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Abstract Brain abnormalities in the reading network have been repeatedly reported in individ-
uals with developmental dyslexia (DD); however, it is still not totally understood where the structural 
and functional abnormalities are consistent/inconsistent across languages. In the current multi-
modal meta- analysis, we found convergent structural and functional alterations in the left superior 
temporal gyrus across languages, suggesting a neural signature of DD. We found greater reduc-
tion in grey matter volume and brain activation in the left inferior frontal gyrus in morpho- syllabic 
languages (e.g. Chinese) than in alphabetic languages, and greater reduction in brain activation in 
the left middle temporal gyrus and fusiform gyrus in alphabetic languages than in morpho- syllabic 
languages. These language differences are explained as consequences of being DD while learning 
a specific language. In addition, we also found brain regions that showed increased grey matter 
volume and brain activation, presumably suggesting compensations and brain regions that showed 
inconsistent alterations in brain structure and function. Our study provides important insights about 
the etiology of DD from a cross- linguistic perspective with considerations of consistency/inconsis-
tency between structural and functional alterations.

Introduction
Individuals with developmental dyslexia (DD) encounter difficulty in learning to read even with normal 
intelligence and adequate educational guidance (Peterson and Pennington, 2012). DD affects a 
large number of individuals across writing systems, and the prevalence is about 5–10% in alphabetic 
writing systems (e.g. English and German) (Döhla and Heim, 2015; Katusic et al., 2001; Shaywitz, 
1996) and about 4–7% in morpho- syllabic writing systems (e.g. Chinese and Japanese Kanji) (Sun 
et al., 2013; Uno et al., 2009; Zhao et al., 2016). Multiple deficits have been identified to be associ-
ated with DD (Ring and Black, 2018), among which phonological deficit has been well- documented 
across languages (Gu and Bi, 2020; Snowling and Melby- Lervag, 2016). Individuals with DD show 
deficient phonological ability including phonological representation, manipulation, and retrieval even 
when compared to reading- level controls (Melby- Lervag et al., 2012; Parrila et al., 2020). However, 
the common phonological deficit may manifest differently in reading behavior depending on the 
specific requirements of the writing system. For example, phonological deficit in English is associated 
with lower accuracy in phonological decoding (Landerl et al., 1997; Ziegler et al., 2003), and it is 
associated with slower reading speed in transparent orthographies with relatively intact accuracy in 
phonological decoding (Wimmer and Schurz, 2010). In Chinese, phonological deficit is associated 
with a higher rate of semantic errors during character reading (Shu et al., 2005), because children 
with DD over- rely on the semantic cue in the character during reading due to the inability to use 
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the phonological cue. According to research, 80 % of Chinese characters have a semantic radical 
and a phonetic radical providing semantic cues and phonological cues of the character, respectively 
(Honorof and Feldman, 2006).

At the neurological level, the reading network in the left hemisphere has often been found to show 
alterations in individuals with DD (Pugh et al., 2000; Richlan, 2012; Richlan, 2014), including the 
temporoparietal cortex (TP), the occipitotemporal cortex (OT), and the inferior frontal cortex. The left 
TP area is further subdivided into the posterior superior temporal gyrus (STG), which is involved in 
fine phonological analysis (Petersen and Fiez, 1993; Richlan, 2012) and the inferior parietal lobule 
(IPL) which is associated with general attention control (Richlan, 2014). This TP region tends to show 
reduced brain activation in individuals with DD in alphabetic languages as demonstrated in a cross- 
linguistic study of English, Italian, and French (Paulesu et al., 2001) and several meta- analysis studies 
in alphabetic languages (Maisog et al., 2008; Martin et al., 2016; Paulesu et al., 2014; Richlan 
et al., 2009; Richlan et al., 2011). The left OT area, including the middle occipital gyrus (MOG), infe-
rior temporal gyrus (ITG) and fusiform gyrus, has been consistently found to show reduced activation 
in individuals with DD across morpho- syllabic and alphabetic languages (Bolger et al., 2008; Cao 
et al., 2020; Centanni et al., 2019; Chyl et al., 2019; Paz- Alonso et al., 2018). This region is asso-
ciated with visuo- orthographic processing during reading (Glezer et al., 2016; Glezer et al., 2019). 
The left inferior frontal cortex is further subdivided into the inferior frontal gyrus (IFG) and the precen-
tral gyrus (Richlan, 2014). The precentral gyrus may relate to compensatory articulatory processes in 
dyslexia (Hancock et al., 2017), whereas the IFG has been known to be involved in phonological and 
semantic retrieval, lexical selection and integration (Booth et al., 2007a; Booth et al., 2007b; Costa-
freda et al., 2006; Szatkowska et al., 2000). However, the nature of dysfunction in the left IFG in 
individuals with DD remains controversial. Although reduced activation in the left IFG was confirmed 
by many fMRI studies and meta- analysis studies (Booth et al., 2007a; Cao et al., 2006; Richlan et al., 
2010; Wimmer et al., 2010), increased activation in the left IFG was also reported in many fMRI 
studies (Grunling et al., 2004; Kronbichler et al., 2006; Waldie et al., 2013; Wimmer et al., 2010). 
The inconsistent results may be related to task and task difficulty (Waldie et al., 2013; Wimmer et al., 
2010), orthographic transparency (Martin et al., 2016), and age of participants (Chyl et al., 2019).

There is a sparsity in research investigating whether the deficits associated with DD are language- 
universal. Paulesu et al., 2001 found that readers with DD in English, Italian, and French showed 
similar brain abnormality during an explicit word reading task and an implicit reading task. Hu et al., 
2010 found that Chinese and English children with DD showed language- universal deficits. Feng 
et al., 2020 found that children with DD in both Chinese and French showed common reduction of 
brain activation in the left fusiform gyrus and STG. In summary, meta- analytic studies should make 
a greater contribution in such a topic by gathering studies from different languages and comparing 
them.

Even though language- universal deficits in the brain have been suggested in several studies 
(Feng et al., 2020; Hu et al., 2010; Paulesu et al., 2001), language specificity has been demon-
strated as well (Martin et al., 2016; Siok et al., 2004). In a meta- analysis study (Martin et al., 2016), 
researchers directly compared brain deficits associated with DD between transparent and opaque 
orthographies and found that functional abnormalities in the brain vary with orthographic depth in 
alphabetic languages. Specifically, consistent reduction of brain activation was found in a left OT area 
regardless of orthographic depth, whereas greater reduction was found in the left fusiform gyrus, left 
TP and left IFG pars orbitalis in transparent orthographies than in opaque orthographies, and greater 
reduction in the bilateral intraparietal sulcus, left precuneus and left IFG pars triangularis was found in 
opaque orthographies than in transparent orthographies. In a recent study on Chinese- English bilin-
gual children with DD, researchers also found both language- universal and language- specific deficits 
for Chinese and English (Cao et al., 2020). These findings suggest that there are both language- 
universal and language- specific deficits across languages. The language- universal deficits might be 
related to the causal risk of DD while the language- specific deficits tend to be interpreted as a result 
of interaction between DD and the specific language system that one studies.

Alphabetic and morpho- syllabic languages make a contrastive cross- linguistic comparison. As a 
representative morpho- syllabic language, Chinese character represents a morpheme and a syllable 
rather than a phoneme, even though a small percent of Chinese characters are logographic. Research 
on DD in Chinese has revealed different patterns of brain abnormalities from alphabetic languages. 

https://doi.org/10.7554/eLife.69523
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Significant alteration in the left middle frontal gyrus (MFG) or dorsal IFG has been consistently 
reported in different studies (Cao et al., 2017; Cao et al., 2020; Liu et al., 2012; Liu et al., 2013a; 
Siok et al., 2004; Siok et al., 2008), while the alteration in the left TP areas has been reported in only 
a few studies (Cao et al., 2017; Cao et al., 2018; Hu et al., 2010). This might be because the left 
dorsal IFG plays an essential role in Chinese. It has been found that the left dorsal IFG is more involved 
in Chinese reading than in English reading, while the left TP is more involved in English reading than 
in Chinese reading in typical readers (Bolger et al., 2005; Tan et al., 2005). Therefore, the greater 
deficit in the left dorsal IFG suggests a Chinese- specific deficit.

In addition to functional studies, there have also been a large number of studies with a focus on 
structural alterations associated with DD. Even though brain structural alterations may cause DD, 
it is equally possible that altered brain structure is a result of being DD, since learning experience 
shapes brain development. However, only one of these studies has taken language difference into 
account (Silani et al., 2005). Previous meta- analysis studies on alphabetic languages have found 
grey matter reduction in the left TP area (Linkersdörfer et  al., 2012; McGrath and Stoodley, 
2019; Richlan et al., 2013) as well as the left OT area (Linkersdörfer et al., 2012). These three 
meta- analytic studies echo findings from functional studies by showing abnormal brain structures 
within the classic reading network in alphabetic languages. In consistent, studies on morpho- syllabic 
languages have also found grey matter reduction within the classic reading network (Liu et  al., 
2013b; Siok et al., 2008; Wang et al., 2019; Xia et al., 2016). However, there are also studies that 
found abnormal brain structures outside the classic reading network, for example, in putamen, cere-
bellum, thalamus, and caudate etc. (Adrian- Ventura et al., 2020; Brambati et al., 2004; Brown 
et al., 2001; Jagger- Rickels et al., 2018; Jednorog et al., 2015; Wang et al., 2019), suggesting 
that these regions are also affected in this condition. Taken together, both classic reading regions 
and other regions have been found to show structural alterations in DD, and the previous inconsis-
tent findings in brain structure might be due to the lack of differentiation in participants’ language. 
It is important to differentiate language- universal structural alterations as a core deficit which might 
be related to the cause of DD and language- specific structural alterations as a consequence of 
being DD in a specific language. Learning a specific language with DD may affect brain develop-
ment in regions that are specifically important for that language and related functions (Mechelli 
et al., 2004).

DD is associated with altered brain structure and function, but very few studies have investi-
gated whether brain structural and functional alterations are consistent or inconsistent. In a study 
by Siok et al., 2008, researchers examined both structural and functional alterations in Chinese 
children with DD, and found reduced GMV and brain activation in the left MFG, which underscores 
the association between the left MFG and DD in Chinese. Another study located a key region in the 
left IPL, which showed reduced GMV and activation in English- speaking readers with DD (Hoeft 
et al., 2007). A recent study, from a developmental perspective, found a dissociation between 
brain structural development and brain functional development in some brain regions (e.g. left 
fusiform gyrus) in the context of reading development (Siok et al., 2020), suggesting that learning 
experience may significantly shape brain function independent of brain structure. However, more 
research is sorely needed to examine whether there are brain regions that show increased GMV 
but decreased brain function or vice versa, and to understand the neurocognitive implications of 
such patterns. Simultaneously considering structural and functional abnormalities with a focus on 
cross- linguistic comparison would provide a comprehensive perspective to understand the neural 
mechanisms of DD.

In this meta- analysis study, we aimed to explore how structural and functional impairment of DD 
converge or diverge and whether this pattern is similar or different across writing systems. We expected 
to find brain regions that show decreased brain structure and function, indicating insufficient neuronal 
resources for certain cognitive computations. For regions that show increased brain structure and 
function, we believe they develop to an unusually high degree for compensation. For brain regions 
with increased structure but decreased function or decreased structure and increased function, it may 
be due to brain structures receiving inhibitory input from other regions. We also expected to find 
language- universal as well as language- specific neurological abnormalities. For language- universal 
deficits, we tend to believe that they are related to the cause of DD, while the language- specific defi-
cits tend to be consequences of DD in different languages.

https://doi.org/10.7554/eLife.69523
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Results
Description of the included studies
For the functional studies, a total of 2728 participants (controls:1370, DD:1358) were included, and 
the mean age was 16.56 years for controls and 16.26 years for participants with DD. Specifically, there 
were 79 functional experiments in alphabetic languages, including 31 experiments on adults (N = 434, 
mean age = 26.12 for controls, N = 411, mean age = for 25.86 for DD), 36 experiments on children 
(N = 553, mean age = 10.59 for controls, N = 586, mean age = for 10.54 for DD), 7 experiments on 
adolescents (N = 131, mean age = 14.44 for controls, N = 108, mean age = for 14.30 for DD), and 5 
studies of mixed ages. There were 12 functional experiments in morpho- syllabic languages (N = 164, 
mean age = 11.48 for controls, N = 162, mean age = for 11.45 for DD), including 11 experiments on 
children and 1 experiment on adolescents.

For the structural studies, there were 21 experiments in alphabetic languages, including 10 exper-
iments on adults (N = 209, mean age = 26.68 for controls, N = 193, mean age = for 27.15 for DD), 8 
experiments on children (N = 245, mean age = 10.17 for controls, N = 266, mean age = for 10.28 for 
DD), 1 experiment on adolescents and 2 studies of mixed ages. There were six structural experiments 
on children in morpho- syllabic languages (N = 89, mean age = 11.82 for controls, N = 94, mean age 
= for 11.74 for DD).

Meta-analysis results
Functional deficits in alphabetic languages and morpho-syllabic languages
In the meta- analysis of functional studies in alphabetic languages, hypoactivation in DD was found in 
a large cluster peaked at the left supramarginal gyrus which extended to the inferior frontal cortex, 
occipitotemporal cortex and cerebellum, a cluster peaked at the right MOG and a cluster peaked 

Table 1. Functional deficits in individuals with DD in alphabetic languages (JK represents the results 
of jack- knife sensitivity analysis).

Regions MNI coordinate SDM- Z p Voxels Cluster breakdown (Voxels) JK

Hypoactivation in DD

Left supramarginal gyrus −56,–46,30 4.919 0.0000 10,742 Left IPL, BA 40 (986)
Left MTG, BA 21 (719)
Left MTG, BA 37 (634)
Left ITG, BA 37 (601)
Left fusiform gyrus, BA 37 (479)
Left ITG, BA 20 (414)
Left STG, BA 48 (377)
Left supramarginal gyrus, BA 48 (329)
Left angular gyrus, BA 39 (307)
Left MTG, BA 22 (300)
Left cerebellum, lobule VI, BA 37 (285)
Left STG, BA 42 (281)
Left rolandic operculum, BA 48 (261)
Left arcuate network (255)
Left cerebellum, crus I, BA 37 (210)
Left STG, BA 22 (201)
Left supramarginal gyrus, BA 40 (198)
Left superior longitudinal fasciculus III (182)
Left IPL, BA 2 (167)
Left inferior occipital gyrus, BA 19 (156)

79/79

Right MOG 42,–86,6 2.244 0.0002 361 Right MOG, BA19 (208) 76/79

Right STG 60,–16,4 1.936 0.0011 358   73/79

Hyperactivation in DD   

Right cerebellum 26,–60,–28 –1.526 0.0000 1,559 Right cerebellum, lobule VI, BA 37 (352)
Right cerebellum, lobule VI, BA 19 (233)
Middle cerebellar peduncles (212)

79/79

Left caudate nucleus –16,12,6 –1.459 0.0000 611 Left anterior thalamic projections (364) 79/79

Right caudate nucleus 10,2,14 –1.317 0.0001 520 Right anterior thalamic projections (185)
Right caudate nucleus (184)

79/79

https://doi.org/10.7554/eLife.69523
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at right STG (Table 1 and Figure 1A). Hyperactivation in DD was found in the right cerebellum and 
bilateral caudate nucleus.

In the meta- analysis of functional studies in morpho- syllabic languages, hypoactivation in DD was 
found in left IFG opercular part, left supramarginal gyrus and left ITG. Hyperactivation in DD was found 
in right precentral gyrus and right middle temporal gyrus (MTG) (Table 2, Table 3 and Figure 1C). The 
jack- knife sensitivity analysis showed that all results reported above were replicable (Table 1; Table 3).

Figure 1. Functional and structural deficits related to DD in alphabetic languages and morpho- syllabic languages.

https://doi.org/10.7554/eLife.69523
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of SPM12 (https://www. fil. ion. ucl. ac. uk) between the multimodal deficits in the alphabetic group and 
the morpho- syllabic group.

Confirmation study
Because there were studies on both adults and children in the alphabetic group, whereas most of the 
morpho- syllabic studies were on children, the language difference may be due to the unmatched age 
range in the two groups of studies. In order to eliminate the influence of the confound, we conducted 
a confirmation analysis with only studies on children in the alphabetic group (n = 36 for the functional 
studies and n = 8 for the structure studies). Then, we compared the alphabetic and morpho- syllabic 
groups for functional studies and structural studies separately.

We conducted another confirmation analysis with 10 English studies (Booth et al., 2007a; Cao 
et al., 2008; Farris et al., 2016; Hancock et al., 2016; Hu et al., 2010; Langer et al., 2015; Meyler 
et  al., 2008; Olulade et  al., 2015; Rimrodt et  al., 2009; Temple et  al., 2001) and 10 Chinese 
studies (Cao et al., 2018; Cao et al., 2020; Feng et al., 2017; Hu et al., 2010; Liu et al., 2012; Liu 
et al., 2013a; Siok et al., 2004; Siok et al., 2008; Siok et al., 2009; Yang and Tan, 2020), because 
different languages were included in the alphabetic language group and orthographic depth makes 
a difference as found in previous research (Martin et al., 2016). Therefore, we only included English 
studies in the alphabetic group in this confirmation analysis. The two subgroups were also matched 

Figure 4. PRISMA flowchart of the selection process for included articles.
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on participants’ age (mean age = 10.95 years for English studies, mean age = 11.40 years for Chinese 
studies), number of studies and task (visual word tasks). Then, we conducted a direct comparison 
between the Chinese studies and English studies. The threshold was set at peak height SDM- Z = 
1 and voxel level uncorrected p = 0.005 with 150 voxels at the cluster level.
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