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Abstract: Neurobiology helps us understand the processes that drive neurological processes including
dyslexia. This article outlines the neurobiology underpinning typical reading skills and those seen in
dyslexia, which is characterized by problems with accurate or fluent word recognition, poor decoding, and
poor spelling abilities. There are exciting new developments in the neurobiological changes resulting from
educational interventions for dyslexia, though more research is needed in this regard. This article also
outlines the clinical features of dyslexia across the developmental span, and provides guidance to clinicians
about referral to community resources and advocacy for families to seek educational interventions. Screening

and diagnostic tools are described, as are interventions for remediation and accommodations for dyslexia

across the educational span.
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Neurobiology of reading

Neurobiology helps scientists to characterize different
regions of the brain and study their respective functions.
Taking a closer look at neural organization can help
determine the internal processes that contribute to various
neurological disorders. Neurobiology can be examined
either through postmortem pathological studies or through
in vivo neuroimaging studies. Neuroimaging can provide
objective information which other tests cannot, in order
to help understand how the brain works, or doesn’t work,
with reading (1). Reading is a complex cognitive task that
requires integration and communication across various
regions of the brain (2) and generally happens with great
automaticity despite the fact that the human brain is not
generally hard-wired to do so (3).
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The brain has two types of network organizations that
are particularly implicated in reading: dense intra-connected
modules, called resting state networks (RSNs), and hub
areas that convey information between these RSNs (4).
Areas of the brain required for reading are distributed
across RSNs and an efficient architecture of RSN networks
is required in order to carry out complex reading (4). The
networks of the left hemisphere of the brain are crucial for
reading, and there are certain regions of the brain that form
significant aspects of these networks: the left inferior frontal
region, the dorsal temporoparietal region, and the ventral
occipitotemporal region (5). The dorsal attention network
is where visual words are formed and the posterior temporal
sulcus connects visual and auditory networks to associate
letters with their respective sounds. Further, the inferior
frontal gyrus has various subdivisions that aid in analyzing
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language syntax (4).

One model of reading posits that with initial single-
word reading, a particular network begins to form wherein
the superior temporal regions, important for processing
phonetics, form connections with the temporoparietal
regions of the brain, implicated in associating spelling
and linguistic structures with the corresponding spoken
language (5). The left ventral occipitotemporal circuit then
becomes specialized for print and rapid word processing,
which allows for sight word recognition, and a visual word
form area (VWEFA) then begins to develop, which is a critical
region for visual processing. The VWFA demonstrates
greater efficiency for processing of familiar words as
inferred by higher levels of activation on functional MRI
(tMRI) with visual input of familiar words (6). Thus, with
extensive reading practice the ventral circuit becomes more
automatic for reading. The anterior inferior frontal circuit
also demonstrates increased development and utilization
with age and reading practice. It is associated with various
functions related to reading including phonological
processing, comprehension, and speech planning. It is also
important for general cognitive functions such as attention

and inhibition (5).

Neurobiology of dyslexia

Dyslexia is an alternate term for a specific learning disorder
with impairment in reading and is characterized by
problems with accurate or fluent word recognition, poor
decoding, and poor spelling abilities (7). A fundamental
knowledge of the various brain regions that are implicated
in reading disorders can guide administration of appropriate
tailored interventions that may lead to an improvement in
reading in those with dyslexia. The challenge in conclusively
defining the neurobiology of dyslexia is borne from the
construct that phonological deficit has multiple components
(phonological awareness, impaired lexical retrieval and poor
verbal short-term memory), each of which involves different
neural networks (8).

Earlier studies documented differences between dyslexic
and control brains, in the left perisylvian cortical and
underlying white matter, thalamus, corpus callosum, and
cerebellum (9). One theory was that the development of
dyslexia is preceded by a failure of neuronal migration (10)
from the ventricular zone up towards the cortical plate.
While molecular genetic studies conducted in the early and
mid-2000s on postmortem human brains supported this
hypothesis, later studies were not able to produce the same
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results nor find a link between mouse models (10).

Currently, dyslexia is considered to be due to a defect
in the ability to integrate information across different
functional systems and is specifically associated with
abnormal functioning of the hub region that connects
information between different systems and RSNs (4).
Several structural changes in the brain have been found that
are associated with dyslexia. There is a global reduction in
the neuroplasticity of the brain, particularly in the crucial
left hemispheric regions that are implicated in language and
reading (11). The right-sided counterparts of these brain
regions are also often involved in structural brain changes.
This results in specific cognitive impairments based on
the regions that are affected, with a decreased openness to
learning (11).

Increased myelination of the left perisylvian cortex is often
seen with dyslexia (12). This region encompasses Broca’s
area (associated with speech production) and Wernicke’s area
(important for speech comprehension). Those at risk for
dyslexia are shown to have reduced gray matter and cortical
thickness, especially of the areas surrounding the perisylvian
cortex at junctions of the parietal, temporal, and occipital
lobes (13). Additionally, there is a hypoactivation of the
left inferior frontal, temporoparietal, and occipitotemporal
regions of the left hemisphere (5,13), the same areas that are
responsible for recognizing symbols and letters, translating
sounds into phonological meaning, and associating letters
with sounds (4).

"The brain changes are seen in children with dyslexia even
when compared to children at similar reading levels without
dyslexia. This indicates that people with this disorder
have unique structural characteristics and are not simply
characterized by delayed development of the brain (13). In
children with a family history of dyslexia, various changes
are seen early in development such as abnormal sulcal
patterns and neural connectivity, including decreased white
matter of the arcuate fasciculus (5,13). Certain regions of
the brain also reach peak maturation earlier than normal in
those with dyslexia, including the posterior corpus callosum
and the temporoparietal region of the left hemisphere
(which is part of the reading network) and right hemisphere
(which makes up the attentional networks) (11). These two
networks are connected because, during reading, the visual
system must incorporate new information into existing
language and comprehension networks. With increasingly
complex text, the attentional circuits become increasingly
engaged with the task and there is more global activation of
centers throughout the brain (4). The corpus callosum is an
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inter-hemispheric structure that is critical in transmitting
information from one hemisphere of the brain to the other.
While consistent findings in the exact change in shape
and size of the corpus callosum have not been established,
dyslexia is associated with various morphological changes
in the corpus callosum, which may help explain the
deficiencies in complex processing that are characteristic of
this disorder (2). While dyslexia has mostly been thought to
be due to cortical alterations, recent studies have implicated
subcortical structures including reduced corticothalamic
connectivity in auditory (14) and visual systems (15).

The variation in research studies can be explained by
the fact that persons can have phonological deficits in other
disorders such as language disorders and attention-deficit
hyperactive disorder (4,16,17). In children with dyslexia,
there is a range of receptivity to begin learning to read and
a large spectrum of resilience across individuals, which may
account for the variation that is seen with these disorders (11).

Evidence-based phonics-based, and other structured
reading interventions, have been found to be the
most effective treatments in achieving either recovery
(normalization of weak reading processes), compensation
(alternative brain mechanisms that lead to an improvement
in reading), or both (18). Not only have these interventions
demonstrated an observable improvement in reading
and language skills, but they lead to increased neural
connectivity and activity, or hyperactivation, in the brains
of people with dyslexia (18,19). In order to compensate,
novel neural pathways may be recruited as well (18).
These changes can be seen in previously hypoactive
areas as demonstrated by fMRI (19). Further, auditory or
phonological interventions have been shown to increase
amplitude in oscillatory brain activity as measured by
electroencephalogram (EEG), as well as alter brain structure
by enhancing white matter integrity (19).

The areas that appear to be implicated by having
a functional and structural improvement following
interventions are the left thalamus, left middle occipital
gyri, bilateral inferior frontal gyri, right insula, and right
posterior cingulate gyrus (19,20). Interestingly, the content
and type of intervention may make a difference in the
brain area that is affected. In a study conducted by Heim
et al., interventions that were focused on either phonology,
attention, or reading (visual word recognition) all improved
reading performance to a similar degree and increased
activation of the VWFA (21). However, phonological
and reading interventions increased activation in bilateral
parietal areas, whereas attention training increased
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activation in the left temporal cortex (21). Thus, various
reading training programs with different focuses can have
both common and specific effects on brain activation, which
is not necessarily evident by behavior alone.

The current body of literature endorses a plethora of
brain regions that may be implicated in compensation and
recovery, suggesting that there is either a large range of
changes that can occur with reading interventions or that
further research is still needed to establish the exact changes
that take place with such interventions. As these research
findings continue to be elucidated, they can help tailor
and enhance existing interventions so that such treatment
modalities may be able to maximally benefit individuals with
dyslexia.

Clinical features of dyslexia

Dyslexia has an estimated prevalence ranging from 5% to
17% of school-aged children (20,22). The challenges in
phonological processing, or recognizing single language
sounds and single word decoding (23-25) cause these skills
to come less naturally in children with dyslexia, and they
subsequently develop challenges with reading, spelling,
writing, and vocabulary acquisition (23,24,26). The degree
of difficulty is variable; however, it is more than expected
for an individual’s cognitive level and age, persists despite
appropriate reading instruction, and has a chronic course (27).

Despite some of the neurobiological (and genetic)
correlations, dyslexia is still a clinical diagnosis, with no
definitive biochemical or neuroimaging markers, and there
is no one test that can diagnose it (25,28). Diagnosis is
based on history, observation, and psychological assessment.
This diagnosis should be considered when there is a
differential and unexpected lag between a person’s reading
ability and their overall cognitive abilities, and there are
associated challenges in phonological processing (23).
Children with dyslexia can gain and acquire reading skills;
however, reading is often more effortful (25), and their
overall reading achievement is lower on average when
compared with children without dyslexia (23,25). It is
important to characterize children’s reading and diagnose
dyslexia early, because early intervention with targeted
reading remediation can improve reading outcomes
(23,28). Additionally, as children and adolescents with
dyslexia have increased risk for school failure, academic
underachievement, and internalizing problems (anxiety,
depression), appropriate interventions may prevent these
secondary adverse events (25,28).
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The typical progression for acquisition of reading skills is
important to understand in order to serve as a comparison
for the delays that may occur in individuals with dyslexia.
In the toddler years, vocabulary and syntax development
(forming sentences) often exist in the context of language
exposure in the early environment and sensitive, responsive
caregiving (29,30). Therefore, in the toddler years, there
are typically few differences in vocabulary gains between
children with dyslexia and those without dyslexia (26,31).
However, this starts to change in the preschool years even
before children develop reading skills (32,33). One of the
first prospective studies of children with positive family
history for dyslexia found that at 30 months, children who
later developed dyslexia had no differences in vocabulary,
compared with controls without dyslexia who were matched
for age and socioeconomic status. Yet, starting around
36 and 42 months, children who later developed dyslexia
had more challenges in vocabulary and syntax compared
to these controls (31,32). These children at 5 years of
age had more apparent problems with letter knowledge,
phonological awareness, and expressive vocabulary than
their counterparts without dyslexia (31). To summarize,
subtle differences in vocabulary and syntax in children, even
starting in the preschool years, especially accompanied by a
family history of reading challenges, may be a risk factor for
dyslexia and may precede reading difficulties and a diagnosis
of dyslexia in school-age (26,31,32). Therefore, when
evaluating preschoolers with language delays, clinicians
should refer to speech-language pathology for evaluation
and intervention, assist families in navigating request for
school services, and obtain a family history for dyslexia
or reading difficulties (23). Additionally, clinicians should
provide families anticipatory guidance to monitor and
report on these children having difficulties with reading at
school-age (31,33).

In kindergarten, children may present with difficulties
in learning letter names and letter sounds (phonemes) (23).
Distinguishing between transient reading difficulties and
dyslexia can be challenging, given the developmental
progression of typical reading. Clinicians encountering
kindergarteners with reading challenges may wish to
connect families to reading interventions in their local
schools. In first grade, children may present with difficulties
reading sight words (even words such as “a” or “an” may
be laborious and slow), making slow progress with reading,
or illegible handwriting. Second grade marks a substantial
shift in the academic and school curriculum, when children
graduate from “learning to read” to “reading to learn”
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(26,28). Some elementary school-age children present with
difficulties in school performance (may not be specific to
reading), somatic complaints which may result in school
avoidance, and low self-esteem and efficacy (23). Even after
reading interventions and learning decoding skills, children
may continue to be slower and more effortful readers.
These challenges can also be accompanied by difficulties
in writing and note-taking (dysgraphia) (23). Adolescents
presenting in high school may have some degree of fluency
but continue to suffer from phonological deficit that makes
reading slower and they do not catch up with their typically
reading peers (34).

A common misconception is that letter reversal is
diagnostic for dyslexia—this may occur in typically-
developing children, especially before 7 years age (35).
Another myth is that children can “outgrow” dyslexia;
however, while dyslexia does persist into adulthood, they
may learn to be proficient in words that are important to
their daily functional life (e.g., profession) (23). Yet another
myth is that dyslexia occurs mainly in English language,
however it can occur in other orthographies as well (36).

Evaluation

When there are concerns around academic and school
achievement and/or reading, dyslexia should be considered
in the differential diagnosis (23,28). Often, the pediatrician
or primary care provider encounters this situation during
surveillance in an anticipatory guidance visit, or at a visit
requested by a caregiver to discuss the concern (often raised
by the school). Obtaining a comprehensive history is the
initial step in evaluation for dyslexia. This may include
parent/caregiver checklist around developmental skills
and behavioral presentation, as well as developmental and
medical history, and educational history (which includes
school achievement, reading progress, and ability to spell)
(23,28). It is important to review reading milestones based
on age to understand comparison with same-age peers. For
instance, clinicians should ask families about their child’s
letter recognition in kindergarten, sight word reading in
first grade, and children’s ability to read short picture books
for comprehension in second grade (23,28). Because dyslexia
is a largely heritable condition, obtaining a family history
of reading difficulties in family members is important; up
to 65% of children with dyslexia also have a parent with
dyslexia (37). Some direct observations of a child’s skills can
be elicited in the clinical encounter, using paper and pencil
to assess children’s writing and spelling abilities (asking
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Table 1 Screening and diagnostic tests for dyslexia

Test name Goals Publisher Ages Estimated duration
Yopp-Singer Test of An oral test of ability to recite the different International Reading  4-6 years 5-10 minutes
Phoneme Segmentation phonemes in words Association

(40)

Dynamic Indicators of Screening for phonological awareness, Dynamic Grades K-6 Variable, depending
Basic Early Literacy Skills  phonics, fluency, vocabulary, and Measurement Group on grade

(DIBELS) (41) comprehension

Comprehensive Identifies individuals who are having Pro-Ed 4-24 years 25 minutes

Test of Phonological difficulties with phonological processing

Processing—2" Ed and determines strengths and weaknesses

(CTOPP-2) (39)

Nelson-Denny Reading Measures silent reading vocabulary and Western 14-24 years 35-56 minutes

Test (42) reading comprehension Psychological

Test of Phonological Measure of phonological awareness and Pro-Ed 5-8 years 15-45 minutes
Awareness—2" Ed potential reading problems in kindergarten

(TOPA-2+) (43) and early elementary children

Woodcock-Johnson IV Assesses reading skills, word decoding, Pearson 4-50 years Variable, depending
(44) and reading comprehension on subscales used
Woodcock Reading Assesses phonological awareness, Pearson 4-79 years Variable, depending
Mastery Tests, 3 Ed rapid automatic naming, listening on subscales used
(WRMT-III) (45) comprehension, and word comprehension

Kaufman Test Assesses phonological processing, letter Pearson 4-25 years Variable, depending
of Educational recognition, word recognition, reading on subscales used
Achievement—3" Ed comprehension, word fleucny, spelling

(KTEA-3) (46)

Test of Word Reading Measures an individual’s ability to read Pro-Ed 6-24 years 5-10 minutes

Efficiency—2" Ed
(TOWRE-2) (47)

sight words

them to write their own name or spell simple words), using
a sample of reading material from a book and asking them
to identify letters, make corresponding letter sounds, and
read words (23,28).

Definitive diagnosis of dyslexia is often done by
speech-language pathologists, psychologists, reading
specialists, and educational specialists. Often educational
and learning evaluations can be completed through the
United States public school system, which guarantees
a free and appropriate public education to all children
with disabilities. The evaluation might include testing of
language and reading abilities, cognitive or IQ testing,
speech and language evaluation, and/or social-emotional
evaluations. Eligibility for these services depends on several
factors including: (I) the individual needs of the child, and
(II) state/federal thresholds for determining eligibility.

© Translational Pediatrics. All rights reserved.

These school services are funded by the federal Individuals
with Disabilities Education Act (IDEA), which was re-
authorized in 2004 and amended as recently as 2015 (38).
The educational eligibility for dyslexia usually falls under
“specific learning disability”. Given the common deficits,
especially those affecting phonological processing, that
speech-language disorders appear to play in dyslexia (39), at
times it is valuable to get a speech-language evaluation by a
qualified professional.

Because dyslexia is an underlying deficit in phonological
processing, neuropsychological testing should focus on
assessment of phonological processing. See Table 1 for
examples of assessments used for this purpose. Apart from
phonological processing, word decoding, comprehension,
and fluency all are assessed by these tools to varying degrees.
These assessments can be helpful in primary school-age
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children, but adults and adolescents with dyslexia may do well
on tests of reading and identification of sight words (23,28).
One assessment that may be helpful for older readers might
be the Nelson-Denny Reading Test, which is administered
under both timed and untimed settings, so it provides added
information on the automaticity of reading (42).

A medical evaluation should inquire into chronic
medical conditions, which may be comorbid with dyslexia,
and medications, which may impact alertness and hence
learning. Some frequently co-occurring conditions include
attention deficit hyperactivity disorder (ADHD) which can
have a 20-40% co-occurrence, specific learning disability
with impairment in mathematics (40% co-occurrence),
and autism spectrum disorder (~30% co-occurrence) (43).
It is key to conduct an audiologic evaluation and a vision
evaluation to understand whether deficits in hearing or
vision are compounding or causing the difficulties. Despite
interesting neurobiological imaging findings, clinical brain
imaging is not shown to be helpful in terms of diagnostic
yield in dyslexia (36).

Management

Because dyslexia is a chronic condition, management
often requires a life-span approach (28,48,49). There is no
specific medication management or dietary supplementation
for treatment of dyslexia (28,50). Optometric (e.g., vision
therapy) and chiropractic interventions are not effective
strategies for treating dyslexia (51). Treating underlying
comorbid conditions is important, for example treatment of
the ADHD can improve children’s school performance and
ability to access the educational curriculum using medical
and psychosocial treatments (52).

In the early academic years, management centers
around remediation of the underlying reading problem
(26,28,49,53). An initial step for children with more
undefined reading challenges might include a response to
intervention (Rtl) reading trial, which involves additional
reading practice outside of the classroom. If a child
responds well to this intervention, then he/she may not
require any additional instruction, and this may indicate
that the child has a developmental lag in reading skills and
not dyslexia. However, there are concerns about the Rtl
model in dyslexia, including the definition of “response”,
the likelihood that bright, struggling readers may not be
identified and that there is controversy about how best
to implement a Rel framework (54). Also, it is important
to note that Rtl is not meant to delay adequate provision
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of services to children who need more support (55).
More intensive intervention might include more reading
instruction in a smaller classroom setting for a portion of
the day, speech and language therapy, and/or supportive
accommodations, which are discussed below. Often,
children will require additional instruction outside of school
due to the level of intensive intervention required for
managing dyslexia. Such evidence-based interventions focus
on building phonemic awareness (e.g., manipulating speech
sounds into syllables and then words). Teaching should be
explicit, completed by a tutor/reading specialist, preferably
occurring in small groups with other children in similar
skill levels (46,49). Lessons should systematically target
instruction on only one or two phonemes at a time, build
sequentially on skills, and include multisensory approaches
(48,49). Examples of instructional programs include the
Orton-Gillingham method, Barton reading program,
and Wilson reading system. When delivered outside of
educational systems, these types of programs are often not
covered by medical insurance, are intensive, and require
out-of-pocket payments. However, previous literature has
shown that when applied, children’s reading skills improve
significantly (48,49).

The next step following mastery of phonemic awareness
is teaching phonics (e.g., letter to sound correspondence
and spelling) (49,56). Once phonics are mastered, focus
should be on reading (23,28), which is the ability to read
with accuracy and speed (57,58) so that children become
so accustomed to automatic word recognition that their
cognitive resources are spent on understanding text
passages (comprehension), as opposed to the act of reading
itself (28,57,58). Prior literature has identified fluency as
an important goal and teaching fluency includes routine
practice with oral reading with immediate feedback from
an instructor (28,57,58). Exposure to a wide range of
vocabulary through audible books, storybook reading,
and repeated exposure to words outside of school can
help provide opportunities for lexical complexity and rich
vocabulary (23,28). Though reading comprehension is
also an important target goal to consider, evidence-based
interventions for reading comprehension specifically are
more limited (49).

In the later school years (secondary school and college),
educational accommodations are the focus of management;
however, it is never to late to attempt remediation strategies
(28,59). Please see Table 2 for detailed descriptions around
accommodations, different types of accommodations
include: presentation, response, setting, and timing.
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Table 2 Types of accommodations which may be available to children with dyslexia

Munzer et al. Dyslexia: neurobiology, features, evaluation, management

Type of accommodations

Examples

Description

Presentation: allows access to
instructional materials

Response: allows an alternative for
completing activities

Setting: allows for differences in the
location for education/testing

Verbal instruction

Repetition of instructions

Visual prompts

Spell check and grammar check

Dictation or recording of speech or

text to speech software

Oral examination

Separate classroom for education/
testing

Provides auditory input in lieu of written input for
instructions

Provides opportunities for children to hear instructions
again by teachers

Signals important text or areas to attend to by
highlighting or adding visuospatial aids

Enable students to use these tools, as spelling is much
more effortful for children with dyslexia

Allows for conversion of spoken language into written
language

Allows for students to answer questions on tests orally
instead of through written language

This may allow for a quieter setting to allow for more
focus on work

Preferential seating

Timing: changes length of time Extended time

Frequent breaks

This may enable students to have fewer distractions

Allows for additional time on tests required for more
effortful reading

Enables students to take more frequent time to recover
from work, may be particularly helpful for children with
co-occurring ADHD

ADHD, attention deficit hyperactivity disorder.

Additional time for test-taking and reading is critical, so as
to allow time for decoding of words which does not come as
naturally to children and adolescents with dyslexia (23,60).
Other accommodations may include: recording lectures,
consideration of oral examinations in lieu of written
examinations (and in general presenting instructions in an
auditory format), speech to text software and spell check,
use of note takers and tutors, and audiobooks (Learning
Ally is one app-based audiobook library) (25,60).

Modifications differ from accommodations in that the
latter does not alter the expectation for the student, while
the former lowers the target skill and allows the student
to demonstrate what he/she is capable of. A decision on
which approach to use depends on the student’s educational
support team, based on data of the student’s performance,
trajectory and what interventions have been previously
attempted.

Psychoeducation

Clinicians can advocate for their patients and families and
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coach them through the process of obtaining an educational
evaluation in their local school districts. Helping families
understand the importance of a written request for their
child to be evaluated for special education services and
sharing with them templates to do so can be valuable.
Families can also be directed to local parent-to-parent
resources and regional advocacy partners. One helpful
resource for families includes the book, “Overcoming
Dyslexia” by Dr. Sally Shaywitz, a leader in the field of
dyslexia research (61). Understood.org is also a nice
resource for families that provides additional information
on how to navigate the school system, which supports/
accommodations to request, and basic information on
dyslexia. Additionally, the Learning Disabilities Association
for America has information on local resources such as
tutors, reading specialists, programs, and support groups in
the community.

Conclusions

Reading is a complex cognitive task that requires
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integration and communication across various regions of
the brain, and neurobiological studies reveal that there are
characteristic findings in dyslexia, which is characterized
by problems with accurate or fluent word recognition,
poor decoding, and poor spelling abilities which impairs
reading ability. Additionally, reading interventions can cause
changes in the structure and function of the brain, and
further research is needed to help examine the impact of
interventions to maximally benefit individuals with dyslexia.
The clinical features of dyslexia vary depending on age of
presentation, but generally involve a disconnect between
an individual’s reading ability and their overall cognitive
abilities, especially against a background of challenges in
phonological processing period. Children and adolescents
with dyslexia have increased risk for school failure, academic
underachievement, and other psychiatric problems.
Hence, timely and accurate diagnosis is important, and
usually begins with screening and identification of children
needing further evaluation. Ruling out and treating co-
occurring conditions and referral to appropriate specialists
is the key role of the healthcare provider. Interventions
generally involve remediation in earlier school years and
accommodations in adolescents. Families should engage
the educational systems for appropriate interventions and
healthcare providers can guide on community resources and
assist in educational advocacy.
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