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Abstract

Background. Characteristic changes in the asymmetric nature of the human brain are asso-
ciated with neurodevelopmental differences related to autism. In people with autism, these
differences are thought to affect brain structure and function, although the structural and
functional bases of these defects are yet to be fully characterized.
Methods.We applied a comprehensive meta-analysis to resting-state functional and structural
magnetic resonance imaging datasets from 370 people with autism and 498 non-autistic con-
trols using seven datasets of the Autism Brain Imaging Data Exchange Project. We studied the
meta-effect sizes based on standardized mean differences and standard deviations (S.D.) for
lateralization of gray matter volume (GMV), fractional amplitude of low-frequency fluctuation
(fALFF), and regional homogeneity (ReHo). We examined the functional correlates of atypical
laterality through an indirect annotation approach followed by a direct correlation analysis
with symptom scores.
Results. In people with autism, 85, 51, and 51% of brain regions showed a significant diag-
nostic effect for lateralization in GMV, fALFF, and ReHo, respectively. Among these regions,
35.7% showed overlapping differences in lateralization in GMV, fALFF, and ReHo, particu-
larly in regions with functional annotations for language, motor, and perceptual functions.
These differences were associated with clinical measures of reciprocal social interaction, com-
munication, and repetitive behaviors. A meta-analysis based on S.D. showed that people with
autism had lower variability in structural lateralization but higher variability in functional
lateralization.
Conclusion. These findings highlight that atypical hemispheric lateralization is a consistent
feature in autism across different sites and may be used as a neurobiological marker for
autism.

Introduction

Autism spectrum disorder (autism) is a neurodevelopmental condition characterized by
social-communicative differences, focused and repetitive behaviors, and sensory differences
(Sarmiento & Lau, 2020). The latest monitoring results from the Centers for Disease
Control and Prevention (CDC) on 27 March 2020 show that the prevalence of autism has
increased by nearly 10% from 2 years ago, accounting for 1/54 of American children (CDC,
https://www.cdc.gov/). One of the key characteristics of autism is its high phenotypic and bio-
logical heterogeneity (Lombardo, Lai, & Baron-Cohen, 2019). The often mixed and inconsist-
ent observations from structural and functional neuroimaging have been variously attributed
to this heterogeneity. Nevertheless, the consistent co-occurrence of the several phenotypical
features in a syndromic manner raises the question of putative neural markers that are likely
to be consistent across various samples and sites.

Hemispheric asymmetry is considered a latent biomarker related to various psychiatric and
neurocognitive atypicalities, including schizophrenia, attention-deficit hyperactivity disorder
(He, Palaniyappan, Linli, & Guo, 2022), and also in autism (Duboc, Dufourcq, Blader, &
Roussigné, 2015; Toga & Thompson, 2003). Early observations from computed tomography
images revealed an unusual right lateralization especially in posterior language areas (Hier,
LeMay, & Rosenberger, 1979; Rojas, Camou, Reite, & Rogers, 2005) but this was not replicated
by others (Prior, Tress, Hoffman, & Boldt, 1984; Tsai, Jacoby, Stewart, & Beisler, 1982). This
topic is being revisited in recent years, especially with phenotype refinement and availability of
multimodal imaging from large number of subjects providing better population-level mapping
of asymmetry (Kong et al., 2018) using magnetic resonance imaging (MRI). When focusing on
brain structure, the expected leftward volume asymmetry of language-related cortical regions
such as the planum temporale, Heschl’s gyrus, posterior supramarginal gyrus, and parietal
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operculum and the inferior parietal lobule (Floris et al., 2016) is
reduced with a rightward bias in autism, while the expected sym-
metry of the fusiform gyrus area is reduced with a leftward bias
(Dougherty, Evans, Katuwal, & Michael, 2016), with a general
effect of overall reduction in asymmetry for all affected regions
(Postema et al., 2019; Sha et al., 2022). In terms of functional
MRI (fMRI), autism is characterized by reduced leftward lan-
guage lateralization compared to controls (Kleinhans, Müller,
Cohen, & Courchesne, 2008; Knaus, Tager-Flusberg, Mock,
Dauterive, & Foundas, 2012; Lindell, 2017) and a rightward
shift of functional connectivity (Cardinale, Shih, Fishman, Ford,
& Müller, 2013). Importantly, direct investigation of high-risk
children studied at infancy suggests that the onset of atypical
asymmetry in resting-state functional MRI (rs-fMRI) predates
autistic features by several years (Rolison, Lacadie, Chawarska,
Spann, & Scheinost, 2022).

While the emerging literature on atypical lateralization in aut-
ism is encouraging, many outstanding questions remain. Most
studies on hemispheric lateralization are based on a single modal-
ity (structure or function); it is unclear if atypical functional lat-
eralization in activation and connectivity follows the changes in
structural laterality. Demonstrating the structure–function corres-
pondence could clarify if the atypical lateralization observed peo-
ple with autism represent a primary impairment (with strong
structure–function correspondence) or emerge over time in the
functional domain (with no accompanying structural differences)
or even adaptive, in which case, functional laterality opposing the
underlying structural differences but relating to lower symptom
burden. Second, if the heterogeneity of a phenotype (autism)
depends on a critical biological feature (laterality), then we can
expect notably higher variance of this feature (asymmetry)
among those who exhibit the phenotype. We comprehensively
study these questions on hemispheric lateralization in autism
using multimodal and multisite data.

Meta-analysis methods integrate the results of different sites by
performing site-specific statistical analyses and combining the
results afterwards. These methods have shown great promise.
They are often used to evaluate studies that compare the averages
of two groups. The standardized mean difference (SMD, also
known as Cohen’s; dand its associated derivatives) is the differ-
ence between group means divided by the within-study variabil-
ity; it is a commonly used effect size measure for this purpose.
In practice, two groups may differ in terms of not only their
means but also their variances (Nakagawa et al., 2015; Violle
et al., 2012). Several methods to test for differences in the
variance of groups have been proposed (Nakagawa et al., 2015).
In particular, the logarithm of the ratio of standard deviation
(S.D.), that is, log ‘variability ratio’ (lnVR), is commonly used across
the standard meta-analytic paradigm (Palaniyappan, Sabesan, Li, &
Luo, 2021).

In this study, brain hemispheric lateralization was investigated
on the basis of the rs-fMRI and structural magnetic resonance
imaging (sMRI) data of 868 subjects [370 people with autism
and 498 non-autistic controls (NACs)] from seven different
sites. The meta-effect sizes based on the SMD and S.D. for lateral-
ization for three cortical features [i.e. gray matter volume (GMV)
indexing regional structure, fractional amplitude of low-frequency
fluctuation (fALFF) indexing hemodynamic signal strength, and
regional homogeneity (ReHo) indexing local connectivity] were
studied separately. By capturing the mean differences and varia-
tions at the individual level, in combination with quantifying
the degree of heterogeneity displayed in these measures in

autism, our work provides a step toward precision neuroscience
in autism.

Materials and methods

Participants

The rs-fMRI and sMRI data included in the study were collected
from seven sites of the Autism Brain Imaging Data Exchange
Project (ABIDE, http://fcon_1000.projects.nitrc.org/indi/abide/
abide_I.html), namely, Georgetown University (GU), NYU
Langone Medical Center Sample 1 (NYU1), Oregon Health
and Science University (OHSU), University of California, Los
Angeles Sample 1 (UCLA1), University of Michigan Sample 1
(UM1), University of Utah School of Medicine (USM), and
Kennedy Krieger Institute (KKI); the sample size of all seven
sites was greater than 80. People with autism and their parents
completed the Autism Diagnostic Interview-Revised (ADI-R)
interview (Disorders, Hospital, & Interview, 1994). The subdo-
mains of the ADI-R were used to determine clinical features
in terms of differences in social interaction domain (ADI-A);
differences in communication domain (ADI-B); and repetitive
behaviors domain (ADI-C). This study was approved by the
local ethics committee and adhered to the Declaration of
Helsinki. Written informed consent was obtained from all partici-
pants. Participants were excluded based on the following criteria:
(1) missing important information, such as diagnostic status, age,
or sex; (2) missing rs-fMRI or sMRI data; (3) poor quality struc-
tural scans and poor alignment; and (4) head motion parameters
larger than 3mm or 3°. Finally, 868 participants were included
in the study, with 370 having autism and with 498 being NACs.
Six of the seven sites collected scores of ADI-R interview. Their
demographics are shown in Table 1 and online Supplementary
Table S2.

MRI acquisition and preprocessing

The MRI data scanner and scanning parameters are available
from the website of the ABIDE project (https://fcon_1000.pro-
jects.nitrc.org/indi/abide/). The detailed imaging acquisition para-
meters are available in the online Supplemental materials. For the
rs-fMRI data of each site, data preprocessing was conducted using
Statistical Parametric Mapping (SPM12) (http://www.fil.ion.ucl.ac.
uk/spm/) and Data Processing Assistant for Resting-State fMRI
(Chao-Gan & Yu-Feng, 2010). First, the data were slice time cor-
rected, motion corrected, and standardized to the Montreal
Neurological Institute (MNI) space. Smoothing was then con-
ducted to reduce the influence of spatial noise via a Gaussian filter
with a 4 mm full width at half maximum value. Second, linear
trends and nuisance covariance were removed to eliminate the
noise remaining after realignment or instrumental instability.
These nuisance covariates included Friston’s 24 head motion
parameters, global mean signal, white matter signal, and
cerebrospinal fluid signal (Murphy & Fox, 2017; Power,
Schlaggar, & Petersen, 2015). Finally, filtering was performed to
reduce low-frequency and high-frequency noise outside the fre-
quency range of 0.01–0.1 Hz. To calculate the value of ReHo, we
performed another preprocessing step that did not include the
smoothing step.

For the sMRI, data preprocessing was conducted using
SPM12 with a voxel-based morphometry toolbox (http://dbm.
neuro.uni-jena.de/vbm/) with default settings, including the
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use of high-dimensional spatial normalization with an already
integrated Diffeomorphic Anatomical Registration Through
Exponentiated Lie Algebra (DARTEL) template in the
MNI space. Tissue segmentation was first performed for the
classification of the brain into gray matter, white matter, and cere-
brospinal fluid. The flipping of gray matter segments was
performed to calculate the asymmetry index (AI). Then, a sym-
metric DARTEL template was created, and the original and
flipped gray matter segments were registered to the template.
Finally, spatial smoothing was performed to increase the
signal-to-noise ratio.

Calculation of three cortical regional measures

After structural and functional data preprocessing, the second
version of the automated anatomical labeling atlas (Rolls, Joliot,
& Tzourio-Mazoyer, 2015) was used to parcellate the whole
brain into 120 regions of interest (ROIs), including 56 regions
for each hemisphere and eight vermis partitions. We ignored
regions of the vermis, since our study focused on asymmetry of
the left and right hemispheres (Rolls et al., 2015). Thus,
cortical regional measures were obtained for each of the
112 regions (56 per hemisphere). The full names and
abbreviations of the 56 ROIs are listed in online Supplementary
Table S1.

For the preprocessed sMRI data, the average GMV of each ROI
was extracted as a measure of brain structure. For the prepro-
cessed fMRI, two commonly used measures (fALFF and ReHo)
were extracted for each ROI. A detailed introduction to
fALFF and ReHo can be found in the online Supplementary
materials.

Calculation of AI

For each of the three regional measures (GMV, fALFF, and
ReHo), the AI was defined as follows (Shaw et al., 2009):

AI = L− R
0.5(L+ R)

, (1)

where L and R represent the left and right regional measures,
respectively. AI measures the degree of asymmetry of the left–
right hemisphere and falls within range of [−2, 2]. The positive
AI indicates leftward lateralization, and a negative AI indicates
rightward lateralization. By calculating the average AI of the 56
ROIs, we obtained the average AI of the whole brain, which mea-
sures the overall lateralization of the brain and has been studied
extensively (Kong et al., 2018; Okada et al., 2016; Wyciszkiewicz
& Pawlak, 2014).

Table 1. Demographic characteristics of each site

Datasets PWA NAC χ2/T p

GU n = 47 n = 52

Age, mean (S.D.), years 10.90 (1.50) 10.50 (1.70) 1.32 0.19

Male/female 40/7 28/24 13.03 3.07 × 10−4*

NYU1 n = 79 n = 105

Age, mean (S.D.), years 14.50 (6.90) 15.80 (6.20) −1.31 0.19

Male/female 68/11 79/26 3.29 0.07

OHSU n = 37 n = 56

Age, mean (S.D.), years 11.80 (2.20) 10.40 (1.60) 3.54 6.24 × 10−4*

Male/female 30/7 27/29 10.14 0.00*

UCLA1 n = 41 n = 32

Age, mean (S.D.), years 13.20 (2.50) 13.20 (2.10) −0.26 0.79

Male/female 35/6 28/4 0.07 0.79

UM1 n = 55 n = 55

Age, mean (S.D.), years 12.80 (2.30) 14.20 (3.10) −2.52 0.01*

Male/female 46/9 38/17 3.22 0.07

USM n = 56 n = 43

Age, mean (S.D.), years 22.60 (7.70) 21.40 (7.60) 0.51 0.61

Male/female 56/0 43/0 – –

KKI n = 55 n = 155

Age, mean (S.D.), years 13.20 (1.30) 13.2 (0.9) −0.08 0.94

Male/female 40/15 99/56 1.68 0.19

Sum 370 498

PWA, people with autism; NAC, non-autistic control; S.D., standard deviation.
Note. The two columns χ2/Tand p represent the χ2 statistic of sex and two-sample t test of age and the corresponding p value. An asterisk was marked if p value was less than 0.05.
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Meta-analysis

Meta-analysis based on SMD in lateralization
We fitted a multiple regression model separately for each regional
functional measure (ALFF or ReHo) or structural measure
(GMV) within each site as follows:

AI = b0 + b1group+ b2gender + b3age+ b4age
2 + 1 (2)

where group and gender represent the diagnostic status (1 = aut-
ism, 0 = NAC) and gender (1 = male, 0 = female) at each site,
respectively. Age-squared was added to remove the influence of
any residuals that were not explained by the linear term used in
previous studies (Kong et al., 2018). The t statistic for the regres-
sion coefficient β1 was used to calculate Cohen’s d (Nakagawa &
Cuthill, 2007), which measures the effect size on hemispheric lat-
eralization in people with autism:

d = t(nc + np)�����
ncnp

√ ���
df

√ , (3)

where nc and np are the sample size of people with autism and
NAC at a given site, respectively; and d is the degree of freedom
of the t statistic. The pooled effect size of all sites was the weighted
sum of the effect sizes of a single site (Borenstein, Hedges,
Higgins, & Rothstein, 2010):

pooled d =
∑7

i=1 vidi∑7
i=1 vi

, (4)

where ωi = 1/Vi is the weight of the i-th site, Vi is the variance of
the overall error of the i-th site, and di is the effect size of the i-th
site.

The following statistics can be used to test the significance of
the pooled effect size:

Z = pooled d − 0������������
1/
∑7

i=1 vi

√ . (5)

The Z statistic obeyed the standard normal distribution, and the
p value was given by p = 2(1−Φ(|Z|)) (Borenstein et al., 2010).
As for the regional pooled effect size, the Benjamini–Hochberg
false-discovery rate (BH-FDR) correction (Benjamini &
Hochberg, 1995) was used to control the probability of making
the first type of error.

Meta-analysis based on S.D. in lateralization
We further used a meta-analysis based on S.D. to investigate
the variance-based differences in the hemispheric lateralization
of the brain structure and function in people with autism.
For each AI of the 56 ROIs at each site, the effects of age
and gender were first regressed out, as shown in equation (2).
The relative variability in people with autism compared with
the NACs can be quantified using the variability ratio (VR) as
follows:

lnVR = ln
ŝp

ŝc

( )
= ln

sp
sc

( )
+ 1

2(np − 1)
− 1

2(nc − 1)
, (6)

where ‘ln’ is the natural logarithm; ŝp and ŝc are the unbiased

estimates of the population S.D. for the people with autism and
NACs, respectively; Sp and Sc are the reported S.D.s; and np and
nc are the sample sizes.

Similar to the pooled effect of SMD, the pooled effect size of
the S.D. was obtained as follows:

pooled lnVR =
∑7

i=1 vi lnVRi∑7
i=1 vi

. (7)
For convenience of explanation, the pooled effect sizes for

lnVR(i.e. pooled lnVR) were transformed back to a linear scale
as follows (Brugger & Howes, 2017):

pooled VR = e pooled lnVR = ŝp

ŝc
. (8)

Thus, a VR value greater than 1 indicates greater relative vari-
ability in patients, and a value less than 1 indicates lower variability.

Likewise, the following statistics can be used to test the signifi-
cance of the pooled effect size:

Z = pooled lnVR− 0������������
1/
∑7

i=1 vi

√ . (9)

Similar to the pooled effect of SMD, the BH-FDR correction was
used to control the probability of making the first type of error.

Heterogeneity test

The differences among studies from different sites included in the
meta-analysis, referred to as heterogeneity (or inconsistency), are
commonly measured usingQ statistics and I2 statistics (Cochran,
1954; Freeman, Hedges, & Olkin, 1986; Higgins, Thompson,
Deeks, & Altman, 2003). The calculations of the Q statistics and
I2 statistics can be found in the online Supplementary materials.
The I2 values of 0, 25, 50, and 75% indicate no, low, moderate,
and high inconsistencies, respectively (Higgins et al., 2003).

Correlation analysis

The Pearson correlation coefficient was calculated to study the
following three relationships: (1) the relationship between the
pooled effect of SMD and the pooled effect of S.D., (2) the relation-
ship between structural and functional lateralization, and (3) the
relationship between hemispheric lateralization and clinical fea-
tures. Since only six sites had clinical symptom scores from differ-
ences in social interaction (ADI-A), communication (ADI-B), and
repetitive behaviors (ADI-C) (online Supplementary Table S2),
the third analysis was focused on six sites.

Functional annotation analysis

The Brain Annotation Toolbox (BAT) (Liu et al., 2019) was used
to explore and tag the putative difference of brain regions with
atypical lateralization revealed by the meta-analysis based on
SMD and S.D.. The BAT was implemented as a free and open-
source MATLAB toolbox and is publicly available at http://123.
56.224.61:1313/post/bat. By performing multiple permutations,
we identified the brain functions associated with the given ROIs
and the corresponding p values.
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Results

Demographic characteristics

The demographic characteristics for all sites are presented in
Table 1. There were no significant age differences between the
autism and NAC groups, except for those in OHSU and UM1
sites. Moreover, there were no significant sex differences, except
for those in GU and OHSU (p < 0.05).

Meta-analysis based on SMD

Meta-analysis of structural lateralization
After correcting for multiple comparisons (p fdr ≤ 0.05), the
GMV of 85% of the ROIs (48/56) showed statistically significant
lateralization effects in the meta-analysis based on SMD in people
with autism (Fig. 1a and online Supplementary Table S3). The
cerebellum, caudate nucleus, posterior cingulate gyrus, and lentiform
nucleus as ROIs showed significant leftward lateralization in people
with autism. Significant rightward lateralization was observed in
the anterior and medial cingulate gyrus; superior, medial, and infer-
ior temporal gyrus; lateral orbitofrontal cortex; fusiform gyrus;
hippocampus; supplementary motor area; and para-hippocampal
gyrus. All ROIs, except for the lateral orbitofrontal cortex (Q =
12.88, p = 0.045, I2 = 45.64%) and caudate nucleus (Q = 15.083, p =
0.019, I2 = 53.59%), showed low heterogeneity across different sites,
as presented in online Supplementary Table S3.

Meta-analysis of functional lateralization
At the brain function level, after correcting for multiple compar-
isons (p fdr ≤ 0.05), the fALFF of 51% of the ROIs (29/56)
showed a statistically significant leftward or rightward lateraliza-
tion in people with autism, as revealed by the meta-analysis
based on SMD (Fig. 2b and online Supplementary Table S4).
After correcting for multiple comparisons (p fdr ≤ 0.05), the
ReHo of 51% of the ROIs (29/56) showed statistically significant
leftward or rightward lateralization in people with autism, as
revealed by the meta-analysis based on SMD (Fig. 2c and online
Supplementary Table S5). Similarly, the lateralization effect sizes

of fALFF and ReHo showed no heterogeneity in any brain region
(online Supplementary Tables S4 and S5).

Overlapping atypical structural and functional lateralization
based on SMD
To discover regions with atypical asymmetries at both the struc-
tural and functional levels, we summarized overlapping brain
regions that exhibited significant laterality differences in all
three measures (GMV, fALFF, and ReHo). For the three regional
measures (GMV, fALFF, and ReHo), 35.7% of the ROIs (20/56)
showed overlapping differences in lateralization based on SMD
(Fig. 2d and Table 2). Of these, most (13/20) had autism-related
structural and functional differences in asymmetry in the same
direction. Higher rightward lateralization in autism was seen in
the orbital posterior frontal gyrus, anterior and lateral cingulate
gyrus, para-hippocampal gyrus, middle occipital gyrus, fusiform
gyrus, parietal and inferior marginal angular gyrus, and temporal
pole (superior temporal gyrus, inferior temporal gyrus, and cere-
bellar_3), while four regions, namely, dorsolateral superior frontal
gyrus, orbital inferior frontal gyrus, angular gyrus, and cerebel-
lar_9, showed higher leftward lateralization in the three regional
measures. Seven regions showed internal disagreement between
structural and functional measures (see Table 2). For all measures,
the regions with overlapping lateralization differences based on
SMD displayed low heterogeneity, as shown in Table 2.

Meta-analysis based on S.D.

For theGMVmeasure, only one region showed a significantly lower
variation in lateralization among people with autism (angular
gyrus, pooled VR = 0.73, p = 0.007) (Fig. 3). For the fALFF and
ReHo, 10 ROIs showed significantly higher variation in lateraliza-
tion in both measures in people with autism (Fig. 3). Among
these, four survived BH-FDR correction (medial superior frontal
gyrus, p fdr = 0.009; rectus gyrus, p fdr = 0.006; middle temporal
gyrus, p fdr = 0.041; and cerebellum6, p fdr = 0.008) for fALFF,
and one region (cerebellum4_5:p fdr = 0.034) for ReHo.

Fig. 1. Hemispheric lateralization based on SMD on
structural and functional measures. (a)–(c) The areas
with significant hemispheric lateralization measured by
GMV, fALFF and ReHo. (d) Regions with overlapping
atypical structural and functional lateralization in
autism-produced common structural and functional
SMD maps. The warm color area (red) indicates that
people with autism have more leftward lateralization
than (NACs, and the cool color area (blue) indicates
that people with autism have more rightward lateraliza-
tion than NACs.
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In terms of statistical heterogeneity, two regions (medial super-
ior frontal gyrus: I2 = 0, rectus gyrus: I2 = 20.87%) had lower het-
erogeneity for fALFF, and two regions (caudate nucleus: I2 = 0,
cerebellum_4_5: I2 = 0) had lower heterogeneity for ReHo, as
shown in online Supplementary Table S6.

Correlation analysis

As shown in Fig. 3a–c, there was no significant correlation
between the pooled effect size based on SMD and the pooled
effect size based on S.D. for all three cortical area measures (i.e.
GMV, fALFF, and ReHo), indicating that increase in inter-
individual variability of asymmetry was not able to explain the
degree of atypical laterality seen in autism.

There was a significant but small positive relationship between
the lateralization of the GMV and fALFF measures (r = 0.110, p =
0.037 for people with autism:r = 0.116, p = 0.011 for NACs) but a
larger positive relationship in the lateralization of the fALFF and

ReHo measures (r = 0.626, p < 0.001 for people with autism; r =
0.585, p < 0.001 for NACs). There was no significant relationship
between the lateralization of the GMV and ReHo measures (r =
0.047, p = 0.378 for people with autism;r = 0.069, p = 0.131 for
NACs), as shown in Fig. 3d–i.

As listed in Table 3, there was a significant positive correlation
between the hemispheric lateralization of the GMV and the differ-
ences in social interaction (ADI-A), communication (ADI-B), and
repetitive behaviors (ADI-C) in the lateral orbitofrontal cortex,
medial superior frontal gyrus, and superior and inferior temporal
gyrus. There was also a significant positive correlation between
the lateralization of the fALFF and the differences in communica-
tion (ADI-B) and repetitive behaviors (ADI-C) in the lateral orbi-
tofrontal cortex and anterior cingulate. In addition, we found a
significant positive correlation between the lateralization of
ReHo and differences in repetitive behaviors (ADI-C) in the
anterior cingulate.

Fig. 2. Variance-based differences in hemispheric lateralization of brain structure and function in people with autism. (a) ROIs with significantly different variability
in AI and the corresponding p value and pooled effect size. (b)–(d) Visualization of ROIs with significant variation difference in lateralization for GMV, ALFF, and
ReHo, respectively. Heat map refers to effect sizes, with warm color indicating lower variability in autism, while cooler colors reflect higher variability autism com-
pared to NAC subjects.
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Functional annotation analysis

Using the BAT, the different ROIs revealed by the meta-analysis
based on SMD were significantly associated with five functions,
namely, illusion, motion, moving, percept, and speech sounds
(p fdr , 0.05). Similarly, the different ROIs revealed by the
meta-analysis based on S.D. were significantly associated with
seven functions, namely, auditory and visual function, communi-
cation, emotion, object recognition, perception, memory, and lan-
guage (Fig. 4 and online Supplementary Table S7).

Discussion

We report widespread, atypical hemispheric lateralization, con-
currently affecting brain structure and function in people with
autism, using a meta-analysis approach multisite MRI datasets.
Hemispheric lateralization was measured using three cortical
regional measures (i.e. GMV, fALFF, and ReHo) concurrently
for the first time in autism.

We report three major findings: (1) differences in structural
laterality (48/56 regions) are more widespread than functional dif-
ferences (29/56 regions) notable at rest. (2) Any differences in
functional lateralization of activation and connectivity closely
relate to the changes in structural laterality. Of the 29 regions
showing functional laterality differences in autism, 20 also showed
atypical laterality in structure and in most cases the changes in
function were in the same direction as the changes in structure,

suggesting that structural deviations, likely to be developmental,
may be a primary feature of atypical asymmetry in autism. (3)
We observe a notably higher variance of functional (but not struc-
tural) asymmetry in autism, indicating that atypical lateralization
in structure may be a primary, invariant feature affecting most
people with autism, while functional differences are highly
variable among individuals. The regions affected by laterality dif-
ferences play a key role in language, movement, perception, audi-
tory and visual function, memory, and communication,
corroborating our observed correlation between ADI scores in
various domains and differences in laterality. By demonstrating
that the widespread atypicalities in structural asymmetry are not
associated with higher than expected within-group variance, our
findings provide an important clue that the neurobiological het-
erogeneity in autism is likely to be more functional in nature.

Overlapping atypical hemispheric lateralization based on SMD

For all three regional measures, 20 ROIs showed overlapping atyp-
ical lateralization based on SMD in people with autism. These
ROIs included orbital inferior and posterior frontal gyrus; dorso-
lateral superior and medial superior frontal gyrus; superior, mid-
dle, and inferior temporal gyrus; middle occipital gyrus; superior
parietal gyrus; cingulate gyrus; para-hippocampal gyrus; fusiform
gyrus; angular gyrus; precentral gyrus; and postcentral gyrus.
These brain regions cover almost all lobes, which is consistent
with previous findings that autism is characterized by widespread

Table 2. ROIs and pooled effect size with atypical lateralization measured by GMV, fALFF, and ReHo

Lobes ROIs

Cohen’s; d
I2

GMV fALFF ReHo (%)

Frontal lobe Precentral −0.522 1.545 0.531 19.04

Frontal_Sup_2 0.676 1.498 0.408 11.50

Frontal_Inf_Orb_2 0.439 1.711 0.564 3.35

Frontal_Sup_Medial −0.578 0.259 −0.446 4.12

OFClat −2.241 −0.380 −0.470 3.15

Limbic lobe Cingulate_Ant −3.939 −0.643 −1.004 2.03

ParaHippocampal −1.637 −0.391 −0.657 2.72

Occipital lobe Occipital_Mid −0.781 −0.471 −0.331 6.18

Parietal lobe Postcentral −0.280 0.259 0.264 5.93

Parietal_Sup −0.236 0.853 0.266 1.68

Parietal_Inf −0.638 −0.506 −0.494 3.22

Angular 0.524 1.692 0.546 2.92

Temporal lobe Temporal_Sup −1.240 2.018 0.439 0.50

Temporal_Pole_Sup −1.979 −1.811 −0.632 1.49

Temporal_Mid −0.503 1.069 0.401 1.84

Fusiform −1.797 −1.196 −0.348 7.02

Temporal_Inf −2.708 −1.534 −1.022 0.80

Cerebellum Cerebellum_3 −0.274 −0.668 −0.484 9.54

Cerebellum_8 1.364 −1.514 −0.460 6.62

Cerebellum_9 2.719 0.284 0.620 8.30

Note. The bold fonts are used to highlight ROIs that show significant changes in the same direction of lateralization across three cortical area measures (GMV, fALFF, ReHo).
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cortical changes and a wide range of comorbidities in neurocog-
nitive disorders (Hawco et al., 2020). Among them, the orbital
posterior frontal gyrus and inferior frontal gyrus are part of
Broca’s area, and the superior and inferior temporal gyrus and
the parietal and inferior angular gyrus are part of Wernicke’s
area (Cardinale et al., 2013; Gage et al., 2009; Itahashi et al.,
2015; Paakki et al., 2010). Broca’s and Wernicke’s areas are
important language control areas of the human brain and are
involved in the processing and understanding of language infor-
mation and the generation of words (Mesulam et al., 2019;
Połczyńska et al., 2021; Young, Lee, & Chang, 2021). Previous
studies have shown that despite similar features at the time of
diagnosis, approximately 30% of children with autism remain
non-verbal in adulthood (Hus, Pickles, Cook, Risi, & Lord,
2007) while 30% of people with autism show verbal IQ in non-
autistic range (Anderson et al., 2007). In our study, the atypical
hemispheric lateralization of brain structure and brain function
was significantly positively correlated with differences in social
reciprocity and communication in Broca’s and Wernicke’s areas.

This result confirmed that atypicalities in the asymmetry of
these areas may cause autism features.

Besides language, the results of the functional annotation ana-
lysis showed involvement of regions relevant for motor and sen-
sory perceptual functions in the atypical lateralization seen in
autism. Previous research has shown that people with autism
also present differential abilities to ‘mindread’, where differences
in understanding of other people’s feelings, beliefs, or emotions
influence subsequent responses to them (Baron-Cohen, 1995).
Another study suggested that formal thought disturbances are a
feature of autism that relates more closely to the degree of lan-
guage differences (Solomon, Ozonoff, Carter, & Caplan, 2008).
However, the study by Weisbrot and colleagues (Weisbrot,
Gadow, DeVincent, & Pomeroy, 2005) demonstrated that this
may relate to higher levels of anxiety. Difference movements are
another typical feature of autism. Within the International
Statistical Classification of Diseases and Health Related
Problems-10th revision criteria (WHO, 1992) and the
Diagnostic and Statistical Manual of Mental Disorders-(DSM-

Fig. 3. Results of correlational analyses. (a)–(c) The relationship between the pooled effect size based on SMD and S.D. measured by GMV, fALFF, and ReHo, respect-
ively. (d)–(i) The relationship between structural and functional lateralization measures and two functional lateralization measures.
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IV-TR), 4th edition (Association, 2000), movement impairment is
defined as the focused, repetitive, and stereotyped patterns of
behavior, interests, and activities, which constitute the core fea-
tures of autism.

Atypical hemispheric lateralization based on S.D.

There was a significantly lower variability in the lateralization of
brain structure in the angular gyrus and significantly higher vari-
ability in the lateralization of brain function in those areas involv-
ing the orbital posterior and medial superior frontal gyrus,
inferior frontal gyrus of triangle, middle and inferior temporal
gyrus, superior occipital gyrus, cingulate gyrus, rectus gyrus,
angular gyrus, caudate nucleus, and thalamus, which were mainly
distributed in Broca’s and Wernicke’s areas, with the function of
mainly controlling the motor language center and auditory center
(Mesulam et al., 2019; Połczyńska et al., 2021; Young et al., 2021).
The results of the functional annotation analysis showed that peo-
ple with autism have obvious functional differences in auditory

and visual function, communication, emotion, object recognition,
memory, and language.

The angular gyrus is mainly responsible for the processing of
auditory information, and it affects the individual’s concentration,
which is often reported in the previous literature on autism. For
example, a meta-analysis of children’s GMV differences showed
that individuals with autism generally show significant gray mat-
ter increases in the right angular gyrus (J et al., 2017). Other stud-
ies on adult autism have reported that gray matter decreases in the
angular gyrus and medial superior frontal gyrus (Ecker et al.,
2010; Kosaka et al., 2010).

It is known that individuals with autism have difficulties in
various aspects of social communication. They also have a focused
imagination and social repertoire, with the latter characteristically
displayed as what seems to others to be obsessional behavior and
rigidity in their own behavior, as well as in the behavior they
require from others in response to their own (Weisbrot et al.,
2005). Hearing and vision, like language, are important aspects
of successful participation in social communication interactions.
A previous study found that when there is a defect in the visual
processing function of patients with autism, especially the facial
expression process, this defect further leads to barriers to social
and emotional communication (Lai et al., 2013; Rolls, 2014). A
study on young people with autism and executive function
impairment showed greater individual variability in the pattern
of spatial working memory in autism v. typically developing con-
trol individuals (Hawco et al., 2020). These results are consistent
with the greater individual differences in brain function of the
patients in our study.

Association between hemispheric lateralization of brain
structure and function

A notable correlation in hemispheric lateralization between rest-
ing blood oxygen level-dependent oscillatory amplitude (i.e.
fALFF) and structure (i.e. GMV) was found; however, there was
no significant correlation between localized connectivity and
structure (i.e. ReHo and GMV). Some studies on lateralization
in brain structure and function provide compelling evidence for
the correlation between structural lateralization and cognitive
function, thus supporting the ‘bigger is better’ structure–function

Table 3. ROIs with a significant correlation between the absolute AIs of brain
structure, function, and autism behavioral measures

ROIs
ADI-A score

(r/p)
ADI-B score

(r/p)
ADI-C score

(r/p)

GMV OFClat 0.28/0.00 0.35/0.00 0.02/0.74

Frontal_Sup_Medial 0.05/0.39 0.02/0.68 0.15/0.01

Temporal_Sup 0.11/0.05 0.17/0.00 0.02/0.70

Temporal_Inf 0.17/0.00 0.14/0.01 −0.07/0.22

Cerebellum_9 −0.32/0.00 −0.31/0.00 −0.22/0.00

fALFF OFClat 0.13/0.02 0.16/0.01 0.22/0.00

Cingulate_Ant −0.06/0.31 −0.02/0.76 0.26/0.00

Cerebellum_9 0.14/0.02 0.11/0.05 0.38/0.00

ReHo Cingulate_Ant −0.09/0.09 −0.07/0.22 0.20/0.00

Note. ADI-A score represents differences in social interaction. ADI-B score represents
differences in communication. ADI-C score represents differences in repetitive behaviors.
Bold font indicates that the test p value is less than 0.05.

Fig. 4. Word cloud of function annotation based on SMD (a) and S.D. (b). (a) The different ROIs revealed by the meta-analysis based on SMD were significantly
associated with five functions, namely, illusion, motion, moving, percept, and speech sounds. (b) The different ROIs revealed by the meta-analysis based on
S.D. were significantly associated with seven functions, namely, auditory and visual function, communication, emotion, object recognition, perception, memory,
and language.
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relationship (Plessen, Hugdahl, Bansal, Hao, & Peterson, 2014;
Shaw et al., 2009; Toga & Thompson, 2003). They also raise an
interesting question regarding the underlying causality. Is struc-
tural lateralization the basis or prerequisite of function, or is it
only the result of functional training (Shaw et al., 2009)? In our
study, the relationship of function and structure indicates that
the occurrence of one structural lateralization and functional lat-
eralization often leads to the occurrence of another. This is con-
sistent with Mitchell and Crow’s conclusion about structural
and functional hemispheric equivalence (Mitchell & Crow,
2005). In addition, it is likely that the typical development of
gray matter lateralization may be altered in autism, leading to
atypical functional brain lateralization affecting motor behavior
(Di Martino et al., 2014). These results suggest that brain struc-
tural and functional measures are theoretically complementary,
and that the combination of multimodal data is methodologically
necessary for understanding symptom generation in autism. The
word cloud can be seen in Fig. 4.

Limitations

This study has several limitations. First, MRI scanners and scan-
ning parameters were different for each dataset; therefore, there
was some inevitable heterogeneity among the results. Second,
we failed to consider the effects of drugs, which may influence
the test results of autism effects to a certain extent. Third,
although the comprehensive analysis was based on the largest
sample with neuroimaging information, we should note that the
participants in this study were younger and that older subjects
were not included. Finally, owing to the incomplete handedness
information of the subjects in the dataset, the handedness of
the subjects was not considered.

Conclusion

In this study, we report widespread atypical hemispheric lateral-
ization of both structure and function in autism, involving regions
in the prefrontal, limbic, occipital, and parietal lobes. Our find-
ings indicate primary structural differences with functional asym-
metry being atypical mostly in regions that are structurally
affected, with these changes relating to the degree of differences
in social reciprocity, communication, and motor behaviors. In
conclusion, our work positions lateralized cerebral differences as
critical for developing features of autism, as well as inter-
individual variability in autism-related behavior. This raises the
question of using the laterality indices for early detection as
well as monitoring the efficacy of biological supports and services.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0033291723000181

Acknowledgments. The authors wish to express their sincere appreciation
to all those who made suggestions for improvements of this paper. Use of
the ABIDE sample (http://fcon_1000.projects.nitrc.org/indi/abide/abide_I.
html) is acknowledged. We also thank Ms Sabrina Ford, London, Ontario,
for stylistic corrections.

Author contributions. Conceptualization: QL and SG; data acquisition: QL;
formal analysis: QL and SG; funding acquisition: SG and LP; writing the ori-
ginal draft: QL and SG; writing-reviewing and editing: QL, SG, WZ, and LP.

Financial support. Shuixia Guo is supported by the National Natural
Science Foundation of China (NSFC) grant (No. 12071124). Lena
Palaniyappan acknowledges research support from Monique H. Bourgeois

foundation for Developmental Disorders (Faculty of Health Sciences, McGill
University) and Graham Boeckh Foundation (Douglas Research Centre,
McGill University) and a salary award from the Fonds de recherche du
Quebec-Santé (FRQS).

Conflict of interest. The authors declare that they have no conflict of
interest.

References

Anderson, D. K., Lord, C., Risi, S., DiLavore, P. S., Shulman, C., Thurm, A., …
Pickles, A. (2007). Patterns of growth in verbal abilities among children
with autism spectrum disorder. Journal of Consulting and Clinical
Psychology, 75(4), 594–604. https://doi.org/10.1037/0022-006X.75.4.594.

Association, A. P. (2000). Diagnostic and statistical manual of mental
disorders – (DSM-IV-TR) (4th ed.). Washington, DC: American
Psychiatric Association.

Baron-Cohen, S. (1995). Mindblindness: An essay on autism and theory of
mind. Choice Reviews Online, 33(4), 33–2412. https://doi.org/10.5860/
choice.33-2412.

Benjamini, Y., & Hochberg, Y. (1995). Controlling the false discovery rate: A
practical and powerful approach to multiple testing. Journal of the Royal
Statistical Society: Series B (Methodological), 57(1), 289–300. https://doi.
org/10.1111/j.2517-6161.1995.tb02031.x.

Borenstein, M., Hedges, L. V., Higgins, J. P. T., & Rothstein, H. R. (2010). A
basic introduction to fixed-effect and random-effects models for
meta-analysis. Research Synthesis Methods, 1(2), 97–111. https://doi.org/
10.1002/jrsm.12.

Brugger, S. P., & Howes, O. D. (2017). Heterogeneity and homogeneity of
regional brain structure in schizophrenia: A meta-analysis. JAMA
Psychiatry, 74(11), 1104–1111. https://doi.org/10.1001/jamapsychiatry.
2017.2663.

Cardinale, R. C., Shih, P., Fishman, I., Ford, L. M., & Müller, R. A. (2013).
Pervasive rightward asymmetry shifts of functional networks in autism
spectrum disorder. JAMA Psychiatry, 70(9), 975–982. https://doi.org/10.
1001/jamapsychiatry.2013.382.

Chao-Gan, Y., & Yu-Feng, Z. (2010). DPARSF: A MATLAB toolbox for ‘pipe-
line’ data analysis of resting-state fMRI. Frontiers in Systems Neuroscience, 4,
13. https://doi.org/10.3389/fnsys.2010.00013.

Cochran, W. G. (1954). The combination of estimates from different experi-
ments. Biometrics, 10(1), 101–129. https://doi.org/10.2307/3001666.

Di Martino, A., Yan, C. G., Li, Q., Denio, E., Castellanos, F. X., Alaerts, K., …
Milham, M. P. (2014). The autism brain imaging data exchange: Towards a
large-scale evaluation of the intrinsic brain architecture in autism.
Molecular Psychiatry, 19(6), 659–667. https://doi.org/10.1038/mp.2013.78.

Disorders, D., Hospital, R. F., & Interview, A. D. (1994). Autism diagnostic
interview-revised : A revised version of a diagnostic interview for caregivers
of individuals with possible pervasive developmental disorders . Journal of
autism and developmental disorders, 24(5), 659–685. https://doi.org/10.
1007/BF02172145.

Dougherty, C. C., Evans, D. W., Katuwal, G. J., & Michael, A. M. (2016).
Asymmetry of fusiform structure in autism spectrum disorder: Trajectory
and association with symptom severity. Molecular Autism, 7(1), 28–28.
https://doi.org/10.1186/s13229-016-0089-5.

Duboc, V., Dufourcq, P., Blader, P., & Roussigné, M. (2015). Asymmetry of the
brain: Development and implications. Annual Review of Genetics, 49
(September), 647–672. https://doi.org/10.1146/annurev-genet-112414-
055322.

Ecker, C., Rocha-Rego, V., Johnston, P., Mourao-Miranda, J., Marquand, A.,
Daly, E. M., … Murphy, D. G. (2010). Investigating the predictive value
of whole-brain structural MR scans in autism: A pattern classification
approach. NeuroImage, 49(1), 44–56. https://doi.org/10.1016/j.neuroimage.
2009.08.024.

Floris, D. L., Lai, M. C., Auer, T., Lombardo, M. V., Ecker, C., Chakrabarti, B.,
… Suckling, J. (2016). Atypically rightward cerebral asymmetry in male
adults with autism stratifies individuals with and without language delay.
Human Brain Mapping, 37(1), 230–253. https://doi.org/10.1002/hbm.
23023.

Psychological Medicine 6711

https://doi.org/10.1017/S0033291723000181 Published online by Cambridge University Press

https://doi.org/10.1017/S0033291723000181
https://doi.org/10.1017/S0033291723000181
http://fcon_1000.projects.nitrc.org/indi/abide/abide_I.html
http://fcon_1000.projects.nitrc.org/indi/abide/abide_I.html
http://fcon_1000.projects.nitrc.org/indi/abide/abide_I.html
https://doi.org/10.1037/0022-006X.75.4.594
https://doi.org/10.1037/0022-006X.75.4.594
https:&sol;&sol;doi.org&sol;10.5860&sol;choice.33-2412
https:&sol;&sol;doi.org&sol;10.5860&sol;choice.33-2412
https:&sol;&sol;doi.org&sol;10.1111&sol;j.2517-6161.1995.tb02031.x
https:&sol;&sol;doi.org&sol;10.1111&sol;j.2517-6161.1995.tb02031.x
https://doi.org/10.1002/jrsm.12
https://doi.org/10.1002/jrsm.12
https://doi.org/10.1001/jamapsychiatry.2017.2663
https://doi.org/10.1001/jamapsychiatry.2017.2663
https://doi.org/10.1001/jamapsychiatry.2013.382
https://doi.org/10.1001/jamapsychiatry.2013.382
https:&sol;&sol;doi.org&sol;10.3389&sol;fnsys.2010.00013
https:&sol;&sol;doi.org&sol;10.2307&sol;3001666
https://doi.org/10.1038/mp.2013.78
https:&sol;&sol;doi.org&sol;10.1007&sol;BF02172145
https:&sol;&sol;doi.org&sol;10.1007&sol;BF02172145
https:&sol;&sol;doi.org&sol;10.1186&sol;s13229-016-0089-5
https://doi.org/10.1146/annurev-genet-112414-055322
https://doi.org/10.1146/annurev-genet-112414-055322
https://doi.org/10.1016/j.neuroimage.2009.08.024
https://doi.org/10.1016/j.neuroimage.2009.08.024
https:&sol;&sol;doi.org&sol;10.1002&sol;hbm.23023
https:&sol;&sol;doi.org&sol;10.1002&sol;hbm.23023
https://doi.org/10.1017/S0033291723000181


Freeman, P. R., Hedges, L. V., & Olkin, I. (1986). Statistical methods for
meta-analysis. Biometrics, 42(2), 189–325. https://doi.org/10.2307/2531069.

Gage, N. M., Juranek, J., Filipek, P. A., Osann, K., Flodman, P., Isenberg, A. L.,
… Spence, M. A. (2009). Rightward hemispheric asymmetries in auditory
language cortex in children with autistic disorder: An MRI investigation.
Journal of Neurodevelopmental Disorders, 1(3), 205–214. doi:10.1007/
s11689-009-9010-2.

Hawco, C., Yoganathan, L., Voineskos, A. N., Lyon, R., Tan, T., Daskalakis, Z.
J., … Ameis, S. H. (2020). Greater individual variability in functional brain
activity during working memory performance in young people with autism
and executive function impairment. NeuroImage: Clinical, 27, 102260.
https://doi.org/10.1016/J.NICL.2020.102260.

He, N., Palaniyappan, L., Linli, Z., & Guo, S. (2022). Abnormal hemispheric
asymmetry of both brain function and structure in attention deficit/hyper-
activity disorder: A meta-analysis of individual participant data. Brain
Imaging and Behavior, 16(1), 54–68. https://doi.org/10.1007/s11682-021-
00476-x.

Hier, D. B., LeMay, M., & Rosenberger, P. B. (1979). Autism and unfavorable
left–right asymmetries of the brain. Journal of Autism and Developmental
Disorders, 9(2), 153–159. https://doi.org/10.1007/BF01531531.

Higgins, J. P. T., Thompson, S. G., Deeks, J. J., & Altman, D. G. (2003).
Measuring inconsistency in meta-analyses. British Medical Journal, 327
(7414), 327–557. https://doi.org/10.1136/bmj.327.7414.557.

Hus, V., Pickles, A., Cook, E. H., Risi, S., & Lord, C. (2007). Using the autism
diagnostic interview-revised to increase phenotypic homogeneity in genetic
studies of autism. Biological Psychiatry, 61(4), 438–448. https://doi.org/10.
1016/j.biopsych.2006.08.044.

Itahashi, T., Yamada, T., Watanabe, H., Nakamura, M., Ohta, H., Kanai, C., …
Hashimoto, R. I. (2015). Alterations of local spontaneous brain activity and
connectivity in adults with high-functioning autism spectrum disorder.
Molecular Autism, 6(1), 1–14. https://doi.org/10.1186/s13229-015-0026-z.

Kleinhans, N. M., Müller, R. A., Cohen, D. N., & Courchesne, E. (2008). Atypical
functional lateralization of language in autism spectrum disorders. Brain
Research, 1221, 115–125. https://doi.org/10.1016/j.brainres.2008.04.080.

Knaus, T. A., Tager-Flusberg, H., Mock, J., Dauterive, R., & Foundas, A. L.
(2012). Prefrontal and occipital asymmetry and volume in boys with autism
spectrum disorder. Cognitive and Behavioral Neurology, 25(4), 186–194.
https://doi.org/10.1097/WNN.0b013e318280e154.

Kong, X. Z., Mathias, S. R., Guadalupe, T., Abé, C., Agartz, I., Akudjedu, T. N.,
… Orhan, F. (2018). Mapping cortical brain asymmetry in 17141 healthy
individuals worldwide via the ENIGMA consortium. Proceedings of the
National Academy of Sciences of the United States of America, 115(22),
E5154–E5163. https://doi.org/10.1073/pnas.1718418115.

Kosaka, H., Omori, M., Munesue, T., Ishitobi, M., Matsumura, Y., Takahashi,
T.,…Wada, Y. (2010). Smaller insula and inferior frontal volumes in young
adults with pervasive developmental disorders. NeuroImage, 50(4), 1357–
1363. https://doi.org/10.1016/j.neuroimage.2010.01.085.

Lai, M. C., Lombardo, M. V., Suckling, J., Ruigrok, A. N. V., Chakrabarti, B.,
Ecker, C.,… Baron-Cohen, S. (2013). Biological sex affects the neurobiology
of autism. Brain, 136(9), 2799–2815. https://doi.org/10.1093/brain/awt216.

Lindell, A. (2017). Atypical hemispheric asymmetries in autism spectrum dis-
orders. In Manuel F. Casanova, Ayman El-Baz, & Jasjit S. Suri (Eds.),
Autism imaging and devices (1st ed., pp. 135–155). Boca Raton: CRC
Press. https://doi.org/10.1201/9781315371375.

Liu, Z., Rolls, E. T., Liu, Z., Zhang, K., Yang, M., Du, J., … Feng, J. (2019).
Brain Annotation Toolbox: Exploring the functional and genetic associa-
tions of neuroimaging results. Bioinformatics (Oxford, England), 35(19),
3771–3778. https://doi.org/10.1093/bioinformatics/btz128.

Lombardo, M. V., Lai, M. C., & Baron-Cohen, S. (2019). Big data approaches
to decomposing heterogeneity across the autism spectrum. Molecular
Psychiatry, 24(10), 1435–1450. https://doi.org/10.1038/s41380-018-0321-0.

Mesulam, M. M., Rader, B. M., Sridhar, J., Nelson, M. J., Hyun, J., Rademaker,
A., … Rogalski, E. J. (2019). Word comprehension in temporal cortex and
Wernicke area: A PPA perspective. Neurology, 92(3), e224–e233. https://doi.
org/10.1212/WNL.0000000000006788.

Mitchell, R. L. C., & Crow, T. J. (2005). Right hemisphere language functions
and schizophrenia: The forgotten hemisphere? Brain, 128(5), 963–978.
https://doi.org/10.1093/brain/awh466.

Murphy, K., & Fox, M. D. (2017). Towards a consensus regarding global signal
regression for resting state functional connectivity MRI. NeuroImage, 154,
169–173. https://doi.org/10.1016/j.neuroimage.2016.11.052.

Nakagawa, S., & Cuthill, I. C. (2007). Effect size, confidence interval and stat-
istical significance: A practical guide for biologists. Biological Reviews, 82(4),
591–605. https://doi.org/10.1111/j.1469-185X.2007.00027.x.

Nakagawa, S., Poulin, R., Mengersen, K., Reinhold, K., Engqvist, L., Lagisz, M.,
& Senior, A. M. (2015). Meta-analysis of variation: Ecological and evolu-
tionary applications and beyond. Methods in Ecology and Evolution, 6(2),
143–152. https://doi.org/10.1111/2041-210X.12309.

Okada, N., Fukunaga, M., Yamashita, F., Koshiyama, D., Yamamori, H., Ohi,
K., … Hashimoto, R. (2016). Abnormal asymmetries in subcortical brain
volume in schizophrenia. Molecular Psychiatry, 21(10), 1460–1466.
https://doi.org/10.1038/mp.2015.209.

Paakki, J. J., Rahko, J., Long, X., Moilanen, I., Tervonen, O., Nikkinen, J.,
… Kiviniemi, V.. (2010). Alterations in regional homogeneity of resting-
state brain activity in autism spectrum disorders. Brain Research, 1321,
169–179. doi:10.1016/j.brainres.2009.12.081.

Palaniyappan, L., Sabesan, P., Li, X., & Luo, Q. (2021). Schizophrenia increases
variability of the central antioxidant system: A meta-analysis of variance
from MRS studies of glutathione. Frontiers in Psychiatry, 12, pp. 796466.
https://doi.org/10.3389/fpsyt.2021.796466.

Plessen, K. J., Hugdahl, K., Bansal, R., Hao, X., & Peterson, B. S. (2014). Sex,
age, and cognitive correlates of asymmetries in thickness of the cortical
mantle across the life span. Journal of Neuroscience, 34(18), 6294–6302.
https://doi.org/10.1523/JNEUROSCI.3692-13.2014.

Połczyńska, M. M., Beck, L., Kuhn, T., Benjamin, C. F., Ly, T. K., Japardi, K.,…
Bookheimer, S. Y. (2021). Tumor location and reduction in functional MRI
estimates of language laterality. Journal of Neurosurgery, 2021 Apr 2, 1–11.
https://doi.org/10.3171/2020.9.jns202036.

Postema, M. C., van Rooij, D., Anagnostou, E., Arango, C., Auzias, G.,
Behrmann, M., … Francks, C. (2019). Altered structural brain asymmetry
in autism spectrum disorder in a study of 54 datasets. Nature
Communications, 10(1), 1–12. https://doi.org/10.1038/s41467-019-13005-8.

Power, J. D., Schlaggar, B. L., & Petersen, S. E. (2015). Recent progress and out-
standing issues in motion correction in resting state fMRI. NeuroImage, 105,
536–551. https://doi.org/10.1016/j.neuroimage.2014.10.044.

Prior, M. R., Tress, B., Hoffman, W. L., & Boldt, D. (1984). Computed tomo-
graphic study of children with classic autism. Archives of Neurology, 41(5),
482–484. https://doi.org/10.1001/archneur.1984.04050170028010.

Rojas, D. C., Camou, S. L., Reite, M. L., & Rogers, S. J. (2005). Planum tem-
porale volume in children and adolescents with autism. Journal of Autism
and Developmental Disorders, 35(4), 479–486. https://doi.org/10.1007/
s10803-005-5038-7.

Rolison, M., Lacadie, C., Chawarska, K., Spann, M., & Scheinost, D. (2022).
Atypical intrinsic hemispheric interaction associated with autism spectrum
disorder is present within the first year of life. Cerebral Cortex, 32(6), 1212–
1222. https://doi.org/10.1093/cercor/bhab284.

Rolls, E. T. (2014). Emotion and decision-making explained: A précis. Cortex,
59, 185–193. https://doi.org/10.1016/j.cortex.2014.01.020.

Rolls, E. T., Joliot, M., & Tzourio-Mazoyer, N. (2015). Implementation of a new
parcellation of the orbitofrontal cortex in the automated anatomical labeling
atlas. NeuroImage, 122, 1–5. https://doi.org/10.1016/j.neuroimage.2015.07.075.

Sarmiento, C., & Lau, C. (2020). Diagnostic and statistical manual of mental dis-
orders, 5th Ed.: DSM-5. In Bernardo J. Carducci, Christopher S. Nave,
Annamaria Di Fabio, Donald H. Saklofske, & Con Stough (Eds.), The Wiley
encyclopedia of personality and individual differences (pp. 125–129). America:
John Wiley & Sons Ltd. https://doi.org/10.1002/9781119547174.ch198.

Sha, Z., van Rooij, D., Anagnostou, E., Arango, C., Auzias, G., Behrmann, M.,
… Francks, C. (2022). Subtly altered topological asymmetry of brain struc-
tural covariance networks in autism spectrum disorder across 43 datasets
from the ENIGMA consortium. Molecular Psychiatry, 27, 2114–2125.
https://doi.org/10.1038/s41380-022-01452-7.

Shaw, P., Lalonde, F., Lepage, C., Rabin, C., Eckstrand, K., Sharp, W., …
Rapoport, J. (2009). Development of cortical asymmetry in typically devel-
oping children and its disruption in attention-deficit/hyperactivity disorder.
Archives of General Psychiatry, 66(8), 888–896. https://doi.org/10.1001/
archgenpsychiatry.2009.103.

6712 Qingqing Li et al.

https://doi.org/10.1017/S0033291723000181 Published online by Cambridge University Press

https:&sol;&sol;doi.org&sol;10.2307&sol;2531069
https://doi.org/10.1016/J.NICL.2020.102260
https://doi.org/10.1007/s11682-021-00476-x
https://doi.org/10.1007/s11682-021-00476-x
https://doi.org/10.1007/BF01531531
https:&sol;&sol;doi.org&sol;10.1136&sol;bmj.327.7414.557
https://doi.org/10.1016/j.biopsych.2006.08.044
https://doi.org/10.1016/j.biopsych.2006.08.044
https://doi.org/10.1186/s13229-015-0026-z
https:&sol;&sol;doi.org&sol;10.1016&sol;j.brainres.2008.04.080
https:&sol;&sol;doi.org&sol;10.1097&sol;WNN.0b013e318280e154
https://doi.org/10.1073/pnas.1718418115
https://doi.org/10.1016/j.neuroimage.2010.01.085
https://doi.org/10.1093/brain/awt216
https:&sol;&sol;doi.org&sol;10.1201&sol;9781315371375
https://doi.org/10.1093/bioinformatics/btz128
https:&sol;&sol;doi.org&sol;10.1038&sol;s41380-018-0321-0
https:&sol;&sol;doi.org&sol;10.1212&sol;WNL.0000000000006788
https:&sol;&sol;doi.org&sol;10.1212&sol;WNL.0000000000006788
https://doi.org/10.1093/brain/awh466
https:&sol;&sol;doi.org&sol;10.1016&sol;j.neuroimage.2016.11.052
https://doi.org/10.1111/j.1469-185X.2007.00027.x
https://doi.org/10.1111/2041-210X.12309
https:&sol;&sol;doi.org&sol;10.1038&sol;mp.2015.209
https:&sol;&sol;doi.org&sol;10.3389&sol;fpsyt.2021.796466
https://doi.org/10.1523/JNEUROSCI.3692-13.2014
https:&sol;&sol;doi.org&sol;10.3171&sol;2020.9.jns202036
https://doi.org/10.1038/s41467-019-13005-8
https:&sol;&sol;doi.org&sol;10.1016&sol;j.neuroimage.2014.10.044
https://doi.org/10.1001/archneur.1984.04050170028010
https://doi.org/10.1007/s10803-005-5038-7
https://doi.org/10.1007/s10803-005-5038-7
https://doi.org/10.1093/cercor/bhab284
https://doi.org/10.1016/j.cortex.2014.01.020
https://doi.org/10.1016/j.neuroimage.2015.07.075
https:&sol;&sol;doi.org&sol;10.1002&sol;9781119547174.ch198
https:&sol;&sol;doi.org&sol;10.1038&sol;s41380-022-01452-7
https://doi.org/10.1001/archgenpsychiatry.2009.103
https://doi.org/10.1001/archgenpsychiatry.2009.103
https://doi.org/10.1017/S0033291723000181


Solomon, M., Ozonoff, S., Carter, C., & Caplan, R. (2008). Formal thought dis-
order and the autism spectrum: Relationship with symptoms, executive con-
trol, and anxiety. Journal of Autism and Developmental Disorders, 38(8),
1474–1484. https://doi.org/10.1007/s10803-007-0526-6.

Toga, A. W., & Thompson, P. M. (2003). Mapping brain asymmetry. Nature
Reviews Neuroscience, 4(1), 37–48. https://doi.org/10.1038/nrn1009.

Tsai, L., Jacoby, C. G., Stewart, M. A., & Beisler, J. M. (1982). Unfavourable
left–right asymmetries of the brain and autism: A question of methodology.
British Journal of Psychiatry, 140(3), 312–319. https://doi.org/10.1192/bjp.
140.3.312.

Violle, C., Enquist, B. J., McGill, B. J., Jiang, L., Albert, C. H., Hulshof, C., …
Messier, J. (2012). The return of the variance: Intraspecific variability in
community ecology. Trends in Ecology and Evolution, 27(4), 244–252.
https://doi.org/10.1016/j.tree.2011.11.014.

Weisbrot, D. M., Gadow, K. D., DeVincent, C. J., & Pomeroy, J. (2005). The
presentation of anxiety in children with pervasive developmental disorders.
Journal of Child and Adolescent Psychopharmacology, 15(3), 477–496.
https://doi.org/10.1089/cap.2005.15.477.

WHO (1992). International statistical classification of diseases and related
health problems 10th revision (ICD-10)-WHO version for 2016. Geneva:
World Health Organization.

Wyciszkiewicz, A., & Pawlak, M. A. (2014). Basal ganglia volumes: MR-derived
reference ranges and lateralization indices for children and young adults.
Neuroradiology Journal, 27(5), 595–612. https://doi.org/10.15274/NRJ-
2014-10073.

Young, J. S., Lee, A. T., & Chang, E. F. (2021). A review of cortical and sub-
cortical stimulation mapping for language. Neurosurgery, 89(3), 331–342.
https://doi.org/10.1093/neuros/nyaa436.

Psychological Medicine 6713

https://doi.org/10.1017/S0033291723000181 Published online by Cambridge University Press

https:&sol;&sol;doi.org&sol;10.1007&sol;s10803-007-0526-6
https://doi.org/10.1038/nrn1009
https://doi.org/10.1192/bjp.140.3.312
https://doi.org/10.1192/bjp.140.3.312
https://doi.org/10.1016/j.tree.2011.11.014
https:&sol;&sol;doi.org&sol;10.1089&sol;cap.2005.15.477
https:/&sol;doi.org&sol;10.15274&sol;NRJ-2014-10073
https:/&sol;doi.org&sol;10.15274&sol;NRJ-2014-10073
https:&sol;&sol;doi.org&sol;10.1093&sol;neuros&sol;nyaa436
https://doi.org/10.1017/S0033291723000181

	Atypical hemispheric lateralization of brain function and structure in autism: a comprehensive meta-analysis study
	Introduction
	Materials and methods
	Participants
	MRI acquisition and preprocessing
	Calculation of three cortical regional measures
	Calculation of AI
	Meta-analysis
	Meta-analysis based on SMD in lateralization
	Meta-analysis based on s.d. in lateralization

	Heterogeneity test
	Correlation analysis
	Functional annotation analysis

	Results
	Demographic characteristics
	Meta-analysis based on SMD
	Meta-analysis of structural lateralization
	Meta-analysis of functional lateralization
	Overlapping atypical structural and functional lateralization based on SMD

	Meta-analysis based on s.d.
	Correlation analysis
	Functional annotation analysis

	Discussion
	Overlapping atypical hemispheric lateralization based on SMD
	Atypical hemispheric lateralization based on s.d.
	Association between hemispheric lateralization of brain structure and function
	Limitations

	Conclusion
	Acknowledgments
	References


