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We employed brain-behavior analyses to explore the relationship between performance on tasks mea-
suring phonological awareness, pseudoword decoding, and rapid auditory processing (all predictors of
reading (dis)ability) and brain organization for print and speech in beginning readers. For print-related
activation, we observed a shared set of skill-correlated regions, including left hemisphere temporopari-

FMRI etal and occipitotemporal sites, as well as inferior frontal, visual, visual attention, and subcortical com-
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ponents. For speech-related activation, shared variance among reading skill measures was most
prominently correlated with activation in left hemisphere inferior frontal gyrus and precuneus. Implica-
tions for brain-based models of literacy acquisition are discussed.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Reading disability (RD) is a brain-based difficulty in acquiring
fluent reading skills, typically associated with phonological defi-
cits, which affects significant numbers of children (Lyon, Shaywitz,
& Shaywitz, 2003). Depending, in part, on definitional criteria
applied (i.e., achievement, discrepancy, or Response to Interven-
tion) prevalence estimates for RD vary from 5% to 20% (Fletcher,
Lyon, Fuchs, & Barnes, 2007; Katusic, Colligan, Barbaresi, Schaid,
& Jacobsen, 2001; Shaywitz & Shaywitz, 2003). Definitional ques-
tions and related decisions about cut-offs for diagnosis are further
complicated by evidence from epidemiological population-based
studies that have suggested that RD symptomology reflects
normally-distributed behavioral (Jorm, Share, Maclean, &
Matthews, 1986; Shaywitz, Escobar, Shaywitz, Fletcher, & Makuch,
1992; Stevenson, 1988) and genetic (Plomin & Kovas, 2005) varia-
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tion, and thus might be more accurately viewed as a dimensional,
rather than a discrete, developmental disorder (Fletcher, 2009).
The current study, which seeks to gain new insights into the neu-
robiology of RD, adopts the dimensional perspective and, with a
large cohort of beginning readers (ranging from impaired to highly
skilled), examines the relationship between variation on behav-
ioral measures of reading-relevant skills and brain activation for
print and speech. To motivate the specific tasks chosen here, we
begin by considering findings from behavioral research on reading
acquisition and on those cognitive skills that are most associated
with variable outcomes in reading acquisition.

2. Behavioral research on typical and atypical reading
development

The overwhelming majority of children with RD have pro-
nounced problems in utilizing phonological structures of language
and with phonological awareness (PA) in particular (Ball &
Blachman, 1991; Vellutino, Fletcher, Snowling, & Scanlon, 2004).
PA refers to the metalinguistic understanding that spoken words
are made up of smaller units such as syllables and phonemes
(Liberman, Shankweiler, Fischer, & Carter, 1974). For pre-literate
children and beginning readers, individual differences in PA ability
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(often measured by tasks that examine phoneme deletion or
blending skills) are strongly predictive of word reading outcomes
over the first few years of schooling (Ball & Blachman, 1991; Foor-
man, Francis, Fletcher, Schatschneider, & Mehta, 1998; Johnson,
Pennington, Lee, & Boada, 2009). Moreover, research indicates that
the training of PA skills for high-risk pre-school children can have
beneficial effects on subsequent reading trajectories (Byrne et al.,
2008; Foorman et al.,, 1998; Torgesen, Morgan, & Davis, 1992).
Findings of this type have been taken to suggest a causal relation-
ship between PA and reading acquisition (Byrne et al., 2008),
although it should be noted that PA is also influenced by reading
skills during the first few years of reading instruction, which im-
plies a complex reciprocal relationship between PA and reading
(Castles & Coltheart, 2004).

The canonical view of how PA comes to impact the develop-
ment of visual word recognition skills is that it instills in the
learner a sensitivity to component features of spoken words,
which creates the metacognitive foundation necessary for learn-
ing to associate visual representations (graphemes) with the pho-
nemes they represent. The process of learning these relations has
been referred to as mastering the alphabetic principle (Liberman
& Shankweiler, 1985; Liberman et al., 1974). Deficits in PA and
the consequent failure to master the alphabetic principle impede
the development of efficient grapheme-to-phoneme decoding
routines. These decoding skills are typically assessed by pseudo-
word reading tests. Pseudoword reading performance is highly
correlated with PA and, like PA, is also strongly predictive of
word reading outcomes in developing readers (Torgesen, Wagner,
& Rashotte, 1999; Torgesen, Wagner, Rashotte, & Rose et al.,
1999; Vellutino et al., 2004). These results all suggest that initial
phonological processing deficits restrict the development of high
quality lexical representations for print, where lexical quality de-
pends upon adequate integration and binding of orthographic
with phonological and semantic features (Harm & Seidenberg,
1999; Perfetti & Hart, 2001). Thus, PA and pseudoword decoding
are key skills in reading acquisition, and the current study in-
cludes measures of these skills in order to uncover key brain-
behavior relationships that exist across the continuum of early
reading ability.

In seeking to uncover the cause(s) of PA deficits, many investi-
gators have focused on those neurocognitive systems that encode
phonological representations (Elbro, 1996; Fowler, 1991; Goswami
& Ziegler, 2006) on the assumption that these deficits are specific
to this component of language. Others, motivated by the idea that
phonological processing deficits might be reducible to abnormali-
ties in basic sensory or sensorimotor processing, have used tasks
that measure visual motion processing deficits (Demb, Boynton,
Best, & Heeger, 1998; Stein & Walsh, 1997), or auditory processing
deficits, at both shorter (Tallal, 1980; Ahissar and Hochstein, 2004)
and longer (Goswami, Fosker, Huss, Mead, & Szlics, 2010) time
scales; differences between typically developing (TD) and RD read-
ers have been reported for each of these tasks (although some
researchers argue that auditory and visual deficits may be present
only in subsets of RD children; cf., Ramus, White, & Frith, 2006).
Sperling, Lu, Manis, & Seidenberg (2005) and Sperling, Lu, Manis
and Seidenberg (2006) have argued that observed deficits in per-
formance on visual or auditory sensory tasks might arise from
attentional mechanisms that impact signal-noise discrimination,
resulting in what are termed “noise exclusion” deficits (see Ziegler,
Pech-Georgel, George, & Lorenzi (2009) for a similar proposal). At
present, the question of whether phonological deficits are language
specific or not is still a topic of some debate (Castles, McLean, &
McArthur, 2010; Ramus et al., 2006; Snowling & Hulme, 2012).
The current study employed exemplars of both language and
non-language predictor tasks that have been linked to RD (see

below for details) to map out important brain-behavior relations
in beginning readers.

3. Brain research on typical and atypical reading development

Much of what is known about systems-level neurobiological
differences that discriminate typically from atypically developing
readers has come from neuroimaging studies of older children or
adults who have either mastered, or failed to master, basic word
reading skills (see Pugh et al. (2010) for a review). Functional neu-
roimaging studies have consistently shown differences between
TD and RD readers at those left hemisphere (LH) regions that com-
pose a distributed circuitry for word reading (Brunswick, McCrory,
Price, Frith, & Frith, 1999; Meyler et al., 2007; Pugh, Mencl, Jenner
et al., 2000; Rumsey et al., 1997; Salmelin, Service, Kiesila, Uutela,
& Salonen, 1996; Shaywitz et al., 1998, 2002; Temple et al., 2003).
The most common finding is that RD readers tend to under-acti-
vate LH posterior areas, especially temporoparietal (TP) and occip-
itotemporal (OT) networks. This disruption is also evinced as
reduced functional connectivity among these regions (Hampson,
Olson, Leung, Skudlarski, & Gore, 2004; Horwitz, Rumsey, & Don-
ohue, 1998; Pugh, Mencl, Shaywitz et al., 2000). In addition, RD
readers often, but do not always, show evidence of two apparently
compensatory responses to their LH posterior dysfunction: an in-
creased functional role for right hemisphere (RH) posterior regions
(Sarkari et al., 2002; Shaywitz et al., 1998; Simos et al., 2002) and
increased bi-hemispheric frontal lobe activation (Brunswick et al.,
1999; Shaywitz et al., 1998; 2002).

Structural neuroimaging studies have identified coarse-grained
anatomic differences, such as reduced grey matter volumes in RD,
at those regions with reported functional anomalies, including TP
(Brambati et al., 2004; Brown & O’Regan, 2001) and OT (Kronbich-
ler et al., 2008; Silani et al., 2005). Diffusion tensor imaging studies
also indicate that individuals with RD have anomalous white mat-
ter tracts connecting LH reading-relevant cortical networks, possi-
bly reflecting reduced myelination in RD (Beaulieu et al., 2005;
Klingberg et al., 2000; Niogi & McCandliss, 2006).

Although extant findings with older children or adults reveal a
strong association between reading abilities and the structural and
functional integrity of LH posterior cortical systems (especially TP
and OT) that support word reading, only a few studies to date have
examined these relationships in emergent readers. In one such
study, Raschle, Chang, & Gaab (2011) used structural imaging
methods and identified reduced gray matter volume at both TP
and OT regions in high-risk kindergarten pre-readers; because
these anatomical differences pre-date reading experience the
authors suggest that neurobiological anomalies may be causally re-
lated to later reading difficulties rather than a result of them. Func-
tional activation differences at TP and OT sites have also been
observed in low and high-risk kindergarten children (Specht
et al., 2009). In a longitudinal study of children (from 7 to 12 years
of age at onset) of varying reading levels, Ben-Shachar, Dougherty,
Deutsch, and Wandell (2011) report that a region at the left OT
sulcus develops increasing specialization for words over the first
few years of reading instruction. Moreover, a recent study by Blau
et al. (2010) examining high-risk beginning readers (age 6) who
were undergoing a training program that reinforced grapheme-
to-phoneme mapping skills showed that activation of the left OT
depended on these trained skills (see Brem et al. (2010) for similar
findings). In another recent study Yamada et al. (2011) examined
print processing during a one-back task for letters versus false font
stimuli in typically developing and high-risk kindergarten children
at the beginning and middle of the school year. High-risk children,
relative to typically developing children, showed reduced LH
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parietal activation at the first session and greater frontal lobe and
RH involvement at the second session, indicating that these regions
may play an important role in discriminating TD from RD learners
at early stages of reading development. Thus, extant studies of
young children reinforce the importance of those same LH poster-
ior networks that come to support skilled word reading in older
children and adults.

However, it seems reasonable to speculate that the early learn-
ing circuitry must include a more widely distributed set of cortical
and subcortical networks to support the difficult work of learning
to bind orthographic with phonological and semantic codes as chil-
dren cope with the cognitive and linguistic demands of learning of
becoming fluent decoders. With respect to this learning circuitry,
we Pugh, Mencl, Jenner et al. (2000) and Pugh et al. (2010) have
put forward a general neurodevelopmental hypothesis which pos-
its that distributed LH and RH temporal and parietal (dorsal) net-
works, operating in conjunction with frontal lobe networks
(especially inferior frontal gyrus, IFG), are doing the computational
work of initially developing PA (Katzir, Misra, & Poldrack, 2005)
and then encoding relations among orthographic, phonological,
morphological, and semantic features of words. Over time this
relational knowledge will shape the computational organization
(Dehaene & Cohen, 2011) and connectivity (Price & Devlin, 2011)
of LH ventral cortex (especially the LH OT region, which includes
the putative Visual Word Form Area, VWFA) that will come to sup-
port fluent word recognition in older readers (McCandliss, Cohen,
& Dehaene, 2003; Pugh, Mencl, Jenner et al., 2000). Therefore, for
beginning readers, we anticipate that along with TP and OT, an ar-
ray of bilateral posterior and anterior cortical networks (cf., Shay-
witz et al., 2002; Turkeltaub, Gareau, Flowers, Zeffiro, & Eden,
2003) will show strong associations with individual differences
in reading and reading-relevant cognitive skills.

More generally, learning to decode printed words fluently and
automatically is a prototypical example of cognitive skill acquisi-
tion or expertise learning. This would suggest that, along with
those cortical regions described above, cortical-basal ganglia-
thalamic pathways implicated in procedural learning (Ullman
and Pierpont, 2005) would also discriminate TD and RD beginning
readers as they learn to automate word recognition. Involvement
of the basal ganglia or thalamus in neuroimaging studies of word
reading (Binder, Medler, Desai, Conant, & Liebenthal, 2005; Preston
et al., 2010; Seghier & Price, 2010; Turkeltaub, Eden, Jones, &
Zeffiro, 2002) and print word learning (Pugh et al., 2008) have been
reported; moreover, lesion studies also suggest that damage to
subcortical foci, including the basal ganglia and thalamus, can neg-
atively impact language and reading performance (Crosson, 1999).
A role for thalamic nuclei in the development of reading (and their
variable functioning in good and poor readers) might also be ex-
pected given post-mortem studies of RD adults that found abnor-
mal cellular organization in the lateral geniculate nucleus (LGN)
and medial geniculate nucleus (MGN) of the thalamus (Galaburda,
LoTurco, Ramus, Fitch, & Rosen, 2006; Galaburda, Sherman, Rosen,
Aboitiz, & Geschwind, 1985). Finally, greater cerebellar involve-
ment in emergent readers might be important for early develop-
ment given the association of this region with skill acquisition
(Nicolson, Fawcett, & Dean, 2001; Shankweiler et al., 2008). In
sum, along with LH posterior networks including TP and OT, we
hypothesize that the learning circuitry will consist of a widely dis-
tributed array of cortical and subcortical networks operating in
support of mastery of word decoding.

4. Present study

The aim of the current study is to gain a deeper understanding
of those brain pathways that mediate individual differences in

learning to read. A primary focus of the study is to explore whether
individual differences in reading-related skills among early readers
will be associated not only with relative involvement of well-
established LH posterior regions such as OT and TP, but also with
more broadly distributed bi-hemispheric networks and with sub-
cortical regions associated with general skill learning. A second fo-
cus is on the relations among varied predictor tasks. Given that
sensory and phonological deficits correlate with one another and
with reading, the current study uses indices of both in relation to
each other and to the neurobiological pathways for reading.
Although these analyses will not adjudicate debates about causal-
ity (for which longitudinal data are required; cf. Johnson et al,,
2009), examining relations among diverse predictors of reading is
important for understanding the extent to which they influence
the developing reading circuitry via shared or distinct brain path-
ways (Tallal & Gaab, 2006), and this is an important first step to-
ward causal models.

In summary, we employ a brain-behavior analysis framework
to identify those cortical and subcortical networks that best dis-
criminate children with better or worse reading readiness skills
(assessed with multiple measures). Although differences between
some brain regions are expected (e.g., LH TP and OT), the precise
topology of this skill-correlated circuitry is still largely unknown
at present given the relative paucity of studies with young emer-
gent readers.

5. Methods
5.1. Participants

We examined a cohort of beginning readers, whose reading
abilities range along a continuum from conventionally RD to supe-
rior readers. Data was taken from the initial testing visits of an
ongoing longitudinal study that includes multiple behavioral mea-
sures and fMRI data. Sixty-two speakers of English (37 males; 25
females) participated in the experiment in exchange for payment.
Participants were recruited through the Yale Reading Center. All
participants had normal or corrected-to-normal vision, normal
hearing, no history of neurological impairment or psychiatric dis-
order, and a full-scale IQ of at least 80. Participants ranged in age
from 5.47 to 8.89 years at time of testing (mean: 7.7). Informed as-
sent was obtained in compliance with Yale University’s human
subjects protection guidelines. Examination of the scores on our
reading battery reveals that approximately 16% (10 of 62) of the
sample had averaged standard scores of 90 or less (at or below
the 25th percentile) on a composite TOWRE score (based on word
and pseudoword reading subtests), which falls into conventional
RD range, and five children had composite scores < 95, including
one participant who had a previous diagnosis of RD based on clin-
ical evaluation.

5.2. Behavioral testing

Prior to functional imaging, participants completed a behavioral
battery to characterize their reading, language, and general cogni-
tive skills. Measures were obtained from five standardized test bat-
teries: the Woodcock-Johnson Il Tests of Achievement (W]J;
Woodcock, McGrew, & Mather, 2001); the Tests of Word Reading
Efficiency (TOWRE; Torgesen, Wagner & Rashotte, 1999); the Com-
prehensive Test of Phonological Processing (CTOPP; Wagner,
Torgesen, & Rashotte, 1999); the Peabody Picture Vocabulary Test
(PPVT III; Dunn & Dunn, 1997); and the Wechsler Abbreviated
Scale of Intelligence (WASI; The Psychological Corporation, 1999).
For the purposes of the current study we were interested in the
phonological measures: a PA task (Elision from CTOPP) and a timed
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Table 1
Descriptive statistics for the sample (N=62) on age, standardized behavioral
measures, temporal order judgment, and fMRI task performance.

Mean SD Range

5.47-8.89

Age 7.70 0.69

Age-normed standard scores
CTOPP elision 12.08 3.17 5-18

TOWRE sight word efficiency 109.79 15.46 81-145
TOWRE phonemic decoding efficiency 106.33 15.21 79-145
WIJ-III letter-word ID 114.98 15.48 88-142
WIJ-III word attack 112.85 12.40 86-138
WIJ-III passage comprehension 108.32 13.18 87-134
PPVT 113.90 13.33 84-154
WASI performance 1Q 111.43 17.45 80-151
Temporal order judgment

Accuracy 66.00 22.80 16.67-100
Reaction time 1288 343 742-2124
fMRI task performance

Sensitivity (A-prime) 0.88 0.11 .48-99
Bias (Bp) 0.15 0.24 —.64-.70
Speech accuracy 85.16 10.23 54-99
Print accuracy 83.64 14.26 43-99

Notes: Standard scores mean = 100, SD = 15 except for CTOPP, for which mean = 10,
SD = 3. CTOPP = Comprehensive Test of Phonological Processing; TOWRE = Tests of
Word Reading Efficiency; WJ-IIl = Woodcock-Johnson Tests of Achievement; PPVT-
IIl = Peabody Picture Vocabulary Test; WASI=Wechsler Abbreviated Scales of
Intelligence.

measure of pseudoword decoding efficiency (PDE from the
TOWRE).

We also included a Temporal Order Judgment (TOJ) task devel-
oped by Tallal (1980). This task measures perception of perception
of rapid successions of tones and is typically interpreted as an in-
dex of auditory sensory processing. As discussed above, the inclu-
sion of the TOJ task in the current analysis is motivated by the
finding that performance on this non-language task is often corre-
lated with phonological and reading skills (Tallal, 1980; Tallal &
Gaab, 2006; but see Ramus (2003 ) for data suggesting that TOJ def-
icits hold only for subsets of RD readers). Participants are trained to
indicate via a button press whether they hear a high tone (305 Hz)
or a low tone (100 Hz). Participants are then presented 75 ms tone
pairs, separated by a 425 ms interstimulus interval (ISI), and asked
to press buttons to indicate the correct order of the two tones
(low-low; low-high; high-low; high-high). During these training
trials, feedback is provided to indicate a correct response (smiley
face) or an incorrect response (sad face). After training, participants
receive a rapid perception test during which tone pairs are pre-
sented without feedback at each of six ISIs (8, 15, 30, 60, 150 or
305 ms).

Although these three tasks (PA, PDE, TOJ) make very different
demands on cognitive, language, and metacognitive processes, all
have been linked to the cognitive phenotype of RD.

Summary statistics for performance on the standardized tests
and TO]J task are provided in Table 1. Note that we present age-ad-
justed standard scores for describing the sample, which are easily
compared to other samples; however, raw scores are used in all
analyses because our interest is in correlations with skill, not skill
relative to children of the same age.

5.3. fMRI paradigm

We employed a cue-target identity task with an event-related
protocol that required a match/mismatch judgment on each trial
via a button press (see Frost et al., 2009 and Preston et al., 2010
for recent studies using this paradigm; see Fig. 1 for a schematic
of the task). Participants viewed a picture of an animal or common
object (e.g., a picture of a dress) in the upper central portion of the
display with an empty box beneath, followed by a series of trials on

<) [drain]

Fig. 1. Schematic of the fMRI paradigm. A picture cue is displayed and participants
make a series of identity match/mismatch judgments to print and speech tokens.
Figure is reprinted from Frost et al. (2009) with permission.

which word and pseudowords were presented to eye or ear. Each
picture remained on the screen through approximately a quarter
of the run after which it was replaced by another picture. Prior
to the experiment participants were shown the pictures to ensure
familiarity and name agreement. Pictures were initially presented
on the screen alone, allowing sufficient time to model separately
the evoked responses to processing of the picture cues and for par-
ticipants to encode the picture for comparison to the stimuli on
subsequent trials. The majority of trials (80%) consisted of mis-
matches between the picture and print or speech target; only data
from mismatch trials were included in analyses so that brain re-
sponses were compared on a common mismatch decision. Condi-
tions considered in this report are auditory and printed
monosyllabic words (e.g., DREAM) and pseudowords (e.g. DREAK).
Print stimuli were displayed in the box beneath the picture cue in
18-point Verdana font and speech stimuli were presented through
MR compatible headphones. Stimulus presentation and response
collection was controlled by a PC running E-prime 1.2 (Psychology
Software Tools Inc., Pittsburgh, PA). Participants completed train-
ing in a mock scanner prior to fMRI in which they were played
examples of the task and scanner noise while receiving feedback
on movement.

5.4. fMRI acquisition and analysis

fMRI data were acquired using a Siemens 1.5 T Sonata scanner
at the Yale School of Medicine. Participants’ heads were immobi-
lized in a circularly polarized head coil with a neck support, foam
wedges, and a restraining band drawn across the forehead. Prior
to imaging, 20 axial-oblique anatomic images (TE (echo time)
11ms; TR (repetition time) 420ms; FOV (field of view)
20 x 20 cm; 6 mm slice thickness, no gap; 256 x 256 x 1 NEX
(number of excitations)) were prescribed parallel to the intercom-
missural line. Activation images were collected using single shot,
gradient echo, echo-planar acquisitions (FA (flip angle) 80°; TE
50 ms; TR 2000 ms; FOV 20 x 20 cm; 6 mm slice thickness, no
gap; 64 x 64 x 1 NEX) at the same 20 slice locations used for ana-
tomic images. High-resolution anatomical images were gathered
for 3D reconstruction (sagittal MPRAGE acquisition, FA, 8°; TE,
3.65 ms; TR, 2000 ms; FOV, 25.6 x 25.6 cm; 1 mm slice thickness,
no gap; 256 x 256 x 1 NEX; 160 slices total). Trials were presented
at jittered intertrial intervals (ITIs) of 4, 5, 6, and 7 s durations with
occasional longer ITIs (i.e., null trials); visual targets remained
onscreen for 2s. A maximum of 10 imaging runs of 3:46 each
(3:38 plus 8 s for image stabilization) was obtained for each partic-
ipant (median = 8), with all conditions represented in each run.

Data analysis was performed using software written in MATLAB
(Mathworks, Natick, MA). Images were sinc-interpolated to correct
for slice acquisition time, motion-corrected with SPM-99 (Friston,
Holmes, Poline, Price, & Frith, 1995) and spatially smoothed with
a 5.15 mm FWHM Gaussian filter. Images exceeding 2 mm dis-
placement or 2° rotation from the first image in the entire func-
tional series were discarded, as well as images that exceeded an
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image-to-image change of 1 mm displacement or 1 mm rotation.
Using this criteria all subjects had usable data from at least 6 func-
tional runs. Single-subject event-related analysis used a regres-
sion-based method for direct estimation of the hemodynamic
response for each trial type, at each voxel separately, without prior
specification of a reference function (Miezin, Maccotta, Ollinger,
Petersen, & Buckner, 2000). Parameters from this regression model
were used to uniquely estimate the mean response for each condi-
tion from -3 to +15 s relative to stimulus onset. Subject activation
maps were created using the regression estimates to calculate the
mean difference in activity for an activation period (3-8 s post trial
onset) relative to a baseline period (0-3 s prior to trial onset) for
each condition. Linear contrasts for effects of interest were applied
to these regression estimates to obtain contrast images for each
participant. Prior to across-subjects analysis, a nonlinear transfor-
mation was obtained for each participant using Biolmage Suite
(www.bioimagesuite.org), mapping between the subject-space
high-resolution anatomic and the standard brain space defined
by the Montreal Neurological Institute (MNI) “Colin” brain
(www.bic.mni.mcgill.ca), and this transformation was applied to
the single-subject activation maps, with trilinear interpolation,
into 2 mm isotropic MNI space.

6. Results
6.1. fMRI task performance

Given the 80-20 ratio of mismatch to match responses,
non-parametric measures of sensitivity (A’) and bias (Bp) were
calculated to assess performance and reported in Table 1, along
with accuracy levels for speech and print targets. Potential values
for A range from 0 (no sensitivity) to 1 (perfect sensitivity) and
for Bp from —1 (complete Match bias) to +1 (complete Mismatch
bias); thus the observed values of 0.88 and 0.15 respectively
show high sensitivity and little bias, indicating that the task was
developmentally appropriate for our participants.

6.2. Behavioral intercorrelations and word reading predictors

As discussed earlier, performance on measures of PA, pseudo-
word reading, and rapid auditory processing are typically corre-
lated, both with each other and with word reading skill. As
shown in Table 2, this was true in the current sample: Pearson
(r) correlations among raw scores for our measures of PA (CTOPP
Elision), timed printed pseudoword decoding (PDE), and rapid
auditory processing (TOJ') were all significant, and the measures
were all correlated with our timed measure of word reading skill
(TOWRE Sight Word Efficiency) (r range from 0.387 to 0.824; below
the diagonal). This finding of mid-to-high level intercorrelations in
performance suggests the tasks are providing partially redundant
information about the reading-related skills. This motivates analyses
discussed below examining both shared and unshared influences on
reading performance and brain activation during functional scan-
ning. Because our primary analyses utilize raw scores and because
general maturational influences are of interest to many language
researchers Table 2 also shows the correlation values of each skill
measure with participant’s age at time of testing. Although the cor-
relation values are quite weak (likely a consequence of the intention-
ally restricted age range in the study), we also considered whether
variation in age might be an important determinant of the intercor-

! For the temporal order judgment task, we utilized the total number of errors
collapsed across the six ISIs as our dependent measure for analyses. We conducted
analyses in this manner because each ISI only yields four data points, and because the
data were analyzed the same way in Tallal's (1980) original study showing a
correlation between TOJ and reading skill.

Table 2

Correlations among raw scores for measures of PA (CTOPP Elision), timed print
decoding (TOWRE Phonemic Decoding Efficiency), sensorimotor processing (Tempo-
ral Order Judgment accuracy), and time word reading (TOWRE Sight Word Efficiency)
and their correlation with age at time of testing. Values above the diagonal are partial
correlations with the linear effects of age removed from each measure.

TOWRE CTOPP TOJ TOWRE
PDE ELISION ACCURACY  SWE
TOWRE PDE - 618" 443" 813"
CTOPP ELISION 637" - 374" 543"
TOJ ACCURACY 485" 416" - 3117
TOWRE SWE 824" 570" 387" -
AGE 237 212 342" 3232
4 p<.05.
" p<.01.
" p<.001.

relations in task performance. As shown in Table 2 (above the diag-
onal), examination of semi-partial correlations in which variance
linearly related to age was regressed out of each task variable did
not qualitatively change the correlational structure among the tasks;
therefore age has little impact on the shared influences among per-
formance measures in this sample.

6.3. Brain-behavior analytic approach

Given the observed intercorrelations among PA, PDE, and TO],
we used Principal Components Analysis (PCA) to reduce the
dimensionality of our data and gain a better understanding of
how the shared variation relates to individual differences in brain
activation during our functional tasks.> Raw scores from the all
three tasks were entered into PCA using SPSS (version 18.0.3) with
Varimax rotation to force orthogonal factors.®> Results of the PCA
found a single underlying dimension of common variation among
the three variables (identified based on eigenvalues > 1). This princi-
pal component accounted for 67% (eigenvalue =2.01) of the total
variance among the three input variables. Loadings for TOJ, PDE,
and PA were within the same range [.75, .87, .84, respectively], indi-
cating that each of the three variables contributed similarly to the
component.

Principal component scores were extracted for each individual
and then correlated with TOWRE sight word reading scores, show-
ing a strong and significant relationship (r=.733, p <.001), thus
confirming that this shared variance is relevant to reading perfor-
mance in this sample. Next, the principal component scores were
used as predictors of whole brain activation by computing the
Pearson correlation coefficient across subjects, between each sub-
ject’s principal component score and the regression parameter
estimate for print processing (combination of printed words and
pseudowords) and speech processing (the combination of spoken
words and pseudowords) at each voxel separately (Pugh et al.,
1997). Finally, we used partial correlation techniques to examine

2 We utilized Principal Components Analysis because it is the most commonly used
extraction method for dimensionality reduction; however, we also explored other
extraction methods (i.e., maximum likelihood, principal axis factoring, generalized
least squares). Correlations among values for these extraction methods were 0.976
and above, and the set of significant regions obtained in brain-behavior correlation
analyses were identical.

3 To further examine whether a general maturational factor might have any
influence on commonality among our behavioral predictors and thus influence our
brain-behavior analyses, we conducted an analogous PCA on the 3 task variables in
which we first regressed away the variance in each measure that was related to age. A
single PC was obtained that accounted for 65% (eigenvalue = 1.96) of the variance
among the three age-residualized measures. The PCs identified with and without age
related variance were extremely similar (r = .949, p<.001), which again suggests that
age is not a strong determinant of the behavioral or brain-behavioral correlational
structure in this dataset. Thus, all additional analyses simply utilized the PC identified
via the raw metrics.
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dimensions of individual difference that are uniquely associated
with each measure (PA, PDE, TOJ). When the unique variance in a
measure was significantly related to behavioral word reading skill,
we conducted brain-behavior analyses using residual scores to
identify brain pathways that might mediate this unique influence.

6.4. fMRI analyses

6.4.1. Brain-behavior analyses for print

Analyses of baseline activation that measure activation “on
average” indicate that the cue-target identity task produces robust
activations in well-established pathways for both print and speech
(see Supplementary Table 1; however our primary analyses tar-
geted those brain pathways where print (or speech) related activa-
tion varies as function of individual differences in component
scores, reflecting the underlying dimension of common variance
among PA, PDE, and TOJ. Fig. 2 shows the results of the primary
brain-behavior analysis for print. PC scores were positively corre-
lated with print-related activation levels in bilateral posterior thal-
amus (implicating the pulvinar with greater LH than RH
involvement), LH Brodmann Areas 41 and 22 within the superior
temporal gyrus (STG), LH visual cortex (cuneus), LH OT/fusiform
gyrus extending into LH parahippocampal gyrus, LH angular gyrus
(AG), LH inferior frontal gyrus (IFG), RH inferior and middle tempo-
ral gyri (ITG/MTG), precuneus, anterior cingulate, bilateral prefron-
tal cortex (SFC), and RH inferior parietal lobule (IPL) (see Table 3 for
full list of regions sorted by significance levels). To illustrate that
the PC score reflects shared variance across the three predictor
tasks, we present the scatterplots of the simple correlations be-
tween print-related activation and TOJ, PA, and PDE in Fig. 3. This
figure shows correlations in three representative regions: left
superior temporal gyrus, left fusiform gyrus, and left thalamus,
thus reinforcing the implication from the PCA of common
influences.

We also conducted analyses to determine whether the residuals
of each behavioral measure were associated with unique variance
in TOWRE sight word reading. The residuals of PDE were associ-
ated with unique variance in TOWRE sight word reading scores
(r=.575, p<.001); however, neither PA nor TOJ residuals showed
a unique relationship with reading (both p >.6). Thus, individual
regressions of PA and TO]J residual scores onto brain activation data
are of little interest here, given the goal of explicating brain-behav-
ior relationships that influence reading. For the PDE score, two RH
foci (thalamus and fusiform gyrus) and a few small foci in LH fusi-
form and IPL were associated with this measure. With the excep-
tion of RH fusiform region, these findings appear to reflect
increased spatial extent for areas seen in the PCA analyses and
may simply reflect the higher strength of correlation of PDE (the
only predictor task involving print tokens) relative to PA or TOJ
on reading scores in revealing the same general brain pathways.
In short, these findings suggest shared as opposed to unique influ-
ences of these varied skill measures on reading and brain.

6.4.2. Brain-behavior analyses for speech

As a secondary question in this investigation, we also explored
the relation of this PC measure on individual differences in activa-
tion for speech. As shown in Table 4, foci in LH IFG and the precu-
neus (extending to posterior cingulate gyrus) were most
prominent, with additional, smaller foci observed in aspects of
STG and RH thalamus and RH fusiform gyrus. The strong IFG asso-
ciation may suggest a feedback effect of reading-related skills on
listening (Castro-Caldas, Petersson, Reis, Stone-Elander, & Ingvar,
1998); in short, children with better reading-related skills appear
to engage attentional and speech motor systems more than those
with poor skills when processing simple spoken words and
pseudowords.

Fig. 2. Areas showing a correlation between activation levels for print (words and
pseudowords) and component scores reflecting shared variance among behavioral
predictors of reading skill. Images are presented in radiological convention with the
left hemisphere on the right side of the images at a univariate threshold of p < 0.01,
corrected for mapwise false discovery rate (FDR; Genovese, Lazar, & Nichols, 2002)
with a cluster threshold of 10 contiguous significant voxels. Numbers of the lower
left side of each slice corresponds to the position along the Z-axis in MNI space.
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Table 3

Regions showing a correlation between the component scores and activation levels
for print (words and pseudowords).

K.R. Pugh et al./Brain & Language xxx (2012) XxX-Xxx

Region Volume  MNI coordinates (peak voxel)
(mm?)
X Y z r-value

L superior temporal gyrus 7776 -56 —44 7 0.556
R inferior parietal lobule 1560 40 —88 24 0.513
R inferior temporal gyrus 936 48 -10 —44 0.512
Cuneus/precuneus 23128 -14 —86 9 0.504
L fusiform/parahippocampal 4120 -30 -50 -18 0.504

gyrus
L thalamus 1856 -12 —26 8 0.483
Anterior cingulate 3752 -2 66 20 0.473
R middle/inferior temporal 2384 54 -4 -28 0.466

gyrus
R lingual gyrus 1776 12 —62 -3 0.463
L superior frontal gyrus 1312 -4 52 34 0.462
Posterior cingulate 2240 -14 -52 10 0.461
R thalamus 1632 18 -32 2 0.442
L parahippocampal gyrus 256 -36 -12 -16 0.435
L anterior superior temporal 592 -48 -2 -6 0.418

gyrus
Superior frontal gyrus 936 22 54 18 0.405
L inferior frontal gyrus 856 -48 28 15 0.402
Anterior cingulate 376 -6 34 2 0.401
R fusiform gyrus 256 36 —52 -18 0.381
L angular gyrus 264 —44 —-62 32 0.366
Precuneus 288 -10 -50 38 0.352

(A) left superior temporal

Activation

(B) left fusiform

Activation

'

25
2
15

9, . 1
. -1 *
-1.5

Performance (z-score)

~T0]
-PA
. PDE

r-Values greater than +0.33 significant at p < 0.01
r-Values greater than +0.41 significant at p < 0.001.

7. Discussion

The primary goal of the current study was to identify brain
pathways that are most strongly associated with individual differ-
ences on measures of three reading-relevant skills (phonological
awareness, decoding, and rapid auditory processing abilities) at
the point in time when the mature circuitry that will come to sup-
port fluent reading is, to a large extent, still coming online. As
anticipated, relative to findings from studies of older cohorts of
good and poor readers (where brain-behavior analyses implicate
LH TP and OT), the skilled-correlated circuitry in beginning readers
appears to be more broadly distributed. We regressed a principal
component score that reflects shared variance among PA, PDE,
and TOJ tasks on activation for print tokens. This brain-behavior
analysis revealed strong positive correlations* between variation
on this cognitive composite score, and neural responses in LH TP,
OT, and IFG, along with visual cortex (cuneus), precuneus, posterior
thalamus (centered in pulvinar), prefrontal cortex, and RH parietal
and temporal networks. Analysis of residual scores for TOJ and PA re-
vealed no unique contributions to reading above and beyond those
shared with one another. At a general level, these results are consis-
tent with the argument that, at least for children in this age range,
individual differences in diverse skill measures on reading and on
the neural pathways that support reading is through shared neuro-
cognitive mechanisms. Finally, although our primary focus in this
study was on examining brain-behavior relations in the early read-
ing circuitry, when PC scores were correlated with activation for
auditory tokens, the most prominent associations were seen at LH
IFG and precuneus. We consider the implications of these findings
in the following sections.

4 Poorer readers are likely processing with greater general effort, but effort-related
effects would be expected to produce negative correlations with skill (i.e., higher skill
should produce less effort and less effort produces lower activation levels). That we
observed only positive correlations between activation and skill is consistent with the
idea that these regions come online as a function of skills.

Performance (z-score)

(C) left thalamus . )

Activation

Performance (z-score)

Fig. 3. Scatterplots and regression lines showing correlations of rapid temporal
order judgment (blue), elision (red), and phonemic decoding efficiency (green)
measures with standardized activation values for print in the left superior temporal
gyrus (A), left fusiform gyrus (B), and left thalamus (C).

Table 4
Regions showing a correlation between the component scores and activation levels
for speech (words and pseudowords).

Region volume  MNI coordinates (peak voxel)
3
(mm?) X Y Z r-value
L inferior frontal gyrus 3576 -38 24 17 0.475
Precuneus 1608 20 —54 36 0.458
Posterior cingulate/precuneus 7744 -6 —58 26 0438
R medial occipito-temporal 696 40 —38 -12 0.435
sulcus
R thalamus 1392 22 -28 2 0.428
R anterior middle temporal 448 40 4 -32 0.397
gyrus
L paracentral lobule 496 -8 —44 54 0396
R precentral gyrus 408 16 -23 60 0.39
L superior temporal 384 -62 —48 11 0.382
gyrus
R supramarginal gyrus 232 54 —54 24 0359

r-Values greater than +0.33 significant at p < 0.01
r-Values greater than +0.41 significant at p < 0.001.
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Along with well-established LH regions, our PCA analyses iden-
tified several RH regions that are positively correlated with reading
skill, including ITG/MTG and parietal loci. RH contributions to
reading are strong early on, and have been shown to diminish with
age and experience in TD but not RD cohorts (Shaywitz et al., 2002;
see also Turkeltaub et al. (2003) for similar findings). The current
findings reinforce the idea that the initial learning circuitry for
TD children contains important but as yet unspecified contribu-
tions from RH networks. We speculate that the RH ITG/MTG reflect
semantic contributions and RH IPL, along with the anterior cingu-
late and prefrontal networks, reflects greater attentional and cog-
nitively controlled processing in emergent readers as they
progress toward increased fluency and automaticity, with corre-
sponding increases in LH OT specialization for processing of
printed language.

The strong association between PC scores and activation of pos-
terior thalamus (including a strong foci in pulvinar) implicates sub-
cortical contributions to early reading. Although not often focused
on in developmental research on reading, there are many findings
that make the current finding unsurprising. A role for the thalamus
in online print learning with older readers has also been observed
in our lab (Pugh et al., 2008). In that study we used fMRI to exam-
ine online repetition learning for printed tokens in TD and RD ado-
lescents and found that, across repeated exposures, changes in
brain activation in LH thalamus discriminated TD from RD learners.
Gaab, Gabrieli, Deutsch, Tallal, and Temple (2007) implicated the
same pulvinar coordinates found here as showing reduced activa-
tion in older RD, relative to TD, children performing a variant of the
TOJ task; moreover, they found increased activation in this same
region for RD children on this task after an intervention (see also
Temple et al. (2000) for similar results with adult RD learners).

At the structural level of analysis, early histology studies re-
ported abnormal magnocelluar organization of the lateral and
medial geniculate nuclei (LGN, MGN) of the thalamus, which is ar-
gued to impact the quality of both visual and auditory sensorimo-
tor processing (Galaburda et al., 1985; Stein & Walsh, 1997). The
current brain-behavior analysis implicates a large swath of thala-
mus, consisting of multiple functionally dissociable components,
and does not provide the granularity necessary to assess relative
involvement of specific nuclei; clearly further studies are needed
more precisely determine whether, for example, LGN or MGN loci
are differentially implicated in this brain-behavior relationship.
The strong involvement of the pulvinar, however, is clear and ro-
bust, and we next consider current understanding on the function
of pulvinar and its anatomical and functional connections.

Animal work shows rich structural connectivity between dorsal
aspects of pulvinar and distributed cortical systems, including
fronto-parietal, superior temporal, and precuneus (Baleydier &
Morel, 1992; Cavanna & Trimble, 2006). Ventral pulvinar has
extensive bidirectional connections with visual areas ranging from
primary visual cortex to the fusiform gyrus, via cortico-thalamo-
cortico loops (Casanova, 2004). In the current study, skill-related
brain-behavior correlations were found with each of these regions,
along with pulvinar; the speculation that this subcortical compo-
nent might play a key role in mediating interactions between
widely distributed visual, language, and attentional regions is not
unreasonable given known pulvinar connectivity (Goldman-Rakic,
1988).

In terms of the functional role of the pulvinar in reading and
language, activation in LH pulvinar has been shown to vary with
attentional and language processing demands for printed words
(Lockwood, Murphy, & Khalak, 1997), and links to acquired reading
deficits with lesions specific to pulvinar have been reported (Cros-
son, 1999). In terms of more general attentional roles, research on
humans and primates indicates that the pulvinar is retinotopically
organized in its ventral aspect (Fischer & Whitney, 2009) and

implicated in the control of visually-guided attention to specific
features in the visual array, especially under experimental condi-
tions where distractors must be ignored (Desimone, Wessinger,
Thomas, & Schneider, 1990; LaBerge & Buchsbaum, 1990; Posner
& Raichle, 1995). Moreover, the pulvinar appears to play a role in
learning to bind visual features during learning (Ward & Jackson,
2002). Following our speculation above regarding a role for the
pulvinar in mediating interactions between visual language and
attentional regions, we suggest that in the context of orthographic
learning the connectivity between pulvinar and ventral visual net-
works may allow for the selection (or attentional enhancement) of
those visual features that will come to shape the functional organi-
zation of the ventral visual pathways for orthographic form learn-
ing. Because orthographic learning is not simply a visual pattern
learning process, but is fundamentally relational and constrained
by phonological, morphological, and possibly semantic knowledge,
we further suggest that as the pulvinar mediates selective atten-
tion to features that shape orthographic learning, it does so with
computational input from regions sensitive to these linguistic
forms, including regions within TP and IFG networks. That atten-
tional processing controlled by pulvinar might influence special-
ization for ventral visual regions via resonance established with
frontal and parietal cortices has been put forward for visual pro-
cessing in general (Serences & Yantis, 2006); however, an exten-
sion to orthographic learning will require more detailed
experimental study.

The present findings trace a distributed, multimodal, attention-
ally-controlled, learning circuit for reading that appears to be oper-
ating more efficiently in children with better reading readiness
skills, which will come to shape print expertise in LH ventral re-
gions. These findings are broadly consistent with our dorsal/ven-
tral developmental model (Pugh, Mencl, Jenner et al., 2000; Pugh
et al.,, 2010), which posited that training the ventral visual pathway
for print expertise is under the control of language-related dorsal
TP and inferior frontal systems. However, that speculative account
was underspecified with respect to exact component cortical net-
works in early reading development, and no consideration of sub-
cortical involvement was made. Along with TP and IFG, the current
findings implicate visually tuned regions, including cuneus and
fusiform gyrus, along with cortical (precuneus) and subcortical
(pulvinar) visual attention networks, general attention regions
including RH IPL and anterior cingulate gyrus, and RH ventral re-
gions, which are also associated with individual differences in
learning to read proficiently.

The behavioral findings from the current study also indicate
that PA, PDE, and TOJ tasks all correlate with reading ability and
have shared influences on reading scores. Furthermore, brain-
behavior analyses suggest that the influence of these measures
on the learning circuitry for reading appear to be via common brain
pathways. It need not have turned out this way - it might well
have been the case that residual analyses would reveal indepen-
dent influences across these measures, particularly for the two
tasks that do not directly involve decoding (TOJ and PA). However,
the data indicate that at least in the young learners in this study,
each of these skills taps a common mechanism associated with sys-
tems-level differences in organization of the emergent reading cir-
cuitry.’ The identification of this common influence on reading
circuits constrains how we think about these measures in relation

5 Note that scores on PA and PDE may be confounded with experiential factors
(good readers tend to read more), whereas scores on TOJ arguably should not (we do
not practice or learn such tasks directly). That individual differences on TOJ share a
link to brain patterns that discriminate reading skill level in this study is consistent
with the conclusion that the anomalous activation of these regions in poor readers is
not simply a reflection of differential experience with print, but likely reflect systems-
level differences in the integrity of those subcortical and cortical networks involved in
learning to read.
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to each other and skill learning more broadly, and suggests value
added for brain-level analyses. As discussed in the introduction, ra-
pid auditory processing is only one of several proposed deficits in
RD related to sensorimotor processing; others include visual motion
deficits (Stein & Walsh, 1997), amplitude modulation deficits (Gosw-
ami et al., 2010), and problems with noise exclusion (Sperling et al.,
2005, 2006). We suggest that future studies might contrast these
with PA and pseudoword decoding, as we have done here, to exam-
ine whether they show common or independent influences on read-
ing and reading circuits.

As discussed earlier, there is an active ongoing debate as to
whether PA difficulties are casually related to rapid auditory pro-
cessing deficits, as well as sensory deficits more broadly. Because
we examined reading at a single time point, data from the current
study do not provide definitive evidence for or against causal rela-
tionships between rapid auditory processing and phonological
abilities, for which longitudinal design are more suitable. However,
the neurobiological findings are generally consistent with a set of
requirements for a causal account for rapid auditory processing
on PA laid out by Tallal and Gaab (2006). These requirements are
(1) that the neurocircuitry associated with individual differences
in both rapid auditory processing and phonological skills overlaps,
and (2) that these overlapping brain regions show differences be-
tween RD and TD. In the current study, we did observe overlapping
brain regions associated for TOJ and PA skills, and these regions are
less activated in poor reader. PA and TOJ are also moderately cor-
related with one another behaviorally (although regression analy-
sis shows that the link from TOJ to reading is weaker than from PA
to reading®). Moreover, abnormal organization of thalamus, particu-
larly MGN, has been speculated to be a major factor in rapid auditory
processing deficits (Galaburda et al., 2006), and the current findings
certainly implicate the thalamus, although we cannot be sure
whether the nuclei implicated the current study included MGN.
However, we must also note that a number of findings from the
behavioral literature favor a non-causal account, either failing to find
an association between rapid auditory deficits and phonological pro-
cessing when controlling for factors like attention (Breier, Fletcher,
Foorman, Klass, & Gray, 2003; Landerl & Willburger, 2010) or finding
that this relationship holds only for subsets of RD learners, with sim-
ilar skill-related distributions seen in non-RD cohorts (Ramus, 2003).
Moreover, at least one recent longitudinal study failed to find sup-
port for a causal path from rapid auditory deficits to PA over the
early stages of learning to read (Johnson et al., 2009). The current
findings of shared brain pathways do not demand a causal model,
of course, because it may simply be the case that rapid auditory
and phonological processing depend on common cortical and sub-
cortical networks and that these are less than optimally organized
in RD learners (see Ramus et al. (2006) for a similar argument).
Clearly, longitudinal studies with integrated brain-behavior designs
will be a key for resolving this debate going forward.

Finally, our finding that individual differences in PC scores,
when regressed on activation during spoken word and pseudo-
word processing, implicate speech motor systems in IFG is intrigu-
ing in that it may be indicative of a feedback effect of reading-
readiness on speech perception. Previous research that has found
that degree of speech motor (supplementary motor and IFG)
involvement during speech perception tasks is higher when pro-
cessing demands greater segmental processing or attention to pho-
netic details (Peschke, Ziegler, Eisenberger, & Baumgaertner, 2012;
Zatorre, Meyer, Gjedde, & Evans, 1996). It may be the case that our

5 We regressed the two non-print related measures, PA (Elision), and TOJ scores, on
word reading scores from the TOWRE Sight Word Efficiency subset. This model
accounted for 35% of the variance in timed word reading. The beta weight for PA was
significant (f=1.88, p <.001), but the beta weight for TOJ was not (p >.10). This
indicates that PA was more strongly associated with reading than TO]J in this cohort.

data indicate a feedback from learning to read on processing
speech such that children further along the literacy curve are more
focused on componential features in general, and thus listen to
words with greater attention to phonetic features. This is specula-
tive of course, but should be examined in future studies aimed at
exploring how learning to read affects spoken language abilities.

8. Conclusions

The present findings identify reading relevant subcortical and
cortical regions that we can target in the future to challenge con-
trasting accounts of RD more directly. In addition, whatever the
causal relations between rapid auditory processing, phonological
processing, and reading skills, the findings from the current study
point to common neurocognitive influences on reading develop-
ment and the brain pathways that underlie it, and suggest that
all of these indices are serving as general assays of skill. At a more
detailed level, our findings suggest the need to include greater fo-
cus on subcortically-mediated reorganization of ventral visual
pathways via attentionally-mediated links to distributed LH and
RH language networks as children learn to read more fluently. A
proper neurobiological theory of early reading difficulties will need
to further specify the computational mechanisms that, via these
identified cortical and subcortical pathways, constrain progress
in learning to decode printed words. Finally, prospective longitudi-
nal research with neurobiological and behavioral measures will be
critical to address which early factors within the developing brain
best predict whether reading will or will not eventually become
fully automated.
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