
REV I EW ART I C L E

Atypical structural connectivity of language networks in autism
spectrum disorder: A meta-analysis of diffusion tensor imaging
studies

Min Li1 | Yide Wang1 | Masaya Tachibana1 | Shafiur Rahman2,3 |

Kuriko Kagitani-Shimono1

1Department of Child Development, United
Graduate School of Child Development, Osaka
University, Suita, Osaka, Japan
2Department of Child Development, United
Graduate School of Child Development,
Hamamatsu University School of Medicine,
Higashi-ku, Hamamatsu, Shizuoka, Japan
3Research Center for Child Mental
Development, Hamamatsu University School
of Medicine, Higashi-ku, Hamamatsu,
Shizuoka, Japan

Correspondence
Kuriko Kagitani-Shimono, Department of
Child Development, United Graduate School of
Child Development, Osaka University, Suita,
Osaka, Japan.
Email: kuriko@ped.med.osaka-u.ac.jp

Abstract
Patients with autism spectrum disorder (ASD) often show pervasive and complex
language impairments that are closely associated with aberrant structural connec-
tivity of language networks. However, the characteristics of white matter connec-
tivity in ASD have remained inconclusive in previous diffusion tensor imaging
(DTI) studies. The current meta-analysis aimed to comprehensively elucidate the
abnormality in language-related white matter connectivity in individuals with
ASD. We searched PubMed, Web of Science, Scopus, and Medline databases to
identify relevant studies. The standardized mean difference was calculated to mea-
sure the pooled difference in DTI metrics in each tract between the ASD and typi-
cally developing (TD) groups. The moderating effects of age, sex, language
ability, and symptom severity were investigated using subgroup and meta-
regression analysis. Thirty-three DTI studies involving 831 individuals with ASD
and 836 TD controls were included in the meta-analysis. ASD subjects showed
significantly lower fractional anisotropy or higher mean diffusivity across
language-associated tracts than TD controls. These abnormalities tended to be
more prominent in the left language networks than in the right. In addition, chil-
dren with ASD exhibit more pronounced and pervasive disturbances in white
matter connectivity than adults. These results support the under-connectivity
hypothesis and demonstrate the widespread abnormal microstructure of
language-related tracts in patients with ASD. Otherwise, white matter abnormali-
ties in the autistic brain could vary depending on the developmental stage and
hemisphere.

Lay Summary
This meta-analysis explored abnormalities in white matter connectivity in lan-
guage networks of individuals with ASD. Significantly reduced white matter
integrity was found in all language-associated tracts in subjects with ASD com-
pared with TD controls. In addition, structural disturbances of language networks
in the autistic brain exhibit a leftward tendency, and more prominent abnormali-
ties are observed in younger people with ASD than in adults.
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INTRODUCTION

Autism spectrum disorder (ASD) is a heterogeneous
developmental disorder characterized by impairments in
social interactions, communicative ability, and restricted
interest/repetitive behaviors (American Psychiatric
Association, 2013). According to the Diagnostic and Sta-
tistical Manual of Mental Disorders (DSM)-5, language
impairments are not essential for the diagnosis of ASD.
Nevertheless, language impairments are still considered a
common symptom in individuals with ASD. Indeed,
approximately 63% of children with ASD present with
co-occurring language dysfunctions (Levy et al., 2010).
Additionally, ~30% of children with ASD remain mini-
mally verbal or nonverbal until school age (Norrelgen
et al., 2015; Tager-Flusberg & Kasari, 2013). Indeed,
delay in language expression is often the parent’s earliest
concern (Gladfelter & Goffman, 2018; Pierce
et al., 2019). Many clinical studies have also indicated
that language impairments as standard and apparent fea-
tures of ASD play a critical role in the detection, diagno-
sis, assessment, and intervention of ASD (Hudry
et al., 2010; Mody & Belliveau, 2013). The manifestations
of language impairment in ASD are complex and vary
considerably. Language deficits in ASD exist at various
language processing levels, such as phonological, seman-
tic, syntactic, and pragmatic processing (Ehlen
et al., 2020; Groen et al., 2008). The abnormal language
profiles in ASD also present remarkable individual vari-
ety and distinct subgroups (Rapin et al., 2009; Tager-
Flusberg, 2014). Therefore, elucidating the neurocogni-
tive mechanisms underlying these symptoms is essential
for understanding language deficits in ASD.

Accumulating evidence suggests that abnormal con-
nectivity of brain structures plays a vital role in the clini-
cal symptoms of ASD (Libero & Kana, 2013;
Mohammad-Rezazadeh et al., 2016). Studies have also
indicated that under-connectivity in language networks is
critically related to linguistic dysfunction in ASD (Groen
et al., 2008; Mody et al., 2013). The structural connectiv-
ity of language networks can be divided into dorsal and
ventral pathways according to the orientation of
language-related white matter tracts (Friederici, 2009;
Hickok & Poeppel, 2007). The dorsal route, including
arcuate fasciculus and superior longitudinal fasciculus
(AF/SLF), is associated with the temporal and frontal
cortex and supports the production processes from sound
to speech (Giampiccolo & Duffau, 2022). The ventral
pathway mainly consists of the uncinate fasciculus (UF),
inferior longitudinal fasciculus (ILF), and inferior
frontal-occipital fasciculus (IFOF), which connects the
occipital, temporal, and frontal areas and is considered
to be involved in language comprehension and meaning
processing (Friederici, 2020; Friederici & Gierhan, 2013).

Diffusion tensor imaging (DTI) has been widely used
to investigate the abnormal connectivity of language-
related tracts in ASD. It can verify neuroanatomical
characteristics by measuring the diffusion of water

molecules in the brain tissue and detecting the orientation
and integrity of white matter tracts based on quantitative
metrics, including fractional anisotropy (FA), mean dif-
fusivity (MD), radial diffusivity (RD), and axial diffusiv-
ity (AD).

Although extensive DTI studies have been conducted,
the findings of the white matter characteristics in ASD
across these studies remain inconclusive and even contra-
dictory. Several studies have indicated that individuals
with ASD present a significant FA reduction in the AF,
SLF, UF, IFOF, or ILF compared with typically devel-
oping (TD) controls (Naigles et al., 2017; Shukla
et al., 2011; Zhang et al., 2018). Furthermore, many stud-
ies have reported increased MD in language-related
tracts of subjects with ASD (Billeci et al., 2012; Fletcher
et al., 2010). Some studies demonstrated no significant
difference in FA or MD in these tracts (such as AF, SLF,
and UF) between the ASD and TD groups (Karahano�glu
et al., 2018; Liu et al., 2019). Several studies have found
increased FA or reduced MD in the AF, IFOF, and SLF
in the ASD group (Fitzgerald et al., 2018; Wolff
et al., 2012). These inconsistent findings are likely related
to variations in the characteristics of participants
(e.g., sex, age, cognitive ability, symptom severity) and
methodological approaches (e.g., data acquisition, ana-
lytic pipeline), as well as anatomical factors
(e.g., hemisphere) among individual studies. A recent
scoping review (Cermak et al., 2022) indicated that
inconsistent findings on the association between white
matter microstructure and language profiles in individ-
uals still need to be further elucidated.

Given the inconsistency and heterogeneity across pre-
vious studies, it is necessary to conduct a meta-analysis of
DTI studies specific to the atypical structural connectiv-
ity of language networks in ASD. The primary aim of
this meta-analysis was to elucidate whether the structural
connectivity of language networks in individuals with
ASD was altered compared with TD controls. The sec-
ondary objective was to examine how demographic fea-
tures (e.g., age, sex, language ability, and symptom
severity) contribute to the heterogeneity of the anatomi-
cal characteristics using subgroup analysis and meta-
regression. We expect that our meta-analysis will provide
more comprehensive and robust information for further
language development studies and speech therapy
in ASD.

METHODS

This systematic review and meta-analysis was
conducted based on a predefined protocol registered in
the PROSPERO database (registration number:
CRD42021282765; https://www.crd.york.ac.uk/prospero/
display_record.php?RecordID=282765) and adhered to
the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines (Page
et al., 2021).
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Literature search

We performed a comprehensive literature search of four
electronic databases (PubMed, Web of Science, Scopus,
and Medline) to identify relevant studies. We developed
search strategies, consisting of a combination of the
words in titles/abstracts and MeSH terms based on the P
(Participants)—E (Exposure)—S (Study design) pattern.
The MeSH term for “P” was “autism,” “autism spectrum
disorder,” or “asperger syndrome”; The MeSH term for
“E” was “diffusion tensor imaging” or “diffusion MRI”;
The MeSH term for “S” was “cohort studies” or “case–
control studies.” The time restrictions of publications
were limited to between January 2001 and November
2021. However, we did not apply language restrictions.
Details of the search strategy are provided in Data S1. In
addition, we manually conducted citation searches of
recent review articles and reference lists of the included
studies.

Study selection

The first and second stages of study screening, based on
the titles and abstracts, were conducted using Rayyan
(https://www.rayyan.ai). Subsequently, we reviewed the
full text of all potential articles against the inclusion and
exclusion criteria based on the PECOS strategy. Eligible
studies met the following conditions: (a) Participants:
enrolled individuals with ASD or AS, who were diag-
nosed by DSM, International Code of Diseases (ICD),
Autism Diagnostic Observation Schedule (ADOS), or
Autism Diagnostic Interview-Revised (ADI-R);
(b) Exposure: DTI was used to investigate the features of
language-related white matter tracts (AF, SLF, UF,
IFOF, or ILF), which utilized tract-specific or atlas-
based analyses. This is because tract-specific and atlas-
based methods are more precise for localizing the struc-
tural connections of the white matter tracts;
(c) Comparison: compared with the age-matched TD
control group without developmental disorders or men-
tal illness; (d) Outcome: sufficient data on FA or MD
values in language-related tracts were reported. (e) Study
design: observational studies were eligible for this
review.

Studies were excluded for the following reasons:
(a) Participants were below 3 years old as neural sys-
tem development is still unstable before 3 years old;
(b) did not refer to language-related tracts; (c) studies
using voxel-based or TBSS methods; (d) the compari-
son group did not include a TD population; (e) did
not provide available raw data; (f) not an observa-
tional or original study. Two assessors (LM and WY)
independently conducted the study selection, and any
disagreements were resolved through a consensus
process.

Data extraction and quality assessment

We extracted basic and participants’ information as fol-
lows: first author, publication year, country, participants’
features (e.g., sample size, mean age, sex ratio, IQ
scores), and diagnostic/assessment tools. In addition, we
coded the methodological characteristics, including the
parameters of imaging acquisition (e.g., Tesla, TE/TR,
FOV, number of directions, b value), data processing
methods, measures of head motion, involved tracts, and
DTI metrics. For the meta-analysis, we extracted the
mean FA/MD values and their standard deviations (SD)
in relevant language tracts for the ASD and TD subjects,
respectively. When studies reported multiple sub-region
outcomes of a single white matter tract (e.g., SLF includ-
ing three sub-regions: SLF1, SLF2, and SLF3), we com-
puted the mean of outcomes for each sub-region, and
used these integrated results as the data of pooled
analysis.

The included studies were evaluated using the
Newcastle-Ottawa Quality Assessment Scale (NOS).
NOS is a quality tool that consists of nine evaluation
items divided into three domains (selection, comparabil-
ity, and exposure). Besides, considering the significant
impact of head motion on the quality of DTI data, we
added “Measures of Head Motion” as an additional
evaluation item in the quality assessment. Studies can be
defined as of adequate quality when at least six items
are satisfied. Data extraction and quality assessment
were independently performed by two reviewers
(LM and WY).

Meta-analysis

The standardized mean difference (SMD) with 95% con-
fidence intervals (95% CI) was calculated based on
Cohen’s d and used as the effect size. A positive SMD
indicates that the ASD group had higher outcomes than
the TD controls and vice versa. The effect size bench-
marks were 0.2, 0.5, and 0.8, which represent small,
medium, and large effects, respectively (Cohen, 1992). In
addition, the statistical significance of the effect size was
set at a p-value of <0.05. We used a meta-analysis to esti-
mate the group differences in FA/MD metrics in each
tract between the ASD and TD groups. Due to the diver-
sity of methodology among the included studies, we used
the recommended random-effects model (DerSimonian-
Laird method) for the estimation of pooled effect size,
which is more flexible to address heterogeneity between
studies (Borenstein et al., 2009; DerSimonian &
Laird, 1986). The random-effects model assumes that the
true effect sizes of included studies vary from study to
study and follow a distribution. In addition, study
weights are more balanced under the random-effects
model than under the fixed-effect model (Borenstein

LI ET AL. 1587

https://www.rayyan.ai


et al., 2009). The fixed-effect model, on the other hand,
does not address between-study heterogeneity. Consider-
ing the discrepancies in DTI studies, we excluded the con-
spicuous outlier studies that were beyond two SD from
the mean effect size. In addition, we used the Galbraith
plot to investigate the contribution of each study to the
overall heterogeneity. Moreover, we combined the AF
and SLF into the analysis previous studies (Friederici &
Gierhan, 2013). Furthermore, we independently per-
formed meta-analyses for the right and left hemispheres
in each tract.

We estimated I2 statistics to examine between-study
heterogeneity, representing the percentage of variance in
the pooled effect size that contributes to heterogeneity
(Higgins & Thompson, 2002). The I2 can be classified as
low (25%–50%), moderate (50%–75%), and high (75%–

100%) (Higgins et al., 2003).
Publication bias was evaluated using funnel plots and

Egger’s regression test (Egger et al., 1997). The asymme-
try of the funnel plots and the significance level of Egger’s
test (p < 0.05) indicate the presence of publication bias.
The trim-and-fill method (Duval & Tweedie, 2000) was
applied if a publication bias was found.

To assess the robustness of the meta-analysis results,
we performed a sensitivity analysis by sequentially
excluding each study and subsequently re-conducting the
meta-analysis for the remaining studies. If a significant
alteration appears in the leave-one-out sensitivity analy-
sis, then the pooled estimate lacks stability.

In addition, we conducted subgroup and meta-
regression analyses to investigate the moderating effects
of subjects’ variables. In the subgroup analysis, the
included studies were assigned to the child group (age
range: 3–18 years) and the adult group (age range:
>18 years), according to the mean age of participants.
We investigated the moderating effects of age range
according to the pooled effect size and p-value in each
subgroup. The minimum number of studies in the sub-
group analysis was three. In addition, we performed a
meta-regression using the residual maximum likelihood
model to examine the moderating effects of verbal IQ, sex
ratio, and symptom severity in ASD. A minimum of five
studies were included in each meta-regression analysis.
Statistical efficacy (p-value <0.01) was used to identify
the moderating effect, given the limited number of studies
included in the meta-regression. Statistical analysis was
performed using Stata version 16.0 (StataCrop, LLC).

RESULTS

Study selection

Figure 1 shows the procedure for study selection. The
database search yielded 692 studies, of which
432 remained after removing duplicate studies. After
screening titles and abstracts, 67 articles remained and
underwent full-text review. Of these, seven studies were

excluded because they did not involve both ASD and TD
groups, 16 studies did not meet the inclusion criteria of
the analytic method, and one study did not involve
language-related tracts. Of the remaining 43 candidates,
15 studies were excluded because of insufficient data, as
they did not report detailed FA or MD values. Addition-
ally, five studies were identified through a citation search.
Finally, 33 studies involving 1667 participants
(N_ASD = 831, N_TD = 836) were included in our meta-
analysis.

Study characteristics

The characteristics of the included studies are summa-
rized in Table 1. More than 80% of the included studies
were from the United States or Europe. The mean age of
the ASD subjects ranged from 5.0 to 32.9 years old.
Twenty-four studies investigated the child group, and
nine focused on the adult group. Regarding the sex ratio,
13 studies examined only male subjects, and the percent-
age of females was also small in the remaining studies.
Among the 33 included studies, 31 examined high-
functioning autism (IQ > 70), and 21 studies precisely
matched the IQ of the ASD and TD groups.

The methodological characteristics of the included
studies were significantly heterogeneous (Table 2). For
data acquisition, a 3 T scanner (25 studies) was utilized
more widely than a 1.5 T scanner; the number of direc-
tions ranged from six to 72, and the b value varied
between 600 and 2000. Regarding data processing, six
studies applied atlas-based analysis, 16 adopted deter-
ministic tractography, and eight employed probabilistic
tractography. The remaining studies used more advanced
tractography, such as automated fiber quantification
(AFQ) and constrained spherical deconvolution (CSD)-
based tractography. All studies have accounted for head
motion in the procedure of image acquisition or data pro-
cessing. Most studies corrected eddy currents and head
motion with a software package (such as FSL or
Explore-DTI) in the data pre-processing. Besides, a few
studies disposed of the artifacts and head motion in the
image acquisition (Kumar et al., 2010; Samson
et al., 2016; Thomas et al., 2011). For the ROI tracts,
29 articles investigated the dorsal pathway (AF/SLF)
(such as Andica et al., 2021; Kato et al., 2019; Lei
et al., 2019), and 17, 13, and 17 studies involved UF,
IFOF, and ILF, respectively. For DTI metrics, FA and
MD were reported more generally than other parameters
(e.g., AD or RD) in the included studies. The results of
the quality assessment are presented in Table S1.

Pooled effect size

The meta-analysis results are shown in Figure 2. In the
pooled analyses, lower FA or higher MD was found in
all tracts in individuals with ASD than in TD controls.
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Meanwhile, the effect size for FA value showed statistical
significance in bilateral AF/SLF, bilateral UF, left IFOF,
and right ILF. Regarding the MD, results reached the
significance level in bilateral AF/SLF, left UF, bilateral
IFOF, and left ILF.

Dorsal pathway (AF/SLF)

After removing two outlier data sets (Libero et al., 2016;
Zeestraten et al., 2017 [Male group]) (Figure S17),
26 studies involving 596 ASD and 587 TD individuals
were integrated into the pooled analysis of the FA values
in the left dorsal pathway. Significantly reduced FA in L-
AF/SLF appeared in ASD subjects compared to TD con-
trols (SMD = �0.37, 95% CI �0.67 ~ �0.07, p = 0.017,
I2 = 83.2%). After two data sets were removed as outliers
(Zeestraten et al., 2017 [Male and female groups])
(Figure S17), 22 studies (N_ASD = 462, N_TD = 466) were
pooled into the meta-analysis for the right dorsal path-
way. A significant FA reduction was observed in subjects
with ASD (SMD = �0.32, 95% CI �0.64 ~ 0.00,
p = 0.048, I2 = 81.0%). MD data sets for the dorsal path-
way were obtained from 12 studies that examined
245 individuals with ASD and 242 TD controls. MD
values in the bilateral dorsal pathway were significantly

increased in the ASD group, and the effect size in the left
hemisphere was larger compared with that in the right
hemisphere (left: SMD = 0.93, 95% CI 0.50 ~ 1.36,
p < 0.001, I2 = 78.00%; right: SMD = 0.64, 95% CI
0.32 ~ 0.96, p < 0.001, I2 = 62.20%).

Uncinate fasciculus

In addition to one outlier data set (Zeestraten et al., 2017
[Male group]) (Figure S18), 12 studies (N_ASD = 316,
N_TD = 321) remained in the pooled analysis of the FA
value in the left UF. Significantly reduced FA was found
in the ASD group compared to in the TD controls
(SMD = �0.42, 95% CI �0.82 ~ �0.01, p = 0.044,
I2 = 82.80%). Excluding two outlier data sets (Zeestraten
et al., 2017 [Male and female groups]) (Figure S18),
11 studies were included in the meta-analysis for the right
UF. The FA value in ASD subjects was significantly
lower than that in TD controls (SMD = �0.46, 95% CI
�0.71 ~ �0.21, p < 0.001, I2 = 45.70%). Pooled analysis
of seven studies with MD data sets (N_ASD = 164,
N_TD = 179) revealed that, individuals with ASD
appeared to have significantly higher MD than TD con-
trols in the left UF (SMD = 0.71, 95% CI 0.23 ~ 1.19,
p = 0.004, I2 = 74.70%), however no significant group

F I GURE 1 PRISMA flow
chart of the study selection
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difference in the right UF (SMD = 0.34, 95% CI
�0.11 ~ 0.80, p = 0.139, I2 = 72.60%).

Inferior frontal-occipital fasciculus

After removing one outlier data set (Thomas et al., 2011)
(Figure S19), nine studies remained in the pooled analysis
of the FA values in the left IFOF. Significantly decreased
FA was found in the ASD group in the left IFOF
(SMD = �0.63, 95% CI �1.00 ~ �0.48, p = 0.001,
I2 = 70.40%), whereas the group difference in the right
IFOF did not reach significance (k = 8, SMD = �0.08,
95% CI �0.48 ~ 0.32, p = 0.701, I2 = 73.70%). For the
MD data, six studies that investigated 147 ASD and
162 TD subjects were included in the meta-analysis.
Pooled effects of MD data sets revealed that the ASD
group showed a considerably significant MD increase in
bilateral IFOF (left: SMD = 0.71, 95% CI 0.36 ~ 1.05,
p < 0.001; right: SMD = 0.68, 95% CI 0.34 ~ 1.03,
p < 0.001). In addition, heterogeneity was relatively low
in both hemispheres (left: I2 = 44.70%; right:
I2 = 45.20%).

Inferior longitudinal fasciculus

After removal of one outlier study (Jou et al., 2011)
(Figure S20), 9 and 10 data sets were preserved in the
meta-analysis of FA values in the left and right ILF,
respectively. The pooled effects of FA values showed
no statistical difference between ASD individuals and
TD controls in the left ILF (k = 9, SMD = �0.46,
95% CI �0.94 ~ 0.03, p = 0.064), whereas ASD sub-
jects showed significantly lower FA in the right ILF
(k = 10, SMD = �0.49, 95% CI �0.92 ~ �0.07,
p = 0.024). Between-study heterogeneity was consider-
ably large in either hemisphere (left: I2 = 80.30%; right:
I2 = 78.00%). The MD data sets for the meta-analysis
of the left and right ILF were from five and six studies
(excluding one outlier data set, Ameis et al., 2011
[Adolescent group]) (Figure S20), respectively. Pooled
analysis of the bilateral ILF showed significantly
increased MD in the ASD group and moderate
between-study heterogeneity (left: SMD = 0.60, 95%
CI 0.21 ~ 0.99, p = 0.002, I2 = 60.40%; right:
SMD = 0.56, 95% CI 0.13 ~ 1.00, p = 0.011,
I2 = 69.10%).

F I GURE 2 Overall meta-analysis of FA/MD in each language-related tract. AF, arcuate fasciculus;FA, fractional anisotropy; IFOF, inferior
fronto-occipital fasciculus; ILF, inferior longitudinal fasciculus; I-squared, between-study heterogeneity for individual meta-analyses; L, left
hemisphere; MD, mean diffusivity; Pub bias(p), p-value of Egger’s test for individual meta-analyses; p-value, p-value of the effect size for individual
meta-analyses; R, right hemisphere; SLF, superior longitudinal fasciculus; smd, effect size for individual meta-analyses; UF, uncinate fasciculus
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Publication bias and sensitivity analysis

No significant evidence of publication bias was observed
in our meta-analysis, as confirmed through visual inspec-
tion of the funnel plot (Figures S21–S24). In addition,
Egger’s regression test of each pooled analysis did not
generate any significant small-study effect (p-value ran-
ged from 0.094 to 0.937) (Figure 2). In addition, the
leave-one-out sensitivity analysis showed that the direc-
tion of the effect size and statistical significance remained
stable during the sequential removal of individual studies
in all pooled analyses (Figures S25–S28).

Subgroup analysis

Relatively higher levels of between-study heterogeneity
were observed for the majority of the outcomes, except
for the FA value in the right UF and MD values in the
bilateral IFOF, as presented in Figure 2. We performed a
subgroup analysis based on the participants’ age (child
group versus adult group) to examine this heterogeneity
in the pooled analyses. Subgroup analysis of FA data sets
(Figure 3) revealed significantly lower FA in children
with ASD than in TD controls in all white matter tracts
but no significant differences in adult groups. Meanwhile,

in the pooled analyses for the younger group, the left
hemisphere showed a relatively larger effect size than the
right hemisphere.

In contrast, subgroup analysis of the MD data sets
(Figure 4) indicated that the pooled effects of MD values
significantly increased in children with ASD in the bilat-
eral dorsal pathway (L/R-AF/SLF) and bilateral IFOF.
In contrast, adult subjects with ASD showed significantly
increased MD in the left UF, bilateral IFOF, and bilat-
eral ILF. Due to the insufficient MD data sets in this
study, we could not perform a subgroup analysis for the
left ILF in the younger group.

Meta-regression analysis

To examine the moderating effects of the sex ratio and
verbal IQ, we performed meta-regression analyses of the
FA values in all tracts and MD values in the dorsal path-
way, including more than five studies. However, due to
the limited number of studies, we only performed a meta-
regression of symptom severity using FA data sets in the
dorsal pathway. The results of the meta-regression analy-
sis are presented in Table 3. We did not find any statisti-
cally significant results in the meta-regression mentioned
above. In other words, variances in the sex ratio, verbal

F I GURE 3 Subgroup analysis of fractional anisotropy in each language-related tract
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IQ, and symptom severity do not seem to be the factors
that bring about between-study heterogeneity in our
pooled results.

DISCUSSION

Our meta-analysis included 33 DTI studies involving
831 individuals with ASD and 836 TD controls.

According to the pooled results, we found significantly
lower FA and higher MD in the bilateral dorsal pathway,
left UF, left IFOF, and right ILF in ASD subjects com-
pared with TD controls, significantly decreased FA in the
right UF, and increased MD in the right IFOF and left
ILF. In particular, the sub-analyses by age group indi-
cated that children, but not adults, with ASD showed
remarkable FA reduction among all tracts. On the other
hand, MD increased in bilateral language-associated

F I GURE 4 Subgroup analysis of mean diffusivity in each language-related tract

TABLE 3 Summary table of meta-regression results

Tract
Dependent
variable

Sex ratio Verbal IQ SRS

k β SE p k β SE p k β SE p

Dorsal
Pathway

AF/
SLF

L_FA 23 0.001 0.009 0.293 12 0.046 0.023 0.073 6 �0.002 0.016 0.897

R_FA 20 0.0005 0.009 0.962 11 0.034 0.031 0.307 6 �0.011 0.016 0.537

L_MD 10 0.013 0.02 0.532 3 — — — — — — —

R_MD 10 �0.001 0.014 0.923 3 — — — — — — —

Ventral
Pathway

UF L_FA 11 0.008 0.006 0.211 8 0.067 0.031 0.068 — — — —

R_FA 11 0.002 0.005 0.76 7 0.042 0.022 0.16 — — — —

ILF L_FA 10 0.008 0.009 0.388 7 0.053 0.045 0.286 — — — —

R_FA 10 0.004 0.008 0.604 8 0.049 0.026 0.111 — — — —

IFOF L_FA 10 0.011 0.008 0.22 5 — — — — — — —

R_FA 8 0.001 0.007 0.191 5 — — — — — — —

Note: k: Number of studies; —: No sufficient studies; Factor significance was set at p < 0.01, and there were no statistically significant results in any meta-regression.
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fibers, except for UF and ILF, in ASD children, and in
most ventral fibers, except R-UF, in ASD adults. More-
over, abnormalities in language-associated fibers
appeared more prominent in the left hemisphere than in
the opposite hemisphere, especially in the child group.
These results demonstrate that individuals with ASD
tend to exhibit widespread abnormal white matter con-
nectivity in their language networks. Our study is the first
report of a sub-analysis by age group and indicates that
these abnormalities could vary depending on the develop-
mental stage and hemisphere.

Abnormal connectivity of language networks
in ASD

The abnormal connectivity of language-related tracts in
patients with ASD is concordant with the previous hypo-
connectivity hypothesis (Just et al., 2012). Hoppen-
brouwers et al. (2014) combined qualitative and
quantitative reviews and demonstrated that ASD is a dis-
connection syndrome with widespread disruption of
white matter integrity. In addition, hypoconnectivity of
association tracts in ASD has been frequently reported in
previous systematic reviews (Ameis & Catani, 2015; Rane
et al., 2015; Vissers et al., 2012). Aoki et al.’s (2013)
meta-analysis synthesized 14 DTI tractography studies
reporting decreased FA and increased MD in the SLF
and UF in subjects with ASD. The hypoconnectivity of
language-related tracts in ASD may result from the aber-
rant microstructure in white matter tracts, such as dis-
turbed fiber myelination, decreased axonal density, or
impaired cellular membranes (Travers et al., 2012). In
line with these findings, previous structural MRI studies
have suggested unusual morphological alterations in the
autistic brain. For example, several meta-analyses of
VBM studies have indicated that individuals with ASD
have significant volume reduction in the SLF and ILF
(Duerden et al., 2012) and reduced density in the IFOF
and ILF (Nickl-Jockschat et al., 2012). Furthermore, our
findings are concordant with the results of previous fMRI
studies. Several experimental studies with a multimodal
approach (Jung et al., 2019; Lai et al., 2012) have
reported a concurrent reduction of structural connectivity
and functional activity in the language-related areas of
ASD patients. In addition, Lai et al. (2012) indicated that
the ASD group showed significant correlations between
the tract integrity of language pathways and functional
activity in the left inferior frontal gyrus during the audi-
tory task with speech stimuli. Moreover, Olesen et al.
(2003) combined analysis of DTI and fMRI data, which
revealed positive correlations between the maturation of
white matter and increased gray matter activity, espe-
cially in frontoparietal regions. The development of gray
matter activity seems to be mediated by the maturation
of white matter (Olesen et al., 2003). However, it should
be noted that the white matter–gray matter correlations

are not yet well-understood, and vary by diagnostic
group, DTI parameter, tasks, and seed points (Richards
et al., 2015). In addition, the target of DTI, structural
MRI, and fMRI is distinctive, and comprehensive imag-
ing studies with the multi-modal approach are necessary
to uncover the relationship between white matter connec-
tivity and brain functional efficiency in the future.

The altered structural connectivity mentioned above
plays a critical role in language impairment in ASD
(Cauda et al., 2014). First, the dorsal pathway encom-
passes the AF and SLF, which are widely distributed
across many important language-related regions, such as
the middle temporal gyrus, superior temporal gyrus, infe-
rior frontal gyrus, and angular gyrus (Dick &
Tremblay, 2012; Friederici, 2015; Kamali et al., 2014).
Its disruption contributes to speech arrest, dysarthria,
and syntactical impairments (Chang et al., 2015;
Kljajevic, 2014). The hypoconnectivity of the dorsal
pathway may be closely associated with various speech
dysfunctions pervasively observed in patients with ASD,
such as delayed phonological development, articulation
distortions (Chenausky et al., 2019; Schoen et al., 2011),
and grammatical disorders (more errors in grammatical
morphemes and clitics) (Roberts et al., 2004; Terzi
et al., 2014). The ventral pathway mainly consists of the
UF, IFOF, and ILF (Hagoort, 2019). The UF is a
temporal-frontal association tract that projects from the
temporal pole to the orbitofrontal cortex (Catani
et al., 2013). It is relevant for sentence-level comprehen-
sion and pragmatic function (Friederici, 2017), which are
the most commonly affected linguistic abilities in ASD
individuals (Hage et al., 2021). The IFOF is a long-range
intrahemispheric tract that originates from the occipital
cortex, runs through the posteroinferior temporal area,
terminates in the inferior frontal gyrus and dorsolateral
prefrontal cortex, correlates with semantic and phrase-
level syntactical processes, and assists in reading or listen-
ing comprehension tasks (Friederici, 2015). The ILF is
considered the indirect ventral pathway, which intercon-
nects the visual areas in the occipital lobe, MTG, and
temporal lobe, and mainly involves visual information
processing such as object recognition and visual–
linguistic information mapping (Duffau et al., 2013).
Lesions in the ILF and IFOF are associated with alexia,
nominal aphasia, and semantic paraphasia (Chang
et al., 2015; Ivanova et al., 2016). Hence, the under-
connectivity of the IFOF and ILF may be associated
with idiosyncratic word usage and atypical semantic pro-
cessing that frequently appears in patients with ASD
(Boucher, 2012).

Accordingly, our results support the under-
connectivity hypothesis and demonstrate the widespread
abnormal microstructure of language-related tracts in
patients with ASD. Furthermore, taken together with
neurocognitive insights, we speculate that in ASD, the
under-connectivity of the dorsal pathway may contribute
to phonological paraphasia and syntactical errors, and
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disruption of the ventral pathway is associated with
semantic paraphasia and comprehension problems. Nev-
ertheless, the elaborate relationships between the micro-
structural properties of white matter tracts and language
processing remain under-researched. The causality of
these relationships and the neurological underpinnings of
language impairments in ASD require clarification using
more specific experimental studies.

Moderating effects of developmental stage

The subgroup analysis revealed that the atypical struc-
tural connectivity in ASD showed considerable differ-
ences according to the developmental stage. Specifically,
children with ASD exhibit more pronounced and perva-
sive white matter connectivity disturbances than the adult
group. This indicates that structural abnormalities in
language-related tracts tend to be modest with age. In
line with our findings, Bakhtiari et al. (2012) found that
adolescents with ASD showed decreased FA in the
IFOF, ILF, and SLF, whereas no difference in FA was
observed between ASD and TD adults. A similar ten-
dency was observed in structural MRI studies that exam-
ined morphological abnormalities in ASD. A prior meta-
analysis of VBM studies (Duerden et al., 2012) investi-
gated the difference in brain morphology between chil-
dren and adults with ASD and reported that significantly
reduced volume in the SLF and ILF only existed in chil-
dren with ASD and adolescents but not in adults.

On the other hand, MD increases were observed in
language-related tracts in children and adults with ASD.
The distinction between FA and MD results in adults
was also reported in previous experimental DTI studies
(Andica et al., 2021; Catani et al., 2016). These devia-
tions may result from the distinctive trajectories of diffu-
sion parameters with age. Several lifespan studies have
identified white matter developmental trajectories in
healthy individuals, suggesting rapid increases in FA and
gentle decreases in MD during childhood and puberty
(Lebel et al., 2008; Peters et al., 2012; Tamnes
et al., 2018). The FA peaks in adolescence to young
adulthood, while the minimum MD generally occurs 3 to
6 years later than the FA peaks (Lebel et al., 2012; Lebel
et al., 2019; Lebel & Deoni, 2018). In addition, several
studies focused on the developmental trajectory of the
autistic brain, demonstrating that aberrant white matter
microstructure was caused by delayed development in
later childhood and adolescence (Girault & Piven, 2020),
whereas the atypical development tends to normalize in
adulthood (Khundrakpam et al., 2017; Zheng
et al., 2021). Considering the different developmental
rates of FA and MD values, abnormal FA reductions in
ASD are likely to be relieved before early adulthood,
whereas disturbed MD will continue from childhood to
adulthood. Changes in FA and MD are driven by numer-
ous cellular factors, such as myelination, axonal packing,

membrane permeability, axon diameter, the proliferation
of oligodendrocytes, and tissue water content
(Beaulieu, 2002; Beaulieu, 2014). Unfortunately, the dif-
ferences in physiological processes between FA and MD
values cannot be distinguished, which should be
expounded upon by more neurobiological studies (Lebel
et al., 2019).

The relative remission of structural disturbance may
be due to the moderating effects of environmental factors
(such as education, intervention, and cognitive experi-
ence) in the development of ASD. Several experimental
studies have examined the association between therapy
and structural/functional brain development in ASD,
suggesting that behavioral interventions in early life con-
tribute to normalizing atypical patterns of white matter
integrity (Saaybi et al., 2019) and brain activity (Dawson
et al., 2012). Moreover, previous DTI studies have
explored the association between white matter matura-
tion and the environment, showing that unfavorable envi-
ronmental factors (such as socioemotional deprivation)
in early life will lead to the maldevelopment of white
matter (Makinodan et al., 2017). However, in this study,
we could not obtain sufficient information about inter-
ventions for participants with ASD. Therefore, the spe-
cific white matter changes according to the
environmental moderating effects remain to be elabo-
rated on in the future using long-term longitudinal
studies.

Left-dominant abnormality in ASD

In our study, more significant and larger effect sizes of
FA and MD values were observed in the left tracts than
in the right, particularly in the younger subgroup. This
indicates that individuals with ASD tend to exhibit more
prominent abnormalities in their left language networks.
The trend of left-dominant abnormalities in ASD has
been reported in several previous studies. For instance,
more pronounced FA reductions (Lange et al., 2010;
Perkins et al., 2014) or MD elevation (Peterson
et al., 2015) in the left hemisphere. Aoki et al.’s (2013)
meta-analysis also reported that individuals with ASD
have significantly decreased FA in the left SLF and UF,
but not on the reverse side. In addition, previous struc-
tural MRI studies investigated volume alteration in the
autistic brain, finding significant volume reduction in the
left language-related areas but no significance in the right
(Rojas et al., 2002). These findings indicated that left-
dominant tendencies are generally recognized in both
morphological and white matter abnormalities in individ-
uals with ASD.

Furthermore, numerous lines of evidence have shown
atypical asymmetry of structural and functional brain
organization in patients with ASD. For example, ASD
individuals showed significantly less left-lateralization
than TD controls in DTI metrics of the language-related
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tracts, such as AF (Fitzgerald et al., 2018; Joseph
et al., 2014), SLF, ILF, and IFOF (Carper et al., 2016).
Several DTI studies have reported right-lateralization in
widespread white matter regions (Fu et al., 2020), includ-
ing the AF (Wan et al., 2012). This aberrant asymmetry
pattern was also observed in the morphological structures
of patients with ASD. de Fossé et al. (2004) reported that
individuals with ASD and language impairment showed
atypical rightward asymmetry of volume in the language
cortex. Postema et al. (2019) also suggested decreased
asymmetry in the brain volume and cortical thickness in
widespread language-related regions in patients with
ASD. Several fMRI studies have demonstrated altered
functional asymmetry in the autistic brain. For instance,
individuals with ASD showed less left-lateralized
responses to phonemic cues (Minagawa-Kawai
et al., 2009) and speech sounds (Eyler et al., 2012) in the
temporal cortex. Jouravlev et al. (2020) reported that
individuals with ASD exhibit reduced left-lateralization
in comprehension tasks. Moreover, individuals with ASD
also show atypical rightward asymmetry in widespread
functional networks (such as visual, auditory, motor,
exclusive, language, and attentional networks) (Cardinale
et al., 2013) and white matter networks (Wei et al., 2018).
Therefore, the unusual pattern of hemispheric asymme-
tries in patients with ASD seems to be a pervasive feature
observed in various brain measures. Enhanced matura-
tion and activity of the right hemisphere are thought to
underlie the reduced left-lateralized pattern of ASD
(Jouravlev et al., 2020), but the exact mechanism remains
to be determined. Otherwise, the atypical lateralizations
mentioned above are closely associated with language
dysfunction symptoms in ASD (Knaus et al., 2010;
Peterson et al., 2015). The atypical lateralization of lan-
guage pathways in infants may be an early predictor of
future language development and ASD risk (Liu
et al., 2019). However, the specific correlations between
aberrant lateralization and particular language impair-
ments in patients with ASD should be elucidated in
future studies.

Limitations

Our meta-analysis had several limitations. First, there
was significant between-study heterogeneity in most of
the pooled results. We performed subgroup analysis and
meta-regression to identify the potential study-level fac-
tors that contributed to this heterogeneity. However, due
to the insufficient number of relevant studies (especially
studies focused on the ventral pathway and adult group),
we could not explore the causes of heterogeneity ade-
quately. Second, the included studies varied in methodo-
logical factors, such as data acquisition (e.g., field
strength, imaging sequences, and image acquisition
parameters) and analysis details (e.g., analysis software,
fitting model, and tractography parameters). These

methodological variabilities could have led to the signifi-
cant heterogeneity in our findings. We tried to perform
the sensitivity analysis to explore the contribution of
these methodological variables to the heterogeneity, but
we could not because of the imbalanced number of raw
studies. The impact of various methodologies on
between-study heterogeneity must be further illuminated
with more extensive and sufficient data sets. Third, con-
sidering the unstable neural system development in the
infant period, we excluded studies that examined partici-
pants below 3 years old. However, white matter develop-
ment in early life is a crucial topic that should be
independently investigated in future ASD studies.
Fourth, our meta-analysis did not include longitudinal
studies due to the limited original literature. However,
longitudinal studies are critical to uncovering age-related
changes in white matter in autistic brains. Fifth, our
meta-analysis could not directly analyze the correlation
between DTI metrics, language performance, and symp-
tom severity in ASD. We extracted and summarized the
correlation results of the included studies, which were dif-
ficult to synthesize due to the distinct variables, assess-
ment scales, and statistical indexes in the original
correlation analysis. Therefore, the specific relationships
between cognitive characteristics and white matter con-
nectivity in the language processes of autism remain to be
determined in the future. Finally, it should be noted that
some limitations remain in the DTI technique. For
instance, the tensor model used in DTI is insufficient for
dealing with the crossing white matter fibers. Moreover,
the sensitivity of DTI metrics to the specific tissue proper-
ties and biological processes needs to be improved
(Tournier, 2019). Recently, various advanced acquisition
techniques (e.g., high angular resolution diffusion imag-
ing, diffusion spectrum imaging) and computation
models (e.g., neurite orientation dispersion and density
imaging, diffusion kurtosis imaging) have been developed
to overcome these limitations of DTI. Future research
will be needed to focus on newer imaging techniques to
provide more detailed information about altered white
matter microstructure of the autistic brain.

CONCLUSIONS

Our meta-analysis investigated the abnormal white mat-
ter microstructure of language networks in individuals
with ASD. The autistic brain showed pervasive hypocon-
nectivity in language-related tracts. In addition, struc-
tural disturbances of language networks in patients with
ASD exhibit a leftward tendency and atypical brain later-
alization. We suggest that atypical structural connectivity
is closely associated with various language dysfunctions
in patients with ASD. Otherwise, the deviations of white
matter disturbance were observed in different age groups;
younger people with ASD showed more significant and
apparent abnormalities than adults. Accordingly,
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aberrant white matter connectivity may alleviate with age
due to heightened developmental moderating effects in
the autistic brain. The current literature provides an
understanding of neurocognitive characteristics in the
language networks of patients with ASD. We hope that
this meta-analysis will contribute to future language
development studies and speech therapy for patients
with ASD.
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