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1.

Introduction

In this review we focus on the developmental disorders of
dyslexia (a disorder of reading) and dysgraphia (a disorder of
writing), considering their commonalities and differences
with a view to reflecting on the theoretical implications.
Interest in dysgraphia was stimulated by the distinction
between phonological and surface dyslexia (Castles and
Coltheart, 1993), which claimed that orthographic problems
(spelling) were separable from phonological reading problems. While this distinction has received mixed support
(Snowling et al., 1996; Stanovich et al., 1997) it led to a fruitful
analysis not only of the underlying causes of orthographic
difficulties, but also to the widespread recognition of developmental difficulties in handwriting control (Deuel, 1995;
Manis et al., 1996; Sprenger-Charolles et al., 2000). The result
of this theoretical and empirical progress is that there are two
usages of the term dysgraphia. One takes dysgraphia to refer
to errors of writing that are analogous to errors in reading (e.g.,
surface, phonological or deep dysgraphia corresponding to
surface, phonological and deep dyslexia), the other relating to
difficulties in handwriting control. Furthermore, despite these
attempts at differentiation, there remains some controversy
in the literature as to whether motor difficulties in handwriting should be subsumed under the label dyslexia.
This review attempts to tease out the different strands of
theoretical research underlying these confusions by analysing
explanations of dyslexia and dysgraphia at the cognitive level
and the brain level, considering both cortical and sub-cortical
systems. First we outline theoretical approaches to developmental dyslexia, introducing causal explanations at the
cognitive level, followed by an outline of recent developments
in research into motor difficulties in handwriting. We then
note the prevalence of comorbidities between developmental

disorders, suggesting that this presents both a challenge and
a potential stimulus for the disciplines. We then investigate
a brain level causal explanation for dyslexia in terms of
cerebellar deficit, because it provides a potential explanation
of the co-existence of motor skill deficits and phonological
deficits in dyslexia. The framework has strengths, but was
also strongly criticised by theorists who advocated cortical
foci of deficit. A promising further framework that may integrate cortical and sub-cortical accounts and provides a natural
explanation for heterogeneity and comorbidity is that of
neural systems and procedural learning (Nicolson and
Fawcett, 2007). We extend this framework by applying it to
dysgraphia, and conclude by arguing that the neural systems
level of explanation provides a fruitful unifying framework for
the developmental disabilities.

2.

Developmental dyslexia

There is still considerable debate over the diagnosis of developmental dyslexia, but the traditional definition is ‘‘a disorder
in children who, despite conventional classroom experience,
fail to attain the language skills of reading, writing and spelling
commensurate with their intellectual abilities’’ (World Federation of Neurology, 1968). It is known to be one of the most
common of the learning disabilities with a prevalence of at
least 4%. Prevalence may rise to as high as 10% or more if
overlaps with other disorders such as specific language
impairment, attention deficit, and developmental coordination disorder (DCD) are taken into account (Shaywitz et al.,
1990; Hill, 2001; Badian, 1984b; Bishop and Snowling, 2004).
Traditionally, it had been considered that dyslexic children
showed a form of ‘minimal brain dysfunction’ associated with
a general problem in learning. However, the demonstration
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(Vellutino, 1979) that dyslexia reflected a verbal deficit,
specific to language, set the scene for the hugely influential
phonological deficit framework for explanation and support
(Bradley and Bryant, 1983; Snowling, 1987; Stanovich, 1988b).
This framework provided an explanation of the behavioural
symptoms (poor reading) in terms of the cognitive level
concept of weak phonology, illustrating the value of distinguishing three levels of theoretical explanation: behavioural, cognitive and biological (Morton and Frith, 1995). It is
now generally accepted that phonological deficits in dyslexia
tend to co-occur with other cognitive level deficits including
speed of naming (Wolf and Bowers, 1999). Following extensive
discussions, a more recent definition is ‘‘Dyslexia is a specific
learning disability that is neurological in origin. It is characterised by
difficulties with accurate and/or fluent word recognition and by poor
spelling and decoding abilities. These difficulties typically result from
a deficit in the phonological component of language that is often
unexpected in relation to other cognitive abilities and the provision of
effective classroom instruction’’ (IDA, 2002). It is noteworthy that
the reading and spelling problems have been retained, but
that the handwriting problems are no longer included in this
definition (see Lyon et al., 2003 for the theoretical justification
in terms of phonological deficit). As a consequence, writing
problems in developmental dyslexia remain under-recognised and under-treated (Berninger et al., 2008).

3.

Cognitive level explanations of dyslexia

There is considerable heterogeneity in the skills of dyslexic
children, as might be expected given the very large numbers
involved. A key strength of the phonological deficit hypothesis
is that almost all children with dyslexia do show a core
phonological problem, with variable secondary problems
(Stanovich, 1988a). Nonetheless, it is important to attempt to
explain secondary problems also. Arguably the broadest
cognitive level description of the general type of performance
difficulty in children with dyslexia is that they have difficulties
when required to undertake fast, fluent, overlearned skills, or
novel skills that involve the blending of two actions. Naturally
this description applies in the literacy domain, with lack of
automaticity in reading often cited as one of the key problems
(Stanovich, 1988a; Wimmer, 1993), and with evidence that
dyslexic children require twice as long tachistoscopic
presentation of a word as children matched for reading age
(Yap and van der Leij, 1993). It also seems to hold, at least for
subgroups of dyslexic children, in cognitive non-literacy skills
such as mathematics (Ackerman and Dykman, 1995), in
naming speed (Denckla and Rudel, 1976; Wolf and Bowers,
1999), in general speed of information processing (Nicolson
and Fawcett, 1994a), and in motor skills (Fawcett and
Nicolson, 1995; Rudel, 1985; Wolff et al., 1990).
In the light of the establishment of a wider range of difficulties, it is not surprising that two major theories expanded
significantly on the phonological deficit hypothesis. The
double deficit hypothesis (Wolf and Bowers, 1999) claims that
dyslexia is characterised by a deficit not only in phonological
processing but also in terms of speed of naming. Cognitive
level explanations suggest diagnostic tests and can inspire
remediation strategies but cannot determine biological

causes, in that a range of brain mechanisms could lead to
problems in speed, phonology and reading. Consequently,
explanations moved to biological level accounts, with an
influential approach being the magnocellular deficit account
(Eden et al., 1996; Stein and Walsh, 1997; Tallal et al., 1993),
which attributes the difficulties to the magnocellular visual or
auditory sensory processing system.
The phonological and magnocellular deficit hypotheses
have been well described in the literature and there is no
scope within this paper to consider them further. A valuable
overview is provided in Demonet et al. (2004); a wide-ranging
account centred on phonological deficits is given in Vellutino
et al. (2004); and recent reviews of the magnocellular deficit
hypothesis are provided in Beaton (2004), Stuart et al. (2006)
and Boden and Giaschi (2007).

4.

Developmental dysgraphia

As noted earlier, dysgraphia is characterised by difficulties in
writing. The diagnostic and statistical manual of mental disorders (DSM-IV) definitions dissociated learning disabilities into
three categories: reading disability, mathematical disability and
‘disorder of written expression’, together with a fourth category,
‘learning disability not otherwise specified’. Dysgraphia as the
disorder of written expression is characterised by ‘‘writing skills
(that) .are substantially below those expected given the person’s
chronological age, measured intelligence, and age-appropriate education’’ (American Psychiatric Association, 1994). There is a lack of
clarity as to whether writing refers only to the motor skill of
writing (which is the traditional interpretation) or whether it
also includes the orthographic skill of spelling.
Studies of dysgraphia are sparse, especially if single case
studies are discounted. Smits Engelsman and Van Galen (1997)
investigated quality of motor control in groups of children
with dysgraphia and control children. They concluded that
dysgraphia was associated with poor motor control, reflecting
greater ‘noise’ in movement production rather than poor
letter knowledge, and that this impairment was not outgrown
in the following year. Mather (2003) distinguished between
adolescents with good reading and poor spelling (termed
dysgraphia), poor reading and poor spelling (termed dyslexia)
and control adolescents. Both groups of poor spellers showed
a specific deficit under dual task conditions when having to
tap with their right hand and judge line orientation at
the same time. The author interpreted the findings as
reflecting a left hemisphere processing limitation. A recent
study (Adi-Japha et al., 2007) assessed groups of boys with
attention deficit hyperactivity disorder (ADHD) and writing
difficulties but normal reading (termed dysgraphia) with
control children. The authors concluded that the boys with
(ADHD and) dysgraphia suffered primarily from motor planning errors rather than linguistic impairment. A small study
(Ben-Pazi et al., 2007) of tapping ability and variability in
a group of children indicated that poor quality handwriting
was associated with abnormal tapping rhythm but that not all
children with poor handwriting suffered from this
‘dysrhythmia’. This finding provides an interesting link to
cerebellar performance, which is discussed below.
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In view of this apparent incidence of motor planning errors in
dysgraphia, and the suggested overlaps between dyslexia, dysgraphia, ADHD and DCD), it is important to review first the incidence of (and explanations for) motor skill deficits in dyslexia and
secondly, the evidence relating to comorbidity in the developmental disabilities. These analyses provide the framework for an
integrative theoretical account of these findings.

5.

Motor skill and dyslexia

From the first studies of dyslexia, there has been continuing
evidence that mild clumsiness is associated with dyslexia. In
a review of Orton’s writings, Geschwind (1982) noted ‘‘. He
pointed out the frequency of clumsiness in dyslexics. Although others
have commented on this, it still remains a mysterious and not
adequately studied problem. It is all the more mysterious in view of
the fact that many of these clumsy children go on to successes in
areas in which high degrees of manual dexterity are absolutely
necessary.’’
There have been many subsequent anecdotal reports of
sub-clinical motor difficulties in dyslexia, which when taken
in conjunction with experimental evidence is suggestive of
motor skill deficits. Augur (1985) documents several, including
swimming and riding a bike. Data from the British Births
cohort examined the skills of 12,905 children longitudinally
(Haslum, 1989), identifying two motor skills tasks at age 10
which were significantly associated with dyslexia. These were
failure to throw a ball up, clap several times and catch the ball
and also failure to walk backwards in a straight line for six
steps. Deficits in fine motor skills have also been identified, in
terms of the characteristically poor handwriting (Benton,
1978; Miles, 1983), and copying in young children (Badian,
1984a; Rudel, 1985), coupled with difficulty in tying shoelaces
(Miles, 1983).
For many years there has been evidence for ‘soft neurological signs’ in the motor skill deficits noted in dyslexia,
including deficits in speed of tapping, rapid successive finger
opposition, heel–toe placement and accuracy in copying
(Denckla, 1985; Rudel, 1985). This led Denckla to argue for
a ‘non-specific developmental awkwardness’, reflected in
poor coordination even in relatively athletic dyslexic children,
which is normally outgrown by puberty (Rudel, 1985). Denckla
(1985) notes particular impairments in acquiring new skills,
followed by normal performance once acquired: ‘‘the part of the
‘motor analyzer’ that is dependent on the left hemisphere and has
been found to be important for timed, sequential movements is
deficient in the first decade of life in this group of children whom we
call dyslexic.’’
The major cognitive level explanatory framework for
dyslexia that predicts motor skill deficits is the automatisation
deficit hypothesis (Nicolson and Fawcett, 1990). This proposed
that dyslexic children have difficulties making skills automatic (so that one no longer needs to think how to do the skill).
Automaticity develops from long practice under consistent
conditions, and underpins almost all of our highly-practised
skills from speech to walking to arithmetic. Nicolson and
Fawcett and their colleagues have maintained a strong
interest in the causes and specificity of learning problems,
with representative findings indicating that problems arise in
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most speeded actions (Nicolson and Fawcett, 1994b), in motorsequence learning (Nicolson et al., 1999), in eye blink conditioning (Nicolson et al., 2002) and in overall learning rates for
procedural skills (Nicolson and Fawcett, 2000).
The claim of motor skill deficits in dyslexia has, however,
been hotly disputed. This is due in part to the further fractionation of dyslexia into dyslexia as a phonological deficit,
and dyspraxia/DCD as a motor skill problem, with a substantial overlap between the characteristics of the two disorders
(Kirby et al., 2008). Nevertheless, those researchers who have
investigated motor skills in dyslexia have found evidence of
impairment (e.g., Chaix et al., 2007; Iversen et al., 2005) with
significant links between slow motor development and both
language and reading speed deficits in children at familial risk
for dyslexia (Viholainen et al., 2006). A particular issue has
been the presence or otherwise of balance deficits. Nicolson
and Fawcett have consistently argued that the majority of
children with dyslexia show balance problems if they are
assessed using sensitive measures. This perspective has been
supported by a range of studies (Stoodley et al., 2005; Nicolson
and Fawcett, 1990, 1994a; Fawcett and Nicolson, 1999; Yap and
van der Leij, 1994; Moe-Nilssen et al., 2003), though the findings are dependent on the age of the participants, the balance
task, and the sensitivity of the analyses (Needle et al., 2006). A
meta-analysis of 17 studies (Rochelle and Talcott, 2006)
concluded that balance deficits were indeed associated with
dyslexia, but were probably not associated directly with
reading problems.
Interestingly, however, several research groups attribute
motor and/or balance difficulties to comorbidity with attention deficit (Denckla et al., 1985; Ramus et al., 2003; Wimmer
et al., 1999; Raberger and Wimmer, 2003; Rochelle et al., 2009).
For these theorists, the lack of a direct link to reading difficulties is a major issue. Several studies have certainly established that motor skill problems are not significantly
associated with reading difficulties over and above phonological problems (White et al., 2006). However, as we shall
show, secondary symptoms such as motor skill problems, and
comorbidities between disorders, are of major significance
when attempting to identify the underlying neural systems
that may be impaired. We therefore turn to brain level
accounts of dyslexia, focusing initially on our cerebellar deficit
framework. The magnocellular deficit account mentioned
above is a further influential approach.

6.

Brain level explanations for dyslexia

Understanding of brain processes has been transformed by
functional imaging, with a major outcome being the discovery
(Ackermann et al., 1999; Desmond and Fiez, 1998; Leiner et al.,
1989) that the cerebellum plays a key role in linguistic and
cognitive skills in addition to its well-established role in motor
skill and coordination. See Ito (2008) for a recent review of the
evidence. The established link between cerebellum and
automaticity, and the emerging link between cerebellum and
language therefore made it natural to propose and test the
cerebellar deficit theory of dyslexia (Nicolson et al., 1995,
2001). This provided a principled account of the cognitive level
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problems in phonology, working memory and speed, in terms
of the underlying brain processes.
Subsequent research on the functional role of the cerebellum has provided support for the cerebellar deficit framework (Nicolson and Fawcett, 2005), with developments in
cognitive neuroscience confirming two-way anatomical and
functional connectivity of the cerebellum with frontal cortex
(Kelly and Strick, 2003; Middleton and Strick, 2001) and
strongly supporting the role of the cerebellum in languagerelated tasks (Justus and Ivry, 2001; Marien et al., 2001) as well
as in learning complex cognitive/motor skills such as tool use
(Imamizu et al., 2003; Miall et al., 2000). Furthermore, imaging
research has confirmed that the cerebellum is indeed active in
reading (Fulbright et al., 1999; Turkeltaub et al., 2002) and
a recent imaging study on rhyming (Booth et al., 2007) established that the cerebellum has reciprocal functional connections with both left inferior frontal gyrus and left lateral
temporal cortex. Most directly, studies have established
further evidence of functional and anatomical abnormality of
the cerebellum in dyslexia (Leonard et al., 2002; Rae et al.,
2002; Eckert et al., 2003; Vicari et al., 2003; Pernet et al., 2009).
For independent reviews see Demonet et al. (2004), Habib
(2004), Lozano et al. (2003) and Vlachos et al. (2007). These
findings present compelling evidence in support of cerebellar
anomalies in dyslexia.
Following the cerebellar deficit theory, we developed
(Nicolson et al., 2001) an ‘ontogenetic’ framework that
attempted to explain how cerebellar differences at birth might
lead to the range of difficulties suffered by children with
dyslexia (Fig. 1). It may be seen that the framework provides
an outline of how a basic impairment in the cerebellum can
lead to problems in our highest level cognitive skill – reading –
6 years later. Detailed discussion of how this framework
provides a principled explanation of all three cognitive level
theories (phonological deficit, speed deficit and automaticity
deficit) is provided in Nicolson and Fawcett (2005, 2008).
For our purposes here, however, the important issue is the
heterogeneity implicit within the framework. The framework
accounts for the three criterial difficulties for dyslexia from
three different ‘routes’. The writing problem is attributed to
motor skill difficulties. The initial reading problems arise
primarily from problems in phonology. The spelling problems
arise primarily from problems in skill automatisation, as do
later problems in reading fluency. Of course, given the strong
interdependence between these three skills in the development of literacy (and in the school environment), problems in
any one skill may lead to problems in all three, with particularly strong interdependence between reading and spelling
developments (Frith, 1986), and the impact of effortful handwriting on spelling.
A key point is that the regions of the cerebellum – and the
neural systems involved – are different for each of the three
routes. Consequently, an individual may have impairment in
one, two or all three routes. The cerebellar deficit hypothesis
claims only that the language-related regions of the cerebellum are affected in dyslexia. These are generally considered to be Lobule VI and VIIB in the neocerebellum – well away
from the motor and balance regions in the cerebellum –
though there is also some representation in the cerebellar
vermis (Desmond and Fiez, 1998). Other cerebellar regions

may also be affected, but this is not necessary. Consequently,
associated difficulties in skills such as handwriting may, but
need not, arise.
Despite the extensive converging evidence described above
many influential researchers remain convinced that reading
difficulties arise from abnormalities in frontal or parietal
cortex, and the cerebellar account has been hotly disputed by
phonological deficit theorists (Vellutino et al., 2004). For
a balanced evaluation see Beaton (2002). A series of studies
has suggested strongly that, although a high proportion of
dyslexic children and adults do show both phonological and
motor difficulties, as might be expected given the cerebellar
deficit framework, approaching half the dyslexic children do
not (Ramus et al., 2003; White et al., 2006). Furthermore,
several theorists have suggested that in fact the cerebellum
may be functioning normally, but is receiving impaired
information from other brain regions, sensory or cortical, an
issue colourfully described by Zeffiro and Eden (2001) as the
‘innocent bystander problem’.
In view of the heterogeneity within dyslexia, the prevalence of motor skill problems, and the overlaps with ADHD, it
is appropriate to highlight the extent of comorbidity between
the developmental disabilities before continuing to an
explanatory framework.

7.
Comorbidities between the
developmental disabilities
There is a considerable overlap between different developmental disorders, with an apparent ‘comorbidity’ between
most (Bishop, 2002; Bishop et al., 2004; Bishop and Snowling,
2004; Fletcher et al., 1999; Gilger and Kaplan, 2001; Gillberg,
2003; Hill, 2001; Jongmans et al., 2003). Long-standing evidence
for comorbidity derives from the literature on ADHD and
dyslexia. School and clinic-based comorbidity rates for ADHD
with dyslexia range from 25% to 40% (Semrud-Clikeman et al.,
1992; Shaywitz et al., 1994; Willcutt and Pennington, 2000),
with considerable variability deriving from differing inclusionary criteria. There are also clear links between dyslexia
and DCD, both via links to articulatory control and to motor
control. Both of these coordination difficulties might well be
attributable to cerebellar dysfunction. Studies of cerebellar
involvement in DCD are surprisingly sparse. Taking a sample
of 31 young children diagnosed with DCD, O’Hare and Khalid
(2002) established a high incidence of problems in phonology
and (less surprisingly) in motor skills such as heel-to-toe
walking, which they attributed to cerebellar dysfunction. A
study of 7 children with DCD revealed abnormal adaptation to
distortion of visual feedback on a computer drawing task
(Kagerer et al., 2004), whereas a study of prism adaptation
(Cantin et al., 2007) yielded equivocal results, with 6 of the 9
children showing some abnormality of adaptation but no
significant between-group differences on any specific aspect
of adaptation.
The relationship between ADHD and specific language
impairment (SLI) is less clearly understood or researched,
although children with SLI show phonological deficits, which
are a core problem for children with dyslexia. An early study
(Love and Thompson, 1988) claimed that 75% of children
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Dyslexia: An ontogenetic causal chain
Birth

5 years

8 years

Balance impairment
Motor skill impairment
Cerebellar
impairment
Corticocerebellar
loop

Articulatory
skill

writing

Graphemephoneme
conversion

Phonological
awareness

READING
DIFFICULTIES

'word recognition
module'
verbal working
memory
orthographic
regularities

Problems in automatising
skill and knowledge

spelling

Fig. 1 – A hypothetical causal Chain. The horizontal axis represents both the passage of time (experience) and also the ways
that difficulties with skill acquisition cause subsequent problems, leading to the known difficulties in reading, writing and
spelling. The text provides a fuller explanation of the processes involved. Of particular interest is the progression
highlighted as a central feature. Cerebellar abnormality at birth leads to mild motor and articulatory problems. Lack of
articulatory fluency leads in turn to an impoverished representation of the phonological characteristics of speech, and
thence to the well-established difficulties in phonological awareness at around 5 years that lead to subsequent problems in
learning to read. Other routes outline the likely problems outside the phonological domain, and indicate that the difficulties
in learning to read, spell and write may derive from a number of inter-dependent factors.

referred for language disorder also had ADHD, compared with
only 16% with language disorder alone. Finally, reviving the
concept of ‘minimal brain dysfunction’ from the 1970s, there
appears to be a surprisingly high incidence of minor motor
delays in ADHD, dyslexia and specific language impairment in
addition to developmental coordination and the dyspraxias
(Gillberg, 2003; Hill, 1998).
A study in Calgary (Kaplan et al., 2001) is particularly
challenging. The authors studied a population-based sample
of 179 children receiving special support, and established that
the incidence of ADHD was 69%, the incidence of dyslexia was
64%, and the incidence of DCD was 17% (and that of oppositional defiant disorder was 23%). If a child met criteria for
dyslexia, the chance of having at least one other disorder was
51.6%. If the child met criteria for ADHD, the chance of having
at least one other disorder was 80.4%. Similar results were
found recently in a large clinical sample of 886 children with
normal range intelligence (Mayes and Calhoun, 2007). The
authors concluded that attention, graphomotor, and speed
weaknesses were likely to coexist, and that the majority of
children with autism and with ADHD had weaknesses in all
three areas. As Gilger and Kaplan (2001) argue, ‘‘in developmental disorders comorbidity is the rule not the exception’’.
One promising explanation at the genetic level for the
overlap between developmental disorders is the ‘generalist
genes’ hypothesis (Plomin and Kovas, 2005) which argues that
one gene may have multiple potential effects via pleiotropy.
Plomin and Kovas speculate (p. 200) that it is likely that a gene
may affect several regions of the brain, which in turn affect
various cognitive abilities. Consequently, genes that affect
one learning disability are likely to affect another.
In our view, the genetic approach provides a valuable line
of potential converging evidence in generating a theoretical

understanding of the developmental disorders, but it cannot
succeed alone. If the geneticists are to make progress, the
cognitive neuroscientists and developmental theorists need to
be able to provide high quality data. At the behavioural level,
what is the phenotype that should be used? Reading is such
a complex skill that a problem almost anywhere in the brain
will lead to failure to acquire fluent reading. The same applies
for spelling. A vague phenotype will necessarily lead to an
impression of gene pleiotropy. The problem is exacerbated by
difficulties in reaching a firm diagnosis when criteria for the
different disorders in the DSM-IV are overlapping, with ADHD
particularly difficult to pin down. At the brain level, we know
that the different brain regions are multiply connected, with
a series of major neural networks underpinning learning in at
least four different domains (declarative, procedural, motor
and sensory). If we are to make progress we need to undertake
more systematic analyses that integrate insights from genetic,
brain, cognitive and behavioural levels. Below we present an
initial effort in this direction.

8.

The neural systems framework

In a recent analysis (Nicolson and Fawcett, 2007) we have
proposed a possible integration between the varied and
apparently incompatible frameworks for dyslexia and other
learning difficulties by undertaking an analysis of the neural
systems underlying the different types of learning.
Five perspectives come together in this analysis. We started from our own analysis of learning, automaticity and the
cerebellum in dyslexia, and the difficulties of disentangling
the effects of impaired cerebellum from impaired components
of the cortico-cerebellar circuits. The ‘innocent bystander’
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problem is eliminated if one considers as a whole the neural
systems that act together in learning.
Second, we added to this the intriguing comorbidity
between different developmental disorders that suggested
that with current diagnostic methods primary symptoms of
one disability were often secondary symptoms of another, and
vice versa.
The third perspective is that of neural systems, starting
with the long-standing distinction (Squire, 1987) between the
declarative memory system (that is for learning facts, meanings and other consciously accessible information) and the
procedural memory system (that is for skills, habits, and other
not-consciously-accessible procedures).
The fourth perspective derived from the work of Doyon
and Ungerleider and their colleagues in investigating the
neural systems underlying the various stages in learning
motor skills over the period from minutes to days (Doyon and
Benali, 2005; Doyon et al., 2003; Doyon and Ungerleider, 2002).
The authors proposed that there are two distinct motor
learning circuits, a cortico-striatal system and a cortico-cerebellar system. The cortico-striatal system is particularly
involved in learning sequences of movements, whereas the
cortico-cerebellar system is particularly involved in adapting
to environmental perturbations. However, the key point is
that all three brain regions – motor cortex, basal ganglia and
cerebellum (and also the frontal cortex for explicit skill
monitoring in the early stages) are involved in the initial (‘fast
learning’) stage of motor skill acquisition, whereas the roles of
the cortico-striatal and cortico-cerebellar systems diverge as
we approach the automatisation stage.
For us the crucial step forward was taken when Ullman (2004)
highlighted the fact that in addition to the well-known procedural learning motor system (for motor skills such as handwriting), there is also a procedural learning system for language
skills and habits, such as our implicit knowledge of language
rules. It comprises the basal ganglia; frontal cortex, in particular
Broca’s area and pre-motor regions; parietal cortex; superior
temporal cortex, and the cerebellum. The system has clear
commonalities with the cortico-striatal and cortico-cerebellarmotor learning systems, the difference being that the languagebased system interacts with the language-based regions of the
frontal lobe, whereas the motor skill system interacts with
primary motor cortex. Both systems include pre-motor regions.
Normally, of course, these systems work together to provide
optimal learning and performance – as in the case of spoken
language, for example - but in the event of one system working
sub-optimally, it is likely that the other will compensate (Ullman, 2004) by working harder.
While Doyon and Ungerleider derived their framework
from studies of motor skill development, it seemed appropriate, given the similarities in procedural and declarative
neural circuits for language skills, to extend their framework
to include procedural language learning as well.
Combining the five disparate frameworks referred to
above, we proposed that developmental dyslexia arises
specifically from impaired performance of the ‘procedural
learning system for language’, a neural system that includes
prefrontal cortex around Broca’s area, parietal cortex, and
sub-cortical structures including the basal ganglia and cerebellum. A subset of dyslexic children will also show difficulties

in the motor procedural learning system, but this is not
a requirement for a diagnosis of dyslexia.
We find on the combined model of procedural learning,
therefore, that impairment in any one brain region – cerebellum, motor cortex or basal ganglia – would lead to an
impaired ability initially to acquire the skills associated with
that region. This may lead to either a developmental delay or
developmental deficit, dependent on the neural circuits
involved and the degree of impairment. Impairment in any
component of the procedural learning system would lead to
some impairment in the initial acquisition of motor skill.
While this deficit might be overcome subsequently, there
would be a developmental delay in its acquisition. For those
with impairment in the cortico-striatal circuit there would be
long-term problems in motor-sequence activities (corresponding to a slight clumsiness). For those with abnormality
in the cortico-cerebellar circuit there would be long-term
problems in skills such as balance and adaptive timing.
The framework provides a novel and potentially fruitful
integration of a range of perplexing problems which are hard
to explain using less broad approaches. It also provides a clear
clarity of linkage to learning and to intervention. For instance,
if one child has good declarative learning but weak languagebased procedural learning it is likely that the appropriate
intervention will be qualitatively different from that for a child
with the opposite profile. To our knowledge, no educational
theorist or practitioner has investigated this possibility.
We addressed the various different learning disabilities
within this framework, suggesting (in line with Ullman, 2004)
that the majority could be described in terms of five neural
systems and their interaction (Fig. 2).
It may be seen that we were able to attribute a range of
learning disabilities to different branches of the ‘tree’ with
generalised learning difficulties attributed to problems in the
Declarative Learning System, and the remainder to problems
in one branch or other of the procedural learning system. In
particular, we allocated SLI to the striatal-language branch,
DCD to the striatal-motor branch, and dyslexia to the cerebellar-language branch. We allocated ADHD (inattention subtype) to the same branch as dyslexia, but it might equally be
allocated to a striatal branch, in that there is gathering
evidence (Redgrave et al., 1999) that the basal ganglia are
strongly involved in response selection and inhibition. We did
not specify a disorder for the cerebellar-motor branch of the
procedural learning system. Given that the cerebellar branch
is likely to be involved in adaptation of movement parameters
such as size of handwriting and in rhythmic coordination, it
seems appropriate to allocate this branch to dysgraphia.
Of course this tree analysis considerably oversimplifies the
situation. One method of accommodating the effects of
putative magnocellular problems in dyslexia would be to
introduce the further major neural systems, the parvocellular
and magnocellular systems.
Lest one think that the framework is too vague to be testable, a recent study (Brookes et al., 2007) provides intriguing
support. A group of participants with dyslexia and a group
with DCD were compared with controls on their ability to
adapt to the visual field displacement caused by prisms –
a task thought to be cerebellar (Baizer et al., 1999). It turned out
that 6 of the participants with DCD had comorbid dyslexia.
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Fig. 2 – A neural systems typography for learning difficulties.

The dyslexic group showed significantly slower adaptation
than the controls, with 10 out of 14 showing an individual
impairment. Even stronger deficits obtained for the DCD
group, with all 14 participants showing individual impairments, regardless of their reading abilities. The results
therefore support the framework in several ways: in particular
showing that a task designed to tap the function of the cerebellar procedural learning circuits can identify problems in its
function, and that these problems transcend the DSM-IV
classificatory system. On the other hand, according to the
model, the children with DCD and no reading problems
should not show cerebellar difficulties! It may nonetheless be
that these children show comorbid cerebellar-motor procedural Learning problems, as in the dysgraphia branch of the
tree. All the children in the dyslexic and dyspraxic groups
showed mild to severe fluency problems on the dyslexia
screening test (DST) 1 min writing test (Fawcett and Nicolson,
1996), but unfortunately we no longer have access to records
of the quality of their handwriting performance.
The study of adaptation to prisms when throwing at a target
referred to earlier (Cantin et al., 2007) is particularly interesting
in this regard. The authors compared 9 children with DCD with
age-matched controls. They correctly described their results as
‘equivocal’ in that one third of the children showed problems in
immediate prism adaptation, a further third showed abnormal
after-effects of prism removal, and one third performed within
normal parameters, even though all showed abnormal
throwing ability. Interpretation is hampered by considerable
between-participant variability, by a relatively high age range
between the participants, and lack of information about
reading ability. Nonetheless, the heterogeneity established
does lend support to the view that there is a range of potential
underlying causes, and that these can be teased out by appropriate ‘brain-based’ assessments.
An additional key point, however, is that this tree structure
should not be seen in terms of all-or-none branches. It is more
appropriate to consider degrees of impairment. So, one might
think of ‘pure’ dyslexia as having an overachieving Declarative Learning System at say 20% above normal, an

underachieving Cerebellar-Language Procedural Learning
System at say 70% of normal efficiency, and an underachieving Cerebellar-Motor Procedural Learning System at say 90%
efficiency, whereas dysgraphia might be Declarative Learning
System at 20% above normal, Cerebellar-Language Procedural
Learning System at 90% and Cerebellar-Motor Procedural
Learning System at 70% efficiency. A full analysis of the
rationale for multiple deficits in developmental disorders is
beyond the scope of this article, but it should be noted that the
case has been made convincingly by Pennington (2006),
though he does not consider the neural systems perspective.

9.

Summary and conclusions

In summary, we have taken an extended tour through dyslexia
and other learning disabilities, focusing on the commonalities
and differences between dyslexia and dysgraphia. We have
put forward the viewpoint that both of these reflect lack of
automaticity at the cognitive level, attributable to impairment
of procedural learning circuits involving the cerebellum at the
neural circuits level, with ‘pure’ dysgraphia involving impairment of the cerebellar-motor circuit and ‘pure’ dyslexia
involving impairment of the cerebellar-language circuit.
This framework provides natural twin explanations of the
comorbidities between a variety of developmental disorders.
First, the various procedural and declarative circuits are all
involved in the early stages of skill learning, and therefore
impairment in any one of them will lead to sub-optimal acquisition of a range of skills, with primary impairment in the skills
specific to the impaired circuit, and secondary impairments in
the other skills. Second, for disabilities attributable to abnormal
brain development in gestation, it is likely that abnormalities
will be relatively widespread. Indeed, studies of the effects of
pre-natal and peri-natal lesions reveal that abnormalities can
occur well away from the lesion site (Block et al., 2005). It is also
worth noting that the protracted development of the cerebellum
creates a special susceptibility to disruptions during embryogenesis (Wang and Zoghbi, 2001). Furthermore, developmental
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studies of acquired damage to the cerebellum have highlighted
the impact on motor function in children (Konczak and Timmann, 2007). Motor development and cognitive development
have been shown to be fundamentally inter-related, leading to
abnormalities in both the prefrontal cortex and the cerebellum
in ‘cognitive’ developmental disorders (Diamond, 2000). The
framework therefore explains the ubiquity of comorbidity in
developmental disorders.
The framework also provides a strong case for abandoning
the all-or-none approach to classification cogently criticised
by Newell (1973). As Newell predicted, the initial distinctions,
originally clearcut, have become points on a continuum
following further investigation. This point has been emphasised in the dyslexia literature where it is now acknowledged
that the combined effects of a range of risk factors and
protective factors need to be considered when attempting to
account for reading performance (Snowling et al., 2003) – see
also Pennington (2006). This analysis must also be applied to
the other developmental disabilities, where the implication of
the framework is that several developmental disorders may
share a similar set of risk factors and strengths. This suggests
in turn that it may be more fruitful to characterise a given
individual’s profile of strengths and weaknesses, rather than
the current approach of identifying the ‘primary’ weakness. If
this was politics, it would involve moving from a ‘winner takes
all’ system to a proportional representation system!
Possibly most important, the strong implication of the
framework is that the neural systems level of description
provides an under-explored classificatory system that
complements, or may even replace, the current DSM-IV
symptom-based diagnostic system. In our view this would
lead to several significant advantages. First, emphasis on the
underlying cause (at the neural systems level) rather than its
behavioural manifestations is of immediate value in providing
a common framework for understanding the developmental
disorders; for investigating commonalities as well as differences; for linking to current conceptual frameworks in
cognitive neuroscience; and arguably for providing a level of
analysis that may be more fruitful for genetic investigations.
Second, the emphasis on neural systems provides an important emphasis on the importance of considering the interplay
between cortex and sub-cortex in scaffolding learning and
expediting action. Third, the change of focus from differences
in attainment to differences in learning ability and disability
provides a potential methodology for bridging the chasm
between neuroscience and education – the start of a discipline
of pedagogical neuroscience (Fawcett and Nicolson, 2007).
Fourth, the framework provides a set of immediate fruitful
challenges; foremost among which is the development of
a battery of tests designed to tease out the functionality of the
many different neural learning systems.
It is important to conclude with a caveat. The neural systems
approach is still in its infancy, and currently lacks the necessary
empirical evidence with regard to the different developmental
disabilities to provide solid foundations. As it is systematically
tested, the framework structure should become clearer, but we
recognise that at the present time further evidence is needed to
support the ideas put forward. Nonetheless, the perspective
provides a bridge between education, cognitive neuroscience
and learning disorders. Development of the necessary tools to

investigate and refine the framework is a worthy task for
collaboration between geneticists, cognitive neuroscientists
and learning disability theorists over the coming years.

Acknowledgment
We wish to acknowledge the valuable suggestions made by
Alan Beaton, the joint editor of this special issue, with regard
to both the content and the style of this article.

references

Ackerman PT and Dykman RA. Reading-disabled students with
and without comorbid arithmetic disability. Developmental
Neuropsychology, 11: 351–371, 1995.
Ackermann H, Graber S, Hertrich I, and Daum I. Cerebellar
contributions to the perception of temporal cues within
the speech and nonspeech domain. Brain and Language,
67: 228–241, 1999.
Adi-Japha E, Landau YE, Frenkel L, Teicher M, Gross-Tsur V, and
Shalev RS. ADHD and dysgraphia: Underlying mechanisms.
Cortex, 43: 700–709, 2007.
American Psychiatric Association. Diagnostic and Statistical Manual
of Mental Disorders. 4th ed. Washington DC: American
Psychiatric Association, 1994.
Augur J. Guidelines for teachers, parents and learners. In
Snowling MJ (Ed), Childrens’ Written Language Difficulties.
NFER-NELSON, 1985: 147.
Badian NA. Can the wppsi be of aid in identifying young children
at risk for reading disability. Journal of Learning Disabilities,
17: 583–587, 1984a.
Badian NA. Reading disability in an epidemiological context:
Incidence and environmental correlates. Journal of Learning
Disabilities, 17: 129–136, 1984b.
Baizer JS, Kralj-Hans I, and Glickstein M. Cerebellar lesions and
prism adaptation in macaque monkeys. Journal of
Neurophysiology, 81: 1960–1965, 1999.
Beaton A. Dyslexia, Reading and the Brain: a Sourcebook of Psychological
and Biological Research. Hove: Psychology Press, 2004.
Beaton AA. Dyslexia and the cerebellar deficit hypothesis. Cortex,
38: 479–490, 2002.
Ben-Pazi H, Kukke S, and Sanger TD. Poor penmanship in
children correlates with abnormal rhythmic tapping: A broad
functional temporal impairment. Journal of Child Neurology,
22: 543–549, 2007.
Benton AL. Some conclusions about dyslexia. In Benton AL and
Pearl D (Eds), Dyslexia: an Appraisal of Current Knowledge.
Oxford: Oxford University Press, 1978.
Berninger VW, Winn W, Stock P, Abbott RD, Eschen K, Lin SJ, et al.
Tier 3 specialized writing instruction for students with
dyslexia. Reading and Writing, 21: 95–129, 2008.
Bishop DVM. Motor immaturity and specific speech and language
impairment: Evidence for a common genetic basis. American
Journal of Medical Genetics, 114: 56–63, 2002.
Bishop DVM, Adams CV, and Norbury CF. Using nonword
repetition to distinguish genetic and environmental
influences on early literacy development: A study of 6-yearold twins. American Journal of Medical Genetics Part BNeuropsychiatric Genetics, 129B: 94–96, 2004.
Bishop DVM and Snowling MJ. Developmental dyslexia and
specific language impairment: Same or different? Psychological
Bulletin, 130: 858–886, 2004.

cortex 47 (2011) 117–127

Block F, Dihne M, and Loos M. Inflammation in areas of remote
changes following focal brain lesion. Progress in Neurobiology,
75: 342–365, 2005.
Boden C and Giaschi D. M-stream deficits and reading-related
visual processes in developmental dyslexia. Psychological
Bulletin, 133: 346–366, 2007.
Booth JR, Wood L, Lu D, Houk JC, and Bitan T. The role of the basal
ganglia and cerebellum in language processing. Brain Research,
1133: 136–144, 2007.
Bradley L and Bryant PE. Categorising sounds and learning to
read: a causal connection. Nature, 301: 419–421, 1983.
Brookes RL, Nicolson RI, and Fawcett AJ. Prisms throw light on
developmental disorders. Neuropsychologia, 45:
1921–1930, 2007.
Cantin N, Polatajko HJ, Thach WT, and Jaglal S. Developmental
coordination disorder: Exploration of a cerebellar hypothesis.
Human Movement Science, 26: 491–509, 2007.
Castles A and Coltheart M. Varieties of developmental dyslexia.
Cognition, 47: 149–180, 1993.
Chaix Y, Albaret JM, Brassard C, Cheuret E, De Castelnau P, and
Benesteau J. Motor impairment in dyslexia: The influence of
attention disorders. European Journal of Paediatric Neurology,
11: 368–374, 2007.
Demonet JF, Taylor MJ, and Chaix Y. Developmental dyslexia.
Lancet, 363: 1451–1460, 2004.
Denckla MB. Motor coordination in children with dyslexia:
Theoretical and clinical implications. In Duffy FH and
Geschwind N (Eds), Dyslexia: a Neuroscientific Approach to
Clinical Evaluation. Boston, MA: Little Brown, 1985.
Denckla MB and Rudel RG. Rapid ‘automatized’ naming (R.A.N.).
Dyslexia differentiated from other learning disabilities.
Neuropsychologia, 14: 471–479, 1976.
Denckla MB, Rudel RG, Chapman C, and Krieger J. Motor
proficiency in dyslexic children with and without attentional
disorders. Archives of Neurology, 42: 228–231, 1985.
Desmond JE and Fiez JA. Neuroimaging studies of the cerebellum:
Language, learning and memory. Trends in Cognitive Sciences,
2: 355–362, 1998.
Deuel RK. Developmental dysgraphia and motor-skills disorders.
Journal of Child Neurology, 10: S6–S8, 1995.
Diamond A. Close interrelation of motor development and
cognitive development and of the cerebellum and prefrontal
cortex. Child Development, 71: 44–56, 2000.
Doyon J and Benali H. Reorganization and plasticity in the adult
brain during learning of motor skills. Current Opinion in
Neurobiology, 15: 1–7, 2005.
Doyon J, Penhune V, and Ungerleider LG. Distinct contribution of
the cortico-striatal and cortico- cerebellar systems to motor
skill learning. Neuropsychologia, 41: 252–262, 2003.
Doyon J and Ungerleider LG. Functional anatomy of motor skill
learning. In Squire LR and Schacter DL (Eds), Neuropsychology
of Memory. New York: Guilford Press, 2002.
Eckert MA, Leonard CM, Richards TL, Aylward EH, Thomson J, and
Berninger VW. Anatomical correlates of dyslexia: Frontal and
cerebellar findings. Brain, 126: 482–494, 2003.
Eden GF, VanMeter JW, Rumsey JM, and Zeffiro TA. The visual
deficit theory of developmental dyslexia. NeuroImage,
4: S108–S117, 1996.
Fawcett AJ and Nicolson RI. Persistent deficits in motor skill for
children with dyslexia. Journal of Motor Behavior, 27: 235–241, 1995.
Fawcett AJ and Nicolson RI. The Dyslexia Early Screening Test.
London: Harcourt, 1996.
Fawcett AJ and Nicolson RI. Performance of dyslexic children
on cerebellar and cognitive tests. Journal of Motor Behavior,
31: 68–78, 1999.
Fawcett AJ and Nicolson RI. Dyslexia, learning, and pedagogical
neuroscience. Developmental Medicine and Child Neurology,
49: 306–311, 2007.

125

Fletcher JM, Shaywitz SE, and Shaywitz BA. Comorbidity of
learning and attention disorders – separate but equal.
Pediatric Clinics of North America, 46: 885 (14 pages), 1999.
Frith U. A developmental framework for developmental dyslexia.
Annals of Dyslexia, 36, 1986.
Fulbright RK, Jenner AR, Mencl WE, Pugh KR, Shaywitz BA,
Shaywitz SE, et al. The cerebellum’s role in reading:
A functional MR imaging study. American Journal of
Neuroradiology, 20: 1925–1930, 1999.
Geschwind N. Why Orton was right. Annals of Dyslexia,
32: 13–30, 1982.
Gilger JW and Kaplan BJ. Atypical brain development:
a conceptual framework for understanding developmental
learning disabilities. Developmental Neuropsychology,
20: 465–481, 2001.
Gillberg C. Deficits in attention, motor control, and perception:
A brief review. Archives of Disease in Childhood, 88:
904–910, 2003.
Habib M. Oral and written language learning disorders: Recent
contributions of neurobiological research. Revue De
Neuropsychologie, 14: 63–102, 2004.
Haslum M. Predictors of dyslexia? Irish Journal of Psychology,
10: 622–630, 1989.
Hill EL. A dyspraxic deficit in specific language impairment and
developmental coordination disorder? Evidence from hand
and arm movements. Developmental Medicine and Child
Neurology, 40: 388–395, 1998.
Hill EL. Non-specific nature of specific language impairment:
A review of the literature with regard to concomitant motor
impairments. International Journal of Language and
Communication Disorders, 36: 149–171, 2001.
IDA. Definition of Dyslexia (Fact Sheet). Baltimore, MD: International
Dyslexia Association, 2002.
Imamizu H, Kuroda T, Miyauchi S, Yoshioka T, and Kawato M.
Modular organization of internal models of tools in the human
cerebellum. Proceedings of the National Academy of Sciences of the
United States of America, 100: 5461–5466, 2003.
Ito M. Opinion – control of mental activities by internal models
in the cerebellum. Nature Reviews Neuroscience, 9:
304–313, 2008.
Iversen S, Berg K, Ellertsen B, and Tonnessen FE. Motor
coordination difficulties in a municipality group and in
a clinical sample of poor readers. Dyslexia, 11: 217–231, 2005.
Jongmans MJ, Smits Engelsman BCM, and Schoemaker MM.
Consequences of comorbidity of developmental coordination
disorders and learning disabilities for severity and pattern of
perceptual-motor dysfunction. Journal of Learning Disabilities,
36: 528–537, 2003.
Justus TC and Ivry RB. The cognitive neuropsychology of the
cerebellum. International Review of Psychiatry, 13: 276–282, 2001.
Kagerer FA, Bo J, Contreras-Vidal JL, and Clark JE. Visuomotor
adaptation in children with developmental coordination
disorder. Motor Control, 8: 450–460, 2004.
Kaplan BJ, Dewey DM, Crawford SG, and Wilson BN. The term
comorbidity is of questionable value in reference to
developmental disorders: Data and theory. Journal of Learning
Disabilities, 34: 555–565, 2001.
Kelly RM and Strick PL. Cerebellar loops with motor cortex
and prefrontal cortex of a nonhuman primate. Journal
of Neuroscience, 23: 8432–8444, 2003.
Kirby A, Sugden D, and Beveridge S. Dyslexia and developmental
co-ordination disorder in further and higher education Similarities and differences. Does the ‘label’ influence the
support given? Dyslexia, 14: 197–213, 2008.
Konczak J and Timmann D. The effect of damage to the
cerebellum on sensorimotor and cognitive function in
children and adolescents. Neuroscience and Biobehavioural
Reviews, 31: 1101–1113, 2007.

126

cortex 47 (2011) 117–127

Leiner HC, Leiner AL, and Dow RS. Reappraising the cerebellum:
What does the hindbrain contribute to the forebrain.
Behavioural Neuroscience, 103: 998–1008, 1989.
Leonard CM, Lombardino LJ, Walsh K, Eckert MA, Mockler JL,
Rowe LA, et al. Anatomical risk factors that distinguish
dyslexia from SLI predict reading skill in normal children.
Journal of Communication Disorders, 35: 501–531, 2002.
Love AJ and Thompson MGG. Language disorders and attention
deficit disorders in young children referred for psychiatric
service: Analysis of prevalence and a conceptual synthesis.
American Journal of Orthopsychiatry, 58, 1988.
Lozano A, Ramirez M, and Ostrosky-Solis F. The neurobiology
of developmental dyslexia: A survey. Revista De Neurologia,
36: 1077–1082, 2003.
Lyon GR, Shaywitz SE, and Shaywitz BA. A definition of dyslexia.
Annals of Dyslexia, 53: 1–14, 2003.
Manis FR, Seidenberg MS, Doi LM, McBrideChang C, and
Petersen A. On the bases of two subtypes of development
dyslexia. Cognition, 58: 157–195, 1996.
Marien P, Engelborghs S, Fabbro F, and De Deyn PP. The
lateralized linguistic cerebellum: A review and a new
hypothesis. Brain and Language, 79: 580–600, 2001.
Mather DS. Dyslexia and dysgraphia: More than written language
difficulties in common. Journal of Learning Disabilities,
36: 307–317, 2003.
Mayes SD and Calhoun SL. Learning, attention, writing, and
processing speed in typical children and children with ADHD,
autism, anxiety, depression, and oppositional-defiant
disorder. Child Neuropsychology, 13: 469–493, 2007.
Miall RC, Imamizu H, and Miyauchi S. Activation of the cerebellum
in co-ordinated eye and hand tracking movements: An fMRI
study. Experimental Brain Research, 135: 22–33, 2000.
Middleton FA and Strick PL. Cerebellar projections to the
prefrontal cortex of the primate. Journal of Neuroscience,
21: 700–712, 2001.
Miles TR. Dyslexia: the Pattern of Difficulties. Oxford: Blackwell, 1983.
Moe-Nilssen R, Helbostad JL, Talcott JB, and Toennessen FE.
Balance and gait in children with dyslexia. Experimental Brain
Research, 150: 237–244, 2003.
Morton J and Frith U. Causal modelling: A structural approach to
developmental psychopathology. In Cicchetti D and Cohen DJ
(Eds), Manual of Developmental Psychopathology. New York:
Wiley, 1995: 274–298.
Needle JL, Fawcett AJ, and Nicolson RI. Balance and dyslexia: An
investigation of adults’ abilities. European Journal of Cognitive
Psychology, 18: 909–936, 2006.
Newell A. You can’t play 20 questions with nature and win:
Comments on the symposium. In Chase W (Ed), Visual
Information Processing. London: Academic Press, 1973.
Nicolson RI, Daum I, Schugens MM, Fawcett AJ, and Schulz A.
Eyeblink conditioning indicates cerebellar abnormality in
dyslexia. Experimental Brain Research, 143: 42–50, 2002.
Nicolson RI and Fawcett AJ. Automaticity: a new framework
for dyslexia research? Cognition, 35: 159–182, 1990.
Nicolson RI and Fawcett AJ. Comparison of deficits in cognitive
and motor skills among children with dyslexia. Annals of
Dyslexia, 44: 147–164, 1994a.
Nicolson RI and Fawcett AJ. Reaction times and dyslexia. Quarterly
Journal of Experimental Psychology, 47A: 29–48, 1994b.
Nicolson RI and Fawcett AJ. Long-term learning in dyslexic children.
European Journal of Cognitive Psychology, 12: 357–393, 2000.
Nicolson RI and Fawcett AJ. Developmental dyslexia, learning and the
cerebellum. Journal of Neural Transmission-Supplement, 2005: 19–36.
Nicolson RI and Fawcett AJ. Procedural learning difficulties: Reuniting the developmental disorders? Trends in Neurosciences,
30: 135–141, 2007.
Nicolson RI and Fawcett AJ. Dyslexia, Learning and the Brain.
Boston: MIT Press, 2008.

Nicolson RI, Fawcett AJ, Berry EL, Jenkins IH, Dean P, and
Brooks DJ. Association of abnormal cerebellar activation
with motor learning difficulties in dyslexic adults. Lancet,
353: 1662–1667, 1999.
Nicolson RI, Fawcett AJ, and Dean P. Time-estimation deficits in
developmental dyslexia – evidence of cerebellar involvement.
Proceedings of the Royal Society of London Series B-Biological
Sciences, 259: 43–47, 1995.
Nicolson RI, Fawcett AJ, and Dean P. Developmental dyslexia:
the cerebellar deficit hypothesis. Trends in Neurosciences,
24: 508–511, 2001.
O’Hare A and Khalid S. The association of abnormal cerebellar
function in children with developmental coordination
disorder and reading difficulties. Dyslexia, 8: 234–248, 2002.
Pennington BF. From single to multiple deficit models of
developmental disorders. Cognition, 101: 385–413, 2006.
Pernet C, Andersson J, Paulesu E, and Demonet JF. When all
hypotheses are right: A multifocal account of dyslexia.
Human Brain Mapping, 30: 2278–2292, 2009.
Plomin R and Kovas Y. Generalist genes and learning disabilities.
Psychological Bulletin, 131: 592–617, 2005.
Raberger T and Wimmer H. On the automaticity/cerebellar deficit
hypothesis of dyslexia: Balancing and continuous rapid
naming in dyslexic and adhd children. Neuropsychologia,
41: 1493–1497, 2003.
Rae C, Harasty JA, Dzendrowskyj TE, Talcott JB, Simpson JM,
Blamire AM, et al. Cerebellar morphology in developmental
dyslexia. Neuropsychologia, 40: 1285–1292, 2002.
Ramus F, Pidgeon E, and Frith U. The relationship between motor
control and phonology in dyslexic children. Journal of Child
Psychology and Psychiatry and Allied Disciplines, 44: 712–722, 2003.
Redgrave P, Prescott TJ, and Gurney K. The basal ganglia:
A vertebrate solution to the selection problem? Neuroscience,
89: 1009–1023, 1999.
Rochelle KSH and Talcott JB. Impaired balance in developmental
dyslexia? A meta-analysis of the contending evidence. Journal
of Child Psychology and Psychiatry, 47: 1159–1166, 2006.
Rochelle KSH, Witton C, and Talcott JB. Symptoms of
hyperactivity and inattention can mediate deficits of postural
stability in developmental dyslexia. Experimental Brain
Research, 192: 627–633, 2009.
Rudel RG. The definition of dyslexia: Language and motor deficits.
In Duffy FH and Geschwind N (Eds), Dyslexia: A Neuroscientific
Approach to Clinical Evaluation. Boston, MA: Little Brown, 1985.
Semrud-Clikeman M, Biderman J, Sprich-Buckminster S,
Lehman BK, Faraone SV, and Norman D. Comorbidity between
ADHD and learning disability. A review and report in
a clinically referred sample. Journal of the American Association
of Child and Adolescent Psychiatry, 31: 439–448, 1992.
Shaywitz BA, Fletcher JM, and Shaywitz SE. Interrelationships
between reading disability and attention deficit-hyperactivity
disorder. In Capute AJ, Accardo PJ, and Shapiro BK (Eds), The
Learning Disabilities Spectrum: Add, Adhd and Ld. Baltimore, MD:
York Press, 1994.
Shaywitz SE, Shaywitz BA, Fletcher JM, and Escobar MD.
Prevalence of reading disability in boys and girls. Journal of the
American Medical Association, 264: 998–1002, 1990.
Smits Engelsman BCM and Van Galen GP. Dysgraphia in children:
Lasting psychomotor deficiency or transient developmental
delay? Journal of Experimental Child Psychology, 67:
164–184, 1997.
Snowling M. Dyslexia: a Cognitive Developmental Perspective. Oxford:
Blackwell, 1987.
Snowling M, Bryant PE, and Hulme C. Theoretical and
methodological pitfalls in making comparisons between
developmental and acquired dyslexia: Some comments on
Castles and Coltheart (1993). Reading and Writing, 8:
443–451, 1996.

cortex 47 (2011) 117–127

Snowling MJ, Gallagher A, and Frith U. Family risk of dyslexia is
continuous: Individual differences in the precursors of reading
skill. Child Development, 74: 358–373, 2003.
Sprenger-Charolles L, Cole P, Lacert P, and Serniclaes W. On
subtypes of developmental dyslexia: Evidence from
processing time and accuracy scores. Canadian Journal of
Experimental Psychology-Revue Canadienne De Psychologie
Experimentale, 54: 87–104, 2000.
Squire LR. Memory and Brain. Oxford: Oxford University Press, 1987.
Stanovich KE. Explaining the differences between the dyslexic
and the garden-variety poor reader: The phonological-core
variable-difference model. Journal of Learning Disabilities,
21: 590–604, 1988a.
Stanovich KE. The right and wrong places to look for the cognitive
locus of reading disability. Annals of Dyslexia, 38: 154–177, 1988b.
Stanovich KE, Siegel LS, and Gottardo A. Converging evidence for
phonological and surface subtypes of reading disability.
Journal of Educational Psychology, 89: 114–127, 1997.
Stein JF and Walsh V. To see but not to read; the magnocellular
theory of dyslexia. Trends in Neurosciences, 20: 147–152, 1997.
Stoodley CJ, Fawcett AJ, Nicolson RI, and Stein JF. Impaired
balancing ability in dyslexic children. Experimental Brain
Research, 167: 370–380, 2005.
Stuart GW, McAnally KI, McKay A, Johnston M, and Castles A. A test
of the magnocellular deficit theory of dyslexia in an adult
sample. Cognitive Neuropsychology, 23: 1215–1229, 2006.
Tallal P, Miller S, and Fitch RH. Neurobiological basis of speech –
a case for the pre-eminence of temporal processing. Annals
of the New York Academy of Sciences, 682: 27–47, 1993.
Turkeltaub PE, Eden GF, Jones KM, and Zeffiro TA. Meta-analysis
of the functional neuroanatomy of single-word reading:
Method and validation. NeuroImage, 16: 765–780, 2002.
Ullman MT. Contributions of memory circuits to language:
The declarative/procedural model. Cognition, 92: 231–270,
2004.
Vellutino FR. Dyslexia: Theory and Research. Cambridge, MA: MIT
Press, 1979.
Vellutino FR, Fletcher JM, Snowling M, and Scanlon DM. Specific
reading disability (dyslexia): What have we learned in the past
four decades? Journal of Child Psychology and Psychiatry,
45: 2–40, 2004.

127

Vicari S, Marotta L, Menghini D, Molinari M, and Petrosini L.
Implicit learning deficit in children with developmental
dyslexia. Neuropsychologia, 41: 108–114, 2003.
Viholainen H, Ahonen T, Lyytinen P, Cantell M, Tolvanen A, and
Lyytinen H. Early motor development and later language and
reading skills in children at risk of familial dyslexia.
Developmental Medicine and Child Neurology, 48: 367–373, 2006.
Vlachos F, Papathanasiou I, and Andreou G. Cerebellum and
reading. Folia Phoniatrica et Logopaedica, 59: 177–183, 2007.
Wang VY and Zoghbi HY. Genetic regulation of cerebellar
development. Nature Reviews Neuroscience, 2: 484–491, 2001.
White S, Milne E, Rosen S, Hansen P, Swettenham J, Frith U, et al.
The role of sensorimotor impairments in dyslexia: A multiple
case study of dyslexic children. Developmental Science,
9: 237–255, 2006.
Willcutt EG and Pennington BF. Psychiatric comorbidity in
children and adolescents with reading disability. Journal of
Child Psychology and Psychiatry and Allied Disciplines,
41: 1039–1048, 2000.
Wimmer H. Characteristics of developmental dyslexia in a regular
writing system. Applied Psycholinguistics, 14: 1–33, 1993.
Wimmer H, Mayringer H, and Raberger T. Reading and dual-task
balancing: Evidence against the automatization deficit
explanation of developmental dyslexia. Journal of Learning
Disabilities, 32: 473–478, 1999.
Wolf M and Bowers PG. The double-deficit hypothesis for the
developmental dyslexias. Journal of Educational Psychology,
91: 415–438, 1999.
Wolff PH, Michel GF, and Ovrut M. Rate variables and
automatized naming in developmental dyslexia. Brain
and Language, 39: 556–575, 1990.
World Federation of Neurology. Report of Research Group on
Dyslexia and World Illiteracy. Dallas: WFN, 1968.
Yap R and van der Leij A. Word-processing in dyslexics – an
automatic decoding deficit. Reading and Writing, 5: 261–279, 1993.
Yap R and van der Leij A. Testing the automatization deficit
hypothesis of dyslexia via a dual-task paradigm. Journal
of Learning Disabilities, 27: 660–665, 1994.
Zeffiro T and Eden G. The cerebellum and dyslexia: Perpetrator
or innocent bystander? Comment. Trends in Neurosciences,
24: 512–513, 2001.

