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Background: Analyses of resting-state functional magnetic resonance imaging (rs-fMRI) 
have been performed to investigate pathophysiological changes in the brains of patients 
with autism spectrum disorder (ASD) relative to typically developing controls (CTLs). 
However, the results of these previous studies, which have reported mixed patterns of 
hypo- and hyperconnectivity, are controversial, likely due to the small sample sizes and 
limited age range of included participants.

Methods: To overcome this issue, we analyzed multisite neuroimaging data from a large 
sample (n = 626) of male participants aged between 5 and 29 years (mean age = 13 years). 
The rs-fMRI data were preprocessed using SPM12 and DPARSF software, and signal 
changes in 90 brain regions were extracted. Multiple linear regression was used to exclude 
the effect of site differences in connectivity data. Subcortical–cortical connectivity was 
computed using connectivities in the hippocampus, amygdala, caudate nucleus, putamen, 
pallidum, and thalamus. Eighty-eight connectivities in each structure were compared 
between patients with ASD and CTLs using multiple linear regression with group, age, and 
age × group interactions, head movement parameters, and overall connectivity as variables.

Results: After correcting for multiple comparisons, patients in the ASD group exhibited 
significant increases in connectivity between the thalamus and 19 cortical regions distributed 
throughout the fronto-parietal lobes, including the temporo-parietal junction and posterior 
cingulate cortices. In addition, there were significant decreases in connectivity between 
the amygdala and six cortical regions. The mean effect size of hyperconnectivity (0.25) 
was greater than that for hypoconnectivity (0.08). No other subcortical structures showed 
significant group differences. A group-by-age interaction was observed for connectivity 
between the thalamus and motor-somatosensory areas.

Conclusions: These results demonstrate that pathophysiological changes associated with 
ASD are more likely related to thalamocortical hyperconnectivity than to amygdala-cortical 
hypoconnectivity. Future studies should examine full sets of clinical and behavioral symptoms 
in combination with functional connectivity to explore possible biomarkers for ASD.
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INTRODUCTION

Autism spectrum disorder (ASD) is characterized by atypical 
social communication and restricted patterns of behavior, 
interest, or activities, both of which must be present in the 
early developmental period (1). Hyper- or hyporeactivity to 
sensory stimuli and unusual interest in sensory aspects of the 
environment are highly significant symptoms that are directly 
associated with subjective distress in daily life in affected patients 
(2). The distress caused by particular sensory stimuli can cause 
maladaptive behaviors in those who are unable to communicate 
appropriately in social situations. Although sensory hyper- and 
hyporesponsiveness are not unique to ASD, they appear to be 
more prevalent in this population than among individuals with 
other developmental disabilities or schizophrenia. Previous 
studies have investigated the neurophysiological basis of such 
disturbances in unimodal and multimodal sensory processing 
among patients with ASD, as well as disturbances in shifting 
attention to and from sensory stimuli (3, 4).

Extensive structural and functional neuroimaging studies 
have investigated alterations in patterns of brain connectivity in 
patients with ASD, relative to typically developing controls. Such 
studies often employ resting-state functional magnetic resonance 
imaging (rs-fMRI), a powerful tool for functional connectivity 
(FC) analysis that may help to elucidate pathophysiological 
correlates in the brains of patients with ASD. Both hypo- and 
hyperconnectivity have been observed in brain regions implicated 
in ASD. That is, the results of each study range from robust 
underconnectivity to robust overconnectivity depending on the 
age of participants and type of analysis pipeline. Indeed, previous 
research has indicated that, in FC analyses, overconnectivity or 
underconnectivity in patients relative to controls depends on 
the application of bandpass filtering and task regressors (5). In 
addition, the use of global signal regression (GSR) has always 
been debated because the global signal may also include neuronal 
activity within the whole brain (6). Thus, methodological 
variables have exerted indispensable effects on group differences 
reported in previous studies.

Mixed results have also been reported regarding differences in 
FC between patients with ASD and controls. For example, Glerean 
et al. suggested that the mixture of hypo- and hyperconnectivity 
reported across previous ASD studies is reflected in the 
composition of the default-mode and ventro-temporal-limbic 
subnetworks (7). In this study, the ASD group exhibited reduced 
interhemispheric connectivity in regions of typically high 
interhemispheric connectivity and increased interhemispheric 
connectivity in areas of typically reduced connectivity (8). In 
contrast, a study by Tyszka et al. demonstrated that neurotypical 
and high-functioning adults with autism displayed very similar 
patterns and strengths of resting-state connectivity, reporting no 
evidence for altered connectivity at the whole-brain level (9).

These seemingly contradictory findings may be the result 
of the small sample sizes utilized in previous studies. Abraham 
et al. demonstrated the high classification accuracy of ASD as 
compared with controls using a large (n = 871) multisite dataset 
known as the Autism Brain Imaging Data Exchange (ABIDE) 
database (10). In another study involving a larger sample size, 

418 patients with ASD and 509 matched controls underwent 
whole-brain voxel-based rs-fMRI, which revealed that patients 
with ASD exhibited reduced cortical connectivity in the 
middle temporal gyrus/superior temporal sulcus and increased 
connectivity in the medial thalamus (11). Such findings indicate 
that the use of a large multisite dataset may help to elucidate the 
functional changes in brain connectivity associated with ASD.

A small sample size and limited age range make it difficult to 
reproduce the studies, as disease-specific patterns of brain activity 
may change across age groups, and analyses using multiple tests 
of connectivity fail after correcting for multiple comparisons. 
To overcome these issues, we analyzed a large rs-fMRI dataset 
from the ABIDE II database that included only male patients 
ranging in age from 5 to 29 years. Our primary hypothesis 
was that neurophysiological changes observed in the brains of 
patients with ASD are caused by dysconnectivity (hypo- and/or 
hyperconnectivity) between subcortical structures and cortical 
mantles. This hypothesis was driven by a recent developmental 
theory, which proposes that functional imbalances between 
the affective control system involving subcortical structures 
(e.g., amygdala and striatum) and the cognitive control system 
mediated by the prefrontal cortices may affect emotional and 
social behaviors during early to late adolescence (12). According 
to this model, sensory modulation in ASD (2, 3) most likely 
involves functional alterations in thalamocortical connectivity, 
as the thalamus is known to connect primary sensory input with 
higher-order cortical areas (13–15).

MATERIALS AND METHODS

Participants
The original imaging and demographic data were collected 
from the ABIDE II database (http://fcon_1000.projects.nitrc.
org/indi/abide/index.html), which allows unrestricted usage for 
noncommercial research purposes. Although the dataset included 
both adults and children of both sexes, only male participants 
ranging from 5 to 29 years of age were included in the present 
study. Brain images and related data from 368 patients with ASD 
and 362 control participants with typical development (CTL) 
from 17 universities and research institutes were used for the 
initial analysis. Following exclusion of participants with excessive 
head movement during scanning and failure in the spatial 
normalization steps (for details, see the section Imaging Data 
Analysis), the results from the remaining 311 patients with ASD 
and 315 CTLs were reported. The mean ages ( ± s.d). in the ASD 
and CTL groups were 13.9 ± 5.3 and 13.4 ± 5.5 years, respectively. 
The participants’ demographic data and the abbreviated names of 
each institution are listed in Supplementary Table 1. The ethics 
committee of the Nagoya University School of Medicine approved 
the usage of these anonymous data for research purposes.

Autism was diagnosed using the Autism Diagnostic Interview-
Revised (ADI-R) (16) and Autism Diagnostic Observation 
Schedule (ADOS) (17) in almost all cases. The CTL participants 
were screened in clinical interviews conducted by experts in 
child psychiatry. Intelligent quotients (IQs) were measured 
in 301 patients with ASD and 310 CTLs; however, all but one 
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institute provided full scale IQ, while one institute (EMC) 
provided only performance IQ. Details regarding the diagnostic 
procedures and questionnaires used can be found on the ABIDE 
website. Age and IQ distribution for each group are shown in 
Supplementary Figure 1. There was no significant difference 
in mean age between the two groups (t-test, p = 0.24), although 
IQ was lower in the ASD group than in the CTL group (mean ± 
s.d. ASD; 106 ± 16, CTL; 114 ± 12, t-test, p < 0.001). Among the 
311 patients with ASD, the ADOS score (17) was obtained from 
188 (60%) patients. Ninety-four patients with ASD (30%) were 
receiving psychotropic medication at the time of scanning, while 
185 (60%) were not. Data for medication status were unavailable 
for 32 (10%) patients. Among CTL participants, 12 (4%) were 
taking medication at the time of scanning, while 260 (83%) were 
not. Data for medication status were unavailable for 43 (14%) 
CTLs (Supplementary Figure 2).

Imaging Data Acquisition
At each institute, functional brain images were acquired using 
a 3-T scanner and a T2*-weighted gradient-echo echo-planar 
imaging (EPI) sequence, which is sensitive to blood oxygen level-
dependent (BOLD) contrast. Participants were asked to lie still 
in the scanner while remaining awake. Although the scanning 
parameters, MRI vendor, voxel size, number of volumes, scanning 
time, and instructions whether to keep eyes open/closed varied 
among the institutes, the general experimental procedure used 
was uniform within each institute. The number of image volumes 
for each participant ranged from 120 to 947 (mean = 234), and 
scanning time ranged from 5 to 16.4 min (mean = 7.0). The 
details of the scanning parameters and experimental settings are 
provided in Supplementary Table 2.

Imaging Data Analysis
Preprocessing
Data were analyzed using SPM12 software (Wellcome Department 
of Imaging Neuroscience, London, UK, http://www.fil.ion.ucl.
ac.uk/spm/) at the Brain and Mind Research Center of Nagoya 
University. After discarding the first 10 volumes, all volumes were 
spatially realigned to the mean volume, and the signal in each 
slice was temporally realigned to that obtained in the middle slice 
using sinc interpolation. No slice timing correction was applied 
for datasets with multiband acquisition. The resliced volumes 
were normalized to the Montreal Neurological Institute (MNI) 
space with a voxel size of 3 × 3 × 3 mm using an EPI template 
in SPM12. The normalized images were spatially smoothed 
with a 4-mm Gaussian kernel. After the preprocessing steps, 
several quality control steps were employed. Participants whose 
maximum head movement was greater than 3.0 mm and 3° and 
those whose normalized images did not correctly match the EPI 
template were removed from the study.

Resting-State Functional Connectivity 
Analyses
Preprocessed datasets were further processed using the Data 
Processing Assistant for Resting-State fMRI toolkit (DPARSF; 

http://www.rfmri.org, advanced version) (18). Processing was 
conducted according to the following steps: 1) removal of 
the linear and quadric trends in the time series; 2) temporal 
band-pass filtering (0.01–0.1 Hz) to reduce the effect of low-
frequency drift and high-frequency noise; 3) regressing out 
the effect of head motion during scanning using six head 
motion parameters, six head motion parameters one time 
point before, and the 12 corresponding squared items (Friston 
24-parameter model); and 4) controlling for nonneural noise in 
the time series by including covariates in the linear regression 
(i.e., the white matter and cerebrospinal fluid signals). Since 
sufficient empirical evidence has shown that the results of FC 
after GSR should be interpreted carefully, the global signal was 
not removed in the present study (6, 19, 20). Head motion is 
known to have substantial effects on the results of FC analyses 
(21). Image scrubbing of the time-series data was performed 
by deleting one time point before and two time points after 
the excessive head movement, as defined by framewise 
displacement (FD) greater than 0.5 (22). The group differences 
in mean FD value and the proportion of scrubbed volumes 
were investigated using a Mann–Whitney U-test (statistical 
threshold, p < 0.05, Table 1).

The residuals of the datasets after band-pass filtering, 
removal of the trends and nuisance covariates, and scrubbing 
were regarded as BOLD signal fluctuations originating from 
neuronal activity during the resting state. The Automated 
Anatomical Labeling (AAL) template (23), which is widely used 
for identifying brain regions in the MNI space, was applied to 
the normalized and smoothed time-series datasets of each 
participant. The AAL template is a standard brain template for 
creating intrinsic connectivity (24, 25), although other templates 
have been used for the same purpose [e.g., the Harvard-Oxford 
Atlas (9, 26) and voxel-wise lattice method (27, 28)]. The AAL 
template divides each hemisphere into 45 distinct regions. The 
average time-series data were computed in each of the 90 regions 
for each participant. We used the AAL template because it is 
implemented in DPARSF software, and a 90 × 90 correlation 
matrix is better suited to avoid issues with multiple comparisons 
in the data analysis, relative to other templates with higher spatial 
resolution.

The time-series data from each of the 90 regions were cross-
correlated, and Pearson’s correlation coefficients (r) between 
each brain region and the remaining 89 regions were computed 
for each participant. Individual r values were normalized to 
z values using Fisher’s z-transformation. The z-transformed 
correlation coefficients were represented in a 90 × 90 FC matrix, 

TABLE 1 | Group differences in head motion parameters.

ASD CTL U-test

FD 0.22 (0.20) 0.19 (0.11) p = 0.051
Scrubbed (%) 18.3 (17.8) 14.9 (16.7) p = 0.002

FD, frame wise displacement; ASD, autism spectrum disorder; CTL, control. 
Scrubbed (%): the proportion of the scrubbed volumes in total scan volumes. Mean 
and SD in the parentheses. U-test: Mann–Whitney U-test.
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which was symmetric with regard to the diagonal. Multiple 
linear regression was used to further control for site effect on 
the FC matrix by regressing out the z-transformed correlation 
coefficients for each matrix element on dummy variables for 
each site. The standardized residuals were used as an estimate of 
the FC of each region and every other region controlling for site 
effect (29). This process was conducted using MATLAB-based 
in-house software.

Extracting Subcortical–Cortical Functional 
Connectivity
Our a priori hypothesis was that subcortical–cortical 
connectivity is altered in patients with ASD relative to CTLs 
during the developmental period and early adulthood. Therefore, 
we extracted the subcortical–cortical connectivity values 
from the matrix elements created in the previous section. Six 
subcortical structures (i.e., the hippocampus, amygdala, caudate 
nucleus, putamen, pallidum, and thalamus) in the left and right 
hemispheres, as defined by the AAL template, were selected for 
this purpose. For each structure, 88 FC values with every other 
region were extracted by excluding the FC with a counterpart 
in an opposite hemisphere; for example, an FC between the 
left and right hippocampus was not included in the analysis. 
Finally, the FCs from subcortical structures in each of the left 
and right hemispheres were averaged; for example, we averaged 
connectivity values between the left hippocampus and region A 
and those between the right hippocampus and region A. Finally, 
overall mean connectivity, i.e., the average of all elements of the 
6×88 subcortical and cortical connectivity matrix, was computed 
in each subject.

Group Differences in Subcortical–Cortical 
Functional Connectivity
Eighty-eight FCs in each of the six structures were compared 
between the ASD and CTL groups via multiple linear regression 
using the FC as a dependent variable and group, age, the age × 
group interaction, mean FD, and overall mean connectivity 
as independent variables. Age, mean FD, and overall mean 
connectivity were mean corrected. The analysis was conducted 
using Origin Pro software (https://www.originlab.com/). 
The statistical threshold was set at p < 0.05 after correction 
for multiple comparisons using a false-discovery rate (FDR) 
(30) in each structure. In the present study, a significant main 
effect of group on FC strength was obtained only for the 
thalamus and amygdala. The region names, adjusted p-values 
of the main effect of group, and the effect size of Hedges’s g 
are listed in Tables 2 and 3. The cortical regions that survived 
the FDR correction were superimposed on the cortical surface 
using BrainNet Viewer (Figures 1 and 2, http://www.nitrc.
org/projects/bnv/) (31). Among the significant results for the 
thalamus, FC values for four cortical regions with an effect size 
g > 0.27 are plotted in Figure 1. To investigate whether the 
significant results could be influenced by the group difference 
in intellectual function, FIQ was added as an independent 
variable in the multiple regression analysis. Finally, Pearson’s 

correlation coefficients between the significant thalamocortical 
and amygdala-cortical connectivity values and social and 
communication subscales of the ADOS were investigated 
(statistical threshold, p < 0.05).

Effect of Age and Age-by-Group Interaction 
on Functional Connectivity
Multiple linear regression using the FC values from the 
thalamus and amygdala revealed significant group differences 
in FC following FDR correction for multiple comparisons. 
Because these results included a main effect of age and age-by-
group interaction terms, we used the main effect and interaction 
to investigate the region in which the relationship between 
connectivity and age may or may not differ between the ASD 
and CTL groups. The cortical regions in which the main effect 
and interaction terms were significant in the multiple linear 
regression analysis were reported. The statistical threshold was 

TABLE 3 | Cortical regions with significant hypoconnectivity with amygdala 
in ASD group.

No. Region name adj-p-value E.S. (g)

1 Frontal_Inf_Oper_R 0.039 −0.07
2 Frontal_Inf_Tri_R 0.028 −0.07
3 Calcarine_L 0.039 −0.07
4 Lingual_L 0.020 −0.10
5 Fusiform_L 0.023 −0.09
6 Temporal_Sup_R 0.020 −0.08

All p-values are adjusted and significant after FDR correction at p < 0.05. E.S. (g) 
indicates effect size of Hedges’s g. Positive effect size indicates hyperconnectivity in 
ASD and negative effect size indicates hypoconnectivity in ASD as compared with CTL.

TABLE 2 | Cortical regions with significant hyperconnectivity with thalamus 
in ASD group.

No. Region name adj-p-value E.S. (g)

1 Precentral_L 0.048 0.21
2 Frontal_Sup_L 0.033 0.23
3 Frontal_Sup_R 0.028 0.25
4 Frontal_Sup_Orb_R 0.025 0.25
5 Frontal_Mid_L 0.040 0.23
6 Frontal_Mid_Orb_R 0.042 0.24
7 Frontal_Sup_Medial_L 0.049 0.22
8 Frontal_Sup_Medial_R 0.023 0.26
9 Frontal_Med_Orb_R 0.033 0.22
10 Cingulum_Post_L 0.025 0.27
11 Cingulum_Post_R 0.023 0.28
12 Postcentral_L 0.043 0.24
13 Postcentral_R 0.023 0.26
14 Parietal_Sup_L 0.025 0.24
15 Parietal_Inf_L 0.033 0.24
16 SupraMarginal_L 0.023 0.29
17 Angular_L 0.023 0.27
18 Angular_R 0.049 0.23
19 Paracentral_Lobule_L 0.028 0.25

All p-values are adjusted and significant after FDR correction at p < 0.05. E.S. (g) 
indicates effect size of Hedges’s g. Positive effect size indicates hyperconnectivity in 
ASD and negative effect size indicates hypoconnectivity in ASD as compared with CTL.
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set at p < 0.05, uncorrected for multiple comparisons. For the 
significant age-by-group interaction effect, the FC values and 
age for both groups are plotted in Figure 3. Pearson’s correlation 
coefficient between age and FC in each group was computed 
without testing the statistical significance level because the 
interaction term was proven to be significant in the multiple 
regression analysis.

The Relationship among Age, Head 
Movement, Intellectual Function, 
and Connectivity
To explore the relationships among the age, FD, FIQ, and overall 
connectivity, Pearson’s correlation coefficients were computed 
for each group (statistical threshold, p < 0.05, Supplementary 
Table 4). A multiple regression analysis was conducted including 

FIGURE 1 | (A) Cortical regions with hyperconnectivity with the thalamus in autism. Nineteen cortical regions in which connectivity with the thalamus was 
significantly greater for the autism spectrum disorder (ASD) group than for the control (CTL) group after false-discovery rate (FDR) correction were mapped on the 
surface of the template brain. Colored regions correspond to the regions listed in Table 1. The colors of the regions indicate levels of FDR adjusted p-value—yellow: 
0.02 < p < 0.03; orange: 0.03 < p < 0.05; red: 0.04 < p < 0.05. An asterisk indicates the region shown in the bottom. The figure was created using BrainNet Viewer. 
(B) Four representative regions with thalamocortical hyperconnectivity in autism. Boxplots of four thalamocortical functional connectivities for the ASD and CTL 
groups. Among the 19 connectivities that survived FDR correction, these 4 were highly significant (Hedges’s g > 0.27) and were associated with the posterior 
cingulate cortex and temporo-parietal junction (TPJ, supramarginal and angular gyri), which are subdivisions of the default mode network. The mean connectivity 
values were significantly higher in the ASD group than in the CTL group. A boxplot shows the distribution of data into quartiles, the mean (cross;×), and outliers. The 
whisker lines indicate the outer boundaries of the upper and lower quartiles, while points outside the whiskers indicate outliers. These are representative results, and 
all connectivities that survived FDR correction are listed in Table 1.
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each of these values (age, FD, FIQ, and overall connectivity) as a 
dependent variable and age, group, and the age × group interaction 
term as independent variables (statistical threshold, p = 0.05).

Effects of Medication on Functional 
Connectivity in the ASD Group
In the present study, we included participants receiving any kind 
of psychotropic medication that may alter the FC in the brain 
because the exclusion of those participants would have reduced 
the sample size by 29%, potentially decreasing the statistical 
power of the dataset. To clarify the effects of medication on our 
results, we compared FC matrices between 94 patients with ASD 
who received psychotropic medication (on-med group) and 185 
who did not (off-med group) at the time of scanning. The mean 
age and mean IQ were compared between the groups using t-tests. 
Eighty-eight FCs in the thalamus and amygdala were compared 

between the on- and off-med groups using the FC as a dependent 
variable, and group, age, the age × group interaction, mean FD, 
and overall mean connectivity as independent variables. Age, 
mean FD, and overall mean connectivity were mean corrected. 
Finally, mean FD and the proportion of scrubbed volumes 
were compared between the on- and off-med groups using a 
Mann–Whitney U-test (Supplementary Table 5). The statistical 
threshold was set at p < 0.05, uncorrected.

RESULTS

Group Differences in Head Motion 
Parameters
There was a trend towards significance (p = 0.051) in the 
difference in FD values between the ASD and CTL groups, and 

FIGURE 2 | Cortical regions with hypoconnectivity with the amygdala in autism. Six cortical regions in which connectivity with the amygdala was significantly greater for 
the CTL group than for the ASD group after FDR correction were mapped on the surface of the template brain. Colored regions correspond to the regions listed in Table 2. 
The colors of the regions indicate levels of FDR adjusted p-value—green: 0.02 < p < 0.03; blue: 0.03 < p < 0.04. The figure was created using BrainNet Viewer.

FIGURE 3 | Significant age-by-group interaction effect on thalamocortical connectivities. (A) The correlation between age and connectivity in the thalamus-precentral 
gyrus of the left hemisphere was weakly negative (r = −0.05) in the CTL group, but near zero (r = 0.01) in the ASD group. (B) The correlation between age and 
thalamus-postcentral gyrus of the left hemisphere was weakly negative (r = −0.03) in the CTL group, but weakly positive (r = 0.02) in the ASD group. An asterisk 
indicates a significant age-by-group interaction effect (p < 0.05, uncorrected). Blue and orange lines indicate the regression lines of ASD and CTL, respectively.
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the proportion of scrubbed volumes was significantly higher in 
the ASD group than in the CTL group (Table 1).

Group Differences in Subcortical–Cortical 
Functional Connectivity
Multiple linear regression analyses revealed that, among the six 
subcortical structures including the amygdala, hippocampus, 
caudate nucleus, pallidum, putamen, and thalamus, only those 
FCs connecting the thalamus and amygdala with several cortical 
regions exhibited significant main effects of group after correcting 
for multiple comparisons. In all 19 thalamocortical connectivities 
that survived correction for multiple comparisons, the mean FC 
values were greater in the ASD group than in the CTL group. 
The effect size of the group difference ranged from 0.21 to 0.29 
(mean, 0.25, Table 2 and Figure 1). In the ASD group, increased 
connectivity was observed between the thalamus and the frontal, 
cingulate, and parietal cortices of the left and right hemispheres. 
Regions exhibiting highly significant differences and medium 
effect sizes were identified in the left and right posterior cingulate 
cortices (PCCs; Cingulum_Post_L and Cingulum_Post_R), left 
supramarginal gyrus (SupraMarginal_L), and left angular gyrus 
(Angular_L). Boxplots of the FC values in the four regions for 
both groups are illustrated in Figure 1.

In contrast, in all six amygdala-cortical connectivities that 
survived correction for multiple comparisons, the mean FC values 
were lower in the ASD group than in the CTL group. The effect 
size of the group difference ranged from 0.07 to 0.10 (mean, 0.08, 
Table 3 and Figure 2). In the ASD group, decreased connectivity 
was observed between the amygdala and the frontal, occipital, 
and temporal cortices of the left and right hemispheres. When 
the FIQ was included as an independent variable in the multiple 
regression analysis of these connectivities, the group difference 
remained significant (uncorrected p-values: 0.0007–0.025). 
There was no significant correlation between the connectivity 
values and the ADOS subscales (social and communication). The 
results of group difference in connectivity that did not survive 
FDR correction at p < 0.05 but were significant at uncorrected 
p < 0.05 are listed in Supplementary Table 3.

Effect of Age and Age-by-Group Interaction 
on Functional Connectivity
The multiple linear regression analysis revealed a significant (p < 
0.05, uncorrected) age-by-group interaction for the connectivity 
between the thalamus and left precentral gyrus (Precentral_L, 
p = 0.02, Figure 3), and for that between the thalamus and 
left postcentral gyrus (Postcentral _L, p = 0.02, Figure 3). The 
correlation between age and the connectivity between the thalamus 
and left pre- and postcentral gyri was near zero in the ASD group 
and weakly negative in the CTL group. There was no significant age-
by-group interaction for the connectivity between the amygdala 
and six cortical regions.

The multiple linear regression analysis revealed a significant 
(p < 0.05, uncorrected) main effect of age for the connectivity 
between the thalamus and right superior frontal gyrus (Frontal_
Sup_R, r = 0.04, p = 0.01), for that between the thalamus and 

right orbital gyrus (Frontal_Mid_Orb_R, r = 0.06, p = 0.04), 
and for that between the thalamus and left paracentral lobule 
(Paracentral_Lobule_L, r = 0.05, p = 0.02). There was no 
significant main effect of age for the connectivity between the 
amygdala and six cortical regions.

The Relationship among Age, Head 
Movement, Intellectual Function, 
and Connectivity
In the ASD group, there was a significant negative correlation 
between FD and age (r = −0.17, p = 0.003) and between FD and 
mean connectivity (r = 0.27, p < 0.001). In the CTL group, there 
was a significant negative correlation between the FD and FIQ 
(r = −0.13, p = 0.02) and between FD and mean connectivity (r = 
0.26, p < 0.001). However, there was no significant group-by-age 
interaction effect on these correlations. For other insignificant 
results, see Supplementary Table 4.

Effects of Medication on Functional 
Connectivity in the ASD Group
No significant difference in mean age was observed between the 
on-med and off-med ASD groups (on-med, 13.2 ± 4.1, off-med, 
13.5 ± 5.4, p = 0.65, Supplementary Figure 3, left); however, mean 
IQ significantly differed between the groups  (on-med,  109  ± 
17, off-med, 105 ± 16, p = 0.045, Supplementary Figure  3, 
right). Mean FD and the proportion of scrubbed volumes did 
not significantly differ between the on- and off-med groups 
(Supplementary Table 5). The multiple linear regression 
analysis revealed no significant main effect of medication on 
the FCs between the thalamus/amygdala and cortical regions 
(all p > 0.05, uncorrected). These results suggest that the effect 
of psychotropic medication on thalamocortical connectivity was 
relatively negligible in the present study.

DISCUSSION

In the present study, we analyzed a large rs-fMRI dataset from 
the ABIDE II database to determine whether neurophysiological 
changes observed in the brains of patients with ASD are caused 
by dysconnectivity between subcortical and cortical structures. 
Our findings indicated that the ASD group exhibited significantly 
increased connectivity between the thalamus and 19 cortical 
regions after FDR correction for multiple comparisons, relative 
to that observed in the CTL group. The mean effect size of the 
group difference was 0.25, and, therefore, the degree of difference 
was not small or negligible. The cortical regions comprised 
the frontal and parietal areas as well as the supramarginal and 
angular gyrus (i.e., temporo-parietal junction, TPJ) and bilateral 
PCCs. In the pre- and postcentral gyri of the left hemisphere, 
there were significant group differences in the relationship 
between connectivity and the participant’s age, indicating 
that connectivity decreases as age increases among typically 
developing CTLs, but not among patients with ASD.

In addition, the present study revealed that the ASD group 
exhibited significantly decreased connectivity between the 

https://www.frontiersin.org/journals/psychiatry#articles
https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org


Thalamocortical Hyperconnectivity in AutismIidaka et al.

8 April 2019 | Volume 10 | Article 252Frontiers in Psychiatry | www.frontiersin.org

amygdala and six cortical regions after FDR correction for 
multiple comparisons, relative to that observed in the CTL 
group. However, the mean effect size of the group difference was 
0.08, and, therefore, the degree of difference in amygdala-cortical 
connectivity is smaller than that for thalamocortical connectivity. 
These group differences in connectivity were not influenced by 
the difference in intellectual function between the groups.

Thus, the results of the present study suggest that 
hyperconnectivity in thalamocortical pathways, and to a lesser 
extent hypoconnectivity in amygdala-cortical pathways, are 
associated with the pathophysiology of ASD. Furthermore, as 
the present results were obtained after regressing out the mean 
FD and overall mean connectivity values, the group differences 
in connectivity should be unrelated to the differences in 
head movement and regionally specific to the thalamus and 
amygdala.

Previous studies have reported conflicting results regarding 
patterns of hypo- and hyperconnectivity in patients with ASD. 
Most of these studies have observed reduced functional and 
structural connectivity among patients with ASD (32–35), 
while relatively few have described hyperconnectivity (36–38). 
However, such studies may not have sufficient statistical power 
due to the small sample size and limited age range, necessitating 
confirmation regarding the reliability and reproducibility of the 
findings. A very recent rs-fMRI study demonstrated that the FC 
between the thalamus and the primary and secondary auditory 
cortices was significantly higher in the ASD group than in the 
CTL group (39). Therefore, the results of the present study 
indicate that widespread cortical areas are overly connected to 
the thalamus, further supporting the notion of thalamocortical 
hyperconnectivity among patients with ASD.

Several other large-scale studies have used multisite 
neuroimaging data to investigate the neural underpinnings of 
ASD (11, 40, 41). Cheng et al. investigated differences in FC 
between 418 patients with ASD and 509 CTLs (11), reporting 
both hyper- and hypoconnectivity in the ASD group. However, 
the authors noted that the thalamus exhibited significantly 
greater connectivity with the rest of the brain in the ASD group 
than in the CTL group. Although our findings regarding thalamic 
hyperconnectivity were similar to those of Cheng et al. (11), 
they were unable to elucidate which regions of the brain were 
hyperconnected to the thalamus because their connectivity value 
was the average of the whole brain. In a study by Woodward 
et al., an older version of the ABIDE I database was used for 
analysis (228 patient–control pairs). The authors investigated 
only the cortical connectivity from and to the thalamus and 
revealed, similar to the present study, increased prefrontal, 
motor, somatosensory, and temporal cortex connectivity with 
the thalamus in the autism group as compared with the control 
group (41).

In a study by Cerliani et al. involving 166 patients with ASD 
and 193 CTLs (all male, age range: 6 to 50 years), the authors 
performed an independent component analysis (ICA) using an 
ABIDE dataset (40). One component involving the thalamus 
and basal ganglia exhibited significantly greater connectivity 
with several other components involving the motor, visual, and 
auditory areas as well as the superior temporal sulcus in the ASD 

group than in the CTL group. Their results are relevant to the 
results of the present study; however, the critical component did 
not differentiate the thalamus and other basal ganglia regions 
when the ICA was applied to the rs-fMRI data. In another recent 
study, Fu et al. observed dynamic hyperconnectivity between 
the hypothalamus/subthalamic region and several sensory areas 
(42). Taken together, the results of studies utilizing large multisite 
datasets indicate that ASD is associated with thalamocortical 
hyperconnectivity, rather than hypoconnectivity.

Thalamocortical pathways are critical to sensory processing 
and perception because they carry information received from 
the primary sensory organs to cortical areas specific to each 
sensory modality. Thalamic input to the cortex is important 
for the development of sensory and association cortices, and 
the thalamus appears to influence the formation of sensory 
representation in the cortices during early development (15). 
Therefore, abnormalities in sensory processing, which have 
been widely associated with ASD (4, 39), may be caused by 
developmental irregularities within the neuronal connectivity 
between the thalamus and sensory areas in the cortex. Additional 
studies have indicated that the thalamic reticular nucleus (TRN), 
which surrounds the thalamic projection circuit with inhibitory 
GABAergic neurons, may play a critical role in attention and 
sensory processing (14). The disruption of inhibitory mechanisms 
involving the TRN in patients with ASD may give rise to sensory 
hyperarousal and the hyperconnectivity patterns observed using 
rs-fMRI.

The mediodorsal nucleus (MDN) of the thalamus plays a 
key role in higher-order cognitive functions, such as working 
memory and attention, mechanisms of which appear to be 
based on the relationship between the MDN and the frontal 
and cingulate cortices. The MDN may interact with prefrontal 
cortices during the performance of higher-order cognitive tasks, 
and is also likely involved during social communication. The 
researchers have proposed that disruptions in cortico-cortical 
connectivity may occur during the early neurodevelopmental 
period, and that such disruptions are caused by alterations 
in connectivity between the thalamus and the cortex. Such 
significant alterations in cortico-cortical communication may 
contribute to many of the cognitive disruptions evident in 
neurodevelopmental disorders (43).

In the present study, the most significant differences between 
the ASD and CTL groups were observed in the TPJ and the 
posterior cingulate cortex. These areas are subcomponents of the 
default mode network and are considered to be related to several 
specific mental processes such as self-related thoughts and mind-
wandering (44). Specifically, the TPJ is implicated in a variety 
of processes including multisensory integration and social 
cognition, most of which are impaired in patients with ASD 
(45). These findings indicate that the heightened connectivity 
observed in the ASD group of the present study may reflect TPJ 
malfunctioning.

On the other hand, a study that examined the FC patterns 
of the amygdala using rs-fMRI demonstrated that adolescents 
with ASD have decreased FC between the amygdala and the 
thalamus/putamen compared to CTLs (46). The patients with 
ASD showed weaker fronto-amygdala connectivity in the 
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right hemisphere (47). There was a significant reduction in 
connectivity between the amygdala and prefrontal, parietal, 
and occipital cortices in the ASD group compared with the 
CTL group (48, 49). In a study using younger subjects (mean 
age: 3.5 years), the ASD group showed significantly weaker 
connectivity between the amygdala and medial prefrontal 
cortices (50). The results of previous studies are in accordance 
with those of the present study showing a reduced connectivity 
pattern between the amygdala and several cortical regions in 
a large sample of patients with ASD. Although the amygdala 
is a critical structure involved in emotional perception and 
regulation in patients with ASD (47–50), the small effect size 
observed in the present study may preclude the possibility that 
the amygdala plays a principal role in the pathogenesis of the 
disease.

Notably, we observed a significant group-by-age interaction 
effect on patterns of FC in the pre- and postcentral gyri. These 
interaction effects are most likely derived from decreases in 
connectivity with age in the CTL group and fixed connectivity 
in the ASD group. Our findings suggest that this age range 
represents a critical period for neuronal development and 
maturation in CTLs. Previous reviews of age-related differences in 
brain structure have reported that gray matter volume decreases, 
while white matter volume increases, during puberty and early 
adolescence (51, 52). Therefore, unchanging connectivity may 
reflect neurodevelopmental delays or irregularities observed in 
the ASD group in this study.

The present study possesses several limitations of note. First, 
in order to maintain the statistical power of the large multisite 
dataset, we did not exclude patients taking medication from 
the study population. However, we observed no statistically 
significant differences in thalamocortical or amygdala-cortical 
connectivity between the medication groups, suggesting that 
medication exerts virtually no influence on connectivity in 
patients with ASD. Second, there was no significant correlation 
between the connectivity values and clinical symptoms in the 
ASD group. While we could not reveal the neural substrates of 
such symptoms in the ABIDE II database, future datasets that 
provide complete sets of symptom scales may enable us to reveal 
the relationship between connectivity and symptoms. Third, 
in the present study, the brain template did not differentiate 
subnuclei within the thalamus. Therefore, the resultant activity 
was an average of that in the whole thalamus. This may obscure 
the exact pattern of FC, as the thalamus is composed of several 
nuclei, each of which exhibits specific neuronal connections 
and functions (15, 43). Further analysis using an anatomical 
template delineating separate thalamic subnuclei (53) is 
therefore required.

CONCLUSIONS

Using a large dataset from multiple ABIDE II database sites, we 
demonstrated that hyperconnectivity between the thalamus and 
fronto-parietal cortices, most notably the left TPJ and bilateral 
PCC, is associated with the pathophysiology of ASD. Moreover, 

amygdala-cortical connectivity was significantly decreased in the 
ASD group. Future studies should collect full sets of clinical and 
behavioral data in combination with FC data to explore possible 
biomarkers for ASD.
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