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bstract

Although it is commonly accepted that dyslexic children have auditory phonological deficits, the precise nature of these deficits remains unclear.
his study examines potential pitch processing deficit in dyslexic children, and recovery after specific training, by measuring event-related brain
otentials (ERPs) and behavioural responses to pitch manipulations within natural speech. In two experimental sessions, separated by 6 weeks of
raining, 10 dyslexic children, aged 9–12, were compared to reading age-matched controls, using sentences from children’s books. The pitch of the
entence’s final words was parametrically manipulated (either congruous, weakly or strongly incongruous). While dyslexics followed a training
ocused on phonological awareness and grapheme-to-phoneme conversion, controls followed a non-auditory training. Before training, controls
Eutperformed dyslexic children in the detection of the strong pitch incongruity. Moreover, while strong pitch incongruities were associated with
ncreased late positivity (P300 component) in controls, no such pattern was found in dyslexics. Most importantly, pitch discrimination performance
as significantly improved, and the amplitude of the late positivity to the strong pitch incongruity enhanced, for dyslexics after a relatively brief
eriod of training, so that their pattern of response more closely resemble those of controls.

2006 Published by Elsevier Ltd.
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. Introduction

Developmental dyslexia is defined as an unexpected, specific,
nd persistent failure to acquire efficient reading skills despite
onventional instruction, adequate intelligence, and sociocul-
ural opportunity (Démonet, Taylor, & Chaix, 2004). At the brain
evel, the origin of dyslexia may result from an atypical early
evelopment, due to genetic or epigenetic factors (Grigorenko,
001) of the left hemisphere’s cortical architectonic organiza-
U
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ion (Galaburda & Kemper, 1979; Galaburda, Sherman, Rosen,
boitiz, & Geschwind, 1985), and/or subcortical (Livingstone,
osen, Drislane, & Galaburda, 1991) and cortico–cortical con-
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ectivity (Klingberg et al., 2000; Pugh et al., 2000; Silani et al.,
005).

Functionally, there is strong evidence that reading abilities
ave a foundation in early speech perception abilities (Molfese
t al., 2002; Molfese & Molfese, 2002). Current theories
f dyslexia emphasize difficulties in auditory phonological
rocessing (for a review see Habib, 2000). The hypothesis
hat dyslexic children come to the task of learning to read
ith poorly specified phonological representations (Snowling,
001; Swan & Goswami, 1997), resulting in grapheme-to-
honeme decoding deficits, has been proposed to explain
heir reading disabilities. However, the precise mechanisms
nderlying the proficient use of these skills in reading remain
nclear. As a possible cause of impaired phonological rep-
lated potentials evidence for pitch discrimination deficits in dyslexic
gia (2006), doi:10.1016/j.neuropsychologia.2006.09.010

esentations, Tallal (1980) proposed an influential – albeit 26

ontroversial – theory, following which impaired temporal 27

coustic processing constrains proper speech perception and, 28

s a result, compromises the development of strong and stable 29
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honeme representations, and reading acquisition (Tallal,
004).

Interestingly, Merzenich et al. (1996) and Tallal et al. (1996)
ere able to demonstrate significant improvement in temporal
rocessing, speech discrimination and listening comprehen-
ion, by manipulating temporo-spectral characteristics of human
peech in intensive daily auditory exercises in language impaired
hildren. Such improvements were subsequently related to spe-
ific functional reorganization of language areas (Aylward et al.,
003; Shaywitz et al., 2004; Temple et al., 2001, 2003).

Several studies, based on temporal processing tasks, have
ttempted to specify the perceptual auditory deficits in dyslexia.
eficits in timing skills (Overy, 2003), amplitude modulation
etection (McAnally & Stein, 1996; Menell, McAnally, & Stein,
999), amplitude envelop onsets (Goswami et al., 2002), stream
egregation (Helenius, Uutela, & Hari, 1999), and discrimina-
ion of temporal information (Kujala et al., 2000) have been
ound in dyslexics.

One of the most relevant methods to examine the time course
f language processing is the event-related potentials (ERPs)
ethod, which has been widely used with dyslexics during

hese last years (for reviews see Connolly, D’Arcy, Newman,
Kemps, 2000; Lachmann, Berti, Kujala, & Schröger, 2005;

yytinen et al., 2005; Robichon, Besson, & Habib, 2002). Over-
ll, these studies provided evidence for impaired cortical sound
erception and discrimination in dyslexic children. Recently,
enefiting from the excellent temporal resolution of the ERP
ethod, Giraud et al. (2005) have shown that auditory discrim-

nation deficits of voiced–unvoiced contrasts in adult dyslexics
ith persistent reading difficulties are associated with a specific

ime-coding impairment of the successive components of the
coustic signal.

There is nevertheless evidence, from studies using large and
iverse batteries of psychoacoustic tasks, that dyslexic’s audi-
ory deficits may not be limited to the temporal aspects of audi-
ory processing (Ahissar, Protopapas, Reid, & Merzenich, 2000;
mytay, Ahissar, & Nelken, 2002). For instance, Moisescu-
iflach and Pratt (2005), have demonstrated, using both ERP
aveform analysis and current density source estimation, that

uditory discrimination in dyslexics was impaired not only for
emporal but also for frequency cues. These results are in line
ith the hypothesis that pitch discrimination is also impaired

n dyslexia (Ahissar et al., 2000; Baldeweg, Richardson,
atkins, Foale, & Gruzelier, 1999; Cacace, McFarland, Ouimet,

chrieber, & Marro, 2000; Hari, Stääkilahti, Helenius, &
utela, 1999; McAnally & Stein, 1996; Schulte-Körne, Deimel,
artling, & Remschmidt, 1999). Baldeweg et al. (1999) have, for

nstance, shown that the ERP to pitch changes differed between
oung dyslexic adults and controls, whereas no differences were
ound for duration changes. The authors suggested that this
eficit in pitch discrimination was possibly linked to “a per-
istent sensory deficit in monitoring the frequency of incoming
ound” (Baldeweg et al., 1999, p. 495). Likewise, children at
U
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amilial risk for dyslexia have more difficulties than controls to
etect frequency deviants (Maurer, Bucher, Brem, & Brandeis,
003). While it is not yet clear how pitch discrimination relates
o the phonological impairment leading to dyslexia, the ability

t
f
i
F

 P
R

O
O

F

 PRESS
ogia xxx (2006) xxx–xxx

o discriminate global pitch contour of sound sequences seems
o covary with the development of phonological representations
nd reading skills (Foxton et al., 2003).

Finally, complexity and processing demands also yield ERP
ifferences between dyslexics and normal readers (Lyytinen et
l., 2005). Kujala et al. (2000) reported that adults with dyslexia
ailed to detect temporal changes occurring in the middle of
complex stimulus pattern, yet easily detected by the control

roup. However, no differences between groups were found with
simpler two-tone pattern (see also Kujala, Belitz, Tervanieni,
Näätänen, 2003).
Based on the findings that dyslexics may have deficits in pitch

rocessing (Baldeweg et al., 1999) and may also be impaired,
ompared to controls, when stimuli are part of a complex stim-
lus pattern (Kujala et al., 2000), the first aim of the present
xperiment was to test the hypothesis that dyslexic children
ay have increased difficulties discriminating pitch deviants
hen they are embedded in a complex and rapid presentation
f auditory stimulus. To this end, we examined the processing
f pitch changes included in natural speech. In order to use a
aterial as ecological and interesting as possible for children,
e used sentences from children’s books. The final word of the

entences was either spoken at a natural pitch level, or was para-
etrically manipulated to create weak (35% increase in pitch)

r strong (120% increase in pitch) incongruities (see Section
). Results of previous ERPs studies, using the same materi-
ls (Magne, Schön, & Besson, 2006; Moreno & Besson, 2006),
ave shown that for children with no reading disabilities, the
trong incongruity was the easiest to detect. Moreover, at the
RP level, the strong incongruity elicited a large positive com-
onent peaking around 300 ms post-stimulus onset and probably
elonging to the P300 family of components. P300-like compo-
ents have been reported in a large number of experiments and
re generally interpreted as reflecting the processing of deviant
nd task relevant stimuli (Donchin & Coles, 1988; Lyytinen et
l., 2005). If dyslexic children encounter difficulties in process-
ng frequency deviants, specifically when frequency changes
re embedded within complex stimulus patterns (Kujala et al.,
000), the amplitude of the P300 to pitch changes in sentence
ontexts should be smaller and the percentage of correct detec-
ion lower than for children with no reading disabilities. In order
o test these specific hypotheses, a group of normal reading
hildren, matched for reading age, was also included in this
tudy.

The second aim of the present study was to uncover neuro-
hysiological changes following remedial training in dyslexic
hildren. To this aim, we used a Test 1 – Training – Test 2
rocedure and we recorded ERPs before and after training. Pre-
ious studies have indeed highlighted the sensitivity of different
RP components, and, in particular the late positivity, to learn-

ng and memory processes (Johnson, Pfefferbaum, & Koppel,
985; Molfese & Molfese, 1997; Paller, Kutas, & Mayes, 1987).
yslexic children were first tested in the pitch discrimination
elated potentials evidence for pitch discrimination deficits in dyslexic
gia (2006), doi:10.1016/j.neuropsychologia.2006.09.010

ask, using both ERPs and behavioural measures. Then, they 140

ollowed a 6-weeks session of intensive phonological training 141

nspired by two remediation techniques previously validated in 142

rench (Habib et al., 1999, 2002; Magnan, Ecalle, Veuillet, 143

dx.doi.org/10.1016/j.neuropsychologia.2006.09.010


D
 P

R
O

O
F

 IN PRESS+Model
N

ychologia xxx (2006) xxx–xxx 3

&144

p145

e146

i147

a148

r149

C150

o151

b152

i153

p154

b155

R156

a157

b158

d159

e160

b161

i162

a163

n164

2165

2166

167

f168

F169

r170

t171

g172

t173

p174

t175

s176

Table 1
Summary of mean results on the neuropsychological tests for dyslexic children
before training

Task Performance (S.D.)

WISC-III verbal subtests
Similarities (/19) 11.1 (3.28)
Arithmetic (/19) 8.3 (3.74)
Vocabulary (/19) 10 (3.27)
Digit span (/19) 6.3 (2.58)

WISC-III performance subtests
Picture completion (/19) 12.2 (2.62)
Block design (/19) 9.8 (4.16)

NEPSY visuo-spatial
Design copying (/19) 9.2 (3.71)
Arrows (/19) 12.8 (3.49)

NEPSY attention and executive function
Tower (/19) 10.5 (3.21)
Auditory attention and response set (/19) 11 (1.25)
Visual attention (/19) 9.8 (2.20)
Design fluency (/19) 9.4 (2.56)

Memory assessment
BEM 84 Signoret (/84) 56.2 (8.50)

Visual memory
Visual span (/12) 4.9 (.99)

Rhythmic structure
Stamback (/21) 12 (3.8)
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Collet, 2004). Finally, they were again tested in the same
itch discrimination task, using the same measures. We hypoth-
sized that if remediation in children with dyslexia is efficient in
mproving pitch processing in complex auditory sequences such
s natural speech, the level of performance (measured by error
ates and reaction times (RTs)) should increase after training.
oncomitantly, at the electrophysiological level, the ERP pattern
f dyslexic children should be more similar to controls after than
efore training. While training may influence different stages of
nformation processing, and consequently different ERP com-
onents, the late positivity (P300) has recently been shown to
e particularly sensitive to learning effects (Key, Molfese, &
atajczak, 2006; Rose, Verleger, & Wascher, 2001). Thus, the
mplitude of the P300 component to strong incongruities should
e larger after than before training, that is, when the correct
etection of pitch changes increases. To directly test the influ-
nce of remedial training, and to examine its neurophysiological
asis, we compared behavioural and electrophysiological data
n Tests 1 and 2, not only in our dyslexic population, but also in
reading-age matched non-dyslexic population that followed a
on-auditory training (see below).

. Methods

.1. Subjects

Ten dyslexic boys (mean age: 9.8 years; S.D. = 1.2 years) were recruited
rom a special class for dyslexics within an elementary school in Marseille,
rance. All children were right-handed. They were selected on the basis of their
eading level (i.e. more than 18 months below chronological age), assessed with
he Alouette’s standardized reading test (Lefavrais, 1965). Non-verbal intelli-
U
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R
R
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ence was assessed by the Raven’s Progressive Matrices (1981), which located
he group in the 60th percentile. Moreover, before the experiment, each partici-
ant received a large battery of neuropsychological tests. It is important to note
hat this evaluation aimed exclusively at diagnosis confirmation and dyslexia
ubtyping (see Table 1). It allowed us to exclude dyslexia possible comorbidi-

t 177

d

i
t

able 2
ummary of results of Student t-test on the reading skills measures for dyslexic child

ask Performance

S1

llouette 33.89 (13.51)
pelling pseudowords (/23) 8.22 (5.59)
honemic fluency 14.22 (3.07)
emantic fluency 24.22 (6.92)

honological awareness
1st syllable deletion (/16) 15.44 (1.01)
1st consonant deletion CVC (/16) 11.22 (4.99)
1st consonant deletion CCV (/10) 6.78 (2.73)
Auditory acronyms (/10) 10.78 (4.09)
Rhymes judgement (/10) 6.67 (2.83)

eading strategy
Pseudowords (/20) 12.44 (4.50)
Regular words (/10) 9 (1.41)
Irregular words (/10) 4.33 (3.32)

pelling
Phonological errors 26.44 (14.74)
Grammatical errors 21.22 (12.74)
Usual rules errors 18.44 (7.40)
nalogical reasoning
Raven PM 47 60th percentile (26.46)

ies such as attention, mathematics, oral language, memory and visuo-spatial
lated potentials evidence for pitch discrimination deficits in dyslexic
gia (2006), doi:10.1016/j.neuropsychologia.2006.09.010

isorders. 178

Further assessment of reading strategies included pseudowords, regular and 179

rregular words reading, as well as several phonological awareness and spelling 180

asks (see Table 2). This battery served as a baseline for assessing the impact of 181

ren before (S1) and after training (S2)

S2 t p (dl = 9)

30.63 (13.58) 1.70 .12
10.5 (4.63) −1.99 .08
15.75 (2.55) −1.94 .08
27.13 (7.86) −1.70 .12

15.63 (.74) −.50 .63
14.88 (1.36) −2.30 .05
9.13 (1.13) −2.53 .03

14.5 (1.85) −3.04 .01
8 (2) −6.21 .001

13.5 (4.84) −1.96 .08
9.38 (1.41) −1.57 .15
5.88 (2.80) −2.29 .05

21.25 (15.51) 3.05 .01
14.5 (8.47) 1.99 .08
10.88 (4.58) 4.61 .001

dx.doi.org/10.1016/j.neuropsychologia.2006.09.010
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Fig. 1. Spectrogram of a sentence presented in the experiment. The speech signal is illustrated for the sentence “Un loup solitaire se faufile entre les troncs de la
g es of
s
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rande forêt” (Literal translation: “A lonely wolf worked is way through the tre
trong or weak pitch manipulations.

he remediation program in the dyslexic group and was repeated after training
long with a specific ERP protocol (see below).

In addition, a control group of 10 normal-reading children (six boys and four
irls, eight right-handers and two left-handers,1 mean age: 8.8 years; S.D. = .29
ears) matched for reading level did also participate to the behavioural and ERP
xperiments. In French public schools, all third grade children are systematically
ested on their reading, writing and spelling skills. According to this National
rogram of Education Assessment (2004), all children in the control group were
lassified as normal readers. Consequently, they did not receive further reading
nd neuropsychological evaluation.

Children in both groups followed a Test 1 – Training – Test 2 procedure.
hile the training phase was different for the dyslexic and control groups (see

elow), Tests 1 and 2 were identical. This allowed to control for test–retest
rocedures, for the effects of general development and maturation (children
ere about 3 months older in Test 2 than in Test 1), as well as for cognitive

timulation (the same stimuli as in Test 1 were repeated in Test 2).
All, dyslexic and control, children were native speakers of French and had

ormal or corrected-to-normal vision, normal audition and no known neurolog-
cal deficits or overt physical handicap. Parental consent to be involved in the
tudy was obtained for all children and the study was approved by the local
thics committee.

.2. Stimuli

Stimuli comprised 72 French spoken declarative sentences that were issued
rom children’s books (e.g. “Dans la barque se tient l’ennemi de Peter Pan, le
errible pirate”/“In the boat is the enemy of Peter Pan, the terrible pirate”). Sen-
ences always ended with bi-syllabic words (e.g. “pirate”) and their meaning was
lways easy to understand. An equal number of sentences (24) were presented
n each of three experimental conditions: the final word was prosodically con-
ruous, weakly incongruous or strongly incongruous (see Fig. 1). Consequently,
ach child listened to a total of 72 sentences. Moreover, three lists of stimuli were
uilt so that each sentence was presented in each condition across children. The
itch of the last word was increased using the software WinPitch (Martin, 1996)
y 35% for the weak incongruity, and by 120% for the strong incongruity. The
ean duration of the sentences was 3.95 s (S.D. = .65). This material has been
U
N

C
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children: Improvement after intensive phonic intervention, Neuropsycholo

sed in previous experiments with adults (Schön, Magne, & Besson, 2004) and
hildren (Magne et al., 2006; Moreno & Besson, 2006). Sentences were recorded
n a soundproof room using a digital audiotape and a sampling rate of 44.1 kHz.

1 While it was impossible, for practical reasons, to exactly match children in
he dyslexic and control groups on sex and handedness, complementary analysis
n error rates, reaction times and electrophysiological data revealed that these
actors did not exert a significant influence on these results. Thus, for instance,
esults remain unchanged when excluding the two left-handed children.
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Othe big forest”). The final word is prosodically congruous or incongruous with

.3. Procedure

The experiment was conducted over a 12-weeks period and comprised three
hases (two testing sessions separated by 6 weeks of training). In the first phase,
hich lasted for about 2 weeks, all children, controls and dyslexics, were tested

ndividually, in a session that lasted for approximately 2 h, using both behavioural
nd ERP measures. Children were seated in an electrically shielded room. The
xperiment comprised 3 blocks of 24 trials each, and began with a practice block
comprising 6 sentences that were not repeated in the experimental blocks) to
amiliarize the child with the task. Children were required to listen attentively,
hrough headphones, to the sentences that were presented in a pseudo-random
rder (no more than three successive sentences belonging to the same exper-
mental conditions) within each block. They were asked to decide, as quickly
nd accurately as possible, by pressing one of two response keys, whether the
ronunciation of the sentence final word was normal or strange (i.e., something
as wrong). The hand of response was counter-balanced across children. In

he second phase, the 6-weeks training period, dyslexic children followed daily
honological exercises (rhyme judgement, counting the syllables of words, word
epetition and first syllable detection) without verbal feedback (Habib et al.,
999, 2002). They also received audio-visual training (Play-On®) twice a week
n sessions of 20 min. This training, developed by Danon-Boileau and Barbier
2000), focuses on voicing opposition between pairs of phonemes (for further
etails, see Magnan et al., 2004).

Insofar as children in the control group were all normal readers, it was neither
elevant nor ethical to use the same training as with dyslexic children. Rather,
hey followed a painting training, twice a week for 40 min in their school, for
period of 8 weeks. The training was based upon abstract painting exercises,

mplemented through art games. The objectives were to learn how to mix pig-
ents to make colours and to create works of art based on movement. This

roup also served as a control group for another experiment (Moreno & Besson,
006).

All subjects completed their respective programs and had on average the
ame number of hours of training (dyslexics: 11 h; controls: 10.6 h).

In the third phase, at the end of the training program, both groups were
ested again on the pitch discrimination task, in similar experimental conditions
s described for phase 1. Thus, the 20 children were again tested individually
n a session that lasted for approximately 2 h. Dyslexic children were also re-
ssessed on their reading skills, using the same measures as described above
see Table 2).

.4. ERP recordings
elated potentials evidence for pitch discrimination deficits in dyslexic
gia (2006), doi:10.1016/j.neuropsychologia.2006.09.010

EEG was recorded for 2200 ms starting 150 ms before the onset of the 258

timulus, from 28 scalp electrodes mounted on an elastic cap. Standard left 259

nd right hemisphere positions were recorded over frontal, central, parietal, 260

ccipital, and temporal areas (International 10/20 system sites: Fz, Cz, Pz, 261

dx.doi.org/10.1016/j.neuropsychologia.2006.09.010
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Table 3
Summary of results on the modified error rates and RTs

Effect ANOVAs

Modified error rates RTs

dl F-value p-Value dl F-value p-Value

Between subjects analysis
Group (1, 18) 26.62 .001 (1, 18) 11.57 .003
Session (1, 18) 39.13 .001 (1, 18) 8.36 .01
Congruity (2, 36) 62.67 .001 (2, 36) 35.06 .001
Group × session (1, 18) 5.51 .03 (1, 18) 2.37 .14
Group × congruity (2, 36) 2.06 .14 (2, 36) 0.32 .73
Session × congruity (2, 36) 3.90 .03 (2, 36) 0.77 .47
Group × session × congruity (2, 36) 4.97 .01 (2, 36) 3.85 .03

Between subjects analysis (S1 and S2 separately)
Group

Pre (1, 18) 21.93 .001 (1, 18) 11.62 .003
Post (1, 18) 15.21 .001 (1, 18) 6.79 .02

Congruity
Pre (2, 36) 11.91 .001 (2, 36) 11.58 .001
Post (2, 36) 115.41 .001 (2, 36) 31.55 .001

Group × congruity
Pre (2, 36) 3.99 .03 (2, 36) .79 .46
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all RTs were shorter for the strong incongruity (1128 ms), than 316

for the weak incongruity (1263 ms, p < .001) and the congru- 317

ous word (1249 ms, p < .001). Most importantly, while dyslexics 318

2 We also computed an ANOVA including all electrodes. Since results revealed
N
C

O
R

R
E

C
TE

Post (2, 36) 2.01

z, Fp1, Fp2, F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T3, T4, T5, T6, Fc5,
c1, Fc2, Fc6, Cp5, Cp1, Cp2, Cp6). These recording sites plus an electrode
laced on the right mastoid were referenced to the left mastoid electrode.
mpedances of the electrodes were kept below 5 k�. In order to detect eye
ovements and blinks, the horizontal electrooculogram (EOG) was recorded

rom electrodes placed 1 cm to the left and right of the external canthi, and
he vertical EOG was recorded from an electrode beneath the right eye, ref-
renced to the left mastoid. The data was then re-referenced offline to the
lgebraic average of the left and right mastoids. Trials containing ocular arte-
acts, movement artefacts, or amplifier saturation were excluded from the
veraged ERP waveforms (average percentage of rejected trials = 13%). The
EG and EOG were amplified by a SA Instrumentation amplifier with a bandpass
f .01–30 Hz, and were digitised at 250 Hz by a PC-compatible microcom-
uter.

.5. Data analysis

Electrophysiological data were analysed for correct responses only using
rainVision Analyser software (version 01/04/2002; Brain Products Gmbh), by
omputing the mean amplitude in selected latency bands: 0–200, 200–700 and
00–1200 ms, relative to a 150 ms baseline. These latency bands were chosen (1)
ased upon visual inspection of the waveforms, (2) from results of preliminary
nalysis in successive 50 ms latency bands and (3) from previous results in the
iterature (Magne et al., 2006; Moreno & Besson, 2006). Analyses of variance
ANOVAs) were used for all statistical tests, and all p-values reported below were
djusted with the Greenhouse-Geisser epsilon correction for non-sphericity. The
ncorrected degrees of freedom and the probability level after correction are
eported. Before training, 51 and 71% of trials were included in the averages
or dyslexics and controls, respectively. After training, this percentage was of
3 and 79%, respectively.

Data were analysed, using four-way ANOVAs including Group (dyslexic
ersus control) as a between-subjects factor, and, as within-subjects factors,
U
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ession (pre-training versus post-training), Congruity (congruous words ver-
us weak incongruities versus strong incongruities) and Electrodes (Fz, Cz, Pz,
z) for midline analysis, or Hemisphere (right versus left), Anterior–posterior
imension (three regions of interest (ROI): fronto-central, temporal and parieto-
emporal) and Electrode (3 for each ROI: F7/F8, F3/F4, Fc5/Fc6 – T3/T4, C3/C4,

s
p

d
(

 P
R

.15 (2, 36) 4.98 .01

p5/Cp6 – T5/T6, P3/P4, Cp1/Cp2), for lateral analysis1.2 Tukey tests were used
or all post hoc comparisons.

Modified error rates3 and RTs were analysed using three-way ANOVAs,
ncluding Group (dyslexics versus controls) as a between-subject factor and Ses-
ion (pre-training versus post-training) and Congruity (congruous words versus
eak incongruities versus strong incongruities) as within-subjects factors.

. Results

.1. Behavioural data

Table 3 summarizes the behavioural results obtained in the
itch discrimination task. Results revealed that the main effects
f group, session and congruity were significant on both the
odified error rate and the RTs. Dyslexic children made overall
ore errors (1.14) and had longer RTs (1329 ms) than con-

rols (.61 and 1098 ms, respectively, see Fig. 2). After training,
hildren were more accurate and faster (.66 and 1163 ms, respec-
ively) than before training (1.09 and 1263 ms, respectively, see
ig. 2). In both groups, children made overall more errors for

he weak incongruity (1.47) than for the congruous words (.64,
< .001) and the strong incongruity (.52, p < .001). The over-
lated potentials evidence for pitch discrimination deficits in dyslexic
gia (2006), doi:10.1016/j.neuropsychologia.2006.09.010

ignificant interactions between Group, Session, Congruity and Electrodes, we
resent the results of the midline and lateral analyses.
3 Modified error rates were used to normalize the percentage of errors
istribution and were computed using the formula: [2 × ASIN (RACINE
%errors/100))].

dx.doi.org/10.1016/j.neuropsychologia.2006.09.010
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ig. 2. Percentage of errors and reaction times (RTs) before and after training in
or both dyslexic and control children.

ade more errors than controls to detect the strong incongruities
efore training, this difference was no longer significant after
raining (group × session × congruity).

.2. Electrophysiological data

The effects were not significant in the 0–200 and
00–1200 ms latency bands. By contrast, in the 200–700 ms
atency band, the main effect of congruity was significant
t both midline and lateral electrodes. Strong incongruities
licited larger positivities (midline: 8.88 �V; laterals: 5.57 �V)
han weak incongruities (midline: 4.26 �V, p < .001; later-
ls: 1.23 �V, p = .02) and congruous words (midline: 2.64 �V,
< .001; laterals: .60 �V, p = .01). Moreover, while the main
ffect of group was not significant, the group by congruity inter-
ction was significant at midline electrodes (see Table 4). Tukey
ests showed that for controls, strong incongruities elicited sig-
ificantly larger positivities (10.55 �V) than weak incongruities
2.70 �V, p < .001) and congruous words (1.08 �V, p < .001)
hat did not differ from each other. No such differences were
ound for dyslexics (strong (7.21 �V) versus weak incongruities
5.80 �V, p = .27); strong incongruities versus congruous words
4.7 �V, p = .08)). Finally, the group by session by congruity
nteraction was also significant.

To further track this interaction, separate pre- and post-
raining analyses were computed (see Table 4). Results showed
hat the main effect of group was not significant but the main
ffect of congruity was significant both before and after train-
ng at midline and lateral electrodes. Moreover, the group
y congruity interaction was only significant before training
t both midline and lateral electrodes. For controls, strong
ncongruities (midline: 10.31 �V; laterals: 6.38 �V) elicited sig-
ificantly larger positivities than weak incongruities (midline:
U
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.32 �V, p = .05; laterals: .03 �V, p = .05) and congruous words
midline: .53 �V, p = .01, laterals: −1.95 �V, p = .05, see Fig. 3)
hat did not differ from one another. No such differences were
ound for dyslexics either at midline or at lateral electrodes (all

n
e
r
p

 P
R

O
Oree experimental conditions (congruous words, weak and strong incongruities)

> .68; see Fig. 3). Finally, the group by congruity interaction
as no longer significant after training (see Table 4), mainly
ecause strong incongruities elicited larger positivities than con-
ruous words not only for controls (midline: 10.78 �V versus
.63 �V, p < .001; laterals: 6.55 �V versus −1.54 �V, p = .05)
ut also for dyslexics (midline: 8.65 �V versus 2.62 �V, p = .04;
aterals: 6.85 �V versus 1.78 �V, p = .05) at both midline and
ateral electrodes (see Figs. 4 and 5).

.3. Reading measures

Several language and reading tasks were used in the dyslexic
roup and are presented in Table 2. Performances before and
fter training were analysed using Student t-tests. Most measure-
ents revealed substantial increases in the level of performance

fter training. Most importantly, the level of performance was
ignificantly higher in the phonological awareness (consonant
eletion, auditory acronyms, and rhyme judgement) and spelling
asks after than before training. The increase in the reading tasks
as also significant for irregular words and marginally signifi-

ant for pseudowords.

.4. Correlation analysis

Since the level of performance in the phonological awareness
nd spelling tasks increased significantly with training, it was
f interest to determine whether such increases were correlated
ith significant increase in the amplitude of the late positivity to

trong incongruities. Thus, we computed Pearson correlations
etween behavioural data (level of performance in the reading
ests) and electrophysiological data (mean amplitude to strong
ncongruities at Pz, where the effects were largest) before and
fter training for the dyslexic children. These analyses revealed
elated potentials evidence for pitch discrimination deficits in dyslexic
gia (2006), doi:10.1016/j.neuropsychologia.2006.09.010

o significant correlations before training. Interestingly, how- 383

ver, the correlations were significant after training, for two 384

epresentative phonological tests: consonant deletion (r = .67, 385

= .03) and rhyme judgment (r = .86, p = .001).
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Table 4
Summary of results (ANOVAs including 3 levels of Congruity) on the mean amplitude in the 200–700 ms latency band

Effect ANOVAs

Midline Laterals

dl F-value p-Value dl F value p-Value

Between subjects analysis
Group (1, 18) .31 .58 (1, 18) 1.05 .32
Session (1, 18) .36 .56 (1, 18) .1.38 .25
Congruity (2, 36) 15.73 .001 (2, 36) 6.21 .005
Group × session (1, 18) .01 .94 (1, 18) 1.37 .26
Group × congruity (2, 36) 5.21 .01 (2, 36) 2.39 .11
Session × congruity (2, 36) 1.00 .38 (2, 36) 2.17 .13
Group × session × congruity (2, 36) 3.94 .03 (2, 36) 3.53 .04

Between subjects analysis (pre- and post-training separately)
Group

Pre (1, 18) .15 .70 (1, 18) .01 .93
Post (1, 18) .20 .66 (1, 18) 1.79 .20

Congruity
Pre (2, 36) 4.46 .02 (2, 36) 3.55 .04
Post (2, 36) 14.61 .001 (2, 36) 5.83 .006

Group × congruity

4386

387

d388

c389

e390

f391

F 392

g 393

t 394

F

Pre (2, 36) 3.52
Post (2, 36) 2.67

. Discussion

In line with our first hypothesis, analysis of behavioural
U
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ata revealed that dyslexic children have more difficulties than
ontrols to discriminate pitch manipulations when they are
mbedded within natural speech. Overall, dyslexic children per-
ormed with less accuracy and were slower than controls (see

i
1
c
(

ig. 3. Illustration of the ERPs elicited by prosodically congruous endings and by we
 P
R.04 (2, 36) 3.44 .04

.08 (2, 36) 1.78 .18

ig. 2). These results support a general difference between
roups, irrespective of stimulus type (no group by condi-
ion interaction on RTs or error rates). This pattern of results
lated potentials evidence for pitch discrimination deficits in dyslexic
gia (2006), doi:10.1016/j.neuropsychologia.2006.09.010

s particularly striking because the strong incongruity (i.e. a 395

20% increase in pitch) is very easily detected by control 396

hildren, as reflected by the low error rate in this condition 397

see Fig. 2). Thus, these findings are consistent with previ- 398

ak and strong incongruities in control and dyslexic children before training.
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ig. 4. Illustration of the ERPs elicited by prosodically congruous endings and

us ones showing that adult dyslexics (Baldeweg et al., 1999),
s well as children at familial risk for dyslexia (Maurer et
l., 2003), have more difficulties than controls to detect fre-
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uency deviants. Moreover, they are in line with the idea
f a covariance between speech prosody and the develop-
ent of reading skills recently advocated by Foxton et al.

2003).

g
t
p
(

Fig. 5. Difference waves—strong incongruity effect (strong incongruity minus co
 P
R

ak and strong incongruities in control and dyslexic children after training.

Interestingly, analysis of the electrophysiological data
evealed that, for control children, the amplitude of the late
ositivity (P300) was larger to strong incongruity than to con-
elated potentials evidence for pitch discrimination deficits in dyslexic
gia (2006), doi:10.1016/j.neuropsychologia.2006.09.010

ruous words before training (see Fig. 3). Precise analysis of 409

he time course of these differences showed that, in line with 410

revious reports with adults (Schön et al., 2004) and children 411

Magne et al., 2006; Moreno & Besson, 2006), these effects 412

ngruous endings) in control and dyslexic children before and after training.
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ere localized between 200 and 700 ms. They were interpreted
s reflecting the processing of surprising and task relevant events
Duncan-Johnson & Donchin, 1977; Picton, 1992; see Donchin

Coles, 1988, for a review). The amplitude of the evoked
esponses is thought to depend upon the number of pyramidal
ell synapses contributing to postsynaptic potentials (Ponton,
ggermont, Kwong, & Don, 2000). Thus, large neuronal net-
orks may have been activated by the strong pitch deviants,

hereby producing large P300 components. By contrast, for
yslexic children, the amplitude of the positivity was not signif-
cantly different for strong incongruities and congruous endings
efore training (see Fig. 3). Based upon the low level of perfor-
ance of the dyslexics in the detection of the strong incongruity,

nd on the interpretation of ERP mean amplitude differences
bove, it may be that only small neural networks were activated
y the pitch deviants, and that the amplitude of the positivity to
trong incongruities was consequently smaller for dyslexics than
or controls. Thus, results with dyslexic children are in line with
he interpretation proposed by Kujala et al. (2000, p. 265) that
dyslexic adults have problems discriminating temporal sound
eatures that are surrounded by other sounds”, as is typically the
ase in natural speech.

It is also interesting to note that results did not reveal any
ignificant differences between controls and dyslexics in the
–200 ms latency band. Thus, the sensory and perceptual stages
f information processing, typically reflected by the exogenous
1-P2 complex (Picton and Hillyard, 1974), do not seem to
e impaired in these children. This may be taken to contrast
ith results of previous MMN experiments suggesting early

preattentive) impairments of auditory processing in dyslex-
cs (Kujala et al., 2003; Schulte-Körne, Deimel, Bartling, &
emschmidt, 2001). However, the stimuli used in MMN exper-

ments are usually simpler than in the present study, and the
esign of the experiments, aimed at testing pre-attentive pro-
essing, is quite different from the explicit task used here.
oreover, N1-P2 components are generally difficult to ana-

yze in response to continuous speech because of overlap
roblems.

Turning to the second aim of this experiment, we now con-
ider the effects of training. In contrast to similar work in the
iterature investigating neural consequences of intervention in
yslexia, here we compared the dyslexic group to a normal
eading control group, matched on reading age, and receiving
on-auditory exercises. By comparing behavioural and ERP data
etween dyslexic and control children before and after training,
t was possible to rule out unspecific effects of maturation (chil-
ren were 3 months older; Taylor & Pang, 1999), repetition (the
ame sentences as in Test 1 were repeated in Test 2) and famil-
arity with the procedure and the laboratory environment, that
re known to exert large influences on the ERPs (Besson, Kutas,

Van Petten, 1992; Molfese & Molfese, 1997). Interestingly,
pecific improvements were found for dyslexic children. After
raining, dyslexics were clearly better at detecting the strong
U
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ncongruities than before training, thus reaching the same level
f performance as controls (see Fig. 2). Consequently, group
ifferences found before training were no longer significant
fter training. These results suggest that training had a bene-
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cial effect on the pitch discrimination deficit observed before
ntervention.

This tentative conclusion is supported by the ERP data. While
efore training, strong incongruities elicited larger positivities
han congruous words for controls but not for dyslexics (see
ig. 3), this incongruity effect became significant for dyslex-

cs after training (see Fig. 4). In line with the interpretation of
he amplitude of the evoked responses proposed above, it may
e that remedial training, by increasing sensitivity to pitch, did
ncrease the size or the efficiency of the neural networks involved
n the detection task and consequently, was associated with an
ncrease in P300 amplitude. Most importantly, such an increase
s clearly in line with previous ERP studies suggesting that the
300 component is particularly sensitive to changes in cogni-

ive processes following learning (Johnson et al., 1985; Key et
l., 2006; Paller et al., 1987; Rose et al., 2001). To summarize,
esults on error rates, RTs and ERPs converged to show that,
efore training, dyslexics were impaired compared to controls
t discriminating strong deviations of pitch and that these dif-
erences were diminished after training (see Fig. 5).

Dyslexics also showed improvements on standardised read-
ng measures (phonological awareness and spelling tasks) after
he training intervention. Thus, these post-intervention results
re consistent with previous reports showing that daily intensive
honological training significantly improves most phonologi-
al and some written-language variables (Foorman et al., 1997;
abib et al., 1999, 2002; Hatcher, Hulme, & Ellis, 1994; Lovett

t al., 1994; Olson, Wise, Ring, & Johnson, 1997; Torgesen,
agner, Rashotte, Alexander, & Conway, 1997; Torgesen et al.,

001; Wise & Olson, 1995).
Overall, our findings of impaired pitch detection improved by

pecific phonic intervention, as well as ERP evidence for brain
lasticity demonstrated by the normalization of late potentials
n the 200–700 ms window (see Fig. 5), suggest that impaired
itch processing within natural speech, although probably not
he unique reason, may contribute to deficient phonological rep-
esentations in dyslexics that may, in turn, led to an impaired
evelopment of reading skills. This interpretation is supported
y the finding of significant correlations between the ampli-
ude of the late positivity at central parietal sites, where learning
ffects are typically larger (Holamon, Morris, & Retzlaff, 1995),
nd the level of performance in the phonological awareness tests.

hile interesting, this interpretation, and in particular, the nature
f the relationship between pitch processing and reading abil-
ties, need to be further examined in future experiments. If we
re correct in supposing a link between pitch processing and
eading abilities through phonological representations, it would
e interesting to test the effect of musical training. Indeed, by
ncreasing the sensitivity to pitch, musical training may have
eneficial effects on reading skills, while still offering the advan-
age of focusing the remediation on other aspects than language.

In conclusion, the findings of the current study suggest
hat deficits in pitch processing, in particular when stimuli are
lated potentials evidence for pitch discrimination deficits in dyslexic
gia (2006), doi:10.1016/j.neuropsychologia.2006.09.010

mbedded into larger speech units, should be added to the deficits 523

ncovered by previous research, in particular deficits of the tem- 524

oral processing of speech components (Giraud et al., 2005). 525

lso, our results are promising as they suggest that children 526

dx.doi.org/10.1016/j.neuropsychologia.2006.09.010


E
D

 IN+Model
N

1 ychol

w527

b528

t529

i530

r531

s532

fi533

r534

p535

p536

o537

c538

a539

u540

v541

o542

A543

544

t545

a546

(547

s548

S549

D550

a551

B552

f553

R554

A555

556

557

A558

559

560

A561

562

563

B564

565

566

B567

568

569

C570

571

572

C573

574

575

576

D577

D578

579

D580

581

D582

583

584

F 585

586

587

F 588

589

590

G 591

592

G 593

594

595

G 596

597

598

599

G 600

601

602

603

G 604

605

H 606

607

H 608

609

H 610

611

612

H 613

614

615

616

H 617

618

H 619

620

621

H 622

623

H 624

625

626

J 627

628

629

K 630

631

K 632

633

634

635

K 636

637

638

K 639

640

641

L 642

643

644

645

L 646

L 647
N
C

O
R

R
E

C
T

ARTICLESY 2437 1–11

0 A. Santos et al. / Neurops

ith developmental dyslexia are not only trainable, as indicated
y improvement in the level of reading performance, but also
hat specific training can be associated with noticeable changes
n brain’s response to pitch manipulations. Furthermore, these
esults suggest that electrophysiological responses underlying
pecific language processes in dyslexic children can be modi-
ed to closely resemble those of normal readers, at least when
emedial programs are built upon coherent and theory-based
rinciples and applied in intensive training periods. The effect of
honic intervention could be, as suggested by the normalization
f ERPs after training, to “rewire” (Habib, 2003) misconnected
ircuits involved in integrating the elementary features of the
uditory signal into more complex and sophisticated speech
nits. Thus, ERPs clearly appear as a valuable tool, both unin-
asive and highly sensitive, to be used in future investigations
n intervention efficacy in dyslexia.
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ari, R., Stääkilahti, A., Helenius, P., & Uutela, K. (1999). Non-impaired audi-
tory phase locking in dyslexic adults. Neuroreport, 10(11), 2347–2348.

atcher, P. J., Hulme, C., & Ellis, A. W. (1994). Ameliorating early reading
failure by integrating the teaching of reading and phonological skills. The
phonological linkage hypothesis. Child Development, 65, 41–57.

elenius, P., Uutela, K., & Hari, R. (1999). Auditory stream segregation in
dyslexic adults. Brain, 122, 907–913.

olamon, B., Morris, G., & Retzlaff, P. (1995). Event-related potentials during
delayed recognition of Wechsler memory scale-R paired associate learning.
Journal of Clinical Psychology, 51, 391–395.

ohnson, R., Pfefferbaum, A., & Koppel, B. (1985). P300 and long-term
memory: Latency predicts recognition performance. Psychophysiology, 22,
497–507.

ey, A., Molfese, D., & Ratajczak, E. (2006). ERP indicators of learning in
adults. Developmental Neuropsychology, 29(2), 379–395.

lingberg, T., Hedehus, M., Temple, E., Salz, T., Gabrieli, J., Moseley, M.,
et al. (2000). Microstructure of temporo-parietal white matter as a basis for
reading ability: Evidence from diffusion tensor magnetic resonance imaging.
Neuron, 25(2), 493–500.

ujala, T., Belitz, S., Tervanieni, M., & Näätänen, R. (2003). Auditory sensory
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groups of developmental dyslexia have different deficits in neural processing
of tones and phonemes. International Journal of Psychophysiology, 56(2),
105–120.

efavrais, P. (1965). Test de l’Alouette. Paris: E.C.P.A.
ivingstone, M., Rosen, G., Drislane, W., & Galaburda, A. (1991). Physiolog-
elated potentials evidence for pitch discrimination deficits in dyslexic
gia (2006), doi:10.1016/j.neuropsychologia.2006.09.010

ical and anatomical evidence for a magnocellular defect in developmental 648

dyslexia. Proceedings of the National Academy of Sciences of the United 649

States of America, 88, 7643–7647. 650

ovett, L., Borden, S., DeLuca, T., Lacerenza, L., Benson, N., & Brackstone, 651

D. (1994). Treating the core deficits of developmental dyslexia: Evidence of 652

dx.doi.org/10.1016/j.neuropsychologia.2006.09.010


D

 IN+Model
N

ychol

653

654

L655

656

657

658

M659

660

M661

662

663

664

M665

666

667

M668

669

670

M671

672

M673

674

675

676

M677

678

679

M680

681

682

M683

684

685

M686

687

688

M689

690

691

M692

693

O694

695

696

697

O698

699

P700

701

702

P703

704

P705

706

707

P708

709

710

R 711

712

R 713

714

715

R 716

717

S 718

719

720

S 721

722

723

724

S 725

726

727

S 728

729

730

731

S 732

733

734

S 735

736

S 737

738

739

T 740

741

T 742

743

T 744

745

746

T 747

748

749

T 750

751

752

753

T 754

755

756

T 757

758

759

760
R
R

E
C

TE

ARTICLESY 2437 1–11

A. Santos et al. / Neurops

transfer of learning after phonologically- and strategy-based reading training
programs. Developmental Psychology, 30(6), 805–822.

yytinen, H., Guttorm, T., Huttunen, T., Hämäläinen, J., Leppänen, P., & Vester-
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