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Human cognitive systems such as language represent the sensory
world as unitary. For example, the “speech signal” is perceived
as a single auditory stimulus, and different visual features and
textures in the visual field are perceived holistically as unitary
objects. Yet sensory neuroscience demonstrates the diversity of
encoding in the neural systems supporting sensory perception.
Different aspects of sensory information are processed in parallel,
often at different timescales and by different populations of neu-
rons. Further, research into the function of neuronal oscillations
(e.g., Buzsáki and Draguhn, 2004) reveals a key role in processing
sensory information. In this special issue, we investigate the devel-
opmental implications of one neuroscientific theory based on
oscillations that is relevant to reading education and developmen-
tal dyslexia, the “temporal sampling” framework (hereafter TSF,
Goswami, 2011). The TSF identifies specific oscillatory mecha-
nisms that may be impaired in dyslexia. We expect that deeper
understanding of neural mechanisms of information-processing
will eventually enable deeper understanding of developmental
disorders of learning, such as dyslexia. Developmental dyslexia is a
disorder in the acquisition of successful reading and spelling skills
that is found in ∼7% of children across cultures.

The ability to read and write—the achievement of literacy—is
one of the most complex and sophisticated cognitive skills devel-
oped by the brain. Literacy skills develop as a result of direct
teaching, usually in childhood, and become fluent during years of
practice. By adulthood, most brains have read millions of words.
This makes it difficult to disentangle cause from effect when
studying sensory and neural factors. Dyslexia is usually only diag-
nosed after 2–3 years of schooling, when the brain has already had
considerable experience of reading and reading tuition. Dyslexia
is diagnosed when children who are receiving adequate teaching
and who have no overt sensory or neurological problems fail to
develop fast, efficient and age-appropriate reading and spelling.

The TSF was proposed as the neural basis for the extrac-
tion of phonological information from speech via auditory
oscillatory encoding (Goswami, in press). Based on work by
Poeppel, Greenberg, Giraud, Ghitza and many others (Giraud
and Poeppel, 2012, for a recent summary), the TSF linked
“sampling” of the speech stream by auditory cortical networks

operating at different timescales or oscillatory frequencies (delta,
theta, gamma) to the emergence of phonological (linguistic) cod-
ing of speech by children. Poeppel and others argued that cortical
oscillations enabled the representation of different temporal rates
of amplitude modulation in the complex speech signal. These
temporal frequency bands yield complementary “windows” of
information relating to cognitive linguistic units such as sylla-
bles (theta rate) and phonemes (gamma rate, see Poeppel, 2003).
Accordingly, the TSF proposed that atypical oscillatory sampling
at one or more temporal rates in children with dyslexia could
cause phonological difficulties in specifying linguistic units such
as syllables.

Phonological difficulties in dyslexia are related to difficulties
in the accurate perception of amplitude “rise time” (related to
modulation rate). The TSF proposed that atypical oscillatory
entrainment at syllable-relevant rates of amplitude modulation
(delta [∼ stressed syllable rate], theta [∼ syllable rate]) could
be one neural cause of the “phonological deficit” found in chil-
dren and adults with dyslexia across languages and orthographies.
This theory is about early developmental mechanisms, never-
theless impaired oscillatory sampling in auditory cortex could,
over developmental time, lead to atypical functioning of the left-
lateralized “reading network” identified in many fMRI studies
of older children (Richlan, 2012, for a recent overview; Clark
et al., 2014, for a relevant longitudinal study). This should be
true across languages. Indeed, rise time perception is impaired
in English, French, Spanish, Hungarian, Finnish, Chinese, and
Dutch dyslexic children (see Goswami and Leong, 2013, for an
overview). The “phonological deficit” in dyslexia is found in all
of these languages, and manifests as difficulties in oral tasks such
as recognizing prosodic stress, counting syllables, and counting
or deleting phonemes (the smallest phonological units in a lan-
guage; Ziegler and Goswami, 2005, for a cross-language review).
These and other phonological tasks are considered by some of the
auditory-based contributions to the special issue (Lehongre et al.,
2013; Power et al., 2013; White-Schwoch and Kraus, 2013; Sela,
2014 this issue).

The aim of this special issue, however, was to simultane-
ously invite colleagues who work on visual sensory processing
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to consider whether atypical oscillatory “temporal sampling”
may explain the pervasive visual processing deficits in dyslexia
reported in many orthographies (e.g., Facoetti et al., 2010; Lallier
and Valdois, 2012). Visual and auditory sensory theories of
dyslexia are typically considered to compete with each other,
indeed a recent review counted 12 competing theories of devel-
opmental dyslexia (Ramus and Ahissar, 2012). The act of reading
of course depends upon many visual processes. Examples are
(for alphabetic orthographies) serial letter recognition, visual
grouping of repeating letter patterns in familiar words, and the
left-to-right (or in some orthographies, right-to-left) horizontal
linear tracking of print. Practice in reading (reading experience)
will obviously train the brain in aspects of visual processing
related to reading. Such visual practice is necessarily reduced in
children with dyslexia (reading is effortful, so the child reads
less). Disentangling the effects of reading experience on the
brain across the many different sensory and cognitive compo-
nents that support the development of reading and writing is
thus experimentally challenging. Nevertheless, by studying par-
ticular aspects of non-linguistic visual processing in isolation
(such as magnocellular function, or eye movements), research
can begin to disentangle cause from effect in developmental
dyslexia.

In this special issue, a number of the different aspects of
impaired visual and visuo-spatial attentional processing found in
dyslexia are studied and possible relations with oscillatory tem-
poral sampling are considered (see De Luca et al., 2013; Lallier
et al., 2013; Conlon et al., 2013; Gori et al., 2014; Ruffino et al.,
2014; Varvara et al., 2014 this issue). Theoretically, these contribu-
tions consider whether spatiotemporal sampling of information
by the visual system may be impaired in dyslexia (see Pammer,
2014; Vidyasagar, 2013 this issue). Indeed, Vidyasagar argues
that a visual sampling impairment may be primary to the audi-
tory difficulties in dyslexia documented by other contributors,
a provocative claim which requires longitudinal studies. In fact,
in order to establish the possible causal role of different visual
and auditory sensory processes to reading development, and to
identify their sequential contributions during the developmental
learning trajectory, a range of developmental research designs are
required.

At minimum, evidence is required that:

1. the sensory/neural deficit precedes being taught to read
2. the sensory/neural deficit affects aspects of cognitive devel-

opment other than reading (e.g., musical development for
auditory deficits, conceptual development for visual deficits)
in predictable ways

3. the sensory/neural deficit can be demonstrated when children
with dyslexia are compared to younger children whose read-
ing skills are matched with the dyslexics (this research design
aims to equate the effect of reading experience on the brain;
the reading level match research design)

4. developmental trajectories are followed in longitudinal stud-
ies, exploring the complex interplay of auditory and visual sen-
sory/neural and cognitive processes during the development of
reading, thereby establishing the developmental primacy of the
candidate deficit

5. the sensory/neural deficit is consistent across different lan-
guages and orthographies

6. training the candidate deficit has demonstrable effects upon
subsequent reading development

Longitudinal studies, beginning before reading is taught and car-
ried out across languages, are enormously important to the field
(e.g., Boets et al., 2011; Franceschini et al., 2012). Sensory/neural
deficits may change over developmental time. Perhaps a sensory
factor critical for early development becomes less relevant when
studying older children, or is no longer apparent when study-
ing adults. Sensory/neural deficits may also manifest differently
in different languages, for example as a consequence of factors
such as orthographic grain size (e.g., the phonemic grain size is
practiced by readers of alphabetic languages, whereas Japanese
readers practice the syllable grain size) or phonology (e.g., rhyth-
mic or phonetic differences, such as whether a language has many
sonorant phonemes and is syllable-timed, such as Spanish, or
many plosive phonemes and is stress-timed, such as English).
Reading difficulties may be comorbid with other difficulties such
as attention-deficit-hyperactivity disorder (ADHD); the possible
effects of co-morbid disorders on sensory processing must be
taken into account (Thaler et al., 2009). The studies in this special
issue document and calibrate some of these aspects of auditory
and visual processing that seem to be important in developmental
dyslexia. Incorporating all of these aspects of sensory processing
into oscillatory studies will be the next task for developmental
research into dyslexia.
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Reading development builds upon the accurate representation of the phonological structure
of spoken language. This representation and its neural foundations have been studied
extensively with respect to reading due to pervasive performance deficits on basic
phonological tasks observed in children with dyslexia. The subcortical auditory system
– a site of intersection for sensory and cognitive input – is exquisitely tuned to code
fine timing differences between phonemes, and so likely plays a foundational role in the
development of phonological processing and, eventually, reading. This temporal coding
of speech varies systematically with reading ability in school age children. Little is known,
however, about subcortical speech representation in pre-school age children. We measured
auditory brainstem responses to the stop consonants [ba] and [ga] in a cohort of 4-
year-old children and assessed their phonological skills. In a typical auditory system,
brainstem responses to [ba] and [ga] are out of phase (i.e., differ in time) due to formant
frequency differences in the consonant-vowel transitions of the stimuli. We found that
children who performed worst on the phonological awareness task insufficiently code
this difference, revealing a physiologic link between early phonological skills and the
neural representation of speech. We discuss this finding in light of existing theories of
the role of the auditory system in developmental dyslexia, and argue for a systems-level
perspective for understanding the importance of precise temporal coding for learning to
read.

Keywords: reading, dyslexia, temporal sampling, phase locking, brainstem, phonological awareness, temporal

coding

INTRODUCTION
Learning to read scaffolds on the development of more basic lan-
guage skills. One such primitive is phonological awareness, the
knowledge that spoken language is made up of smaller units such
as syllables and phonemes (Sandak et al., 2004; Kovelman et al.,
2012; Pugh et al., 2013). Phonological processing has been an
area of keen interest in the study of reading for years due to the
observation of pervasive performance deficits in dyslexics on basic
phonological tasks (Swan and Goswami, 1997; Pugh et al., 2013;
Ramus et al., 2013). Theories of developmental dyslexia, and the-
ories of reading more generally, must therefore account for the
biological mechanisms supporting phonological processing and
related language skills.

Developmental dyslexia affects approximately 5–10% of chil-
dren and is characterized by a failure to develop effective reading
skills despite typical intelligence and adequate support from par-
ents, teachers, and caregivers (Démonet et al., 2004). As a group,
children (and adults) with dyslexia have a constellation of deficits
in auditory processing. There are, for example, extensive perfor-
mance gaps between dyslexic and typically developing children on

a variety of basic auditory tasks (Wright et al., 1997; Goswami
et al., 2002; Ahissar et al., 2006). Children with dyslexia have
difficulty coding rapidly changing frequency content in speech
such as formant transitions in consonant–vowel syllables (Tal-
lal and Piercy, 1975; Tallal, 1980). Dyslexics also have difficulty
tracking amplitude envelope modulations in speech, such as in
syllable onsets (Goswami et al., 2002, 2011). However, it remains
unknown whether these deficits are each observed within an indi-
vidual or if there are variable manifestations of developmental
dyslexia.

Neurophysiologic deficits associated with dyslexia include
increased variability in neural firing as observed in auditory mid-
brain in humans (Hornickel and Kraus, 2013) and cortex in a rat
model of dyslexia (Centanni et al., 2013), in addition to decreased
auditory cortical phase-locking to the acoustic envelope (Abrams
et al., 2009; Lehongre et al., 2011). Our own group has identi-
fied a number of deficits in speech coding throughout the central
auditory system that are linked to poor reading (Kraus et al.,
1996; Wible et al., 2005; Abrams et al., 2009; Banai et al., 2009;
Chandrasekaran et al., 2009; Hornickel and Kraus, 2013).
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In light of the wide variety of auditory deficits identified
in dyslexics, a plethora of theories as to the disorder’s biolog-
ical origin have emerged, each of which has tried to identify
a “core deficit.” Although these theories are not necessarily
mutually exclusive, there is little accord in the literature (cf.
Livingstone et al., 1991; Wright et al., 2000; Stein, 2001; Ahissar,
2007; Vidyasagar and Pammer, 2010; Goswami, 2011; Lallier et al.,
2013). Many theories have centered on a core deficit in phonolog-
ical processing and, consequently, a number of neurophysiologic
investigations have characterized the biology underlying this skill
and deficits thereof. Neuroimaging studies have identified dimin-
ished activity in left-lateralized language networks in dyslexic chil-
dren performing phonological tasks (Kovelman et al., 2012; Pugh
et al., 2013). Lehongre et al. (2011) used magnetoencephalogra-
phy to measure neural entrainment to amplitude modulated noise
bursts, and found that dyslexics had poorer phase-locking in the
“low gamma” range (∼30 Hz), correlating with poor performance
on phonological tasks. Finally, the discrimination of stop conso-
nants in auditory midbrain is linked to reading ability in school
age children (Hornickel et al., 2009).

While these studies (in addition to many others) have offered
insight into the pathophysiology underlying phonological and/or
reading deficits, they are complicated by the reciprocal relation-
ship between phonological processing and reading. For although
phonological awareness likely bootstraps reading development,
the first years of reading themselves influence phonological aware-
ness (Castles and Coltheart, 2004). Therefore, here, we assessed
the relationship between phonological awareness and neuro-
physiologic discrimination of stop consonants in a group of
typically developing 4-year-old children. We hypothesized that
early phonological awareness is linked to the precision of physi-
ologic speech sound discrimination. To test this hypothesis, we
measured neural responses to a pair of speech stimuli previ-
ously shown to vary systematically with phonological processing
in school-age children (Hornickel et al., 2009). By assessing physi-
ologic processing of speech in pre-school age children we hope to
gain insight into the developmental trajectory of reading develop-
ment. Moreover, we may identify a potential biomarker to predict
subsequent reading ability.

MATERIALS AND METHODS
SUBJECTS
Four-year-old children (N = 26, 14 female) were recruited from
the Chicago area to participate in a developmental study at North-
western University. No child had a history of a neurologic or
otologic condition, second language experience, or a diagnosis
of autism spectrum disorder. Four children had immediate family
histories of dyslexia (parent or sibling). All children passed a brief
screening of peripheral auditory function (normal tympanometry
and distortion product otoacoustic emissions at least 6 dB above
the noise floor for octaves from 1–8 kHz). Additionally, all children
had normal click-evoked auditory brainstem responses (Wave V
latency < 6.0 ms, measured by a 100 μs click presented at 80 dB
SPL to the right ear at 31.25 Hz).

Although we consider these children too young to have attained
fully developed reading skills, and so refer to them as “pre-
readers,” we note that many of them may have begun some explicit

instruction. We did not formally evaluate their reading skills and
acknowledge this as a limitation. Nevertheless, we suggest that
our cohort represents children who have either not yet begun to
learn to read, or are only in the first stages, and so offers novel
insight into the relationship between phonological processing and
auditory-neurophysiologic responses to speech early in life.

Parents provided informed consent for their children to partici-
pate in the study, and the subjects provided verbal assent. The Insti-
tutional Review Board of Northwestern University approved all
procedures and children were paid $10/hr for their participation.

BEHAVIORAL MEASURE – PHONOLOGICAL AWARENESS
Phonological awareness was measured with the Clinical Evalua-
tion of Language Fundamentals Preschool, 2nd edn., phonological
awareness subtest (CELF 2; Wiig et al., 2004). The test evaluates
a child’s knowledge of the sound structure of the English lan-
guage and measures a child’s ability to manipulate sound through:
compound word and syllable blending, sentence and syllable seg-
mentation, and rhyme awareness and production. Raw scores are
computed and were used for analysis. The maximum score is 24,
and higher scores correspond to better performance. All children
met the age-appropriate “criterion” cutoff, indicating that they are
within the range of typically developing children. Therefore our
data represent a cohort of children with developmentally appro-
priate performance on the phonological awareness test but with a
large range of variability.

NEUROPHYSIOLOGY: STIMULI
Auditory brainstem responses were elicited in response to the
stop consonants [ba] and [ga]. Both consonant–vowel (CV) syl-
lables were 170 ms stimuli that have been described previously
(Hornickel et al., 2009). Briefly, both begin with a 5 ms stop
burst and have a 50 ms transition from the consonant to the
vowel. The vowel is sustained for 120 ms. Both stimuli have a
flat fundamental frequency (F0 = 100 Hz) and during the 50 ms
transition the first three formant frequencies shift. The [ba] and
[ga] differ only in the F2 onset frequency (F2OF[ba] = 900 Hz;
F2OF[ga] = 2480 Hz) but are identical in F2 frequency for the
vowel portion (F2VOWEL = 1240 Hz; see Figure 1). The remaining
formants are identical (F1 = 400–720 Hz; F3 = 2580–2500 Hz)
with F4−6 steady through the 170 ms stimuli (F4 = 3300 Hz,
F5 = 3750 Hz, F6 = 4900 Hz). Stimuli were presented monau-
rally to the right ear at 80.4 dB SPL through electromagnetically
shielded insert earphones (ER-3, Etymotic Research, Elk Grove
Village, IL, USA). Stimulus presentation was controlled by E-
Prime 2.0 (Psychology Software Tools, Inc., Sharpsburg, PA, USA)
and stimuli were presented in alternating polarity with an 81 ms
interstimulus interval. 4200 sweeps of each stimulus were pre-
sented, and the presentation order was randomized for each
subject.

NEUROPHYSIOLOGY: RECORDING AND DATA PROCESSING
Brainstem responses were collected using a BioSEMI Active2
recording system with ABR module. Active electrodes were placed
at Cz and each ear with CMS/DRL placed on the forehead,
one-half centimeter on either side of Fpz. Only ipsilateral (Cz-
A2) responses are used in analysis. Responses were digitized at
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FIGURE 1 | (A) Schematic illustrating formant information for the [ba] and [ga]
stimuli. The F 0, F 1, and F 3 are identical. The stimuli differ in F 2 onset
frequencies with [ba] (blue) ascending and [ga] (green) descending to stabilize
for the vowel portion. (B) Schematic illustrating the expected phase

relationship between brainstem responses to the [ba] and [ga]. Since the [ga]
(green) has a higher F 2 onset frequency it is expected that brainstem
responses to [ga] phase lead those to [ba]. (C,D) Grand average waveforms
are displayed for the [ba] (top, blue) and [ga] (bottom, green).

16.384 kHz and collected with online filters from 100–3000 Hz
(20 dB/decade roll-off) in the BioSEMI ActiABR and recorded
into LabView 2.0 (National Instruments, Austin, TX, USA). Since
speech-evoked brainstem responses are ideally filtered with a high-
pass of 70 Hz (Skoe and Kraus, 2010), in MATLAB responses
were offline amplified in the frequency domain with an inverse
power ramp, 20 dB per decade for 3 decades below 100 Hz (i.e.,
from 0.1 to 100 Hz, then flat from 0.1 Hz down to DC). Next,
a bandpass filter (70–2000 Hz, Butterworth filter, 12 dB/octave
roll-off) was applied to frequency-amplified responses. Responses
were epoched from −40–213 ms (stimulus onset at 0 ms) and
baseline corrected. Artifact rejection was set at ± 35 μVs. Final
responses comprised 2000 artifact-free sweeps of each polar-
ity, and responses from alternating polarities were added to
emphasize the envelope-following brainstem response while mini-
mizing the influence of stimulus artifact and cochlear microphonic
(Campbell et al., 2012).

NEUROPHYSIOLOGY DATA ANALYSIS: PHASE DISTINCTION BETWEEN
RESPONSES
Due to the tonotopicity of the ascending auditory system, stim-
uli that differ in frequency elicit brainstem responses which are

out of phase (Gorga et al., 1988). Therefore, it is expected that
responses to [ba] and [ga] begin out of phase from each other
(during the transition portion) and are phase-aligned during
the vowel, when the stimuli are acoustically identical. In this
regard, the relative phases of the two responses are used as prox-
ies for the relative timing of the responses at each frequency. A
schematic illustrating this expected relationship is presented in
Figure 1.

The phase relationship between responses to [ba] and [ga] was
measured using custom routines in MATLAB (Skoe et al., in press).
Responses were divided into overlapping 20 ms windows from
−40–170 ms (1 ms separating each adjacent window) and ramped
with a 20 ms Hanning window. The cross-power spectral density
function (cspd) was applied between brainstem responses, and
power estimates were converted to phase angles to index alignment
of the two signals. A larger phase angle (in radians) indicates that
the responses are farther out of phase and, therefore, that there is
a larger timing lag between responses at a given frequency. A three
dimensional “cross-phaseogram” figure is constructed illustrating
time (ms, x-axis), frequency (Hz, y-axis), and phase angle (radi-
ans, colorbar). During the transition region positive phase angles
indicate better neural consonant distinction, as this indicates that
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[ga] phase-leads [ba], the expected relationship since [ga] has a
higher F2OF.

SUBJECT GROUPS
Scores on the CELF formed a normal distribution with a mean
score of 18.96 (SD, 3.80; Kolmogorov–Smirnov D(26) = 0.146,
p = 0.160). Children were grouped based on their performance
on the CELF with a median split defining the top phonological
awareness “Top PA” (CELF > 19, N = 14, 6 female) and bot-
tom phonological awareness “Bottom PA” (CELF < 19, N = 12, 6
female) groups. Five subjects in the Top PA performed at ceiling
on the test (scores of 24). Each group included two children with a
family history of dyslexia. Groups did not differ in distribution of
males and females (χ2 = 0.154, p = 0.70) nor on non-verbal
intelligence (matrix reasoning subtest, Wechsler Preschool and
Primary Scale of Intelligence, Revised; Wechsler, 1989; p = 0.35).
As expected, the groups did statistically differ in performance on
the CELF, t(24) = 9.11, p < .001, Cohen’s d = 3.56. Summary
statistics for the two groups are presented in Table 1.

RESULTS
SUMMARY OF RESULTS
Group average cross-phaseograms are presented in Figure 2. The
Top phonological awareness group (Top PA) evinces a large phase
distinction corresponding in time to the transitions in the stimuli,
which occurs in the responses from approximately 300–700 Hz
(indicated by a large orange–red swatch) and a more moderate
phase shift from approximately 750–1000 Hz. Conversely, rela-
tively small phase distinctions were observed in the bottom group
(Bottom PA) suggesting that the frequency difference between the
stimuli was not strongly represented in these children. Phase dis-
tinctions for individual subjects are presented in Figure 3, along
with group means. No phase distinctions were observed in the
response region corresponding to the steady state vowel in either
group, as is expected since the stimuli are acoustically identical in
the vowel portions.

PHASE DISTINCTIONS IN THE CONSONANT-VOWEL TRANSITION,
300-700 Hz
Mean phase angle distinctions were calculated for the lower fre-
quency region (15−55 ms × 300−700 Hz). This was the primary

Table 1 | Demographics for the top and bottom phonological

awareness groups are summarized.

Top PA (N = 14) Bottom PA (N = 12)

Males 6 6

Family history of dyslexia 2 2

CELF cutoff ≥ 20 ≤ 18

CELF (raw score) 22.0 (1.7) 15.4 (2.0)

Non-verbal IQ (percentile) 70.8 (24.6) 79.4 (19.9)

Groups are matched on all criteria except CELF score. The number of males and
number of subjects in each group with a family history of dyslexia are reported.
Means (with SDs) are reported for the CELF and for the non-verbal IQ test (Matrix
Reasoning sub-test of the WPPSI)

FIGURE 2 | Group average cross-phaseograms are presented for the

Top phonological awareness (PA) and Bottom PA groups. The Top PA
more strongly codes the difference between the [ba] and [ga] stimuli, as
indicated by the large red–orange swatches in response to the CV
transition.

region of interest, since it corresponds best to previous reports
(Skoe et al., in press; Parbery-Clark et al., 2012). In the Top PA
there was a larger mean phase distinction than in the Bottom PA
group, t(24) = 2.61, p = .015, Cohen’s d = 1.07. See Table 2 for
descriptive statistics. Since there was a slightly skewed distribution
in the Top PA group, this comparison was repeated, and confirmed,
with the non-parametric Mann–Whitney U test (p = 0.015).

Individual phase distinctions for each group are presented in
Figure 3. The majority of subjects in the Top PA group had pos-
itive phase distinctions whereas most subjects in the Bottom PA
group had either very small phase distinctions or distinctions in
the opposite of the expected direction (i.e., responses to [ba] phase
lead those to [ga]). It is also noteworthy that the magnitude of
the largest phase distinctions in the Top PA group exceeds those
observed in the Bottom PA group.

Finally, a trending correlation between CELF score and phase
distinction was observed (Spearman’s ρ(26) = 0.38, p = .056) with
higher scores on the CELF corresponding to larger phase distinc-
tion. We suspect that with a larger subject group, and relatively
fewer subjects at ceiling on the CELF, this relationship would be
stronger.

PHASE DISTINCTIONS IN THE CONSONANT-VOWEL TRANSITION,
750-1000 Hz
To further explore group differences, and to ensure that there were
no phase distinctions in response to the vowel, additional analyses
were pursued. The first analysis focused on the higher frequency
phase distinction (25−55 ms × 750−1000 Hz). As indicated in
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FIGURE 3 | (A,B) Phase distinctions for individual subjects (15−55 ms × 300−600 Hz) are presented for the Top PA (Panel A, red) and Bottom PA (Panel B,
black) groups. (C) Group means are presented. Error bars, ± 1 SEM; *p < 0.05.

Table 2 | Mean phase distinctions for the two frequency ranges are

reported for each group (in rad, with SDs).

Top PA Bottom PA

300–700 Hz Transition 0.690 (0.56) 0.053 (0.69)

Vowel −0.041 (0.16) 0.084 (0.56)

750–1000 Hz Transition 0.551 (0.50) 0.074 (0.74)

Vowel −0.075 (0.34) −0.144 (0.29)

Figure 2, the Top PA group had a larger mean phase distinc-
tion than the Bottom PA group, t(24) = 2.00, p = 0.06, Cohen’s
d = 0.82.

PHASE DISTINCTIONS IN THE VOWEL REGION
Since the [ba] and [ga] stimuli are identical in the steady state
vowel portions no phase distinction is expected in this region.
This is reflected in Figure 2 where green indicates a phase dif-
ference of about 0 rad. To confirm this statistically, mean phase
angles were calculated for the same frequency regions as in the
transition from 60 to 155 ms. There were no group differences
in phase distinction for the lower frequency region (300–700 Hz;
t(24) = 0.81, p = 0.427) or higher frequency region (750–1000 Hz,
t(24) = 0.55, p = 0.589).

DISCUSSION
We assessed the physiologic discrimination of stop consonants in
a group of 4-year-old children and reveal a link between this dis-
crimination and phonological awareness. Children with higher
phonological awareness had superior neural discrimination of the
stop consonants [ba] and [ga], as inferred by far-field electro-
physiology. Conversely, children who performed worse on the
phonological awareness test, on average, did not robustly distin-
guish these speech sounds. This relationship has previously been
observed in school age children, with neural speech discrimination

varying in concert with phonological awareness (Hornickel et al.,
2009). By demonstrating this relationship in pre-school children
too young to have attained full reading competence we can begin
to trace the developmental trajectory of the primitives necessary
for complex language-based tasks such as reading. However, we
do not know if these children with weak consonant differenti-
ation will soon develop a strong neural differentiation and end
up as normal readers, or if they will face challenges as they learn
to read. The latter possibility would suggest that these children
are at risk for a reading disorder. Regardless, this relationship
highlights the role of central auditory processing in developing
language skills, and complements phonological deficit theories of
reading.

One interpretation of the current results is that they reflect
different levels of maturation. The auditory system undergoes
rapid developmental plasticity through the first several years of
life, and this is reflected in subcortical (Johnson et al., 2008; Skoe
et al., in press) and cortical evoked potentials (Choudhury and
Benasich, 2011). Individual differences in this rate of maturation
may explain the variability in the [ba]-[ga] phase distinction. We
do not think this vitiates the link between subcortical auditory
function and phonological processing, however. After all, slower
maturation of the neural processes important for phonological
development may set certain children at a disadvantage when they
begin learning to read. Nevertheless, the functional developmental
consequences of this maturation for reading (dis)ability remain to
be seen.

TEMPORAL SAMPLING: A SYSTEM-WIDE PERSPECTIVE
Goswami (2011) has proposed a theoretical framework to under-
stand developmental dyslexia, the“temporal sampling framework”
(TSF). Under TSF, the core deficit in dyslexia is phonological and
is due to impaired oscillatory phase locking for low frequency tem-
poral coding in auditory cortex. An attractive feature of TSF is that
it resolves many apparent discrepancies between competing theo-
ries of developmental dyslexia. Support for TSF may be found in a
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large series of psychophysical and neurophysiologic investigations
(Witton et al., 1998; Goswami et al., 2002, 2011; Serniclaes et al.,
2004; Noordenbos et al., 2012, 2013; Leong and Goswami, 2013;
Power et al., 2013).

Although TSF predicts deficient slow cortical phase locking in
dyslexia (at rates < 30 Hz; Goswami, 2011), our demonstration
of a link between high frequency phase locking in the subcor-
tical auditory system and phonological processing may also be
consistent with TSF. While TSF predicts superior cortical phase
locking at fast rates for dyslexics, and here we report a deficit
for high frequency temporal coding in auditory midbrain, we
advocate for a systems-level perspective with different “optimal”
rates of phase locking as a function of the physiology of the site
of interest along the auditory pathway. We see this as compat-
ible with TSF because our view is that the auditory system is
best thought of as an integrated circuit that interacts dynami-
cally with cognitive, reward, and other sensory systems (Kraus and
Nicol, in press; Kraus and Chandrasekaran, 2010; Bajo and King,
2012; Anderson et al., 2013). The subcortical evoked response we
analyzed in the current paper (and others from our group) is
generated predominantly by inferior colliculus (IC; for review see
Chandrasekaran and Kraus, 2010). Most IC neurons phase lock
in the range of 100–1000 Hz (Liu et al., 2006) which is 10-fold
the range of the impaired theta and delta oscillatory phase locking
in auditory cortex observed in dyslexia (Goswami, 2011). Opti-
mal phonological coding may rely on the interaction of rapid
temporal sampling in IC with relatively slow sampling in audi-
tory cortex. Indeed, Abrams et al. (2006) reported that subcortical
timing was linked to the temporal integrity of auditory cortical
speech coding. Wible et al. (2005) reported correlated subcorti-
cal and cortical neural synchrony in representing speech, both of
which were diminished in children with language-based learning
problems.

That said, relatively little is known about the temporal cod-
ing of low frequency information in IC (i.e., < 30 Hz), which
may in fact be deficient in dyslexics. Recordings from cat IC do
demonstrate phase locking as low as 10 Hz (Langner and Schreiner,
1988), however, the lower limits of phase locking in human IC, and
more broadly the oscillatory dynamics of IC, remain an avenue for
future research. Temporal coding at multiple rates may occur in
parallel through the auditory pathway; evidence from a guinea
pig model suggests that a paralemniscal thalamocortical pathway
relays slow temporal information to auditory cortex in parallel
with fast temporal information relayed through a lemniscal path-
way (Abrams et al., 2011). Therefore, a full elucidation of the
relationship between auditory phase locking and reading ability on
a system-wide level will likely have to accommodate simultaneous
temporal coding at multiple rates.

Further support for this integrated view of system-wide tem-
poral coding comes from the rhythm perception literature, which
has connected poor reading with an impaired ability to entrain to
an external beat and impoverished perception of musical meter
(Thomson et al., 2006; Huss et al., 2011; Tierney and Kraus,
2013b). This rhythmic entrainment seems to rely on auditory
cortical phase locking (Power et al., 2012). However, the ability
to entrain to an external beat is also linked to rapid subcortical
phase locking and neural synchrony (Tierney and Kraus, 2013a),

again suggesting that phase locking across multiple temporal rates
may support perceptual skills linked to reading, if not phonolog-
ical processing itself. An overarching theoretical framework for
reading, then, may have to include relatively rapid subcortical
phase locking as a key component that interacts with slower cor-
tical oscillatory sampling. Both rapid and slow sampling likely
rely on the synchronous firing of neurons in the auditory sys-
tem, which supports precise representation of transient sounds
(McGinley et al., 2012), 0.1 ms precision timing (Anderson et al.,
2012), and speech discrimination (Engineer et al., 2008). And once
again, dyslexia has been linked to deficits in neural synchrony as
observed in humans (Hornickel and Kraus, 2013) and a rat model
(Centanni et al., 2013).

This view would be also consistent with the Rapid Auditory
Processing theory of developmental dyslexia (RAP; Tallal, 1980;
Benasich and Tallal, 2002). Decreased sensitivity to rapidly chang-
ing phonological features could drive the impoverished distinction
between speech sounds. Previous work has demonstrated that
lengthening formant transitions in speech can improve the cortical
discrimination of speech sounds (Bradlow et al., 1999; Stein-
schneider and Fishman, 2011), but it is unknown what effect this
has on subcortical discrimination. Finally, we note that these our
findings would be broadly consistent with the view that there are
general, non-linguistic sensory deficits in dyslexia (Wright et al.,
1997; Stein, 2001; Ahissar et al., 2006). Future work, therefore,
should consider the interactions of acoustics, phonemics, and
behavioral relevance in subcortical temporal processing.

A BIOMARKER FOR SUBSEQUENT READING ABILITY?
Although it is important to develop and refine empirically based
theories of reading, it is also important to develop methods to
identify children at risk for reading disorders. Previous neuro-
physiologic studies have identified cortical predictors of dyslexia,
such as slower right hemisphere polarity shifts in evoked responses
to speech (Guttorm et al., 2005; for review, see Leppänen et al.,
2012). The structural integrity and volume of left articulate fas-
ciculus is diminished in young children with poor phonological
awareness (Saygin et al., 2013). Performance on speech perception
tasks is also predictive (Benasich and Tallal, 2002), in addition to
oscillatory dynamics in the infant brain (Gou et al., 2011). While
the current analysis is not longitudinal, the techniques employed
here may one day be useful for predicting future reading ability,
either independently or as a complement to existing techniques.
In fact, the children in the current study will be tracked over
the next several years in hopes of identifying early predictors of
subsequent reading ability. We note that the CELF phonological
awareness test combines many subskills under the phonological
awareness construct (Wiig et al., 2004); it is unknown if group
differences are driven primarily by one or two of these subskills,
and future investigation is warranted to look specifically at which
aspects of phonological awareness are linked to auditory system
development.

There are a number of attractive features of the “cross-
phaseogram” as a potential biomarker. For one, it is a fast and
objective automated procedure. Moreover, as we illustrate here,
this measure relates to individual differences in language-based
skills. Subcortical evoked responses to speech are relatively easy
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to obtain and meaningful in individuals (Skoe and Kraus, 2010).
From a practical standpoint, responses may be elicited when a
child is sleeping or watching a video, thereby eliminating the need
for subject compliance in task-related physiologic measurements.
And by following the children in this study longitudinally, we may
be able to explore individual differences in neurophysiology that
distinguish between individual presentations of dyslexia.

DYSLEXIA, TREATMENT, AND THE SEARCH FOR A CORE DEFICIT
A number of short-term interventions have been employed to
improve phonological abilities and reading skills, and these offer
further insight into the biological foundations of reading. Some
of these studies have focused on perceptual deficits related to poor
phonological processing (Tallal et al., 1996; Temple et al., 2003).
Other interventions have been broader, such as assistive listening
devices that improve classroom signal-to-noise ratios by direct-
ing attention to meaningful sound – and in fact also improve
neural synchrony in response to speech (Hornickel et al., 2012).
Non-speech training such as playing action video games, which
improve attentional abilities (Green and Bavelier, 2012), can also
improve reading skills (Franceschini et al., 2013), suggesting a
role for non-auditory mechanisms in reading development and/or
remediation.

Music training, which engenders a host of auditory percep-
tual and cognitive benefits, may also hold promise. Since precise
temporal coding of sound supports fundamental reading skills,
and this coding is strengthened by musical experience, it stands
to reason that music training may promote the development of
reading-related skills (Tierney and Kraus, 2013c). In fact, music
experience has been directly linked to improved phonological skills
and reading (Moreno et al., 2009; Besson et al., 2011), in addition
to physiologic discrimination of speech sounds, as presented in
the current study (Parbery-Clark et al., 2012; Strait et al., 2013).
Given the established link between rhythm skills and phonologi-
cal abilities, the rhythmic components of music training may be
especially important for developing language-based skills. In fact,
Bhide et al. (2013) reported that a comprehensive rhythm training
regimen improves phonological skills.

To understand the biological bases of reading, and develop
strategies that engender reading skills and remediate dyslexia, it
is important to identify which skills to target. In this regard, the
quest for the core deficit is important. That said, this search may
at times cloud the principal problem, namely, that certain chil-
dren have tremendous difficulty learning to read. Moreover, the
possibility remains that no single deficit accounts for every child
who has difficulty reading. Our view is that even without a full
understanding of the pathophysiology of dyslexia it is important to
identify children at risk as early as possible. Here we have identified
a neural correlate of early phonological awareness in pre-school
age children. Due to the importance of precise phonological rep-
resentations for reading this correlate may indicate a biological
bottleneck certain children face when they begin to learn to read.
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A rhythmic paradigm based on repetition of the syllable “ba” was used to study auditory,
visual, and audio-visual oscillatory entrainment to speech in children with and without
dyslexia using EEG. Children pressed a button whenever they identified a delay in the
isochronous stimulus delivery (500 ms; 2 Hz delta band rate). Response power, strength
of entrainment and preferred phase of entrainment in the delta and theta frequency
bands were compared between groups. The quality of stimulus representation was also
measured using cross-correlation of the stimulus envelope with the neural response. The
data showed a significant group difference in the preferred phase of entrainment in the
delta band in response to the auditory and audio-visual stimulus streams. A different
preferred phase has significant implications for the quality of speech information that
is encoded neurally, as it implies enhanced neuronal processing (phase alignment) at
less informative temporal points in the incoming signal. Consistent with this possibility,
the cross-correlogram analysis revealed superior stimulus representation by the control
children, who showed a trend for larger peak r -values and significantly later lags in peak
r -values compared to participants with dyslexia. Significant relationships between both
peak r -values and peak lags were found with behavioral measures of reading. The data
indicate that the auditory temporal reference frame for speech processing is atypical in
developmental dyslexia, with low frequency (delta) oscillations entraining to a different
phase of the rhythmic syllabic input. This would affect the quality of encoding of speech,
and could underlie the cognitive impairments in phonological representation that are the
behavioral hallmark of this developmental disorder across languages.

Keywords: neural entrainment, developmental dyslexia, low frequency oscillations, temporal sampling,

audio-visual

INTRODUCTION
Temporal coding is a critical aspect of speech processing and is
fundamental to phonological representation, the mental repre-
sentation of the sound structure of human languages. Temporal
coding is thought to be accomplished in part by the synchronous
activity of networks of neurons in auditory cortex that align
their endogenous oscillations at different preferred rates with
matching temporal information in the acoustic speech signal
(Poeppel, 2003; Lakatos et al., 2008; Giraud and Poeppel, 2012).
Speech involves auditory, visual and motor modalities, and both
auditory and visual information in speech unfold over multiple
timescales. Accordingly, oscillating networks of neurons in audi-
tory and visual cortices are thought to “phase lock” or “phase
align” their ongoing activity with matching modulation rates in
the input (Luo et al., 2010). For human speech, the visuo-spatial
information generated by face, cheek and mouth movements is
temporally predictive of the production of speech sounds, and
may “reset” auditory cortex to the optimal phase for process-
ing succeeding vocalizations (Schroeder et al., 2008). Multi-time
resolution models (MTRMs) of speech processing capitalize on
these neurophysiological processes (e.g., Poeppel, 2003; Ghitza
and Greenberg, 2009), and argue that the neural entrainment of
these oscillatory networks is occurring at multiple temporal rates

in both visual and auditory cortices, with hierarchical and inter-
dependent cross-modal phase interactions, resulting in a coher-
ent representation of the signal and enabling communication
between human listeners.

A large literature suggests that temporal coding in both the
auditory and visual modalities may be atypical in individuals
with developmental dyslexia, a specific learning difficulty affect-
ing reading and spelling that affects approximately 7% of chil-
dren across languages (e.g., Witton et al., 1998; Snowling et al.,
2000; Ziegler and Goswami, 2005; Lallier et al., 2009; Facoetti
et al., 2010; Goswami et al., 2011; Hämäläinen et al., 2012a).
Developmental dyslexia is not due to low intelligence, poor edu-
cational opportunities, or overt sensory or neurological damage.
The primary cognitive difficulty found in dyslexia across lan-
guages is a difficulty in the accurate neural representation of
phonology, the sound structure of words. Children with dyslexia
are poorer than age- and reading-level matched controls at identi-
fying and manipulating phonological units in words, for example,
they are poorer at counting syllables (e.g., 3 syllables in “pop-
sicle”), at identifying rhymes (e.g., “cat” and “hat” rhyme, “cat”
and “hot” do not rhyme), and at recognizing shared phonemes
(the smallest speech sounds that change meaning, e.g., “clip” and
“quip” share the initial phoneme,/k/; see Ziegler and Goswami,
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2005, for review). Children with dyslexia are also significantly
impaired compared to younger reading level controls in prosodic
awareness tasks, such as tasks requiring the identification of sylla-
ble stress (Goswami et al., 2013). These difficulties with phonol-
ogy appear to precede learning to read (Lyytinen et al., 2001),
and are also found in children with dyslexia who are learning
non-alphabetic scripts. For example, Japanese Kana uses ortho-
graphic characters that represent syllables rather than phonemes,
and Japanese children with dyslexia find syllable reversal tasks dif-
ficult (Kobayashi et al., 2003). Given the importance of neuronal
oscillations for speech processing as revealed by multi-time reso-
lution models, it is plausible that the phonological deficits found
in dyslexia across languages could be related to impaired or atypi-
cal oscillatory mechanisms at one or more temporal rates in either
auditory cortex, visual cortex or during audio-visual integration.

Accordingly, and building on the prior work noted above on
MTRMs for speech processing, a “temporal sampling” framework
(TSF) for developmental dyslexia has been proposed. The TSF
suggests that the phonological deficit found in dyslexia across
languages might be due in part to impaired or functionally
atypical entrainment mechanisms for phonology in auditory cor-
tex, particularly oscillations at the slower temporal rates (theta
and delta) that are relevant to syllabic and prosodic process-
ing (Goswami, 2011). As syllable awareness in children develops
before phonological awareness of rhymes and phonemes (Ziegler
and Goswami, 2005), and as syllables are the primary process-
ing unit in all human languages (Greenberg et al., 2003), atypical
entrainment mechanisms related to syllabic phonology would
have effects throughout the phonological system in all languages,
consequently affecting the phonological representation of smaller
units such as rhymes and phonemes. According to multi-time res-
olution models of speech processing (Giraud and Poeppel, 2012),
identification of phonetic segments is related to faster temporal
modulations (gamma rate, 30–80 Hz), identification of syllables
is related to slower modulations at the theta rate (4–10 Hz), and
information relating to syllable stress and prosodic patterning
is related to modulations at the delta rate (1.5–4 Hz). Here we
provide the first direct test of the TSF with children with develop-
mental dyslexia, utilizing a rhythmic speech paradigm previously
developed for typically-developing children (Power et al., 2012b)
to measure oscillatory entrainment to phonological information
in dyslexia.

Oscillatory entrainment in humans has so far been measured
by EEG in rhythmic paradigms, as by hypothesis endogenous
oscillations should phase-reset their activity to the rhythmic
information in the input, synchronizing cell activity so that peaks
in excitation co-occur with stimulus delivery, thereby enhanc-
ing neural processing (Lakatos et al., 2005; Canolty et al., 2006).
Whereas early studies of oscillatory entrainment in EEG uti-
lized rhythmic streams of non-speech stimuli, such as tones or
flashes of light (Lakatos et al., 2008; Stefanics et al., 2010; Gomez-
Ramirez et al., 2011), we (Power et al., 2012b) designed a speech
paradigm based on rhythmic repetition of the syllable “ba” by
a female speaker. The repetition rate was 2 Hz, and participat-
ing 13-year-old children either saw a “talking head” so that
both visual and auditory information was present (audio-visual
or AV condition), saw the talking head without sound, so that

only visual information was present (visual [V] condition), or
heard the stimulus stream in the absence of visual stimulation
(auditory [A] condition). The children were asked to detect occa-
sional rhythmic violations in each condition (A, V, AV), when the
syllable was slightly late and therefore out of time. We found sig-
nificant entrainment at the stimulation rate (delta, 2 Hz) in all
conditions, and also significant entrainment at the theta rate in
the auditory and AV conditions. Consistent with the predictions
of MTRMs of speech processing, therefore, theta entrainment was
important in processing this syllabic input. Furthermore, individ-
ual differences in the strength of theta entrainment (measured
by inter-trial coherence or phase consistency) were related to
measures of phonological processing and reading in this typically-
developing child sample. Higher phase consistency was associ-
ated with higher behavioral performance. Further, the preferred
phase of auditory entrainment was altered by congruent visual
information (AV condition), suggesting that visual speech infor-
mation modulated auditory oscillations to the optimal phase for
speech processing in these 13-year-old participants, consistent
with Schroeder et al. (2008).

The TSF proposes that auditory oscillatory entrainment to
phonological information at both delta and theta rates may by
atypical in developmental dyslexia, and that atypical auditory
entrainment might also have consequences for visual oscillatory
entrainment to speech via cross-modal and cross-frequency phase
alignment. The rhythmic speech paradigm that we developed
(Power et al., 2012b) can also be used to study entrainment in
children with dyslexia. Accordingly, we recruited a group of chil-
dren with dyslexia, and matched their performance as a group
to that of a sub-set of the typically-developing children who had
participated in our previous study. The TSF enables a number
of plausible predictions with respect to our dyslexic group. The
simplest possibility is that the children with dyslexia should show
significantly less entrainment to the auditory stimulus stream, at
both delta and theta rates (reduced inter-trial coherence or phase
consistency). Once cross-modal information is available, how-
ever, it is plausible that children with dyslexia may show strength
of entrainment that is equivalent to typically-developing chil-
dren (as visual information may modulate auditory oscillations
to the optimal phase for speech processing). Indeed, children
with dyslexia may rely more on visual speech information than
typically-developing children, in order to compensate for their
impaired auditory processing skills. A recent study of audio-
visual processing of noise vocoded speech by adults with and
without dyslexia produced some evidence for atypical visual pro-
cessing of low frequency modulations in those with dyslexia in a
non-rhythmic paradigm (Megnin-Viggars and Goswami, 2013).
Nevertheless, the same study also produced some data suggestive
of visual compensation. Other studies of rhythmic entrainment
in adults with dyslexia have focused on the auditory modality.

In one relevant study utilizing MEG, we (Hämäläinen et al.,
2012b) played amplitude-modulated white noise at 4 temporal
rates (2, 4, 10, 20 Hz) to adults with and without dyslexia in an
unattended listening paradigm (the participants were watching
a silent video). On the basis of the TSF, we expected group dif-
ferences in neuronal oscillatory entrainment at the slower AM
rates (2 Hz, 4 Hz). The data showed significantly less entrainment
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by the participants with dyslexia in right hemisphere auditory
networks to the 2 Hz rate only. There was also significantly
weaker entrainment overall (adding across modulation rates) in
the right hemisphere for those with dyslexia. As the right hemi-
sphere is thought to prefer slower temporal rates (delta, theta,
see Poeppel et al., 2008), these results were considered to be
consistent with the TSF. Hamalainen et al. also found that the
dyslexic group also showed significantly stronger entrainment to
the 10 Hz rate in the left hemisphere, a finding which was not pre-
dicted. This could indicate compensatory entrainment at faster
temporal rates. In a second study investigating dyslexia using EEG
and an attended paradigm, we (Soltesz et al., 2013) compared
rhythmic entrainment in adults with and without dyslexia to a
tone stream delivered at 2 Hz (Soltesz et al., 2013). The task was
to press a button whenever white noise replaced a tone in the
stream, as in a standard auditory oddball paradigm. In this study,
the strength of entrainment as measured by inter-trial coherence
(ITC) was significantly reduced in the participants with dyslexia,
even though they were as fast and as accurate as the controls in the
button-press paradigm. Whereas response time in controls was
significantly related to the instantaneous phase of the delta oscil-
lation, with faster responses in the rising phase of the oscillation,
participants with dyslexia showed no such relationship. This sug-
gests that the oscillatory function of low frequency brain rhythms
may be atypical in dyslexia (Soltesz et al., 2013).

However, an alternative oscillatory framework for dyslexia has
been developed by Giraud and her colleagues, who have pro-
posed that a single auditory anomaly, phonemic sampling in left
auditory cortex, accounts for the three major aspects of impaired
phonological processing in dyslexia (which are impaired phono-
logical awareness, impaired rapid automatized naming [RAN],
and impaired phonological memory, see Lehongre et al., 2011;
Giraud and Poeppel, 2012). In a passive listening study with
adults with dyslexia using MEG, Lehongre et al. (2011) presented
amplitude-modulated white noise at rates that increased incre-
mentally from 10 to 80 Hz, and measured the auditory steady state
response (ASSR) while participants watched a silent video. Of
particular theoretical interest were oscillations in the low gamma
band (25–35 Hz), thought to reflect optimal phonemic encoding.
Both dyslexic and control participants showed significant phase
locking as measured by the ASSR, but hemispheric differences
were found between groups, with left-dominant entrainment
shown by the control participants only. When faster tempo-
ral rates were considered (>50 Hz), then those with dyslexia
showed stronger entrainment bilaterally than controls. Lehongre
and colleagues then computed the degree of leftward asymme-
try shown by each participant at the low gamma rate for ASSR
power, and correlated this measure with the phonological mea-
sures. Significant relations with phonological processing (a global
construct measure made up of Spoonerisms, digit span and non-
word repetition) and rapid naming were found when the dyslexics
were considered alone, but not for controls alone nor for the total
sample. Lehongre et al. (2011) argued that their data suggested
a focal (left-lateralized) impairment of selective extraction and
encoding of phonemic information, which would not be expected
to affect global sensitivity to amplitude modulation. Phonemic
oversampling was also proposed by Giraud and Poeppel (2012) to

underpin the phonological “deficit” in dyslexia. The oscillatory
nesting observed between theta/delta phase and gamma power
(Schroeder and Lakatos, 2009; Canolty and Knight, 2010) was
argued by Lehongre et al. (2011) to provide a means by which
information at the phonemic (gamma) rate is integrated at the
syllabic rate.

In the only neuroimaging study of which we are aware to
compare slow rate (<10 Hz) and faster rate (20 Hz) oscillatory
entrainment in dyslexia, the auditory steady state response was
recorded to speech-weighted noise stimuli amplitude modulated
at either 4 Hz, 20 Hz or 80 Hz (Poelmans et al., 2012). Participants
were dyslexic and control adults, the task was passive listening,
and EEG recordings were analyzed at parietal and mastoid elec-
trodes only. No group differences were found for the ASSRs to the
80 Hz and 4 Hz stimuli, but a significant group × laterality effect
was found for the 20 Hz stimulus. For 20 Hz AM noise, dyslexic
adults showed less power at left hemisphere electrodes compared
to controls. Phase coherence between and within hemispheres was
also computed, and a main effect of group was found at the 20 Hz
rate for both measures. Adults with dyslexia demonstrated lower
inter- and intra-hemispheric coherence than controls. Note that
this phase measure is not related to the stimulus per se, rather the
between-hemisphere results show that the relationship between
the phase pattern at the selected electrodes is less similar for
participants with dyslexia. As the 20 Hz rate yielded the only sig-
nificant group differences, Poelmans et al. (2012) concluded that
cortical processing of phoneme-rate modulations was impaired in
dyslexia.

However, a series of studies with dyslexic adults based on
nursery rhymes (rhythmically-produced speech) by Leong and
Goswami (2013) has compared rhythmic entrainment in dyslexia
at slower and faster rates using behavioral measures (tapping or
speaking to a beat). Using modeling developed by Leong (2012),
these nursery rhyme studies explored the role of phase relations
between amplitude modulation at different rates in the speech
signal in the perception and production of rhythmic speech.
Building on MTRMs of speech processing and the oscillatory
hierarchy (Poeppel, 2003; Schroeder et al., 2008; Giraud and
Poeppel, 2012), Leong (2012) modeled entrainment to different
AM rates in the speech signal using an amplitude modulation
phase hierarchy (AMPH) approach. Leong assumed that the mod-
ulation hierarchy within the speech signal followed the oscillatory
hierarchy, with the slowest rates highest in the hierarchy. In
Leong’s models, the slower rates (delta and theta) hence tempo-
rally constrain entrainment at the faster rates, such as gamma
(for detail regarding these novel AMPH models of the speech sig-
nal, see Leong, 2012). Leong and Goswami (2013) demonstrated
that participants used the phase relationship between delta- and
theta-rate AMs (2 Hz and 4 Hz AM rates) to calibrate their rhyth-
mic behavior. Importantly, Leong and Goswami found that adults
with dyslexia showed an earlier preferred phase angle for theta
entrainment compared to control participants. Individual differ-
ences in both theta and delta preferred AM phase were correlated
with phonological awareness in a Spoonerisms task, and with
reading development.

Concerning rhythmic speech production (measured by asking
participants to speak rhythmically in time with a metronome
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beat at 2 Hz), Leong and Goswami (2013) reported that the
two groups showed equivalent strength of entrainment in terms
of internal phase locking between delta- and theta-AMs, and
between theta- and gamma-AMs (stressed syllable, syllable and
phoneme rates, respectively). However, the participants with
dyslexia again preferred a different phase alignment of the AMs
conveying syllable and phoneme information, respectively (theta-
and gamma-AMs). A difference in phase locking angle implies a
difference in how speech information at different temporal rates
is bound together in the final speech percept (Poeppel, 2003).
Leong and Goswami (2013) argued that the significant difference
in phase-locking angle between syllable- and phoneme-relevant
information in speech was consistent with the large behavioral
database indicating that phonological information is represented
differently in the dyslexic mental lexicon.

In the current study, participants are also perceiving rhyth-
mic speech in an attended paradigm, and neuronal oscillatory
entrainment can be measured directly at both the delta and theta
rates of AM (whereas when tapping and speaking in time are the
dependent measures, the measurement of entrainment is nec-
essarily indirect because of additional motor demands). Given
the preferred phase angle differences found in the studies with
adults (Leong and Goswami, 2013), it is therefore possible that
the preferred phase of entrainment will differ between dyslexic
and control children in the current study, at least in the auditory
condition, for either delta or theta phase (or both). The phase of
entrainment of neuronal oscillation relative to a presented stim-
ulus has been shown to be central to stimulus processing. It has
been shown that oscillations entrain to stimuli at differing pre-
ferred phases (anti-phase, in fact) depending on whether they are
being attended to or being ignored (Lakatos et al., 2008; Besle
et al., 2011; Horton et al., 2013). Furthermore, the phase of pre-
stimulus delta activity has been shown to be related to reaction
times in a task where the target probability was manipulated,
suggesting that efficiency of stimulus processing is related to oscil-
latory phase (Stefanics et al., 2010). EEG phase patterns have
also been shown to reflect the selectivity of neural firing with
single neurons more likely to fire at specific phases in response
to an auditory stimulus (Ng et al., 2013). These studies suggest
that there is an optimal or preferred phase of entrainment which
is necessary for accurate and efficient stimulus processing. If pre-
ferred delta and/or theta phase is different for participants with
dyslexia, then speech units such as syllables will occur at a sub-
optimal phase, and will not be processed optimally. The result
will be a degraded representation or encoding of the speech
stimulus.

In order to see whether such potential differences in preferred
phase would be related to the quality of children’s phonological
representations, two strategies were employed. First, a phoneme
deletion task was administered to participants as a measure of
phonological awareness, and was correlated with the entrainment
measures. Secondly, a correlogram approach was used to mea-
sure the fidelity of the neuronal representation to the envelope
information in the speech signal. The speech stimulus is a stream
of syllables repeated rhythmically enabling the stimulus envelope
to be cross-correlated with the envelope of the averaged neural
response. The peak r-value from the cross-correlogram gives us
an estimate of the strength of stimulus representation in the EEG.

The lag at which this peak occurs gives a measure of the timing
of stimulus envelope processing (this is a similar approach to
Abrams et al., 2009). If the brain is representing a speech syllable
with high fidelity but at a different temporal phase with respect to
entrainment to the ongoing stimulus, group differences in peak
lag would occur, which would again have implications for the
overall quality of the phonological representation via the binding
together of temporal information at different rates in the speech
signal.

To summarize, phase values (entrainment strength or ITC
and phase angle), peak r-values (correlation strength), and peak
lag values (temporal phase measure) might be expected to dif-
fer between dyslexic and control participants at delta and theta
rates according to the TSF. According to the model based on
anomalous temporal sampling at the low gamma rate proposed by
Lehongre and colleagues, no such differences might be expected.
In contrast, it has also been proposed that dyslexic children are
developing high-quality mental representations of speech, and
that the cognitive “phonological deficit” found in dyslexia arises
as a result of problems in accessing the mental lexicon (see Ramus
and Szenkovits, 2008). If the neural phonological representa-
tions themselves are precise, then on this “intact representations”
hypothesis no group differences in these neural measures of
representational quality would be expected.

MATERIALS AND METHODS
PARTICIPANTS
We studied 21 typically-developing children and 11 children with
a history of developmental dyslexia (mean ages of 165.57 ± 12.71
months and 166.73 ± 13.72 months, respectively). All children
were taking part in a longitudinal behavioral study of auditory
processing (Goswami et al., 2011). All participants and their
guardians gave informed consent for EEG in accordance with
the Declaration of Helsinki, and the study was approved by
the Psychology Research Ethics Committee of the University of
Cambridge. All participants were free of any diagnosed learning
difficulties aside from dyslexia (i.e., dyspraxia, ADHD, autistic
spectrum disorder, speech and language impairments) and spoke
English as their first language.

STANDARDIZED TESTS OF READING, NONWORD READING,
VOCABULARY AND IQ
Psychometric tests were given for the purposes of group matching
and also exploring possible relations between entrainment and
the development of spoken and written language skills. The psy-
chometric tests comprised the British Ability Scales (BAS) (single
word reading, Elliott et al., 1996); the single word reading (SWE)
and phonemic decoding efficiency (PDE) measure of non-word
reading from the TOWRE (Torgesen et al., 1999); the British
Picture Vocabulary Scales (BPVS receptive vocabulary, Dunn
et al., 1982); and one subtest of the Wechsler Intelligence Scale
for Children (WISC-III, Wechsler, 1992): picture arrangement.
Performance on these measures is shown in Table 1.

EXPERIMENTAL PHONOLOGICAL TASKS
In order to see whether individual differences in entrainment
would relate to individual differences in phonological process-
ing between children, participants were administered a phoneme
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Table 1 | Group differences in Age, IQ, and behavior.

Measure CA DY F (1, 30) p

Age (months) 165.57 ± 12.71 166.73 ± 13.72 0.057 0.814

IQ 112.76 ± 13.31 114.64 ± 14.07 0.138 0.713

BAS standard score 109.29 ± 11.86 86.18 ± 15.5 22.729 <0.001

Reading age (months) 177.00 ± 20.7 134.55 ± 27.52 24.186 <0.001

TOWRE word reading 103.48 ± 10.33 87.91 ± 7.82 19.125 <0.001

TOWRE non-word
reading

107.62 ± 11.21 81.55 ± 10.99 39.559 <0.001

BPVS not aligned 107.71 ± 13.28 100.1 ± 19.48 1.604 0.215

RAN TOTAL 34.67 ± 3.95 38.91 ± 8.88 3.5830 0.070

pSTM 45.81 ± 11.25 35.91 ± 12.55 5.170 0.03

Phoneme deletion 16.48 ± 3.17 12.91 ± 3.89 7.825 0.009

deletion task, an experimental measure of phonological short-
term memory (PSTM) and an experimental measure of rapid
automatized naming (RAN). Further details for each task are
given in Power et al. (2012b).

RHYTHMIC ENTRAINMENT TASK
Rhythmic speech comprising multiple repetitions of the syllable
“BA” was presented at a uniform repetition rate of 2 Hz. There
were three conditions: auditory (A), visual (V), and audio-visual
(AV). Further details of the task can be found in Power et al.
(2012b). Figure 1 summarizes the paradigm.

EEG PREPROCESSING
This was exactly as in Power et al. (2012b).

EEG ANALYSIS
For all analyses, the first three observations in each entrain-
ment period were discarded to ensure that rhythmicity had been
established (following the approach employed in Gomez-Ramirez
et al., 2011). Here we are interested in entrainment to a uniform
stimulus repetition rate, and so responses in the violation and
“return to isochrony” periods (see Figure 1) were not analyzed.
Furthermore, sequences in which a target was not detected were
discarded, as were catch trials. As accuracy was ∼79% and 75 tar-
get sequences were presented per condition, the analysis included
∼60 trials per subject per condition. In order to identify fre-
quency bands of interest we examined the phase-locked power
(i.e., the power of sequence averages in the time period of interest)
in the three conditions (see Figure 2). Phase locked power was
obtained as in Power et al. (2012b). Given the peaks evident in
the spectra, with the highest phase-locked power present for delta
and theta, we deemed the delta (∼2 Hz) and theta (∼4 Hz) fre-
quency bands to be of interest (for further details see Results and
Discussion). Frequency band activity was obtained using FIR fil-
ters designed using the Parks-McClellan algorithm (Parks and
McClellan, 1972). The delta band filter had corner frequencies
of 1 and 3 Hz and the theta band filter had corner frequencies
of 3 and 5 Hz. Both had a 40 dB attenuation in the stop band.
In order to examine whether auditory entrainment differed for
the A and AV conditions, we subtracted an estimate of phase-
locked visual activity from each AV trial (AV-V), and compared

FIGURE 1 | Stimulus Setup: top panel shows one auditory “Ba” token

and corresponding frames of the visual stimulus at five time points.

Visual movement initiates 68 ms before auditory onset. The lower panel
shows a stimulus sequence consisting of the entrainment period with SOA
of 500 ms, and the violation period where SOA is disrupted, followed by 3
re-entrainment stimuli (“Return to Isochrony”). The red stimulus is the
violator, whose position in the violation period is chosen at random (i.e.,
either the first, second, or third stimulus can violate the rhythm). The
vertical dashed red line indicates where the stimulus would have onset if it
had adhered to the isochronous stimulation rate. Also shown is the
“Response for Analysis” period over which EEG responses were analyzed.

the remaining A and (AV-V) activity. The estimate of visual activ-
ity was obtained from the time-locked average activity in the
visual condition.

Power analysis
We wished to investigate possible differences in overall power
between conditions and groups. This is important both in terms
of potentially different EEG power in response to the various con-
ditions, but also for interpreting differences in strength of phase
locking. Higher inter-trial coherence (ITC) values may only be
interpreted as improved phase consistency over trials if they are
accompanied by no change in response power. If higher ITC is
accompanied by a change in response power, it is possible that this
is due to a stronger additive response as opposed to increased con-
sistency over trials. To obtain the overall total power we calculated
the FFT of the broadband responses for each trial for each sub-
ject and took the average. Thus, both phase-locked and non-phase
locked power are included in the measure. Delta and theta power
were extracted by taking the power at 2 and 4 Hz, respectively,
from the overall broadband frequency representation.
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FIGURE 2 | Frequency spectra and broadband, delta, and theta time courses for all three conditions at representative electrodes. CA responses are in
blue and DY response are in red.

Assessing phase-locking
The pre-stimulus phase of the last 5 stimuli in the entrainment
period was obtained. The pre-stimulus phase is defined here as
the phase at the onset of the visual element of the stimulus in the
AV condition. This time point is kept consistent for all conditions
(i.e., for the auditory condition phases are extracted at the time
point where the visual stimulus would have onset, had the visual
element of the stimulus accompanied the auditory information,
this is 68 ms before auditory stimulus onset). Only sequences
where the rhythmic violation was correctly identified are ana-
lyzed. These phase values were pooled across sequences and
subjects. Given that 75 target sequences were presented to each
subject and accuracy was ∼79%, the number of phase observa-
tions was 6270, 6355, and 6155 (∼60 sequences × 5 stimuli × 21
participants) observations for the control group for the auditory,
visual and AV conditions, respectively. Similarly 3185, 3210, and
3250 observations were tested for the dyslexic group in the three

conditions, respectively (∼60 sequences × 5 stimuli × 11 par-
ticipants). Pre-stimulus phase distribution histograms for each
condition were obtained (see Figure 3). The phase values were
extracted by obtaining the analytic signal of the filtered responses
via the Hilbert transform. The analytic signal is complex, i.e., it
has real and imaginary components, and thus the instantaneous
phase can be extracted. To test if pre-stimulus phase distributions
differed from uniformity, the distributions for the three condi-
tions were tested against the null hypothesis of uniformity using
the Rayleigh statistic at three representative electrodes (Fz, Cz,
and Oz). A critical p-value of 0.001 was selected to minimize type
I error. Statistical difference from uniformity suggests a preferred
concentration of phase values, which is indicative of entrainment
(Stefanics et al., 2010; Gomez-Ramirez et al., 2011).

Inter-trial coherence (ITC) was then used to compared
strength of entrainment across groups, conditions, and chan-
nels. ITC is a measure of phase alignment and can have
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FIGURE 3 | Phase distributions at stimulus onset at

representative frontal, central, and occipital electrodes in each

condition, frequency band, and group. The x-axis is phase
ranging from -π to π and y -axis represents the percentage of

trials. Most distributions differed from uniformity when tested
against the Rayleigh statistic at a critical p-value of 0.001.
Distributions with a superimposed X did not result in significant
entrainment.

values ranging from 0 to 1. 1 indicates perfect phase align-
ment and 0 indicates no phase alignment. ITC was calcu-
lated for the same pre-stimulus phase values that were sub-
mitted to the Rayleigh test. Preferred phase of entrainment
between groups and conditions was also investigated (shown in
Figure 4). The preferred phase of entrainment for each partic-
ipant is obtained by calculating the mean pre-stimulus phase
for that individual. Mean preferred phase for each group is
then calculated for each condition (A, V, AV). If the phase at
which the low frequency oscillations (delta, theta) entrain is
different between the groups, this implies that the information
encoded is different (neurons are firing at the “wrong” time, thus
selectively encoding information at a sub-optimal point in the
stimulus).

Cross-correlogram analysis of entrainment and laterality
Finally, in order to obtain converging evidence for entrainment,
the relationship between the stimuli and the neural responses
was also assessed using cross-correlations (see Figure 5). We
then sought to relate measures of stimulus representation in the
EEG data, obtained from these cross-correlations, to the behav-
ioral data. To do this we employed peak r-values and the lags
at which those peaks occurred. Peak r-values are a measure of
the strength of stimulus representation in the EEG, and peak-
lags are a measure of stimulus-response timing. We also tested
potential hemispheric differences in the strength and timing of
auditory encoding, following Abrams et al., 2009. To do this we
found peak r-values and the lags at which those peaks occurred
at three pairs of temporal electrodes. The temporal electrode
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FIGURE 4 | Mean resultant vector plots indicating the coherency of preferred phase across subjects (the length of the vector) and the preferred angle

of entrainment (the vector angle) plotted on a unit circle. A significant group difference in preferred angle was found in the delta band at electrode Cz.

pairs were electrodes at (T3, T4), (T5, T6) and (Tp7, Tp8) of
the 10–20 system. The first electrode of each pair was in the
left temporal region and the second was in the right temporal
region.

Phase re-setting of auditory oscillatory activity by visual
information
Finally, we sought to investigate the impact of the accompany-
ing visual stimulation on auditory entrainment. The pre-stimulus
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phase values (at auditory stimulus onset) for the AV and
(AV-V) responses were extracted in the same manner as out-
lined above for the separate conditions. We then looked at
the topography of the strength of entrainment. To do this we
plotted the pooled phase values at each electrode (shown in
Figure 7). These topographies show a common region of strong
entrainment, indicative of entrainment in auditory areas (see
Figure 7). Subsequent analysis was thus confined to the pooled
activity of electrodes in this region of interest (ROI). The elec-
trodes chosen for this ROI are shown in Figure 7. We compared
the extent of phase alignment as obtained using ITC and the
preferred pre-stimulus phase. Once again an estimate of the pre-
ferred phase was determined for each subject by finding the mean
pre-stimulus phase.

RESULTS
BEHAVIORAL ENTRAINMENT TASK
In order to assess whether there were significant behavioral dif-
ferences between conditions, 2 Two-Way mixed design ANOVAs
with a between-subject factor of Group and a within-subject
factor of Condition were carried out. The dependent variables
in the separate ANOVAs were the EEG task (79.4% accuracy)
behavioral threshold in ms in each condition and response time
(RT) in ms in each condition, respectively. If the assumption of
sphericity was violated the Greenhouse–Geisser corrected degrees
of freedom are reported. The ANOVA for threshold showed a
main effect of Group that approached significance, F(1, 30) =
4.006, p < 0.054, η2

p = 0.118. There was a significant main effect

of condition, F(1.57, 47.089) = 97.9, p < 0.001, η2
p = 0.765. Post-

hoc inspection of the means (Bonferroni corrected) showed that
the threshold for the visual condition was significantly higher
than the thresholds for the auditory and AV conditions (both
p’s < 0.001). The thresholds in the auditory and AV condi-
tions did not differ from each other (p > 0.05). The Group ×
Condition interaction approached significance [F(1.57, 47.089) =
2.602, p = 0.097]. A priori, we had expected potential group dif-
ferences in benefit accrued in presenting AV over A or V alone
and also a possible differential benefit by group of A over V
(those with dyslexia worse in A and better in V). Therefore, we
carried out three planned exploratory post-hoc t-tests probing

group effects in differences between conditions: (DY_A-DY_AV)
vs. (CA_A-CA_AV), (DY_V-DY_A) vs. (CA_V-CA_A), (DY_V-
DY_AV) vs. (CA_V-CA_AV). With Bonferroni corrections, a sig-
nificance threshold of p = 0.05/3 = 0.016 was applied. Results
of these post-hoc tests showed that dyslexics gained significantly
more benefit in the AV condition compared to the auditory alone
condition (p = 0.014). The difference in benefit from visual alone
to AV did not differ between groups (p = 0.057). Therefore, the
post-hoc t-tests suggest that dyslexics accrued more benefit than
controls when stimuli were presented audio-visually rather than
as auditory-alone. The same pattern was not found for AV pre-
sentation over visual-alone. The advantage of auditory alone over
visual alone presentation was not significantly different between
the groups (p = 0.802).

The ANOVA for response time showed a main effect of con-
dition, [F(1.638, 49.139) = 39.24, p < 0.001, η2

p = 0.567], but no
significant group effects [F(1, 30) = 0.035, p > 0.05] nor interac-
tion [F(1.638, 49.139) = 0.118, p > 0.05]. Post-hoc inspection of the
significant condition effect (Bonferroni corrected) showed that
RT in the visual condition was significantly faster than RT for the
auditory and AV conditions (both p’s < 0.001). Differences in RT
between the auditory and AV conditions approached significance
(p = 0.054), suggesting that although the AV condition did not
result in an improved detection threshold over auditory informa-
tion alone, some facilitation of RT was occurring. Performance on
the behavioral entrainment task is shown in Table 2.

Table 2 | Response times and 79.4% detection threshold (in ms) for

the EEG behavioral task.

CA DY

RT auditory (ms) 352.44 ± 45.48 358.52 ± 44.31

RT visual (ms) 303.27 ± 48.82 303.76 ± 43.45

RT audio-visual (ms) 337.71 ± 41.29 339.61 ± 40.02

EEG behavioral threshold auditory
(ms)

51.39 ± 19.34 80.01 ± 62.15

EEG behavioral threshold visual (ms) 131.21 ± 26.44 138.56 ± 38.69

EEG behavioral threshold audio-visual
(ms)

56.00 ± 17.85 62.41 ± 28.68

FIGURE 5 | Stimulus-Response cross-correlation analysis. The plots
show the cross-correlation analysis between the stimulus and the
responses at representative electrodes. Average CA data is plotted in blue

and DYs in red. A very strong representation of the temporally extended
stimulus is seen in the response. Significant peak timing differences are
indicated. ∗p < 0.05.
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Finally, to check that individual differences in the thresholds
for the 3 conditions were correlated with the behavioral, reading,
and phonological measures, partial correlations across all subjects
controlling for age and IQ were computed (see Table 3). Most of
the correlations were significant, suggesting that the task is tap-
ping into mechanisms that are relevant to reading and reading
development. The top panel of Figure 6 shows a scatter plot and
regression line of the auditory threshold in the EEG behavioral
task plotted against performance in the phoneme deletion task.

EEG DATA: TOTAL RESPONSE POWER
To assess potential group differences in total response power, we
carried out separate ANOVAs for each frequency band of inter-
est (delta, theta) with the between-subject factor of group and
within-subject factors of condition and channel. For the delta
band ANOVA we found no main effect of group [F(1, 30) = 0.104,
p = 0.75, η2

p = 0.003]. There were significant main effects of

condition [F(2, 60) = 9.932, p < 0.001, η2
p = 0.249] and channel

[F(2, 60) = 10.062, p < 0.001, η2
p = 0.251]. The condition effect

was driven by larger delta power in the A and AV conditions
than the V condition. Power in the A and AV conditions did
not differ. The main effect of channel was driven by higher delta
power at Fz than at Cz and Oz. There was no difference in delta
power between Cz and Oz. The was also a significant group ×
condition interaction [F(2, 60) = 3.428, p < 0.039, η2

p = 0.103].
Post-hoc tests showed that this was driven by higher delta power
in the A than V condition for controls, compared with no differ-
ence for those with dyslexia. In contrast, those with dyslexia had
higher delta power for the AV condition than the V condition; this
was not the case for controls.

In the theta band ANOVA we again found no main effect of
group, suggesting that overall theta power was similar between
the groups [F(1, 30) = 0.233, p = 0.633, η2

p = 0.008]. Once again
there were significant main effects of condition [F(2, 60) = 7.116,
p = 0.002, η2

p = 0.192] and channel [F(2, 60) = 3.875, p < 0.026,

η2
p = 0.114]. The condition effect was again driven by larger

delta power in the A and AV conditions than in the V con-
dition. Power in the A and AV conditions did not differ. The
main effect of channel was driven by higher delta power at Fz

Table 3 | Partial correlations across all subjects controlling for age and

IQ between EEG behavioral task thresholds and reading and

phonology measures.

Measure Auditory Visual Audio-visual

threshold threshold threshold

BAS (SS) r = −0.579** r = −0.508** r = −0.383*

Reading age r = −0.522** r = −0.475** r = −0.305

TOWRE word reading r = −0.434* r = −0.441* r = −0.306

TOWRE non-word reading r = −0.538** r = −0.533** r = −0.389*

RAN r = 0.193 r = 0.265 r = 0.216

pSTM r = −0.044 r = −0.114 r = 0.153

Phoneme deletion r = −0.407* r = −0.123 r = −0.313

**p < 0.01, *p < 0.05.

FIGURE 6 | Correlation plots. The top panel shows the partial
correlation plot controlling for age and IQ of the Auditory Threshold
on the EEG behavioral task with phonology (phoneme deletion). The
middle panel shows the relationship between the circular variable
preferred phase of entrainment (black trace) and the linear variable
phoneme deletion z-score (cyan). For visualization purposes the
phoneme deletion trace has been smoothed using a 12-point
averaging window. Higher phoneme deletion scores occur when a
subject has a preferred phase in the region (−π, −π/2) and lower
scores in the region (π/2, π). The bottom panel shows the partial
correlation plot controlling for age and IQ of strength of auditory
stimulus representation at Cz (r ) with phonology (phoneme deletion).
Controls subjects are identified by blue dots and dyslexics by red
dots in all panels.
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than at Oz. There was also a significant group × channel inter-
action [F(2, 60) = 4.459, p < 0.026, η2

p = 0.129]. Post-hoc testing
revealed that this was driven by larger theta power at Fz than Cz
for DYs only. There was also a significant channel × condition
interaction [F(2.974, 89.229) = 5.036, p = 0.003, η2

p = 0.144]. This
is to be expected, as different channels should respond differently
to different conditions e.g., Cz would respond more strongly to
auditory than visual stimulation.

EEG DATA: PHASE CONSISTENCY
We next explored entrainment in the pre-stimulus phase distri-
butions of the delta and theta activity (see Figure 3). Here three
representative electrodes were chosen for analysis: Fz, Cz, and Oz,
identifying responses from frontal, central, and occipital regions,
respectively. Significant phase locking (i.e., significant differences
from a uniform random distribution) were investigated using the
Rayleigh statistic, and a critical p-value of 0.001 was chosen in
order to minimize Type I errors.

In the auditory condition, significant entrainment was
found at both delta and theta rates at all three channel
locations, with one exception, the Fz channel for dyslexic
participants (Aδ_DY_Cz: Z = 36.76, p << 0.001; Aδ_DY_Oz:
Z = 7.27, p << 0.001; Aδ_CA_Fz: Z = 14.30, p << 0.001;
Aδ_CA_Cz: Z = 124.55, p << 0.001; Aδ_CA_Oz: Z = 36.76,
p << 0.001; Aθ_DY_Fz: Z = 28.43, p << 0.001, Aθ_DY_Cz:
Z = 9.60, p << 0.001; Aθ_DY_Oz: Z = 35.97, p << 0.001;
Aθ_CA_Fz: Z = 73.58, p << 0.001; Aθ_CA_Cz: Z = 49.58,
p << 0.001; Aθ_CA_Oz: Z = 75.38, p << 0.001). Regarding
delta activity at Fz for the dyslexics, the entrainment did approach
significance (Aδ_DY_Fz: Z = 6.73, p = 0.0013). Therefore, as
would be expected on MTRMs of speech processing, theta
entrainment to the syllable stimulus was present in both groups
and at all electrodes. Significant delta entrainment was also
present in both groups at all electrodes, as would be expected in
our paradigm.

In the visual condition, entrainment was significant in occip-
ital areas only, as would be expected (Vδ_DY_Oz: Z = 8.81,
p << 0.001; Vδ_CA_Oz: Z = 46.28, p << 0.001; Vθ_DY_Oz:
Z = 10.01, p << 0.001; Vθ_CA_Oz: Z = 13.30, p << 0.001).
No significant entrainment was found at Cz in either band
(Vδ_DY_Cz: Z = 0.56, p > 0.05; Vδ_CA_Cz: Z = 0.41, p > 0.05;
Vθ_DY_Cz: Z = 3.78, p > 0.05; Vθ_CA_Cz: Z = 5.22, p > 0.05).
While significant entrainment was not found in either band at
Fz for dyslexics (Vδ_DY_Fz: Z = 0.70, p > 0.05; Vθ_DY_Fz: Z =
0.51, p > 0.05), controls did show significant entrainment at Fz
in the delta band (Vδ_CA_Fz: Z = 13.09, p < 0.001) but not the
theta band (Vθ_CA_Fz: Z = 2.04, p > 0.05).

The pattern of entrainment for the audio-visual condition
was somewhat more complex. Both groups showed significant
entrainment in the theta band at Fz, Cz and Oz (AVθ_DY_Fz:
Z = 21.10, p << 0.001, AVθ_CA_Fz: Z = 75.50, p << 0.001;
AVθ_DY_Cz: Z = 9.78, p << 0.001; AVθ_CA_Cz: Z = 35.83,
p < 0.001; AVθ_DY_Oz: Z = 21.03, p < 0.001; AVθ_CA_Oz:
Z = 66.55, p < 0.001). In the delta band, however, both
groups showed significant entrainment at Cz only (AVδ_DY_Cz:
Z = 34.43, p << 0.001; AVδ_CA_Cz: Z = 78.22, p < 0.001).
Controls also showed significant entrainment at Fz (AVδ_CA_Fz:

Z = 9.50, p << 0.001), whereas for the dyslexics entrainment
only approached significance at Fz (AVδ_DY_Fz: Z = 6.64, p =
0.0013). Neither group showed significant entrainment at Oz
(AVδ_DY_Oz: Z = 1.58, p > 0.05; AVδ_CA_Oz: Z = 2.11, p >

0.05). The Oz data is likely due to volume conduction from audi-
tory areas. As can been seen from Figure 3, activity at Oz in the
auditory condition tends to entrain in opposite phase to the visual
condition. This would lead to a balancing of the audio-visual
phase distribution at Oz.

EEG DATA: PHASE LOCKING STRENGTH (ITC)
In order to examine potential group differences in the degree
of phase locking consistency for each group we carried out sep-
arate mixed factor ANOVAs by group for each frequency band
of interest. The with-in group factors were condition (A vs. V
vs. AV), and channel (Fz vs. Cz Vs. Oz). Once again, if the
assumption of sphericity was violated the Greenhouse–Geisser
corrected degrees of freedom are reported. In the delta band
ANOVA there was no main effect of group [F(1, 30) = 0.519,
p = 0.477, η2

p = 0.017], hence the strength of entrainment did
not differ between the groups. There was a significant effect of
condition [F(2, 60) = 8.294, p = 0.001, η2

p = 0.217]. Bonferroni
corrected post-hoc analysis showed this to be driven by stronger
entrainment in the auditory and audio-visual conditions than
in the visual condition. Strength of entrainment was equivalent
between auditory and audio-visual conditions. There was also a
main effect of channel [F(2, 60) = 14.74, p < 0.001, η2

p = 0.329].
Post-hoc analysis found this to be driven by stronger entrainment
at Cz then at either Fz or Oz. Finally, there was a significant con-
dition × channel interaction [F(4, 120) = 9.474, p < 0.001, η2

p =
0.240]. This interaction suggests that strength of entrainment at
the electrodes depends on the experimental condition. This is to
be expected, e.g., we would expect Cz to show stronger entrain-
ment to the auditory and audio-visual stimuli than the visual
stimulus. This can be seen in Figure 4. No other significant effects
or interactions were found in the delta band.

In the theta band ANOVA the main effect of group approached
significance [F(1, 30) = 3.264, p = 0.081, η2

p = 0.098]. This sug-
gests that the strength of theta entrainment tends to be greater
for controls than those with dyslexia. A main effect of condi-
tion was also found [F(2, 60) = 5.916, p = 0.005, η2

p = 0.165].
As in the delta band post-hoc analysis (Bonferroni corrected),
entrainment in the auditory and audio-visual conditions was sig-
nificantly stronger than in the visual condition. There was also
a main effect of channel [F(1.468,44.031) = 5.576, p = 0.013, η2

p =
0.157]. Bonferroni post-hoc tests showed this to be driven by
stronger entrainment at Oz than Cz, No significant interactions
were found (all p′s > 0.05).

EEG DATA: PREFERRED PHASE OF ENTRAINMENT
Having assessed both presence of entrainment (significant phase
locking, ITC) and potential differences in strength of entrain-
ment for each group (degree of consistency in phase locking), we
sought to investigate potential group differences in the preferred
phase of entrainment. Although consistency of phase (strength
of phase locking) did not differ between groups, this does not
mean that both groups entrained at the same phase. The preferred
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phase of entrainment has been shown to be a crucial contribu-
tor to stimulus processing (Lakatos et al., 2008; Ng et al., 2013).
Preferred phase angles can be seen in Figure 4. The length of
the vector in Figure 4 represents the inter-subject coherence; the
greater the magnitude of the vector, the more similar the phase
at which all subjects entrain. Conversely the shorter the vector,
the less consistent (or more variable) the phase across subjects.
In order to investigate whether preferred phase differed between
groups, we carried out 6 group × condition ANOVAs, one for
each frequency band/channel combination (Cz and delta, Cz and
theta, Fz and delta, Fz and theta, Oz and delta, Oz and theta).
This was done using the Harrison-Kanji two-factor ANOVA test
(HK ANOVA) for circular variables (Harrison and Kanji, 1988).
This test is not carried out using repeated measures. Also, the
reported statistic depends on the width, or concentration factor
kappa, of the Von Mises distribution applied to the data. If it is
low (<2), a Chi-squared statistic is reported, but if it is high, an
F-statistic is reported. A significant group effect was found only
for Cz in the delta band ANOVA (χ2

(1) = 11.02, p = 0.004). A sig-
nificant main effect of condition was also found in this ANOVA
(χ2

(2) = 32.12, p < 0.001). The group × condition interaction
was not significant (p > 0.05). Since the entrainment analysis and
Figure 3 showed that activity at Cz in the visual condition was
not significantly entrained, and thus the preferred phase for this
condition at this channel is not informative, we carried out a fur-
ther exploratory group (CA vs. DY) × condition (A vs. AV) HK
ANOVA for Cz and delta band activity, leaving out the potentially
confounding visual condition. Again we found a significant main
effect of group [F(1, 63) = 9.08, p = 0.0038]. There was, however,
no longer an effect of condition (p > 0.05) and no significant
interaction (p > 0.05). This suggests that the two groups differ in
their preferred phase of entrainment in the auditory and audio-
visual conditions at Cz, and that the preferred phase for each
group does not differ between these conditions. Activity at Cz is
broadly indicative of auditory processing in this task.

SUMMARY OF EEG DATA
Regarding our hypotheses about potential group differences in
entrainment, these data suggest that there were no overall group
differences in response power or in the consistency of phase across
trials (ITC). However, there were important group differences in
the preferred phase of entrainment, which differed at Cz in the delta
band in the Auditory and AV conditions. This points toward a
potentially very important difference between the groups in the
oscillatory processes supporting speech encoding, one that may
have significant implications for the quality and type of infor-
mation that is encoded. In particular, if the different preferred
phase of entrainment has a negative effect on speech encoding
by children with dyslexia, this should be reflected in relation-
ships between individual differences in preferred phase and the
behavioral measures of reading and phonology. To investigate
whether this was the case, circular-linear correlations between
the preferred phase of delta entrainment and the behavioral mea-
sures were computed, and are shown in Table 4. For the auditory
condition, significant correlations are shown for all the mea-
sures of reading and for phoneme deletion, with a trend toward
significance (p < 0.10) for the phonological memory and rapid

Table 4 | Circular-linear correlation between preferred delta phase of

entrainment and reading and phonology measures.

Measure Preferred Preferred Preferred

phase for phase for phase for

A at Cz V at Oz AV at Cz

BAS(SS) 0.532* 0.322 0.322

BAS(AS) 0.570** 0.213 0.294

Reading age 0.388* 0.245 0.356

TOWRE word reading 0.510* 0.200 0.323

TOWRE non-word reading 0.465* 0.324 0.271

RAN (combined) 0.405+ 0.290 0.447*

pSTM combined 0.412+ 0.312 0.424+

Phoneme deletion 0.485* 0.144 0.389+

The pattern of correlations mirrors that of the peak lag correlations in this table

emphasizing that both measures tap into similar mechanisms (that is the timing

of the EEG activity in response to the stimulus). **p < 0.01, *p < 0.05, +p < 0.1.

naming measures. Clearly, preferred phase is significantly related
to the quality of the phonological representations in the men-
tal lexicons of our participants. A plot outlining the relationship
between preferred phase of entrainment at Cz in the auditory
condition and performance in the phoneme deletion task can be
seen in the middle panel of Figure 6. This important result is
considered further in the Discussion.

QUALITY OF THE STIMULUS REPRESENTATION:
CROSS-CORRELOGRAMS
The analyses conducted so far have investigated differences in
EEG responses between the groups. Now we investigate the direct
relationship between the EEG response and the entraining stimu-
lus for each group. To ascertain this relationship, we calculated
the cross-correlogram between the stimulus envelope and the
neural response. Following Abrams et al. (2009), we did not par-
tition the EEG into sub-bands for this analysis, but used the
broadband response. The peak r-values of the cross-correlogram
indicate the strength of stimulus envelope representation in the
EEG response. The lags at which the peak r-value occurs indicate
the timing/phase at which the greatest representation of the stim-
ulus occurs. Given the significant differences in preferred phase
found in the EEG, peak lag values in particular might be expected
to differ between those with dyslexia and the control group.

The strength of stimulus representation was investigated using
a mixed factor ANOVA with the between-subject factor of group
(CA vs. DY) and the within-subject factors of condition (A vs. V
vs. AV) and channel (Fz vs. Cz vs. Oz). The dependent variable
was the peak r-values. The main effect of group approached sig-
nificance [F(1, 30) = 2.999, p = 0.094, η2

p = 0.091]. There was a
significant main effect of condition [F(2, 60) = 6.675, p = 0.002,
η2

p = 0.182]. Bonferroni corrected post-hoc analysis showed that
this was driven by larger r-values in the A and AV conditions
than in the visual condition (p = 0.024 and p = 0.016, respec-
tively). The peak r-values in the A and AV conditions did not
differ (p > 0.05). There was also a significant effect of chan-
nel [F(2, 60) = 11.328, p = 0.001, η2

p = 0.274]. Post-hoc analysis
revealed this to be driven by larger r-values at Cz than at both Fz
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and Oz (p < 0.001 and p = 0.01, respectively). A significant con-
dition × channel interaction was also found [F(4, 120) = 7.304,
p < 0.001, η2

p = 0.196]. This would be expected, as stimulus rep-
resentation should differ at each channel in different experimental
conditions. The stimulus-response cross-correlation has a period
of ∼500 ms (see Figure 5). This suggests that it is dominated by
delta band activity.

To investigate the timing of maximal response representation,
we extracted the lags for which peak r-values occurred for each
participant at each channel and in each condition (a subset of
which is plotted in Figure 5). We then took the lags at each chan-
nel as the dependent variable in 3 separate ANOVAs, each with
the between-subject factor of group and the within-subject fac-
tor of condition (A vs. V vs. AV). The ANOVA for Fz showed
a main effect of condition [F(2, 60) = 59.09, p < 0.001, η2

p =
0.653]. There was no significant effect of group, nor was there
a significant group × condition interaction. Similar results were
found for the Cz ANOVA [main effect of condition: F(2, 60) =
33.808, p < 0.001, η2

p = 0.53]. However, given that the analy-
sis of entrainment had shown that visual activity at Cz was not
significantly entrained, we also carried out an exploratory Two-
Way ANOVA for Cz omitting the visual condition, with factors
of group (CA vs. DY) and condition (A vs. AV). Here we found
a significant main effect of group [F(1, 30) = 5.859, p = 0.022,
η2

p = 0.163], paralleling the results found at Cz for the preferred
phase of entrainment analysis. Post-hoc analysis of the group
effect revealed that it was driven by controls having a longer
peak-lag than the dyslexic group. Although the timing of peak
stimulus representation (as identified by the peak lags) does not
measure the same thing as preferred pre-stimulus phase, both
are measures of the timing of the relevant oscillatory response
activity. Indeed, the results of this peak-lag analysis mirror those
of the preferred phase of delta entrainment analysis carried out
above, as both analyses point to atypical timing of response
entrainment and atypical response representation in participants
with dyslexia. Both the strength of stimulus representation and
response timing are likely to be crucial factors in phonological
development.

Converging evidence for a potentially important role for the
neural timing of auditory responses in phonological development

and reading development was sought by exploring correlations
between these two measures of the quality of stimulus repre-
sentation and the behavioral measures. Peak r-values and peak
lags at Cz in the three conditions were correlated with the var-
ious reading and phonology measures, partialling out age and
IQ (see Table 5). A series of significant correlations were found,
most notably in the Auditory condition, and the correlations
were positive, suggesting that a stronger stimulus representa-
tion (higher peak r-value) and a longer peak lag were related to
higher scores on the behavioral tasks. As shown in Table 5, peak
r-values were significantly correlated with reading age, non-word
reading and phoneme deletion in the Auditory condition, while
peak lag was significantly correlated with reading standard score
and reading age (The bottom panel of Figure 6 shows a scat-
ter plot and regression line for the relationship between peak
r-values at Cz in the auditory condition vs. performance in the
phoneme deletion task) For the AV condition, peak r-values were
significantly correlated with phonological awareness, while indi-
vidual differences in peak lag were significantly correlated with
reading age and RAN. As those with dyslexia showed shorter lags
than controls, the more “control-like” the peak lag, the better the
behavioral performance.

Overall, the partial correlations suggest that the typically-
developing children had stronger neural representations of the
speech stimulus “ba,” and that the strongest representation
occurred later in time compared to those with dyslexia. These
results provide converging evidence for the importance of the
phase of low frequency oscillations in stimulus encoding. The par-
ticipants with dyslexia appear to be entraining to a sub-optimal
phase, and this is reflected in both timing differences in their
neural responses and also a difference in the quality of stimulus
representation as measured by the correlograms.

To investigate potential effects of hemisphere on the strength
of auditory stimulus representation and timing, we subjected
the peak r-values and lags to separate 2 × 3 × 2 ANOVAs with
a between-subject factor of group and within-subject factors of
electrode pair (T3,T4 vs. T5,T6 vs. Tp7,Tp8) and hemisphere
(left vs. right). The peak r-value ANOVA found no signifi-
cant effects, suggesting that the strength of auditory stimulus
representation does not differ by group in temporal regions.

Table 5 | Partial correlations across all subjects controlling for age and IQ between reading and phonology measures and peak r-value and

peak lag at Cz in the Auditory condition, Oz in the visual condition, and Cz for the audio-visual condition.

Measure r-value for Peak lag for r-value for Peak lag for r-value for Peak lag for

A at Cz A at Cz V at Oz V at Oz AV at Cz AV at Cz

BAS(SS) 0.402* 0.409* 0.076 −0.003 0.182 0.308

BAS(AS) 0.401* 0.429* 0.079 0.008 0.171 0.31

Reading age 0.324+ 0.388* 0.088 0.038 0.116 0.373*

TOWRE word reading 0.281 0.356+ 0.068 0.07 −0.043 0.354+

TOWRE non-word reading 0.385** 0.356+ 0.131 −0.087 0.033 0.241

RAN −0.167 −0.322+ −0.111 −0.006 0.193 −0.467**

pSTM −0.054 0.060 0.127 −0.133 −0.2 0.357+

Phoneme deletion 0.475** 0.229 0.094 0.064 0.466* −0.107

**p < 0.01, *p < 0.05, +p < 0.1.
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Furthermore, no hemispheric difference or interactions were
found, suggesting that the strength of stimulus encoding is sim-
ilar in both hemispheres. The lag ANOVA showed a main effect
of Group [F(1, 30) = 4.37, p = 0.045, η2

p = 0.127]. No other con-
trasts resulted in significant effects. This timing difference was
again driven by children with dyslexia having a shorter peak lag
than children in the control group.

PHASE RESETTING: EFFECTS OF VISUAL STIMULATION ON AUDITORY
ENTRAINMENT
Following Power et al. (2012b), our final question was whether
there would be group differences in the degree to which
visual speech information would reset the phase of auditory
oscillations so that they were optimally timed to encode the
speech signal. Given behavioral data (e.g., Megnin-Viggars and
Goswami, 2013), we expected that the dyslexic group might
accrue greater benefit from visual phase-resetting than controls.
Following Power et al. (2012b), Figure 7 shows ITC topogra-
phies for the A and (AV-V) conditions averaged across groups.
The fronto-central distribution in both conditions is indica-
tive of entrainment in auditory cortical areas. Figure 7 also
shows the phase distributions for delta and theta for the pooled
activity in the ROI for both groups and conditions. Rayleigh
tests revealed significant entrainment in both conditions at
both frequencies (Aδ_DY: Z = 403.43, p << 0.001; AV-Vδ_DY:
Z = 265.87, p << 0.001; Aθ_DY: Z = 441.16, p << 0.001; AV-
Vθ_DY: Z = 376.69, p << 0.001; Aδ_CA: Z = 1247.30, p <<

0.001; AV-Vδ_CA: Z = 684.82, p << 0.001; Aθ_CA: Z = 1220.5,
p << 0.001; AV-Vθ_CA: Z = 704.96, p << 0.001). This would
be expected given the way in which the ROI was determined.

To assess possible group differences in the effects of visual
speech cues on the auditory oscillations, we first investigated
whether the level of auditory entrainment (inter-trial coherence,
ITC) was affected by the visual cues. The ITC values were
submitted to two 2 × 2 ANOVAs (one each for delta and theta),
with the between-subject factor of group (CA vs. DYS) and
within-subject factor of condition [A vs. (AV-V)]. The ANOVAs
showed no main effect of group nor condition in either frequency
band (all p’s > 0.05), suggesting that the strength of auditory
phase locking in both bands was similar whether visual cues were
present or not. There was also no significant group × condition
interaction in either band (both p’s > 0.05).

Mirroring the previous ITC analysis, we next carried out a
similar 2 × 2 ANOVA for each frequency band taking the over-
all response power as the dependent variable. In the delta band,
we found no main effect of group, but a significant group × con-
dition interaction [F(1, 30) = 5.809, p = 0.022, η2

p = 0.162]. Post-
hoc inspection revealed that the interaction was driven by higher
delta power in the A than in (AV-V) for the control children only.
There was no difference in power between the two conditions
for those with dyslexia. The theta band ANOVA showed similar
results, with no main effect of group, but a significant group ×
condition interaction [F(1, 30) = 5.048, p = 0.032, η2

p = 0.144].
Post-hoc inspection revealed that this was again driven by higher
power in A than AV-V for the control children only.

Taking these results together, typically-developing children
showed a significant difference between auditory oscillatory activ-
ity to auditory stimuli alone (A) and auditory oscillatory activity
when visual cues were present (AV-V), in both delta and theta
power. The children with dyslexia did not. This may indicate that

FIGURE 7 | Upper Panel: Topographies of the ITC for phase at stimulus
onset. The similarity of these topographies established a particular
fronto-central region of interest coinciding with the area of strongest
entrainment. Lower Panel: phase distributions for the conditions and
frequency bands in the region of interest (ROI). Activity in the ROI showed

significant entrainment, as tested using the Rayleigh statistic, in both
frequency bands and for both response types and both groups. Tests on the
preferred phase of entrainment showed that auditory delta phase differed
between groups. Auditory theta phase differed between conditions and was
thus affected by visual cues.
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auditory cortex in typical development does not have to work as
“hard” to process speech stimuli when they are presented mul-
timodally. The results also show that the consistency of auditory
phase is not affected for either group by whether stimuli are only
auditory or whether they are audio-visual.

PREFERRED PRE-STIMULUS PHASE
To assess whether the information from visual speech affected the
phase of auditory entrainment similarly for each group, we tested
for preferred phase differences in each frequency band using two
2-way circular ANOVAs (HK ANOVA as before). Each ANOVA
had group as the between-subjects factor (CA vs. DY) and condi-
tion [A vs. (AV-V)] as the within-subjects factor. In the delta band
ANOVA there was a significant main effect of group [F(1, 63) =
11.06, p = 0.0015]. This mirrors the differences in preferred
phase found by group at Cz for the auditory condition. There
was no significant effect of condition (p > 0.05) and there was no
significant interaction (p > 0.05). In the theta band ANOVA we
found a significant main effect of condition [F(1, 63) = 7.97, p =
0.0065] but no significant main effect of group (p > 0.05) and
no significant interaction (p > 0.05). This suggests that for theta
the preferred auditory phase in the ROI is altered by audio-visual
information. The absence of a significant interaction with group
in both ANOVAs suggests that the preferred phase of entrain-
ment in both frequency bands is similarly affected by visual
speech information in both groups, with no phase alteration in
the delta band but a significant phase alteration in the theta
band. Nevertheless, the preferred delta phase at which auditory
responses entrain is different between the groups. Overall these
data suggest that for theta band entrainment, which by hypothesis
is primary in syllable-level processing (Poeppel, 2003), accompa-
nying visual speech information does alter the preferred phase
of entrainment, for both groups. Therefore, accompanying visual
information results in a more optimal theta phase than when
auditory information is presented alone, and both groups are sim-
ilarly affected by visual speech information. There is no evidence
for enhanced use of visual speech information by participants
with dyslexia. In contrast, group differences in the preferred delta
band phase persist in spite of the visual speech information. This
suggests that sub-optimal phase of entrainment still occurs in the
AV condition for participants with dyslexia.

DISCUSSION
Here we compared neuronal oscillatory entrainment in children
with and without dyslexia in the delta and theta bands to a rhyth-
mic speech stimulus, the syllable “ba” repeated at a 2 Hz (delta)
rate. The speech stimulus was either presented in the auditory
modality only, the visual modality only, or audio-visually (AV).
On the basis of the temporal sampling framework for devel-
opmental dyslexia (TSF, Goswami, 2011), we predicted group
differences in entrainment in the auditory modality. Given the
prior literature on oscillatory entrainment in dyslexia (adult stud-
ies, Hämäläinen et al., 2012b; Soltesz et al., 2013), delta band
oscillations seemed the most likely to reveal group differences
in the current study. On the basis of previous behavioral stud-
ies of entrainment (tapping measures) with adults and children,
we again expected group differences in the delta band (Thomson

et al., 2006; Thomson and Goswami, 2008). Finally, on the basis
of recent studies of behavioral entrainment in adults with dyslexia
to rhythmic speech, we predicted possible group differences in
preferred phase alignment (Leong and Goswami, 2013).

Here the data in the auditory entrainment condition showed
no difference in phase consistency (ITC) over trials between the
groups, and no difference in response power between groups.
However, significant differences were indeed found in the timing
of auditory stimulus encoding. Timing differences were revealed
both by a significant group difference in the preferred phase of
neuronal entrainment in the delta band, in both the auditory and
AV conditions, and by the timing of maximal stimulus encoding
as measured by cross-correlating the stimulus envelope with the
neural response. The cross-correlation approach revealed a signif-
icant group difference in peak lag value, with typically-developing
children showing later peak lags than children with dyslexia.
There was also a trend toward higher r-values in controls, indicat-
ing better stimulus envelope representation. Regarding laterality,
we found no differences in peak r-values by group or hemisphere,
although longer peak lags were found in both hemispheres in con-
trols. This is discussed further below. Individual differences in
both the preferred delta phase measure and the cross-correlation
measures were significantly correlated with behavioral measures
of reading and phonology (Tables 4, 5). The preferred delta phase
measure in the auditory condition showed a particularly con-
sistent set of relations, with significant correlations for all the
measures of reading and the phoneme deletion measure.

The suboptimal phase of encoding demonstrated for the par-
ticipants with dyslexia in the delta band is likely to have significant
consequences for the quality of their phonological representa-
tions. According to MTRMs of speech encoding (e.g., Luo and
Poeppel, 2007; Ghitza and Greenberg, 2009), speech input is
encoded most efficiently by the brain when endogenous corti-
cal neuronal oscillations phase-align with temporal modulations
(amplitude or frequency modulations) in the input signal, so
that maximal neuronal responses occur at the most informative
points. If the phase of peak neural responding is consistently
misaligned with the modulation peaks in the input, then the sig-
nal will be encoded in suboptimal fashion. This will result in
differently-specified phonological representations for words in
the mental lexicon. The cross-correlation analyses in the cur-
rent study (which cross-correlated the neural response with the
stimulus envelope) provided congruent evidence for significantly
different neural timing (peak lag measure) and lower quality neu-
ronal representation of the speech envelope for “ba” (peak r-value
measure) by the children with dyslexia. These delta band findings
suggest that the highest level in the amplitude modulation hier-
archy, the delta band, which carries information about prosodic
structure, is encoded less efficiently by the dyslexic brain. This
would have cascading effects for the encoding of the other lev-
els of phonological structure that are nested within the delta
band, including syllable-level (theta band) AM information and
phoneme-level (gamma band) AM information. The difference in
preferred phase in the current study was 12.8 ms between groups
(0.1613 radians at 2 Hz). Acoustic changes in this timescale would
be in the gamma range, suggesting that the consistent timing
difference in preferred delta phase shown by our participants
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with dyslexia would have cascading consequences for the opti-
mal encoding of gamma-rate or phonetic information. Some of
these faster gamma transitions would be occurring in a sub-
optimal temporal window, contributing to the impairments in
phonological encoding found at every grain size (prosodic, syl-
labic, onset-rhyme and phonemic) in developmental dyslexia
(Snowling et al., 2000; Ziegler and Goswami, 2005; Goswami
et al., 2013).

Hemispheric differences were not found in the cross-
correlation measures, in contrast to an earlier study by Abrams
et al. (2009). Abrams and colleagues employed three stimu-
lus types: clear speech, conversational speech and compressed
speech. A right hemisphere dominance in stimulus encoding
(peak r-value) was found for the clear and conversational speech
in good and poor readers, whereas for time-compressed speech
(a more challenging listening condition), the right hemisphere
dominance was only found for good readers. Encoding was repre-
sented symmetrically across hemispheres for the poorer readers.
Although we found no hemispheric differences in encoding, there
are some possible reasons for the differing results. Crucially,
Abrams et al. (2009) employed a paradigm in which stimuli were
presented to the right ear only. Subjects were instructed to ignore
the sentences and to attend to a movie whose soundtrack was pre-
sented to the left ear. It has been shown that spatial attention in
a speech environment suppresses the neural representation of the
ignored stimulus (Horton et al., 2013). It has also been reported
that stronger speech suppression takes place in the left hemisphere
than in the right under such conditions Power et al. (2012a). The
interplay between attention and hemispheric bias is not addressed
in Abrams et al. (2009), and it is possible that attentional influ-
ence may contribute to the reported right hemisphere bias. For
example, the fact that the stimulus is being actively ignored may
suppress stimulus representations in the left hemisphere more
than in the right. The fact that our stimuli are presented rhyth-
mically, and thus timing is entirely predictable from syllable to
syllable, is a further important difference with Abrams et al.
(2009), where the speech stimulus envelope was not periodic.
Indeed, the fact that the Group × Hemisphere interaction was
only seen in their compressed speech condition suggests that the
hemispheric interaction effect may be only apparent when the
auditory system attempts to entrain to a taxing stimulus whose
envelope is variable.

Abrams et al. (2009) also found a significant group × hemi-
sphere interaction for peak lags in all three speech conditions.
Poor readers had earlier r-value peaks in the left hemisphere
and later peaks in the right hemisphere. It is of note that our
results mirror the left hemisphere timing findings of Abrams et al.
(2009). The lack of Group × Hemisphere interactions in our
study may be due in part to the predictable nature of our stimuli.
If the right hemisphere does preferentially encode low frequency
activity, as hypothesized by Poeppel (2003), and if this right hemi-
sphere encoding network is the primary impairment in dyslexia,
as hypothesized by our group (Goswami, 2011), then we can
argue that in a case where the right hemisphere network’s capacity
to follow low frequency fluctuations is not heavily taxed (as with a
rhythmic and predictable stimulus), hemisphere differences may
not be found. However, when difficulty increases (such as with

non-periodic speech), the unaffected right hemisphere of con-
trol participants can facilitate processing, resulting in a decreased
peak lag. In contrast, the impaired right hemisphere network of
participants with dyslexia will struggle to cope, and so the peak
lag increases. Taken together, the results of both studies converge
in showing impaired processing of low frequency information by
poor readers, both in terms of strength of stimulus representa-
tion and response timing. Further research is required, however,
to tease apart the delicate contributions of attention and stimulus
parameters.

Indeed, a recent study exploring how new acoustic representa-
tions are learned by the adult brain (Luo et al., 2013) has shown
that neuronal phase patterns in low-frequency oscillatory responses
below 8 Hz (i.e., in the delta and theta bands) are critical to the
learning process. Distinguishably-different low-frequency oscilla-
tory phase patterns were shown by Luo and colleagues to form
gradually over learning time, thereby differentiating novel noise
patterns as individual auditory objects for successful learners.
If a similar learning mechanism underpins the learning of the
acoustic patterns which are words, then the phase differences
in dyslexia in the delta band revealed here would have serious
consequences for the quality of the phonological representations
of word forms developed by affected children. Oscillatory phase
patterns may be more important than oscillation amplitude in
terms of informational encoding. Ng et al. (2013) used natu-
ral animal sounds to investigate the encoding of acoustic stimuli
in macaque auditory cortex, examining neural firing directly by
recording local field potentials inside the brain. Ng and colleagues
showed that stimulus-selective firing patterns imprinted on the
phase rather than the amplitude of slow oscillations (<8 Hz), with
phase patterns rather than oscillation power carrying discrimina-
tive information. A comparable result was reported for human
EEG to the same naturalistic stimuli, and Ng and colleagues noted
that these naturalistic stimuli could be discriminated on the basis
of their phase patterns without any increases in oscillatory power.
The emerging importance of phase suggests that the brain cap-
italizes on both power (firing rate) and phase (the timing of
firing) when encoding and developing neuronal representations
for a complex stimulus like human speech. Therefore, the neu-
ral timing differences revealed in the current study could carry
important implications for the quality of phonological encoding.
Note that earlier ASSR studies measuring differences in response
power between adult participants with and without dyslexia did
not measure phase consistency across trials (Lehongre et al., 2011;
Poelmans et al., 2012). The identified difference in grand aver-
aged power in those studies may hence be due to inconsistent
phase alignment across trials. Both firing rates and phase pat-
terns tend to be sensitive to the same acoustic features (Ng et al.,
2013). Hamalainen et al. did investigate both phase and power
in their ASSR study, and in their MEG study the group differ-
ences between participants with dyslexia and controls at 2 Hz
were caused by differential phase consistency and not by differ-
ential response power. Note further that in the non-speech study
reported by Soltesz et al. (2013), phase was examined, and those
with dyslexia did show an earlier preferred phase in the 2 Hz
entrainment condition compared to the control group; however,
this effect was not significant. Nevertheless, it is important to note
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that none of these earlier dyslexic studies used the speech signal
as input.

Contrary to prediction, we did not find any significant differ-
ences in visual entrainment between children with dyslexia and
control children. As noted earlier, differences between dyslexic
and control children have been found in visual attention shifting
tasks (e.g., Facoetti et al., 2010) and in visual attention span mea-
sures (e.g., Lallier and Valdois, 2012), while adults with dyslexia
have been reported to show superior perception of and mem-
ory for low-frequency visual features in natural scenes (Schneps
et al., 2012). Our task explored the neural processing of natu-
ral dynamic visual cues to speech perception, which incorporate
both low-frequency (e.g., jaw movement) and high-frequency
(e.g., lip shape) visuo-spatial information, and by hypothesis
should be directly related to the quality of phonological encod-
ing. However, in the visual alone condition, dyslexics and controls
showed equivalent entrainment strength and equivalent preferred
phase, while in the AV condition the dyslexic group again showed
an earlier preferred phase in the delta band compared to control
participants, mirroring the findings for the auditory alone condi-
tion. When we explored how visual speech information affected
the phase of auditory entrainment, we found that in the theta
band visual information did alter preferred auditory phase, but
to the same extent for both groups. Visual speech information is
thought to reset auditory theta phase to the optimal alignment
for processing upcoming speech (Schroeder and Lakatos, 2009).
The only significant group difference was again in the delta band.
As in the auditory alone condition, when computed for (AV–V),
preferred phase of entrainment was significantly earlier for the
dyslexic group. Hence despite the accompanying visual informa-
tion, in the AV condition the participants with dyslexia were again
entraining to a suboptimal phase. As previously, this suggests that
the slower delta oscillations are not providing the dyslexic brain
with an efficient temporal reference frame for auditory infor-
mation encoding. In the theta band, by contrast, both groups
showed efficient phase resetting of auditory oscillatory activity by
congruent visual information.

In fact, given the earlier study by Power et al. (2012b)
using the current paradigm, which reported a significant rela-
tionship between theta power and reading development in
typically-developing children, the absence of significant group
differences in theta band entrainment in the current study is
somewhat surprising. Theta entrainment is thought to be central
to speech processing on multi-time resolution models (syllable-
level entrainment, e.g., Luo and Poeppel, 2007). However, our
failure to find group differences in theta power or phase could
be task-related. The participants were required to process a delta-
rate rhythm (2 Hz), and to detect violations of that rhythm,
and thus task demands did not focus on theta entrainment or
phase. If stimuli had been delivered instead at a rhythmic rate
within the theta band (e.g., 5 Hz), group differences in theta
activity may have emerged. Nevertheless, the current violation
detection task is likely to be more informative than the pas-
sive entrainment tasks used in prior studies with adult dyslex-
ics (Lehongre et al., 2011; Hämäläinen et al., 2012b; Poelmans
et al., 2012). With a passive listening paradigm it is impossi-
ble to quantify how the different groups are approaching the

task, for example whether those with dyslexia and controls are
using similar processing strategies. Furthermore, prior oscillatory
studies suggest that when a stimulus is continuous (rather than
rhythmic, as utilized here), the brain uses a continuous mode
of processing, which maximizes gamma activity (e.g., Schroeder
and Lakatos, 2009). Hence the gamma findings in prior stud-
ies using non-speech and continuous stimuli (Lehongre et al.,
2011; Poelmans et al., 2012), indicating that gamma power was
significantly lower in the dyslexic group when processing AM
noise, could reflect task demands rather than stimulus-specific
processing differences between participants with dyslexia and
controls.

In conclusion, this study provides direct neural evidence for
the “phonological representations” hypothesis of developmental
dyslexia, according to which the neural representations under-
pinning word recognition in children with dyslexia are impaired
or atypical in their phonological characteristics. The current
study suggests that one mechanism contributing to atypical devel-
opment of the dyslexic mental lexicon is auditory oscillatory
entrainment to speech at a different preferred phase of the delta
band, which consequentially affects the quality of the informa-
tion encoded at all phonological levels including the phonemic
level. Concurrent visual speech information as in natural lis-
tening conditions is not sufficient to ameliorate this difference
in preferred auditory phase, as shown by the AV condition in
the current study. Nevertheless, converging evidence is required
regarding the developmental salience of delta band informa-
tion for developing high-quality phonological representations,
ideally investigating the entrainment to, and encoding of, audi-
tory and speech stimuli in the dyslexic brain under various task
demands.

ACKNOWLEDGMENTS
We would like to thank all the children and their parents for agree-
ing to take part in this study. This work was supported by the
Medical Research Council, grant number G0902375. Our spon-
sor played no role in the design of the study nor in the collection,
analysis, and interpretation of the data. Correspondence should
be addressed to Alan Power (alan.j.pow@gmail.com) or Usha
Goswami (ucg10@cam.ac.uk).

REFERENCES
Abrams, D. A., Nicol, N., Zecker, S., and Kraus, N. (2009). Abnormal Cortical

Processing of the Syllable Rate of Speech in Poor Readers. J. Neurosci. 29,
7686–7693. doi: 10.1523/JNEUROSCI.5242-08.2009

Besle, J., Schevon, C. A., Mehta, A. D., Lakatos, P., Goodman, R. R., McKhann,
G. M., et al. (2011). Tuning of the human neocortex to the temporal dynamics
of attended events. J. Neurosci. 31, 3176–3185. doi: 10.1523/JNEUROSCI.4518-
10.2011

Canolty, R. T., Edwards, E., Dalal, S. S., Soltani, M., Nagarajan, S. S., Kirsch,
H. E., et al. (2006). High gamma power is phase-locked to theta oscilla-
tions in human neocortex. Science 313, 5793, 1626–1628. doi: 10.1126/science.
1128115

Canolty, R. T., and Knight, R. T. (2010). The functional role of cross-frequency
coupling. Trends Cogn. Sci. 14, 506–515. doi: 10.1016/j.tics.2010.09.001

Dunn, L. M., Dunn, L. M., Whetton, C., and Pintilie, D. (1982). British Picture
Vocabulary Scale. Windsor: NFER-Nelson.

Elliott, C. D., Smith, P., and McCullogh, K. (1996). British Ability Scales: Second
Edition. Windsor: NFER-Nelson.

Frontiers in Human Neuroscience www.frontiersin.org November 2013 | Volume 7 | Article 777 | 32

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Power et al. Neural entrainment in developmental dyslexia

Facoetti, A., Corradi, N., Ruffino, M., Gori, S., and Zorzi, M. (2010). Visual spa-
tial attention and speech segmentation are both impaired in preschoolers at
familial risk for developmental dyslexia. Dyslexia 16, 226–239. doi: 10.1002/
dys.413

Ghitza, O., and Greenberg, S. (2009). On the possible role of brain rhythms in
speech perception: intelligibility of time-compressed speech with periodic and
aperiodic insertions of silence. Phonetica 66, 113–126. doi: 10.1159/000208934

Giraud, A. L., and Poeppel, D. (2012). “Speech perception from a neu-
rophysiological perspective,” in Human Auditory Cortex, ed D. Poeppel,
T. Overath, A. N. Popper, and R. R. Fay (New York, NY: Springer),
225–259.

Gomez-Ramirez, M., Kelly, S. P., Molholm, S., Sehatpour, P., Schwartz, T.
H., and Foxe, J. J. (2011). Oscillatory sensory selection mechanisms dur-
ing intersensory attention to rhythmic auditory and visual inputs: a
human electrocorticographic investigation. J. Neurosci. 31, 18556–18567. doi:
10.1523/JNEUROSCI.2164-11.2011

Goswami, U. (2011). A temporal sampling framework for developmental dyslexia.
Trends Cogn. Sci. 15, 3–10. doi: 10.1016/j.tics.2010.10.001

Goswami, U., Mead, N., Fosker, T., Huss, M., Barnes, L., and Leong, V. (2013).
Impaired perception of syllable stress in children with dyslexia: a longitudinal
study. J. Mem. Lang. 69, 1–17. doi: 10.1016/j.jml.2013.03.001

Goswami, U., Wang, H.-L., Cruz, A., Fosker, T., Mead, N., and Huss, M. (2011).
Language-universal sensory deficits in developmenta dyslexia: English, Spanish
and Chinese. J. Cogn. Neurosci. 23, 325–337. doi: 10.1162/jocn.2010.21453

Greenberg, S., Carvey, H., Hitchcock, L., and Chang, S. (2003). Temporal properties
of spontaneous speech: a syllable-centric perspective. J. Phon. 31, 465–485. doi:
10.1016/j.wocn.2003.09.005

Hämäläinen, J. A., Salminen, H. K., and Leppänen, P. H. (2012a). Basic audi-
tory processing deficits in dyslexia: systematic review of the behavioral and
event-related potential/field evidence. J. Learn. Disabil. 46, 413–427. doi:
10.1177/0022219411436213

Hämäläinen, J. A., Rupp, A., Soltész, F., Szücs, D., and Goswami, U. (2012b).
Reduced phase locking to slow amplitude modulation in adults with dyslexia: an
MEG study. Neuroimage 59, 2952–2961. doi: 10.1016/j.neuroimage.2011.09.075

Harrison, D., and Kanji, G. K. (1988). The development of analysis of variance for
circular data. J. Appl. Stat. 15, 197. doi: 10.1080/02664768800000026

Horton, C., D’Zmura, M., and Srinivasan, R. (2013). Suppression of compet-
ing speech through entrainment of cortical oscillations. J. Neurophysiol. 109,
3082–3093. doi: 10.1152/jn.01026.2012

Kobayashi, M., Kato, J., Haynes, C., Macaruso, P., and Hook, P. (2003). Cognitive-
linguistic factors in Japanese children’s reading (Yoji no yominoryoku ni
kakawaru ninchigengoteki noryoku). Jpn. J. Learn. Disabil. 12, 259–267.

Lakatos, P., Karmos, G., Mehta, A. D., Ulbert, I., and Schroeder, C. E. (2008).
Entrainment of neuronal oscillations as a mechanism of attentional selection.
Science 320, 110–113. doi: 10.1126/science.1154735

Lakatos, P., Shah, A. S., Knuth, K. H., Ulbert, I., Karmos, G., and Schroeder, C.
E. (2005). An oscillatory hierarchy controlling neuronal excitability and stim-
ulus processing in the auditory cortex. J. Neurophysiol. 94, 1904–1911. doi:
10.1152/jn.00263.2005

Lallier, M., Thierry, G., Tainturier, M. J., Donnadieu, S., Peyrin, C., Billard, C., et al.
(2009). Auditory and visual stream segregation in children and adults: an assess-
ment of the amodality assumption of the ‘sluggish attentional shifting’ theory
of dyslexia. Brain Res. 1302, 132–147. doi: 10.1016/j.brainres.2009.07.037

Lallier, M., and Valdois, S. (2012). “Sequential versus simultaneous process-
ing deficits in developmental dyslexia,” in Dyslexia - A Comprehensive and
International Approach, eds T. N. Wydell and L. Fern-Pollak, (Rijeka: InTech),
73–108. doi: 10.5772/39042

Lehongre, K., Ramus, F., Villiermet, N., Schwartz, D., and Giraud, A.-L. (2011).
Altered low-gamma sampling in auditory cortex accounts for the three main
facets of dyslexia. Neuron 72, 1080–1090. doi: 10.1016/j.neuron.2011.11.002

Leong, V. (2012). Prosodic Rhythm in the Speech Amplitude Envelope: Amplitude
Modulation Phase Hierarchies (AMPHs) and AMPH Models. Cambridge, UK:
PhD Thesis.

Leong, V., and Goswami, U. (2013). Assessment of rhythmic entrainment at multi-
ple timescales in dyslexia: evidence for disruption to syllable timing. Hear. Res.
doi: 10.1016/j.heares.2013.07.015. [Epub ahead of print].

Luo, H., Liu, Z., and Poeppel, D. (2010). Auditory cortex tracks both auditory
and visual stimulus dynamics using low-frequency neuronal phase modulation.
PLoS Biol. 8:e1000445. doi: 10.1371/journal.pbio.1000445

Luo, H., and Poeppel, D. (2007). Phase patterns of neuronal responses reliably
discriminate speech in human auditory cortex. Neuron 54, 1001–1010. doi:
10.1016/j.neuron.2007.06.004

Luo, H., Tian, X., Song, K., Zhou, K., and Poeppel, D. (2013). Neural response
phase tracks how listeners learn new acoustic representations. Curr. Biol. 23,
968–974. doi: 10.1016/j.cub.2013.04.031

Lyytinen, H., Ahonen, T., Eklund, K., Guttorm, T. K., Laakso, M. L., Leinonen, S.,
et al. (2001). Developmental pathways of children with and without familial
risk for dyslexia during the first years of life. Dev. Neuropsychol. 20, 535–554.
doi: 10.1207/S15326942DN2002_5

Megnin-Viggars, O., and Goswami, U. (2013). Audiovisual perception of noise
vocoded speech in dyslexic and non-dyslexic adults: the role of low-frequency
visual modulations. Brain Lang. 124, 165–173. doi: 10.1016/j.bandl.2012.
12.002

Ng, B. S. W., Logothetis, N. K., and Kayser, C. (2013). EEG phase patterns reflect
the selectivity of neural firing. Cereb. Cortex 23, 389–398. doi: 10.1093/cer-
cor/bhs031

Parks, T. W., and McClellan, J. H. (1972). Chebyshev approximation for nonrecur-
sive digital filters with linear phase. IEEE Trans. Circuit Theory 2, 189–194. doi:
10.1109/TCT.1972.1083419

Poelmans, H., Luts, H., Vandermosten, M., Boets, B., Ghesquière, P., and
Wouters, J. (2012). Auditory steady state cortical responses indicate deviant
phonemic-rate processing in adults with dyslexia. Ear Hear. 33, 134–143. doi:
10.1097/AUD.0b013e31822c26b9

Poeppel, D. (2003). The analysis of speech in different temporal integration win-
dows: cerebral lateralization as ‘asymmetric sampling in time’. Speech Commun.
41, 245–255. doi: 10.1016/S0167-6393(02)00107-3

Poeppel, D., Idsardi, W. J., and van Wassenhove, V. (2008). Speech perception at the
interface of neurobiology and linguistics. Philos. Trans. R. Soc. Lond. B Biol. Sci.
363, 1071–1086. doi: 10.1098/rstb.2007.2160

Power, A. J., Foxe, J. J., Forde, E. J., Reilly, R. B., and Lalor, E. C. (2012a). At
what time is the cocktail party? A late locus of selective attention to nat-
ural speech. Eur. J. Neurosci. 35, 1497–1503. doi: 10.1111/j.1460-9568.2012.
08060.x

Power, A. J., Mead, N., Barnes, L., and Goswami, U. (2012b). Neural entrainment
to rhythmically presented auditory, visual, and audio-visual speech in children.
Front. Psychol. 3:216. doi: 10.3389/fpsyg.2012.00216

Ramus, F., and Szenkovits, G. (2008). What phonological deficit? Q. J. Exp. Psychol.
61, 129–141. doi: 10.1080/17470210701508822

Schneps, M. H., Brockmole, J. R., Sonnert, G., and Pomplun, M. (2012). History of
reading struggles linked to enhanced learning in low spatial frequency scenes.
PLoS ONE 7:e35724. doi: 10.1371/journal.pone.0035724

Schroeder, C. E., and Lakatos, P. (2009). Low-frequency neuronal oscilla-
tions as instruments of sensory selection. Trends Neurosci. 32, 9–18. doi:
10.1016/j.tins.2008.09.012

Schroeder, C. E., Lakatos, P., Kajikawa, Y., Partan, S., and Puce, A. (2008). Neuronal
oscillations and visual amplification of speech. Trends Cogn. Sci. 12, 106–113.
doi: 10.1016/j.tics.2008.01.002

Snowling, M., Bishop, D. V. M., and Stothard, S. E. (2000). Is preschool language
impairment a risk factor for dyslexia in adolescence? Journal of Child Psychology
and Psychiatry 41, 587–600. doi: 10.1111/1469-7610.00651

Soltesz, F., Szücs, D., Leong, V., White, S., and Goswami, G. (2013). Differential
phase entrainment of neuroelectric delta oscillations in developmental dyslexia.
PLoS ONE 8:e76608. doi: 10.1371/journal.pone.0076608

Stefanics, G., Hangya, B., Hernádi, I., Winkler, I., Lakatos, P., and Ulbert,
I. (2010). Phase entrainment of human delta oscillations can mediate the
effects of expectation on reaction speed. J. Neurosci. 30, 13578–13585. doi:
10.1523/JNEUROSCI.0703-10.2010

Thomson, J. M., Fryer, B., Maltby, J., and Goswami, U. (2006). Auditory and
motor rhythm awareness in adults with dyslexia. J. Res. Read. 29, 334–348. doi:
10.1111/j.1467-9817.2006.00312.x

Thomson, J. M., and Goswami, U. (2008). Rhythmic processing in children
with developmental dyslexia: auditory and motor rhythms link to reading
and spelling. J. Physiol. Paris 102, 120–129. doi: 10.1016/j.jphysparis.2008.
03.007

Torgesen, J. K., Wagner, R. K., and Rashotte, C. A. (1999). Test of Word Reading
Efficiency (TOWRE). Austin, TX: Pro-Ed.

Wechsler, D. (1992). Wechsler Intelligence Scale for Children, Third Edition (WISC –
III). Kent: The Psychological Corporation.

Frontiers in Human Neuroscience www.frontiersin.org November 2013 | Volume 7 | Article 777 | 33

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Power et al. Neural entrainment in developmental dyslexia

Witton, C., Talcott, J. B., Hansen, P. C., Richardson, A. J., Griffiths, T. D., Rees, A.,
et al. (1998). Sensitivity to dynamic auditory and visual stimuli predicts non-
word reading ability in both dyslexics and controls. Curr. Biol. 8, 791–797. doi:
10.1016/S0960-9822(98)70320-3

Ziegler, J. C., and Goswami, U. (2005). Reading acquisition, developmental
dyslexia, and skilled reading across languages: a psycholinguistic grain size
theory. Psychol. Bull. 131, 3–29. doi: 10.1037/0033-2909.131.1.3

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 08 July 2013; accepted: 28 October 2013; published online: 27 November
2013.
Citation: Power AJ, Mead N, Barnes L and Goswami U (2013) Neural entrainment
to rhythmic speech in children with developmental dyslexia. Front. Hum. Neurosci.
7:777. doi: 10.3389/fnhum.2013.00777
This article was submitted to the journal Frontiers in Human Neuroscience.
Copyright © 2013 Power, Mead, Barnes and Goswami. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Human Neuroscience www.frontiersin.org November 2013 | Volume 7 | Article 777 | 34

http://dx.doi.org/10.3389/fnhum.2013.00777
http://dx.doi.org/10.3389/fnhum.2013.00777
http://dx.doi.org/10.3389/fnhum.2013.00777
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


ORIGINAL RESEARCH ARTICLE
published: 09 August 2013

doi: 10.3389/fnhum.2013.00454

Impaired auditory sampling in dyslexia: further evidence
from combined fMRI and EEG
Katia Lehongre1, Benjamin Morillon2, Anne-Lise Giraud3 and Franck Ramus4*
1 Research Center of the Brain and Spine Institute (CRICM), Hôpital de la Pitié-Salpêtrière, Paris, France
2 Department of Psychiatry, Columbia University Medical Center, New York, NY, USA
3 Department of Neuroscience, University of Geneva, Geneva, Switzerland
4 Laboratoire de Sciences Cognitives et Psycholinguistique, Ecole Normale Supérieure, EHESS, CNRS, Paris, France

Edited by:
Usha Goswami, University of
Cambridge, UK
Andrea Facoetti, Università di
Padova, Italy
Marie Lallier, Basque Center on
Cognition Brain and Language, Spain
Alan J. Power, University of
Cambridge, UK

Reviewed by:
Jarmo Hamalainen, University of
Jyvaskyla, Finland
Hanne Poelmans, KU Leuven,
Belgium

*Correspondence:
Franck Ramus, Laboratoire de
Sciences Cognitives et
Psycholinguistique, Ecole Normale
Supérieure, 29 rue d’Ulm, 75005
Paris, France
e-mail: franck.ramus@ens.fr

The aim of the present study was to explore auditory cortical oscillation properties in
developmental dyslexia. We recorded cortical activity in 17 dyslexic participants and
15 matched controls using simultaneous EEG and fMRI during passive viewing of an
audiovisual movie. We compared the distribution of brain oscillations in the delta, theta and
gamma ranges over left and right auditory cortices. In controls, our results are consistent
with the hypothesis that there is a dominance of gamma oscillations in the left hemisphere
and a dominance of delta-theta oscillations in the right hemisphere. In dyslexics, we
did not find such an interaction, but similar oscillations in both hemispheres. Thus, our
results confirm that the primary cortical disruption in dyslexia lies in a lack of hemispheric
specialization for gamma oscillations, which might disrupt the representation of or the
access to phonemic units.

Keywords: dyslexia, auditory sampling, phonemic processing, gamma oscillation, theta oscillation, delta

oscillation, EEG-fMRI

INTRODUCTION
Developmental dyslexia is a specific difficulty in the acquisition of
reading skills that is not accounted for by mental age, visual acu-
ity deficit or inadequate schooling (WHO, 2011). It is thought to
affect between 3 and 7% of the population (Lindgren et al., 1985),
although estimates vary widely depending on cut-off criteria on
reading performance scales.

While there remains a great diversity of theoretical outlooks
on dyslexia (Ramus and Ahissar, 2012), it is now widely agreed
that the majority of dyslexic individuals share difficulties in
one or several aspects of phonological processing, including
paying attention to and mentally manipulating speech sounds
(phonological awareness), storing phonological material for a few
seconds (verbal short-term memory), and rapidly retrieving long-
term phonological representations (Wagner and Torgesen, 1987;
Vellutino et al., 2004). Debates persist on whether this phono-
logical deficit (i) follows from an underlying primary auditory
processing deficit (Tallal, 1980; Goswami et al., 2011), (ii) arises
from a degradation of phonological representations or in diffi-
culties accessing them (Ramus and Szenkovits, 2008), and (iii) is
sufficient by itself to account for learning disability or merely a
risk factor (Pennington, 2006).

At the anatomo-functional level, while the issue remains
debated (Richlan et al., 2011), the vast majority of findings
from functional and structural brain imaging and post-mortem
dissection converge on a disruption of left perisylvian cortical
networks, which are involved in speech processing and recruited

for reading acquisition (Galaburda et al., 1985; Eckert, 2004;
Richardson and Price, 2009; Linkersdorfer et al., 2012). Genetic
variations associated with dyslexia further point to structural
and functional variations in the perisylvian language network
(Darki et al., 2012; Pinel et al., 2012; Giraud and Ramus,
2013).

A new theoretical framework for the cortical organization of
speech processing sheds a new light on the neural basis of devel-
opmental dyslexia. According to “asymmetric sampling in time”
(AST) theory (Poeppel, 2003), left and right auditory cortices
show cortical oscillations at different preferred rates: low gamma
(25–45 Hz) in the left hemisphere and delta-theta (1–7 Hz) in
the right. Gamma and theta oscillations are assumed to play a
role in the segmentation of the sound stream into units of the
corresponding sizes, which may be optimal for the analysis of
phonemes by the left auditory cortex and syllables and prosodic
cues by the right one (around 25 and 200 ms, respectively). While
this hypothesis has received empirical support from neuroimag-
ing and neurophysiological studies (Giraud et al., 2007; Abrams et
al., 2008; Telkemeyer et al., 2009; Morillon et al., 2010), its impli-
cations for developmental dyslexia are not so clear. On the one
hand, Giraud and Poeppel (2012) have hypothesized that dyslexic
individuals might not show the typical left-hemisphere special-
ization for the gamma rate, which would explain their specific
difficulties with the processing of phonemic units. On the other
hand, Goswami (2011) has hypothesized that dyslexic individu-
als might rather show atypical cortical oscillations in the theta
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(4–7 Hz) or in the delta (1–4 Hz) frequency band, thereby lead-
ing to processing deficits at the syllable and more generally at the
prosodic level, which are also proposed to be causally linked to
reading disability (Goswami et al., 2010).

In a previous study, we used magnetoencephalography (MEG)
to measure auditory steady-state responses (ASSRs) to an
amplitude-modulated white noise in dyslexic and control indi-
viduals. We found the expected left dominance of ASSRs in
the planum temporale in the gamma range (25–35 Hz) in con-
trols, but not in dyslexic participants who displayed no or a
reversed asymmetry (Lehongre et al., 2011). These results, that
are supported by another study that also measured ASSRs [using
electroencephalography (EEG)] and found group differences at
20 Hz in the left hemisphere (Poelmans et al., 2012), were con-
sistent with the hypothesis of a left-hemisphere-based gamma
oscillation disruption, but did not explicitly test the delta/theta
alteration hypothezis. In the delta/theta range, one study found
no group difference at 4 Hz using EEG-ASSR (Poelmans et al.,
2012), and another one exploring MEG-ASSRs at 2, 4, 10 and
20 Hz found a right-hemisphere dominance at 2 Hz in controls
but not in dyslexic participants and no further group difference at
any other frequency (Hamalainen et al., 2012). Using more nat-
uralistic speech stimuli, an EEG study found that poor readers,
in contrast to good readers, did not present the natural dom-
inance of the right hemisphere to follow the speech envelope.
They presented a more bilateral pattern, but this was the case
only when speech was compressed to 50% of its original dura-
tion (Abrams et al., 2009). Finally, anomalies in the alpha rhythm
have also been found in children with dyslexia or with language
impairments (Heim et al., 2011; Babiloni et al., 2012; Han et al.,
2012).

In the context of these conflicting results, the goals of the
present study were twofold: Firstly, to replicate and extend the
results of our previous study, using more naturalistic stimuli
and an entirely different methodology; secondly, to directly com-
pare the predictions of the two main theories by testing cortical
oscillations in the gamma, theta and delta ranges in auditory
cortices. For this purpose, rather than using a simple amplitude-
modulated noise, we exposed participants to an audiovisual doc-
umentary movie featuring more ecological conversational speech,
thereby including the whole range of amplitude modulations
relevant to language.

We used simultaneous EEG and functional magnetic reso-
nance imaging (fMRI) to measure the activity of the auditory
cortex at both high temporal (millisecond) and spatial (mil-
limeter) resolution. Changes in Blood-oxygen-level-dependent
(BOLD) are associated with changes in the spectral profile of
neuronal activity (Rosa et al., 2010b), and EEG and fMRI do
not capture exactly the same signals. Only a small fraction of
the BOLD signal reflects synaptic activity involving pyramidal
cells (Lee et al., 2010; Logothetis, 2010), which we hypothe-
size here to work as a sampling device. By combining delta,
theta and low-gamma power variations and BOLD activity we
expect to capture the part of the BOLD activity that is explained
out by circuits involving pyramidal cells, which generate these
rhythms. Furthermore, simultaneous EEG/fMRI recordings are
well suited to study oscillations in continuous recordings with
uncontrolled states as it has been demonstrated in several studies

[see for review: (Herrmann and Debener, 2008; Rosa et al., 2010a;
Laufs, 2012)].

MATERIALS AND METHODS
PARTICIPANTS
Thirty-two normal-hearing, French–native-speakers participated
in a simultaneous EEG and fMRI experiment (with approval
of the local ethics committee; biomedical protocol C08–39).
Seventeen participants reported a history of reading disabil-
ity, scored at or below the expected level for ninth graders in
a standardized reading test, and at least 90 in non-verbal IQ.
The remaining 15 participants were normal readers matching
dyslexic participants with respect to age, gender, handedness, and
non-verbal IQ, but scoring above the ninth grade reading level.
Demographic and psychometric data, as well as the results of a
larger battery (Soroli et al., 2010) of literacy and phonological
tests are reported in Table 1.

BEHAVIORAL TEST BATTERY
Non-verbal intelligence was assessed in all participants using
Raven’s matrices (Raven et al., 1998). Their receptive vocab-
ulary was assessed with the EVIP test (Dunn et al., 1993), a
French adaptation of the Peabody picture vocabulary scale. They
were included on the basis of performance on the Alouette test
(Lefavrais, 1967), a meaningless text that assesses both reading
accuracy and speed, yielding a composite measure of reading
fluency. Orthographic skills were assessed using a computer-
ized orthographic choice task, and a spelling-to-dictation test.
Phonological tests: we used the WAIS digit span as a measure of
verbal working memory (Wechsler, 2000). Phonological aware-
ness was assessed using a computerized spoonerism task, in which
participants heard pairs of words, and had to produce them swap-
ping the initial phonemes. Finally, rapid automatized naming
was assessed using the object and digit sheets from the PhAB
(Frederickson et al., 1997) and two custom-made color sheets
modeled on the object sheets, with five different colors repeated
10 times each, one replacing each object. The dependent variable
is the total time taken to name all items on each sheet, irrespective
of errors.

MRI ACQUISITION
Subjects were either asked to rest with closed eyes or to pay atten-
tion to an audiovisual movie (Morillon et al., 2010). The movie,
a scientific documentary on an ecological topic, included three
speakers (2 men). Data were acquired in three sessions with ses-
sion 1: 10 min of rest; sessions 2 and 3: 10 min of movie followed
by 11 min of rest. The scanner produced a constant auditory sig-
nal during data acquisition presumed not to interfere with our
analyzes, given that its modulation frequencies are outside our
frequencies of interest (See supplemental data p. 1, Morillon et
al., 2010).

The three sessions yielded 1560 echoplanar fMRI image vol-
umes (Tim-Trio; Siemens, 40 transverse slices, voxel size = 3 ×
3 × 3 mm; repetition time = 2 s; echo time = 50 ms; field of
view = 192). A 7-min anatomical T1-weighted magnetization-
prepared rapid acquisition gradient echo sequence (176 slices,
field of view = 256, voxel size = 1 × 1 × 1 mm) was acquired at
the end of scanning.
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Table 1 | Summary of behavioral tests.

Controls (15 subjects) Dyslexics (17 subjects)

n Mean sd n Mean sd

Males 7 9

Right handed 10 12

Age 15 24.09 3.54 17 23.79 4.04

Non-verbal IQ 15 112.07 13.43 17 111.35 10.73

EVIP Vocabulary 15 123.07 2.94 15 120.67 5.26

Reading fluency (nb of correct words/min)*** 15 196.16 36.98 17 113.53 24.70

Spelling (%)** 15 94.22 4.67 12 81.25 11.81

Orthographic choice accuracy (%) 14 95.07 5.47 15 89.60 9.82

RAN of objects (sec)** 15 61.80 10.23 17 78.37 17.85

RAN of digits (sec)*** 15 31.87 6.56 17 44.78 12.34

RAN of colors (sec)** 15 54.33 9.15 17 71.21 18.80

Spoonerisms accuracy** 15 0.75 0.10 15 0.50 0.26

Digit span (%)*** 15 10.73 1.58 17 7.35 2.85

As indicated by the number of participants, some values were missing for some tests.

Sec: seconds; Stars indicate significant differences between controls and dyslexics (independent t-test, ** for p < 0.01, *** for p < 0.001, uncorrected).

MRI PREPROCESSING
We used statistical parametric mapping (SPM8; Wellcome
Department of Imaging Neuroscience, UK; www.fil.ion.ucl.ac.

uk) for fMRI standard preprocessing, which first involved realign-
ment of each subject’s functional images and coregistration with
structural images. Structural images were segmented, spatially
normalized to Montreal Neurological Institute stereotactic space
to 3 × 3 × 3 mm and finally spatially smoothed with a 10-mm
full-width half-maximum isotropic Gaussian kernel to compen-
sate for residual variability after spatial normalization.

EEG ACQUISITION
Continuous EEG data were recorded at 5 kHz from 62 scalp
sites (Easycap electrode cap) using MR compatible ampli-
fiers (BrainAmp MR and Brain Vision Recorder software;
Brainproducts). Two additional electrodes (electro-oculograph,
EOG and electrocardiograph, ECG) were placed under the right
eye and on the collarbone. FCz was set as reference for the acquisi-
tion of all electrodes. Impedances were kept under 10 k� and EEG
was time-locked with the scanner clock, which helps to have a very
reproducible, more easily removed MRI artifact, thus resulting in
higher EEG quality in the gamma band (Mandelkow et al., 2006).

EEG PREPROCESSING
Gradient and pulse artifacts were first detected and marked
using in-house software (wiki.cenir.org/doku.php/datahandler).
Detection was achieved by correlating the data with automatically
(for gradient) or manually (for pulse) defined templates. We used
the raw signal of channel FC2 for gradient artifacts, and the raw
ECG signal filtered between 0.5 and 10 Hz for pulse artifacts. In a
second step, artifacts were corrected using two software: FASST
v111017 (www.montefiore.ulg.ac.be/~phillips/FASST.html) for
gradient artifacts and EEGlab v.9 (sccn.ucsd.edu/eeglab) for pulse
artifacts. In both cases we used the principal component analy-
ses methods implemented in the software. Blinks and vertical eye

movements were corrected using independent component anal-
yses as described in EEGlab’s tutorial. Data were subsequently
down-sampled to 250 Hz and re-referenced to a common average
reference. The original reference electrode was recalculated as
FCz, generating a total of 63 cortical electrodes.

For each subject, periods with head movement artifacts were
detected by visual inspection, for rejection purposes as described
below. As our interest was in auditory activity, we focused the
analyses described below on the temporal channels that best cap-
tured the activity of our ROIs, i.e., where we observed the highest
correlation between EEG and BOLD: T7, T8, FT7, FT8, TP7, TP8,
TP9, and TP10.

ANALYZES
Analyzes are reported for the movie condition, as our interest was
to explore brain oscillation properties during natural speech pro-
cessing. Analyzes were also conducted on rest sessions but did not
yield any significant result, in particular no group effect.

TIME-FREQUENCY ANALYZIS
For each movie session, we performed time-frequency (TF) ana-
lyzes with a Morlet wavelets approach using Fieldtrip (Oostenveld
et al., 2011) at each channel for frequencies from 1 to 48 Hz bands,
with a frequency step of 1 Hz and a time step of 0.1 s. For each
frequency and channel, the previously detected periods of move-
ment were rejected by replacing values by NaNs (Not A Number).
The power time courses were converted to Z-scores, which, when
larger than 4, were replaced by NaNs to remove residual arti-
facts. The transformed signal was then averaged over the eight
temporal channels, Z-transformed a second time and averaged
across frequency bands of interest: 1–3 Hz (delta), 4–7 Hz (theta)
and 25–35 Hz (gamma). Finally NaNs were replaced by zeros.
We removed (on average across all subjects) around 40 s of sig-
nal per movie condition (mean +/− s.e.m: controls: 36 +/− 8 s;
dyslexics: 45 +/− 18 s; independent t-test: t = −0.44, p = 0.65).
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REGIONS OF INTEREST (ROI)
In accordance with AST theory we focused our analysis on the
auditory cortex. We used three regions of interest (ROI) within
Heschl’s gyrus (Te1.0, Te1.1, and Te1.2), and the planum tem-
porale: Te3 (Figure 1), all defined from cytoarchitectonic criteria
using the SPM anatomy toolbox v.1.6. BOLD time courses were
averaged over voxels using MarsBar (Brett et al., 2002).

CORRELATION BETWEEN BOLD TIME COURSE OF ROIs AND EEG
POWER SPECTRUM
For each ROI and frequency band (delta, theta and gamma), we
built a design matrix to perform a partial correlation between
the BOLD time course of the ROI and the EEG power. The EEG
time courses (averaged across all eight electrodes) of each fre-
quency band were convolved with the hemodynamic response
function (HRF) and downsampled to 0.5 Hz, i.e., the fMRI sam-
pling rate. This analyzis was meant to capture the degree to which
each ROI oscillates in each frequency band. A positive corre-
lation indicates that the EEG power fluctuations in any given
frequency band are reflected in the modulations of local synaptic
activity as detected with fMRI (Laufs et al., 2003). Such corre-
lations allow us to exploit the spatially detailed BOLD effect to
precisely localize widespread EEG effects, resulting in a finer local-
ization of oscillatory activity than with EEG only (Rosa et al.,
2010a). We averaged over the whole set of temporal electrodes
(left and right hemisphere) to avoid hemispheric biases in the
EEG. Using this approach, asymmetries arise from specific corre-
lations with the BOLD effect (Giraud et al., 2007). Our statistical
model also included the motion parameters, their derivatives,
the averaged signal of three brain compartments (white-matter
gray-matter and CSF), and of all out-of-brain voxels, as nui-
sance covariates, as well as a regressor modeling the sessions.
For normalization purposes the entire matrix was Z-transformed
in time.

GROUP LEVEL STATISTICS
A repeated-measures ANOVA (with Greenhouse-Geisser correc-
tions when appropriate) was performed with SPSS (IBM Corp.
Released 2012. IBM SPSS Statistics for Windows, Version 21.0.

FIGURE 1 | Regions of interest. Cortical cytoarchitectonic areas defined by
the anatomy toolbox (axial plane, MNI: z = +11). Focus on the left auditory
cortex and the four ROIs: Te1.1, Te1.0, Te1.2, Te3. Te1 is Heschl’s gyrus and
Te3 is the planum temporale.

Armonk, NY), with the Fisher transformed partial correlation
coefficients between EEG power and BOLD time courses as
dependent variables, the 4 areas, 3 frequency bands and 2 hemi-
spheres as within-subject factors, and group, sex and handedness
as between-subject factors. All factors were entered as main effects
in the model, as well as the 2nd, 3rd, and 4th order interactions of
the 3 within-subject factors and group. Effect sizes were estimated
for some measures of within or between group differences with
Cohen’s formula: d = (M1–M2)/SDpooled, with M1 = mean of
group 1, M2 = mean of group 2, SDpooled = √[(SD2

1 + SD2
2)/2],

SD1 = standard deviation of group 1, SD2 = standard deviation
of group 2. All other analyses were done using Matlab (version
2011/2012) (The MathWorks Inc., Natick, Massachusetts, USA).

RESULTS
The repeated-measures ANOVA yielded significant main effects
of area and hemisphere, and a group × frequency × hemisphere
interaction.

Across groups, frequencies and hemispheres, there was a
main effect of area [F(2.2, 26.8) = 7.45, p = 0.001]. Correlations
between EEG and fMRI were overall strongest in area Te1.2 and
weakest in area Te1.1. This suggests that different regions of the
auditory cortex show differential strength of responses in the fre-
quency bands of interest, however, the specific correlation pattern
observed here does not suggest any obvious interpretation. We
also observed a main effect of hemisphere, with overall higher cor-
relations in the right than in the left hemisphere [F(1, 28) = 8.28,
p = 0.008], an effect that seems to be carried by the delta and
theta bands [F(1,28) = 10.15, p = 0.004 and F1,28 = 7.04, p =
0.013 respectively, see Figure 2].

FIGURE 2 | Group × Frequency × Hemisphere interaction. Individual
beta values were averaged over ROIs and plotted along the different
dimensions of the interaction: Frequency × Hemisphere interaction in
controls (A) and dyslexics (B) and Frequency × Group interaction in the
gamma (C), delta (D) and theta (E) bands. Error bars represent the s.e.m.
∗ indicates a significant interaction or difference with p < 0.05. #indicates a
marginally significant difference, p = 0.066.
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Table 2 | Mean values of partial correlations.

Controls (n = 15) Dyslexics (n = 17)

Left Right Left Right

Mean sd Mean sd Mean sd Mean sd

Gamma 0.03 0.08 0.02 0.10 −0.02 0.06 0.01 0.05

Theta 0.00 0.06 0.03 0.06 0.03 0.05 0.03* 0.05

Delta 0.01 0.06 0.03* 0.05 0.01 0.05 0.04* 0.06

Averaged partial correlation over areas in left and right hemispheres of both

groups.

Stars indicate values significantly different from 0 (p < 0.05).

Most interestingly, we observed a group × hemisphere
× frequency band interaction [F(1.90, 27.10) = 6.56, p = 0.003,
Figure 2, Table 2. Controls presented a frequency × hemi-
sphere interaction [F(1.76, 11.24) = 5.21, p = 0.017, Figure 2A],
with right dominance for theta [F(1, 12) = 8.71, p = 0.012].
The delta and gamma bands showed no significant asymme-
try [F(1, 12) = 3.10, p = 0.104; F1, 12 = 0.51, p = 0.487, respec-
tively]. Conversely, dyslexics showed the same correlation pat-
terns across frequencies [frequency × hemisphere: F(1.93, 13.07) =
1.32, p = 0.288; Figure 2B], but overall stronger correlations in
the right than in the left hemisphere [F(1, 14) = 6.83, p = 0.020],
carried mostly by the gamma and delta bands [F(1, 14) = 5.16,
p = 0.039; F(1, 14) = 8.94, p = 0.010 respectively]. Thus, the con-
trol group presented a hemispheric division of labor consistent
with that predicted by Poeppel (2003) and observed by Giraud
and collaborators (Giraud et al., 2007; Morillon et al., 2010), while
the dyslexic group did not.

To further interpret this triple interaction, we first compared
the neural organization for each frequency band between groups
by testing group × hemisphere interactions for each frequency
band. For the gamma band (Figure 2C), there was a hemi-
sphere × group interaction [F(1, 28) = 5.30, p = 0.029], with a
marginally significant group difference in the left [Controls >

Dyslexics, F(1) = 3.66, p = 0.066, effect size: d = 0.71] but not in
the right hemisphere [F(1) = 0.29, p = 0.867]. However, the theta
and delta bands (Figures 2D,E) showed no significant group ×
hemisphere interaction [F(1, 28) = 2.80, p = 0.105 and F1, 28 =
0.001, p = 0.937, respectively]. Thus, the difference between the
two groups lies primarily in the lateralization of cortical responses
to the gamma band.

Finally, in order to fully describe the triple interaction, we
tested the group × frequency interaction, hemisphere by hemi-
sphere. In the left hemisphere, we observed a group × frequency
interaction [F(1.43, 27.57) = 4.39, p = 0.030], with marginally
stronger correlations for the gamma band in controls than in
dyslexics as described in the paragraph above. However, in the
right hemisphere we observed no group × frequency interaction
[F(1.52, 27.48) = 0.17, p = 0.781]. This suggests that the cortical
disorganization of the auditory cortex in dyslexia affects the left
more than the right hemisphere.

Because hand preference is to some extent linked with lan-
guage laterality, we also investigated hand preference effects. We
found an area × hemisphere × hand preference interaction

[F(2.20, 26.80) = 6.035, p = 0.003), reflecting over both groups
stronger right than left correlations between EEG power and the
BOLD signal for right-handers in area Te1.0 and Te1.2 [F(1, 19) =
8.35, p = 0.009; F(1, 19) = 13.87, p = 0.001, respectively], and
stronger right than left correlations for left-handers in area Te1.1
and Te3 [F(1, 7) = 5.67, p = 0.049; F(1, 7) = 10.06, p = 0.016,
respectively]. There was also a hemisphere × hand preference
interaction in Te1.2 [F(1, 28) = 9.12, p = 0.005], with a trend in
the left hemisphere for stronger correlations in left handed than
in right handed subjects [F(1) = 3.56, p = 0.069].

Finally, because of the suspicion that males and females
might have partly different brain bases for dyslexia (Humphreys
et al., 1990; Altarelli et al., 2013; Evans et al., 2013) we
checked whether there was any sex effect. No main effect of
sex and no significant interaction involving this factor were
observed, whether groups were considered together or apart.
Thus, the results obtained seem to hold equally across males and
females.

DISCUSSION
In a previous study (Lehongre et al., 2011) we observed that
dyslexic subjects had disrupted ASSRs at phoneme-relevant rates
(low gamma around 30 Hz). While controls presented a left
dominance in low-gamma range oscillations, in accordance with
AST theory (Poeppel, 2003), dyslexic individuals showed no
asymmetry or a right dominance. However, that study relied
on the processing of an unnatural sound, a white noise that
was modulated in amplitude. Furthermore, that the noise was
modulated from 10 to 80 Hz made it impossible for us to
test brain responses in frequency bands beyond this range. In
particular, we could not test Goswami (2011) hypothesis that
oscillations at syllable-relevant rates (delta and theta, 1–7 Hz)
were disrupted. In the current study, we used more ecologi-
cal audiovisual stimuli in which sounds were essentially natu-
ral conversational speech that better reflects situation outside
the laboratory, and we were able to analyze at once the whole
range of frequencies that are suspected to be altered in dyslexia,
in Heschl’s gyrus and the planum temporale. By using natu-
ral speech we preferentially induce those oscillations that are
prominent in speech envelope (delta/theta), and periodically reset
by speech onsets. As gamma power is both evoked by speech
edges and controlled by theta modulations, it also follows speech
modulations in primary auditory cortex (Giraud and Poeppel,
2012).

While our results do not show a clear-cut group difference in
all of the conditions examined, they do show significant interac-
tions that, in our view, constitute stronger results than a group
difference in a single hand-picked condition. Our main find-
ing is a group × hemisphere × frequency interaction, indicating
that dyslexics differ from controls in the way the processing
of the three target frequency bands is distributed across the
two hemispheres. While control subjects show a frequency ×
hemisphere interaction, with a right dominance only for theta
oscillations, dyslexic subjects show the same correlation pat-
terns across the three bands, with a global dominance of the
right hemisphere, suggesting a different pattern of hemispheric
specialization.
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With respect to the two target hypotheses on dyslexia, we
find that dyslexic individuals’ auditory cortical function dif-
fers from controls more in the left than in the right auditory
cortex (group × frequency interaction in the left hemisphere
only), and more for the gamma than for the delta and theta
bands (group × hemisphere interaction for the gamma band
only). The present results hence are consistent with our pre-
vious conclusion (Lehongre et al., 2011), that dyslexia reflects
a primary disruption of left-hemisphere based gamma band
oscillations.

Exploring low frequency oscillations in the delta (1–3 Hz) and
theta ranges (4–7 Hz), we confirmed a right dominance for delta-
theta oscillations in the auditory cortex of both controls and
dyslexics (Poeppel, 2003). However, as there was neither a group
× hemisphere interaction for the delta and theta bands, nor any
hint of a group difference in the right hemisphere, the present
results do not lend much support to the hypothesis of a right-
hemisphere based, delta or theta oscillation disruption (Goswami,
2011).

One possibility to explain the conflicting results between stud-
ies might be a language difference. Indeed studies reporting group
differences in delta-theta frequency bands were carried out in
English only (Abrams et al., 2009; Hamalainen et al., 2012). It
might be that speakers of a stress-timed language like English
acquire stronger sensitivity to delta and theta rhythms than those
of a syllable-timed language like French. However, this hypothesis
is not consistent with the results obtained in (stress-timed) Dutch
speakers by Poelmans et al. (2012). Another parameter to take
into account is that the BOLD signal is described as mostly driven
by oscillations in the beta/gamma band (Magri et al., 2012). This
might induce both greater EEG/BOLD correlations and a better
signal/noise ratio for this frequency band than for the delta/theta
range, and therefore increase our statistical power to detect group
differences in the gamma band. However, we do not find in our
data any evidence of greater correlations in the gamma than in the
delta-theta bands.

Our study also differs from the other EEG/MEG studies, as we
did not analyze simple EEG power spectrum. The reason is that
our stimulus being conversational speech, there is no multiply-
repeated stimulus that enables a well-defined spectro-temporal
analyzis of the evoked response. We did not analyze the phase
locking with the speech envelope either, because this would pro-
vide information about low frequencies (Howard and Poeppel,
2012), but not the gamma band, and we wanted to compare
both frequency bands. Our analysis of correlations between the
EEG power time course and the BOLD signal allowed us to esti-
mate the degree to which activations in specific brain regions
reflect cortical oscillations in given frequency bands. The EEG
signal alone lacks spatial resolution, and the BOLD signal alone
reflects much more than cortical oscillations. Here we were able
to interrogate auditory cortex very precisely, as variations in
EEG/BOLD correlations presumably reflect variations in corti-
cal oscillations in the specific areas of interest, that are probably
related to the fluctuations in amplitude of the speech envelope
modulations.

To what extent do our results depend on the naturalistic audio-
visual stimuli used here, as opposed to amplitude-modulated

sounds used in previous studies? Our exclusive focus on primary
and secondary auditory cortex makes it unlikely that we should
observe direct responses to either the higher-level linguistic infor-
mation, or the visual information. However, it is plausible that
the access to semantic information and the presence of synchro-
nized visual information (lip movements) may have served to
enhance the responses to the auditory stimuli, thereby improving
the signal/noise ratio.

As described by other functional and anatomical studies,
many measures highlight a weak or reversed brain lateralization
related to language in dyslexics, including in the planum tem-
porale, labeled Te3 here (Galaburda et al., 1985, 1987; Altarelli
et al., submitted). The lack of hemispheric specialization for
delta, theta, and gamma oscillations could affect the efficiency
of the auditory processing based on a dual-scale temporal inte-
gration (Poeppel, 2003). One possible consequence of this deficit
of low gamma oscillations in dyslexics’ left hemisphere is to lead
them to segment the auditory input into non-standard phone-
mic units, hence distorting the very format of their phonological
representations. This would be consistent with the general under-
standing of the phonological deficit in dyslexia (Mody et al., 1997;
Adlard and Hazan, 1998; Serniclaes et al., 2004; Vellutino et al.,
2004). Another possibility would be that such cortical oscillations
do not directly affect the format of phonological representa-
tions, but their salience or their availability for downstream
cognitive processes. Thus, the disruption of phoneme-relevant
cortical oscillations is also compatible with the view that dyslex-
ics’ phonological representations are essentially normal, but that
phonemic units are more difficult to rapidly access, to pay atten-
tion to, and to manipulate for dyslexic individuals (Ramus and
Szenkovits, 2008; Ramus and Ahissar, 2012; Giraud and Ramus,
2013).

CONCLUSION
In this study, we used a combined EEG-fMRI paradigm to mea-
sure the oscillations of auditory cortical areas in response to
speech stimuli in dyslexic and in control adult participants,
in three frequency bands of interest: gamma (25–35 Hz), theta
(4–7 Hz) and delta (1–3 Hz). We first confirmed the presence
of an auditory sampling impairment in dyslexia, using natu-
ral speech listening conditions. Secondly, we further confirmed
that this impairment consisted mainly in a in a reduced respon-
siveness of left auditory cortex to gamma oscillations. On the
other hand, we found little evidence for a disruption in auditory
sampling in the delta and theta rates. Our results are consis-
tent with a large literature showing the difficulties of dyslexic
individuals with the representation, processing, or access to
phonemic units, and provide a possible brain basis for this
phenomenon.
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supports this assumption (Figure 2A). As described previously, a
cross-correlation analysis computing successive correlation coef-
ficients between unimodal ERP within a specific time window
and successive crossmodal ERP time windows sliding along the
entire crossmodal trial was implemented. More specifically, the
current algorithm took a fraction (i.e., 100 ms) of the temporal
information processing from a unimodal ERP trial and searched
for a matching fraction of information processing throughout
the crossmodal ERP trial. It is apparent from Figure 2A that
throughout the sequence, the correlation strength was mainly
low and randomized. However, at a particular point in time, an
increase in the correlation strength appeared, usually a short dis-
tance in time from the time location of the unimodal window.
It may be argued that this constitutes evidence for the presence
of the same fraction of information processing that occurs in
the crossmodal ERP. A short while after the correlation strength
reaches its peak, it starts to decline as the unimodal window
passes its identical fraction of information processing and contin-
ues toward the time area in which low and randomized similarity
appear.

Hypothesis 2 implied that the presence of a second modal-
ity will have an effect on the SOP of a first modality. Figure 2B
reveals that the correlation graph’s peak location is not in the
exact location of the unimodal time window. Furthermore, data
analysis across the entire time domain and across participants
revealed that the correlation peak location may appear shortly
before or after the unimodal window’s time location. It is sug-
gested that the time difference between the two locations (i.e.,
DT) is a reflection of the degree of influence of the second
modality on the first modality’s SOP when presented simulta-
neously. If the closest matching fraction of information pro-
cessing taken from a unimodal ERP was found at a later time
location (i.e., DT is positive), then this comparison indicates
that there was a delay in the processing of the modality in
the crossmodal ERP, meaning that SOP decelerated. Conversely,
if the DT was negative, then the location of the same frac-
tion of information processing existed at an earlier point of
time in the crossmodal ERP compared to the unimodal ERP.
Consequently, this constitutes evidence of SOP acceleration in the
modality.

The neurobiology of the visual system is considered to be
constructed from two major pathways (the dorsal and ventral),
where visual information enters the retina and travels to the visual
cortex. Information reaches the visual cortex about 100–150 ms
post visual stimulus presentation. Auditory processing begins at
the ear and initial auditory information reaches the auditory
cortex through several pathways about 70–100 ms post stimu-
lus presentation (see Breznitz, 2006 for review). Both modality
pathways prepare initial sensory information for higher cogni-
tive processing. As the pathways process information rapidly and
in areas deep within the brain, it is expected that their oper-
ations will not have a strong impact on EEG data. Therefore,
comparing the visual-only ERP and the crossmodal ERP dur-
ing the first 150 ms of data collection will result in a relatively
lower “success” rate when locating the visual information pro-
cessing fraction in the crossmodal ERP (Figure 5A). However, as
time progresses and processing moves from deeper brain areas

to higher cortical structures, the size of the common compo-
nents in the two ERP sets increases. Therefore, the algorithm has
more success in finding common visual components 150 ms post
stimulus presentation. As a result, a higher percentage of par-
ticipants are included in the analysis from 150–450 ms. When
finding the common components between the auditory-only ERP
and crossmodal ERP, a higher “success” rate was found at an
earlier time frame (50 ms post stimulus presentation) as ini-
tial auditory processing is faster than initial visual processing
(Figure 5B).

Shifting our focus to the end of processing within the visual
modality, a differential between the dyslexic reading group and
non-impaired readers is apparent beginning at around 450 ms
post stimulus presentation (Figure 5A). The differential begins
at this point in time due to the decrease in the percentage of
non-impaired readers included in the analysis. The percentage of
dyslexic readers included in the analysis remains high for a longer
period of time. The decrease in the percentage rate of included
participants for analysis implies that among the non-impaired
readers, the shared elements of the two ERPs end at that point.
Thus, the duration of visual information processing is approxi-
mately 450 ms, and, as such, the ERP data appearing after 450 ms
no longer deals with visual information, which results in a lower
“success” rate of finding a sufficient correlation between the two
datasets. However, visual information processing lasts longer in
the dyslexic group and as such, the percentage of participants
starts to decrease approximately 50 ms later. This is an impor-
tant difference between the two groups as it provides evidence
for slow speed of visual processing among the dyslexic readers as
compared to non-impaired readers.

As can be seen in Figure 6A, non-impaired readers’ visual pro-
cessing “benefits” from the presence of the auditory synchronized
stimulus as the value of DT is negative almost throughout the
entire timeline (i.e., their SOP of visual information is acceler-
ated). A similar but lower effect was observed among the dyslexic
readers. Furthermore, a significant difference was found between
the values of DT appearing around 170 and 240 ms where the DT
of the non-impaired readers was more negative than that of the
dyslexic readers. This time area is considered to be related to per-
ception and has been suggested by previous research to be related
to the dyslexia phenomenon (Maurer et al., 2006, 2008). On the
other hand, processing within the auditory modality was not
affected by the presence of a visual stimulus appearing from about
50–200 ms in both groups (Figure 6B). The non-impaired read-
ers began to decelerate their auditory SOP around 210 ms. Similar
deceleration was observed among the dyslexic readers but 40 ms
earlier. Based on the reasoning that visual processing is slower
than auditory processing, we provide additional evidence that in
the normal information processing sequence, whenever there is
a need to synchronize the two modalities, the brain accelerates
processing within the visual modality and decelerates processing
within the auditory modality. Unlike the non-impaired readers,
the dyslexic readers do not accelerate their visual SOP to the same
degree (Figure 6A). Moreover, they decelerated their auditory
processing too early (Figure 6B). It is possible that this leads to
asynchrony within the two modalities and to an overall slowness
of information processing.
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Failure at the level of lower sensory processing, which was the
focus of the present study, may accumulate in the higher order
levels of processing such as processing letters, syllables, words,
sentences, and general reading comprehension. As reading acti-
vates sequential parallel visual and auditory processes, synchro-
nization between the two modalities is necessary for successful
reading accuracy and rate. The results obtained in the current
study concerning common elements between single modality
and crossmodal processing lend support to the synchronization
hypothesis (Breznitz and Misra, 2003).

Prior studies in the field of temporal processing have been
focused on the ability of the brain to process input at different
frequencies (Buzsaki and Draghun, 2004; Luo and Poeppel, 2007;
Power et al., 2012). Specifically, the temporal sampling framework
of dyslexia (Goswami, 2011) suggests that the dyslexic reader may
suffer from atypical processing of information occurring at fre-
quencies between 4 and 7 Hz, i.e., every 142–250 ms (theta band,
and possibly lower frequencies). The current results indicate an
apparent failure of dyslexic readers in processing information
occurring within the specific time area of 150–250 ms follow-
ing a single event stimulus (Figure 6). The non-impaired readers
demonstrated a non-symmetric effect of one modality on the
other, in which the occurrence of bimodal information process-
ing accelerated the SOP of the visual modality and decelerated the
SOP of the auditory modality at the time area of 170–250 ms. This
concurrent change in the two modalities’ SOP was not obtained
among the dyslexic readers as their visual modality’s SOP did
not accelerate in the presence of auditory information processing
(Figure 6). It could be that, as proposed by the temporal sam-
pling framework of dyslexia (Goswami, 2011), atypical neural
oscillations at the theta frequency band for auditory processing
among the dyslexic readers impact negatively the SOP of their
visual modality processing, by preventing it from accelerating
adequately. Thus, it may be suggested that these results provide
additional support for the difficulty of the dyslexic individual to
process a 4–7 Hz inflow of information and moreover, support
the temporal sampling framework of dyslexia (Goswami, 2011;
Power et al., 2012).
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