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reading performance one year later
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ABSTRACT
Neural entrainment to the low-frequency modulations of speech might contribute
significantly to reading acquisition. Still, no previous study has actually attempted to
establish a longitudinal link between them. The present study tested Basque-speaking
children twice: once before reading was formally instructed (t1; 5–6 years old) and
once after they had received a full school year of reading instruction (t2; 6–7 years
old). At t1, speech-brain coherence was recorded via EEG. At t2, in addition to the
coherence measure, reading performance was assessed. Our results show that children
with larger pre-reading delta-band (<1 Hz) speech-brain coherence at right sites of the
scalp performed better in the reading tasks one year later. Overall, our results provide
preliminary support for a relevant contribution of right-hemisphere speech-brain
coherence to successful reading development and point towards pre-reading neural
coherence indexes as useful tools for the early detection of developmental reading
disorders.
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1. Introduction

Along the last two decades, neural oscillations have
been ascribed an increasing number of functions for
language processing, from the sheer segmentation
of syllables in the speech stream to higher linguistic
functions such as syntactic computations (Meyer,
2018). Thus, hypotheses such as the asymmetric
sampling in time (AST) (Boemio et al., 2005;
Poeppel, 2003; Poeppel et al., 2008) have proposed
that the functional difference of neural oscillations
at distinct frequencies is coded in cerebral asymme-
tries, such that the right hemisphere synchronises
preferably to amplitude modulations at the syllable
rate (∼4 Hz; theta band), whereas phonemic modu-
lations (∼30 Hz) would be preferentially processed
in the left hemisphere or bilaterally. On top of
that, although the phrasal/stress rate (<4 Hz; delta
band) was underrepresented in the original AST
proposal, its relevance for speech processing has
been supported by multiple studies evaluating
neural oscillations in response to speech

(Bourguignon et al., 2013; Gross et al., 2013; Keitel
et al., 2018; Molinaro & Lizarazu, 2018).

Importantly, evidence for the role that neural
oscillations might play for speech perception and
language comprehension comes mostly from adult
populations, whereas the question of its develop-
ment remains largely under-investigated. Nonethe-
less, if oscillations are to have a real functional
meaning for speech perception, speech-abled
young children should already show oscillatory
neural sensitivity to speech. This contemplation
was corroborated by a recent 3-year longitudinal
EEG study reporting that children already showed
significant speech-brain coherence at four years of
age, and that coherence increased significantly
with age in bilateral temporal sites of the scalp
(Ríos-López et al., 2020). Also, speech-brain coher-
ence occurred only in the delta band frequency
(<1 Hz), a result that is in line with proposals claim-
ing that, at early stages of development, speech per-
ception relies more on slow speech information as
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opposed to phonemic contrasts (Anthony & Francis,
2005; Ziegler & Goswami, 2005).

Interestingly, in the study by Ríos-López et al.
(2020), speech-brain coherence in the right hemi-
sphere (but not in the left) was related to an indirect
measure of intelligibility, such that the larger the
coherence value, the greater the accuracy in
answering to a series of yes/no comprehension
questions related to the speech stimulus. Unfortu-
nately, due to the children’s young age, this was
the only intelligibility measure collected, and the
question hence remains open as to if the coherence
phenomenon is related to other linguistic processes
such as reading acquisition.

Indeed, when looking for putative linguistic corre-
lates of delta-band brain oscillations, reading comes
up as a putative candidate, since right-hemisphere
entrainment to the slow rhythms of speech has
been assigned a causal role for its successful acqui-
sition (Goswami, 2011, 2018; Lallier et al., 2017,
2018). Succinctly, the oscillatory temporal sampling
framework (Goswami, 2011) proposes that abnormal
right-hemisphere processing of the speech ampli-
tude fluctuations at the syllabic and the prosodic
rates could lead to abnormal segmentation of the
speech signal, which could in turn result in atypical
phonemic processing in the left hemisphere and to
subsequent reading disorders (for a link between
low-frequency neural entrainment and phoneme rec-
ognition in natural speech, see Kösem et al., 2018).

This theory has received support from several
neurophysiological studies reporting that dyslexic
children and adults show abnormal right-hemi-
sphere delta or theta entrainment to the amplitude
envelope of speech (Abrams et al., 2009; Molinaro
et al., 2016; Power et al., 2016). There is also evi-
dence that dyslexic children show atypical patterns
of right-hemisphere delta- and theta-band entrain-
ment to the phonetic and spectral features of
speech, and that this measure correlates with pho-
nological abilities (i.e. phonological awareness,
RAN, etc.; Di Liberto et al., 2018). Nevertheless,
none of this evidence is sufficient to prove a
causal link between entrainment to the low-fre-
quency modulations of speech and reading acqui-
sition; all these studies compared participants who
could already read (more or less successfully) and,
evidently, when reading and neural synchronisation
to speech are tested concomitantly, bidirectional
influences cannot be ruled out.

To our knowledge, the only attempt to estab-
lish a longitudinal relation between neural

synchronisation and reading ability comes from
a study following up typically developing children
and children at family risk of dyslexia—some of
whom later developed the disorder—from pre-
reading into reading stages and measuring their
auditory steady state responses to amplitude
modulated signals at 4, 20 and 80 Hz (De Vos
et al., 2017). This study reported interesting devel-
opmental results, such that the responses of the
children who later developed dyslexia to the
20 Hz (approx. phonemic rate) increased more
from the pre-reading into the reading stage as
compared to the typically developing children,
maybe as a compensatory mechanism during
reading instruction. In any case, this study used
perfectly periodic artificial rhythms, a stimulus
that has received some criticism. For instance,
entrainment to perfectly periodic artificial
rhythms cannot be considered as a proxy of
speech sensitivity, since speech rhythms are
characterised by the absence of perfect period-
icity (Alexandrou et al., 2020). To our knowledge,
no study has directly measured pre-reading
entrainment to the slow rhythms of natural
speech and tested its potential to predict future
reading abilities.

1.1. The present study

Here, we examined if delta (<1 Hz) speech-brain
entrainment was related to reading acquisition
in typically developing children. We tested chil-
dren before (t1; 5–6 years of age) and after
(t2; 6–7 years of age) reading was introduced in
the school curriculum. Speech-brain coherence
derived from EEG recordings was assessed at
both testing times, while reading achievement
was assessed only at t2.

Based on previous theories and on studies in
older children and adults (Abrams et al., 2009;
Goswami, 2011; Hämäläinen et al., 2012; Lizarazu
et al., 2015; Molinaro et al., 2016; Power et al.,
2016), we hypothesised that low delta (<1 Hz)
speech-brain entrainment in the right hemisphere
at pre-reading stages (t1) would predict reading
variability after reading instruction had been for-
mally introduced (t2). We also explored the putative
relation between reading and the difference in
coherence from the pre-reading (t1) to the reading
(t2) phase, although our predictions here were not
definite, due to the absence of previous evidence
in the field.
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2. Materials and methods

2.1. Participants

The children who participated in this study were
recruited from two public schools in Donostia-San
Sebastián (Spain) and were taking part in a larger
three-year longitudinal project. Children were
always tested during the summer holidays, that is,
in between school years (from mid-June to mid-
September). For the present study, we used the
data collected at the middle (testing time 1; t1)
and final phase (testing time 2; t2) of the larger
longitudinal project. With regard to school year,
the data at t1 were collected after children had
finished the last year of pre-school, and the data
at t2, after children had completed Grade
1. Although all the children were Basque-Spanish
bilinguals, they received formal reading instruction
in Basque.

At t1, none of the children could read (not even at
the level of the syllable), according to a brief inter-
view with the parents and the child and with a
short test in which words were shown and the
child was asked if they knew how to read them.

Children came from a similar socioeconomic
background (medium or medium-high) based on
their parents’ or tutors’ yearly net income. They
were always tested under signed parental authoris-
ation, and the experiment was approved by the
BCBL Ethics Review Board and complied with the
guidelines of the Helsinki Declaration.

No cognitive anomaly was evident in any of the
children, and parents reported children’s normal
hearing and normal or corrected-to-normal vision.
None of the parents reported a family history of
developmental language disorder or of any other
cognitive pathology.

From the original sample of 42 children who par-
ticipated in the larger longitudinal study, 31 com-
pleted the reading tasks at t2 (age M = 6.98, SD =
0.32; 16 males). Of them, twenty-nine also com-
pleted the EEG task at t1 (age M = 5.87; SD = 0.31;
16 males), and all at t2. Finally, 25 children com-
pleted the EEG task both at t1 and t2 and the
reading tasks at t2. Amongst the whole group, four
of the children were left-handers.

2.2. Stimuli and procedure

At t1, children came once to the lab to complete the
EEG (approx. 1.5 h) and the behavioural IQ task

(approx. 5 min). At t2, the reading task (approx.
15 min) and the EEG task (approx. 1.5 h) were com-
pleted in different sessions to avoid children’s
fatigue. In both occasions, children performed
other linguistic tasks as part of the larger longitudi-
nal project.

2.2.1. Behavioural battery
2.2.1.1. Neuropsychological screening: IQ assess-
ment. We obtained a measure of non-verbal IQ
by means of the Matrix reasoning subtest from
the WPPSI-III (Wechsler, 2002) at each testing
time, but only the results at t1 were included in
subsequent analyses. Children were presented
with a matrix of three drawings and a blank
square and were asked to complete the series
with the correct element out of four to five alterna-
tives. The test consisted of a total of 29 items, and
the initial item was adapted upon the child’s age
(in months). This task lasted approximately ten
minutes. Direct scores were converted into scalar
(standardised) scores to correct for age differences
in months.

2.2.1.2. Reading assessment. At t2, two tasks were
used to measure two different aspects of reading:
Word and pseudoword reading and Text reading.

2.2.1.3. Word and pseudoword reading. Stimuli
were presented in the centre of a CRT computer
screen in capital letters in Arial font size 44. Chil-
dren were instructed to read as fast as possible
while minimising mistakes. The experimenter
pressed a button as soon as the child produced a
response, which prompted the display of the next
item in the computer screen. The time elapsed
between button presses was recorded in order to
obtain a measure of reading time per item.
Stimuli consisted of 20 high-frequency Basque
words and 20 pseudowords. Pseudowords were
created changing one phoneme of an existing
high-frequency word (e.g. LIBUKU from LIBURU
[book*]). Within each category, stimuli varied in
length, such that 10 items were bi-syllabic, and
the 10 remaining items were tri-syllabic. Five of
the items in each condition were formed by sylla-
bles with a consonant–vowel structure (e.g. KATU
[cat]), while the remaining five contained one sylla-
ble with a consonant cluster (e.g. TEKLATU [key-
board]). Total reading time and errors were
recorded, and an item per-minute efficiency
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measure was calculated as follows:

Item reading efficiency

= Total number of correctly read items
Total time [min]

2.2.1.4. Text reading. Participants were asked to
read a short passage from the novel Printze Txikia
(The Little Prince, written by Saint Exupéry) trans-
lated into Basque, a text that has been previously
used for other reading studies (Lallier et al., 2014;
Ríos-López et al., 2017). The text consisted of 85
words and seven lines. Participants were instructed
to read fast, but with as few mistakes as possible.
Time (in seconds) and number of errors were
recorded. The maximum reading time allowed was
300 s. For children who exhausted this time, the
number of read words was also recorded. With the
time and the errors measures, we calculated the fol-
lowing word per-minute efficiency index:

Text reading efficiency

= Total number of correctly read items
Total time [min]

2.2.1.5. Vocabulary size at t1: picture naming. The
expressive vocabulary subtest of the Basque English
and Spanish Test (BEST; De Bruin et al., 2017) was
used to control for vocabulary size at t1. The children
saw a total of 39 images, one at a time, in a compu-
ter screen. Pictures were coloured, child-friendly
images depicting common substantives varying in
difficulty. The children’s task was to name the pic-
tures. The next picture was only presented after
the child emitted a response, and accuracy scores
were recorded (maximum score 39). In the context
of the larger longitudinal project, the task was com-
pleted in Basque and Spanish. However, for the
purpose of the present work, only the score in
Basque was analysed.

2.2.2. EEG data recording and task
We recorded the EEG signals in an electrically-
shielded room, where children sat comfortably in
front of a computer screen. Children were
instructed to stay silent and to refrain from
moving as much as they could. EEG signals were
recorded using a Brain Products GmbH 32-elec-
trode actiCAP. Reference electrodes were placed
on both mastoids (A1 and A2), and the array of
scalp electrodes was reduced to 19 electrodes

(FP1, FP2, F7, F3, Fz, F8, F4, C3, Cz, C4, T7, T8, P7,
P3, Pz, P8, P4, O1 and O2) distributed over the
scalp based on 10–10 International System. This
was done in order to reduce preparation time
and avoid children’s fatigue. In addition, we
recorded electrodes FCz and left Heog, right
Heog and left Veog. Signals were band-pass
filtered between 0.1 and 150 Hz and sampled at
500 Hz. Monopolar differential recording was refer-
enced online to electrode FCz.

Children were instructed to listen attentively to
natural speech in Basque while staring at an
image that remained static on the centre of the
screen. In order to avoid familiarity with the story,
the participants listened to a different (unknown)
story at t1 and at t2. The different stories were read
by the same female speaker and similar loudness
was further ensured by normalising the stimuli to
identical RMS level. The stories were uttered at
approximately the same syllabic rate (t1: 3.2 sylla-
bles/seconds; t2: 3.6 syllables/seconds). The
speaker was instructed to speak at a normal speed
and intonation (i.e. avoiding infant directed
speech), and the stories were recorded with a
sampling frequency of 44.1 kHz.

The stories lasted six minutes and were parti-
tioned in one-minute segments. To ensure that
children were paying attention, they were asked
a yes/no comprehension question after each
segment (e.g. Did the eagle come back home?).
We also used these recesses to allow the children
to rest and (partially) move before resuming the
experiment.

The software Psychopy (Peirce, 2008) was used to
deliver the speech through loudspeakers at an
80 dB SPL. The loudspeakers were placed at the
right and left of the computer screen at an approxi-
mate distance of 60 cm from the child’s head.

2.3. Data analysis

2.3.1. Reading tasks
To ensure that the pseudoword and word reading
subtasks were valid measures of the same skill
(single item reading), we first calculated a Spearman
correlation between the scores on the Word and
Pseudoword reading subtasks, considering a
threshold for a high correlation at ρ > 0.80. There-
after, a second Spearman correlation between the
combined score for Word and Pseudoword
reading and the score for Text reading was com-
puted. Our aim with this procedure was to reduce
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the scores to a single reading measure which gave
equal weight to item and to text reading.

2.3.2. EEG data
2.3.2.1. Data pre-processing.We used the FieldTrip
toolbox (Oostenveld et al., 2011) in Matlab 2014B
(Mathworks, Natick, MA) to pre-process and
analyse the data. Upon raw data observation, the
EEG of three participants at t1 was discarded directly
due to excessive artifacts (n for pre-processing = 26),
whilst a technical issue during recording prevented
us from analysing the data of six children at t2 (n for
pre-processing = 26). Thereafter, data sets were
inspected one by one in order to detect channels
with excessive noise and subsequently interpolate
them based on the signal of at least three surround-
ing electrodes (Picton et al., 2000). We then band-
pass filtered the data at 0.1–40 Hz with a two-pass
Butterworth filter of order 4. We had to re-reference
the data offline to electrode Cz, since excessive
noise in the mastoids forced us to exclude electro-
des A1 and A2 from further analysis. Such re-refer-
encing approach was used in previous works
reporting that Cz is a suitable reference to explore
hemispheric differences (e.g. Picton, 2011; Poelmans
et al., 2012; Vanvooren et al., 2014). Next, 19 inde-
pendent components were estimated from the
data using fast ICA (Hyvarinen, 1999). A maximum
of 2 independent components per participant—cor-
responding to heartbeat, eyeblink and eye move-
ments—were identified and removed from the data.

We applied to the audio signal the Hilbert trans-
formation in order to obtain its broadband ampli-
tude envelope (Drullman et al., 1994). Then, the
envelope was band-pass filtered through 0.1–
40 Hz and resampled time-locked to EEG signals.

The pre-processed audio and EEG signals were
segmented into 2048-ms-long epochs with an
overlap of 1024-ms (Bortel & Sovka, 2007; Bour-
guignon et al., 2013; Molinaro et al., 2016), an
epoch length which results in a frequency resolution
of∼0.5 Hz (i.e. the inverse of the epoch duration). This
resolution is actually common in speech-brain coher-
ence analyses (Bourguignon et al., 2013, 2019, 2020).
Regarding artifact rejection, we discarded epochs
with mean amplitude of the whole EEG signal featur-
ing a z-score above 3. Datasets for which more than
30% of the data had to be discarded under this cri-
terion were not further analysed, reason for which
we disposed of the data of one child at t1 and two
children at t2. Therefore, the EEG data of 25 and 24
participants were kept for t1 and t2, respectively. An

average of 93.6% (SD = 2.8) and 95.7% (SD = 3.3)
epochs was retained for t1 and t2, respectively.

2.3.2.2. Coherence to natural speech. After pre-
processing, we used the coherencemethod described
in Halliday et al. (1995) to estimate the dependency
between the phase of the EEG signals (x(t)) and the
phase of speech signal (y(t)). This method is a gener-
alisation of the Pearson correlation to the frequency
domain, since it quantifies the degree of synchronisa-
tion between two signals (here x(t) and y(t)) with a
value between 0 and 1 for each frequency bin. As in
Pearson correlation, 0 indicates the absence of linear
relation, and 1 a perfect linear relation. The formula
for the computation of coherence was.

Cohxy(f ) = |Px,y(f )|2
Px,x(f )Py,y(f )

,

with the power- and cross- spectra of x and y defined
as.

Px,x(f ) = 1
N

∑N

n=1

Xn(f )X∗
n (f ),

Py,y(f ) = 1
N

∑N

n=1

Yn(f )Y
∗
n (f ),

Px,y(f ) = 1
N

∑N

n=1

Xn(f )Y∗
n (f ),

where N is the number of epochs and, Xn(f) and Yn(f)
denote the Fourier coefficients of the nth epoch of x(t)
and y(t) at frequency bin f.

Coherence between the speech envelope and the
pre-processed EEG signals was calculated in the 0.1–
40-Hz frequency range, which rendered a value for
each possible combination of EEG channels, subjects
and frequencies. Based on previous studies in adults
showing significant coherence between the speech
and the brain signals at ∼0.5 Hz (Bourguignon
et al., 2013; Clumeck et al., 2014) and at 4–8 Hz
(Ding & Simon, 2012; Peelle et al., 2013), we
focused our analysis on these frequency ranges.
The selection of our frequency ranges was supported
by the amplitude modulation spectra of our speech
stimuli (Figure 1), which showed peaks below 2 Hz
and in between 3 and 7 Hz.

In any case, due to the focus of the present study,
here we only report the results for the 0.5 Hz fre-
quency bin (delta band). For results of the coher-
ence analysis in the theta range (4–8 Hz) and for a
full report of the developmental trajectory of
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coherence, see Ríos-López et al. (2020). Note that
the 0.5 frequency bin mostly reflects coupling in
the 0.1–0.9 Hz range. This is so because the sensi-
tivity profile of the 0.5 Hz bin is proportional to
the Fourier transform of a 2-s-long boxcar function:
sinc(( f–0.5 Hz)/0.5 Hz) (Destoky et al., 2019).

We used a non-parametric permutation test to
estimate group-level statistical significance of
speech-brain coherence at the 0.5 frequency bin
(Nichols & Holmes, 2002). First, we calculated coher-
ence between brain signals and the time-flipped
speech envelope signal. We then averaged across
subjects the coherence values to the genuine and
to the flipped speech signals, respectively. A differ-
ence value for each electrode was obtained by con-
trasting the values of the genuine signal against the
flipped-signal coherence. We then computed the
permutation distribution of the maximum across
electrodes of such contrast obtained after having
randomly permuted genuine and flipped coherence
values within subjects for a subset of 1000 permu-
tations. The 95th percentile of this distribution
yielded a significance threshold at p < 0.05 cor-
rected for multiple comparisons for the initial con-
trast (Nichols & Holmes, 2002).

2.3.3. Joint analysis of reading and EEG data
First, the EEG and the reading indexes were trans-
formed into z-scores to facilitate comparison of
the data. We partialled out the effect of age and
IQ from each of our variables of interest before per-
forming any other analysis. In order to do so, we cal-
culated three separate robust linear models with
age and IQ at t1 as sole predictors and: (i) coherence

at t1; (ii) coherence at t2; and (iii) reading at t2 as
dependent variables. The regression was done
with the lmrob function from package robustbase
in R, which uses contemporary algorithms for the
estimation of linear regression models in data sets
with high variability, as is the case of children data
(Maronna et al., 2006). The residuals of the robust
linear models were then used for the subsequent
Spearman’s ranked correlations analyses, which
were computed in order to evaluate the relation
between speech-brain coherence at t1 and t2 and
reading achievement at t2.

Based on previous literature, two indexes were
derived from the speech-brain coherence values:

- Raw coherence (Coh): The raw coherence values in
the electrodes of interest at t1 and t2 (see
section 3.3 for electrode selection procedure)
were used in the correlation analyses. Raw
coherence values have been previously used
in studies evaluating the relation between
coherence and reading abilities (e.g. Power
et al., 2016).

- Coherence change index (ΔCoh): We were also
interested in examining the putative functional
role of the developmental changes in speech-
brain coherence from pre-reading into reading
stages. To this aim, we computed a coherence
change index (ΔCoh) from the pre-reading (t1)
into the reading stage (t2) as follows:

DCoh = Coh(t2)− Coh(t1)

Correlations between the CIs and the reading scores
were then computed. The ΔCoh sign indicates the

Figure 1. Amplitude modulation spectra of the stimuli at t1 (top panel) and t2 (bottom panel). Amplitude values were mul-
tiplied by f to compensate for the classical 1/f trend (Poeppel & Assaneo, 2020). This increases the visibility of the fluctu-
ations around the trend.
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direction of the change, such that a positive sign
means an increase in coherence from t1 into t2
and a negative sign, a decrease. The aim of this
analysis was to check if the change in coherence
was a subtler measure to predict reading achieve-
ment as compared to raw measures of coherence
(see De Vos et al., 2017, for a similar approach).

2.3.4. Post-hoc analysis: influence of
vocabulary size in the reading-coherence
relation
Firstly, we directly correlated speech-brain coher-
ence with the score in the BEST task to see if our
EEG and our vocabulary measure were directly
related. Second, we recalculated the partial corre-
lations between low-delta speech-brain coherence
and reading controlling for the participants’ BEST
score in order to examine if the relation between
reading and speech-brain coherence was signifi-
cantly explained by the children’s vocabulary size.

3. Results

3.1. Reading tasks

As a group, participants (n = 31) read a mean of 15.1
correct pseudowords per minute (SD = 7.1) and a
mean of 17.2 correct words per minute (SD = 8.5).
Within the text, mean number of correct read
words was of 20.0 (SD = 12.0). The children’s individ-
ual scores in the reading tasks can be seen in the
supplementary materials (see Table S1 in Sup-
plementary materials).

As expected, the Word reading and the Pseudo-
word reading subtasks correlated highly (ρ = 0.92;
p <0.001), and they were hence averaged. Similarly,
the correlation coefficient between the Text reading
task and the Word and pseudoword reading task
was high (ρ = 0.83; p <0.001). Therefore, a composite
reading measure was created averaging both. Note
that the composite measure gave half weight to
single item reading and half, to the long text
reading. The mean score of the group for the aver-
aged tasks was of 18.1 correct items per minute
(SD = 9.4). The composite measure was the one
used in the subsequent correlational analysis.

3.2. EEG data

The EEG data have been described previously (Ríos-
López et al., 2020) and will be reported in a summar-
ised manner here. At t1, children answered correctly

to a mean of 5.1 (SD = 1.2) out of 6 comprehension
questions. At t2, accuracy increased to 5.6 (SD = 1.1).
Descriptively, these high response scores suggested
that they were paying attention to the stories (see
Ríos-López et al., 2020, for detailed results on the
relation between speech-brain coherence and
intelligibility).

At both testing times, significant coherence to
the speech signal was only found in the delta fre-
quency range, and specifically at around 0.5 Hz
(see Ríos-López et al., 2020 for a discussion on the
possible reasons for the absence of coherence at
other frequency ranges). Accordingly, the ∼0.5 Hz
frequency was the only one we inspected further
in the correlational analysis between the EEG and
the reading data (section 3.3.3).

At t1, electrodes showing significant mean group
coherence to speech at 0.5 Hz were distributed
along posterior right (T8, P8, O2) and posterior left
(T7, P7, O1) sites of the scalp (see left plot of
Figure 2).

At t2, we only found significant coherent activity
in bilateral temporal electrodes, i.e. in electrodes T7
and T8 (see right plot of Figure 2).

Mean group coherence values in the electrodes
showing significant coherence at any of the
testing times are shown in Table 1.

3.3. Correlation between EEG and
behavioural data

First, we reduced our electrodes of interest to elec-
trodes that showed significant coherence at both
testing times, i.e. to temporal electrodes (T7 and
T8). This decision was supported by previous evi-
dence reporting a relation between reading skills
and coherence in auditory areas (Hämäläinen
et al., 2012; Lizarazu et al., 2015; Molinaro et al.,
2016; Power et al., 2016). Nevertheless, to ensure
that the correlations between speech-brain coher-
ence and reading were related to the developmen-
tal trajectory of coherence on temporal electrodes
only, this same analysis was performed with parietal
electrodes (see Table S2 in Supplementary
materials).

3.3.1. Correlations between coherence and
reading output at t2
Coh(t1) values in electrode T8 correlated signifi-
cantly with reading outcome at t2 (n = 25; ρ = 0.52;
p <0.01; False discovery rate [FDR]-p = 0.05), such
that children with larger coherence values in this
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electrode at t1 showed better reading performance
at t2 (see Figure 3). Such relation was not found for
the Coh(t1) values in electrode T7 (n = 25; ρ = 0.24; p
= 0.25). Finally, Coh(t2) values did not correlate with
reading outcome in any of the electrodes (n = 24; T7:
ρ = 0.15; p = 0.48; T8: ρ =−0.08; p = 0.71).

3.3.2. Correlations ΔCoh from t1 to t2 and
reading output at t2
The ΔCoh from t1 to t2 in electrode T8 correlated
negatively with reading achievement in t2 (n = 20;
ρ =−0.44; p = 0.05), such that children with larger
increase in coherence in electrode T8 showed
poorer reading performance at t2 (see Figure 3).
Note that this correlation was not significant after
FDR correction (FDR-p = 0.10). No significant corre-
lation between the change in coherence from t1 to
t2 and reading achievement at t2 was found for elec-
trode T7 (n = 20; ρ =−0.13; p = 0.58).

3.3.3. Results of the post-hoc analyses: the
impact of general linguistic knowledge in the
reading-coherence relation
As mentioned above, our post-hoc analyses includ-
ing the picture-naming task served the purpose of

testing if the relation between speech-brain coher-
ence and reading was mediated by a more
general linguistic measure such as vocabulary size.
Firstly, none of the Spearman correlations
between speech-brain coherence and the score in
the vocabulary task was significant (all ρs < 0.28;
all uncorrected ps > 0.07), suggesting that, with
the methods used, these measures were not directly
related. Secondly, the partial correlation between
raw speech-brain coherence at t1 and reading at t2
controlling for vocabulary at t1 was still significant
(n = 25; ρ = 0.48; p <0.01), suggesting that the
relation between speech-brain coherence and
reading was not (at least significantly) mediated
by general non-phonological language knowledge
at t1.

4. Discussion

The aim of this study was to establish a longitudinal
relation between reading acquisition and neural
oscillations responding to natural speech at low
delta frequencies (< 1 Hz). Analysing the coherence
phenomenon from different perspectives (raw
coherence and change index) led to complementary

Figure 2. Coherence maps at the 0.5 Hz frequency band across the testing times. Electrodes that showed significant coher-
ence to speech are marked with an asterisk (*). Reproduced with permission from Ríos-López et al. (2020).

Table 1. Group-level coherence values at 0.5 Hz. Electrodes that showed significant coherence are marked with an asterisk
(*).

Electrode

T7 P7 T8 P8 O1 O2

TT t1 t2 t1 t2 t1 t2 t1 t2 t1 t2 t1 t2

M 0.015* 0.019* 0.013* 0.013 0.016* 0.020* 0.014* 0.012 0.010* 0.009 0.011* 0.009
SD 0.026 0.027 0.016 0.013 0.019 0.021 0.022 0.011 0.009 0.007 0.012 0.012

TT = testing time.
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results that will help characterising the value of the
coherence measure in predicting future reading
achievement. Furthermore, although our sample
size was modest, we were able to detect interesting
relations that should be explored in depth in future
studies with larger samples.

Raw coherence values in the right hemisphere at
t1 predicted reading achievement at t2, such that
children with larger coherence values in electrode
T8 prior to formal reading instruction (before start-
ing Grade 1) were the ones with better reading
scores after finishing Grade 1. This result is in line
with previous theories and cross-sectional results
in the dyslexia literature suggesting the existence
of a tight relation between right-hemisphere coher-
ence to the delta rhythms of speech and reading
achievement (Goswami, 2011, 2018; Lallier et al.,
2018, 2017; Molinaro et al., 2016). According to
these accounts of dyslexia, specialised right-hemi-
spheric coherence to the low- frequency modu-
lations of speech might be crucial in order to
further process fast occurring phonemic infor-
mation, which might be processed preferentially in
the left hemisphere or bilaterally (Boemio et al.,
2005; Bourguignon et al., 2013; Gross et al., 2013).

To our knowledge, this is the first study reporting
a longitudinal relation between pre-reading coher-
ence to natural speech and future reading achieve-
ment in typically developing children. None of the
children in the sample was at family risk of develop-
ing dyslexia or any other speech pathology. Accord-
ing to our data, the speech-brain coherence
measure was even able to capture longitudinal
subtle reading variance in non-at risk samples,

where variability is reduced as compared to patho-
logical populations.

By contrast, we did not find any correlation
between low delta band speech-brain coherence
and reading outcome one year after reading instruc-
tion had started (i.e. at t2). Thus, our overall results fit
only partially within the postulates of the temporal
sampling framework (Goswami, 2011) and are at
odds with previous cross-sectional evidence report-
ing a relation between reading skills and delta band
coherence in response to auditory stimuli in dyslexic
participants (Hämäläinen et al., 2012; Molinaro et al.,
2016; Power et al., 2016). Again, a crucial difference
between our and previous studies is the fact that
our sample consisted exclusively of typically devel-
oping children who were learning to read,
whereas their samples included pre-adolescent
and/or adult dyslexic readers. Indeed, the Molinaro
et al. (2016) study found a positive correlation
between phonology and connectivity patterns
from the right auditory cortex to the inferior fontal
gyrus only in the group of dyslexic participants,
whereas such association was not present in the
control group.

Overall, our findings have no precedent in the lit-
erature, and we believe that the change in the pre-
dictive power of neural coherence from pre-reading
into reading stages found in our sample could shed
light on the changing nature of the relation
between neural rhythmic sensitivity and reading
development. Indeed, our results suggest that the
power of rhythmic entrainment to predict reading
outcome might be restricted to very early stages
of typical development and lose strength as the

Figure 3. Spearman ranked correlation between speech-brain coherence and reading achievement at t2. The left panel
shows the correlation with the raw coherence values and the right panel, the correlation with the Coh from t1 to t2.
Note that the values are represented in ranks.
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children acquire further linguistic skills that
influence reading performance (see Nagy et al.,
2014 for a review). Note that, for example, morpho-
logical knowledge has been proven to be an impor-
tant predictor of reading skills across the school
years (Berninger et al., 2010), while the contribution
of phonological awareness (and hence rhythm)
could be restricted to very early stages of reading
development (Nagy et al., 2006). Reading acqui-
sition in consistent orthographies such as the
Basque one develops fast as compared to opaque
orthographies such as the English one (Seymour
et al., 2003). In consequence, it is possible that our
children were already past the alphabetic phase,
based mainly on the implementation of letter-
sound correspondences, and into a more advanced
reading phase in which they already relied on mor-
phological/lexical knowledge (Frith, 1986; Marsh
et al., 1981; Nagy et al., 2014). If this were the
case, it is not surprising that neural rhythmic
entrainment did not predict reading at the later
stage since, according for example to the temporal
sampling theory (Goswami, 2011), rhythmic sensibil-
ity would be core in the formation of phonological
representations, and the quality of these represen-
tations is most likely essential during very early
(decoding) stages as opposed to more advanced
reading stages, at least for typical reading develop-
ment (Nagy et al., 2006). In this line, cross-linguistic
studies have shown that phonological awareness
contributes more strongly at the early phases of
reading acquisition, a contribution that would
later vanish (Vaessen et al., 2010). It is hence accep-
table to hypothesise that the rhythm-reading
relation could change as a function of the phonolo-
gical demands required in the specific moment at
the reading acquisition course (Lundetræ &
Thomson, 2018). Once children are past the decod-
ing phase, the contribution of early perceptual
indexes such as neural rhythmic sensitivity to
reading variability might be modest, or already
non-existent. For all this, we are inclined to believe
that the influence of rhythmic sensibility might be
more visible at very initial stages of formal reading
instruction, at least in transparent orthographies.
This hypothesis might be explored in future
(ideally cross-linguistic) studies.

Crucially, the changing role of delta coherence in
different stages of reading acquisition was sup-
ported by our developmental analysis, which
showed that the increase in coherence (ΔCoh) in
electrode T8 from t1 to t2 correlated negatively

with reading achievement. Although this result
was not significant after correction for multiple
comparisons, we tend to believe that this was a
power issue derived from our modest sample size
and that it still deserves further attention. The fact
that children with larger increase in coherence in
electrode T8 during initial formal reading instruction
were the ones with poorer reading outcomes
admits at least two interpretations.

First, it could suggest that the increase in coher-
ence between the testing times might be a compen-
satory mechanism elicited by reading instruction
itself. Note that this was the interpretation favoured
by a previous longitudinal study showing that after
reading instruction, dyslexic children showed a
larger increase in beta band power in response to
20-Hz AM signals as compared to control children
(De Vos et al., 2017).

Nevertheless, we are inclined to support another
interpretation of the developmental results which
fits better with the results of the individual testing
times, that is, with our finding of a significant corre-
lation between pre-reading speech-brain coherence
(at t1) and later reading performance (at t2), whereas
speech-brain coherence was not associated with
reading performance within t2. Indeed, what our
results seem to indicate is that a high speech-
brain coherence at low delta frequencies prior to
reading acquisition could be the driving force for
reading acquisition, whilst reading instruction itself
could increase speech-brain coherence in children
with low pre-reading delta tracking. Our interpret-
ation of the increase in coherence as a compensa-
tory mechanism is in line with the one provided
by De Vos et al. (2017). Namely, in children with
lower pre-reading levels of speech-brain coherence,
reading instruction could provide a boost that
brings speech-brain coherence to the level of that
of more successful readers whose pre-reading
coherence level was already high (and predictive
of reading performance). In any case, no significant
relation between coherence and reading within t2
was found, suggesting again that, at least in chil-
dren who are not at family risk of developing dys-
lexia (but who could nevertheless develop reading
problems later), coherence might be a valuable pre-
dictor of reading performance especially before
reading instruction occurs.

Also, we believe it is necessary to briefly discuss
the nature of the reading-delta entrainment
relation. Indeed, delta band entrainment has been
proposed to reflect not only acoustic parsing of
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the signal, but also higher-order level processes
related to, for example, syntactic processing (Ding
et al., 2016; Keitel et al., 2017; Meyer et al., 2016;
Molinaro & Lizarazu, 2018). Given our paradigm,
we cannot conclude if the relation between coher-
ence to speech at the 0.5 Hz is purely auditory—
according to what the temporal sampling framework
suggests (Goswami, 2011)—or mediated by higher
processes related to language comprehension (see
Meyer, 2018 for a discussion of this topic). Future
studies comparing stimuli with and without linguis-
tic content are necessary to disentangle the
specifics of this relation.

In the same vein, our data cannot disentangle the
extent to which the relation between speech-brain
entrainment and reading is mediated by different
sets of language processing skills. Our study relies
on the hypothesis that reading development’s foun-
dations are built on the acquisition of phonological
skills (Bishop & Snowling, 2004; Melby-Lervåg et al.,
2012, for a review), which have been linked to the
integrity of speech-brain synchronisation mechan-
isms (Destoky et al., 2020; Di Liberto et al., 2018;
Goswami, 2011, 2018; Molinaro et al., 2016; Power
et al., 2016). However, general language knowl-
edge—or non-phonological language skills, such
as vocabulary, morphosyntax, or discourse skills—
is likely to exert some influence on the development
of these phonological skills, and therefore on
reading skills later one. For example, it has been
shown that the amount of exposure to a language
(an index of general language knowledge and
experience) contributes to the development of pho-
nological abilities (Garcia-Sierra et al., 2011; for a
review, see Nittrouer, 2002). In addition, non-phono-
logical language factors such as vocabulary mediate
the progressive acquisition of refined phonological
abilities (Gathercole et al., 1991; Parra et al., 2011)
that will support reading acquisition later on. There-
fore, it is reasonable to assume that general non-
phonological language knowledge will contribute
to speech-brain synchronisation, too. In order to
partially test these hypotheses, we examined the
putative mediation role of vocabulary size in the
reading-coherence relation. Our analyses of the
picture naming suggest that the variance shared
between reading skills and speech-brain coherence
may be partly independent from the variance
shared between general language knowledge and
speech-brain coherence. Future studies will thrive
on investigating the interplay between the variance
shared by speech-brain coherence and

phonological language factors in the one hand,
and non-phonological language knowledge (e.g.
vocabulary, syntax) in the other hand, in order to
understand better how reading develops.

Overall, our study adds up to an increasing list of
scientific evidence reporting a tight relation
between reading skills and coherence to natural
speech and/or language-relevant amplitude modu-
lations in older children and adults (Abrams et al.,
2009; Hämäläinen et al., 2012; Lizarazu et al., 2015;
Molinaro et al., 2016; Power et al., 2016, 2013).
Together with previous evidence reporting a
relation between behavioural markers of the sensi-
tivity to linguistic rhythm and pre-reading skills
such as letter name knowledge (Ríos-López et al.,
2019) or phonological awareness and rapid automa-
tised naming (Carr et al., 2014) our results suggest
that the combination of both behavioural and
(right hemisphere) neural indexes of rhythm proces-
sing could inform the early detection and prognosis
of developmental reading disorders.

Lastly, the present study has some limitations.
First, since speech-brain coherence had never
been tested in very young children, we settled for
a rather small sample size as a first approach to
the field in the hope that future studies with more
statistical power will shed light upon the questions
addressed in the current work. Although we were
able to establish a preliminary link between pre-
reading coherence and later reading, the possible
mediators of such relationship remain understu-
died. Theories such as the TSF suggest that impaired
speech-brain coherence would lead to (pre-reading)
phonological impairments which would in turn
derive in reading disorders (Goswami, 2011). Our
modest sample size did not allow us to fit more
sophisticated models (e.g. path analysis) including
other behavioural pre-reading factors (e.g. RAN,
letter name knowledge, phonological awareness,
etc.); In our case, this would have derived in a
poor observations-to-parameters ratio. We hope
future studies with larger sample sizes can shed
light on this relevant matter.

Also, it is important to note that our participants
were Basque-Spanish bilinguals, and that previous
studies have reported differences in language acti-
vation between monolinguals and bilinguals (e.g.
Hull & Vaid, 2007). In order to discard possible
effects of the children’s language dominance in
our results, we computed separate pair-wise corre-
lations between language dominance as measured
by the BEST battery (De Bruin et al., 2017) and the
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behavioural and EEG tasks used across this research
work. The results showed that none of the tasks cor-
related significantly with the Language dominance
measure (all ρs < 0.15; ps > 0.20). Despite this, we
cannot fully discard that our findings regarding
brain coherence, and especially the consistent bilat-
eral pattern of activation, has something to do with
the psycholinguistic profile of our participants (see
Ríos-López et al., 2020). Furthermore, we used
different stories for t1 and t2. This was done in
order to ensure comparability within each of the
testing times. Although the syllabic rhythm of the
different linguistic signals was comparable, the use
of different stimuli could have an impact upon
speech-brain coherence. Larger longitudinal
studies might want to control for this factor by
counterbalancing the stories across the years.
Finally, due to the young age of our participants
at the first testing time, we used EEG, a technique
with high temporal resolution but with important
spatial limitations as compared to other techniques
such as MEG. Our conclusions on the topography of
our effects are hence limited at the level of the scalp,
with the evident limitations that this carries along.
Future studies will hopefully deal with this issue.

5. Conclusions

This study is the first in the literature suggesting a
causal relation between speech-brain entrainment
and reading acquisition. Our results show that low
delta speech-brain coherence in right temporal
sites of the scalp prior to formal reading instruction
can predict reading achievement one year later in
typically developing children. Additionally, the fact
that the relation between reading and delta entrain-
ment was absent at our last testing time puts forward
the hypothesis that neural sensitivity to the speech
slow rhythms might play a different role as a function
of the children’s reading stage, at least in typically
developing population for which phonological skills
might lose importance in favour of morpho-syntactic
strategies as reading expertise increases. Lastly, our
results point towards this neural measure as a
useful index for the early detection and intervention
of developmental reading disorders.
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