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The scientific effervescence that reigns around developmental dyslexia is explained by the difficult challenge that 
consists of ascribing this handicap to a single cause whilst multiple profiles of dyslexic patients can be observed. In 
this chapter, we start by presenting the main neuro-cognitive hypotheses that aim to explain dyslexia. We then review 
the multidimensional nature of dyslexia, and discuss the necessity of using a common diagnostic criteria to improve 
our understanding of its true nature. We then conclude by presenting promising work connecting cerebral endophe-
notypes and behavioral phenotypes highlighting the need for a multi-factorial rather than mono-theoretical account 
of developmental dyslexia.    
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La efervescencia científica que reina en torno a la dislexia evolutiva se explica por el difícil desafío que implica 
atribuir esta dificultad a una causa simple al tiempo que se observan pacientes disléxicos con múltiples perfiles. En 
este capítulo, empezamos presentando la hipótesis neurocognitiva principal que persigue explicar la dislexia. Re-
visaremos la naturaleza multidimensional de la dislexia y discutiremos la necesidad de utilizar un criterio diagnóstico 
común para mejorar nuestra comprensión de su verdadera naturaleza. Concluiremos con la presentación de un trabajo 
prometedor que conecta endofenotipos cerebrales y fenotipos conductuales, resaltando la necesidad de un enfoque 
multifactorial más que monoteórico de la dislexia evolutiva.
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Back to basic: what is dyslexia?
According to the World Health Organization (WHO, 1997 - 

ICD 10), dyslexia is a specific reading disorder: “The main fea-
ture is a specific and significant impairment in the development 
of reading skills that is not solely accounted for by mental age, 
visual acuity problems, or inadequate schooling. Reading com-
prehension skill, reading word recognition, oral reading skill, 
and performance of tasks requiring reading may all be affected. 
Spelling difficulties are frequently associated with specific 
reading disorder and often remain into adolescence even after 
some progress in reading has been made. Specific developmen-
tal disorders of reading are commonly preceded by a history 
of disorders in speech or language development. Associated 
emotional and behavioural disturbances are common during the 
school age period.” Strikingly, this definition relies mainly on 
exclusion criteria, i.e. dyslexia is not diagnosed because of the 
reading impairment per se but because the learning difficulties 
cannot be explained otherwise; that is reading disorder cannot 
be explained by basic sensory deficits, evident brain abnormali-
ties, or primary psychological deficits. Importantly, the ICD 10 
definition does not exclude those deficits: it points out that they 
cannot ‘solely’ explain the reading disorder. Indeed, specific 
reading disorders have been associated with deficits in related 
domains such as oral language (dysphasia and Specific Language 
Impairment), writing skills (dysgraphia), mathematical abilities 
(dyscalculia), motor coordination (dyspraxia), temporal orien-
tation (dyschronia), visual abilities, Attention-Deficit/Hyperac-
tivity-Disorder (Habib, 2000) and increased internalizing, anx-
ious and depressive symptomatology (Mugnaini et al., 2009). 

Multiple deficits in dyslexia?
There are many competing neuro-cognitive hypotheses 

aiming at explaining dyslexia, each one highlighting one type 
of behavioural deficit in relation with abnormal brain structures 
and/or functional responses. Among those hypotheses, one can 
identify three major approaches (Démonet et al., 2004; Pernet 
& Démonet, in press). A first approach relates reading to pho-
nology, an essential part of the reading process. A second ap-
proach relies on identifying subtle visual or visuo-attentional 
deficits which would explain the specific reading disorder. 
Finally, a third approach is to conceive dyslexia as a specific 
learning / memory disorder. 

Phonological and auditory hypotheses 
The phonological hypothesis, which is the most influential 

account for reading problems, postulates deficits related to the 
access or the manipulation of phonemic information, or both, 
preventing efficient learning of graphemes/phonemes corre-
spondences that are crucial to reading (e.g. Bradley & Bryant, 
1983; Ramus, 2004; Shaywitz & Shaywitz, 2005). One pos-
sible explanation for those deficits and in particular the defi-
cit in phonemic categorization is that dyslexic subjects have 
too many representations, i.e. they have many non-pertinent 

or allophonic representations (Serniclaes et al., 2001). These 
hypotheses are supported by the frequently observed presence 
of phonological disorders in dyslexic readers as for instance re-
duced performances for short-term verbal memory tasks, pho-
nemic awareness (Ramus et al., 2003) and/or deficits in phone-
mic categorization (Serniclaes et al., 2001). Such behavioural 
deficits have been linked with abnormalities of the left posterior 
temporal cortex, the supramarginal gyrus and the inferior fron-
tal cortex (Dufor et al., 2007; Dufor et al., 2009). 

By contrast with the phonological hypothesis, the auditory 
processing deficit theory proposes that phonological deficits 
are secondary to a more basic impairment in rapid acoustic 
transition perception (Tallal, 2004; Tallal et al., 1985). Such 
deficits have been linked with microscopic abnormalities in the 
auditory cortex (Galaburda &  Kemper, 1979), the frontal and 
perisylvian areas (Kaufman & Galaburda, 1989) and soma atro-
phies of magnocells in the medial geniculate nuclei of the tha-
lamus (Galaburda et al., 1994). Abnormal functional responses 
to speech sounds have also been observed in the brainstem and 
the left inferior frontal cortex. For instance, Banai et al. (2009) 
showed abnormal timing and harmonic information contents 
in the brainstem response to the sound /da/. Such abnormal 
response is likely to be due to an interaction with other sub-
cortical (thalamus) and cortical (auditory cortex) structure via 
cortico-fugal projections since no ‘basic’ deficits are observed 
when using clicks rather than complex sounds (Song et al., 
2006). Those deficits in temporal and spectral coding of com-
plex auditory stimuli would thus explain phonological deficits. 
This hypothesis is further supported by the fact that (1) slowing 
down the acoustic features in rolling /ma na/ /na ma/ stimuli 
(vs. /ma ma/ /na na/) enhances the left inferior frontal cortex re-
sponse of dyslexic subjects to a level comparable to controls in 
normal situation (Ruff et al., 2002) and (2) training in auditory 
temporal processing improves reading performances (Merzen-
ich et al., 1996).

Visual hypotheses
The visual hypothesis posits the existence of low level vis-

ual disorders related to abnormal thalamic magno-cells. These 
cells are involved in the processing of low contrast information 
and fast moving stimuli and would thus be important for read-
ing activities related to saccadic eye movements. Histological 
studies revealed soma atrophies of magno-cells in the lateral 
geniculate nuclei of the thalamus (Livingstone et al., 1991) and 
cyto-architectonic abnormalities of the primary visual cortex 
(Jenner et al., 1999) have been observed alongside abnormal 
functional brain responses of visual areas receiving magnocel-
lular inputs (i.e. MT and dorsal regions - Demb et al., 1997, 
1998). Favouring this hypothesis, behavioural studies also 
showed increased thresholds on detection of low contrast, low 
spatial or high temporal frequencies (Lovegrove et al., 1980), 
and poor sensitivity to visual motion (Demb et al., 1998) in 
dyslexic readers (see however, Skotun, 2000). 
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As an alternative or complementary explanation, the visuo-
attentional hypothesis situates the impairment in the encoding 
of letter sequences. For instance, Valdois and collaborators 
showed that dyslexic readers have a shorter visuo-attentional 
span, i.e. they cannot process simultaneously as many elements 
in an array as control readers (Bosse et al., 2007; Valdois et 
al., 2003). Although these visuo-attentional deficits are likely 
to be related to abnormal inferior parietal responses, they can 
also impact on reading areas mediating orthographic and pho-
nological system. For instance, the inability to encode several 
letters simultaneously could impaire sublexical procedures as 
well as grapheme/phoneme correspondence. Such attentional 
deficits could then explain (indirectly) altered brain responses 
often observed in the infero-temporal cortex (sublexical proc-
esses), angular/supramarginal gyri and inferior frontal gyrus 
(phonological processes - Demonet et al., 2004; Hoeft et al., 
2007; Paulesu et al., 2001; Pugh et al., 2000; Peyrin et al., 
2010). Finally it is worth noticing that the visual magnocellular 
pathway is involved in directing attention, eye movements and 
visual search, all three processes being relevant to reading and 
therefore magno-cell impairment might account for many signs 
observed in dyslexic readers (Stein & Walsh, 1997).

Learning hypotheses
The cerebellar hypothesis relates dyslexia to a general 

learning disorder that includes a failure to automatize reading 
and writing skills (Fawcett et al., 1996, Nicolson et al., 2001, 
Nicolson & Fawcett, 2007), i.e. dyslexia is regarded as an im-
paired automatization of high-order sensory-motor procedures 
essential in reading that would reflect an abnormal function-
ing in the lateral cerebellum (Doyon et al., 2002). According to 
Nicolson and colleagues, procedural learning difficulties could 
either appear in the language system (dyslexia), or the motor 
system (dyspraxia) or both. Supporting this hypothesis histo-
logical (Finch et al., 2002) as well as structural (Pernet et al., 
2009a, 2009b) abnormalities have been observed in the cerebel-
lum of dyslexic readers.

Another type of deficit relying on the ability to « learn » or 
more precisely to fix the perceptual properties from the imme-
diate context is explained by the anchoring deficit hypothesis 
(Ahissar, 2007, Banai & Ahissar, 2010). The authors propose 
a functional dynamic process as a possible origin of disorders 
encountered in dyslexic individuals. The idea comes from the 
observation that it is more difficult for dyslexic participants to 
process a second stimulus after a first one when the perceptual 
properties of the first stimulus could be used as an anchor to 
process the second one. The same authors tested this phenom-
enon with either auditory or visual material whatever its lexi-
cal or non-lexical nature. Moreover, the results of these studies 
show that when the cognitive load is not heavy enough, both 
control and dyslexic performances are the same. The anchoring 
deficit is a dynamical process which does not rely on long term 
stored representations. Only the immediate information is use-

ful for the control participants to correctly process the stimuli. 
Another account of this theory comes from a study which dis-
cusses the existence of phonological troubles when the context 
of the experimental condition does not sufficiently load the 
working memory (Ramus & Szenkovits 2008).

One theory fits all
The general magnocellular theory (Stein, 2001) encom-

passes the basic auditory, basic visual, part of attentional and 
cerebellar ones by discussing each deficit as a consequence of 
a general magnocellular defect. Importantly, according to this 
theory, phonological deficits are secondary in comparison to 
other deficits. This idea of a multifocal cerebral deficit originat-
ing in magno-cells is supported by histological abnormalities 
of M cells in the lateral (Livingstone et al., 1991) and medial 
(Galaburda et al., 1994) geniculate nuclei of the thalamus and 
possibly other cerebellar/Purkinje cells abnormalities. 

Multiple dyslexias for one reading deficit?
The multiplicity of hypotheses reflect the multiplicity of be-

havioural deficits observed in dyslexia raising an obvious ques-
tion: Are there different forms or subtypes of dyslexia? 

This question is not new and it has been proposed several 
distinctions between dyslexic readers. Three popular classi-
fications have been proposed. (i) Boder in 1973 proposed to 
distinguish between dyslexic children on the basis of their ‘sen-
sory’ deficit, i.e. they would either be classified as dysphonetic 
(having phonological problems), or dyseidetic (having visual 
problems). (ii) Based on the classification of patients with ac-
quired dyslexia, Castles & Coltheart (1993) proposed to dis-
tinguish phonological from surface developmental dyslexic 
children. Accordingly, dyslexics are split into patients with 
assembling problems, i.e. grapheme/phoneme association, vs. 
patients with addressing problem, i.e. lexicon access. (iii) More 
recently, Wolf and Bowers (1999) proposed, on the basis of 
what is referred to as the double deficit hypothesis (Compton 
et al. 2001; Lovett et al. 2000; Wolf & Bowers 1999, 2000), 
three subtypes: phonological, rate, and phonological-rate. The 
double- deficit hypothesis asserts that impaired readers have 
some combination of two deficits. The first type of deficits is 
an impaired phonological awareness and the second one is an 
impairment deficit of rapid naming capacity (or visual naming 
speed), which involves the rapid access and retrieval of names 
of known objects or visual symbols, such as digits, and letters. 
The double deficit hypothesis therefore distinguishes dyslexic 
readers based on phonological processes per se and phonologi-
cal lexical access. However useful, e.g. for clinical purposes, 
those classifications do not reflect the variety of behavioural 
deficits and neural abnormalities mentioned in section 2. 

We recently compiled 10 recent articles looking at cogni-
tive subtypes in dyslexia (Pernet and Démonet, in press). Data 
are from studies across different languages although mainly in 
English. Results show that on 763 dyslexic subjects studied, 
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only 654 subjects could be classified according the various cri-
terion used in the different studies, leaving 14.28% of partici-
pants with a literacy problem but no clear perceptual or cogni-
tive deficit. Overall, our analysis also reveals that no clear-cut 
dyslexia subtypes can be obtained from behavioural subtyp-
ing although phonological (>40%) and rapid serial processing 
(>10%) are common disorders observed in dyslexia, although 
too often in association with other signs. This points out to the 
weak ability to find clear behavioural markers of dyslexia be-
yond reading difficulties. One can interpret this problem either 
as our inability (as researcher and clinicians) to come up with a 
good diagnostic test or as evidence that no behavioural test will 
be able to capture the core deficit in dyslexia because dyslexia 
is a made up category reflecting various brain disorder leading 
to various reading related deficits. 

Re-defining dyslexia: a research agenda
Research criterion for dyslexia

Looking at the multiplicity of behavioural deficits related to 
reading and often associated with other neuro-cognitive disor-
ders, there is an urgent need for objective criteria to define dyslex-
ia. One issue that arises when compiling multiple studies is sub-
ject selection. Some studies rely on the discrepancy definition of 
the ICD 10. Participants are selected such as they show reading 
deficits, no associated deficits, and normal IQ. Although this se-
lection ensure that participants suffer from dyslexia, this limits 
the range of individuals and may result in groups with patients  
suffering mainly from phonological deficits (Bishop & Snowl-
ing, 2004). One option is to relax the criteria and allow associated 
deficits. Although it means studies will need larger groups, as-
sociation/dissociations are by themselves interesting and likely 
to help separating dyslexia subtypes. Another option, is to study 
dyslexia based entirely on reading ability, ignoring associated 
deficits (as long as they cannot solely explain the deficit) and 
IQ (provided it is greater than 80) (Fletcher et al., 1992, Siegel, 
1992, 2006). This second approach indeed stresses the reading 
disability and leads to study ‘poor readers’ rather than ‘specific 
reading impairment’. A second issue that needs to be addressed to  
be able to compare studies and therefore fully understand dys-
lexia, is the behavioural performance characterization. Among 
the 10 subtyping studies that we reviewed (Pernet & Démonet, 
in press), only phonological awareness has been systematically 
studied. This reveals the influence of the phonological hypoth-
esis but also a bias leading to overestimate the presence of pho-
nological disorders and/or underestimate the presence of other 
deficits. The only option left for the time being is to systemati-
cally investigate each aspect of deficits observed: phonological 
awareness, rapid acoustic perception, low level visual disor-
ders, visuo-attentional disorders, procedural learning and work-
ing memory. It is only at the price of larger samples (and testing 
time) with a better and broader characterization of the reading 
disorder (issue 1) and cognitive deficits (issue 2) that subtypes 
of patients with deficits in learning to read will be identified.

Looking for endo-phenotypes
To our knowledge, only 2 studies so far enquired sample 

heterogeneity in dyslexia from a brain perspective. Because 
many studies found supporting evidences for one or several 
hypotheses, current positions however shift toward a multi-
factorial view on dyslexia. As briefly reviewed above (see also 
Eckert, 2004) studies revealed that dyslexia relates to brain 
abnormalities in areas relevant to reading (lateral cerebellum, 
infero-temporal cortex, angular/supra marginal gyrus, auditory 
and superior temporal cortices, inferior frontal cortex). In the 
following we briefly present these 2 studies to illustrate how 
one can study heterogeneity in an attempt to account for a com-
mon disorder in reading.

Pernet et al. (2009a) investigated in 77 subjects (38 adult 
dyslexic subjects and 39 controls) the relationship between 
grey matter volumes and behavioural performance using a 
voxel-based morphometric approach. Results showed signifi-
cant effects with phonemic deletion (metaphonology), irregular 
word spelling (lexicon) and pseudoword reading (grapheme-
phoneme). Whilst in control subjects, language performances 
correlated with grey matter volumes in many known language 
related areas (including the cerebellum), no correlations could 
be observed in subjects with dyslexia suggesting a strongly 
disorganized cortical architecture in dyslexia. We then hypoth-
esized that the absence of within-group correlations could be 
partly explained by the existence of multiple dyslexia sub-types 
in the brain. In a follow up analysis (Pernet et al. 2009b) we used 
the control group to construct a typical brain via bootstrapped 
confidence intervals, i.e. we estimated for each voxel of brain 
what was the normal range of variation. Next, we classified 
each voxel of each dyslexic brain individually to see whether  
subjects showed brain regions that were out of the normal 
range. Finally we pooled the results of each dyslexic subject to 
create a map indicating where the dyslexic group differed from 
controls. The main advantage of this technique, is of course that 
a brain region can be declared as showing a significant differ-
ence between groups even if the patient group has half of the 
subjects above the confidence interval and half below (i.e. this 
effect is non linear with regard to patient classification). Results 
showed that 100% of dyslexic subjects had higher or lower grey 
matter than controls over the right cerebellar declive, a cerebel-
lar region showing systematic activation during language tasks 
(Stoodley & Schmahmann, 2009) and over the right striatum 
(lentiform nucleus). Importantly, about half of the subjects had 
lower volumes than controls and the other half had higher vol-
umes therefore revealing four clear cut brain endo-phenotypes. 
In addition, these four sub-groups showed significant behav-
ioural differences in terms of phonological and lexicon access 
performance. Overall, our results suggest that different brain 
phenotypes exist and that brain phenotypes support different 
behavioural phenotypes.

Giraud et al. (2005) and Pernet & Demonet (in press) inves-
tigated in 14 dyslexics participants the electrical evoked activ-
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ity to the passive listening of /ba/ and /pa/ syllables. The whole 
point of using these syllables is that, although phonologically 
different, they are acoustically close. The main difference be-
tween these two sounds is that they are different regarding their 
Voice Onset Time (VOT - in fact the /pa/ syllable was obtained 
by extracting the initial low frequency activity constituting a 
short pre-burst voice segment occurring in French just before 
the consonant lip release burst in /ba/). The VOT is defined as 
the time between a phonetically relevant supra-laryngeal event, 
such as release, and glottal pulsing (Lisker & Abramson, 1964) 
and is the major phonetic determinant in the discrimination of 
consonants of the voiced-voiceless contrast. Auditory evoked 
potentials (AEPs) for each syllable were clearly distinguishable 
in control subjects (10 males). Following the N1/P2 complex 
(peaks at 80ms, 120ms and 180ms), a negative component 
peaking at approximately 240 ms is observed for the syllable /
ba/ but not /pa/; this supplementary component is followed by 
an off-response at approximately 334 ms; this component is 
believed to represent the electrophysiological signature of the 
neural processing of the consonant lip release burst. For syl-
lable /pa/, such pre-burst sound does not exist, the lip release 
and vowel voicing being simultaneous, and therefore the sup-
plementary burst-related component is not observed in AEP. It 
follows that AEPs bring out a time course signature typical of 
either /b/ or /p/ depending on the presence versus absence of the 
lip release burst component. When compared to control partici-
pants, three subgroups of dyslexic readers could be identified:  
(1) participants with a standard N1/P2 complex followed by an 
earlier than controls negative component (220ms) plus by many 
late components without clear off-response; (2) participants 
with a standard N1/P2 complex but no release component for /
ba/, i.e. /ba/ and /pa/ AEPs were not distinguishable on the basis 
of component number and latencies; (3) dyslexic participants 
with identical brain responses as controls. From a behavioural 
viewpoint these three subgroups could also be distinguished. In 
fact, participants in subgroups 1 and 2 showed marked reading 
deficits (reading age < 10 years and/or overall spelling < 60%) 
while participants of the 3rd subgroups show moderate reading 
deficits (reading age > 10 years) suggesting that severe dyslexia 
only is associated with impairment of phoneme coding in the 
auditory cortex. Again, these results show that different brain 
endophenotypes can be observed and that different endopheno-
types support different behavioural phenotypes.

Linking up all levels of analysis
There are no doubts nowadays that dyslexia is related to 

genetic abnormalities. In fact, genetic studies have revealed 
multiple loci for chromosomal abnormalities and in particular 
on chromosomes 15 and 6, but also 2, 3, 1 and 18 (Brkanac et 
al., 2007; Chapman et al., 2004; Francks et al., 2003; Gayan 
and Olson, 2003;  Raskind et al., 2005). Again, this multiplicity 
of candidate genes is likely to reflect the variability observed in 
dyslexia at the behavioural level. Thus, the multifactorial and 

polygenic nature of developmental dyslexia strongly suggests 
the existence of various brain phenotypes (Goldberg & Wein-
berger, 2004; Gottesman & Gould, 2003).  

References
1. Ahissar, M (2007). Dyslexia and the anchoring-deficit hy-

pothesis. Trends in Cognitive Science, 11, 458-65. http://
dx.doi.org/10.1016/j.tics.2007.08.015

2. Banai, K., Hornickel, J., Skoe, E., Nicol, T., Zecker, S. 
& Kraus, N. (2009). Reading and subcortical auditory 
function. Cerebral Cortex, 19, 2699-707. http://dx.doi.
org/10.1093/cercor/bhp024

3. Banai, K & Ahissar M. (2010). On the importance of an-
choring and the consequences of its impairment in dyslexia. 
Dyslexia, 16, 240-257. http://dx.doi.org/10.1002/dys.407

4. Bishop, D.V.M. & Snowling, M.J. (2004). Developmental 
dyslexia and specific language impairment: same or differ-
ent? Psychological Bulletin, 130, 858-886. http://dx.doi.
org/10.1037/0033-2909.130.6.858

5. Boder, E. (1973). Developmental dyslexia: a diagnostic ap-
proach based on three atypical readingspelling pattern. 
Abstract, Developmental Medical and Child Neurology, 
15, 663-687. http://dx.doi.org/10.1111/j.1469-8749.1973.
tb05180.x

6. Bosse, M.L., Tainturier, M.J. & Valdois, S. (2007). Devel-
opmental dyslexia: the visual attention span deficit hypoth-
esis. Cognition, 104, 198-230. http://dx.doi.org/10.1016/j.
cognition.2006.05.009

7. Bradley, L. & Bryant, P. (1983). Categorizing sounds and 
learning to read: A causal connection. Nature, 30, 419-421. 
http://dx.doi.org/10.1038/301419a0

8. Brkanac, Z., Chapman, N.H., Matsushita, M.M., Chun, L., 
Nielsen, K., Cochrane, E., Berninger, V.W., Wijsman, E.M. 
& Raskind, W.H. (2007). Evaluation of candidate genes 
for DYX1 and DYX2 in families with dyslexia. American 
Journal of Medicine Genetics, Neuropsychiatric Genetics, 
144B, 556-560. http://dx.doi.org/10.1002/ajmg.b.30471

9. Castles, A. & Coltheart, M. (1993). Varieties of develop-
mental dyslexia. Cognition, 47, 149-180. http://dx.doi.
org/10.1016/0010-0277(93)90003-E

10. Chapman, N.H., Igo, R.P., Thompson, J.B., Matsushita, M., 
Brkanac, Z., Holzman, T., Berninger, V.W., Wijsman, E.M. 
& Raskind, W.H. (2004). Linkage analyses of four regions 
previously implicated in dyslexia: confirmation of a locus 
on chromosome 15q. American Journal of Medicine Genet-
ics, 131B, 67-75. http://dx.doi.org/10.1002/ajmg.b.30018

11. Comptom, D.L., Defries, J.C. & Olson, R.K. (2001). Are 
RAN- and phonological awareness-deficits additive in 
children with reading disabilities? Dyslexia, 7, 125-149. 
http://dx.doi.org/10.1002/dys.198

12. Demb, J.B., Boynton, G.M. & Heeger, D.J. (1997). Brain 
activity in visual cortex predicts individual differences in 
reading performance. Proceedings of the National Acad-

http://dx.doi.org/10.1016/j.tics.2007.08.015
http://dx.doi.org/10.1016/j.tics.2007.08.015
http://dx.doi.org/10.1093/cercor/bhp024
http://dx.doi.org/10.1093/cercor/bhp024
http://dx.doi.org/10.1002/dys.407
http://dx.doi.org/10.1037/0033-2909.130.6.858
http://dx.doi.org/10.1037/0033-2909.130.6.858
http://dx.doi.org/10.1111/j.1469-8749.1973.tb05180.x
http://dx.doi.org/10.1111/j.1469-8749.1973.tb05180.x
http://dx.doi.org/10.1016/j.cognition.2006.05.009
http://dx.doi.org/10.1016/j.cognition.2006.05.009
http://dx.doi.org/10.1038/301419a0
http://dx.doi.org/10.1002/ajmg.b.30471
http://dx.doi.org/10.1016/0010-0277(93)90003-E
http://dx.doi.org/10.1016/0010-0277(93)90003-E
http://dx.doi.org/10.1002/ajmg.b.30018
http://dx.doi.org/10.1002/dys.198


22

CYRIL R. PERNET, OLIVIER DUFOR, JEAN-FRANCOIS DÉMONET

emy of Sciences USA, 94, 13363-13366. http://dx.doi.
org/10.1073/pnas.94.24.13363

13. Demb, J.B., Boynton, G.M. & Heeger, D.J. (1998). Func-
tional magnetic resonance imaging of early visual pathways 
in dyslexia. The Journal of Neuroscience, 18, 6939-6951.

14. Demonet, J.F., Taylor, M.J. & Chaix, Y. (2004). Develop-
mental dyslexia. Lancet, 363, 1451-1460. http://dx.doi.
org/10.1016/S0140-6736(04)16106-0

15. Doyon, J., Song, A.W., Karni, A., Lalonde, F., Adams, M.M. 
& Ungerleider, L.G. (2002). Experiencedependent changes 
in cerebellar contributions to motor sequence learning. 
Proceedings of the National Academy of Sciences USA, 99, 
1017-1022. http://dx.doi.org/10.1073/pnas.022615199

16. Dufor, O., Serniclaes, W., Sprenger-Charolles, L. & De-
monet, J.F. (2007). Top-down processes during auditory 
phoneme categorization in dyslexia: A PET study. Neu-
roImage, 34, 1692-1707. http://dx.doi.org/10.1016/j.neu-
roimage.2006.10.034

17. Dufor, O. Serniclaes, W. Sprenger-Charolles, L. & Démon-
et, JF. (2009). Left premotor cortex and allophonic speech 
perception in dyslexia: a PET study. Neuroimage, 46, 241-
8. http://dx.doi.org/10.1016/j.neuroimage.2009.01.035

18. Eckert, M. (2004). Neuroanatomical markers for dys-
lexia: A review of dyslexia structural imaging stud-
ies. The Neuroscientist, 10, 362-371. http://dx.doi.
org/10.1177/1073858404263596

19. Fawcett, A.J., Nicolson, R. & Dean., P. (1996). Impaired 
performance of children with dyslexia on a range of cere-
bellar tasks. Annals of Dyslexia, 46, 259-283. http://dx.doi.
org/10.1007/BF02648179

20. Finch, A.J., Nicolson, R.I. & Fawcett, A.J. (2002). Evidence 
for a neuroanatomical difference within the olivo-cerebel-
lar pathway of adults with dyslexia. Cortex, 38, 529539. 
http://dx.doi.org/10.1016/S0010-9452(08)70021-2

21. Fletcher, J.M., Francis, D.J., Rourke, B.P., Shaywitz, 
S.E. & Shaywitz, B.A. (1992). The validity of discrep-
ancy-based definitions of reading disabilities. Jour-
nal of Learning and Disabilities, 25, 555. http://dx.doi.
org/10.1177/002221949202500903

22. Francks, C., Fisher, S.E., Marlow, A.J., MacPhie, I.L., 
Taylor, K.E., Richardson, A.J., Stein, J.F. & Monaco, A.P. 
(2003). Familial and genetic effects on motor coordination, 
laterality, and reading-related cognition. American Journal 
of Psychiatry, 160, 1970-1977. http://dx.doi.org/10.1176/
appi.ajp.160.11.1970

23. Galaburda, A.M. & Kemper, T.L. (1979). Cytoarchitectonic 
abnormalities in developmental dyslexia: A case study. 
Annal of Neurology, 6, 94-100. http://dx.doi.org/10.1002/
ana.410060203

24. Galaburda, A.M. & Livingstone, M. (1993). Evidence for 
a magnocellular defect in developmental dyslexia. Annals 
of the New York Academy of Science, 682, 70-82. http://
dx.doi.org/10.1111/j.1749-6632.1993.tb22960.x

25. Galaburda, A.M., Menard, M.T. & Rosen, G.D. (1994). 
Evidence for aberrant auditory anatomy in developmental 
dyslexia. Proceedings of the National Academy of Sci-
ences USA, 91, 8010-8013. http://dx.doi.org/10.1073/
pnas.91.17.8010

26. Gayan, J. & Olson, R.K. (2003). Genetic and environmental 
influences on individual differences on printed word rec-
ognition. Journal of Experimental Child Psychology, 84, 
97-123. http://dx.doi.org/10.1016/S0022-0965(02)00181-9

27. Giraud, K., Démonet, J.F., Habib, M., Marquis, P., Chauvel, 
P. & Liegeois-Chauvel, C. (2005). Auditory evoked poten-
tial patterns to voiced and voiceless speech sounds in adult 
developmental dyslexics with persistent deficits. Cerebral 
Cortex, 15, 1524-1534. http://dx.doi.org/10.1093/cercor/
bhi031

28. Goldberg, T.E. & Weinberger, D.R. (2004). Genes and the 
parsing of cognitive processes. Trends in Cognitive Scienc-
es, 8, 325-335. http://dx.doi.org/10.1016/j.tics.2004.05.011

29. Gottesman, L.I. & Gould, T.D. (2003). The endophenotype 
concept in psychiatry: etymology and strategic intentions. 
American Journal of Psychiatry, 160, 636-645. http://
dx.doi.org/10.1176/appi.ajp.160.4.636

30. Habib, M. (2000). The neurological basis of developmental 
dyslexia. An overview and working hypothesis. Brain, 123, 
2373-2399. http://dx.doi.org/10.1093/brain/123.12.2373

31. Hoeft, F., Meyler, A., Hernandez, A., Juel, C., Taylor-Hill, 
H., Martindale, J.L., McMillon, G., Kolchugina, G., Black, 
J.M., Faizi, A., Deutsch, G.K., Siok, W.T., Reiss, A.L., 
Whitfield-Gabrieli, S. & Gavrieli, J.D.E. (2007). Functional 
and morphometric brain dissociation between dyslexia and 
reading ability. Proceedings of the National Academy of 
Sciences USA, 104, 4234-4239. http://dx.doi.org/10.1073/
pnas.0609399104

32. Jenner, A.R., Rosen, G.D. & Galaburda, A.M. (1999). Neu-
ronal asymmetries in primary visual cortex of dyslexic and 
nondyslexic brains. Annals of Neurology, 46, 189-196. http://
dx.doi.org/10.1002/1531-8249(199908)46:2<189::AID-
ANA8>3.0.CO;2-N

33. Kaufman, W.E. & Galaburda, A.M. (1989). Cerebrocorti-
cal microdysgenesis in neurologically normal subjects: A 
histopathologic study. Neurology, 39, 238-244.

34. Lisker, L. & Abramson A.S. (1964). A cross-language study 
of voicing in initial stops: acoustical measurements. Word, 
20, 384-422.

35. Livingstone, M.S., Rosen, G.D., Drislane, F.W. & Galabur-
da, A.M. (1991). Physiological and anatomical evidence 
for a magnocellular defect in developmental dyslexia. Pro-
ceedings of the National Academy of Sciences USA, 88, 
7943-7947. http://dx.doi.org/10.1073/pnas.88.18.7943

36. Lovegrove, W.J., Bowling, A., Badcock, D. & Blackwood, 
M. (1980). Specific reading disability: Differences in con-
trast sensitivity as a function of spatial frequency. Science, 
210, 439-440. http://dx.doi.org/10.1126/science.7433985

http://dx.doi.org/10.1073/pnas.94.24.13363
http://dx.doi.org/10.1073/pnas.94.24.13363
http://dx.doi.org/10.1016/S0140-6736(04)16106-0
http://dx.doi.org/10.1016/S0140-6736(04)16106-0
http://dx.doi.org/10.1073/pnas.022615199
http://dx.doi.org/10.1016/j.neuroimage.2006.10.034
http://dx.doi.org/10.1016/j.neuroimage.2006.10.034
http://dx.doi.org/10.1016/j.neuroimage.2009.01.035
http://dx.doi.org/10.1177/1073858404263596
http://dx.doi.org/10.1177/1073858404263596
http://dx.doi.org/10.1007/BF02648179
http://dx.doi.org/10.1007/BF02648179
http://dx.doi.org/10.1016/S0010-9452(08)70021-2
http://dx.doi.org/10.1177/002221949202500903
http://dx.doi.org/10.1177/002221949202500903
http://dx.doi.org/10.1176/appi.ajp.160.11.1970
http://dx.doi.org/10.1176/appi.ajp.160.11.1970
http://dx.doi.org/10.1002/ana.410060203
http://dx.doi.org/10.1002/ana.410060203
http://dx.doi.org/10.1111/j.1749-6632.1993.tb22960.x
http://dx.doi.org/10.1111/j.1749-6632.1993.tb22960.x
http://dx.doi.org/10.1073/pnas.91.17.8010
http://dx.doi.org/10.1073/pnas.91.17.8010
http://dx.doi.org/10.1016/S0022-0965(02)00 181-9
http://dx.doi.org/10.1093/cercor/bhi031
http://dx.doi.org/10.1093/cercor/bhi031
http://dx.doi.org/10.1016/j.tics.2004.05.011
http://dx.doi.org/10.1176/appi.ajp.160.4.636
http://dx.doi.org/10.1176/appi.ajp.160.4.636
http://dx.doi.org/10.1093/brain/123.12.2373
http://dx.doi.org/10.1073/pnas.0609399104
http://dx.doi.org/10.1073/pnas.0609399104
http://dx.doi.org/10.1002/1531-8249(199908)46:2<189::AID-ANA8>3.0.CO;2-N
http://dx.doi.org/10.1002/1531-8249(199908)46:2<189::AID-ANA8>3.0.CO;2-N
http://dx.doi.org/10.1002/1531-8249(199908)46:2<189::AID-ANA8>3.0.CO;2-N
http://dx.doi.org/10.1073/pnas.88.18.7943
http://dx.doi.org/10.1126/science.7433985


23

RE-DEFINING DYSLEXIA

37. Lovett, M.W., Steinbach, K.A. & Frijters, J.C. (2000). 
Remediating the core deficits of developmental read-
ing disability: a double-deficit perspective. Journal 
of Learning Disabilities, 33, 334-358. http://dx.doi.
org/10.1177/002221940003300406

38. Mugnaini, D., Lassi, S., La Malfa, G. & Albertni, G. (2009). 
Internalizing correlates of dyslexia. Word Journal of Pedi-
atrics, 5, 255-264. http://dx.doi.org/10.1007/s12519-009-
0049-7

39. Nicolson, R,I, Fawcett, A.J., & Dean, P. (2001). Develop-
mental dyslexia: The cerebellar deficit hypothesis. Trends 
in Neuroscience, 24, 508-511. http://dx.doi.org/10.1016/
S0166-2236(00)01896-8

40. Nicolson, R.I. & Fawcett, A.J. (2007). Procedural learning 
difficulties: reuniting the developmental disorders? Trends 
in Neurosciences, 30, 135-141. http://dx.doi.org/10.1016/j.
tins.2007.02.003

41. Paulesu, E., Démonet, J.F., Fazio, F., McCrozy, E., Cha-
noine, V., Brunswick, N., Cappa, S.F., Cossu, G., Habib, 
M., Fritch, C.D. & Frith, U. (2001). Dyslexia: Cultural di-
versity and biological unity. Science, 16, 2165-2167. http://
dx.doi.org/10.1126/science.1057179

42. Pernet, C., Andersson, J., Paulesu, E. & Démonet, JF. 
(2009). When all hypotheses are right: a multifocal account 
of dyslexia. Human Brain Mapping, 30, 2278-92. http://
dx.doi.org/10.1002/hbm.20670

43. Pernet, C.R. & Démonet, J-F (in press). A multifactorial 
approach to dyslexia. In A. Benasich & R.H. Fitch (Eds.), 
Developmental Dyslexia: Early Precursors, Neurobehav-
ioral Markers and Biological Substrates. Baltimore, MD: 
Brookes Publishing Co.

44. Pernet, C.R., Poline, JB., Démonet, JF. & Rousselet, G.A. 
(2009). Brain classification reveals the right cerebellum as 
the best biomarker of dyslexia. BMC Neuroscience, 10, 67. 
http://dx.doi.org/10.1186/1471-2202-10-67

45. Peyrin, C., Démonet, J.F., Baciu, M., Le Bas, JF & Valdois, 
S. (in press). Superior parietal lobe dysfunction in a ho-
mogeneous group of dyslexic children with a single visual 
attention span disorder. Brain & Language. http://dx.doi.
org/10.1016/j.bandl.2010.06.005

46. Pugh, K.R., Mencl, W.E., Jenner, A.R., Katz, L., Frost, S.J., 
Lee, J.R., Shawitz, S.E. & Shawititz, B.A. (2000). Func-
tional neuroimaging studies of reading and reading disabil-
ity (developmental dyslexia). Developmental Disability Re-
search Review, 6, 207-213. http://dx.doi.org/10.1002/1098-
2779(2000)6:3<207::AID-MRDD8>3.0.CO;2-P

47. Ramus, F., Rosen, S., Dakinm S,C, Day, B.L., Castellote, 
J.M., White, S. & Frith, U. (2003). Theories of develop-
mental dyslexia: Insights from a multiple case study of dys-
lexic adults. Brain 126, 841-865. http://dx.doi.org/10.1093/
brain/awg076

48. Ramus, F. (2004). Neurobiology of dyslexia: A reinterpre-
tation of the data. Trends in Neurosciences, 27, 720-726. 

http://dx.doi.org/10.1016/j.tins.2004.10.004
49. Ramus, F. & Szenkovits, G. (2008). What phonological 

deficit? Quarterly Journal of Experimental Psychology, 61, 
129-141. http://dx.doi.org/10.1080/17470210701508822

50. Raskind, W.H., Igo, R.Jr., Chapman, N.H., Berninger, V.W., 
Matsushita, M., Brkanac, Z., Holzman, T., Brown, M., 
Thomson, J. & Wijsman, E.M. (2005). A genome scan in 
multigenerational families with dyslexia: Identification of a 
novel locus on chromosome 2q that contributes to phonologi-
cal decoding efficiency. Molecular Psychiatry, 10, 699-711.
http://dx.doi.org/10.1038/sj.mp.4001657

51. Ruff, S., Cardebat, D., Marie, N. & Démonet, J.F. (2002). 
Enhanced response of the left frontal cortex to slowed down 
speech in dyslexia: An fMRI study. Neuroreport, 13, 1285-
1289. http://dx.doi.org/10.1097/00001756-200207190-000
14

52. Serniclaes, W., Sprenger-Charolles, L., Carre, R. & Dé-
monet, J.F. (2001). Perceptual discrimination of speech 
sounds in developmental dyslexia. Journal of Speech, Lan-
guage and Hearing Research, 44, 384-399. http://dx.doi.
org/10.1044/1092-4388(2001/032)

53. Shaywitz, S.E. & Shaywitz, B.A. (2005). Dyslexia (specific 
reading disability). Biological Psychiatry, 57, 1301-0309. 
http://dx.doi.org/10.1016/j.biopsych.2005.01.043

54. Siegel, L.S. (1992). An evaluation of the discrepancy defini-
tion of dyslexia. Journal of Learning and Disabilities, 25, 
618-629. http://dx.doi.org/10.1177/002221949202501001

55. Siegel, L.S. (2006). Perspective on dyslexia. Paediatrics 
and Child Health, 11, 581-587.

56. Skotun, B.C. (2000). The magnocellular deficit theory of 
dyslexia: evidence from contrast sensitivity. Vision Re-
search, 40, 111-127. http://dx.doi.org/10.1016/S0042-
6989(99)00170-4

57. Song, J., Banai, K., Russo, N. & Kraus, N. (2006). On the 
relationship between speech- and nonspeech evoked brain-
stem responses. Audiology and Neurotology, 11, 233-241. 
http://dx.doi.org/10.1159/000093058

58. Stein, J.F. (2001). The magnocellular theory of developmen-
tal dyslexia. Dyslexia, 7, 12-36. http://dx.doi.org/10.1002/
dys.186

59. Stein, J.F. & Walsh, V. (1997). To see but not to read: 
The magnocellular theory of dyslexia. Trends in Neuro-
science, 20, 147-151. http://dx.doi.org/10.1016/S0166-
2236(96)01005-3

60. Stoodley, C.J. & Schmahmann, J.D. (2009). Functional to-
pography in the human cerebellum: A meta-analysis of neu-
roimaging studies. NeuroImage, 44, 489-501. http://dx.doi.
org/10.1016/j.neuroimage.2008.08.039

61. Tallal, P. (2004). Improving language and literacy is a mat-
ter of time. Nature Reviews Neuroscience, 5, 721-728. 
http://dx.doi.org/10.1038/nrn1499

62. Tallal, P., Stark, R.E. & Mellits, E.D. (1985). Identification 
of language impaired children on the basis of rapid percep-

http://dx.doi.org/10.1177/002221940003300406
http://dx.doi.org/10.1177/002221940003300406
http://dx.doi.org/10.1007/s12519-009-0049-7
http://dx.doi.org/10.1007/s12519-009-0049-7
http://dx.doi.org/10.1016/S0166-2236(00)01896-8
http://dx.doi.org/10.1016/S0166-2236(00)01896-8
http://dx.doi.org/10.1016/j.tins.2007.02.003
http://dx.doi.org/10.1016/j.tins.2007.02.003
http://dx.doi.org/10.1126/science.1057179
http://dx.doi.org/10.1126/science.1057179
http://dx.doi.org/10.1002/hbm.20670
http://dx.doi.org/10.1002/hbm.20670
http://dx.doi.org/10.1186/1471-2202-10-67
http://dx.doi.org/10.1016/j.bandl.2010.06.005
http://dx.doi.org/10.1016/j.bandl.2010.06.005
http://dx.doi.org/10.1002/1098-2779(2000)6:3<207::AID-MRDD8>3.0.CO;2-P
http://dx.doi.org/10.1002/1098-2779(2000)6:3<207::AID-MRDD8>3.0.CO;2-P
http://dx.doi.org/10.1093/brain/awg076
http://dx.doi.org/10.1093/brain/awg076
http://dx.doi.org/10.1016/j.tins.2004.10.004
http://dx.doi.org/10.1080/17470210701508822
http://dx.doi.org/10.1038/sj.mp.4001657
http://dx.doi.org/10.1097/00001756-200207190-000 14
http://dx.doi.org/10.1097/00001756-200207190-000 14
http://dx.doi.org/10.1044/1092-4388(2001/032)
http://dx.doi.org/10.1044/1092-4388(2001/032)
http://dx.doi.org/10.1016/j.biopsych.2005.01.043
http://dx.doi.org/10.1177/002221949202501001
http://dx.doi.org/10.1016/S0042-6989(99)00170-4
http://dx.doi.org/10.1016/S0042-6989(99)00170-4
http://dx.doi.org/10.1159/000093058
http://dx.doi.org/10.1002/dys.186
http://dx.doi.org/10.1002/dys.186
http://dx.doi.org/10.1016/S0166-2236(96)01005-3
http://dx.doi.org/10.1016/S0166-2236(96)01005-3
http://dx.doi.org/10.1016/j.neuroimage.2008.08.039
http://dx.doi.org/10.1016/j.neuroimage.2008.08.039
http://dx.doi.org/10.1038/nrn1499


24

CYRIL R. PERNET, OLIVIER DUFOR, JEAN-FRANCOIS DÉMONET

tion and production skills. Brain and Language, 25, 314-
322. http://dx.doi.org/10.1016/0093-934X(85)90087-2

63. Valdois, S., Bosse, M.L., Ans B., Zorman, M., Carbonnel, 
S., David, D. & Pellat, J. (2003). Phonological and visual 
processing deficits are dissociated in developmental dyslex-
ia: Evidence from two case studies. Reading and Writing, 
16, 543-572. http://dx.doi.org/10.1023/A:1025501406971

64. Wolf, M. & Bowers, P.G. (1999). The double deficit hypoth-
esis for the developmental dyslexias. Journal of Educa-
tional Psychology, 91, 415-438. http://dx.doi.org/10.1037/
0022-0663.91.3.415

65. Wolf, M. & Bowers, P.G. (2000). Naming speed processes 
and developmental reading disabilities: an introduction to 
the special issue on the double-deficit hypothesis. Jour-
nal of Learning Disabilities, 33, 322-324. http://dx.doi.
org/10.1177/002221940003300404

Received 11 May 2011
Received in revised form 15 June 2011

Accepted 19 July 2011

http://dx.doi.org/10.1016/0093-934X(85)90087-2
http://dx.doi.org/10.1023/A:1025501406971
http://dx.doi.org/10.1037/ 0022-0663.91.3.415
http://dx.doi.org/10.1037/ 0022-0663.91.3.415
http://dx.doi.org/10.1177/002221940003300404
http://dx.doi.org/10.1177/002221940003300404

