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Abstract: Whether phonological deficits in developmental dyslexia are associated with impaired neural
sampling of auditory information at either syllabic- or phonemic-rates is still under debate. In addition,
whereas neuroanatomical alterations in auditory regions have been documented in dyslexic readers,
whether and how these structural anomalies are linked to auditory sampling and reading deficits
remains poorly understood. In this study, we measured auditory neural synchronization at different fre-
quencies corresponding to relevant phonological spectral components of speech in children and adults
with and without dyslexia, using magnetoencephalography. Furthermore, structural MRI was used to
estimate cortical thickness of the auditory cortex of participants. Dyslexics showed atypical brain syn-
chronization at both syllabic (slow) and phonemic (fast) rates. Interestingly, while a left hemispheric
asymmetry in cortical thickness was functionally related to a stronger left hemispheric lateralization of
neural synchronization to stimuli presented at the phonemic rate in skilled readers, the same anatomical
index in dyslexics was related to a stronger right hemispheric dominance for neural synchronization to
syllabic-rate auditory stimuli. These data suggest that the acoustic sampling deficit in development dys-
lexia might be linked to an atypical specialization of the auditory cortex to both low and high frequency
amplitude modulations. Hum Brain Mapp 36:4986–5002, 2015. VC 2015 Wiley Periodicals, Inc.

Key words: reading disorder; phonology; auditory cortex; magnetoencephalography; cortical thickness

r r

Additional Supporting Information may be found in the online
version of this article.

Contract grant sponsor: Spanish Ministry of Science and Innova-
tion; Contract grant number: CONSOLIDER-INGENIO2010 and
CSD2008-00048 (to M.C.); Contract grant sponsor: European
Research Council; Contract grant number: ERC-2011-ADG-295362
(to M.C.); Contract grant sponsor: Spanish Ministry of Economy
and Competitiveness; Contract grant number: PSI2012-32128 (to
M.L.), PSI2012-32350 (to N.M.), PSI2012-32093 (to P.P.), PSI2012-
31448 (to M.C.); Contract grant sponsor: Basque Government;
Contract grant number: PI2012-15 (to P.P.).

M.L., M.L., and N.M. contributed equally to this work.
*Correspondence to: Mikel Lizarazu, Basque Center on Cognition,
Brain and Language (BCBL), Paseo Mikeletegi, 69, 2�, 20009 San
Sebastian/Donostia, Spain. E-mail: m.lizarazu@bcbl.eu

Received for publication 10 February 2015; Revised 21 August
2015; Accepted 25 August 2015.

DOI: 10.1002/hbm.22986
Published online 10 September 2015 in Wiley Online Library
(wileyonlinelibrary.com).

r Human Brain Mapping 36:4986–5002 (2015) r

VC 2015 Wiley Periodicals, Inc.



INTRODUCTION

The reading disorder in developmental dyslexia has
been associated with the inability to properly sample
speech signals, hence hampering the perceptual sensitivity
to phonological units that is important for grapheme-
phoneme conversion and expert reading acquisition. In
particular, it has been proposed that the phonological diffi-
culties of dyslexia would reside in the poor sensitivity (or
atypical sampling) of speech units dissociable by their
temporal distributional properties in speech [Goswami
and Leong, 2013]. Based on speech perception models
[e.g., Giraud and Poeppel, 2012a, 2012b], the asynchronous
auditory neural response to high frequency amplitude
modulations (AM) [�30 Hz: Lehongre et al., 2011, 2013] in
dyslexia has been interpreted as a reduced sensitivity to
phonemic units. On the other hand, atypical sampling of
slow auditory amplitude fluctuations [�4 Hz: H€am€al€ainen
et al., 2012] has been associated to reduced sensitivity to
syllables in dyslexic individuals. Here, we evaluated
whether sensitivity to both fast and slow oscillatory non-
verbal auditory stimuli can be found within the same dys-
lexic individuals. In addition, we sought to better
characterize the links between the anatomy of the auditory
cortex and its oscillatory responses, taking into account
previous studies which have observed structural altera-
tions in dyslexia [Altarelli et al., 2014; Galaburda et al.,
1985; Giraud and Ramus, 2013]. Lastly, by assessing both
children and adults on similar tasks, we aimed to provide
the first evaluation of developmental modulation of typical
and atypical auditory sampling (and their structural
underpinnings) in relation to that known to occur regard-
ing phonological perceptual sensitivity [Ziegler and Gos-
wami, 2005].

Auditory Neural Entrainment in Skilled and

Dyslexic Readers

Several subcortical and cortical auditory brain regions
are part of the speech neural network and are tuned to
track AM at various rates [Middlebrooks, 2008]. Neural
entrainment to temporal speech modulations allows accu-
rate speech analysis through the mechanism of neural
oscillatory entrainment, that is, the tendency of oscillatory
brain activity to adapt to the spectral properties of external
stimuli. Interestingly, the left and right auditory cortex
play different roles in the temporal analysis of the speech
envelope: the right hemisphere is specialized for process-
ing slow modulations—delta (0–2 Hz) and theta (4–7 Hz)
frequency bands—whereas a bilateral processing (also
viewed as a left-bias hemispheric specialization) is associ-
ated with the encoding of fast acoustic fluctuations—
gamma (>30 Hz) and beta (15–30 Hz) frequency bands
[Boemio et al., 2005; Poeppel, 2003; Vanvooren et al.,
2014]. The right auditory cortex would therefore be sensi-
tive to processing prosodic and syllabic information in
speech [Abrams et al., 2009], while the left auditory cortex

bias for processing fast modulations would reflect the sen-
sitivity of this region to encoding phonemic cues [Obleser
et al., 2008]. The asymmetric “specialization” of the audi-
tory cortex [Poeppel, 2003] has been observed regardless
of the nature of the auditory input and the involvement of
higher-level speech processes [Giraud and Poeppel,
2012a,b; Morillon et al., 2010].

An atypical division of labor between the two hemi-
spheres for sampling the speech signal at different fre-
quencies has been shown to hinder the development of
phonological awareness [e.g., Abrams et al., 2009]. In fact,
several studies have shown that developmental dyslexia is
associated with an altered synchronization of auditory cor-
tex activity to the temporal structure of auditory stimuli
[Giraud and Ramus, 2013; Goswami, 2011, 2013; Serniclaes
et al., 2001; Tallal, 1980]. In particular, H€am€al€ainen et al.
(2012) reported impaired neural oscillatory entrainment to
slow AM white noise (at 2 Hz) in the right hemisphere. In
the same vein, Leong and Goswami (2014) found that dys-
lexic readers presented reduced synchronization to AMs
below 20 Hz in speech for rhythm recognition. These
results are consistent with the theory positing that the
brain responses of dyslexic individuals fail to align with
the speech amplitude envelope that specifically encodes
syllabic information [Goswami, 2011]. Interestingly, this
proposal also explains the crucial role of “phonemic
awareness” deficits in the manifestation of developmental
dyslexia across languages [Caravolas et al., 2012]: in fact, a
reduced sensitivity to syllables might impair the process-
ing of fast phonemic-rate information by disrupting the
hierarchical coupling between the phase of low-frequency
(delta, theta) and the amplitude of high-frequency
(gamma) oscillations in auditory brain regions [Gross
et al., 2013]. While H€am€al€ainen et al. (2012) did not mea-
sure neural entrainment at high frequencies and could not
test the mutual influence of slow and fast neural oscilla-
tions, Lehongre et al. (2013) showed that an atypical left-
bias for neural entrainment to fast modulations was also
found in dyslexic readers for speech stimuli, regardless of
similar deficits in slow frequency bands (see also Lehongre
et al., 2011 for non verbal stimuli).

The Neuroanatomy of the Auditory Cortex in

Dyslexic Populations

The division of labor between the left and right auditory
cortex in sampling information in the frequency domain
[Poeppel, 2003] may well be linked to structural pro-left
hemispheric asymmetries [Foundas et al., 1994; Geschwind
and Galaburda, 1985], such as those found in the neural
structure of superficial layers of the auditory cortex [layer
III; Hutsler and Galuske, 2003]. However, no structural
index of the auditory cortex has been identified so far as
significantly contributing to the development of the rhyth-
mic sensitivity of neural oscillatory activity responding to
speech.
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Several studies have shown structural pro-left asymme-
tries in the size of the planum temporale in approximately
70% of adult and infant post-mortem brains [Geschwind
and Levitsky, 1968; Witelson and Pappiel, 1973]. Interest-
ingly, these asymmetries in the planum temporale contrib-
ute to reading abilities in children [Eckert and Leonard,
2001]. Moreover, the seminal studies by Galaburda (1989)
and Galaburda et al. (1985) showed an anatomical symme-
try of the planum temporale in dyslexia, due to an
enlarged planum in the right hemisphere in dyslexic indi-
viduals. Although some of the subsequent work analyzing
the size of auditory cortex with MRI confirmed Galabur-
da’s findings [Larsen et al., 1990], recent studies have
failed to do so [Leonard et al., 2001; Schultz et al., 1994].

In this study, we quantify the hemispheric asymmetry
in cortical thickness (CT) of the left and right auditory cor-
tex to better characterize its relations with the putative
asymmetric hemispheric sampling of auditory signals in
developmental dyslexia. According to Giraud and Poep-
pel’s model (2012), two different neuronal populations
specialized for sampling either slow or fast speech tempo-
ral structures in superficial layers (II/III) of the auditory
cortex interact to encode stimulus-driven spiking activity
coming from deeper layers [Giraud and Poeppel, 2012a,
2012b]. Genetic factors associated with dyslexia could
impair the neural migration of such populations of neu-
rons toward other layers [“ectopias,” Galaburda and Kem-
per, 1979] and compromise efficient interactions between
the neural populations specialized for low and high fre-
quency sampling [Caviness et al., 1978; Galaburda et al.,
1985; Giraud and Ramus, 2013]. Assuming that the organi-
zation of the microcolumnar structure within auditory
regions affects the extent to which they are sensitive to the
rates of auditory temporal fluctuations [Giraud and
Ramus, 2013], we sought (i) to assess whether neuroana-
tomical asymmetries of the auditory cortex are tied to
functional hemispheric asymmetries such as those charac-
terizing hemispheric specialization for auditory sampling,
(ii) and to determine whether abnormal structural asym-
metry can contribute to the sampling deficits in dyslexia.

Reading-Related Developmental Changes in the

Structure and Function of the Auditory Cortex

A comprehensive understanding of the “oscillatory”
bases of developmental dyslexia should take into account
how the deficits change across development and with the
amount of reading experience and exposure [Goswami
et al., 2014]. This question is particularly relevant in the
context of this study, since we know that the size of the
phonological units to which prereaders are sensitive
decreases as soon as their reading skills develop. In fact,
children are highly sensitive to the syllabic (large grain)
structure of words before learning to read and become
progressively more sensitive to phonemic (small-grain)
units as they learn how to read [Anthony and Francis,

2005; Goswami and Bryant, 1990; Morais et al., 1987; Zie-
gler and Goswami, 2005]. Indeed, once literacy is taught,
phonemic categories are rapidly acquired [Cossu et al.,
1988; Harris and Giannouli, 1999; Liberman et al., 1974],
and continue developing until adulthood, together with
reading fluency [Torgesen et al., 1999]. Low frequency
sampling linked to syllabic stress may in fact be trained
from birth [e.g., Curtin, 2010; Molnar et al., 2014] until the
exposure of alphabetic principles, where an enhancement
of neural entrainment to high frequencies should be
observed. Therefore, the sensitivity of the right hemisphere
to slow frequencies (prosodic- and syllabic-rates) in speech
may already be highly tuned before the first print expo-
sure, whereas the left hemispheric-bias to high frequencies
(phonemic-rate) may largely depend on age-related read-
ing experiential factors [Minagawa-Kawai et al., 2011].
Interestingly, both the prosodic and phonemic dimensions
of phonological processing seem to be affected in dyslexic
individuals across their lifespan [e.g., in children: Gos-
wami and Leong, 2013; Serniclaes et al., 2004; in adults:
Pennington et al., 1990; Soroli et al., 2010]. However, such
findings in children and adults have been reported sepa-
rately. Studies that directly compare both age groups with
an identical paradigm could provide additional evidence
about the evolution of the trajectory of the phonological
deficits in dyslexia [e.g., Lallier et al., 2009].

Regarding the anatomical underpinning of the develop-
mental changes associated with auditory, phonological,
and reading development, previous studies have shown
that the CT of both left and right auditory regions simi-
larly decreases with chronological age factors [Magnotta
et al., 1999; Shaw et al., 2008]. Mirroring age-related struc-
tural changes, reading experience has also been shown to
induce morphological variation in both the grey and white
matter of the brain reading network [Richardson and
Price, 2009], including the auditory cortex [Blackmon
et al., 2010]. This cortical thinning is associated with
increasing functional efficiency that emerges at the neuro-
nal level due to synaptic pruning [Lu et al., 2007; Sowell
et al., 2004]. Therefore, it is still unclear whether changes
due to reading experience could be considered separately
from chronological age factors that cause cortical thinning
[Magnotta et al., 1999; Shaw et al., 2008]. Here we deter-
mine how anatomical developmental changes in auditory
regions relate to changes in auditory neural entrainment
linked to both chronological age (i.e., comparing children
and adults including both skilled and dyslexic readers)
and reading experiential factors at play above and beyond
the influence of chronological age (i.e., comparing dyslexic
and skilled readers independently of their age).

The Present Study

Behavioral, functional, and structural data were collected
from two groups of skilled and dyslexic reader adults and
children. From magnetoencephalographic (MEG) recordings,
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we evaluated the phase-locking of the oscillatory responses
elicited in the left and the right auditory cortex with audi-
tory signals (AM white noise) modulated at theoretically rel-
evant frequencies (delta, theta, and gamma) [H€am€al€ainen
et al., 2012; Lehongre et al., 2011]. Furthermore, we calcu-
lated the lateralization index (LI) that allowed us to better
characterize the hemispheric dominance and asymmetry of
the effects [Abrams et al., 2009]. We expected differences in
synchronization strength and hemispheric specialization to
occur between dyslexic and skilled readers for both slow
[delta, theta; H€am€al€ainen et al., 2012] and fast [gamma;
Lehongre et al., 2011] AM rates. Moreover, auditory sam-
pling strength and hemispheric specialization were expected
to be sensitive to chronological age: if phonemic sensitivity
increases with the amount of reading exposure and experi-
ence (Anthony and Francis, 2005), adults should present
stronger brain sensitivity (and stronger left hemispheric
bias) to gamma modulations than children. However, the
consistency of neural phase-locking to slow rate AM noise
that supports prosodic and syllabic processing should be
similar in adults and children, in line with developmental
data suggesting that phonological sensitivity to these speech
rhythms should be mastered before reading acquisition.
Moreover, atypical hemispheric asymmetry for auditory
entrainment to phonemic-rate modulations was expected to
be stronger in dyslexic adults than in dyslexic children.
Indeed, if phonemic-rate processing is refined based on the
amount of reading exposure, larger gaps between dyslexic
and skilled readers should be visible for the adult groups
compared to the children groups.

Structural analysis based on CT was expected to reveal
a cortical thinning of the auditory cortex due to chronolog-
ical age factors. After partialling out the cortical thinning
effect due to chronological age, we should also observe a
cortical thinning (synaptic pruning) in auditory regions
due to the functional efficiency developed with reading
experience. If phonemic sensitivity increases with reading
experience and this is supported by an enhancement of
phonemic-rate AM tracking and synaptic pruning in audi-
tory regions, we predict observation of a negative correla-
tion between cortical thinning and synchronization
strength to gamma modulations, at least in skilled readers.
On the other hand, this relation is not expected for
the dyslexic participants, if reading impairment is associ-
ated with the development of the perceptual sensitivity
to phonemic-rate auditory information [Lehongre et al.,
2011].

MATERIALS AND METHODS

Participants

The present experiment was undertaken with the under-
standing and written consent of each participant (or the
legal tutor of each child below 18 years old). Forty-two
individuals took part in this study. Participants attending

or having completed an education level superior to sec-
ondary school were assigned to the adult group. Ten
skilled reader children (five females) and 10 dyslexic chil-
dren (four females) matched in age (t(18) 5 1.01, P> 0.05;
age range: 8.0–14.3 years) participated in the study. Eleven
skilled reader adults (seven females) and 11 dyslexic
reader adults (six females) matched in age (t(20) 5 0.37,
P> 0.05; age range: 17.3–44.9 yrs.) composed the adult
group. All participants had Spanish as their native lan-
guage and were not fluent in any other language. All par-
ticipants had normal or corrected-to-normal vision and
reported no hearing impairments and were right handed.
All the dyslexic individuals taking part in this study
reported reading and/or writing difficulties and had all
received a formal diagnosis of dyslexia. None of the
skilled readers reported reading or spelling difficulties or
had received a previous formal diagnosis of dyslexia.

Behavioral Data

Intelligence quotient (adults and children)

Children were administered the Wechsler Intelligence
Scale for Children-Revised (WISC-R) [Wechsler, 2001], and
adults were administered the Wechsler Adult Intelligence
Scale (WAIS) batteries [Wechsler, 2008] to measure the
intelligence quotient.

Reading (adults and children)

The reading performance of participants was evaluated
with the word reading list and pseudoword reading list of
the PROLEC-R battery [Cuetos et al., 2009]. For each of the
two lists, accuracy and total time to read the list were
recorded.

Spelling aloud task (adults)

Since Spanish is a transparent language, highly regular
grapheme-to-phoneme conversion rules may help over-
come reading problems in adults, particularly with
increasing reading experience and age. To increase the
sensitivity of a diagnosis of written language difficulties in
the older group, we assessed phonological abilities bearing
on visual word recognition but that do not directly tap
reading activity and that have been shown to be impaired
in dyslexic adult readers of transparent orthographies
[Helenius et al., 2002]. Adult participants were presented
with a spelling aloud task. In this task, they were pre-
sented with 15 Spanish words, one by one, and they had
to spell them aloud letter by letter. The words varied in
frequency and length (2–5 syllables; 6–10 letters). Partici-
pants’ responses were recorded.
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Phonological processing (adults and children)

Pseudoword repetition (phonological short term mem-

ory). Participants listened to 24 pseudowords one after
the other using headphones and were instructed to repeat
them as accurately as possible. Items varied from 2 to 4
syllables (eight of 2, 3, and 4 syllables) and their structure
followed Spanish phonotactic rules. They did not include
the repetition of any phoneme. The number of correctly
repeated pseudowords was recorded and converted into
percentages. Phonemic errors were then analyzed, for
example, phonemic addition (/taØforbegun/!/tasforbe-
gun/), phonemic substitution (/talsomen/!/kalsomen/),
phonemic permutation (/musbolife/!/muslobife/), and
phonemic omission (/taforbegun/!/taforbeguØ/). The
total number of phonemic errors was recorded.

Phonemic deletion (phonemic awareness). Participants
had to listen to pseudowords using headphones and were
instructed to remove the first sound of the pseudoword
and produce what remained. Twenty-four items were pre-
sented. These were two syllables-long and followed Span-
ish phonotactic rules. Half of the items started with a
consonantal cluster (e.g., /tr/) and the remaining half
with a simple consonant-vowel syllable (e.g., /pa/). The
number of correct answers was recorded and converted
into percentages. Then, errors were classified into the fol-
lowing categories: phoneme deletions errors (e.g., /pladi/
!/adi/) and phonemic errors occurring outside of the
deletion site (e.g., /pladi/!/lati/).

Functional Data (MEG Recording)

Stimuli

Auditory stimuli were obtained by modulating the
amplitude of white noise sounds. The stimuli were gener-
ated at a sampling frequency of 44.1 kHz and modulated
using Matlab R2010 (Mathworks, Natick, MA) functions.
AM were applied at the following frequencies: 2, 4, 7, 30,
and 60 Hz rates with 100% depth. In addition, one condi-
tion included nonmodulated white noise. All stimuli lasted
10 s and appeared 25 times throughout the task. The order
of the presentation of stimuli was pseudo-randomized
across the experiment, with the only constraint that two
stimuli modulated at identical frequency were never pre-
sented consecutively.

Procedure

During the MEG recording, the participants sat comfort-
ably in the magnetically shielded room watching a silent
movie and hearing the stimuli. Participants were asked to
pay attention to the movie and try to avoid head move-
ments and blinks. Auditory stimuli were delivered to both
ears using Presentation software (http://www.neurobs.
com/) via plastic tubes. The volume levels were tuned

(75–80 dB sound pressure level) to optimize the listening
condition for all participants.

Data acquisition and preprocessing

MEG functional data. MEG raw data were acquired
using a whole-scalp MEG system (Elekta-Neuromag, Hel-
sinki, Finland) installed at the Basque Center on Cognition,
Brain and Language (BCBL): (http://www.bcbl.eu/bcbl-
facilitiesresources/meg/). The system is equipped with
102 sensor triplets (a magnetometer and two orthogonal
planar gradiometers) uniformly distributed around the
head of the participant. Head position inside the helmet
was continuously monitored using four head position indi-
cator coils. The location of each coil relative to the anatom-
ical fiducials (nasion, left and right preauricular points)
was defined with a three-dimensional (3D) digitizer (Fas-
trak Polhemus, Colchester, VA). This procedure is critical
for head movement compensation during data recording.
Digitalization of the fiducials plus �100 additional points
evenly distributed over the scalp of the participant were
used during off-line data analysis to spatially align the
MEG sensor coordinates with T1 images. MEG recordings
were acquired continuously with a bandpass filter at 0.01–
330 Hz at a sampling rate of 1 kHz. Ocular activity was
monitored with two pairs of electrodes in a bipolar mon-
tage placed on the external chanti of each eye (horizontal
electro-oculogram [EOG]) and above and below the right
eye (vertical EOG).

To remove external magnetic noise from the MEG
recordings, data were preprocessed off-line using the
Signal-Space-Separation method [Taulu and Kajola, 2005]
implemented in Maxfilter 2.1 (Elekta-Neuromag). MEG
data were also corrected for head movements, and bad
channels were substituted using interpolation algorithms
implemented in the software.

Subsequent analyses were performed using Matlab
R2010 (MathWorks). Heart beat and EOG artifacts were
detected using independent component analysis (ICA) and
linearly subtracted from recordings. The ICA decomposi-
tion was performed using the Infomax algorithm imple-
mented in Fieldtrip toolbox [Bell and Sejnowski, 1995;
Oostenveld et al., 2011]. Raw data were segmented into
epochs of duration corresponding to a two modulation
cycles (1000, 500, 285, 66, and 33 ms long epochs for the 2,
4, 7, 30, and 60 Hz AM rates, respectively). Epochs with
MEG peak-to-peak amplitude values exceeding 4000 ft
(magnetometer) or 3000 ft/cm (gradiometer) were consid-
ered as artifact contaminated and rejected from the subse-
quent analyses. On average, the percentage of epochs
retained in the final analyses were 67% (SD: 16%), 76%
(12%), 83% (11%), 89% (9%), and 88% (13%) for the 2, 4, 7,
30, and 60 Hz modulation frequencies, respectively. There
were no significant differences (P values> 0.1) in the num-
ber of accepted trials between groups across all AM
frequencies.
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Figure 1.

(A): Statistical map (P values) representing sources that present stronger synchronization com-

pared to the unmodulated noise condition at each AM frequency across all participants. (B): The

brain slice in the axial plane at Z 5 20 (MNI coordinates) illustrates source deepness.



MEG measures computation

Phase Locking Values—Source level measures. The for-
ward solution was based on the anatomical MRI (T1) of
each individual participant. MRI images were segmented
using Freesurfer software [Dale and Sereno, 1993; Fischl
et al., 1999]. The MEG forward model was computed
using a single shell boundary-element model using the
MNE software [Gramfort et al., 2014] for pairs of orthogo-
nal tangential current dipoles distributed on a 5 mm
homogeneous grid source space covering the whole
brain. The cross-spectral density matrix for all sensors
was computed from the Fourier transformed artifact-free
epochs at the AM frequency. Based on the forward model
and the cross-spectral density matrix, dynamic imaging
of coherent sources algorithm [Gross et al., 2001] was
applied to obtain spatial filter coefficients for every
source location and orientation. Source activity at the AM
frequency was then obtained as the matrix product of the
spatial filter coefficients arranged in a row vector with
each Fourier transformed epoch at the AM frequency
arranged in a column vector. For each source the phase
locking value (PLV) [Lachaux et al., 1999] was computed
as follows:

PLV5
1

N
j
XN

n51

eiun j (1)

with un the phase of the source activity for the nth epoch
and where the sum is performed across the N artifact-free
epochs. Source data in both orientations were combined to
obtain a single optimum orientation that maximizes the
PLV. Thus, five PLV maps (one for each modulation rate:
2, 4, 7, 30, and 60 Hz) were obtained for each participant.
The PLV takes a value of 1 when the phase is identical
across epochs and it takes a value close to 0 when the
phase is inconsistent across epochs.

PLV maps for each frequency were transformed from
individual MRIs to the standard Montreal Neurological
Institute (MNI)-Colin 27 brain using the spatial normaliza-
tion algorithm implemented in Statistical Parametric Map-
ping (SPM8, Wellcome Department of Cognition Neurology,
London, UK). Within the MNI space, brain regions showing
significant PLVs across conditions (2, 4, 7, 30, and 60 Hz
AM frequencies) and regardless of the group (skilled read-
ers and dyslexics) were identified with a nonparametric per-
mutation test [Nichols and Holmes, 2002]. To do so, we first
computed “surrogate” PLV maps, which were PLV maps
computed with the condition-specific epoch length but using
the data from the unmodulated noise condition. “Authentic”
and surrogate maps were subtracted and further averaged
across subjects (regardless of the group). Values from this
contrast were then compared to their permutation distribu-
tion (permutation within subjects, performed over the label
authentic and surrogate) built from a subset of 1000 permu-
tations. Briefly, for each permutation, authentic and surro-
gate PLV maps from each individual were swapped with
probability 0.5, the contrast map was then computed from
these shuffled PLV maps, and the permutation distribution
for that permutation was set to the maximal value (across
all sources) of the contrast map. Sources with nonpermuted
PLV contrast above the 95-percentile of the permutation dis-
tribution were considered significantly (P< 0.05) phase-
locked to auditory stimulation. Bilateral superior temporal
gyrus (BA42), middle and posterior regions of the temporal
sulcus (BA22), and the Heschl’s s gyrus (BA41) showed
robust PLV effects (Supporting Information Fig. 1S; Support-
ing Information Table 1S) [Giraud et al., 2000]. The statistical
analysis was repeated for each frequency rate separately
(Fig. 1), and overall, these same regions were significantly
activated (Table I). Intracranial recordings found significant
synchronization between neural oscillations and AM
white noise regardless of the frequency rate in the same
regions [stereoelectroencephalography; Bancaud et al., 1965;

TABLE I. Brain source of maximum significance (minimum P-value) for each AM frequency and hemisphere

AM frequency Brain region BA MNI coordinates

2 Hz R superior temporal sulcus BA22 62 210 11
2 Hz L superior temporal gyrus BA42 261 226 15
4 Hz R superior temporal sulcus BA22 63 217 6
4 Hz L inferior parietal BA40 259 227 24
7 Hz R superior temporal sulcus BA22 62 216 7
7 Hz L superior temporal sulcus BA22 262 225 8
10 Hz R superior temporal sulcus BA22 62 217 5
10 Hz L superior temporal sulcus BA22 259 221 9
15 Hz R superior temporal sulcus BA22 61 218 10
15 Hz L superior temporal sulcus BA22 58 224 11
30 Hz R superior temporal sulcus BA22 60 224 6
30 Hz L superior temporal sulcus BA22 257 219 7
60 Hz R superior temporal sulcus BA22 59 227 9
60 Hz L superior temporal gyrus BA22 258 230 16

AM, amplitude modulation; BA, Brodmann area; R, right; L, left.
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Li�egeois-Chauvel et al., 2004]. Thus, we defined a region of
interest (ROI) including the previously mentioned Brod-
mann areas (BA41, BA42, and BA22). The mask defined by
the ROI was applied to the corresponding PLV map for
each participants and mean of the masked PLVs in the left
hemisphere and right hemisphere was calculated separately.

Brain hemispheric synchronization dominance for each
frequency rate and participant was determined by a mea-
sure called the lateralization index (LI). The LI can be writ-
ten as

LI fð Þ5 AR fð Þ-AL fð Þ
AR fð Þ1AL fð Þ

where AR and AL expressed mean of the masked PLVs in
the right and left hemisphere respectively. LI values vary
between 21 and 1. Positive LI indicate a right hemisphere
dominance, while negative values indicate a left hemi-
sphere dominance.

Structural Data (MRI Recording)

MRI structural data

All subjects underwent structural MRI scanning in a sin-
gle session, using the same 3.0 Tesla Siemens Magnetom
Trio Tim scanner (Siemens AG, Erlangen, Germany),
located at the BCBL in Donostia-San Sebasti�an. A high-
resolution T1-weighted scan was acquired with a 3D ultra-
fast gradient echo (MPRAGE) pulse sequence using a 32-
channel head coil and with the following acquisition
parameters: FOV 5 256; 160 contiguous axial slices; voxel
resolution 1 mm 3 1 mm 3 1 mm; TR 5 2300 ms,
TE 5 2.97 ms, flip angle 5 98. Cortical reconstruction and
volumetric segmentation was performed with the Freesur-
fer image analysis suite, (http://surfer.nmr.mgh.harvard.
edu/). Briefly, this processing includes motion correction,
removal of non-brain tissue, automated Talairach transfor-
mation, segmentation of the subcortical white matter and
deep gray matter volumetric structures, tessellation of the
gray matter white matter boundary, automated topology
correction, and surface deformation following intensity
gradients to optimally place the gray/white and gray/cer-
ebrospinal fluid borders at the location where the greatest
shift in intensity defines the transition to the other tissue
class [Dale et al., 1999; Fischl and Dale, 2000; Fischl et al.,
2002; Segonne et al., 2004].

CT—structural level measures

A number of deformable procedures were performed
automatically in the data analysis pipeline, including sur-
face inflation and registration to a spherical atlas. This
method uses both intensity and continuity information from
the entire three dimensional MR images in segmentation
and deformation procedures to produce representations of
CT, calculated as the closest distance from the gray/white

boundary to the gray/CSF boundary at each vertex on the
tessellated surface. These maps were not restricted to the
voxel resolution of the original data and thus afford detec-
tion of submillimeter differences between groups. The CT
analysis was restricted to the ROI defined in the MNI-Colin
27 space and was calculated separately for the right and left
hemisphere. Finally, the cortical surface was resampled to
each subject’s space, and average cortical thickness data
were obtained in each hemisphere independently for each
subject. LI values were also obtained. In this case, AR and
AL reflect mean CT values restricted to the ROI in the right
and left hemisphere, respectively.

Statistical Analysis

Evaluation of the reading disorder in the dyslexic

groups

Regarding the reading skills of children (Table II), z-
scores were computed based on the corresponding age
norms [Cuetos et al., 2009]. For adults, z-scores were com-
puted based on the performance of 46 skilled monolingual
Spanish adults matched for age (M 5 32.46; SD 5 11.57)
with the control and dyslexic groups of this study (F< 1).
This norm was created and used for the purpose of this
study since the PROLEC-R battery offers normative data
up to the age of 15 2 16 years. In the absence of normative
data for the spelling aloud task designed for this study,
we used the t distribution method [tmodified, Crawford and
Howell, 1998] to establish the presence of a deficit for each
dyslexic adult as compared to the control group. This test
has been shown to be robust in the case of small control
groups [Crawford et al., 2006]. General IQ scores obtained
by each participant were compared to 80 (only participants
with a score superior to 80 were included in the study).

Group differences in phonological processing and

brain measures

Independent ANOVAs with group (dyslexic vs. control)
and age (adults vs. children) as between-subject factor
were conducted on the measures obtained in the two pho-
nological processing tasks. The number of participants that
completed each phonological processing task is indicated
in Table III.

The analysis of the brain responses of participants dur-
ing the passive listening task consisted in conducting
mixed-design ANOVAs for each frequency condition sepa-
rately (2 Hz, 4 Hz, 7 Hz, 30 Hz, and 60 Hz) on the mean
of the masked PLVs, with hemisphere (left vs. right) as the
within-subject factor and group and age as the between-
subject factor. Based on the observed significant effects of
the between-subject factor, mean LI values were computed
for the groups that significantly differed on PLVs. These
LI values were tested against zero with a single t-test to
determine a left or right significant lateralization for that
specific frequency.
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Lastly, a mixed-design ANOVA was conducted on CT
with hemisphere as the within-subject factor, and group
and age as the between-subject factor. The structural data

of two participants was excluded from the analysis due to
data acquisition problems in the MRI scanning. Thus, the
CT of 20 dyslexic readers (10 children and 10 adults) and

TABLE III. Characteristics of the four groups of participants regarding their phonological skills

Phonological skills
Dyslexic group Control group

P
M(SD) Range M(SD) Range

Children (n 5 20)
Pseudoword repetition n 5 8 n 5 10

Accuracy (%) 78.6(6.7) 66.6–87.5 85.0(7.9) 70.8–100 <0.005
Number of phonemic errors 6.5(2.2) 3–10 4.9(3.9) 0–13 0.05

Phonemic deletion n 5 9 n 5 9
Total accuracy (%) 78.7(23.6) 25–100 91.1(8.9) 83.3–100 n.s.
Number of deletion errors 3.7(4.8) 0–13 1.7(2.0) 0–7 0.23
Number of errors out of deletion site 2.8(3.6) 0–12 1.1(1.2) 0–3 0.14

Adults (n 5 22)
Pseudoword repetition n 5 9 n 5 11

Accuracy (/40) 79.1(9.0) 66.6–91.6 91.8 (5.7) 79–100 <0.005
Number of phonemic errors 5.8(2.0) 2-9 2.4(2.2) 0–7 <0.05

Phonemic deletion n 5 11 n 5 11
Total accuracy (%) 82.9(15.2) 41.6-100 90.9(13.6) 62.5–100 n.s
Number of deletion errors 3.1(3.1) 0–12 2.2(3.2) 0–9 0.23
Number of errors out of deletion site 2.2(2.2) 0–8 0.4(0.9) 0–3 0.14

The P-value of the dyslexics vs. control comparison is provided in the last column. n 5 number of participants that took part in the task.

TABLE II. Characteristics of the four groups of participants regarding their IQ, reading and spelling skills

Dyslexic group Control group

M(SD) Range z score M(SD) Range z score

Children (n 5 20)
n 5 10 n 5 10

IQ (Standard score) 113.9(10.0) 98–122 – 111.0 (8.0) 100–130
Word readinga n 5 10 n 5 10

Accuracy (/40) 34.3(6.0) 18–39 27.0e 39.4(.08) 38–40 20.05
Time (s) 73.4(48.2) 29–202 23.7e 30.0(7.0) 20–48 0.60

Pseudoword readinga n 5 10 n 5 10
Accuracy (/40) 28.8(6.3) 16–34 23.9e 37.0(1.4) 34–39 20.25
Time (s) 95.7(59.1) 43–245 22.7e 53.3(8.2) 43–60 0.34

Adults (n 5 22)
n 5 11 n 5 11

IQ (standard score) 118.5(4.5) 115–131 – 125.2(4.4) 115–127
Word readingb n 5 11 n 5 11

Accuracy (/40) 38.4(1.6) 35–40 24.2e 39.8(.038) 39–40 20.15
Time (s) 37.2(11.7) 23–66 24.6e 23.3(3.98) 19–27 20.46

Pseudoword readingb n 5 11 n 5 11
Accuracy (/40) 34.(3.66) 28–40 24.5e 39.0(.085) 37–40 0.04
Time (s) 63.0(16.4) 49–110 27.8e 39.0(5.36) 32–50 21.2

Spelling aloudc n 5 11 n 5 11
Accuracy (/15) 9.7(2.0) 8–12 22.12d 14.45(0.049) 14–15 0.0

n 5 number of participants that took part in the task.
az-scores computed based on the PROLEC-R age-matched normative data.
bz-scores computed based on 46 skilled reader adults on the PROLEC-R reading lists.
ctmodified statistics computed based on the mean performance of the control group.
dP< 0.05.
eP< 0.01.

r Lizarazu et al. r

r 4994 r



20 normal readers (10 children and 10 adults) was
calculated.

For all ANOVAs, Bonferroni post hoc tests were used
when appropriate and data transformation was performed
when the assumptions to conduct ANOVA were violated.

Correlation analyses

Correlations between reading skills, phonological skills,
and brain measures (LI of the PLVs at the frequencies
showing significant group effects, and the LI of the CT)
were conducted. Note that only reading time measures
were used since accuracy scores were very high with little
variance in the data (Table II). In transparent orthogra-
phies, reading speed is known to be a stronger predictor
of reading skills than reading accuracy. Data transforma-
tion was performed on reading times (1/x 2 corrected) to
respect normality. Correlation analysis between the two
brain lateralization indexes (structural—CT and func-
tional—PLVs) were also computed.

RESULTS

Behavioral Results

Table II presents the behavioral assessment for both dys-
lexic and skilled readers.

IQ

All participants obtained an IQ score superior to 80 on
the WISC-R or WAIS tests, suggesting normal intelligence
in all our participants. However, a main group effect was
found (F(1,38) 5 4.34, P 5 0.04, np

2 5 0.1) suggesting that
the dyslexic participants exhibited lower IQ than their con-
trol peers regardless of age (F< 1) (Table II)1. IQ was con-
trolled for in further group comparisons and correlation
analyses conducted within a sample including both dys-
lexic and control participants.

Reading and Spelling Aloud Skills

Overall, both the group of dyslexic children and the
group of dyslexic adults showed negative average z-scores,
reflecting significantly impaired reading time and accuracy

for both words and pseudowords (and spelling aloud for
the dyslexic adults) compared to the age-matched norm.
All corresponding averaged z-scores fell within the normal
range for the two control groups (Table II).

Phonological Skills

A main effect of group (F(1,33) 5 10.6, P< 0.01,
np

2 5 0.24) but not age (F< 1) was found for total accuracy
in the pseudoword repetition task, showing that dyslexic
participants were worse at performing the task than con-
trol participants, regardless of the age (F(1,33) 5 1.46,
P 5 0.23, np

2 5 0.04). Accordingly, dyslexic participants
made more phonemic errors than their controls
(F(1,33) 5 6.5, P< 0.05, np

2 5 0.17). Children tended to pro-
duce more phonemic errors (MCh 5 5.6, SDCh 5 3.4) than
adults (MAd 5 4, SDAd 5 2.8) overall (F(1,33) 5 2.1, P 5 0.15,
np

2 5 0.06). No interaction was found between the two fac-
tors (F< 1).

On the phonemic deletion task, no main effect or inter-
action was found on the total accuracy, the numbers of
errors on the deletion site or outside of the deletion site
(all Fs< 2.2). Still, it is noteworthy that dyslexic partici-
pants generally made more errors than their controls
(Table III).

Functional Results—PLVs

No significant main effect of hemisphere, group or age
or interaction between these factors was found on the
PLVs for the 2 and 7 Hz frequency rates (all Fs< 3.1,
Ps> 0.8). Below, we report the three main results emerging
in the MEG analyses, as well as correlation of brain meas-
ures with reading and phonological measures.

Atypical Low Frequency (4 Hz) Synchronization

Enhancement in Dyslexia Regardless of Age

We observed a significant group effect for the synchroni-
zation strength at the 4 Hz frequency rate (F(1,37) 5 4.8,
P< 0.05, np

2 5 0.1) that was neither modulated by age or
hemisphere (Fs< 1.9). Overall, dyslexic participants pre-
sented stronger synchronization at 4 Hz (MDys 5 0.14,
SDDys 5 0.05) compared to controls (MCtr 5 0.11,
SDCtr 5 0.05). Hemispheric specialization patterns of LI
values were assessed for the dyslexic and control groups
separately. LI values showed a right hemispheric laterali-
zation for brain synchronization at 4 Hz in the control
group (MCtr 5 0.15, SDCtr 5 0.33, P< 0.05), whereas this
hemispheric dominance was not present for the dyslexic
participants (MDys 5 0.09, SDDys 5 0.34, P 5 0.21) (Fig. 2A).
Positive partial correlations (controlling for chronological
age and IQ) were found between LI values and both word
and pseudoword reading times (reciprocal transformation)
in the control group, (Word: r 5 0.54, P< 0.01 (Fig. 3A);
Pseudoword: r 5 0.44, P< 0.05 (Fig. 3B)) but not within the

1The group effect in the IQ scores was better examined by analyzing
the group effects on the scores obtained on the performance and
verbal subscales. We conducted an ANOVA with group (dyslexic vs.
control) and age (adults vs. children) as between-subject factors, and
subscales (performance, verbal) as within-subject factor on the IQ
scores. This analysis did not reveal any subscale effect (F< 1). How-
ever a statistically significant group 3 subscale interaction emerged
(F(1,38) 5 6.64, P 5 0.014, np

2 5 0.15), showing that the dyslexic
group had lower scores than the skilled readers group on the verbal
subscale (P< 0.015) but not on the performance subscale (P> 0.50).
No group 3 age 3 subscale interaction was found (F< 1).
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dyslexic group (P> 0.7). In the control group, the faster
the word and pseudoword reading, the more right lateral-
ized the PLVs at 4 Hz.

High Frequency (30–60 Hz) Synchronization

Enhancement with Age Regardless of the Group

An age effect was found for the synchronization
strength for both conditions of gamma frequency (30 Hz:
F(1,37) 5 10.2, P< 0.01, np

2 5 0.21; 60 Hz: F(1,37) 5 11.44,
P< 0.01, np

2 5 0.23). Adults showed stronger neural syn-
chronization to the AM noises (30 Hz: MAd 5 0.06,
SDAd 5 0.02; 60 Hz: MAd 5 0.05, SDAd 5 0.05) than children
(30 Hz: MCh 5 0.03, SDCh 5 0.02; 60 Hz: MCh 5 0.015,
SDCh 5 0.01). Hemispheric specialization patterns of LI val-
ues at 30 Hz and 60 Hz were assessed for children and
adults separately. LI values at 30 Hz reflected a rightward
hemispheric lateralization of the PLVs in children
(MCh 5 0.17, SDCh 5 0.32, P 5 0.03), but not in adults
(MCh 5 0.02, SDCh 5 0.29, P 5 0.72) (Fig. 2B). No hemi-
spheric asymmetry in the PLVs was found for AM noise
at 60 Hz, in either of the groups (Supporting Information
Fig. 2S). When individual chronological age and IQ were
partialled out, the number of errors at repeating pseudo-
words and LI values at 30 Hz showed a significant posi-
tive relationship in adults (r 5 0.51, P 5 0.02) but not in
children (r 5 0.1, P 5 0.7) indicating that adults with the
strongest leftward hemispheric lateralization for AM noise
at 30 Hz were the most accurate in repeating pseudowords
(Fig. 4).

Right-Lateralized Neural Entrainment to AM

Noise at 30 Hz in Adults and Children with

Dyslexia

Interestingly, a hemisphere by group interaction was
observed for the synchronization strength at 30 Hz
(F(1,37) 5 4.13, P< 0.05, np

2 5 0.1), which was not modulated
by age (F(1,37) 5 0.53). Post hoc analysis showed that PLVs
were higher in the dyslexic group than the control group in
the right hemisphere (P< 0.05; MDys 5 0.06, SDDys 5 0.03;
MCtr 5 0.04, SDCtr 5 0.02), whereas no group difference was
found in the left hemisphere (P> 0.5; MDys 5 0.04,
SDDys 5 0.02; MCtr 5 0.04, SDCtr 5 0.03). Moreover, greater
PLVs were found in the right compared to the left hemi-
sphere in the dyslexic group (P 5 0.02) indicating an asymme-
try toward the right hemisphere. In controls, no difference
was found between the two hemispheres (P 5 0.68), suggest-
ing bilateral sensitivity to 30 Hz modulations.

Analyses of the LI values confirmed that dyslexic partici-
pants presented a significant rightward hemispheric laterali-
zation for the neural synchronization to AM modulations at
30 Hz (MDys 5 0.17, SDDys 5 0.27, P< 0.01), while controls
showed no hemispheric bias (MCtr 5 0.02, SDCtr 5 0.29,
P 5 0.72) (Fig. 2B). No correlation was found between the
LI values at 30 Hz and reading, phonemic awareness, or
phonological short-term memory measures after controlling
for IQ and chronological age (all rs< 0.34, Ps> 0.14).

STRUCTURAL RESULTS—CT

An age effect on CT was found (F(1,35) 5 33.3, P< 0.01,
np

2 5 0.48), which also interacted with hemisphere

Figure 2.

The mean and standard error of the LI at 4 Hz (A) and 30 Hz (B) in dyslexic children (black),

skilled reader children (dark grey), dyslexic adults (light grey), and skilled reader adults (white)

are represented (positive values indicate a rightward lateralization while negative values a left-

ward lateralization).
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(F(1,35) 5 5.6, P< 0.05, np
2 5 0.14). Post hoc analysis revealed

that the auditory cortex was thinner in adults (MRH 5 2.7,
SDRH 5 0.15; MLH 5 2.7, SDLH 5 0.18) than children
(MRH 5 2.9, SDRH 5 0.13; MLH 5 3, SDLH 5 0.11) in both right
(P< 0.001) and left (P< 0.01) hemispheres. Moreover, the
right auditory cortex was thinner than the left auditory cortex
in children (P< 0.01) but not in adults (P 5 0.64) (Fig. 5). Anal-
yses of the LI of CT confirmed that children show a significant
rightward asymmetry of the auditory cortices (P 5 0.04) that
was not present in adults (P 5 0.46). No main effect or interac-
tion effect involving the factor group was found (Fs< 2.44).

RELATION BETWEEN FUNCTIONAL (PLVS)

AND STRUCTURAL (CT) RESULTS

Because both CT and PLVs at 4 Hz and 30 Hz played a
significant role in both the age and group differences pre-
sented above, we performed partial correlation analyses,

controlling for chronological age and IQ, between the func-
tional and structural LI measures within the control group
and the dyslexic group as well as in the child group and
the adult group. For the 4 Hz frequency rate, we observed
a positive correlation between LI of both CT and PLVs at 4
Hz in the dyslexic group (r 5 0.5, P 5 0.01). A lateralized
bias in the neural synchronization to AM noise at 4 Hz to
the right hemisphere was associated with a left hemispheric
bias for cortical thinning. No such correlation emerged
within the control group (r 5 0.2, P 5 0.2) (Fig. 6A). When
considering the 30 Hz frequency rate, LI of CT and PLVs
correlated negatively within the whole control group
(r 5 20.4, P< 0.05), indicating that an asymmetry of neural
synchronization to AM noise at 30 Hz toward the left hemi-
sphere was associated with cortical thinning bias towards
this same left hemisphere. No such correlation was found
within the dyslexic group (r 5 0.15, P 5 0.27) (Fig. 6B).

DISCUSSION

This study adds important evidence to support the idea
that atypical neural sampling of auditory signals at slow
or/and fast frequency bands underlies developmental dys-
lexia [Lehongre et al., 2013; Power et al., 2013]. Children
and adults were tested for the first time with a similar par-
adigm, allowing us to examine whether the neural sam-
pling deficit in developmental dyslexia is modulated by

Figure 3.

Correlation between the LI values at 4 Hz (LI(4Hz) on x axis; nega-

tive and positive values indicate left and right hemispheric domi-

nance, respectively) and the residual values (age and IQ corrected)

of the inverse of word (A) and pseudoword (B) reading times (y

axis) within the group of skilled (children: blue triangle, adults: blue

circle) and dyslexic (children: red triangle, adults: red circle) readers.

Figure 4.

Correlation between the LI values at 30 Hz (LI(30 Hz) on x

axis; negative and positive values indicate left and right domi-

nance, respectively) and the residual values (age and IQ cor-

rected) of the sum of phonemic errors in the phonological

short term memory task (y axis) within the group of children

(dyslexic: green triangle, control: green circle) and adults (dys-

lexic: purple triangle, control: purple circle) readers.
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developmental changes. Importantly, we used MEG
recordings in association with the structural brain images
of the participants to provide insights on the neural sour-
ces of the sampling deficit found in dyslexia.

Our results showed atypical neural synchronization to
both syllabic- and phonemic-rate modulations in the dys-
lexic group compared to their control peers. Models of typi-
cal speech perception show that neuronal activity from the
right auditory cortex is optimized for sampling speech
information occurring at low frequencies (at delta-theta)
[Abrams et al., 2009], while high frequencies are processed
bilaterally [Boemio et al., 2005; Vanvooren et al., 2014] or
with a left hemispheric bias [Poeppel, 2003]. Consistent
with this literature, both skilled reader adults and children
showed a rightward asymmetric specialization for sampling
slow AM noise (4 Hz) and a bilateral synchronization for
faster AM noise (30 Hz). Dyslexic children and adults
showed the opposite pattern, that is, an absence of signifi-
cant rightward lateralization for low frequencies (4 Hz),
and a rightward lateralization for high frequencies (30 Hz).

Abnormal sensitivity and lateralization patterns for neu-
ral synchronization to low frequency temporal features

present in nonspeech and speech signals have previously
been associated with reading impairments [H€am€al€ainen
et al., 2012; Power et al., 2013]. Accordingly, we found a
significant relationship between synchronization asymme-
tries at 4 Hz and reading speed within the control group,
showing that stronger rightward asymmetric synchroniza-
tion was associated with faster pseudoword and word
reading. Contrary to what was observed for hemispheric
asymmetry, the overall strength of synchronization for
AM noise processing at 4 Hz did not seem to contribute to
normal reading. In fact, PLVs were stronger in the dyslexic
group than in the control group in both hemispheres. This
unexpected high neural synchronization to the auditory

Figure 5.

Mean and standard error of the CT in the left (LAC) and right

(RAC) auditory cortex in adults (purple) and children (green)

(**P< 0.01).

Figure 6.

(A): Correlation between the LI at 4 Hz (LI(4 Hz) on the x axis;

negative and positive values indicate left and right dominance

respectively) and the LI of the CT (LI(CT)) (y axis; negative and

positive values indicate thicker CT in the left (relative to the

right) and right (relative to the left) auditory cortex respec-

tively) within skilled (n 5 20, blue) (children: blue triangle, adults:

blue circle) and dyslexic (children: red triangle, adults: red circle)

readers. (B): Correlation between the LI at 30 Hz (LI(30 Hz))

and LI(CT) in skilled (children: blue triangle, adults: blue circle)

and dyslexic (children: red triangle, adults: red circle) readers.
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stimuli in our dyslexic sample may indicate a greater reli-
ance on sampling auditory information at the syllabic-rate
in these participants compared to their skilled reader
peers. Interestingly, sensitivity to the phonological syllabic
rate (�4 Hz) is of special relevance for Spanish, which falls
within the rhythmic class of syllable-timed languages
[Ramus et al., 1999]. The high availability of syllabic-rate
information in Spanish may have led our dyslexic partici-
pants to compensate by relying more strongly on temporal
modulations at this rate, possibly to cope with their
impaired right hemispheric specialization. Crosslinguistic
differences in phonological parameters could also explain
why we did not observe any group difference at the low-
est rate (2 Hz). According to the temporal sampling theory
of dyslexia [Goswami, 2011], atypical temporal sampling
within both the delta (2 Hz) and theta (4 Hz) ranges
should contribute to reading disorders, since they relate to
the encoding of syllabic-relevant speech rates (e.g., syllabic
stress and syllable, respectively; Goswami, 2015). Support-
ing evidence has been reported for speech [Power et al.,
2013] and nonspeech [H€am€al€ainen et al., 2012] stimuli in
English individuals. Contrary to Spanish, English is a
stress-timed language and stress might be especially prom-
inent and relevant for speech segmentation and phonologi-
cal development in this language. Rhythm variations
between Spanish and English might therefore have an
impact on the strength of the sampling deficits observed at
delta in dyslexia (and possibly theta, as proposed earlier).
This deficit in the delta range might also be less strong for
stimuli that do not directly tap into language, like those in
the present study, so we cannot yet rule out the possibility
that an atypical speech sampling at delta has a role to play
in dyslexia, even in syllable-timed languages (see Bour-
guignon et al., 2013 for the importance of the delta band
for speech processing in French).

Regarding phonemic-rate conditions (30 Hz and 60 Hz),
we observed a rightward synchronization asymmetry for
the dyslexic group, driven by an atypical synchronization
enhancement in the right auditory cortex to the low
gamma rate (30 Hz). In fact, the same atypical hemispheric
lateralization pattern for speech sampling in the low
gamma range has been reported in dyslexic adults [Lehon-
gre et al., 2013] and prereaders with high hereditary risk
for dyslexia [Vanvooren et al., 2014]. Right hemispheric
bias has been linked to inattentive speech and non-speech
processing [Scott et al., 2009] which, in the case of this
study, may indicate that dyslexic individuals suffer from a
limitation in the resources allocated to the processing of
stimuli occurring at phonemic-relevant rates.

Interestingly, the neurophysiological oscillatory anoma-
lies observed in our dyslexic group were not modulated
by the chronological age of participants, neither at syllabic-
nor at phonemic- rates (4 Hz and 30 Hz, respectively).
Dyslexic adults therefore showed a deficit even when com-
pared to younger skilled readers with “more comparable”
reading experience, which supports a possible causal link

between the sampling deficit and the reading difficulties
of our dyslexic participants. Regarding syllabic-rate proc-
essing, the size of the deficit of the dyslexic group was not
modulated by developmental changes. Interestingly, all
our participants had possibly already reached the highest
developmental point in terms of their sensitivity to, and
rightward asymmetries for, the processing of syllabic-rate
units (low frequencies: 4 Hz). This is in line with studies
showing that this specific oscillatory sampling mechanism
may be achieved before reading is acquired, in normal
prereaders, as well as prereader children with high heredi-
tary risk for dyslexia [Vanvooren et al., 2004].

Regarding phonemic-rate neural auditory synchronization,
adults showed stronger synchronization values than chil-
dren for both the 30 Hz and 60 Hz conditions. This sensitiv-
ity enhancement to high frequencies was associated to better
phonemic processing in adults only (who have greater read-
ing experience than children, as illustrated by fewer phone-
mic errors in adults than children in the pseudoword
repetition task). This higher phonemic sensitivity goes hand
in hand with the acquisition of reading expertise [Castles
and Coltheart, 2004]. In ddition, whereas adults did not
show any hemispheric specialization for synchronizing their
neural response to these stimuli, a rightward hemispheric
asymmetry was observed in children (see also Vanvooren
et al., 2004 in pre-readers). Following the rationale discussed
earlier, this right hemisphere asymmetry in children might
stem from the allocation of fewer (or less tuned) attentional
resources to phonemic-rate stimuli [Scott et al., 2009]. Thus,
the rightward lateralization is present in the early stages of
reading acquisition but vanishes with reading experience,
moving toward a symmetric sensitivity for phonemic-rate
auditory processing. To move from this rightward asymme-
try to a symmetric sensitivity, the left hemisphere should be
more actively involved in entrainment to fast frequency
modulations (30 Hz) relative to the right hemisphere. Stud-
ies using tonal judgment tasks suggest that left and right
hemisphere regions respond differently if the stimuli pro-
vide the possibility to access linguistic information [Klein
et al., 2001]. Indeed, right hemisphere regions would be spe-
cialized in pitch discrimination [Zatorre et al., 1992] while
left hemisphere regions are required for a linguistic categori-
zation of the pitch [Gandour et al., 1998]. The stronger
involvement of the left auditory cortex in processing high
frequency (phonemic) rates could explain why adults pres-
ent better performance in categorizing phonemes compared
to children [Hazan and Barrett, 2000].

In line with these observed age effects, an age-related
improvement in phonemic-rate sensitivity was observed in
the dyslexic adults compared to the dyslexic and skilled
reader children. The dyslexic adults (some of whom had
received training and remediation throughout life) may
therefore have kept on improving their sensitivity to pho-
nemic speech information throughout development, like
their age-matched controls. Nonetheless, this enhancement
did not allow them to catch up with their peers in their
reading and phonological skills.
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Regarding anatomical variations, we observed that CT in
the auditory cortex of participants was modulated by their
age group, independently of their reading level status. In
particular, the auditory cortex in both the left and the right
hemispheres was thinner in adults than in children. This
data is consistent with research reporting developmental
changes in cortical thinning in these regions [Magnotta
et al., 1999; Shaw et al., 2008]. In spite of the evidence pro-
vided by studies showing that auditory regions are typi-
cally larger in the left hemisphere than the right
hemisphere [Altarelli et al., 2014; Galaburda et al., 1978;
Geschwind and Levitsky, 1968; Penhune et al., 1996; Rade-
macher et al., 1993; Shapleske et al., 1999], this structural
asymmetry was only obtained in our group of children.

No structural differences between skilled readers and
dyslexics were thus found in the left and right auditory
cortex [Eckert et al., 2003; Schultz et al., 1994]. Neverthe-
less, we observed variations between the dyslexic and the
control groups regarding the links between structural and
functional asymmetries. After controlling for nonverbal IQ
and chronological age (i.e., controlling for cortical thinning
due to maturation; Magnotta et al., 1999; Shaw et al.,
2008), we observed that the cortical thickness asymmetries
and pruning were linked to a stronger phonemic-rate (30
Hz) sensitivity in skilled readers, but to a stronger
syllabic-rate (4 Hz) sensitivity in dyslexic readers. Thus,
the left auditory regions might be specialized for process-
ing phonological units of different sizes (phoneme vs. syl-
lable) in skilled and dyslexic readers. This relation
between the CT pruning and the specialization to process
high frequency oscillations might be a critical factor in
improving phonological processing at the phonemic-level
and adequate reading development. The lack of this rela-
tion in our dyslexic participants suggests that they may
rely on syllabic units (large grain) for phonological analy-
sis, whereas skilled readers may preferentially use smaller
units such as phonemes. This result is also in line with the
synchronization enhancement observed at 4 Hz in the dys-
lexic group compared to the group of skilled readers.

Lastly, the impaired phonological sampling highlighted
here in our dyslexic participants may also stem from a per-
turbation of the streams of information propagation (bot-
tom-up, top-down) between lower and higher-level
auditory regions. In fact, genetic factors (ectopias, Gala-
burda and Kemper, 1979) in dyslexia have been proposed
to alter the neural interactions (gamma-theta) within the
auditory cortex [Giraud and Ramus, 2013] involved in
speech coding. Nevertheless, since we used non-linguistic
stimuli (AM white noise), our study of the temporal sam-
pling deficits in developmental dyslexia was constrained to
the evaluation of the atypical neural responses within audi-
tory primary areas. Future studies should be conducted to
better characterize how an atypical auditory sampling in
dyslexics hinders the following processing steps in higher-
level areas (i.e., left inferior frontal gyrus) during speech
perception.
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