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Learning to associate auditory information of speech sounds with visual information of letters is a first and critical step for
becoming a skilled reader in alphabetic languages. Nevertheless, it remains largely unknown which brain areas subserve the
learning and automation of such associations. Here, we employ functional magnetic resonance imaging to study letter-speech
sound integration in children with and without developmental dyslexia. The results demonstrate that dyslexic children show
reduced neural integration of letters and speech sounds in the planum temporale/Heschl sulcus and the superior temporal
sulcus. While cortical responses to speech sounds in fluent readers were modulated by letter-speech sound congruency with
strong suppression effects for incongruent letters, no such modulation was observed in the dyslexic readers. Whole-brain
analyses of unisensory visual and auditory group differences additionally revealed reduced unisensory responses to letters in
the fusiform gyrus in dyslexic children, as well as reduced activity for processing speech sounds in the anterior superior
temporal gyrus, planum temporale/Heschl sulcus and superior temporal sulcus. Importantly, the neural integration of letters
and speech sounds in the planum temporale/Heschl sulcus and the neural response to letters in the fusiform gyrus explained
almost 40% of the variance in individual reading performance. These findings indicate that an interrelated network of visual,
auditory and heteromodal brain areas contributes to the skilled use of letter-speech sound associations necessary for learning to
read. By extending similar findings in adults, the data furthermore argue against the notion that reduced neural integration of
letters and speech sounds in dyslexia reflect the consequence of a lifetime of reading struggle. Instead, they support the view
that letter-speech sound integration is an emergent property of learning to read that develops inadequately in dyslexic readers,
presumably as a result of a deviant interactive specialization of neural systems for processing auditory and visual linguistic
inputs.
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Introduction

Learning to read is an important milestone in individual cognitive
development characterized by the complex interplay of various
kinds of skills and knowledge (Adams, 1994). However, the first
critical step in reading development and the focus of most early
reading instruction is to learn the correspondences between visual
letters and auditory units of speech (speech sounds) (Ehri, 2005).
Successful acquisition of letter—speech sound associations, in turn,
has been theorized to be critical for the development of fluent
reading skills by impacting the early phases of literacy acquisition
(Bradley and Bryant, 1983; Ehri, 2005). Once letter-speech sound
associations have been successfully formed they may consequently
refine a child’'s awareness for the existence of isolated speech
sounds. Thus, the relationship between reading acquisition and
awareness for speech sounds is likely to be reciprocal (Perfetti
et al., 1987; Wagner and Torgesen, 1987; Torgesen et al.,
1994; Ehri, 2005; Ziegler and Goswami, 2005).

In largely transparent languages, such as Dutch, most
school-aged children fully master letter-speech sound associations
within one year of reading instruction (Blomert and Vaessen,
2009). Nonetheless, a substantial number of individuals fail to
meet the standard criteria for fluent reading even after several
years of schooling. Specific reading disorder (or developmental dys-
lexia), which affects ~4-10% of the population (Esser et al., 1990;
Shaywitz et al., 1990; Blomert, 2005), is characterized by persistent
difficulties in reading and/or spelling that are unexpected in relation
to age, motivation or other cognitive abilities (Lyon et al., 2003).
Advances in understanding the origin of dyslexia support a core
deficit in phonological processing characterized by difficulties in
recognizing and manipulating the sound structure of language
(Share, 1995; Snowling, 2001; Vellutino et al., 2004; Shaywitz
and Shaywitz, 2005). Although various other factors may play a
role as well (Livingstone et al., 1991; Tallal et al., 1993; Stein and
Walsh, 1997; Nicolson et al., 2001), impaired phonological aware-
ness constitutes the most common behavioural explanation for
reading failure (Ramus, 2003). Given this primacy of phonological
deficits and the reciprocity between reading and phonological
awareness in dyslexia, it is surprising that the learning of letter—
speech sound associations and the neural mechanisms supporting
it have hardly been investigated as a function of reading ability.

In literate adults, functional MRI (fMRI) has been employed
to reveal the involvement of superior temporal cortex (superior
temporal gyrus/superior temporal sulcus) and auditory cortex
(Heschl sulcus/planum temporale) in the integration of letters
and speech sounds (Raij et al., 2000; van Atteveldt et al., 2004,
2007). More importantly, we recently tested the hypothesis that
dyslexic adult readers differ from controls in letter-sound integra-
tion (Blau et al., 2009). The results showed that, relative to fluent
readers, dyslexic readers underactivate the superior temporal gyrus
for the integration of passively presented letter-speech sound
stimuli. This reduced integration was directly associated with
reduced auditory processing of speech sounds, which in turn

predicted performance on phonological tasks. This finding sug-
gested that the ability to integrate letters efficiently with speech
sounds might indeed be one of the direct neurofunctional corre-
lates of reading failure. Intervention studies furthermore provide
good evidence for the relevance of letter—speech sound associa-
tions in learning to read as many training protocols include a con-
dition focused on teaching such associations (Simos et al., 2002;
Aylward et al., 2003; Shaywitz et al., 2004; Eden et al., 2004).
A consistent result seen in these studies has been behavioural
improvements in reading ability as well as changes in brain
activation in the left temporoparietal cortex. An important ques-
tion that arises in response to such findings is whether the
observed neural deficit in integrating letters and speech sounds
resulted from a lifetime of reading difficulties or constituted a
more fundamental problem instrumental in producing later reading
failure.

To date, paediatric fMRI studies have not directly investigated
the associations of letters and speech sounds. Instead, often
complex phonological tasks have been employed to study reading
impairments in children, such as pseudoword reading or visual
rhyming (Temple et al., 2001; Shaywitz et al., 2002; Cao et al.,
2006; Hoeft et al., 2007). These studies converge on the finding
of underactivation in perisylvian cortex and occipito-temporal gyri
in dyslexia. Moreover, deviant patterns of activation in frontal
cortex are reported in some but not all child fMRI studies
(Maisog et al., 2008; Gabrieli, 2009). What is not clear from
these studies is to what degree the rather complex phonological
tasks tap into the neural mechanisms related to the processing of
the most basic orthographic and phonological stimuli (letters,
speech sounds) and their combinations.

Given the relevance of letter—speech sound associations for
learning to read and reading failure, the main goal of the present
fMRI study was to investigate directly the neural correlates sub-
serving the processing and integration of letters and speech
sounds in early reading development. In contrast to previous
developmental fMRI studies, we used a basic perceptual task in
an attempt to study stimulus-induced rather than task-induced
group differences in neural activity. Moreover, the two reading
groups in the present study were well-matched in age and educa-
tional standard, in order to control for maturational and experien-
tial changes that otherwise might interfere with reading-related
group effects. Importantly, the selected age range coincides with
the earliest time in development at which reading disabilities
are typically diagnosed and hence one of the earliest possible
time-points to investigate the neurocognitive basis of letter—
speech sound integration in dyslexia. An additional goal of the
present study was to investigate whether potential letter-speech
sound integration deficits in dyslexic children are related to the
processing of those same stimuli presented in unisensory condi-
tions. Given the proposed reciprocal connection between speech
and print (Ziegler and Goswami, 2005), insights into the
neurofunctional mechanisms supporting the visual, auditory and
audiovisual aspects of letter-speech sound processing seem critical



Letter-sound binding in child dyslexia

for understanding the emergence of reading difficulties in dyslexia.
Finally, we examined whether the neural processing of letters,
speech sounds and their combination correlated with behavioural
performance on reading and reading-related tasks to further probe
the hypothesis that a neural deficit in letter-speech sound integra-
tion is indeed predictive of reading failure.

Methods

Participants

Eighteen children with a diagnosis of dyslexia [mean age: 9.39, stan-
dard deviation (SD): 0.43, one female] and 16 children without read-
ing impairment (mean age: 9.43, SD: 0.44, four females) participated
in the study. All subjects were healthy, right-handed, native Dutch
speakers with normal or corrected-to-normal vision and normal audi-
tion. Dyslexic subjects were recruited via the Dutch Regional Institute
for Dyslexia and diagnosed using an extensive, standardized
cognitive-behavioural test procedure. Non-impaired readers were
recruited via local schools. The groups were matched for educational
level, age, handedness and 1Q, (=85, Wechsler Intelligence Scale esti-
mated 1Q within 1 SD of norm) and were tested on various measures
for reading status using a standard test battery (Blomert and Vaessen,
2009). These included a computerized reading test consisting of three
levels of difficulty comprising high-frequency, low-frequency and
pseudowords. Two measures were derived from this test: overall
reading score, reflecting a combination of speed and accuracy
(number of correct words read in 1.5min), and a separate accuracy
score (number of words read correctly/ total number of words read).
Next to the reading test, the battery further included a
phoneme-deletion task in order to assess subjects’ phonological
abilities, a decoding (i.e. spelling) task and a letter-to-sound matching
task. Criteria for dyslexia were based on a discrepancy score between
performance on the reading test and 1Q, according to which children
with a standard reading score within the lower 10th percentile, but
average 1Q score were classified as dyslexic (Table 1). Informed
consent was obtained from children and parents, in accordance with
the local ethical guidelines.

Stimuli and task design

Stimuli were visual letters and auditory speech sounds corresponding
to Dutch single letters (consonants: b, d, g, h, k, |, n, p, r, s, t, 7
vowels: a, e, i, y, o, u) adapted from van Atteveldt et al. (2004).
Stimuli  were presented using the software Presentation
(Neurobehavioral Systems Inc., Albany, USA) in blocks corresponding
to four experimental conditions: unisensory letters, unisensory speech

Table 1 Offline behavioural performance
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sounds, multisensory congruent letter—speech sound pairs, multisen-
sory incongruent letter-speech sound pairs. During multisensory stim-
ulation, stimuli were presented simultaneously. The experiment
included four experimental runs, eight blocks and nine fixation periods
each. One block (20.8s) consisted of four miniblocks (see ‘image
acquisition’). Each block contained 16 stimuli (four per miniblock)
and was repeated twice per run, resulting in 128 stimuli per condition.
The order of blocks was pseudo-randomized within runs and the order
of runs was counterbalanced across subjects. Children were instructed
to listen carefully to the speech sounds and/or view the letters. To
ensure that children attended to the stimuli, a line drawing
(‘nemo’-fish), a voice (saying ‘nemo’), or a combination of the two
was presented (8/128 trials or every 45s on average)
pseudo-randomized. Children were instructed to detect the stimuli
by pressing a button.

Image acquisition

All children were acquainted to the scanning environment and trained
to hold still using a simulation scanner. In the actual fMRI session,
blood-oxygen-level-dependent signals were measured using a 3T
Siemens head scanner (Allegra; Erlangen, Germany). Functional MRI
data were acquired using a T,"-sensitive gradient echo planar imaging
sequence covering the whole-brain (24 slices, slice-thickness 4.5 mm,
3x3 in-plane resolution, repetition time=5.2s, slice/echo
time=63/32ms, field of view: 192 mm?, matrix size: 64 x 64 x 24).
Volume acquisition time was 1.5s followed by a silent delay of 3.7 s
in which stimuli were presented, resulting in a total repetition time of
5.2s. The long inter-scan delay was used to minimize the effects of
scanning noise on experimental activation (van Atteveldt et al., 2004).
A high resolution Ti-weighted anatomical image (voxel size:
1x1x1mm®) was acquired for each subject using a three dimen-
sional gradient echo sequence (Alzheimer's Disease Neuroimaging
Initiative-magnetization prepared rapid gradient echo 192 slices,
1mm slice-thickness, repetition time=2.25s, echo time=2.6ms, flip
angle =9 degrees, matrix size: 256 x 256) optimized for morphometric
analyses of MRI data across platforms (Jack et al., 2008).

fMRI data analysis and statistics

Imaging data were analysed using BrainVoyager QX (Brain Innovation,
Maastricht, the Netherlands). Functional data were preprocessed
to correct for slice scan time differences (using sinc interpolation),
3D motion artifacts (trilinear interpolation), linear drifts, and
low-frequency non-linear drifts (high pass filter <3 cycles/time
course). No spatial or additional temporal smoothing was applied.
Functional data were then co-registered with the anatomical volume
and transferred into standard stereotaxic space using Talairach normal-
ization (Talairach and Tournoux, 1988).

Phoneme deletion Phonological decoding Reading Letter—speech sound matching

Cont Dys t* Sig. Cont Dys ¢ Sig. Cont Dys t Sig. Cont Dys t Sig.
Accuracy (sum score) 84 57 39 0.00 89 69 5.1 0.00 91 90 0.7 0.49
Speed (seconds) 2.6 61 -6 000 24 3.9 -54 0.00 1.4 1.9 -3.6 0.00
Accuracy + speed® 64 7.0 81 0.0

(percentile score)

a Between-group t-values are reported at df =32; Cont=fluent readers; Dys = dyslexic readers.
b Percentile scores are based on Dutch norms for elementary-school children (Blomert and Vaessen, 2009).
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Statistical maps were generated by modelling the evoked haemody-
namic response for all four conditions (letters, speech sounds, congru-
ent letter-speech sound pairs, incongruent letter-speech sound pairs)
as boxcars convolved with a two-gamma haemodynamic response
function in the context of the general linear model. Population-level
inferences concerning blood-oxygen-level-dependent signal changes
between the experimental conditions were based on a random effects
model with predictors separated for each subject. Statistical compari-
sons between conditions were based on percentage-normalized beta
values.

The first general linear model (GLM1) was a single-factor model
including the four conditions as separate predictors used to determine
brain regions involved in processing unisensory and multisensory pro-
cessing across all subjects. Moreover, two separate general linear
models were computed for fluent and dyslexic readers in order to
evaluate the spatial pattern of activation in each reading group sepa-
rately (GLM2 and GLM3, Fig. 1). The beta values from GLM1 served
as input for the calculation of statistical comparisons based on reading
ability. Brain regions sensitive to the interactions between reading
status and letter-speech sound congruency were of particular interest
as they reflect the differential processing of the learned letter—speech
sound association between fluent and dyslexic readers. To test
this hypothesis, a 2x2 factorial model including ‘reading status’
(fluent, dyslexic) and ‘multisensory condition’ (congruent, incongruent)
was computed including the interactions between the two factors
(GLM4). A corresponding analysis including the ‘unisensory condi-
tions’ was used to compare dyslexic and fluent readers on the
processing of letters and speech sounds in isolation (GLM5). All
between-group comparisons were restricted to voxels activated
by either of the unisensory conditions (visual>baseline or
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auditory > baseline) by application of a functional mask. No voxels
were exclusively activated by letter-sound pairs and not by isolated
letters or sounds.

In order to identify an area as the multisensory integration site we
used the congruency effect, defined as the difference between con-
gruent and incongruent letter—speech sound pairs (van Atteveldt et al.,
2007; Doehrmann and Naumer, 2008).

Depending on the specificity of the contrast, multisubject statisti-
cal maps were corrected for multiple comparisons using the
false-discovery rate (Genovese et al., 2002) or cluster-size thresholding
(Forman et al., 1995; Goebel et al., 2006). For GLM4 (i.e. the inter-
action between ‘multisensory condition’ and ‘reading status’), an initial
voxel-level threshold was set to P<0.01 (¢=5.1) uncorrected resulting
in a cluster level of 115 mm? (four contiguous voxels) after 1000 iter-
ations and a corresponding corrected false-positive probability of 5%
or less. For GLM5 (i.e. the direct comparisons between control and
dyslexic readers on the auditory or visual condition), an initial
voxel-level threshold was set to P<0.01 (t=2.5) uncorrected, resulting
in a minimum cluster of 168mm?> (five contiguous voxels) at a
false-positive probability of 5% or less.

Behavioural data used for correlation-analysis were corrected for
outliers, defined as values deviating more than two standard deviations
from the mean (Moore and McCabe, 1999). Rejected data points
were replaced by the closest maximum or minimum value. Unless
otherwise indicated all correlation coefficients were calculated using
linear correlation statistics (Pearson’s R). In addition, we used stepwise
multiple linear regressions in order to determine which of the fMRI
group effects explain a significant portion of independent variance
in reading performance. Independent variables in this analysis were
percentage signal change values related to (i) the congruency effect

A FLUENT READERS

I |etters (Visual)
Speech Sounds (Auditory)
BN Overlap (Visual-Auditory)

q(FOR) < .05

DYSLEXIC READERS

g(FDR) < .05

Figure 1 Spatial cortical networks involved in processing letters (red), speech sounds (yellow) or both unisensory conditions (orange) in

fluent (A) and dyslexic readers (B). FDR =false discovery rate.
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in planum temporale/Heschl sulcus and superior temporal sulcus,
(i) the response to speech sounds in anterior superior temporal
gyrus, planum temporale/Heschl sulcus and superior temporal sulcus
and (i) the response to visual letters in fusiform gyrus. Only brain
regions showing a differential response between dyslexic and fluent
readers were included in the analysis to investigate the effect of read-
ing ability on the link between performance measures and cortical
responses. Given the left-lateralization of the effect in planum tempor-
ale/Heschl sulcus, we furthermore restricted this analysis to regions of
interest in the left hemisphere.

In order to assess co-linearity, the variance inflation factor was
computed for each variable. For all independent variables the variance
inflation factor was between 1.05 and 2.29 and hence multi
co-linearity was considered of no concern for the present model.

Results
Attention task

Both reading groups performed at ceiling for the detection of
visual, auditory and audiovisual attention control stimuli (fluent:
mean=97.91, SEM=1.55; dyslexic: mean=99.08, SEM=0.55).
In addition, non-impaired and dyslexic readers responded equally
fast to attention stimuli (fluent: mean=575ms, SEM =16.1; dys-
lexic: mean=609 ms, SEM =14.0; P=0.10), indicating that atten-
tion levels were comparable across reading groups.
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Brain 2010: Page 5 of 12 | 5

Offline behaviour/diagnostic testing

As can be seen in Table 1, the performance of dyslexic children on
reading-related tasks outside the scanner was poor compared to
their fluently-reading peers. Specifically, dyslexic readers showed
impaired reading (within the lower 10th percentile on a standar-
dized test of word reading) and poor performance on subtests
involving phonological awareness and phonological decoding
(Table 1).

fMRI results

Unisensory activations

In order to assess the basic networks involved in the processing of
speech sounds and letters presented in isolation, we compared
visual and auditory conditions against baseline in each reading
group. Figure 1 provides an overview of the spatial cortical net-
work involved in viewing letters (red) and listening to speech
sounds (yellow) for fluently reading and dyslexic children.
Orange brain regions represent convergence zones where activity
for visual and auditory stimuli overlapped.

Between-group statistical comparisons revealed two brain
regions that were differentially activated for processing unisensory
stimuli in fluent compared to dyslexic readers (Fig. 2). Dyslexic
children showed weaker activity for processing speech sounds in
the anterior superior temporal gyrus (Fig. 2A) and for processing

B Fusiform Gyrus

Fluent Dyslexic
06 A *k*k
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) |
: =l
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Figure 2 Mean percent signal change and standard error of mean (SEM) are shown for the unisensory group effects in the left anterior
superior temporal gyrus (STG) (A), and the left fusiform gyrus (B) projected on the average anatomy (n=34). Vis=visual; aud = audio.
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Table 2 Region of Interest details and statistics per analysis

V. Blau et al.

Brain area  Hemisphere  Talairach coordinates Voxels  Effect size Statistical test”
X Y z F, t-value*  P-value
PT/HS Left —42 —28 13 117 16.7 0.00 Interaction group x Congruency
STS Left —56 —33 4 171 7.73 0.01
STS Right 58 -33 3 225 8.34 0.01
asSTG Left —51 -8 1 171 2.89 0.01 Control AUDITORY - Dyslexic AUDITORY
aSTG Right 57 -8 7 169 2.8 0.01
FG Left -36 ol -17 315 3.83 0.00 Control VISUAL — Dyslexic VISUAL
FG Right 36 —55 =1 268 4.51 0.00

Abbreviations: PT/HS = planum temporale/Heschl sulcus; STS =superior temporal sulcus; aSTG = anterior superior temporal sulcus; FG = fusiform gyrus.

a Average t-value and P-value across all voxels in a region of interest.

b Statistical tests used for region of interest selection (corrected for cluster size at alpha=5%).

letters in an area around the fusiform gyrus bilaterally (Table 2 and
Fig. 2B). Interestingly, dyslexics also displayed less activity for
speech sounds in this same fusiform gyrus (visual letter) area.
No other area of activation survived the correction for cluster size.

Multisensory activations

The further goal of the analysis was to identify areas for the
integration of letters and speech sounds in dyslexic versus flu-
ent readers by computing the interaction between ‘reading
status’ and ‘multisensory condition’ (congruent versus incongruent
letter-speech sound pairs). The results revealed a significant inter-
action in the dorsal part of the left superior temporal gyrus
(planum temporale) in close proximity to primary auditory cortex
(Heschl sulcus) (Table 2). An investigation of the time courses in
planum temporale/Heschl sulcus revealed the presence of a strong
effect of multisensory congruency in fluent readers (Fig. 3, top
right). This effect was absent in the dyslexic group.

Next, we assessed how the unisensory conditions contributed
to the observed between-group congruency difference.
Figure 3A (bar graphs) shows the average fMRI signal change
in the planum temporale/Heschl interaction cluster
for the multisensory and unisensory conditions in both reading
groups. The planum temporale/Heschl sulcus exhibits a clear
auditory-specific activation profile in both reading groups.
However, the absolute strength of the auditory response was
reduced in dyslexia.

In addition to planum temporale/Heschl sulcus, a bilateral
cluster in superior temporal sulcus showed a significant
group-by-congruency interaction (Table 2). Both activation-
clusters were located within the middle portion of the superior
temporal sulcus (Fig. 3B). Comparable to planum temporale/
Heschl sulcus, fluent readers activated the superior temporal
sulcus more for the presentation of congruent as opposed to
incongruent letter—speech sound pairs, while dyslexic readers
showed no congruency effect. In relation to the auditory response,
dyslexic readers did not show any significant modulation in the
multisensory conditions based on letter—speech sound congruency.
No main effect of reading ability was found for the processing
of multisensory letter—speech sound pairs. Table 2 provides a
summary of all group effects.

sulcus

Correlation between unisensory and multisensory
cortical responses

Unisensory responses to speech sounds correlated positively
with the congruency in planum temporale/Heschl sulcus
(RparTiaL=0.67, P=0.000) and the left superior temporal sulcus
(RparTiaL=0.41, P=0.019) even after the factor reading ability
was partialled out. Moreover, the visual response in left and
right fusiform gyrus correlated with congruency effects in
planum temporale/Heschl sulcus (left fusiform gyrus: R=0.38,
P=0.025; right fusiform gyrus: R=0.37, P=0.030), with fluent
readers showing stronger responses to letters and a stronger
effect of letter-speech sound congruency. This effect was
non-significant when the factor reading group was partialled
out, indicating that it was dependent upon reading ability.

Correlations with performance
We calculated full and partial correlations (controlling for factor
group) between performance measures on reading-related tasks
and the fMRI response in brain regions showing a differential
response between dyslexic and fluent readers in order to focus
the analysis reading ability. Given the
left-lateralization of the effect in planum temporale/Heschl
sulcus, we furthermore restricted this analysis to regions of interest
in the left hemisphere. Two performance measures were selected
for visualization: reading and speed on letter—speech sound
matching. Both tasks reliably distinguished fluent from dyslexic
readers (Table 1). Letter—speech sound matching was added to
the reading measure because the stimuli corresponded closely to
those presented during scanning. Furthermore, dyslexic readers
were equally accurate on letter-speech sound matching but
showed a reliable difference in processing speed. Based on the
assumption that faster processing is one of the main indices for
the automation of a cognitive process (Schneider and Chein,
2003), correlations of a reaction time measure with the fMRI
response could provide evidence for differences in the automation
of letter-speech sound integration between reading groups.
Figure 4 illustrates that the fMRI congruency response in
planum temporale/Heschl sulcus and superior temporal sulcus
correlated positively with accuracy on the reading task and
negatively with reaction times on letter—speech sound matching

on the effect of



Letter-sound binding in child dyslexia Brain 2010: Page 7 of 12
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Figure 3 Interaction effect between ‘reading group’ and ‘multisensory condition’ (congruent, incongruent) in the planum temporale/
Heschl sulcus of the left hemisphere (A) projected on the average anatomy. The right side of the figure depicts the percent signal
change and corresponding SEM as a function of time for fluent and dyslexic readers in multisensory congruent (purple line) and
incongruent (green line) conditions. Bar graphs illustrate the percent signal change and SEM for the multisensory and unisensory
conditions in fluent (left) and dyslexic readers (right) (based on mean % signal change per subject). The interaction site in the left and
right superior temporal sulci is shown in (B). Bar graphs illustrate the mean percent signal change in each condition for fluent (left) and

dyslexic readers (right) corresponding to the left (top) and right hemispheres (bottom).
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Figure 4 Correlations between reading accuracy as well as speed of letter-speech sound matching and the neural response to

congruent versus incongruent letterspeech sound pairs in planum temporale/Heschl sulcus (fMRI congruency effect) (A), the fMRI
congruency effecting superior temporal sulcus (B), the auditory response in the anterior superior temporal gyrus (C) and the visual
response in fusiform gyrus (D).
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(Fig. 4A and B). Moreover, the auditory response in the anterior
superior temporal gyrus correlated with reading accuracy and the
speed of letter—speech sound matching (Fig. 4C) as did the visual
response in the fusiform gyrus (Fig. 4D). All reported correlations
turned out to be non-significant when the factor reading group
was controlled using partial correlations, suggesting that the brain—
behaviour correlations were driven by group differences in reading
ability.

We used stepwise and hierarchical multiple linear regression to
evaluate further whether the neural responses that correlated
strongest with reading performance were the same as the ones
explaining independent variance in reading. This analysis included
the percent signal change values of all relevant brain areas as
predictor variables (Congruency effect: planum temporale/Heschl
sulcus, superior temporal sulcus; Auditory response: planum
temporale/Heschl sulcus, superior temporal sulcus, anterior supe-
rior temporal gyrus; Visual response: fusiform gyrus). In the
absence of high co-linearity (see methods), the congruency
effect in planum temporale/Heschl sulcus as well as the visual
response in fusiform gyrus were both found to cause significant
reductions in error variance on the reading task (planum tem-
porale/Heschl sulcus: R=0.51, R? change=0.27, F=12.04;
P=0.002; fusiform gyrus: R=0.52, Combined model: R=0.62;
R? change=0.11, F=5.73; P=0.023). Together, these two
neural effects explained almost 40% of the variance in reading
performance (R?=0.39). Auditory effects explained no additional
variance that was not already explained by the effect of congru-
ency in planum temporale/Heschl sulcus and superior temporal
sulcus, while the congruency effect explained an additional 20%
of the variance above and beyond the auditory response to
speech. The visual response to letters in fusiform gyrus explained
about 11% additional variance beyond the variance already
explained through the auditory response and the congruency
effect in planum temporale/Heschl sulcus.

Discussion

The main goal of the present study was to investigate whether
dyslexic children differ from fluent readers in the processing of
letters, speech sounds and their combination. In multisensory con-
ditions, we found weaker effects of congruency in the planum
temporale/Heschl sulcus and the superior temporal sulcus of dys-
lexic children, indicating less successful integration of letters and
speech sounds. This effect was accompanied by weaker activation
in response to unisensory speech sounds in dyslexic readers in the
planum temporale/Heschl sulcus, superior temporal sulcus, ante-
rior superior temporal gyrus and weaker activation to unisensory
visual letters in the fusiform gyrus. The congruency effect in the
planum temporale/Heschl sulcus and the visual response to letters
were, moreover, both found to explain a significant and (largely)
independent part of the individual variance in reading perfor-
mance. Finally, we examined the relation between unisensory
and multisensory group effects. We found that the response to
speech sounds in the planum temporale/Heschl sulcus and supe-
rior temporal sulcus as well as the visual response in the fusiform
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gyrus correlated with the strength of the congruency effect in the
planum temporale/Heschl sulcus.

Multisensory processing of letters
and speech sounds

The present neuroimaging study revealed that dyslexic children
differ from fluently reading children in the neural integration of
basic letter-speech sound pairs. Fluently reading children activate
the planum temporale/Heschl sulcus and superior temporal sulcus
more strongly for the processing of congruent compared to incon-
gruent letter—speech sound pairs. In contrast, dyslexic children
exhibit little or no modulation of cortical responses to speech
sounds in the auditory cortex and superior temporal cortex as a
function of audiovisual congruency. As indicated by their adequate
accuracy on matching letters and speech sounds in offline
behavioural tasks, this deficit could not be explained by dyslexic
readers’ insufficient knowledge about letter-speech sound corre-
spondences. As the congruency between letters and speech
sounds cannot be established unless auditory and visual inputs
have been successfully matched (van Atteveldt et al., 2007),
reduced congruency effects in dyslexic children are likely to indi-
cate less successful letter—speech sound integration. This finding is
in line with more indirect measures of orthographic-phonological
processing such as letter rhyming or nonword reading, which has
also been linked to reduced activation in superior temporal and
temporoparietal brain regions in dyslexic readers (Shaywitz et al.,
1998). It furthermore extends earlier neuroimaging investigations
in adult dyslexic readers by showing that a deficit in letter—speech
sound integration is an emergent property of learning to read and
not the result of a lifetime of reading difficulties (Blau et al.,
2009), suggesting that the ability to integrate letters efficiently
with speech sounds in the planum temporale/Heschl sulcus and
superior temporal sulcus might be one of the direct neurofunc-
tional correlates of reading failure.

Our finding that planum temporale/Heschl sulcus and superior
temporal sulcus were involved in the integration of letters and
speech sounds is in line with previous results in healthy adults
(van Atteveldt et al., 2004, 2007). However, the overall extent
of activated regions seemed reduced in children, whereas both
visual cortex as well as frontal areas were more active in children
than in adults. One possible explanation for these ‘apparent’ dif-
ferences might be the reduced experience with print in children
compared to adults and associated reduced specialization for pro-
cessing letters and letter-sound associations. This assumption,
however, needs further empirical validation. While the superior
temporal sulcus is a well-known heteromodal structure that
receives input from multiple senses via cortical and subcortical
connections (Beauchamp et al., 2004; Macaluso et al., 2004),
planum temporale/Heschl sulcus activation has been generally
associated with the processing of speech and complex sounds
(Binder et al., 1996; Seifritz et al., 2002). In addition, activation
in planum temporale has also been related to integration
of spoken and written language (Nakada et al., 2001; van
Atteveldt et al., 2004), and the learning of new audiovisual asso-
ciations (Hasegawa et al., 2004).
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The present correlation between congruency effects in planum
temporale/Heschl sulcus and left superior temporal sulcus and per-
formance on reading-related tasks points to auditory and superior
temporal brain structures as potential neuroanatomical correlates
linking letter—sound integration and reading skill. More concretely,
weaker congruency effects in planum temporale/Heschl sulcus as
well as superior temporal sulcus of dyslexic children were asso-
ciated with lower reading scores, while stronger congruency
effects in fluent readers were associated with higher reading
scores. These correlations turned out to be non-significant when
the factor reading group was partialled out indicating that they
indeed reflect an effect of reading ability. In addition, neural inte-
gration responses in planum temporale/Heschl sulcus and superior
temporal sulcus correlated with the speed of performance on
letter-speech sound matching, in the absence of accuracy differ-
ences for judging the congruency between letters and sounds.
Given that the speed of processing is one of the major indices
for automation of a cognitive process (Schneider and Chein,
2003), this finding indicates that a neural deficit in letter—speech
sound integration reflects an inability to retrieve or apply knowl-
edge about letter-speech sound associations quickly during read-
ing. This is supported by findings from behavioural (Blomert and
Vaessen, 2009) and electrophysiological studies (Froyen et al.,
2009) suggesting a dissociation between accuracy and speed in
the learning of letter—speech sound associations during develop-
ment. Although unstable letter-speech sound associations have
been suggested as a potential key factor in dyslexia (Share,
1995; Ehri, 2005), this hypothesis has remained largely untested.
The present study provides first time empirical support for the
planum temporale/Heschl sulcus and superior temporal sulcus as
neuroanatomical correlates for a failure to adequately automate
letter—speech sound processing skills in dyslexic children.

Unisensory processing and effects
of reading ability

Next to investigating the multisensory integration of letters and
speech sounds, the present study examined whether dyslexic chil-
dren differ from fluent readers for the processing of unisensory
letters and speech sounds. Overall, our results demonstrate that
both dyslexic and fluently-reading children activated a spatially
similar network of brain regions for processing letters and
speech sounds, in good agreement with previous findings (van
Atteveldt et al., 2004; Blau et al., 2009). Nevertheless, group
differences for processing unisensory stimuli between dyslexic
and fluent readers were observed, localized to planum tempor-
ale/Heschl sulcus and superior temporal sulcus (interaction sites)
and two additional processing regions in the anterior part of supe-
rior temporal gyrus and the fusiform gyrus. The finding that dys-
lexic subjects underactivate superior temporal brain regions when
processing speech sounds is in line with previous paediatric neu-
roimaging studies that implicated perisylvian cortex including the
left superior temporal gyrus (Temple et al., 2001), middle tempo-
ral gyrus (Cao et al., 2006; Hoeft et al., 2007), and angular gyrus/
supramarginal gyri (Shaywitz et al., 2002) using more complex
phonological tasks.

V. Blau et al.

In addition, the neural responses to visual letters in the fusiform
gyrus were less pronounced in the dyslexic group. The location of
the fusiform gyrus activation was in close proximity to areas pre-
viously implicated for the processing of letters or words (Cohen
et al., 2002; McCandliss et al., 2003; Cohen and Dehaene,
2004; Flowers et al., 2004). In line with the present results, elec-
trophysiological recordings in dyslexic adults and children have
shown that responses for letter-strings in occipito-temporal
cortex were reduced in dyslexic readers (Helenius et al., 1999;
Maurer et al., 2007). It is interesting to note that in the present
data-set, the relatively weak response to speech sounds in the
fusiform cortex was also weaker in dyslexic subjects than in
fluent readers.

Relation between unisensory and
multisensory effects

Lastly, we examined whether unisensory and multisensory neural
deficits in dyslexic readers are related in order to improve our
understanding of their interactive contribution to reading skill.
The present data revealed that the congruency effect in planum
temporale/Heschl sulcus and superior temporal sulcus is positively
correlated with the neural response to speech sounds, indicating
the dependency between phonological processing of speech and
letter—speech sound integration in beginning readers. Moreover,
we also found significant correlations between the unisensory
response to visual letters in fusiform gyrus and the congruency
effect in planum temporale/Heschl sulcus that was dependent
upon reading ability, suggesting a further association between
visual responses to print and letter—speech sound integration.
Together, the correlation of the visual response and the auditory
response with letter—speech sound integration in planum tempor-
ale/Heschl sulcus as a function of reading ability make a case for
the existence of an interactive cortical network involved in linking
orthographic and phonological representations of print in early
reading development. Therefore, we think that the present find-
ings may be best accounted for by reading models that emphasize
the reciprocal reading and phonological
development.

Strong supporting evidence for the relevance of visual and
audiovisual neural responses for reading was gathered using mul-
tiple linear regressions. Together, the visual fusiform gyrus
response to letters and the congruency effect in planum tempor-
ale/Heschl sulcus explained almost 40% of the variance in indi-
vidual reading performance. The phonological response to speech
sounds in planum temporale/Heschl sulcus in contrast was also
relevant, but did not explain more variance in reading than the
congruency effect alone or in combination with the visual
response. In other words, the influence of the auditory response
to speech sounds on reading performance was mediated through
its relation to visual letters. While these linear regression results
should be treated with caution because of the small sample size of
neuroimaging studies, they certainly indicate a dominant role for
letter—speech sound integration and visual processing in early
reading performance.

nature between
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Conclusion

In summary, the present data provide first evidence for a
neural deficit in the integration of letters and speech sounds
in dyslexic children localized to auditory cortex and the supe-
rior temporal sulcus. These neurofunctional effects closely
resemble those seen in adult dyslexia. This suggests that
letter-speech sound integration is an emergent property of
learning to read that develops inadequately in dyslexic readers,
presumably as a result of a deviant interactive specialization of
neural systems for processing auditory and visual linguistic
inputs.

Funding

European Union-6th Framework Program (LSHM/CT/2005/
018696 to L.B. and R.G.).

References

Adams MJ. Beginning to read: thinking and leaning about print.
Cambridge: MIT Press; 1994.

Aylward EH, Richards TL, Berninger VW, Nagy WE, Field KM,
Grimme AC, et al. Instructional treatment associated with changes
in brain activation in children with dyslexia. Neurology 2003; 61:
212-19.

Beauchamp MS, Argall BD, Bodurka J, Duyn JH, Martin A. Unraveling
multisensory integration: patchy organization within human STS
multisensory cortex. Nat Neurosci 2004; 7: 1190-2.

Binder JR, Frost JA, Hammeke TA, Rao SM, Cox RW. Function of the left
planum temporale in auditory and linguistic processing. Brain 1996;
119: 1239-47.

Blau V, van Atteveldt N, Ekkebus M, Goebel R, Blomert L.
Reduced neural integration of letters and speech sounds links phono-
logical and reading deficits in adult dyslexia. Curr Biol 2009; 19:
503-8.

Blomert L. Dyslexie in Nederland. Amsterdam: Uitgeverij Nieuwezijds,
2005.

Blomert L, Vaessen A. 3DM differential diagnostics for dyslexia: cognitive
analysis of reading and spelling. Amsterdam: Boom Test Publishers,
2009.

Bradley L, Bryant PE. Categorizing sounds and learning to read — a causal
connection. Nature 1983; 301: 419-21.

Cao F, Bitan T, Chou TL, Burman DD, Booth JR. Deficient orthographic
and phonological representations in children with dyslexia revealed
by brain activation patterns. J Child Psychol Psychiatry 2006; 47:
1041-50.

Cohen L, Dehaene S. Specialization within the ventral stream: the case
for the visual word form area. Neuroimage 2004; 22: 466-76.

Cohen L, Lehericy S, Chochon F, Lemer C, Rivaud S, Dehaene S.
Language-specific tuning of visual cortex? Functional properties of
the Visual Word Form Area. Brain 2002; 125: 1054-69.

Doehrmann O, Naumer MJ. Semantics and the multisensory brain: How
meaning modulates processes of audio-visual integration. Brain Res
2008; 1242: 136-50.

Eden GF, Jones KM, Cappell K, Gareau L, Wood FB, Zeffiro T, et al.
Neural changes following remediation in adult developmental dyslexia.
Neuron 2004; 44: 411-22.

Ehri LC. Development of sight word reading: phases and findings. In:
Snowling MJ, Hulme C, editors. The science of reading: a handbook.
Oxford: Blackwell Publishing; 2005. p. 135-45.

Brain 2010: Page 11 of 12 | 11

Esser G, Schmidt MH, Woerner W. Epidemiology and course of psychia-
tric disorders in school-age children—results of a longitudinal study.
J Child Psychol Psychiatry 1990; 31: 243-63.

Flowers DL, Jones K, Noble K, VanMeter J, Zeffiro TA, Wood FB, et al.
Attention to single letters activates left extrastriate cortex. Neuroimage
2004; 21: 829-39.

Forman SD, Cohen JD, Fitzgerald M, Eddy WF, Mintun MA, Noll DC.
Improved assessment of significant activation in functional magnetic
resonance imaging (fMRI): use of a cluster-size threshold. Magn Reson
Med 1995; 33: 636-47.

Froyen DJ, Bonte ML, van Atteveldt N, Blomert L. The long road
to automation: neurocognitive development of letter—speech sound
processing. J Cogn Neurosci 2009; 21: 567-80.

Gabrieli JD. A new synergy between education and cognitive neu-
roscience. Science 2009; 325: 280-83.

Genovese CR, Lazar NA, Nichols T. Thresholding of statistical maps in
functional neuroimaging using the false discovery rate. Neuroimage
2002; 15: 870-8.

Goebel R, Esposito F, Formisano E. Analysis of functional image analysis
contest (FIAC) data with Brainvoyager QX: From single-subject to
cortically aligned group general linear model analysis and self-organiz-
ing group independent component analysis. Hum Brain Mapp 2006;
27: 392-401.

Hasegawa T, Matsuki K, Ueno T, Maeda Y, Matsue Y, Konishi Y, et al.
Learned audio-visual cross-modal associations in observed piano play-
ing activate the left planum temporale. An fMRI study. Brain Res Cogn
Brain Res 2004; 20: 510-8.

Helenius P, Tarkiainen A, Cornelissen P, Hansen PC, Salmelin R.
Dissociation of normal feature analysis and deficient processing of
letter-strings in dyslexic adults. Cereb Cortex 1999; 9: 476-83.

Hoeft F, Meyler A, Hernandez A, Juel C, Taylor-Hill H, Martindale JL,
et al. Functional and morphometric brain dissociation between
dyslexia and reading ability. Proc Natl Acad Sci USA 2007; 104:
4234-9.

Jack CR, Jr., Bernstein MA, Fox NC, Thompson P, Alexander G,
Harvey D, et al. The Alzheimer's Disease Neuroimaging Initiative
(ADNI): MRI methods. J Magn Reson Imaging 2008; 27: 685-91.

Livingstone MS, Rosen GD, Drislane FW, Galaburda AM. Physiological
and anatomical evidence for a magnocellular defect in developmental
dyslexia. Proc Natl Acad Sci USA 1991; 88: 7943-7.

Lyon GR, Shaywitz SE, Shaywitz BA. A definition of Dyslexia. Annals of
Dyslexia 2003; 53: 1-14.

Macaluso E, George N, Dolan R, Spence C, Driver J. Spatial and temporal
factors during processing of audiovisual speech: a PET study.
Neuroimage 2004; 21: 725-32.

Maisog JM, Einbinder ER, Flowers DL, Turkeltaub PE, Eden GF. A meta-
analysis of functional neuroimaging studies of dyslexia. Ann N Y Acad
Sci 2008; 1145: 237-59.

Maurer U, Brem S, Bucher K, Kranz F, Benz R, Steinhausen HC, et al.
Impaired tuning of a fast occipito-temporal response for print in
dyslexic children learning to read. Brain 2007; 130: 3200-10.

McCandliss BD, Cohen L, Dehaene S. The visual word form area:
expertise for reading in the fusiform gyrus. Trends Cogn Sci 2003;
7: 293-299.

Moore DS, McCabe GP. Introduction to the practice of statistics.
New York: WH Freeman, 1999.

Meredith MA, Stein BE. Visual, auditory, and somatosensory conver-
gence on cells in superior colliculus results in multisensory integration.
J Neurophysiol 1986; 56: 640-62.

Nakada T, Fujii Y, Yoneoka Y, Kwee IL. Planum temporale: where
spoken and written language meet. Eur Neurol 2001; 46: 121-5.

Nicolson RI, Fawcett AJ, Dean P. Developmental dyslexia: the cerebellar
deficit hypothesis. Trends Neurosci 2001; 24: 508-11.

Perfetti CA, Beck I, Bell L, Hughes C. Phonemic knowledge and learning
to read are reciprocal: a longitudinal study of first grade children.
Merill-Palmer Quart 1987; 33: 283-319.

Raij T, Uutela K, Hari R. Audiovisual integration of letters in the human
brain. Neuron 2000; 28: 617-25.



12 | Brain 2010: Page 12 of 12

Ramus F. Developmental dyslexia: specific phonological deficit or general
sensorimotor dysfunction? Curr Opin Neurobiol 2003; 13: 212-8.

Schneider W, Chein JM. Controlled and automatic processing: Behavior,
theory and biological mechanisms. Cognit Sci 2003; 27: 525-559.

Seifritz E, Neuhoff JG, Bilecen D, Scheffler K, Mustovic H, Schachinger H,
et al. Neural processing of auditory looming in the human brain. Curr
Biol 2002; 12: 2147-51.

Share DL. Phonological recoding and self-teaching: Sine qua non of
reading acquisition. Cognition 1995; 55: 151.

Shaywitz BA, Shaywitz SE, Pugh KR, Mencl WE, Fulbright RK,
Skudlarski P, et al. Disruption of posterior brain systems for reading
in children with developmental dyslexia. Biol Psychiatry 2002; 52:
101-10.

Shaywitz BA, Shaywitz SE, Blachman BA, Pugh KR, Fulbright RK,
Skudlarski P, et al. Development of left occipitotemporal systems for
skilled reading in children after a phonologically-based intervention.
Biol. Psychiatry 2004; 55: 926-33.

Shaywitz SE, Shaywitz BA. Dyslexia (specific reading disability). Biol
Psychiatry 2005; 57: 1301-9.

Shaywitz SE, Shaywitz BA, Pugh KR, Fulbright RK, Constable RT,
Mencl WE, et al. Functional disruption in the organization of the
brain for reading in dyslexia. Proc. Natl. Acad. Sci. USA 1998; 95:
2636-41.

Shaywitz SE, Shaywitz BA, Fletcher JM, Escobar MD. Prevalence of read-
ing disability in boys and girls. Results of the Connecticut longitudinal
study. JAMA 1990; 264: 998-1002.

Simos PG, Fletcher JM, Bergman E, Breier JI, Foorman BR, Castillo EM,
et al. Dyslexia-specific brain activation profile becomes normal
following successful remedial training. Neurology 2002; 58: 1203-13.

V. Blau et al.

Snowling MJ. From language to reading and dyslexia. Dyslexia 2001; 7:
37-46.

Stein J, Walsh V. To see but not to read; the magnocellular theory of
dyslexia. Trends Neurosci 1997; 20: 147-52.

Talairach J, Tournoux P. Co-Planar Stereotactic Atlas of the Human
Brain. Stuttgart: Thieme, 1988.

Tallal P, Miller S, Fitch RH. Neurobiological basis of speech: a case for
the preeminence of temporal processing. Ann N'Y Acad Sci 1993; 682:
27-47.

Temple E, Poldrack RA, Salidis J, Deutsch GK, Tallal P, Merzenich MM,
et al. Disrupted neural responses to phonological and orthographic
processing in dyslexic children: an fMRI study. Neuroreport 2001;
12: 299-307.

Torgesen JK, Wagner RK, Rashotte CA. Longitudinal studies of phono-
logical processing and reading. J Learn Disabil 1994; 27: 276-86.

van Atteveldt N, Formisano E, Goebel R, Blomert L. Integration of letters
and speech sounds in the human brain. Neuron 2004; 43: 271-82.

van Atteveldt NM, Formisano E, Blomert L, Goebel R. The effect of
temporal asynchrony on the multisensory integration of letters and
speech sounds. Cereb Cortex 2007; 17: 962-74.

Vellutino FR, Fletcher JM, Snowling MJ, Scanlon DM. Specific reading
disability (dyslexia): what have we learned in the past four decades?
J Child Psychol Psychiatry 2004; 45: 2-40.

Wagner R, Torgesen J. The nature of phonological processes and its
causal role in the acquisition of reading skills. Psychol Bull 1987;
101: 192-212.

Ziegler JC, Goswami U. Reading acquisition, developmental dyslexia, and
skilled reading across languages: a psycholinguistic grain size theory.
Psychol Bull 2005; 131: 3-29.



