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Abstract

Understanding speech in noisy environments is a challenge for
almost everyone and particularly so for people with dyslexia.
To better understand the phonological processing deficit, which
has been posited as a core trait of dyslexia, we wanted to further
characterize the impact of noise on speech perception. In this
paper, we investigated phoneme resistance to noise for dyslexic
and control adults and explored the pattern of errors produced
by noise interference. Our aim was to examine differences
between phoneme confusion matrices of the two populations.

Disyllabic nouns were embedded in noise and participants
had to perform an auditory word identification task. Error rates,
phoneme resistance and phoneme confusions were compared
between a dyslexic and a group of matched controls.

Error rate was higher in the dyslexic group. However, no
qualitative differences in the profile of errors were found. The
coronals /[ and s/ were the most resistant phoneme in both
groups while the labials /f, m and v/ were the most vulnerable.
Although dyslexics showed a more scattered pattern of
confusions, the matrices were correlated. Our results confirm a
phonological deficit in dyslexia whereas they do not support the
hypothesis of qualitative differences in phonological
representation between the two groups.

Index Terms: word identification, speech-in-noise, dyslexia,
phoneme resistance, phoneme confusion

1. Introduction

Dyslexia is a developmental language disorder occurring in the
absence of sensory or neurological impairments. It is defined as
a specific impairment in the development of normal reading
skills. Although the etiology of dyslexia remains controversial,
it is well established that people with dyslexia show deficits in
phonological processing [1]. Relatedly, it appears that dyslexia
has effects not only on reading skills but also on the processing
of acoustic and phonological information. In particular, it has
been reported that an important proportion of dyslexics
experience difficulties in understanding speech-in-noise [2], in
the absence of diagnosed hearing loss, while no differences
have been observed in speech perception in quiet environments
between dyslexics and control subjects [3, 4]. This speech-in-
noise impairment has even been proposed as a core deficit of
dyslexia as indeed, behavioral measures of speech-in-noise
comprehension predict reading performances better than other
cognitive, auditory or attentional measures [3]. This impairment
can be very disabling in daily life as most auditory
communications take place in the presence of noise. The study

of this deficit might shed light on the causes of the condition
and might help in developing compensatory strategies.

The speech-in-noise deficit initially observed in dyslexic
children is maintained at adult age and dyslexic adults also
experience more difficulties understanding speech in noisy
environments compared to normal-reading adults. With
experience, dyslexics often develop compensatory strategies,
giving sometimes the misleading impression that dyslexia
disappears with age. In fact, it has been reported that on
average, dyslexic adults performed less well than matched
normal-readers at tasks evaluating speech perception in the
presence of noise, even in experiments in which no written
material was involved [5, 6]. The first aim of this study is to
replicate prior results that showed a deficit in perception of
speech-in-noise in dyslexic adults.

In a previous study, we looked at phoneme recognition error
patterns for unimpaired participants [7]. The overall picture
shows that vowels are much more resistant than consonants and
that errors on consonants were mostly confusions, whereas
deletion is also a type of errors for vowels. Performed analyses
showed a limited impact of noise type on phoneme
intelligibility. For example, the phoneme /v/, presented a stable
pattern over noise conditions as being one of the less resistant
consonants and /s/ and /f/ the most resistant ones. Yet, the
profile of phoneme errors resulting from the masking effect has
never been studied for dyslexics. The second question we raise
in this paper concerns differences between unimpaired subjects
and dyslexics in the pattern of phoneme resistance and
vulnerability to noise. It has been suggested that phonological
representations are somehow degraded in dyslexia. The nature
of the presumed degradation is still in debate. It includes,
depending on authors, increased noise, phonetic under-
specification, decreased temporal or spectral resolution, and/or
less categorical representations (see [6] for an overview). If the
phonological representations are degraded, we might expect
fewer phonemes to be resistant to noise and more to be
vulnerable.

The pattern of phoneme confusion could also shed light on
phonological processing. It has been shown that confusion
patterns are the result of not only acoustic properties and
frequency of phonemes but also complex higher-level
phonological processing [8] and thus they can be asymmetric.
For instance, /v/ elicits more /8/ responses than /d/ elicits /v/ [9].
It has been proposed that response biases contribute to
confusion patterns. By characterizing the pattern of phoneme
confusions in adults with dyslexia we can examine whether the
response biases correspond to those present in non-dyslexic
participants. If the phonological representations in dyslexia are
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degraded or less defined, we might expect a broader pattern of
phoneme confusions under noise condition.

2. Methods

Participants performed a speech-in-noise identification task.

2.1. Participants

The study included 20 adults with a documented history of
dyslexia (12 females, 8 males, mean age: 24.6 years, SD: 5.79)
and 20 controls (16 females, 4 males, mean age: 24.35 years,
SD: 5.68) matched in age, years of study, non-verbal
intellectual abilities (as assessed with the Raven’s Standard
Progressive  Matrices) and handedness. All dyslexic
participants had been diagnosed by a psychologist or
neuropsychologist prior to inclusion. All participants
underwent a standardized reading test which showed significant
differences between groups (see scores of the different tests and
statistical analysis in [5]). All participants were right handed
native French speakers, aged from 18 to 45 years, and had no
other documented hearing or language disorders. The study was
approved by the local ethics committee (ID RCB: 2008-
A00708-47). Participants gave informed consent and received
a monetary compensation. They were screened for audiometric
pure-tone thresholds before participating in the study and no
one exceeded 20 dB HL at any frequency between 250 and 8000
Hz.

2.2. Stimuli

Stimuli for the word recognition task consisted of 126 disyllabic
words embedded in noise. The words were pronounced by a 24
year-old French native female speaker. They were recorded in
a sound-proof room, at a sampling rate of 44.1 kHz. Stimuli
were created by embedding one target-word in a randomly
selected 4-s burst of noise, where the target words started 2.5s
after noise onset.

2.2.1. Target words

The selected target words were disyllabic nouns with a middle
range of frequency of occurrence (0.13 to 338.19 occurrence
per million (opm), average: 16.82 opm, SD: 43.74) according
to the French database Lexique2 [10]. Regarding the first
syllable, on which most of the analysis is focused, the set
comprised 108 CV and 18 CCV (subsequently, the first
consonant of the cluster will be named C1 and the second C1”).
The occurrence of C1 phonemes was as follows: /p/ 18 times,
/b,k/ 17 times, /¥/ 12 times, /f/ 10 times /sitl/ 7 times,
/d,f,g,m,v,3/ 5 times and /n/ once.

2.2.2. Noise

Three different types of noise were used to avoid any specific
effects: a cocktail-party noise (speech from a 4-talkers babble,
2 males and 2 females), a modulated noise and a stationary
broadband noise (see [5] for a detailed description of the
background noise and the different SNR conditions). Both, the
modulated and the broadband noise were derived from the
original cocktail-party sound and created by extracting the
envelope information under 60 Hz.

2.3. Procedure

Participants were presented with the stimuli over headphones
while seated in a sound-attenuated room. Only one target word
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out of the 126 was played in each trial and the order of
presentation was random. Participants were instructed to listen
carefully and to repeat the word they heard to the experimenter.
Responses were transcribed verbatim by the experimenter and
audiotaped to allow to double check the transcription.
Participants did not receive feedback on their performance.

2.4. Analysis

To compare performance on speech understanding in noise
between the dyslexic and the control group of participants we
computed quantitative measures (i.e. error rates) as well as
qualitative measures (i.e. profile of errors, including phoneme
resistance to noise and phoneme confusions). Analyses of group
differences in performance (excluding phoneme analysis) were
assessed using unpaired t-tests and mixed model analysis of
variance (ANOVA) with group (dyslexics and controls) as the
between-subjects factor.

Greenhouse-Geisser corrected p-values were reported when
the sphericity assumption was violated in repeated measures
designs. Error bars in error rates and subsequent analysis were
expressed as 95% bias-corrected and accelerated (BCa)
bootstrap confidence interval (Cl) of the mean computed with
1000 iterations. This method takes into account the real
distribution of the sample. Cohen's d was used as the measure
of effect size for t-tests.

2.4.1. Phoneme analysis

Since nearly 70% of the errors in both groups involved C1,
phoneme resistance and phoneme confusions were computed
only for C1. The phoneme /n/, which was presented in only one
trial, was not included in these analyses. Phoneme error rates
were calculated for each participant as the number of error for
a particular phoneme related to the number of occurrences of
the same phoneme. Statistical phoneme resistance to noise was
assessed by comparing the percentage of error for each
phoneme per participant to the phoneme percentage of
occurrence. Thus by using one-sample two-sided t-tests we
assessed if the percentage of error was higher or lower than
expected or if there were no differences in resistance to noise.
Scores in phoneme error rate were compared between groups
with unpaired-sample t-tests. All the resulting p-values were
false-discovery rate (fdr) corrected for multiple comparisons.

The reported phoneme confusion patterns include the total
number of confusions between the studied French consonant
phonemes in each group. Since the aim was to investigate
differences between groups, the totals were not adjusted to the
frequency of occurrence of each phoneme in the set of target
words. For scale display purposes, we represented neither the
number of times a phoneme was correctly reported nor the
number of times a phoneme was omitted. Differences in
phoneme confusions between the two groups were assessed
with rank correlation analysis (Spearman’s).

3. Results

The mean number of errors in word recognition in noise was
higher in the dyslexic group (20.08%) than in the control group
of participants (16.51%; See error rates and other descriptive
measures of performance in Table 1). The difference in error
rate between both groups (3.57%) was statistically significant
as assessed by a two-sided unpaired t-test (see the analysis of
group differences in Table 1), thus supporting a deficit in word
identification in noise in dyslexia.



Table 1: Descriptive and inferential statistics of performance. The values under the dyslexics and control group are
expressed as mean (95% bias-corrected and accelerated bootstrap confidence interval).

Measure Dyslexics Controls t df p 95% CI diff Cohen’sd
Error rate 20.08 (18.20 - 22.45)  16.51 (14.85-18.47) 243 38 .021 0.78-6.80 0.77
Substitution rate 17.10 (15.25-19.27) 13.97 (12.55-15.45) 262 38 .011 0.50-5.55 0.83
Omission rate 2.98 (1.89 - 4.24) 2.54 (1.32-3.90) 041 38 .693 -1.69-242 0.13

Errors profile
% substitution within errors
% error involving C1
% errors involving C1’
% errors involving V1

86.15 (79.92 — 91.30)
69.04 (64.31 — 73.61)
12.88 (9.79 - 16.00)
3252 (28.05 — 37.10)

86.41 (79.00 - 93.10)
69.67 (66.49-72.25) 022 38 .824
13.82(10.77-17.17) 041 38 .69
32.96(26.94-38.96) 0.1 38 .924

0.057 38 .962 -9.17-9.23 0.02
-6.38 -5.25 0.06
-5.51-3.49 0.13

-8.33-7.44 0.03

Errors were either substitutions or deletions. The majority
of them were substitutions in both groups. Substitution rates
were significantly higher in the dyslexic group (17.1% vs.
14.0%), whereas omission rates were not (3.0% vs. 2.5%).
When comparing the profile of errors we did not find
differences in the percentage of errors corresponding to
substitutions (about 85% in both groups).

We tested whether error rates were modulated by the
position in the first syllable. Figure 1 shows error rate for each
position in the first syllable and for each group. Vowels show
the lowest error rate. A mixed-model ANOVA with position
(C1, C1’ and V1) as within-subjects factor and group (dyslexic
and control participants) as between-subjects factor showed a
main effect of position (F(2,76) = 47.62, p <.001, np? = .556).
Post-hoc analysis indicated that error rate in C1” was higher
than error rate in C1 and V1 (p = .01 and p < .001 and 95% CI
of the difference [0.81-7.29 and 7.26-14.02] respectively).
Similarly, error rate in C1 was higher than error rate in V1 (p <
.001, [5.66-7.52]). Neither the main effect of group nor the
interaction between group and position of error were significant
(F(1,38) = 2.02, p = .164, np? = .050 and F(2,76) = 0.23, p =
.665, np? = .006).
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Figure 1: Error rate for each position in the first
syllable (C1’ indicates the second consonant of the
cluster). Error bars depict 95% BCa Bootstrap CI.

3.1. Phoneme resistance to noise

Despite the error rate being higher in C1’, only 18 out of the
126 target disyllabic words were CCV. As a result, the majority
of the observed errors in both groups consisted of C1 errors (the

% of errors involving C1 was close to 70 %, as shown in Table
1). Only C1 was therefore considered to investigate phoneme
resistance and confusion. Figure 2 depicts error rate on
phoneme identification for each C1 phoneme and for each
group. The C1 phonemes have been sorted by the error rate
ranking of resistance to noise in the dyslexic group. Phoneme
resistance to noise was investigated by comparing the
percentage of error for each phoneme per participant to the
phoneme percentage of occurrence. For the control group, the
ranking of resistance to noise, from the most resistant to the
most vulnerable, according to its error rate, was:

I8/> IfI> V> Ik/> [3/> [6/> [p/> [b/> [d/> [g/> t/> /> /f/> Iv/
And for the dyslexic group:
[fI> I8/> [3/> [k/> [d/> /> [s/> [g/> Ip/> [o/> t/> If/> /> Iv/

For both groups, the phonemes whose errors of
identification was significantly below chance level were: /s/, /[/
and /k/ (p < fdr-adjusted critical p value of 0.014, t(19) = 13.44,
d =3.01, t(19) = 10.65, d = 2.38, t(19) = 2.81, d = 0.63 for the
control group and t(19) = 6.78, d = 1.52 for /s/, t(19) = 13.31 d
= 2.93 for /f/and t(19) = 2.81, d = 0.63 for the dyslexic group
respectively). On the contrary, identification rates were
significantly below chance level for /f/, /m/ and /v/ for both
groups (p < fdr-adjusted critical p value of 0.014, t(19) = 2.91,
d = 0.65 for /f/, t(19) = 2.76, d = 0.62 for /m/ and t(19) = 3.44,
d = 0.77 for /v/ for the control group of participants and t(19) =
2.84,d = 0.63 for /f/, t(19) = 2.69, d = 0.60 for /m/, t(19) = 2.85,
d = 0.64 for /v/ for the dyslexic group).
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Figure 2: C1 phoneme error rate for each group.
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When assessing differences in phoneme resistance between
the dyslexic and the control group, no significant results were
found for any phoneme type (t < 1.4, p > .05).
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Figure 3: Confusion matrix for the dyslexic (A) and the
control group of participants (B).

3.2. Phoneme confusion matrices

Figure 3 shows the confusion matrices for the dyslexic
group (A) and the control group (B). Phonemes have been
sorted by the observed ranking of phoneme resistance in
dyslexic adults. The most common phoneme confusion pairs
were the labials /b/-/v/ and /v/-/bl, the plosives /p/-/b/ and the
labials /m/-/b/. Although the confusion matrix in the dyslexic
group is more scattered, the two matrices are highly correlated
(Spearman’s p =.735, p < .001, 95% BCa CI [.628-.826]).

4. Discussion

The aim of this study was to investigate the existence and the
scope of the speech perception in noise deficit in adults with
dyslexia regarding: a) performance and b) the profile of
phoneme resistance to noise and phoneme confusion. We found
that error rates were higher in the group with dyslexia. On the
other hand, we were not able to show qualitative differences in
the profile of phoneme errors.

Overall, the observed pattern of phoneme errors replicates
previous findings in healthy adults. As expected, vowels were
more resistant than consonants [7, 11]. The phonemes /s/ and /[/
were the most resistant consonants while /v/, /m/ and /f/ were
the most vulnerable, similarly to what have been reported
previously in French (see [7] for a detailed interpretation of this
result). The pattern of confusions was also consistent with
previous studies in French but also in other languages (see /b/-
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Ivl and /m/-/b/ confusions in English [8] or /p/-/b/ in Spanish
[12]). Although we did not investigate all the French phonemes,
it is not likely that differences are observed in the remaining C1
phonemes (i.e. /n/ and other less frequent C1 phonemes such as
IXI, 1jl, Izl).

Our data provide more behavioral evidence of a deficit in
speech-in-noise perception in dyslexia using different type of
stimuli. Compared to some previous studies [13,14], the stimuli
that were used had an ecological validity. Indeed, performance
on discrimination between two phonemes or CV identification
might overlook the deficit [15]. Other studies that examined the
perception of whole sentences under noise [2] might allow the
use of compensatory strategies. In our experiment we
constrained context effects by using words presented in
isolation and unrelated to each other.

In addition, we observed that the profile of errors for
dyslexics is consistent with that of control participants. It has
been proposed that phonological deficits in dyslexia might be
due to poor phonological representation [16, 17] and we
hypothesized that if this was the case, the pattern of errors
would be different between the two groups of participants. Yet,
we were not able to show differences in phoneme vulnerability
to noise or in phoneme confusions between groups. Our data
adds to a growing literature supporting the hypothesis of an
intact phonological representation in dyslexia [6, 18, 19]. Our
study should be replicated in a children population to ensure
that there is not a phonological deficit in dyslexic children,
which could be compensated in adulthood.

Taken together, our data are in accordance with the external
noise exclusion hypothesis [20, 21], which has been posited to
account for reading and phonological deficits. It refers to the
inability to exclude non-relevant noise. The quantitative
differences observed between the two groups could be
explained by the fact that adults with dyslexia have difficulties
ignoring irrelevant background auditory information and
therefore might have difficulties accessing phonological
representations. This is in line with previous studies [6, 19] that
posited that phonological representations are less accessible in
dyslexia. In particular, the access and use of phonological
representations would be more difficult in certain situations that
engage conscious awareness, verbal short-term memory, or
speeded access [19]. Our study shows that noise addition may
be one of these situations.

5. Conclusions

This study provides new behavioral data supporting a deficit in
speech-in-noise recognition in adults with dyslexia. Moreover,
we characterized, for the first time to our knowledge, the profile
of phoneme resistance and phoneme confusion when perceiving
speech-in-noise. The quantitative decline in performance does
not seem to be accompanied by differences in the profile of
phoneme resistance to noise or phoneme confusions. This
supports the hypothesis that the phonological representations
are preserved in dyslexia. The perceptual processing deficit in
dyslexia might be related to the inability to exclude irrelevant
information.
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