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Abstract

Dyslexia is a neurodevelopmental disorder characterized by difficulty learning to read and spell.[[EI4I5] Underly-
ing deficits typically include impaired phonological awareness (an awareness of the sound structure of words) and
processing; difficulty with verbal working memory; and slow verbal processing speed.[! Observable problems in-
clude frequent spelling errors that same-age children do not exhibit; difficulty learning how to decode individual
words, including "sounding out" words; and struggling to pronounce words correctly and fluently when reading
aloud. Deficits in reading comprehension often occur as a secondary consequence.[’]

Dyslexia is a heterogeneous disorder, which means that not all people with dyslexia have the same signs, symp-
toms, underlying deficits, or functional impairment. Children and adults with dyslexia exhibit higher rates of
comorbid conditions such as developmental language disorders; attention-deficit/hyperactivity disorder
(ADHD);eliei01 and difficulties with motor coordination, mental calculation, concentration, and personal organi-
zation, but these are not, by themselves, markers of dyslexia. Dyslexia manifests on a continuum of severity—it is
a dimensional disorder.[1111121 Pegple with this disorder have a normal desire to learn. [1314][15](16]

Dyslexia is believed to be caused by both genetic and environmental factors, and their interaction.!6] Dyslexia
often runs in families.[’®! Dyslexia that develops subsequent to a traumatic brain injury, stroke, or dementia is usu-
ally called acquired dyslexia.[*®] The underlying mechanisms of dyslexia are problems within the brain's language
processing.['3! Dyslexia is diagnosed through a series of tests of memory, spelling, and reading skills.[*] Dyslexia is
separate from reading difficulties caused by hearing or vision problems or by insufficient teaching or opportunity
to learn.[16]

Treatment involves adjusting teaching methods to meet the person's needs.[*3l While not curing the underlying
problem, it may decrease the degree or impact of symptoms.['8] Treatments targeting vision are not effective. 1]
Dyslexia is the most common learning disability and occurs in all areas of the world.[20 It affects 3-7% of the pop-

ulation, 181211 however, up to 20% of the general population may have some degree of symptoms.[22]

History

Dyslexia was clinically described by Oswald Berkhan in
1881,1% but the term dyslexia was coined in 1883 by Ru-
dolf Berlin, an ophthalmologist in Stuttgart. 241211261 He
used the term to refer to the case of a young boy who
had severe difficulty learning to read and write, despite
showing typical intelligence and physical abilities in all
other respects.?l In 1896, W. Pringle Morgan, a British
physician from Seaford, East Sussex, published a de-
scription of a reading-specific learning disorder in a re-
port to the British Medical Journal titled "Congenital
Word Blindness".?®l The distinction between phonolog-
ical versus surface types of dyslexia is only descriptive,
and without any etiological assumption as to the under-
lying brain mechanisms. However, studies have alluded
to potential differences due to variation in perfor-
mance.?]
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Signs and symptoms

In early childhood, symptoms that correlate with a later
diagnosis of dyslexia include delayed onset of speech
and a lack of phonological awareness.'¥1 A common
myth closely associates dyslexia with mirror writing and
reading letters or words backwards.! These behaviors
are seen in many children as they learn to read and
write, and are not considered to be defining character-
istics of dyslexia.*”!

School-age children with dyslexia may exhibit signs of
difficulty in identifying or generating rhyming words, or
counting the number of syllables in words-both of
which depend on phonological awareness.F! They may
also show difficulty in segmenting words into individual
sounds or may blend sounds when producing words, in-
dicating reduced phonemic awareness.? Difficulties
with word retrieval or naming things is also associated
with dyslexia.**I'4” People with dyslexia are commonly
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poor spellers, a feature sometimes called dy-
sorthographia or dysgraphia, which depends on ortho-
graphic coding.*l

Problems persist into adolescence and adulthood and
may include difficulties with summarizing stories,
memorization, reading aloud, or learning foreign lan-
guages. Adults with dyslexia can often read with good
comprehension, though they tend to read more slowly
than others without a learning difficulty and perform
worse in spelling tests or when reading nonsense
words—a measure of phonological awareness.®

Associated conditions

Dyslexia often co-occurs with other learning disorders,
but the reasons for this comorbidity have not been
clearly identified.®™ These associated disabilities in-
clude:

« Dysgraphia: A disorder involving difficulties with writing
or typing, sometimes due to problems with eye-hand co-
ordination; it also can impede direction- or sequence-ori-
ented processes, such as tying knots or carrying out repet-
itive tasks.[8 In dyslexia, dysgraphia is often multifacto-
rial, due to impaired letter-writing automaticity, organiza-
tional and elaborative difficulties, and impaired visual
word forming, which makes it more difficult to retrieve
the visual picture of words required for spelling. 36

< Attention deficit hyperactivity disorder (ADHD): A disor-
der characterized by problems sustaining attention, hy-
peractivity, or acting impulsively.[3”] Dyslexia and ADHD
commonly occur together. 21138131 Approximately 15%[1°]
or 12-24% of people with dyslexia have ADHD;!% and up
to 35% of people with ADHD have dyslexia.[*°]

» Auditory processing disorder: A listening disorder that af-
fects the ability to process auditory information.[“142 This
can lead to problems with auditory memory and auditory
sequencing. Many people with dyslexia have auditory pro-
cessing problems, and may develop their own logographic
cues to compensate for this type of deficit. Some research
suggests that auditory processing skills could be the pri-
mary shortfall in dyslexia.[43[44]

* Developmental coordination disorder: A neurological
condition characterized by difficulty in carrying out rou-
tine tasks involving balance, fine-motor control, kines-
thetic coordination, difficulty in the use of speech sounds,
problems with short-term memory, and organization. 3]

Causes

Researchers have been trying to find the neurobiologi-
cal basis of dyslexia since the condition was first identi-
fied in 1881.2%1461 For example, some have tried to asso-
ciate the common problem among people with dyslexia
of not being able to see letters clearly to abnormal de-
velopment of their visual nerve cells. "]
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Neuroanatomy

Modern neuroimaging techniques, such as functional
magnetic resonance imaging (fMRI) and positron emis-
sion tomography (PET), have shown a correlation be-
tween both functional and structural differences in the
brains of children with reading difficulties.*! Some
people with dyslexia show less electrical activation in
parts of the left hemisphere of the brain involved with
reading, such as the inferior frontal gyrus, inferior pari-
etal lobule, and the middle and ventral temporal cor-
tex.[*l Over the past decade, brain activation studies
using PET to study language have produced a break-
through in the understanding of the neural basis of lan-
guage. Neural bases for the visual lexicon and for audi-
tory verbal short-term memory components have been
proposed,“l with some implication that the observed
neural manifestation of developmental dyslexia is task-
specific (i.e., functional rather than structural). fMRIs of
people with dyslexia indicate an interactive role of the
cerebellum and cerebral cortex as well as other brain
structures in reading.>0I51

The cerebellar theory of dyslexia proposes that impair-
ment of cerebellum-controlled muscle movement af-
fects the formation of words by the tongue and facial
muscles, resulting in the fluency problems that some
people with dyslexia experience. The cerebellum is also
involved in the automatization of some tasks, such as
reading.® The fact that some children with dyslexia
have motor task and balance impairments could be
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consistent with a cerebellar role in their reading difficul-
ties. However, the cerebellar theory has not been sup-
ported by controlled research studies.*!

Genetics

Research into potential genetic causes of dyslexia has
its roots in post-autopsy examination of the brains of
people with dyslexia.l*l Observed anatomical differ-
ences in the language centers of such brains include mi-
croscopic cortical malformations known as ectopias,
and more rarely, vascular micro-malformations, and
microgyrus—a smaller than usual size for the gyrus.®*
The previously cited studies and others® suggest that
abnormal cortical development, presumed to occur be-
fore or during the sixth month of fetal brain develop-
ment, may have caused the abnormalities. Abnormal
cell formations in people with dyslexia have also been
reported in non-language cerebral and subcortical brain
structures.® Several genes have been associated with
dyslexia, including DCDC2 and KIAA0319 on chromo-
some 6,5 and DYX1C1 on chromosome 15.€]

GeneAenvironment interaction

The contribution of gene—environment interaction to
reading disability has been intensely studied using twin
studies, which estimate the proportion of variance as-
sociated with a person's environment and the propor-
tion associated with their genes. Both environmental
and genetic factors appear to contribute to reading de-
velopment. Studies examining the influence of environ-
mental factors such as parental education® and teach-
ing quality®® have determined that genetics have
greater influence in supportive, rather than less opti-
mal, environments.[®*! However, more optimal condi-
tions may just allow those genetic risk factors to ac-
count for more of the variance in outcome because the
environmental risk factors have been minimized.[!

As environment plays a large role in learning and
memory, it is likely that epigenetic modifications play
an important role in reading ability. Measures of gene
expression, histone modifications, and methylation in
the human periphery are used to study epigenetic pro-
cesses; however, all of these have limitations in the ex-
trapolation of results for application to the human
brain.[62163]

Language

The orthographic complexity of a language directly af-
fects how difficult it is to learn to read it.[5425¢ English
and French have comparatively "deep" phonemic or-
thographies within the Latin alphabet writing system,
with complex structures employing spelling patterns on
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several levels: letter-sound correspondence, syllables,
and morphemes.[®42L | anguages such as Spanish, Ital-
ian and Finnish have mostly alphabetic orthographies,
which primarily employ letter-sound correspondence—
so-called "shallow" orthographies—which makes them
easier to learn for people with dyslexia.[®426¢ | ogo-
graphic writing systems, such as Chinese characters,
have extensive symbol use; and these also pose prob-
lems for dyslexic learners. 56!

Pathophysiology

Most people who are right-hand dominant have the left
hemisphere of their brain specialize more in language
processing. In terms of the mechanism of dyslexia, fMRI
studies suggest
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parts (letters, phonemes, graphemes) and applying
knowledge of how these parts are associated with each
other, for example, how a string of neighboring letters
sound together.[® The dual-route system could explain
the different rates of dyslexia occurrence between dif-
ferent languages (e.g., the consistency of phonological
rules in the Spanish language could account for the fact
that Spanish-speaking children show a higher level of
performance in non-word reading, when compared to
English-speakers). 47l

Diagnosis

Classification

Dyslexia is a heterogeneous, dimensional learning dis-
order thatimpairs accurate and fluent word reading and
spelling.BI47] Typical—but not universal—features in-
clude difficulties with phonological awareness; ineffi-
cient and often inaccurate processing of sounds in oral
language (phonological processing); and verbal working
memory deficits.[6ll77]

Dyslexia tisondarodevelopmental disorder, subcatego-
rized in diagnostic guides as a learning disorder wi
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Difficulties Questionnaire. All of these have nationally
representative norms, making it possible to compare the
level of symptoms to what would be typical for the
younger person's age and biological sex. Other checklists
link more specifically to psychiatric diagnoses, such as the
Vanderbilt ADHD Rating Scales or the Screen for Child
Anxiety Related Emotional Disorders (SCARED). Screen-
ing uses brief tools that are designed to catch cases with a
disorder, but they often get false positive scores for peo-
ple who do not have the disorder. Screeners should be fol-
lowed up by a more accurate test or diagnostic interview
as aresult. Depressive disorders and anxiety disorders are
two-three times higher in people with dyslexia, and atten-
tion-deficit/hyperactivity disorder is more common, as
We||_[97][98][99][100]

e Review of academic achievement and skills: Average
spelling/reading ability for a dyslexic is a percentage rank-
ing <16, well below normal. In addition to reviewing
grades and teacher notes, standardized test results are
helpful in evaluating progress. These include group ad-
ministered tests, such as the lowa Tests of Educational
Development, that a teacher may give to a group or whole
classroom of younger people at the same time. They also
could include individually administered tests of achieve-
ment, such as the Wide Range Achievement Test, or the
Woodcock-Johnson (which also includes a set of achieve-
ment tests). The individually administered tests again re-
quire more specialized training.[101102][103]

Screening

Screening procedures seek to identify children who
show signs of possible dyslexia. In the preschool years,
a family history of dyslexia, particularly in biological
parents and siblings, predicts an eventual dyslexia diag-
nosis better than any test.[***! In primary school (ages 5-
7), the ideal screening procedure consist of training pri-
mary school teachers to carefully observe and record
their pupils' progress through the phonics curriculum,
and thereby identify children progressing slowly. [10511106]
When teachers identify such students they can supple-
ment their observations with screening tests such as
the Phonics screening check™™ used by United Kingdom
schools during Year One.

In the medical setting, child and adolescent psychiatrist
M. S. Thambirajah emphasizes that "[g]iven the high
prevalence of developmental disorders in school-aged
children, all children seen in clinics should be systemat-
ically screened for developmental disorders irrespective
of the presenting problem/s." Thambirajah recom-
mends screening for developmental disorders, includ-
ing dyslexia, by conducting a brief developmental his-
tory, a preliminary psychosocial developmental exami-
nation, and obtaining a school report regarding aca-
demic and social functioning.['%!
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Management

Through the use of compensation strategies, therapy
and educational support, individuals with dyslexia can
learn to read and write.'%’] There are techniques and
technical aids that help to manage or conceal symp-
toms of the disorder.[*'% Reducing stress and anxiety
can sometimes improve written comprehension. 'Y For
dyslexia intervention with alphabet-writing systems,
the fundamental aim is to increase a child's awareness
of correspondences between graphemes (letters) and
phonemes (sounds), and to relate these to reading and
spelling by teaching how sounds blend into words. Re-
inforced collateral training focused on reading and
spelling may yield longer-lasting gains than oral phono-
logical training alone.? Early intervention can be suc-
cessful in reducing reading failure.[**]

There is some evidence that the use of specially-tai-
lored fonts may help with dyslexia.'**! These fonts,
which include Dyslexie, OpenDyslexic, and Lexie Read-
able, were created based on the idea that many of the
letters of the Latin alphabet are visually similar and
may, therefore, confuse people with dyslexia. Dyslexie
and OpenDyslexic both put emphasis on making each
letter more distinctive in order to be more easily identi-
fied.[® The benefits, however, might largely be due to
the added spacing between words.[*'®1 In terms of music
and any possible positive effects on people with dys-
lexia, until now there is currently no evidence or data
showing that music education significantly improves
the reading skills of adolescents with dyslexia.[**"]

Prognosis

Dyslexic children require special instruction for word
analysis and spelling from an early age.*'8 While there
are fonts that may help people with dyslexia better un-
derstand writing, this might simply be due to the added
spacing between words.[4I!1¢] The prognosis, gener-
ally speaking, is positive for individuals who are identi-
fied in childhood and receive support from friends and
family.[**l The New York educational system (NYED) in-
dicates "a daily uninterrupted 90 minute block of in-
struction in reading"”, furthermore "instruction in pho-
nemic awareness, phonics, vocabulary development,
reading fluency" so as to improve the individuals read-
ing ability.[*9]

Epidemiology

The percentage of people with dyslexia is unknown, but
it has been estimated to be as low as 5% and as high as
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17% of the population.[*?) While it is diagnosed more
often in males,*® some believe that it affects males and
females equally.

There are different definitions of dyslexia used through-
out the world, but despite significant differences in
writing systems, dyslexia occurs in different popula-
tions.[*?!l Dyslexia is not limited to difficulty in convert-
ing letters to sounds, and Chinese people with dyslexia
may have difficulty converting Chinese characters into
their meanings.[*?2!21 The Chinese vocabulary uses
logographic, monographic, non-alphabet writing
where one character can represent an individual pho-
neme.?]

The phonological-processing hypothesis attempts to
explain why dyslexia occurs in a wide variety of lan-
guages. Furthermore, the relationship between phono-
logical capacity and reading appears to be influenced by
orthography.[?]

Research and social perceptions

Most currently available dyslexia research relates to al-
phabetic writing systems, and especially to European
languages.[*?s! However, substantial research is also
available regarding people with dyslexia who speak Ar-
abic, Chinese, Hebrew, or other languages.[*?’1 The out-
ward expression of individuals with reading disability
and regular poor readers is the same in some re-
spects.[?8]

As is the case with any disorder, society often makes an
assessment based on incomplete information. Before
the 1980s, dyslexia was thought to be a consequence of
education, rather than a neurological disability. As a re-
sult, society often misjudges those with the disor-
der.U There is also sometimes a workplace stigma and
negative attitude towards those with dyslexia.[*> If the
instructors of a person
with dyslexia lack the nec-
essary training to support
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1. 1 This article is about developmental dyslexia, i.e., dys-
lexia that begins in early childhood,! as opposed to ac-
quired dyslexia. Acquired dyslexia occurs subsequent to
neurological insult, such as traumatic brain injury or
stroke. People with acquired dyslexia exhibit some of the
signs or symptoms of developmental disorder, but ac-
quired dyslexia is a substantially different condition, gen-
erally requiring different assessment strategies and dif-
ferent treatment approaches than developmental dys-
lexia.l?
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