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INTRODUCTION

Developmental dyslexia is defined as a specific disorder of reading
development. It is characterized by an unexpected impairment in
the acquisition of reading skills despite normal intelligence, moti-
vation, and adequate schooling (Ferrer et al., 2010). According
to the diagnostic criteria of DSM-IV (American Psychiatric
Association, 2000) and ICD-10 (World Health Organization,
2007), performance in reading accuracy and/or fluency, reading
comprehension, and/or spelling is substantially below the perfor-
mance expected from the person’s chronological age, intelligence,
education, and sensory acuity. In addition, the difficulties sig-
nificantly interfere with academic achievement or activities in
everyday life that require reading skills. In a substantial num-
ber of cases, delayed development of oral language skills in early
childhood is the first sign of dyslexia. Problems with vocabu-
lary and grammatical structures are often comorbid with reading
difficulties and frequently persist into adulthood.

With respect to neurocognitive explanations, a number of
competing hypotheses exist but the dominant explanation posits
a phonological deficit as proximal cause (e.g., Snowling, 2000;
Shaywitz and Shaywitz, 2005; Vellutino and Fletcher, 2005). This
deficit is assumed to affect the emergence of phoneme awareness
at the beginning of learning to read, which in turn has a negative
effect on the acquisition of self-reliant phonological word read-
ing based on serial grapheme-phoneme coding. The phonological
decoding difficulty is assumed to secondarily compromise the
build-up of the orthographic lexicon, which is required for fast
automatic word recognition and correct spelling. Support for this
account was provided by the specific difficulty of dyslexic readers
to come up with correct readings of pseudowords. However, this
difficulty with pseudowords was typically found in English-based
studies and does not generalize to more regular orthographies
like German (e.g., Landerl et al., 1997; Ziegler et al., 2001).

This mini-review summarizes and integrates findings from recent meta-analyses and
original neuroimaging studies on functional brain abnormalities in dyslexic readers.
Surprisingly, there is little empirical support for the standard neuroanatomical model of
developmental dyslexia, which localizes the primary phonological decoding deficit in left
temporo-parietal (TP) regions. Rather, recent evidence points to a dysfunction of a left
hemisphere reading network, which includes occipito-temporal (OT), inferior frontal, and
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Accordingly, this version of the phonological deficit explanation
is difficult to apply to regular orthographies. Wimmer (1993)
proposed that, in regular orthographies, the phonological deficit
becomes manifest as a speed impairment in the access to both lex-
ical and sublexical phonology. In a similar way, Wolf and Bowers
(1999) modified the phonological deficit explanation by posit-
ing an additional visual-verbal speed deficit. Their double deficit
explanation was backed up by the finding that performance on
tasks requiring rapid naming of pictured objects before learning
to read predicted later reading skills.

The classical phonological deficit explanation served as a
framework for the functional neuroanatomical study of develop-
mental dyslexia. Narrative reviews of the existing research culmi-
nated in a standard model positing three left hemisphere regions
with abnormal function in dyslexic readers (Pugh et al., 2000;
McCandliss and Noble, 2003; Démonet et al., 2004; Sandak et al.,
2004; Shaywitz and Shaywitz, 2005; Schlaggar and McCandliss,
2007). The primary phonological word decoding difficulty is seen
as resulting from a dysfunction of a left dorsal temporo-parietal
(TP) region, including the posterior aspect of the superior tem-
poral gyrus and adjacent parietal regions. The secondary diffi-
culty with fast word recognition—based on stored orthographic
word representations—is seen as resulting from a dysfunction
of a left ventral occipito-temporal (OT) region including lat-
eral extrastriate, fusiform, and inferior temporal regions. A third
abnormality—presumably reflecting compensatory reliance on
effortful articulatory processes—is overactivation of the left infe-
rior frontal gyrus (IFG).

RECENT INSIGHTS FROM FUNCTIONAL NEUROIMAGING

This mini-review provides an evaluation of the standard model.
It is based on recent meta-analyses and original functional
magnetic resonance imaging (fMRI) studies on brain activation
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abnormalities in dyslexic readers. The main benefit of the meta-
analytic approach is that it reveals consistent effects across studies
in an unbiased and objective way. Therefore, it may lead to find-
ings that were overlooked in the original studies and in the
narrative reviews because they did not seem to be interesting
for theoretical reasons. Certainly, synthesizing over heteroge-
neous studies also entails potential pitfalls. One such problem
is the averaging across different languages. However, despite
different behavioral manifestations, there is considerable agree-
ment that the neuronal fingerprint of developmental dyslexia is
quite common across different languages (Paulesu et al., 2001;
Hu et al.,, 2010). In addition, the meta-analytic results by def-
inition should only show those regions, which are consistently
under or overactivated in dyslexic readers in most of the stud-
ies. Therefore, the results may be viewed as the lowest common
denominator of the original studies. For a discussion of fur-
ther limitations of the present meta-analyses see Richlan et al.
(2011).

Our first attempt to evaluate the standard neuroanatomical
model used quantitative, coordinate-based meta-analysis of 17
published functional neuroimaging studies (Richlan et al., 2009).
The results lent support to the central role of left hemisphere
TP and OT dysfunctions. Specifically, convergent dyslexic under-
activation across studies was found in the left inferior parietal
lobule (IPL), superior temporal, middle temporal, inferior tem-
poral, and fusiform regions. A novel finding was underactivation
in a left IFG region associated with access to lexical and sub-
lexical phonological representations. Dyslexic overactivation was
found in the primary motor cortex and in the anterior insula, pre-
sumably reflecting compensatory reliance on articulatory-based
phonological processes. The meta-analysis included original stud-
ies from quite different age levels, which is problematic in rela-
tion to the developmental assumption of the standard model.
To recapitulate, this model posits an early dysfunction of the
left TP region resulting in an additional secondary dysfunc-
tion of the left OT region. Therefore, one would expect to find
dominance of left TP underactivation in children with dyslexia
and both left TP and left OT underactivation in adults with
dyslexia.

A second meta-analysis (Richlan et al., 2011) investigated this
expectation by dividing the original studies into nine studies with
dyslexic children (age means: 9-11 years) and nine studies with
dyslexic adults (age means: 18—-30 years). Contrary to expecta-
tion, left TP underactivation was present in the adult studies
but not in the child studies. There was dyslexic underactivation
in bilateral IPL regions in the meta-analysis of the child studies
but this underactivation was localized superior to the typical TP
regions. With respect to left OT dysfunction, widespread under-
activation was found for the adult dyslexic readers. In contrast,
for dyslexic children left OT underactivation was limited to an
anterior portion of the left ventral OT cortex. This finding is in
agreement with the notion of an important role of the left OT
region in skilled, efficient reading (e.g., Shaywitz et al., 2007).
The finding of left OT underactivation in children is compati-
ble with recent evidence in favor of early left OT engagement in
normal reading development (Brem et al., 2010), and early fail-
ure of such engagement in dyslexia (Maurer et al., 2007; Bach

et al., 2012; Raschle et al., 2012). In summary, the findings of
the second meta-analysis raised serious doubts on the validity of
the standard model. Specifically, there was no support for the
critical developmental assumption that the primary and early
emerging dysfunction resides in the left TP cortex. Rather, the
findings suggest that an early small left OT dysfunction becomes
increasingly extended and is later accompanied by a left TP
dysfunction.

Further doubts on the critical role of the left TP region in
phonological decoding came from an fMRI study with German
adolescent and adult dyslexic readers (Wimmer et al., 2010).
The participants were visually presented with phonologically and
orthographically familiar words (e.g., Taxi), phonologically famil-
iar but orthographically unfamiliar pseudohomophones (e.g.,
Taksi), and phonologically and orthographically unfamiliar pseu-
dowords (e.g., Tazi). The task required phonological lexical deci-
sions (i.e., Does it sound like an existing word?). From the standard
model one would expect dyslexic readers to exhibit underacti-
vation of the left OT cortex in response to familiar words and
underactivation of the left TP cortex in response to unfamil-
iar pseudowords. However, the non-impaired readers exhibited
generally little activation in response to pseudohomophones and
pseudowords in left TP regions. These unfamiliar letter strings led
to marked activation in left hemisphere OT, IFG, and IPL regions.
Importantly, the left IPL activation may not be subsumed under
the left TP reading circuit because it was localized quite far from
the proposed core regions of phonological reading processes in
left posterior superior temporal regions. In response to unfamil-
iar letter strings, dyslexic readers exhibited underactivation in all
three major components of the non-impaired activation pattern
(left OT, left IFG, left IPL). Dyslexic overactivation was identi-
fied in early visual occipital regions, reflecting prolonged visual
processing, as well as in a network of premotor/motor and sub-
cortical regions, presumably reflecting increased reliance on silent
articulatory processes.

A follow-up study by Richlan et al. (2010) provided fur-
ther evidence for dyslexic underactivation in left OT, IFG, and
IPL regions. The primary novel feature was the introduction of
a new experimental manipulation: stimulus length, with short
items consisting of 3—5 letters and long items consisting of 6-10
letters. The manipulation of item length for pseudowords was
of specific importance as it allowed the localization of brain
regions engaged by serial phonological decoding. If indeed the
left hemisphere network of OT, IFG, and IPL regions is engaged
by reading of both familiar and unfamiliar letter strings, then
non-impaired readers should exhibit a length effect for pseu-
dowords but not for words, and dyslexic readers may again exhibit
reduced engagement of the non-impaired reading network. The
results confirmed these expectations. In response to both famil-
iar and unfamiliar letter strings, non-impaired readers showed
activation in the left hemisphere network of OT, IFG, and IPL
regions. Furthermore, activation in the left OT and in the left
IFG, but not in the left IPL, was specifically sensitive to the
length of pseudowords. Apart from the more superior localiza-
tion of the left IPL cluster, this feature adds evidence against the
summarization of this brain region under the phonological left
TP reading circuit. As hypothesized, dyslexic readers exhibited
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marked underactivation in response to pseudowords in left OT,
left IFG, and left IPL regions. They also failed to show the
increase in activation in response to the length of pseudowords
shown by the non-impaired readers. Similar to the previous fMRI
study, the dyslexic readers exhibited overactivation in left pre-
motor, subcortical, and cerebellar regions, presumably engaged
by slow and effortful articulatory-based reading. Consistent
with this interpretation was the finding of a marked length
effect for pseudowords in the left premotor region of dyslexic
readers.

EVIDENCE FOR A LEFT TEMPORO-PARIETAL DYSFUNCTION?

To recapitulate, the first meta-analysis (Richlan et al., 2009) found
evidence for dyslexic underactivation in left TP regions. The sec-
ond meta-analysis (Richlan et al., 2011), with a separation of child
and adult studies, modified this pattern by finding left TP under-
activation only for adults but not for children. As pointed out,
the latter finding stands in contrast to the central developmental
assumption of the standard neuroanatomical model. This model
assumes an early occurring primary left TP dysfunction. However,
despite this missing support for the developmental assumption,
the two meta-analyses—at least for the adult studies—support the
standard model by speaking for an important role of core left TP
regions for non-impaired reading processes, and a dysfunction of
these regions for dyslexic reading processes.

Surprisingly, the findings from the two fMRI studies with
young adult German readers question this conclusion. For core
components of the left TP reading circuit (posterior superior
temporal regions), the non-impaired readers in this study exhib-
ited generally little activation and consequently there could be no
reduced activation for the dyslexic readers. The absence of reli-
able activation observed for non-impaired readers is specifically
remarkable as the standard model localizes serial phonological
decoding in left TP regions, and the in-scanner tasks presented
unfamiliar letter strings in the context of a phonological lexical
decision task. As expected from serial phonological decoding of
pseudowords, the non-impaired readers of Richlan et al. (2010)
exhibited a marked length effect for pseudowords (but not for
words) in a left IFG region and a left OT region. Meanwhile,
dyslexic readers exhibited a similar specific length effect in left
premotor regions. Thus, there were specific regions apparently
engaged by serial decoding, but the left TP cortex was not among
these regions. However, both of the original studies identified a
left IPL region with reading-related activation exhibited by non-
impaired readers, and reduced activation exhibited by dyslexic
readers. In some formulations of the standard model (e.g., Pugh
et al., 2000; Sandak et al., 2004) the left IPL is subsumed under the
left TP circuit. However, some aspects differ from the assump-
tion of the standard model that the left TP circuit is mainly
engaged by serial phonological decoding: the non-impaired read-
ers of Richlan et al. (2010) did not exhibit a length effect for
pseudowords on left IPL activation. Therefore, the reduced left
IPL activation of dyslexic readers—different from the standard
model—cannot be interpreted as reflecting a dysfunction with
respect to the demands of serial phonological decoding. An alter-
native account of the function of the left IPL was formulated
by Shaywitz and Shaywitz (2008), who linked the left IPL to

general attentional mechanisms, which may interact with read-
ing processes. Evidence for this interpretation is only beginning
to emerge and certainly more studies on the role of the left IPL
during reading are required. Interestingly, a recent meta-analysis
of fMRI studies with healthy children found that reading, numer-
ical processing, and tasks posing demands on executive functions
led to activation of a similar left IPL region (Houdé et al,
2010).

DYSFUNCTION OF A LEFT HEMISPHERE READING NETWORK

Convergence between the findings of the original studies and
the meta-analyses exists with respect to underactivation in a
left hemisphere reading network consisting of OT, IFG, and IPL
regions. The identification of left IFG underactivation in the two
meta-analyses (Richlan et al., 2009, 2011) was a novel finding and
stood in contrast to overactivation in a close-by left precentral
region. This finding was of particular importance, as in domi-
nant formulations of the standard neuroanatomical model (e.g.,
Pugh et al., 2000) it is assumed that a reading circuit in ante-
rior frontal language regions exhibits overactivation in dyslexic
readers in order to compensate for the dysfunction in posterior
language regions. Obviously, the meta-analytic findings speak for
a marked distinction within left frontal regions; that is, between a
left IFG region and a left precentral region, with dyslexic underac-
tivation in the former and dyslexic overactivation in the latter. The
findings from the two fMRI studies (Richlan et al., 2010; Wimmer
et al., 2010) provided further evidence for such a distinction.
Both studies identified dyslexic underactivation in the left IFG
and dyslexic overactivation in left precentral/motor regions. The
former is presumably engaged by access to lexical and sublexical
phonological representations, and the latter presumably by silent
articulatory reading processes. In a series of studies, Heim and
colleagues showed that cytoarchitectonic subdivisions of the left
IFG differently contribute to lexical access (area 44) and lexical
selection (area 45) (Heim et al., 2005, 2009a,b). Dyslexic children
(Grande et al., 2011) and adults (Heim et al., 2012) were recently
shown to exhibit functional abnormalities in both of these left
IFG subdivisions.

For non-impaired readers, reading-related activation of the
left IFG was accompanied by activation in left OT and left IPL
regions. All three components of this reading network were found
to be underactivated in dyslexic readers. Additional findings of
the two fMRI studies were that non-impaired readers exhibited
very similar activation patterns in the left OT and the left IFG,
with marked increases of activation from familiar to unfamil-
iar letter strings (Wimmer et al., 2010) and from short to long
pseudowords (Richlan et al., 2010). The similarity of activation
patterns speaks for a striking functional connectivity between
left OT and left IFG regions. The modulation of activation in
response to reading demands in non-impaired readers was miss-
ing in dyslexic readers. This finding is in line with evidence from
studies of functional and effective connectivity which reported
coupling of left OT and left IFG regions in non-impaired read-
ers and disruption in dyslexic readers (Shaywitz et al., 2003; Cao
et al., 2008; van der Mark et al., 2011).

Based on these findings, a model of the impaired left hemi-
sphere reading network in developmental dyslexia including OT,
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Left inferior frontal gyrus (IFG):
access to phonological output
representations, strong reciprocal
connections to the left OT.

FIGURE 1 | Dysfunction of a left hemisphere reading network in developmental dyslexia.

Left inferior parietal lobule (IPL):
general attentional mechanisms,

y possible top-down connections to left
OT and left IFG regions.

Left occipito-temporal cortex (OT):
phonological decoding of familiar and
unfamiliar letter strings, strong
reciprocal connections to the left IFG.

IFG, and IPL regions is illustrated in Figure 1. While there is evi-
dence for strong functional and structural connectivity between
left OT and left IFG regions (Catani et al., 2005; Ben-Shachar
et al., 2007), connectivity of the left IPL region is less clear. The
left OT underactivation was assumed to reflect a deficit in pro-
cessing of both familiar words and unfamiliar pseudowords. With
increasing demands on phonological decoding (i.e., processing of
longer pseudowords), the left OT dysfunction of dyslexic readers
became even more evident. The same pattern of functional abnor-
malities was observed for the left IFG. In this region, dyslexic
underactivation was interpreted as reflecting a deficit in access to
lexical and sublexical phonological representations. When inter-
preting the left IPL abnormality we can only speculate about
possible underlying mechanisms. Assumedly, the function of the
left IPL was not specifically related to reading or phonological
decoding (as shown by absence of a length effect for pseudowords
in non-impaired readers). Rather, it was supposed to be associ-
ated with more general mechanisms, as evidenced by engagement
in numerical processing and executive functions (Houdé et al.,
2010). As suggested by Shaywitz and Shaywitz (2008), the left IPL
may be part of a fronto-parietal attention network, which inter-
acts with reading processes via top-down connections. However,
the exact mechanisms of this interaction are unclear and should
be targeted in future studies, e.g., by means of psychophysi-
ological interactions. Furthermore, one has to keep in mind
that the present model is largely based on fMRI studies (with
their well-known limitations such as poor temporal resolution).
A more comprehensive neuroanatomical model of developmen-
tal dyslexia certainly requires the integration of findings from
other modalities such as EEG and MEG. However, in contrast
to the standard neuroanatomical model (e.g., Pugh et al., 2000),
which is based on subjective, narrative review of a limited number
of studies, the present model is based on objective, quantita-
tive meta-analysis of a substantially larger number of functional

neuroimaging studies on developmental dyslexia. Therefore, it
may be viewed as an up-to-date modification of the standard
model.

There is an interesting developmental question with respect to
the model illustrated in Figure 1. In accordance with the phono-
logical deficit explanation, one may assume that a dysfunction of
the left frontal component may be specifically critical in the early
phase of learning to read, as this component may be engaged
by access to phonemes and other sublexical phonological rep-
resentations. To our knowledge, no evidence for such an early
dysfunction of left frontal regions exists. Rather, recent fMRI and
EEG studies reported evidence for early left OT engagement in
normal reading development and early dysfunction in develop-
mental dyslexia (Maurer et al., 2007; Brem et al., 2010; Bach et al,,
2012; Raschle et al., 2012). These findings raise questions about
the functional role of the left OT region in reading development.
The idea that the left OT functions as a kind of interface area
connecting high-level visual representations (or representations
from other sensory modalities) to language and conceptual rep-
resentations (Price and Devlin, 2011) is quite compatible with the
finding of an early role of the left OT for learning to read. From
this perspective, the aforementioned findings on reduced early left
OT engagement in young dyslexic readers may reflect a form of
disconnection between visual and phonological representations.
This would be consistent with Geschwind’s account of dyslexia as
a disconnection syndrome (Geschwind, 1965a,b).
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