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Abstract
Each child must build a reading brain by developing accuracy and
speed in the multiple cognitive and linguistic processes required for reading,
as well as the ability to integrate these processes for efficient comprehension.
A weakness in any component of the brain’s “reading circuit” can cause
dyslexia, defined as an unexpected difficulty learning to read. In order to
prevent the negative consequences of dyslexia, it is important to identify
reading difficulties early and accurately. Decades of behavioral research have
examined which measures predict later reading outcomes, yet even when the
most widely-used and well-designed assessment measures are combined,
behavioral models are unable to predict reading outcomes with sufficient
accuracy. Findings from behavioral studies, however, converge on three
major predictors: phonological awareness (PA), letter knowledge (LK), and
rapid automatized naming (RAN). Recently, brain imaging methods including
magnetic resonance imaging (MRI) and electroencephalography (EEG) have
shown substantial accuracy in predicting reading outcomes. This study used
fMRI and EEG brain imaging with 43 kindergarten children to examine the
neural correlates of PA, LK, and automaticity. Results revealed differentiated
patterns of brain activation for kindergarten children with and without risk
for dyslexia as measured by PA, LK, and RAN scores. These patterns of brain
activation have the potential to help identify which children will have
dyslexia before they struggle with learning to read, and to identify which
types of intervention could most effectively be used with individual children.
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Using Cognitive Neuroscience to Examine the Brain Basis
of Pre-Reading Skills in Kindergarten Children
and Subtypes of Risk for Dyslexia:
Toward MRI and EEG Prediction of Reading Outcomes

“Reading is a basic tool in the living of a good life.”
- Mortimer Adler, How to Read a Book (1940)

1. Reading Development

Learning to read is a transformative process. Literacy affords an
individual access to centuries of recorded knowledge, to widely ranging
ideas, and to stories only possible in the imagination. Literate people spend
their whole lives enriching and evolving their knowledge of the world
through print. Five-year-old children begin the path to literacy in
kindergarten   with a set of skills that allows them to tackle
  -developed linguistic, cognitive, sensory,
and perceptual abilities.
These children also differ in meaningful ways from the proficient
readers they will become. Children have a strong implicit knowledge of the

2

phonological (language sound) structure of their native language (Vihman,
*@@'X

         phonological

awareness, an explicit understanding and ability to manipulate language
sounds. Morphological and syntactic competence and performance are close
to adult-"  Z     
through age 10 (Chomsky, 1972). Semantic knowledge and vocabulary will
grow rapidly     



  

information. In many ways, reading builds upon itself. Experience with
reading has a reciprocal relationship with reading-related skills such as
phonological awareness, print knowledge and vocabulary (Cunningham,
2003; Frost, Madsbjerg, Niedersoe, Olofsson, & Sorensen, 2005; Lonigan et
al., 2009; Nation & Hulme, 2011).
Humans become proficient readers because our brains possess the
impressive capacity to embrace written language, despite the fact that there
are no brain structures innately dedicated to reading. Each of our brains is
flexible enough to create a “reading circuit,” that is, a network of brain
regions that work together to allow us to read. Though there are no genetic
instructions for building this reading circuit, adults who are typical readers
develop a finely-tuned system that is both efficient and remarkably
consistent across individuals.
A major goal of the study of reading is to understand how literacy
development progresses so that children can be taught to read most
effectively. Understanding how the brain differs in individuals who struggle
3

to read could lead to ways to minimize the negative effects of reading
difficulties, especially when identification and reading intervention for begin
early in school. This literature review will examine the abilities that children
bring to reading instruction, how reading unfolds in typical and atypical
development, and how the brain supports reading development for typical
and struggling readers. The study presented here will investigate how
behavioral measures of pre-reading skills and brain imaging might be used
together to understand early differences in reading ability.

1.1. Pre-Reading Skills
Certain abilities have come to be considered essential precursors to
reading. Some of these pre-reading skills must be learned explicitly, while
others develop as part of language or cognitive systems. The pre-reading
skills that are most closely related to later reading ability in alphabetic
languages include phonological awareness, letter knowledge, and rapid
automatized naming (e.g., Badian, 1995; Pennington & Lefly, 2001;
Puolakanaho et al., 2007; Scarborough, 1998b; Schatschneider, Fletcher,
Francis, Carlson & Foorman, 2004 ). The multiple processes underlying these
three abilities account for an impressive share of the variability in the
development of reading skills.
1.1.1. Phonological awareness. Phonological awareness (PA) is
defined the explicit understanding of the sound structure of words and the
ability to isolate and manipulate these sounds (Stahl & Murray, 1994). Here,
4

phonological awareness is used as a broader term that applies to the level of
the phoneme as well as sound combinations such as onset and rime (e. g.,
McGuinness, 2005); the more narrow terms phoneme awareness or
phonemic awareness refer only to the level of the phoneme, but are often
used interchangeably with phonological awareness. PA develops on a
continuum, and is first evinced in simple tasks such as deciding if two words
rhyme (Pufpaff, 2009). Later, children develop more nuanced skills and can
delete an initial sound from a word, or later, a word-final or medial sound. PA
allows a child to become aware of the sounds of language so that associations
can be made between letters and sounds in reading.
One of the most active areas of research in reading has been
investigating the connection between PA and reading ability (e.g., Castles &
Coltheart, 2004; de Jong & van der Leij, 2002; Liberman, 1971; Wagner &
Torgesen, 1987; Wagner et al., 1997; see meta-analyses by Bus &
vanIjzendoorn, 1999; Melby-Lervåg, Lyster & Hulme, 2012; Swanson,
Trainin, Necoechea & Hammill, 2003; and the National Reading Panel, 2000).
Researchers have attempted to pinpoint the types of PA skills that are most
related to reading. For example, Ramus (2001) draws a distinction between
the roles that different types of phonological processing, especially at the
lexical versus sublexical levels, play in reading development. Though debates
continue in this area, a strong consensus has been reached that PA precedes
and predicts later reading ability. In addition, PA can be effectively trained
(National Reading Panel, 2000) and is the basis for many reading
5

intervention programs. PA is also   implicated in the etiology of
developmental dyslexia, discussed in Section 2.2.
1.1.2. Letter knowledge. Children’s experience with letters often
begins with the “ABC Song.” At the outset, the content of the song is
essentially meaningless to children, but this exposure to letter names
provides “a solid mnemonic peg to which the percept of the letter can be
connected as it is built” (Adams, 1990, p. 359). Children then learn to
associate a letter name with its printed form (letter name knowledge) and
then add the sound or sounds that each letter makes (letter sound
knowledge) (Adams, 1990). Here, the term letter knowledge (LK) is used to
mean both letter name and letter sound knowledge.
LK is developed through explicit teaching and practice. In many cases,
children have learned some or all of their letters at home or in preschool
before entering kindergarten. Unlike PA, which continues developing for
several years, English-speaking children have usually mastered their
alphabet by the end of kindergarten. This leaves a very small window during
which there is wide variability in children’s letter knowledge. LK is a
particularly strong predictor of later reading during early kindergarten
(Schatschneider et al., 2004), ostensibly when children have not yet learned
all their letters. The factors that can contribute to early differences in LK,
such as pre-school instruction and home literacy environment have yet to be
closely examined in prediction studies.

6

Letter knowledge is also likely a stepping stone to developing other
orthographic skills. Orthographic processing occurs at multiple levels, from
the single letter, to letter pattern or morpheme, to the whole word. Skilled
readers recognize common and useful “chunks” of words and can thus
process them as whole units (Adams, 1990). Again, though single letter
identification is an important predictor of later reading very early on, many
other processes that are excellent longer-term predictors of reading, such as
speeded naming letters and orthographic recognition and decoding, depend
on accurate letter identification (Badian, 1995; Paris, 2005).
1.1.3. Rapid automatized naming. Rapid automatized naming (RAN)
is an individual’s ability to rapidly produce the names of a series of familiar
items, such as objects or letters, arranged in rows (Denckla & Rudel, 1976b;
Wolf & Denckla, 2005). Like PA and LK, RAN is highly related to later reading
outcomes, but it is also different in some ways from these other pre-reading
abilities. RAN can be considered an index of the automaticity of retrieval
processes underlying reading (such as those involved in accessing and
integrating visual, orthographic, and phonological processes) rather than a
skill that can be explicitly practiced or taught or that is itself integral to
reading (Wolf, Bowers & Biddle, 2000). Efforts to improve individuals’
naming speed abilities per se have been largely unsuccessful (see Kirby,
Georgiou, Martinussen & Parrila, 2010, for a review). RAN shares some
characteristics of both phonological skills and general processing speed, but
crucially, RAN predicts variance in reading abilities beyond and
7

independently of these (Cutting & Denckla, 2001; Katzir et al., 2006a; Norton
& Wolf, 2012; Swanson et al., 2003).
1.1.4. Other pre-reading skills. There are additional pre-reading
abilities such as depth and breadth of semantic knowledge, familiarity with
stories and print concepts, and oral language skills that can all affect reading
development. Children who come from low socio-economic status (SES)
backgrounds (Bowey, 1995; Hart & Risley, 1995) or who have limited
exposure to the language used in school (Bialystok, 2001; Kovelman, Baker &
Petitto, 2008) can be particularly vulnerable in these areas. The
consideration of each of these individual abilities is important for
     $\ r, the
complex contributions of these variables to other reading skills can be more
difficult to research.

1.2. Developing Fluent Comprehension: A Multi-Componential
Conceptualization of Reading
How do children move from recognizing single letters to effortless,
deep comprehension of text? “Teaching reading” is often thought of as
bringing children to the level of decoding single words: that is, the ability to
analyze a written word and match it with a spoken word. With practice,
decoding becomes faster and the unit of analysis shifts from recognizing
single letters to larger sublexical chunks such as morphemes, and then to
recognizing familiar words as whole units. Decoding is an essential first step
8

to reading, but it is the first of many stages that lead to the kind of meaningful
reading that many literate adults enjoy. Jeanne Chall’s classic “Stages of
Reading Development” (1983) places single word decoding in the second of
five major stages.
As they become more proficient readers, children transition from
“learning to read” to “reading to learn” around 3rd or 4th grade. Indeed,
    



  "     

domains, from math to history. However, reading development does not stop
here. Theories such as the so-called “Simple View” of reading suggest that
reading is a product of decoding and language comprehension (Hoover &
Gough, 1990): that is, if the child can translate written language to oral
language and comprehend the oral language, he or she should be able to
understand a printed sentence. With language comprehension already intact
in kindergarten children, the Simple View would suggest that children only
need instruction in decoding to become good readers. A more elaborated
theory called the Component Model of Reading (Aaron, Joshi, Goodin &
Bentum, 2008) was introduced more recently, and includes some cognitive
and environmental factors important for reading, but retains the basic
conceptualization of the Simple View that neglects the multiple levels of
linguistic processing and their integration with cognition.
These views are inconsistent with research demonstrating that
      in reading
ability even after decoding and oral language are controlling for (Hammill,
9

Mather, Allen, & Robers, 2002; Katzir et al., 2006a, 2006b; Norton & Wolf,
2008). Further, there are differences in the relative contributions of different
skills to reading ability across different languages (e.g., Landerl, Wimmer &
Frith, 1997; Ziegler & Goswami, 2005) and during reading development
(Norton & Wolf, 2008; Schatshneider et al., 2004). The Simple View also
presents a one-dimensional notion of the outcome or goal of reading that
does not account for the multiple levels on which readers connect with text.
Connected text reading is often measured in terms of the reader’s
fluency and comprehension. Many people define fluency as oral reading with
appropriate speed, intonation and prosody (Hook & Jones, 2002). However,
reading can be fluent in this sense, but at the same time, meaningless, similar
to reading aloud Lewis Carroll’s “Jabberwocky” where there is no meaning to
be extracted. An alternative conceptualization of the goal of reading -- what
Wolf and Katzir call fluent comprehension involves a manner of reading in
which all sublexical units, words, and connected text and all the perceptual,
linguistic and cognitive processes involved in each level are processed
accurately and automatically so that sufficient time and resources can be
allocated to comprehension and deeper thought (Wolf & Katzir-Cohen, 2001;
see also Kuhn, Schwanenflugel & Meisinger, 2010; Norton & Wolf, 2012).
         Z 
that must work together with precise accuracy and timing to allow the
reader not only to comprehend the writer’s message, but to allow time and
resources to consider ideas that go beyond what is on the page.
10

This “multi-componential” conceptualization of fluency and approach
toward understanding reading is indeed a figure-ground shift from previous
views (Wolf et al., 2009). The Simple View’s two-component model offered a
parsimonious explanation of reading that was appreciated for its
straightforwardness; however, it is now clear the reading brain is inherently
complex and that such a pared-down explanation does not reflect the many
processes that must be integrated for successful reading. This shift to a multicomponential view is occurring not only in theoretical models of reading, but,
crucially, in practice as well. Previous approaches to reading instruction and
intervention often focused on single components such as phonology or
decoding in isolation. Though research comparing these methods to multicomponential programs is just beginning to emerge, findings suggest that
programs which emphasize multiple components of the reading network
lead to significantly greater reading improvements, especially in fluency
(Morris et al., in press; Norton, Spencer & Wolf, 2009; Wolff, 2011).
Several lines of evidence support the use of this multi-componential
view of fluent comprehension in reading. First, behavioral predictors of
reading include many skills beyond phonology, decoding, and oral language
(Katzir et al., 2006b), especially when the outcome measures considered
involve speed and comprehension rather than single-word accuracy. This
conceptualization of reading is also advantageous for describing languages
   #         
orthographic systems. The writing system of English is considered
11
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correspondence between sounds and letters. This falls on a continuum
between orthographically transparent or shallow languages (such as German
and Italian) which have far more consistent mapping of sounds to letters, to
orthographically deep non-alphabetic languages (such as Japanese Kanji and
Chinese writing systems) where sounds are rarely directly represented in
graphemes. Furthermore, a conceptualization of fluent comprehension can
more readily be applied to silent, as opposed to oral reading, which
comprises the vast majority of the time we spend reading. Finally, two other
important areas of research, the brain basis of typical reading and the deficits
seen in dyslexia, are consistent with a complex view of reading. These areas
  $

2. Dyslexia

2.1. Defining and Diagnosing Dyslexia
The majority of children learn to decode and, over time, become fluent
readers without particular difficulty. However, this transition is not smooth
for all children. Approximately 5-17% of children have developmental
dyslexia, an unexpected difficulty learning to read despite sufficient cognitive
ability, opportunity, and effort (Lyon, 2003; Shaywitz, 1998). The term
dyslexia was once applied to both developmental reading difficulties and
12

those associated with brain injury; here, and most commonly, dyslexia is
used to refer to developmental      lexia. Despite the
still-popular beliefs that dyslexia is rare and involves primarily visual
deficits, such as seeing letters reversed (Fletcher et al., 2002), dyslexia is
common and can be caused by a lack of accuracy or speed in any of the
multiple processes involved in reading.
Dyslexia is also heritable; the concordance rate is higher in
monozygotic twins (.58) than dizygotic twins (.32) (Hensler, Schatschneider,
Taylor & Wagner, 2010). A child who has a parent with dyslexia is at least
three times more likely to have dyslexia than a child with no family history
(Gilger, Pennington & DeFries, 1991). The exact nature of the genetic basis
dyslexia is very much still emerging. Several dyslexia candidate genes have
been identified, and their functions relate primarily to neuronal migration
(for reviews, see Grigorenko & Naples, 2009; Hensler et al., 2010). Such
findings further underscore the brain basis of dyslexia and the potentially
multifaceted ways that the brain may differ in dyslexia from typical
development.
In a sense, the very nature of dyslexia makes it a challenge to identify
early and accurately. Dyslexia is based on a violation of the expectation that a
child will learn to read easily over the first two years of school, and thus it
cannot be diagnosed until after children are expected to be reading well,
usually in 2nd or 3rd grade in the United States. The current model for
diagnosing dyslexia has been called the “wait and fail” approach, and it
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usually precludes children from receiving intervention services any earlier
than 2nd grade. The deficit in dyslexia is not a developmental lag that
improves with time (Francis et al., 1996). Instead, over time, children with
dyslexia fall further and further behind their typically-developing peers
(Stanovich, 1986), and rarely improve to grade level without remediation.
A second challenge is that there are no agreed-  
criteria for diagnosing dyslexia. Clinicians, school systems, and researchers
use different cutoff points and different assessments to diagnose dyslexia.
The American Psychiatric Association’s Diagnostic and Statistical Manual of
Mental Disorders (DSM-IV) outlines particular criteria for conditions such as
{|\|    
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reading disorder. (The proposed changes to the DSM-V include using the
label “dyslexia” and adds fluency to the definition; however, there are still no
criteria for diagnosis; American Psychiatric Association, 2012.) There is no
standardized assessment or set of assessments used to diagnose dyslexia,
     
comprehension (Valencia et al., 2010). This lack of consistency in diagnosing
dyslexia makes it difficult to compare results of research studies that use
different criteria for inclusion. Perhaps the greatest challenge to effective
identification and treatment of dyslexia is that the precise underlying causes
of dyslexia are still not fully understood. (The theories proposed to explain
dyslexia are discussed below.)
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    failing to identify individuals as having dyslexia
can be severe. Reading difficulties not only impede a child’s progress toward
becoming a more proficient reader, but can negatively affect academic
achievement in other subjects, self-esteem, and socio-emotional
development, and behavior (Arnold et al., 2005; Grigorenko, 2006;
Humphrey & Mullins, 2004). Both these academic and personal difficulties
continue into adulthood if not remediated (Raskind et al., 1999). If children
can be identified as at-risk for reading difficulties before they learn to read
and receive remediation in their particular areas of weakness, the effects of
dyslexia might be most successfully ameliorated (Vellutino, Fletcher,
Snowling & Scanlon, 2004; Vellutino, Scanlon & Tasman, 1998).

2.2. Theories of Dyslexia
More than 100 years of research into developmental reading
difficulties have yet to yield one overarching explanation that accounts for all
the symptoms of dyslexia, yet the pursuit of a single causal factor continues
today. When reading is considered within in a more complex
conceptualization, we see that there are many points where difficulties can
lead to poor reading, and thus that dyslexia is a heterogeneous disorder with
varied manifestations. The most widely-held views in the field are a) the
phonological core deficit hypothesis, that dyslexia is caused by a
phonological deficit, and b) multiple deficit view, that dyslexia can be caused
by a phonological deficit or other deficit, such as the processes underlying
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naming speed or orthography. Other single and multiple-deficits theories
have also been proposed, and are outlined below.
2.2.1. Phonological deficit. It is well-accepted in the field that PA is a
crucial precursor to r    
phonological deficits contribute to dyslexia in many children (e.g., Bradley &
Bryant, 1978; Morris et al., 1998; Wagner & Torgesen, 1987). Indeed, many
of the most studied and widely-used reading instruction and intervention
programs are focused on explicit instruction in phonological awareness.
The fact that a deficit in phonological awareness can cause dyslexia
does not mean, however, that a phonological deficit is the single and
universal cause of dyslexia, a view espoused by many researchers and
clinicians for the last two decades. Many children have difficulty reading
despite intact PA and decoding skills; these children would be identified as
typical readers if only traditional single-word decoding tests were used.
Studies that examined subtypes of reading disability in large samples of
children report that approximately 22% of children with dyslexia
demonstrate a deficit in only phonology (e.g., Lovett, Steinbach & Frijters,
2000; Ullman, Norton, Gottwald, Spencer & Wolf, 2009).
The exact nature of the phonological impairment in dyslexia and how
this relates to lexical and higher-level processes also remains unclear.
Researchers have debated whether PA constrains reading ability at the level
of creating, storing, accessing, or manipulating phonological representations.
Ramus suggests that phonological deficits primarily affect sub-lexical
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phonological representations, and that in turn, these poor representations
affect lexical processing (Ramus, 2008; Ramus & Szenkovits, 2009;
Szenkovits & Ramus, 2005).
A narrow focus on PA as the core deficit in dyslexia is not supported
by a growing body of behavioral, cross-linguistic, and neuroimaging research
on dyslexia. Beginning with behavioral research on fluency, and continuing
with the increasingly expanding research from neuroimaging, we know that
the reading circuit is intrinsically complex. For example, lack of accuracy or
automaticity at one of any number of levels can cause reading difficulties.
Any single-deficit view, however important individually, is at odds with a
multi-componential conceptualization of reading.
2.2.3. Other single deficits. In addition to core deficits in PA, other
single-deficit hypotheses have been proposed but are less studied. A
proposed magnocellular deficit affects motoric and visual processes which in
turn impacts individuals’ orthographic perception and eye saccades (e.g.,
Nicholson & Fawcett, 2001). A cerebellar deficit has also been proposed,
which relates to the magnocellular theory, but also suggests an impairment
in the cerebellum that prevents the development of automaticity of
phonological and fluency processes (e.g., Stein, 2001). Another theory, the
anchoring deficit, proposes that individuals with dyslexia fail to form
perceptual anchors to familiar stimuli that allow efficient processing of visual
and linguistic stimuli (e.g., Ahissar, Lubin, Putter-Katz & Banai, 2006).
Further, deficits both in visual-spatial attention (Casco, Tressoldi &
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Dellantonio, 1998; Vidyasagar & Pammer, 2010) and cross-modal (letter-tosound) mapping (e.g., Blomert, 2011) have been proposed, both of which
could affect accurate and fluent reading. These theories all lack substantial
research to support them, yet the heterogeneity of the deficits proposed
suggest that the cause of dyslexia has the potential to be both complex and
 $\       -studied deficits.
2.2.3. Double deficit. An understanding of the complexity of the
reading circuit and its multiple processes led Wolf and Bowers (1999) to
move beyond a unidimensional conceptualization of reading disabilities. By
studying large samples of children with reading disabilities, they found that
both phonological awareness and RAN contributed separately to reading
ability. In an attempt to show the importance of both sets of processes, Wolf
and Bowers proposed the Double Deficit Hypothesis (DDH; 1999) as a way to
show how children can be characterized in various subgroups according to
their performances on each set of processes.
According to this hypothesis, a deficit in either phonological
awareness or naming speed (as measured by RAN tasks) can cause reading
difficulties, with RAN deficits indicating weakness in one or more of the
underlying fluency-related processes, not simply a “naming speed” deficit. In
addition, these deficits can co-occur, and children with a double deficit in
both PA and RAN often present as the most severely impaired readers.
Wolf and Bowers developed the DDH as a first step toward a multidimensional understanding of reading difficulties, intending it to promote
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further research and discussion on the variety of impairments that underlie
developmental dyslexia. Researchers around the world have taken up this
challenge; extensive research has examined the DDH as well as the
relationship between rapid naming and reading over the last two decades
(for more detail, see Norton & Wolf, 2012). Results overwhelmingly support
the existence of more than one deficit in dyslexia, and suggest that as many
as 60–78% of individuals with reading or learning disabilities exhibit RAN
deficits, which are often overlooked in traditional assessments and concepts
of dyslexia (Katzir et al., 2008; Lovett et al., 2000; Ullman et al., 2009; Wolf et
al., 2002). RAN has been called the “universal” predictor of reading because it
is strongly correlated with reading ability across languages (Tan et al., 2005).
Researchers who suggest that dyslexia is caused by a cerebellar deficit
posit that poor reading ability can be caused by a lack of automaticity, which
is related to cerebellar function (Nicolson & Fawcett, 1990). The direct link
between RAN and cerebellar deficits has yet to be examined, but this finding
underscores the notion that processes related to automaticity help to
determine fluent reading ability.
2.2.4. Beyond two deficits. The DDH has pushed the field
substantially forward in thinking about multiple sources of reading difficulty
and subtypes of dyslexia. However, Wolf and Bowers never intended for two
types of core deficits to explain all instances of dyslexia (Wolf & Bowers,
1999). It is likely that processes underlying PA and/or RAN deficits are the
root of reading troubles in a majority of children with dyslexia. However, it is
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possible that a lack of accuracy or speed in other parts of the reading circuit
could cause dyslexia, as could different sources such as problems with
memory or visual-orthographic processing.
For example, an orthographic deficit, that is, a difficulty with the
written/visual forms of words, has been proposed as a third deficit by
several researchers, most notably by Badian (Badian, 1995, 1997, 2005;
Berninger, 2001; Roberts & Mather, 1997). Badian (1997) found that in an
age- and IQ-diverse group of dyslexic children, 18% had PA and RAN deficits,
 ~/ {={ 
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Badian (2005) showed that orthographic ability accounted for variance in
reading ability after controlling for other factors. Ho and colleagues found
that 67% of Chinese-speaking children with dyslexia had an orthographic
deficit, and 80% had multiple deficits among orthography, PA, RAN and
visual skills (Ho, Chan, Tsang & Lee, 2002). Badian and Ho both note that the
orthographic subtype of dyslexia may be due to developmental lag, as
orthographic differences are seen between children with dyslexia and agematched, but not younger, reading-matched control children. This is in
contrast to PA and RAN difficulties, which are stable over time and are
impaired in children with dyslexia relative both to age- and reading-level
matched controls (Bruck, 1992; Katzir et al., 2006a; Melby-Lervåg, Lyster, &
Hulme, 2012; Wolf, 1984).
Researchers from the NeuroDys consortium in Europe investigated
deficits of more than 2,200 children speaking 6 different languages of varying
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orthographic complexity. They identified children as having PA, RAN, or
verbal working memory deficits, and noted that more than 48% of children
with dyslexia had more than one deficit (Ramus et al., under review).
More complex subtype models have also been proposed, which
include deficits such as orthographic knowledge and different subtypes of
phonological difficulty (Ho, Chan, Lee, Tsang & Luan, 2004; Morris et al.,
1998). In the absence of a unifying theory that explains the variety of profiles
seen in dyslexia with a single root cause, it seems most advantageous to
adopt a multiple-subtype construct that allows us the greatest chance to
identify all the children who are truly struggling with reading. Indeed, a
recent analysis by Pennington and colleagues (2012) of over 1,600
individuals with and without dyslexia suggests that reading abilities of this
group is best characterized by a model that has subtypes defined by single
deficits (e.g., PA or RAN) and multiple deficits (any combination of PA, RAN,
and language weakness).

2.3. Preventing the Consequences of Dyslexia
Whatever the cause or causes of dyslexia are determined to be, the
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read? There are two critical issues that affect outcomes for children with
dyslexia. First, children who are at risk for developing dyslexia should be
identified early, so that intervention can be given to prevent falling behind in
reading. Second, the child’s particular profile should be considered so that
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intervention can be addressed that addresses each child’s particular
vulnerabilities.
2.3.1. Early identification. As children with poor reading skills go on
unremediated, they fall further and further behind their peers in developing
more proficient reading skills and background knowledge, especially because
more and more practice in reading promotes growth in vocabulary,
comprehension, and fluency (Schatschneider & Torgesen, 2004). In a review
of six intervention studies, Torgesen (2004) found that when beginning
readers at risk for dyslexia received intensive instruction in kindergarten or
1st grade, 56% to 92% of at-risk children improved to within the average
range of reading ability. Vellutino, Scanlon and Tanzman (1998) examined
outcomes for children who were struggling with reading in early first grade
and who then received daily individualized intervention in their areas of
weakness for the second semester of first grade. 67% were brought to within
the average range of reading ability and maintained average or better
reading ability through the end of fourth grade.
The longer that children go without being identified and receiving
remediation, the more difficult it becomes for them to reach grade level (see
Gabrieli, 2009). An early study found that 82% of children who were
identified as having a reading problem in 1st or 2nd grade were able to reach
grade-level reading; however, this rate dropped to 46% for children who
were identified in 3rd or 4th grade, and 15% for children who were identified
in 5th through 7th grade (Keeney & Keeney, 1968, cited in Foorman, Francis,
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Shaywitz, Shaywitz & Fletcher, 1997). Discussing the results of their
longitudinal 1st-8th grade study of predictors of reading, Meyer and
colleagues state “the data suggest that kindergarten or first grade, not later
grades, are the most productive times at which to intervene to enhance
fluency” (Meyer, Wood, Hart & Felton, 1998, p. 108). Further study is needed
to determine whether the deficits in early- and later-identified children are
different, which could account for these differences. For example, studies
suggest that reading fluency is particularly difficult to remediate, and a
fluency deficit is less likely to be identified very early on in reading
development (Wolf & Katzir-Cohen, 2001).
2.3.2. Precise characterization for appropriate intervention. For
all of the efforts devoted to understanding subtypes of dyslexia, subtypes are
almost never used in diagnosis or educational practice. A child may be
identified as having dyslexia and receive intensive, structured phonological
intervention, but this is nearly useless if the child’s difficulties do not include
phonology. Especially when children’s difficulties are beyond a simple deficit
in PA or decoding ability, their particular profile should be considered.
Multi-componential interventions that aim to address each level of
language involved in reading have been shown to be more effective than
other interventions that     



decoding (Wolf et al., 2009). Interventions such as RAVE-O (Wolf et al., 2000;
2009) aim to develop accuracy and automaticity across levels of language.
Such interventions are more likely to cover any child’s individual weaknesses
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above the level of phonology while building skills in each area needed for
fluent comprehension.
Fluency has been notoriously difficult to improve through
intervention. The major strategy used to train fluency has been using
repeated reading, in which a child reads the same passage several times,
ostensibly with increasing accuracy speed. Some studies have found
improvement in word-level reading after repeated reading, but connected
text-level fluency improvements have been modest and inconsistent (Thaler,
Ebner, Wimmer & Landerl, 2004; Torgesen, Rashotte & Alexander, 2001).
Repeated reading does not directly address any of the range of components
that contribute to fluency, and it has been determined that the retrieval
processes underlying RAN and fluency are very difficult to change, and may
      $</*/X$ Instead,
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that emphasizes building accuracy and speed at each level of reading.
Outcomes are improved when intervention is tailored to a child’s
needs (Vellutino, Scanlon & Tanzman, 1998). This has been less studied,
ostensibly because it is too resource-intensive to be applied widely.
However, children in regular classrooms whose teachers were trained in
individualizing literacy instruction (including more emphasis at the subword and word levels versus connected text comprehension) during first
grade had better literacy outcomes than matched classrooms without
individualized instruction (Connor et al., 2009). The goal of reading research
24

should be to understand the abilities of all children and provide the types of
instruction that best addresses their needs.

3. Behavioral Prediction of Later Reading Abilities

For at least sixty years, researchers have investigated kindergarten
predictors of later reading ability in order to understand what skills are
involved in reading development and how these skills might be remediated
in children with reading difficulties. The report of the Committee on the
Prevention of Reading Difficulties in Young Children (Snow, Burns & Griffin,
1998) and the National Early Literacy Panel (NELP, 2008) emphasized the
importance of predicting reading difficulties so that intervention can be
provided as early as possible.
      $
Researcher Jeannette Jansky (1973) noted that “prediction involves the
manipulation of highly complex sets of variables. The reading process, the
performance to be predicted, is one of them” (p. 78). Ideally, a predictive
model of reading would be used in a practical way to identify children who
are at risk of reading difficulties so that they could receive early intervention.
In fact, very few studies have actually put a predictive model into practice
(Catts, Fey, Zhang & Tomblin, 2001). Prediction studies, in general, have two
main goals: to determine which measures are most closely related to later
25

reading outcomes, and second, to evaluate the accuracy of a model
combining these predictors to classify children at risk for reading difficulties.

3.1. Measures That Predict Later Reading Abilities
The specific measures employed in predictive models vary
substantially across studies, especially when studies across languages are
considered. Given the abilities that children bring to early reading
development, early models investigated several cognitive, perceptual, motor,
and linguistic abilities. One can imagine how any or all of these abilities could
predict later reading. However, there is impressive consensus among studies
about the few most powerful predictors of later reading ability.
Meta-analyses by Scarborough (1998a) and by the National Early
Literacy Panel (NELP; 2009) find that the measures that most consistently
predict future reading difficulty in English are phonological awareness, rapid
automatized naming, and letter knowledge. These three areas are the
strongest predictors across many studies (Bishop, 2003; Gallagher, Frith &
Snowling, 2002; Pennington & Lefly, 2001; Puolakanaho et al., 2007;
Schatschneider et al., 2004). The NELP review found that PA and
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reading outcomes (for both, r=.40), while alphabet knowledge had a higher
predictive value of r=.50. Further, the Panel found that the only variables
found to predict all three of the major outcomes they considered—decoding,
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comprehension, and spelling—were PA, letter knowledge, RAN, and the
child’s writing ability (including ability to write their name).
Some studies find that within the kindergarten year there is a shift in
which measures are optimal: letter knowledge is a better predictor early in
kindergarten and rapid automatized naming and phonological awareness are
more predictive later in kindergarten (Pennington & Lefly, 2001;
Schatschneider et al., 2004). This may be due to the fact that phonological
awareness is still very much developing in 5-year-old children, and that
many children who will go on to have excellent PA and reading skills have
simply not yet developed due to individual differences in maturation or
      Z   { 
Lefly, 2001; Scarborough, 1998a). RAN being predictive later in kindergarten
and beyond may reflect the fact that the RAN Letters subtest is more strongly
related to reading than RAN Objects or Colors, ostensibly because it is more
closely related to reading and letters are more automatized than objects or
colors. As kindergarteners learn their letters and this processing becomes
automatic, RAN becomes a stronger predictor (Meyer et al., 1998; Wolf, Bally
& Morris, 1986; also see Norton & Wolf, 2012). Bishop (2003) directly
compared fall and winter kindergarten screenings and found that there were
no practical differences in their accuracy in predicting later reading
outcomes, but RAN, PA, and LK shift in their relative predictive power.
Once these three variables are taken into account, relatively weak
predictive power is found for perceptual and motor skills, verbal and
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nonverbal intelligence. The correlations between later reading and language
comprehension measures (such as sentence repetition) vary substantially
among studies, and could be related to samples with high percentages of
family history of reading and language difficulties (NELP, 2009;
Schatschneider et al., 2004; Scarborough, 1998a). Home and environmental
factors such as SES and mother’s education also show only weak relation to
reading after accounting for PA, LK, and RAN. The only “background” variable
that Puolakanaho and colleagues (2007) found to be predictive of later
reading in a large study was family history of dyslexia. Though family history
is a robust predictor in itself, the predictive power of behavioral measures is
similar for all poor readers regardless of family history of dyslexia
(Pennington & Lefly, 2001).

3.2. Accuracy of Prediction Models
The goal of predicting risk for reading difficulties is to identify all
children who will have difficulty and need intervention, while minimizing the
number of additional children who are identified that will be typical readers
and not need intervention (Jenkins & O’Connor, 2002). Making these
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threshold is set very low, such that only a small percentage of a sample are
marked as at risk, it is very likely that a number of children who truly are at
risk will go unidentified. This is known as low sensitivity of a model. On the
other hand, if criteria are set higher, with the goal of ensuring that all
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children truly at risk are marked as at risk, many children who are not at risk
would be identified as at risk. This type of model is said to have low
specificity. Even though these typically-developing children may not be
harmed by additional focused reading instruction, there are noticeable
downsides to over-identification. First, being labeled as at risk carries
  

  -concept and may have negative psycho-social

effects. Second, most early reading interventions are resource-intensive, and
school budgets rarely have room to provide costly services to children who
may not benefit from them. Torgesen (2004) estimates that to identify all of
the lowest 10% of readers in kindergarten, criteria for risk would need to be
set at 20%, yielding at least a 50% rate of misidentification.
Very few studies have actually applied a predictive model to a clinical
situation. However, several studies have collected longitudinal data and then
calculated the sensitivity and specificity of classification models.
Scarborough’s (1998a) meta-analysis reported that studies predicting later
reading outcomes averaged 78% sensitivity and 91% specificity. Depending
on where the criterion for defining groups is set, there is often a tradeoff
between these two. Puolakanaho and colleagues (2007) found overall correct
classification rates of 63-83% based on PA, LK, RAN, and family history. The
model with the highest sensitivity correctly identified 91% of the true
positives and had 72% accuracy overall.
Many researchers and educators have embraced a response to
intervention, or RTI, framework in which students’ progress is monitored
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and progressively more intense remediation is offered in stages to children
who do not show improvement (e.g., Vellutino et al., 1996; Vellutino, Scanlon,
Zhang & Schatschneider, 2008). This process can be useful in differentiating
children whose reading difficulties are based on lack of experience versus
cognitive/linguistic differences that cause dyslexia. RTI allows schools to
allocate resources more judiciously; however, a stronger overall
understanding of the measures that predict later reading outcomes from the
outset would benefit children and schools, as well as further our
understanding of reading development and dyslexia.

4. The Brain Basis of Reading Development and Dyslexia

4.1. Building a Brain for Fluent Comprehension
\   "        
their reading development, and what changes in the brain support the
transition to becoming a fluent, comprehending reader? Researchers have
examined how, remarkably, each reader essentially creates a new brain over
the course of their lifetime. From Jules Déjerine’s (1892) research on patients
with strokes or brain injuries that affected reading, to Geschwind and
Galaburda’s (1985) painstaking anatomical analyses of post-mortem brains,
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how this remarkable process happens (see Hallahan & Mercer, 2002 for a
review of this history). Considering what we have learned from these diverse
lines of research, Wolf notes three “design mechanisms” that allow each of us
to create a reading brain (Wolf, 2007).
The first feature of the brain that allows us to read is the brain’s
ability to form new connections. As language evolved in our species, semantic
and phonological connections were created. With the addition of written
language, accurate and efficient pathways needed to be forged from both
sound and meaning to the orthographic or printed form of a word. Areas of
the inferior parietal cortex, the angular and supramarginal gyri, are involved
in these operations, made possible because of their function in associating
multiple sensory and perceptual processes. Known as “association areas,”
(Geschwind, 1965) these cortical circuits allow a reader to see a word and
immediately access its associated sound and meaning.
Second, brain areas can specialize for certain tasks. Our brains, which
were never genetically programmed to process written text, begin to do so
by co-opting areas designed for similar functions such as visual pattern
recognition. Neuroscientist Stanislas Dehaene termed this process “neuronal
recycling” (Dehaene, 2009). This is particularly important for orthographic
processing, which occurs in ventral occipito-temporal (vOT) cortex, an area
that has neighboring regions that specialize for processing faces, scenes, and
other highly specialized categories of visual stimuli (Kanwisher, McDermott
& Chun, 1997). Most remarkably, typical readers activate a specific area of
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left OT cortex preferentially for words and letters (McCandliss, Cohen &
Dehaene, 2003). Though every beginning reader must create a brain system
for reading, the activation seen in this area is consistently engaged among
proficient readers.
The third feature of our brains that supports reading is a bit more
abstract: the capacity to automatize. The brain can be considered akin to an
orchestra, in which each musician must play with accuracy and efficiency.
However, each instrument, and each brain area, must also be perfectly
synchronized with every other. This is related to the concept of cognitive
processing speed, but automaticity also goes beyond simple speed to the
ability to perform familiar actions with very little conscious effort. When you,
as a proficient reader, see a word, you cannot help but read it, even without
trying; this is the foundation for the classic Stroop task, in which participants
often have difficulty giving the color of ink a word is printed in rather than
reading the written name of the color (MacLeod, 1991). Automaticity allows
the lower levels of reading to become essentially effortless, so that critical
cognitive resources and time can be devoted to the higher-level thinking and
reflection that embodies and propels fluent comprehension.

4.2 Neuroimaging Methods Applied to Reading
Over the past two decades, the application of neuroimaging tools to
reading has provided researchers with whole new ways of examining the
reading process. The most widely used brain imaging methods are magnetic
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resonance imaging (MRI), and event-related potentials (ERPs) measured
using electroencephalography (EEG). Not only do these tools provide
sufficient spatial and temporal resolution to examine fine details about the
brain in vivo, but methods have been optimized for use with children so that
the development of reading can be examined. Today, non-invasive and
radiation-free brain imaging methods are used with adults and children, and
even newborns (e.g., Leroy et al., 2011; Maurer et al., 2009; van Leeuwen et
al., 2008). Technological advances now allow imaging with excellent
resolution and in shorter scanning times, which helps make imaging easier
   

       

view of the reading brain to become increasingly clear.
4.2.1. MRI. =!  

  

image tissue, and is especially useful for viewing contrasts between types of
soft tissue, such as white and gray matter.
Structural MRI. Structural MRI images of the brain can be used for
several kinds of analyses. Structural images allow researchers to determine
the size of certain brain structures (e.g., the volume of the amygdala) or the
thickness of cortex over a certain region. The spatial resolution of MRI can be
as small as a few millimeters. Structural MRI images are also essential to the
analysis of functional MRI, or fMRI. Each individual’s brain  
shape and size, and the structural images for each individual are transformed
into a standard three-dimensional brain space based on a template. The same
transformation is then applied to the functional data, allowing comparison of
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brain areas  $ =!     
image called a diffusion tensor image, or DTI. DTI allows visualization and
measurement of the integrity of white matter (myelinated neuron) tracts in
the brain. Analyses of DTI images allow researchers to see how different
areas of the brain are connected.
Functional MRI. Though fMRI is one of the most widely-used
measures of brain function, the signal measures in fMRI is correlate, rather
than a direct measure of actual neuronal activity (for an overview, see
Huettel, Song, & McCarthy, 2009). fMRI measures what is called the bloodoxygen level dependent (BOLD) signal. Active neurons have higher metabolic
      Z carried to these
active cells via nearby arteries. Oxygen is transported on hemoglobin
molecules in blood, and as cells in a certain area are active and use more
oxygen, there is an increase in the ratio of oxygenated to deoxygenated
hemoglobin in that area. The BOLD signal represents the ratio of oxygenated
to deoxygenated hemoglobin. Thus, BOLD does not measure a direct
property of neuronal activity, but instead measures the closely-coupled
metabolic response (Arthurs & Boniface, 2002). The BOLD signal peaks
several seconds after an area has become activated, which means that the
temporal resolution of MRI is no better than several seconds.
Challenges of MRI. Despite these advances, there are still significant
challenges to studying reading with MRI, or any neuroimaging tool (see
Church, Petersen & Schlaggar, 2010; Crone, Poldrack & Durston, 2010).
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These challenges vary depending on the particular study, but three will be
presented here as examples.
Perhaps the primary difficulty in understanding the reading brain lies
in the nature of re          
complex processes that it is difficult to distill into constituent parts. When a
participant is asked to silently read a word in the MRI scanner, he or she
activates brain areas related to phonology, orthography, semantics, and so on
(Graves, Desai, Humphries, Seidenberg & Binder, 2010). Sentence level and
higher processing is even more complex (Caplan, 2004). For this reason,
             end
to examine the sub-word or word level. As a result, our understanding of how
each process individually impacts fluent reading remains less developed.
A second challenge in studying reading with MRI is that the particular
tasks used in MRI studies have a substantial impact on the results (Caplan,
2004; Church, Petersen & Schlaggar, 2010). In most cases, fMRI experiments
employ what is called the subtraction method; activation for a control task is
subtracted from activation for a task of interest in order to isolate activation
that is related to the task of interest. The control task can be resting baseline
or a lower-level task; for example, a reading experiment might contrast
reading words with the control task of viewing meaningless strings of letters.
This way, activation that is common to both tasks, such as early visual
processing, is subtracted out. (This is often noted in the literature as “task x >
task y,” as in “reading words > viewing letter strings.”) The colorful activation
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maps that are presented as results in fMRI studies represent statistics (such
as t-test or ANOVA) reflecting differences among conditions. These are
usually overlaid on a structural MRI image to display the location of the
activation. Using a different control task can lead to very different results. For
example, a contrast of reading words > reading nonwords would show fewer
activation differences than reading words > rest, since the two reading tasks
rely on a greater number of shared processes. In addition, when two groups
are being compared, any differences in accuracy or reaction time among the
groups can affect brain activation (Church, Petersen & Schlaggar, 2010).
Third, when statistical tests are run comparing activation between
groups or tasks on every voxel of the brain volume, alpha levels must be
corrected for several thousand multiple comparisons (Bennett, Wolford &
Miller, 2009). In the past, weaker statistical thresholds were used, which
increased potential for false positives in reported data. Today, it is standard
to employ correction for multiple comparisons (most often family-wise error
[FWE] based on Bonferroni correction, or false-discovery rate [FDR];
Poldrack, Mumford, Nichols, 2011). Another way to reduce the chance of
false positives is to use a cluster-level correction, that is, to set a threshold for
the size and/or degree of activation for a number of continuous voxels
(Huettel et al., 2009). This reduces false positives because it is less likely that
multiple contiguous voxels would all be activated simply due to chance.
Together, these factors lead to findings from MRI studies of reading
that are “often highly variable and conflicting” (Hruby & Goswami, 2011, p.
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157). Nevertheless, advances in fMRI task design and analysis allow us to
apply MRI to the study of reading and reading development,.
4.2.2. EEG. EEG measures electrical activity of the brain through the
scalp. When neurons fire, a slight change in electrical charge is created. When
many neurons in similar orientation fire at the same time, this signal can be
detected using EEG. Spontaneous EEG activity is often useful for clinical
purposes, but research tends to use EEG as a way to measure event-related
potentials (ERPs), which are time-locked responses to certain stimuli, such as
sounds or words, averaged together over many trials. ERPs allow temporal
resolution on the order of milliseconds, but very little spatial information
because of signal spreading through the brain and skull as well as what is
called the inverse problem, which prevents calculating the locus of an effect
(Helmholtz, 1853; see also Luck, 2005).
ERPs are often described in terms of components, which are either
negative or positive-going waves that occur within predictable time windows
and represent different cognitive processes. For example, the N400 is a
negative-going wave that peaks around 400 ms after a stimulus and often
reflects semantic processing (Luck, 2005). Other components reflect
different types of processing; phonological differences between spoken
words can be reflected in the N100 or mismatch negativity components.
Other components index processing related to phonology, orthography, and
semantics.
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An advantage of EEG over MRI is the ability to measure the precise
timing of events. However, many studies examine peak latencies of ERP
components, which can be difficult to measure and to interpret. EEG peaks
are highly sensitive to noise in the signal, are often measured imprecisely,
and may not accurately represent single trials in an average waveform (Luck,
2005). Though there are undoubtedly time differences associated with brain
processing in poor versus typical readers, measures of peak latency must be
interpreted with caution. Other ERP measures, such as the amplitude of the
waveform at a certain timepoint, its mean amplitude over a time window, or
the global field power of the signal, can still be used to investigate the timing
of brain processes related to reading.

4.3. The Canonical Reading Network
Using fMRI, researchers have determined which areas comprise the
canonical “reading circuit.” Brain activation for reading-related tasks has
been consistently found in three main areas, all lateralized in the left
hemisphere: the temporoparietal area, ventral occipitotemporal area, and
inferior frontal gyrus (see meta-analyses by Maisog, Einbender, Flowers,
Turkeltaub & Eden, 2008; Richlan, Kronbichler & Wimmer, 2009, 2011;
Vigneau et al., 2006, 2011, and reviews by Hruby & Goswami, 2001; Pugh et
al., 2000; Schlaggar & McCandliss, 2007). These areas are each involved in
different aspects of the reading system.
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4.3.1. Ventral occipitotemporal regions and the VWFA. The
ventral occipitotemporal (vOT) region includes the fusiform and inferior
temporal gyri and occipitotemporal sulcus. This area includes the purported
visual word form area (VWFA) in the mid-fusiform gyrus, which researchers
led by Dehaene suggest to be more active for processing of printed symbols
and words than other stimuli in literate humans (Dehaene & Cohen, 2011;
McCandliss, Cohen & Dehaene, 2003; Schlaggar & McCandliss, 2007).
The view that an area of vOT cortex is somehow specialized for words
is not universally held. Price and colleagues in particular have presented data
to suggest that objects and words both activate this area in similar ways, and
that it may be involved in top-down modulation or integration of top-down
and bottom-up perception of certain visual stimuli (see Kherif, Josse, & Price,
2011; Price & Devlin, 2003, 2011). Further challenge come from research by
Kronbichler and colleagues (2004); they presented adults with visual word
stimuli that varied parametrically from very unfamiliar nonwords to highly
     and found that activation in mid-fusiform areas was
negatively correlated with word familiarity. These authors interpret this
strong activation for unfamiliar nonwords as evidence that the mid-fusiform
area is “specialized for extracting and storing abstract patterns when
processing visual objects” (p. 946).
In a recent paper, Dehaene and Cohen (2011) reviewed their own and
other findings regarding the VWFA and respond     from Price
and others. Dehaene and Cohen acknowledge that the VWFA is not solely
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responsive to letters and words, and is indeed activated by faces and objects.
They maintain, though, that when the complexity of visual features between
       {

 

activation for words than other types of stimuli. This debate is not yet
resolved, but it seems that areas of the fusiform gyrus are involved in reading
and that this activation may depend on orthographic knowledge or
experience.
4.3.2. Temporoparietal cortex. The temporoparietal (TP) aspect of
the reading circuit includes areas of superior temporal gyrus (STG) as well as
the angular gyrus and supramarginal gyrus, which are part of the inferior
parietal lobule (Richlan et al., 2009). Some studies refer to this as the dorsal
region, in contrast to the ventral occipitotemporal region. The TP areas are
“association areas,” responsible for the integration of information across
modalities (Geschwind, 1965) such as in orthography-to-phonology mapping
and decoding (Bitan et al., 2007; Booth et al., 2002; Fiez et al. 1999). This
region has also been implicated in phonological memory and is involved in
semantic processing (Vigneau et al., 2006). Similar but distinct areas of
bilateral angular gyrus and posterior left middle temporal gyrus are involved
in semantic processing versus phonological and orthographic processing
(Binder, Desai, Graves & Conant, 2009; Graves et al., 2010). Such similar
areas of activation for different processes is very common; Rimrodt and
colleagues (2009) note that the STG exhibits overlapping areas of activation
for single word reading and listening, as well as semantic and syntactic
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aspects of reading. The involvement of semantic areas and activation overlap
with other aspects of reading are reviewed more fully in Binder et al. (2009)
and Vigneau et al. (2006).
4.3.3. Inferior frontal gyrus. The left inferior frontal gyrus (IFG) has
been implicated in a wide variety of reading and language-related functions,
including semantic search (Binder et al., 2009; Chou, Booth, Burman et al.,
2006), phonological processing (Burton, 2009; Houde et al., 2010; Vigneau et
al., 2006), comprehension (Shankweiler et al., 2008) as well as naming and
articulation. Activation in IFG is also often observed when tasks are
particularly difficult or resource-demanding (Caplan, 2004; Gabrieli,
Poldrack & Desmond, 1998), suggesting that IFG could play a role in topdown modulation of other processes or act as an “overflow” area for certain
types of processing. Because results suggest the involvement of IFG in so
many processes related to reading, its contributions are less well-defined.
4.3.4. Cerebellum and other areas. Though the vOT, TP, and IFG
areas are associated most commonly with reading, there are other areas that
are found to be active in some studies; however, these seem to vary with the
demands of the task and stimuli. In particular, the more complicated aspects
of reading, such as syntax, semantic processing, and comprehension, are
difficult to ascribe to one particular brain area (see Hruby & Goswami, 2011).
The cerebellum also plays a role in reading; however, its contribution
is less direct and still very much debated. Nicolson and Fawcett (1990, 2001)
suggest that a cerebellar deficit may affect reading by preventing the
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development of automaticity or via a lack of fluency in articulation, which
could affect phonological awareness and working memory. Other
researchers note that the deficits usually associated with cerebellar damage
are more severe than those observed in individuals with dyslexia, and the
cerebellar findings could be a secondary correlate, rather than primary cause
of dyslexia (Zeffiro & Eden, 2001) or that deficits associated with cerebellar
damage are not actually present in poor readers (Irannejad & Savage, 2012).
The cerebellum is considered one aspect of a pathway called the
magnocellular system which has been suggested as an etiology of dyslexia;
the magnocellular processing pathway controls the stability of eye
movements which are important for orthographic representation and fluent
reading (Stein, 2001). It could be that the structure, rather than functional
properties, of the cerebellum may be more important for determining
reading ability. Structural MRI studies have found that the volume of
structures in the cerebellum is one of the strongest predictors of reading skill
in adults (Pernet, Poline, Demonet & Rousselet, 2009).
4.3.5. Timing of processes involved in reading. Because so many
individuals with dyslexia exhibit slower word reading and RAN latencies, it
seems intuitive that they might differ from typical readers not only in
location of brain processing but also in speed (see Shaul, 2008; Wolf, 2007).
Across studies, ERP components often occur later or show reduced
amplitude in individuals with dyslexia.
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Possible early visual and auditory deficits associated with dyslexia
have been examined via ERP studies of the visual P100 and N100
components. Neville and colleagues compared typical and dyslexic readers
and on auditory and visual recognition tasks and found the N100 response
was both lower in amplitude and longer in latency in children with dyslexia
(Neville, Coffey, Holcomb & Tallal, 1993).
In terms of phonological processing, children with dyslexia show
differences in the distribution of ERP responses across time windows from
100-600ms, though the exact patterns vary across studies (Bonte & Blomert,
2004; Georgiewa et al., 2002; Lovrich, Cheng & Velting, 1996). These
differences begin early, as soon as 100msec after words are presented (Bonte
& Blomert, 2004). These effects may arise for different reasons; children with
dyslexia show a greater P300 component during word reading, which
Georgiewa and colleagues (2002) suggest could reflect greater difficulty or
level of processing associated with the task relative to typical readers.
The N400 component is often related to semantic processing (Lau,
Phillips & Poeppel, 2008). There is little evidence of a core semantic deficit in
dyslexia; however, children with dyslexia can have weaker semantic
knowledge because of experience and time spent reading (Cunningham,
2003). As one would expect, differences between individuals with and
without dyslexia are less pronounced for semantic differences reflected in
the N400 (Bonte & Blomert, 2004; Lovrich et al., 1996; Shaul, 2008).
Differences found around component could be related to in earlier word
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reading-related activity differences that extend to this time window (Molfese
et al., 2006).
Mismatch negativity. An ERP component that has been investigated
 in studies of reading and language is the mismatch negativity
(MMN). The MMN is a negative-going wave that is elicited when a participant
is presented with an occasional “oddball” or deviant stimulus among a series
of repeated sounds. The MMN is pre-attentive, and therefore does not
       the stimuli, which is an
advantage for studying children and even sleeping infants. The MMN is also
an ideal component to study reading and dyslexia because it can reflect
differences in phonological processing and automaticity, both of which are
likely related to dyslexia, and b    "  
performance might differ in relation to reading ability.
The MMN reflects a detection of a change at the level of sensory
     right-frontal cortical processes
which may lead to conscious detection of the change (Näätänen, 1992;
Näätänen et al., 2012). As a result, the MMN is usually located over frontocentral electrode sites and is usually bilateral or slightly right-lateralized
(Hämäläinen, Salminen & Leppänen, 2012; Näätänen et al., 2012; SchulteKorne, Deimel, Bartling & Remschmidt, 2001). MMN responses to tones
usually elicit an earlier difference around 100-250ms, while the responses to
speech occur later, beginning around 250-300ms (Schulte-Korne et al.,
2001). This later component has also been called the late MMN or late
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discriminative negativity (LDN) (Maurer et al., 2009; Näätänen & Kreegipuu,
2011).
The magnitude of the MMN has been found to be reduced in
individuals with reading and language-related learning disabilities, such as
dyslexia and specific language impairment (SLI) (Bishop, 2007; Hämäläinen
et al., 2012; Maurer, Bucher, Brem & Brandeis, 2003). Further, MMN,
especially to speech rather than tone stimuli, is a strong predictor of reading
ability across ages and orthographies (e.g., Guttorm, Leppänen, Hämäläinen,
Eklund & Lyytinen, 2010; Maurer et al., 2009; Norton et al., 2011). The
importance of MMN as a predictor of reading ability will be discussed in
Section 5.

4.4. Functional Differences Associated with Dyslexia
Understanding which brain areas support successful reading in adults
has allowed researchers to gain a clearer picture of the reading system as a
whole, yet the goal of much research in reading is ultimately to help all
children learn to read. As a result, it is important to understand how the
brain supports processes in reading development, and examine whether
  ZZ

     

lack of reading experience or compensation. Drawing such a distinction is
fundamental to predictive studies that aim to find markers that indicate
children who will have reading difficulty before it occurs.
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Overall, it seems that the brain areas involved in reading in children
and adults are overwhelmingly similar (Houde et al., 2010), with
development and practice leading to specialization and greater connectivity
among the inferior frontal, temporoparietal, and ventral occipitotemporal
regions. Results from various studies about the early differences associated
with dyslexia are less consistent. Meta-analyses that examined similarities
across multiple studies have identified some patterns (see Maisog et al.,
2008; Richlan et al., 2009). These analyses converge on the conclusion that
relative to controls, individuals with dyslexia show under-activation of the
classic left hemisphere reading-related areas: temporoparietal/inferior
parietal lobule, ventral occipitotemporal, and inferior frontal cortex. The
involvement of other areas, including right hemisphere homologues and the
thalamus, were present in some meta-analyses but not others. Both Maisog
and Richlan’s studies found areas of under-activation of the left IFG, but in
non-overlapping locations.
Richlan and colleagues’ most recent (2011) meta-analysis compared
differences associated with dyslexia in children versus adults. The general
patterns of findings were similar across age, though there were some
interesting differences. Under-activation of left vOT areas was seen across
studies, but under-activation in this area was significantly stronger in adults
than children. In contrast, the left temporoparietal area (the inferior parietal
lobule or IPL, in particular) was more significantly under-activated in
dyslexia relative to controls in children than adults. Left TP under-activation
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was also the most consistent finding among studies in children
(underactivated in children with dyslexia in 6 of 9 studies, Richlan et al.,
2011).

4.5. Functional Brain Processes in Early Reading
4.5.1. Phonological awareness. Though phonological awareness is
one of the largest foci in reading research, it has been difficult to study using
neuroimaging because of methodological constraints. The most common
behavioral measures used to assess PA, such as phoneme isolation (e.g.,
hearing a word and saying the first sound), or nonword repetition (hearing
and then verbally repeating an unfamiliar word) do not lend themselves well
to fMRI paradigms because it is difficult for the subjects to hear the words,
and difficult for experimenters to record accuracy of responses and prevent
head motion. As a result, many studies examining PA ask subjects to read
words and then make phonological decisions about them. For example, many
of the most widely-cited studies of phonological awareness relied on tasks
which asked participants to read pairs of words or nonwords and decide if
they rhymed (Hoeft et al., 2006; Hoeft, Meyler et al., 2007; Shaywitz et al.,
2002). These studies have reported that typically-developing child and adult
readers engage left temporoparietal regions for phonological awareness
decisions and word reading. Further, this area has been found to be
underactivated in individuals with dyslexia (see meta-analyses by Maisog et
al., 2008; Richlan et al., 2009, 2011; Vigneau et al., 2006), and some studies
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suggest that activation in this area increases or “normalizes” in poor readers
as a result of phonological training (Shaywitz et al., 2004; Temple et al.,
2003).
If this area is affected by intervention, could it be a precursor or a
cons        Z
phonological awareness without the confound of print in children, in order to
more closely examine the nature of the differences in the left TP area
associated with dyslexia. Kovelman and colleagues (Kovelman, Norton et al.,
2011) examined activation for phonological awareness with children ages 5
to 13 using an auditorily-presented word rhyming task contrasted with a
control auditory word matching task. Typically-developing children showed
activation in an area of left dorsolateral prefrontal cortex (DLPFC) for
rhyming greater than matching. DLPFC is an area often implicated in working
memory (Burton, 2009). In comparison, children with dyslexia de-activated
this area in relation to a group of children matched for age and IQ and a
group of children matched for phonological awareness skills. As a group,
there was no single area of activation for the children with dyslexia. To
examine this further, the overall extent of activation (number of voxels) was
compared in children with and without dyslexia. Both groups showed similar
overall extent of brain activation, suggesting that the children with dyslexia
did not simply activate less of the brain, but instead, used different, more
distributed brain areas for phonological processing. Upon visual inspection
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of individuals’ task activation, many children with dyslexia seem to engage
areas of the right hemisphere for the phonological task.
Gaab and colleagues (Raschle, Zuk & Gaab, 2012) examined PA in prereading children ages 5 – 6. They compared a phonological first sound match
to a control voice match task (also used in this study, see Methods).
Typically-developing children with no family history of dyslexia (FHD-)
engaged left TP and bilateral vOT and inferior frontal regions. Direct
comparison of children with no family history of dyslexia and children with a
family history of dyslexia (FHD+) revealed that FHD+ children showed less
activation in left lingual gyrus (part of the vOT area), left STG, and left middle
temporal gyrus, among other areas than FHD- children. These areas of
difference are consistent with previous studies and meta-analyses that show
underactivation of left TP areas as a hallmark of dyslexia.
These studies of kindergarten children clarify that differences exist
related to dyslexia before reading failure. They also affirm the findings that
phonological awareness tasks elicit activation in left hemisphere TP and vOT
areas, even in very young readers. The conflicting findings about the
involvement of the frontal lobe in PA have yet to be resolved.
4.5.2. Orthographic processing. Early reading depends on a variety
of orthographic processes and their relation to phonology, from learning to
recognize single letters and their associated names and sounds, to serial
decoding of words (integrating orthography and phonology), to recognizing
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whole words as single units. The role that the occipitotemporal area plays in
these processes across development has been studied extensively.
In adults, the vOT includes areas that are preferentially engaged for
processing certain categories of stimuli, such as faces, objects, and
letters/words (Kanwisher, 2000). Areas involved in processing scenes and
faces are evolutionarily older, show specialization in children as young as age
6 and develop through adolescence (see Grill-Spector, Golarai & Gabrieli,
2008, for a review). Activation for faces in the fusiform face area (FFA) grows
in parallel to behavioral face processing abilities (Grill-Spector et al., 2008).
Letters and words are a more recent cultural invention, yet many
researchers agree that the VWFA (located in the ventral occipitotemporal
region, in the left fusiform gyrus bordering on the inferior temporal sulcus) is
specialized for processing these particular stimuli when other factors such as
visual complexity are carefully controlled. The VWFA is not activated for
passive listening to spoken words, but is activated for a variety of
orthographic stimuli, from lesser activations to false fonts and character
strings, to moderate activation to pseudowords, to strong activations for
familiar words (McCandliss, Cohen & Dehaene, 2003).
Researchers have noted that the development of the VWFA depends
on reading experience and expertise. Activation in the VWFA is correlated
with reading ability in children from 7 – 18 years old (Shaywitz et. al., 2002).
Just how this area becomes specialized has been of interest. Thus,
researchers have studied even younger children to examine the VWFA before
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reading begins. Pre-reading children ages 4 – 5 already show specialization
of the left VWFA, with greater activation for symbols (letters and numbers)
than objects and faces (Cantlon et al., 2011). Even though adults show
greater activation for letters than numbers, pre-readers did not differ in the
degree of activation for letters and numbers. Correlations with behavior
revealed that greater accuracy in recognizing letters was related to
deactivation of areas not involved in those stimuli; that is, greater accuracy
with letter processing resulted in less activation of face-specific areas of the
vOT region during a letter task. Thus, this study suggests that specialization
of face and symbol-processing areas is achieved by pruning back from a
distributed to a more specialized processing network. As more studies use
neuroimaging with very young children who are still developing
specialization in these areas, this conclusion can be tested further.
Studies comparing typical readers to individuals with dyslexia often
show that the VWFA, like the inferior parietal area, is under-activated in
dyslexia (Shaywitz et al., 2002; Temple et al., 2003). It could be that this
reduced activation is due to less experience or weaker reading ability, or that
attenuated activation of the VWFA   " Z$   
can be addressed by comparing reading matched controls or by studying
children at risk for dyslexia before they learn to read.
Yamada and colleagues (2011) compared the processing of single
letters and false fonts in five-year-old children who were on track to be good
readers versus children who were at risk for dyslexia, defined as scoring
51

below the 35th percentile on speeded measures of letter naming and sound
(phoneme) isolation. Initially, children who were on track showed
activations in bilateral temporo-parietal regions for letters > false fonts.
Children who were at risk for dyslexia did not show temporo-parietal
activation for letters > false fonts, and had significantly reduced activation
relative to controls in areas including left supramarginal gyrus, left lateral
occipital cortex, and right STG. At-risk children showed greater activation
than controls in bilateral IFG and other frontal areas.
Then, over 3 months, children who were at risk received
approximately 25 hours of supplementary phonological awareness and
alphabetic skill instruction in addition to the regular kindergarten
curriculum. Following intervention, children who were at risk showed
increased activation in left TP areas and bilateral IFG relative to their brain
activation before intervention. The authors suggest that activation of the
right homolog of the left TP areas might represent a compensatory
mechanism for reading-related processing both in children with dyslexia and
in beginning readers. Directly comparing the groups at time 2, at risk
children showed more activation in bilateral frontal areas than on track
children, and the only area where on track children showed more activation
was a single small area of posterior TP cortex. Notably, there were no
differences in vOT areas between the groups before or after instruction
(Yamada et al., 2011). This is consistent with the finding from Cantlon and
colleagues (2011) that all meaningful symbols (letters and numbers) showed
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similar activation in the vOT region at this age. Though the sample size for
this study was small, it suggests that left TP areas are an indicator of risk for
reading disabilities even in the beginning of kindergarten, and that frontal
areas could represent an inefficiency or lack of specialization associated with
processing symbols.
Evidence from ERPs also suggests that processing of letters changes
during early reading development. ERP responses to words versus symbol
strings are seen in adults as fast as 150 ms after stimulus presentation; this is
known as the N1 or N170 effect for words. On-track pre-reading
kindergarten children show this effect later, and children with low letter
knowledge do not show differences for letters versus symbols (Maurer,
Brem, Bucher & Brandeis, 2005). Further, children who went on to have
dyslexia did not differ from children who went on to be typical readers in
their N170 response in kindergarten, but differed significantly in 2nd grade
(Maurer et al., 2007). Although the N170 could be used to examine the nature
of reading difficulties in older children, it is ill-suited to prediction of later
reading from kindergarten because it appears to be experience-dependent
rather than related to the etiology of dyslexia.
4.5.3. Rapid automatized naming. Theories about the relationship
of RAN to reading suggest that RAN taps a set of skills that allow for
integration of multiple processes and the automatization of lower-level
processes (Wolf, Bowers & Biddle, 2000). As a result, MRI may not be the
best tool to study RAN, which is the product of the speed and efficiency of
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many different areas. However, given the importance of RAN for predicting
later reading, it is essential to understand how the brain supports RAN.
Only one published study has directly examined the brain basis of
RAN using fMRI (Misra, Katzir, Wolf & Poldrack, 2004). Adults with typical
reading ability performed RAN letters and objects tasks covertly (i.e., by
naming silently) in the scanner. Activation for both letter and object naming
as compared to rest was observed in left inferior frontal, middle frontal, and
superior parietal regions, as well as bilateral visual regions (Misra et al.,
2004). Notably, these findings include the three key reading areas discussed
above (IFG, vOT, and TP).
A recent study examined RAN in adults with and without dyslexia.
Preliminary data from Christodoulou, Gabrieli, and colleagues (in
preparation) examined RAN performances of typical adult readers and adults
with dyslexia relative to a control condition of visual fixation. The groups
were matched on age and IQ, but the adults with dyslexia had lower
standardized RAN scores and lower in-scanner performance. The typical
group engaged several bilateral posterior regions more than the group with
dyslexia did, while the group with dyslexia showed greater activity in a
variety of bilateral temporal, motor, and left supramarginal gyrus (part of the
temporoparietal area). These results suggest that readers with dyslexia are
employing a more distributed network that may represent compensatory
mechanisms for performing RAN tasks, though it is difficult to discern which
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mechanisms of the RAN task are involved without employing a more closelymatched control task.
The regions observed to be active for RAN and differing between
adults of low and high RAN ability are diffuse and bilateral, in contrast to the
left TP and OT regions seen in studies of word reading and phonological
processing. This further supports the notion that RAN is not a variety or
subskill of phonological processing (Catts, Gillispie, Leonard, Kail & Miller,
<//<  $<//<X        
reading.
With the dearth of research directly examining RAN tasks, some
insight into how RAN supports reading can be found in studies that correlate
activation from other functional tasks with RAN ability. Eden and colleagues
(Turkeltaub et al., 2003) examined correlations between activation for an
fMRI implicit reading task and behavioral measures of RAN, phonological
awareness, and working memory across a range of ages 6 – 22. The authors
considered these to be three subskills of phonology, yet today many
researchers consider each to be a separate construct. Results demonstrated
that RAN scores were correlated with activation for an implicit reading task
in bilateral areas including left IFG, and right superior temporal gyrus and
sulcus (STG/STS). Correlations with brain activation were found in distinct
regions for RAN, PA, and working memory measures, further suggesting that
each of these processes engages separate aspects of the reading network.
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One recent study has also examined the brain activation for a printed
word rhyming task in children ages 8 –12 in each of the double deficit
subtype classifications. Hoeft and colleagues (Black, Stanley, Tanaka, Gabrieli,
& Hoeft, in preparation) found a gradient of increasing activation for the
word rhyming task associated with children’s RAN skills in the left IPL and
right cerebellum; typical readers showed the greatest activation in these
areas, followed by children with a RAN deficit, with double-deficit readers
exhibiting the least activation. The underlying cause of this pattern is not
clear; it could be that children who have reading troubles that manifest in
RAN deficits may not engage the TP region as much typically developing
readers, or instead, that children with RAN or a double deficit represent such
a heterogeneous group that they do not activate the same brain areas in a
group analysis.
In another study examining the relationship between RAN and brain
measures, Raschle, Chang & Gaab (2010) examined the relationship between
RAN scores and gray matter volumes measured by structural MRI in prereading children with and without a family history of dyslexia. Behaviorally,
children with family history had significantly lower RAN scores. In the whole
group, higher RAN scores were significantly correlated with greater gray
matter volume in regions of interest including left vOT and left TP areas;
interestingly, there was no correlation between these areas and phonological
awareness ability. Thus, even before reading, the structural pathways
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associated with RAN may already be in place and may be weaker in children
with familial or behavioral risk for dyslexia.
Because RAN is index of automaticity, ERP research has the potential
to elucidate how RAN differences are associated with the precise timing of
the neural correlates of reading. However, only a single study in adults has
     $ <//5) examined the ERP
correlates of covert performance for RAN objects and letters in adults with
and without dyslexia. The peak of each of the ERP components that they
investigated (N100, P200, N200, P300) was delayed in adults with dyslexia
relative to controls. In addition, the P300 component was wider in the group
with dyslexia, which Breznitz suggests indexes effortful processing. This
component has been related to working memory and stimulus classification
and retrieval, all processes that are highly relevant to RAN and the automatic
       

 $

5. Using Cognitive Neuroscience to Predict Reading Ability

5.1. MRI Prediction Studies
Neuroimaging researchers have examined how brain measures could
be used to predict risk status or response to intervention in children with
reading difficulties more effectively than these behavioral measures alone.
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Several recent studies document evidence that brain measures either add
significantly to predicting future reading gains or far outperform currently
existing behavioral measures. This represents one of the first areas in which
cognitive neuroscience could be applied in a practical way to help individuals
(Gabrieli, 2009).
One of the first brain imaging prediction studies (Hoeft, Ueno et al.,
2007) examined the growth of decoding skill in children ages 8 – 12
identified by teachers as having reading difficulties. At the start of a school
year, the children received a standardized test of decoding and 12 behavioral
measures of language and reading, and also completed fMRI brain imaging.
The behavioral and brain measures taken at the beginning of the school year
were then related to the children’s decoding ability at the end of the same
school year, during which children had no particular intervention related to
the study. The behavioral test scores and the brain imaging values in the fall
accounted for 65% and 57%, respectively, of the variance in end-of-year
decoding performance, but the combination of behavioral and brain
measures accounted for significantly more of the variance (81%). Thus, brain
measures significantly improved the prediction of how much gain children
would make across a school year.
In a similar study by Hoeft and colleagues (2011), children ages 10 –
16 with (n=20) and without dyslexia (n=25) completed fMRI and DTI
scanning, as well as 17 widely used measures of reading and language.
Reading skills were then measured 2.5 years later, with no particular
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intervention program. None of the 17 behavioral measures, alone or in
combination, predicted future reading gains in children with dyslexia.
However, both fMRI and DTI measures from right frontal cortex significantly
predicted future gains. Further, multivariate patterns of activation that
included structural and functional MRI and DTI predicted with 92% accuracy
which individual children improved and which individual children did not
improve. Here again, brain measures predicted future reading performance
better than any behavioral measure, and with one of the highest accuracies
reported to date. Further, the inclusion of multiple brain measures was
significantly more accurate than any single imaging modality alone.

5.2. EEG and MEG Prediction Studies
Rezaie and colleagues (2011a, 2011b) have recently used
magnetoencephalography (MEG, which balances spatial resolution of MRI
and temporal resolution of EEG) to examine predictors of reading outcomes.
In both studies, middle-school children who were poor readers (TOWRE
nonword reading standard score below 25th percentile) were examined
before and after a year-long reading intervention.
In the first study (Rezaie et al., 2011a), 27 poor readers were studied.
Improvement in TOWRE scores was significantly related to the degree of
positive activation for a phonological decoding task in regions of interest
including left supramarginal gyrus and angular gyrus (both part of the
temporoparietal area). Together, these brain measures accounted for 42% of
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the variance in reading improvement. In the second, similar study (Rezaie et
al., 2011b), 20 middle-school poor readers were studied again before and
after intervention. The analyses examined groups of children based on their
    _   $ -intervention brain
activation for a rapid word reading task differed significantly between the
groups in left MTG, STG, and vOT, and right medial temporal lobe. The degree
of activation in these areas 200-300ms after word presentation significantly
predicted which children improved after intervention versus did not improve
beyond the prediction afforded by behavioral measures. Together, regression
models that included behavioral and brain measures accounted for 58% of
variance in reading. These studies demonstrate that brain activity can predict
how well children with reading troubles respond to intervention, and that
the left TP region may be a particularly important predictor.
Maurer and colleagues (2009) examined how ERP mismatch
negativity in kindergarten predicted reading performance five years later.
They found that beyond the contribution of behavioral measures the addition
of the ERP measures not only improved the prediction of reading ability in
2nd grade, but that only the ERP measures significantly predicted reading
success in 5th grade. Notably, this study examined children who spoke
German, a language which has a regular orthography, and the outcome
measure used was a fluent reading task. This suggests that the automaticity
of brain processes detecting the MMN may underlie reading fluency rather
than accuracy.
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Leppänen and colleagues (2010) also examined an ERP MMN
paradigm; however, they measured ERPs not in school-age children, but in
infants within 7 days of birth. Their longitudinal study looked at how brain
activity in newborns predicted reading in 2nd grade (age 9 in Finland).
Regression analyses revealed that the only significant predictors of reading
speed at age 9 were ERPs (measured at birth) and RAN (which was measured
at age 5); each of these predicted about 20% of variation as part of an overall
model that accounted for 49.3% of reading speed.
It seems clear that brain measures have a great potential to identify
children at risk for dyslexia. In each case, brain measures were more
accurate in predicting which individuals went on to have difficulty than the
behavioral measures. The present study is based on the premise that
cognitive neuroscience methods have the potential to be excellent predictors
of future reading ability. This is the first study to investigate subtypes of risk
for dyslexia, which if identified early, could offer even greater potential for
early and appropriate intervention that could prevent some of the negative
effects of reading difficulties.
5.3. Toward Accurate Multimodal Prediction. We have seen that
combining multiple types of MRI measures together improves prediction of
        \   $
2007). Bringing MRI and EEG imaging together could offer a significant
advantage in combining methods that are more suited to investigating
different components of the reading circuit. One study by Bach and
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colleagues (Bach, Richardson, Brandeis, Martin & Brem, 2011 in press)
examine how the two technologies can be combined for prediction in small
groups of children (n=11 typical, n=6 poor readers). The authors used
behavioral data as well as brain measures from a word and symbol
processing task in MRI and EEG. A regression model including behavioral
measures of vocabulary, PA, LK, and RAN in kindergarten accounted for 51%
of the variance in 2nd grade reading. Adding an EEG measurement to this
model increased the variance significantly to 67%, and an additional step
including MRI measurement of activation in the VWFA increased the
explained variance to 84% (Bach et al., 2011). In a discriminant analysis, RAN
scores, as well as the EEG and MRI measurements, were the best classifiers of
which children would go on to have reading troubles; combining these
measurements yielded 94% prediction accuracy. Although this was a very
small sample size, this study is an excellent example of the potential promise
of combining multiple behavioral and imaging methods for very accurate
classification of future reading difficulties.

6. Research Questions

How far has the field of reading research come toward the goal of
ensuring that all children become fluent, comprehending readers? We
understand the basic brain mechanisms and areas that support reading, and
62

the multifaceted nature of reading and dyslexia. We understand that the
developing brain begins to form new connections, notably in the
temporoparietal association areas; it specializes, via neuronal recycling and
pruning, in the ventral occipitotemporal area; and it develops automaticity
for efficient processing of familiar stimuli. Each of these brain processes is, in
turn, reflected in the skills that precede and predict later reading:
phonological awareness, letter knowledge, and RAN, respectively.
This study aimed to examine each of these three processes using brain
imaging methods. The neural correlates of both phonological awareness and
letter knowledge were examined using functional MRI. EEG mismatch
negativity was used to study the brain’s automatic processing of linguistic
stimuli, which is correlated with RAN (Norton et al., 2011). Though this study
investigates children at a single time point, the predictive value of these
measures in behavioral studies as well as findings from recent brain imaging
studies relating specific functional activation patterns to reading outcomes
suggests that understanding these specific subtypes of reading risk may one
day improve early identification of dyslexia.

Research Question 1. How is brain activation for an fMRI
phonological awareness task related to behavioral measures of phonological
awareness in kindergarten children? Do children with behavioral risk for
dyslexia based on behavioral measures of phonological awareness differ
from children with no behavioral risk?
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Hypothesis: Brain activation for the phonological awareness task will
be associated with greater activation in left temporoparietal cortex for
children with greater phonological awareness scores. Further, children at
risk in phonology will show less activation in left temporoparietal cortex
than children without risk.
Research Question 2. How is brain activation for an fMRI letter
processing task related to behavioral measures of letter name and letter
sound knowledge in kindergarten children? Do children with behavioral risk
for dyslexia based on behavioral measures of letter knowledge differ from
children with no behavioral risk?
Hypothesis: Brain activation for the letter processing task will be
associated with greater activation in left ventral occipitotemporal and
parietal cortex for children with greater letter knowledge. Further, children
at risk in letter knowledge will show less activation in left ventral
occipitotemporal cortex than children without risk.
Research Question 3. How is the amplitude of the ERP mismatch
negativity (MMN) response related to RAN ability in kindergarten children?
Do children with behavioral risk for dyslexia based on RAN scores differ from
children with no behavioral risk?
Hypothesis: Greater (more negative) MMN amplitude will be
associated with higher RAN scores. Further, children at risk in RAN will show
attenuated MMN amplitude across frontal electrode sites relative to children
without risk.
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7. Methods

7.1. Overview
The data for this project were collected as part of an NICHD-funded
project called the Researching Early Attributes of Dyslexia (READ) Study, led
by Dr. Nadine Gaab at Children’s Hospital Boston and Dr. John Gabrieli at
MIT. The aim of this project is to compare the efficacy of neuroimaging
measurements to traditional behavioral assessments in predicting which
kindergarten children who are at risk will actually go on to have dyslexia.
The data presented here include the first cohort of kindergarten participants,
examined in 2011/2012. The larger study will include three cohorts, each of
which will be followed longitudinally to second grade. The study has two
components: the screening portion, in which any children whose parents
give consent complete a short behavioral screening, and the neuroimaging
portion, in which a subset of the screening participants complete MRI and
EEG as well as additional behavioral measures.
As part of the READ Study, kindergarten children participated in
behavioral screening assessments in their schools. An additional small group
of children were recruited through MIT and Children’s Hospital Boston. The
assessment battery was designed to include measures that previous studies
have identified as the most promising predictors of later reading ability. See
the Measures section for full details of the assessment battery.
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A subset of the children who completed the screening portion of the
study were invited to participate in the neuroimaging portion of the study.
Inclusion and exclusion criteria and selection of participants are outlined in
the Procedures section; characteristics of the group are described in the
Participants section. This study was approved by Institutional Review Boards
at MIT and Children’s Hospital Boston (see Appendix A for copy of IRB
approval).

7.2. General Procedures
7.2.1. In-school screening. Kindergarten children (n=496)
participated in behavioral screening assessments in 17 schools located in
eastern Massachusetts and Rhode Island. After explaining the study to school
administrators, schools that were interested in participating sent a letter to
parents describing the study and/or hosted an information session for
parents. A consent form for the screening portion of the study only was sent
home along with the letter or provided at the information session, and
parents who gave consent returned the signed form to a school coordinator.
On the consent form, parents indicated whether they wished to receive a
report of their child’s scores to be sent to them, and also whether the child’s
scores could be reported to the teacher.
Screening assessments were conducted within the first two months of
the school year by trained researchers and Masters-level speech-language
pathology students. Screening was conducted one-on- 
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hallway in each school during the school day. Sessions were audio-recorded
for reliability checking. Before beginning the screening, the study was
explained to children and verbal assent was obtained. Children who
participated in the screening study received a pencil, eraser, and stickers.
7.2.2. Imaging. Families who participated in the screening study
were invited via email or phone to participate in the neuroimaging study.
Families were selected pseudo-randomly with the goal of including similar
numbers of typical and at-risk children (including all the subtypes of risk)
and boys and girls. At the time of screening, testers made note of children
who were unable to complete the assessments due to language difficulties or
very limited English proficiency, or a cognitive/developmental difficulty
(n=23, see full details in Participants). These children were not included in
the pool of children invited to participate in neuroimaging. It is likely that
some of these children will go on to have reading difficulties, but they were
excluded because they would likely not be able to understand and/or
complete the imaging procedures, and many had incomplete screening data
due to their difficulties.
Parents gave consent and children gave assent to participate in the
imaging phase of the study. MRI and EEG were completed on separate days.
Most children completed the EEG visit before MRI, because EEG is less
demanding and allows the children to become more comfortable with the
research setting and research team before the MRI. Children received a
picture of their EEG waves or MRI structural scan, and $50 in bookstore gift
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cards as thanks for participation at each of the two visits. Parents received
cash reimbursement for travel costs ($5-$15 depending on mileage traveled).

7.3. Measures and Risk Determination
7.3.1. Screening battery. As part of the screening phase, children
completed a short battery designed to assess the abilities that have been
shown to be the best predictors of later reading ability, including
phonological awareness (PA), rapid automatized naming (RAN), and letter
name and sound knowledge (LK). In addition, other variables of interest,
including cognitive ability, single word reading, and grammatical knowledge
were assessed. An additional measure of grammatical competence (GAPS
Sentence Repetition) was administered but is not included in these analyses.
Table 1 summarizes these measures in the order that they were
administered.
Nonverbal cognitive ability. The Matrices subtest of the Kaufman
Brief Intelligence Test, Second Edition (KBIT-2; Kaufman & Kaufman, 1997)
was given to measure nonverbal cognitive ability. For this test, the child sees
a series of pictures on a page that relate to each other, and is asked to select a
picture that best fits with the target pictures from multiple choices. Raw
scores are determined from the total number of items answered correctly.
Phonological processing. Subtests from the Comprehensive Test of
Phonological Processing (CTOPP; Wagner, Torgesen & Rashotte, 1999) were
given to assess awareness of and ability to manipulate phonological
68

structures. For the Elision subtest, the child is asked to repeat a word
without specific sounds. For the Blending Words subtest, the child listens to a
series of prerecorded sounds and is asked to put the sounds together to
derive a word. For the Nonword Repetition subtest, a measure of
phonological memory, the child is asked to listen to a recording of a made-up
word (like “ballop”) and repeat it. Raw scores for all subtests are determined
from the total number of items answered correctly.
Letter sound knowledge. The Letter Sound Knowledge subtest from
the York Assessment of Reading for Comprehension (YARC; Snowling et al.,
2010) was given to assess knowledge of letter sounds and phoneme isolation
skills. The child is asked to give the sound that a printed letter or pair of
letters (digraph) makes. The test includes 17 letter and digraph stimuli: s, m,
p, t, i, n, a, f, h, d, j, ee, sh, ch, th, oo, and ay. Raw scores are determined from
the total number of items answered correctly.
Letter name knowledge. The Letter Identification subtest from the
Woodcock Reading Mastery Test, Revised/Normative Update (WRMT-R/NU;
Woodcock, 1998) was given to assess letter name knowledge. For this test,
the child is asked to give the names of letters presented in the test booklet.
Some letters are printed in nonstandard fonts, and the more advanced items
include cursive letters. Raw scores are determined from the total number of
items answered correctly.
Rapid automatized naming. The Rapid Automatized Naming-Rapid
Alternating Stimulus Tests (RAN-RAS Tests, Wolf & Denckla, 2005) were
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given to measure the speed and efficiency of processes by which a series of
randomly arranged stimuli are named. Subtests given were Rapid Object
Naming, Rapid Color Naming, and Rapid Letter Naming. In each subtest, the
child names a series of familiar items. Each test has 5 tokens that are
repeated randomly 10 times. Raw scores are determined from the
completion times for each subtest in seconds.
7.3.2. Additional battery and questionnaire. Children enrolled in
the neuroimaging portion of the study completed approximately 45 minutes
of additional psycho-educational assessments. In most cases, children
completed the additional testing with a member of the research team
immediately after the EEG session.
The only measure that was analyzed for this study is the Peabody
Picture Vocabulary Test (PPVT-4; Dunn & Dunn, 2007), which was used as an
eligibility criterion to ensure that children had receptive vocabulary in the
typical range. For this test, children are shown a page with four pictures, and
are asked to identify the picture corresponding to a word spoken by the
examiner. Raw scores are calculated by summing the total number of items
answered correctly.
Parents also completed a detailed development and family
"    See Appendix B) that included the Barratt
Simplified Measure of Social Status (Barratt, 2006,
http://wbarratt.indstate.edu).
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7.3.3. Criteria for inclusion in neuroimaging study. All children
included in the neuroimaging study met the following criteria:
- Systematic exposure to English from a native speaker of American
English (parent/caregiver) beginning before 12 months of age
- Fluent in spoken American English
- Born at or after 36 weeks gestation
- No sensory or perceptual difficulties other than corrected vision
- No history of head or brain injury or trauma
- No neurological/neuropsychological/developmental abnormalities
(e.g., anxiety, Autism Spectrum Disorder, genetic disorder, etc.)
- No medications affecting the nervous system
- No contraindications for MRI (e.g., metal in body, claustrophobia)
- %        +/ !-2 Matrices and
Peabody Picture Vocabulary Test.
7.3.4. Criteria for risk for dyslexia. Risk for dyslexia was defined as
       e screening sample (i.e. below 25th
percentile of the sample) on a standard score composite in PA, RAN, or LK. A
25th percentile cutoff has been used by many previous studies (e.g., Bach et
al., 2011; Foorman et al., 1997; Hoeft et al., 2007; Morris et al., 1998;
Shaywitz et al., 2002; Stanovich & Siegel, 1994). Each risk subtype was based
on a composite of standard scores on two or three subtests, described in
Table 2. In cases where a child had scores for only two CTOPP or RAN
subtests, a composite of those two scores were used. This was sometimes the
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case when a child did not know their letters or could not perform one of the
subtests. Children were included in the general at-risk group if they met one
or more at-risk criteria.
Our screening sample includes more children than the norming
sample used by most standardized tests (see Table 3) and our sample has
considerable diversity in terms of school type (public/charter/private/
religious), school setting (urban/suburban) SES, gender, and race/ethnicity
to be considered valid. Therefore, the screening sample was used to
determine cutoff criteria for risk status rather than the percentiles from the
normed measures. Additional reasons for choosing to base the risk criteria
on the screening sample include that the tests were normed less recently,
between 3 and 15 years ago (see Table 3). Further, the YARC was normed on
children in the UK, where the structure of the educational system is different
from that of the US.
A second reason to define risk criteria based on our sample rather
than published standard score norms alone is that all of the tests used in this
battery to determine risk are normed starting at age 5, and so there are floor
effects (see Paris, 2005) that lead to a distribution of scores that is not
centered on the standardized mean. For example, on the CTOPP Elision
   /

 ~ /    

standard score of 7 and a percentile rank of 16. This means that no 5-yearold child can score below the 16th percentile. Similarly, on the WRMT Word
!|   /~/     +  
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13th percentile. Calculating perecentiles based on the child’s age within the
norming sample allows us to use age-based norms as created by the authors
of the standardized tests, while identifying the true lower 25% of children as
at-risk.
Exclusion criteria based on low verbal and nonverbal IQ (KBIT and
PPVT Standard Score +/X       
developmental delays, intellectual disabilities, or limited English proficiency
were not included in the sample, as these profiles are outside the scope of the
study at present. However, a reading ability-IQ discrepancy model was not
used. Accumulating evidence suggests that poor readers with lower and
higher IQ scores do not differ in their patterns of reading development or
brain areas used in reading, (Fletcher et al., 1994; Stage, Abbott, Jenkins &
Berninger, 2003; Tanaka et al., 2011).

7.4. Participants
7.4.1. Characteristics of screening sample. Screening data were
collected from 496 children. Characteristics reported here for the sample are
based on the 464 children who were not determined to be ineligible for the
neuroimaging portion of the study based on a lack of English proficiency or
language difficulty (n=18), or cognitive/developmental difficulties (n=5) as
coded by the tester at the time of screening, or a KBIT nonverbal IQ score
below 80 (n=9). Overall, 93.5% of children from the screening sample were
considered eligible for the neuroimaging study.
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The sample included 51.1% girls. As coded by the testers, 35.3% were
African-American, Asian-American, or more than one race; 15.6% were
Hispanic or Latino. Most children were beginning readers; 80.0% were able
to read 10 or fewer words on the WRMT Word ID. Nearly half (43.9%) of the
children were nonreaders, scoring a 0 raw score on WRMT Word ID. Scores
on measures of interest are reported in Table 4.
7.4.2. Characteristics of neuroimaging participants. The
neuroimaging study participants included 8 children who were recruited
directly through MIT or Children’s Hospital Boston and 35 children recruited
from the in-school screening sample. The characteristics of the neuroimaging
sample were very similar to the larger screening sample (compare Table 4
and Table 5). 17 of the 43 total participants (39.5%) were girls. Based on
             **    
(32.5%) were African-American, Asian-American, or more than one race, and
14.0% were Hispanic or Latino. Many children in the imaging sample were
beginning readers, as 37.2% could read 0 words on WRMT word ID, and
72.1% read 10 or fewer words correctly.
For the children who participated in imaging, 22 were at risk in one or
more categories and 21 had no risk. The breakdown of risk subtypes is
shown in Figure 1. Six participants had an immediate family member with
dyslexia; of these, three met behavioral risk criteria. The three children who
had a family member diagnosed with dyslexia were not included in no-risk
groups in the analyses.
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Overall, analyzable data were collected from 41 children for EEG and
from 38 children for MRI. For the two children without EEG data, one
completed MRI but not the EEG visit due to scheduling constraints; for the
other, EEG was collected but not usable due to technical error. For the five
children without MRI data, one declined to go in the scanner, two did not
complete the visit due to scheduling constraints, and two had unusable data
due to excessive motion during structural scans.

7.5. Imaging Procedures
The study included three functional neuroimaging paradigms;
phonological processing and orthographic processing were examined using
fMRI; and mismatch negativity, which may index automaticity involved in
fluent reading, was examined using ERPs/EEG. Thus, the three behavioral
risk criteria (PA, LK, RAN, respectively) were each reflected in a functional
task. Precise details of imaging methodologies are provided here for
technical purposes.
7.5.1. EEG auditory oddball (mismatch negativity) paradigm.
EEG equipment. EEG was recorded using the Biosemi ActiveTwo
System from 65 channels: 61 scalp sites, as well as right and left mastoid,
horizontal eye, and vertical eye channels. Scalp electrode locations were
consistent with the 10-20 system. Active Ag-AgCl electrodes were positioned
on an elastic cap (Electro-Cap Inc.) appropriate for child’s head
circumference. Data were sampled at a rate of 512 Hz, were band-pass
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filtered offline (0.1-30 Hz). The layout of the electrodes is included in
topographic plots, e.g., Figure 13.
Procedure. At the beginning of the session, families were welcomed
to the lab and the study procedures were explained and written informed
consent from parents and verbal assent from children was obtained. During
the EEG cap setup, children sat in a chair and watched a DVD of their choice
on a laptop computer. Researchers placed the cap on the child’s head, then
applied conductive gel (Lectron-III) in each of the cap’s plastic electrode
holders, and then attached electrodes to the cap.
After the cap was set up, the child moved into a soundproof and
electrically shielded booth. Children wore in-ear earphones (Etymotic
Research ER-1) with child-sized foam ear tips. While the children watched
their chosen video, sound stimuli were played through the earphones.
Following the methodology of Maurer and colleagues (2009), we used
natural speech sounds /ba/ and /da/ as stimuli. Each sound lasted
approximately 200 ms with a 500 ms stimulus onset asynchrony. Each
participant completed the experiment in two 10-minute blocks: one with
/ba/ as the deviant and one with /da/ as the deviant; order of first deviant
was counterbalanced across participants. Deviants occurred 10% of the time
and there were a total of 2,400 total trials.
7.5.2. MRI Setup.
Mock scan. Each child completed an extensive practice session
immediately before the MRI imaging session. This involved training in the
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mock MRI scanner for about 10 minutes, during which the child practiced
laying down on the bed with their head in a head coil and watching a movie
while hearing the noises that the scanner makes via speakers in the bore. The
experimenter who accompanied the child in the real MRI gave the child
feedback about head and body motion. Then children practiced the tasks, or
“games” to be played during the scan. Experimenters also verified that all
children understood the tasks during the mock scan session. These practices
can yield more successful imaging sessions for young children (Raschle et al.,
2009; in press).
Scanning. Children lay down on the bed of the scanner. Foam pillows
were placed under the head and on each side to prevent movement and
attenuate scanner noise. Children viewed a movie or visual stimuli on the
projector screen located at the back of the scanner bore via a mirror on the
head coil. Children wore foam-tipped earphones that attenuated sound and
played auditory stimuli (Sensimetrics model S14). A researcher stood with
each child during the entire session and gave feedback about motion, if
necessary. The order of the two functional tasks was randomized and
counterbalanced across participants.
7.5.3. MRI phonological task. The phonological task was designed to
elicit phonological processing with a closely-matched non-phonological
auditory task, and has previously been used by the Gaab Laboratory to study
differences between 5-year-old children with and without family history of
dyslexia (Raschle, Zuk & Gaab, 2012).The task included two conditions, First
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 X      -phonological auditory decisions. During
  "        "
a female or male voice (one speaker of each gender); pictures representing
the words, all concrete nouns, are simultaneously presented on the screen.
The child’s task was to indicate whether the two words started with the same
first sound or not (FSM condition) or were spoken by the same voice (VM
condition). Children responded ‘yes’ or ‘no’ via a button press, with one
button in each hand. FSM and VM tasks were each presented in separate runs
to minimize confusion. There were 8 blocks of each condition with an overall
duration of 6 min per run. Each block of task was followed by a 24 sec rest
block. See Figure 2 for an example of this paradigm.
7.5.4. MRI orthographic task. This task was designed to investigate
the neural response to letters as compared to other visual stimuli, as
previous research by Yamada and colleagues (2011) and Cantlon and
colleagues (2011) have done. There were three conditions: letters, false
fonts, and faces. In each condition, children were asked to watch stimuli
presented one at a time in the middle of the screen, and press a button if any
stimulus was repeated twice in a row (i.e. a one-""X$ 
    $   
lowercase English letters. False font stimuli were created by rearranging the
components of the letter stimuli to control for visual complexity. Faces were
all of a neutral expression and forward gaze, half male and half female, all
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Ohman, 1998). Repeated stimuli occur 3 times in each block,
counterbalanced across stimuli, runs, and presentation order within the
block. Each stimulus is presented for 1.5 seconds and a fixation cross appears
for 0.5 seconds in between each stimulus, resulting in a 20 second block. The
task is divided into two 4 minute 10 second runs; each run includes 3 blocks
of each condition and 3 blocks of resting fixation, with order pseudorandomized. See Figure 3 for an example of this paradigm.
7.5.5. MRI data acquisition. |    a 3T Siemens
Trio scanner with a standard Siemens 32-channel phased array head coil at
MIT. After localizer and auto-align scans, a whole-head, high-resolution T1weighted multi-
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parameters: TR = 2350ms, TE = 1.64ms, TI = 1400ms, flip angle = 7°, FOV =
192 × 192, 176 slices, voxel resolution = 1.0 × 1.0 × 1.0mm, acceleration = 4
averages). This scan lasts just over 4 minutes, and covers the whole brain. An
online prospective motion correction algorithm (ICE) was implemented to
       */   = 
included to replace TRs that included head motion (Tisdall et al., in press).
For the Phonology Tasks, FSM and VM tasks were completed in
separate runs, each lasting 6 minutes. BOLD (blood oxygenation levelX     -echo T2*  #!     _='///{
  X*@~#/ @/ Z solution =
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positioned parallel to the AC-PC line providing whole-brain coverage. Prior
           
     uilibrium. A behavioral interleaved gradient
imaging design (BIG; similar to sparse design, see Gaab, Gabrieli & Glover,
2007) was used to allow auditory stimuli to be presented in silence, both to
avoid affecting BOLD signal in auditory cortex due to acoustic noise in the MR
environment, as well as to allow the children to hear the stimuli more clearly.
The Orthography task was divided into two runs, each lasting 4
*/ $|     echo T2*-weighted, EPI      _=<///#
= 30ms, flip angle = 90°, voxel resolution = 3.0 × 3.0 × 4.0mm, FOV = 192 ×
192). Thirty-two 4mm- "        
AC-PC line providing whole-brain coverage. Prior to each scan, four images
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(Thesen et al., 2000), was implemented to reduce the effect of motion
artifacts.

7.6. Imaging Analysis
7.6.1. EEG. EEG analysis was conducted using EEGLab 9.0.3.4
(Delorme & Makeig, 2004) and ERPLab 2.0 (Luck & Lopez-Calderon, UCDavis Center for Mind & Brain, erpinfo.org) software running in Matlab. Data
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were imported and high-pass filtered at 0.1 Hz, then re-referenced to an
average reference. Data were epoched with a 100 msec baseline pre-stimulus
period and 700 msec post-stimulus time-locked to the onset of the standard
and deviant trials. Standards that immediately followed a deviant were
excluded from the average. Trials with eye blinks or other artifacts were
excluded from the average. Standards and deviants were collapsed across
condition (i.e., all “ba” standards and all “da” standards were considered to
be one trial type for these analysis, likewise for “ba” and “da”deviants). All
data were visually inspected to check the accuracy of artifact rejection before
averaging epochs for each trial type. Three subjects were excluded for
excessive artifact yielding more than 60% of trials to be flagged as artifactual.
As a result, data from 37 children were included in these analyses. After
artifact rejection, remaining trials were averaged and difference waves for
deviant trials minus standard trials (that is, the MMN signal) were calculated
for each individual. Finally, the data were low-pass filtered at 30 Hz. Withinand between-group comparisons were analyzed using the Mass Univariate
Toolbox (http:// http://openwetware.org/wiki/
Mass_Univariate_ERP_Toolbox).
EEG pilot study. A pilot study was conducted to observe the MMN
response in English-speaking children of varying reading abilities (Norton et
al., 2011). Participants included 16 children aged 4-11 (mean=8.1). Using the
##    
observed to be strongest over bilateral frontal electrodes and to peak over a
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time window of 250-450ms. These areas and time window were used for
further analyses in the present study. For group information and EEG
waveforms and scalp plots from the pilot study, see Appendix C.
Within-group analysis. Within-group analyses included examining
the time windows and electrode sites at which the MMN difference wave
differed from zero in the entire sample of participants. The difference waves
were analyzed using a repeated measures, two-tailed permutation test based
on the tmax statistic (Blair & Karniski, 1993) using a family-wise (FWE)
¡/$/~${ *//~//'*  
included in the test (i.e., 12,566 total comparisons). The motivation for
choosing this time window is that there are unlikely to be effects before 100
       ~//$<~//  
within-participant permutations of the data were used to estimate the
distribution of the null hypothesis (i.e., no difference between conditions).
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estimate, critical t-scores of +/-4.39 (df=36) were derived. In other words,
any differences in the original data that exceeded a t-score of +/-4.39 were
deemed reliable.
EEG correlation analysis. The mean amplitude measurements of the
MMN difference wave were extracted at each electrode site for the 250-450
ms time window of the peak MMN observed in the pilot study. Electrode sites
of from the peak of the MMN amplitude in the pilot study were entered into
correlation analyses; these included frontal electrodes over the right (F2, F4,
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FC2, FC4) and left (F1, F3, FC1, FC3) hemispheres. These groups of 4
electrodes on each side were averaged together because of their similar
waveforms in the pilot study. Two-tailed Pearson correlations were
calculated with composite RAN and phonological awareness standard scores
in IBM SPSS Statistics 19.
Between-group EEG comparisons. An independent samples
between-group tmax permutation test was performed to compare the MMN
response in children who were at risk in RAN with children who had no risk.
Because of the smaller group sizes, a time window and electrode locations
based on the pilot study and previous literature were used. Mean amplitude
during the time window of 250-450ms was tested over frontal-central
electrode sites (24 electrodes: AFz, AF3-4, Fz, F1-6, FCz, FC1-6, Cz, and C1-6).
Thus, a one-tailed tmax test with 2500 random permutations of the data
were used to estimate the distribution of the null hypothesis (i.e., MMN
amplitude not greater in No Risk groupX    




  ¡/$//</$  -score for the significance level of

¡/$/~-2.85 (df=29).
An additional exploratory analysis was performed to compare
children with RAN risk only (n=8) with children who were at risk in
Phonology but not RAN (n=5, PA only or PA+LK risk) or no RAN risk (n=15).
Because of the small group size, the waveforms for these groups were plotted
for visual inspection but statistical analyses were not performed.
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7.6.2. MRI.
First level analysis. Structural data were first processed using the
default processing stream in Freesurfer v5.0.0 (Dale, Fischl & Sereno, 1999;
http://surfer.nmr.mgh.harvard.edu/), which includes motion and intensity
correction, surface coregistration, spatial smoothing and parcellation.
Functional data were analyzed in SPM8
(http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) using workflows in
Nipype v0.4 (Gorgolewski et al., 2011, http://nipy.org/nipype). Image
preprocessing consisted of motion correction (rigid-body realignment to the
mean EPI image from the first functional run) and spatial smoothing (6mm
isotropic FWHM 3D Gaussian kernel). Motion and intensity outliers
(functional volumes exceeding 3mm in differential motion or differing from
the mean image intensity by >3 SD) were identified using ART (WhitfieldGabrieli, http://www.nitrc.org/projects/artifact_detect/) and regressed out
of the hypothesized timeseries. Children were excluded from further analysis
if more than one third of the functional scans in a run were affected by
motion; as a result, 4 children were excluded from Phonology task analysis
and 5 from Orthography task analysis.
Model design was implemented using the modelgen algorithm in
Nipype, and included task regressors (Phonology: FSM and VM tasks,
Orthography: Letters, False Fonts, Faces tasks), six motion parameters,
individual regressors for any outlier volumes, Legendre polynomial terms to
account for low-      =-signal including scanner
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drift (Phonology: 3 polynomials; Orthography: 2 polynomials), and a
constant term. Within-subject estimation of the general linear model and
contrasts were conducted in participants' native EPI space. Differences in the
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runs were accounted for.
The coregistration transformation between each participant's mean
functional EPI volume and their T1-weighted structural image was calculated
using Freesurfer’s BBRegister program with FLIRT initialization. These
transforms were applied to the contrast images from each participant's firstlevel analysis to insure accurate coregistration between functional data and
high-resolution anatomy. Participants' high-resolution structural images
were aligned to a common space (the MNI152 template from FSL v4.1.6,
http://www.fmrib.ox.ac.uk/fsl/) via nonlinear symmetric diffeomorphic
mapping implemented in ANTS v.1.5 (Avants, Epstein, Grossman, & Gee,
2008; http://www.picsl.upenn.edu/ANTS/). The transformation matrix from
this spatial normalization was applied to each participant's coregistered
first-level contrast images to align them to the common space.
Second level analysis. Correlations and group comparisons were
performed using SPM8 via Nipype workflows. Matched-group comparisons
were designed to examine whether there were differences associated with
particular subtypes of risk aligned with functional tasks. Because there were
relatively few children at risk in PA and LK (9 and 11, respectively),
additional children at-risk in other categories with the next lowest scores
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were added so that t- 

      

(12 vs. 12). Children from the no-risk group with the highest scores were
included, as in previous studies that compared lower and higher ends of the
score distributions (e.g., Bach et al, in press; Yamada et al., 2011). Children
who had a first-degree relative with dyslexia yet no behavioral risk (n=3)
were included in correlations but not included in the no-risk groups for
group comparison. Any-risk group comparisons were used to examine the
specificity of the findings, and the risk groups here included children at risk
in any category (PA, LK, and/or RAN).
An extent threshold of k > 250 mm3 was used for all analyses (voxels
were re-sampled to 1mm isotropic during preprocessing). One-sample t-tests
displaying task > rest activations were calculated at p < .01 voxel-level
uncorrected, in order to see which general brain areas were activated for the
task. Group comparisons and correlations were calculated at a threshold of p
< .005 (Bach et al., in press; Raschle, Zuk & Gaab, 2012). Second-level
correlation analyses were examined using a cluster-level threshold of p < .01,
uncorrected, in order to capture any differences. More stringent threshold of
cluster- /$/~

      -tests.

Anatomical locations of functional effects were established using the
locations of clusters provided by xjView software in SPM8. All coordinates
are reported in Montreal Neurological Institute (MNI) template space.
ROI analyses. ROIs were defined and extracted using WFU Pickatlas
toolbox in SPM 8. Planned ROI analyses were conducted for the orthography
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comparison following the methods of Cantlon and colleagues (2011).
Spherical 8 mm clusters were defined at the peak coordinates of the area
found by Cantlon et al. (2011) to be selective for letters greater than
scrambled letters in adults (x:-52 y:-52 z:-12). In order to further evaluate
effects observed for the phonology task in comparison to the same task used
by Raschle et al. (2012), mean activation values defined by the cluster of
activation observed for first sound match > voice match in these subjects
were extracted.

8. Results

8.1 Phonology fMRI Task
8.1.1. In-scanner performance and Phonology task vs. rest
activation. On average, children performed the FSM and VM tasks well above
chance. In-scanner behavioral data for included participants are presented in
Table 6. Paired samples t-tests revealed no difference between the FSM and
VM conditions in accuracy, RT, or in the number of scans with motion
artifacts (all ps > .3, ns). Analyses include 30 children; 8 children were not
included in this analysis due to failure to complete both runs of the task
(n=1), performance at or below 50% (n=2), or excessive motion that affected
 <~ (n=5).
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Brain activation for the tasks versus rest yielded robust bilateral
activation of areas involved in auditory and phonological processing,
including frontal, superior temporal, and temporoparietal areas, as well as
visual regions responding to the pictures presented alongside the auditory
words (See Figure 4 for example of FSM > Rest activation).
8.1.2. Matched group differences between children with and
without PA risk on the Phonology task.
In-scanner accuracy and RT. Groups of children with and without
PA risk (n=12 per group) were matched for age, KBIT standard score, and
raw WRMT Word ID score (see Table 7). The two groups did not differ on any
of these background variables, nor on in-scanner accuracy, RT, or number of
scans with motion (independent samples t-tests, p > .05, ns). However, by
design, the No Risk group had a significantly higher mean CTOPP standard
score of 12.3, whereas the Risk group mean score was 8.9, t(22)=4.05, p <
.001.
fMRI activation. In a comparison of matched groups of 12 children
each, the No Risk group showed significantly greater activation for the FSM >
VM contrast than the Risk group in an area of left temporo-parietal cortex,
including the angular gyrus and posterior middle temporal gyrus, extending
into the superior occipital gyrus, as seen in Figure 5a (2 sample t-test,
cluster-level corrected p < .05; details in Table 8). This was the only
significant difference; the reverse contrast for Risk greater than No Risk
group did not yield any significant areas of activation. Extracting the mean
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contrast value for the left posterior cluster provides more information about
what factors are driving this effect. Contrast values revealed that the No Risk
group showed positive activation for FSM and negative values for VM in this
area, yielding a positive value for FSM > VM, while the Risk group showed the
converse pattern (see Figure 6).
8.1.3. Any-risk group differences between children no risk versus
any risk on the Phonology task. Comparing children with no risk (n=16) to
children with risk in any category (n=15), there was no significant activation
at a threshold of p < .005 cluster-corrected. However, at p < .005 uncorrected,
there is activation in the same area of left posterior AG and MTG as seen in
the matched group PA risk analysis (see Figure 5b versus 5a). The activation
in this comparison had a lower t-value and spanned fewer voxels, indicating
that the activation is not as robust as that seen in the matched group analysis.
8.1.4. Correlation between activation and phonological skill. As a
group, children (n=31) recruited robust bilateral superior temporal and
inferior temporal/occipital activation for both the FSM and VM tasks, as
would be expected for an auditory task with auditory and visual stimuli.
Activation for the phonological task (FSM > VM conditions) was correlated
with greater phonological awareness ability (composite CTOPP standard
score) in bilateral posterior regions, as well as left inferior frontal gyrus (IFG)
as shown in Figure 7 (see Table 9 for a list of all suprathreshold clusters).
The LIFG cluster included pars triangularis and orbitalis. A negative
correlation was observed in areas of the right and left cerebellum.
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8.2 Orthography fMRI Task
8.2.1. In-scanner performance and Orthography task vs. rest
activation. Children performed the three conditions with mean accuracy
greater than 90%. Three children had no or incomplete for this task, and five
were excluded due to motion on greater than 30% of scans. Table 6 shows
data for children included in correlation analysis (n=32). Repeated measures
ANOVA with Greenhouse-Geisser correction determined that there was no
difference in participants’ accuracy among the tasks (F(1.993, 139.542) =
0.190, p > .05, ns), however, reaction time did differ significantly among the
tasks (F(1.884, 131.878) = 13.602, p < .001). Planned post-hoc Bonferroni
comparisons revealed that participants’ response time for faces was
significantly longer than for letters or false fonts (p < .001). Analyses include
32 children; 5 children were not included in this analysis due to failure to
complete both runs of the task (n=1), performance at or below 60% (n=2), or
excessive motion that affected image <~ X$
Brain activation for the comparison Letters > Rest, shown in Figure 8,
was significant in bilateral posterior parietal and fusiform gyri, including
activation in the canonical VWFA (x: –44 y: –58 z: –15, Jobard, Crivello &
Tzourio-Mazoyer, 2003) and its right hemisphere homolog, as would be
expected for this visually-presented letters task.
8.2.2. Matched group differences between children with and
without LK risk on the Orthography task.
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In-scanner accuracy and RT. Groups of children with and without
risk (n=12 per group) were matched for age and KBIT standard score (see
Table 7). The subgroups of children are different than those included in the
Phonology task group comparison. The No Risk group had significantly
higher composite Letter ID standard scores (t(22)=6.53, p < .001), and raw
Word ID scores (t(22)=4.04, p < .001). The two groups did not differ on inscanner accuracy, RT, or number of scans with motion (independent samples
t-tests, p > .05, ns).
fMRI activation. The No Risk group showed significantly greater
activation than the Risk group in visual and reading areas, particularly in the
right hemisphere, as shown in Figure 9a and listed in Table 10 (2 sample ttest, cluster-level corrected p < .05). Significant clusters included areas of the
right fusiform gyrus and middle temporal gyrus, as well as an area of left
parietal cortex spanning the superior and inferior parietal lobule near the
supramarginal gyrus. There were no areas that were significantly more
activated in the Risk group than No Risk group.
ROI analysis. Contrast estimates were extracted from a sphere
around the peak in left inferior temporal/fusiform gyrus area defined as
selective in adults for letters > scrambled letters in Cantlon et al. (2011).
Examining Figure 10, it is evident that there is substantial variation in
individual activation in these areas. Considering the mean values for each
group, the No Risk group activated this area more for Letters than for False
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Fonts and Faces, yet the Risk group showed similar levels of activation for
Letters and False Fonts and deactivation for Faces.
8.2.3. Any-risk group differences between children no risk versus
any risk on the Orthography task. Comparing children with no risk (n=17)
to children with risk in any category (n=15), the group of No Risk children
showed greater activation than Risk group in one very large cluster of
activation with its peak in right lingual gyrus. This cluster spanned the
posterior portion of the brain from the midline into the right hemisphere,
from the the corpus callosum down to the cerebellum (see Figure 9b).
8.2.4. Correlation between activation and letter knowledge.
Letter knowledge composite standard score was significantly correlated with
activation for Letters > False Fonts in bilateral posterior fusiform gyri, as well
as several posterior and medial posterior regions, and right middle temporal
gyrus (see Figure 11). The peak of left hemisphere fusiform gyrus cluster was
14.1mm away from the peak of the canonical VWFA, located ventral and
posterior to the VWFA (measured using Freeview tool). All suprathreshold
clusters are listed in Table 11. No areas were significant in the negative
correlation. The extracted values from the left fusiform ROI are plotted
against letter knowledge scores in Figure 12.

8.3. EEG Mismatch Negativity
8.3.1. Whole group MMN. The grand average waveforms for the
entire group (n=37) across all scalp electrode sites are displayed in Figure
92

13. The MMN response (magnitude of the difference wave) is greatest over
frontal central and right electrode sites, as depicted in the scalp plot (Figure
14). The tmax permutation test revealed that this effect was significant (t(36)
> ±4.39, p < .05, FWE-corrected) over bilateral frontal and temporal
electrodes, as well as inverted in posterior electrodes, and consistent with
the time course of the peak MMN around 250-450ms observed in the pilot
study (see Figure 15).
8.3.2. Matched group differences in EEG mismatch negativity.
Children who met criteria for risk in RAN (n=15, RAN Risk group) were
compared with children who were not at risk in any category (n=16, No Risk
group). The MMN waveforms for both groups are depicted in Figure 16.
Group differences were examined for children with and without RAN
risk. The between-groups tmax permutation test revealed that children with
no risk had greater (more negative) mean amplitude of the MMN difference
wave at three electrode sites: FC3, F2, and F4 (see Figure 17).
The exploratory analysis of the “pure” RAN risk children who had no
other deficits as compared to children with a phonological but not a RAN
deficit are shown in Figure 18. Visual inspection of the waveforms over
frontal sites of interest suggests that children with a phonological deficit
have a mismatch response similar to children with no behavioral risk,
whereas children with low RAN scores show an attenuated MMN.
8.3.3. Correlations with behavioral scores. For the whole group,
mean RAN standard scores were significantly correlated with the magnitude
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of the MMN difference wave in both left and right frontal electrode sites of
interest (see Table 12; note that a negative correlation indicates that higher
standard scores are associated with greater amplitude of MMN). Scatterplots
of these are included in Figure 19. CTOPP mean standard score, a measure of
phonological awareness, was not significantly related to MMN amplitude.

9. Discussion

9.1. General Discussion
The goal of this research was to examine the neural correlates of prereading skills that predict later reading abilities and may differentiate
children who will go on to have dyslexia. Taking a multi-componential view
of reading, weakness in any of these pre-reading skills – phonological
awareness, letter knowledge, or rapid automatized naming – could lead to
reading difficulties. Here, the neural correlates of each of these subtypes of
behavioral risk for dyslexia were examined with MRI and EEG.

9.2. Phonological Task
9.2.1. Group differences. The matched group comparison between
children at risk and not at risk in PA showed a single area of activation to be
greater in the no risk group: left temporoparietal cortex, including the
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angular gyrus and posterior middle temporal gyrus (MTG). This area of
activation is also just posterior to the MTG region that was more active in
children without versus with a family history of dyslexia in Raschle, Zuk and
Gaab’s (2012) study employing the same FSM and VM tasks. Further,
extracting the mean values for each participant revealed that the significant
activation was driven by the same pattern of positive activation for children
without risk and deactivation in children with risk as Raschle, Zuk and Gaab
observed, see Figure 6.
When comparing children at any type of risk (i.e., who may have
scored well in PA but were at risk in LK or RAN), the one same area of
activation was observed to be greater in No Risk children; however, in this
case, the activation was less robust, and not statistically significant at a
cluster-level corrected threshold. This finding that the less specific group of
children at any type of behavioral risk showed less strong activation than the
PA risk group for FSM>VM in this area related to phonology provides
preliminary evidence that examining subtype-specific risk may be
advantageous.
The finding of activation in the left TP area is consistent with both
hypothesized differences and extensive literature on the role of this area in
phonological tasks and in differences between individuals with and without
dyslexia. This area is one of the left hemisphere areas identified as
significantly more active in typical readers than in individuals with dyslexia
in Maisog and colleagues’ (2008) meta-analysis and Temple’s (2002) review.
95

Children who participated in intensive phonological intervention also
showed increased activation in this area after remediation (Shaywitz et al.,
2004).
There were no areas observed to be more active in children at risk
than not at risk, also consistent with the findings from Raschle, Zuk and Gaab.
Kovelman and colleagues (2011) found no areas of hyperactivation in
children with dyslexia versus age- and ability-matched typical children using
an auditory PA task. This difference seems to be due to children with dyslexia
or phonological difficulties recruiting different brain areas across individuals,
as there was no difference in the overall amount of activation in each group
(Kovelman et al., 2011). Other studies that find areas of hyperactivation for
phonological processing in dyslexia have used tasks th    
word to access its phonological form (see Pugh et al., 2001).
Children in the PA risk and no risk groups did not differ significantly
in their task accuracy or response time, IQ, raw word ID scores, or number of
scans with motion artifacts. Further, the inclusion of children at all types of
behavioral risk showed weaker activation in this area overall. As a result, the
interpretation that the left TP area difference is related to their difference in
phonological ability seems most likely. Taken with the substantial literature
that finds that left TP area is involved in successful phonological processing
and reading, this seems an excellent candidate region for prediction of future
reading difficulties. The reduced activation in this area for the any-risk
versus matched groups comparison suggests that this area may be specific to
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phonological awareness. Future research should examine whether this
difference is observable before children can reliably complete phonological
awareness tasks starting at about age 4.
9.2.2. Correlation of PA skill and task activation. A whole-brain
correlation showed that CTOPP composite standard score was significantly
related to activation for the FSM>VM task in left inferior frontal gyrus (IFG),
bilateral occipitotemporal regions, and right frontal and temporoparietal
areas. Negative correlations were observed with the right and left
cerebellum.
Several of these regions overlap with the bilateral occipitotemporal
areas that Raschle, Zuk and Gaab (2012) observed to be significantly more
active in children without a family history of dyslexia (FHD-) as opposed to
with a family history (FHD+). Further, the right posterior middle temporal
areas seen here were also present in their group activations for FHDchildren but not in FHD+ children.
The role of left inferior frontal regions in phonological processing and
how this role differs according to phonological or reading ability is one of the
most inconsistent results in the field, with conflicting studies reporting either
over- or under-activation of this area characterizing dyslexia. The metaanalysis from Richlan and colleagues (2009) find that across studies, the
operculum of the left IFG is more active in typical than dyslexic readers. The
IFG area observed here is just dorsal to the area specified by their
coordinates, at x:-46, y:16, z:6. The other large meta-analysis by Maisog and
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colleagues (2008) finds a relatively different, more medial and anterior
portion of IFG (x:-22, y:32, z:-4) to be more active for typical than dyslexic
readers. With the heterogeneity of findings, interpreting how this area is
 

   "  $

One limitation that might have influenced this correlation analysis is
the restricted range of CTOPP standard scores (from 7.00 to 15.67), due in
part to the floor effect observed on the CTOPP, whereby 5-year-old children
cannot achieve a standard score less than 7. This may be part of the reason
that left TP regions were not significant in this analysis as hypothesized.
Future studies might examine alternative assessments of phonological
awareness with more items that can be easily completed by kindergarten
children so as to avoid this floor effect.

9.3. Orthography Task
9.3.1. Group differences. Children with no risk had greater
activation than the matched group of children at risk in LK and with low LK
scores for the Letters > False Fonts comparison in left superior and inferior
parietal lobules, as well as right occipitotemporal areas, and bilateral aspects
of both medial parietal cortex and cerebellum. There were no areas more
active in At Risk than No Risk children. Performance on the in-scanner task
was nearly identical for the two groups. However, the group differences in
activation cannot be attributed solely to differences in letter knowledge, as
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children with no risk were significantly better readers than the risk group,
who were all pre-readers.
The comparison of children at any type of risk relative to children
with no risk yielded a diffuse network of midline and right hemisphere
posterior areas. Several studies have suggested a shift from bilateral to
unilateral, left-hemispheric, activation for language and reading related tasks
with increasing age during the early developmental time course (e.g., Yamada
et al., 2011). The current results suggest that there are no left-hemispheric
differences for the processing of letters in children with no risk relative to
children with various types of behavioral risk.
Why was it that activation was not observed for the Letters > False
Fonts task in the hypothesized left vOT areas? Left vOT was active for Letters
> Rest in the whole group, suggesting that the task did elicit activation in this
area as expected. However, the difference in processing between
letters/words and false fonts seen in adults may not yet have developed. The
meta-analysis of dyslexia in children versus adults finds that vOT activation
differences are more pronounced in adults, while TP differences are stronger
in children (Richlan et al., 2011). Cantlon and colleagues (2011) also found
that category-specific activation increases in areas like the VWFA are due to
the pruning back of processing of other categories, rather than an increase in
activation for the selected category.  {  
for words and strings of numbers, but it becomes less active for numbers
over time, rather than more active for words. Examining the extracted
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contrast values from the region that was selective for letters greater than
scrambled letters in adults from Cantlon et al. (2011), there is a trend toward
No Risk children using this area more for Letters than for the other types of
stimuli, and no such trend in the Risk group. It could be that these children
have not yet reached the stage of substantial pruning, though it is perhaps
more likely that there is so much variation among individuals that
differences are not yet clear.
Here, the parietal area may be involved because children could be
activating phonological representations associated with letters because the
connection between letter names and sounds are emphasized in the
classroom. Using a letter versus false font one-back task with the same
timing, Yamada and colleagues (2011) compared kindergarteners who were
“on track” in terms of reading development versus children who were at risk
for difficulties. Their comparison of these two groups on the Letters > False
Font task revealed activation in a nearly identical left parietal area, as well as
medial parietal, and bilateral occipitotemporal areas. After at-risk children
received intervention, activation in the parietal area increased and was no
longer significantly different than that observed in the on-track group. It
could be that parietal activation for letters is associated with the period
when children are learning letters and are especially attuned to the letter
names and sounds, and then declines as representations of letters are less
tied to phonology.
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Another finding of interest was the involvement of the cerebellum,
which is often found to be involved in reading but less well understood than
the roles of the TP and vOT regions. Here, children with no risk showed
greater bilateral cerebellar activation than children in the matched letter
knowledge risk group. A meta-analysis by Stoodley and Schmahmann (2009)
found that both hemispheres of the cerebellum are involved in language
tasks, but the role of the cerebellum in more particular areas of phonological
and orthographic processing is not well-established. Researchers including
proponents of the cerebellar deficit theory of dyslexia (e.g., Nicolson et al.,
2001) suggest that the cerebellum is related to the automaticity of processing
necessary for reading. Indeed, studies find that the cerebellum is an
important predictor of reading ability. Activation in the right cerebellum
differentiated typical from poor readers (Black et al., in preparation), and
right cerebellar volume was found to be the strongest predictor of whether
an adult had dyslexia or not (Eckert et al., 2003). The precise role of the
cerebellum in different aspects of reading, especially relating to automaticity,
should be examined in future studies.
9.3.2. Correlation of letter knowledge and task activation. Higher
letter name and letter sound knowledge scores were correlated with
activation for the Letters > False Fonts task in visual and memory areas,
including bilateral lingual gyrus, fusiform gyrus, and parahippocampal gyrus.
Right middle temporal gyrus and midline structures including the anterior
cingulate and thalamus were also activated.
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Here, higher letter knowledge scores were associated with activation
in bilateral vOT areas, rather than the left-lateralized pattern usually seen in
adults. This may be because children have not yet begun to differentiate
between different types of symbols in left vOT areas, as Cantlon and
colleagues (2011) found. Further, Bach and colleagues’ (2011) comparison of
activation for words greater than symbol strings found bilateral vOT
activation. The plot showing the relationship between letter knowledge
scores and activation in the left hemisphere fusiform gyrus cluster observed
in the Letters > False Fonts comparison shows a linear relationship with
some general variability. It could be that activation for Letter Knowledge is
rather variable in early kindergarten children who come from a variety of
educational and literacy backgrounds. A future direction for this research is
to examine how such background factors affect neural processing of letters
(see section 9.6.2).

9.4. Mismatch Negativity and RAN
9.4.1. Characteristics of group MMN. An auditory oddball paradigm
was employed to examine how the mismatch negativity (MMN) component
was related to behavioral risk for reading disabilities, especially to RAN. For
the whole group of children, amplitude of the MMN difference wave was
greatest over frontal and central electrode sites, with a slight right
lateralization.
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The inversion of the signal in the mastoids bilaterally is a hallmark of
the MMN signal, and differentiates it from other auditory ERP components
such as the P1 (Näätänen & Kreegipuu, 2011). The topography of the signal
observed here is similar to previous studies employing similar oddball
paradigms with linguistic stimuli (Leppänen et al., 2010; Maurer et al., 2009;
Molfese, 2000; Molfese et al., 2008; Schulte-Körne et al., 2001; van Leeuwen
et al., 2008).
The time course of the MMN difference wave is also consistent with
previous research, becoming significantly different from zero around 250ms
and lasting through at least 500ms. Using very similar speech syllable
stimuli, Maurer and colleagues (2003, 2009) observed MMN in similar time
windows (100-250ms and 300-600ms). Schulte-Körne and colleagues (2001)
also observed MMN differences between adults with and without dyslexia for
a syllable MMN over these time windows.
9.4.2. Group differences. Here, we observed that the mean
amplitude of the MMN over frontal sites was significantly attenuated in
children who were at risk for dyslexia (as defined by low RAN scores)
relative to children without behavioral risk for reading difficulties. MMN
responses, particularly to speech stimuli, differ among children and adults
who have dyslexia as compared to typical readers (Schulte-Körne et al., 1998,
2001; for a review, see Hämäläinen et al., in press).
The groups with and without RAN risk did differ in their raw word
reading ability, however, the difference between groups is not likely due to
103

children’s reading experience. This effect seems to be related to the etiology
of reading problems rather than to a lack of experience with reading or other
    Z      Z
show attenuated or absent MMNs (Leppänen et al., 2002, Molfese, 2000; van
Leeuwen et al., 2008). On the surface, the syllable oddball paradigm used to
elicit MMN seems that it would tap phonological processes because the
listener’s brain is responding to differences in phonemes. Leppänen and
colleagues (2010) examined infants’ MMN responses using principal
components analysis, and found that PA measured at age 3.5 and RAN
measured at age 5.5 were associated with different components of the tone
MMN response in infancy; PA correlated with later-occurring components
(160-420ms) and RAN with an earlier component (30-80ms). Though we
cannot directly compare these components in the present findings (because
the stimuli and age of the participants is so different), it is interesting to note
that the early component that was correlated with RAN also showed the
strongest correlation with children’s reading speed at age 9, r=.46.
In the exploratory analysis of children with RAN risk only presented
here, “pure” RAN risk children had lower MMN responses than both children
with no risk and children with risk in PA or PA and LK. In this analysis, 2 of
the 8 children in the RAN risk group were readers, while all the children in
the PA risk group were pre-readers. If the difference between the typical and
RAN risk groups in the whole-group analysis was due to reading experience,
we would expect the PA risk group to have lower scores than the typical
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group. Though this difference was not investigated systematically, it further
suggests that the difference seen between children with and without risk is
related to RAN rather than general to any type of risk, and that phonological
ability may not be related to MMN amplitude.
9.4.3. Correlation between MMN amplitude and RAN scores.
Consistent with the pilot findings on 4-11 year olds of varying reading ability
(Norton et al., 2011), in this study, RAN standard scores were significantly
correlated with the mean amplitude of MMN over bilateral frontal electrodes.
Further, in both studies, phonological awareness standard scores were not
significantly related to the MMN amplitude. Further, in children who were
already reading in the pilot study, MMN was correlated with timed single
word reading and timed fluency comprehension measures, but not with
untimed word reading or untimed reading comprehension.
In their longitudinal study, Leppänen and colleagues (2010) found
that the amplitude of early MMN to tones measured in newborns at electrode
F4 (the peak of our response) was correlated with RAN at age 5.5. They also
found that early and later MMN amplitudes were correlated with reading
speed at age 9, with correlation coefficients ranging from r = .295 to .458 for
different time windows.
Bakker and colleagues found that for a picture naming task (in which
pictures were presented rapidly, one at a time) ERP amplitudes between
300-700ms were attenuated in children who were slow readers relative to
children who were typical readers or fast but inaccurate readers (Bakker,
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Van Strien, Licht & Smit-Glaudé, 2007). This dissociation between struggling
readers who are slow versus fast and inaccurate suggests that ERPs may be
effective in identifying children who struggle to automatize processes related
to reading.

9.5. Potential for Using Cognitive Neuroscience Measures to Predict
Subtypes of Dyslexia.
Just as there is no one universal cause of dyslexia, these results show
that distinct brain networks contribute to different reading-related skills. In
several previous prediction studies, not only were brain measures more
accurate than behavioral measures, but combinations of multiple brain
measures showed the highest predictive accuracy (Bach et al., 2011; Hoeft et
al., 2011). An exciting possibility is that these three brain predictors might be
used in combination to accurately predict not just whether a child will have
reading difficulty, but the particular profile of strengths and weaknesses in
different skills.
9.5.1. Phonological awareness. Phonological awareness is likely to
predict early reading skills, before decoding at the word level becomes fully
automatic. Reading depends most heavily on phonics during this period
when the brain is learning connections between letters and sounds. Further,
phonological awareness is an excellent predictor of early reading skills and of
later reading skills in individuals with dyslexia, but a weaker predictor of
reading beyond 2nd grade in typical children. This is consistent with the
106

notion that a phonological deficit is a root cause of reading difficulties in a
proportion of poor readers (e.g., Pennington et al, 2011). We may be able to
discover qualitative differences in the way that the brain processes sounds
and words in individuals with and without severe deficits in PA. In this
experiment and in several other fMRI studies, individuals with dyslexia do
not just have reduced magnitude of activation in phonological processing
areas, but instead de-activate these areas for phonological tasks (Kovelman
et al., 2011; Raschle et al., 2012). Brain imaging may prove a useful tool to
differentiate kindergarten children who will go on to develop PA in their own
time or with standard instruction from children who will have phonological
difficulties that if untreated would seriously affect their reading ability.
Activation in the left temporoparietal area, seen here and in many previous
studies, seems to be a promising potential marker of difficulties with
phonological awareness.
9.5.2. Orthographic and letter knowledge. The existence of a
particular orthographic deficit in dyslexia has received less support in the
field. Activation for the Orthography task likely reflects the amount of
exposure to print and instruction that a child has had. Letter knowledge is
highly constrained, and studies comparing screening at different times in
kindergarten find that letter knowledge loses its predictive relationship with
later reading over the course of kindergarten (Schatschneider et al., 2004). At
the beginning of kindergarten, children have varying experience with letters,
which probably reflects their home and educational background. As all
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children reach the plateau of mastery of letter knowledge, the variance in this
skill behaviorally approaches zero. However, activation in the VWFA
continues to differentiate individuals based on reading ability long after they
have mastered their letters. It could be that in more proficient readers, VWFA
activity is related to automaticity for visual word forms and contributes to
fluent reading by allowing the orthographic processes to be fast and
accurate. This is consistent with the finding by Benjamin and Gaab (in press)
that increasingly fast and fluent sentence reading is associated with
activation in fusiform areas, and that this effect is lateralized to the left
hemisphere. Though many studies have found ventral occipitotemporal
activation differences associated with orthographic processing in older
children and adults, this area may not yet be sensitive to differences in
orthographic abilities in such young children. Such findings were observed in
these results, in other studies of young children (e.g., Cantlon et al., 2011;
Yamada et al., 2011), and the meta-analysis by Richlan and colleagues (2011)
comparing brain patterns in dyslexia for children versus adults.
9.5.3. Automaticity and fluency. Studies of MMN suggest that it
reflects an individual’s capacity for automatic processing of language. MMN
predicts fluency-related processes, such as RAN, timed word reading, and
fluent connected text reading (Norton et al., 2011; Leppänen et al., 2010).
Conceptualizing the goal of reading to be fluent comprehension, MMN might
be the most important predictor of later reading skills because it reflects the
ability to automatize all the lower levels of linguistic and cognitive processes
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that allow time and cognitive resources to be devoted to deeper
consideration of text.
There are several additional advantages to using MMN as a predictor.
First, MMN and RAN both seem to be early and stable predictors. The MMN
recorded in infants cannot reflect explicitly-learned processes, and instead
more likely measures intrinsic properties of our auditory and cognitive
systems. In several studies, MMN responses recorded in children as early as a
few hours after birth robustly predict later reading and language abilities
(Leppänen et al., 2010; Molfese, 2000; Maurer et al., 2009). MMN is also the
only brain component that has been shown to predict reading outcomes over
longer periods, including from birth to 2nd grade (Leppänen et al., 2010) and
from kindergarten to 5th grade (Maurer et al., 2009).
Further, RAN is a strong predictor of future reading ability across
languages that vary in orthographic transparency, from very transparent
  X   | # X¤¤¤$</*<X$ 
notion that MMN could provide an even earlier index of the same processes
that are involved in RAN is exciting. Though the orthographic and
phonological demands of reading vary among writing systems, automaticity
is necessary for all languages.

9.6. Considerations and Implications
9.6.1. Limitations of the current study. Several factors that should
be considered in interpreting the results of this research. First, the number of
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subjects in the various risk groups is relatively small, which may especially
affect the MRI group comparisons. Fortunately, this study represents only the
first of three cohorts of children that will participate, and the target sample of
120 children should provide sufficient power for these and other types of
analyses. Additional limitations include the floor effects on our phonological
awareness measures; future studies should consider using measures that
have greater sensitivity at the lower end of phonological abilities or consider
working around this problem, such as by including practice items in scoring.
There are also several important background factors that are difficult to
control for in these data, most notably literacy exposure and background at
home and in pre-school. Information is being collected via parental report
   

   -school or Head Start

attendance, and will be considered in future analyses. Finally, there are some
potential confounds of selection of participants into the neuroimaging study.
Many children who have language problems also develop reading difficulties
(e.g., Gerrits & de Bree, 2009), yet would likely not be included in the
neuroimaging aspect of this study, due to inability to complete the screening
tasks. Similarly, there is a substantial overlap between attention problems
and reading difficulties (Wilcutt et al., 2010), but children with attention
problems or ADHD might have trouble completing screening or imaging
tasks, and staying still during MRI. The sample of children who participated
in neuroimaging was somewhat self-selected, in that families chose to come
in for this portion of the st$#     
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similar to the overall characteristics of our screening sample, and the
children who participated here represent a range of racial, ethnic, and
socioeconomic backgrounds, as well as reading and cognitive abilities.
9.6.2. Implications for further research. These data represent the
first year of a longitudinal study that will follow about 120 children from
kindergarten through 2nd grade, with the goal of comparing the predictive
power of behavioral versus brain imaging measures from kindergarten to
predict 2nd grade reading ability. Not only will the continuation of this study
allow more nuanced comparisons and greater statistical power to further
Z        -time look at how the
combination of multiple behavioral and brain measures can be optimized to
predict reading outcomes. The combination of MRI and EEG methods to
predict reading seems very promising based on the preliminary work by
Bach and colleagues in Switzerland (Bach et al., 2012), but has not yet been
examined in such a large cohort or in English-speaking children. In addition
to functional MRI, structural, diffusion tensor, and resting-state MRI data
collected from these children can be examined as well.
Other areas to address in future research include:
¥\         
  !       
deficit versus a single deficit?
¥      ticity in the brain? DTI
measures of connectivity among different areas, as well as new methods of
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examining resting state functional connectivity will allow us a first time look
into how RAN may be instantiated in brain structure.
¥ sed to predict which children will respond to
particular reading interventions? This work is just beginning in the Gabrieli
laboratory.
¥            
dyslexia? New studies have suggested that genes affecting neuronal
migration and/or glucose transport are related to MMN deficits (Czamara et
al., 2011; Roeske et al., 2011). Saliva samples for genetic analysis are being
collected from READ study participants, as well as from participants and
families in other related studies of dyslexia. These could help with even
earlier or more accurate prediction and also shed light on the actual
neurobiological basis of differences in reading.

9.7. Implications for Applied Issues
Educators are under increasing pressure to use “research-proven”
methods and curricula. Research in reading has contributed to solving longstanding debates about the importance of explicit training in phonics and
decoding.

Even if this and other research projects allow us to one day

identify children at risk for dyslexia very early and very accurately, children
will not benefit unless they receive appropriate intervention. As response to
intervention (RTI) models become more widely-used, screening is becoming
increasingly common. If initial screening (be it behavioral or someday
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involving brain imaging) could accurately identify the children who will need
and benefit from particular types of interventions, great strides could be
made. Children who receive early intervention reach grade level more often
(Foorman et al., 1997; Vellutino et al., 2004), and thus potentially spend less
time receiving services; this benefits the child, who suffers fewer of the
      

  

expends fewer resources.
While education has embraced behavioral research, the burgeoning
field of Educational Neuroscience, which aims to use cognitive neuroscience
methods to inform education, has received substantial criticism. Critics have
called the translation from brain research to the classroom “a bridge too far”
(Bruer, 1997). Thus far, many of these criticisms have been justified, as
neuroscience has had essentially no results that are directly applicable to
education. However, the development of neuroscience tec   
     "    

 

first time. When complete, the data from the READ Study could allow us to
accurately predict dyslexia in individual children before they fall behind in
reading, so that they can receive intervention. If children can then receive
intervention that addresses their needs, we will be well on the way to giving
all children the tools to live a “reading life.”
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Table 1
Summary of screening battery measures

Construct

Test

Subtest

Nonverbal

Kaufman Brief Intelligence Test

Matrices

Cognitive

(KBIT-2)

Ability
Letter Sound

York Assessment of Reading for

Knowledge

Comprehension (YARC)

Phonological
Awareness

Comprehensive Test of Phonological
Processing (CTOPP)

Letter Sound
Knowledge
Elision, Blending, Nonword
Repetition

Letter Name
Knowledge

Woodcock Reading Mastery Tests

Letter ID

Revised, Normative Update
(WRMT-R/NU)

Rapid

Rapid Automatized Naming/Rapid

Automatized

Alternating Stimulus Tests

Naming

(RAN/RAS)

Single Word
Reading

Woodcock Reading Mastery Tests
Revised, Normative Update

Objects, Colors,
Letters

Word
Identification

(WRMT-R/NU)
Grammatical
Ability/

Grammar and Phonology Screening
Test (GAPS)

Sentence
Repetition

Memory
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Table 2
Composite measures and criteria used to classify risk groups
Screening

SS cutoff

Normed

sample

used for

Risk

Test/Subtests included

mean

composite

inclusion in

Subtype

in composite score

SS(SD)

mean SS(SD)

risk group

10(3)

9.4 (1.8)

8.3

100(10)

97.4 (15.0)

88.0

100(15)

102.0 (12.3)

95.0

PA

CTOPP Elision,
Blending, and Nonword
Repetition

RAN

RAN/RAS Objects,
Colors, and Letters

LK

YARC Letter-Sound
Knowledge and
WRMT-R Letter ID

Note: SS=Standard Score
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Table 3
Characteristics and norming information for measures included in analysis

Normed
Test

Age
Range

Year
Published

Number of 5-year-

Subtest

olds in Published

Mean (SD)

Norming Sample

KBIT-2

4-90

1997

125

100(15)

CTOPP

5-24

1999

149

10(3)

YARC

5-11

2009

182 (in UK)

100(15)

WRMT-R/NU

5-75

1998

173

100(15)

RAN/RAS

5-18

2005

87

100(10)

2;6-90

2007

220

100(15)

PPVT-4
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Table 4
Characteristics of eligible screening sample (n=464)

Mean

SD

Min

Max

Percentile
25th

50th

75th

Age (months)

66.1

4.3

53.0

80.0

63.0

66.0

69.0

KBIT SS

98.5

10.6

80.0

154.0

92.0

97.0

104.0

PA mean SS

9.6

1.9

5.0

15.7

8.3

9.3

10.7

RAN mean SS

97.9

14.9

54.0

135.7

88.0

99.7

107.7

LK mean SS

102.9

11.9

49.0

134.5

95.0

104.0 109.5

Note: SS: Standard Score.
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Table 5
Characteristics of children in the neuroimaging study (n=43)
Mean

SD

Min

Max

Age (months)

66.5

4.2

57.0

76.0

KBIT SS

100.8

9.8

85.0

120.0

PA mean SS

10.2

2.3

7.0

15.7

RAN mean SS

96.2

15.1

68.0

122.0

LK mean SS

105.2

12.7

78.5

132.0

PPVT SS

117.9

15.4

83.0

160.0

Barratt Social Statusa

51.2

10.9

29.5

66.0

Note: SS: Standard Score.
aPossible

range: 8-66. Higher score indicates higher SES. Full questionnaire

included in Appendix B.
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Table 6
Mean accuracy and RT on the Phonology and Orthography tasks.
Accuracy (Percent Correct)

RT (ms)

Phono FSM

81.9 ± 15.5

1986.8 ± 507.5

Phono VM

85.3 ± 14.4

1966.6 ± 478.4

Ortho Letters

93.5 ± 6.1

779.5 ± 140.9

Ortho False Fonts

94.0 ± 6.5

809.1 ± 137.2

Ortho Faces

93.8 ± 6.1

864.0 ± 160.0+

Note: All children with usable data are included. + Significant difference
compared to other conditions of the task, p < .001.
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Table 7
Characteristics of matched risk groups for each task.
Phonology

Letter

RAN

Knowledge
No
Risk

No

Risk

Risk

Risk

No
Risk

Risk

n

12

12

12

12

16

15

Girls/Boys

4/8

5/7

5/7

4/8

7/9

8/7

Age (months)

66.8

67.1

67.3

64.0

66.8

67.1

KBIT SS

104.2

101.8

104.1

102.8

103.9

99.1

WRMT Word ID

27.4

17.5

25.5*

0.3*

26.5*

7.6*

Task accuracy

86.6%

80.8%

93.3%

93.5%

---

---

Task RT

2007.5

2028.9

824.2

827.9

---

---

9.8

16.4

18.7

9.9

---

---

Raw Score

Scans with
Motion Artifact

Note: SS=standard score; *Significant condition difference between risk
groups, p < .05. Phonology task included 120 total scans; Orthography task
included 240 total scans.
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Table 8
Activation for matched No Risk > At Risk children for FSM > VM condition of the
Phonology task.
Hemi-

Peak Coordinate

T value

Size,
mm3

sphere
x

y

z

-44

-78

22

Angular/middle temporal/
L

5.20

superior occipital gyrus

Note: Height threshold p < .001, cluster-level corrected p < .05. Cluster is
positive, there were no other positive or negative suprathreshold clusters.
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466

Table 9
Activation for FSM>VM comparison correlated with PA scores.

Hemi-

Peak

T

Size,

sphere

Coordinate

value

mm3

x

y

z

Positive:
Middle/inferior temporal gyrus

R

66

-51

11

5.19

1049

Lingual gyrus/cuneus

R

16

-92

-7

4.57

669

Medial/superior frontal gyrus

R

10

60

47

4.04

249

Angular/middle temporal gyrus

R

45

-83

33

3.69

273

Superior temporal/angular/

R

59

-60

20

3.64

254

L

-41

15

24

3.62

374

Superior parietal lobule

R

35

-67

63

3.79

253

Lingual gyrus/cuneus

L

-20

-99

-8

3.61

269

Right cerebellum

R

25

-51

-61

-4.33

535

Left cerebellum

L

-25

-87

-42

-4.29

2748

supramarginal gyrus
Inferior frontal gyrus
(triangularis/opercularis)

Negative:

Note: Height threshold p < .005, cluster-level p < .01, uncorrected.
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Table 10

Activation for matched No Risk > At Risk children for the Letters > False Fonts
condition of the Orthography task.

Hemi-

Peak Coordinate

Size,
T value
mm3

sphere
x

y

z

R

30

-47

-7

5.26

1214

Cingulate/white matter

R/L

1

-15

26

5.17

1883

Fusiform/lingual gyrus

R

18

-78

7

5.03

3000

R/L

2

-40

59

4.85

392

L

-42

-55

59

4.67

673

Cerebellum

R

17

-50

-38

4.53

2316

Cingulate

R

12

-11

31

4.43

402

Middle temporal gyrus

R

48

-42

-1

4.15

602

R/L

0

-53

-25

4.04

386

Fusiform/parahippocampal
gyrus

Superior parietal/
paracentral lobule
Superior/inferior parietal
lobule

Cerebellum

Note: Height threshold p < .001, cluster-level corrected at p < .01. All clusters
are positive, there were no negative suprathreshold clusters.
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Table 11
Activation for Letters > False Fonts comparison correlated with LK scores

Hemi-

Peak

T

Size,

sphere

Coordinate

value

mm3

x

y

z

R/L

5

-51

-5

5.22

6846

Fusiform gyrus/cerebellum

L

-54

-64

-23

4.60

497

Fusiform gyrus/cerebellum

R

24

-42

-17

4.23

703

Parahippocampal gyrus

L

-17

-23

-13

4.10

766

Middle temporal gyrus

R

30

-59

18

3.85

306

Superior occipital gyrus

L

-16

-94

22

3.80

658

R/L

4

-20

11

3.77

1526

Middle/superior occipital gyrus

R

16

-85

22

3.76

2924

White matter/anterior cingulate

R/L

-3

-2

-9

3.70

411

Caudate/anterior cingulate

R

10

22

0

3.41

548

Middle/inferior temporal gyrus

R

55

-44

-8

3.27

482

Lingual gyrus, cerebellum,
calcarine, parahippocampal
gyrus, precuneus

Thalamus

Note: Height threshold p < .005, cluster-level p < .01 uncorrected. All clusters
are positive, there were no negative suprathreshold clusters.
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Table 12.
Correlation matrix for mean amplitude of MMN difference wave and composite
behavioral scores
1

2

3

1. Left Frontal Electrodes
2. Right Frontal Electrodes

.62**

3. RAN Standard Score

-.33*

-.42**

4. PA Standard Score

-.14

-.22

Note: Correlations are Pearson’s r
*p < .05, **p < .01, two-tailed.
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.23

4

PA
No Risk
21

2

3

1
3
8

2

3

RAN

LK

Figure 1. Venn diagram of risk groups in the neuroimaging sample (n=43
total).
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Appendices

Appendix A: IRB Approval (Continuing Review, October 2011)

Appendix B: Parent Questionnaire and BSMSS Score Sheet

Appendix C: Pilot Study data (Norton et al., 2011)

READ Study Parent Questionnaire – Fall 2011
Child’s Name ________________________________
Child’s Birth Date _______________

Age _______

Today’s Date _____________
Grade _______

Sex ______

Parent/Guardian Name(s) _____________________________________________________
Home Phone ______________________

Work/Mobile Phone _____________________

Email address(es) ___________________________________________________________
Mailing address _____________________________________________________________

Thank you again for participating in our research investigating reading development. To
assist our research efforts further, we would greatly appreciate your responses to the
following items. Your answers to these questions remain confidential and will be used for
research purposes alone. Only qualified researchers will have access to this information and
it will be under restricted access. You may choose not to answer any question(s).

1. Was your child carried full term or born prematurely?
Full Term (39-40+ weeks)
Prematurely
Don’t Know
If premature, how many weeks? _____________

2. Does your child regularly take any medication?
Yes
No
If yes, please list:
Medication
_______________________________
_______________________________
_______________________________

Reason (e.g., for ADHD)
_______________________
_______________________
_______________________

3. Has your child ever had any other major medical issues or concerns, including surgeries,
hospitalizations, and psychological conditions?
Yes
No
If yes, please describe:

4. Have you ever suspected that your child might have, or has your child been diagnosed
with any of these conditions?
No

Suspect that
child might have

Yes, Child has
diagnosis

a)
b)
c)
d)
e)
f)
g)

ADD or ADHD
Anxiety
Asperger’s or Autism
Behavior/Conduct Disorder
Depression or Bipolar Disorder
Developmental Delay
Language Delay or Specific
Language Impairment
h) Learning Disability
i) Any other psychological/
neurological conditions
If your child has any of these diagnoses, or other diagnoses please give age and where
first diagnosed:

5. What kind of school is your child attending this fall?
Kindergarten
Pre-K or K1
Preschool
Homeschool
No school program

6. What is the name of the child’s school? ______________________________________

7. To the best of your knowledge, did your child experience any delays in motor development
(for example, sitting up, taking first steps, holding objects)?
Yes
No
If yes, please describe:

8. At what age did your child start walking?
6–11 months
1–1.5 years
1.6–2 years
2–2.5 years
2.6 years or later
Don’t know

9. To the best of your knowledge, please indicate your child’s hand preference for the
following activities:
Always with Usually with No hand
Usually with Always with
right hand right hand preference left hand
left hand

a)
b)
c)
d)
e)
f)
g)
h)
i)

Drawing
Writing
Throwing a ball
Using a toothbrush
Using a knife (without fork)
Using a spoon
Using a broom (upper hand)
Opening a box lid
Using scissors

10. Which do you think best describes your child’s handedness? He or she:
Will definitely be Right-handed
Will probably be Right-handed
Will definitely be Left-handed
Will probably be Left-handed
Will probably use both hands regularly/be ambidextrous
Don’t know
11. To the best of your knowledge, when did your child produce his or her first word?
6–11 months
1–1.5 years
1.6–2 years
2–2.5 years
2.6–3 years
Don’t know
12. At what age was your child first exposed to English?
Since birth
Starting at age 6-11 months
Starting at age 1
Starting at age 2-3
Starting at age 4
Starting at age 5 or later
13. For each language your child has been exposed to other than English, please list when
he or she was exposed to each language (for example, ages 6-12 months, or ages birth to
4 years) and where they learned the language.
Language
___________________
___________________

Ages Exposed
_________
_________

Where (home, school)
___________________
___________________

Age of 1st word
_______
_______

14. When did your child start producing sentences (3 words or more)?
1–1.5 years
1.6–2 years
2–2.5 years
2.6–3 years
3–3.5 years
3.6–4 years
4 years or later

15. When did your child start understanding simple verbal commands (like “stop” or “give
me”)?
3-5 months
6-11 months
1-1.5 years
1.6-2 years
2 years or later
Don’t know

16. To the best of your knowledge, has your child experienced any delays in language
development?
Yes
No
If yes, please explain:

17. To the best of your knowledge, has your child ever had any hearing problems?
Yes
No
If yes, please explain:

18. To the best of your knowledge, has your child ever had any vision problems?
Yes
No
If yes, please explain:

19. When did your child start learning to read words?
3 years
4 years
5 years
Not Yet Learning to Read

20. Where did your child start learning to read?
at home
in daycare/preschool
at school (Kindergarten)

21. Is your child learning to read in more than one language?
Yes
No
If yes, please indicate the age and where (home, daycare, school) in which your child
started reading in each language.

22. For each of the following activities, please describe your child’s current ability:

Activity

Not yet
learned

Can do
sometimes
or with
help

Can do
reliably
without
help

Sing the “ABC” song
Rhyme words
Read common beginning words (e.g., stop, cat, the)
Read beginning sentences
Know that written words represent spoken words
Recognize own written first name
Write letters
Know how to hold a book in the right direction
Know that text reads from left to right, top to bottom
Write own first name

23. Is your child receiving extensive training in a musical/performing art?
Yes
No
If yes: What is the activity (e.g. ballet, violin, piano)?
What age did your child begin training?
On average, how many hours per week has your child been training?
Where is your child receiving musical training?
 Home
 Tutor/Private Teacher
 Music Academy

 School

 Other:

24. How would you consider your child’s progress in terms of learning to read?
Child is progressing more slowly than is typical
Child is progressing typically
Child is progressing more quickly than is typical

25. For each of your child’s immediate biological family members, please indicate any
identified difficulties in the following areas:

Relationship
to Child
Mother/P1
Father/P2
Sibling 1
Sibling 2
Sibling 3

None

Dyslexia or
Reading
Difficulty

Language
Difficulty or
Delay

ADHD or
Attention
Difficulties

Autism
Spectrum
Disorder

Other

If other, please describe:

26. Do you consider your child to be Hispanic or Latino? Select one.
Hispanic or Latino
Not Hispanic or Latino

27. What race(s) do you consider your child to be? Check all that apply.
American Indian or Alaska Native
Asian
Black or African American
Native Hawaiian or Other Pacific Islander
White

28. Please indicate the parents’ relation to the child:
Mother/Parent 1:
___ Genetic/biological parent
___ Step-parent
___ Adoptive or foster parent
___ Other:

Father/Parent 2:
___ Genetic/biological Parent
___ Step-parent
___ Adoptive or foster parent
___ Other:

___ Child grew up with this parent
___ Child did NOT grow up with this parent

___ Child grew up with this parent
___ Child did NOT grow up with parent

29. Please indicate your highest level of education:
Mother/Parent 1:
___ 8th grade or less
___ Some high school
___ High School/GED
___ Associate’s Degree
___ Bachelor’s Degree
___ Master’s Degree
___ Doctorate or equivalent

Father/Parent 2:
___ 8th grade or less
___ Some high school
___ High School/GED
___ Associate’s Degree
___ Bachelor’s Degree
___ Master’s Degree
___ Doctorate or equivalent

30. Which of the following best describes your current main daily activities and/or
responsibilities?
Mother/Parent 1:
___Working full time
___Working part-time
___Unemployed or laid off
___Looking for work
___Keeping house/raising children full-time
___Retired

Father/Parent 2:
___Working full time
___Working part-time
___Unemployed or laid off
___Looking for work
___Keeping house/raising children FT
___Retired

31. For your current or most recent job:
a. In what kind of business or industry did/do you work? (For example: hospital, auto engine
manufacturing, newspaper publishing, mail order house)
Mother/Parent 1:

Father/Parent 2:

______________________________

______________________________

b. What kind of work do/did you do? (Job Title, for example: registered nurse, personnel
manager, supervisor of order department, gasoline engine assembler, grinder operator.)
Mother/Parent 1:

Father/Parent 2:

______________________________

______________________________

c. Who is your employer? (For example: Mass General Hospital, Cambridge Bank, Trader
Joe’s, Arlington Public Schools)
Mother/Parent 1:

Father/Parent 2:

______________________________

______________________________

32. Think of this ladder as representing where people stand in their communities.
People define community in different ways; please define it in whatever
way is most meaningful to you. At the top of the ladder are the people
who have the highest standing in their community. At the bottom are the
people who have the lowest standing in their community.
Where would you place yourself on this ladder?
Please place a large X on the rung where you think you stand
at this time in your life, relative to other people in your community.

33. Think of this ladder as representing where people stand in the United States.
At the top of the ladder are the people who are the best off – those who
have the most money, the most education and the most respected jobs.
At the bottom are the people who are the worst off – who have the least
money, least education, and least respected job or no job. The higher up
you are on this ladder, the closer you are to the people at the very top;
the lower you are, the closer you are to the people at the very bottom.
Where would you place yourself on this ladder?
Please place a large X on the rung where you think you stand
at this time in your life, relative to other people in the United States.

Home Literacy Questions
1. Total number of parents/adult books in the home ________
2. Total number of children’s books in the home ________
3. Age (in months) when the child was first read to _______
4. Amount of time at home that someone reads to the child each week _____

5. How often do family members and/or tutors read books, magazines or newspapers with
the child?
0 times a week
1-2 times a week
3-4 times a week
5-6 times a week
daily
6. How often do family members and/or tutors teach the child how to write?
0 times a week
1-2 times a week
3-4 times a week
5-6 times a week
daily
7. How often do family members and/or tutors teach the child to count?
0 times a week
1-2 times a week
3-4 times a week
5-6 times a week
daily
8. How often do family members and/or tutors teach the child the alphabet?
0 times a week
1-2 times a week
3-4 times a week
5-6 times a week
daily
9. How often do family members and/or tutors help the child with their school work?
0 times a week
1-2 times a week
3-4 times a week
5-6 times a week
daily

10. How often do family members and/or tutors teach the child to read words?
0 times a week
1-2 times a week
3-4 times a week
5-6 times a week
daily
11. How often does the child ask someone (family members and/or tutors) to read to them?
0 times a week
1-2 times a week
3-4 times a week
5-6 times a week
daily
12. How often does someone at home (family members and/or tutors) help the child with their
homework in reading and writing?
0 times a week
1-2 times a week
3-4 times a week
5-6 times a week
daily
13. How often does the child look at books at home by themselves?
0 times a week
1-2 times a week
3-4 times a week
5-6 times a week
daily
14. How often do family members and/or tutors share rhymes or jokes orally with the child?
0 times a week
3-4 times a week
daily
1-2 times a week
5-6 times a week

Family members’ own engagement in literacy activities
15. How often do family members read newspapers, books or magazines?
0 times a week
3-4 times a week
daily
1-2 times a week
5-6 times a week
16. How often do family members write messages, notes or lists?
0 times a week
3-4 times a week
1-2 times a week
5-6 times a week

daily

17. How often do family members write letters, cards, diaries, stories, or poems?
0 times a week
3-4 times a week
daily
1-2 times a week
5-6 times a week

The Barratt Simplified Measure of Social Status (BSMSS)
Measuring SES
Will Barratt, Ph.D.
Circle the appropriate number for your Mother’s, your Father’s, your Spouse / Partner's, and
your level of school completed and occupation. If you grew up in a single parent home, circle
only the score from your one parent. If you are neither married nor partnered circle only your
score. If you are a full time student circle only the scores for your parents.
Level of School Completed
Less than 7th grade
Junior high / Middle school (9th grade)
Partial high school (10th or 11th grade)
High school graduate
Partial college (at least one year)
College education
Graduate degree

Mother
3
6
9
12
15
18
21

Father
3
6
9
12
15
18
21

Spouse
3
6
9
12
15
18
21

You
3
6
9
12
15
18
21

Circle the appropriate number for your Mother’s, your Father’s , your Spouse / Partner's, and
your occupation. If you grew up in a single parent home, use only the score from your parent. If
you are not married or partnered circle only your score. If you are still a full-time student only
circle the scores for your parents. If you are retired use your most recent occupation.
Occupation
Day laborer, janitor, house cleaner, farm worker, food
counter sales, food preparation worker, busboy.
Garbage collector, short-order cook, cab driver, shoe
sales, assembly line workers, masons, baggage porter.
Painter, skilled construction trade, sales clerk, truck
driver, cook, sales counter or general office clerk.
Automobile mechanic, typist, locksmith, farmer,
carpenter, receptionist, construction laborer, hairdresser.
Machinist, musician, bookkeeper, secretary, insurance
sales, cabinet maker, personnel specialist, welder.
Supervisor, librarian, aircraft mechanic, artist and
artisan, electrician, administrator, military enlisted
personnel, buyer.
Nurse, skilled technician, medical technician, counselor,
manager, police and fire personnel, financial manager,
physical, occupational, speech therapist.
Mechanical, nuclear, and electrical engineer,
educational administrator, veterinarian, military officer,
elementary, high school and special education teacher,
Physician, attorney, professor, chemical and aerospace
engineer, judge, CEO, senior manager, public official,
psychologist, pharmacist, accountant.

Mother Father
5
5

Spouse
5

You
5

10

10

10

10

15

15

15

15

20

20

20

20

25

25

25

25

30

30

30

30

35

35

35

35

40

40

40

40

45

45

45

45

Level of School Completed Scoring
1 If you grew up with both parents add Mother + Father and divide by 2.
If you grew up with one parent enter that score to the right.
2

3

4

If you are married or partnered add Spouse + You and divide by 2.
If you live alone enter Your score to the right.
If you are a full-time student leave this blank.
Double your score from line 2.
If you are a full-time student leave this blank.
If you are a full-time student enter only your parents’ score.
Add line 1 and line 3 then divide by 3 (three) for a TOTAL EDUCATION
Score should be between 3 and 21

Occupation Scoring
1 If you grew up with both parents add Mother + Father and divide by 2.
If you grew up with one parent enter that score to the right.
2

3

4

If you are married or partnered add Spouse + You and divide by 2.
If you live alone enter Your score to the right.
If you are a full-time student leave this blank.
Double your score from line 2.
If you are a full-time student leave this blank.
If you are a full-time student enter only your parents’ score.
Add line 1 and line 3 then divide by 3 (three) for TOTAL OCCUPATION
Score should be between 5 and 45

TOTAL Score:

Add TOTAL EDUCATION + TOTAL OCCUPATION:
Score should be between 8 and 66

RAN/RAS Tests (Wolf & Denckla)
Rapid Letter Naming
Test of Word Reading Efficiency (TOWRE)
Total (Sight Word & Phonemic Decoding) (n=14)
Woodcock-Johnson Tests of Achievement (WJ-III)
Reading Fluency (n=14)
38.6 (21.2) 117.1 (21.3)

85.5 (40.2) 110.2 (20.9)

36.7 (17.2) 100.2 (14.7)

90-162

70-150

76-126

98-175

83 175
83-175

85-121

SS
Range

• Procedure: 64-channel EEG recording with Biosemi ActiveTwo system. Children
watched a soundless movie while hearing stimuli through earphones (20 min).
• Stimuli: Natural speech “ba” and “da”, 3000 Trials, 90% standards, 10% deviants
•Group A: all “ba” standards, “da” deviants (n=8)
•Group B: within-subject counterbalanced standard/deviant (n=8)
•No group differences in standard scores or amplitudes (2-tailed t-tests, p>0.05)

Text

Word

SubWord

Text

Word
od

Comprehensive Test of Phonological Processing (CTOPP)
Phono. Awareness Composite (Elision, Blending, Nonword Rep) 37.0 (8.8) 105.2 (12.4)
Woodcock Reading Mastery Test (WRMT-R NU)
W d ID
Word
56 9 (27
56.9
(27.0)
0) 113.7
113 7 (22
(22.4)
4)
Woodcock Reading Mastery Test (WRMT-R NU)
Passage Comprehension (n=14)
37.4 (10.7) 118.3 (19.0)
Fluency Measures

Stand. Score
Mean (SD)

SubWord

Raw Score
Mean (SD)

Accuracy Measures

Level

• Participants: 16 children (ages 4 - 11; M= 8:1, SD = 2:3), 9 females; 2 pre-readers
•Native English speakers, typical language, hearing, and at least average IQ (KBIT
Matrices Standard Score M = 110.5, SD = 12.7, range 92-132)

Methods

• Is the MMN response to speech syllables related to accuracy or fluency of readingrelated skills at the sub-word, word, and connected text level in young children?

Research Question

• The Double Deficit Hypothesis suggests that either of two core deficits can cause
developmental dyslexia: phonological awareness and processes underlying rapid
automatized naming.8 A lack of automaticity at the lower levels of reading impedes
accuracy and fluency at higher levels.
levels

•Attenuated MMN in children with dyslexia associated with rare genetic variants7
in the region of dyslexia candidate genes on chromosome 6

•MMN
MMN differs in pre
pre-reading
reading children with vs. without a family history of dyslexia4,5
•MMN responses predict later reading fluency better than behavioral measures of
reading and language6

• Attenuated MMN response has been associated with dyslexia2, an unexpected
difficulty with reading that affects about 10% of children3

2Center

EEG/ERP Analysis

ms

FCz, FC2, Cz, C2



















MMN localized over right/frontal areas

Fz

Results - Correlations with Behavioral Measures

--------- Deviants
--------- Standards not preceded by deviant
250-350ms time window

ms

Group Voltage Map

Accuracy Measures – Raw Scores

RAN/RAS Rapid Letter Naming (latency)
TOWRE Total Sight Word & Phonemic Decoding Efficiency+
WJ-III Reading Fluency+

Fluency Measures – Raw Scores

CTOPP Phonological Awareness Composite
WRMT-R Word ID
WRMT-R Passage Comprehension+

Fz

.49
-.52*
-.40

-.02
-.46
-.04

• Greater (more negative) MMN amplitude associated with faster latencies for RAN letters, and
higher reading scores on TOWRE and WJ-III. MMN not significantly related to accuracy measures.

.70**
-.65**
-.60*

-.18
-.38
-.26

FCz,FC2,Cz,C2

Correlations are Pearson’s r, two-tailed; * p<.05; **p<.01; + For reading measures, n=14

Sub-Word
Word
Text

Sub-Word
Word
Text

• Correlations for mean of group of electrodes in center of Frontal Midline/Right region of strongest
MMN voltage (FCz, FC2, Cz, C2) and electrode site Fz, used in previous studies4,6

+

v

-

+

v

-

Group Waveforms
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•Prospective longitudinal study; Do EEG MMN and
fMRI/MRI predict 2nd grade reading outcomes of 5-yearold pre-readers better than behavioral measures?

• Future directions

•Biological basis of fluency has been less-studied and is
often excluded from reading studies

•MMN may provide an index of future reading ability well
before beginning reading acquisition

•These findings support the notion that cognitive
neuroscience
i
techniques
h i
could
ld be
b useful
f l in
i efforts
ff
to
identify children who will have reading difficulties,
especially in the crucial domain of fluency, which is often
overlooked in assessments of reading ability

• Implications for the identification of reading disability:

Implications

• The MMN response to deviant stimuli might reflect
automaticity of processing that is required for fluent reading

• Attenuated MMN may reflect a lack of automaticity for
linguisitic/auditory processing, rather deviant auditory
processing per se

• Greater mean amplitude of MMN response is associated
with fluency at the sub-word, word, and connected text levels,
though not with accuracy measures at any of these levels in
a heterogeneous sample of young children

for Reading and Language Research, Tufts University

EEGlab/ERPlab software in Matlab
Filtering (band pass 0.1 Hz - 30.0 Hz)
Average reference (excluding eye channels)
Artifact rejection to exclude blinks and movement artifacts
(moving window peak
peak-to-peak
to peak threshold 100-150V)
100 150V)
• Calculated difference wave =
(deviants) – (standard not preceded by deviant)
• Measured mean amplitude of MMN response over 250-350 ms window

•
•
•
•

Institute of Technology

• The mismatch negativity (MMN) is a pre-attentive electrophysiological response to a
deviant item within a series of identical auditory stimuli, such as tones or syllables1
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