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Experiments previously reported in the literature suggest that people with dyslexia
have a deficit in categorical perception. However, it is still unclear whether the
deficit is specific to the perception of speech sounds or whether it more generally
affects auditory function. In order to investigate the relationship between categori-
cal perception and dyslexia, as well as the nature of this categorization deficit,
speech specific or not, the discrimination responses of children who have dyslexia
and those of average readers to sinewave analogues of speech sounds were
compared. These analogues were presented in two different conditions, either as
nonspeech whistles or as speech sounds. Results showed that children with
dyslexia are less categorical than average readers in the speech condition, mainly
because they are better at discriminating acoustic differences between stimuli
belonging to the same category. In the nonspeech condition, discrimination was
also better for children with dyslexia, but differences in categorical perception
were less clear-cut. Further, the location of the categorical boundary on the
stimulus continuum differed between speech and nonspeech conditions. As a
whole, this study shows that categorical deficit in children with dyslexia results
primarily from an increased perceptibility of within-category differences and that
it has a speech-specific component. These findings may have profound implica-
tions for learning and re-education.
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Dyslexia is characterized by a severe reading impairment without
any physiological or psychological problems. There is increasing
concern about dyslexia, as it has important educational conse-

quences and affects some 8–10% of the population (Shaywitz, 1998). Dif-
ferent forms of dyslexia seem to prevail, one orthographic and one phon-
ological, and each seems to affect a specific aspect of the reading process.
Written words can be processed in two different ways, either directly by
orthographic processing or indirectly by first transcoding the letters in
oral language units (Coltheart, Curtis, Atkins, & Haller, 1993). Surface
dyslexics have more difficulties in the reading of irregular words than
with pseudowords, which suggests that it is the orthographic route that
is most affected (Castles & Coltheart, 1993). Phonological dyslexics have
more difficulties in the reading of pseudo-words, thereby indicating that
the phonological route is more severely affected. In studies based on
accuracy scores with English-speaking children, more phonological dys-
lexics than surface dyslexics were found as compared to chronological-
age controls (Castles & Coltheart, 1993; Manis, Seidenberg, Doi,
McBride-Chang, & Petersen, 1996; Stanovich, Siegel, & Gottardo, 1997).
However, when compared to reading-age controls, the surface profiles
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almost disappeared. Similar results were found in a re-
cent study with French-speaking children when process-
ing time was taken into account (Sprenger-Charolles,
Colé, Lacert, & Serniclaes, 2000). In the French study,
both phonological and surface dyslexics were found to
be impaired only in phonological skills when compared
to reading level controls, either in processing time (for
the phonological dyslexics) or in accuracy (for the sur-
face dyslexics). These results minimize the extent of the
dissociation between the two profiles and suggest that
developmental dyslexia can be primarily explained by
an underlying phonological impairment.

Nature of the Deficit in Dyslexia
There is growing evidence that children with dys-

lexia do not apprehend speech sounds in the same way
as average readers. A striking difference lies in phone-
mic awareness (i.e., a difference in the conscious access
to phonemes), evidenced in tasks involving the manipu-
lation of phoneme segments within words or pseudo-
words (Liberman, 1973; Liberman, Shankweiler, Fisher,
& Carter, 1974). Early phonemic awareness skills are
predictive of later reading success (Liberman &
Shankweiler, 1979), and a deficit in phonemic aware-
ness has been shown to be one of the most consistent
deficits in persons who have dyslexia, whether children
or adults (Bruck, 1992; Nicolson & Fawcett, 1994;
Wimmer, 1993). Studies have suggested that dyslexics’
difficulties are specific to phonemic awareness rather
than musical awareness, for example (Morais, Cluytens,
& Alegria, 1984). Furthermore, before beginning to learn
to read, children who would later become dyslexic have
been shown to exhibit impaired skills in phonemic aware-
ness (Liberman, 1973; Sprenger-Charolles et al., 2000;
Wimmer, 1996) but not in musical awareness (Sprenger-
Charolles et al., 2000). Developmental dyslexia was also
found to be associated with a deficit in phonological
short-term memory (Brady, Shankweiler, & Mann, 1983;
Liberman, Mann, & Werfelman, 1982; Mann & Liber-
man, 1984; Wagner, Torgersen, & Rashotte, 1994). The
number of syllables correctly retrieved shortly after their
presentation is smaller for children with dyslexia than
for average readers, although results for visual memory
tasks with nonverbal material for children with dyslexia
are equivalent to those of average readers (McDougall,
Hulme, Ellis, & Monk, 1994; Sprenger-Charolles et al.,
2000). One less intensively studied aspect of dyslexia,
and perhaps the most intriguing one, lies in a deficit in
speech perception. A fair proportion of dyslexic children
show a weakness in phoneme discrimination. These chil-
dren make a larger number of errors than do average
readers when presented with minimal pairs of syllables
(e.g., /ba/ and /da/), which only differ by a single pho-
netic feature (Adlard & Hazan, 1998; Masterson, Hazan,

& Wijayatilake, 1995; Mody, Studdert-Kennedy, & Brady,
1997; Reed, 1989).

Categorical Perception
 It is generally agreed that speech sound discrimi-

nation is governed by phonemic categories. Acoustic dif-
ferences between variants of the same phonemic cat-
egory are usually not perceptible, whereas differences
of the same acoustic magnitude between two different
categories are perceptible, a property known as “categori-
cal perception” (Liberman, Cooper, Shankweiler, &
Studdert-Kennedy, 1967). As a rule, categorical percep-
tion (CP) is more likely to take place in situations where
perceptual decoding is more complex. CP is more likely
to occur for stop consonant contrasts than for fricative
contrasts, for fricative versus vowel contrasts, and for
vowels produced at higher articulatory rate versus
steady-state vowels. The presence of a discrimination
peak for stimuli straddling the phoneme boundary, or
“phoneme boundary effect” (PBE), is not sufficient for
demonstrating CP. What is further required is the total
absence of discriminability between phoneme variants;
that is, between sounds located on the same side of the
phoneme boundary. This definition conforms to the clas-
sic view of CP, dating back to the late 1950s (Repp, 1983).
There are many examples in the literature to show that
classical CP is often absent in the general population
because listeners are sensitive to within-category dif-
ferences (Grieser & Kuhl, 1989; Repp, 1983; Rosen &
Howell, 1987; Volaitis & Miller, 1992). This does not raise
problems in studies aimed at comparing different groups
of subjects, because it is the relative amount of CP that
matters then. In a more recent view of CP, within-cat-
egory discrimination is related to differences in phone-
mic identity; that is, to differences in the identification
scores collected in labeling experiments. What is re-
quired is that discrimination scores are predictable from
the corresponding identification data (for a mathemati-
cal model, see Fujisaki & Kawashima, 1969, 1970). In
this conception, CP is present insofar as within-category
discrimination scores are conditioned by differences in
phonemic labeling. This “conditional” view of CP is how-
ever not very adequate for the study of dyslexia. En-
hanced within-category discrimination can be taken as
a proof of weakness of phonemic representations irre-
spective of its predictability from labeling data. In this
approach, both discrimination and labeling data are of
interest on their own, because each can be used for as-
sessing the consistency of phoneme categories.

Categorical Perception Deficit
Different studies suggest that people with dyslexia

are less categorical than average readers in the way
they perceive phonetic contrasts. Using the conditional
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approach for evidencing CP, Werker and Tees (1987)
showed that differences between observed and predicted
scores were larger for dyslexics than for controls. Fur-
ther, the degree of within-category discriminability was
also larger for dyslexics and the slope of their identifi-
cation function was shallower. These results suggest that
perception is less categorical for people with dyslexia,
whatever definition of CP is used. In another study, dif-
ferences between observed and predicted scores were
equivalent for both groups in spite of important between-
group differences in both discrimination and identifica-
tion functions (Godfrey, Syrdal-Lasky, Millay, & Knox,
1981). Although no difference in conditional CP between
groups was evidenced, the authors state that “the pat-
tern of identification and discrimination differences sug-
gests an inconstancy in the dyslexics’ classification of
auditory cues” (Godfrey et al., 1981, p. 401). In still an-
other study, where only labeling data were collected,
dyslexics who did not have normal phonological aware-
ness also had shallower identification functions (Manis
et al., 1997). Again, no difference in conditional CP be-
tween groups was evidenced, but the authors neverthe-
less stated that, “Dyslexic children showed less sharply
defined categorical perception” (Manis et al., 1997, p.
212). A striking common point among these studies is
that they all show that children with dyslexia do poorly
at discriminating between phonemes from different pho-
netic categories and that they do better at discriminat-
ing between acoustic variants of the same phoneme (or
are less consistent in labeling them). These are differ-
ences in classical CP that are not captured by condi-
tional CP. The interest of such differences is that they
might provide a key for explaining the dyslexics’ deficit
in phonemic awareness and the related difficulty in
learning to read. Consistent classification of speech
sounds into phonemic categories has functional impli-
cations for perceiving spoken language because it allows
the listener to discard differences that are irrelevant
for word identification. Understanding speech is con-
ceivable without categorical perception, but it might be
more demanding in terms of cognitive load due to the
greater amount of irrelevant information entering the
system. The implication of a categorical perception defi-
cit is probably much more important for conscious ac-
cess to phonemes. The latter are by no means invariant
acoustic segments but rather are abstract linguistic
units, which are perceived through complex decoding
processes (Serniclaes, 2000; Serniclaes & Wajskop,
1992). These decoding rules have a specific function,
which is to extract invariant units from an infinite vari-
ety of acoustic variants. A subject who does not possess
these rules or who does not possess them in their stan-
dard form will not be able to access invariant phonemes
from their multiple variants, or at least will perceive
some of the variants as distinct units. This might be the

decisive obstacle that persons who are affected by dys-
lexia encounter in the use of alphabetic writing when
they have to map grapheme with phoneme.

Origins of the Phonological Deficit
Although there is general agreement that the most

prevalent form of dyslexia is related to a phonological
deficit, the ontogenesis of the deficit remains controver-
sial. Two different explanations are currently proposed,
one relying on auditory processes and the other on pho-
netic processes. For the proponents of the auditory
model, the core of the problem lies in the processing of
rapidly changing sounds, whatever their origin (Tallal,
1980), whereas it is specifically the perception of speech
sounds that is the cause for proponents of the phonetic
model (Mody et al., 1997; Schulte-Körne, Deimel,
Bartling, & Remschmidt, 1998; Studdert-Kennedy &
Mody, 1995; Tobey & Cullen, 1984). Some experiments
previously reported in the literature suggest that dys-
lexics have problems with categorical perception, yet
whether the deficit is specific to the perception of speech
sounds or whether it more generally affects auditory
functioning remains unknown. Attempts to address the
specificity versus nonspecificity of this perceptual defi-
cit have been made in some former studies (Adlard &
Hazan, 1998; Mody et al., 1997; Reed, 1989). However,
these studies were not directly concerned with categori-
cal perception. Instead of comparing between- and
within-category discrimination responses, which is es-
sential to establish the presence of categorical percep-
tion, only between-category responses were collected in
these studies. Moreover, the paradigm used for estab-
lishing the speech specificity of the perceptual deficit
was not optimal. In all these studies, the nonspeech
stimuli used for examining performance in auditory pro-
cessing were different from those used for examining
speech perception performances. If the results show that
perceptual differences between average readers and dys-
lexics are present for speech stimuli, but not for non-
speech stimuli, as was the case in some studies, this
does not specify whether or not the deficit is specific to
speech. Indeed, the difference might also be due to a
change in the acoustic properties of the stimuli. Even if
nonspeech stimuli are fairly similar to stimuli for speech,
as was the case in Mody et al. (1997), the acoustic changes
necessary to produce the conversion from nonspeech to
speech might also be crucial for discriminating between
phonetic categories.

The basic difficulty here arises from the absence of
one-to-one correspondence between acoustic cues and
phonetic features. Although some cues are more impor-
tant than others for the perception of a given feature, each
feature is perceived through the integration of multiple
cues, and each cue contributes to the perception of the
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different features (for a review, see Repp, 1982). Further,
these cues are not treated as separate acoustic phenom-
ena but are interactive in their perceptual effects. As a
consequence, showing that perception is noncategorical
with nonspeech stimuli in which some acoustic cues are
lacking (e.g., the first formant, F1), does not, for instance,
definitely invalidate an auditory explanation. Indeed,
deleting these cues might not only prevent the listeners
from perceiving the sounds as speech, but might also
affect perceptual processing and, more specifically, au-
ditory processing. Auditory processing of place of articu-
lation cues might, for instance, be qualitatively differ-
ent for stimuli without F1. Discrimination between
categories might be more difficult, or perception might
be less categorical, not because the stimuli are not per-
ceived as speech, but because some critical cues are ab-
sent. These are classical methodological problems in the
study of speech perception in the general population,
notably for the interpretation of CP findings.

Auditory Versus Phonetic Basis of
Categorical Perception of Speech

In the general population, CP was first evidenced
for speech sounds, but was later also obtained for non-
speech continua (Cutting & Rosner, 1974; Miller,
Pastore, Weir, Kelly, & Dooling, 1976; Pisoni, 1977). CP
was obtained for nonspeech sounds varying along a con-
tinuum similar to one of those supporting a phonetic
feature. For instance, the voice onset time (VOT) con-
tinuum, which supports voicing distinctions between
consonants, can be simulated by modifying the onset
time of a low-frequency tone (a buzz) relative to a noise
burst. Using this continuum, a discrimination peak was
obtained at the boundary between stimuli labeled as
“buzz followed by noise” and those labeled as “noise fol-
lowed by buzz” (Miller et al., 1976). This boundary cor-
responds to a qualitative change on the continuum simi-
lar to one used for separating voiced from voiceless stops
in speech perception. This lends support to the idea that
CP of speech features is based on natural auditory sen-
sitivities (Pastore et al., 1977), rather than being in-
cluded in speech-specific mechanisms (Liberman et al.,
1967). The problem with the auditory interpretation is,
however, that the sound continua used for demonstrat-
ing CP with nonspeech sounds were not exactly the same
as those used for evidencing CP with speech. In these
conditions, it cannot be concluded that the same mecha-
nisms are at work for both kinds of stimuli. CP of non-
speech stimuli might be based on stimulus properties
that are different from those involved in CP of speech
stimuli. It is not possible to decide whether these prop-
erties are identical for speech perception and auditory
perception unless the same stimuli are used for elicit-
ing both kinds of percepts.

In order to study the differences between the mecha-
nisms involved in the perception of speech and non-
speech stimuli, the most appropriate method is to com-
pare the effect of perceptual processing, whether auditory
or speech specific, with exactly the same stimuli. This
can be achieved by using a special kind of speech syn-
thesis (Remez, Rubin, Pisoni, & Carrell, 1981) in which
the normal frequency structure is replaced by pure tones
(sinewaves). Most naive subjects hear sinewave ana-
logues of speech sounds as whistles. But the same stimuli
are perceived as speech sounds when the subject’s at-
tention is drawn towards their phonetic properties. Dif-
ferent studies suggest that sinewave analogues are pro-
cessed differently depending on whether they are
presented as speech sounds or not. One of the differ-
ences between speech processing and nonspeech pro-
cessing pertains to the integration of contextual infor-
mation. It has been shown that the perception of a
consonant place of articulation contrast depends on the
vowel context only when sinewave analogues are per-
ceived as speech (Bailey, Summerfield, & Dorman, 1977).
Another difference between speech versus nonspeech
processing pertains to CP. Perception of the /r/-/l/ con-
trast has been shown to be categorical only when sine-
wave analogues are perceived as speech (Best, Studdert-
Kennedy, Manuel, & Rubin-Spitz, 1989). Still another
difference is that the categorical boundaries lie at dif-
ferent places on the acoustic continuum when heard as
speech or as nonspeech (Best, Morrongiello, & Robson,
1981). This tends to indicate that although there are
instances where CP is present for speech and nonspeech
distinctions, the underlying mechanisms are different
(Liberman & Mattingly, 1985).

The Present Study
The aim of this study was to collect further evidence

on the relationship between categorical perception and
dyslexia as well as on the nature of the posited deficit in
categorization, speech-specific or not. For this purpose,
discrimination responses of children with dyslexia and
average reader controls to sinewave analogues of speech
sounds were compared. Any difference that shows up in
these conditions will necessarily arise from a change in
perceptual processing, thereby excluding classical alter-
native interpretations in terms of concomitant acousti-
cal differences between speech and nonspeech stimuli.
If the alleged deficit of dyslexics in categorical percep-
tion is specific to speech, the difference from average
readers should only appear when the sinewave stimuli
are perceived as speech sounds. On the contrary, if the
deficit is also present in the generalized auditory sys-
tem, the difference between the two groups should also
be found when the sinewaves are perceived as whistles.
The discrimination performances of the two groups of
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children were also tested with modulated sinewave
sounds whose acoustic characteristics are closer to natu-
ral speech than are the mere sinewave analogues. CP
might be present with modulated sinewaves even if it is
absent with the unmodulated ones, as the phonemic
categories are probably less discriminable for the latter.
Therefore, modulated sinewaves provided a safeguard
for reaching one of the research objectives, which was
to demonstrate differences in CP between groups, irre-
spective of the speech-specific issue. Further, using both
sinewave-speech and modulated-speech is of interest for
assessing the impact of stimulus factors on CP differ-
ences between dyslexics and average readers.

Method
Participants

The reading level of the dyslexics enrolled in the
present study was at least 2 years below their chrono-
logical age, and only average readers were included in
the control group. All these children had average or above
average nonverbal and verbal IQ scores. The criteria
used for selecting these children were then the same as
those used in most of the studies with dyslexics.

Participants were part of a cohort of 373 children
who were followed from kindergarten (5 years old) where
they were selected according to the following criteria:
(a) they were native speakers of French with no history
of neurological or psychological disorders and (b) they
came from average or above average socioeconomic fami-
lies; had average or above average verbal and nonver-
bal IQ scores; had no language disorders; and had no
history of severe hearing, visual, or motor deficits.

This cohort of 373 children was followed up to the
age of 8 years; part of this cohort was then followed up
to age 13 years, according to the criteria described in
Sprenger-Charolles et al. (2000). The important point is
that all the children identified as dyslexics were kept in
the cohort, together with only a small control group of
average readers. The subjects participated in the present
study when they were 13 years old. Children classified
as dyslexics were those with a reading age at least 2
years below their chronological age. There were 19 dys-
lexics and 17 average readers. There were 14 boys and
5 girls among the dyslexics and 9 boys and 8 girls among
the average readers. All these children were right-handed
except 1 boy with dyslexia and 1 girl who was an average
reader. Summary statistics of chronological age, read-
ing age, and nonverbal IQ are presented in Table 1 for
each group. Nonverbal IQ was assessed on Raven’s ma-
trices1 (Raven, 1976). Reading age was assessed with

the Alouette standardized reading test2 (Lefavrais,
1965). Differences in chronological age and nonverbal
IQ between the two groups were non-significant [t(34) =
1.42, p > .05 and t(34) = 1.66, p > .05, respectively].

Verbal IQ was assessed both at the beginning of the
follow-up study, when the children were 5 years old, and
at the moment of the present study, when they were 13
years old. At 5 years old, verbal IQ was measured using
a French oral vocabulary test (Deltour & Hupkens, 1980)
designed for 5–8 year olds. When the children were 13
years old, verbal IQ was assessed with the vocabulary
subtest of the Wechsler Intelligence Scale for Children
Revised (WISC-R). Although there was no difference in
verbal IQ between the future dyslexics and average read-
ers at the start of the follow-up study, there was a sig-
nificant difference at the moment of this study. As shown
in Table 1, the verbal IQ of the average readers was
then significantly larger than that of those affected by
dyslexia [t(34) = 48, p < .005]. This result replicates the
well-known “Matthew effect”—that reading level is
linked to verbal IQ (Stanovich, 1986, 1993).

Stimuli
The stimuli were sinewave analogues of stop + /a/ syl-

lables varying along a place-of-articulation continuum.

2 The Alouette test provides a reading level from 5.11 to above 14.3 years of
reading age. The children have to read aloud a 265-word text as quickly
and accurately as possible. The text includes rare words (e.g., “arrimé,”
meaning “stowed”), words with similar pronunciation (e.g., “Annie-amie”
/ani-ami/), as well as words with contextual graphemes (e.g., “gai-geai”
/ge-Ze/). It also attempts to use foils for set phrases (e.g., “au clair de lune”
instead of the usual “au clair de la lune”) or expected words (e.g,. “cordeau”,
meaning “gardener’s line”, after “moineau,” meaning “sparrow,” instead of
the expected “corbeau,” meaning “crow”). Errors and reading time are
recorded while the child is reading. The child is stopped after 3 minutes.
The reading level is obtained either from the reading time (when less than
3 minutes) or from the number of words read in 3 minutes, with points
deducted for each error in both cases. This reading level is then trans-
formed into a standardized reading age.

Table 1. Chronological age, reading age, and Raven scores for
dyslexics and controls.

Dyslexics Controls
(n = 19) (n = 17)

M (SD) M (SD)

Chronological Age 155.0 (3.55) 156.5 (3.14)
 (in months)

Reading Age 105.6 (11.12) 149.9 (9.13)
(in months)

WISC-R 30.2 (7.00) 38.6 (5.28)
Vocabulary subtest
(verbal IQ)

Raven scores 32.2 (3.42) 33.6 (1.46)
(nonverbal IQ)

1 In the Raven’s test, the child has to find the missing piece among six
different pieces in order to complete a visuo-spatial pattern. The test
includes 36 trials.

Downloaded From: http://jslhr.pubs.asha.org/ by a Applied Health Sciences Library-E User  on 09/10/2014
Terms of Use: http://pubs.asha.org/ss/Rights_and_Permissions.aspx



Serniclaes et al.: Perceptual Discrimination of Speech Sounds in Developmental Dyslexia      389

The endpoints were given appropriate values for the per-
ception of a /ba/ syllable at one end and for the percep-
tion of a /da/ syllable at the other end. The difference in
place of articulation between two initial consonants was
created by modifying the onset of the initial frequency
transitions (SIN2 and SIN3), which corresponded to
those of the second and third formants in natural speech
(F2 and F3). The SIN2 onset frequency varied from 700
Hz at the /ba/ endpoint to 2075 Hz at the /da/ endpoint
in five equal steps of 275 Hz, yielding a total of six stimuli
per continuum. The SIN3 onset frequency varied from
1500 Hz at the /ba/ endpoint to 3875 Hz at the /da/ end-
point in five equal steps of 475 Hz. The end frequencies
of SIN2 and SIN3 transition were fixed at 1300 Hz and
2500 Hz, respectively. Schematic spectrograms of the
stimuli are presented in Figure 1. The initial frequency
of the lowest formant (F1) was 100 Hz, and its end fre-
quency was 750 Hz. The VOT was –100 ms, the duration
of all frequency transitions was 40 ms, and the duration
of the stable vocalic segment was 170 ms. The choice of
the stimulus values was based on a preliminary experi-
ment with average adult readers whose labeling and
discrimination data yielded the /ba-da/ boundary (i.e.,
the point at which the two categories are equally prob-
able in the responses) to lie at the midpoint of the con-
tinuum used here (between S3 and S4; see Figure 1).

Two different versions of this continuum were con-
structed, differing only according to the synthesis
method, either pure sinewave synthesis or pitch-modu-
lated sinewave synthesis. The latter was obtained by
adding low-frequency amplitude modulation to the
sinewave sounds. This had the effect of giving the sounds
the equivalent of a voice pitch and made them immedi-
ately appear as speech-like sounds. Without modulation,
the signal was generated by an amplitude-weighted sum
of sinusoids:

signal = A1 × sin(2πt/F1) + A2 × sin(2πt/F2)
+ A3 × sin(2πt/F3)

(1)

With modulation, the signal was multiplied by a nega-
tive exponential with a time constant of about 50 ms:

signal (one period) = [A1 × sin(2πt/F1) +
A2 × sin(2πt/F2) + (2)
A3 × sin(2πt/F3)] × e–t/0.05

This modulation is reproduced at the F0 frequency,
which was constant at 100 Hz. All other parameters were
identical for the two synthesis types.

Procedure
The experiment was subdivided into three different

conditions. In the first condition, sinewave stimuli were
presented as electronic whistles. After completion of this
condition, listeners were asked whether they perceived
these stimuli as speech sounds. In the second condition,

Figure 1. Schematic representations of frequency transitions of
SIN2 (top) and SIN3 (bottom) in the CV stimuli generated by
sinewave synthesis. SIN2 and SIN3 correspond to F2 and F3 in
natural speech. S1 and S6 correspond respectively to the /ba/
and /da/ endpoints of the continuum.

the same stimuli were presented as speech-like sounds.
In the third condition, modulated sinewave stimuli were
presented as speech-like sounds (see Appendix for fur-
ther details on the instructions to the listeners). These
three conditions are labeled sinewave-acoustic, sinewave-
speech, and modulated-speech, respectively. The stimuli
were presented in pairs (AX format), and the task of the
subject was to decide whether the stimuli within each
pair were the same or different by pressing one of two
keys on a keyboard. The interstimulus interval within
pairs (ISI) was 100 ms, and the intertrial interval (ITI)
was 500 ms. In the first condition, the 36 possible pairs
of 6 stimuli were presented four times in pseudo-ran-
dom order, yielding an experimental series of 144 pairs
preceded by a “warm-up” run of 20 pairs. In two other
conditions, the experimental series of 144 pairs was pre-
ceded by a “warm-up” run of 5 pairs. Participants were
asked to make their decision as quickly as possible. Cor-
rect answers to the pairs of the warm-up series were
not provided. Responses to the warm-up series were not
taken into account in the results. Only discrimination
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Bonferroni correction was applied, following usual prac-
tice for planned orthogonal comparisons (Hays, 1988,
p. 410).

The ANOVAs conducted on one-step pairs showed
that:

1. The main effect of group was not significant ei-
ther in the sinewave-acoustic condition (F < 1) or in the
modulated-speech condition (F < 1) but was significant
in the sinewave-speech condition [F(1, 34) = 9.06, p =
.005]. The overall better discrimination performance of
dyslexics versus average readers was therefore signifi-
cant only in the sinewave-speech condition. Figure 2b
makes it clear that the better overall discrimination was
certainly present for within-category scores in this con-
dition and even more salient than for between-category
scores. To allay any doubt, the group effect in this con-
dition was tested separately on within-category scores
in a Two-Way Pair × Group ANOVA and was significant
as expected [F(1, 34) = 10.5, p < .005].

2. The main effect of pair was not significant in the
sinewave-acoustic condition (F < 1) but was significant
in the sinewave-speech and modulated-speech conditions
[F(4, 136) = 3.55, p = .009 and F(4, 136) = 18.8, p < .005,
respectively]. More specifically, the comparison for test-
ing the PBE was significant in the sinewave-speech and
modulated-speech conditions [F(1, 34) = 12.3 and F(1,
34) = 31.3, respectively, both p < .005]. In short, the PBE
was only significant in the speech conditions.

3. The planned comparison for the PBE × Group in-
teraction was nonsignificant in each condition [F < 1 for
both the sinewave-acoustic and sinewave-speech condi-
tions; F(1, 34) = 2.12, p = .15 in the modulated-speech
condition]. There was therefore no significant difference
in PBE between dyslexics and average readers in each
of the three conditions.

The ANOVAs conducted on two-step pairs showed
that:

1. The effect of group was not significant either in
the sinewave-speech condition or in the modulated-speech
condition (both F < 1) but was just short of significant in
the sinewave-acoustic condition [F(1, 34) = 3.38, p = .075].
This means that the overall discrimination performance
of dyslexics tended to be better than that of average read-
ers in the sinewave-acoustic condition, although the ef-
fect was only marginally significant (Figure 2d). Figure
2d makes it clear that the better overall discrimination
was certainly present for within-category scores in this
condition and even more salient than for between-cat-
egory scores. To allay any doubt, the group effect in this
condition was tested on within-category scores only in a
Two-Way Pair × Group ANOVA and was clearly signifi-
cant [F(1, 34) = 8.95, p = .005].

2. The effect of pair was not significant in the

data were collected. All the participants were presented
the sinewave-acoustic condition first. About one-half of
the participants within each group, 9 out of the 19 dys-
lexics and 8 out of the 17 average readers, experienced
the sinewave-speech condition next and received the
modulated-speech stimuli last. This order was reversed
for the other half of the participants (10 dyslexics and 9
average readers).

Results
After completion of the first condition, in which the

sinewave stimuli were presented as electronic whistles,
none of the listeners spontaneously reported hearing the
sinewave stimuli as speech. Further, all the listeners
answered negatively when asked whether they perceived
these stimuli as speech sounds. Examination of response
scores also supports the effectiveness of the instructions
on the apprehension of the sinewave stimuli (see below).

The results were analyzed in terms of percentage
correct discrimination scores. For each stimulus pair,
these scores were obtained by computing the mean per-
centage of “different” responses to pairs of acoustically
different stimuli (e.g., S3-S4 and S4-S3) and “same” re-
sponses to pairs of identical stimuli (e.g., S3-S3 and S4-
S4) by the different subjects.

The correct discrimination scores for average read-
ers and dyslexics are presented in Figure 2. Those ob-
tained for the one-step stimulus pairs are presented in
Figure 2a for the sinewave-acoustic condition, in Fig-
ure 2b for the sinewave-speech condition, and in Fig-
ure 2c for the modulated-speech condition. Results ob-
tained for the two-step stimulus pairs are presented in
Figure 2d for the sinewave-acoustic condition, in Fig-
ure 2e for the sinewave-speech condition, and in Fig-
ure 2f for the modulated-speech condition. Data in each
condition and for each step size were analyzed sepa-
rately in two-way ANOVAs with stimulus pair as the
within-subject factor and group as the between-subject
factor. Between-category discrimination peaks were
tested with planned comparisons for pairs. As the S3-
S4 pair was the only between-category pair for one-step
pairs, the PBE was tested by comparing the S3–S4 score
to the mean score of the four within-category pairs (S1-
S2, S2-S3, S4-S5, S5-S6). For two-step pairs, the PBE
was tested by taking the difference between the mean
scores of between-category pairs (S2-S4 and S3-S5) and
within-category pairs (S1-S3 and S4-S6). A second
planned comparison was used for testing the difference
between the two between-category scores (S2-S4 and
S3-S5). The motivation for using this comparison was
to detect possible differences in the location of the cat-
egorical boundary between speech and nonspeech con-
ditions. As the two comparisons were orthogonal, no
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Figure 2. Percentage correct discrimination for average readers and dyslexics in three different
conditions: sinewave-acoustic (top), sinewave-speech (middle), and modulated-speech (bottom).
One-step differences between stimuli are shown on the left, 2-step differences on the right.
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sinewave-acoustic condition (F < 1) but was significant
both in the sinewave-speech and modulated-speech con-
ditions [F(3, 102) = 6.23 and F(3, 102) = 26.3, respec-
tively, both p < .005]. The PBE was not significant in
the sinewave-acoustic condition [F(1, 34) = 1.20, p = .28]
but was significant both in the sinewave-speech and
modulated-speech conditions [F(1, 34) = 11.5 and F(1,
34) = 53.4, respectively, both p < .005]. The difference
between peaks (S2-S4 vs. S3-S5) was not significant ei-
ther in the sinewave-acoustic condition or in the modu-
lated-speech condition (both F < 1) but was significant
in the sinewave-speech condition [F(1, 34) = 4.53, p =
.041]. This was due to the higher S3-S5 peak versus S2-
S4 peak for both groups in the sinewave-speech condi-
tion (Figure 2e).

3. The Pair × Group interaction was not significant
in the modulated-speech condition [F(3, 102) = 1.70, p =
.17]; neither were the PBE × Group or the Between-Peak
Difference × Group interactions (both F < 1). Similarly,
the Pair × Group and PBE × Group interactions were
nonsignificant in the sinewave-speech condition (both
F < 1), as was the Between-Peak Difference × Group
interaction [F(1, 34) = 1.17, p = .29]. The Pair × Group
interaction was also nonsignificant in the sinewave-
acoustic condition [F(3, 102) = 1.86, p = .14], as was the
PBE × Group interaction [F(1, 34) = 1.20, p = .28]. How-
ever, the Between-Peak Difference × Group interaction
was just short of significant in this condition [F(1, 34) =
3.37, p = .075]. This arises from the presence of one (S2-
S4) of the two between-category peaks for average read-
ers, and not for dyslexics, in the sinewave-acoustic con-
dition. This difference was then tested separately for
each group in this condition and was significant for av-
erage readers [F(1, 34) = 4.77, p = .044] but was nonsig-
nificant for dyslexics (F < 1).

The outcome of the tests for both step sizes can be
summarized as follows. First, the overall discrimina-
tion performance of dyslexics, and specifically within-
category discrimination, was better than that of aver-
age readers in some conditions. This was the case in the
sinewave-speech condition for one-step pairs and in the
sinewave-acoustic condition for two-step pairs. Second,
the PBE was only present in the speech conditions.
Third, although there were no significant differences in
PBE between groups, one of the two possible between-
category discrimination peaks for two-step pairs (the one
for S2-S4) was significantly larger for average readers,
but not for dyslexics, in the sinewave-acoustic condition.

Another aspect of the results pertains to the effec-
tiveness of the instructions given to the listeners to per-
ceive the sinewaves as electronic whistles in the first
place and to perceive them as syllables later. One obvi-
ous consequence of this manipulation is the emergence
of a PBE in the sinewave-speech condition, that is, the

presence of a discrimination peak at the phonemic
boundary when sinewaves are presented as speech ver-
sus its absence when they are presented as nonspeech
sounds. By measuring the difference in PBE between
the sinewave-speech and sinewave-acoustic conditions
for each listener, the generality of this effect can be as-
sessed. The difference in mean PBE between the
sinewave-speech and sinewave-acoustic conditions, for
both step sizes taken together, was calculated for each
listener. The PBE difference was positive for 15 out of
the 17 average readers (M = .08, SD = .10; range: –.20 to
.25) and for 11 out of the 19 dyslexics (M = .05, SD = .14;
range: –.20 to .38). Differences between groups are non-
significant (for mean PBE difference: Student’s t test <
1; for rate of positive PBE differences: Fisher Exact test,
p = .065). The overall rate of positive PBE differences
should therefore be considered as an objective measure
of the effectiveness of the instructions, yielding a value
of 72% (26 out of 36). Finally, the rate of positive PBE
differences did not depend on the order of presentation
of the sinewave-speech and modulated-speech conditions
(13 positive differences out of 17 for the listeners who
were given the sinewave-speech stimuli in second posi-
tion vs. 13 positive differences out of 19 for the listeners
who were given the sinewave-speech stimuli in third
position; χ2 < 1). The similar PBE difference, both for
the listeners who had heard the sinewave-speech stimuli
immediately after the sinewave-acoustic stimuli and for
those who were given the modulated-speech stimuli be-
fore hearing the sinewave-speech stimuli, strongly sug-
gests that the improved performance is due to the sine-
waves being presented as speech, and not to the effect
of practice.

The data collected in this study also included dis-
crimination responses for pairs of stimuli differing by
more than two steps. All the other possible pairwise stimu-
lus combinations, from three steps to five steps, were also
included. As all these pairs are between-category pairs
(i.e., they all straddle the phonemic boundary), these
results were not included in the above analyses. Dis-
crimination scores corresponding to the three- to five-
step pairs are presented in Table 2 for each stimulus
condition and each group of participants. These data
were analyzed with a three-way ANOVA with stimulus
condition and pair as within-subject factors and group
as the between-subject factor. As can be seen in Table 2,
discrimination improved from the sinewave-acoustic to
the sinewave-speech condition, and from the latter to
the modulated-speech condition. The main effect of con-
dition was significant [F(2, 68) = 20.3, p < .005], as were
the planned comparisons for speech mode [comparison
between sinewave-acoustic and sinewave-speech condi-
tions: F(1, 34) = 16.6, p < .005] and for synthesis type
[comparison between sinewave-speech and modulated-
speech conditions: F(1, 34) = 9.60, p < .005]. Increasing
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the step size from three to four steps also improved dis-
crimination, whereas further increase, from four to five
steps, did not have a consistent effect. The main effect
of pair was significant [F(5, 170) = 3.53, p ≤ .005], as
was the difference between three-step and four-step
pairs [F(1, 34) = 8.79, p = .006], whereas the difference
between four-step and five-step pairs was not signifi-
cant (F < 1). Differences between groups are inconsis-
tent. The main effect of group, the Group × Condition
and Pair × Group interactions, as well as the Three-Way
Pair × Group × Condition interaction, are each nonsig-
nificant (all F < 1).

Discussion
As a whole, the results of the present study show

that there are both similarities and differences in the
way dyslexics and average readers discriminate speech
sounds. Both groups exhibit a PBE (phoneme boundary
effect) that is present only when the sounds are per-
ceived as speech. The effect of presenting the sinewaves
as speech, rather than as nonspeech whistles, was fairly
general, as the difference in PBE was present for 72% of
the subjects. This, added to the fact that none of the
listeners reported they had heard the sinewave stimuli
as speech, supports the contention that listeners were
indeed in the nonspeech mode when presented the
sinewaves as nonspeech sounds.

The PBE was significant both for sinewaves when
presented as speech and for modulated speech, and the
magnitude of the PBE was larger for the latter. Although
the effects of stimulus presentation and type were simi-
lar for average readers and dyslexics, there was an im-
portant difference between the discrimination perfor-
mances of the two groups. Children with dyslexia were
better at discriminating acoustic differences between
stimuli belonging to the same phoneme category than were
average readers. This again suggests that the perception
of speech sounds is less categorical for dyslexics, as they

better perceive within-category differences, in accor-
dance with the results of previous studies (see Intro-
duction: Godfrey et al., 1981; Werker & Tees, 1987; Manis
et al., 1997). In this study, the difference between groups
was most apparent for one-step pairs in the sinewave-
speech condition and for two-step pairs in the sinewave-
acoustic condition. No difference was found for one-step
pairs in this latter condition, which is obviously due to
a floor effect, all the scores being around chance (Figure
2a). The difference between groups was weaker (and non-
significant) for two-step pairs in the sinewave-speech
and for both step sizes in the modulated-speech condi-
tion. These three conditions are also those in which the
PBE is largest and significantly higher than in the other
conditions. It is then specifically in conditions where
phonemic categories were weakly perceptible, as for one-
step pairs in the sinewave-speech condition, or not per-
ceptible at all, as in the sinewave-acoustic condition, that
children affected by dyslexia were more sensitive to non-
phonemic differences than were average readers. This
might indicate that perception of speech sounds by dys-
lexics in difficult listening conditions is less immune to
the intrusion of acoustic differences irrelevant for lin-
guistic processing.

Although previous studies also suggest that dis-
crimination between phoneme categories depends on the
reading level, there was no trace of better discrimina-
tion between the endpoints of the /ba-da/ continua in the
present study. This might be due to the fairly long inter-
stimulus interval (100 ms) used here. In the study by Mody
et al. (1997), below-average readers made substantially
more errors in phoneme discrimination than did above-
average readers at a very short ISI (10 ms), whereas
differences were weaker for longer ISIs (50 or 100 ms).
In the study by Adlard and Hazan (1998) where a single
ISI of 1 second was used, the phoneme discrimination
performance of average readers was not significantly
better than that of dyslexics as a group. Reed (1989),
who also used an ISI of 1 second, did not obtain a sig-
nificant difference between reading-disabled children

Table 2. Means (and standard deviations) of percent correct discrimination for stimulus pairs differing by
more than two steps.

S1-S4 S2-S5 S3-S6 S1-S5 S2-S6 S1-S6

Sinewave-acoustic
Average readers 56 (14) 57 (12) 51 (12) 60 (14) 54 (15) 59 (13)
Dyslexics 62 (16) 57 (12) 58 (20) 64 (13) 61 (14) 63 (18)

Sinewave-speech
Average readers 59 (15) 64 (17) 68 (19) 70 (16) 65 (18) 69 (16)
Dyslexics 66 (19) 70 (16) 65 (17) 65 (16) 69 (15) 69 (18)

Modulated-speech
Average readers 78 (21) 77 (18) 74 (18) 78 (20) 77 (19) 76 (21)
Dyslexics 75 (10) 69 (16) 67 (19) 75 (17) 70 (15) 72 (15)
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and normal readers in the discrimination of stimuli
straddling the phoneme boundary.

Although it now seems clear that children who have
dyslexia respond less categorically than average read-
ers do, one might wonder whether this is specific to the
perception of speech sounds. The absence of PBE in the
sinewave-acoustic condition for both groups of listeners
shows that the stimuli were not perceived in a categori-
cal way when presented as nonspeech whistles. There
were, however, some differences between the two groups
in the sinewave-acoustic condition. First, discrimination
performances of the dyslexics were better than those of
average readers in this condition. Second, one intrigu-
ing aspect of the results comes from the discrimination
peak for the S2-S4 pair for average readers in this con-
dition (Figure 2d). The S2-S4 peak for average readers
was only slightly significant, but it was completely ab-
sent for dyslexics. Remembering that the S2-S4 pair
straddles the phonemic boundary, the question then is
to know what might render it more discriminable, even
when the stimuli are presented as nonspeech. The ex-
planation might be given by the examination of the
acoustic characteristics of the frequency transitions in

the stimuli of this experiment. Figure 1 shows that the
SIN2 and SIN3 transitions are almost flat for the S3
stimulus or, in other words, that S3 is close to the point
on the stimulus continuum where the direction of the
transitions change from rising to falling. The fact that
the S2-S4 pair is better discriminated can then be ex-
plained by a qualitative difference between rising ver-
sus falling frequency transitions. This is not the case
for the S3-S5 pair for which the qualitative difference is
less clear, as the transition is only slightly rising for S3.
Although this contrast is much less obvious on acoustic
grounds than that between rising and falling transitions,
it is quite appropriate for the perception of the labial-
apical place of articulation distinction in French stops
in /C + a/ frames. Figure 3 shows that French /ba/ syl-
lables differ from /da/ syllables by a change in F2-F3 tran-
sitions from slightly rising to sharply falling. A categori-
cal boundary located between these two configurations is
then totally appropriate for perceiving the labial-dental
place distinction, although it is acoustically less salient
than the rising-falling boundary. And S3-S5 significant
discrimination peaks were indeed present for both
groups in the sinewave-speech and modulated-speech

Figure 3. Wide-band spectrograms of /ba/ and /da/ syllables produced by a French speaker, giving a
time (horizontal axis) versus frequency (vertical axis) representation of the three main formants (F1, F2, and
F3). Frequencies are scaled in kilohertz.
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conditions. This suggests that the phonetic boundary is
specific to the perception of labial-dental place distinc-
tions rather than being determined by qualitative
changes in the direction of the transitions.

As mentioned in the introduction, several instances
of categorical perception of nonspeech stimuli with
speech-like acoustic characteristics have been reported
in the literature. Categorical perception of nonspeech
sounds can be explained by the presence of natural au-
ditory sensitivities to qualitative changes in the stimuli
(Pastore et al., 1977). The discrimination peak obtained
here in the sinewave-acoustic condition is located in the
neighborhood of a stimulus with flat frequency transi-
tions. This provides a natural boundary for separating
sounds with rising transitions from those with falling ones.
Sensitivity to qualitative changes can then readily explain
categorical perception of the sinewave stimuli used here
when presented as nonspeech sounds. Categorical per-
ception of nonspeech contrasts is compatible with the
revised version of the motor theory of speech perception
(Liberman & Mattingly, 1985), as long as categorical
boundaries do not occupy the same position on the acous-
tic continuum in the speech and nonspeech conditions. As
explained above, the /ba-da/ phonemic boundary evidenced
in the speech condition here is different from the rising-
falling transition boundary that might possibly be cat-
egorical for average readers in the nonspeech condition.
Categorical perception around the phonemic boundary
therefore appears to be speech specific.

Dyslexics do not exhibit any trace of increased dis-
criminability for the difference between rising versus
falling transitions (i.e., for the S2-S4 pair) in the sine-
wave-acoustic condition. This suggests that children
with dyslexia are not endowed with increased sensitiv-
ity to qualitative acoustic changes. They would then
suffer from a general deficit in inhibiting the perception
of within-category differences, not only for speech but
also for nonspeech. The fact that the inhibition deficit is
common to both speech perception and auditory percep-
tion in general might be taken as an argument for stat-
ing that the speech deficit is entirely due to a deficit in
auditory processing. This argument is based on the im-
plicit assumption that speech sounds are apprehended
in the same way as other acoustic stimuli before receiv-
ing speech-specific treatments. This assumption remains
controversial (Liberman & Mattingly, 1985; Best et al.,
1989; Remez, Rubin, Berns, Pardo, & Lang, 1994). But
even if this assumption were true, assigning the entire
deficit to auditory processes is difficult to reconcile with
the finding that categorical boundaries are different in
the speech and nonspeech conditions. This suggests that
two different categorization processes are at work. As a
consequence, even if there were auditory precategoriza-
tion in speech perception, categorization at the speech-
specific level need not necessarily be a consequence of

mere auditory categorization, and a deficit occurring at
the speech level cannot be the mere consequence of an
auditory deficit. Therefore, a tentative conclusion is that
children who have dyslexia suffer from a double deficit
in categorical perception, an auditory one and a speech-
specific one. It should, however, be kept in mind that
there is no firm evidence in support of an auditory cat-
egorical deficit for the moment, given the relatively small
differences between groups in the nonspeech condition.

Similar conclusions were reached in a reaction time
study (Nicolson & Fawcett, 1994). Dyslexic children
appeared to be slower than chronological age controls
both in selective choice reactions to pure tones and in
lexical decisions to spoken words. However, when com-
pared to reading age controls, only the impairment for
lexical decisions was present, which suggests that only
the latter is due to a qualitative deficit. This leads the
authors to posit two independent deficits, a phonologi-
cal one and a nonphonological one. It would be interest-
ing to see whether the same difference prevails in the
discrimination of speech and nonspeech materials. Com-
parisons between discrimination of sinewave analogues
by dyslexics and both chronological age and reading age
controls should allow us to clarify this point in further
studies.

Another implication of the present results is that
they make it clear that children with dyslexia do not
suffer from a deficit in auditory acuity or in perceptual
acuity when listening to speech. Instead of performing
worse than average readers in the categorization of
acoustic cues, such as those provided by rapid frequency
transitions in CV syllables, they in fact perform better
than average readers, as long as the changes remain
within the same stimulus category. This confirms the
results of previous studies (Godfrey et al., 1981; Werker
& Tees, 1987), which have repeatedly shown that dis-
crimination scores for within-category pairs are higher
for people affected by dyslexia than for average readers.
Notice that this is by no means incompatible with the
fact that dyslexics tend to perform worse in the discrimi-
nation of between-category differences, as indicated by
some studies (for a review, see Bradlow et al., 1999).
The reduced discrimination of between-category differ-
ences for dyslexics versus average readers, as well as
the enhanced discrimination of within-category differ-
ences, can be simply accounted for by a common deficit
in categorical perception.

However, the fact that perceptual discrimination is
not necessarily poorer for children affected by dyslexia
allows us to tighten our speculations regarding the na-
ture of the underlying deficit. The better performance
of dyslexics in the discrimination of within-category dif-
ferences between stimuli varying along a stop place-of-
articulation continuum makes it clear that they do not
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have any deficit in the extraction and analysis of rapid
transitions, to say the least. This is difficult to reconcile
with the hypothesis of a deficit in the processing of rap-
idly changing information and brief temporal cues, or
“temporal processing deficit” (Tallal, 1980). The stimuli
in the present study differed in the onset of short fre-
quency transitions (40 ms). The discrimination perfor-
mance of dyslexics was better than that of average read-
ers, except for those stimulus pairs straddling the
phonemic boundary; hence, they certainly do not suffer
from a deficit in the processing of brief auditory transi-
tions. Rather, they appear to be unable to use the pho-
netic cues, such as the brief transitions for perceiving
place of articulation in stop consonants for the categori-
zation of speech. Furthermore, there is no reason why
this categorical deficit should be restricted to the acoustic
cues in brief acoustic segments or to place of articulation
in stop consonants. Indeed, the same deficit should be
found for individuals affected by dyslexia each time cat-
egorical perception is present for average readers, what-
ever the phonetic feature and its acoustic correlate.

According to the present results, the problem with
dyslexia is seemingly not in the processing of rapid in-
coming sensory information but in the construction of
phonemic categories. This might have some implications
for rehabilitation methods using slowed-down speech by
elongating formant transitions, which are grounded in
the hypothesis of a deficit in the processing of brief acous-
tic events (Merzenich et al., 1996; Tallal et al., 1996). Data
from the present results, however, show that this hypoth-
esis does not apply to within-category differences. As a
consequence, slowed speech might still improve the dis-
crimination of stimulus differences that are already bet-
ter segregated by dyslexics. This might be counterproduc-
tive, as enhanced discrimination of within-category
differences could undermine the categorical perception
of speech features. As slowed speech might also enhance
between-category discrimination, it is specifically cat-
egorical perception that might be affected by slowed
speech, whereas PBE would remain unchanged.  To sum
up, the various implications of these rehabilitation meth-
ods remain to be explored in more detail.

As already mentioned in the introduction of this
paper, differences in categorical perception between
people with dyslexia and average readers might provide
a key to explain the formers’ deficit in phonemic aware-
ness and their related difficulty in learning to read.
Grapheme-phoneme consistency is the major factor in
learning to read. Children learning to read must learn
to map graphemes to phonemes. To correctly perform
this mapping, they must rely on well-specified phono-
logical representations. If the child’s phonological rep-
resentations are not well specified, then the connections
between graphemes and phonemes will be difficult to
establish. The results of the present study, and the other

results previously obtained for the same subjects in the
course of a longitudinal study, suggest that phonologi-
cal representations are indeed deficient for dyslexics.
For example, 3 years before the present session of ob-
servation, the dyslexics were found to lag behind both
same-age and same-reading-level average readers on
phonological short-term memory, but not on visual short-
term memory. Compared to same-reading-level average
readers, the phonological reading skills of the dyslexics
were found to be impaired even more, either for pro-
cessing time or for accuracy, but not for their ortho-
graphic reading skills (Sprenger-Charolles et al., 2000).
Three years later, when the same children were 13 years
old, which is the age at which they also participated in
the present study, their reading skills were re-examined
(Sprenger-Charolles, 2000). As compared to the 13-year-
old average readers, and even as compared to the 10-
year-old average readers, the phonological reading skills
of the dyslexics were again found to be impaired. The
13-year-old dyslexics lagged even farther behind the
same-age average readers according to their results in
a phonemic awareness task. Both a phonemic aware-
ness task and a musical awareness task were given to
these children when they were 5 and 7 years old. For
the phonemic awareness task, the future dyslexics ob-
tained lower scores than the future average readers,
whether they were 5 or 7 years old. The results were
quite different for the musical awareness task, for which
no significant difference between groups was observed
(Sprenger-Charolles, 2000).

These longitudinal data show that both before and
after they had just begun to learn to read, the future
dyslexics exhibited a deficit in phonological awareness,
and particularly in phonemic awareness. As for short-
term memory, the results of the phonological and musi-
cal awareness tasks also suggested that dyslexia is re-
lated to a deficit in phonological representations. Now,
the categorical perception deficit might affect the robust-
ness of phonemic representations and this would, in
turn, disturb the learning of grapheme-phoneme corre-
spondences (Godfrey et al., 1981). Even a small deficit
in discriminating between phonemes might have far-
reaching consequences in stressful conditions, as un-
derlined by Werker and Tees (1987). Further, sensitiv-
ity to phoneme variants by dyslexics might still add to
the confusion, especially because this sensitivity is more
likely to take place in difficult listening conditions. How-
ever, the dyslexics’ deficit in categorical perception
might also be a consequence of learning to read rather
than being the cause of the reading impairment. One
does not know whether persons affected by dyslexia
already have a categorical perception deficit before
learning to read. If not, the categorical perception defi-
cit might be related to the internalization of grapheme-
phoneme correspondences.
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In conclusion, the present study suggests that chil-
dren who have dyslexia are less categorical than aver-
age readers in the perception of both speech and non-
speech sounds. However, as categorical boundaries are
different for speech and nonspeech, there is probably no
causal relationship between the two deficits. Finally, the
categorical deficit is not only due to a reduced percep-
tual sensitivity but also to an increased perceptibility of
within-category differences. These results have both
profound theoretical implications, for the functional link
between the perceptual deficiency and the reading defi-
cit, and practical implications, for rehabilitation and
treatment methods.

Acknowledgments
This work was supported by the French INSERM-

PROGRES project Cerveau, perception de la parole et
dyslexie and by a grant from the Ministère de l’éducation
nationale, de la recherche et de la technologie (Direction de
la recherche)—Actions concertées incitatives: Perturbations
et récupération des fonctions cognitives chez le sujet normal
et chez le sujet pathologique.

References
Adlard, A., & Hazan, V. (1998). Speech perception in

children with specific reading difficulties (dyslexia).
The Quarterly Journal of Experimental Psychology, 51A,
153–177.

Bailey, P. J., Summerfield, A. Q., & Dorman, M. (1977).
On the identification of sine-wave analogues of certain
speech sounds. Haskins Laboratories, SR - 51/52, 1–24.

Best, C. T., Morrongiello, B., & Robson, R. (1981).
Perceptual equivalence of acoustic cues in speech and
nonspeech perception. Perception and Psychophysics, 29,
191–211.

Best, C. T., Studdert-Kennedy, M., Manuel, S., & Rubin-
Spitz, J. (1989). Discovering acoustic coherence in acoustic
patterns. Perception and Psychophysics, 45, 237–250.

Bradlow, A. R., Kraus, N., Nicol, T. G., McGee T. J.,
Cunningham, J., & Zecker, S. G. (1999). Effects of
lengthened formant transition duration on discrimination
and neural representation of synthetic CV syllables by
normal and reading-disabled children. Journal of the
Acoustical Society of America, 106, 2086–2096.

Brady, S. A., Shankweiler, D., & Mann, V. A. (1983).
Speech perception and memory coding in relation to
reading ability. Journal of Experimental Child Psychology,
35, 345–367.

Bruck, M. (1992). Persistence of dyslexics’ phonological
awareness deficits. Developmental Psychology, 28,
874–886.

Castles, A., & Coltheart, M. (1993). Varieties of develop-
mental dyslexia. Cognition, 47, 149–180.

Coltheart, M., Curtis, B., Atkins, P., & Haller, M. (1993).
Models of reading aloud: Dual route and parallel process-
ing approaches. Psychological Review, 100, 589–608.

Cutting, J. E., & Rosner, B. S. (1974). Categories and
boundaries in speech and in music. Perception and
Psychophysics, 16, 564–570.

Deltour, J. J., & Hupkens, D. (1980).Test de vocabulaire
actif et passif pour les enfants (5  à  8 ans) [Active and
Passive Vocabulary Test for Children 5 to 8 Years Old].
Issy-les-Moulineaux, France: E.A.P.

Fujisaki, H., & Kawashima, T. (1969). On the modes and
mechanisms of speech perception. Annual report of the
Engineering Research Institute–Faculty of Engineering,
University of Tokyo, 28, 67–73.

Fujisaki, H., & Kawashima, T. (1970). Some experiments
on speech perception and a model of the perceptual
mechanism. Annual report of the Engineering Research
Institute–Faculty of Engineering, University of Tokyo, 29,
207–214.

Godfrey, J. J., Syrdal-Lasky, A. K., Millay, K. K., &
Knox, C. M. (1981). Performance of dyslexic children on
speech perception tests. Journal of Experimental Child
Psychology, 32, 401–424.

Grieser, D., & Kuhl, P. K. (1989). Categorization of speech
by infants: Support for speech-sound prototypes. Develop-
mental Psychology, 25, 577–588.

Hays, W. L. (1988). Statistics for the social sciences. New
York: Holt, Rinehart & Winston.

Lefavrais, P. (1965). Test de l’Alouette. Paris: E.C.P.A.

Liberman, A. M., Cooper, F. S., Shankweiler, D. P., &
Studdert-Kennedy, M. (1967). Perception of the speech
code. Psychological Review, 74, 431–461.

Liberman, A. M., & Mattingly, I. G. (1985). The motor
theory of speech perception revised. Cognition, 21, 1–36.

Liberman, I. Y. (1973). Segmentation of the spoken word
and reading acquisition. Bulletin of the Orton Society, 23,
65–77.

Liberman, I. Y., Mann, V. A., & Werfelman, M. (1982).
Children’s memory for recurring linguistic and non-
linguistic material in relation to reading ability. Cortex,
18, 367–375.

Liberman, I. Y., & Shankweiler, D. (1979). Speech, the
alphabet and teaching to read. In L. Resnick & P. Weaver
(Eds.), Theory and practice of early reading (pp. 109–132).
Hillsdale, NJ: Erlbaum.

Liberman, I. Y., Shankweiler, D., Fisher, W. F., &
Carter, B. (1974). Explicit syllable and phoneme segmen-
tation in the young child. Journal of Experimental
Psychology, 18, 201–212.

Mann, V. A., & Liberman, I. Y. (1984). Phonological
awareness and verbal short term memory: Can they
presage early reading problems? Journal of Learning
Disabilities, 17, 592–599.

Manis, F. R., McBride-Chang, C., Seidenberg, M. S.,
Keating, P., Doi, L. M., Munson, B., & Petersen, A.
(1997). Are speech perception deficits associated with
developmental dyslexia? Journal of Child Experimental
Psychology, 66, 211–235.

Manis, F. R., Seidenberg, M. S., Doi, L. M., McBride-
Chang, C., & Peterson, A. (1996). On the basis of two
subtypes of developmental dyslexia. Cognition, 58, 157–195.

Masterson, J., Hazan, V., & Wijayatilake, L. (1995).

Downloaded From: http://jslhr.pubs.asha.org/ by a Applied Health Sciences Library-E User  on 09/10/2014
Terms of Use: http://pubs.asha.org/ss/Rights_and_Permissions.aspx



398      Journal of Speech, Language, and Hearing Research  •  Vol. 44  •  384–399  •  April 2001

Phonemic processing problems in developmental dyslexia.
Cognitive Neuropsychology, 12, 233–259.

McDougall, S., Hulme, C., Ellis, A., & Monk, A. (1994).
Learning to read: The role of short term memory and
phonological skills. Journal of Experimental Child
Psychology, 58, 112–133.

Merzenich, M., Jenkins, W., Johnston, P., Schreiner, C.,
Miller, S., & Tallal, P. (1996). Temporal processing
deficits of language-learning impaired children amelio-
rated by training. Science, 271, 77–81.

Miller, J. D., Pastore, R. E., Weir, C. C., Kelly, W. J., &
Dooling, R. J. (1976). Discrimination and labelling of
noise-buzz sequences with varying noise-lead time: An
example of categorical perception. Journal of the Acousti-
cal Society of America, 60, 410–417.

Mody, M., Studdert-Kennedy, M., & Brady, S. (1997).
Speech perception deficits in poor readers: Auditory
processing or phonological coding? Journal of Experimen-
tal Child Psychology, 64, 199–231.

Morais, J., Cluytens, M., & Alegria, J. (1984). Segmenta-
tion abilities of dyslexics and normal readers. Perceptual
and Motor Skills, 58, 221–222.

Nicolson, R. I., & Fawcett, A. J. (1994). Reaction times
and dyslexia. The Quarterly Journal of Experimental
Psychology, 47, 29–48.

Pastore, R. E., Ahroon, X., Baffuto, K. J., Friedman,
C., Puelo, J. S., & Fink, E. A. (1977). Common-factor
model of categorical perception. Journal of Experimental
Psychology: Human Perception and Performance, 3,
686–696.

Pisoni, D. B. (1977). Identification and discrimination of the
relative onset time of two component tones: Implications
for voicing perception in stops. Journal of the Acoustical
Society of America, 61, 1352–1361.

Raven, J. C. (1976). Coloured progressive matrices. Set A,
AB, B. Oxford, U.K.: Oxford Psychologists Press.

Reed, M. A. (1989). Speech perception and the discrimina-
tion of brief auditory cues in dyslexic children. Journal of
Experimental Child Psychology, 48, 270–292.

Remez, R. E., Rubin, P. E., Berns, S. M., Pardo, J. S., &
Lang, J. M. (1994). On the perceptual organization of
speech. Psychological Review, 101, 129–156.

Remez, R. E., Rubin, P. E., Pisoni, D. B., & Carrell, T. D.
(1981). Speech perception without traditional speech cues.
Science, 212, 947–950.

Repp, B. H. (1982). Phonetic trading relations and context
effects: New experimental evidence for a speech mode of
perception. Psychological Bulletin, 92, 81–110.

Repp, B. H. (1983). Categorical perception: Issues, methods,
findings. In N. J. Lass (Ed.), Speech and language:
Advances in theory and practice (pp. 243–335). New York:
Academic Press.

Rosen, S., & Howell, P. (1987). Auditory, articulatory, and
learning explanations of categorical perception in speech.
In S. Harnad (Ed.), Categorical perception (pp. 113–160).
Cambridge: Cambridge University Press.

Schulte-Körne, G., Deimel, W., Bartling, J., &
Remschmidt, H. (1998). Auditory processing and
dyslexia: Evidence for a specific speech processing deficit.
Neuroreport, 9, 337–340.

Serniclaes, W. (2000). La perception de la parole [Speech
perception]. In P. Escudier, G. Feng, P. Perrier, & J.-L.
Schwartz (Eds.), La parole, des modèles cognitifs aux
machines communicantes [Speech, from cognitive models
to ASR devices] (pp. 159–183). Paris: Hermès.

Serniclaes, W., & Wajskop, M. (1992). Phonetic versus
acoustic account of feature interaction in speech percep-
tion. In J. Alegria, D. Holender, J. Junça de Morais, & M.
Radeau (Eds.), Analytic approaches to human cognition:
Proceedings of the conference in honour of Paul Bertelson
(Brussels, Belgium, June 1991; pp. 77–91). Amsterdam:
North-Holland.

Shaywitz, S. E. (1998). Dyslexia. The New England Journal
of Medicine, 338, 307–312.

Sprenger-Charolles, L. (2000, July). Subtypes of develop-
mental dyslexia: Cross linguistics and longitudinal data.
In The phonological deficit explanation of dyslexia:
Contributions from different orthographies. Symposium
conducted at the XXVIII International Congress of
Psychology, Stockholm, Sweden.

Sprenger-Charolles, L., Colé, P., Lacert, P., & Serniclaes,
W. (2000). On subtypes of developmental dyslexia:
Evidence from processing time and accuracy scores.
Canadian Journal of Experimental Psychology (Special
Issue on Early Literacy and Early Numeracy), 54, 87–103.

Stanovich, K. E. (1986). Matthew effects in reading: Some
consequences of individual differences in the acquisition of
literacy. Reading Research Quarterly, XXI, 360–407.

Stanovich, K. E. (1993). Does reading make you smarter?
Literacy and the development of verbal intelligence. In H.
Reese (Ed.), Advances in child development and behavior
(pp. 133–180). San Diego, CA: Academic Press.

Stanovich, K. E., Siegel, L. S., & Gottardo, A. (1997).
Converging evidence for phonological and surface sub-
types of reading disability. Journal of Educational
Psychology, 89, 114–127.

Studdert-Kennedy M., & Mody, M. (1995). Auditory
temporal perception deficits in the reading impaired: A
critical review of the evidence. Psychonomic Bulletin, 2,
508–514.

Tallal, P. (1980). Auditory temporal perception, phonics and
reading disabilities in children. Brain and Language, 9,
182–198.

Tallal, P., Miller, P., Bedi, G., Byma, G., Wang, X.,
Nagarajan, S., Schreiner, C., Jenkins, W., Merzenich,
M. (1996). Language comprehension in language-learning
impaired children improved with acoustically modified
speech. Science, 271, 81–84.

Tobey, E. A., & Cullen, J. K. (1984). Temporal integration
of tone-glides by children with auditory-memory and
reading problems. Journal of Speech and Hearing
Research, 27, 527–533.

Volaitis, L. E., & Miller, J. L. (1992). Phonetic prototypes:
Influence of place of articulation and speaking rate on the
internal structure of voicing categories. Journal of the
Acoustical Society of America, 92, 723–735.

Wagner, R. K., Torgersen, J. K., & Rashotte, C. A. (1994).
Development of reading related phonological processing
abilities: New evidence of bi-directional causality from a
latent variable longitudinal study. Developmental Psychol-
ogy, 30, 73–87.

Downloaded From: http://jslhr.pubs.asha.org/ by a Applied Health Sciences Library-E User  on 09/10/2014
Terms of Use: http://pubs.asha.org/ss/Rights_and_Permissions.aspx



Serniclaes et al.: Perceptual Discrimination of Speech Sounds in Developmental Dyslexia      399

Werker, J. F., & Tees, R. C. (1987). Speech perception in
severely disabled and average reading children. Canadian
Journal of Psychology, 41, 48–61.

Wimmer, H. (1993). Characteristics of developmental
dyslexia in a regular writing system. Applied Psycho-
linguistics, 14, 1–33.

Wimmer, H. (1996). The early manifestation of developmen-
tal dyslexia: Evidence from German children. Reading and
Writing: An Interdisciplinary Journal, 8, 171–188.

Appendix

Received April 11, 2000

Accepted November 21, 2000

DOI: 10.1044/1092-4388(2001/032)

Contact Author: Willy Serniclaes, Laboratoire de Statistique
Médicale, Ecole de Santé Publique, CP 598, Université
Libre de Bruxelles, 808, Route de Lennik, 1070 Brussels,
Belgium. E-mail: Willy.Serniclaes@ULB.ac.be

The following instructions were given orally to the
participants (translated from French):

Training (before Condition 1): You are going to hear two
electronic whistles 20 times. Each time you hear two sounds,
immediately say whether they were the same by pressing the
green key when they were the same and the red key when they
were different.

Sinewave-acoustic condition (Condition 1): You are now
going to hear two electronic whistles 144 times. As you just
did, immediately say whether they were the same by pressing
the green key when they were the same and the red key when
they were different.

Sinewave-speech condition (Condition 2 for one half of
the participants; Condition 3 for the other half): The electronic
whistles you heard before were in fact “ba” or “da” syllables,

but they were pronounced in a special way by the computer,
just as by Martians. You are going to hear them again. Just as
before, say whether you heard the same thing. Whenever you
hear the same thing (ba-ba or da-da) press the green key of
the computer. If it was not the same thing (ba-da or da-ba) the
red key. You will first hear a series of two sounds 5 times,
followed by a series of 144.

Modulated-speech condition (Condition 2 for one half of
the participants; Condition 3 for the other half): You will now
hear “ba” or “da” syllables pronounced a bit as though a little
French child was speaking. Just as before, you will have to say
whether you hear the same thing twice. Whenever you hear
the same thing (ba-ba or da-da), press the green key on the
computer. If it was not the same thing (ba-da or da-ba), press
the red key. You will first hear a series of two sounds 5 times,
followed by a series of 144.
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