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Prediction of Reading Skill Several Years Later Depends
on Age and Brain Region: Implications for Developmental
Models of Reading

Chris McNorgan, Aubrey Alvarez, Annum Bhullar, Jessica Gayda, and James R. Booth

Roxelyn and Richard Pepper Department of Communication Sciences and Disorders, Northwestern University, Evanston, Illinois 60208

We investigated whether brain activity was predictive of future reading skill and, if so, how this brain- behavior correlation informs
developmental models of reading. A longitudinal study followed 26 normally developing human children ranging in age from 9 to 15 years
who were initially assessed for reading skill and performed a rhyming judgment task during functional magnetic resonance imaging.
Patterns of brain activation in this task predicted changes between initial and a follow-up assessment of nonword reading skill admin-
istered up to 6 years later. Brain activity in areas typically active during imaging studies of reading was found to predict future nonword
reading ability, but the predictive ability of these areas depended on age. Increased activity relative to peers in neural circuits associated
with phonological recoding (i.e., inferior frontal gyrus and basal ganglia) was predictive of greater gains in reading fluency in younger
children, whereas increased activity relative to peers in orthographic processing circuits (i.e., fusiform gyrus) was predictive of smaller
gains in fluency for older children. Interpreted within the context of a connectionist model of reading, these results suggest that younger
children who are more sensitive to higher-order phonological word characteristics (e.g., coarticulations) may make greater reading
proficiency gains, whereas older children who focus more on whole-word orthographic representations may make smaller proficiency

gains.

Introduction

Because reading is both an acquired and later developing skill,
understanding and predicting reading development contributes
importantly to our understanding of general cognitive develop-
ment. At its core, reading involves the transformation of visual
(orthographic) into auditory (phonological) representations,
and our investigation accordingly focuses only on orthographic
and phonological processes. A large literature argues for a distrib-
uted network of functionally specialized brain regions contribut-
ing to different aspects of reading. Orthographic processing is
generally attributed to the left fusiform gyrus (FG) (BA 37),
which has been reliably shown to be responsive to visually pre-
sented words (McCandliss, 2003) in skilled readers. Left inferior
parietal lobule (1 IPL) (BA 40) is implicated in cross-modal map-
ping between orthographic and phonologic representations. On
the basis of its sensitivity to conflicting orthography and phonol-
ogy in children (Bitan et al., 2007b), left dorsal inferior frontal
gyrus (dIFG) (BA 44/9) has been described as part of the anterior
reading circuit associated with high-level phonological recoding
during reading (Pugh et al., 2001) along with basal ganglia (BG),
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which has been shown in skilled readers to modulate the phono-
logical processing performed in the dIFG (Booth et al., 2007b). A
dorsal reading circuit in posterior regions of left superior tempo-
ral gyrus (STG) has also been implicated as a second critical node
in processing phonological word forms (Pugh et al., 2001; Booth,
2002). Because of their ties to normal and impaired reading
development, we investigate how activity in these regions pre-
dicts future reading and how this informs models of reading
development.

Previous studies have shown that brain activity predicts short-
and long-term reading ability using measurements of event re-
lated potentials (ERPs) (Espy et al., 2004; Guttorm et al., 2005,
2010; Maurer et al., 2009; Lemons et al., 2010) taken during var-
ious auditory processing tasks. The limited spatial resolution of
ERPs, however, precludes strong arguments concerning the role
of specific brain areas. Functional magnetic resonance imaging
(fMRI) has discriminated good from poor readers in a short-term
longitudinal study (Hoeft et al., 2007), but the authors’ data-
driven approach made it difficult to relate their results to models
of reading development. Although Hoeft et al. (2011) found that
right inferior frontal activation predicted subsequent reading
skill in dyslexics 2.5 years later, they failed to find associations in
control children.

We use fMRI in a longitudinal study of reading development
to answer two related questions. First, how do various regions
implicated in language processing predict reading ability? Sec-
ond, based on what we know about the role these regions play in
language processing, how can this inform models of reading de-
velopment? Many behavioral studies show the early importance
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Table 1. Means (and SDs) for subject characteristics for younger and older groups in
the experiment

Younger (n = 14) Older (n = 12) t2s)
AgeatT, (years) 3(0.8) 13.5(0.9)
AgeatT, (years) 142 (1.6) 18.4(1.2)
Follow-up interval (months) 59 (4) 60 (3)
WASI nonverbal 1Q 118.1(15.4) 105.6 (11.7) 1.98
WASI verbal 1Q 122.0 (14.4) 107.8(7.9) 2.20%
T, TOWRE-SWE 109.4 (2.8) 105.3(2.2) 1.06
T, TOWRE-SWE 103.0 (3.3) 101.7 (1.9) 0.39
T, TOWRE-PDE 105.6 (3.4) 96.6 (1.8) 2.35%
T, TOWRE-PDE 105.9 (4.0) 98.1(1.8) 1.68
T, WJ-Ill Word ID 113.1(2.9) 109.3 (2.8) 1.04
T, WJ-I1l Word ID 114.5(12.3) 106.3 (10.9) 1.81
T, WJ-Ill Word Attack 106.5 (3.0) 103.3 (2.4) 0.89
T, WJ-I1l Word Attack 108.0 (10.9) 102.2(9.2) 1.48
Score delta 16.6 (8.4) 12.0 (4.8) 1.69

1Q, WASI, TOWRE, and WJ-lll standardized scores have p = 100, o = 15. *p < 0.05, between-groups difference
significant.

of phonological skills and the later importance of orthographic
skills as predictors of subsequent reading ability (Badian, 1995;
Share, 1995; Sprenger-Charolles et al., 1998; Sprenger-Charolles,
2003). Thus, an important hypothesis we want to test was whether
the predictive ability of regions involved in phonological and ortho-
graphic processing depend on a child’s age.

Materials and Methods

The research protocol was approved by the Institutional Review Board of
Northwestern University. Parental consent and the child’s assent were
obtained for all evaluation procedures, and children were paid for their
participation in the study.

Participants. Twenty-six healthy children (915 year olds, 14 females)
recruited from the Chicago metropolitan area participated in the study.
Parents of children were given an interview to ensure their children met
the inclusionary criteria for the study. Children were all right handed
(mean, 80; range, 55-90) according to a nine-item Likert-scale question-
naire (90 to 90, positive scores indicate right-hand dominance), native
English speakers, with normal hearing and normal or corrected-to-
normal vision. All children were reported by their parents to be free of
neurological diseases or psychiatric disorders and were not taking med-
ication affecting the CNS. Children were reported by their parents to not
have a history of intelligence, reading, attention, or oral-language defi-
cits. Because we expected to find differences between younger and older
readers, participants were grouped on the basis of chronological age on
admission to the study into younger (9-11 years, n = 14) and older
(13-15 years, n = 12) readers to facilitate the analysis and discussion of
these differences. The ratio of males to females did not differ between the
younger and older groups (x*(;, = 1.90, p > 0.1).

Standardized testing. Children were assessed on entering the study (T)
and after a follow-up period of between ~3 and 5 years (T,) with a
battery of standardized tests to ensure that all participants were of at least
average IQ and reading ability and to provide a means of measuring
change in reading skill. Mental ability was measured with the Wechsler
Abbreviated Scale of Intelligence (WASI) (Wechsler, 1999) with two ver-
bal subtests (vocabulary, similarities) and two performance subtests
(block design, matrix reasoning). Word and nonword reading accuracy
was measured with the Woodcock Johnson III Tests of Achievement
(WJ-III) (Woodcock et al., 2001). Word and nonword reading speed was
measured by the Tests of Word Reading Sight Word Efficiency
(TOWRE-SWE) and Pseudoword Decoding Efficiency (TOWRE-PDE)
subtests, respectively (Torgesen et al., 1999). See Table 1 for a summary
of performance on these tasks for younger (T, ages 9—11 years) and older
(T, ages 13—15 years) children. The TOWRE subtests measure the num-
ber of consecutively presented written items that individuals can pro-
nounce in 45 s, with later list items increasing in difficulty. Although the
TOWRE-PDE is a measure of nonword reading ability, we note that
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words not yet learned are essentially pseudowords: within the theoretical
framework we adopt in our interpretation of the results, nonword read-
ing relies on the same mechanism that encodes regularities learned when
mapping between orthographic and phonological representations dur-
ing normal word reading (Seidenberg et al., 1994). Moreover, in a behav-
ioral study of 87 children of at least 9 years of age (the mean age of our
younger group of readers), Barker et al. (1992) found that word and
nonword reading measures were highly correlated (r = 0.87). Thus, the
fluency with which children process pseudowords provides a reasonable
measure of a child’s capacity to learn to read. Because it assesses reading
skill in terms of both speed and accuracy, varies highly between individ-
uals relative to other measures, and assesses reading relatively indepen-
dently of the child’s vocabulary, the TOWRE-PDE test was used as our
measure of reading skill for the regression analyses that follow. Within
our sample, TOWRE-PDE raw scores ranged from 18 to 51 (of a possible
63) for T, and ranged from 17 to 62 for T,.

Pearson’s product-moment correlation coefficients calculated be-
tween all pairs of standardized measures found all reading measures to be
significantly and positively correlated with one another at both T, and
T,, with correlations ranging between r(,5, = 0.51 and 0.83. T, and T,
measures were also significantly and positively correlated, ranging from
755y = 0.54 for T, and T, WJ-III Word Attack scores, to 0.88 for WJ-III
Word ID scores.

Younger and older children were generally comparable across the 10
standardized measures (see Table 1), with the younger group having
greater verbal IQ and TOWRE-PDE scores. The groups, however, fell
within 1 SD of one another and at or above average, even for the measures
that differed significantly. Moreover, because the measures that differed
were included as regressors in our analyses, these differences were ac-
counted for by our model. Finally, we note that the presence of children
with high standardized reading measures in the younger group, if any-
thing, make it more similar to the older group by virtue of including
more advanced readers. Because we predict skill-related differences be-
tween the groups, this would decrease our experimental power, making
more likely null results.

Task description. The task, to which we will refer as the rhyming task for
the remainder of the paper, included lexical and nonlexical trials. For
lexical trials, word pairs were presented visually in a sequential order and
participants had to determine whether the foveally read words rhymed.
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, indi-
cating the need to make a response during the subsequent 2600 ms in-
terval. Twenty-four word pairs were presented in each of four lexical
conditions that independently manipulated the orthographic and pho-
nological similarity between words. In the two nonconflicting condi-
tions, paired words were either similar in both orthography and
phonology (O+P+, e.g., dime-lime) or different in both orthography
and phonology (O—P—, e.g., staff—gain). In the two conflicting condi-
tions, paired words had either similar orthography but different phonol-
ogy (O+P—, e.g., pint-mint) or different orthography but similar
phonology (O—P+, e.g., jazz—has). Participants were instructed to press
a button with the right index finger for rhyming word pairs and to press
a different button with their middle finger for nonrhyming word pairs.
There were three nonlexical conditions. For the fixation condition,
which served as our baseline, there were 72 trials, during which a black
fixation cross was presented for the same duration as the stimuli in the
lexical and perceptual conditions (see below) and participants were in-
structed to press a button when the black fixation cross turned red, after
1800 ms, corresponding to the onset of the red fixation cross during
lexical trials. Additionally, there were 24 trials each of a simple and com-
plex perceptual condition that served as an additional baseline condition
for a related study. For these trials, participants were instructed to indi-
cate via button press whether sequentially presented abstract single sym-
bols (simple) or symbol strings (complex) matched. The stimuli were
identical to those used by Bitan et al. (2007b), and stimuli characteristics
are described in detail therein.

Experimental procedure. After informed consent was obtained and the
standardized tests were administered, participants were invited for a two-
part practice session. First, participants were trained to minimize head
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movement using feedback from an infrared tracking device. Second,
participants performed one run of the rhyming task in a simulator scan-
ner to ensure they understood the task and to become familiar with the
scanner environment. Different stimuli were used in the practice and in
the scanning sessions, which took place within 1 week of each other. In
the scanning session, the task was administered in two 108 trial runs,
in which the order of conditions was optimized for event-related design
(Burock et al., 1998). The order of stimuli within task was fixed for all
subjects.

MRI data acquisition. Images were acquired using a 1.5 T GE scanner,
using a standard head coil. Head movement was minimized using vac-
uum pillow (Bionix). The stimuli were projected onto a screen and
viewed through a mirror attached to the inside of the head coil. Partici-
pants’ responses were recorded using an optical response box (Current
Designs). The BOLD functional images were acquired using the echo
planar imaging method. The following parameters were used for scan-
ning: TE, 35 ms; flip angle, 90° matrix size, 64 X 64; field of view, 24 cm;
slice thickness, 5 mm; voxel size, 3.75 X 3.75 X 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 (spoiled gradient-recalled acquisition in a steady state; TR,
21 ms; TE, 8 ms; flip angle, 20°; matrix size, 256 X 256; field of view, 22
cmy; slice thickness, 1 mm; number of slices, 124), using the functional
image orientation.

Behavioral analysis. Because interstimulus conflict has been shown to
influence behavioral performance and BOLD activity for the task (Bitan
etal., 2007b), a two-way ANOVA was conducted with conflict (conflict-
ing vs nonconflicting) as a within-subjects independent variable and age
group (young vs old) as a between-subjects independent variable. The
dependent variables were decision latency and square root of the accu-
racy rate (Myers, 1979).

Image analysis. Data analysis was performed using statistical paramet-
ric mapping (SPM5) (http://www.fil.ion.ucl.ac.uk/spm). Images were
spatially realigned to the first volume to correct for head movements. No
individual runs had >4 mm maximum displacement. Sinc interpolation
was used to minimize timing errors between slices (Henson et al., 2002).
The functional images were coregistered with the anatomical image and
normalized to the standard T1 template volume (MNI), with a voxel size
of 3 X 3 X 3mm?. The data were then smoothed with a 10 mm isotropic
Gaussian kernel. The first four volumes of each run, during which a
fixation cross was presented, were dropped from the statistical analyses.
Statistical analyses at the first level were calculated using an event-related
design with four lexical conditions, two perceptual conditions, and the
fixation condition as conditions of interest. A high-pass filter with a
cutoff period of 128 s was applied. Word pairs were treated as individual
events for analysis and modeled using a canonical hemodynamic re-
sponse function. Group results were obtained using random-effects anal-
yses by combining subject-specific summary statistics across the group as
implemented in SPM5.

The main effect of all lexical conditions versus the baseline fixation
condition was tested using a one-sample ¢ test. Regions that were more
active for the lexical condition at a p < 0.01 (uncorrected) voxel-level
significance threshold and containing clusters of at least equal to 10
voxels were included in the language network, which served as a mask for
the voxelwise multiple regression analyses.

The voxelwise multiple regression analyses included as regressors of
interest T, age (age), T,—T, change in raw TOWRE-PDE reading score
(score delta), and the age X score delta interaction term formed by
calculating the product of each subject’s age and score delta. We included
as nuisance regressors the T,—T, change in age (age delta), initial raw
TOWRE-PDE reading score (score), and nonverbal IQ score. The depen-
dent measure was the signal for each voxel in the brain across all lexical
trials.

Region of interest analysis. Previous literature suggested four a priori
anatomical regions of interest (ROIs)—left dIFG, BG, FG, and IPL—
from among the anatomical regions included in the reading network
based on their association with processing phonological and ortho-
graphic representations. Individually based ROIs were created for these
regions in two steps. In the first step, we identified in each of these

J. Neurosci., June 29, 2011 - 31(26):9641-9648 9643

Table 2. Means (and SDs) for accuracy and decision latencies on lexical trials

Younger Older

Accuracy Decision latency (ms)  Accuracy Decision latency (ms)
Conflict 0.71(0.13) 1562 (344) 0.82(0.07) 1264 (307)
Nonconflict ~ 0.91(0.05) 1413 (302) 0.96 (0.03) 1141 (301)

Table 3. Table of coordinates for whole-brain group analysis for lexical minus
fixation condition reaching cluster size > 10 and p < 0.05 (FDR corrected)
significance threshold

Region Size  FDR

MaxZ x y z

<0.001 581 —54 15 30
<0.001 4.66 39 24 —6

L dorsal inferior frontal gyrus (BA 9) 4006
R ventral inferior frontal gyrus (BA47) 392

L fusiform gyrus (BA 37) 270 <0.001 461 —45 -5 —15
R parahippocampal gyrus 1018 <0.001 4.58 24 —45 3
R precentral gyrus (BA 6) 15 0.005 3.48 39 —12 63
L superior temporal gyrus (BA 22) 43 0.008 327 —60 —42 12
R postcentral gyrus (BA 43) 10 0.015 3.03 54 —-12 18
Rred nucleus 18 0.017 297 3 -4 —18
R claustrum 15 0.017 297 36 21 3
R hippocampus 30 0.019 2.94 30 —15 —18

L, Left; R, right; FDR, FDR-corrected significance level; Max, maximum. Size is measured in voxels. Coordinates reflect
standard MNI space.

regions, as specified by the aal template (Tzourio-Mazoyer et al., 2002)
definitions of | dIFG (pars triangularis and pars operculus), 1 BG (caudate
and putamen), 1 FG, and 1 IPL, the voxel with the highest Z-score in the
statistical map of the age-related interaction (see Table 5), around which
a 10 mm radius sphere was drawn. In the second step, these spheres were
intersected with each subject’s activation map for the lexical condition
minus fixation contrast.

The ROI multiple regression analysis of the interaction included as
regressors of interest T, age (age) and T,—T, change in raw TOWRE-PDE
reading score (score delta). This analysis was intended to determine the
direction of the first-order correlations within these ROIs and thus ex-
plain the source of the interaction. For reasons explained below, inter-
preting the significance of partial correlations obtained for these regions
is difficult, and thus nuisance regressors were omitted from the model.
The dependent measure was the mean beta weight for voxels included in
each ROL

Results

Behavioral performance

Mean and SDs for decision latency and accuracy for lexical trials
are presented in Table 2. For accuracy, there was a main effect of
conflict (F; ,4) = 86.02, p < 0.001) and age (F; ,4) = 8.06, p <
0.01), but these factors did not interact (F; ,4) = 2.99, NS). The
results for decision latency were similar, with a main effect of
conflict (F(; 54y = 56.1, p < 0.001) and age (F(, ,4) = 5.42, p <
0.05) but no interaction between the two factors (F; ,,) < 1, NS).
Thus, decisions made for conflicting pairs were slower and less
accurate, and younger children were slower and less accurate
than older children, but both age groups were similarly sensitive
to the conflict effect.

Neuroimaging results: overall effects

The reading network was defined by a group analysis of the lexical
condition minus fixation baseline contrast. Table 3 lists the sta-
tistically significant clusters containing at least 10 voxels for the
reading network at the p < 0.05 significance threshold [false
discovery rate (FDR) corrected at the whole-brain level]. Activa-
tion was apparent in both hemispheres but was left-hemisphere
dominant. Figure 1 shows the left-hemisphere clusters at the
same significance threshold. The largest cluster in this activation
map is expansive, ranging from left prefrontal areas (BA 44/45) to
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parietal areas, and includes two of our a
priori regions of interest. To more accu-
rately describe the activity within each of
these regions, we reanalyzed the data
within individual ROIs anatomically
defined by the aal template (Tzourio-
Mazoyer et al., 2002). As indicated in
Table 4, clusters containing at least 10
voxels reaching FDR-corrected significance
(small-volume correction applied for the
volume of each ROI) were found within
each of these regions.

Figure 1.
Neuroimaging results: voxelwise 0.05 (FDR corrected).
analysis of interaction between age and
score delta
A multiple regression analysis performed on areas outside of the
reading network mask found no clusters that significantly pre-
dicted score delta, even at a very liberal uncorrected threshold of
p < 0.01, indicating that only voxels that were associated with the
lexical task were reliable predictors of reading ability. Within the
reading network mask, a number of clusters containing 10 or
more voxels showed significant correlations at the p < 0.05 (FDR
corrected) threshold between T, lexical minus fixation activity
and score delta. Importantly, the statistical map for which the
age X score delta interaction term (Fig. 2) reached the same
threshold was nearly identical in extent, indicating that the pre-
dictive ability of activity of nodes in the
reading network depends on age. Table 5
lists the clusters demonstrating an age-
related interaction with changes in read-
ing proficiency at the p < 0.05 threshold
(FDR corrected, small volume correction
applied for the mask volume).

Because the mean verbal 1Q score for
younger children was higher than that for
older children, we repeated the analysis,
replacing nonverbal IQ with verbal IQ as a
nuisance regressor. The results were very
similar, likely because verbal and nonverbal
IQ were significantly correlated (r(s =
0.75, p < 0.001).

Figure 2.

Neuroimaging results: ROI analysis of interaction between
age and score delta

We further analyzed the imaging data separately for younger and
older participants to determine the nature of the age-related in-
teraction observed throughout the reading network. The interac-
tion described above indicates that the relationship between
brain activity in the language network and score delta differs by
age. Thus, it is important to determine within each age group how
the intensity of activation a child exhibits in this network relative
to peers relates to score delta. Each of the regions for which ROIs
were created demonstrated an age-related interaction at the
whole-brain level. Although implicated in phonological process-
ing of word stimuli, the STG was not included as a region of
interest because it neither reliably predicted reading in the voxel-
wise regression analysis nor demonstrated an age-related interac-
tion. Mean beta values for the lexical minus fixation contrast were
calculated over the voxels included in each ROI for each subject,
and the lexical minus fixation beta value was correlated with score
delta across participants to determine the direction of the corre-
lations for each age group in each region. Figure 3a—d show the
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Whole-brain group analysis for lexical minus fixation condition showing left-hemisphere clusters of k > 10 at p <

Table 4. Table of coordinates for clusters within the anatomically defined reading
network ROIs in the group analysis for lexical minus fixation condition reaching
p < 0.05 (FDR corrected) significance

Region Size  FDR MaxZ x y z

L dorsal inferior frontal gyrus (BA 9/47/13) 659 <<0.001 581 —54 15 30
L putamen, caudate body 477 <0.001 466 —18 3 6
L fusiform gyrus (BA 37/20) 122 <0001 459 —45 —54 —18
L superior temporal gyrus (BA 22) 124 <0001 452 —48 9 0
Linferior parietal lobule (BA 2/40) 279 <0.001 418 —51 —21 36
L superior temporal gyrus (BA 22) 45 0.002 327 —60 —42 12

L, Left; FDR, FDR-corrected significance level; Max, maximum. Size is measured in voxels. Coordinates reflect stan-
dard MNI space.

Voxels within the reading network demonstrating an age-related interaction with changes in reading proficiency.

Table 5. Table of coordinates for clusters within the reading network
demonstrating an age-related interaction with changes in reading proficiency

Region Size  FDR MaxZ  x y z

L caudate body 405  0.009  4.05 -12 3 18
Linferior occipital gyrus/fusiform 341 0.009 358 —45 -7 -9

gyrus (BA 19/37)

L thalamus 153 0.009  3.58 -9 36 6
L middle frontal gyrus (BA 6) 301 0.009 355 =21 —6 66
L middle frontal gyrus (BA 9) 4 0009 342 -33 39 33
L dorsal inferior frontal gyrus (BA 9) 9  0.009 329 —54 18 33
L precuneus (BA7) 91 0.009 3.01 —24 —60 54
L inferior parietal lobule (BA 40) 55 0.01 2.68 -4 -39 54
Linsula (BA13) 25 0011 252 —48  —33 21

L, Left; FDR, FDR-corrected significance level; Max, maximum. Size is measured in voxels. Coordinates reflect stan-
dard MNI space.

volumetric union across subjects and the regression lines for each
of the ROIs. Overall, interactions in these regions at the whole-
brain level were driven mainly by positive correlations between
activation and performance for young children in caudate and
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Neuroimaging results: voxelwise
analysis within younger and

older children

To obtain unbiased correlation measures
within our regions of interest, we repeated
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the voxelwise analysis on anatomically de-
fined ROIs separately for the younger and
older groups, masked by the aal template
(Tzourio-Mazoyer et al.,, 2002) defini-
tions of the left BG (caudate and puta-
men), dIFG (pars triangularis and pars
operculus), IPL, and FG regions. The ROI
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Score Delta

18 18
16 16 ¢
14 . 14
= 12 * - 12
£ 10 . 3 £ 10
& 8 h
a 8 Y & g *
4 * 4
2 * o 2
0 0
0 5 10 15 20 25 30 35 40 0 5

Score Delta

30
25
20
15

*
10 * *
5 *

Signal
Signal
i
w

10 15 20 25 30 35 40

relations observed in these regions would
be positive for younger children and neg-
ative for older children. Figure 4 presents
the activation map for these contrasts at
a p < 0.005 (uncorrected) significance
threshold showing only clusters of 10 or
more contiguous voxels, and Table 6 pres-
ents the associated coordinates and statis-
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tical values. Of the correlations observed
in the ROI analysis, only the positive cor-
relation found in left basal ganglia (cau-
date and putamen) for younger children
and the negative correlation found in the
left fusiform gyrus for older children were
reliable at this significance level. Younger
. participants showed no negative correla-
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Younger (9-11 yrs)

Figure 3.
inferior parietal lobule (d).

Figure 4.  Voxels within the left caudate nucleus and putamen (red) demonstrate a positive
correlation for younger children and those within the left fusiform gyrus (blue) demonstrate a
negative correlation for older children between activation and change in reading fluency.

left dIFG and negative correlations between activation and per-
formance for older children in left FG. Note, however, that cor-
relation coefficients calculated for regions defined, in part atleast,
by voxels demonstrating a significant interaction may be inflated
(Vul et al., 2009) and are therefore not reported.

10 15 20 25 30 35 40

Older (13-15 yrs)

Regression lines and ROIs for left caudate (a), left dorsal inferior frontal gyrus (b), left fusiform gyrus (c), and left

tions and older participants showed no
positive correlations in the selected re-
gions at the p < 0.05 (uncorrected) signif-
icance threshold, indicating that these
regions are relatively homogenous with
respect to predictive ability.

Score Delta

Neuroimaging results: effects of conflict

Previous literature has shown activation for our task to be sensi-
tive to orthographic and phonological conflict between words
(Bitan et al., 2007b), and thus we hypothesized that one or more
lexical conditions may be responsible for driving these effects.
That is, perhaps the presence (or absence) of certain types of
conflict makes some items more predictive of subsequent reading
than others. To address this possibility, we performed a 2 (ortho-
graphic conflict) X 2 (phonological conflict) X 4 (region)
repeated-measures analysis of covariance, separately for younger
and older children. We entered the previously extracted beta val-
ues for each condition as our independent variables, score delta as
our dependent variable, and age delta, initial score, and nonver-
bal IQ as covariates of noninterest. There were no significant
interactions involving score delta and either lexical factor (all F
values <1), indicating that activation in response to orthographic
or phonological conflict was not differentially predictive of read-
ing ability.

Discussion

Measurements of neural activity in language network taken using
fMRI during a rhyming task predicted reading fluency. This work
advances the literature establishing a predictive relationship be-
tween brain activity and future reading skill using ERPs (Espy et
al., 2004; Maurer et al., 2009; Lemons et al., 2010) and fMRI
(Hoeft et al., 2007, 2011). Our focus on future (up to 6 years after
scan) rather than concurrent reading ability allows examination
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of developmental changes to the contributions of neural sub-
strates supporting language toward reading and how the interac-
tion between reading processes shape language representations in
the brain.

The language network contains multiple functionally distinct
regions developing at different rates with exposure to spoken and
written language. Accordingly, our hypothesis that predictive
ability of these regions is age dependent was supported by the
age-related interaction. Specifically, activity in phonological pro-
cessing areas predicted reading ability for third- to fifth-grade
children, whereas activity in orthographic processing areas was
predictive for seventh- to ninth-grade adolescents.

Early reliance on phonological skill is consistent with the
timeline of language exposure: early experience with speech
teaches infants the allowable set of phonemes in their native lan-
guage (Kuhl, 2004), which are later associated with graphemes.
Evidence that phonological skill predicts early reading skill is
found in many longitudinal studies. For example, Badian’s
(1995) study of early readers showed an early predictive role of
phonemic awareness giving way in later years to a larger influence
of orthographic skill. This transition from phonological to ortho-
graphic dependence has been framed in terms of stage-based
(Frith, 1985) and experientially based (Share, 1995) accounts, in
which phonological recoding provides the error signal used in a
self-teaching mechanism. Sprenger-Charolles (2003, p 196) ar-
gue on the basis of their own and previously published findings
that it is “well established” that early reading relies primarily on
phonological processing but that orthographic processing takes
on a larger role over time, a point on
which both stage-based and experientially
based accounts of reading development
agree. This conclusion agrees with litera-
ture spanning multiple methodologies, in-
cluding ERPs (Ashby, 2010), fMRI
(Desroches et al., 2010), and computational
modeling (Rueckl and Seidenberg, 2009),
showing that phonological and ortho-
graphic processes work together during
skilled word recognition.

The nature of the brain-based interac-
tions provides insight into how the dy-
namics of the reading network changes
over time and how these changes relate to
the developmental changes observed em-
pirically. We interpret these interactions
in the context of Harm and Seidenberg’s
(1999) parallel distributed processing reading model. Simula-
tions presented therein explore how orthographic, phonologic,
and cross-modal mapping systems support reading. Figure 5
presents a sketch of their connectionist model. Reading requires
orthographic representations in the visual system (FG) to be
mapped via a hidden layer (IPL) to associated phonological pro-
cessing regions (STG, IFG, and BG). Orthographic to phonologic
mapping is arbitrary and further complicated in languages such
as English, which maintain context-dependent one-to-many
letter-to-sound mappings. Thus, cross-modal mapping in read-
ing requires pattern separation, a process by which similar signals
are recoded into more discriminable representations.

Pattern separability depends on available processing re-
sources. At one extreme, the completely overlapping representa-
tions generated by a lone cross-modal mapping unit (i.e., all
inputs activate the one mapping unit) would be less distinct than
the input and fail to differentiate inputs. At the other extreme, an
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Table 6. Table of coordinates for clusters within the a priori defined ROIs
demonstrating positive correlations for younger and negative correlations for
older children

Agegroup  Region Size Uncorrectedp MaxZ x y z
Younger L caudatehead 53 <0.001 3.67 -9 6 6
Older Lfusiformgyrus 18 <<0.001 476 —36 —6 —33

L, Left; FDR, FDR-corrected significance level; Max, maximum. Size is measured in voxels. Coordinates reflect stan-

dard MNI space.
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Figure5.  Harmand Seidenberg’s (1999) attractor network model maps orthographic input
to phonological representations via a hidden layer. Cleanup units representing higher-order
phonological relationships fine-tune phonological representations.
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Fewer resources allotted to cross-modal mapping in the younger network constrain the number of distinct mapping
patterns, necessitating greater feedback from phonological cleanup to fine-tune phonological representations.

infinite number of mapping units would be a perfect, albeit im-
practical, pattern separator because any input could be assigned a
unit associated with a unique mapping representation. Between
these extremes, the degree of overlap between mapping represen-
tations is inversely related to the number of mapping units. The
phonological system overcomes the fuzziness inherent to over-
lapping mappings by using learned higher-order phonological
relationships (e.g., coarticulatory probabilities) to constrain and
correct generated phonological representations (Share, 1995).
Rather than directly map every orthographic—phonologic rela-
tionship, the mapping system needs only get the phonological
representation “in the right neighborhood,” allowing the phono-
logical cleanup units to refine the representation to one allowed
by the language.

We assume that each system develops over time, as illustrated
in Figure 6 but that the phonological system will have substan-
tially matured by reading age. In younger readers (Fig. 6a), fewer
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resources are devoted to cross-modal mapping, which thus gen-
erate more overlapping hidden representations and commensu-
rately fuzzier initial phonological representations. Resolution of
sharp phonological representations therefore relies on feedback
from phonologic cleanup. Because more resources are allotted to
cross-modal mapping with development (Fig. 6b), it generates
less overlapping representations and places correspondingly
smaller demand on phonological cleanup. The assumption of a
developing cross-modal mapping system thus predicts a strong
role of phonological skill in reading acquisition for younger read-
ers that decreases with age.

We argue that younger children who strongly engage higher-
order phonological processing areas more effectively use this
knowledge to decode the phonological representations of written
words. Graybiel (2005) argues that basal ganglia provide a rein-
forcement signal for motor learning. One intriguing possibility is
that it plays a similar role within the anterior phonological circuit
and facilitates the learning and use of phonological representa-
tions in reading. Thus, children who best apply the phonological
recoding system to reading should more quickly build the knowl-
edge on which more challenging reading depends, as suggested by
Share (1995). Because a more developed mapping system can
better perform pattern separation, phonological recoding plays a
smaller role in shaping word representations in older children—
even those who had previously made effective use of phonologi-
cal processing areas—reflected by a weaker correlation between
phonological processing and improvement in reading ability.

Another strategy for overcoming the bottleneck imposed by a
developing cross-modal mapping system is to perform pattern
separation at the input level. Thus, rather than treat “pint” and
“mint” as similar orthographic inputs to be disambiguated, one
could instead assign relatively distinct orthographic patterns to
similar words by analyzing them at a coarser granularity (e.g., the
whole-word approach to reading). One drawback is that, al-
though English has many exception words, it nonetheless pos-
sesses a great deal of regularity on which children can capitalize.
Thus, early in development, highly overlapping representations
in the mapping system poses a challenge to phonological de-
coding. Later, decreased but moderate overlap among repre-
sentations in a more developed cross-modal system captures
regularities present in language and facilitates decoding chal-
lenging words.

FG is beginning to support orthographic processing in
younger children and is unlikely to be qualitatively better at pat-
tern separation among orthographic inputs than is the mapping
system. Thus, the relationship between FG recruitment and read-
ing skill in younger children should be weak because the burden
of decoding should fall on the phonological cleanup system as
described above. We argue that FG is predictive of reading in
older children because its use influences the development of the
cross-modal mapping system. Older children that rely on ortho-
graphic pattern separation (i.e., show greater activation in FG)
cannot take advantage of statistical regularities between spelling
and sound correspondences. Because older children encounter
more varied and challenging written words, they will be unable to
take advantage of these regularities and thus make smaller gains
in reading ability if they rely on pattern separation at the input
level. This is reflected in the negative correlation between activa-
tion in FG and change in reading score for older children. Note
that several authors, whose accounts similarly predict increasing
reliance on ventral systems, argue that ventral orthographic word
form circuits are tuned by input from dorsal phonological cir-
cuits (Pugh et al., 2000; McCandliss, 2003). However, if FG is the
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source of visual word form input during reading, then the as-
sumption of phonological feedback to this area implies bidirec-
tional connectivity. Thus, phonology-driven tuning of FG and
orthographic influence on cross-modal representations are mu-
tually consistent and suggest a dynamic reciprocal influence be-
tween the two systems.

To summarize, based on functionality established in the read-
ing literature, we found an age-dependent correlation between
activity in brain areas associated with phonological and ortho-
graphic processing and future reading ability, consistent with
what is known about the maturational timeline of these language
processes: early reliance on phonological and later reliance on
orthographic processing. A final consideration is that previous
neuroimaging studies of reading have noted a developmental in-
crease in activation of FG (Booth et al., 2003, 2004; Brem et al.,
2006), IPL (Booth et al., 2003, 2007a; Bitan et al., 2007a), and IFG
(Booth etal., 2003, 2004; Gaillard et al., 2003), consistent with the
assumption that these regions recruit additional resources
through development. We have described above the consequence
of adding resources to phonological and cross-modal mapping
systems. In light of the negative correlation observed in FG, one
might wonder why reading does not therefore worsen with age.
One must bear in mind our correlations were within an age
group. All older children appear to recruit FG to a greater extent
than younger children, but those that rely on it more, relative to
their age-matched peers, are those that made the smallest gains in
reading. Together, this suggests an optimal recruitment of the
systems participating in reading acquisition that varies by age.
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