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ABSTRACT

Developmental dyslexia is most commonly associated 
with phonological processing difficulties. However,  
children with dyslexia may experience poor speech-in-
noise perception as well. Although there is an ongoing 
debate whether a speech perception deficit is inherent  
to dyslexia or acts as an aggravating risk factor  
compromising learning to read indirectly, improving 
speech perception might boost reading-related skills 
and reading acquisition. In the current study, we evalu-
ated advanced speech technology as applied in audi-
tory prostheses, to promote and eventually normalize  
speech perception of school-aged children with dys-
lexia, i.e., envelope enhancement (EE). The EE strat-
egy automatically detects and emphasizes onset cues  
and consequently reinforces the temporal structure of 
the speech envelope. Our results confirmed speech- 
in-noise perception difficulties by children with dys-
lexia. However, we found that exaggerating temporal  
“landmarks” of the speech envelope (i.e., amplitude  
rise time and modulations)—by using EE—passively  
and instantaneously improved speech perception in  
noise for children with dyslexia. Moreover, the benefit 
derived from EE was large enough to completely bridge 
the initial gap between children with dyslexia and their 
typical reading peers. Taken together, the beneficial  
outcome of EE suggests an important contribution of  
the temporal structure of the envelope to speech per-
ception in noise difficulties in dyslexia, providing an 

interesting foundation for future intervention studies 
based on auditory and speech rhythm training.

Keywords: dyslexia, speech perception, speech 
in noise, envelope enhancement, speech perception 
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INTRODUCTION

Dyslexia is a developmental disorder affecting the ability 
to fluently read, spell, and decode words, despite ade-
quate educational opportunities, and otherwise normal 
cognitive and intellectual abilities (Vellutino et al. 2004). 
Although it is highly unlikely that there is a “one size 
fits all” theoretical account describing the reading and 
spelling deficits in dyslexia (Pennington 2006), the prevail-
ing view acknowledges the causal role of a phonological 
processing deficit showing impaired phonological skills in 
the majority of individuals with dyslexia (Snowling 2000; 
Ramus et al. 2003; Vellutino et al. 2004).

Recent research hypothesized that these phonologi-
cal problems might stem from poor speech perception  
(Ziegler et al. 2009; Boets et al. 2011; Vanvooren et al. 
2017; Calcus et al. 2018a). Over the last decades, many 
studies investigated the relation between speech percep-
tion, phonological processing, and reading development 
(Brady et al. 1983; Joanisse et al. 2000; Hazan et al. 2009; 
Robertson et al. 2009; Ziegler et al. 2009; Messaoud-
Galusi et al. 2011; Calcus et al. 2016). Yet, the results 
are rather mixed, and some studies failed to provide clear 
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evidence for a speech perception deficit altogether (e.g., 
Hazan et al., 2009; Robertson et al. 2009). One possible 
explanation for the fragility of speech perception difficul-
ties might be that speech perception has typically been 
evaluated under optimal listening conditions (i.e., quiet). 
As a result, subtle deficits might remain unnoticed, due 
to the high redundancy inherent to speech. Conversely, 
numerous studies have demonstrated speech perception 
impairments in more challenging listening conditions (i.e., 
background noise; for a review see Calcus et al. 2018b). 
Therefore, it is hypothesized that individuals with dyslexia 
fail to use important acoustic cues in the speech stream 
in order to encode and acquire adequate phonological 
representations (e.g., Poelmans et al. 2011; Calcus et al. 
2018a; Van Hirtum et al. 2019b).

Rhythmic, dynamic cues embedded in the overall 
envelope of speech signals such as amplitude changes 
(modulations) and transients acoustic cues (rise times) 
are particularly important for effortless speech process-
ing. Recent evidence suggests that impaired processing 
of those dynamic cues might lead to poor encoding of 
stress patterns and syllables, and in turn hinder adequate 
phonological development (i.e., temporal sampling the-
ory; Goswami 2011). Various studies have indeed shown  
poor sensitivity by individuals with dyslexia to amplitude 
modulations and rise time, supporting the temporal sam-
pling theory at a perceptual level (Lorenzi et al. 2000;  
Goswami et al. 2002; Witton et al. 2002; Talcott et al. 2003;  
Richardson et al. 2004; Leong et al. 2011; Poelmans et al. 
2011) as well as at a neural level (Hämäläinen et al. 2011; 
Stefanics et al. 2011; Power et al. 2013; Lallier et al. 2018; 
Van Hirtum et al. 2019a).

In summary, a growing literature demonstrates poor 
(neural) processing of amplitude modulation and rise 
time in particular, which could affect the development 
of speech perception (e.g., Lallier et al. 2018; Goswami 
2019). However, individuals with dyslexia do seem to 
benefit from various types of acoustic cues to improve 
their perception. Speech perception of dyslexics benefits 
from cues such as spatial lateralization or the type of 
background noise (Dole et al. 2012; Calcus et al. 2015, 
2016) and adaptations to the speaker’s intonation (Hazan 
et al. 2013). Additionally, the potential beneficial effect of 
musical training on phonological skills and reading abili-
ties is intensively evaluated. Results from various training 
programs designed to enhance the perception of speech 
rhythm of persons with dyslexia, using for example music, 
drumming, or tapping to poetry, not only improved audi-
tory processing skills, but also had the potential to trans-
fer from basic auditory skills to more advanced literacy 
skills (Bhide et al. 2013; Thomson et al. 2013; Flaugnacco 
et al. 2015). A critical issue, however, concerning the 
efficacy of auditory training programs is the duration nec-
essary to promote substantial changes in reading or spell-
ing (e.g., Rosario Ortiz González et al. 2002; Thomson 
et al. 2013). Additionally, intensive application of such 

training programs might not be feasible and very labori-
ous for pre-readers, for with targeted intervention might 
be the most effective (Ozernov-Palchik and Gaab 2016). 
Hornickel et al. (2012) made a first attempt to tackle 
these challenges by investigating the use of assistive listen-
ing devices as implemented in classroom FM systems to 
improve auditory processing. Their results showed indeed 
that children with dyslexia who used this system through-
out the school day improved significantly on phonological 
awareness and reading abilities. However, their system 
improved clarity of the acoustic signal by enhancing the 
signal-to-noise ratio (SNR) of the teacher’s voice without 
altering any dynamic features.

In this study, we introduce a potentially more ecologi-
cally valid method to benefit speech perception: envelope 
enhancement (EE; Geurts and Wouters 1999; Koning 
and Wouters 2012; Van Hirtum et al. 2019b). Originally, 
the EE algorithm was developed for cochlear implant 
users, which means that real-time implementation would 
be possible and the complexity of the algorithm is low. 
In contrast to the earlier work by Hornickel et al. (2012), 
the EE strategy emphasizes specific parts of the envelope. 
That is, transient acoustic cues such as amplitude rise 
times are automatically detected and amplified. Accord-
ing to the temporal sampling theory, poor processing 
of these specific acoustic cues constrain effortless speech 
encoding the most in individuals with dyslexia. There-
fore, it is hypothesized that emphasizing these important 
acoustic cues would facilitate temporal segmentation and 
increase envelope tracking in the brain, which in turn 
would improve speech intelligibility (Gross et al. 2013; 
Doelling et al. 2014).

Recently, this EE strategy was applied by Van Hirtum 
et al. (2019b) who tested 21 adults with dyslexia and 21 
typical readers using a speech-in-noise perception task 
including two different types of signals: (1) natural, unpro-
cessed speech and (2) vocoded speech. Using vocoded 
speech, temporal fine structure and spectral information 
is significantly degraded, whereas the amplitude envelope 
is preserved. Contrasting both types of speech signals with 
different levels of temporal fine structure and spectral 
information was aimed at disentangling the nature of the 
speech perception deficit in dyslexia. That is, in addition 
to the framework proposed by Goswami (2011), an alter-
native hypothesis attributes dyslexics’ speech-in-noise dif-
ficulties to a general noise exclusion deficit (e.g., Sperling 
et al. 2005; Ziegler et al. 2009). This hypothesis implies 
that poor speech perception in dyslexia results from  
poor processing of degraded speech signals more gener-
ally rather than to poor auditory processing of envelope 
cues. In accordance with the temporal sampling theory 
(Goswami 2011), it was expected that adults with dyslexia 
would have difficulties in processing the dynamic cues of 
the envelope and thus perform worse than typical readers 
when listening to natural as well as vocoded speech. How-
ever, adults with dyslexia would not be disproportionately 

466



T. Van HirTum eT al.: A Bridge over Troubled Listening: Improving Speech-in-Noise Perception by …

hindered by the degradation of the vocoded signal. Our 
results showed that, relative to typical readers, adults with 
dyslexia had speech perception deficits, irrespective of 
spectral resolution and limited fine structure, suggesting 
that the auditory deficit is temporal-specific. Moreover, 
not only did the majority of adults with dyslexia benefit 
from the EE implementation, but their benefit was larger 
than typical readers. This finding suggested that EE had 
the potential to compensate speech perception deficits in 
individuals with dyslexia under adverse listening condi-
tions (Van Hirtum et al. 2019b).

This adult study provided a first answer on the nature 
of the speech perception deficit and the feasibility of 
the EE strategy to potentiality improve these difficul-
ties directly; however, the impact of sensory and cogni-
tive deficits may change over the course of development 
(Goswami 2015; Vandermosten et al. 2019). Previous 
research has demonstrated reading-induced changes in 
the speech perception network and the neural represen-
tation of phonemes (Dehaene et al. 2010; Bonte et al. 
2017). In addition, it has been demonstrated that vary-
ing levels of top-down compensation processes influence 
the results of auditory processing tasks in adults as well 
(e.g., Stoodley et al. 2006; Law et al. 2014). Therefore, 
the first goal of this study was to investigate whether 
the same pattern of speech-in-noise perception deficits is 
found in school-aged children who are less experienced 
in reading, to disentangle and explore the respective con-
tributions of developmental aspects (i.e., ~ age) and com-
pensational mechanisms (i.e., ~ amount of schooling and 
remedial experience) respectively. Therefore, we aimed 
to replicate the speech perception-in-noise experiment by 
Van Hirtum et al. (2019b) in school-aged children. We 
were interested in finding out whether children with dys-
lexia would exhibit similar speech-in-noise deficits when 
listening to both types of speech material, comparable 
with adults with dyslexia, and compare and integrate the 
findings of both age groups. Additionally, we explored the 
effect of the duration of specialized reading remediation 
as a compensational mechanism on the speech percep-
tion deficit.

Furthermore, it was of major interest to investigate 
whether children’s speech perception would benefit from 
EE. Hence, the second and main goal of this study was 
to evaluate children’s susceptibility to the EE strategy. 
Beyond group comparisons, it is important to consider 
the heterogeneity of individual profiles when it comes to 
speech perception deficits and dyslexia. Therefore, we 
included a deviance analysis method (Ramus et al. 2003) 
to investigate the proportion of individuals performing 
below the norm and to identify individuals susceptible 
to EE. Altogether, these investigations may provide an 
important step leading to new auditory-based interven-
tions, not solely based on explicit learning strategies. Con-
sidering that it is crucial to the well-being of children who 
experience the lifelong implications of dyslexia to receive 

targeted intervention as early as possible (Ozernov-Pal-
chik and Gaab 2016), it is of utmost importance to evalu-
ate the beneficial effect of EE in a younger population, 
who are less experienced in reading.

METHODS

Subjects

Sixty-three children, recruited from mainstream elemen-
tary schools, participated in this study. To qualify for the 
study, children had to be between 9 and 12 years old, attain 
adequate nonverbal intelligence (IQ score ≥ 80; WISC-IV; 
Wechsler 1991), have normal peripheral hearing (hearing 
thresholds ≤ 25 dB HL for frequencies from 0.5 to 4 kHz), 
and have no other neurological or developmental disor-
ders (e.g., specific language impairment, attention-deficit/
hyperactivity disorder, dyscalculia). All children were native 
Dutch speakers. In line with current practice in Belgium, 
children classified as having dyslexia were required to have 
a formal clinical diagnosis or document a history of severe 
reading problems and show objective signs of persistent lit-
eracy impairments. Literacy impairments were defined as (1) 
severe reading problems, implemented as a score below the 
10th percentile on a standardized word-reading (Brus and 
Voeten 1979) or pseudo-word reading test (Van den Bos 
et al. 1994) or (2) severe spelling problems, implemented as 
a score below the 10th percentile on a standardized spelling 
test (Deloof 2006). Children with severe spelling problems 
were additionally required to demonstrate reading scores 
below the 16th percentile because dyslexia is mostly defined 
as a reading impairment. Children selected to participate 
in the control group were required to have a reading score 
within the normal range. In four children originally selected 
for the control group, we found a mismatch between reading 
history reported by the parents and the measured reading 
scores. These children were excluded from the study. Based 
on our criteria, 30 children were identified as dyslexic readers 
(DR), and 29 children were identified as typical readers (TR). 
Table 2 displays a summary of the subject characteristics and 
the cognitive profile of the two groups.

The study protocol was approved by the Medical Eth-
ics Committee of the University Hospital of Leuven and 
all parents provided written informed consent. All children 
received two movie tickets to thank them for participating.

Cognitive Tasks

Phonological Tasks

Various aspects of phonological processing were tested 
individually.

Phonological awareness was assessed with a phoneme 
deletion test (De Vos et al. 2017). Every trial consisted of a 
pseudo-word with a CCVC or CVCC structure and a target 
phoneme that had to be omitted. Depending on the trial, 
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deletion of the first or second phoneme of a pseudo-word with 
onset consonant cluster (CCVC) or deletion of the penulti-
mate or last phoneme of a pseudo-word with offset consonant 
cluster (CVCC) was required. Performance was scored as the 
number of correct responses (max 24).

Lexical retrieval speed was assessed through four different 
rapid automatic naming (RAN) tasks: objects, colors, digits, 
and letters (Boets et al. 2007; De Vos et al. 2017; Vanvooren 
et al. 2017). For all four tasks, children were instructed to 
name the 50 stimuli (10 times 5 different items randomly 
ordered) distributed over five columns from top to bottom as 
quickly and accurately as possible. Both speed and accuracy 
are taken into account in the outcome measure (# correct/
second).

Verbal short-term memory (VSTM) was assessed by the 
digit span forward subtest from the Clinical Evaluation of 
Language Fundamentals 4th edition (CELF-4-NL; Kort 
et al. 2010). Children were instructed to recall orally pre-
sented sequences of digits, increasing in length. Performance 
is measured as the number of correctly recalled series of digits. 
In addition the digit span backward was administered to addi-
tionally explore working memory abilities. Here, the children 
were instructed to repeat a sequence of digits in reversed 
order. Note, however, that since digit span backward meas-
ures both verbal span, recruiting phonological abilities, and 
the additional demand of recruitment of executive processes 
(e.g., Baddeley 2012), it was included as a measure related to 
general cognitive functioning (i.e., working memory) rather 
than phonological processing.

Language

Children’s language abilities were screened by the For-
mulated Sentences subtest of the CELF-4-NL. Using 
given words, children are required to formulate complete, 
semantically and grammatically correct sentences that 
match a given illustration. This particular subtest was cho-
sen based on the similarities with the speech perception 
task in terms of language complexity and memory load.

Performance on all cognitive tasks (phonology, work-
ing memory, and language) for TR versus DR groups is 
presented in Table 1. Differences between both groups are 
assessed using Welch’s t-tests. Effect sizes were calculated 
using Pearson’s r. Children with dyslexia showed strong defi-
cits in phonological processing tasks, especially in phonologi-
cal awareness (i.e., phoneme deletion) and lexical retrieval 
(i.e., RAN). Language (p = 0.008) and working memory out-
comes (p = 0.006) were significantly lower for children with 
dyslexia, although all children performed well within age 
norms.

Speech-in-Noise Perception Task

Signal Processing

All signal processing was performed using Matlab R2013b 
(The MathWorks Inc 2013).

The experimental design, stimuli, and signal processing are 
identical to those reported in the adult study by Van Hirtum 
et al. (2019b). Children’s speech perception was evaluated in 
four experimental conditions: natural speech, vocoded speech, 
and their envelope-enhanced (EE) counterparts (see Fig. 1).

In the vocoded condition, sentences were band-pass 
filtered using, fourth-order Butterworth filters into 8 fre-
quency bands covering 187.5–7937.5 Hz. Technical details 
and cutoff frequencies can be found in Van Hirtum et al. 
(2019b). In each band, the envelope was extracted and 
used to modulate a broadband noise carrier with the same 
frequency characteristics as those of the initial band. The 
eight bands were then level matched to their original in-
band input and summed over all frequency bands.

The EE strategy was identical to the strategy intro-
duced in Van Hirtum et al. (2019b) and originally 
adapted from Koning and Wouters (2012) and Geurts 
and Wouters (1999). The input signal was samples with 
a rate of 16 kHz and split into frames of 128 samples 
and a frame advance of 32 samples. The signal was 
transformed into the frequency domain by computing 
the Fast Fourier Transform. The analysis window is a 
Hann analysis window. The envelope of each channel 
E(t ,k) was extracted using a weighted summation of the 
power of its respective frequency bins. For each channel, 
the frequency limits were defined according to the criti-
cal bandwidths of Fastl and Zwicker (Fastl and Zwicker 
2007) up to f >

fsampling

2
 . Then, the slow envelope Eslow(t,k) 

is obtained by filtering E(t ,k) using a fourth order Butter-
worth filter with a cutoff frequency of 20 Hz. Due to this 
low cutoff frequency, F0 is removed. Additionally, this 
increases the time delay of Eslow(t,k) when reacting to sud-
den increases in E(t ,k) . Eslow(t,k) was amplified by a factor 
Aslow = 8 to ensure that its level is higher than that of E(t ,k) 
at quasi-stationary parts. At a sudden increases in energy 
(i.e., an onset), E(t ,k) lies above Eslow(t,k) and the peak 
signal Epeak(t,k) was extracted by subtracting the ampli-
fied Eslow(t,k) from E(t ,k) . Then, half-wave rectification was 
required to ensure that no negative values (which occur 
in speech parts with stationary levels) are present. The 
half-wave rectified Epeak(t,k) had values different from zero 
at onsets of E(t ,k) . The peak signal was amplified by a 
factor Apeak = 18 to obtain the final signal Epeak(t,k) . The 
enhanced envelope EE(t ,k) was obtained by adding E(t ,k) 
and Epeak(t,k) together. Finally, the time signals Epeak(t) 
and EE(t) were obtained by computing the inverse Fast 
Fourier Transform using a Hann synthesis window.

To enhance the signals in the vocoded conditions, 
Epeak(t) was computed from the unprocessed signal (i.e., 
natural condition) and added to vocoded signals using 
broadband summation.

Test Materials and Procedure

Speech-in-noise perception was assessed by the Leuven 
Intelligibility Sentence Test (Van Wieringen and Wouters 
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2008). This test consists of 35 lists, each containing 10 
semantically correct Dutch sentences spoken by a female 
speaker with 32 or 33 keywords. Keyword percent scores 
were counted to calculate the percentage-correct score. 
Therefore, children were instructed to repeat as many 
words of each sentence, even if it would result in an incor-
rect or incomplete sentence. All sentences were presented 
in a stationary speech-weighted (vocoded) noise at varying 
signal-to-noise ratios (SNR). The level of the noise was fixed 
at 65 dB SPL, and the speech levels was adapted to get the 
desired SNR in the same way as the speech material was 
standardized. Sentences were presented to the subjects at 
four fixed SNRs in 2 dB steps from − 3 to − 9 dB SNR 
for natural speech and + 5 to − 1 dB SNR for vocoded 
speech. All children received at least three training lists for 
both natural (silence, − 1 and − 3 dB SNR) and vocoded 
speech (silence, + 7 and + 5 dB SNR). In total, each child 
listened to at least 220 sentences (= 30 training sentences/
condition + 10 sentences/condition × 4 SNR conditions). 
One list of 10 sentences was used per SNR. An additional 

list was presented (− 2 dB SNR) if no score below 50 % 
was obtained with the four fixed SNRs. Contrary, an addi-
tional list was presented (+ 2 dB SNR) if no score above 
50 % was obtained as well in order to be able to reliably fit 
psychometric curves for each child individually. Note that, 
for three children (two controls and one with dyslexia), the 
vocoded speech condition resulted in a maximum score 
close to 50 % even after extended training. These results 
were excluded from further analyses. Natural and vocoded 
speech tests were administered in separate sessions of about 
1 h each. The presentation order between sessions (natu-
ral versus vocoded) and within sessions (no EE versus EE) 
was randomized across children, and sentences were not 
repeated across conditions to limit learning effects.

Sentences were presented monaurally to the right ear 
over calibrated HDA-200 headphones using the software 
platform APEX (Francart et al. 2008). Right ear stimula-
tion was chosen to allow for comparison with our previous 
work in children (Poelmans et al. 2011; Vanvooren et al. 
2017) as well as adults (Law et al. 2014; Van Hirtum et al. 

TABLE 1

Participant characteristics and mean scores of the various literacy and cognitive tasks for typical reading children (TR) and 
children with dyslexia (DR). Standard deviations in ()

Chronological age is expressed in years.months. For phoneme deletion and digit span backward (i.e., non-normally distributed 
data), the median and interquartile ranges are presented and group comparisons were carried out using Mann-Whitney U-tests 
instead of Welch’s t-tests
Effect sizes based on non-parametric statistics were calculated using: r = z

√
n

† Effect sizes (Pearson’s r) were calculated using: r =
√

t2/(t2 + df)
‡ Standardized IQ test (M = 100, SD = 15)

TR DR

M (SD) M (SD) p r†

Chronological age 10.11 (0.11) 10.6 (0.10) 0.039 0.269

Sex (M/F) 13/16 13/17

Non-verbal  IQ‡ 113.10 (14.11) 107.33 (15.30) 0.137 0.196

Language 31.62 (4.04) 28.77 (3.89) 0.008 0.344

Literacy

  Word reading (# correct/min) 77.10 (11.98) 44.63 (8.68)  < 0.001 0.857

  Pseudo-word reading (# correct/2 min) 75.76 (17.80) 36.73 (9.59)  < 0.001 0.848

  Spelling (# correct) 24.31 (2.89) 14.79 (4.55)  < 0.001 0.810

Phoneme deletion (# correct) 22.00 (2.00) 20.00 (3.00) 0.001 0.420

RAN (# correct/s)

  Objects 1.37 (0.28) 1.06 (0.28)  < 0.001 0.489

  Colors 1.45 (0.29) 1.12 (0.23)  < 0.001 0.543

  Digits 2.25 (0.54) 1.68 (0.35)  < 0.001 0.567

  Letters 2.23 (0.58) 1.62 (0.34)  < 0.001 0.591

Digit span (# correct)

  Forward 7.90 (1.37) 7.30 (1.29) 0.091 0.223

  Backward 5.00 (2.00) 4.00 (1.00) 0.006 0.361
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2019b). Additionally, previous research has shown that 
the postulated speech deficits emerge more clearly using a 
monaural configuration (Dole et al. 2012, 2014).

Statistical Analysis

All statistical analyses were carried out in R (version 
3.5.3) (R Core Team 2015). The speech reception thresh-
old (SRT; SNR corresponding to a 50 % percentage-
correct score) was estimated for each child individually 
by fitting psychometric curves with a cumulative Gaussian 
function. Likewise, the precision on the SRT was calcu-
lated as the standard error along the x-axis (dB) (MASS 
package; Venables and Ripley 2002). After determining 
individual fits and precision values for each subject, the 
average SRTs were calculated as the arithmetic average 
of all individual SRTs. The overall precision was com-
puted from the quadratic average of all error bars of the 
fit to the data of each individual.

For some children, it was not possible to get a reliable 
SRT estimate. Two children with dyslexia did not com-
plete the vocoded speech condition. One child from the 
control group had a mild hearing loss during the natural 
speech condition. Consequently, N = 58 for analyses con-
cerning natural speech and N = 54 for analyses concerning 
vocoded speech.

Our main analysis concerned the effect of reading 
group (TR vs DR) and the potential benefit of EE on the 
SRT. Linear mixed-effect models (LME) using maximum 
likelihood criteria were fitted with the lme4 package (Bates 
et al. 2015) to the SRT of each speech condition (natural 
and vocoded) separately. Group and EE were entered as 
fixed effects in the model, as well as by-subject random 
intercepts to account for dependencies between measures 

from the same child. In addition, children’s current grade 
was entered in the model to account for potential effects 
due to both age and school experience. Language and 
working memory scores were added as separate predic-
tors to assess the relation between speech perception 
outcomes and these potential confounding factors. All 
interactions between predictors were investigated. Mod-
els with an interaction term between two or more fixed 
effects were fitted, however, were always insignificant 
(fitted using maximum likelihood). Insignificant interac-
tions were therefore dropped from further analysis in the 
final models. Inspection of the assumptions of normal-
ity, homoscedasticity, and independence of the model’s 
residuals did not reveal any violations. Significant main 
effects are discussed in the results section by reporting 
the beta estimates for all fixed effects, with corresponding 
standard error (SE), degrees of freedom (df), correspond-
ing test statistics (t-value), and p value.

Finally, we examined if the benefit that children with 
dyslexia obtained from the EE strategy was substantial 
to reach baseline performance of typical readers (i.e., 
SRTs without EE). Therefore, planned post hoc com-
parisons were performed using Welch’s t-tests (DR-EE 
versus TR-noEE).

RESULTS

Deficits in Speech Perception and the Effect of 
Envelope Enhancement

Table 2 shows speech perception performance as mean 
SRTs separately for each group and speech condition. 
Full psychometric functions of the group averages are 
illustrated in Fig. 2.

Fig. 1  Waveform of one example sentence (i.e., the cat jumped on the table). The envelope of the speech signal without envelope enhance-
ment (EE) is depicted in dark blue, whereas the envelope of the enhanced signal is shown in red. Keywords are highlighted in bold
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For natural speech, SRT was significantly predicted 
by both grade (b = − 0.33, SE = 0.13, p = 0.014) and group 
(b = 0.55, SE = 0.21, p = 0.016; Table 3). There was no sig-
nificant grade-by-group interaction (p > 0.05). This suggests 
that all children’s performance improved with age; how-
ever, children with dyslexia had more difficulty with speech-
in-noise perception compared with typical reading peers, 
irrespective of their age. On average, SRTs were 0.55 dB 
worse for children with dyslexia. No significant effects of 
language (p = 0.486) or working memory (p = 0.583) were 
found. This indicates that although these skills are related to 
children’s reading outcomes, they do not influence speech 
perception outcomes found in this study.

Moreover, there was a main effect of EE (b = − 0.53, 
SE = 0.11, p < 0.001). This indicates that speech performance 
improved significantly after implementation of the EE algo-
rithm (~ 0.54 dB) (Table 3). Moreover, post hoc comparisons 

using Welch’s t-tests showed that there was no significant dif-
ference (t(55.99) = − 0.33, p = 0.74, r = 0.045) between children 
with dyslexia provided with EE compared with typical read-
ers (without EE), suggesting that the benefit derived from EE 
is large enough to bridge the initial gap between both groups.

Next, the model fitted on the outcomes of the 
vocoded speech condition revealed a significant 
main effect of grade (b = − 1.25, SE = 0.37, p < 0.01; 
Table 3). SRTs of children with dyslexia were on aver-
age 1.16 dB worse compared with typical readers; how-
ever, this effect did not reach significance (p > 0.05). 
Compared with the natural speech condition, there 
was a considerable amount of inter-subject variabil-
ity (see Table 2). Additionally, a one-tailed Fisher’s F 
test confirmed that inter-subject variability observed in 
the vocoded condition was significantly higher than in 
the natural speech condition (F53,57 = 7.712, p < 0.001). 

TABLE 2

Speech-in-noise perception depicted as average SRTs and their precision values for typical readers (TR) and children with 
dyslexia (DR). Standard deviations in (). Min/max values in []

TR DR

SRT Precision SRT Precision

Natural speech

  No EE (dB) − 8.20 (0.86) [− 6.40 to − 10.80] 0.24 [0.16 to 0.36] − 7.64 (0.92) [− 5.70 to − 9.43] 0.28 [0.15 to 0.48]

  EE (dB) − 8.79 (0.88) [− 7.23 to − 10.45] 0.29 [0.16 to 0.46] − 8.13 (0.91) [− 5.29 to − 10.12] 0.29 [0.16 to 0.43]

Vocoded speech

  No EE (dB) 0.26 (2.17) [4.77 to − 2.95] 0.36 [0.19 to 0.59] 1.37 (2.51) [5.99 to − 2.30] 0.41 [0.19 to 0.98]

  EE (dB) − 0.12 (2.16) [5.14 to − 2.61] 0.37 [0.20 to 0.53] 0.96 (2.56) [6.64 to − 2.29] 0.39 [0.23 to 0.85]

- - - - - - -

Fig. 2  Psychometric functions fitted with a cumulative Gaussian 
distribution from the key word recognition scores as a function of 
SNR for each type of sentences. Blue circles illustrate the average 
key word recognition score for typical reading children (TR) and 

orange circles for children with dyslexia (DR) without EE, whereas 
blue and orange triangles indicate average performance with EE for 
TR and DR, respectively. Estimated speech reception thresholds are 
shown with their respective standard errors for each condition
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However, implementation of the EE algorithms still 
provided a significant benefit to the SRT outcomes 
(b = − 0.39, SE = 0.14, p < 0.01), despite the increase 
in inter-subject variability. Finally, the model yielded 
no significant effect of language (p = 0.52) or working 
memory (p = 0.652).

In addition, the data of the present study were inte-
grated with the previously obtained adult data (Van 
Hirtum et al. 2019b) to investigate child–adult differ-
ences for speech-in-noise perception abilities and con-
struct a more comprehensive developmental frame-
work. This integrated analysis consisted of an additional 
model with age band (children vs adults), group (DR 
vs TR), condition (natural vs vocoder), and EE (no EE 
vs EE) as fixed effects, as well as by-subject random 
intercepts. As expected, a significant difference in over-
all performance was found between children and adults 
(b = − 1.87, SE = 0.24, p < 0.001) showing that speech-in-
noise perception abilities further improved after primary 
school. However, a significant age band-by-condition 
interaction was found (b = − 1.63, SE = 0.22, p < 0.001). 
Post hoc comparisons revealed a significant improve-
ment from childhood to adulthood for both the natural 
(t(93.44) = 10.35, p < 0.001) and vocoded speech condi-
tions (t(77.55) = 9.12, p < 0.001); however, this develop-
mental effect was significantly larger for the vocoded 
one. No other interaction effects reached significance (all 
p > 0.05), indicating that subjects with dyslexia continu-
ously perform worse compared with their typical reading 
peers, and EE improves speech perception abilities to a 
similar extent for both children and adults.

Deficits in Speech Perception and the Effect of 
Remedial Experience

Children with dyslexia in Flanders (the Dutch speaking 
part of Belgium) are typically diagnosed between the 
ages of 9 and 11, since persistency of the reading deficits 
must be demonstrated first. Therefore, not all children 
with dyslexia in our sample received the same amount of 
remediation, i.e., specialized reading therapy, in addition 
to their mainstream educational trajectory. This special-
ized reading therapy comprises individual sessions with 
a speech and language pathologist, aimed at increasing 
reading ability (word recognition) and compensating for 
a low level of technical reading skills. Prior evidence (e.g., 
Horlyck et al. 2012) has shown that increased experience 
with the alphabetic principle can assist in the fine-tuning 
of phoneme categories and in turn boost speech percep-
tion. Therefore, increased experience with reading (i.e., 
specialized reading therapy) might act as a compensational 
mechanism effecting the speech perception deficits found 
in children with dyslexia and further exploratory analyses 
examined these therapy-related influences (see Fig. 3).

Firstly, we classified children with dyslexia into sub-
groups based on the amount of remedial experience: 
 DR− (< 6 months of therapy, N = 13),  DR+ (> 6 months 

TABLE 3

Linear mixed-effect model: effect of language, digit span 
(backward), grade envelope enhancement (EE) and group on 

speech perception

Fixed effect terms Estimate SE df t value p

Natural speech

  (Intercept) − 8.333 0.826 58 − 10.093  < 0.001

  Language 0.018 0.026 58 0.701 0.486

  Backward 0.042 0.077 58 0.551 0.584

  Grade − 0.331 0.131 58 − 2.528 0.014

  EE (with) − 0.535 0.107 58 − 4.982  < 0.001

  Group (DR) 0.545 0.219 58 2.481 0.016

Vocoded speech

  (Intercept) 2.023 2.326 54.10 0.869 0.388

  Language 0.049 0.076 54 0.647 0.520

  Backward − 0.099 0.218 54 − 0.453 0.652

  Grade − 1.248 0.373 54 − 3.341 0.002

  EE (with) − 0.389 0.143 54 − 2.726 0.009

  Group (DR) 0.427 0.634 54 0.673 0.504

TABLE 4

Linear mixed-effect model: effect of language, digit span 
(backward), grade envelope enhancement (EE), and reme-

dial experience (group) on speech perception

Fixed effect terms Estimate SE df t value p

Natural speech

  (Intercept) − 8.46 0.784 56.54 − 10.785  < 0.001

  Language 0.019 0.025 56 0.739 0.463

  Backward 0.024 0.074 56 0.328 0.744

  Grade − 0.242 0.134 56 − 1.801 0.077

  EE (with) − 0.535 0.109 56 − 4.903  < 0.001

  Group 
 (DR−)

1.024 0.268 56 3.820  < 0.001

  Group 
 (DR+)

0.267 0.238 56 1.124 0.266

Vocoded speech

   (Intercept) 1.981 2.349 53.10 0.843 0.403

  Language 0.049 0.076 53 0.637 0.527

  Backward − 0.104 0.220 53 − 0.472 0.639

  Grade − 1.213 0.395 53 − 3.067 0.003

  EE (with) − 0.402 0.145 53 − 2.775 0.008

  Group 
 (DR−)

0.675 0.856 53 0.434 0.434

  Group 
 (DR+)

0.318 0.704 53 0.452 0.653
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of therapy, N = 17). Typical readers were labeled as  TR−. 
Six months was set as the cutoff based on current practice 
in Belgium on the persistency of reading deficits, and 
there appeared to be no differences in speech percep-
tion abilities between the amounts of specialized reading 
therapy received after at least 6 months. Secondly, a 
model was constructed with SRT as the dependent vari-
able and grade, group (including  DR− and  DR+), and EE 
as fixed effects. Language and working memory scores 
were again added as separate predictors. With regard to 
natural speech perception, results showed that  DR− chil-
dren had significantly worse SRTs compared with the 
 TR− group (b = 1.02, SE = 0.27, p < 0.001; Table 4). Strik-
ingly, children with dyslexia who had received at least 
6 months of specialized therapy  (DR+) only had slightly 
worse SRTs (i.e., 0.27 dB) compared with typical reading 
peers and their performance did not differ significantly 
(p > 0.05). This suggest that there is a significant effect of 
reading therapy, indicating increasingly better SRTs for 
children who had received extensive reading therapy. 
The main effect of EE (b = − 0.54, SE = 0.11, p < 0.001) 
remained unaltered indicating that EE implementation 
improved SRT outcomes significantly.

Again, the analyses were repeated for the vocoded 
speech data leading to similar outcomes. SRTs were 
on average 0.68 dB worse for  DR− and 0.32 dB worse 
for children in the  DR+ group compared with the 
 TR− group; however, these effects did not reach sig-
nificance (p > 0.05). Again, the EE effect (b = − 0.40, 
SE = 0.15, p < 0.001) remained significant.

This suggests that reading and speech perception may 
indeed be bi-directionally related (Horlyck et al. 2012), 
where extensive and specialized reading and spelling ther-
apy seem to affect perception, over and above the aspect 
of school experience. It is, however, noteworthy that there 
are no differences in reading and spelling score or any 
literacy-related measures between both DR subgroups 
(see Table 5).

Relation Between Speech Perception and 
Literacy-Related Measures

The relation between speech perception and literacy-
related measures was assessed by calculating partial cor-
relations between SRTs in each condition (natural and 
vocoded) and literacy and phonological abilities in children 
with dyslexia, while using age and language as controlling 
variables (see Table 6). All raw scores were converted to 
z-scores, and composite scores were calculated for reading 
(word and pseudo-word reading) and RAN (all 4 sub-
tasks). There was a significant partial correlation between 
natural speech and RAN (r = 0.43, p = 0.001), indicating 
that children with worse lexical retrieval had worse SRTs. 
Furthermore, there was a significant negative partial cor-
relation between the absolute benefit from EE (i.e., the dif-
ference between the SRT without and with EE) and RAN 

(r = − 0.37, p = 0.007) showing that children with dyslexia 
with lower lexical retrieval scores had larger improvements 
after EE. For vocoded speech, speech performance was sig-
nificantly correlated with non-verbal IQ (r = 0.43, p = 0.001) 
and with spelling scores (r = 0.41, p = 0.003). However, non-
verbal IQ and spelling abilities were strongly correlated 
with each other (r = 0.65, p < 0.001), and therefore, these 
relations seem to reflect the developmental delays observed 
for vocoded speech perception. Note that, all reported 
p-values remain significant after correcting for multiple 
comparisons using a Bonferroni correction.

Analysis of Individual Deviance Profiles

Lastly, it is important to consider the proportion of 
individuals performing below the norm in each group 
because most studies showed that only a subset of per-
sons with dyslexia are indeed consistently impaired across 
all auditory and phonological tasks (Ramus et al. 2003; 
Messaoud-Galusi et al. 2011; Calcus et al. 2018a; Van 
Hirtum et al. 2019b). In addition, investigating individ-
ual profiles would allow us to identify individuals with 
specific speech perception deficits with and without EE 
implementation and, thus, whether children with dyslexia 
would approach normal speech perception skills at the 
individual level as well as at group level.

Children demonstrating deviant performance were identi-
fied using a two-step procedure as described by Ramus et al. 
(2003). For each task, grade-corrected z-scores based on the 
mean and standard deviation of the TR group were ana-
lyzed using a threshold of − 1.65 SD. Individuals from the 
TR group performing below this threshold were identified, 
and the control mean and standard deviation were recom-
puted excluding these subjects. The number and proportion 
of children showing deviant performance (i.e., z-score below 
threshold of − 1.65 SD) in each group and each task is pre-
sented in Table 7. For all literacy-related measures, with the 
exception of VSTM, a significantly higher proportion of chil-
dren with deviant performance were found in the DR group 
compared with the TR group. Overall, 57 % of the children 
with dyslexia did not perform within the norm on one of the 
speech conditions and were described as poor perceivers. 
For speech perception tasks, more than four times as many 
children with dyslexia than typical readers were identified as 
poor perceivers for the natural speech condition (46 % vs. 
10.7 %). Twice as many children with dyslexia compared 
with typical readers had specific speech perception deficits 
when listening to vocoded speech (30 % vs. 15 %).

Interestingly, 100 % of the poor perceivers with dyslexia 
were also poor in reading and spelling and around 65 % had 
poor phonological abilities (i.e., performed below the norm 
on at least one phonological processing task). Among the 
poor perceivers of the TR group, none were poor in reading 
and only one had poor phonological abilities. Nevertheless, it 
is noteworthy that three children from the DR group (10 %) 
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performed within norms on all tasks requiring auditory and 
phonological abilities, whereas some of the typical reading 
children qualified as poor perceivers (24 %) and showed 
phonological deficits (10 %) without having reading impair-
ments. This suggests that reading impairments seem entirely 
unaffected by any sensory or phonological disorders for some 
children, and pure auditory and phonological deficits are not 
sufficient to cause reading impairments either.

However, in those cases where specific speech percep-
tion deficits are apparent, EE does work as a valid tool 
to improve and even eliminates such speech perception 
deficits. That is, among the subgroup of poor perceivers, 
all but one child (94 %) had a clear and instantaneous 
benefit from the EE algorithm.

DISCUSSION

Dyslexia is typically characterized by impaired phono-
logical processing skills. Recent studies hypothesized that 
these phonological difficulties might be a consequence of 
speech perception deficits given the impact of poor speech 
perception on the development of well-specified and read-
ily accessible phonological representations and the process 
of learning grapheme-phoneme mappings (Calcus et al., 
2018a; Ziegler et al. 2009). This learning process becomes 

TABLE 6

Partial correlations between speech perception outcomes 
and literacy-related measures for children with dyslexia

All correlations are calculated using z-scores and partialled 
out for individual differences in age and language outcomes
*p < 0.05; **p < 0.01; ***p < 0.001

Literacy measures SRT natural speech SRT 
vocoded 
speech

Non-verbal IQ 0.07 0.43**

Reading − 0.09 0.06

Spelling − 0.21 0.41**

Phoneme deletion − 0.12 − 0.15

RAN 0.43** 0.11

VSTM − 0.07 − 0.27

TABLE 7

Number and proportion of children with deviant perfor-
mance in each group

No individual deviances were calculated for TR with EE 
(gray boxes) since z-scores of TR without EE were used as 
the baseline to identify children with dyslexia with specific 
speech perception deficits before and after EE implementa-
tion
*p < 0.05; **p < 0.01; ***p < 0.001

Measure TR DR χ²

n % n % TR vs DR

Literacy 2 6.90 30 100 51.50***

PA 3 10.34 14 48.28 10.07**

RAN 1 3.45 13 44.83 13.56***

VSTM 0 0 3 10 3.06

LIST 3 10.71 14 46.67 11.18***

LIST - EE 9 30.00 4.33*

LIST vocoded 4 14.81 8 29.63 2.05

LIST vocoded - EE 7 25.93 2.05

Fig. 3  Speech-in-noise perception depicted as average SRTs for typical readers  (TR−) and children with dyslexia with  (DR+) and without  (DR−) 
extensive amounts of specialized reading therapy. Individual data points in each boxplot represent individual participants, to show variation. 
Lines indicate the median value, and whiskers are 1.5× interquartile range
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even more stressed in noisy environments. The primary 
goal of this study was not only to examine the presence 
of speech-in-noise perception deficits but also to assess 
whether we can improve children’s inadequate speech 
perception. Therefore, we implemented an envelope 
enhancement (EE) strategy, a signal processing algorithm 
which automatically detects and exaggerates difficult parts 
of the speech signal (i.e., amplitude rise time).

In the present study, speech perception of natural 
speech was compared with vocoded speech in order to 
assess children’s abilities to specifically use the tempo-
ral envelope in their speech perception. Using vocoded 
speech, spectral information and temporal fine structure 
were restricted, which makes the signal inherently noisier. 
Hereby, we investigated the extent to which speech-in-
noise perception deficits in dyslexia could be attributed 
to faulty amplitude envelope processing rather than poor 
noise exclusion in general. Additionally, working memory 
and language were evaluated to rule out an underlying, 
more basic contribution to the speech-in-noise percep-
tion deficit (Banai and Ahissar 2004). Our results showed 
robust speech perception deficits in children with dys-
lexia when listening to natural speech in noise, in line 
with previous studies (Brady et al. 1983; Bradlow et al. 
2003; Ziegler et al. 2009; Poelmans et al. 2011; Dole 
et al. 2012; Calcus et al. 2018a). Yet, no significant 
speech perception deficit was obtained for the vocoded 
condition. However, previous findings in adults using an 
almost identical paradigm (Van Hirtum et al. 2019b) 
showed clear deficits in the perception of both natural 
and vocoded speech. Moreover, adults with dyslexia were 
not disproportionately hindered by the vocoded speech 
suggesting an underlying amplitude envelope processing 
deficit in favor of the temporal sampling theory (Gos-
wami, 2011). The different findings, concerning vocoded 
speech between the current results in children compared 
with previous work in adults (Van Hirtum et al. 2019b), 
suggest that school-aged children might be more sensitive 
to sensory distortion in general, irrespective of reading 
difficulties. Although in many studies, on a wide range of 
speech-in-noise measures, mature performance has been 
reported by about 9–10 years of age (for a review, Lei-
bold, 2017), speech-in-noise perception of vocoded sen-
tences seems to mature at different rates, and higher-level 
processing (i.e., cognitive and linguistic factors) appears 
to have a much larger impact on perceptual outcomes. 
Our findings indeed support the idea of slower matura-
tion of vocoded speech, showing a clear developmental 
effect, with younger children performing significantly 
worse and improving with age irrespective of reading 
level. However, this improvement was significantly larger 
for vocoded sentences (b = − 1.21) compared with natural 
sentences (b = − 0.30). Therefore, it seems unlikely that 
poor perception in the current study stems from general 
noise exclusion or even a spectral processing disorder. A 
finding which is in line with previous speech perception 

studies supporting preserved spectro-temporal process-
ing in children with dyslexia by showing intact masking 
release from stationary to fluctuation background noise 
(e.g., Calcus et al. 2018a, b; Ziegler et al. 2009). In addi-
tion our results demonstrate that neither decreased lan-
guage abilities nor impaired working memory alone can 
explain the emergence of speech perception deficits in 
children with dyslexia.

The ability to benefit from EE was investigated in 
children with dyslexia by presenting speech both with 
and without EE. Results showed that speech-in-noise per-
ception improved significantly after implementation of 
the EE algorithm whether they were listening to natural 
or vocoded sentences. The current results are in line 
with previous work in adults (Van Hirtum et al. 2019b) 
and confirm the validity and robustness of the paradigm 
despite the increased inter-subject variability measured in 
the vocoded speech condition. Moreover, using EE, we 
were able to bring performance closer to normal func-
tioning and for natural speech processing, the benefit 
derived from EE was large enough to completely bridge 
the initial gap between children with dyslexia and their 
typical reading peers.

To our knowledge, the present findings provide the 
first evidence of an ecological valid paradigm to improve 
perceptual abilities in school-aged children with dyslexia 
and which elevate performance to levels no longer differ-
ent than typical reading peers. The fundamental impor-
tance of these findings lies in the fact that these results 
represent passive and instantaneous effects, meaning that 
no active or explicit learning is required. Children were 
only exposed to the EE processed sentences for a lim-
ited amount of time (i.e., one list of 10 sentences for 
each SNR), leading to the majority of children to ben-
efit instantaneously from EE independent of the speech 
material (~ 76 %). Moreover, among the poor perceiv-
ers, 94 % had a clear improvement in speech perception 
after EE implementation, suggesting that for children 
with dyslexia with poor sensory sensitivity, amplifying 
rise times seems particularly beneficial (Goswami, 2011, 
2015). Moreover, as EE might be incorporated as a train-
ing program to facilitate phonetic discrimination (Cheng 
et al. 2019), we hypothesize that repeated, longer-term 
exposure to EE speech might lead to stronger effects on 
individual’s perceptual abilities (Rosario Ortiz González 
et al. 2002; Thomson and Leong 2013; Flaugnacco et al. 
2015).

Analyzing individual profiles revealed inconsistent 
deficits, not necessarily associated with reading impair-
ments. Consequently, EE might not be effective for all 
individuals with dyslexia. Around 46 % of the children 
with dyslexia exhibited difficulties with natural speech 
performance, which is largely in line with previous stud-
ies investigating individual deviance profiles in children 
(Calcus et al. 2018a) as well as adults (Ramus et al. 2003; 
Hazan et al. 2009). Yet, among this subgroup of poor 
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perceivers with dyslexia, most of them were also poor in 
reading and/or spelling and had poor phonological abili-
ties, whereas this was not true for typical reading chil-
dren who qualified as poor perceivers. Altogether, these 
findings seem to rule out a speech perception deficit that 
is inherently associated to dyslexia (Hazan et al. 2009;  
Robertson et al. 2009; Messaoud-Galusi et al. 2011; Calcus  
et al. 2016), however, do support the idea that sensory 
impairments and reading difficulties tend to co-occur in 
dyslexia.

Nevertheless, much debate remains concerning the 
direction of the respective influence of speech percep-
tion deficits. It is a well-established finding that read-
ing acquisition itself drives phoneme awareness and 
impacts the quality of phonological representations, 
particularly in alphabetic orthographies (Bradley and 
Bryant 1983; Read et al. 1986; Kirtley et al. 1989; 
Horlyck et al. 2012). Therefore, reduced reading expe-
rience itself might cause perceptual impairments in dys-
lexia (Goswami, 2015). However, previous studies have 
found speech perception deficits when comparing dys-
lexics’ performance to younger reading level-matched 
children (Calcus et al. 2018a; Ziegler et al. 2009). 
In addition, sensory processing deficits such as rise 
time impairments have been reported in infants with 
(a family risk of) dyslexia at about 7 months of age 
(Kalashnikova et al. 2016). Altogether, this suggests 
that auditory processing and speech perception in noise 
deficits specifically are not simply the consequence of 
the reduced reading experience. Nevertheless, our 
exploratory analyses showed at least some evidence 
concerning a bidirectional connection between reading 
and speech perception (Horlyck et al. 2012). Interest-
ingly, speech performance was influenced by remedial 
duration, over and above school experience. Conse-
quently, speech perception deficits were only observ-
able in children with dyslexia that received less than 
6 months of specialized reading therapy. However, 
all children with dyslexia still obtained reading scores 
far below the normal age range, which raises ques-
tions concerning the strength of the bi-directionality. 
Another likely explanation is that training reading and 
spelling inherently recruits attentional control and/or 
memory (Temple et al. 2003). In line with this hypoth-
esis, it might also be that reading practice increases 
semantic knowledge, and thus vocabulary size, which 
has been widely recognized as a mediating factor of 
speech perception abilities (Snowling 2000; Robertson 
et al. 2009; Kalashnikova 2019; Snowling et al. 2019). 
Considering that the nature of the remedial experience 
was not specifically controlled for in this exploratory 
analyses, and no speech perception data was avail-
able before the onset of the training program, future 
work that would serve to further clarify these results is 
warranted. In either case, poor speech perception in 
school-aged children can be expected to be influenced 

by remediation-related variables, which might alter its 
potential cascading effect for phonological processing 
and reading and potentially overshadow sensory pro-
cessing deficits.

Given its signal processing nature, EE has some sub-
stantial strengths, such as the possibility of real-time 
implementation in assistive listening devices. The use 
of assistive listening devices as implemented in class-
room FM systems to improve auditory processing in 
noisy classroom environments has already been proven 
to significantly benefit phonological awareness and read-
ing abilities (Hornickel et al. 2012). However, improved 
clarity of the acoustic signal by enhancing the SNR of 
the teacher’s voice without altering any dynamic fea-
tures might not necessarily boost tracking of the speech 
envelope nor might it lead to the development of robust 
phonological representations (Goswami, 2011). There-
fore, it cannot be ruled out that literacy improvement 
found by Hornickel et al. (2012) might, at least partially, 
be the consequence of reducing the cognitive load of 
attending which allows for more resources to be allo-
cated to the classroom-related activities (i.e., reading 
and spelling). Consequently, adjusting the EE algorithm 
for similar FM system use might lead to an additional 
benefit. Secondly, our findings show both instantane-
ous and passive effects of EE on perceptual outcomes; 
hence, age-specific training designs based on EE can 
be adapted easily taking the motivation and cognitive 
development of the individual child into consideration. 
Consequently, it has great potential to be used with 
very young (pre-reading) children who have been shown 
to be more susceptible for intervention (Butterworth 
and Kovas, 2013; Ozernov-Palchik and Gaab, 2016). 
Thereby, we believe it is feasible to support children 
to refine their phonologic representations when their 
literacy acquisition begins and learn grapheme-phoneme 
mappings in a less laborious way.

To conclude, our results confirm the presence of poor 
speech perception in noise in school-aged children with 
dyslexia. Moreover, the presence of these deficits in both 
school-aged children and adults indicate that speech 
perception difficulties persist over time. Yet, compensa-
tional mechanisms, such as extensive remedial experi-
ence, may alter the observed relation between speech 
perception and reading impairments without actually 
overcoming reading difficulties for children with dys-
lexia. More importantly, our results demonstrated that 
emphasizing amplitude rise times in speech using EE 
instantaneously improved speech perception in children 
with dyslexia. The same benefit was also found in adults 
with dyslexia (Van Hirtum et al. 2019b). Considering 
the beneficial outcomes of EE, we believe our find-
ings provide a foundation for future intervention studies 
based on auditory and speech rhythm training, though 
the transfer to phonological and reading outcomes still 
needs verification.
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