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Summary
Dyslexia research is now facing an intriguing paradox: it is becoming increasingly clear that a significant
proportion of dyslexics present sensory and motor deficits; however, as this “sensorimotor syndrome” is being
studied in greater detail, it is also becoming increasingly clear that sensory and motor deficits will play only a
limited role in a general causal explanation of specific reading disability.

Teaser
Sensory and motor disorders are present in a significant proportion of developmental dyslexics, but play only a
limited role in the aetiology of reading disability.

Running head
Sensorimotor dysfunction in dyslexia

Introduction
Developmental dyslexia is a failure to acquire reading skills that affects around 5% of children despite adequate.
intelligence, education and social background. There is a wide consensus that it is a neurological disorder with a
genetic origin. Yet, after decades of research, it can seem surprising that theorists still have fundamental
disagreements over the neurological and cognitive basis of the disorder. The dyslexia scene is currently occupied
by no less than four major theories, which can be grouped within two antagonistic frameworks; moreover, each
of these theories is supported by a whole body of empirical evidence.
On one side of the divide, theorists contend that the specific reading retardation characteristic of dyslexia is
directly and exclusively caused by a cognitive deficit specific to representations and processing of speech
sounds: this is the phonological theory [1-3] (Figure 1). At the brain level, this cognitive deficit would arise from
a congenital dysfunction of certain cortical areas involved in phonology and reading [4-6]. On the other side,
researchers agree with the idea of a phonological deficit, but see it as secondary to a more basic auditory
impairment, and part of a general sensorimotor deficit. Separate theories have been developed based on an
auditory deficit [7], a magnocellular visual dysfunction [8] or a cerebellar/motor dysfunction [9], but they have
recently been unified under the general magnocellular theory of dyslexia [10] [there is also an attentional variant:
11]. According to this view, there are two direct causes of reading retardation: phonological and visual deficits.
The phonological deficit can be traced back to a more general auditory impairment, which has the same
biological origin as the visual impairment, namely, a dysfunction of magno-cells in sensory pathways. This
magnocellular dysfunction is also apparent in the tactile domain [12], and reaches the cerebellum via the
posterior parietal cortex, causing further impairments, notably in the motor domain [10] (Figure 2). In this
theory, dyslexia is therefore seen as a general sensorimotor syndrome.
The phonological theory has been largely predominant for about 20 years. Gradually, more and more studies
have emerged providing evidence for auditory, visual and motor impairments in dyslexics, providing support for
the sensorimotor theories. This trend was reflected in the last two reviews of dyslexia in this journal [13,14]. But
the last two years of research suggest that the tide may be turning again [15].

Auditory processing in dyslexia
Many studies have further confirmed the presence of auditory deficits in the dyslexia population. Moreover,
deficits are demonstrated across a wide range of auditory tasks, from Tallal’s [7] classic temporal order
judgement and repetition tests [16-20], to frequency and intensity discrimination [21-23], gap detection [20,24],
illusory movement detection [25], frequency and amplitude modulation detection [23,26,27], categorical
perception of phonemes and non-speech analogues [28,29] and backward masking [30,31]. Three debates
surround the study of dyslexics’ auditory processing: 1) what proportion of dyslexics is affected? 2) can the
deficit be characterised in terms of “rapid auditory processing”? 3) does it explain the phonological deficit?
From the very beginning of this type of research, it has been evident that only a fraction of dyslexics showed
poor performance in the auditory tasks (45% in [7]). However, this was possibly due to the poor reliability of the
tasks used, with low numbers of trials per subject leading to high measurement error and overlap between the
groups [32]. The recent years have seen great improvements in the methodology: adaptive psychophysical
procedures with multiple measures of each threshold are now routinely used, so that individual data can be taken
seriously. Yet, this has only reinforced the original observation: when collapsing the data across all the recent
studies in which individual data was analysed or displayed, one finds a total of 67/174 (39%) dyslexics with an
observed auditory deficit [19,21,23,24,26,28,30,31,33,34].
Most of the auditory studies have been taken to support the view that dyslexics’ auditory processing is impaired
specifically on short sounds and fast transitions: this is called the “rapid” or “temporal” auditory processing
deficit [7]. Such a characterisation of the auditory dysfunction is consistent with the magnocellular theory, since
magno-cells are particularly sensitive to high temporal frequencies [10]. However, a closer look reveals major
inconsistencies between data and theory: some deficits are found in tasks that don’t tap rapid auditory
processing, like frequency discrimination [21] [22], or frequency modulation detection at 2 Hz [26]. On the other
hand, expected rapid processing deficits are often not observed; in fact, when inter-stimulus intervals have been
manipulated in a systematic manner, dyslexics were not found to be poorer at short than at long intervals
(sometimes they were even better) [18,20-22]. Finally, three separate studies have investigated dyslexics’
auditory processing on a large array of psychophysical tests administered within subject: they have concluded
that a subset of dyslexics do have difficulties with certain tests, but that the pattern of good and poor
performance can in no way be characterised as a problem with rapid or temporal processing [23,30,31].
Moreover, the pattern varies across individuals. A coherent characterisation of dyslexics’ auditory performance
remains elusive.
The next question is: when an auditory deficit is present in a dyslexic individual, is it responsible for the
phonological deficit and/or for the reading disability? Supporters of the auditory processing theory hypothesised
that impaired perception of brief sounds and transitions would be particularly detrimental to speech perception,
hence would undermine the development of the child’s phonological representations [35,36]. Counter-evidence
against this hypothesis was soon put forward [37]. Recent studies have now amply confirmed that there is no
reliable relationship between performance on rapid auditory processing tasks and speech categorisation and
discrimination [29-31]. Neither is there a reliable relationship between any auditory measure (speech or nonspeech) and more general measures of phonological skill or reading ability [19,25,33], even when assessed
longitudinally [18]. If anything, it seems that the most auditorily impaired dyslexics also have severely impaired
phonology and reading, although the reverse is not necessarily true [23,26,31].
Interestingly, there have been claims that auditory training programs can improve dysphasic and dyslexic
children’s language and reading skills [38-40]. Unfortunately, these studies have not protected themselves
against placebo and Hawthorne effects by running double-blind randomised controlled trials. A few independent
studies that have attempted to assess the effects of the controversial Fast Forword program [39] have not found it
more efficient than more traditional intervention programs, and have challenged the role played by the part of the
training focusing on temporal processing [41-43].
In summary, the auditory disorders observed in dyslexia are not particularly “rapid” or “temporal” in nature, are
restricted to a subset of the population, and have little influence on the development of phonology and reading. It
therefore seems that the phonological deficit characteristic of dyslexia can arise in the absence of any auditory
disorder, with the most severe auditory impairments nevertheless acting as aggravating factors.

Visual processing in dyslexia
The debate on visual deficits in dyslexia is articulated around three similar questions as for the auditory deficit:
1) do visual disorders cause reading difficulties? 2) do those visual disorders have a magnocellular origin? 3)
what proportion of dyslexics is affected?
Even when excluding major ophthalmologic disorders, it seems plausible that more subtle visual deficits might
have an impact on reading. Perhaps the clearest example is visual stress [44], a condition which provokes visual
distortions and sometimes leads to impaired reading fluency, which can be improved by using coloured overlays
or glasses [45,46]. Other visual problems that are often mentioned include binocular fixation instability and poor
vergence control [10], increased visual crowding [47], as well as slight visuo-spatial attention deficits [48].
Although these are all plausible proximal causes of reading impairment, both their prevalence and their
relationship to reading retardation remain hotly debated, especially since visual disorders are often accompanied
by a phonological deficit.
Whether a magnocellular dysfunction is the underlying cause of those proximal visual impairments is far from
clear. A number of studies do provide evidence that dyslexics have elevated detection thresholds or abnormal
visual evoked potentials for stimuli in the spatial and temporal ranges of the magnocellular system [24,49-53],
although it has been disputed whether some of the stimuli used uniquely tap the magnocellular system [54,55].
However, a growing number of studies report findings inconsistent with a visual deficit specific to the
magnocellular system [20,22,31,56-59], often finding that visual deficits, when present, cover the whole range of
spatial and temporal frequencies. Questions have also been raised as to whether group differences could be
explained by attention or memory rather than sensory deficits [57,60]. Moreover, visual deficits seem to be
restricted to a subset of dyslexics: looking at 7 recent-studies displaying individual data, one finds 37/128 (29%)
dyslexics with elevated visual thresholds in the target conditions [22,24,31,34,49,51,53]. Finally, no
demonstration has been provided that magnocellular dysfunction, when present, engenders visual problems that
are more proximal to reading, like visual instability, crowding or stress. In fact, in the case of visual stress, there
is evidence that the symptoms are unrelated to magnocellular dysfunction [61].
To summarise, a minority of dyslexics seem to have visual problems. At least visual stress seems to be
dissociated from the phonological deficit, and is therefore a possible independent cause of reading disability.
However, the underlying biological cause of these visual disorders and their precise impact on reading still need
to be elucidated. The hypothesis of a magnocellular origin does not seem to be well supported.

Motor control in dyslexia
Motor difficulties are also frequent in the dyslexia population [62-64]. But just like for audition and vision, there
have been negative findings [25,65], and evidence that motor impairments are restricted to a subset (estimated
between 30 and 50%) of the dyslexia population [31,62]. One possible hypothesis is that motor impairments
emerge from a general temporal processing or timing deficit [64]. There is however contradictory evidence [20].
Another possibility is that motor impairments arise from a cerebellar dysfunction [9], supported by parallel
findings of poor dyslexic performance in task automaticity, implicit learning, time estimation, and most recently
eye-blink conditioning [66]. However, independent studies have not always confirmed these findings, notably
regarding implicit learning [67], automaticity [31] and time estimation [31,62]. Finally, there is little evidence
for a causal link between motor difficulties and phonological processing, and/or reading [62].

A general sensorimotor syndrome?
The recurrent theme of this discussion so far is that sensory and/or motor disorders do occur more often in the
dyslexic than in the normal population, but with a limited prevalence, variable manifestations, and limited
consequences on reading skill. However, an intrinsic limitation of the research reviewed is that most studies
focus on one domain (auditory, visual or motor), very often using just one or two tasks to assess it. This
approach leaves open radically different possibilities (and intermediate solutions): that about one third of
dyslexics are affected by a multi-modal sensorimotor syndrome, with the rest of the population entirely spared;
or, alternatively, that one third of dyslexics have an auditory deficit, another third a visual deficit, and the rest a
motor disorder, so that every single dyslexic would have a sensory or motor disorder that might explain his/her
reading disability.
A few recent studies have only begun to tackle this issue. They have investigated, within the same subjects,
auditory and visual processing [22,24,68], auditory, visual and tactile processing within and across modality
[69,70], and auditory, visual and motor functions [20,25,31]. Overall, they concur in showing that there is

partial, but not total, overlap between the deficits in the different domains; and that, even when a considerable
array of tasks is used in each modality, some dyslexics are entirely spared by sensorimotor deficits and seem to
have a pure phonological dyslexia.
One viable hypothesis is therefore that the sensorimotor dysfunctions discussed in this article form a general
sensorimotor syndrome, which has variable manifestations across different individuals, and is an optional, rather
than defining, feature of developmental dyslexia. In fact, there is good evidence that it is an optional feature of a
number of developmental disorders, including SLI, autism, dyspraxia, and Williams syndrome [71-75]. The
optional character of the sensorimotor syndrome also makes sense in the light of genetic studies showing that the
phonological deficit is highly heritable, whereas auditory and visual disorders are not [56,76,77].

Phonological processing in dyslexia
In contrast to sensorimotor disorders, a deficit in phonological processing remains the most consistent finding in
all studies of dyslexia, as confirmed again by our recent study reporting 100% of the dyslexic sample affected
[31]. It is sometimes argued that the phonological theory is a tautology rather than an explanation, phonology
and reading being two sides of the same coin, in the sense that phoneme awareness is enhanced by reading skill
as well as the other way around. This point might be valid if the phonological deficit could be reduced to a
problem with phoneme awareness; however this is not the case.
Indeed, beyond phonological awareness, dyslexics have at least two other major phonological problems: rapid
naming (of pictures, colors, digits, letters) and verbal short-term memory, neither of which can be said to rely on
reading. A major debate in the recent literature is whether these are independent phonological deficits or whether
they are different manifestations of a single underlying deficit. Evidence has been provided that phonological
awareness and rapid naming deficits are relatively independent and additive [78,79]; however, the debate is far
from closed. More generally, it is fair to say that phonology does not reduce to awareness, naming and memory;
many aspects of dyslexics’ phonology remain to be investigated [80].
Another important element to judge the direction of causality is provided by longitudinal studies. For instance,
although school-age and adult dyslexics are sometimes shown to have abnormal patterns of visual fixation and
attention [10,48,81], it has never been clear whether this was a cause or a consequence of their reading
retardation. Evidence that these visual problems exist even before schooling and predict future reading
difficulties would be needed. In contrast, in the case of phonology, it has been amply demonstrated that preschool phonological skills predict future reading skills, and that they are already poor in would-be dyslexics [8284].

Conclusion
Although the phonological deficit is still in need of a complete cognitive and neurological characterisation, the
case for its causal role in the aetiology of the reading and writing disability of the great majority of dyslexic
children is extremely strong. Moreover, the most recent research reveals that this phonological deficit cannot be
accounted for by a lower-level auditory processing deficit, let alone one specific to “rapid” or “temporal”
processing. More generally, all the sensorimotor problems investigated in dyslexia have been shown to have both
a limited prevalence and limited effects on reading skill, although it remains possible that certain visual deficits
like visual stress may sometimes sufficiently disrupt reading so as to lead to a diagnosis of dyslexia. In the
current state of knowledge, developmental dyslexia seems best characterised as a specific phonological deficit,
optionally accompanied by a sensorimotor syndrome. A complete theory of dyslexia will have to explain both
the neurological origin of the specific phonological deficit, and why a sensorimotor syndrome occurs more often
in the dyslexic than in the general population.

Acknowledgements
I thank Uta Frith and Sarah White for their comments on this paper.

References
1. Liberman IY: Segmentation of the spoken word. Bulletin of the Orton Society 1973, 23:65-77.
2. Stanovich KE: Explaining the differences between the dyslexic and the garden-variety poor reader: the
phonological-core variable-difference model. J Learn Disabil 1988, 21:590-604.
3. Snowling MJ: Dyslexia edn 2nd. Oxford: Blackwell; 2000.
4. Galaburda AM, Sherman GF, Rosen GD, Aboitiz F, Geschwind N: Developmental dyslexia: four
consecutive patients with cortical anomalies. Ann Neurol 1985, 18:222-233.

5. Paulesu E, Démonet J-F, Fazio F, McCrory E, Chanoine V, Brunswick N, Cappa SF, Cossu G, Habib M, Frith
CD, et al.: Dyslexia: Cultural Diversity and Biological Unity. Science 2001:2165-2167.
6. Temple E, Poldrack RA, Salidis J, Deutsch GK, Tallal P, Merzenich MM, Gabrieli JD: Disrupted neural
responses to phonological and orthographic processing in dyslexic children: an fMRI study.
Neuroreport 2001, 12:299-307.
7. Tallal P: Auditory temporal perception, phonics, and reading disabilities in children. Brain and
Language 1980, 9:182-198.
8. Lovegrove WJ, Bowling A, Badcock B, Blackwood M: Specific reading disability: differences in contrast
sensitivity as a function of spatial frequency. Science 1980, 210:439-440.
*9. Nicolson RI, Fawcett AJ, Dean P: Dyslexia, development and the cerebellum. Trends Neurosci 2001,
24:515-516.
The latest and most comprehensive description of the cerebellar theory of dyslexia.
*10. Stein J: The magnocellular theory of developmental dyslexia. Dyslexia 2001, 7:12-36.
The latest and most comprehensive description of the magnocellular theory of dyslexia.
11. Hari R, Renvall H: Impaired processing of rapid stimulus sequences in dyslexia. Trends Cogn Sci 2001,
5:525-532.
12. Stoodley CJ, Talcott JB, Carter EL, Witton C, Stein JF: Selective deficits of vibrotactile sensitivity in
dyslexic readers. Neuroscience Letters 2000, 295:13-16.
13. Wright BA, Bowen RW, Zecker SG: Nonlinguistic perceptual deficits associated with reading and
language disorders. Current Opinion In Neurobiology 2000, 10:482-486.
14. Temple E: Brain mechanisms in normal and dyslexic readers. Current Opinion In Neurobiology 2002,
12:178-183.
15. Ramus F: Dyslexia - Talk of two theories. Nature 2001, 412:393-395.
16. Rey V, De Martino S, Espesser R, Habib M: Temporal processing and phonological impairment in
dyslexia: effect of phoneme lengthening on order judgment of two consonants. Brain Lang 2002,
80:576-591.
17. De Martino S, Espesser R, Rey V, Habib M: The "temporal processing deficit" hypothesis in dyslexia:
new experimental evidence. Brain Cogn 2001, 46:104-108.
**18. Share DL, Jorm AF, MacLean R, Matthews R: Temporal processing and reading disability. Reading
and Writing: An Interdisciplinary Journal 2002, 15:151-178.
This is a unique longitudinal evaluation of the auditory temporal processing hypothesis. The authors have
examined the relationship between auditory (Tallal's repetition test), phonological and reading skills
from kindergarten to Grade 2. They have found that dyslexic children tended to have impaired auditory
processing at long rather than short inter-stimulus intervals, and only compared to the chronological-age
control group; and that early auditory deficits did not predict later phonological and reading
impairments.
19. Heiervang E, Stevenson J, Hugdahl K: Auditory processing in children with dyslexia. J Child Psychol
Psychiatry 2002, 43:931-938.
**20. Chiappe P, Stringer R, Siegel LS, Stanovich KE: Why the timing deficit hypothesis does not explain
reading disability in adults. Reading and Writing 2002, 15:73-107.
This is one of a few studies addressing the temporal processing hypothesis in the visual, auditory and motor
domains within the same subjects, and with systematic manipulation of inter-stimulus intervals. It
reveals that while dyslexics are often impaired at temporal processing tasks, there is no interaction with
interval duration. And temporal processing skills do not predict phonological skills.
21. France SJ, Rosner BS, Hansen PC, Calvin C, Talcott JB, Richardson AJ, Stein JF: Auditory frequency
discrimination in adult developmental dyslexics. Percept Psychophys 2002, 64:169-179.
**22. Amitay S, Ben-Yehudah G, Banai K, Ahissar M: Disabled readers suffer from visual and auditory
impairments but not from a specific magnocellular deficit. Brain 2002, 125:2272-2285.
The authors have administered possibly the most comprehensive battery of visual psychophysical tests to date
(and a few auditory tests) to adult dyslexics and controls. They have found that only a subset of
dyslexics were impaired in these tasks, and not in the spatio-temporal range of frequencies predicted by
the magno-cellular and temporal processing theories.
**23. Amitay S, Ahissar M, Nelken I: Auditory processing deficits in reading disabled adults. J Assoc Res
Otolaryngol 2002, 3:302-320.
This is the most comprehensive study of dyslexic's basic auditory processing to date. It shows that a subgroup of
dyslexics have an auditory deficit, but that it cannot be characterised in terms of rapid temporal
processing. Furthermore, auditory skill does not predict reading skill, but seems to place an upper limit
on it (poor listeners are poor readers, but not necessarily the other way around; a result quite similar to
[31]).

24. van Ingelghem M, van Wieringen A, Wouters J, Vandenbussche E, Onghena P, Ghesquière P:
Psychophysical evidence for a general temporal processing deficit in children with dyslexia.
Neuroreport 2001, 12:3603-3607.
*25. Kronbichler M, Hutzler F, Wimmer H: Dyslexia: Verbal impairments in the absence of magnocellular
impairments. Neuroreport 2002, 13:617-620.
Another rare study looking simultaneously at auditory, visual, motor and phonological skills in dyslexic children.
The authors report no significant group differences in any of the sensorimotor tasks, yet large
differences in phonological skill.
26. Witton C, Stein JF, Stoodley CJ, Rosner BS, Talcott JB: Separate Influences of Acoustic AM and FM
Sensitivity on the Phonological Decoding Skills of Impaired and Normal Readers. J Cogn Neurosci
2002, 14:866-874.
27. Goswami U, Thomson J, Richardson U, Stainthorp R, Hughes D, Rosen S, Scott SK: Amplitude envelope
onsets and developmental dyslexia: A new hypothesis. Proc Natl Acad Sci U S A 2002, 99:1091110916.
28. Breier JI, Gray L, Fletcher JM, Diehl RL, Klaas P, Foorman BR, Molis MR: Perception of voice and tone
onset time continua in children with dyslexia with and without attention deficit/hyperactivity
disorder. J Exp Child Psychol 2001, 80:245-270.
*29. Serniclaes W, Sprenger-Charolles L, Carré R, Démonet J-F: Perceptual discrimination of speech sounds
in developmental dyslexia. Journal of Speech, Language and Hearing Research 2001, 44:384-399.
A clever study comparing syllable discrimination within and across phonemic boundaries, and finding that
dyslexics have, on average, better discriminative abilities within-boundaries, which would suggest that
their perception is less categorical and more based on purely acoustic cues. The use of sine-wave speech
allows the authors to tap speech and non-speech modes with the same stimuli: they find that enhanced
within-boundary discrimination is stronger in speech mode, precluding an explanation in terms of
temporal processing (this replicates [37] and is similar to findings by [30] and [31]).
*30. Rosen S, Manganari E: Is there a relationship between speech and nonspeech auditory processing in
children with dyslexia? J Speech Lang Hear Res 2001, 44:720-736.
The authors have administered a large battery of speech and non-speech perceptual tests to dyslexic and control
children. They show that speech perception skills are not predicted by non-speech perception skills, and
that the perceptual deficits found in a subset of dyslexics cannot be explained in terms of rapid temporal
processing.
**31. Ramus F, Rosen S, Dakin SC, Day BL, Castellote JM, White S, Frith U: Theories of developmental
dyslexia: Insights from a multiple case study of dyslexic adults. Brain in press.
This study describes possibly the largest battery of phonological, auditory, visual and cerebellar/motor tests
administered to dyslexics and controls. It reports a very limited incidence of visual and motor deficits.
Auditory deficits are present in 60% of the dyslexic sample, but with very variable manifestations
across individuals (not particularly rapid processing) and at most an aggravating influence on the
phonological deficit. Every single dyslexic in this sample shows a phonological deficit, with a third of
them who seem entirely spared by any concurrent sensory or motor deficit.
32. McArthur GM, Bishop DVM: Auditory perceptual processing in people with reading and oral language
impairments: Current issues and recommendations. Dyslexia 2001, 7:150-170.
33. Marshall CM, Snowling MJ, Bailey PJ: Rapid auditory processing and phonological ability in normal
readers and readers with dyslexia. Journal of Speech, Language and Hearing Research 2001, 44:925940.
34. Heim S, Freeman RB, Jr., Eulitz C, Elbert T: Auditory temporal processing deficit in dyslexia is
associated with enhanced sensitivity in the visual modality. Neuroreport 2001, 12:507-510.
35. Tallal P, Miller S, Fitch RH: Neurobiological basis of speech: a case for the preeminence of temporal
processing. Ann.N.Y.Acad.Sci. 1993, 682:27-47.
36. Wright BA, Lombardino LJ, King WM, Puranik CS, Leonard CM, Merzenich MM: Deficits in auditory
temporal and spectral resolution in language- impaired children. Nature 1997, 387:176-178.
37. Mody M, Studdert-Kennedy M, Brady S: Speech perception deficits in poor readers: auditory processing
or phonological coding? J Exp Child Psychol 1997, 64:199-231.
38. Tallal P, Miller SL, Bedi G, Byma G, Wang X, Nagarajan SS, Schreiner C, Jenkins WM, Merzenich MM:
Language comprehension in language-learning impaired children improved with acoustically
modified speech. Science 1996, 271:81-83.
39. Tallal P, Merzenich MM, Miller S, Jenkins IH: Language learning impairments: integrating basic
science, technology, and remediation. Exp Brain Res 1998, 123:210-219.
40. Kujala T, Karma K, Ceponiene R, Belitz S, Turkkila P, Tervaniemi M, Näätänen R: Plastic neural changes
and reading improvement caused by audiovisual training in reading-impaired children. Proc Natl
Acad Sci U S A 2001, 98:10509-10514.

*41. Friel-Patti S, Frome Loeb D, Gillam RB: Looking ahead: An introduction to five exploratory studies of
Fast Forword. American Journal of Speech-Language Pathology 2001, 10:195-202.
*42. Gillam RB, Frome Loeb D, Friel-Patti S: Looking back: A summary of five exploratory studies of Fast
Forword. American Journal of Speech-Language Pathology 2001, 10:269-273.
These two papers introduce and summarise a "Special forum on Fast ForWord" including five small-scale
independent assessments of the controversial remediation program [39]. The first paper recalls all the
important issues concerning the proper evaluation of remediation programs in general and that of Fast
ForWord in particular (NB: they also apply to [40]). The second paper concludes that Fast ForWord
does not seem more effective than other more conventional remediation programs.
*43. Hook PE, Macaruso P, Jones S: Efficacy of Fast ForWord Training on Facilitating Acquisition of
Reading Skills by Children with Reading Difficulties - A Longitudinal Study. Annals of Dyslexia
2001, LI:75-96.
In this study the effectiveness of the Fast ForWord program was compared to the (less intensive) Orton
Gillingham training in two matched groups of reading-disabled children. Overall, the authors found
very similar (positive) outcomes for the two programs, and question the specific role played by
acoustically modified speech.
44. Wilkins AJ: Visual stress. Oxford: Oxford University Press; 1995.
45. Bouldoukian J, Wilkins AJ, Evans BJ: Randomised controlled trial of the effect of coloured overlays on
the rate of reading of people with specific learning difficulties. Ophthalmic Physiol Opt 2002, 22:5560.
46. Wilkins AJ, Lewis E, Smith F, Rowland E, Tweedie W: Coloured overlays and their benefit for reading.
Journal of Research in Reading 2001, 24:41-64.
47. Spinelli D, De Luca M, Judica A, Zoccolotti P: Crowding effects on word identification in developmental
dyslexia. Cortex 2002, 38:179-200.
48. Hari R, Renvall H, Tanskanen T: Left minineglect in dyslexic adults. Brain 2001, 124:1373-1380.
49. Ridder WH, 3rd, Borsting E, Banton T: All developmental dyslexic subtypes display an elevated motion
coherence threshold. Optom Vis Sci 2001, 78:510-517.
50. Davis C, Castles A, McAnally K, Gray J: Lapses of concentration and dyslexic performance on the
Ternus task. Cognition 2001, 81:B21-31.
51. Hansen PC, Stein JF, Orde SR, Winter JL, Talcott JB: Are dyslexics' visual deficits limited to measures of
dorsal stream function? Neuroreport 2001, 12:1527-1530.
52. Romani A, Conte S, Callieco R, Bergamaschi R, Versino M, Lanzi G, Zambrino CA, Cosi V: Visual evoked
potential abnormalities in dyslexic children. Funct Neurol 2001, 16:219-229.
53. Pammer K, Wheatley C: Isolating the M(y)-cell response in dyslexia using the spatial frequency
doubling illusion. Vision Res 2001, 41:2139-2147.
54. Skottun BC: On the use of metacontrast to assess magnocellular function in dyslexic readers. Percept
Psychophys 2001, 63:1271-1274.
55. Skottun BC: On the use of the Ternus test to assess magnocellular function. Perception 2001, 30:14491457.
*56. Olson R, Datta H: Visual-temporal processing in reading-disabled and normal twins. Reading and
Writing 2002, 15:127-149.
This is the first behavioral-genetic study of visual magnocellular function, conducted on 356 twins. It found that
reading-disabled twins had significantly higher contrast detection thresholds on average; however, this
was found across all spatial and temporal frequencies. Moreover, there was no significant genetic
influence on individual differences in threshold levels.
57. Ben-Yehudah G, Sackett E, Malchi-Ginzberg L, Ahissar M: Impaired temporal contrast sensitivity in
dyslexics is specific to retain-and-compare paradigms. Brain 2001, 124:1381-1395.
58. Farrag AF, Khedr EM, Abel-Naser W: Impaired parvocellular pathway in dyslexic children. Eur J Neurol
2002, 9:359-363.
59. Hill GT, Raymond JE: Deficits of motion transparency perception in adult developmental dyslexics with
normal unidirectional motion sensitivity. Vision Res 2002, 42:1195-1203.
60. Stuart GW, McAnally KI, Castles A: Can contrast sensitivity functions in dyslexia be explained by
inattention rather than a magnocellular deficit? Vision Research 2001, 41:3205-3211.
61. Simmers AJ, Bex PJ, Smith FKH, Wilkins AJ: Spatiotemporal visual function in tinted lens wearers.
Investigative Ophthalmology & Visual Science 2001, 42:879-884.
62. Ramus F, Pidgeon E, Frith U: The relationship between motor control and phonology in dyslexic
children. Journal of Child Psychology and Psychiatry in press.
63. Fawcett AJ, Nicolson RI, Maclagan F: Cerebellar tests differentiate between groups of poor readers with
and without IQ discrepancy. Journal of Learning Disabilities 2001, 34:119-135.

64. Wolff PH: Timing precision and rhythm in developmental dyslexia. Reading and Writing 2002, 15:179206.
65. Wimmer H, Mayringer H, Raberger T: Reading and dual-task balancing: Evidence against the
automatization deficit explanation of developmental dyslexia. Journal of Learning Disabilities 1999,
32:473-478.
66. Nicolson RI, Daum I, Schugens MM, Fawcett AJ, Schulz A: Eyeblink conditioning indicates cerebellar
abnormality in dyslexia. Exp Brain Res 2002, 143:42-50.
67. Kelly SW, Griffiths S, Frith U: Evidence for implicit sequence learning in dyslexia. Dyslexia 2002, 8:4352.
68. Witton C, Talcott JB, Hansen PC, Richardson AJ, Griffiths TD, Rees A, Stein JF, Green GG: Sensitivity to
dynamic auditory and visual stimuli predicts nonword reading ability in both dyslexic and normal
readers. Curr Biol 1998, 8:791-797.
69. Laasonen M, Service E, Virsu V: Temporal order and processing acuity of visual, auditory, and tactile
perception in developmentally dyslexic young adults. Cognitive, Affective, & Behavioral
Neuroscience 2001, 1:394-410.
70. Laasonen M, Service E, Virsu V: Crossmodal temporal order and processing acuity in developmentally
dyslexic young adults. Brain Lang 2002, 80:340-354.
71. Hill EL: Non-specific nature of specific language impairment: a review of the literature with regard to
concomitant motor impairments. Int J Lang Commun Disord 2001, 36:149-171.
72. McArthur GM, Hogben JH: Auditory backward recognition masking in children with a specific
language impairment and children with a specific reading disability. J Acoust Soc Am 2001,
109:1092-1100.
73. Milne E, Swettenham J, Hansen P, Campbell R, Jeffries H, Plaisted K: High motion coherence thresholds
in children with autism. Journal of Child Psychology and Psychiatry 2002, 43:255-263.
74. O'Brien J, Spencer J, Atkinson J, Braddick O, Wattam-Bell J: Form and motion coherence processing in
dyspraxia: evidence of a global spatial processing deficit. Neuroreport 2002, 13:1399-1402.
75. Atkinson J, King J, Braddick O, Nokes L, Anker S, Braddick F: A specific deficit of dorsal stream function
in Williams' syndrome. Neuroreport 1997, 8:1919-1922.
76. Davis CJ, Gayan J, Knopik VS, Smith SD, Cardon LR, Pennington BF, Olson RK, DeFries JC: Etiology of
reading difficulties and rapid naming: the Colorado Twin Study of Reading Disability. Behav
Genet 2001, 31:625-635.
77. Bishop DV, Bishop SJ, Bright P, James C, Delaney T, Tallal P: Different origin of auditory and
phonological processing problems in children with language impairment: evidence from a twin
study. J Speech Lang Hear Res 1999, 42:155-168.
78. Wolf M, Goldberg O'Rourke A, Gidney C, Lovett M, Cirino P, Morris R: The second deficit: An
investigation of the independence of phonological and naming-speed deficits in developmental
dyslexia. Reading and Writing 2002, 15:43-72.
79. Compton DL, DeFries JC, Olson RK: Are RAN- and phonological awareness-deficits additive in
children with reading disabilities? Dyslexia 2001, 7:125-149.
80. Ramus F: Outstanding questions about phonological processing in dyslexia. Dyslexia 2001, 7:197-216.
81. Facoetti A, Turatto M, Lorusso ML, Mascetti GG: Orienting of visual attention in dyslexia: evidence for
asymmetric hemispheric control of attention. Exp Brain Res 2001, 138:46-53.
82. Pennington BF, Lefly DL: Early reading development in children at family risk for dyslexia. Child Dev
2001, 72:816-833.
83. Lyytinen H, Ahonen T, Eklund K, Guttorm TK, Laakso ML, Leinonen S, Leppanen PH, Lyytinen P,
Poikkeus AM, Puolakanaho A, et al.: Developmental pathways of children with and without familial
risk for dyslexia during the first years of life. Dev Neuropsychol 2001, 20:535-554.
84. Lundberg I: The child's route into reading and what can go wrong. Dyslexia 2002, 8:1-13.

Keywords
Dyslexia; reading; phonology; magnocellular; audition; vision; motor control; temporal processing.

Figures

Left hemisphere
peri-sylvian
dysfunction

Fig. 1
Deficient
phonological
representations
Graphemephoneme
mapping

Retarded
reading

Poor
phonological
skills

Fig. 1. The phonological theory of dyslexia. Bubbles represent impairments at the neurological (red), cognitive
(green) and behavioural (blue) levels; arrows represent causal connections.
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Fig. 2. The general magnocellular theory of dyslexia.
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