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The present study traced the emergence of the neural circuits for reading in five-year-old children of diverse
pre-literacy ability. In the fall and winter of kindergarten, children performed a one-back task with letter
versus false font stimuli during fMRI scanning. At the start of kindergarten, children with on-track pre-literacy
skills (OT) recruited bilateral temporo-parietal regions for the letter N false font comparison. In contrast,
children at-risk for reading difficulty (AR) showed no differential activation in this region. Following 3 months
of kindergarten and, for AR children, supplemental reading instruction, OT children showed left-lateralized
activation in the temporo-parietal region, whereas AR children showed bilateral activation and recruitment of
frontal regions including the anterior cingulate cortex. These data suggest that typical reading development is
associated with initial recruitment and subsequent disengagement of right hemisphere homologous regions
while atypical reading development may be associated with compensatory recruitment of frontal regions.
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Over the past 20 years, a number of neuroimaging studies have
examined the nature, development, dysfunction, and remediation of
cortical circuits for reading. Studies of proficient, adult readers have
identified three left-hemisphere regions that comprise a putative
reading network. These include dorsal and ventral posterior regions
and one anterior region (Pugh et al., 2000, 2001; Schlaggar and
McCandliss, 2007). The posterior dorsal region, located at and around
the temporo-parietal junction, including the posterior part of the
superior temporal gyrus, supramarginal gyrus, and angular gyrus, has
been hypothesized to be recruited for phonological processing
(Church et al., 2008; Temple, 2002) and the conversion of ortho-
graphical (visual) information to phonological (auditory) form (Pugh
et al., 2000, 2001; Shaywitz et al., 1998), which involves integration of
multi-modal information (Booth et al., 2002; van Atteveldt et al.,
2004). The posterior ventral region, localized in the inferior temporal
gyrus and known as the visual word form area, has been postulated to
support visual word recognition based on orthographical regularities
of a given language (Cohen et al., 2000; McCandliss et al., 2003).
Finally, the anterior region, centered in and around the inferior frontal
gyrus (Pugh et al., 2000, 2001), has been hypothesized to support
articulatory recoding, that is, the conversion of phonological infor-
mation to motoric information of articulatory organs, during reading
(Pugh et al., 2000, 2001).

Studies of adults with dyslexia indicate patterns of atypical
activation in the posterior dorsal and anterior regions of the reading
network. For example, when performing phonological processing tasks
with visually presented words or letters, adults with dyslexia show
reduced activation relative to normal readers in the left posterior dorsal
region (Brunswick et al., 1999; Paulesu et al., 1996; Rumsey et al., 1992,
1997; Shaywitz et al., 1998). In contrast, recruitment in the homologous
region in the right hemisphere has been reported in some studies of
adults with dyslexia (Pugh et al., 2000; Rumsey et al., 1999).
Furthermore, it has been shown that adults with dyslexia who received
a phonologically based intervention increased the recruitment of right
as well as left posterior dorsal regions in a phonological manipulation
task (Eden et al., 2004). With respect to the anterior region, abnormal
activations, both over- (Brunswick et al., 1999; Paulesu et al., 1996;
Shaywitz et al., 1998) and underactivation (Paulesu et al., 1996), have
been reported in adults with dyslexia performing these and similar
tasks. Recruitment of the right posterior dorsal region and over-
activation of anterior region has been interpreted as reflecting the use of
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compensatory strategies for phonological processing tasks (Brunswick
et al., 1999; Eden et al., 2004).

More recently, research has examined the reading network in
beginning readers six years of age and older. In typically developing
children, the posterior dorsal region is recruited in letter rhyming
(Temple et al., 2001) and implicit word reading (Turkeltaub et al.,
2003) tasks, while underactivation of this area is reported in children
with developmental dyslexia (Hoeft et al., 2006; Shaywitz et al., 2002;
Temple et al., 2003). Using magnetoencephalography (MEG), similar
findings are reported in a study with 6-7-year-olds with or without a
risk for developing reading problems (Simos et al., 2002). Further-
more, several functional magnetic resonance imaging (fMRI) andMEG
studies report increased activation in the posterior dorsal region in
children with or at risk for dyslexia after successful reading
intervention (Shaywitz et al., 2004; Simos et al., 2005, 2007; Temple
et al., 2003). A finding from a cross-sectional developmental study of
6-to 22-year-olds (Turkeltaub et al., 2003) suggests that the posterior
dorsal region comes to be recruited earlier than other regions in the
reading network. Results in the same study also suggest that the
development of reading ability involves progressive disengagement of
the right-hemisphere homologues of the reading network.

These previous studies provide evidence on the development of
reading circuits in children who have already had at least a year of
formal schooling and in many cases several years. However, to date no
study has examined children under the age of six years. Yet, this is the
age whenmany children are first exposed to print. Thus, examining the
neural circuits for reading in children at the age of first school entry
provides an opportunity to examine the emergence of reading circuits in
pre-reading children. Furthermore, given that children's pre-literacy
skills at school entry can predict their reading performance many years
later, longitudinal studies of children at this age provides the
opportunity to examine possible differences in the neural trajectory
across the first months of reading instruction in children either on track
or at risk for later reading failure. Such data can be useful in
discriminating patterns of delay from deviance in the development of
neural circuits for reading. In the present study, the recruitment of the
reading networkwas examined at the beginning of kindergarten infive-
year-old children either on track for reading development (OT group) or
at risk for later reading difficulties (AR group) using fMRI. We further
examined the changes in the recruitment of the emerging reading
network at the end of the first semester of kindergarten in the same
children.

It has been reported that early pre-literacy skills such as letter-name
knowledge as well as phonemic awareness are important precursors to
and predictors of later literacy development (Byrne and Fielding-
Barnsley, 1995; Foulin, 2005; Wagner and Torgesen, 1987). In the
current study, these pre-literacy skills of the children were assessed
using standardized tests upon entrance to kindergarten. Although these
children were too young to be diagnosed for dyslexia, those scoring
below 35th percentile were considered at risk for later reading
difficulties and eligible for district-supported supplemental reading
instruction. Thus, the AR group received daily supplemental reading
instruction with the Early Reading Intervention (Kame'enui and
Simmons, 2003) from school personnel in addition to the regular
kindergarten curriculum.

During fMRI data acquisition, children (and adults) performed a
one-back task with letter and false font stimuli. This task allowed us to
examine the neural systems supporting letter-name knowledge,
which is an important predictor of reading development, in children
who were not yet able to engage in word-level reading. We expected
encoding and maintenance of visual information to be sufficient for
task performance such that the task could be performed equally well
whether or not children knew letter names. However, knowing letter
names would enable encoding and maintenance of letter (but not
false font) stimuli in the phonological, as well as visual, form.
Therefore, comparing the activation to letter versus false font stimuli
allowed us to examine the emergence of the posterior dorsal system
involved in phonological processing during the earliest stage of
literacy development. We predicted that the recruitment of this
region for letters relative to false fonts would emerge earlier in the OT
group, who started kindergarten with more letter-name knowledge,
than the AR group. We also examined the involvement of the right
hemisphere homologue of the posterior dorsal system in these
emerging readers. We asked whether right hemisphere activation is
limited to AR children, or whether OT children also recruit the right
hemisphere homologue initially. As findings from previous studies
suggest (Shaywitz et al., 2002; Turkeltaub et al., 2003), the right
hemisphere homologue may be recruited during the early stage of
literacy development of OT children but later disengaged so that the
pattern of recruitment becomes more mature and specialized as
children gain further literacy skills.

Method

Participants

Eighteen children and 13 adults participated in this study. Children
attended one of three schools in Eugene, Oregon, and were recruited
from a larger behavioral study involving the Early Reading Interven-
tion (Kame'enui and Simmons, 2003) described below. Adults were
recruited from the University of Oregon community. Both adults and
children were healthy, right-handed, native English speakers with no
known neurological disorders including ADHD. Fourteen of the 18
children had usable behavioral and neuroimaging data from both
Sessions 1 and 2 and were included in the analysis. (See Table 1 for
participant information.)

Of the 14 children, seven were considered to be on track for reading
development (OT) and seven were considered to be at (some) risk for
later readingdifficulties (AR). Children's groupingwasbasedonstandard
school screening procedures conducted at the beginning of the
kindergarten year (initial screening), using the Letter Naming Fluency
(LNF) and Initial Sound Fluency (ISF) subtests of the Dynamic Indicators
of Basic Early Literacy Skills (DIBELS) (Good et al., 2002). DIBELS is a
standardized assessment tool for early (pre-)literacy development. LNF
is a timed measure of children's ability to name upper- and lower-case
letters presented visually in random order. ISF is a timed measure of
phonemic awareness, assessing children's ability to recognize and
produce the initial phoneme of auditorily presented words.

Children scoring between the 50-75th percentile were identified as
the OT group, and children scoring below the 35th percentile on either
subtest were identified as AR group in the current study. Predictive
validity coefficients of kindergarten DIBELS subtest scores and first
grade reading ability measures (e.g., Test of Word-Reading Efficiency,
Woodcock ReadingMastery Test-Revised) have been reported to range
from .29 to .46 for ISF and .48 to .73 for LNF (Dynamic Measurement
Group, 2008). The two groups had similar gender ratios and did not
differ significantly in age, socio-economic status (Hollingshead, 1975),
level of maternal education, or Stanford-Binet non-verbal fluid
reasoning or verbal knowledge, as shown in Table 1.

All children received the school's regular half-day kindergarten
curriculum, which included early literacy instruction. In addition, AR
children were given 30 minutes of supplemental reading instruction
outside of the regular school day using the Early Reading Intervention
(ERI) (Kame'enui and Simmons, 2003), followed by 15 minutes of non-
literacy activities, including puzzles and small group activities. The ERI
focused on the development of phonological awareness and alphabetic
skills.

In-scanner task and procedure

Participants performed a one-back task with letters and letter-like
stimuli (false fonts) in the scanner (Fig. 1). The stimuli included 10



Table 1
Participant profile and task performance.

Adults Children

Group On-track (OT) At-risk (AR) t-test e

mean (SD) mean (SD) mean (SD) t; p

Age (years) a 24.6 (3.7) 5.7 (0.3) 5.6 (0.2) 0.74; 0.48
Gender 8 females/5 males 4 females/3 males 5 females/2 males
SES b — 36.9 (6.5) 30.2 (10.2) 1.45; 0.17
Maternal Education c — 5.1 (0.4) 5.0 (0.0) 1.00; 0.34
Stanford-Binet

Nonverbal fluid reasoning d Session 1 — 11.1 (2.2) 10.0 (3.4) 0.75; 0.47
Session 2 — 12.1 (2.3) 11.4 (3.3) 0.47; 0.65

Verbal knowledge d Session 1 — 9.9 (3.3) 8.6 (2.8) 0.79; 0.45
Session 2 — 10.6 (1.7) 9.1 (1.3) 1.73; 0.11

DIBELS
Letter Naming Fluency Initial Screening — 18.6 (3.6) 1.1 (1.7) 11.62; b 0.001

Session 1 — 16.0 (5.3) 2.9 (3.6) 5.40; b0.001
Session 2 — 23.6 (5.2) 17.7 (12.4) 1.15; 0.27

Initial Sound Fluency Initial Screening — 12.6 (2.8) 3.4 (3.3) 5.61; b 0.001
Session 1 — 17.3 (9.7) 11.4 (4.7) 1.44; 0.18
Session 2 — 24.7 (8.8) 23.4 (12.3) 0.22; 0.83

In-scanner task
Letter – accuracy Session 1 94 (17) 71 (25) 60 (21) 0.85; 0.41

Session 2 — 72 (22) 66 (16) 0.60; 0.56
False Font- accuracy Session 1 94 (17) 80 (15) 63 (27) 1.45; 0.17

Session 2 — 77 (17) 65 (25) 1.05; 0.31
Number of usable runs Session 1 4.00 (0.00) 3.86 (0.38) 3.00 (1.00) 8.35; b 0.01

Session 2 — 3.71 (0.76) 3.00 (1.00) 5.82; b 0.01
Absolute motion (mm) Session 1 0.10 (0.02) 0.19 (0.03) 0.27 (0.22) -0.96; 0.36

Session 2 — 0.16 (0.06) 0.23 (0.06) -2.05; 0.06
Relative motion (mm) Session 1 0.08 (0.03) 0.17 (0.07) 0.18 (0.11) -0.09; 0.93

Session 2 — 0.15 (0.08) 0.23 (0.06) -2.05; 0.06

a At Session 1 for children.
b Four-factor total score, Hollingshead (1975).
c Score on the level of school completed, Hollingshead (1975).
d Scaled scores.
e OT group versus AT group.
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lower-case letters and 10 false fonts each created by rearranging all
parts of the corresponding lower-case letter. Stimuli were displayed
using a DLP video projector illuminating a rear projection screen
located near the head end of the magnet bore and viewed through an
adjustable mirror attached to the RF head coil.

Letters and false fonts were presented separately in six alternating
blocks, interleaved by fixation blocks during which participants were
asked to fixate their eyes on an asterisk at the center of the screen.
Fig. 1. In-scanner one-back task. Letters (LT) and false fonts (FF) were presented
separately in six alternating blocks, interleaved by asterisk fixation blocks (*). Each
block lasted for 20 s. Within each task block, ten letter or false font stimuli were
presented one at a time. False font stimuli were created by rearranging the parts of
corresponding lower-case letter. Each stimulus appeared for 1.5 s, separated by a 0.5 s
presentation of a fixation asterisk. Participants were asked to respond by pressing a
button with the thumb when the same stimulus was repeated twice in a row.
Each block lasted for 20 seconds. Within each task block, ten letter or
false font stimuli were presented one at a time at the center of the
screen. Each stimulus appeared for 1.5 s, separated by a 0.5 s
presentation of an asterisk (fixation point). Participants were asked
to respond by pressing a button with the thumb when the same
stimulus was repeated twice in a row. Three out of ten stimuli in each
block were repeated stimuli.

Each scanning session contained four runs, with each run lasting 4
minutes and 20 seconds. In two of the runs, letters were presented
first, and in the other runs, false fonts were presented first. After
entering the scanner, child participants underwent two runs of
functional scanning and an eight-minute structural scan before a short
break outside the scanner. Twomore runs of functional scanningwere
performed after the break. The order of the runs and response hands
were counter-balanced across participants. The same task with the
same set of stimuli was performed at both sessions. The response
hand was also kept the same across sessions.

Prior to the first scanning session, all child participants visited the
neuroimaging center for a practice session. During this session,
children entered an MRI simulator equipped with a speaker that
presented recordings of scanner noise and permitted practice of the
in-scanner task (with a different set of stimuli from those used during
actual scanning sessions) and staying still. Actual scanning was
conducted on different days from the practice session. To make the
MRI environment inviting to young children, the simulator and the
scanner were covered with a castle façade. In the scanner room,
children were accompanied by an experimenter who sat next to them
throughout the experiment. The experimenter ensured children were
comfortable with the procedure and monitored their compliance to
the task demands including minimizing their head motion. An MR-
compatible eye tracker, which provided an enlarged image of one eye,
was used to monitor alertness during the functional runs.
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In addition to the MRI sessions, children completed standardized
assessments at three time points using the DIBELSmeasures described
above. DIBELS tests were administered by trained testers who were
blind to the grouping of children. After the initial testing for
evaluation at the beginning of the fall term, children were tested
two more times. These testing times overlapped the time period of
MRI Sessions 1 and 2. The mean interval between the two MRI
sessions was 69.4 days (9.9 weeks, SD=12.0 days).

In-scanner task data analysis

Accuracy of the one-back task performance was computed using
the following formula: ((hit/total number of repeated trials)-(false
alarm/total number of non-repeated trials))*100. The score for chance
performance would be 0.

MRI data acquisition

A 3T Siemens Allegra MRI system with a volume (birdcage) head
coil was used for image acquisition. Functional imaging was
conducted with a gradient echo, echo planar imaging (EPI) sequence
(TR=2.36 s, TE=30 ms, flip angle=90°, field of view (FOV)=
200×200 mm (64×64 matrix), axial slice thickness=3.5 mm, con-
tiguous 32 slices with interleaved acquisition order). Functional
imaging also incorporated Prospective Acquisition Correction (PACE)
(Thesen et al., 2000), which adjusts slice position in real time prior to
acquisition of each whole brain image compensating for head motion.
At the first scanning session, high-resolution T1-weighted gradient
echo images were also acquired (MP-RAGE, TR=2.5 s, TE=4.38 ms,
flip angle=8°, voxel size=1×1×1 mm).

fMRI data processing and analysis

Data processing and analysis were performed using FMRI Expert
Analysis Tool (FEAT, v. 5.63), a part of FMRIB's Software Library (FSL;
www.fmrib.ox.ac.uk/fsl). The following pre-statistics processing was
applied to all fMRI data:motion correction using FMRIB's Linear Image
Registration Tool (Jenkinson et al., 2002); non-brain removal using
Brain Extraction Tool (Smith, 2002); spatial smoothing using a
Gaussian kernel of 6 mm at FWHM; mean-based intensity normali-
zation of all volumes by the same factor; highpass temporal filtering
(Gaussian-weighted least-squares straight line fitting, with sig-
ma=40.0 s); and spatial normalization to the Montreal Neurological
Institute template (MNI152). Time-series statistical analysis was
carried out using FMRIB's Improved Linear Model with local
autocorrelation correction (Woolrich et al., 2001) and including the
six motion parameters (x, y, z rotation and translation) as regressors
in the model to account for the effects of motion remaining after
application of PACE.

Only participants with at least two runs of usable data were
included in analysis. The following exclusion criteria were employed
in determining data quality: First, individual volumes were examined
for motion artifacts. Volumes with estimated remaining head motion
greater than 1 mm or with greater than 2.5 % difference in average
signal intensity, sampled within a 100×100×84 mm cuboid around
the center of the image, from the mean signal intensity of the run
were judged to be contaminated by motion artifacts. Runs with more
than 15% of volumes contaminated by motion were excluded from
subsequent analyses. All 13 adults had 4 usable runs, and 14 of 18
children had at least 2 usable runs. All four children excluded from the
analysis were in the AR group.

The mean number of usable runs and motion for each group at each
session and statistical comparison of the groups are summarized in
Table 1. The mean number of usable runs was greater for the OT group
than for the AR group for both sessions. Neither absolute nor relative
distance of head motion in the usable runs differed between the two
kindergartener groups at Session 1. However, the head motion of the AR
group tended to be greater than that of the OT group at Session 2.

Images from multiple runs from a single session of a single subject
were re-sampled to 2×2×2 mm voxels and analyzed using a fixed-
effects model, by forcing the random effects variance to zero. Group-
level analyses were carried out for the letter versus false font contrast
with a mixed-effects model using FMRIB's Local Analysis of Mixed
Effects (stage 1 only) (Beckmann et al., 2003; Woolrich et al., 2004).
Given the limited statistical power inherent to fMRI analyses (Yarkoni
and Braver, 2010) and the small sample sizes necessitated by the age
and reading ability status of the children as well as the longitudinal
nature of this study, different statistical thresholds were applied to
balance the likelihood of both Type I and Type II errors. To provide as
complete a picture as possible of session-level data, a threshold
of Z=1.96 (uncorrected) was applied to data for each group at each
session. The statistical images for direct group contrasts was thresh-
olded at Z=2.57 (uncorrected), and for the Session 1 versus Session 2
contrast within each kindergartener group, the statistical image was
thresholded at Z=2.33 (uncorrected). In all analyses, only clusterswith
10 or more contiguous voxels (N=80ml) are reported, and peak Z
and p-values are provided for all areas reported in the Tables in
Supporting Information (online). In Figs. 2 and 3 the lateral and medial
renderings were divided at the MNI coordinates of x = +/-26.
Subcortical activations were not rendered. Anatomical labels for
activationswere determinedby referencing theHarvard-Oxford cortical
and subcortical structural atlases, which are based on adult brains
(Flitney et al., 2007).

The laterality of the spatial extent of activations was examined by
counting the number of voxels with z N=1.96 in the left and right
posterior dorsal ROIs for each subject. These ROIs included the posterior
superior temporal gyrus (STG), anterior and posterior supramarginal
gyrus (SMG), angular gyrus (AG) and superior lateral occipital cortex
(sLOC). The (sLOC) was included in view of inconsistencies in labeling of
the region anterior to the intraparietal sulcus. This region is typically
labeled as the lateral occipital cortex in the Harvard-Oxford atlas.
However, the same region is labeled as either the angular gyrus or
inferior parietal lobule in other frequently used atlases (Duvernoy et al.,
1991; Mai et al., 2004). Areas with N=5% probability of being one of the
abovewere included in the ROIs. A laterality quotient (LQ)was computed
using the following formula: (R– L)/(R+L)*100. The possible range of LQ
was from -100 (complete left lateralization) to +100 (complete right
lateralization).

Results

Pre-literacy skills

Table 1 presents scores on the Letter Naming Fluency (LNF) and
Initial Sound Fluency (ISF) subtests of the Dynamic Indicators of Basic
Early Literacy Skills (DIBELS) (Good et al., 2002) for the OT and AR
groups at three time points: initial screening, Session 1 (pretest), and
Session 2 (post-test).

At the initial screening, conducted immediately after children
entered kindergarten and used to classify children as either being on
track or at risk, early literacy scores were significantly higher for the OT
group as compared to the AR group. At thefirst fMRI session,which took
place after onemonth of regular kindergarten curriculum, themean LNF
scorewas still significantly higher for theOTgroup than for theARgroup
while the two groups did not differ significantly on ISF. At the second
fMRI session, which took place at the end of the first semester, the two
groups did not differ significantly on either of the tests.

In-scanner task performance

Asweexpected, the one-back taskwith single letters and false fonts
were easy enough for both groups of children to perform, with

http://www.fmrib.ox.ac.uk/fsl


Fig. 2. Letter activations in (a) adults; (b) OT group and (c) AR group at Session 1; and (d) OT group and (e) AR group at Session 2. Suprathreshold (ZN1.96) voxels for the letter N
false font contrast were surface rendered. All regions of activations are listed in Supporting Information - Tables 1-5 online. The activations in the posterior dorsal region are circled.
These activations are left lateralized in adults and OT group at Session 2 but bilateral in OT group at Session 1 and AT group at Session 2.
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accuracy well above the chance level across sessions and conditions
(Session 1: OT: letter, t(6)=7.5, pb .001; false font, t(6)=14.1,
pb .001; AR: letter, t(6)=7.7, pb .001; false font, t(6)=6.2, p=.001;
Session2:OT: letter, t(6)=8.8, pb .001; false font, t(6)=12.3, pb .001;
AR: letter, t(6)=10.9, pb .001; false font, t(6)=6.8, p=.001). As
reported in Table 1, there was no significant difference in task
performance between the two kindergartener groups. Within each
group, accuracy did not differ between sessions for either letter (OT:
p=.80; AR: pN .40) or false font (OT: pN .43; AR: pN .89) conditions or
between conditions at either Session 1 (OT: pN .14; AR: pN .70) or
2 (OT: pN .30; AR: pN .85). Given the small sample size, a few of these
null results may be due to insufficient statistical power. Therefore,
potential differences in the in-scanner task performance will be taken
into consideration in discussing the fMRI results.
Adults were also scanned while they performed the same task as
the kindergarteners did to ascertain whether the one-back task with
letters versus false fonts engages the posterior dorsal region of the
reading network and establish the pattern of activations in mature
skilled readers. Although their task performance was generally more
accurate than that of the kindergartener groups, accuracy did not
differ between the letter and false font conditions (pN0.5).

fMRI

Adults
Greater activations to letters relative to false fonts were observed in

the left posterior dorsal region of the putative reading network,
including the supramarginal gyrus (SMG), angular gyrus (AG), and

image of Fig.�2


Fig. 3. Comparison between the OT and AR groups at (a) Session 1 and (b) Session 2. Suprathreshold (ZN2.57) voxels from the direct group comparisons for the letter N false font
contrast were surface rendered. For the list of all suprathreshold clusters, see Supporting Information - Tables 6 and 7 online.
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superior part of the lateral occipital cortex (sLOC) (Fig. 2a). Activations
in the left SMG extended ventrally to posterior middle temporal gyrus
(pMTG). Activations in the left AG extended posteriorly to sLOC. Smaller
areas of activationswere also found in the right SMG and AG, extending
to sLOC. The activations in the posterior dorsal region were more
spatially extensive in the left hemisphere than in the right hemisphere
(Laterality Quotient [LQ]: M=-25.60, SE=12.29, t (12)=-2.22,
p=0.047). In addition to these activations, anteriorly a small area in
the left frontal orbital cortex (ORB) had greater activation for letters
relative to false fonts.

Kindergarteners – Session 1
OT group. Both the posterior dorsal and anterior regions of the

reading network in the left hemisphere and the homologous areas in
the right hemisphere were engagedmore for letters than false fonts in
this group (Fig. 2b). In the left posterior dorsal region, significantly
activated areas occurred in the SMG and AG, extending to the sLOC,
and posterior parts of middle and superior temporal gyri (pMTG and
pSTG). Furthermore, greater activation to letters relative to false fonts
was also found in the right hemisphere homologues in this group.
These activations were located in the pSTG extending to the pMTG,
AG, SMG, and sLOC near the AG. The extent of activations in this region
was similar in the left and right hemispheres, approaching a statistical
trend for right lateralization (LQ: M=14.1, SE=7.45, t (6)=1.90,
p=0.11). In the anterior region, the ORB was activated in both
hemispheres.

AR group. In contrast to the OT group, very few areas were
activated more for letters than for false fonts in this group (Fig. 2c).
None of these areas was located within the putative reading network.
To examinewhether the differential neural recruitment for letters and
false fonts in the OT group reported above was due to a larger number
of runs included in the analysis for this group, an additional analysis
for the OT group was performed. In this analysis, the number of runs
andmotion in the data werematched to those of the AR group, yet the
OT group still showed suprathreshold activations to letters as
compared to false fonts in the bilateral posterior dorsal region as
well as in the ORB. (See Supporting Information - Note and Supporting
Information - Fig. 1 online for details.)

Comparison between OT group and AR group. Activation for the
letter versus false font contrast was significantly greater for the OT
group than for the AR group in the areas of the reading network
(Fig. 3a). Within the posterior dorsal region, left SMG and sLOC and, to
a lesser extent, right SMG and pSTG were engaged more in the OT
group as compared to the AR group. In the anterior region, the OT
group engaged bilateral IFG and ORB more than the AR group did.

Kindergarteners – Session 2
OT group. A large cluster of activation extending from the AG to

sLOC was found in the left posterior dorsal region for the letter N false
font contrast (Fig. 2d). This cluster contained an area near the border
between the AG and sLOCwhich overlappedwith the activation found
for the same contrast in Session 1. At Session 1, the peak Z voxel
within this area was found at the MNI coordinates of x: -42, y: -66, z:
18 (see Table 2 of the Supporting Information). At Session 2, although
the peak Z voxel of the entire cluster was located at x: -42, y: -76, z: 46
(see Table 4 of the Supporting Information), a local peak Z voxel
(Z=2.7) in the overlapping area was located at x:-46, y: -64, z: 16. In
the right hemisphere, small areas of activation were located near the
border between the AG and sLOC. The extent of activations tended to
be greater in the left hemisphere as compared to the right hemisphere
in the posterior dorsal region at Session 2 (LQ: M=-40.61, SE=17.07,
t (6)=-2.38, p=0.055). From Session 1 to Session 2, activations for
the letter N false font contrast shifted from a more right-hemisphere
dominant to left-hemisphere dominant pattern in this region (LQ -
Session 1 vs. Session 2: t (6)=3.78, p=0.009). The activations in the
anterior region observed at Session 1 were reduced to subthreshold.

AR group. The posterior dorsal and anterior regions of the reading
network were now recruited for letters versus false fonts (Fig. 2e). In
the posterior dorsal region, areas of greater recruitment for letters
were found bilaterally in the SMG, extending to pMTG, and AG in the
left hemisphere and the SMG extending to AG in the right hemisphere.
The extent of activations in this region did not differ between the two
hemispheres (LQ: M=8.17, SE=14.65, t (6)=0.56, p=0.60). In the
anterior region in the left hemisphere, the large area of activation
extending from inferior frontal region to frontal pole included the
inferior frontal gyrus (IFG)-pars triangularis and pars opercularis. The
activations in the right frontal region were primarily in the middle
frontal gyrus and frontal pole. In addition, anterior cingulate (ACC)
and paracingulate cortices were activated more for letters as
compared to false fonts. Thus, although the recruitment of the

image of Fig.�3
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bilateral posterior dorsal region in this group at Session 2 was similar
to that found in the OT group at Session 1, the AR group additionally
recruited large areas in the frontal region including the ACC.

Comparison between OT group and AR group. In contrast to
Session 1, significantly greater activation for the letter N false font
contrast was revealed in a number of areas for the AR group as
compared to the OT group (Fig. 3b).Within the posterior dorsal region
of the reading network, the AR group engaged the right SMG to a
greater degree than the OT group. No suprathreshold group difference
(AR N OT) was found in the posterior dorsal region in the left
hemisphere. In the anterior region, the engagement of the left IFG and
precentral gyrus was significantly greater in the AR group. The
engagement of the frontal region, in particular bilateral paracingulate
and right ACC and the right middle frontal gyrus, as expected from the
within-group results reported above, was significantly greater in the
AR group as compared to the OT group. The only area that was
engaged to a greater degree in the OT group was in the left sLOC.

Comparison between Session 1 and Session 2
A direct contrast between Sessions 1 and 2 for the letter N false font

contrast was conducted for the OT and AR groups separately. In the OT
group, this analysis revealed decreases in activations in areas in the
right-hemisphere homologue of the reading network (Fig. 4a). These
areas included the right SMG as well as bilateral ORB. In contrast, the
AR group had more areas showing significant increases than
decreases in activation for the same contrast across sessions
(Fig. 4b). These areas were found in the left-hemisphere reading
network and their right-hemisphere homologue. Within the posterior
dorsal region, increased activation was observed in the left AG,
extending to SMG, and pSTG and the right AG and SMG. Within the
anterior region, increases were observed in the left IFG and ORB and,
to a lesser extent, in the right IFG. A large area of the ACC also
exhibited increased activation from Session 1 to Session 2. This area
was more anterior ventral to the area of the ACC recruited for the
letter N false font contrast in the AR group at Session 2.

Discussion

The present study provided neuroimaging evidence for the
emergence of a reading circuit in five-year-old beginning readers
Fig. 4. Changes in letter activations from Session 1 to Session 2 in (a) OT group and (b) AR gro
Session 2 for the letter N false font contrast were surface rendered. For the list of all suprat
and illustrated both similarities and differences in this process for
children on track (OT) in literacy development versus at risk (AR) for
later reading difficulty. A single-symbol, one-back task with letter
versus false font stimuli was used to track the engagement of the
posterior dorsal (phonological) system across the first semester of
formal reading instruction.

At the beginning of kindergarten (Session 1), the OT group, with
average or higher levels of letter-name knowledge, recruited this
phonological system to a greater degree during letter processing
relative to false font processing. The increased activity to letters was
also found in the homologous region in the right hemisphere. In
contrast, children in the AR group, who scored below the 35th
percentile on the tests of pre-literacy skills, did not show similar
recruitment in spite of equivalent chronological age, socio-economic
status, and IQ to the OT group. Thus, these results demonstrated that
the different levels of pre-literacy skills with which children enter
kindergarten are reflected in differential recruitment of the phono-
logical system in the posterior dorsal region during letter processing.

The AR children in this study started receiving daily supplemen-
tary reading instructions after Session 1.When examined at the end of
the first semester (Session 2), the AR group, like the OT group,
recruited the posterior dorsal system. The recruitment was observed
in the right as well as left hemisphere. Thus, in both the AR and OT
groups, the recruitment of the posterior dorsal region was bilateral in
the early stage of pre-literacy development. In the OT group, this
system continued to be engaged at Session 2, but the pattern of
engagement had become left lateralized as seen in adults.

Accuracy in the in-scanner task performance was well above the
chance level for both the OT and AR groups, indicating that both
groups were engaged in and capable of performing the one-back task
with the simple stimuli used in this study. Although no significant
differences in the accuracy rates were observed between letters and
false fonts at either session for either group, nor were there significant
differences in accuracy rates between the OT and AR groups in either
condition at either session, statistical power was limited in detecting
behavioral differences. The OT group overall performed the task more
accurately (but not significantly) than the AR group; however, the
relative accuracy of task performance between groups and conditions
changed little across sessions. Thus, any undetected task performance
differences are unlikely to account for the significant differences in
up. Suprathreshold (ZN2.33) voxels from the direct comparison between Session 1 and
hreshold clusters, see Supporting Information - Tables 8 and 9 online.

image of Fig.�4


1 An anonymous reviewer suggested that an additional comparison of the OT group
at Session 1 and the AR group at Session 2 might be informative in examining whether
the children in the AR group were simply delayed or deviant in the development of the
reading network. This contrast did not reveal significant hypoactivation in the left
posterior dorsal region (Z=2.57, the same threshold used for all between-group
contrasts), suggesting that the development of this region was delayed in the AR
children. However, the analysis revealed a number of areas in the frontal region,
including bilateral frontal poles, bilateral middle frontal gyri, and right anterior
cingulated cortex, showing greater activations in the AR group, suggesting the
recruitment of compensatory mechanisms.
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fMRI results between the OT and AR groups or the changes in the fMRI
results from Session 1 to Session 2 in these groups. Similarly, the mean
accuracy rates suggested better performance for the false font relative to
the letter stimuli in the OT group. This could indicate that, at this early
stage of development, children with better pre-literacy skills may not
have a processing advantage for the letter stimuli in terms of
performance accuracy – and perhaps even a relative disadvantage. This
pattern of behavioral performance could emerge due to phonological
confusion with letters, which was absent for false fonts, or interference
by not fully automatized retrieval process of phonological information
somewhere in the information processing stream before making overt
manual responses. However, since the pattern of the task performance
was similar across sessions, it is unlikely to account for the shift from
bilateral (with a trend for right lateralization) to left-lateralized
recruitment of the posterior dorsal region from Session 1 to Session 2.

The current results converge with the findings from a longitudinal
magnetic source imaging (MSI) study of older children with high and
low risk for developing reading problems (Simos et al., 2005). In that
study, children were examined twice, at the end of kindergarten and at
the endofGrade1,whileperforming tasks that requiredmapping letters
to phonemes. In the low-risk children, the number of activity sources
found in the posterior dorsal regionwas greater in the left than the right
hemisphere at both grades. In contrast, no significant hemispheric
difference was found in the high-risk group at either grades although
the children in this group received reading interventions at Grade 1 and
their performance on reading achievement test improved to be within
the average range (N 24th percentile). These results raise the question of
whether or not the recruitment of the posterior dorsal region in at-risk
children, including the AR children in the current study, would become
left lateralized as observed in skilled adult readers. The findings from
another MSI study with older children (Grades 2 and 3) (Simos et al.,
2007) suggest that the recruitment of this region may eventually
becomemore adult-like (i.e., left lateralized) inhigh-risk children if they
benefit sufficiently from interventions.

In the current study, the OT group initially recruited the posterior
dorsal system bilaterally. By Session 2, the engagement of the right-
hemisphere homologue was significantly reduced, especially in the
right SMG. Together with previous findings in which a higher level of
reading ability was associated with disengagement of the right-
hemisphere homologue of the posterior ventral region of the reading
network (Shaywitz et al., 2002; Turkeltaub et al., 2003), these results
provide further evidence that the development of the reading
network involves disengagement of the right-hemisphere homolo-
gous regions including the posterior dorsal region. The current results
also suggest that the engagement of the right, in addition to the left,
posterior dorsal region is a part of normal early literacy development.

The role of the right-hemisphere homologous region during the
early stages of literacy development has not been investigated
systematically. In several studies reporting involvement of the right-
hemisphere homologue in adults and children with dyslexia or at risk
for reading problems, this recruitment was speculated to be a
compensatory mechanism for the insufficient engagement of the left
posterior dorsal system (Eden et al., 2004; Pugh et al., 2000; Rumsey
et al., 1999; Simos et al., 2005). Indeed, the right-hemisphere
homologue may play a similar role in young typically developing
children and those with dyslexia. Concomitant changes in cortical
activation with skill acquisition have been well documented (Kelly and
Garavan, 2005). Petersen et al. (1998) proposed that the regions that
show greater activity during initial unskilled performance are recruited
to copewith task demands (i.e., “scaffolding”). For instance, in themotor
cortex where unimanual finger movements activate the region
contralateral to the hand used, activity in the ipsilateral region has
been reported during the performance of complex and untrained
pattern of finger movements (Verstynen et al., 2005). In the language
domain, a shift from a bilateral to left-lateralized pattern of recruitment
during auditoryword comprehension has been reported in infants from
13 to 20 months in age (Mills et al., 1997; Mills et al., 1993). Bilateral or
greater right hemisphere recruitment has also been reported in groups
of adults with less expertise in a particular domain, including late
learners (Pakulak and Neville, in press; Weber-Fox and Neville, 1996)
and low proficiency native speakers (Pakulak and Neville, 2010) during
language processing and deaf signers duringwritten English processing
(Neville et al., 1998). Therefore, the right hemisphere homologue of the
posterior dorsal region of the reading network may be a scaffolding
mechanism that is recruited in unskilled readers including both
individuals with dyslexia and emerging readers. Compared to normal
readers, adults and children with dyslexia show hypoactivation in the
posterior dorsal region in the left hemisphere (Aylward et al., 2003;
Eden et al., 2004; Hoeft et al., 2006; Meyler et al., 2008; Shaywitz et al.,
1998; Temple et al., 2001). Therefore, the lack of engagement of the left
posterior dorsal system seems to be a hallmark of reading disability, and
the greater engagement of the right posterior dorsal region may be a
consequence of the insufficient engagement of the left hemisphere
system either due to immaturity or disability.

By Session 2, the AR group's pre-literacy skills measured by DIBELS
were comparable to those of the OT group at Session 1. Similarly, the
AR group at Session 2 recruited the posterior dorsal region bilaterally
as did the OT group at Session 1. With respect to the pattern of
recruitment of the left hemisphere posterior dorsal system, the AR
group appeared to be following the normal, but delayed, develop-
mental trajectory in light of the evidence on older children and adults
with developmental dyslexia that under-activation of this system
does not ultimately catch up. However, the whole-brain pattern of
activations of the AR group showed evidence of atypical recruitment
not seen in the OT group, even at the earlier time point. In addition to
the bilateral posterior dorsal regions, the AR children also recruited
large areas in the frontal lobe including the left IFG, a part of the
anterior system of the reading network, and the ACC.1 An increase in
the recruitment of the bilateral or right IFG and ACC after intervention
has been reported in several studies (Meyler et al., 2008; Shaywitz,
2003; Simos et al., 2007; Temple et al., 2003). The areas of the IFG
reported in these studies are found in the posterior part sometimes
extending to the premotor cortex. This area is involved in articulatory
recoding and has been hypothesized to be one of the compensatory
mechanisms recruited when the left posterior dorsal region does not
function sufficiently in individuals with dyslexia (Pugh et al., 2001).
ACC activity has been associated with modulation of attention or
executive functions, motivation, and working memory (Bush et al.,
2000). This structure is also reciprocally connected to lateral
prefrontal cortex (Bush et al., 2000), which was also recruited in the
AR children at Session 2. The increase in activity levels in these regions
may reflect increases in attentional or motivational allocation to
letters, which was encouraged throughout the supplemental reading
intervention they received. These compensatory mechanisms may be
eventually disengaged as the AR children acquire greater reading
abilities.

In addition to entering kindergarten with less letter knowledge,
there was evidence to suggest that children in the AR group also had
poorer attention and self-regulation skills. For example, children in
the AR group had significantly fewer fMRI runs usable for analysis due
to excessive motion in some runs. Furthermore, the four children who
were excluded from analyses due to excessive motion were all from
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the AR group. To stay still during scanning requires the abilities to
monitor and regulate one's body movement, which is a component of
attention and self-regulation (Rueda et al., 2005). Attention and self-
regulation have been reported to be a significant predictor of future
academic achievement, including reading, in young children (Blair,
2002; Blair and Razza, 2007; Duncan et al., 2007; Lewit and
Schurrman Baker, 1995; McClelland et al., 2000). A study conducted
in our lab (Stevens et al., in press) found that, upon entrance to
kindergarten, these same at-risk children did not display the typical
effects of attention on event-related potentials (ERPs), whereas the
OT children did. However, following the first semester of kindergarten
plus the intervention described above, the AR children did display the
typical effects of attention, as did the OT children. Therefore, this is
consistent with the hypothesis that the AR children in this study
might have been at risk for later reading difficulties in part because
they had difficulties in self-regulation and attention.

Unlike themajority of the neuroimaging studies on reading inwhich
words were presented visually, the current study used single letters.
Using single symbol stimuli, as compared to strings of symbols, is likely
to reduce working memory load in performing a one-back task,
especially for pre-reading children. This point was particularly impor-
tant in the current study since the task needed to be equally easy for
five-year-old children with different pre-literacy skills to perform so
that all childrenwould be engaged in, but not overwhelmed by, the task.
Using these stimuli, differential recruitment of the posterior dorsal
region for letter processing was revealed between children with higher
and those with lower pre-literacy abilities. However, since the stimuli
employed were single letters and letter knowledge alone cannot be
equated with the ability to engage in word-level reading, this raises the
question as towhether the neural circuits recruited for letter processing
in this study could be considered as an early reading network.

Maurer et al. (2006), for example, hypothesize that the different
patterns of hemispheric lateralization indexed by the ERP N1 effect for
words at different ages reflect different states of the underlying neural
systems. Using a similar one-back task, they examined the changes in
the specialization of the N1 component for words in pre-reading
children in kindergarten and in the same children in the 2nd grade. The
N1 component elicited over the posterior scalp region in adult readers
has been reported tobe larger and left lateralized forwords as compared
to strings of symbols, and the source of this component has been
localized in the posterior ventral temporal region near the visual word
form area (Maurer et al., 2005). In kindergarten, the N1word effect was
found over the right-hemisphere scalp region only in children with
higher letter knowledge. When the same children were tested in the
2nd grade, the N1 enhancement for words was found over the bilateral
regions and correlated with reading speed. Based on these results, they
hypothesized that the right-lateralized N1 effect, reflecting letter
knowledge or familiarity with words, indicates a precursor state
which is distinct from the later, more reading-specific state indexed
by the bilaterally distributed N1 effect correlating with reading speed.
Thus, the neural circuits revealed in the letter condition in the current
study may be an early, precursor state of the reading network.
Longitudinal follow-up of these children as they acquire word-level
reading skills would provide evidence bearing on this hypothesis.

In this study, we did not find greater recruitment for letters versus
false fonts in the posterior ventral temporal region (the “visual word
form area”) in any of the groups, including adults. In adults, single
letters may not be the optimal stimuli to recruit this area. Some
studies with adults report that visually presented single letter
processing does not activate the word form area but instead activates
distinct areas that are more anterior and/or lateral to the visual word
form area (Flowers et al., 2004; James et al., 2005). In contrast, recent
studies with young children report differential activations to single
letters in the visual word form area for dyslexic and non-dyslexic
children or for typically developing pre-schoolers before and after a
sensori-motor training (i.e., practice writing letters and words) (Blau
et al., 2010; James, 2010). Children in the present study did not show
greater activations in this region for the letters versus false font
contrast. This result may indicate that the children in this study have
not acquired sufficient expertise in visual letter processing. This result
may also be attributed to the fact that the false font stimuli were
constructed by rearranging the parts of corresponding letter stimuli
and thus had visual features that were highly similar to the letter
stimuli. The conflicting results from previous adult and child studies
may suggest that the way that single letters are processed in the
posterior ventral temporal region changes as the unit of processing
shifts from single letters (i.e., letter-by-letter processing) in emerging
readers to string of letters (i.e., word-level processing) in fluent
readers. Future work examining how single letters and words are
processed within the same individuals with different levels of reading
proficiency would contribute a clearer picture of such developmental
changes.

Since, from the perspective of evolution, reading is a recently
developed ability, it has been hypothesized that some aspects of
processing involved in reading are performed by the same or over-
lapping brain structures that perform non-reading tasks. For example,
this possibility has been raised for the visual word form area
(McCandliss et al., 2003). An important next step in future research
would be to examine thedegree of specificity of thepatternof theneural
recruitmentobserved in this study to linguisticmaterials. Inparticular, it
will be important to investigate whether the recruitment of the
posterior dorsal region is exclusive for the visual-auditory conversion
of linguistic input such as visually presented letters and words or is a
part of the more general system also serving in the processing of non-
linguistic visual input such as pictures of nameable objects (versus non-
nameable figures).

The current study revealed the emergence of the neural circuit
supporting early literacy development during the first semester of
kindergarten, both in children on track for reading development and in
children at risk for reading difficulties. The left posterior dorsal system
involved in phonological processing during reading was recruited in
children entering kindergarten with well-developed pre-literacy skills.
The task employed in this studyallowedus to investigate the emergence
of the reading network in children who had not yet acquired the ability
to engage in word-level reading, thus taking the first step toward
identifying which subregions and related mechanisms of the reading
network are under-recruited and which additional regions and
mechanisms may be recruited in pre-reading at-risk children and
raising specific hypotheses about which aspects of the reading process
to target in early interventions.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
doi:10.1016/j.neuroimage.2010.10.057.
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