
Psychoradiology , 2024, 4 , kkae029 

DOI: 10.1093/psyrad/kkae029 
Ad v ance access publication date: 18 December 2024 

Perspecti v e 

A decade of white matter connectivity studies in 

developmental dyslexia 

Jingjing Zhao 1 ,2 , * , Yueye Zhao 3 , Zujun Song 3 , Jianyi Liu 

3 , Michel Thiebaut de Schotten 

4 ,5 and Franck Ramus 6 

1 Department of Psychology, The Chinese University of Hong Kong, Shatin, NT, Hong Kong 
2 Brain and Mind Institute , T he Chinese University of Hong Kong, Shatin, NT, Hong Kong 
3 School of Psychology, Shaanxi Normal University, Xi’an 710062, China 
4 Institut des Maladies Neur odégénér ativ es-UMR5293, CNRS, CEA, University of Bor deaux, Bor deaux 33000, F rance 
5 Brain Connectivity and Behavior Laboratory, Paris 75013, France 
6 Labor atoir e de Sciences Cognitives et Psycholinguistique (ENS , EHESS , CNRS), Département d’Etudes Cognitives, Ecole Normale Supérieure, PSL University, Paris 
75005, France 
∗Correspondence: Jingjing Zhao, jingjingzhao@cuhk.edu.hk 

 

 

 

 

 

 

p  

V  

d  

2  

s
c  

t  

c  

e

W
B
m
o  

d  

d  

B  

n  

V  

i  

l
(  

fi  

s  

w  

r  

c  

a

W
I  

t
t  

2  

s  

t  

O  

d  
De v elopmental dyslexia (DD) is a specific learning disorder char- 
acterized by reading difficulties that are not due to intellectual 
disabilities, sensory impairments (such as vision or hearing 
issues), neurological or motor disorders, limited educational 
access, insufficient language proficiency, or psychosocial chal- 
lenges (WHO, 2018 ). Galaburda et al. ( 1985 ) proposed the complex 
interplay of genetic, envir onmental, sex-r elated, and br ain factors 
in the de v elopment of DD. In the recent decade, white matter 
connectivity has emerged as a promising avenue for uncovering 
the neur al mec hanism of DD. This pa per aims to pr ovide a com- 
pr ehensiv e ov ervie w of white matter connectivity disruptions, its 
compensatory mechanisms, and its associated cognitive deficits 
in c hildr en with dyslexia, particularl y based on our team’s work 
over the past decade using the Fr enc h dyslexia br ain dataset 
(DysBr ain). The DysBr ain dataset contains high-resolution dif- 
fusion tensor imaging (DTI) data from 64 French children aged 

9–14 years, including 32 with dyslexia and 32 typically developing 
c hildr en. 

White matter connectivity anomalies in DD 

W hite ma tter pa thway anomalies in DD 

White matter pathway deficits have been widely studied in DD.
The arcuate fasciculus (AF), inferior fronto-occipital fasciculus 
(IFOF), and inferior longitudinal fasciculus (ILF) have been found 

as k e y white matter association pathways in relation to dyslexia.
Multiple DTI studies have shown significantly lo w er left AF con- 
nectivity, as measured by fractional anisotropy (FA), in dyslexic 
r eaders compar ed to contr ols (see r e vie w by Vandermosten et al.,
2012 ). Our initial study using the DysBrain dataset verified lo w er 
FA in the left AF (combing three segments of AF: long, anterior,
and posterior segments) in Fr enc h dyslexic c hildr en compar ed to 
their a ge-matc hed contr ols (Zhao et al., 2016 ; as shown in Fig. 1 ,
left panel). We also found that the left AF (long segment) sho w ed 

significantly lo w er FA in Chinese c hildr en with dyslexia compar ed 

to controls (Su et al., 2018 ; as shown in Fig. 1 , middle panel). Beyond 

the AF, other white matter tr acts, suc h as the v entr al IFOF and ILF,
have also been shown with lo w er connecti vity in d yslexia com- 
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ared to their typically developing peers (Steinbrink et al., 2008 ;
andermosten et al., 2015 ). Our study on Chinese dyslexic chil-
ren found lo w er FA in the left ILF compar ed to contr ols (Su et al.,
018 ; as shown in Fig. 1 , middle panel). Other than the extensiv el y
tudied white matter pathways associated with dyslexia, the un- 
inate fasciculus (UF) has only received attention recently in our
eam. Our study using the DysBrain dataset found disrupted UF
onnectivity in DD, with a more pronounced effect in boys (Zhao
t al., 2022 ; as shown in Fig. 1 , right panel). 

 hite ma tter la ter aliza tion anomalies in DD 

eyond white matter pathway disruptions, anomalies in white 
atter lateralization was found to be another important feature 

f dyslexia. Studies have shown that most typically developing in-
ividuals exhibited leftw ar d asymmetry in the AF, both in chil-
ren (Dubois et al., 2009 ; Lebel et al., 2012 ) and in adults (Lebel &
eaulieu, 2009 ). Ho w e v er, the leftw ar d dominance of the AF may
ot be as evident in individuals with dyslexia (Banfi et al., 2019 ;
andermosten et al., 2013 ). Longitudinal studies have shown that,

n the pr e-r eading sta ge, the AF of the at-risk gr oup was right-
ateralized, while that of the control group was left-lateralized 

Wang et al., 2017 ). Our study, using the DysBrain dataset, for the
rst time reported a significant rightw ar d deviation in the second
egment of the superior longitudinal fasciculus (SLF II) in c hildr en
ith dyslexia (Zhao et al., 2016 ; see Fig. 2 , left panel). Furthermore,

educed leftw ar d lateralization of the IFOF in dyslexic c hildr en
ompared to the control group has also been observed (Zhao et
l., 2016 ; see Fig. 2 , right panel). 

 hite ma tter netw ork anomalies in DD 

maging studies based on graph theory have emerged as an effec-
ive and unique approach for investigating structural and func- 
ional connectivity patterns in de v eloping br ains (Behr ens et al.,
007 ; Mori et al., 1999 ; Mori & van Zijl, 2002 ). To date, only few
tudies applied graph theory to analyze the white matter connec-
ome in DD, primarily from our team using the DysBrain dataset.
ur team using network based statistics found that c hildr en with
yslexia sho w ed a reduction in white matter fiber connections
4 
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Figure 1: White matter pathway anomalies in DD (adapted from Zhao et al., 2016 ; Su et al., 2018 , 2022 ). AF: arcuate fasciculus, AFLS: long segment of 
arcuate fasciculus, AFAS: anterior segment of arcuate fasciculus, AFPS: posterior segment of arcuate fasciculus, ILF: inferior longitudinal fasciculus, 
UF: uncinate fasciculus. 

Figure 2: White matter lateralization anomalies in DD (adapted from Zhao et al., 2016 ). HMOA: hindrance-modulated oriented anisotropy, 
lateralization index: (right - left)/(right + left) of HMOA, SLF: superior longitudinal fasciculus, IFOF: inferior fronto-occipital fasciculus. 
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ithin a left occipito-temporo-parietal network mainly including
r ain r egions of the superior tempor al pole, the middle tempo-
al gyrus (MTG), the middle occipital gyrus, the superior tempo-
 al gyrus, Hesc hl’s gyrus, the insula, the Rolandic operculum, and
he supr amar ginal gyrus (Lou et al., 2019 ; see Fig. 3 , upper panel).
he netw ork sho wing disruptions in dyslexic c hildr en incor po-
ated the left AF and ILF (Lou et al., 2019 ; see Fig. 3 , lo w er panel),
onsistent with our pr e vious white matter pathways anomalies
ndings. 
 he associa tions between white ma tter 
onnectivity and cognitive deficits in DD 

o examine the associations between white matter connectivity
nd cognitive deficits in DD, our team mainly applied a data-
riven, hub-based white matter network approach. We identi-
ed specific subnetworks with distinct cognitive deficits relevant
o DD. Finding from the first study using this approach suggests
hat a white matter network centered on the right fusiform gyrus
FFG) is associated with the se v erity of reading impairments in DD,
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Figure 3: White matter network anomalies in de v elopmental d yslexia. Re printed fr om a pr e vious stud y (with permission of Wile y from Lou et al., 
2019 ). L: left; TPOsup: superior temporal pole, MTG: middle temporal gyrus, MOG: middle occipital gyrus, STG: superior temporal gyrus, HES: Heschl’s 
gyrus, INS: insula, R OL: Rolandic oper culum, SMG: supr amar ginal gyrus. 
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specifically for pseudo w or d reading/phonological decoding ability 
(Liu et al., 2021 ; Fig. 4 , upper left panel). 

In a follow-up study, we dir ectl y tested white matter subnet- 
works associated with phonological processing skills and visual 
attention span (VAS) in c hildr en with DD (Liu et al., 2022 ). We 
identified two networks associated with phonological process- 
ing accuracy in dyslexic children, centered at the left MTG and 

medial orbital superior fr ontal gyrus, r espectiv el y (Fig. 4 , lo w er 
panel). We found a network, centered in the left superior occipital 
gyrus (SOG) and linked to the visual parietal-occipital lobe net- 
work, accounting for individual differences in VAS in c hildr en with 

dyslexia (Fig. 4 , upper right panel). As we also found a significant 
positiv e corr elation between the VAS and the UF in dyslexic chil- 
dren (Zhao et al., 2022 ), further regression analysis was employed 

to test the independence of the SOG network and UF in explaining 
VAS in dyslexic c hildr en. Results suggest that the anterior v entr al 
UF and the posterior dorsal SOG network are inde pendent, re pre- 
senting two distinct white matter abnormalities associated with 

VAS in dyslexia. 

White matter compensation in DD 

The brain’s complex, dynamic nature underscores how interac- 
tions between an individual and their environment can affect 
white matter de v elopment, suggesting that dyslexia may lead to 
varied and intricate compensation strategies throughout devel- 
opment. Compensation may involve both adaptive compensation 

or malada ptiv e compensation. Ada ptiv e compensation r efers to 
the enhanced neural activation that is positively correlated with 

impr ov ed cognitiv e performance, whic h is consider ed beneficial 
as it contributes to better task performance. Malada ptiv e com- 
pensation refers to the enhanced neural activation that is either 
uncorrelated or negatively correlated with cognitive performance, 
hich is considered detrimental as it may reflect inefficient or in-
ffective attempts by the brain to compensate for deficits. 

The most effective method to measure neural compensation 

a y in volve a long itudinal design beg inning befor e r eading onset
nd extending to the attainment of mature reading abilities (e.g.
u et al., 2018 ). This a ppr oac h allows for examination of neural
r otectiv e effects that are independent of compensatory mecha-
isms related to reading difficulties. Ho w ever, due to the time and
ost demands of longitudinal studies, many researchers opt for 
 correlational approach by testing dyslexic readers with existing 
e v er e r eading impairments . In this wa y, matur e dyslexic r ead-
rs can be assessed for neural compensation in response to read-
ng difficulties. Due to the cross-sectional design of our DysBrain
ataset, we conducted correlational studies to examine compen- 
ation effects in our dyslexic c hildr en. Our pr e vious DysBr ain find-
ngs consistently indicate increased rightw ar d lateralization of 
hite matter pathways in dyslexia. Ther efor e, we focused on test-

ng the rightw ar d lateralization of white matter pathw a ys (e .g.
FOF and AF) or networks as a potential compensatory mech-
nism. Specificall y, a positiv e corr elation between r eading skills
nd white matter rightw ar d lateralization is generally interpreted
s evidence of adaptive compensation. Conversely, a negative cor- 
elation is often interpreted as an indication of potential maladap-
ive compensation. 

dapti v e compensation 

sing the DysBrain dataset, our group identified ada ptiv e com-
ensatory mechanisms in dyslexia involving the AF, particularly 
ithin its long segment (AFLS) and anterior segment (AFAS) (Zhao

t al., 2023 ). Specifically, rightw ar d lateralization of the AFLS w as
inked to impr ov ed w or d r eading accur acy in dyslexic c hildr en,
hereas rightw ar d lateralization of the AFAS was associated with
igher accuracy in pseudoword reading and improved reading of 
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Figure 4: White matter subnetworks associated with cognitive deficits of DD (adapted from Liu et al., 2021 , 2022 ). FFG: fusiform gyrus, SOG: superior 
occipital gyrus, MTG: middle temporal gyrus, ORBsupmed: medial orbital superior frontal gyrus, VAS: visual attention span, PHONO: phonological 
accuracy. 
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Figure 5: White matter ada ptiv e compensation in DD. Adapted from previous study (with permission of Elsevier Masson from Zhao et al., 2023 ). LI: 
lateralization index = (right - left)/(right + left) of hindrance-modulated oriented anisotropy, AFLS: long segment of arcuate fasciculus, AFAS: anterior 
segment of arcuate fasciculus. 
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meaningless text (see Fig. 5 ). These findings suggest that right 
AF may support ada ptiv e r eading compensation in individuals 
with reading disabilities. Ho w ever, our results could not determine 
whether the neural effects observed in the rightw ar d lateraliza- 
tion of the AF reflect neural compensation, which is believed to 
de v elop in response to reading difficulties during reading acqui- 
sition, or pr otectiv e neur al r esponses, whic h may be more devel- 
oped prior to reading onset (Yu et al., 2018 ). Future longitudinal 
studies tr ac king c hildr en befor e r eading onset may help further 
distinguish between neural compensation and protective effects. 

Maladapti v e compensation 

In contrast to the adaptive compensation observed in the dor- 
sal pathwa ys , malada ptiv e compensation a ppears in the v entr al 
white matter pathways and networks. We observed that rightward 

lateralization of the IFOF was negatively correlated with reading 
accuracy in dyslexic children (Zhao et al., 2016 ; see Fig. 6 , left 
panel). Specificall y, gr eater rightw ar d lateralization w as associ- 
ated with poorer reading ability in dyslexic children, suggesting 
malada ptiv e compensation. Our recent study further identified 

malada ptiv e compensation at the v entr al subnetwork center ed at 
the right FFG (Liu et al., 2021 ; see Fig. 6 , right panel). Regression 

anal yses further r e v ealed that the malada ptiv e compensation 

strategies of the subnetwork of FFG and rightward lateralization 

of IFOF are independent (Liu et al., 2021 ). Rightw ar d lateralization 

of the IFOF specifically contributed to malada ptiv e compensation 

of w or d r eading accur ac y, while the right FFG netw ork contributed 

to malada ptiv e compensation of pseudo w or d r eading accur acy. 
actors influencing white matter 
onnectivity in DD 

amily socioeconomic status 

amily socioeconomic status (SES) includes three elements: 
ar ental education, famil y income, and par ental occupation. In
ur r ecent meta-anal ysis , we ha ve shown that SES significantly
mpacts c hildr en’s r eading abilities, both dir ectl y and thr ough me-
iations of r eading-r elated cognitiv e abilities, suc h as phonolog-

cal ability and vocabulary knowledge (Li et al., 2023 ). We also
ound a significant positive correlation between SES and white 

atter connectivity of the left IFOF in Chinese c hildr en (Su et
l., 2020 ). Using our Fr enc h DysBr ain dataset, we further observ ed
hat parental education, one of the k e y factor of family SES, mod-
lated dyslexic c hildr en’s later alization anomalies in the IFOF. We
 e-anal yzed the lateralization results of the IFOF and SLF II in
hao et al. ( 2016 ) and included parental education as a new inde-
endent variable in the analysis . T he results revealed a three-way

nter action between par ental education, gr oup, and hemispher e
n the rightw ar d lateralization index (LI) of the IFOF [ F (1, 51) =
.369, P = .042, ηpartial 

2 = 0.079, see Fig. 7 ]. Post-hoc analysis sug-
ested a significant interaction between group and hemisphere 
n the low parental education group [ F (1, 22) = 11.551, P = 0.003,

partial 
2 = 0.344], but not in the high parental education group [ F (1,

2) = 0.344, P = 0.576, ηpartial 
2 = 0.012]. In the low parental educa-

ion gr oup, the contr ol gr oup’s IFOF exhibited left later alization,
hile the dyslexic group’s IFOF sho w ed no lateralization. Ho w ever,

n the high parental education group, both the dyslexic and con-
r ol gr oups sho w ed left lateralization. These findings suggest that
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Figure 6: White matter malada ptiv e compensation in DD. Adapted from previous studies (Zhao et al., 2016 ; Liu et al., 2021 ). LI: lateralization index = 

(right - left)/(right + left) of hindrance-modulated oriented anisotropy, IFOF: inferior fronto-occipital fasciculus, FFG: fusiform gyrus, READACC: 
r eading accur acy. 
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amily SES may ameliorate the lateralization defect of the IFOF in
 hildr en born into high SES families. 

ex 

ex is a potential factor contributing to the heterogeneity of imag-
ng r esearc h r esults in dyslexia (Ram us et al., 2017 , 2018 ). Our re-
earc h gr oup was the first to report sex differences in white mat-
er connectivity in dyslexia. In the DysBrain dataset, we observed
r oup differ ences in UF connecti vity between d yslexic c hildr en
nd contr ols, particularl y in boys with dyslexia (Zhao et al., 2022 ;
ig. 1 , right panel). Our study provides further white matter ev-
dence for Galaburda and Gesc hwind’s testoster one hypothesis
Galaburda et al., 1985 ), which suggests that the higher incidence
f dyslexia in males may be due to hormonal influences on brain
e v elopment. Mor e studies are needed to examine white matter
onnectivity disruptions related to sex differences in dyslexia. 

amily risk of dyslexia 

hildren with familial risk of dyslexia provides a suitable window
o study causal relationship between dyslexia and brain struc-
ural abnormalities. Longitudinal studies of children with family
isk of dyslexia pr ovided str ong e vidence that white matter con-
ectivity abnormalities c har acterizing DD ar e pr esent befor e sig-
ificant reading experience, suggesting their involvement in the
mergence of dyslexia rather than being consequences of dyslexia
Vander auwer a et al., 2017 ; Van Der Auwera et al., 2021 ). Ho w e v er,
hese dyslexia family risk studies could not disentangle whether
hese abnormalities in white matter connectivity r epr esent neur al
eficits or neur al pr otectiv e effects. Futur e studies may be v alu-
ble for investigating this issue. 

ge 

s we discussed earlier, a dynamic process of white matter con-
ectivity has been examined in c hildr en with famil y risk of
yslexia. Ho w e v er, the compensation mec hanisms of white mat-
er connectivity in these c hildr en as they de v elop dyslexia remain
nclear. How compensation strategies develop in dyslexic chil-
r en acr oss a ges r emains unclear either. Futur e studies should
ompr ehensiv el y explor e white matter compensation during the
e v elopment of dyslexia, especiall y fr om pr e-r eading to post-
eading. T his ma y shed light on understanding the ada ptiv e com-
ensation mec hanism v ersus the pr otectiv e neur al mec hanism in
 hildr en with d yslexia. Adapti ve compensation and maladaptive
ompensation in dyslexia may emerge at different ages, which is
lso valuable to examine further. 

enes 

r e vious studies hav e examined the r elationships between genetic
ol ymor phisms and reading ability (Doust et al., 2022 ; Wang et
l. , 2023 ; Zhao et al. , 2023 ), but fe w hav e full y integr ated genes,
r ain, cognitiv e , and beha vioral factors altogether (Darki et al.,
012 ; Eicher & Gruen, 2013 ; Skeide et al., 2015 ; Thomas et al., 2021 ).
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Figure 7: Mean hindrance-modulated oriented anisotropy (HMOA) and rightward lateralization index {LI = [(right - left)/(right + left) of HMOA]} of IFOF 
in dyslexic and control groups modulated by parental educational (EDUC) levels. 

F igure 8: F r ame work of white matter connectivity studies in DD in the past decade: Findings fr om DysBr ain dataset. 
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sing neur oima ging as a mediator between genetic v ariants and
ehavioral phenotypes to study the influence of white matter con-
ecti vity in d yslexia could help unr av el the potential biological
ec hanisms underl ying the disorder. Ther efor e, a mor e compr e-

ensiv e a ppr oac h that full y integr ates genetic, neur al, and cogni-
ive factors in DD holds promise for future research. 

onclusion 

rawing on a decade of research from our team (Fig. 8 ), we sum-
arize the dyslexia-related disruptions in white matter path-
a ys , lateralization, and brain networks. We also present our find-

ngs on the associations between white matter connectivity and
 arious cognitiv e deficits in DD, suc h as phonological pr ocessing
nd visual attention span. We particularl y pr esent our ne w white
atter connectivity findings on how individuals with DD de v elop

ompensatory strategies. We identified two compensatory strate-
ies: an ada ptiv e compensation in v entr al white matter path-
 ays/netw orks, and a malada ptiv e compensation in dorsal white
atter pathwa ys . Finally, we discuss possible factors influenc-

ng white matter connectivity de v elopment in dyslexia, including
amily SES, sex, family risk, age, and genetics. 

Our findings suggest that white matter de v elopment in
yslexia may differ dynamicall y fr om typicall y de v eloping indi-
iduals, potentially linked to compensatory mechanisms specific
o dyslexia and influenced by environmental factors and individ-
al c har acteristics. We pr opose the following critical dir ections for
utur e r esearc h. First, longitudinal studies ar e essential to explor e
he dynamic compensatory mechanisms of white matter connec-
ivity in dyslexia’s de v elopmental tr ajectory. Second, an integr a-
iv e a ppr oac h combining genetics and ima ging r esearc h is crucial
or a compr ehensiv e understanding of white matter de v elopment
n DD. Finall y, inv estigating the inter action between genetics and
nvironmental factors on white matter connectivity in DD should
e a k e y focus of future research. 
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