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1. Demographic information of each site and comparison of current and previous sample 

Table S1. Demographic information of participants in each site 
 KCL Nijmegen Mannheim 

Variable Autism Control Autism Control Autism Control 

N 91 71 72 55 22 33 

Age, mean (SD) 17.87 (5.24) 16.69 (5.84) 16.95 (5.62) 15.92 (4.08) 16.07 (2.86) 15.46 (3.03) 

IQ, mean (SD) 99.04 (22.19) 104.48 (22.70) 97.87 (19.15) 97.14 (15.29) 101.73 (15.71) 108.02 (12.71) 

Sex, N (%) 

  Male 64 (70.33) 40 (56.34) 52 (72.22) 36 (65.45) 17 (77.27) 23 (69.70) 

SD, standard deviation; IQ, full-scale intelligence quotient. 

 

To address the concern of inclusion bias, we compared the distributions of the demographic data and 

symptom severity between the sample in the current study (non-imputed data were used) and the sample 

without diffusion data that was included in the original sample (1). The statistical outputs are summarized 

in Table S2. The results demonstrated the control group in the current sample is significantly older than 

the excluded previous sample in average, and this likely relates to the effects of site.  
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Table S2. Comparison of descriptive of the current sample and the sample without diffusion data in the previous paper (1) 

 Autism Controls 

  
Current 
Sample 

Excluded 
Previous 
Samplea 

Statistics Current Sample 
Excluded 
Previous 
Samplea 

Statistics 

Diagnosis (N) 185 174  159 100  

Age (Mean, SD) 17.30, 5.22 16.20, 5.80 t(357)=1.88, p=0.061 17.51, 5.19 15.81, 6.39 t(179)=2.23, p=0.027 

IQ (Mean, SD)b 99.01, 20.51 98.70, 18.05 t(355)=0.15, p=0.879 102.68, 19.22 107.12, 17.56 t(255)=-1.87, p=0.063 

Sex (Male, Female) 132, 52 130, 44 𝜒𝜒2=0.40, p=0.526 99, 60 69, 31 𝜒𝜒2=1.22, p=0.269 

ADI (Mean, SD)c       

   Social Interaction 16.48, 7.03 17.46, 6.31 t(342)=-1.36,p=0.176    

   Communication 13.31, 5.63 13.88, 5.61 t(342)=-0.93, p=0.351    

   RRB 4.07, 2.61 4.63, 2.70 t(342)=-1.96, p=0.051    

ADOS CSS (Mean, SD)d      

   Total 5.41, 2.77 5.29, 2.75 t(349)=0.41, p=0.682    

   Social Affect 6.04, 2.66 5.99, 2.54 t(349)=0.18, p=0.857    

   RRB 4.73, 2.78 4.70, 2.77 t(349)=0.12, p=0.907    
a The sample without diffusion data was included in (1). 
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b In non-imputed data of the current sample, there were 2 participants in autism and 2 participants in the control group missing IQ. 

c There were 5 participants without ADI scores in the current sample, and 10 participants without ADI scores in the previous sample here. 

d There were 4 participants without ADOS scores in the current sample, and 4 participants without ADOS scores in the previous sample here. 

SD, standard deviation; IQ, full-scale intelligence quotient; ADI, Autism Diagnostic Interview-Revised; RRB, restricted, repetitive behaviors; ADOS, 

Autism Diagnostic Observational Schedule 2; CSS, calibrated severity scores; SA, social affect.
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2. Quality control report 

The current work preceded our previous work (1), where we used 604 participants with preprocessed 

voxel-based morphometry (VBM) data. In the previous work we excluded those without FIQ (n=5) 

however here we use imputed demographic and clinical data and therefore include those participants. 

New participants were additionally added (N=96). This gave us 700 subjects in total with VBM data. 

However, in our LEAP wave 1 dataset, only 3 scanning sites had diffusion weighted imaging (DWI) data of 

appropriate quality limiting our total sample to 418 participants.  

Quality control reports of preprocessing of DWI data were generated for each participant and each 

site (three sites included: KCL, Nijmegen and Mannheim) (2). 49 participants with excessive motion during 

acquisition (absolute motion > 4 mm translation), with high number of outliers (>6%) were excluded from 

the study. To also correct for possible signal drop-out in the b0 data, b0 voxels for each slice were 

compared and outliers were identified using the conventional interquartile range (IQR) method for outlier 

detection (outlier threshold=3rd quartile+1.5xIQR). Slices that were considered outliers were then 

replaced with the corresponding median b0.  Finally, to make the diffusion data more uniform across sites, 

all data was resampled using a real symmetric spherical harmonics (SH) representation of the DWI signal 

limited to SH degrees l=6. This allowed a further reduction of high frequency noise and allow the detection 

and replacement of remaining data outliers not fully recovered by eddy. Because some of the datasets 

from Siemen’s scanners still exhibited residual Gibbs ringing in b0s data compared to the other sites, a 

final Gibbs ringing correction was applied to all datasets using ExploreDTI only to b0 data (3). All data was 

visually inspected to ensure that the final dataset was free from any unexpected artifact or problem not 

detected by the automatic pipeline. This included the search for brain volumes not correctly planned (i.e., 

incomplete volume acquisition), bad brain masking and MRI issues like radio frequency (RF) spikes and 

coil failures. In total, 18 subjects were excluded from further analysis. After visual inspection data quality 

looked consistent across datasets and with no visible residual artifacts. Please note, because Nijmegen 
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and Mannheim exhibited a high Rician noise floor in the raw data (4), before running the main pre-

processing pipeline, datasets from these sites were pre-corrected using an in-house implementation of 

the methods described in (5) to reduce the bias in the DWI signal induced by the noise floor. The above 

procedures resulted in 351 participants in total with high quality DWI data, in which 3 participants without 

T1 images were excluded, therefore there were 348 participants entering VBM and DTI generations. 

A VBM quality control report was generated (based on the participants with both T1 and DWI images) 

by the CAT SPM pipeline for each participant that included visual evaluation of the segmentation, and 

quantitative quality measures including mean correlation from sample homogeneity module and 

weighted overall image quality ratings that were additionally used to detect and exclude images of 

insufficient quality for inclusion in analysis. Accordingly, 1 participant failed to be segmented and was 

excluded (as uncorrected white matter hyperintensities were kept as GM after segmentation). Then we 

visually checked the images with the mean correlation smaller than three standard deviations (SDs) from 

the sample mean and with the weighted overall image quality rating larger than three SDs from the mean, 

which led to a visual inspection of 8 participants after preprocessing, and subsequently 2 of 8 participants 

were excluded as the T1 images of these two participants were observed obvious artifacts due to head 

motion, and after segmentation there were strong noises observed of their GM images and low weighted 

average image qualities were rated for the segmentation.. 

Subsequently, we checked diffusion tensor imaging (DTI) measures using sum of squared error (sse) 

of diffusion tensor fit that were generated for each participant by FSL DTIFIT. We visually checked the sse 

images, and excluded 1 participant due to an obvious artifact across the brain. This low number is due to 

previous exclusion during preprocessing. 

In the end, there were 344 participants included in our final analyses.  
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3. Missingness of the original data and statistical analyses  

Table S3. Missingness of clinical and demographic measures in current sample 

clinical/demographi
c measure Subscales 

Autism, N=185 Controls, N=159 
Observations 

(N) missing (N) Observations (N) missing (N) 

Diagnosis / 185 0 159 0 
age / 185 0 159 0 
sex / 185 0 159 0 
IQ / 183 2 157 2 

ADHD rating scale 
(parent-report) 

Inattentiveness 158 27 88a 71 
Hyperactivity/Impulsivity 158 27 88a 71 

ADI 
Social Interaction 180 5 / / 
Communication 180 5 / / 

RRB 180 5 / / 

ADOS 
 CSS Total  181 4 / / 

 Social Affect CSS 181 4 / / 
RRB CSS 181 4 / / 

SRS (parent-report)b Total 154 31 90a 69 
RBS (parent-report)b Total 157 28 90c 69 
SSP (parent-report)b Total 108 77 72c 87 

DAWBA  
Anxiety 158 27 127 32 

Depression 142 43 112 47 
Medicationd / 176 9 150 9 

a In adult TD group (IQ≥75), only self-reported questionnaires were administered. 

b The correlations between brain and behavior profiles were only performed in autism group. Therefore, 

the percentages of missingness were computed according to autism group. 

c The questionnaires were not administered in the adult TD group (IQ≥75). 

d Medication data were not imputed. 

 

Case-control difference 

Due to 4 individuals lack of full-scale IQ (IQ), a generalized linear model (GLM) was utilized to examine 

group difference of the brain’s inter-participant variations in linked independent component analysis 

(LICA) outputs on the 340 participants while regressing out the effect of age, sex, IQ and scanner site.  
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We found the same multimodal component (IC58) significant relating to autism (β=-0.189, t(333)=-

3.514, FDR corrected p=0.040) as using imputed data. 

Brain-symptom associations 

Univariate analyses 

We used a GLM to explore the univariate associations between each independent component (IC) and 

subscales of Autism Diagnostic Interview-Revise (ADI) (6) and Autism Diagnostic Observational Schedule 

2 (ADOS) (7), Social Responsiveness Scale 2nd Edition (SRS) (8), Repetitive Behavior Scale-Revised (RBS) 

(9), and Short Sensory Profile (SSP) (10) in the autism group correcting for multiple comparison with false 

discovery rate (FDR) (p<0.05).  

There are 178 individuals with ADI scores (5 individuals without ADI scores), 179 individuals with ADOS 

scores (4 individuals missing ADOS scores), 154 individuals with SRS score (31 missing), 157 individuals 

with RBS score (28 missing) and 108 individuals with SSP score (77 missing) in autism group. Similar to the 

main findings with imputed data, we did not find any univariate brain-symptom association (FDR 

corrected p>0.05). 

Multivariate analyses 

Subsequently, we utilized canonical correlation analysis (CCA) (11) to detect multivariate association 

between all brain ICs and all symptom phenotypes in the autism group. The statistical significance of CCA 

modes was assessed by permutation inference (12). For multiple testing correction, we used stepwise 

cumulative maximum approach, p<0.05. The evaluation of the contribution of each IC and each behavioral 

measure to the canonical correlation was according to the loading of each variable described previously 

(13). 

There were 105 of 185 participants involved in the CCA due to the missing data of the behavioral 

profiles, which drew a different picture of CCA output compared to the analysis using imputed data 

(r=0.973, corrected p=4.000x10-4, Figure S1). In this multivariate correlation pattern, IC29 (canonical 
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loading: 0.291) and IC79 (canonical loading: -0.287) demonstrated a strong contribution to the correlation. 

Meanwhile, ADI social, RBS and ADOS RRB demonstrated a strong contribution to the correlation . The 

different multivariate correlation patterns of non-imputed and imputed data are the reasonable outcome 

owing to the probable changes of structure and variances in the data. Additionally, the less sample size 

and lots of input features might lead to unstable results of CCA.  

 

Figure S1. The multivariate association pattern (i.e., CCA mode) was found significant between the two 

sets of brain components and all behavioral profiles using non-imputed data (N=105). A displays the 
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scatterplot of this correlation (between the CCA mode), and x, y axes are the pair of CCA variates. One dot 

in each participant is coded with gradient color regarding to the total score of RBS. B demonstrates the 

loading of each brain component in this CCA mode. C demonstrates the loading of each behavioral 

variable in this CCA mode.  D exhibits the two brain components with the strong contribution to the 

correlation with autism core symptom, where the top two loading modalities in each component are 

shown in the figure. The canonical loading of each component is shown in the brackets. The VBM spatial 

map is thresholded at 5<|Z|<10. The spatial maps of DTI features were filled and thresholded at 3<|Z|<10. 

E shows the modality contributions to the brain components displayed in D.  The CCA was only performed 

in autism group. CCA, canonical correlation analysis; ADI, Autism Diagnostic Interview-Revised; ADOS, 

Autism Diagnostic Observational Schedule 2; SA, social affect; RRB, restricted repetitive behavior; SRS, 

Social Responsiveness Scale 2nd Edition; RBS, Repetitive Behavior Scale-Revised; SSP, Short Sensory 

Profile; IC, independent component; MO, mode of anisotropy; RA, radial diffusivity; MD, mean diffusivity; 

FA, fractional anisotropy; L1, axial diffusivity; VBM, voxel-based morphometry. 
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4. MRI data acquisition parameters 

Table S4. Summary of acquisition parameters across sites 
 KCL Nijmegen Mannheim 
Manufacturer GE Medical systems Siemens Siemens 
Model Discovery mr750 Skyra TimTrio 
Software Version LX MR 

DV23.1_V02_1317.c 
Syngo MRD13 Syngo MR B17 

T1-weighted image   
Acquisition sequence SAG ADNI GO ACC SPG Tfl3d1_16ns MPRAGE ADNI 
Coverage 256*256 256*256 256*256 
slices 196 176 176 
Thickness [mm] 1.2 1.2 1.2 
Resolution [mm3] 1.1*1.1*1.2 1.1*1.1*1.2 1.1*1.1*1.2 
TR [s] 7.31 2.3 2.3 
TE [ms] 3.02 2.93 2.93 
FA [°] 11 9 9 
FOV 270 270 270 
EPI diffusion weighted sequence 
TR / TE (ms) 12000 / 67 12000 / 103 12000 / 102 
Flip angle (°) 90 90 90 
Slice thickness (mm) 
/ No. 

2 / 72 2 / 72 2 / 72 

In-plane resolution 
(mm2) 

2 x 2 2 x 2 2 x 2 

B-values (s/mm2) 0 / 1500 0 / 1500 0 / 1500 
No. of gradients 6 / 60 6 / 60 6 / 60 
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5. Modality contributions and Multimodal Index (MMI)  

MMI(14): 

                                                                    MMI(w)=1-N*((max(w)-1/n)/n-1)                                       equation S1 

w=modality contributions in each component, n= number of modalities. 

 

Figure S2 Modality contributions and multimodal index of each component (80 components).  MMI 

showing left demonstrates the degree of multimodality (equation S1), i.e., the closer coded color to dark 

gray means the more dominant one modality in the components contributes, and in contrast the closer 

coded color to bright white shows the more equally each modality in the components contributes. MO, 

mode of anisotropy; RA, radial diffusivity; MD, mean diffusivity; FA, fractional anisotropy; L1, axial 

diffusivity; VBM, voxel-based morphometry. 
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6. Spatial distribution of VBM and DTI measures in the component with significant group effect 

 

Figure S3 Spatial distribution of VBM and DTI measures in the component with significant group effect 

(IC58). The figure displays the top-three loading DTI measures in the component overlaying with the VBM 

spatial map, which indicates autism-relating variations of gray matter volume and WM tracts that locate 

around frontal, pre-central and post-central areas are spatially interconnected. The VBM spatial maps are 

thresholded at 5<|Z|<10, and the DTI spatial maps are thresholded at 3<|Z|<10. VBM, voxel-based 

morphometry; DTI, diffusion tensor imaging; FA, fractional anisotropy; MO, mode of anisotropy; L1, axial 

diffusivity. 
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7. Sensitivity Analyses 

All analyses were done using imputed data (except for Medication section). All analyses below 

controlled for the other confounders that we included in the main analyses. 

1) IQ 

It is important to consider the complicated effects of IQ on brain morphology and its potentially 

different effects in autism and control groups. Therefore, in addition to including IQ in the main model we 

checked the IQ-by-diagnosis interaction effect on the brain GM-WM covariation patterns. The main effect 

of diagnosis in IC58 was robust to inclusion of an IQ-by-diagnosis term (β=-0.193, t(336)=-3.614, 

p=3.473x10-4). There was also a main effect of IQ (p=0.038) but no IQ-by-diagnosis effect (p=0.214).  

2) Age 

Age may have potential effects on gray and white matter morphology, therefore we did post-hoc 

analyses to check the effects of age and age-by-diagnosis interaction on the autism-related GW-WM 

covariation pattern (i.e., IC58) in our main analyses. We found there was a significant age effect on IC58 

(β=-0.182, t(336)=-3.464, p=6.012x10-4) but no significant age-by-diagnosis interaction (p=0.837), which 

demonstrated the participant loadings across the whole sample on this component would decrease with 

aging. After entering the age-by-group interaction effect in the GLM, the diagnostic group effect on IC58 

was still significant (p=3.848x10-4). The age-related effects did not remarkably influence our case-control 

findings in the current study. 

3) Sex 

Similarly, sex may also have potential effects on the case-control difference that we found in the main 

analyses, we hence did post-hoc analyses to explore the effects of sex and sex-by-diagnosis interactions 

on IC58. Either sex (p=0.087) or sex-by-diagnosis interaction (p=0.782) has no significant effect on IC58. 

However, the group effect on IC58 was still significant in this post-hoc analysis (p=0.006).  
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4) Medication 

There is no specific medication for autism. Medication is often prescribed for co-occurring psychiatric 

conditions (e.g., ADHD, anxiety, depression). Considering the potential effect of medication use on our 

findings, we additionally involved a categorical covariate indicating whether the individuals took 

psychotropic medication (acting on nervous system, Table S5) in the GLM. Medication data were available 

on 326 participants, of which 79 participants used psychotropic medications. After controlling for the 

medication use, IC58 still showed a significant group effect (β=-0.223, t(318)=-3.827 p=1.562x10-4). 

Additionally, there was no significant association between medication use and IC58 (p=0.052). 

Investigating medication effects where medication use is so heterogeneous is complex. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



16 

Table S5. Information of the medication use and co-occurring psychiatric conditions in current sample. 

Medicationsa Autism (N) Controls (N) 

  No medication use 94 116 

  Medication useb 67 12 

Antiepileptics 7 1 

Antipsychotic 18 1 

Psychostimulants and other drugs for ADHD 28 5 

Hypnotics and sedatives 20 0 

Other analgesics and antipyretics 1 3 

Antidepressant 18 5 

Antimigraine preparations 1 0 

Anxiolytics 1 0 

  Other medication use 15 22 

  Unknown/missing medication use 9 9 

Co-occurring psychiatric conditionsa Autism (N) Controls (N) 

  ADHD rating scales   

with/without ADHD 81/86 18/116 

Unkown 18 25 

  DAWBA Anxietyc   

with probablity>70%/≤50% 2/156 0/127 

Unknown 27 32 

  DAWBA Depressionc   

with probablity>70%/≤50% 3/139 1/111 

Unknown 43 47 
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a The reports are based on non-imputed data. 

b There were 4 participants with autism and 1 participant without autism using 3 different psychotropic 

medications. There were 19 participants with autism and 1 participant without autism using 2 different 

psychotropic medications.  

c There are no cut-offs to indicate participants with or without the conditions in DAWBA Anxiety and 

Depression scales, we hence summarized the participants into two categorical groups suggesting high and 

low risks of having the conditions. 

 

5) Site 

The participants in our study were recruited in parallel at three collaborating sites (London, Nijmegen 

and Mannheim). In the main analysis, we included scanner site as a covariate in the GLM. Here, we 

additionally checked the interaction effect of diagnosis and site to further evaluate the robustness of our 

autism-related findings. We calculated type-III analysis-of-deviance (likelihood-ratio chi-square) for the 

model including a site-by-diagnosis interaction term (component ~ group*site + age + sex + IQ).  

No main effect of the site was found (G2(2)=4.884,p=0.087). We found a modest significant site-by-

diagnosis interaction (G2(2)=6.860,p=0.032) which indicates our group effect was not entirely consistent 

across sites. The main group effect was partially diminished by the inclusion of the interaction term 

(G2(1)=2.917,p=0.088). Upon visual inspection (Figure S4) we see that the diagnosis effect is quite evident 

across all sites. However, the Mannheim site (which had the smallest sample N=55) shows a truncated 

upper distribution in the control sample potentially reflected by the group-by-site analysis.  

To further determine the robustness of our results to site effects we post-hoc analyzed case-control 

differences within each site separately while corrected for age, IQ and sex using GLM, similar to the main 

analyses. These analyses revealed case-control differences, consistent with the main findings (autism 

lower than control), in both the KCL (β=-0.149, t(157)=-2.430, p=0.016) and Nijmegen (β=-0.337, t(122)=-
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3.121, p=0.002) samples. However Mannheim, results showed no case-control differences (β=0.015, 

t(50)=0.118, p=0.907). Additionally, we think that decomposing the sample by each site reduces the 

statistical power and representativeness of participants. Furthermore, LEAP implemented a stringent data 

collection pipeline (15), the data across sites is coherent and comparable. The statistically significant site-

related effect may also attribute to the considerable heterogeneity of autism regarding, e.g., symptom 

severity. 

 

Figure S4 Distribution of the age-, sex-, and IQ corrected participant loadings of the component with 

significant group effect (IC58) in the main analyses across scanner sites. The white circle shows the mean 

of each group. 
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6) ADHD, anxiety and depression conditions 

Concerning the potential effect of Attention Deficit Hyperactivity Disorder (ADHD), anxiety and 

depression co-occurrence, we separately included of the scores of ADHD DSM-5 rating scale (16), anxiety 

and depression from the Development and Well-Being Assessment (DAWBA) (17) as the additional 

covariates in the post-hoc analyses. 

Considering the effects of co-occurring ADHD, we included the two dimensions (inattention and 

hyperactivity/impulsivity symptoms) of the ADHD rating scale as the additionally covariates. And the scale 

we used were based on parent report. 

In addition to ADHD, we used the DAWBA anxiety and depression prediction scores to separately 

explore effects on group difference of GM-WM covariation pattern. In DAWBA, each scale reflects six 

levels of the possibility (i.e., from ~0.1% to >70%) to clinically meet the diagnostic criteria for anxiety or 

depression according to DSM-IV, DSM-5 and ICD10. The anxiety prediction score reflects the risk of having 

condition(s) in a group of anxiety disorders (obsessive-compulsive disorder (OCD), generalized anxiety, 

panic disorder, agoraphobia, PTSD, separation anxiety, social phobia, and specific phobia). The depression 

prediction score reflects the risk of having major depression. We used two dimensions of ADHD rating 

scales, and anxiety and depression imputed scores as additional covariates in the statistical model 

separately and treated DAWBA scores as continuous measures (details in Table S6).  

The analysis showed that the group effect of IC58 was robust to the inclusion of continuous scores of 

inattention and hyperactivity/impulsivity symptoms (β=-0.181, t(335)=-3.114, p=0.002), and was robust 

to anxiety scores (β=-0.160, t(336)= -2.808, p=0.005) and depression scores (β=-0.186, t(336)=-3.462, 

p=6.034x10-4) as well. Additionally, there was no significant relation between inattention (p=0.983), 

hyperactivity/impulsivity (p=0.643), anxiety (p=0.134) or depression (p=0.442) scores and IC58.  
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Table S6. Sample characteristics of DAWBA anxiety and depression subscales 

 Autism, N=185 Controls, N=159 
Range 

 Mean SD Mean SD 

ADHD rating scale      

 Inattentiveness 4.23 3.08 1.83 2.21 0~9 

 Hyperactivity/impulsivity 2.40 2.62 0.72 1.49 0~9 

DAWBA      

 Anxiety 1.914 1.120 1.191 0.661 0~5 

 Depression 0.710 1.087 0.443 0.867 0~5 
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8. All brain IC loadings of the significant CCA mode 

 

Figure S5. The loading of each component of the significant CCA mode in the main analysis 
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9. Reliability and stability assessment of CCA results 

To assess the reliability of CCA results, we performed leave-one-subject-out (LOO) analysis leaving 

each participant out individually (185 folds, i.e., N=185). In each time, we individually correlated the CCA 

mode loadings of brain and behavior profiles, which were produced from LOO analysis of CCAs, with the 

corresponding loadings of the original (main) CCA analysis. Subsequently, the validity of the LOO analysis 

was determined by building a null distribution of the correlations between the randomized and original 

loadings of the CCA mode by separately randomizing the behavior and brain sets 1000 times. The means 

of correlation values larger than the 95th percentile of null distributions was considered as valid. The 

standard deviation (SD) of the correlations was used to reflect the stability of the CCA analysis and the 

loading of each variable. Consequently, the LOO analysis (p<0.001) indicated that the significant CCA 

mode of CCA analysis was reliably estimated. The SD of the estimator produced from LOO analysis and 

the results are shown in Table S7. The SDs were below 0.025 in the brain set and 0.048 in the behavioral 

set. The column ‘SD/loading’ shows the size of the SD with respect to the loading, i.e., how the difference 

of the loadings of LOO varies from the original loading. Therefore, a smaller value in this column reflects 

a more robust loading as assessed using LOO, for example, the maximum value of SD/loading for the top 

10 high loading ICs (0.089) in the initial CCA is far less than the average (0.541), indicating the stability of 

the high loadings of CCA mode observed. The column ‘loading/SD’ exhibits the size of the loading in terms 

of the SD evaluated by LOO, contrary to SD/loading, a larger value in this column reflects a more robust 

loading, the other way around, the minimum value of loading/SD for the top 10 high loading ICs (11.208) 

in the initial CCA is far larger than the average (7.182). These measurements in the behavioral set showed 

a similar case of high loading variables. 
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Table S7. The information of the CCA mode loading estimators from leave-one-subject-out analysis 

ICs loading SD SD/loading loading/SD ICs loading SD SD/loading loading/SD 

IC1 -0.028 0.002 0.084 11.900 IC45 0.037 0.017 0.444 2.252 

IC2 -0.030 0.009 0.312 3.207 IC46 -0.109 0.010 0.093 10.746 

IC3 -0.059 0.013 0.228 4.393 IC47 0.128 0.010 0.079 12.611 

IC4 0.116 0.008 0.068 14.643 IC48 -0.126 0.012 0.096 10.420 

IC5 0.081 0.006 0.074 13.578 IC49 0.268 0.024 0.089 11.208 

IC6 -0.060 0.008 0.141 7.079 IC50 0.238 0.011 0.046 21.549 

IC7 -0.334 0.018 0.054 18.467 IC51 -0.065 0.011 0.166 6.033 

IC8 -0.127 0.012 0.094 10.589 IC52 -0.043 0.008 0.198 5.057 

IC9 -0.029 0.010 0.335 2.984 IC53 -0.001 0.009 16.716 0.060 

IC10 -0.009 0.008 0.879 1.137 IC54 0.200 0.012 0.061 16.523 

IC11 0.106 0.012 0.112 8.916 IC55 -0.024 0.010 0.401 2.496 

IC12 0.002 0.011 5.569 0.180 IC56 0.103 0.022 0.216 4.640 

IC13 0.040 0.013 0.322 3.102 IC57 -0.017 0.013 0.795 1.259 

IC14 -0.007 0.006 0.860 1.163 IC58 0.047 0.011 0.234 4.277 

IC15 0.065 0.012 0.182 5.504 IC59 -0.242 0.014 0.060 16.779 

IC16 0.172 0.011 0.064 15.743 IC60 0.010 0.008 0.754 1.327 

IC17 0.096 0.012 0.125 7.974 IC61 -0.145 0.014 0.098 10.159 

IC18 -0.099 0.012 0.116 8.635 IC62 0.183 0.014 0.079 12.667 

IC19 -0.040 0.012 0.296 3.377 IC63 0.025 0.011 0.428 2.335 

IC20 0.112 0.012 0.102 9.759 IC64 -0.015 0.008 0.562 1.780 

IC21 -0.021 0.010 0.487 2.055 IC65 0.076 0.011 0.140 7.141 

IC22 0.021 0.015 0.733 1.365 IC66 -0.078 0.010 0.125 7.994 
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IC23 0.146 0.013 0.090 11.086 IC67 0.016 0.006 0.366 2.732 

IC24 0.035 0.011 0.312 3.206 IC68 0.056 0.017 0.300 3.333 

IC25 0.107 0.013 0.122 8.208 IC69 -0.093 0.018 0.196 5.094 

IC26 0.062 0.010 0.169 5.916 IC70 0.019 0.010 0.539 1.855 

IC27 -0.165 0.011 0.067 14.947 IC71 0.079 0.010 0.133 7.541 

IC28 -0.078 0.010 0.130 7.666 IC72 -0.104 0.025 0.242 4.135 

IC29 -0.073 0.014 0.189 5.289 IC73 0.073 0.018 0.249 4.014 

IC30 0.134 0.015 0.110 9.110 IC74 0.009 0.010 1.130 0.885 

IC31 -0.007 0.011 1.599 0.625 IC75 -0.075 0.011 0.143 7.006 

IC32 0.206 0.012 0.060 16.772 IC76 0.020 0.014 0.670 1.493 

IC33 0.215 0.014 0.063 15.779 IC77 0.064 0.012 0.185 5.413 

IC34 0.132 0.015 0.113 8.833 IC78 0.283 0.016 0.055 18.153 

IC35 -0.033 0.009 0.285 3.505 IC79 0.208 0.013 0.062 16.096 

IC36 -0.084 0.012 0.141 7.076 IC80 -0.024 0.008 0.313 0.352 

IC37 0.139 0.018 0.127 7.892 
ADI 

Social 
0.148 0.047 0.316 3.161 

IC38 -0.072 0.012 0.169 5.921 
ADI 

Comm. 
0.086 0.025 0.292 3.420 

IC39 0.040 0.010 0.262 3.822 
ADI 

RRB 
0.449 0.035 0.079 12.696 

IC40 -0.126 0.008 0.067 15.028 
ADOS 

SA 
0.331 0.044 0.133 7.523 

IC41 0.090 0.016 0.182 5.480 
ADOS 

RRB 
-0.432 0.026 0.060 16.628 
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IC42 0.010 0.008 0.777 1.286 SRS -0.253 0.031 0.121 8.281 

IC43 -0.085 0.010 0.115 8.717 RBS -0.065 0.023 0.355 2.815 

IC44 -0.025 0.010 0.417 2.397 SSP 0.365 0.048 0.130 7.669 

SD, standard deviation; IC, independent component. 
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10. Probing potential effect of the imputed SSP scores on CCA outputs 

As the SSP scale utilized in analysis was highly imputed (42%) we repeated our CCA excluding the SSP 

scores. The output of the CCA without SSP did not differ greatly from the CCA of all measures. Therefore, 

the inclusion of the SSP data is warranted in the current study as sensory processing is of core importance 

in autism and the imputation performance was good (18).  

We found a significant multivariate correlation between brain components and the 7 remaining 

behavioral scales (r=0.815, corrected p=0.017, Figure S6). In this multivariate associated pattern, 

covariation of brain areas that showed the strong contributions to the correlation with autism symptoms 

are same to the initial CCA, in which IC7 mainly included right inferior longitudinal fasciculus (ILF), inferior 

fronto-occipital fasciculus (IFOF), corticospinal tract (CST), and IC78 mainly involved bilateral anterior 

thalamic radiation and superior longitudinal fasciculus (SLF). In the brain components, IC7 and IC78 

constantly exhibited strong contributions to the correlation with and without SSP. From a phenotypic 

perspective the loadings of ADI RRB, ADOS SA and ADOS RRB subscales were similar in both CCAs. 
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Figure S6 The multivariate association pattern (i.e., CCA mode) was found significant between the two 

sets of brain components and 7 behavioral profiles (without SSP). A displays the scatterplot of this 

correlation (between the CCA mode), and x, y axes are the pair of CCA variates. One dot in each participant 

is coded with gradient color regarding to the SA subscale of ADOS. B demonstrates the loading of each 

brain component in this CCA mode. C shows the loading of each behavioral subscale in this CCA mode. D 

exhibits the two brain components with the strong contribution to the correlation with autism symptoms, 
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where the top two loading modalities in each component are shown in the figure. The canonical loading 

of each component is shown in the brackets. The modality spatial maps are thresholded at 3<|Z|<10. E 

shows the modality contributions to the brain components displayed in D. The CCA was only performed 

in autism group. CCA, canonical correlation analysis; ADI, Autism Diagnostic Interview-Revised; ADOS, 

Autism Diagnostic Observational Schedule 2; SA, social affect; RRB, restricted repetitive behavior; SRS, 

Social Responsiveness Scale 2nd Edition; RBS, Repetitive Behavior Scale-Revised; SSP, Short Sensory 

Profile; IC, independent component; MO, mode of anisotropy; RA, radial diffusivity; MD, mean diffusivity; 

FA, fractional anisotropy; L1, axial diffusivity; VBM, voxel-based morphometry. 
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11. Additional exploratory analyses with respect to IQ 

Since IQ is linked to brain morphology and behavioral traits of autism, including IQ as a covariate may 

reduce the sensitivity to explore the relations of interest. To determine if this was occurring, we 

subsequently re-ran the models excluding IQ as a covariate. When IQ was excluded as a covariate in the 

GLM model, IC58 (the component significantly related to autism in main analyses) gave similar results 

although it did not survive FDR correction exploring case-control differences (β=-0.182, t(338)=-3.422, 

p=6.990x10-4, adjusted p=0.056), and similarly we did not find any significant univariate brain-behavior 

associations (FDR corrected p>0.190). 

We checked the associations between brain ICs and IQ using the GLM model at last. The results 

demonstrated that there were 6 ICs (IC6, IC27, IC36, IC40, IC52, IC57) significantly related to IQ after FDR 

(FDR corrected p<0.02). The autism-related IC found in the main analyses (IC58) was not significantly 

associated with IQ after FDR correction.  
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