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A recent comprehensive summary of research on reading and
reading instruction published by the National Research Council
identified three broad reasons why children can have difficulties
in learning to read even when they receive reasonably effective
instruction.1 First, they can experience difficulties in learning to
read words in text accurately and fluently. Second, they can fail to
acquire the verbal knowledge and thinking skills that are required
to understand the meaning of text. Finally, they can be poorly
motivated to learn to read or fail to develop a mature appreciation
of the rewards of reading. Although a simple trichotomy such as
this undoubtedly oversimplifies the range of difficulties that chil-
dren have in learning to read, it provides an appropriate context
within which to understand the modern concept of dyslexia.

The primary difficulty experienced by children with dyslexia
involves problems in learning to accurately and fluently identify
words in their printed form. This problem is identified in a recent

definition of dyslexia that is based on outcomes from the last 20
years of intensive research on this condition: 

Dyslexia is a specific learning disability that is neurobiological
in origin. It is characterized 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 effec-
tive classroom instruction.2

WHAT ARE THE DEVELOPMENTAL

MANIFESTATIONS OF DYSLEXIA?

When children with dyslexia have been in school for 3 or 4 years
and have not had sufficiently strong reading instruction, they will
show two obvious difficulties when asked to read text at their grade
level. First, they will not be able to instantly, or automatically, rec-
ognize as many of the words in the text as average readers. They
will stumble on, guess at, or attempt to “sound out” many words.
This is the problem in fluent word recognition identified in the def-
inition. The second problem is that their attempts to identify words
that they do not immediately recognize will produce many errors.
They will not be efficient in using letter-sound relationships
(phonics) in combination with context to identify unknown words.
This is what is referred to in the definition as difficulty in decod-
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ing. Because the broad verbal abilities of these children are sub-
stantially higher than their word reading abilities, usually, the word
reading difficulties of these children present the most immediate
barrier to good reading comprehension.

The struggle that children with dyslexia face in learning to
read words accurately and fluently is apparent from the very
earliest stages of reading instruction. First, they invariably do not
grasp the alphabetic principle (learning to “sound out” words) and
cannot apply it when deciphering unfamiliar words. The early
development of accurate and fluent phonemic decoding skills
(alphabetic reading skills) is critical because learning to read
involves everyday encounters with words that have never been
seen before in print. These words are typically present in the child’s
oral vocabulary, but their printed form is unfamiliar. The sys-
tematic relationships between the phonemes in spoken words and
the letters in their printed form are the single most reliable clue
to the identity of words when they are encountered for the first
time in print.3 Children can use a variety of strategies to identify
unknown words,4 but if they do not become skillful at using let-
ter-sound cues early in development, they almost invariably
remain inaccurate readers.5

The difficulty that children with dyslexia have in developing
reliable phonemic decoding ability makes it hard and unreward-
ing for them to read independently, and it also produces far too many
word reading errors. Unfortunately, both of these consequences of
weak phonemic decoding skills affect the development of fluent
word reading ability.3 Because words do not become “sight words”
until they are read accurately a number of times,6 inaccurate read-
ing and diminished reading practice both cause a slow growth in
the number of words that can be recognized at a single glance.
Although many factors contribute to the overall development of the
ability to read text fluently,7 the single most important factor is the
ability to recognize a large number of words effortlessly or auto-
matically.8 As mentioned earlier, a common characteristic of chil-
dren with dyslexia who have not received powerful preventive
instruction is that they have a restricted “sight word vocabulary,”9,10

which limits their ability to read text fluently.

WHY DO CHILDREN WITH DYSLEXIA 

EXPERIENCE DIFFICULTIES MASTERING 

THE ALPHABETIC PRINCIPLE?

As stated previously, the most powerful current explanation of
the word-level reading difficulties of children with dyslexia
involves a deficiency “in the phonological component of their nat-
ural capacity for language.”11 Children with dyslexia have defi-
ciencies in the set of linguistic processing abilities that make
humans sensitive to the complex array of phonologic, or acoustic,
information in speech. This disability does not necessarily affect
their ability to speak or to understand speech, but it does inter-
fere with their ability to take advantage of the alphabetic princi-
ple in reading. In their original thinking about children who have
specific problems in learning to read words accurately and flu-
ently, Liberman and her colleagues began by asking the question,
“What is required of the child in reading a language but not in
speaking or listening to it?”11 Their answer was that the child must
master the alphabetic principle:

This entails an awareness of the internal phonological structure
of words of the language, an awareness that must be more
explicit than is ever demanded in the ordinary course of listening
and responding to speech. If this is so, it should follow that begin-
ning learners with a weakness in phonological awareness would
be at risk.11

Empiric research on this hypothesis has, indeed, amply ver-
ified that children who experience difficulties acquiring alpha-
betic reading skills are, as a group, substantially impaired in their
performance on tasks that assess awareness of the phonologic struc-
ture of words using oral language tasks.12–14 Tasks used to assess
phonologic awareness do not involve printed letters; they assess
a child’s ability to notice, think about, or manipulate the sounds in
words that are presented orally. They involve operations such as
indicating similarities or dissimilarities among words on the basis
of their first, last, or middle sounds; telling how many different
sounds a word contains; or blending separately presented sounds
to form a word. 

In addition to the pervasive evidence that children who strug-
gle in learning to read words accurately and fluently also experi-
ence delays in the development of phonemic awareness, there is
strong evidence that the relationship between these two variables
is causal. Limited evidence comes from longitudinal, causal mod-
eling studies,15,16 but the strongest evidence comes from experiments
that employ random assignment of children to conditions.17 In
these studies, groups of children who receive more powerful
instruction in phonemic awareness show stronger subsequent
growth in reading accuracy than children who do not.18 Current con-
ceptualizations identify at least three ways in which phonemic
awareness supports the growth of accurate and fluent word read-
ing skill:

1. It helps children understand the alphabetic principle. To
understand the way in which letters are used to represent
words in English, children must have at least emergent levels
of phonemic awareness. Without some ability to identify the indi-
vidual sounds in spoken words, it is difficult to capitalize on the
fact, or even understand, that there are systematic relationships
between the letters in print and the individual phonemes in spo-
ken words.

2. It facilitates the generation of  possible words in context that

are only partially “sounded out.” For example, consider the
child who comes to a sentence such as “Sam ____ his dog in the
woods” and does not recognize the second word. If the child
must guess the word from the context of the sentence or pas-
sage, many words would fit, such as walked, found, saw, left,

or chased. However, if the child knows the sound that is rep-
resented by the first two letters in the word, ch, then he or she
will be much more likely to guess the right word, chased. An
early level of phonemic awareness supports the ability to search
one’s mental dictionary for words that begin with a given sound.
That is, in addition to being categorized by their meanings,
words can be categorized by their beginning, middle, or ending
sounds. If children are able to use information about the
phonemes in an unknown word that they obtain from even a
partial phonemic analysis to constrain their search for words
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that also fit the meaning of the sentence or paragraph, they will
significantly increase the accuracy of their first guesses about
the identity of unknown words in text. 

3. It helps children notice the regular ways in which letters rep-

resent sounds in words. If children can “hear” four sounds in
the word “clap,” it helps them notice the way in which the let-
ters correspond to the sounds. The ability to perceive the cor-
respondence between the sounds in a word and the way it is
spelled has two potential benefits. First, it reinforces knowledge
of individual sound-letter correspondences, and, second, it
helps in forming mental representations of words so that they
can be recognized by sight. Ehri has shown how developing read-
ers use their awareness of the phonemes in words as a
mnemonic to help them remember the words’ spellings so that
they can eventually recognize words by simply glancing at
them while reading.4,19

In addition to the delays seen in the development of phonemic
awareness, the core phonologic processing deficits of children
with dyslexia have also been linked theoretically and empirically
to problems in verbal short-term memory.20 Verbal short-term mem-
ory is usually measured with tasks that require verbatim repetition
of short sequences of digits or letters, but more recently devel-
oped tasks require children to repeat single nonwords that vary in
length from 2 or 3 phonemes to ones containing 8 to 10 phonemes.16,21

Performance on measures of verbal short-term memory is
affected in children with phonologic processing difficulties because,
on short-term memory tasks, verbal items are briefly stored using
phonologic representations.22 That is, when a child is asked to
remember a string of digits or a nonword such as “bliget” or
“enstrectormamble,” the most common strategy is to remember how
the string of digits or phonemes sounds, not how it looks. If the
child’s phonologic representations of letters, digits, or phonemes
are degraded or indistinct, then the memory for strings of these
items will be affected. 

Severely impaired digit span performance has been a char-
acteristic of all of the subjects who have been examined in detailed
case studies of developmental dyslexia.23–25 In these cases, the
subjects had severely curtailed abilities to repeat strings of digits,
often performing like children 3 or 4 years younger. In addition, early
reviews of the literature on the cognitive characteristics of children
with severe reading disabilities reported that poor performance on
digit span tasks was one of the most common characteristics of
these children.26,27 Torgesen and colleagues also reported a sys-
tematic series of studies in which severe problems in verbal short-
term memory were linked to weaknesses in phonologic processing
and development of alphabetic reading skills.28,29

The primary way in which weaknesses in verbal short-term
memory might affect the growth of accurate and fluent word read-
ing ability is through their impact on children’s ability to use letter-
sound correspondences to “sound out” words. To efficiently use
phonemic decoding strategies for unknown words in text, children
must be able to identify the sounds associated with several of the
letters and then blend these sounds together to produce an approx-
imate pronunciation of the word. Although an example provided ear-
lier in this article indicated that just knowing even the first sound
of an unknown word can be helpful in improving the accuracy of the

child’s first attempt at reading the word, the more complete the
phonemic decoding is, the more accurate the first attempt will be.3

Children with deficient verbal short-term memory can find it diffi-
cult to perform the simultaneous or rapidly sequential identification,
comparison, and blending processes that are required for efficient
identification of words by phonologic or analytic strategies. 

Although there is a plausible theoretic relationship between
phonologic representation (coding) problems and difficulties in
applying phonemic decoding skills to unknown words, the empiric
evidence for a causal relationship between these two variables is
relatively weak.20 Further, when measures of verbal short-term
memory have been included in the same study with measures of
phonemic awareness, measures of the latter construct seem to be
the most sensitive to the phonologic processing problems of chil-
dren with dyslexia. For example, several longitudinal studies that
have included both measures of phonemic awareness and verbal
short-term memory found that individual differences in memory
did not add anything to the prediction of growth in reading accu-
racy if phonemic awareness was already in the predictive equa-
tion.30–32 In contrast, phonemic awareness always improved the
power of the prediction, even if short-term memory was entered
first into the predictive equation. In our own work, we have shown
that it is best to conceptualize phonologic awareness and verbal
short-term memory as correlated but distinct abilities, with phone-
mic awareness consistently being the most predictive factor in the
acquisition of accurate and fluent word reading skills.33

DO WE NEED A DOUBLE DEFICIT 

TO EXPLAIN DEVELOPMENTAL DYSLEXIA?

Apart from being a nicely alliterative phrase, this question is cur-
rently one of the most intriguing in the scientific study of dyslexia.
The question arises primarily from the work of Wolf and Bowers
and colleagues, who investigated the relationship between per-
formance on rapid automatic naming tasks and the growth of flu-
ent word reading skills and reading comprehension.34–37 Wolf and
Bowers have shown that rapid automatic naming tasks, in which
children are typically asked to name a visual array of 50 items dis-
played 10 to a row for 5 rows as rapidly as possible, are consistently
and strongly predictive of word-level reading difficulties and read-
ing comprehension. Although it is possible to argue that rapid
automatic naming tasks should be conceptualized, along with
phonemic awareness tasks and measures of verbal short-term
memory, as measures of a different form of phonologic skill (ie, rapid
access to phonologic representations),38,39 Wolf, Bowers, and other
researchers have argued against this idea. Rather than viewing rapid
automatic naming tasks as primarily phonologic in nature, they
emphasize the numerous nonphonologic requirements of these
tasks, such as attention,40 executive functioning,41 general speed
of processing,42 and the complex interplay of all of these mecha-
nisms necessary to perform this task.35

In Wolf and Bowers’ conceptualization of the primary
processes involved in both rapid naming and fluent word reading,
they focus on the need for a “precise timing mechanism” that is
important in the formation of the visually based representations
of words that allow them to be recognized as whole units in text.35

They hypothesize “that slow letter (or digit) naming speed may sig-
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nal disruption of the automatic processes which support induction
of orthographic patterns, which, in turn, result in quick word
recognition.”35 Orthographic patterns are patterns of letter com-
binations that frequently occur in words. According to this expla-
nation, if children are sufficiently slow at visual recognition of
letters, it interferes with their ability to construct a mental repre-
sentation of a word’s spelling that will allow the word to be rec-
ognized automatically.

Answers to the question of whether we will eventually end up
with a fully developed double-deficit explanation of dyslexia or
whether current explanations that emphasize phonologic pro-
cessing disabilities will prevail ultimately hinge on the answers to
two related questions. First, do the components of naming speed
that are predictive of reading outcomes lie outside of the domain
of phonologic processing? The research is clear that naming speed
is an important predictor of reading above and beyond phono-
logic awareness.43 However, this finding does not necessarily imply
that the important components of naming speed lie outside the
phonologic domain, just that they measure some dimension of
ability (phonologic or otherwise) that contributes to the prediction
of reading, independently of measures of phonologic awareness,
which is only one type of phonologic measure. Two recent stud-
ies reported evidence that seems, at least initially, to provide dif-
ferent answers to this question. 

First, Compton created multiple versions of the rapid automatic
naming of letters task (the one most predictive of reading), con-
trasting tasks that required increased phonologic processing to those
that involved increased visual processing.44 The phonologically
challenging tasks contained letters that sounded alike, whereas the
tasks requiring increased visual processing contained letters that
looked alike but did not sound alike. Compton found that the
rapid automatic naming task containing the phonologically con-
fusing information was significantly more predictive of word read-
ing skills than the rapid automatic naming task that increased the
amount of visually confusing information but decreased the phono-
logically confusing information. That is, when the naming speed
task increased the demands on phonologic processing, it became
even more predictive of word reading. This finding indicates that
at least part of the predictive relationships between rapid automatic
naming tasks and reading arises from the fact that it requires some
form of phonologic processing.

In the second study, Misra and colleagues examined patterns
of brain activation using functional magnetic resonance imaging
technology in adults performing rapid automatic naming tasks
involving either objects or letters.45 Rapid automatic letters nam-
ing tasks are more consistently predictive of word-level reading dif-
ficulties than those that require students to rapidly name series of
objects.44,46–48 In this study, adult average readers covertly named
objects or letters or passively viewed a fixation matrix of plus
signs. Both tasks produced activation in areas associated with eye
movement control, attention, and phonologic processing. However,
the key finding was that letter naming resulted in greater activa-
tion in the angular gyrus, superior parietal lobule, and medial
extrastriate areas—areas of the brain associated with phonologic
processing. These areas are part of the “reading network” and are
likely involved in the processing of word forms and the interpre-
tation of orthographic information. In contrast, object naming

only differentially activated an area of the fusiform gyrus. The
authors discussed this finding as consistent with the idea that the
rapid naming of letters uniquely measures processing skills beyond
those in the phonologic domain, and they pointed to a processing
dimension (recognition of orthographic forms) that is clearly
involved in reading. 

This finding is actually not inconsistent with Compton’s
demonstration that increasing the phonologic processing load of
rapid automatic naming tasks also increases the strength of their
relationship to reading.44 Given that Misra et al showed that rapid
automatic naming  tasks activate areas of the brain associated
with phonologic processing, it is logical that a manipulation that
increased the phonologic processing demands of the task would
strengthen its relationship to reading.45

The other side of the same question is whether phonologic
deficits alone are a sufficient explanation for the problems with flu-
ent word recognition experienced by almost all children with
dyslexia. Our earlier discussion of the role of phonemic decoding
skills suggested that they are necessary, but not entirely sufficient,
for the development of fluent word recognition skills. For exam-
ple, a child might be able to accurately identify words by using a
combination of phonologic reading skills and context, but if these
skills are not practiced in extensive exposure to print, the child will
not develop a sufficiently large vocabulary of words that can be rec-
ognized by sight. We also know that variation among children in
fluent reading skills cannot be fully explained empirically by a
combination of general verbal ability, phonologic abilities, and
exposure to print.49–51 That is, when the influence of these factors
on fluent reading skills is controlled, children and adults still show
variation in their fluent word recognition skills. Although it is quite
possible that this unexplained variability in fluent word recogni-
tion is due to unreliable or incomplete measurement of phonologic
reading skills or only partial assessment of reading experience, it
might also be due to another disability, such as the one proposed
by Wolf and Bowers.35

To summarize, the idea that a complete explanation for the
word-level reading problems of children with dyslexia involves two
distinct kinds of core processing difficulties must be regarded as
an intriguing and increasingly well-supported hypothesis. However,
the evidence for a causal relationship with word-level reading dif-
ficulties is clearly strongest for phonemic awareness, next strongest
for rapid naming ability, and weakest for verbal-short term mem-
ory.39 We turn now to a consideration of the usefulness of our
knowledge about these constructs to the early identification of stu-
dents who are at risk of experiencing difficulty in reading.

USING OUR UNDERSTANDING OF DYSLEXIA 

TO AID IN EARLY IDENTIFICATION 

AND INTERVENTION

There can be no question that it is critically important to intervene
early with students who have the processing weaknesses charac-
teristic of children with dyslexia. Students who are allowed to
persist with significant phonemic decoding difficulties for too long
miss out on enormous amounts of reading practice that has impor-
tant effects on the growth of reading fluency,8 vocabulary,50 and read-
ing comprehension skills.1 In fact, it is very difficult to make up for
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the large amounts of reading practice that are missed by children
with dyslexia if appropriate instruction is postponed until they have
failed in reading for a number of years. Several different remedial
studies with older children have now shown that it is possible to
significantly “close the gap” in phonemic decoding ability, text
reading accuracy, and reading comprehension if older children
are provided with interventions that are appropriate and suffi-
ciently intensive, but the fluency gap remains relatively unaffected
even by such powerful interventions.52

So what is currently known about the utility of measures of
phonemic awareness, rapid automatic naming ability, and verbal
short-term memory to aid in identifying children with dyslexia so
that they can receive powerful interventions before they experience
a prolonged period of reading failure? The major points regarding
our knowledge in this area can be summarized thus:

1. Among the three constructs discussed in this article, phonemic
awareness and rapid automatic naming are the most accurate
predictors of early word reading difficulties. In constructing a
predictive battery, measures of verbal short-term memory do
not need to be included as long as measures of either phone-
mic awareness or rapid automatic naming are included.32

2. Measures of letter-name knowledge (early kindergarten) or let-
ter-sound knowledge (later kindergarten) are equal or better pre-
dictors of early word reading difficulties than either phonemic
awareness or rapid automatic naming ability and should always
be included in a battery to identify children who are likely to
experience difficulties in early reading growth.46,53 Rapid auto-
matic naming tasks do not substantially add predictive power
to a battery that already contains a measure of letter knowledge
and phonemic awareness, nor do phonemic awareness tasks usu-
ally improve predictive accuracy when added to a battery con-
taining a good measure of letter knowledge plus a rapid
automatic naming task involving letters or digits. 

3. Although measuring phonemic awareness or rapid automatic
naming ability in children before they begin to learn to read can
clearly increase the accuracy of identification of “at-risk” stu-
dents beyond chance levels, predictive accuracy from a single
administration of rapid automatic naming or phonemic aware-
ness tasks (even when the battery includes a measure of letter
knowledge) is still not as strong as we would like it to be. The
basic problem is that to ensure that most children who will actu-
ally develop word-level reading difficulties are identified in the
screening, cutpoints for performance must be set that produce
an unacceptably high number of false-positives.54,55 One general
rule is that to ensure that almost all of the students at a given
level of risk are identified, at least double that number of stu-
dents must be included in the at-risk group. So if a school dis-
trict wanted to identify almost all of the students who were
destined to be in the bottom 10% in word reading ability at the
end of first grade, they would end up identifying approximately
20% of the children as being at risk.

One solution to the problems inherent in single screening
assessments of phonemic awareness and letter knowledge
(both of which are responsive to instruction) is to monitor
progress in the growth of these skills several times during
kindergarten and first grade. The advantage of multiple assess-

ments is that they can provide an indication of children’s
response to the instruction they are receiving, and they can be
used to identify children who are not keeping pace with expected
levels of growth before the learning failure has become too
severe.56,57

4. The advantage of frequent progress monitoring in the devel-
opment of phonemic awareness, letter knowledge, and even-
tually phonemic decoding skills themselves is that predictive
accuracy improves as the children become older.35,55 If there is
a system in place within schools that assesses performance sev-
eral times a year, then predictive accuracy will be continually
updated, and at-risk students who might have been missed in
an earlier assessment will be identified as soon as their diffi-
culties begin to emerge.

5. Once children actually begin to learn to read (around the sec-
ond semester of first grade), the best diagnostic indicators of
dyslexia are measures of phonemic decoding efficiency and text
reading fluency, not measures of phonemic awareness and
rapid automatic naming.58 Once information is obtained about
children’s actual progress in learning to read words accurately
and fluently, the more distal measures of phonemic awareness
and rapid automatic naming actually add very little to the diag-
nostic accuracy of identifying children with dyslexia.

SUMMARY AND CONCLUSION

The last 20 to 30 years of research on children with dyslexia have
produced an amazingly convergent and powerful theoretic under-
standing of the nature of their reading difficulties and the under-
lying cognitive or linguistic deficits that cause them.59 These
children experience early difficulties mastering the alphabetic
principle, which leads directly to both inaccurate and dysfluent text-
reading skills. The inability to read the words in text accurately and
fluently is the primary impediment to reading comprehension in
children with dyslexia. We also know that problems in the phono-
logic language domain are primarily responsible for the difficulties
that these children experience in mastering the alphabetic princi-
ple. These processing difficulties have an effect on the development
of children’s phonologic processing skills even before they begin
to learn to read words. There is also a clear possibility that many
children have an additional type of disability that is measured by
naming speed tasks but that disability is not clearly specified at pre-
sent, nor are its specific effects on the development of accurate and
fluent word reading skills well understood. The current best solu-
tion to the problem of early identification of children with dyslexia
involves frequent progress monitoring of the development of chil-
dren’s phonemic awareness and letter knowledge during the ear-
liest phases of reading instruction. 
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Special Article

Developmental Dyscalculia

Ruth S. Shalev, MD

ABSTRACT

Developmental dyscalculia is a specific learning disability affecting the normal acquisition of arithmetic skills. Genetic, neurobiologic,
and epidemiologic evidence indicates that dyscalculia, like other learning disabilities, is a brain-based disorder. However, poor teaching
and environmental deprivation have also been implicated in its etiology. Because the neural network of both hemispheres comprises the
substrate of normal arithmetic skills, dyscalculia can result from dysfunction of either hemisphere, although the left parietotemporal
area is of particular significance. The prevalence of developmental dyscalculia is 5 to 6% in the school-aged population and is as common
in girls as in boys. Dyscalculia can occur as a consequence of prematurity and low birthweight and is frequently encountered in a vari-
ety of neurologic disorders, such as attention-deficit hyperactivity disorder (ADHD), developmental language disorder, epilepsy, and
fragile X syndrome. Developmental dyscalculia has proven to be a persisting learning disability, at least for the short term, in about half
of affected preteen pupils. Educational interventions for dyscalculia range from rote learning of arithmetic facts to developing strate-
gies for solving arithmetic exercises. The long-term prognosis of dyscalculia and the role of remediation in its outcome are yet to be
determined. (J Child Neurol 2004;19:765–771).  
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Arithmetic is of prime importance in everyday life, enabling us to
comprehend number concepts and perform calculations. Budget-
ing our time and monetary resources, reading calendars, locating
an address, and even following a recipe are examples of our depen-
dence on elementary arithmetic skills. Yet the study of the various
aspects of the normal and abnormal development of arithmetic has
not received the same attention as have other learning disabilities.1

In the case of dyslexia, its neurobiology has been convincingly
demonstrated, and effective remedial options have been intro-
duced and implemented.2 But for dyscalculia, these issues have been
relatively neglected, and only recently have they become the
subject of scientific interest. In this review, I describe the clinical,
biologic, and genetic aspects of dyscalculia and the role of the physi-
cian and educator in its diagnosis and management.   


