal IQ was used instead of Full Scale IQ based on prior
research showing that Verbal IQ is a better predictor of reading achievement than Performance
IQ (reviewed in Berninger et al., 2001). The controls met the inclusion criteria of reading and
spelling above the population mean. Exclusion criteria for both children with and without
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dyslexia included left-handedness and non-removable metal, such as oral braces, and hearing
or vision problems.

The children with and without dyslexia did not differ significantly in sex or age but there was
a slight yet reliable difference in their average Verbal IQs which were above average (see Table
1 in Richards et al., 2006-a). The children with dyslexia were significantly below their Verbal
IQ and the mean standard score for age on the Word Identification (reading real words) and
Word Attack (reading pseudowords) subtests of the Woodcock Reading Mastery Test
(Woodcock 1987) and on the Spelling subtest of the Wide Range Achievement Test, Third
Edition (Wilkinson 1993). Participants without dyslexia differed significantly from those with
dyslexia on these tests and were at or above the population mean on them. The controls had
substantially higher phonological, orthographic, and rapid automatic naming and switching
skills, all of which are markers of dyslexia (Berninger et al., 2001), as measured, respectively,
by CTOPP Elision (Wagner and Torgesen 1999), PAL Expressive Orthographic Coding
(Berninger 2001) and Wolf RAN (Letters) (Wolf 1986;Wolf and others 1986) and Wolf RAS
(Numbers and Child fMRI Connectivity Phoneme Mapping submitted Letters) (Wolf
1986;Wolf et al., 1986). The Human Subjects Institutional Review Board where the study was
conducted approved this study, and each participating child (as well as parent/guardian) gave
written informed consent.

Acquisition of MRI and fMRI Scans and Imaging Task
Scan acquisition—Structural and functional MR imaging were performed on a 1.5 T MR
imaging system (General Electric, Waukesha, version 5.8). Scanning included a 21-slice axial
high resolution set of anatomical images in plane with functional data (TR/TE 200/2.2 ms; fast
spoiled gradient echo pulse sequence; 6 mm thick with 1 mm gap; 256×256 matrix). This
anatomical series was followed by four fMRI series using 2-dimensional gradient echo
echoplanar pulse sequence (TR/TE 3000/50 ms, 21 slices; 6 mm thick with 1 mm gap, 64×64
matrix, 114 volumes total). Each functional MRI scan lasted 5 min and 42 s.

fMRI task—Before the scan the children were thoroughly trained on each task to ensure that
they understood what they would be asked to do inside the scanner. During the fMRI scanning,
there were four repetitions of the on task, each lasting 30 s each. In addition, a fixation condition
(cross-hair), lasting 18 s, was presented at the beginning, in the middle, and at the end of the
series in order to provide a standard baseline. A slide with instructions appeared for 6 s before
each replication. Visual word pairs were presented for 6 s, with no interstimulus interval.
Children indicated a ‘yes’ response by pressing a button held in the dominant hand. The button
press had to occur during the 6-s stimulus presentation to be counted as correct. Half of the
items had ‘yes’ as the correct answer. Stimuli were presented and responses were recorded
using Eprime software (Psychology Software Tools, Pittsburgh, PA). The children viewed the
visual stimuli through a pair of goggles that was connected via high resolution fiber optic cables
to two Infocus projectors, which were, in turn, connected to the Eprime computer.

As explained earlier, only the on task stimuli were analyzed so that results for the children
could be compared to the results for adults. For this task condition, a pair of nonsense words,
each containing a letter or group of letters printed in pink, was presented visually, one above
the other. The child pressed a button if the pink letters in the top pseudoword could represent
the same sound as the pink letters in the bottom pseudoword (e.g. pleak-leeze), but did not
press the button if the pink letters could not stand for the same word (e.g. pheak-panch).

fMRI Image Analysis—In this article we report the time series fMRI data analyzed for
connectivity using a seed point correlation method similar to Greicius et al. (2003). The four
methods most commonly used in functional connectivity are clustering, independent
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component analysis, principal component analysis, and seed voxel correlation analysis (see
Stanberry et al., 2006). In the seed voxel method chosen for this analysis, functional
connectivity results depend on the seed voxel or region selected.

Initially the fMRI data were analyzed using FSL software (FMRIB's Software Library,
www.fmrib.ox.ac.uk/fsl) to preprocess the data and remove low frequency drifts. The
following pre-statistics processing was applied using FSL (FMRIB's Software Library,
www.fmrib.ox.ac.uk/fsl): motion correction using MCFLIRT (Jenkinson and others 2002);
non-brain removal using BET (Smith 2002); spatial smoothing using a Gaussian kernel of
FWHM 5mm; highpass temporal filtering (Gaussian-weighted LSF straight line fitting, with
sigma=30.0s). Four ROI seed regions were chosen in the inferior frontal gyrus, middle frontal
gyrus, the occipital region, and cerebellum based on the control group maps block design
analysis and based on prior publications on the phoneme mapping task. In the control group
fMRI map, the activation was bilateral for these regions but much stronger on the left side.

The fMRI signals within all voxels in the ROI were averaged for each time point. The resulting
time series, representing the average intensity within the ROI was then used in a correlational
analysis across the whole brain; only the part of the time series that corresponded to the “on”
task of the phoneme task was used (after time shifting the data to account for hemodynamic
lag). In other words, a correlation coefficient was calculated at each voxel in the brain for the
phoneme task. The resultant individual correlation maps were co-registered to the standard
brain and analysis (AVG152 provided by FSL) was carried out using FLIRT (Jenkinson and
others 2002; Jenkinson and Smith 2001).

Group level—The correlation maps for the individual children were aggregated for the group
in a random effects analysis. Higher-level analyses were carried out using FLAME (FMRIB's
Local Analysis of Mixed Effects) (Beckmann et. al., 2003; Woolrich et al., 2004). FLAME
uses sophisticated methods for modeling and estimating the inter-session or inter-subject
random-effects component of the mixed-effects variance by using MCMC (Markov Chain
Monte Carlo randomization) to get an accurate estimation of the true random-effects variance
and degrees of freedom at each voxel. Z (Gaussianised T/F) statistic images were thresholded
using clusters determined by Z>2.3 and a (corrected) cluster significance threshold of p=0.01
(Worsley and others 1992). The main contrast of interest was the comparison between dyslexics
and controls for each seed ROI.

Results
Time 1 before treatment

A significant difference in fMRI connectivity occurred between children with dyslexia and
normal reading controls in the left inferior frontal gyrus and its correlations with right and left
middle frontal gyrus, right and left supplemental motor area, left precentral gyrus, and right
superior frontal gyrus. Table 1 shows the cluster table results for this group difference map.
The clusters in Table 1 represent the areas of brain where there was a significant difference
between dyslexics and controls for the connectivity correlation value when the seed point was
placed in the left inferior frontal gyrus. There were no significant differences for the seed
regions placed in the middle frontal gyrus, occipital gyrus or cerebellum. Figure 1 also
illustrates the difference in functional connectivity for the seed region in left inferior frontal
gyrus. Note that the children with dyslexia had greater functional connectivity from the left
inferior frontal gyrus seed point to the right inferior frontal gyrus than did the children without
dyslexia.
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Time 2 after treatment
The children with dyslexia also participated in a three-week instructional program that provided
explicit instructional in alphabetic principle as well as linguistic awareness training in a writers’
workshop (Berninger, Winn et al., in press, Study 1). Alphabetic principle was taught in a way
to maximize temporal contiguity of grapheme-phoneme associations through rapid naming of
graphemes and production of phonemes in pictured words. The brains of those with and without
dyslexia were scanned both before and after the children with dyslexia received instructional
treatment (for details, see Richards et al., 2006-a). Although the children with and without
dyslexia differed significantly in functional connectivity from the left inferior frontal gyrus
seed point before treatment, after treatment there were no significant clusters in the group
difference map comparing those with and without dyslexia. Figure 2 shows the connectivity
Z-score plot for a region of interest (ROI) where there was a significant cluster in the group
difference map at time 1 for seed point placed in the left inferior frontal gyrus (IFG) and the
ROI was placed in the right middle frontal gyrus. Figure 2 shows the effect of treatment because
at time 1 there was a significant difference between controls and dyslexics but not at time 2
after treatment.

Discussion
The results reported here for children for the seed region in the left inferior frontal gyrus, which
may house an executive function for controlling the functional language system (Richards et
al., 2006-b), were very different than those for adults with and without dyslexia (Stanberry et
al., 2006). Stanberry et al. showed that the extent of the functional connectivity was
significantly larger for controls than for dyslexics in the right inferior frontal triangularis, right
middle occipital gyrus, right inferior occipital gyrus and right cerebellum (VI). However, the
current results in children showed greater functional connectivity (from left IFG seed area) for
dyslexics compared to controls in right and left middle frontal gyrus, the right and left
supplementary motor area, the left precentral gyrus, and the right superior frontal gyrus. Why
the aberrant connectivity of adults was exclusively from right IFG (triangularis) to right regions
and for children was from left IFT to bilateral regions may reflect developmental issues and
requires further research.

The left and right IFG may participate in an executive function panel for coordinating
phonological and orthographic processing, respectively; in children deactivation of right IFG
was associated with improvements in phonological decoding following instructional
treatments (Richards et al., 2006-b). The left IFG and its connections to cerebellum may
function as the phonological loop in working memory (see Richards et al., 2006-b). These
results are consistent with the results of a recent phenotyping study that pinpointed many
problems in children and adults with dyslexia to executive functions for language and the
phonological loop of working memory (Berninger et al., 2006). These results are also
interesting because Eckert et al. (2003) reported MRI structural differences between children
with and without dyslexia in left and right IFG and cerebellum.

The authors acknowledge that with a TR of 3000ms it is difficult to remove all physiological
artifacts. However, based on results presented at Human Brain Mapping Annual meeting 2007
poster numbers 296 and 330, our language connectivity results do NOT match the brain
regional distribution shown to be cardiac or respiration related. In other words, our connectivity
results appear to be language-related and not just cardiac or respiration-related correlations.

Functional connectivity did not differ between children with and without dyslexia from the
right middle frontal gyrus (MFG) as a seed point on a phoneme-grapheme judgment task. That
region has been implicated in working memory functions supporting writing tasks (Berninger
& Winn, 2006). The phoneme task used in this study did not require writing. Likewise,
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functional connectivity did not differ between children with and without dyslexia in the right
occipital gyrus as found in prior research with orthographic and morphological tasks (Richards
2005, 2006-a, 2006-b).

Taken together the results of this study, which may be the first functional connectivity study
in children with dyslexia, show that children with dyslexia do differ from children without
dyslexia in the temporal coordination of brain regions during a phonological task. This
abnormal temporal connectivity may underlie asynchronization of the processes underlying
reading that dyslexics exhibit (Breznitz, 2006). Children with dyslexia differed in functional
connectivity from left inferior frontal gyrus to middle frontal gyrus (associated with working
memory), consistent with a phenotyping study showing a phonological core deficit within each
component of an impaired working memory architecture (Berninger, Abbott et al., 2006). This
finding of impaired functional connectivity is also consistent with results showing that dyslexia
is caused by impaired temporal coordination (Bowers, & Wolf, 1993; Breznitz, 2002).
However, instructional intervention that is designed to improve time-sensitive procedural
rather than time-free declarative knowledge of grapheme-phoneme correspondences
(Berninger et al., 2001; Berninger & Abbott, 2003) may overcome that temporal deficit in
children by decreasing the over-connectivity of brain regions in the executive panel of working
memory— that is, the left and right inferior frontal gyrus, and their connections to other neural
regions involved in temporal coordination such as the cerebellum—and increasing the
connectivity between the left inferior frontal gyrus and middle frontal gyrus (working
memory).
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Figure 1. Group difference map for dyslexics greater than controls
The individual maps used in this analysis were correlation maps created when the seed ROI in
the left inferior frontal gyrus was compared to the rest of the brain voxels.
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Figure 2. Connectivity Z-score plot for one example region of interest (ROI) where there was a
significant cluster in the group difference map at time 1 for seed point placed in the left inferior
frontal gyrus (IFG) and ROI was placed the right middle frontal gyrus
This plot shows that control values are relatively stable over time and that the score for children
with dyslexia changes from time 1 (before treatment) to time 2 (after treatment) to become
more like the control value. The connectivity Z-score was calculated with FSL FLAME
software used to calculate the group maps. Error bars are shown as standard deviation.
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