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Abstract

While many studies have focused on identifying the neural and behavioral characteristics of
decoding-based reading disorder (RD, aka developmental dyslexia), the etiology of RD remains
largely unknown and understudied. Because the brain plays an intermediate role between genetic
factors and behavioral outcomes, it is promising to address causality from a neural perspective. In
the current, Part | of the two-part review, we discuss neuroimaging approaches to addressing the
causality issue and review the results of studies that have employed these approaches. We assume
that if a neural signature were associated with RD etiology, it would (a) manifest across
comparisons in different languages, (b) be experience independent and appear in comparisons
between RD and reading-matched controls, (c) be present both pre- and post-intervention, (d) be
found in at-risk, pre-reading children and (e) be associated with genetic risk. We discuss each of
these five characteristics in turn and summarize the studies that have examined each of them. The
available literature provides evidence that anomalies in left temporo-parietal cortex, and possibly
occipito-temporal cortex, may be closely related to the etiology of RD. Improved understanding of
the etiology of RD can help improve the accuracy of early detection and enable targeted
intervention of cognitive processes that are amenable to change, leading to improved outcomes in
at-risk or affected populations.
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1. INTRODUCTION

The etiology of decoding-based reading disorder (RD; aka developmental dyslexia) remains
a largely open question. This situation is partly reflected in clinical and educational
definitions that characterize RD at the symptomatic level of developmental behaviors. For
example, the American Psychiatric Association (2013) currently defines RD as “a
neurocognitive disorder characterized by non-fluent word identification and poor spelling
performance, which are not the result of sensory impairments, impairments in intelligence,
or inadequate educational experience”. While this and similar definitions allow a pragmatic
approach to identifying RD based on standardized reading scores or the discrepancy between
actual reading achievement and expected achievement given ability, they do little to support
a deeper understanding of RD, particularly with regard to identifying causal mechanisms. A
failure to accurately characterize the etiology of RD presents an obstacle to accurately
identifying children who are at risk for RD before they suffer academically, a delay that
impedes more effective interventions (Wanzek & Vaughn, 2007). On the other hand, these
definitions, to some extent, reflect the state of RD research, which is still far from reaching a
comprehensive understanding of the origins of this developmental disorder (Goswami,
2015).

As will be discussed in Part 11 of this two-part review, which will focus on the neural
correlates of typical and atypical reading from a developmental perspective, we know that:
(a) Fluent reading requires the hierarchical integration of multiple component processes,
including orthographic recognition, orthographic-phonological mapping, and semantic
access. (b) Fluent reading can be impaired when there is atypical local neural organization in
relevant brain areas (e.g., the left temporo-parietal cortex (TPC), including the posterior
superior temporal gyrus (STG) and the supramarginal gyrus; the left occipito-temporal
cortex (OTC) including the fusiform and the inferior temporal gyri; and the left inferior
frontal gyrus (IFG)) and disrupted connectivity between these area (e.g., the left arcuate
fasciculus, which connects OTC with frontal areas through the TPC) (Catani, Jones, Donato,
& Ffytche, 2003; Catani, Jones, & Ffytche, 2005). (c) RD presents with anomalies
associated with both impairments (e.g., hypoactivation of TPC, OTC, and IFG) and
compensatory mechanisms (e.g., hyperactivation of the left precentral gyrus (PreCG)) in
multiple brain networks and there is not a one-to-one mapping between abnormalities in
specific brain regions and impairment in component reading processes. Each component of
reading requires a widespread network of multiple brain areas, and a given brain area may
also be involved in multiple processes. For example, the left posterior fusiform gyrus plays a
central role in both orthographic recognition and processing phonological information
during reading (Martin, Kronbichler, & Richlan, 2016; Zhao et al., 2016). (d) The neural
bases of reading are developmental and undergo changes in terms of how each region
contributes to reading, with differing developmental trajectories between typically
developing children and those with RD.

Against this background of anomalies associated with RD, we turn to another essential
question in this review: the etiology of RD. We approach this question from a
neuroconstructivist perspective (Karmiloff-Smith, 2009), considering the observed brain
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state of an individual with RD as the complex result of the ontogeny of neural organization
operating under genetic and other biological constraints. Thus, the observed anomalies
follow from both an etiological basis and a process of potentially normal development that
may produce secondary anomalies (including both deficits and compensation) and special
approaches are needed to dissociate these. In the following sections, we summarize five
approaches that have been used to explore RD causality, and review the fruits of these
approaches. Strictly establishing causality for complex human neurocognitive phenotypes is,
in general, a challenging if not impossible goal with presently available techniques. We
adopt realistically achievable criteria, partially overlapping with those proposed by Goswami
(2015), for identifying causal neurobiological bases of RD as those persistently observed in
RD (or preliterate children at risk for RD): (a) across languages, (b) regardless of
development and experience, (c) both pre- and post-intervention, (d) before formal reading
instruction, and (e) are genetically linked to RD (Figure 1). We discuss each of these criteria,
the corresponding approaches, and results from functional and structural magnetic resonance
imaging (MRI).

2. CROSS-LINGUISTIC COMPARISONS

As one important step towards understanding RD causality, we first consider whether the
etiology of RD is universal or language-specific (Frost, 2012; Richlan, 2014). Although
controversy remains over the nature of the “reading network” across languages, there is
evidence for a core “reading network” that is relatively conserved across languages, even
between alphabetic and non-alphabetic languages (Krafnick et al., 2016; Zhu, Nie, Chang,
Gao, & Niu, 2014) and languages of varying orthographic depth (Bolger, Perfetti, &
Schneider, 2005; Rueckl et al., 2015). If the etiology of RD lies within this core “reading
network”, then neurobiological variations associated with RD should be found cross-
linguistically.

While some behavioral characteristics of RD, particularly rapid naming problems (e.g.,
Katzir, Shaul, Breznitz, & Wolf, 2004), vary across writing systems, others, including
phonological processing deficits, have been argued to be similar across languages (Goswami
et al., 2011). Similarly, neuroimaging research has found both language-specific and
language-independent neural signatures (Martin et al., 2016; Richlan, 2014). Studies
comparing alphabetic languages of varying orthographic transparency (English, French, and
Italian) show similar dysfunctions in both brain function (Paulesu et al., 2001) and structure
(gray and white matter volume; GMV & WMV) (Silani et al., 2005) in left temporal and
occipito-temporal regions. Jednorog et al. (2015) found consistent cross-language (French,
German and Polish) volumetric differences between typical and RD readers in the left
thalamus and a correlation between GMV of the left supramarginal gyrus and reading ability
(in typical readers) across languages. A consistent neural manifestation of RD across
orthographies is also supported by a recent meta-analysis. Martin et al. (2016) compared
functional MRI abnormalities in RD and confirmed the existence of similarities across
orthographies (e.g., hypoactivation in the inferior parietal (IPL) and OTC across deep and
shallow orthographies), although variability across orthographies was also observed (e.g.,
hypoactivation in the left IPL and pars triangularis and hyperactivation in the insula were
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found in deep orthographies, while hypoactivation in left TPC and hyperactivation in left
PreCG were found in shallow orthographies).

Another important source of information comes from comparisons of findings in alphabetic
languages (e.g., English) with those obtained in non-alphabetic writing systems (e.g.,
Chinese). The neural anomalies found in studies of RD in Chinese readers vary in terms of
their consistency with those identified in alphabetic languages. For example, while some
researchers found that Chinese RD children show atypical anatomy in left TPC (Xia, Hoeft,
Zhang, & Shu, 2016) and the cerebellum (Yang, Yang, Chen, & Bi, 2016), similar to that
reported in studies that have examined English RD, others report anomalies in areas such as
the left middle frontal gyrus (Siok, Niu, Jin, Perfetti, & Tan, 2008), which are not associated
with RD in studies of alphabetic languages. Notably, Chinese RD has been specifically
associated with anomalies in the left middle frontal gyrus and the superior parietal lobule,
which may reflect larger semantic and visuospatial demands, and heavier working memory
load associated with the logographic system (Siok et al., 2008; Siok, Perfetti, Jin, & Tan,
2004; Siok, Spinks, Jin, & Tan, 2009; Xu, Yang, Siok, & Tan, 2015).

Although several studies have compared reading-related neural measures of Chinese and
English readers (Krafnick et al., 2016; Mei et al., 2015; Tan et al., 2003; Zhu et al., 2014),
only one study has compared RD in both languages (Hu et al., 2010). Hu et al. found that
both English RD and Chinese RD showed reduced activation in the left middle frontal,
posterior middle temporal, and angular gyri, and OTC, compared with their culturally
matched, typically reading peers. Further, Hu et al. found no significant differences between
these English-speaking and Chinese-speaking RD samples. This result supports a common
neural basis for RD across writing systems. At the structural connectivity level, a recent
multivariate pattern analysis of Chinese RD suggested both universal and language-specific
anomalies (Cui, Xia, Su, Shu, & Gong, 2016). Supervised learning on measurements from
50 white matter fibers were used to classify Chinese children as RD or typical. Fibers
repeatedly reported in alphabetic studies (e.g., left superior longitudinal fasciculus;
Vandermosten, Boets, Wouters, & Ghesquiere, 2012) and those not reported in alphabetic
studies, such as the cingulum and fornix, both contributed significantly to the classification
model (Cui et al., 2016).

Cross-linguistic studies provide evidence for RD-related anomalies in both core reading-
related areas and language-specific regions, leaving a fairly inconsistent picture of possible
RD etiology. Current cross-linguistic studies of RD, which are almost all non-longitudinal
studies of literate individuals, are limited in their ability to address the question of whether
the etiology of RD may lie in these language-specific regions in some cases. This question
can be better addressed when cross-linguistic studies are combined with other approaches,
for example, longitudinal designs with preliterate at-risk children, which can help
distinguish universal and language-specific etiological anomalies from those associated with
language-specific development.
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3. READING-MATCHED (DEVELOPMENTAL) DESIGN

The reading-matched design (Goswami, 2003) applies the neuroconstructivist approach
(Karmiloff-Smith, 2009) to address causality in RD. This approach is motivated by the need
to account for differential environmental effects on development (e.g., lack of reading
exposure) before attempting to make etiological inferences. This design assumes that (a)
etiology-related deficits will emerge between RD and both reading-matched and age-
matched controls; and (b) ability-related deficits will emerge between RD and age-matched
controls, but not between RD and reading-matched controls. This design has been widely
used in behavioral research (Swan & Goswami, 1997) and has seen increasing use in
neuroimaging studies (e.g., Cao et al., 2016; Hoeft et al., 2006; Hoeft et al., 2007; Anthony J
Krafnick, Flowers, Luetje, Napoliello, & Eden, 2014; Olulade, Napoliello, & Eden, 2013;
Xiaet al., 2016).

Hoeft and colleagues were the first to employ reading-matched designs in neuroimaging to
study the etiology of RD and found hypoactivation in left TPC during phonological
processing in RD relative to both age- and reading-matched controls (Hoeft et al., 2006), as
well as decreased GMV in the same region (Hoeft et al., 2007). In contrast, regions of
hyperactivation in the left IFG in RD were found only in age-matched comparison,
suggesting a distinction between secondary neural anomalies in the IFG and anomalies in
TPC of possible etiological origin (i.e., primary impairments). Recently, Xia et al. (2016)
found GMV decrease in left TPC in Chinese RD, further supporting anomalies in TPC as a
developmentally and linguistically invariant characteristic of RD.

The interpretation of fMRI results is constrained by the task used in the scanner. As Hoeft et
al. (2006) used a phonological task, we cannot exclude the possibility that other functional
anomalies may be present in comparisons with reading-matched controls under different
task demands. However, converging findings for structural anomalies of TPC in RD children
from multiple language backgrounds (Hoeft et al., 2007; Xia et al., 2016) suggest that
anomalous findings of TPC in reading-matched designs are not solely attributable to task
demands. However, structural findings are not unequivocal as Krafnick et al. (2014) found
RD-specific GMV decrease only in the right PreCG, but no significant differences in TPC,
OTC or associated white matter. Reading-matched designs have also been used to provide
evidence against possible etiologies, such as visual deficits (Olulade et al., 2013).

Comparisons of RD to both age-matched and reading-matched controls provide a valuable
method for differentiating developmentally invariant and potentially causal anomalies from
those related to development or experience, which reflect compensation or brain
reorganization secondary to causal mechanisms. Although only a few neuroimaging studies
have employed this design to date, such studies have provided converging evidence for
structural and functional abnormalities in left TPC, suggesting this region is related to the
etiology of RD.
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4. BEHAVIORAL INTERVENTION

Behavioral intervention is a complementary approach that can be used to indirectly address
the etiology question in RD research, allowing longitudinal investigation of environmental
manipulations. Intervention studies can help distinguish etiology-related impairments that
are likely to be (but not always) invariant to intervention from experience-related
normalization and compensation. With respect to causality, the intervention approach
assumes that neural etiological anomalies will be generally unresponsive to intervention,
while secondary anomalies arising from atypical developmental trajectories may show
normalization towards typical neural patterns following intervention. Additionally,
intervention studies can identify compensatory mechanisms — neural changes outside the
canonical reading network that are associated with behavioral improvement. However,
intervention research has focused more on the neural mechanisms of normalization and
compensation rather than causal deficits (Barquero, Davis, & Cutting, 2014).

A coordinate-based meta-analysis of neuroimaging studies of reading interventions
identified post-intervention activation increases in bilateral frontal language regions and in
additional regions outside canonical reading and language networks (Barquero et al., 2014).
The results suggest that intervention leads to normalization or compensatory recruitment of
frontal language regions, suggesting that these regions may not be etiological. This is in line
with the finding that activation in the right IFG is related to performance in RD (Bach et al.,
2010; but see Ingvar et al., 2002) and that hyperactivation in the left IFG is associated with
developmental experience (Hoeft et al., 2007; but see Richlan, Kronbichler, & Wimmer
(2011) for evidence of hypoactivation in adults with RD). Structural neuroimaging studies
also demonstrate that specific brain regions can be normalized by behavioral intervention,
for example, GMV in the left anterior fusiform gyrus, precuneus, and right cerebellum
increases with behavioral intervention (Krafnick, Flowers, Napoliello, & Eden, 2011).
Functional and structural connectivity studies also report post-intervention normalization,
for example, of functional connectivity between the left middle frontal gyrus and
intraparietal sulcus in resting state fMRI (Koyama et al., 2013) and fractional anisotropy
(FA) in a region of the left anterior centrum semiovale (Keller & Just, 2009).

Notably, fewer studies have found intervention-related changes in left TPC, a region
frequently associated with RD. This is in line with the idea that anomalies in TPC may be
associated with the etiology of RD. However, the lack of statistically significant results
should not be taken as evidence, and some studies found intervention-related change in
neighboring regions such as the dorsal IPL and intraparietal sulcus (e.g., Eden et al., 2004;
Heim, Pape-Neumann, van Ermingen-Marbach, Brinkhaus, & Grande, 2015). On the other
hand, training-driven normalization in the left OTC has been found at the functional level,
including activation during overt single word reading (Heim et al., 2015) and intrinsic
functional connectivity at rest (Koyama et al., 2013). This is in contrast to cortical thickness
abnormalities in the same region that persist even after intervention (Ma et al., 2015), which
suggest a possible causal impairment in the ventral pathway, at the neuroanatomical rather
than neurofunctional level.
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Finally, intervention can be combined with other strategies, for example, reading level-
matched designs, to better distinguish normalization of experience-related anomalies from
those that are potentially causal. Using such combination, Olulade et al. (2013)
demonstrated that children with RD show hypoactivation in bilateral V5/MT compared with
age-matched controls, but have similar activation compared to reading level-matched
controls. Moreover, this anomaly can be normalized by a phonological-based reading
intervention. These two findings provide strong evidence that motion perception deficits and
corresponding hypoactivation in V5/MT are not casual to RD, but a secondary characteristic
associated with reduced reading experience.

5. MRI RESEARCH WITH PRELITERATE CHILDREN AT RISK FOR RD

A key step in investigating the etiology of RD is to distinguish etiological anomalies from
those that emerge developmentally due to differences in reading exposure and experience.
Approaches that identify anomalies prior to formal literacy instruction can minimize the
influence of developmental experience that confounds studies of older readers and provide
complementary evidence to reading-matched and intervention designs. One such approach is
to study preliterate children classified as at-risk for developing RD (hereafter: at-risk
children) based on the presence or absence of familial history of RD (e.g., Hosseini et al.,
2013), or combined with other early measures, including health, laterality, motor skills,
language ability and special needs education (Helland, Plante, & Hugdahl, 2011).

At the neuroanatomical level, at-risk children show reduced gray matter volume in bilateral
TPC, left OTC and the right lingual gyrus (Raschle, Chang, & Gaab, 2011). Interestingly,
Black et al. (2012) found that temporo-parietal grey matter reductions, driven by cortical
surface area, were more strongly related to maternal than paternal reading history,
suggesting a parent-of-origin effect on the etiology of RD. Anomalies within the reading
network of at-risk children have also been supported by studies using other measures of
cortical structure, including asymmetry (Vanderauwera et al., 2016), topological properties
(Hosseini et al., 2013) and sulcal pattern (Im, Raschle, Smith, Ellen Grant, & Gaab, 2015).
Anomalies in at-risk children have also been found in left hemisphere white matter
pathways, although there is inconsistency in which pathways are affected. Langer et al.
(2015) found reduced FA in the left arcuate fasciculus in at-risk infants, which was
associated with lower expressive language scores, suggesting an anomaly of phonological
pathways. This finding is further supported by recent studies using tract-specific analysis
(Wang et al., 2016) and T1 intensities in specific fibers (Kraft et al., 2016). On the other
hand, Vandermosten et al. (2015) found decreased average FA in the left inferior fronto-
occipital fasciculus, rather than arcuate fasciculus, in at-risk children. Furthermore, FA in
these two ventral fiber tracts was associated with phonological awareness, suggesting a
possible role for ventral areas in reading development, phonological processing and RD
etiology. In line with structural evidence focusing on gray and white matter, at-risk children
are characterized by decreased activation in left TPC and bilateral OTC during phonological
processing (Debska et al., 2016; Raschle, Zuk, & Gaab, 2012). Hypoactivation in left
superior/middle/inferior frontal gyri and precentral gyri in RD during rapid auditory
processing has also been reported (Raschle, Stering, Meissner, & Gaab, 2014).
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One major limitation of much of the current research in preliterate samples is the lack of
follow-up data. Not all at-risk children will later be identified as having RD, and
longitudinal studies are needed to distinguish anomalies that might causally precede RD
from those that might be associated with at-risk status. To our knowledge, there are only
three published MRI studies that followed at-risk children from preschool through formal
reading instruction, when RD can be identified (Clark et al., 2014; Morken, Helland,
Hugdahl, & Specht, 2016; Wang et al., 2016). In a prospective study of pre-reading high-
and low-risk children (age 6), Clark et al. (2014) found that children who would later
develop RD (at age 12) had thinner cortex in regions associated with sensory processing and
executive function such as Heschl’s, lingual, and middle cingulate gyri compared to those
who did not develop RD. The difference in Heschl's gyrus, but not other regions, persisted
through development. In contrast, cortical thickness differences between RD and non-RD
children within “reading network” regions (e.g., IFG, TPC and OTC) were evident after
years of reading instruction, but not in pre-readers. These findings suggest that the etiology
of RD may be related to the primary auditory cortex, rather than the traditional “reading
network”, in line with sensory deficit theories. However, a lack of significant differences on
a single brain measure does necessarily mean that the corresponding system is intact; the
system may be impaired in other respects. For example, in the same Norwegian sample as in
Clark et al. (2014), Morken et al. (2016) examined effective connectivity within the "reading
network" (i.e., left IPL, STG, OTC, IFG and PreCG). This analysis revealed altered effective
connectivity from OTC to STG and IFG in pre-reading, future RD children, which
normalized following reading instruction. RD and non-RD children also had transient
differences in effective connectivity from IFG to PreCG and IPL after the onset of reading
instruction, suggesting a compensatory mechanism. By age 12, RD and non-RD children
had similar effective connectivity. These patterns suggest that unknown etiological factors
differentially affect the development of the reading network between RD and non-RD
children.

Most recently, Wang et al. (2016) found a region in the left arcuate fasciculus that showed
lower FA cross-sectionally in at-risk children from pre-reading through age 12. These
findings suggest that altered structural connectivity in the left arcuate fasciculus exists at the
preliteracy stage and may persist well after formal reading instruction, a possible indicator of
RD etiology. In a longitudinal analysis, FA increased more rapidly in both low-risk children
compared to high-risk children, and in children who became good readers compared to those
who became poor readers, suggestive of an etiological developmental trajectory. In the right
superior longitudinal fasciculus, the rate of change in FA was greater in high-risk typical
readers compared to high-risk poor readers, indicating that at-risk children with positive
outcomes may atypically recruit this right hemisphere tract as reading skills develop.

Recent studies using longitudinal methods extend prior comparisons between at-risk and
low-risk pre-readers, providing important information about the developmental trajectories
of functional and structural anomalies in regions associated with phonological and
orthographic processing. Such designs are necessary for a comprehensive understanding of
the etiology of RD in the appropriate developmental context. However, few studies have
reported longitudinal data to date. Another limitation of studies of preliterate children is that
differences in development and incidental print exposure cannot be eliminated as a source of
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neural differences. Nevertheless, studies of at-risk children have potential for identifying
causal anomalies and distinguishing these from secondary anomalies associated with
development. Regions identified in these studies provide promising intermediate phenotypes
for early identification of children at risk for RD (Ozernov-Palchik & Gaab, 2016) and
candidate neural endophenotypes for genetic association studies.

6. IMAGING GENETICS AND RD RISK GENES

Reading disorder has a partially genetic basis, with heritability estimates around 0.5—0.7 for
reading-related processes (Grigorenko, 2004; Hart et al., 2013) and several risk genes (e.g.,
DCDC2, KIAA0319, DY X1C1, and ROBOI) have been associated with RD (Paracchini,
Scerri, & Monaco, 2007). However, it is challenging to address the etiology of RD through
gene-behavior associations alone, given the phenotypic variability of RD and complexity of
reading. An alternative approach is to establish links between genetic variation, candidate
neural endophenotypes, and behavior by using imaging genetics and interpret such findings
in conjunction with results from the complementary approaches we have discussed. Because
RD results from genetic, environmental and gene-environment interactions (G x E),
identifying a link from genes to neurobiology to RD is not necessarily sufficient to establish
an etiological basis, as the effect of genetic factors must be interpreted in the environment in
which they are expressed. As environmental factors are frequently difficult to quantify, we
primarily focus on imaging genetic studies here, while noting their limitations and the need
to consider environmental and G x E effects.

Genes such as DCDCZ2are highly expressed within the reading network (Meng et al., 2005)
and associated with GMV throughout bilateral inferior temporal, temporo-parietal and
inferior frontal regions (Meda et al., 2008). In animal models, knockdown and knockout of
Dyxlicl, Kiaa0319or Dcdc2 (Centanni et al., 2016; Currier, Etchegaray, Haight, Galaburda,
& Rosen, 2011; Meng et al., 2005; Paracchini et al., 2006; Wang et al., 2006) disrupts
neuronal migration, consistent with the association between single nucleotide
polymorphisms (SNPs) on these genes and cortical structure in humans (e.g., Meda et al.,
2008). These genes are also associated with relevant behavioral phenotypes, possibly linking
disrupted neuronal migration to behavior and cognition. For example, Kiaa0319knockdown
reduces the fidelity of temporal auditory coding at the neural level (Centanni et al., 2014;
Szalkowski et al., 2013). Notably, Kiaa0319and Dcdc2 knockdowns produce distinct
deficits in auditory processing, suggesting that genetic risk variants for RD lead to slightly
different neural etiologies (Centanni et al., 2016). In humans, these risk genes have been
linked to WMV in left TPC, cingulum and the posterior corpus callosum, and WMV
mediates the association between single nucleotide polymorphisms and reading ability in
typical readers (Darki, Peyrard-Janvid, Matsson, Kere, & Klingberg, 2012; Scerri et al.,
2012). The DCDCZ2intron 2 deletion has also been associated with altered FA in both RD
and normal controls (Marino et al., 2014).

Although most research focuses on DY XICI1, DCDCZand KIAA0319, other loci have also
been linked to RD and neural phenotypes, for example, a polymorphism thought to regulate
SLC2A3 (Roeske et al., 2011). In general, there is a need for larger samples to replicate
genetic associations in RD (particularly DYX1C1, Marino et al., 2005) and establish
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evidence that the effect of genetic risk variants on behavioral phenotypes is mediated by
intermediate neural phenotypes. As RD is a complex trait, environmental factors and G x E
interactions also contribute to the etiology of RD (Pennington et al., 2009). Currently,
behavioral genetic research in this area is limited and will remain methodologically
challenging because the environment cannot be randomly assigned in the human research,
making it difficult to isolate gene-specific effects, environment-specific effects, and the
interaction between them (e.g., Dilnot, Hamilton, Maughan, & Snowling, 2016). The
majority of behavioral findings in RD indicate that heritability is higher in enriched
environments (e.g., Friend, DeFries, & Olson, 2008), although there is also evidence
consistent with the diathesis-stress model of increased genetic susceptibility in poor
environments (Mascheretti et al., 2013). A clear understanding of how gene and environment
together impact brain networks that support reading development is an open question and an
important step towards fully understanding the cause of RD. To date, only one neuroimaging
study has investigated this interaction (Powers, Wang, Beach, Sideridis, & Gaab, 2016),
though several studies have been done to examine gene-brain relationships (e.g., Darki et al.,
2012) and environment-brain relationships (e.g., Noble et al., 2015) separately. Specifically,
Powers et al. (2016) found that familial risk for RD activity during phonological processing
in left IFG and the right fusiform gyrus correlated with home literacy environment more
strongly in pre-readers without familial risk than in at-risk children. This suggests that
familial risk, a measure of genetic liability for RD, modulates brain-environment
associations.

In addition to further research on G x E interactions, it is also important to combine imaging
genetics studies with the approaches discussed above to distinguish the genetic bases for RD
etiology from genetic constraints on cortical development that may emerge through
developmental exposure to print or compensation (Galaburda, LoTurco, Ramus, Fitch, &
Rosen, 2006; Hashimoto et al., 2016).

7. GENERAL DISCUSSION

To date, several approaches have been employed to differentiate neural impairments
associated with the etiology of RD from those associated with subsequent atypical
development. In this review, we discussed five of these approaches and the results of relevant
studies. Even though there remains considerable variability among findings, anomalies in
brain regions such as TPC and OTC are consistently observed across languages, robust to
reading intervention, and associated with familial risk in preliterate children and genetic risk
factors within the general population, suggesting they are relevant to the etiology of RD. The
TPC and OTC findings are notably distinguished by the finding that functional differences
between RD children and reading-matched controls have been found more consistently in
left TPC, and these functional differences also correspond to structural anomalies in reading-
matched comparisons. On the other hand, differences between RD and reading-matching
controls have been found less consistently in OTC and evidence suggests that impairments
in OTC may be in part normalized by experience.

The lack of consensus in identifying TPC or OTC by using these five approaches may reflect
the inherent heterogeneity in RD and complexity of the underlying etiology. Indeed, it is
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likely to be inadequate to characterize the etiology of RD in terms of a specific regional
anomaly; more sophisticated, systems-level models of RD are needed. Other anomalies
associated with RD, particularly in the dorsal IFG/PreCG, do not appear to be consistently
related to the etiology of RD using these approaches, and instead likely to reflect the result
of compensation or other processes secondary to any cause of RD (Hancock, Richlan &
Hoeft, 2017). This distinction highlights the promise of these approaches and the importance
of applying them jointly when investigating the etiology of RD and other
neurodevelopmental disorders.

8. FUTURE DIRECTIONS

Our understanding of the etiology of RD is still nascent. The majority of neuroimaging
studies of RD have employed two group cross-sectional designs in literate readers, which are
of limited utility in improving our understanding of RD etiology. As summarized in this
review, more informative approaches, such as including reading-matched controls, studying
pre-literate, at-risk individuals, and imaging genetics are becoming more common. However,
most studies are still limited by small sample sizes and limited language environments.
Meta-analyses and multi-site analyses can help initially address these issues and efficiently
integrate existing studies, particularly imaging genetics studies, which require high statistical
power (Eckert et al., 2016; Thompson et al., 2015).

In addition to continued use of the approaches we have reviewed here, three emerging
research directions also hold promise for improving our understanding of RD etiology. First,
studies should consider the comorbidity of RD. RD is phenotypically heterogeneous, with
evidence for deficits in multiple domains (Pennington, 2006) and high comorbidity with
other developmental disorders, such as specific language impairment (Ramus, Marshall,
Rosen, & van der Lely, 2013; Talli, Sprenger-Charolles, & Stavrakaki, 2016), attention-
deficit/hyperactivity disorder (Moreau & Waldie, 2015), and speech-sound disorder (Sices,
Taylor, Freebairn, Hansen, & Lewis, 2007). These disorders might have shared and
distinctive etiologies with RD (Butterworth & Kovas, 2013). Therefore, future studies need
to take RD subtypes and comorbidity into consideration. For example, while we have
focused on the linguistic aspects of RD, there is also a mixed body of evidence for deficits in
the visual system in RD, possibly related to magnocellular dysfunction (Gori, Seitz,
Ronconi, Franceschini, & Facoetti, 2015), in statistical learning (Lum, Ullman, & Conti-
Ramsden, 2013) and other non-linguistic domains (Vidyasagar & Pammer, 2010). It is an
open question whether such deficits are reliably present in some or all individuals with RD
and how these deficits might be related to the etiology of RD.

Secondly, most functional neuroimaging studies of RD have employed fMRI or ERP
techniques to investigate reading, auditory or language processing at a relatively high level
of analysis. As an important supplement, recent research has begun to improve our
understanding of neural function at multiple, hierarchal timescales during language and
sensory processing (Giraud & Poeppel, 2012), with evidence for anomalous neural
oscillations and temporal processing at both slow (Cutini, Szucs, Mead, Huss, & Goswami,
2016; De Vos, Vanvooren, Vanderauwera, Ghesquiere, & Wouters, 2016; Goswami, 2011;
Molinaro, Lizarazu, Lallier, Bourguignon, & Carreiras, 2016; Power, Colling, Mead, Barnes,
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& Goswami, 2016) and fast (Lehongre, Morillon, Giraud, & Ramus, 2013; Lehongre,
Ramus, Villiermet, Schwartz, & Giraud, 2011) timescales in RD. Mechanistic models are
available for linking these processes to neural coding (Hyafil, Fontolan, Kabdebon, Gutkin,
& Giraud, 2015; Shamir, Ghitza, Epstein, & Kopell, 2009) and the role of excitatory-
inhibitory neural interactions in regulating these oscillations (Muthukumaraswamy, Edden,
Jones, Swettenham, & Singh, 2009; Wang, 2010). Currently little is known regarding either
normal or atypical development of this oscillatory hierarchy, although there is clear evidence
for maturational changes (Cho et al., 2015). Future studies of RD—using the approaches we
have discussed here—at the level of neural oscillations, in conjunction with measures of
neurometabolite concentrations (e.g., Pugh et al., 2014) and growing understanding of the
spatial and temporal characteristics of gene expression in the human brain (Kang et al.,
2011) may be highly informative for understanding the etiology of RD at a more detailed
biological level (Hancock, Pugh, & Hoeft, in press).

Finally, well-established paradigms for investigating neural function at a relatively low level
are seeing novel application in RD. Recently Perrachione et al. (2016) used neural
adaptation paradigms to investigate neural function in response to a range of auditory and
visual linguistic and non-linguistic stimuli in both children and adults with RD. They found
that individuals with RD had a consistently reduced neural adaptation response. This result
suggests that the etiology of RD is not in stimulus-specific cortical processing, but a
widespread cortical dysfunction that manifests behaviorally in a restricted domain, that is,
reading. Although this study did not disentangle the effects of development and experience,
the results suggest intriguing new research directions that examine the fundamental
neurophysiology of RD.

Greater understanding of the etiological bases for RD can help improve early detection of
reading-related problems and allow cognitive processes that are amenable to change in
intervention to be precisely targeted, leading to better outcomes in at-risk or affected
populations. In this review, we summarized five main approaches that have been used in
addressing causality issue in RD research, as well as future directions for applying these
approaches. To advance our understanding of the etiology of RD, we must keep in mind that
causality cannot be fully addressed by a single paradigm, but requires the integration of
multiple lines of interdisciplinary evidence.
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Figure 1.
Five main approaches that can support etiological inference of reading disorder (RD) are

presented schematically, including: (a) comparing RD with controls in different languages;
(b) comparing RD with both age-matched and reading level-matched normal controls; (c)
comparing neural impairments in RD between pre- and post-intervention; (d) comparing
pre-readers with high- and low-risk for developing RD; and (e) investigating associations
between neural and genetic variations. For each approach, we give an example illustrating
one of several possible outcomes when a neural anomaly is etiological (in the upper panel)
or non-etiological (in the lower panel). Note: region x/y could be any part of brain; brain
activation could be measured by blood-oxygen-level dependent signal during a specific task,
or by other techniques such as event-related potentials; brain structure could be measured by
for example, cortical thickness, volume or surface area for gray matter, or fractional
anisotropy for white matter fibers; TD, typically developing control group; RD, reading
disorder group; Age-Matched, comparing RD with chronological age-matched controls;
Reading-Matched, comparing RD with reading level-matched controls; Low-risk, preliterate
children without a family history for RD; High-risk, preliterate children with a family
history for RD
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