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Abstract

The primary goal of this review is to highlight current research and theories describing the
neurobiological basis of math (MD), reading (RD), and comorbid math and reading disability (MD
+RD). We first describe the unique brain and cognitive processes involved in acquisition of math
and reading skills, emphasizing similarities and differences in each domain. Next we review
functional imaging studies of MD and RD in children, integrating relevant theories from
experimental psychology and cognitive neuroscience to characterize the functional neuroanatomy
of cognitive dysfunction in MD and RD. We then review recent research on the anatomical
correlates of MD and RD. Converging evidence from morphometry and tractography studies are
presented to highlight distinct patterns of white matter pathways which are disrupted in MD and
RD. Finally, we examine how the intersection of MD and RD provides a unique opportunity to
clarify the unique and shared brain systems which adversely impact learning and skill acquisition
in MD and RD, and point out important areas for future work on comorbid learning disabilities.

Keywords
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Understanding the neural bases of reading and math disabilities has been a topic of great
interest to clinical and basic researchers for many years. Recent advances in functional and
structural neuroimaging have provided a window into a more comprehensive understanding
of impaired brain function underlying math and reading disabilities (MD and RD,
respectively). Converging behavioral findings suggest that MD and RD originate from
unique cognitive mechanisms. In the case of RD, it is widely thought that a phonological
deficit precludes normal reading acquisition (S. E. Shaywitz & Shaywitz, 2005) whereas
MD is thought to originate from a core deficit in manipulation of quantity (Price, Holloway,
Rasanen, Vesterinen, & Ansari, 2007). However, multiple cognitive processes are shared
between reading and mathematics, including the representation and retrieval of symbolic
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information, attention, working memory, and cognitive control. Therefore, impairments in
any one of these domain-general skills could conceivably play an important role in both pure
and comorbid conditions—a topic that we address at length below.

Here our central goals are to (a) provide a concise review of extant findings describing the
neural bases of MD and RD in relation to prominent cognitive theories of each disorder, (b)
examine the extent to which these developmental disorders share common neural substrates,
and (c) provide an integrated synthesis of these domain-specific results as they pertain to
comorbidity of MD and RD (MD+RD). Specifically, we examine results from the functional
magnetic resonance imaging (fMRI) literature, which describe abnormal brain activity in
MD and RD populations when performing specific tasks related to reading and mathematics,
as well as structural MRI, which describes impairments in the integrity of gray and white
matter of the brain associated with MD and RD. A limitation of the body of learning
disabilities (LD) work is that the literatures describing MD and RD have evolved largely
independent of one another. Influential models of each disorder have, therefore, failed to
account for the high levels of co-occurrence of these two disorders in many children and
adults with LD. We argue that a more thorough understanding of the similarities and
differences in the brain bases of these disorders is necessary not only for understanding
comorbidity for these disorders but also for providing critical new information to aid in
characterizing each of these disorders individually. We continue by highlighting areas of
future research on comorbid MD and RD with the goal of better understanding the
neurocognitive processes underlying subtypes of LDs.

A major effort of this work is to consolidate domain-specific knowledge from the MD and
RD literatures as a means to build a framework for considering the neuroscientific basis of
comorbid MD+RD. The motivation for this effort is that there is a dearth of research
describing the neurobiological foundation of MD+RD, and an important step for progressing
and promoting future research in this area is to generate a number of testable hypotheses
regarding potential brain bases for this comorbidity. To this end, we propose a theoretical
model to describe differential pathways for comorbidity, which includes three possible
routes to comorbidity: (a) an additive model in which comorbidiy reflects the cumulative
effects of impairment that characterize MD and RD, (b) a verbally mediated model in which
comorbidity originates in impairments in phonological systems associated with RD language
impairments, and (c) a domain-general model in which the comorbid condition originates
from domain-general impairments in brain systems, notably the prefrontal cortex, that
support both math and reading (Figure 1)—a topic that we address at length below. At the
end of this review we expand on this model, including specifics of the neural loci associated
with each of these pathways to comorbidity.

Neurobiology of MD

Overview

The overarching goals of the MD (which includes developmental dyscalculia) sections of
the review are to highlight the primary perceptual and cognitive processes involved in
developing numerical abilities, to introduce the main cognitive theories that explain MD,
and to connect theory with important neurobiological aspects of atypical development in
MD. We review central theories of MD, both those that are domain-specific processes
involving nonsymbolic and symbolic representations of quantity as well as domain-general
processes such as working memory and attention. We specify the core brain areas and
functional circuits involved in numerical cognition and examine how they are affected in
MD, during tasks that range in complexity from basic symbolic and nonsymbolic quantity
representation to complex problem solving. We then examine evidence for anatomical
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deficits in MD, from the perspective that anatomical studies provide an opportunity to
examine core neurobiological deficits without confounds associated with task difficulty.

As with behavioral studies, it should be noted that our understanding of the underlying
neurobiology of MD is inherently limited by criteria used to define the disorder, which tend
to vary considerably with respect to diagnostic measures, cutoff scores, criteria for
comorbidity, exclusion criteria for study participants, and composition of control groups.
Despite these limitations, neuroimaging studies have provided novel insights into the nature
of brain and cognitive processes disrupted in MD.

Cognitive theories of MD—TFour hypotheses grounded in cognitive theory have been
proposed to characterize core deficits of MD. One hypothesis describes MD as a core deficit
in processing quantity (Butterworth, Varma, & Laurillard, 2011) and number sense (Piazza
et al., 2010; Wilson & Dehaene, 2007), the inability to make judgments about quantity and
to reason with symbolic representations of quantity (Butterworth et al., 2011). Consistent
with this hypothesis, it has been demonstrated that, compared to typically developing (TD)
children, children with MD have lower than expected abilities in quantity estimation
(Mazzocco, Feigenson, & Halberda, 2011; Piazza et al., 2010) and abnormal magnitude
representations (Ashkenazi, Mark-Zigdon, & Henik, 2009; Mussolin, Mejias, & Noél,
2010).

The second hypothesis describes MD as a weakness in automatically mapping symbols to
their internal magnitude representations, reflecting a specific impairment in symbolic
processing that does not affect nonsymbolic processing (Rousselle & Noél, 2007; Rubinsten
& Henik, 2005). In line with this hypothesis, individuals with MD have difficulties in the
comparison of numbers but not the length of sticks (Rousselle & Noél, 2007) and have
weakness in the automatic association between number and quantities but intact automatic
association between size and quantities (Rubinsten & Henik, 2005).

The third hypothesis posits MD as a domain-general phenomenon involving working
memory (Rotzer et al., 2009; Toll, Van der Ven, Kroesbergen, & Van Luit, 2011) and
attention (Ashkenazi & Henik, 2010a, 2010b), rather than as a specific deficit in number
processing. Consistent with the domain-general hypothesis, individuals with MD often have
deficits in the use of developmentally appropriate arithmetic procedures, impairments that
have been attributed to weaknesses in working memory rather than to specific deficits in
number sense (Geary, 2004). In further support of a domain-general hypothesis, a meta-
analysis examining 28 studies of children with MD indicated that the MD groups
consistently demonstrated visuospatial and verbal working memory deficits (Swanson,
Howard, & Saez, 2006).

A fourth “hybrid” hypothesis explains MD as an impairment both in representing and
manipulating numerical magnitude on an internal number line and in working memory and
attention, cognitive processes that are not specific to number processing. This hypothesis
further states that deficits in any of these nhonmathematical processes should be reflected not
only in impaired math skills but also in poor reading and learning abilities. Of importance,
this hypothesis predicts subgroups of MD that present isolated difficulties in number sense
as well as difficulties with word problems. Consistent with this model, it has been suggested
that two thirds of children with MD have comorbid MD+RD, whereas one third have “pure”
MD (von Aster & Shalev, 2007). This hypothesis is most useful when considering comorbid
conditions that represent an important and significant aspect of MD.

General math circuit—Multiple distributed brain structures are known to be important
for mathematical cognition (Table 1, Figure 2). Converging evidence from studies in infants
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(Feigenson, Dehaene, & Spelke, 2004; Xu & Carey, 1996; Xu & Spelke, 2000), preschool
children (Cantlon, Brannon, Carter, & Pelphrey, 2006), and adults (Ansari, 2008;
Rosenberg-Lee, Chang, Young, Wu, & Menon, 2011), as well as nonhuman primates
(Cantlon & Brannon, 2006), indicates that the representation of approximate quantities is
supported by the bilateral intraparietal sulcus (IPS) in the dorsal aspects of the posterior
parietal cortex (PPC). For this analysis, the IPS was divided to distinct subdivisions: hIP2 on
the anterior lateral bank of the IPS, hIP1, which is posterior to hIP2, and h1P3, which is
posterior and medial to both hIP1 and hIP3 (Uddin et al., 2010; Figure 2). In addition to the
dorsal PPC, the ventral occipitotemporal cortex (VOT) also plays an important, though
underappreciated, role in number processing. A recent meta-analysis found that within the
VOT, the left fusiform gyrus (FG; Table 1) is consistently activated across a wide range of
numerical tasks (Arsalidou & Taylor, 2011), consistent with its hypothesized role in
processing orthographic structure (Binder, Medler, Westbury, Liebenthal, & Buchanan,
2006). Beyond this, more complex calculation abilities place demands on multiple cognitive
systems involving visuospatial working memory and executive control functions (Menon,
Rivera, White, Glover, & Reiss, 2000). In such situations, multiple prefrontal cortex (PFC)
areas are also consistently activated during numerical processing. This includes the bilateral
inferior frontal gyrus (IFG), which is engaged by tasks that involve effortful maintenance
and retrieval, and the bilateral middle frontal gyrus (MFG), which is engaged by tasks that
require manipulation of information in working memory during multistage calculation tasks
(Menon et al., 2000; Menon, Mackenzie, Rivera, & Reiss, 2002; Zago et al., 2008). Finally,
the bilateral anterior cingulate cortex, which is involved in error and conflict monitoring
(Kerns et al., 2004), has also been found to be consistently activated across several
numerical and arithmetic tasks in both children (Davis et al., 2009; De Smedt & Boets,
2010; Rivera, Reiss, Eckert, & Menon, 2005) and adults (Arsalidou & Taylor, 2011). In
addition, canonical “language” areas, including the left temporoparietal cortex
(encompassing the angular gyrus, supramarginal gyrus, and posterior temporal cortex) and
the left IFG (Table 1), are engaged during retrieval of well-rehearsed arithmetic facts (e.g.,
multiplication tables; Dehaene, Piazza, Pinel, & Cohen, 2003; Delazer et al., 2003; Prado et
al., 2011; Rosenberg-Lee, Chang, et al., 2011).

Although there are similarities in brain areas engaged by numerical tasks in adults and
children, there are key differences as well. In particular, with experience and learning, there
is decreased dependence on the PFC and greater reliance on multiple regions of the PPC,
including the left IPS (Ansari & Dhital, 2006; Cantlon et al., 2006; Rivera et al., 2005).
Furthermore, even the seemingly brief one-year interval spanning Grades 2 and 3 is
characterized by significant task-related changes in brain response and connectivity, a
finding that suggests that pooling data across wide age ranges and grades can miss important
neurodevelopmental changes (Rosenberg-Lee, Barth, & Menon, 2011). Specifically, over
the long term, there is a shift from more controlled and effortful to more automatic
processing of both numerical magnitude and arithmetic problem solving (Ansari & Dhital,
2006; Cantlon et al., 2009; Rivera et al., 2005); however, recent evidence suggests that over
the short term there is a process of continued refinement of brain responses. Moreover, as
demonstrated by recent multivariate analyses, similar levels of signal level cannot be
conflated with similar types of information processing (Blair, Rosenberg-Lee, Tsang,
Schwartz, & Menon, 2011).

Functional neuroimaging studies of number processing deficits in MD—One
prominent theory of MD describes it as a core deficit in processing numerical quantity
(Butterworth et al., 2011). Several neuroimaging studies of MD have therefore focused on
tasks involving symbolic and nonsymbolic number comparison with small and large
numerical distance (Cohen Kadosh et al., 2007; Kaufmann, VVogel, Starke, Kremser, &
Schocke, 2009; Kucian, Loenneker, Martin, & von Aster, 2011; Mussolin, De Volder, et al.,
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2010; Price et al., 2007). The choice of these tasks is based on the landmark behavioral
research of Moyer and Landauer (1967), who showed that adults are significantly slower
and more error prone when they compare numbers with a smaller distance (e.g., 1 and 2)
compared to a larger distance (e.g., 1 and 7; Moyer & Landauer, 1967). In the context of
neurobiological studies, this allows for the contrast of two task conditions that are closely
matched on several perceptual, cognitive, and response factors, differing only in the
complexity of magnitude judgments.

A number of brain regions have been implicated in math-related deficits in children and
adults with MD. The IPS is particularly sensitive to manipulations of numerical distance in
both children and adults. Aberrant IPS responses to numerical distance have been found in
several studies of MD (Figure 3; Cohen Kadosh et al., 2007; Kaufmann, VVogel, Starke,
Kremser, & Schocke, 2009; Mussolin, De Volder, et al., 2010; Price et al., 2007).
Specifically, reduced activation of the right IPS has been shown for nonsymbolic (Figure
3A,; Price et al., 2007) as well as symbolic number comparison tasks (Figure 3B; Mussolin,
De Volder, et al., 2010). Decreased IPS activity has also been shown in MD during a
numerical ordering task (Kucian, Grond, et al., 2011). Despite this consistency, a few studies
have also found evidence for increased IPS activity, suggesting compensatory mechanisms
in children with MD (Kaufmann, Vogel, Starke, Kremser, Schocke, & Wood, 2009).
Finally, novel support for impaired right IPS function in MD has also been provided by a
transcranial magnetic stimulation study. In this study, neural function in the right IPS was
temporarily disrupted by transcranial magnetic stimulation in normal adult participants,
which caused a temporary magnitude processing deficit similar to those seen in individuals
with dyscalculia (Cohen Kadosh et al., 2007).

In addition to decreased activity in the IPS, individuals with MD also show atypical activity
in VOT, superior parietal lobule (SPL), and PFC during basic number comparisons tasks
(Table 1; Figure 3B). In a study involving symbolic number comparison, children with MD
showed decreased activation for numerical distance in the right MFG and the right middle
cingulate gyrus (Mussolin, De Volder, et al., 2010). Children with MD also show reduced
numerical distance effects in the left FG and left MFG (Price et al., 2007) during
nonsymbolic number comparisons (Figure 3A). However, a third study that parametrically
varied the numerical distance effect during nonsymbolic comparison found evidence for
compensatory activity in the right FG and bilateral supplementary motor area, but not the
PPC, in the MD group (Kucian, Loenneker, Martin, & von Aster, 2011). Despite the small
number of comparison studies to date, these results indicate that children with MD show
abnormal activity in multiple brain areas that consistently extends beyond the IPS into
multiple PFC and inferior-temporal regions. In studies that focus on numerical distance
effects, with appropriate control tasks, findings are most consistently in support of deficits in
the IPS, FG, and the MFG. Given the foundational importance of basic number sense in
MD, further studies are needed to further clarify the direction of deficits and their relation to
poor performance and skill acquisition. A further issue is that overemphasis on the IPS has
distracted from a proper consideration of the role of other brain regions in MD. Given that
the IPS has strong interconnectivity with the MFG and premotor cortex (PMC; Figure 2), the
contribution of these and other brain regions to impaired number processing in MD warrants
further investigation.

Functional neuroimaging studies of arithmetic processing deficits in MD—
Poor fluency in retrieval of arithmetic facts is one of the most prominent difficulties in
children with MD (Geary, 2004). TD children, typically during the second and third grades,
show a rapid shift in the distribution of strategies toward greater use of direct retrieval in
solving simple arithmetic problems (Ashcraft & Fierman, 1982; Carpenter & Moser, 1984;
Geary, 1994; Siegler, 1996). In contrast, children with MD demonstrate poorer performance

J Learn Disabil. Author manuscript; available in PMC 2013 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ashkenazi et al.

Page 6

and continue to use less mature strategies, such as finger counting, to solve arithmetic
problems (Geary, 1993; Shalev, Auerbach, Manor, & Gross-Tsur, 2000). Only a handful of
brain imaging studies has examined the neural basis of arithmetic deficits in MD. Similar to
the emphasis placed on the IPS for basic numerical processing, aberrant activity in this
region has also been implicated as the primary deficit underlying atypical development of
arithmetic problem solving in individuals with MD (Butterworth et al., 2011).

Three studies in children with MD have all reported atypical functional activation in IPS and
PMC/MFG regions of the PFC during arithmetic problem solving (Ashkenazi, Rosenberg-
Lee, Tenison, & Menon, 2012; Davis et al., 2009; Kucian et al., 2006), although the
direction of effects has not always been consistent. Kucian and olleagues (2006) examined
18 children with MD from third and sixth grades and found no group differences between
MDs and TDs at the whole-brain level. Region-of-interest analyses, however, revealed
reduced brain activity in the right IPS, IFG, and MFG. These differences were found for
approximate, but not exact, addition problems (Kucian et al., 2006). In contrast, Davis and
colleagues (2009) used these same tasks and found increased PPC and PFC activation during
both exact and approximate addition in third grade children with MD (Davis et al., 2009).
Ashkenazi and colleagues examined univariate and multivariate brain responses to addition
problems that differed only in arithmetic complexity in a group of 7- to 9-year-old (grades 2
and 3) children with MD (Ashkenazi et al., 2012). They found that although the TD group
showed strong modulation of brain responses with increasing arithmetic complexity,
children with MD failed to show such modulation (Figure 3C). Children with MD showed
significantly reduced activation compared to TD children in the IPS and SPL in the dorsal
PPC, supramarginal gyrus in the ventral PPC, and bilateral MFG as a function of arithmetic
complexity. In addition to univariate analyses, they also examined multivoxel activation
patterns using representational similarity analysis, which is a multivariate approach for
investigating the relationship between stimulus representation and neural activity (Norman,
Polyn, Detre, & Haxby, 2006). It examines the spatial pattern of multivoxel brain activity in
a specific region of interest across task conditions, independent of overall differences in
signal level. They used similarity analysis to probe the similarity of spatial activation
patterns between different types of arithmetic problems and provided complementary
information about problem representation in children with MD. Critically, multivariate
analyses revealed that brain response patterns to complex and simple problems were less
differentiated in the MD group in bilateral IPS, independent of overall differences in signal
level. Taken together, these results show that children with MD not only underactivate key
brain regions implicated in mathematical cognition but also fail to generate distinct neural
responses and representations for different arithmetic problems.

Morphometry and tractography in MD—One potential reason for discrepancies in
neuroimaging studies of MD is that the profile of functional deficits in mathematical task
processing varies with the level of task difficulty and type of operation performed. A
complementary approach to the systematic investigation of MD is to examine whether there
are neuroanatomical and structural brain differences relative to well-matched TD controls.
White matter and gray matter integrity are crucial for nearly all higher cognitive operations
(Johansen-Berg & Behrens, 2006), and systematic identification of anatomical deficits can
provide more concrete evidence for core neurobiological deficits in MD. Here we discuss
findings from studies of brain morphometry, which use structural neuroanatomical data to
describe local differences in gray and white matter density and volume and tractography,
which describes the integrity of white matter tracts that connect distal and proximal brain
regions (Rykhlevskaia, Uddin, Kondos, & Menon, 2009).

In one voxel-based morphometric study, 12 children with MD (mean age of 9 years) were
compared to 1Q-matched controls, and it was shown that those with MD had decreased gray
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matter volume in the right IPS, left IFG, bilateral MFG, and anterior cingulate cortex, and
also showed white matter volume reductions in right parahippocampal gyrus (Rotzer et al.,
2008). Rykhlevskaia and colleagues examined gray and white matter in a group of 7- to 9-
year-old children with MD, in comparison with children matched on age, gender,
intelligence, reading abilities, and working memory capacity (Figure 4; Rykhlevskaia et al.,
2009). They found multiple loci of structural abnormalities in children with MD, including
reduced gray matter volume in the right IPS, FG, parahippocampal gyrus, and right anterior
temporal cortex and bilateral hippocampus (Figure 4A). Furthermore, deficiencies in right
hemisphere micro-structure and long-range white matter projection fibers linking the right
FG with temporoparietal cortex were also deficient in MD (Figure 4B). Analysis of fiber
tracts also points to deficits in multiple long-range white matter tracts including the inferior
fronto-occipital fasciculus and inferior and superior longitudinal fasciculus (Figure 4C).
Although this neuroanatomical evidence is still emerging, these results point to macro- and
micro-structural abnormalities in right hemisphere temporal-parietal white matter, and
pathways associated with it, as key neuroanatomical correlates of MD (Molko et al., 2003;
Rotzer et al., 2008; Rykhlevskaia et al., 2009).

Converging evidence from both structural and multiple functional imaging studies,
involving a wide range of numerical tasks, points to the right IPS as a major locus of deficits
in children and adults with MD. However, the findings reviewed above sum to highlight the
importance of several additional brain areas and suggest that the model of IPS deficiency as
the unitary source for deficits in MD is a gross oversimplification. Although the role of brain
regions beyond the IPS has often been deemphasized in many previous studies, it is now
increasingly evident that individuals with MD show deficits in a distributed, but
interconnected, set of brain regions that includes the bilateral IPS and FG in posterior brain
regions and the PMC/MFG regions of the PFC. Network analysis further suggests the
possibility of multiple dysfunctional circuits arising from a core white matter deficit and
leads to the testable hypothesis that MD may, at its core, be a disconnection syndrome. In
TD children, the role of these areas varies according to the developmental stage and the
nature of the numerical task performed, with more mature function characterized by
decreased engagement of the PFC and increased engagement of posterior brain areas. The
extent to which children with MD show systematic variation in patterns of brain responses
and connectivity as a function of age, instruction, and intervention is at present unclear and
is an important topic of ongoing research.

Neurobiology of RD

Overview

The overarching goals of the RD (also referred to as developmental dyslexia) sections of the
review are to highlight the primary cognitive tasks and skills required for fluent reading, to
ground the discussion in theory, and to connect theory to important neurobiological aspects
of both typical and atypical reading trajectories. We begin by defining RD and then describe
both the primary methods for diagnosis and RD prevalence rates. We move to a review of
the neurobiological basis of typical reading, addressing both the general reading circuit and
specific components of reading including orthographic, phonological, and semantic
processing. We then review central theories of RD, including domain-general (such as
attention) and domain-specific (such as phonological processing) models, and map the
various theories onto neuroimaging evidence. We conclude with a review of neuroimaging
findings in RD, pointing out overlap and distinctions with brain areas implicated in MD
(Table 1). It should be noted, however, that the review of both theory and the underlying
neurobiology of RD is inherently circumscribed for the following reasons. First, there are
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variable diagnostic criteria for RD, in terms of both specific assessment measures and the
differing usage of cutoff scores for diagnosis. Furthermore, RD is examined in multiple
countries and language settings, and languages vary greatly along a spectrum based on the
extent to which orthography maps clearly onto phonology. This transparency — opaqueness
spectrum may influence the manifestation of RD (e.g., accuracy vs. processing speed).
Studies also vary in their exclusion criteria for comorbidity (and RD is often concomitant
with other disorders such as MD and attention-deficit/ hyperactivity disorder) and are often
guided by or seek to evaluate different theories of RD.

Cognitive theories of RD—Skilled reading relies on the integration of orthographic
(understanding the written form of language), phonological (knowledge of sound structure),
and semantic processing (being able to elicit meaning from oral or written words). There are
several preconditions to fluent reading, including accurate vision, speech understanding, and
efficiency in both hearing and manipulating speech sounds. Next, children need to learn to
match orthography (written symbols) and phonology; deficiency in single word reading
beyond what is expected because of cognitive capability is called RD.

Though many factors can account for individual differences in reading ability in childhood,
it is widely hypothesized that RD is neurobiological in origin (Lyon, Shaywitz, & Shaywitz,
2003) and reflects an underlying weakness in language processing that is specific to
phonological awareness, defined as the ability to identify and manipulate phonemes (basic
sound structures; Wagner & Torgesen, 1987). Phonological awareness is associated with
later reading skills such as orthographic awareness and comprehension (Torgesen, Wagner,
Rashotte, Burgess, & Hecht, 1997), and the theory that RD is fundamentally rooted in a
deficit in phonological processing (as opposed to, for example, solely visual deficits) is
referred to as the phonological core deficit model (Stanovich, 1994). Naming speed deficits,
however, are also evident in individuals with RD (Bowers, Steffy, & Tate, 1988). Although
there is ample behavioral evidence supporting a deficit in naming speed in RD, some
researchers contend that the phonological processing deficit is independent of naming speed
(Wolf, 1991), leading to the double-deficit hypothesis (Wolf & Bowers, 1999). According to
the double-deficit hypothesis, individuals with deficits in both naming speed and
phonological processing have more severe deficits in reading than those with single deficits
(i.e., impaired naming speed or phonological processing) or without any deficits (Wolf &
Bowers, 1999). In fact, there are many domain-specific hypotheses based on phonological
awareness deficits, including the rapid auditory processing hypothesis, which suggests a
causal relationship between impaired auditory temporal processing for rapid acoustic stimuli
and the ability to accurately discriminate speech sounds (Tallal, 2004).

Another hypothesis, called the temporal sampling framework, places impaired phonology at
the heart of RD and links the sensory and phonological deficits found in the disorder to
neurobiological models of speech processing (Poeppel, Idsardi, & van Wassenhove, 2008).
According to the theory, the primary deficit of RD is impaired processing of slower
temporal modulations in speech (Abrams, Nicol, Zecker, & Kraus, 2009), at relatively low
levels of the auditory system (Goswami, 2011). Still other theorists point out the importance
of the role of both visual processing and visual attention in reading, and the potential impact
on visual perception of graphemes, its translation to phonemes (and thereby phonemic
awareness), and possible impairment in RD (Vidyasagar & Pammer, 2010). The
magnocellular (or M-deficit) hypothesis suggests that for individuals with RD the
magnocellular layers of the lateral geniculate nucleus of thalamus develop abnormally,
leading to both binocular vision instability and reduced motion sensitivity, both of which
impair visual perception (R. Laycock & Crewther, 2008; Stein, 2001). In essence, letters
may seem to move, which negatively affects orthographic processing (Stein, 2001). More
recent hypotheses extend this to other sensory domains such as to audition.
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Although the aforementioned hypotheses are domain-specific, there are also hypotheses of
RD that are more domain-general and thus may influence other cognitive impairments and
disorders beyond RD. For example, one hypothesis highlights the role of working memory
and attentional systems on fluent reading and suggests impairments in RD for word-form
storage and processing, linked processing of orthographic and phonological information, and
rapid and automatic attentional switching (i.e., executive function components; Berninger,
Raskind, Richards, Abbott, & Stock, 2008; S. E. Shaywitz & Shaywitz, 2008) as with MD
(Geary, 2004; Hecht, Torgesen, Wagner, & Rashotte, 2001; Rotzer et al., 2009). A more
domain-general hypothesis (the anchoring hypothesis) suggests that the phonological, visual,
and/or auditory impairments seen in RD may indicate a general impairment in perception,
which may negatively affect short-term memory (Ahissar, 2007). Specifically, this
hypothesis suggests that compared to nonimpaired readers, those with RD do not benefit
from repeated incoming stimuli because they are unable to automatically attend to the
“parameters” of speech. Another theory, called the cerebellar deficit theory, states that those
with RD suffer from an impairment of automaticity, which negatively affects language
function and reading (Nicolson & Fawcett, 2009).

General reading circuit—Fluent reading depends on the ability to recognize single
words rapidly, and functional neuroimaging studies have helped to elucidate the brain
regions and pathways important for skilled reading (Wandell, Rauschecker, & Yeatman,
2012). Focus on the orthographic (ventral) systems and the connection to the phonological
(dorsal) systems including the left IFG and temporoparietal region (inferior parietal lobule
[IPL] posterior superior temporal gyrus [pSTG]) are important for fluent reading (Schlaggar
& McCandliss, 2007; Figures 5A, 5B). Extant findings also suggest that the circuits in the
VOT cortex (of which the visual word form area [VWFA] and FG are key subdivisions),
develop over time and these circuits’ response profiles change during the time that children
learn to read (Wandell et al., 2012; Figures 5A, 5B). The visual orthographic regions are
located in the extrastriate cortex, and bilateral regions are presumed to support processing of
visual input into the VWFA (Schlaggar & McCandliss, 2007). It is important to note that
activity in the VFWA may represent a bottom-up encoding of orthography of letter strings,
yet may also be influenced by top-down attention processes related to the connection
between phonological and semantic systems (Schlaggar & McCandliss, 2007). For fluent
reading to occur, letters and sounds must be integrated. Specifically, mappings between
orthography and phonology are required (such as letter sound integration), and studies
suggest the importance of cortical circuitry involving the occipital and temporal regions,
such as the left lateral occipitotemporal sulcus (VWFA), left superior temporal cortex, left
ventral occipitotemporal, and left occipitoparietal cortex (Dehaene & Cohen, 2011;
Schlaggar & McCandliss, 2007). Recent intrinsic functional connectivity studies, which
identify correlated fMRI activity between spatially distributed brain regions measured
during a period of rest (i.e., no task), further support the importance of these pathways and
demonstrate increased coupling between FG and PPC as well as IFG (Broca’s) regions
(Koyama et al., 2011; Figure 5B).

Functional neuroimaging findings in RD—A large number of functional
neuroimaging studies of reading have been performed over the past decade in children and
adults with RD. Recent meta-analyses of these studies point to a consistent pattern of
deficits in a distributed left hemisphere network that includes the left VOT, STG, middle
temporal gyrus (MTG), IPL (supramarginal gyrus), and IFG (Maisog, Einbinder, Flowers,
Turkeltaub, & Eden, 2008; Richlan, Kronbichler, & Wimmer, 2009; Figure 6A and Table 1).
Deficits in the VOT region encompassing the VWFA point to abnormal visual processing
and automatic identification of words (Schlaggar & McCandliss, 2007). Atypical brain
responses in the STG and MTG (Figure 6A), on the other hand, point to aberrant
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phonological processing of the sounds of spoken language as well as deficits in rapid
processing of speech sounds (Golestani, Molko, Dehaene, LeBihan, & Pallier, 2007),
whereas deficits in the temporoparietal cortex (including the IPL [SMG] and posterior STG;
Figure 6A) point to impairments in phonological storage and retrieval (Vigneau et al., 2006).
This pattern of deficits is consistent with perceptual and cognitive theories, as described in
the “General Reading Circuit” section above, which suggest that impaired mapping of
orthography onto the phonologic structure of the language system is a core feature of RD
(Booth et al., 2002; Cao, Bitan, Chou, Burman, & Booth, 2006; Newman & Joanisse, 2011).
Anomalous function in these areas likely compromises the phonological processes essential
for learning to read, and this pattern of deficits appears to persist from childhood to
adulthood in RD (Richlan et al., 2009).

In addition to posterior brain areas, the IFG and insula have also been implicated in RD. In
fluent reading, the left- hemisphere pars triangularis and opercularis of the IFG (IFGtr and
IFGop, respectively) are important for articulation and naming (Fiez & Petersen, 1998).
Results from fMRI studies in RD have been mixed and have shown both hypo- and hyper-
activation in IFG. IFG has been implicated in compensatory mechanisms (Hoeft et al., 2007;
Figure 6B), a hypothesis further supported by age-related increases in activation (Hoeft et
al., 2007; B. A. Shaywitz et al., 2002), greater functional connectivity in treatment
responders versus nonresponders (Farris et al., 2011), and a study in which reading
outcomes predicted IFG activation in dyslexia (Hoeft et al., 2011). Meta-analyses, however,
challenged these studies and reported hypo- rather than hyper-activation in the left IFG in
RD (Maisog et al., 2008; Richlan et al., 2009), with hyperactivation only in the left (Richlan
et al., 2009) or right insula (Maisog et al., 2008) rather than the IFG. More anatomically
precise studies of the IFG and frontoinsular cortex are needed to clarify the differential role
of these PFC regions in reading, along the lines of a recent study in numerical cognition
(Supekar & Menon, 2012).

RD has also been considered a disconnection syndrome, a hypothesis first suggested by
Geschwind (1965). Supporting this hypothesis, many neuroimaging studies have reported
abnormal left frontoparietal (Cao, Bitan, & Booth, 2008; Quaglino et al., 2008),
temporoparietal, and VOT networks in RD (Cao et al., 2008; Horwitz, Rumsey, & Donohue,
1998; van der Mark et al., 2011; Figure 6C). Compensatory networks have been identified in
the IFG, and in right hemisphere regions homologous to the left posterior brain system
(Ligges, Ungureanu, Ligges, Blanz, & Witte, 2010). Another characteristic that has been
proposed is that individuals with RD have less efficient functional circuits (Casanova, El-
Baz, Giedd, Rumsey, & Switala, 2010; Dhar, Been, Minderaa, & Althaus, 2010; Ligges et
al., 2010; Vourkas et al., 2011). Preliminary evidence, however, suggests that abnormal
connectivity in RD can normalize with appropriate intervention (Richards & Berninger,
2008), suggesting that these abnormalities may be state rather than trait markers.

Finally, electrophysiological evidence has provided complementary evidence for temporal
processing deficits in RD. Notably, RD impairments in both rapid and slow auditory
temporal processing have been reported, and these deficits may contribute to a wide range of
perceptual and phonological impairments seen in RD (Abrams et al., 2009; Abrams, Nicol,
Zecker, & Kraus, 2006).

Taken together, these results show that children with RD underactivate key brain regions
and underrecruit key functional networks implicated in phonological, orthographic, and
semantic processing. Of interest, meta-analyses suggest greatest evidence in the left VOT
(Maisog et al., 2008; Richlan, Kronbichler, & Wimmer, 2011). Whether this is because of
core deficits in RD or differences resulting from task, control task, and processing methods
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is still unclear. There is evidence for compensatory mechanisms, as reflected by
overactivation, although the pathways involved are still unclear.

Morphometry and tractography in RD—Structural MRI studies generally support
findings from fMRI studies (Jobard, Crivello, & Tzourio-Mazoyer, 2003), and show reduced
gray matter volumes in left temporoparietal (Hoeft et al., 2007), VOT (Silani et al., 2005),
left IFG, and cerebellum (Eckert et al., 2003; S. K. Laycock et al., 2008), though a recent
meta-analysis that included a small number of studies found consistent RD-related deficits
only in the bilateral STG and adjoining temporoparietal cortex (Richlan, Kronbichler, &
Wimmer, in press; Figure 7A). Although the cerebellum is implicated in RD and in rapid
naming, this region has been largely absent in fMRI studies, possibly because studies often
exclude part or most of the cerebellum when scanning because of physical constraints.
Although the majority of structural imaging studies have been conducted with adolescents
and adults, evidence of anatomical abnormalities in prereaders, identified as at risk through
examining family history, largely overlap and converge with the RD literature (Black et al.,
2012; Raschle, Chang, & Gaab, 2011). Finally, diffusion tensor imaging studies have
highlighted the importance of the arcuate fasciculus, superior longitudinal fasciculus,
inferior fronto-occipital fasciculus, optic radiation, and callosal fibers in reading, and
abnormalities of these tracts have been reported in RD (Frye et al., 2011; Wandell et al.,
2012), as illustrated in Figure 7B. Of interest, with intervention both fMRI activation
patterns and white matter pathways in the left anterior centrum semiovale have been shown
to be reversible in RD (Keller & Just, 2009).

Although still preliminary, as in the field of MD, these results point to macro- and micro-
structural abnormalities in white matter pathways linking inferior frontoparietal,
temporoparietal, and VOT regions, as well as corresponding gray matter regions, as key
neuroanatomical correlates of RD. Important questions remain, however, and prompt future
research into studies that examine brain regions or pathways that are more causal versus
compensatory and those that reflect trait versus state markers.

Converging evidence from numerous functional and structural imaging studies underscores
multiple pathways that underlie orthographic, phonological, and semantic processes that are
impaired in RD. In sum it appears that the left hemisphere regions centered in the FG,
temporoparietal cortex, and the IFG as well as their functional connectivity and associated
white matter pathways are impaired in RD. The role of other regions such as the right IFG as
well as subcortical and cerebellar regions is still controversial, perhaps because of variation
in fMRI tasks, imaging modality, and samples used. Although it is clear that phonological
deficits underlie RD, it is also apparent that there are many other deficits and factors
involved in impaired reading, such as auditory-visual integration and executive function.
Therefore, an important next step for RD research is to identify neural signatures for various
subtypes of RD.

Neurobiology of MD+RD

As noted above, incidence rates of comorbid MD+RD can be as high as 50% (Lewis, Hitch,
& Walker, 1994). Several behavioral studies have focused on whether MD and RD arise
from independent factors. Converging evidence from these studies indicates that core
deficits in RD arise primarily from phonological deficits whereas MD arises from deficits in
nonsymbolic and symbolic representation of quantity (Landerl, Fussenegger, Moll, &
Willburger, 2009; Rubinsten & Henik, 2006; van der Sluis, de Jong, & Leij, 2004;
Willburger, Fussenegger, Moll, Wood, & Landerl, 2008). Most of these studies have
focused on tasks that involve mapping between symbols and their internal magnitude
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representation or the ability to associate letters with phonemes. Beyond this, emerging
behavioral research points to several potential loci of reading-related deficits that can affect
math abilities. First, poor reading can impair basic phonological representation and mapping
of numerical quantity (Zebian & Ansari, 2012). Second, arithmetic problem solving in
number-word format is a particular source of difficulty for children with MD+RD
(Compton, Fuchs, Fuchs, Lambert, & Hamlett, 2012; Fuchs et al., 2010; Fuchs & Fuchs,
2002; Jordan, Hanich, & Kaplan, 2003; Powell & Fuchs, 2010; Powell, Fuchs, Fuchs,
Cirino, & Fletcher, 2009a, 2009b). Third, deficits in phonological awareness are also
associated with difficulties in memorizing and retrieving basic arithmetic facts from long-
term memory (De Smedt, Taylor, Archibald, & Ansari, 2010; Geary, 2004), especially when
verbal retrieval is the optimal strategy (Boets & De Smedt, 2010).

To our knowledge, there has been no neuroscientific investigation of MD+RD. However,
one case study using a 17-year-old male with a head injury resulting in a right parietal skull
fracture and right temporal hemorrhage found evidence for both MD and RD despite normal
intellectual function (Levin, 1996). Although such case studies have the potential to provide
novel information about MD+RD, the nature of injury and specific compensatory
mechanisms that accompany them precludes inferences regarding the larger MD+RD
population.

Very little is currently known about differences in anatomical structure and connectivity in
children with MD and MD+RD, when compared to TD children. Of importance, there have
been no functional or structural neuroimaging studies of MD+RD reported in children or
adults. Therefore, we focus here on the unique and shared processes underlying MD and RD
and provide suggestions for future research on the neurobiology of MD+RD based on the
known cognitive and neural processes involved in each disorder.

At the level of processing of symbolic and honsymbolic magnitudes, the neurobiology of
MD and RD presented above is largely consistent with the proposal that these disorders are
associated with two independent cognitive deficits, namely a core phonological deficit in the
case of RD and a deficit in number sense in the case of MD (Landerl et al., 2009). The
distinct neurocognitive profiles are reflected in the differential role of the left ventral fronto-
temporalparietal language circuits (IFG, STG/MTG, and IPL) in RD, and the predominantly
right lateralized dorsal frontoparietal circuits (PMC/MFG and IPS/SPL) in MD. Yet this
pattern of largely independent representations begins to overlap when we consider tasks
involving verbally mediated fact retrieval. Indeed, at the level of arithmetic fact retrieval,
new behavioral studies are beginning to suggest that adults with RD retrieve fewer
arithmetic facts from memory and are less efficient in doing so (De Smedt & Boets, 2010).
Phonological processing, particularly phonological awareness, is related to fact retrieval, and
this association appears to be especially prominent in operations such as multiplication that
rely more on fact retrieval, when compared to operations such as subtraction. Although there
have been no neuroimaging studies of math fact retrieval in children or adults with RD, one
recent study in TD adults suggested that multiplication elicits greater activity than
subtraction in regions involved in verbal processing, including MTG and IFG areas that
have been implicated in RD (Prado et al., 2011).

Even more prominent overlap with left STG/MTG and IFG systems involved in
phonological and language processing is likely for more complex word problems that place
stronger demands on verbal working memory. Consistent with this view, behavioral studies
have shown that, when compared with children with MD, children with MD+RD show
similar abilities on tasks involving basic numerical processing, but they show profound
impairments in the solution of word problems (Jordan et al., 2003). Comparative
neurobiological studies in MD, RD, and MD+RD groups can therefore help further clarify
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how phonological and other language deficits contribute to deficits in more complex
problem-solving situations. Beyond this, studies in all three subtypes of LD also need to
characterize how brain and cognitive processes in each domain interact, and the task
conditions under which such interactions contribute synergistically to weak learning and
problem-solving skills in children with comorbid MD+RD.

Although RD and MD are commonly represented as unique brain-based disorders, there is a
high level of comorbidity for these disorders, and there is growing evidence that multiple,
shared cognitive processes are required for reading and arithmetic (Houdé, Rossi, Lubin, &
Joliot, 2010). These shared processes include executive function, attention, and working and
semantic memory, in addition to the fundamental role of verbal processes inherent to
arithmetic learning. Of importance, there have been no studies that have examined
differences in neural function in participants with MD+RD in comparison to “pure” MD and
RD conditions, which are necessary to describe the neural signature of the cognitive deficits
in MD+RD. We propose three possible outcomes that could result from a study involving
these three groups (i.e., MD, RD, and MD+RD; see Figure 1): First, the comorbid condition
involves additive impairments for both reading and mathematics, both of which are included
in the neural markers for “pure” RD and MD (Figure 1A). Second, the neural basis of the
comorbid condition involves brain-based impairments that underlie verbal processes that
preclude both normal reading and arithmetic development (Figure 1B). This hypothesis is
based on the known association between verbal and calculation abilities (Prado et al., 2011).
Third, the neural basis of MD+RD is a result of impairments of shared neural resources
necessary for both reading and mathematics, and may include executive function and
working memory. Deficits in prefrontal brain regions, including both VLPFC and DLPFC,
may be related to these impaired, shared neural resources (Figure 1C).

Conclusions

It is not surprising that the literatures describing the cognitive and neural bases of reading
and mathematics have evolved largely independent of one another; there are vast differences
between the fundamental cognitive processes involved in these two skills, and, given this
divide, making meaningful connections between these two domains is not straightforward.
From a neuroscientific perspective, there are a number of gross differences between reading
and mathematics: (a) reading and mathematics appear to rely on neural activity in different
hemispheres, with reading primarily activating left-hemisphere structures and mathematics
relying on predominantly right-hemisphere structures; (b) different regions of the parietal
lobe appear to be important for domain-specific aspects of reading and mathematics, with
ventral IPL regions (supramarginal and angular gyri) being closely associated with reading-
related processes whereas the IPS appears to be critical for performing arithmetic
calculations; and (c) a distributed network involving left-hemisphere IPL and IFG appears to
play a fundamental role in many reading-related processes, whereas mathematics does not
appear to engage this network. Therefore, from a theoretical perspective, it might be argued
that simultaneously considering the neuroscientific bases of math and reading is not a useful
endeavor.

From a practical perspective, however, understanding the cognitive and neuroscientific
relationships between reading and mathematical skills represents an essential and
unexplored question in the extant literature. In support of this statement, the comorbidity
rates of MD and RD are remarkably high, suggesting that overlapping neural systems may
affect performance in both reading and arithmetic domains in individuals with MD+RD.
Therefore, despite the significant neurocognitive differences between reading and
mathematics, we argue that the intersection of MD and RD provides a unique opportunity to
clarify the unique and shared brain systems that adversely affect learning and skill
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acquisition in these populations. Furthermore, a more comprehensive understanding of the
cognitive and neurobiological factors that contribute to high levels of comorbidity will
inform methods for remediating deficits in some of the most academically challenged
students in our educational systems.

In this review, we have described both the cognitive theories and neuroscientific evidence
for MD, RD, and MD+RD, and it is important to consider how the brain-based data have
informed our understanding of the behavioral impairments in these populations. With regard
to both MD and RD, it is widely acknowledged that a phonological or quantity processing
deficits represents core cognitive impairments in MD and RD, respectively; however, there
are many other theories that link basic domain-specific and domain-general functions in
each disorder. Brain-based data have not yet unambiguously clarified the cognitive basis of
MD or RD since several different cognitive theories described here have been supported by
neuroimaging results. This raises the possibility that MD and RD both represent highly
heterogeneous and/or systemic impairment, which affects multiple domain-specific and
domain-general brain systems, notions that have not always been embraced in either the MD
or RD research communities. Nevertheless, a strong case can be made for heterogeneity:
Skilled math and reading both rely on the confluence of a host of basic sensory and
cognitive functions, and it is plausible that impairments in any of these functions could
result in impaired skills in both domains. It is hoped that future study designs will target
multiple, competing hypotheses using large cohorts of subjects as a means of addressing
known heterogeneities in these populations and bringing clarity to the many cognitive
theories of MD and RD. Such an endeavor takes on added significance when we consider
the high levels of comorbidity between MD and RD and the critical need to address reading
and problem-solving skills in a largely neglected group of individuals.

Our review has underscored that mathematical and reading tasks involve both domain-
general and domain-specific brain networks, and there is evidence that many of these
circuits have shown impairments in MD and RD. Furthermore, we have learned that the
parietal cortex appears to be a critical processing station for both reading and mathematical
domains, further supporting an essential role of this brain region for high-level integration
and computation. Finally, we have learned that the PFC plays a significant role in attention
and working memory in both domains, and impairments in PFC function may underlie
deficits associated with MD-RD comorbidity. Building on these findings, we hope that
future research will explore the neuroscientific bases of MD+RD; neuroimaging studies
provide important objective information about the etiology and subsequent course of MD
and RD independently, as well as the comorbidity of the two disorders. Specifically, if there
is a neural signature for RD and for MD (and MD+RD), then brain-based identification,
which is invariant to environment and diagnostic criteria (such as cutoff scores), could
provide an important clinical and diagnostic tool.

Advanced neuroimaging techniques may also aid in disentangling the multiple theories
purported to underlie the disorders, especially in dissociating the domain-general theories
(such as working memory and attention) from the domain-specific theories underlying MD
and RD. It is now widely accepted that cognitive functions, such as arithmetic processing,
are served by networks of brain regions distributed across the cortex (Supekar & Menon,
2012). Therefore, understanding the integrity of the underlying anatomy of these regions,
and the strength of connections between nodes of these brain networks, is critical for
understanding the neural basis of normal and impaired arithmetic function. Multivariate
approaches to understanding aberrant stimulus representations underlying different subtypes
of LD are likely to contribute new information about developmental LD, with important
practical implications for educational neuroscience (Ashkenazi et al., 2012). Finally, an
important advancement in the field of LD research and practice is the use of the response to
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intervention model. Understanding which groups of individuals respond better to specific
targeted interventions has important clinical and educational significance and may further
elucidate diagnostic criteria. In sum, advancements in experimental design and
neuroimaging methods have the potential to substantially improve the way we define and
diagnose MD, RD, and MD+RD. These advancements may also provide more effective
pathways to prediction and intervention as a means of improving the likelihood that all
children will be provided enhanced opportunities to succeed scholastically.
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Figure 1.

Neurobiological pathways underlying math and reading disability (MD+RD) comorbidity.
Schematic illustration of putative neurobiological pathways underlying MD+RD. (A) The
“additive” pathway for comorbidity posits that pure RD and MD originate from unique
cognitive and brain impairments, and the comorbid (“combined”) condition is the additive
effect of impairment to brain systems that characterize MD and RD. (B) The “verbally
mediated” pathway for comorbidity arises from the close link between symbolic mapping,
fact retrieval, and word-based problem solving on one hand and verbally mediated processes
on the other. In this case, comorbidity originates in impairments to phonological systems
associated with RD. (C) The “domain-general” pathway for comorbidity originates from
attention, working memory, and sequencing impairments such as those mediated by the
prefrontal cortex (VLPFC and DLPFC). Again, this model states that pure RD and MD
originate from unique cognitive and brain impairments. DLPFC = dorsolateral PFC; FG =
fusiform gyrus; IPS = intraparietal sulcus; MTG = middle temporal gyrus; PFC = prefrontal
cortex; SPL = superior parietal lobule; VLPFC = ventrolateral PFC.
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Figure 2.

Core math-related functional circuits. The intra-parietal sulcus (IPS) is a critical processing
region in the brain for math and magnitude-related functions, and fronto-parietal circuits
have been identified using resting-state functional connectivity analysis of the IPS. (A) IPS
region-of -interests (ROISs) derived from cytoarchitectonic maps for the three sub-divisions
of the IPS: hIP2 is the lateral and anterior sub-division of the IPS (blue); hIP1 is the sub-
division located posterior to hIP2 (green); hIP3 is the posterior sub-division of the IPS (red).
(B) Functional connectivity maps associated with hIP1, hIP2, and hIP3. The color code
represents voxels correlated with each source ROI. The IPS has significant connectivity with
distributed frontal (MFG and PMC) and parietal (SPL, and SMG) cortical regions in both
hemispheres. Additional functional circuits associated with the ventral-occipital temporal
cortex are not shown, but see Figure 3. Adapted from Uddin et al., 2010. hIP: human intra
parietal; MFG: Middle frontal gyrus, PMC: PreMotor cortex, SMG: Supramarginal gyrus,
SPL: Superior parietal lobule.
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Figure 3.

Aberrant functional brain responses during numercial tasks in MD. Brain regions that show
decreased activation in MD relative to TD during (A) non-symbolic comparsion (Price et al.
2007), (B) symbolic comparison (Mussolin et al. 2010), and (C) an arithmetic problem
solving task (Ashkenazi et al. 2012). Task paradigms are presented on the left in panels A,
B, and C, with numerically “easy” tasks on top and numerically “difficult” tasks on the
bottom. All studies in panels A through C found reduced activity in children with MD
related to the difficulty of the tasks. (D) Summary of anatomical locations of brain regions
highlighted in panels A through C. FG: Fusiform gyrus, IFG: Inferior frontal gyrus, IPS:
Intraparietal sulcus, LOC: lateral occipital cortex; MFG: Middle frontal gyrus, MTG:
Middle temporal gyrus, SPL: Superior parietal lobule.
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Figure 4.

Neuroanatomical substrates of MD. Neuroanatomical studies have shown that children with
MD have reduced (A) grey matter volume in bilateral SPL, right IPS, lingual and fusiform
gyri, MTL, and hippocampus, (B) white matter volume in right temporal-parietal cortex, and
(C) lower fiber density in inferior longitudinal fasciculus, inferior fronto-occipital
fasciculus, and caudal forceps major compared to typically developing children. The right
panel of (C) shows reduced connectivity in children with MD for long-range white matter
projection fibers that link the right fusiform gyrus with temporal-parietal areas (Adapted
from Rykhlevskaia et al. 2009). IPS: Intraparietal sulcus, MTL: Middle temporal lobule,

SPL.: Superior parietal lobule. VBM: Voxel-based morphometry
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(B) Core Reading Network
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Figureb.

Core reading-related functional circuits. (A) Surface rendering of 730 activation peaks
reported in two meta-analyses of reading (Koyama et al., 2011; Vigneau et al., 2006). Each
activation peak is color-coded according to its contrast category: phonology (blue), semantic
(red), and syntax (green). Results of meta-analyses show a concentration of peaks in ventral
occipito-temporal cortex (VOT), temporo-parietal region, inferior frontal cortex, and
premator/motor regions with overlapping representation for phonology, semantic and syntax
processing. (B) Major reading-related functional circuit identified using resting-state
functional connectivity with a seed (region of interest, ROI) placed in the fusiform gyrus
(FG) within the VOT and Visual Word Form Area (VWFA). Connectivity from FG to the
left inferior parietal lobule (IPL)/supramarginal gyrus (SMG) and pars opercularis (IFGop)
of the left inferior frontal gyrus showed positive association with reading measures in typical
adult readers (MNI coordinates derived from Koyama et al., 2011).
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(A) Meta-Analyses of fMRI Studies
in RD
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Figure6.

Aberrant functional brain activation during reading tasks in RD. (A) Brain regions that show
under- and over-activation during fMRI tasks in RD adults and children compared to
controls are color-coded (MNI coordinates taken from (Maisog, Einbinder, Flowers,
Turkeltaub, & Eden, 2008; Richlan, Kronbichler, & Wimmer, 2009)). (B) Cold colors
indicate brain regions that show reduced activation during a phonological processing fMRI
task in RD compared to chronological age-matched and reading level-matched typical
readers (i.e., RD-specific regions). Warm colors indicate brain regions that show increased
activation in RD compared to age-matched but not reading-matched controls, likely
reflecting compensatory mechanisms (Hoeft et al., 2007). (C) Connectivity analysis using
direct causal modeling showed left FG to IPL and left FG/IPL to IFG connectivity deficits in
RD (Cao, Bitan, & Booth, 2008). FG: Fusiform gyrus, IFGop: Inferior frontal gyrus, pars
opercularis, IFGtr: IFG pars triangularis, IPL: Inferior parietal lobule, SMG: Supramarginal
gyrus, STG: Superior temporal gyrus, VOT: Ventral occipito-temporal cortex, VWFA:

Visual word form area.
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(A) Grey Matter Morphometry Richlan, Kronbichler, Wimmer. in press
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Figure?7.

Neuroanatomical substrates of RD. (A) Neuroanatomical studies have shown that children
with RD have reduced grey matter (volume, density, and surface area) in left IFG, temporo-
parietal region including IPL and superior temporal gyrus (STG), ventral occipitotemporal
region (VOT) and cerebellum. Clusters in bilateral temporo-parietal region/ STG shown in
orange have consistently reduced grey matter in RD compared to controls as reported in a
recent meta-analysis (Richlan et al., in press). (B) White matter pathways that carry essential
reading signals. The two images show several major white matter fascicles in the left
hemisphere from different points of view. Three of these fascicles communicate information
to and from the occipital lobe. The red ellipsoids are located in cortical regions activated in
fMRI tasks of reading (Jobard, Crivello, & Tzourio-Mazoyer, 2003) (Reproduced with
permission from (Wandell, Rauschecker, & Yeatman, 2012)). These pathways have been
reported to be aberrant in RD in previous neuroimaging studies (except for the optic
radiation) (Frye et al., 2011). IFGop: Inferior frontal gyrus, pars opercularis, IFGtr: IFG,
pars triangularis, IPL: Inferior parietal lobule, MTG / STG: Middle temporal gyrus / superior
temporal gyrus, SMG: Supramarginal gyrus, VWFA: Visual word form area.
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Neurobiology of MD and RD: Summary of Key Findings With Selected References.
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Area/location: coronal horizontal sagittal

Brain region/function

MD RD

Intraparietal sulcus (IPS)

=31 -54 46

Ventral occipitotemporal cortex (VOT)

B

-44 -58 -10

Inferior frontal gyrus (IFG)

1 Right IPS: nonsymbolic processing (Price, Holloway, Rasanen, Vesterinen,
& Ansari, 2007)

| Right IPS: symbolic comparison (Mussolin, De Volder, et al., 2010)

1 Right IPS: arithmetic (Ashkenazi, Rosenberg-Lee, Tenison, & Menon,
2012)

| Right IPS: (reduced gray matter volume; Rotzer et al., 2008; Rykhlevskaia,
Uddin, Kondos, & Menon, 2009)

tLeft IPS: non-symbolic processing (Kaufmann et al., 2009)

I Right VOT: nonsymbolic number comparison (Price et al., 2007)
1Bilateral VOT: arithmetic problem solving (Ashkenazi et al., 2012)
| Left VOT: reduced gray matter volumes (Silani et al., 2005)

| Left VOT: in prereaders with family history (Raschle, Chang, & Gaab,
2011)

| Left VOT: (VWFA) visual processing and word identification (Schlaggar &
McCandliss, 2007)

1 Left VOT: (cortical circuitry in occipitotemporal regions) learning to read,
mapping between orthography and phonology (Dehaene & Cohen, 2011;
Maisog, Einbinder, Flowers, Turkeltaub, & Eden, 2008; Richlan, Kronbichler,
& Wimmer, 2011; Schlaggar & McCandliss, 2007; Wandell, Rauschecker, &
Yeatman, 2012)

| Left VOT: connectivity to left inferior frontal and IPL (van der Mark et al.,
2011)

| Left IFG: arithmetic problem solving in children(Ashkenazi et al., 2012)

1 Bilateral IFG: possible compensatory mechanism: age-related increases in
activation (B. A. Shaywitz et al., 2002), treatment response (Farris et al.,
2011), and reading outcome prediction (Hoeft et al., 2011)

LLeft IFG (Maisog et al., 2008; Richlan, Kronbichler, & Wimmer, 2009)

Left IFG reduced gray matter volumes (Eckert et al., 2003; Laycock at al.,
2008)

|Left STG and MTG: phonological/processing speech sounds (Golestani,
Molko, Dehaene, LeBihan, & Pallier, 2007)

LLeft TP: IPL and posterior STG, phonological storage/retrieval (Vigneau et
al., 2006)

LLeft TP: impaired connectivity between angular gyrus and posterior
language system (Horwitz, Rumsey, & Donohue, 1998)

| Bilateral TP: reduced gray matter (Hoeft et al., 2007; Richlan, Kronbichler,
& Wimmer, in press)

| Bilateral TP: reduced gray matter/surface area in prereaders with greater
(maternal) history of RD (Black et al., 2012; Raschle et al., 2011) and
activation (Raschle et al., 2011)

1 Right TP: possible compensatory mechanism (Ligges, Ungureanu, Ligges,
Blanz, & Witte, 2010)

A

Note. IPL = inferior parietal lobule; MD = math disability; MTG = middle temporal gyrus; RD = reading disability; STG = superior temporal

gyrus; VWFA = visual word form area.
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