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Abstract

A growing number of studies has investigated temporal processing deficits in

dyslexia. These studies largely focus on neural synchronization to speech.

However, the importance of rise times for neural synchronization is often

overlooked. Furthermore, targeted interventions, phonics-based and auditory,

are being developed, but little is known about their impact. The current study

investigated the impact of a 12-week tablet-based intervention. Children at risk

for dyslexia received phonics-based training, either with (n = 31) or without

(n = 31) auditory training, or engaged in active control training (n = 29).

Additionally, neural synchronization and processing of rise times was longitu-

dinally investigated in children with dyslexia (n = 26) and typical readers

(n = 52) from pre-reading (5 years) to beginning reading age (7 years). The

three time points in the longitudinal study correspond to intervention pre-test,

post-test and consolidation, approximately 1 year after completing the inter-

vention. At each time point neural synchronization was measured to sinusoi-

dal stimuli and pulsatile stimuli with shortened rise times at syllable (4 Hz)

and phoneme rates (20 Hz). Our results revealed no impact on neural synchro-

nization at syllable and phoneme rate of the phonics-based and auditory train-

ing. However, we did reveal atypical hemispheric specialization at both

syllable and phoneme rates in children with dyslexia. This was detected even

before the onset of reading acquisition, pointing towards a possible causal

rather than consequential mechanism in dyslexia. This study contributes to

our understanding of the temporal processing deficits underlying the
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development of dyslexia, but also shows that the development of targeted

interventions is still a work in progress.

KEYWORD S
Auditory Steady-State Response, auditory temporal processing, phonics-based training,
reading development, speech envelope enhancement

1 | INTRODUCTION

Literacy plays a significant role in today’s culture. Unlike
spoken language, the acquisition of written language
relies on formal reading instruction (Rastle et al., 2021).
Consequently, the majority of children will eventually
attain fluent reading skills. However, around 7% of chil-
dren are eventually diagnosed with developmental dys-
lexia, meaning that they experience severe and persistent
difficulties in reading and/or spelling despite adequate
instruction and intelligence and intact sensory abilities
(Peterson & Pennington, 2012, 2015).

Targeted reading interventions promote reading and
related skills and can support readers with dyslexia.
Reading interventions are most successful when they pro-
vide explicit and systematic phonics instruction (National
Institute of Child Health and Human
Development, 2000). Although there is strong empirical
support for the efficacy of phonics-based interventions
(Galuschka et al., 2014; Snowling & Hulme, 2011;
Wanzek & Vaughn, 2007), in practice, they are often pro-
vided at a time that does not allow children with dyslexia
to optimally benefit from them (Ozernov-Palchik &
Gaab, 2016). Already in first grade there is an achieve-
ment gap between dyslexic and typical readers that per-
sists into adolescence (Ferrer et al., 2015). This calls for
early interventions, even as early as kindergarten, with
the potential to reduce or even close this gap. Indeed,
early reading interventions administered during kinder-
garten and around the onset of formal literacy education
are most effective (Wanzek & Vaughn, 2007). Further-
more, structural brain research demonstrates a natural
plasticity window for reading within the first years of pri-
mary school and thus further argues for the implementa-
tion of early interventions (Van Phan et al., 2021).
Nonetheless, interventions are usually only provided
after several years of reading instruction and clear read-
ing failure, hence when the most effective time for inter-
vention has already passed. This has been labelled the
‘dyslexia paradox’ (Ozernov-Palchik & Gaab, 2016).

Phonics-based interventions, which include system-
atic and explicit instruction of letter-sound relations and
phoneme blending exercises, have been developed to tar-
get the decoding difficulties in dyslexia caused by

phonological processing problems (Snowling &
Hulme, 2011). This phonological processing deficit is the
most widely agreed upon cognitive origin of dyslexia
(Snowling, 2000; Vellutino et al., 2004). More recently,
phonological difficulties have been associated with an
auditory temporal processing deficit, and more specifi-
cally an atypical temporal sampling of speech by neural
oscillations (Goswami, 2011). The temporal sampling
framework (TSF) of Goswami (2011) suggests that neural
synchronization of slow-rate oscillations to the temporal
modulations of the speech envelope is atypical in dys-
lexia. This affects children’s phonological development
and as a result impedes reading development. Cortical
oscillatory frequencies coincide with important ampli-
tude modulation rates in the speech envelope and suc-
cessful synchronization of neural oscillations to these
temporal modulations plays a key role in speech percep-
tion and intelligibility (Ghitza & Greenberg, 2009;
Giraud & Poeppel, 2012a; Peelle & Davis, 2012). Specifi-
cally, synchronization in the delta (<4 Hz) and theta (4–
8 Hz) ranges is linked to syllable-rate processing, whereas
synchronization in the beta (13–30 Hz) and gamma
(>30 Hz) ranges is associated with phoneme rate proces-
sing (Ghitza, 2011; Ghitza & Greenberg, 2009;
Poeppel, 2003). Speech perception theories have further-
more proposed hemispheric specialization patterns. The
prominent ‘asymmetric sampling in time’ (AST) hypoth-
esis (Poeppel, 2003), for example, assigns right-
hemispheric dominance to syllable rate modulations and
a bilateral or left-hemispheric dominance to phoneme
rate modulations (Boemio et al., 2005; Giraud & Poeppel,
2012b; Poeppel, 2003). Considering the importance of
neural synchronization for speech segmentation and
intelligibility (Doelling et al., 2014; Giraud & Poeppel,
2012a), it has been hypothesized that atypical neural syn-
chronization or hemispheric specialization at these rates
in dyslexia could be harmful for speech perception and
consequently phonological and reading development
(Goswami, 2019).

Over the past years, several studies have investigated
the temporal processing deficit in both adults and chil-
dren with dyslexia (see Lizarazu, Scotto di Covella,
et al., 2021, for a review). Studies investigating syllable-
rate processing provided solid evidence for atypical delta
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synchronization (Keshavarzi et al., 2022; Mandke
et al., 2022; Power et al., 2016; Soltész et al., 2013) mostly
located in the right hemisphere (Hämäläinen et al., 2012;
Lizarazu, Scotto di Covella, et al., 2021; Molinaro
et al., 2016). People with dyslexia rather consistently
show decreased delta synchronization compared to con-
trols. Results at theta rate are rather inconsistent. Two
studies demonstrated decreased theta synchronization in
dyslexia (Granados Barbero et al., 2022; Mandke
et al., 2022), while two other studies demonstrated
increased theta synchronization (Granados Barbero
et al., 2021; Lizarazu et al., 2015). In the study of Lizarazu
et al. (2015), the dyslexia group also failed to demonstrate
a right-hemispheric lateralization at the theta rate. In the
study of Granados Barbero et al. (2022), children with
dyslexia demonstrated a belated rightward hemispheric
specialization. Using a source analysis methodology, the
authors demonstrated a significantly weaker rightward
lateralization in children with dyslexia compared to typi-
cal readers, Notably, the dyslexic readers caught up with
typical readers by the age of 9, pointing towards a late
maturation process of hemispheric specialization in dys-
lexia. Results for phonemic processing in the beta and
low-gamma range are also rather inconclusive. Studies
demonstrated decreased synchronization (Granados
Barbero et al., 2022; Mandke et al., 2022; Menell
et al., 1999) mostly located in the left hemisphere
(Lehongre et al., 2011, 2013; Lizarazu, Scotto di Covella,
et al., 2021; Poelmans et al., 2012), increased synchroni-
zation (De Vos et al., 2017a, 2017b; Granados Barbero
et al., 2022), at times restricted to the right hemisphere
(Lizarazu et al., 2015), and even typical synchronization
(Hämäläinen et al., 2012; Vanvooren et al., 2014).
Although not yet fully unraveled, it is hypothesized that
people with dyslexia display atypical neural synchroniza-
tion and differential hemispheric specialization when
compared to their typically developing peers. What most
studies investigating the temporal processing deficits in
dyslexia did not take into account is the importance of
amplitude rise times (also called ‘edges’) for sustaining
synchronization to the speech signal. Amplitude rise
times (from here on rise times) indicate the time it takes
to reach peak amplitude in the speech envelope and are
most prominent at syllable onsets (Goswami, 2018, 2019).
Rise times, similar to amplitude, are one of the measures
of the dynamics in the speech envelope. The dynamics in
the speech envelope are characterized by the modulation
depth at the modulation frequency and rise times of
amplitude variations in the envelope. Rise times facilitate
temporal sampling of speech by triggering a phase reset
of neural oscillations, causing them to synchronize to the
temporal modulations present in the speech signal (Gross
et al., 2013). It is specifically the sharpness of the edges or

rise times that facilitates synchronization (Doelling
et al., 2014).

At the behavioral level, difficulties with rise time dis-
crimination and its link with reading development are
commonly demonstrated in children (Goswami
et al., 2002, 2011; Law et al., 2017; Poelmans et al., 2011;
Richardson et al., 2004; Vanvooren et al., 2017) and
adults (Hämäläinen et al., 2005; Law et al., 2014; Leong
et al., 2011) with dyslexia. However, to the best of our
knowledge only two studies have investigated the impact
of rise times on neural synchronization in dyslexia
(Lizarazu, Lallier, et al., 2021; Van Hirtum, Ghesquière, &
Wouters, 2019). Lizarazu, Lallier, et al. (2021) demon-
strated that whereas in typical readers, rise times in the
speech signal phase reset slow-rate oscillations (delta and
theta), thereby enhancing their synchronization to
speech, this mechanism was impaired in dyslexia. The
study by Van Hirtum, Ghesquière, and Wouters (2019)
showed a deficit in neural synchronization at alpha and
beta rate in dyslexia only when the rise times of the stim-
uli were shortened. This study used Auditory Steady-
State Responses (ASSRs) as a tool to measure neural syn-
chronization (Picton et al., 2003). The studies of Lizarazu,
Lallier, et al. (2021) and Van Hirtum, Ghesquière, and
Wouters (2019) provide evidence for the impact of rise
times on neural synchronization in dyslexia, although
studies on the subject are rather scarce and evidence is
currently limited to cross-sectional studies in adults.
Investigating the impact of rise times on temporal proces-
sing in children before the onset of reading acquisition
might allow us to establish whether this is a symptom or
a possible cause of dyslexia. A recent study by Van Herck,
Economou, et al. (2022) investigated the stimuli of Van
Hirtum, Ghesquière, and Wouters (2019) in children and
demonstrated that stimuli with shortened rise times elicit
much stronger ASSR than regular sinusoidal amplitude
modulated stimuli at syllable rate, thereby enhancing
their sensitivity. Hence, the authors postulated that using
stimuli with shortened rise times might be preferable in
developmental reading research to examine the neural
mechanisms behind dyslexia. Furthermore, in typically
reading children the stimuli with shortened rise times eli-
cited a leftward lateralization at syllable rate, in contrast
to the rightward lateralization suggested by AST
(Poeppel, 2003). This was proposed to be evoked by the
much stronger temporal information in these stimuli, in
line with the theory by Zatorre and Belin (2001) that
assigned temporal information processing to the left
hemisphere. Therefore, using stimuli with shortened rise
times might also help unravel the mechanisms behind
atypical hemispheric specialization in dyslexia.

Aforementioned studies investigating the temporal
processing deficit in dyslexia have improved our
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understanding of the specific mechanisms involved in the
development of dyslexia, and furthermore contribute to
the development of more targeted interventions specifi-
cally addressing the mechanisms at play. Such targeted
interventions addressing the temporal processing deficit
for example train auditory temporal processing and
rhythm skills and have been shown to improve phono-
logical and literacy development (Bhide et al., 2013;
Cancer et al., 2021; Cancer & Antonietti, 2022; Degé &
Schwarzer, 2011; Flaugnacco et al., 2015; Harrison
et al., 2018). Another promising auditory intervention is
the envelope enhancement (EE) intervention of Van
Herck, Vanden Bempt, et al. (2022), Vanden Bempt,
Economou, et al. (2022) and Vanden Bempt, Van Herck,
et al. (2022) in which children listen to natural speech of
which the speech envelope is enhanced. EE was origi-
nally developed for use in cochlear implant users
(Geurts & Wouters, 1999; Koning & Wouters, 2012, 2016)
and specifically accentuates rise times in the speech enve-
lope, which facilitates their detection. EE has already
been shown to improve speech perception in a speech in
noise task passively and instantaneously in both children
and adults with dyslexia (Van Hirtum et al., 2021; Van
Hirtum, Moncada-Torres, et al., 2019). Van Herck, Vanden
Bempt, et al. (2022) investigated the impact of EE combined
with phonics-based instruction as an intervention for
pre-readers with an elevated cognitive risk of developing
dyslexia in a behavioral rise time discrimination task.
Notably, listening to stories that were envelope
enhanced during an intervention in kindergarten,
improved children’s rise time sensitivity by the start of
formal reading instruction, while the groups that lis-
tened to non-enhanced stories demonstrated improved
rise time sensitivity only after 1 year of formal reading
instruction in first grade (Van Herck, Vanden Bempt,
et al., 2022). The authors concluded that the EE inter-
vention improved rise time discrimination at a crucial
time in development, namely prior to the onset of read-
ing instruction and during the most sensitive period for
intervention (Ozernov-Palchik & Gaab, 2016; Van Phan
et al., 2021) and that this might give children at risk for
dyslexia a head start at the start of reading acquisition.
Despite its impact on rise time sensitivity (Van Herck,
Vanden Bempt, et al., 2022), the EE intervention did not
promote speech perception, phonological awareness or
productive letter knowledge (Vanden Bempt, Van
Herck, et al., 2022). However, the neural aspects of the
EE intervention remain to be investigated.

Despite these recent advances in our understanding
of the temporal processing deficit and the development of
more targeted interventions for the mechanisms at play,
there are still some unresolved questions. First, to our
knowledge, no study has yet investigated whether

interventions can improve neural synchronization in dys-
lexia. Providing interventions would be particularly valu-
able early on in development (Ozernov-Palchik &
Gaab, 2016; Van Phan et al., 2021). Not only is there a
need to examine the impact of the frequently adminis-
tered phonics-based interventions on neural synchroniza-
tion but also of an auditory training such as the EE
intervention. EE specifically addresses the temporal pro-
cessing deficit by accentuating rise times in the speech
envelope and thereby supposedly enhancing suboptimal
neural synchronization (Van Hirtum, Moncada-Torres,
et al., 2019). EE has already been demonstrated to
improve behavioral rise time discrimination (Van Herck,
Vanden Bempt, et al., 2022), but its efficacy remains to be
investigated at the neural level. Second, despite the solid
evidence for a deficit in the processing of rise times at the
behavioral level in children with dyslexia and its link
with later phonology and literacy performance (Goswami
et al., 2002, 2011; Law et al., 2017; Poelmans et al., 2011;
Richardson et al., 2004; Vanvooren et al., 2017), the neu-
ral processing of rise times has not yet been investigated
in children with dyslexia. Such an investigation would
provide even more valuable insights into the temporal
processing deficit, especially when integrated in a longi-
tudinal investigation that enables us to exclude that the
observed differences are a consequence of the disorder.

To this end we designed a longitudinal study with a
twofold objective. Our first aim was to investigate the
impact of an early intervention combining a phonics-
based training and EE on neural synchronization in
Dutch pre-readers at cognitive risk for dyslexia (interven-
tion research question). Secondly, we aimed to investi-
gate the role of atypical neural processing of rise times in
reading development (reading groups research question).
To answer these aims, we longitudinally investigated
ASSRs in children with an elevated cognitive risk of
developing dyslexia at pre-reading (5 years old) and
beginning reading age (7 years old) and more specifically
prior to, immediately following and approximately 1 year
after a digital home-based intervention. Children’s read-
ing skills were measured in third grade. We specifically
measured ASSRs in response to 4-Hz (theta; syllable rate)
and 20-Hz (beta; phoneme rate) amplitude modulated
stimuli with varying rise times, namely sinusoidal ampli-
tude modulated (SAM) stimuli and pulsatile stimuli with
shortened rise times (PULS). ASSRs were measured in
(1) children receiving phonics-based training and an
envelope enhanced story-listening game, (2) children
receiving phonics-based training and a non-enhanced
story-listening game and (3) children playing an immer-
sive control game that did not directly train literacy skills
and the non-enhanced story-listening game. This group
design allowed us to disentangle the effects of the EE and
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phonics-based training and the inclusion of an active
control group eliminated possible placebo effects. Apart
from the intervention groups, the third grade reading
data allowed for retrospective classification of these chil-
dren in two reading groups, dyslexic and typical readers,
for the purpose of the second research aim of the study.

2 | MATERIALS AND METHODS

2.1 | Participants

The total sample consisted of 91 children with an ele-
vated cognitive risk of developing dyslexia. All children
were native Dutch speakers with bilateral normal hear-
ing, neither history of brain damage or neurological dis-
orders nor (preliminary) diagnosis of autism spectrum
disorder (ASD) or attention deficit hyperactivity disorder
(ADHD) did not receive any therapy due to language
and/or articulatory problems and had already received a
total schooling period of at least 20 months. All children
scored above a norm score of 75.3 on the Raven’s Colored
Progressive Matrices (Raven et al., 1984). Furthermore, to
be classified as having an elevated cognitive risk for dys-
lexia, the children needed to score below the 30th percen-
tile on two out of three reading precursors during a large-
scale screening phase (N = 1225) organized in the last
year of kindergarten in Flanders (Belgium) (Verwimp
et al., 2020). These measures were phonological aware-
ness (PA), letter knowledge (LK) and rapid automatized
naming (RAN), the strongest cognitive pre-literacy pre-
dictors of dyslexia (Caravolas et al., 2012; Clayton
et al., 2020; Ozernov-Palchik & Gaab, 2016). Since the
phonics-based training predominantly focused on
grapheme-phoneme coupling, children scoring below the
30th percentile on PA and RAN were additionally
required to have LK below the 40th percentile. This
ensured that children could optimally benefit from the
phonics-based training. A detailed description of the sam-
ple and screening tasks and procedure can be found in
previous publications (Economou, Van Herck,
et al., 2022; Van Herck, Vanden Bempt, et al., 2022; Van-
den Bempt et al., 2021; Verwimp et al., 2020).

At pre-test, all 91 children were invited for EEG
data collection, during which each child participated in
four EEG conditions, resulting in a total of 364 EEG
conditions at pre-test. At post-test, seven children dis-
continued participation, resulting in 336 EEG condi-
tions. At consolidation test, two children that did not
participate at post-test returned, while an additional
seven children discontinued participation at consolida-
tion test. This resulted in a total of 12 children not par-
ticipating at consolidation test, and 316 EEG conditions.

Furthermore, at each test phase, measurements of some
of the EEG conditions were excluded for the following
reasons: (1) excessive noise levels, (2) measurement was
ended prematurely, (3) data of the specific condition
was not collected and (4) uncertainty about the child’s
hearing of the stimulus. As a result, measurements of
30 out of 364 conditions were excluded at pre-test,
14 out of 336 at post-test, and five out of 316 at consoli-
dation test. Note that in case of excluded conditions,
available conditions of a child are still included in the
analyses. Third grade reading data were collected for
78 children. A detailed description of the participant
flow can be found in Figure 1.

For the intervention research question, all 91 children
of the total sample were included. We included three
experimental groups that each received a slightly differ-
ent intervention programme: (1) a phonics-based training
and envelope enhanced speech group (GGEE), (2) a
phonics-based training and non-envelope enhanced
speech group (GGNE) and (3) an active control group
(ACNE). This was a pseudo-randomized group assign-
ment at the individual level based on the factors birth tri-
mester, sex and educational environment (i.e., school)
and the resulting groups did not differ in age (months),
non-verbal IQ, sex, socio-economic status (SES) and
handedness. The intervention groups had comparable
intervention exposure (see Table 1 for demographic
data).

For the reading groups research question, only the
children with available third grade reading data were
included, as these data were required for the dyslexia
versus typical reading classification. This left us with a
sample of 78 children. Based on the acquired reading
and spelling data, children were classified as dyslexic if
they scored below the 10th percentile on at least one of
the included reading or spelling tasks, and below the
25th percentile on all other tasks. All remaining chil-
dren were classified as typical readers. The tasks
included standardized word reading (Brus &
Voeten, 1973; Verhoeven, 1995) and pseudoword read-
ing tasks (van den Bos et al., 1994) and a standardized
spelling task (Deloof, 2006). This classification resulted
in a sample of 26 children with dyslexia (DR) and
52 typically reading children (TR). At pre-test, the
groups did not differ in age (months), non-verbal IQ,
phonological awareness (PA), productive and receptive
letter knowledge (LK), sex, SES and handedness. The
groups only differed slightly on rapid automatized nam-
ing (RAN) (see demographic data in Table 2). Even
though the TR children are classified as such based on
the available third grade reading data, it is important to
keep in mind that they were initially screened in kin-
dergarten for an elevated cognitive risk of developing
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dyslexia. Therefore, the TR group is not an accurate
representation of the general typical reading population,
which might provide an explanation for their similar
pre-reading cognitive profile to the DR group.

For both research questions, available data from all
children are included in the analyses, since the statistical
analyses used in the current study (robust linear mixed-
effects models) are robust to missing data.

F I GURE 1 Participant flow in the study

552 VAN HERCK ET AL.
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The study was approved by the Medical Ethical Com-
mittee of the University Hospital of Leuven, KU Leuven,
and signed informed consents were obtained for all par-
ticipants (Katholieke Universiteit Leuven; approval num-
ber B322201836276).

2.2 | Procedure

The data described in the current study were collected as
part of a larger longitudinal intervention project
(N = 149) in which additional behavioral and

TAB L E 1 Participant characteristics intervention groups

Characteristic Levels

GGEE
(n = 31)

GGNE
(n = 31)

ACNE
(n = 29) Group comparison

M SD M SD M SD F p-value

Age pre-test (months) 65 3 65 3 65 4 F(2,88) = .27 p = .764

Non-verbal IQa 101 14 101 17 96 13 F(2,88) = .98 p = .378

Sex Male/female 19/12 15/16 16/13 χ 2(2, N = 91)
= 1.04

p = .594

SESb Low/middle/high/
missing

8/9/14/0 7/12/12/0 8/15/5/1 p = .190

Handedness Left/ambidexter/
right

1/1/29 2/1/28 2/2/25 p = .859

Story listening game exposure (hours) 10.5 3.0 11.2 2.8 11.4 1.9 F(2,84) = .99 p = .370

Phonics-based training/control game
exposure (hours)

16.1 5.3 16.0 5.3 17.1 4.8 F(2,88) = .41 p = .670

Note: GG = GraphoGame; EE = envelope enhanced; NE = not envelope enhanced; AC = active control; M = group mean; SD = standard deviation;
SES = socio-economic status. For categorical data (i.e., sex, SES and handedness) the numbers in each group are reported instead of M and SD, and group
comparisons are done using Chi-squared tests (sex) or Fishers’s exact tests (SES and handedness) instead of one-way analysis of variance (ANOVA).
aReported scores are standardized scores based on the M and SD of the total group of screened children (M = 98.15, SD = 16.66).
bSES is based on the parental educational level of the mother.

TAB L E 2 Participant characteristics reading groups

Characteristic Levels

TR (n = 52) DR (n = 26) Group comparison

M SD M SD F p-value

Age at pre-test (months) 65 3 65 3 F(1,76) = .02 p = .896

Non-verbal IQa 101 14 96 14 F(1,76) = 2.15 p = .147

PAb 3 3 2 3 χ 2(1) = 2.57 p = .11

RANc .55 .10 .49 .11 F(1,75) = 4.75 p < .05

LK productived 2.00 4.00 1.50 2.00 χ 2(1) = 2.82 p = .09

LK receptived 6.50 3.22 5.29 2.46 F(1,70) = 2.53 p = .12

Sex Male/female 31/21 14/12 χ 2(1, N = 78) = .06 p = .808

SESe Low/middle/high 14/16/22 5/13/8 p = .299

Handedness Left/Ambidexter/right 4/1/47 0/3/23 p = .071

Note: TR = typically reading children; DR = children with dyslexia; M = group mean; SD = standard deviation; PA = phonological awareness; RAN = rapid

automatized naming; LK = letter knowledge; SES = socio-economic status. For non-normally distributed data (i.e., phonological awareness and active letter
knowledge), the median and interquartile range are presented instead of the mean and standard deviation, and group comparisons are calculated using
Kruskal–Wallis rank sum tests instead of one-way analysis of variance (ANOVA). For categorical data (i.e., sex, SES and handedness) the numbers in each
group are reported instead of M and SD, and group comparisons are done using Chi-squared tests (sex) or Fishers’s exact tests (SES and handedness) instead of
one-way ANOVA.
aReported scores are standardized scores based on the M and SD of the total group of screened children (M = 98.15, SD = 16.66).
bThe maximum score for the PA measure was 10.
cRAN raw score was defined as the number of items named correctly per second.
dThe maximum score for the LK productive and LK receptive measures was 16.
eSES is based on the parental educational level of the mother.
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neuroanatomical assessments were carried out. Addi-
tional findings from the intervention study were reported
in previous publications (Economou, Van Herck,
et al., 2022; Van Herck, Vanden Bempt, et al., 2022;
Vanden Bempt et al., 2021). The intervention study com-
prised a pre-test, intervention, post-test, consolidation
test and dyslexia status test. Important to note is that
the dyslexia status test is not a clinical diagnosis, but
rather a classification based on the acquired third grade
reading and spelling data. EEG measurements at pre-
test, post-test and consolidation test were collected in
our university research lab, while behavioral assess-
ments (dyslexia status test) were carried out at school in
a quiet test room. The intervention took place at home.

In their last year of kindergarten, all children per-
formed an initial baseline measurement of the outcome
measure (i.e., ASSRs) at pre-test. Afterwards, all children
performed the tablet-based intervention at home in
which they were instructed to independently play the
intervention games for 6 days a week for a total period of
12 weeks. During this intervention, the GGEE and GGNE
groups played GraphoGame for 15 min daily in combina-
tion with actively listening to stories that were either
envelope enhanced (EE; GGEE group) or non-enhanced
(NE; GGNE group) for approximately 10 min. The ACNE
group played control games for 15 min and listened to
non-enhanced stories for 10 min. For more details on the
practical aspects of the home-based intervention, see
Economou, Van Herck, et al. (2022), Van Herck, Vanden
Bempt, et al. (2022) and Vanden Bempt et al. (2021).
Post-test took place shortly after the intervention, at the
end of the last year of kindergarten. Consolidation test
took place on average 1 year and 2 months after post-test,
after approximately 1 year of formal reading instruction
in first grade. In between post-test and consolidation test,
the children received home schooling in first grade, due
to the COVID-19 pandemic. At the start of their third
year of primary school, approximately 1 year and
2 months after consolidation test, the children partici-
pated in the dyslexia status test.

2.3 | Interventions

2.3.1 | Envelope enhancement

Signal processing of spoken stories was performed in
MATLAB R2016b (The MathWorks Inc, 2016). The stim-
uli and signal processing are identical to those reported
in the study by Van Herck, Economou, et al. (2022). Sev-
eral ways exist to implement a speech processing algo-
rithm such as EE. The one adopted in the current study

is only one manner to introduce EE, but has shown to be
effective in children and adults with dyslexia (Van
Hirtum et al., 2021; Van Hirtum, Moncada-Torres,
et al., 2019). These studies, however, did not use EE as
intervention but implemented it in a speech-in-noise task
during the assessment.

As a first step in the signal processing, the original
signal s tð Þ was resampled to f sampling ¼ 16 kHz and subse-
quently split into frames of 128 samples with a frame
advance of 32 samples. A frame-based fast Fourier trans-
form preceded by Hann windowing transformed the sig-
nal to the time-frequency domain. Upon this, the
frequency bins were combined by means of a weighted
sum of their powers, mapping them to 23 critical chan-
nels. The frequency limits of these channels were defined
according to the critical bandwidths of Fastl and Zwicker
(2007). The envelope of each channel E t, kð Þ was
obtained by taking the square root per channel. A slow
envelope of each channel Eslow t, kð Þ was obtained as fol-
lows. The envelope E t, kð Þ was low-pass filtered with a
fourth-order Butterworth filter with a cutoff frequency of
20Hz, which gave a signal with higher time delay when
reacting to sudden increases in E t, kð Þ. This low-pass fil-
tered version of E t, kð Þ was then half-wave rectified and
amplified by a factor of Aslow ¼ 8 to obtain Eslow t, kð Þ. The
latter step ensured a higher level of Eslow t, kð Þ than that
of E t, kð Þ at quasi-stationary parts, while the level of
E t, kð Þ was higher than that of Eslow t, kð Þ at sudden
increases in energy (i.e., onsets). As such, subtracting
Eslow t, kð Þ from E t, kð Þ yields a signal with peaks at the
onsets of the envelope E t, kð Þ, and negative values at sta-
tionary parts of E t, kð Þ. A peak envelope signal Epeak t, kð Þ
could therefore be obtained by subtracting Eslow t, kð Þ
from E t, kð Þ, followed by half-wave rectification and
amplification by a factor of Apeak ¼ 3:5. The eventual peak
signal in the time domain p tð Þ was obtained by mapping
the 23 bands back to 128 frequency bins, followed by an
inverse fast Fourier transform after which the frames
were recombined by a weighted overlap-add method.
Finally, p tð Þ was added to the original signal s tð Þ, result-
ing in the envelope enhanced signal sEE tð Þ, see Figure 2.

The EE signal processing was applied on age-
appropriate stories that were embedded in a tablet-based
story-listening game. Two versions of the game were cre-
ated, one in which the stories were envelope enhanced
(EE) and one without enhancement (NE). Regardless of
the version of the story-listening game, the children were
instructed to listen to stories for approximately 10 min
daily. For more details on the story-listening game and
its feasibility, enjoyment and its impact on language com-
prehension, see Vanden Bempt, Economou, et al. (2022)
and Van Herck, Vanden Bempt, et al. (2022).
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2.3.2 | GraphoGame

For the purpose of the current study we adapted the Gra-
phoGame interface (Richardson & Lyytinen, 2014) to a
tablet-based Flemish version (GraphoGame-Flemish,
GG-FL) (Glatz et al., 2021). The training consisted of an
introduction of graphemes, visual and auditory discrimi-
nation of graphemes and phonemes respectively, and
eventually built up to grapheme-phoneme coupling, pho-
neme blending and counting, spelling and early reading.
During the 12-week intervention, the children spent
15 min per day on GG-FL. A detailed description of the
training content can be found in Glatz et al. (2021).

2.3.3 | Control game

The control game consisted of six commercially available
tablet-based games, namely Lego City My City, LegoDu-
ploTown, LegoDuploTrains, Playmobile horseriding
game, Playmobil Police and Lego Heartlake Rush. Chil-
dren could choose the games they played each day, pro-
vided that they played the games for the instructed
15 min per day, identical to GG-FL.

2.4 | EEG measures

2.4.1 | Recording parameters

EEG signals were recorded with the BioSemi ActiveTwo
system using 64 active Ag/AgCL electrodes mounted in
head caps according to the 10–20 electrode system. Elec-
trode offsets were kept between �25 and 25 mV. All
recordings were administered in a double-walled sound-
proof booth with Faraday cage. During the measurement,
children were seated in a comfortable chair while watch-
ing a soundless movie without subtitles of their choice.

This passive listening paradigm ensures a similar level of
alertness and attention across subjects throughout the
measurement in paediatric ASSR studies (De Vos
et al., 2017a; Vanvooren et al., 2014). Measurements were
embedded in a different child-friendly protocol in each
test phase. An experienced test leader accompanying the
child in the EEG cabin monitored alertness and
movement.

For each subject, we collected four EEG conditions
(two modulation frequencies � two stimulus types). Each
condition lasted approximately 9 min (532.48 s).

2.4.2 | Auditory Steady State Responses

ASSRs measure how well the auditory system synchro-
nizes to a stimulus rhythm (Picton et al., 2003). In the
current study, we used a speech-weighted noise as carrier
noise to evoke ASSRs. This carrier noise was adopted
from the ‘Leuven Intelligibility Sentence Test’ (LIST;
Van Wieringen & Wouters, 2008) and represents the
long-term average speech spectrum of 730 sentences of a
female speaker. The speech-weighted noise was 100%
amplitude modulated at approximately 4 and 20 Hz to
measure neural synchronization of theta and beta oscilla-
tions respectively. For each modulation frequency, we
created two conditions or stimulus types (see Figure 3):
(1) a sinusoidal amplitude modulated condition (SAM) in
which a sinusoidal envelope modulation was implemen-
ted and (2) a pulsatile condition (PULS) in which the
envelope shape was fixed at 30 and 10 ms for rise time
and decay time respectively. This resulted in a reduced
rise time, without affecting amplitude modulation rates
at 4 and 20 Hz. The inclusion of the PULS stimuli allows
us to investigate the neural synchronization to rise times.

All stimuli were presented monaurally at 70 dBpeSPL
through a calibrated ER-3B insert earphone to the
right ear.

F I GURE 2 EE/NE stimulus. Note. A

waveform of a Dutch utterance (English

translation: ‘the animals from the farm’) from
one of the stories as EE stimulus (upper) and NE

stimulus (lower).
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2.4.3 | Preprocessing

Preprocessing of the recorded EEG data was done in
Matlab R2016b (The MathWorks Inc, 2016). First, we
used a high-pass filter with a second-order Butterworth
filter with a cutoff frequency of 2 Hz to remove the direct
current (DC) component. After filtering, the signals were
averaged across two pre-selected electrode configura-
tions, resulting in an artificial left (TP7, P1, P3, P5, P7,
P9, PO3, PO7 and O1) and right channel (TP8, P2, P4, P6,
P8, P10, PO4, PO8 and O2). This configuration was based
on previous research showing that these electrodes are
most sensitive to pick up ASSRs in children (Vanvooren
et al., 2014). Vanvooren et al. (2014) set a criterion for the
sensitivity of an electrode selection so that only electrode
pairs with an average amount of significant responses
above 70% for all conditions can be included. This crite-
rion was met in the current study, thereby confirming
the suitability of the electrode selection in the current
dataset. The average number of significant responses for
all electrode pairs and all conditions was 87% and 89% for
4 and 20 Hz respectively. Next, the signal was divided
into epochs of 1.024 s on which we then applied an
epoch-based artefact rejection to remove muscle poten-
tials and other artefacts. The amplitude rejection level for
artefact rejection was set on an individual basis, until
448 epochs remained per electrode, in line with previous
ASSR studies in children (De Vos et al., 2017a;

Vanvooren et al., 2014, 2015). The aim was to obtain
448 epochs per subject with the lowest amount of arte-
facts in all channels. Artefact-free epochs were re-
referenced to electrode Cz. A fast Fourier transform
(FFT) algorithm was applied to calculate the complex fre-
quency spectrum for each of the remaining epochs. From
the complex frequency spectrum, we obtained the
response power, amplitude and phase corresponding to
the modulation frequencies used during the experiment
(i.e., 4 and 20 Hz, the response spectrum). Mean response
amplitudes and phases were computed by vector averag-
ing the complex response spectrum across epochs. The
noise amplitude was calculated as the standard deviation
of the FFT bin corresponding to the modulation fre-
quency across epochs divided by the square root of the
number of epochs. Finally, a one sample Hotelling T2 test
combining amplitude and phase was performed to deter-
mine whether the synchronized activity differed signifi-
cantly from the neural background activity and hence
whether a reliable ASSR (i.e., significant response) was
present in the EEG signal (Picton et al., 2003).

2.5 | Statistical analyses

Statistical analysis was performed in R (version 3.5.1)
(R Core Team, 2018). Prior to analysis, Kolmogorov–
Smirnov tests were used to assess the assumption of nor-
mality, and Levene tests were performed to test for
homogeneity of variance. Both assumptions were vio-
lated; hence, we adopted robust estimation methods for
analysis.

As we did not aim to compare responses across the
modulation frequencies, robust linear mixed-effects
models (robustlmm package) (Koller, 2016) were built for
each modulation frequency (4 and 20 Hz), outcome mea-
sure (response and noise amplitudes) and research ques-
tion (intervention and reading group) separately. Noise
levels determine the precision of the ASSR amplitudes.
Therefore, even though there are no hypotheses linked to
the noise levels, both response and noise amplitudes are
considered in the manuscript. Stimulus type (SAM and
PULS), hemisphere (left and right), test phase (pre-test,
post-test and consolidation test) and intervention group
(GGEE, GGNE and ACNE) or reading group (DR and
TR) were included in the model as fixed effects and the
overarching 4-way interaction was considered. By-subject
random intercepts accounted for within-subject observa-
tions. The results presented here specifically focus on the
effects of intervention and reading groups and possible
interaction effects with stimulus type, hemisphere and
test phase. The main effects of and interaction effects
between stimulus type, hemisphere and test phase will

F I GURE 3 Sinusoidal amplitude modulated (SAM) and

pulsatile (PULS) stimulus at 4 Hz. Note. A 1-s waveform of the

4 Hz (a) SAM stimulus and (b) PULS stimulus
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not be discussed since these results apply to all groups
and hence do not answer our research questions. These
results are the subject of another study by Van Herck,
Economou, et al. (2022).

For statistical inference, p-values with a significance
level of p < .05 were obtained by means of bootstrapping
with 1000 simulations for the fixed effects and their inter-
actions in the model. Post hoc comparisons on the inter-
actions were performed using estimated marginal means
(EMMs) with a Holm correction for multiple comparison.

3 | RESULTS

3.1 | Effects related to the intervention

3.1.1 | Response amplitudes

For 4-Hz response amplitudes (Figure 4, boxplots out-
lined in black), the robust linear mixed-effects model
indicated a significant interaction between intervention

group and test phase (χ 2(4) = 12.54, p = .013). Only in
the GGNE group there were larger responses at consoli-
dation test compared to pre-test (z = 6.09, p < .001, 95%
asymptotic CI [.22, .65], Δamplitude = .44 μV) and post-
test (z = 3.73, p = .003, 95% asymptotic CI [.05, .49],
Δamplitude = .27 μV). In none of the other groups did
this increase in response reach significance, nor did any
of the groups differ from the other at any of the test
phases (all p > .05). No other effects with intervention
group were found (all p > .05).

At 20 Hz (Figure 5, boxplots outlined in black), no
main effect of intervention group, nor any interaction
with this factor was found (all p > .05).

3.1.2 | Noise amplitudes

For 4-Hz noise amplitudes (Figure 4, boxplots outlined in
grey), we found no main effect of intervention group nor
any interaction effects with this factor (all p > .05).

F I GURE 4 Response and noise amplitudes

at 4 Hz for the GraphoGame and Envelope

Enhancement intervention (GGEE),

GraphoGame and No Envelope Enhancement

intervention (GGNE) and Active Control and No

Envelope Enhancement intervention (ACNE)

groups. Note. Panel (a) represents Auditory

Steady-State Responses (ASSRs) raw data in

amplitude (μV) for the GGEE group, panel

(b) for the GGNE group and panel (c) for the

ACNE group. Crosses indicate raw data mean

response and noise amplitudes.
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At 20 Hz (Figure 5, boxplots outlined in grey), a sig-
nificant main effect of intervention group was found,
revealing smaller noise amplitudes in the GGEE com-
pared to the ACNE group only (z = �2.69, p = .022, 95%
asymptotic CI [�.02, �.01], Δamplitude = �.01 μV).

3.2 | Effects related to dyslexia

Because we were not able to demonstrate intervention
effects in the current study, we opted to establish new
groups based on third grade reading and spelling data
and perform analyses on the resulting reading groups.
We fitted models with both intervention group and read-
ing group added as covariate. The interactions between
intervention and reading group did not reach significance
(all p > .05). To further confirm that the intervention had
a negligible impact, we subsequently compared two
models, one with and one without intervention group as

a covariate. Comparison of these models demonstrated
no differences between both, so we opted for the simpler
model without intervention group included as a covariate
for further analyses.

3.2.1 | Response amplitudes

For 4-Hz response amplitudes (Figure 6, boxplots out-
lined in black), a significant interaction between reading
group, stimulus type and hemisphere was found (χ 2(1)
= 3.79, p = .048). This interaction indicated that in typi-
cal readers, the SAM stimuli elicited larger responses in
the right hemisphere compared to the left hemisphere
(z = 3.11, p = .013, 95% asymptotic CI [.02, .38],
Δamplitude = .20 μV), whereas the PULS stimuli elicited
larger responses in the left compared to the right hemi-
sphere (z = 4.25, p < .001, 95% asymptotic CI [.09, .45],
Δamplitude = .27 μV). In children with dyslexia

F I GURE 5 Response and noise amplitudes

at 20 Hz for the GraphoGame and Envelope

Enhancement intervention (GGEE),

GraphoGame and No Envelope Enhancement

intervention (GGNE) and Active Control and No

Envelope Enhancement intervention (ACNE)

groups. Note. Panel (a) represents Auditory

Steady-State Responses (ASSRs) raw data in

amplitude (μV) for the GGEE group, panel

(b) for the GGNE group and panel (c) for the

ACNE group. Crosses indicate raw data mean

response and noise amplitudes.
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however, there was no hemispheric specialization to any
of the stimulus types (all p > .05). No other effects includ-
ing the factor reading group were found (all p > .05).

At 20 Hz (Figure 7, boxplots outlined in black), we
found a significant interaction between reading group
and hemisphere (χ 2(1) = 4.73, p = .027). We confirmed a
rightward lateralization in children with dyslexia only
(z = 3.36, p = .003, 95% asymptotic CI [.01, .06],
Δamplitude = .04 μV), while there was bilateral proces-
sing in typical readers (p > .05). No other effects with
reading group reached significance (all p > .05).

3.2.2 | Noise amplitudes

For 4-Hz noise amplitudes (Figure 6, boxplots outlined in
grey) and 20-Hz noise amplitudes (Figure 7, boxplots out-
lined in grey), no effects including the factor reading
group were found (all p > .05).

4 | DISCUSSION

Dyslexia has been associated with atypical neural syn-
chronization and hemispheric specialization to temporal
modulations in the speech envelope (Goswami, 2011; see
Lizarazu, Scotto di Covella, et al., 2021, for a review).
This is considered to adversely impact speech perception
and consequently phonological and reading development
(Goswami, 2019). There is a need to investigate the
impact of interventions for dyslexia on the temporal pro-
cessing deficit, as well as to develop new interventions
that specifically target the mechanisms at play
(i.e., atypical neural synchronization), such as the EE
intervention (Van Herck, Vanden Bempt, et al., 2022).
Therefore, the first objective of the study was to investi-
gate the impact of an early combined phonics-based
training and EE intervention on neural synchronization
in pre-readers at cognitive risk for dyslexia. Furthermore,
amplitude rise times exert an impact on (atypical) neural

F I GURE 6 Response and noise amplitudes

at 4 Hz for the typically reading children

(TR) and children with dyslexia (DR) groups.

Note. Panel (a) represents Auditory Steady-State

Responses (ASSRs) raw data in amplitude (μV)
at pre-test, panel (b) at post-test and panel (c) at

consolidation test. Crosses indicate raw data

mean response and noise amplitudes.
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synchronization in dyslexia (Lizarazu, Lallier,
et al., 2021; Van Hirtum, Ghesquière, & Wouters, 2019).
Nonetheless, little is known about the causality of the
neural processing of rise times in reading development.
Accordingly, the second aim of the present study was to
longitudinally investigate neural processing of rise times
throughout the first years of reading development.

Our results revealed no intervention effects on neural
synchronization at syllable and phoneme rate. We did
find evidence for an atypical hemispheric specialization
at syllable and phoneme rate in children with dyslexia. In
typical readers, at syllable rate, the SAM stimuli elicited
larger responses in the right compared to the left hemi-
sphere, whereas the PULS stimuli elicited larger
responses in the left compared to the right hemisphere.
In children with dyslexia, no evidence for any

hemispheric specialization was found. Furthermore, at
phoneme rate, our results revealed a right hemispheric
specialization in children with dyslexia only. These pat-
terns of atypical hemispheric specialization at syllable
and phoneme rate were unrelated to the neural proces-
sing of rise times.

4.1 | No intervention effects on neural
synchronization to syllable and phoneme
rate information

The current study aimed to investigate the impact of an
early intervention combining phonics-based training and
an EE intervention, with the latter specifically designed
to target temporal processing deficits in dyslexia. The

F I GURE 7 Response and noise

amplitudes at 20 Hz for the typically

reading children (TR) and children with

dyslexia (DR) groups. Note. Panel

(a) represents Auditory Steady-State

Responses (ASSRs) raw data in

amplitude (μV) at pre-test, panel (b) at
post-test and panel (c) at consolidation

test. Crosses indicate raw data mean

response and noise amplitudes.
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current study could not demonstrate clear intervention
effects on neural synchronization at syllable and pho-
neme rates. Results only showed an increase in syllable
rate processing from pre-test to consolidation test, limited
to the GGNE group. This effect, however, was rather
small, considering that in none of the test phases the
three groups significantly differed from each other. Fur-
thermore, if the effect was truly related to the Grapho-
Game intervention, we would have expected to uncover
the same pattern in the GGEE group, as it is rather
unlikely that the EE intervention would have prevented
such an increased synchronization from occurring.
Therefore, instead of the intervention, we attribute this
group difference to random variation within our sample
and/or other factors that we might not have explored in
the current study. Random individual variability between
the GGNE and other groups has already been suggested
in the study by Economou, Vanden Bempt, et al. (2022),
investigating cortical plasticity following our Grapho-
Game intervention.

Contrary to our expectations, listening to EE stories
did not elicit an intervention effect on neural synchroni-
zation to syllable and phoneme rate modulations. We
suggest that this is related to the specific mechanisms at
play in the temporal processing deficit. While EE was
originally suggested to enhance suboptimal neural syn-
chronization to speech (Van Hirtum et al., 2021; Van Hir-
tum, Moncada-Torres, et al., 2019), we could not confirm
a decreased synchronization to speech-like stimuli in
children with dyslexia in the current study. This might
potentially be related to the fact that the typical reading
group in the current study was also at cognitive risk for
developing dyslexia at pre-reading age. The underlying
deficit we demonstrated seems to entail a more complex
pattern of atypical hemispheric specialization (read more
about this further on in the discussion), which is unlikely
to be resolved by the current EE intervention. Nonethe-
less, in adults with dyslexia, decreased neural synchroni-
zation is demonstrated more regularly (Lehongre
et al., 2011, 2013; Lizarazu, Scotto di Covella, et al., 2021;
Mandke et al., 2022; Menell et al., 1999; Poelmans
et al., 2012; Van Hirtum, Ghesquière, & Wouters, 2019).
In this case, EE could possibly normalize reduced neural
synchronization. However, we aimed to specifically
design an intervention that could be implemented in
younger children, considering that this is the most opti-
mal age for interventions and intervening in adults is
unlikely to close the gap between typical and dyslexic
readers (Ferrer et al., 2015; Ozernov-Palchik &
Gaab, 2016; Van Phan et al., 2021). Hence, even though
the current EE intervention might be more effective in
adults with dyslexia who do demonstrate reduced neural
synchronization, it seems suboptimal for pre-reading

children at risk for dyslexia. This is consistent with the
study by Vanden Bempt, Van Herck, et al. (2022) which
also failed to demonstrate an EE-driven effect on speech
perception and other reading-related skills in a largely
overlapping population. Speech perception is strongly
related to neural synchronization (Ghitza &
Greenberg, 2009; Giraud & Poeppel, 2012a; Peelle &
Davis, 2012), so the lack of an EE intervention effect on
neural synchronization putatively explains the absence of
a boosting effect on speech perception and related skills.

Apart from the EE intervention, the current study
also investigated the impact of GraphoGame, a frequently
implemented phonics-based training (Economou, Van
Herck, et al., 2022; Glatz, 2018; Lovio et al., 2012; Van
Herck, Vanden Bempt, et al., 2022; Vanden Bempt
et al., 2021). Even though we expected the phonics-based
training to influence phoneme rate processing, consider-
ing that formal reading instruction induces increased
phoneme rate synchronization (De Vos et al., 2017a), we
could not demonstrate an impact of GraphoGame on
neural synchronization. However, this finding agrees
with the behavioral results in the study of Vanden Bempt
et al. (2021). Vanden Bempt et al. (2021) demonstrated
that even though playing GraphoGame induced signifi-
cant short-term increases in productive and receptive let-
ter knowledge and word decoding, it did not evoke a
transfer effect on phonological abilities. Beta oscillations
(13–30 Hz) are specifically related to phonetic features or
phoneme processing (Ghitza, 2011; Leong &
Goswami, 2015) and have been found to be associated
with phonological awareness (De Vos et al., 2017a,
2017b; Poelmans et al., 2012). Consequently, it is unsur-
prising that if GraphoGame did not elicit measurable
growth in phonological awareness (Vanden Bempt
et al., 2021), there is also no impact on phoneme rate
neural synchronization.

Stimulus-induced noise at phoneme rate (20 Hz)
demonstrated a minor, but general difference between
the intervention groups. Noise levels were smaller in the
GGEE, compared to the ACNE group. It is unclear what
might have caused this difference between the groups, as
it seems unrelated to aspects of the intervention. There-
fore, we suggest that this group difference is another
manifestation of the random variation present within our
study sample.

4.2 | Atypical hemispheric specialization
at syllable and phoneme rate in children
with dyslexia

Our results at syllable rate (4 Hz; theta range) showed
that in typical readers the SAM and PULS stimuli elicited

VAN HERCK ET AL. 561

 14609568, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ejn.15894 by E

V
ID

E
N

C
E

 A
ID

 - B
E

L
G

IU
M

, W
iley O

nline L
ibrary on [10/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



a different hemispheric specialization. Whereas responses
to SAM stimuli were lateralized to the right hemisphere,
responses to PULS stimuli were lateralized to the left
hemisphere. Interestingly, responses to both stimulus
types were processed bilaterally in children with dyslexia.

While there is strong support for atypical hemispheric
specialization at syllable rate when considering the delta
range (Hämäläinen et al., 2012; Lizarazu, Scotto di
Covella, et al., 2021; Molinaro et al., 2016), evidence in
the theta range is far more restricted. Yet, the current
study is not the first in revealing an atypical hemispheric
specialization in the theta range in dyslexia (Granados
Barbero et al., 2022; Lizarazu et al., 2015; Mandke
et al., 2022). Consistent with the current results for the
SAM stimuli, the studies of Lizarazu et al. (2015) and
Mandke et al. (2022) demonstrated a rightward lateraliza-
tion at syllable rate in typical readers, but a lack thereof
in dyslexic readers. A plausible interpretation for this
finding can be found in Granados Barbero et al. (2022),
who attributed a weaker rightward lateralization in chil-
dren with dyslexia to a late maturation process that nor-
malized by the age of nine. The children in the current
study were only 7–8 years old at the latest test phase, but
the data indeed seem consistent with a late maturation
for lateralization, which might impact reading
development.

We did not only reveal an atypical hemispheric spe-
cialization at syllable rate in response to the SAM stimuli,
but also in response to the PULS stimuli, which were
designed to specifically assess the neural processing of
rise times. Whereas the SAM stimuli were lateralized to
the right hemisphere, in line with the AST hypothesis
(Poeppel, 2003), the PULS stimuli elicited a leftward lat-
eralization in typical readers (Van Herck, Economou,
et al., 2022). If a leftward lateralization in response to the
PULS stimuli is indeed evoked by stronger temporal
information in these stimuli, as hypothesized by Van
Herck, Economou, et al. (2022), the lack of such a left-
ward lateralization in children with dyslexia might imply
a reduced sensitivity to the increased temporal informa-
tion in the PULS stimuli. This would furthermore con-
firm a deficit in the neural processing of rise times.
However, our results rather point to a more global deficit
in hemispheric specialization at syllable rate at this age.
Children with dyslexia demonstrated an atypical hemi-
spheric specialization in response to both SAM and PULS
stimuli, therefore contradicting the claim that the deficit
is specifically linked to the processing of shorter rise
times in the PULS stimuli.

This is confirmed by our results at phoneme rate
(20 Hz), demonstrating a bilateral processing in typical
readers, but a rightward lateralization in children with
dyslexia. This finding was the same for both the SAM

and PULS stimuli, so it seems to be unrelated to the neu-
ral processing of rise times. Whereas bilateral processing
is considered to aid speech processing (Boemio
et al., 2005), multiple studies have failed to demonstrate
this in readers with dyslexia and rather demonstrated a
right hemispheric preference for processing phoneme
rate modulations (Granados Barbero et al., 2022;
Lehongre et al., 2011; Lizarazu et al., 2015), consistent
with our results. The current study is the first to establish
this atypical hemispheric specialization already at pre-
reading age.

Taken together, the current study demonstrated atypi-
cal hemispheric specialization at both syllable and pho-
neme rates of speech in children with dyslexia. Given
that both hemispheres are not equally sensitive to sylla-
ble and phoneme rate modulations, and hemispheric spe-
cialization is therefore important for successful speech
processing (Boemio et al., 2005; Giraud & Poeppel,
2012b; Poeppel, 2003), one might suggest that a disrup-
tion of this lateralization, as seen in the current study,
might affect the efficiency of the auditory processing of
speech (Lehongre et al., 2013). This is consistent with the
temporal sampling framework of dyslexia, that assigns
phonological difficulties, and as a result, reading difficul-
ties, essentially to an atypical temporal sampling of
speech (Goswami, 2011).

Importantly, we demonstrated an atypical hemi-
spheric specialization across all test phases included in
the current study, ranging from pre-reading (5 years old)
to beginning reading age (7 years old). With this longitu-
dinal design, we aimed to disentangle causal from conse-
quential effects. Considering that the deficits were
present already before the onset of reading acquisition,
we postulate that an atypical hemispheric specialization
might be a potential cause, rather than a consequence of
developing dyslexia.

Despite these valuable insights into the deficits under-
lying the development of dyslexia, we could not confirm
the impact of rise times on neural synchronization in
children as the studies of Lizarazu, Lallier, et al. (2021)
and Van Hirtum, Ghesquière, and Wouters (2019) did in
adults. A possibility is that the impact of rise times on
neural synchronization only develops at a later age.
Another possibility and an important factor to take into
account is that our results might be related to the com-
parison of children with dyslexia to typical readers who
had a cognitive risk of developing dyslexia at pre-reading
age. This means that our typical readers are not a true
representation of the general population of typical
readers and might be outperformed by the latter. We pro-
pose that the group differences in the current study might
be enhanced when comparing children with dyslexia to
true typical readers, or that group differences that we
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failed to reveal might emerge. Nonetheless, the current
study provides an important glance on the deficits under-
lying the development of dyslexia.

4.3 | Limitations

A few limitations should be noted in the current study. A
first limitation concerns the reading groups comparison.
All children included in the analyses for this research
question received some kind of intervention in their last
year of kindergarten and are thus not typical children
with dyslexia or typical readers. Since we could not dem-
onstrate intervention effects and statistical analyses
showed no differences between a model with and without
intervention group as a covariate, we omitted the inter-
vention group factor in subsequent reading group ana-
lyses. However, absence of evidence is not evidence of
absence. Ideally, we would have compared children that
did not (yet) receive some kind of intervention, which
could be addressed in future research.

Inherent to measuring ASSRs is that we are only able
to measure one specific modulation frequency at a time.
We defined syllable and phoneme rate modulations as 4-
and 20-Hz modulations respectively. However, a growing
number of studies point towards deficits in the delta
instead of theta range for syllable rate processing
(Hämäläinen et al., 2012; Lizarazu, Scotto di Covella,
et al., 2021; Molinaro et al., 2016; Power et al., 2016;
Soltész et al., 2013) and in the gamma instead of beta
range for phoneme rate processing (Lehongre et al., 2011,
2013; Lizarazu et al., 2015; Lizarazu, Scotto di Covella,
et al., 2021). We suggest future research to therefore
include delta rate measurements, for example, at 2 Hz,
and gamma rate measurements, for example, at 30 Hz.
Alternatively, these issues can be addressed by imple-
menting the recently developed Temporal Envelope
Speech Tracking or TEMPEST stimulus framework
(Gransier & Wouters, 2021), which allows the evaluation
of a range of envelope modulations concurrently within
one stimulus.

5 | CONCLUSION

In conclusion, the current study investigated (1) the
impact of an early intervention combining phonics-based
and EE training in pre-reading children at cognitive risk
for developing dyslexia and (2) the role of atypical neural
processing of rise times in reading development. Perform-
ing a phonics-based and/or EE training had no impact on
neural synchronization at syllable and phoneme rate,
thereby urging for the development of interventions that

are more successful in remediating the temporal proces-
sing difficulties related to the development of dyslexia.
Whereas we could not demonstrate a deficit in the neural
processing of rise times, our results did reveal a more
global atypical hemispheric specialization at both syllable
and phoneme rates, even before the onset of formal read-
ing acquisition. Overall, the current study contributes to
our understanding of the specific temporal processing
mechanisms involved in the development of dyslexia but
also exposes that the development of targeted interven-
tions is still a work in progress.
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