Generalizability test
 To explore the replication/generalizability of the original results across sites, we used the same methods to process the fMRI data from other three sites in the ABIDE including PITT, UCLA and UM (Full details are shown in Table 1). Only those results involved in brain regions which showed the atypical changes in the original results are described as follows: (1) Reproducible results: the functional complexity of the left supramarginal gyrus (AAL 63) presented positive correlations with the age in ASD at PITT and UM (Figure 1 A-B). However, this study did not reveal the significant differences of the functional complexity of the brain region AAL 63 between ASD and TD groups in PITT, UCLA and UM (Figure 2). We also found that the weakened asynchronous output entropy connectivity from the left frontal medial orbital gyrus (AAL 25) to the right occipital middle gyrus (AAL 52) in ASDs at UCLA (Figure 3). Compared with TDs, ASDs exhibited enhanced neural activity strengths in the left inferior temporal gyrus (AAL 89) at PITT, UCLA and UM (Figure 4). (2) Our findings also demonstrated similar abnormal functional patterns in individuals with autism compared to the controls across sites: patients with autism presented the weakened asynchronous output entropy connectivity from the vermis 4 and 5 (AAL 111) to the right amygdala (AAL 42), and the weakened asynchronous entropy connectivity from the left frontal medial orbital gyrus (AAL 25) to the right calcarine (AAL 44) and the right occipital middle gyrus (AAL 52) in ASDs at UCLA. We also observed that the weakened asynchronous output entropy connectivity for the left cerebelum 6 (AAL 99) with the right amygdala (AAL 42) at UM (Figure 5). Pearson’s correlation analysis exhibited that the asynchronous output nodal degree of the right parahippocampal gyrus (AAL 40) in ASD was negatively with restricted, repetitive, and stereotyped patterns of behavior subscore (C) total for autism diagnostic interview-revised (ADI_RRB_TOTAL_C scores) at UM (Figure 1 C), but was positively correlated with ADOS_TOTAL and ADOS_SOCIAL at NYU. (3) We also found that the entropy connectivity of amygdala, frontal superior medial gyrus, parahippocampal gyrus and supramarginal gyrus presented significant changes in these sites including NYU, UCLA and UM (Figure 3, 5).
In a word, we found some reproducible results across sites. Such as, significant changes of the entropy connectivity in the amygdala, frontal superior medial gyrus, parahippocampal gyrus and the supramarginal gyrus in ASD across sites. Furthermore, the current study found that the functional complexity of the left SMG was positively correlated with the age of patients with autism, and this result was reproducible across 3 sites (NYU, UM and PITT). This finding indicated that the functional changes of the left SMG with age might be an important factor influencing the development of the functional architecture in autistic brains. In addition, we also found individuals with ASD presented increased neural activity strength of the left inferior temporal gyrus (ITG) in PITT, UM and UCLA. Moreover, Jia et al. (Cai et al., 2018) observed increased gray matter volume (GMV) of the left ITG in ASD. A study focusing on the key white-matter pathways between the ITG and other brain regions suggested that the ITG plays roles in higher-order visual processing, semantic processing and emotion (Lin et al., 2020). Even if during rest-state, the ITG are involved in sensory information processing of the visual fixation and mental imagery (Yusoff et al., 2018). Thus, we considered that the increased GMV and neural activity strength of the left ITG might indicate that it spends more neural resources to process complex cognitive activities in ASD.
In addition, we also observed non-reproducible results in the generalisability test and it may be related to the following reasons: (1) the site effect: the different samples of each site, including the number, sex ratio, age distribution, and so on; the different settings of scan: especially slice thickness, filter, TE and TR will significantly influence the data collection and reconstruction (Full details are shown in Table 1). Additionally, a tricky problem confronted with multi-site studies is the differences in scanner manufacturers, nonstandardized imaging acquisition parameters, and other intrinsic factors (King et al., 2019), and Shinohara and his colleagues (Shinohara et al., 2017)reported that even acquiring MRI data from the same scanner manufacturers after protocol harmonization, systematic differences were also influenced by the usage count for scanning equipment. (2) The generally poor repeatability of functional imaging. According to a study, the repeatability of functional imaging is poor even when considering only the most significant edges (He et al., 2020). FMRI researches provided much evidence to confirm that different autism subtypes shown multiple distinctions in their clinical presentation demonstrate unique functional patterns in the neural circuitry (Liu et al., 2022; Qi et al., 2020), which can affect the reproducibility of entropy connectivity and local functional properties in ASD. (3) The algorithm in this study may have a poor repeatability. In future studies, we will consider above-mentioned problems and explore some ways to enhance the replicability.


Table 1 Summary table of the train and test datasets.
	Acquisition site
	Nr. ASD’s
	Nr. TD’s
	Male/Female
	Nr. subjects
	Age, ASD
	Age, TD
	scaner

	NYU
	47
	47
	76/18
	94
	14.1±6.8
	13.9±3.7
	SIEMENS MAGNETOM Allegra syngo MR 2004A

	PITT
	15
	12:3
	15
	30
	14.59±3.1
	14.36±2.4
	SIEMENS MAGNETOM Allegra syngo MR A30

	UM
	40
	32:8
	40
	80
	13.75±2.3
	14.29±2.1
	3 Tesla GE Signa

	UCLA
	25
	20:5
	25
	50
	13.96±2.1
	13.76±1.6
	SIEMENS MAGNETOM TrioTim syngo MR B15





Table 2 Indexes and corresponding brain regions
	Indexes 
	Brain regions
	Indexes
	Brain regions

	AAL 8R
	Right frontal middle gyrus
	AAL 63L
	Left supramarginal gyrus

	AAL 9L
	Left frontal middle orbital gyrus
	AAL 64R
	Right supramarginal gyrus

	AAL 23L
	Left frontal superior medial gyrus
	AAL 67L
	Left precuneus

	AAL 25L
AAL 27L
	Left frontal medial orbital gyrus 
Left rectus gyrus
	AAL 73L
AAL 76R
	Left putamen
Right pallidum

	AAL 28R
	Right rectus gyrus
	AAL 78R
	Right thalamus

	AAL 32R 
AAL 34R
AAL 40R
AAL 42R
AAL 52R
AAL 61L 
AAL 8
AAL 9
AAL 13
AAL 16
AAL 23
AAL 25
AAL 27, 28
AAL 29
AAL 30
AAL 32
AAL 33
AAL 34
AAL 35
AAL 40
AAL 42
AAL 43
AAL 44
AAL 47
AAL 48
AAL 50
AAL 52
AAL 53
AAL 61
AAL 63
AAL 64
AAL 66
	Right cingulum anterior gyrus
Right middle cingulate 
Right parahippocampal gyrus
Right amygdala
Right occipital middle gyrus
Left parietal inferior cortex
Right frontal middle gyrus
Left frontal middle orbital gyrus
Left inferior frontal gyrus triangle
Right inferior frontal gyrus orbital
Left frontal superior medial gyrus
Left frontal medial orbital gyrus
Rectus gyrus
Left insula cortex
Right insula cortex
Right cingulum anterior gyrus 
Left cingulum middle gyrus
Right middle cingulum gyrus
Left posterior cingulum gyrus 
Right parahippocampal gyrus 
Right amydala
Left calcarine
Right calcarine
Left lingual gyrus
Right lingual gyrus
Right occipital superior gyrus
Right occipital middle gyrus
Left occipital inferior gyrus
Left parietal inferior gyrus
Left supramarginal gyrus
Right supramarginal gyrus
Right angular gyrus
	AAL 83L
AAL 97L
AAL 102R
AAL 67
AAL 71
AAL 73
AAL 74
AAL 76
AAL 78
AAL 80
AAL 83
AAL 84
AAL 85
AAL 86
AAL 88
AAL 89
AAL 90, 92
AAL 91
AAL 97
AAL 99
AAL 101
AAL 102
AAL 106
AAL 111
AAL 114
AAL 115
BA 2R
BA 8L
BA 8R
BA 20L
BA 36L
BA 36R
	Left temporal pole superior
Left cerebelum 4 5
Right cerebelum 7b
Left precuneus
Left caudate
Left putamen
Right putamen
Right pallidum
Right thalamus
Right Heschl gyrus
Left temporal pole superior
Right superior temporal pole
Left middle temporal gyrus
Right temporal middle gyrus
Right middle temporal pole
Left inferior temporal gyrus
Right inferior temporal gyrus
Left Cerebelum Crus1
Left cerebelum 4 5
Left cerebelum 6
Left cerebelum 7b
Right cerebelum 7b
Right cerebelum 9 
Vermis 4 and 5
Vermis 8
Vermis 9
Right primary somatosensory cortex
Left dorsal frontal cortex
Right dorsal frontal cortex
Left inferior temporal gyrus
Left parahippocampal cortex
Right parahippocampal cortex


Table 1 Indexes and corresponding brain regions. The table includes the indexes of the brain areas under the BA and AAL atlas.
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Figure 1. Pearson’s correlation analysis. (A) The correlation between functional complexity of AAL 63 and ages of autism spectrum disorders in PITT. (B) The correlation between functional complexity of AAL 63 and ages of autism spectrum disorders in UM. (C) The asynchronous output nodal degree of AAL 40 in ASD was negatively with ADI_RRB_TOTAL_C scores at UM. The number next to the sphere is the index of AAL (see Table 2 for details).
[image: ]
Figure 2. Results of the resting-state functional complexity comparisons across both ASD and TD groups in UM and UCLA. (A) The superior view of 3D visualization of the result in UM. (B) The sagittal image of the result in UM and this image was located at the slice (X = - 7 mm) in the left-right direction. (C) The coronal image of the result in UM, and this image was located at the slice (X = - 25 mm) in the posterior-anterior direction. (D) The superior view of 3D visualization of the result in UCLA. (B) The sagittal image of the result in UCLA and this image was located at the slice (X = - 7 mm) in the left-right direction. (C) The coronal image of the result in UCLA, and this image was located at the slice (X = - 25 mm) in the posterior-anterior direction. The number next to the sphere is the index of brain regions (see Table 2 for details). 
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Figure 3. Changes of resting-state entropy connectivity across both ASD and normal groups in UCLA (A) Weakened synchronous input entropy connectivity in AAL 25. (B) Weakened synchronous input entropy connectivity in AAL 63. (C) Enhanced synchronous output entropy connectivity in AAL 40. (D) Enhanced asynchronous input entropy connectivity in AAL 40. (E) Enhanced asynchronous input entropy connectivity in AAL 42. (F) Weakened asynchronous input entropy connectivity in AAL 25. (G) Weakened asynchronous input entropy connectivity in AAL 42. (H) Weakened asynchronous input entropy connectivity in AAL 67. (I) Enhanced asynchronous output entropy connectivity in AAL 42. (J) Weakened asynchronous output entropy connectivity in AAL 25. (K) Weakened asynchronous output entropy connectivity in AAL 63. The largest colored sphere in each subfigure denotes the seed brain region of entropy connectivity. The red bar denotes enhanced interregional entropy connectivity, the blue bar denotes weakened interregional entropy connectivity, and the size of the bar indicates the strength of entropy connectivity. The number next to the sphere is the index of AAL (see Table 2 for details). The direction of the arrow indicates the direction of entropy connectivity.
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Figure 4. Results of the resting-state neural activity strength comparisons across two groups in 4 sites. (A) The left view of 3D visualization of the result in NYU. (B) The left view of 3D visualization of the result in UM. (C) The left view of 3D visualization of the result in UCLA. (D) The left view of 3D visualization of the result in PITT. The colored bars correspond to the neural activity strengths of brain regions. The number next to the sphere is the index of brain regions (see Table 2 for details).
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Figure 5. Changes of resting-state entropy connectivity across both ASD and normal groups in UM (A) Weakened synchronous input entropy connectivity in AAL 25. (B) Weakened synchronous input entropy connectivity in AAL 63. (C) Enhanced synchronous output entropy connectivity in AAL 40. (D) Enhanced asynchronous input entropy connectivity in AAL 40. (E) Enhanced asynchronous input entropy connectivity in AAL 42. (F) Weakened asynchronous input entropy connectivity in AAL 25. (G) Weakened asynchronous input entropy connectivity in AAL 42. (H) Weakened asynchronous input entropy connectivity in AAL 67. (I) Enhanced asynchronous output entropy connectivity in AAL 42. (J) Weakened asynchronous output entropy connectivity in AAL 25. (K) Weakened asynchronous output entropy connectivity in AAL 63. The largest colored sphere in each subfigure denotes the seed brain region of entropy connectivity. The red bar denotes enhanced interregional entropy connectivity, the blue bar denotes weakened interregional entropy connectivity, and the size of the bar indicates the strength of entropy connectivity. The number next to the sphere is the index of AAL (see Table 2 for details). The direction of the arrow indicates the direction of entropy connectivity. 


Cai, J., Hu, X., Guo, K., Yang, P., Situ, M., Huang, Y., 2018. Increased Left Inferior Temporal Gyrus Was Found in Both Low Function Autism and High Function Autism. Front Psychiatry 9, 542.
He, Y., Byrge, L., Kennedy, D.P., 2020. Nonreplication of functional connectivity differences in autism spectrum disorder across multiple sites and denoising strategies. Human Brain Mapping 41, 1334-1350.
King, J.B., Prigge, M.B.D., King, C.K., Morgan, J., Weathersby, F., Fox, J.C., Dean, D.C., Freeman, A., Villaruz, J.A.M., Kane, K.L., Bigler, E.D., Alexander, A.L., Lange, N., Zielinski, B., Lainhart, J.E., Anderson, J.S., 2019. Generalizability and reproducibility of functional connectivity in autism. Molecular Autism 10.
Lin, Y.-H., Young, I.M., Conner, A.K., Glenn, C.A., Chakraborty, A.R., Nix, C.E., Bai, M.Y., Dhanaraj, V., Fonseka, R.D., Hormovas, J., Tanglay, O., Briggs, R.G., Sughrue, M.E., 2020. Anatomy and White Matter Connections of the Inferior Temporal Gyrus. World Neurosurgery 143, e656-e666.
Liu, G., Shi, L., Qiu, J., Lu, W., 2022. Two neuroanatomical subtypes of males with autism spectrum disorder revealed using semi-supervised machine learning. Molecular Autism 13.
Qi, S., Morris, R., Turner, J.A., Fu, Z., Jiang, R., Deramus, T.P., Zhi, D., Calhoun, V.D., Sui, J., 2020. Common and unique multimodal covarying patterns in autism spectrum disorder subtypes. Mol Autism 11, 90.
Shinohara, R.T., Oh, J., Nair, G., Calabresi, P.A., Bakshi, R., 2017. Volumetric Analysis from a Harmonized Multisite Brain MRI Study of a Single Subject with Multiple Sclerosis. American Journal of Neuroradiology 38.
Yusoff, A.N., Abdul Hamid, K., Rahman, S., Osman, S.S., Surat, S., Marzuki, M.A., 2018. Resting State Effective Connectivity between Inferior Parietal Lobe (IPL) and Inferior Temporal Gyrus (ITG) in the Left and Right Hemispheres. Jurnal Sains Kesihatan Malaysia 16, 101-111.

image5.tiff
Comparisons of causal connectivity across both
ASD and normal groups

D

Asynchronous input Asynchronous input Asynchronous output
G H I

output Asynchronous output
J K




image1.tiff
Pearson’s correlation analysis

%102 x102

£ 52 £s5
£ . 2
g - LD
S 48 . /// S
Té 4.6 . // 24.5
£ 4.4 d ' k=
g ya £40 ‘
2 4.2 -//A‘ C =

4.0 3.6

9 12 15 18 21 8 1012 1416 18 20
Ages of autism spectrum disorders  Ages of autism spectrum disorders
A B
30.0

AAL40 R=0.159
P=10.012

N
B
=l

—
[l
=

—
N
=

A
=

>
=3

Asynchronous output nodal degrecs

2 4 6 8 10 12
ADI_RRB_TOTAL_C scores
C




image2.tiff
Comparisons of functional complexity across both
ASD and normal groups in UM and UCLA





image3.tiff
Comparisons of causal connectivity across both
ASD and normal groups

Synchronous input
A

D

AAL 63

AAL 85
AAL 88

Asynchronous output Asynchronous output
J K




image4.tiff
Comparison of neural acitivity strengths across both

ASD and normal groups in 4 sites
0.00 2.82

AAL 84R

AAL 89L

0.00

2.85]]

BA SL BA 2R





