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Abstract Dyslexia is a hereditary impairment characterized by effortful and
slow reading acquisition that is often accompanied by severe difficulties in writing
and spelling. Inconsistencies regarding the deﬁnition and assessment of dyslexia
have led to considerable variation in prevalence rates and gender-ratios. However,
it is agreed upon that dyslexia affects between 3 and 17% of school-aged children
who mostly display deﬁcits in pre-literacy skills already at pre-school age. Since
neuroimaging provides a unique opportunity to shed light on potential anomalies in neural functioning underlying this impairment, reviewing the most recent
results of fMRI studies of affected children can help us better understand this
impairment. The present chapter provides a review of 24 functional magnetic
resonance imaging (fMRI) studies (conducted between 2000 and 2016) investigating reading-related processing in children diagnosed with dyslexia (age: 8–15
years). The results suggest a clear underactivation in almost all areas designated
as core reading areas (left-hemispheric occipito-temporal, temporo-parietal and
frontal circuits) during orthographic, phonological and auditory tasks. Different
and reduced patterns of activation were also found in the inferior frontal cortex,
with a peak in the inferior frontal gyrus. Moreover, numerous studies reported
a large network of compensatory activation in right-hemispheric and bilateral
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reading-related areas in dyslexic children, which was particularly active in more
demanding tasks (e.g., rhyming of words and non-words). These ﬁndings support
the hypothesis that children with dyslexia often also display deﬁcits in auditory
comprehension of speech input and generally struggle with the processing of phonological properties of words and non-words as well as simpler units like letters
and symbols.
Keywords auditory processing, developmental dyslexia, dyslexic children,
fMRI, phonological processing, reading circuits

1

INTRODUCTION
Becoming literate is a crucial milestone in every child's life. It opens doors
to education, employment, career, social contacts and possibly even adult
well-being (Snowling & Hume, 2012). However, not every child manages
to master this task. Numerous children face severe difficulties in literacy acquisition and consequently fail to develop age-appropriate reading
skills for no obvious reason. Many of these children suffer from a disorder termed developmental dyslexia (henceforth dyslexia).
Even though dyslexia has been explored in much depth in the past
decades, the neural underpinnings of this impairment remain largely unknown to date. Moreover, a considerable number of studies, but very few
of the meta-analyses and reviews about dyslexia so far, have explicitly
addressed reading processing in children with a diagnosis of dyslexia.
Therefore, the following chapter reviews the most recent results on deﬁcient reading processing in children with dyslexia, aged 8–15 years. First,
a basic understanding of the symptoms, causes and the prevalence of this
impairment will be given. Second, we will have a closer look at reading
processing more generally in order to understand possible differences
in brain activation in dyslexic individuals in contrast to non-impaired
readers. Before analyzing the selected studies, the ﬁndings of other meta-analyses that primarily investigated adults and teenagers suffering
from dyslexia will brieﬂy be discussed. Finally, the ﬁndings of 24 functional magnetic resonance imaging (fMRI) studies conducted between
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2000 and 2016 investigating children with dyslexia will be summarized
and interpreted accordingly.
1.1

Developmental dyslexia
Dyslexia is a speciﬁc reading disorder marked by substantial deﬁcits in
reading achievement below the expected level given a child's chronological age (World Health Organization, 2015). It also usually affects spelling
and writing in spite of normal intelligence and educational opportunity (Bishop & Snowling, 2004; Snowling & Göbel, 2010). Dyslexia is said
to affect about 5–10% of the population (Landerl, Fussenegger, Moll, &
Willburger, 2009; Siegel, 2006), but numbers ranging from 2.28%-3.9%
(Miles, Haslum, & Wheeler, 1998; Sun et al., 2013) to 7.49% (Jepkoech,
Mathai, & Kumar, 2015) and even 17–20% (as mentioned in Ozernov-Palchik & Gaab, 2016) have been reported. Prevalence rates vary mostly due
to inconsistencies in assessing and deﬁning dyslexia and differences due
to the language and writing system being acquired. In addition, gender-ratio remains a highly debated issue. Studies with dyslexic children
have reported gender ratios between 2:1 and 15:1, with girls usually being
less frequently diagnosed and less severely affected (Hawke, Wadsworth,
Olson, & Defries, 2007; Miles et al., 1998; Shaywitz, Shaywitz, Fletcher, &
Escobar, 1990; Sun et al., 2013).
Even if prevalence rates vary and the gender-ratio is debatable, there
is clear indication for the heredity of dyslexia because family history is
considered the strongest risk factor. Research has shown that 68% of
identical twins and 40–60% of children with one parent suffering from
dyslexia are affected (Fisher & Francks, 2006; Francks, MacPhie, & Monaco, 2002). However, it seems that the interplay of various genes is responsible for the development of this impairment and the search for a
speciﬁc causative agent is therefore extremely challenging (for a summary see Mascheretti et al., 2017). Recently, for instance, phonological
deﬁcits in dyslexics were linked to genetic anomalies of the temporal
lobe (Giraud & Ramus, 2013), but more research is needed to conﬁrm
this ﬁnding. Regarding behavioral deﬁcits, pre-literacy skills (skills at the
intersection of phonology and written language) remain the most robust
predictor among kindergarten children, including letter-sound knowledge, phonological awareness (awareness of the sound structure of sylla-
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bles, words and sentences) and rapid automatized naming (rapid naming
of words) (Landerl et al., 2009; Landerl & Wimmer, 2008; Olzernov-Palchik & Gaab, 2016).
Theories concerning the origin of dyslexia are diverse and still hotly
debated (Goswami, 2015) and despite the contributions of neuroimaging
methods to this debate, no simple common ground can be found so far
(Ziegler, 2006). While earlier studies considered a visual processing deﬁcit, it is now mainly believed that dyslexics have incomplete or deﬁcient
representation, storage and retrieval of phonological input, which leads
to faulty grapheme-phoneme correspondences (Ramus et al., 2003). However, this so-called phonological awareness theory cannot account for the
variety of sensory deﬁcits (e.g., visual, auditory, motor skills) frequently
observed in dyslexics (Eden & Zeffiro, 1998; Goswami, 2015). A comprehensive review by Hämäläinen, Salminen and Leppänen (2013), for instance, has even revealed that up to half of all children diagnosed with
dyslexia display major auditory deﬁcits. Moreover, since not all children
display the same visual, auditory or phonological deﬁcits, there has been
discussion as to whether dyslexia could be present in a variety of subtypes or should generally be considered a multi-deﬁcit disorder (Fostick
& Revah, 2018).
1.2

Reading and the brain
Learning to read ﬂuently is a long and complex process that requires
a highly organized brain system specialized for the integration of the
four subcomponents related to reading: pre-lexical, phonological, orthographic and lexico-semantic processing1 (Liebig et al., 2017; Sandak,
Mencl, Frost, & Pugh, 2004). Furthermore, metacognitive resources, instructional factors and individual differences, such as motivation, practice and experience, also heavily inﬂuence literacy acquisition (Snowling
& Göbel, 2010).

1The four subcomponents of reading designate the basic processes taking place
when an individual is reading. While pre-lexical refers to the processing of units
smaller than words, lexico-semantic processing refers to the stage at which whole
words are processed and their semantic information is retrieved automatically
(Sandak et al., 2004).
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According to the classical neurological model of reading (Pugh et al.,
2001), the highly intertwined reading network comprises three core areas: (1) a left dorsal temporo-parietal network [including superior temporal areas and the inferior parietal lobule (IPL)], (2) a left ventral occipito-temporal network [involving extrastriate cortex, fusiform gyrus
(FG), inferior temporal areas and the visual word form area (VWFA)]
and (3) a left inferior circuit [inferior frontal gyrus (IFG) and precentral
gyri (PrCG)]. The ﬁrst area is believed to be involved in phonology-based
reading (grapheme-phoneme conversion, phonological assembly),
whereas the second plays an essential role in visual-orthographic word
recognition. The third circuit in the frontal lobe is linked to speech-gestural articulatory recoding of written words (Liebig et al., 2017; Martin et
al., 2015; Pugh et al., 2001).
Liebig et al. (2017) state that it has often been assumed that each basic
subcomponent of reading can be linked to one speciﬁc neural network.
Identifying letters, for instance, is primarily linked to the occipital cortex (more speciﬁcally to the VWFA), while whole words would be more
likely to be computed in the ventral stream only [inferior temporal gyrus
(ITG), middle temporal gyrus (MTG) and IFG]. When dyslexic children
have difficulties with literacy acquisition, they would possibly rely more
on the dorsal stream [superior temporal gyrus (STG) and parietal cortex], since grapheme-to-phoneme conversion and phonological analysis are performed therein. Adding difficulty to this process, both routes
(ventral and dorsal) rely on the IFG and the insula, which are thought
to be of great importance for the integration of information and adding
semantic knowledge to what has been read (Binder, Desai, Graves, &
Conant, 2009) as well as for processing and making decisions. In other words, even though one or the other processing stage might be more
linked to one network or circuit, they cannot function properly without
one another. Furthermore, it has only partly been revealed what happens
when speciﬁc parts are deﬁcient and have to be compensated for and
how this affects later processing stages.
Although studies have provided evidence that these core circuits are
already spatially restricted and lateralized in children, e.g., during single-word reading (Brem et al., 2010; Church, Coalson, Lugar, Petersen,
& Schlaggar, 2008), age-related changes have only been marginally addressed so far. A decreased reliance on phonological mechanisms com-
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Figure 1. A comparison of brain activation in two age groups in 40 fMRI studies during reading-related tasks. (A) Brain activation in children (7–12 years) in red. (B) Brain activation in
adults in blue. (C) Overlapping activation between both age groups shown in pink. (D) Direct
comparison between adults and children (Martin et al., 2015, p. 1970).

bined with an increased reliance on visual mechanisms could be one
age-related change from child- to adulthood (Church et al., 2008; Pugh
et al., 2001). A meta-analysis by Martin, Schurz, Kronbichler and Richlan
(2015) has also found differences between reading processing in adults
and children, which may highlight developmental processes and possible adjustments due to reading experience and practice. Martin and
colleagues extended Houdé, Rossi, Lubin and Joliot's (2010) meta-analysis on reading processing in healthy adults and children, analyzing 20
fMRI studies with adults and 20 with children (7–12 years). Despite a
very common pattern of brain activation in both groups in left ventral
occipito-temporal, inferior frontal and parietal areas, within-group convergence was found in many reading-related areas in both groups. Differences between children and adults were evident in both the extent
and location of the reading-related activation clusters in the core reading circuits (e.g., the inferior frontal cortex including the motor cortex,
the superior temporal lobe, small areas in the superior parietal lobe and
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Figure 2. Differences in brain activation in children when performing different tasks: letter
identification, orthographic decision, phonological decision and semantic categorization
(Liebig et al., 2017, p. 49).

the temporo-occipital area; see Figure 1). Moreover, the shift of the more
temporal focus towards the dorsal areas (the occipital lobe) in the left
hemisphere from child- to adulthood is clearly visible.
In a single study, Liebig et al. (2017) intended to shed light on differences in reading processing in children applying four different tasks
related to the four subcomponents of reading. They applied letter identiﬁcation (processing stage: pre-lexical; task: detect letters in words/
non-words), orthographic decision (processing stage: orthographic; judge
whether a presented letter string is a correctly spelled word or a pseudohomophone2), phonological decision (processing stage: phonological;
judge whether a visually presented word sounds like a real word or not)
and semantic categorization (processing stage: lexico-semantic; decide if
a word is a living or non-living object). The results conﬁrm differential
activation according to task type (see Figure 2). Regardless of the speciﬁc
task, however, engagement primarily involved the core reading circuits
with the exception of the cerebellum, which is known to play an extraordinary role in language processing and dyslexia.

2Pseudohomophone refers to a word that sounds like a real word but is spelled
differently (e.g., ‘Haus vs. Hauß’ in German – only the ﬁrst is a German word but
both are pronounced exactly the same way; Liebig et al., 2017).
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To summarize, reading relies on the interconnection and general
functioning of a number of areas designated as core reading circuits.
These areas are engaged in a similar fashion in both children and adults,
but there are slight age-related differences concerning extent and location of activations (Figure 1). Additionally, the speciﬁc task and processing stage in a study may lead to very distinct activation proﬁles (Figure
2). When investigating functioning of these reading circuits in dyslexics,
it is thus inevitable to pay close attention to the precise age of the individuals and the employed tasks.
1.3

Reading processing in dyslexics
Behavioral differences between impaired and non-impaired readers have
been thoroughly explored up to now (e.g., Landerl et al., 2013), but little
is known about the underlying neural deﬁcits or anomalies that characterize this reading impairment. Since there are three main reading
circuits that need to work in concert for successful reading (Pugh et al.,
2001), it seems plausible to argue that at least one of the three, or the
interaction between them, must somehow be deﬁcient in dyslexics. So
far, quite a large number of single studies with small sample sizes but
few meta-analyses have focused on uncovering differences in brain activation between children suffering from dyslexia as compared to healthy
controls.
As a ﬁrst step, let us brieﬂy examine the few meta-analyses that have
attempted to explore the suspected anomalies in brain activation in dyslexic children and adults. With regard to terminology, it is noteworthy
to state that authors usually report under-/overactivation when talking
about signiﬁcantly less or more activation of dyslexics in contrast to
non-impaired peers (i.e., the two terms do not designate increasing or
decreasing activation as the name might imply).
Maisog, Einbinder, Flowers, Turkeltaub and Eden (2008) performed
a meta-analysis on dyslexia focusing on teenagers and adults. They reported overactivation in dyslexics in right thalamus and insula, and underactivation in left ventral extrastriate cortex, ITG, FG, precuneus and
right FG. They concluded that left-hemispheric areas are more active in
non-impaired readers, while greater right-hemispheric activity (seen as
compensatory activation) is indicative of dyslexia.
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Richlan, Kronbichler and Wimmer (2009) analyzed 17 fMRI studies in which dyslexic children, adolescents and adults performed reading-related tasks. They reported signiﬁcant underactivation in dyslexic
individuals (regardless of age) in left-hemispheric IPL, STG, MTG, ITG
and FG. Moreover, they reported more activation in inferior frontal regions (mostly IFG) in controls while motor areas were activated more
strongly in dyslexics. The studies included in Richlan et al. were further
included in a larger meta-analysis by Paulesu, Danelli and Berlingeri
(2014; 53 fMRI studies altogether), who reported very similar ﬁndings.
They emphasized that single-word reading is marked by dysfunction of
left occipito-temporal areas and/or left temporo-parietal areas, the latter assumed to display an early dysfunction of phonological processing.
Through their meta-analysis, Paulesu et al. (2014) conﬁrmed the importance of left occipito-temporal cortex in normal populations alongside a
lack of such engagement in dyslexic individuals.
Major drawbacks of the last two meta-analyses, however, are that they
compared the results of studies with children even if they were not diagnosed as dyslexic but referred to as poor readers, and these meta-analyses
only differentiated between two age groups, namely adults (18 or older)
and children (18 or younger). This is not an ideal approach as the groups
are inhomogeneous and Martin et al. (2015) have shown that between
adults and children reading activation differences exist. Therefore, only
half of the studies with children in Paulesu et al. (2014) were considered
suitable for the present review. Additionally, one of the major issues that
arises when working with dyslexic children is that training and practice
may signiﬁcantly affect (and supposedly improve) reading performance
and brain activation. Therefore, including teenagers of 17 years and comparing their results to children aged 8–12, for instance, should certainly
be avoided.
In contrast, a small meta-analysis (18 studies) by Richlan, Kronbichler and Wimmer (2011) examined studies with children between 9 and
11 years of age and compared them to young adults (nine studies for each
age group). They found that dyslexic children had less activation compared to peers in left IPL and supramarginal gyrus (SMG). Additionally, they reported a small cluster in the right IPL and in the left ventral
occipito-temporal cortex (VWFA). Slight overactivation in dyslexic children was only found in the frontal lobe (IFG) and PrCG. To summarize
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the ﬁndings by Richlan et al. (2011), substantial differences exist when
comparing adults and children with dyslexia in a more controlled manner. This is a clear indication that mixing different groups of adults, teenagers and children may obliterate important developmental age-related
differences.

2

METHODOLOGY
The major aim of this review is to provide the reader with a wide-ranging
overview of studies involving dyslexic children of the past two decades.
Such a review is needed to ﬁnally pinpoint the neural underpinnings of
dyslexia, while eliminating the major drawbacks encountered in earlier
analyses. In contrast to the aforementioned meta-analyses, only a rather limited age range (8–15 years) and only reading-related and auditory
tasks were included. Overall, this review summarizes 24 fMRI studies
investigating different processing mechanisms related to reading in dyslexic children. fMRI studies were ﬁrst collected through Google Scholar
and PubMed using the key words “dyslexia AND fMRI”, “reading processing AND dyslexia” and “children AND fMRI AND dyslexia”.3 Studies were included if they met the following criteria:
1. Participants are children (8–15 years) with an official diagnosis of
dyslexia and without any comorbidities (e.g., dyscalculia, attention
deﬁcit disorder).
2. Participants are monolingual speakers of alphabetic languages.
3. The study applies one or more reading-related tasks (i.e., reading,
rhyming or auditory tasks) during an fMRI session.
4. At least one control group, either age-matched or reading-matched,
is present.
5. Whole-brain analysis is performed (i.e., no mere region of interest
analyses).

3A list of abbreviations of brain regions commonly used in the following sections is provided at the end of the chapter.

346

Neurofunctional underpinnings of dyslexia

6. If the study uses intervention or remediation, only the results before
treatment are taken into account.
In total, 24 studies conducted between 2000 and 2016 fulﬁlled these criteria and were thus included in the review. A time span between 2000
and 2016 was chosen because neuroimaging has been widely used since
2000, in particular with children, and dyslexia has received increasing
interest in the cognitive neurosciences at the end of the 20th century.
It should be mentioned again that this chapter provides a review and
not a meta-analysis. Sample size and statistical signiﬁcance are usually
not taken into account in a review, and thus the results have to be treated
with some caution.
2.1

Tasks
The aforementioned meta-analyses differentiated mainly between reading-related and non-reading-related tasks. For the sake of simplicity, all
non-reading related tasks were excluded and all relevant tasks were categorized into two umbrella categories, namely (1) auditory processing and
(2) reading processing (including all phonological, orthographic and semantic tasks). A further differentiation of tasks only seems meaningful in
the latter category, where three speciﬁc task categories, namely rhyming
(focus on phonological aspect), reading and other tasks are distinguished
(see Table 1 for a general overview of all tasks used in the studies). It is
important to note that many tasks are merely applied to guarantee that
subjects pay attention to the stimuli, and the main task is just reading. For
instance, lexical decision tasks require subjects to read a word (e.g., cat)
or non-word (e.g., cit) and to decide whether it is a real word in the native
language or not. In this case, what researchers are really interested in,
is the activation for reading the word or non-word and not the decision
subjects make, even if this might lead to activation for decision-making
processes.
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Table 1. Summary of all tasks employed in the studies of this review together with a brief
instruction of what participants were asked to do
Task

What did participants have to do?

Auditory discrimination

Listen to and discriminate between given acoustic stimuli/
sounds (e.g., /ba/ vs. /da/ or /b/ vs. /p/)

False font reading

Read false fonts

Letter rhyming

Decide whether given letters rhyme (e.g., b and t)

Lexical decision

Decide whether a given presented word/non-word is a real word
or not (e.g., cat vs. cit)

Morpheme mapping

Make associations between elements (affixes) that carry
grammatical information and the meaning attached to them
(e.g., build and builder)

Non-word reading

Read non-words/pseudo-words4

Non-word rhyming

Decide whether non-words rhyme (e.g., hime and brime)

Passive listening

Listen passively to acoustic stimuli, such as speech sounds,
words or non-speech sounds

Phoneme/orthographic mapping

Make associations between sounds and letters or letter
combinations

Semantic judgment

Decide whether two presented items are semantically (meaning-wise) related (e.g., table and desk; anger and floor)

Sentence reading

Read full sentences

Silent/overt word generation

Generate words (either silent or overt) after having seen a given
image/word

Symbol reading

Read a symbol

Word reading

Read single words

Word rhyming

Decide whether presented words rhyme (e.g., mine and fine)

4The terms non-word and pseudo-word refer to words that do not actually exist in a language but follow the phonotactic rules of the language (for instance,
‘brime’ is not an English word although one could probably imagine it being one
because it follows the phonotactic rules of English). The two words are used interchangeably in studies.
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2.2

Studies and participants
All children had alphabetic languages (German, Swiss German, English,
Dutch, French or Norwegian) as their native languages. Initially, the age
range was set to 8–12 years, but since Hoeft et al. (2007) and Shaywitz
et al. (2002) included an impressive number of participants and applied
highly relevant reading-related tasks, these two studies were included
as well, which led to a redeﬁnition of the age group to 8–15 years. For a
complete list of all studies and the used tasks, as well as information on
the number and age of participants, see Table 2.
Table 2. Complete list of all studies selected for the review including number of participants, number of dyslexics, mean age of participants and tasks applied (differentiating
between auditory and reading tasks)
Study

Year

Participants

Task(s) (A/R)

Number (D)

Mean age

Aylward et al.

2003

21 (10)

11.6

Phoneme mapping, morpheme mapping (R)

Backes et al.

2002

16 (8)

11.5

Non-word rhyming, semantic judgment (R)

Baillieux et al.

2009

22 (15)

11.4

Silent word generation (R)

Blau et al.

2010

34 (18)

9.4

Boros et al.

2016

33 (15)

11.5

Non-word reading, false font reading (R)

Cao et al.

2006

28 (14)

11.6

Word rhyming (R)

Corina et al.

2001

16 (8)

10.8

Word rhyming, non-word rhyming,
lexical decision (R)

Gaab et al.

2007

45 (22)

10.5

Passive listening (A)

Georgiewa et al.

2002

17 (9)

12.6

Word reading, non-word reading (R)

Heim et al.

2010a

40 (20)

9.6

Auditory discrimination (A),
phonological decision (R)

Heim et al.

2010b

37(18)

9.4

Overt word reading (R)

Hoeft et al.

2006

30 (10)

10.4

Word rhyming (R)

Hoeft et al.

2007

53 (23)

14.4

Word rhyming (R)

Kovelman et al.

2012

39 (12)

9.0

Word rhyming (R)

Maurer et al.

2011

27 (11)

11.4*

Passive listening (A)

Word reading, symbol reading (R)
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Study

Year

Participants

Task(s) (A/R)

Number (D)

Mean age

Monzalvo et al.

2012

46 (23)

9.9

Word reading (R), passive listening (A)

Morken et al.

2014

29 (11)

11.8

Word reading, sentence reading (R)

Olulade et al.

2015

28 (16)

10.0

False font reading (R)

Richards et al.

2006

39 (18)

10.9

Phoneme mapping, morpheme mapping,
orthographic mapping (R)

Schulz et al.

2008

52 (16)

11.6

Sentence reading (R)

Schulz et al.

2009

45 (15)

11.6

Sentence reading (R)

Shaywitz et al.

2002

144 (70)

13.3

Letter rhyming, non-word rhyming,
semantic judgment (R)

Temple et al.

2000

39 (24)

10.7

Letter rhyming, letter matching (R)

Van der Mark et al.

2009

42 (18)

11.3

Phonological decision (R)

Note. D dyslexics; *rough estimates as not indicated in the study (e.g., due to exclusion of participants); Tasks:
(A) auditory processing, (R) reading processing.

Given the lack of a larger review of studies investigating brain activation differences in dyslexic children only, I have decided to make an attempt to ﬁll this gap. There is no doubt that behavioral differences are of
great signiﬁcance for understanding dyslexia but (1) there is already an
impressive body of research on this topic and (2) behavioral differences
cannot help us uncover the underlying impairment in terms of anomalies
in the human brain (be it structurally or functionally). It is often argued
that the brains of dyslexics function differently, and many fMRI studies
have tried to investigate these differences. Still, small-scale studies do
not allow a proper evaluation of the nature of this impairment and only
reviews and meta-analyses can provide us with a clearer picture.
Of the 24 studies I considered suitable after the ﬁrst screening, I investigated every single study looking at the participants (diagnosis, age,
ﬁrst language) and the tasks applied in the study (see Table 1), and made
sure they analyzed the results of whole brain analyses. The behavioral
ﬁndings are only of marginal interest for me in this review, and therefore
they will only be addressed in a brief, separate section. The major focus
lies on the neural ﬁndings in the form of brain activation during certain
linguistic and non-linguistic tasks.
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3
3.1

RESULTS
Behavioral ﬁndings
In all reading-related measures and auditory tasks (see Table 1 and 2 for
a complete overview of tasks), the control group signiﬁcantly outperformed the dyslexic group. Very few studies failed to detect differences
between the two groups. Concerning the control tasks (line orientation,
visual tasks or letter detection), no differences were reported between
dyslexics and their age-matched peers, except for auditory tasks involving tone judgment or passive listening.

3.1.1

Accuracy and reaction time
Almost all studies reported that during reading-related tasks (e.g., reading pseudo-words, words, pseudohomophones or sentences), controls
outperformed dyslexics with respect to accuracy (Blau et al., 2010; Hoeft
et al., 2007; Shaywitz et al., 2002; Schulz et al., 2008; Van der Mark et al.,
2009). Monzalvo, Fluss, Billard, Dehaene and Dehaene-Lambertz (2012)
reported that more generally, reading time was faster and error rate was
considerably lower in controls as compared to dyslexics. Interestingly,
they could also link a low socio-economic status to a tendency to produce
more reading errors.
Dyslexics were particularly less accurate and slower during the
non-word rhyming and the semantic categorization tasks (Backes et al.,
2002). In Boros et al. (2016), reaction times did not differ, but dyslexic
children were also less accurate in letter and digit reading. However, no
interaction was found between group (impaired vs. non-impaired) and
stimuli (letters vs. digits) presented. Mainly, a lack of engagement in a
variety of areas and an activation of the default-mode network5 instead
might be responsible for the difficulties encountered (Boros et al., 2016).
The more difficult the task, the larger the discrepancy between the
performances of the groups. Increasing difficulty in conﬂicting trials led
5The default-mode network is a resting state network that shows a decrease in
activation as soon as a task is performed by an individual. It comprises the precuneus, posterior cingulate cortex, anterior cingulate cortex and temporo-parietal
junction areas (Heine et al., 2012).
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to less accuracy and delayed responses in impaired readers, although
dyslexics were slower and less accurate more generally in all tasks as reported by Cao, Bitan, Chou, Burman and Booth (2006). This increasing
difficulty for dyslexics was conﬁrmed by greater activation in conﬂicting
vs. non-conﬂicting trials in bilateral IFG and left-hemispheric regions in
temporal areas, FG and the parietal lobe. In other words, the increasing
complexity and difficulty of the task led to overactivation in a large network of areas, especially in IFG, the region responsible for making decisions, executing and joining orthographic and phonological information.
Although most studies found delayed responses and worse accuracy
in dyslexics, a number of studies did not detect differences in response
times or failed to detect any group-related differences at all. In Morken,
Helland, Hugdahl and Specht (2014), accuracy and response time did not
differ between the two groups during alphabetic and sentence processing, but differed signiﬁcantly between the groups in the orthographic
processing task (reading of long and irregular words). This is interesting because brain engagement showed large discrepancies in all three
processing stages, that is, during all tasks, which could not be conﬁrmed
behaviorally.
Similarly, applying false font reading and letter detection, Olulade,
Flowers, Napoliello and Eden (2015) failed to detect an effect due to
condition (accuracy during tasks), but they observed a group effect regarding response times with dyslexics responding more slowly than the
control children. They reported that both groups actually scored very
high in the real word and false font reading tasks, which might indicate
ceiling effects. On the other hand, the behavioral ﬁndings do not support
the differences in engagement detected with the help of fMRI because
differences between controls and dyslexics were conﬁrmed in both tasks.
Furthermore, Van der Mark et al. (2009) reported that false-font and
word reading did not reveal any differences between the performances
of the two groups.
In sum, while reaction times between the two groups did not often
differ signiﬁcantly (e.g., Boros et al., 2016; Corina et al., 2001), accuracy
was far worse in dyslexic children with very few exceptions (Morken et
al., 2014; Olulade et al., 2015). The more complex the task, the larger the
differences in behavioral performance.
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3.1.2

Auditory processing
The auditory deﬁcit hypothesis is supported by Gaab, Gabrieli, Deutsch,
Tallal and Temple (2007), reporting that even in a pitch discrimination
task of a non-linguistic nature, dyslexics respond less accurately compared to age-matched peers. Measures of language and reading ability
led to signiﬁcant differences between the two groups. Even after remediation and improvement in dyslexics as compared to constant results
in the non-impaired group, dyslexics signiﬁcantly underperformed controls. In another study by Temple, Poldrack, Protopapas, Nagarajan and
Salz (2000), controls were more accurate for rapid and slow non-speech
analogues than dyslexics and, not surprisingly, accuracy was greater for
the slow stimuli more generally. However, no interaction between group
and stimulus type and no difference in response time was reported. Speciﬁcally, phonological awareness and phonological decoding revealed
signiﬁcant deﬁcits in the reading-impaired children (Blau et al., 2010).
Also in Corina et al. (2001), dyslexics were less accurate in lexical decision and tone judgment tasks (mainly requiring auditory processing).
Still, brain activation differences reﬂected discrepancies during both
tasks, and more speciﬁcally, tone judgment difficulties were related to a
lack of engagement of the parietal cortex.

3.1.3

Performance of control groups
Interestingly, the studies that included two control groups (Hoeft et
al., 2006; Hoeft et al., 2007), namely one age-matched group and one
reading-level-matched (younger children) group, showed that there
were no differences in response time and accuracy between the latter
and the dyslexics. In fact, only the age-matched peers outperformed the
reading-impaired children and the reading-matched group. Hoeft et al.
(2006) highlighted reading deﬁcits regarding receptive vocabulary and
IQ in the dyslexics. However, their study also revealed that nonsense
word decoding and comprehension showed differences between dyslexics and their age-matched peers but not with their reading-matched
peers. In other words, reaction time and accuracy were only signiﬁcant
between impaired readers and their age-matched peers. This conﬁrms
that dyslexics fail to develop age-appropriate reading skills, but there is
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nothing that distinguishes dyslexic children from those of the same reading-level. Dyslexics suffer from a severe developmental delay and their
deﬁcits might indicate a lack of reading exposure and experience, but
this is usually not the case.
3.1.4

Visual tasks
During all kinds of control tasks, such as visual tasks (line orientation and
string comparison), no differences between dyslexics and non-impaired
readers were found. It has been a matter of debate whether dyslexia is
mainly a visual deﬁcit, but this could not be supported by the behavioral results of this review. With regard to differences in brain activation,
line orientation led to higher activation in parietal cortex in control and
in left lateral extrastriate cortex in dyslexics, but the behavioral performance was not affected.
In sum, behavioral deﬁcits and discrepancies were conﬁrmed in almost all studies with respect to slower response and higher accuracy for
the control groups compared with the dyslexics. Most strikingly, even
if studies found large differences on the neural level (i.e., signiﬁcantly
more or less activation in a number of areas or compensatory activation),
some studies only found minor or no differences in behavioral performance between the groups. Furthermore, only age-matched peers signiﬁcantly outperformed dyslexics, while those studies introducing reading-matched groups reported no differences.

3.2
3.2.1

fMRI ﬁndings
Group-related differences in auditory processing
Gaab et al. (2007), Monzalvo et al. (2012), Blau et al. (2010) and Heim et
al. (2010a) focused on auditory processing and found (1) less activation
differentiation for slow and fast stimuli, (2) weaker auditory incongruency effects in auditory cortex (AC), (3) reduced right and left frontal
activation during phonological awareness and (4) small regions of compensatory activation in the dyslexic population (in particular in the right
hemisphere).
Gaab et al. (2007) investigated passive listening to acoustic stimuli
with either slow or fast transitions. The control group showed higher
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activation for rapid vs. slow stimuli in the left prefrontal cortex primarily
in superior and medial frontal gyrus (SFG, MFG) and right-hemispheric
areas (including peri-sylvian regions). In dyslexics, the left MTG was the
only region showing activation for the fast vs. slow distinction, which
indicates a lack of specialization for this particular task.
In the study of Blau et al. (2010), children had to listen to speech
sounds while reading Dutch letters (pairs were either matched or deviant). They found that children with dyslexia had signiﬁcantly weaker
activity for processing speech sounds in anterior STG and for processing letters in FG bilaterally. Moreover, they observed that ﬂuent readers
showed a congruency effect close to the primary AC (Heschl's sulcus),
which was absent in all dyslexics.
In the study by Heim et al. (2010a), a variety of tasks was applied.
For testing phonological awareness, participants heard words and pseudo-words and had to indicate the initial sound of each word (single
choice). The auditory discrimination task included words and non-lexicalized syllables, and the participants were required to indicate if the
speech sound pairs were identical or not (e.g., /ba/ – /pa/). According
to their ﬁndings, dyslexics showed higher activation in the left inferior
frontal lobe (inferior frontal sulcus and MFG) during auditory sound discrimination tasks. Additionally, dyslexics had more activation in frontal
areas during this task, whereas phonological awareness was linked to
reduced activation in the left frontal cortex (only at uncorrected level,
however) and reduced activation in the right fronto-medial wall (superior medial gyrus).
Finally yet importantly, Monzalvo et al. (2012) investigated both visual and auditory processes in dyslexic children. In their visual experiment, houses, faces, words and a checkerboard were presented. In their
auditory task, on the other hand, 40 sentences in the subjects' native language (French) and in a foreign language were presented. They discovered that the control group had higher activation in supplementary motor area (SMA) bilaterally and the right temporal region when listening
to the short French sentences. Only marginal clusters were found in the
left hemisphere, for instance, in planum temporale (PT) and insula, and
slight activation asymmetries were found in the temporal cortex (e.g.,
normal readers were more right lateralized in auditory areas extending
to SMG).
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3.2.2 Reading processing in dyslexic children
3.2.2.1 Rhyming tasks

The variety of rhyming tasks used by the selected studies led to underand overactivation in several regions. Non-word rhyming, on the one
hand, led to signiﬁcant overactivation in all reading-relevant brain regions, with little or no activation in areas that were not engaged in the
control group. Word and letter rhyming, on the other hand, were marked
by more frequent compensatory activation (right-hemispheric and bilaterally) together with a lack of engagement of the core reading circuits as
reported in the non-word rhyming tasks.
Backes et al. (2002) and Shaywitz et al. (2002) used non-word rhyming tasks. Dyslexics exhibited less activation in left inferior prefrontal
regions and left cingulate gyrus, and in contrast to controls, did not activate the superior temporal cortex (bilaterally) at all. Instead, dyslexics
activated the left extrastriate cortex (Backes et al., 2002). In Shaywitz
et al. (2002), controls exhibited more activation in core left hemisphere
regions, namely IFG, posterior STG, MTG and right-hemispheric IFG,
STG, MTG and medial orbital gyrus. No compensatory activation was
found in dyslexics.
Corina et al. (2001) applied both non-word and word rhyming and
suggest that dyslexics differ in auditory language processes (rhyming)
and attention processes. They reported asymmetry during rhyming in
ITG (left > right in controls, vice versa in dyslexics) and PT (left more
in controls), and underactivation of dyslexics in PrCG, MFG. Altogether,
the lexical task they applied additionally engaged more regions in both
groups, resulting in many regions of difference, such as less bilateral insula, left ITG and IFG.
The following four studies relied on word-rhyming tasks only. Cao et
al. (2006) included non-conﬂicting (easy) and conﬂicting (difficult) trials, which posed heavy demands on phonological processing. Only the
more challenging trials led to different activation patterns, namely more
activation in controls in bilateral IFG and left-hemispheric ITG, FG, IPL
and MTG (i.e., areas in all core circuits involved in reading). Without
considering difficulty levels, Hoeft et al. (2006) found that age-matched
controls engaged the left parieto-temporal cortex, right parieto-temporal regions, two frontal regions and right occipito-temporal cortex more
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than dyslexics. They state that the core differences between groups can
be found in three regions, namely the frontal lobe, the parietal lobe and
the temporal lobe. In a follow-up study, Hoeft et al. (2007) reported
more activation in control children in left IPL, bilateral FG and lingual
gyri. The dyslexics, on the other hand, engaged the left IFG, left MFG,
left caudate and right thalamus more often. Kovelman et al. (2012) had
rather opposing ﬁndings to those observed in previous studies. Dyslexics
showed greater activation in the right temporo-parietal region including
STG, MTG and angular gyri (AG). In contrast, controls activated more
strongly the left dorso-lateral prefrontal cortex for rhyming in contrast
to the baseline task.
Several studies applied word or non-word rhyming tasks known to
elicit phonological processing areas. Temple et al. (2000) employed the
simplest task, namely letter rhyming. Whereas the control group activated the left temporo-parietal cortex, dyslexics did not engage this region at all. Dyslexics, however, had higher activation in many regions, for
example, in the bilateral SFG, right IFG, right MTG, bilateral PrCG and
postcentral gyri and right-hemispheric occipital areas [middle occipital
gyrus (MOG) and inferior occipital gyrus (IOG)], as well as in bilateral
basal ganglia and right vermis.
3.2.2.2 Reading tasks

The majority of studies included in this review laid their focus on silent
or overt reading of linguistic material, such as reading words, letters,
symbols, digits, non-words and sentences. In the following subsections,
studies involving words and sentences will be discussed separately due
to the large number of studies employing these tasks. The other types of
stimuli, namely letters, symbols, false fonts and non-words, will be presented in a separate section.
Letters, symbols, false fonts and non-words. Using a letter-reading task, Boros et al. (2016) found that controls exhibited more
activation in right STG and bilateral MOG. Dyslexics, on the other hand,
had more default-mode-network activation bilaterally in parietal, temporal and frontal lobes. Similarly, controls activated left FG (peak in
left occipital-temporal cortex) anterior to VWFA and right MFG more
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strongly during false font reading (Olulade et al., 2015). Also in Boros
et al. (2016), false font reading led to higher activation in temporal and
occipital areas (MOG) bilaterally. Reading symbols, on the other hand,
led to higher activation in the left ventral visual stream, temporal areas
bilaterally and frontal areas in controls. In accordance with the letter
reading task, the default mode network showed higher activation in the
dyslexics. During non-word reading, mainly temporal (ITG, MTG) and
occipital gyri (IOG, MOG) bilaterally showed higher activation in controls (Boros et al., 2016).
Words. Most studies applied silent reading of words. Georgiewa et al.
(2002) reported that the three core areas of activation in dyslexics were
(1) left IFG, insula and STG, (2) left thalamus and (3) left nucleus caudatus. Additionally, contrasting words vs. pseudohomophones led to stronger engagement of left IPL, STG and insula, whereas pseudo-words vs.
words led to no signiﬁcant distinction between the groups (Van der Mark
et al., 2009). Contrary results were found by Heim et al. (2010a), who
reported differences in word vs. pseudo-word reading mainly in the right
fronto-medial wall and left IFG.
Maurer et al. (2011) observed increased activation for controls in inferior occipito-temporal regions extending to VWFA when subjects had to
read normal words. Also in Van der Mark et al. (2009), processing words
vs. false fonts led to more activation in inferior and occipital regions in
the left hemisphere, plus bilateral cingulate and right-hemispheric cuneus activations. Only one study reported hyperactivation in left IFG,
insula and lingual gyrus in dyslexics (Georgiewa et al., 2002); the other
studies found no word-speciﬁc overactivation in impaired readers (Van
der Mark et al., 2009).
Morken et al. (2014) added some complexity to the design by using
regular and irregular words and found differences in several regions
(involving bilateral frontal areas, SMA, cerebellum, thalamus etc.) but
mostly in the form of hyperactivations of dyslexic children due to increasing difficulty. Generally, they argued that six regions were related to
increasing processing demands, namely right SFG, left pre-SMA, left nucleus caudatus and right SFG and MFG. They therefore stated that these
areas may show considerable differences in activation between dyslexics
and controls.
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In the study by Baillieux et al. (2009), subjects had to generate words
from cues. The authors reported more diffuse and widespread left-hemispheric activations in temporo-occipital, temporo-parietal and occipital
areas in dyslexics. Additionally, they found that activation in the cerebellum differed extensively between the two groups. In Heim et al.'s study
(2010b), overt word reading activated frontal, parietal AG and temporal
regions in both hemispheres, as well as the right hippocampus and the
left cerebellum. Dyslexics activated very similar regions, but different
tasks were associated with different strengths of activation in dyslexics
and controls.
To sum up, reading of single words and smaller units led to striking
differences in all core reading circuits, in particular in frontal areas, but
few studies reported compensatory activation. Compensatory activation
was only reported in two studies (Georgiewa et al., 2002; Morken et al.,
2014), one of which applied irregular words and thus added difficulty to
the task. It can be argued that simple word reading does not lead to any
overactivation due to the simplicity of the task, but if complexity is added, for example by using irregular or infrequent words, additional areas
are engaged.
Sentences. Differences in sentence reading were not only found between dyslexics and age-matched controls (controls > dyslexics: left IPL,
frontal, temporal and fusiform areas) but also between dyslexics and
reading-matched controls (controls > dyslexics: bilateral IPL, frontal,
temporal and cingulate; Schulz et al., 2009). In an earlier study, Schulz et
al. (2008) found similar results, where controls engaged left-hemispheric regions (frontal, IPL) more strongly. In another study by Morken et
al. (2014), both groups showed a widespread network of activation, but
the control group also activated right MTG and thalamus. The sentence
condition generally led to increased activation in dyslexics (the control
group showed a decrease, instead) in right SFG and left pre-SMA. Overall, Morken et al. reported hyperactivation due to increasing processing
demands in dyslexic children, particularly in sentence processing.
Only three out of the 34 studies applied sentence reading but all reported slight underactivation in frontal, parietal and temporal areas, with
minor compensatory areas (right MTG and thalamus). What is more, one
study further reported increased activation in dyslexics interpreted to be
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due to the increasing demand in sentence reading compared with single
word reading.
3.2.2.3 Other tasks

This section deals with phonological, orthographic and morpheme mapping tasks and semantic aspects of word and sentence reading, which
were speciﬁcally addressed in a number of studies. In Aylward et al.
(2003), controls showed more activation in left frontal regions (IFG,
MFG), bilateral (left > right) superior parietal regions and slight differences in bilateral AG, SFG, FG and temporal regions (ITG, MTG) during
phoneme mapping. Morpheme mapping led to more activation in controls in right FG, right superior parietal regions, bilateral occipito-parietal junction and left MFG, which was not statistically signiﬁcant, however. Using the same tasks and criteria for groups, Richards et al. (2006)
found different activation patterns during all tasks. During morpheme
and orthographic mapping, dyslexics only activated about half of the regions that controls activated, but they instead also activated several compensatory regions. Only in phoneme mapping did the two groups engage
a similar number of regions, but with different activation proﬁles (e.g.,
additional activation of left STG or bilateral activation in controls of thalamus and PrCG, whereas dyslexics only activated one hemisphere).
During semantic categorization in Schulz et al. (2008), dyslexic children showed reduced incongruency effects in the parietal lobe and precuneus. Shaywitz et al. (2002), who found more activation in left parietal,
temporal and occipital and right temporal and occipital areas in controls,
reported a larger difference for semantic judgment. Wide-spread compensatory activation in dyslexics was reported by Backes et al. (2002), in
particular in the right inferior frontal areas as well as in bilateral prefrontal and extrastriate cortex.
It is not possible to summarize these ﬁndings in a uniform manner,
but to put it in a nutshell, semantic categorization tasks and speciﬁcally mapping tasks led to striking differences in neuronal activation, even
though they are not the primary focus of most studies investigating dyslexia. The mapping tasks especially are very complex and investigate
core principles when it comes to reading acquisition. Discrepancies in
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these tasks on the behavioral and neural level highlight the enormous
difficulties dyslexic children encounter during literacy acquisition.

4

DISCUSSION
In summary, all studies of this review reported different activation patterns in dyslexic children compared with controls in a variety of areas
during auditory or reading-related tasks. The most striking differences were a lack of engagement of all core reading areas, namely inferior
frontal cortex (including IFG and MFG), the parieto-occipital network
(including inferior parietal areas and FG) and temporo-parietal areas
(including STG, MTG and PT) together with a network of compensatory
activation in bilateral and right-hemispheric areas. The latter, however,
was only found in more demanding tasks (e.g., rhyming, mapping and
semantic tasks and in some reading tasks). The results of this review
should be regarded with some caution, as statistical effect sizes were not
taken into consideration, which limits the comparability of the studies
included. Nonetheless, the overall ﬁndings suggest a tendency towards
a large network of engaged regions that seem to be deﬁcient in dyslexic
children.
The ﬁndings favor the belief that dyslexics engage fewer and/or different brain areas in contrast to non-impaired readers in all tasks related
to reading and at different processing stages. In addition, a large number
of studies reported bilateral and particularly right-hemispheric compensatory activation in reading-related areas (inferior frontal lobe, inferior parietal areas, FG, temporo-parietal regions). In other words, the
compensatory activation was predominant in the right hemisphere, but
not limited to it. The areas showing the most striking underactivation in
dyslexics during reading processing are primarily those of the left-hemisphere, the so-called core reading circuits as presented in the Introduction. It is interesting to see that rather simple tasks like false font reading,
symbol or word reading do not lead to additional engagement of brain
areas. This might be due to the simplicity of the task and the fact that
the dyslexic children are already familiar with most words which therefore does not pose major challenges to them anymore. Rhyming tasks, on
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the other hand, require explicit phonological information and are more
complex, in particular when rhyming non-words. Furthermore, sentence
processing or processing of irregular words led to additional activation,
which is most likely to be due to increasing complexity as well.
In the auditory tasks, differences in activation and asymmetry were
reported most often in the classical auditory areas, that is STG, MTG
and PT. Since phonological processing deﬁcits are often assumed to be
predominant in dyslexics, basic auditory processing has received minor
attention in past years. Still, as already mentioned, a comprehensive review has revealed that auditory deﬁcits affect about 30–50% of dyslexic
individuals (Hämäläinen et al., 2013), and it therefore seems necessary
to investigate different aspects of elementary auditory processing in
dyslexics as well. There seems to be poor differential activation for slow
vs. fast auditory stimuli in dyslexic children. Segmenting and decoding
speech requires engagement of the temporal and prefrontal cortex, and
there is evidence for a lack of corresponding IFG integration in dyslexics
(Tallal & Gaab, 2006). They are very likely to be impaired in the “ability to track brief, rapidly successive, dynamic acoustic changes within
the complex acoustic waveform of speech” (Tallal & Gaab, 2006, p. 382).
As a consequence, the processing of single speech sounds and letters is
also impaired in dyslexic children. The lack of response to incongruous
speech-letter pairs may reﬂect an insufficient integration of these speech
sounds (Heim et al., 2010a). The ﬁndings of this review support the hypothesis that many children with dyslexia also experience major difficulties when categorizing, discriminating and integrating single speech
sounds. Even if not all children display auditory deﬁcits, these deﬁcits
may heavily inﬂuence subsequent literacy acquisition. Furthermore, a
very impressive longitudinal study (Serrallach et al., 2016) has clearly
linked differences in auditory cortex (functionally and structurally) to
dyslexia, but it remains to be seen whether developmental changes and
improvements might inﬂuence these anomalies. To summarize the ﬁndings on auditory processing, I argue that auditory processing does not deserve to be overlooked as basic auditory processing may have a considerable impact on literacy acquisition, and the present review clearly speaks
for a striking role of deﬁcient auditory processing in dyslexic children.
Even if auditory processing deﬁcits are not as striking as phonological
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and orthographic integration deﬁcits, they have to be taken into account
when further exploring the underpinnings of developmental dyslexia.
Phonological processes are at the core of all reading-related tasks explored in the numerous studies of this review. The capacity to immediately understand the phonological value of a sound or letter (e.g., rhyming letters) in words requires efficient processing in the left and right
parieto-temporal cortex, frontal areas and the occipito-temporal cortex.
Letter, non-word and word rhyming have been found to mostly engage
the three core circuits with a focus in the temporo-parietal region. In
dyslexics, letter rhyming revealed deﬁcits mainly in temporo-parietal areas combined with a large compensatory network in right and bilateral
areas in occipital and frontal lobes and motor areas. Apart from these
ﬁndings, reduced functional connectivity was conﬁrmed in Hoeft et al.
(2006) in the left occipito-temporal cortex and middle occipital cortex,
left MTG, STG and insula, that is affecting all areas relevant for mapping
auditory and visual input. Non-word rhyming, in contrast, led to compensatory activation in dyslexic children in the left extrastriate cortex.
Signiﬁcantly less activation was found in the prefrontal cortex (IFG) and
temporal areas and additionally, dyslexics failed to engage bilateral temporal areas and IPL. Also word rhyming requires the three core circuits
for reading, namely parieto-temporal, frontal and occipito-temporal cortex. Especially IFG bilaterally and right-hemispheric temporal cortices
(MTG and ITG) led to differential activation in dyslexics (Kovelman et
al., 2012). Furthermore, the more phonologically demanding the word
pairs, the more differences found between dyslexics and controls (Cao
et al., 2006).
To summarize, rhyming tasks led to striking underactivation as well
as overactivation (i.e., compensatory activation; bilaterally and on the
right) possibly due to the more challenging nature of the task. Both the
occipito-temporal and the temporo-parietal cortex seem to be heavily
involved and thus severely impaired in dyslexics, which would explain
their signiﬁcantly worse performance on all rhyming tasks and their
slower response times. Hand in hand with the signiﬁcant underactivation in the variety of areas, the rhyming tasks led to compensatory activation in right and bilateral areas and the left extrastriate cortex. In
fact, rhyming is a complex task that requires an immediate phonological
analysis of a given orthographic cue, not the word itself. During normal
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single word or sentence reading, children are not required to process
single units and their smallest elements. During rhyming tasks, however, concrete phonological knowledge is required, which was also highlighted in the large behavioral differences in accuracy and reaction times
between the impaired and non-impaired readers. It seems, thus, that the
more demanding a reading-related process, the more impaired readers
try to compensate their deﬁcits by engaging a large variety of brain areas.
This might be due to the insufficient integration of speech sounds and
their correspondence to letters in the impaired group.
In overt word reading, however, deﬁcits could only be attributed to
the extent but not the location of activation. Slight differences were further found between word reading vs. reading of pseudo-homophones and
pseudo-words and between regular and irregular words, which could be
linked to the increasing processing demands, which may be more difficult to cope with for dyslexic children. Both letter and non-word reading
typically showed deﬁcient processing in occipital (visual) and temporal
(STG; auditory) areas in dyslexics (Backes et al., 2002). For letter and
symbol reading, less deactivation was found in dyslexics in areas associated with the default mode network. In addition, false-font reading, related to the other three categories, led to activation differences in visual
(VWFA) and occipito-temporal areas (Backes et al., 2002; Olulade et al.,
2015).
Interestingly, there were also major differences between sentence
reading and single word reading with the ﬁrst leading to compensatory activation. For both tasks, sentence and word reading engaged core
reading circuits and large differences in extent and intensity of activation
were found in the left frontal regions, the IPL, temporal areas (mostly
MTG) and occipital areas. It may be speculated that the higher complexity of sentences as compared to words – which represents a higher cognitive load – leads to a higher activation in frontal areas relevant
for working memory functions but has very little effect on the reading
circuits. In the studies, however, overactivation in additional areas was
further spread and not limited to the frontal areas but rather to the core
reading circuits. Still, this ﬁnding has to be treated with much caution as
sentence reading was only applied in three studies and only one directly
compared word and sentence reading. It has to be considered, however,
that differences in age might lead to very different results in sentence
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reading. More reading exposure and practice consequently lead to much
greater ease while reading. Therefore, reading sentences or words might
be much easier than reading non-words or pseudohomophones, for instance. It is also interesting that studies apply simpler tasks like word
reading or reading of letters rather than more challenging ones like nonword or sentence reading. Reading words might be a process that can become automatized even in dyslexic children, who undoubtedly struggle
with this process. Therefore, reading single words might even be very
simple for them, especially if very easy, regular words are used.
With regard to the brain areas most often found to be over- or underactivated during the reading tasks, only one single study found an underactivation of the cerebellum, which has been a topic of its own with respect to dyslexia in the past years. Therefore, I would argue at this point
that the cerebellum is not essential for literacy acquisition to the extent
that the brain has to rearrange according to the difficulties encountered.
It might also have been a coincidence that none of the other studies
found over- or underactivation in the cerebellum. Another explanation
would be that the cerebellum plays a bigger role in adults and teenagers,
which is why no cerebellar activation was found in the studies analyzed
in this review.
I would like to brieﬂy mention the behavioral ﬁndings and how far
they can relate to the neural ﬁndings. It is interesting that no behavioral
differences could be found between reading-matched control children
and the dyslexics, whereas the age-matched clearly outperformed both
groups with ease. Interestingly, brain activation showed a very different
picture. During sentence reading, for instance, there were striking differences between reading-matched controls and dyslexics and not only between age-matched and dyslexics, as would have been expected. It might
be the case that the differences between the reading-matched groups and
the dyslexics are so subtle that behavioral measures fail to detect them at
all, while minor differences on the neural level are visible and found to
be signiﬁcant in the studies. This was conﬁrmed throughout the review
and even though reaction times did not add much to the picture (if one
needs longer to relate a sound and a letter or to read a word it seems logical that it takes one longer to respond), accuracy did. There were very
few tasks that did not reveal differences between dyslexic readers and
the non-impaired group and among them was false font reading, which
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is not strongly related to reading and the result is therefore somewhat
expected.
To the best of my knowledge, Richlan et al. (2011) are the only ones
so far who have looked at studies investigating reading-related processing through fMRI in dyslexic children with a strictly-deﬁned age group.
The main aim of Richlan et al. was to explore whether the predominant
phonological deﬁcit of temporo-parietal regions in children progresses towards a visual-orthographic left occipito-temporal dysfunction in
adults. The results of their meta-analysis, however, were quite complex
and could not fully conﬁrm their primary hypothesis. They reported that
the visual-orthographic deﬁcit assumed to be predominant in dyslexic
adults might have been underestimated in dyslexic children in the past.
In particular, a lack of studies involving pseudo-words and pseudohomophones could have caused this underestimation (also in the current
review, only a limited number of studies applied pseudo-word reading or
rhyming). Moreover, they reported marginal overactivation in dyslexics,
which is not in accordance with what the studies analyzed in this review
have found.
In the present review, I extended Richlan et al.'s sample (9 fMRI studies with children) and limited and extended Paulesu et al.'s sample. The
ﬁndings of this extended review support the results reported by Maisog
et al. (2008), who found a small but signiﬁcant network of compensatory
activation in the right hemisphere and a lack of engagement in the core
reading areas, namely FG, precuneus and ITG. Furthermore, Richlan et
al.'s (2009) study reported very similar results as the ones I found. The
only difference is that they also highlighted overactivation of motor areas
in dyslexic individuals, which cannot be supported by this review.
I have to agree with Richlan et al. (2009) that more pseudo-word/
non-word reading tasks need to be applied to help uncover the deﬁcient
mechanisms behind dyslexia. Even if single word or letter reading are
slower and less accurate tasks for dyslexics, the brain activation patterns
behind this process will probably reveal a focus on grapheme-phoneme
conversion due to insufficient integration of the word or not reveal differences at all if the child has adapted adequately. When reading pseudo-words, on the other hand, the child has no knowledge to rely on and
it allows us to a certain extent to investigate how encoding and grapheme-to-phoneme conversion take place at the same time. I therefore en-
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courage those researchers dedicating their career to exploring dyslexia
to become more creative and to increase difficulty levels while conducting fMRI.
All in all, the behavioral and fMRI ﬁndings are far from uniform and
many speciﬁc regions reported in one study are not found in another
although they apply the same task. Still, all reading-related tasks led
to considerable underactivation in dyslexic children, while at the same
time, dyslexics engaged a large network of compensatory areas instead,
in particular during phonological tasks (e.g., rhyming). Thus, the review
supports the ﬁndings from the other meta-analyses that dyslexic children between 8–15 years old fail to engage the typical reading-related
areas during reading processing (also found in adults, see Maisog et al.,
2008). Furthermore, and possibly in some contrast to adults, they use
strikingly large right-hemispheric and bilateral compensatory networks
to make up for the lack of engagement of the core reading circuits, which
were only marginally reported in Richlan et al. (2009, 2011).
In general, I aimed at creating strict and homogenous criteria for
the inclusion of relevant studies, and I tried to include as many studies
as possible. Since only experimental paradigms with phonological, orthographic and auditory tasks were included, no inferences can be drawn
with regard to visual processing. This does not imply that visual deﬁcits are marginal and not worthy of discussion. Furthermore, I am well
aware that reviews do not take into account statistical effect sizes. However, the review does show a clear picture and even if the ﬁndings have
to be treated with some caution, they support previous meta-analyses
and highlight the lack of engagement of core reading areas in dyslexics
paired with networks of compensatory activation due to increasing task
difficulty.

5

CONCLUSION
Given the results of the present review, I have to partly agree with Ramus, Altarelli, Jednoróg, Zhao and di Covella (2018), who criticize that
small-scale studies and reviews tend to show a rather homogeneous picture, which cannot be conﬁrmed in large-scale meta-analyses and stud-
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ies. Mostly, large-scale analyses reveal few robust results and highlight
inconsistencies instead. Likewise, the results of the review show a small
number of robust patterns found in dyslexic children. Still, it remains
debatable whether these small-scale studies with few participants not
only report false positives but also blur the overall picture. However,
one ﬁnding that will survive any criticism is the fact that activation in
reading circuits differs between children with a diagnosis of dyslexia
and non-impaired readers – even if the extent and location of differences
vary with task, severity of the disorder and concrete age of the participants. Additionally, right-hemispheric and bilateral compensatory activation has been conﬁrmed in such a large variety of studies that one
could argue that this ﬁnding is also quite robust and reliable. It seems
that dyslexic children show processing deﬁcits in all core reading circuits and the more challenging the task, the more likely it is that they
need engagement of additional regions to compensate for those deﬁcits.
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AG
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IFG
IOG
IPL
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Angular gyrus
Fusiform gyrus
Inferior frontal gyrus
Inferior occipital gyrus
Inferior parietal lobule

MTG
PrCG
PT
SFG
SMA

Middle temporal gyrus
Precentral gyrus
Planum temporale
Superior frontal gyrus
Supplementary motor area
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ITG
MFG
MOG

Inferior temporal gyrus
Middle frontal gyrus
Middle occipital gyrus

SMG
STG
VWFA

Supramarginal gyrus
Superior temporal gyrus
Visual word form area

REFERENCES
Aylward, E. H., Richards, T. L., Berninger, V. W., Nagy, W. E., Field, K. M., Grimme,
A. C., … Cramer, S. C. (2003). Instructional treatment associated with changes
in brain activation in children with dyslexia. Neurology, 61, 212–219.
Backes, W., Vuurman, E., Wennekes, R., Spronk, P., Wuisman, M., van Engelshoven,
J., & Jolles, J. (2002). Atypical brain activation of reading processes in children
with developmental dyslexia. Journal of Child Neurology, 17, 867–871.
Baillieux, H., Vandervliet, E. J., Manto, M., Parizel, P. M., De Deyn, P. P., & Mariën,
P. (2009). Developmental dyslexia and widespread activation across the cerebellar hemispheres. Brain and Language, 108, 122–132.
Binder, J. R., Desai, R. H., Graves, W. W., & Conant, L. L. (2009). Where is the
semantic system? A critical review and meta-analysis of 120 functional neuroimaging studies. Cerebral Cortex, 19, 2767–2796.
Bishop, D. V. M., & Snowling, M. J. (2004). Developmental dyslexia and speciﬁc
language impairment: Same or different? Psychological Bulletin, 130, 858–886.
Blau, V., Reithler, J., Van Atteveldt, N., Seitz, J., Gerretsen, P., Goebel, R., & Blomert,
L. (2010). Deviant processing of letters and speech sounds as proximate cause
of reading failure: A functional magnetic resonance imaging study of dyslexic
children. Brain, 133, 868–879.
Boros, M., Anton, J. L., Pech-Georgel, C., Grainger, J., Szwed, M., & Ziegler, J. C.
(2016). Orthographic processing deﬁcits in developmental dyslexia: Beyond
the ventral visual stream. NeuroImage, 128, 316–327.
Brem, S., Bach, S., Kucian, K., Kujala, J. V., Guttorm, T. K., Martin, E., … Richardson,
U. (2010). Brain sensitivity to print emerges when children learn letter-speech
sound correspondences. Proceedings of the National Academy of Sciences USA,
107, 7939–7944.
Cao, F., Bitan, T., Chou, T. L., Burman, D. D., & Booth, J. R. (2006). Deﬁcient orthographic and phonological representations in children with dyslexia revealed by brain activation patterns. Journal of Child Psychology and Psychiatry,
47, 1041–1050.
Church, J. A., Coalson, R. S., Lugar, H. M., Petersen, S. E., & Schlaggar, B. L. (2008).
A developmental fMRI study of reading and repetition reveals changes in phonological and visual mechanisms over age. Cerebral Cortex, 18, 2054–2065.

369

Sabrina Turker

Corina, D. P., Richards, T. L., Seraﬁni, S., Richards, A L., Steury, K., Abbott, R. D., …
Berninger, V. W. (2001). fMRI auditory language differences between dyslexic
and able reading children. NeuroReport, 12, 1195–1201.
Eden, G. F., & Zeffiro, T. A. (1998). Neural systems affected in developmental dyslexia revealed by functional neuroimaging. Neuron, 21, 279–282.
Fisher, S. E., & Francks, C. (2006). Genes, cognition and dyslexia: Learning to read
the genome. Trends in Cognitive Sciences, 10, 250–257.
Fostick, L., & Revah, H. (2018). Dyslexia as a multi-deﬁcit disorder: Working
memory and auditory temporal processing. Acta Psychologica, 183, 19–28.
Francks, C., MacPhie, I. L., & Monaco, A. P. (2002). The genetic basis of dyslexia.
The Lancet Neurology, 1, 483–490.
Gaab, N., Gabrieli, J. D. E., Deutsch, G. K., Tallal, P., & Temple, E. (2007). Neural
correlates of rapid auditory processing are disrupted in children with developmental dyslexia and ameliorated with training: An fMRI study. Restorative
Neurology and Neuroscience, 25, 295–310.
Georgiewa, P., Rzanny, R., Gaser, C., Gerhard, U. J., Vieweg, U., Freesmeyer, D., …
Blanz, B. (2002). Phonological processing in dyslexic children: A study combining functional imaging and event related potentials. Neuroscience Letters,
318, 5–8.
Giraud, A. L., & Ramus, F. (2013). Neurogenetics and auditory processing in developmental dyslexia. Current Opinion in Neurobiology, 23, 37–42.
Goswami, U. (2015). Sensory theories of developmental dyslexia: Three challenges for research. Nature Reviews Neuroscience, 16, 43–54.
Hämäläinen, J. A., Salminen, H. K., & Leppänen, P. H. T. (2013). Basic auditory processing deﬁcits in dyslexia: Systematic review of the behavioral and event-related potential/ﬁeld evidence. Journal of Learning Disabilities, 46, 413–427.
Hawke, J. L., Wadsworth, S. J., Olson, R. K., & Defries, J. C. (2007). Etiology of
reading difficulties as a function of gender and severity. Reading and Writing,
20, 13–25.
Heim, S., Grande, M., Meffert, E., Eickhoff, S. B., Schreiber, H., Kukolja, J., …
Amunts, K. (2010b). Cognitive levels of performance account for hemispheric
lateralisation effects in dyslexic and normally reading children. NeuroImage,
53, 1346–1358.
Heim, S., Grande, M., Pape-Neumann, J., van Ermingen, M., Meffert, E., Grabowska, A., … Amunts, K. (2010a). Interaction of phonological awareness and “magnocellular” processing during normal and dyslexic reading: Behavioural and
fMRI investigations. Dyslexia, 16, 258–282.
Heine, L., Soddu, A., Gómez, F., Vanhaudenhuyse, A., Tshibanda, L., Thonnard,
M., … Demertzi, A. (2012). Resting state networks and consciousness. Frontiers
in Psychology, 3, 295.
Hoeft, F., Hernandez, A., McMillon, G., Taylor-Hill, H., Martindale, J. L., Meyler,
A., … Gabrieli, J. D. E. (2006). Neural basis of dyslexia: A comparison between

370

Neurofunctional underpinnings of dyslexia

dyslexic and nondyslexic children equated for reading ability. The Journal of
Neuroscience, 26, 10700–10708.
Hoeft, F., Meyler, A., Hernandez, A., Juel, C., Taylor-Hill, H., Martindale, J. L., …
Deutsch, G. K. (2007). Functional and morphometric brain dissociation between dyslexia and reading ability. Proceedings of the National Academy of Sciences USA, 104, 4234–4239.
Houdé, O., Rossi, S., Lubin, A., & Joliot, M. (2010). Mapping numerical processing,
reading, and executive functions in the developing brain: An fMRI meta-analysis of 52 studies including 842 children. Developmental Science, 13, 876–885.
Jepkoech, I., Mathai, M., & Kumar, M. (2015). Prevalence of dyslexia in children
aged 7–9 from a Nairobi school. Indian Journal of Developmental Disabilities,
3, 29–38.
Kovelman, I., Norton, E. S., Christodoulou, J. A., Gaab, N., Lieberman, D. A., Triantafyllou, C., … Gabrieli, J. D. (2012). Brain basis of phonological awareness
for spoken language in children and its disruption in dyslexia. Cerebral Cortex,
22, 754–764.
Landerl, K., Fussenegger, B., Moll, K., & Willburger, E. (2009). Dyslexia and dyscalculia: Two learning disorders with different cognitive proﬁles. Journal of
Experimental Child Psychology, 103, 309–324.
Landerl, K., Ramus, F., Moll, K., Lyytinen, H., Leppänen, P. H., Lohvansuu, K., …
Kunze, S. (2013). Predictors of developmental dyslexia in European orthographies with varying complexity. Journal of Child Psychology and Psychiatry,
54, 686–694.
Landerl, K., & Wimmer, H. (2008). Development of word reading ﬂuency and
spelling in a consistent orthography: An 8-year follow-up. Journal of Educational Psychology, 100, 150–161.
Liebig, J., Froehlich, E., Morawetz, C., Braun, M., Jacobs, A. M., Heekeren, H. R.,
& Ziegler, J. C. (2017). Neurofunctionally dissecting the reading system in children. Developmental Cognitive Neuroscience, 27, 45–57.
Maisog, J. M., Einbinder, E. R., Flowers, D. L., Turkeltaub, P. E., & Eden, G. F.
(2008). A meta-analysis of functional neuroimaging studies of dyslexia. Annals
of the New York Academy of Sciences, 1145, 237–259.
Martin, A., Schurz, M., Kronbichler, M., & Richlan, F. (2015). Reading in the brain
of children and adults: A meta-analysis of 40 functional magnetic resonance
imaging studies. Human Brain Mapping, 36, 1963–1981.
Mascheretti, S., De Luca, A., Trezzi, V., Peruzzo, D., Nordio, A., Marino, C., & Arrigoni, F. (2017). Neurogenetics of developmental dyslexia: From genes to behavior through brain neuroimaging and cognitive and sensorial mechanisms.
Translational Psychiatry, 7, e987.
Maurer, U., Schulz, E., Brem, S., van der Mark, S., Bucher, K., Martin, E., & Brandeis,
D. (2011). The development of print tuning in children with dyslexia: Evidence
from longitudinal ERP data supported by fMRI. NeuroImage, 57, 714–722.

371

Sabrina Turker

Miles, T. R., Haslum, M. N., & Wheeler, T. J. (1998). Gender ratio in dyslexia. Annals of Dyslexia, 48, 27–55.
Monzalvo, K., Fluss, J., Billard, C., Dehaene, S., & Dehaene-Lambertz, G. (2012).
Cortical networks for vision and language in dyslexic and normal children of
variable socio-economic status. NeuroImage, 61, 258–274.
Morken, F., Helland, T., Hugdahl, K., & Specht, K. (2014). Children with dyslexia
show cortical hyperactivation in response to increasing literacy processing demands. Frontiers in Psychology, 5, 1491.
Olulade, O. A., Flowers, D. L., Napoliello, E. M., & Eden, G. F. (2015). Dyslexic children lack word selectivity gradients in occipito-temporal and inferior frontal
cortex. NeuroImage: Clinical, 7, 742–754.
Ozernov-Palchik, O., & Gaab, N. (2016). Tackling the early identiﬁcation of dyslexia with the help of neuroimaging. Perspectives on Language and Literacy,
42, 11–17.
Paulesu, E., Danelli, L., & Berlingeri, M. (2014). Reading the dyslexic brain: Multiple dysfunctional routes revealed by a new meta-analysis of PET and fMRI
activation studies. Frontiers in Human Neuroscience, 8, 830.
Pugh, K. R., Mencl, W. E., Jenner, A. R., Katz, L., Frost, S. J., Lee, J. R., … Shaywitz,
B. A. (2001). Neurobiological studies of reading and reading disability. Journal
of Communication Disorders, 34, 479–492.
Ramus, F., Altarelli, I., Jednoróg, K., Zhao, J., & di Covella, L. S. (2018). Neuroanatomy of developmental dyslexia: Pitfalls and promise. Neuroscience & Biobehavioral Reviews, 84, 434–452.
Ramus, F., Rosen, S., Dakin, S. C., Day, B. L., Castellote, J. M., White, S., & Frith,
U. (2003). Theories of developmental dyslexia: Insights from a multiple case
study of dyslexic adults. Brain, 126, 841–865.
Richards, T. L., Aylward, E. H., Field, K. M., Grimme, A. C., Raskind, W., Richards,
A. L., … Berninger, V. W. (2006). Converging evidence for triple word form
theory in children with dyslexia. Developmental Neuropsychology, 30, 547–589.
Richlan, F., Kronbichler, M., & Wimmer, H. (2009). Functional abnormalities in
the dyslexic brain: A quantitative meta-analysis of neuroimaging studies. Human Brain Mapping, 30, 3299–3308.
Richlan, F., Kronbichler, M., & Wimmer, H. (2011). Meta-analyzing brain dysfunctions in dyslexic children and adults. NeuroImage, 56, 1735–1742.
Sandak, R., Mencl, W. E., Frost, S. J., & Pugh, K. R. (2004). The neurobiological
basis of skilled and impaired reading: Recent ﬁndings and new directions. Scientiﬁc Studies of Reading, 8, 273–292.
Schulz, E., Maurer, U., van der Mark, S., Bucher, K., Brem, S., Martin, E., & Brandeis,
D. (2008). Impaired semantic processing during sentence reading in children
with dyslexia: Combined fMRI and ERP evidence. NeuroImage, 41, 153–168.

372

Neurofunctional underpinnings of dyslexia

Schulz, E., Maurer, U., van der Mark, S., Bucher, K., Brem, S., Martin, E., & Brandeis,
D. (2009). Reading for meaning in dyslexic and young children: Distinct neural
pathways but common endpoints. Neuropsychologia, 47, 2544–2557.
Serrallach, B., Groß, C., Bernhofs, V., Engelmann, D., Benner, J., Gündert, N., …
Seither, S. (2016). Neural biomarkers for dyslexia, ADHD, and ADD in the auditory cortex of children. Frontiers in Neuroscience, 10, 324.
Shaywitz, B. A., Shaywitz, S. E., Pugh, K. R., Mencl, W. E., Fulbright, R. K., Skudlarski, P., … Gore, J. C. (2002). Disruption of posterior brain systems for reading in
children with developmental dyslexia. Biological Psychiatry, 52, 101–110.
Shaywitz, S. E., Shaywitz, B. A., Fletcher, J. M., & Escobar, M. D. (1990). Prevalence
of reading disability in boys and girls: Results of the Connecticut Longitudinal
Study. Jama, 264, 998–1002.
Siegel, L. S. (2006). Perspectives on dyslexia. Paediatrics and Child Health, 11,
581–587.
Snowling, M. J., & Göbel, S. M. (2011). Reading development and dyslexia. In U.
Goswami (Ed.), The Wiley-Blackwell handbook of childhood cognitive development (pp. 524–548). Chichester: Wiley-Blackwell.
Snowling, M. J., & Hulme, C. (2012). Annual Research Review: The nature and
classiﬁcation of reading disorders–a commentary on proposals for DSM-5.
Journal of Child Psychology and Psychiatry, 53, 593–607.
Sun, Z., Zou, L., Zhang, J., Mo, S., Shao, S., Zhong, R., … Song, R. (2013). Prevalence
and associated risk factors of dyslexic children in a middle-sized city of China:
A cross-sectional study. PLoS ONE, 8, e56688.
Temple, E., Poldrack, R. A., Protopapas, A., Nagarajan, S., & Salz, T. (2000). Disruption of the neural response to rapid acoustic stimuli in dyslexia: Evidence
from functional MRI. Proceedings of the National Academy of Sciences USA, 97,
13907–13912.
Van der Mark, S., Bucher, K., Maurer, U., Schulz, E., Brem, S., Buckelmüller, J., …
Brandeis, D. (2009). Children with dyslexia lack multiple specializations along
the visual word-form (VWF) system. NeuroImage, 47, 1940–1949.
World Health Organization (2015). International statistical classiﬁcation of diseases and related health problems (ICD-10). Retrieved from http://apps.who.int/
classiﬁcations/icd10/browse/2016/en#/G30
Ziegler, J. C. (2006). Do differences in brain activation challenge universal theories of dyslexia? Brain and Language, 98, 341–343.

373

