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ABSTRACT

The atypical static brain functions related to the executive control network (ECN), default
mode network (DMN), and salience network (SN) in people with autism spectrum disorder
(ASD) has been widely reported. However, their transient functions in ASD are not clear. We
aim to identify transient network states (TNSs) using coactivation pattern (CAP) analysis to
characterize the age-related atypical transient functions in ASD. CAP analysis was performed
on a resting-state fMRI dataset (78 ASD and 78 healthy control (CON) juveniles, 54 ASD and
54 CON adults). Six TNSs were divided into the DMN-TNSs, ECN-TNSs, and SN-TNSs.
The DMN-TNSs were major states with the highest stability and proportion, and the ECN-TNSs
and SN-TNSs were minor states. Age-related abnormalities on spatial stability and TNS
proportion were found in ASD. The spatial stability of DMN-TNSs was found increasing with
age in CON, but was not found in ASD. A lower proportion of DMN-TNSs was found in ASD
compared with CON of the same age, and ASD juveniles had a higher proportion of SN-TNSs
while ASD adults had a higher proportion of ECN-TNSs. The abnormalities on spatial stability
and TNS proportion were related to social deficits. Our results provided new evidence for
atypical transient brain functions in people with ASD.

AUTHOR SUMMARY

This article reveals the age-related atypical transient brain functions in autistic people. The
default mode network dominates major states during rest, while the executive control network
and salience network dominates minor states. Major states have more a stable coactivation
patterns and higher proportion than minor states. The spatial stability would increase with age
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in healthy controls but not in autistic people. Meanwhile, autistic people spend less time on
major states but more time on minor states. In addition, the unstable transient states and
imbalanced activation proportion of brain networks are correlated with the social deficits.
Although this work is limited by that single scanning data of only involving male participants
with normal intelligence, it provides new transient aspect for atypical brain function in
autistic people.

INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental disorder with two core symptom
domains—impaired social communication deficit and restrictive interests/repetitive behaviors
(Sharma, Gonda, & Tarazi, 2018). Currently, the biological mechanism of ASD is still unclear,
and there is no specific biomarker to help with early diagnosis. Functional magnetic resonance
imaging (fMRI) has become an important and potential tool for studying the mechanism of
atypical brain function in ASD. In particular, resting-state fMRI scanning is used wildly since
it is easier for autistic people to participate. The triple network model (Liang, Zou, He, & Yang,
2016; Menon, 2011; Uddin, 2015), which is composed of the default mode network (DMN),
executive control network (ECN), and salience network (SN), has been applied to detect
impaired cognitive, perceptual, affective, and social functioning. Since these domains of func-
tioning are highly related to the core symptoms of ASD, many fMRI studies of ASD have
focused on this model and reported atypical brain activity.

Static functional connectivity (FC), defined as the correlation coefficient of time courses of
BOLD signal between two regions, is the most common feature used to study atypical brain
function in ASD (Abbott et al., 2016; Bi, Zhao, Xu, Sun, & Wang, 2018; Hogeveen, Krug,
Elliott, & Solomon, 2018). However, static FC is based on the entire time course of fMRI
scan and lacks information about network connections that vary over time (Allen et al.,
2014; Calhoun, Miller, Pearlson, & Adalı, 2014). It has been proven that dynamic FC
(dFC) is more sensitively correlated with different physiologic and pathologic brain states
than static FC (Liégeois et al., 2019). The most common and traditional dFC method is to
apply a sliding time window to segment the BOLD time course into short frames to capture
connection within each time window. Although traditional dFC overcomes some limitations
of static FC analysis, there is a concern that the different window sizes used in traditional
dFC can have a substantial impact on the results (Vergara, Mayer, Damaraju, & Calhoun,
2017).

Dynamic brain activity can also be captured by coactivation pattern (CAP) analyses more
precisely and can embody transient brain activities (Janes, Peechatka, Frederick, & Kaiser,
2020; Liu & Duyn, 2013b; Liu, Zhang, Chang, & Duyn, 2018). CAP analysis uses clustering
to reflect common activation patterns with a single-frame temporal resolution, which are
defined as transient network states (TNSs) of the brain. This method is not limited by window
size and is less affected by noise. The CAP analysis can be implemented based on seeds or
whole-brain approach (Liu et al., 2018). The seed-based CAP approach focuses on the coac-
tivation between a chosen seed and other regions, only frames showing strong activation of the
seed are extracted to perform the clustering. By this approach, Marshall et al. (2020) reported a
lower dwell time (the amount of time spent in a TNS over the time series) of coactivation of
DMN and ECN in children with ASD. Notably, the seed-based CAP approach has obvious
limitations. First, it is based on prior assumptions, and second, the frame extraction breaks

Dynamic functional connectivity:
Functional connectivity within a
short section rather than the whole
time series, and sliding window is the
commonly used approach.

Coactivation pattern analysis:
Clustering-based method to calculate
transient network states.

Transient network state:
Common coactivation pattern with a
single-frame resolution.

Dwell time:
The proportion of time spent in one
transient state over the time series.
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the continuity of time. On the contrary, the whole-brain CAP approach is performed with all
frames of all regions of interest. However, the study of ASD that used the whole-brain CAP
approach is rare. Using this approach, Kupis et al. (2020) reported a correlation between social
deficits and dwell time of an ECN-activating TNS in children with ASD, but only six regions of
interest were studied. In addition, previous CAP studies only focused on the temporal features
of TNSs, while the spatial stability of TNSs has not been well-studied. Since the TNSs are
obtained from clustering, there should be spatial variances among all frames within one
TNS, which represent spatial stability of it. Which kind of TNSs are stable and which regions
are activated steadily in one TNS are not yet clear. The stability of dFC (named as temporal
variability) is reported to predict behavior more accurately than static FC in a typical popula-
tion (Jia, Hu, & Deshpande, 2014) and shows promise as a potential biomarker in ASD (Chen,
Nomi, Uddin, Duan, & Chen, 2017). It is not clear whether the spatial stability of TNSs is also
related to social communication deficits in ASD.

In this study, we will use the whole-brain CAP approach with a fine brain parcellation to
analyze a well-matched dataset (Di Martino et al., 2017). Further, we will examine the atypical
transient brain function of people from both spatial stability and temporal features in juveniles
and adults with ASD. The primary aim is to address the three following research questions: (a)
Does spatial stability differ across TNSs? (b) Does the spatial stability and temporal features of
TNSs differ between people with ASD and healthy controls (CON), and is there any age effect
involved? (c) What is the relationship between atypical transient dynamic brain functioning
and social deficits in people with ASD?

MATERIALS AND METHODS

Subjects

Data from the ABIDE II dataset (Di Martino et al., 2017) was used for this research, including
1,114 subjects from 16 sites. High-resolution, T1-weighted structural images and resting-state
fMRI data were collected for each subject. For this CAP analysis, exclusion criteria were the
following: (a) female subjects, (b) full IQ under 80, (c) obvious artifacts in T1-weighted data,
and (d) fMRI head motion larger than its voxel size. The number of female subjects and sub-
jects with full IQ under 80 is low in each site, so these subjects were excluded. To reduce the
effect of covariates, subjects in the ASD and CON groups were matched for age and full IQ at
each site; each site also included more than 10 subjects in each group. This selection resulted
in 156 juvenile subjects from four sites (6–17.8 years old, 78 ASD and 78 CON from Georgetown
University, GU; San Diego State University, SDSU; New York University Langone Medical Center,
NYU; Stanford University, SU) and 108 adult subjects from three sites (older than 18 years old,
54 ASD and 54 CON from Indiana University, IU; Olin Neuropsychiatry Research Center,
ONRC; Barrow Neurological Institute, BNI). Participant demographics are provided in
Table 1. People with ASD always show stronger head motion in fMRI data (Caballero, Mistry,
& Torres, 2020). To ensure an adequate sample size, this study did not guarantee the matching
of head motion levels within site between two groups; the ASD group had a significantly larger
motion than the CON group in NYU. To reduce the effect of head motion, the mean absolute
motion was one covariate in statistical analyses.

Data Preprocessing

The scanner information and protocols differ between sites. The TR and number of frames are
listed in Table 1, and details can be found on the ABIDE II website (https://fcon_1000.projects
.nitrc.org/indi/abide/). Data preprocessing was conducted using FSL (Smith et al., 2004;

Temporal variability:
Variances of dynamic functional
connectivity, usually calculated as a
standard deviation among windows
for each pair of connectivity.
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Table 1. The demographic information

ASD group CON group p value

GU (TR = 2,000 ms, 147 frames)

Num of subjects 20 20

Age [years] (8.06–13.88) 11.29 ± 1.42 10.82 ± 1.73 0.5931a

Full IQ (96–149) 107.89 ± 13.95 112.07 ± 12.15 0.2373a

Mean absolute motion [mm] (0.09–0.81) 0.31 ± 0.22 0.25 ± 0.12 0.3695a

Eye status Closed Closed

SDSU (TR = 2,000 ms, 175 frames)

Num of subjects 21 21

Age [years] (8–17.8) 13.23 ± 3.21 13.43 ± 3.21 0.8374a

Full IQ (80–130) 102.90 ± 11.90 104.10 ± 8.98 0.7164a

Mean absolute motion [mm] (0.06–0.98) 0.34 ± 0.21 0.30 ± 0.26 0.5882a

Eye status Closed Closed

NYU (TR = 2,000 ms, 175 frames)

Num of subjects 24 24

Age [years] (5.89–14.98) 9.05 ± 2.42 8.99 ± 2.02 0.9289a

Full IQ (88–138) 109.83 ± 14.44 115.50 ± 13.73 0.1703a

Mean absolute motion [mm] (0.13–0.89) 0.34 ± 0.21 0.23 ± 0.09 0.0314a

Eye status Closed Closed

IU (TR = 813 ms, 428 frames)

Num of subjects 13 13

Age [years] (18–37) 22.69 ± 5.48 25.08 ± 5.53 0.2805a

Full IQ (80–135) 116.15 ± 13.67 116.15 ± 10.40 1.0000a

Mean absolute motion [mm] (0.09–0.41) 0.18 ± 0.05 0.17 ± 0.09 0.6265a

Eye status Closed Closed

ONRC (TR = 475 ms, 942 frames)

Num of subjects 13 13

Age [years] (18–28) 20.69 ± 3.01 23.15 ± 3.51 0.0668a

Full IQ (86–138) 110.46 ± 14.69 114.23 ± 12.21 0.4837a

Mean absolute motion [mm] (0.08–0.80) 0.30 ± 0.21 0.28 ± 0.17 0.7622a

Eye status Closed Closed
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Woolrich, Ripley, Brady, & Smith, 2001). For the fMRI data, five steps were conducted with
FSL: (a) removal of the first five frames, (b) nonlinear registration to a 2-mm MNI template, (c)
motion correction, (d) spatial smoothing (6 mm at FWHM), and (e) high-pass temporal filtering
(cutoff, 0.01 Hz). The following steps were carried out using MATLAB: (f ) nuisance regression,
including six head motion parameters, mean white matter signal, mean cerebrospinal fluid
signal, and global signal regression; (g) detrend, including demean, linear, and quadratic
trends; and (h) band-pass temporal filtering (0.01–0.1 Hz).

Coactivation Patterns

Using the whole-brain approach described in previous studies (Liu et al., 2018; Yang et al.,
2021), the CAP analysis was performed using homemade scripts in MATLAB. First, a 400-node
cortical parcellation (Schaefer et al., 2018) was used to extract time courses. This parcellation
is based on the seven-network model proposed by Yeo et al. (2011), which divides the whole
cortex into the ECN, DMN, dorsal attention network (DAN), limbic network (Lim), SN, soma-
tomotor network (SM), and visual network (Vis). Next, two-dimensional normalized matrices
from all 264 subjects’ data were concatenated by frame. Then, k-means clustering was per-
formed to classify frames into different clusters based on their spatial similarity, and cluster
centers were defined as TNSs. As in previous studies, clustering was performed with all sub-
jects together instead of separating subjects into ASD and CON groups so that the features
were comparable between the two groups (Kupis et al., 2020; Marshall et al., 2020). Some
CAP studies found that pairs of TNSs would display “mirror” patterns—the two TNSs in a pair
showed opposite patterns of activation (Huang, Zhang, Wu, Mashour, & Hudetz, 2020; Yang
et al., 2021). To address this, the cluster number k ranged from 2 to 10 with a step length of 2.
After clustering, each frame had an index representing which TNS it belonged to.

Table 1. (continued )

ASD group CON group p value

BNI (TR = 3,000 ms, 115 frames)

Num of subjects 28 28

Age [years] (18–64) 38.11 ± 15.98 40.32 ± 14.83 0.5931a

Full IQ (85–141) 107.89 ± 13.95 112.07 ± 12.15 0.2373a

Mean absolute motion [mm] (0.06–0.79) 0.21 ± 0.15 0.23 ± 0.16 0.6318a

Eye status Open Open

SU (TR = 2,000 ms, 175 frames)

Num of subjects 13 13

Age [years] (8.43–12.99) 10.61 ± 1.08 10.98 ± 0.99 0.3800a

Full IQ (93–137) 115.15 ± 16.71 112.85 ± 13.86 0.7049a

Mean absolute motion [mm] (0.06–0.79) 0.29 ± 0.23 0.34 ± 0.22 0.5533a

Eye status Open Open

Data are expressed as mean ± standard deviation. Num, number.
a Two-sample t test.
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To maintain a good balance between richness and redundancy (Liu & Duyn, 2013b), the
elbow method was used to choose the appropriate k number (Supporting Information Figure
S1). We chose to use six TNSs, which converted the DMN, ECN, and SN into three pairs of
“mirror” patterns, because the sum of the squared error decreased slowly when k was larger
than 6. The TNSs were normalized (Z map) by dividing by the within-cluster standard devia-
tion. The normalized TNSs spatial maps for other cluster number k were displayed in Support-
ing Information Figure S2. By comparing different thresholds (from 0.3 to 0.5; more details in
Supporting Information Figure S3), the threshold of stable activation was set as 0.4 (−0.4 for
deactivation) to highlight the stable regions and preserve complete brain networks.

Spatial Stability of Six TNSs

To investigate the spatial stability of each TNS, we evaluated two parameters: the reproduc-
ibility among sites and the distance to the center of each frame. A stable TNS should be repeat-
able among different sites and show a short distance to the center. To study which regions were
stable, individual-level stable activation rate (iSAR) was calculated.

Reproducibility among multisites. To evaluate the reproducibility among sites, the CAP analysis
was performed within every site, setting the clustering number k as 6. The TNSs obtained from
each site were matched with TNSs obtained from all 264 subjects according to the spatial
similarity as well as the cluster indexes. The spatial similarity of relevant TNSs between any
two sites was calculated using the Pearson correlation coefficient.

Distance to the center of each TNS. The distance to the center of each frame was defined as 1 −
r, where r was the Pearson correlation coefficient between a frame and its cluster center. The
mean distance to the center of each TNS was calculated within each subject for further statis-
tical analyses.

Individual-level stable activation rate (iSAR). To figure out which regions were steadily activated
or deactivated in a TNS among subjects, individual-specific TNS was calculated for each sub-
ject as the average of frames having same index within a subject and then dividing it by the
within-cluster standard deviation. Then, the normalized activation intensity of this individual-
specific TNS was compared with the threshold of 0.4 (−0.4 for deactivation) for each region.
Regions that had stronger activation or deactivation than threshold were considered activated
or deactivated steadily. If a region was activated or deactivated steadily in more than 50% of
the subjects, it was defined as a stable region. For all the stable regions of a TNS, the iSAR was
calculated for each subject. The iSAR for one region was defined as n/N; n is the number of
frames with stable activation (absolute value of intensity > 0.4), and N is the total frame num-
ber of this individual-specific TNS. Thus, the iSAR represents the proportion of steadily acti-
vated frames out of the total number of frames for that individual-specific TNS for a parcel.

Temporal Features of Six TNSs

Using the indexes of frames for each subject, temporal features were calculated to evaluate the
dynamic characteristics: (a) dwell time—the proportion of time spent in a TNS over the time
series—and (b) transition probability among TNSs—the ratio of the number of transitions from
one TNS to another to the number of total transitions.

Statistical and Correlation Analysis

The site variability, TR value, and eye status (open or closed) were removed using the ComBat
method (Fortin et al., 2018; Johnson, Li, & Rabinovic, 2007) before carrying out statistical

Transition probability:
The ratio of transition number from
one transient to another to the total
transition number.

Individual-level stable
activation rate:
The ratio of steadily activated frames
to total frames for a region of single
subject.
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analyses. A mixed-design three-way analysis of variance (ANOVA; 6 TNSs × ASD/CON ×
juveniles/adults) was performed to determine the effect of TNS, group, and age on distance
to the center of each TNS and dwell times for all subjects. The TNS was the within-subject
factor, and the group and age were the between-subject factors. Post hoc two-sample t tests
were conducted to obtain pairwise comparison results. The full IQ and mean absolute motion
were set as covariates. The false discovery rate (FDR) method was used to correct for multiple
comparisons in this research. To verify the effects of TNSs and group on the distance to the
center of each TNS, a two-way ANOVA (6 TNSs × ASD/CON) was also performed on the dis-
tance to the center of each frame within each site.

Two-sample t tests were performed on the iSAR values of each TNS and transition proba-
bility among TNSs to study the differences between juvenile ASD and CON groups and
between adult ASD and CON groups, with age, full IQ, and mean absolute motion as covar-
iates. The general linear model for t tests is listed in the Supporting Information.

In this study, the Social Responsiveness Scale (SRS) T scores of 5 items (awareness, Aware;
cognition, Cogn; communication, Comm; motivation, Mot; mannerisms, Manner) and total
T score were used to study the correlation between social deficits and brain features. Only
subjects who had SRS records were included (65 juvenile ASD, 64 juvenile CON, 27 adult
ASD, 28 adult CON). The age, full IQ, and mean absolute motion were regressed from the
CAP features. The age, full IQ, and scale version were regressed from the SRS T scores.

To study the relationship between the iSAR and social deficits, canonical correlation anal-
ysis (CCA) (Hotelling, 1936) was performed. CCA is a multivariate statistical method to reveal
the correlation between two sets of variables. In this case, CCA converted the iSAR values and
SRS T scores into canonical variate (CV) pairs. The correlation between the first CV pair
represented the correlation between iSAR values and SRS T scores. The significance was
estimated via 10,000 permutations using the code from Smith et al. (2015). To interpret the
correlation between iSAR values and SRS T scores, the canonical loadings were calculated as
the Pearson correlation coefficients between the original features and its first CV, which reflects
the degree to which an original variable is represented by its CV (Alpert & Peterson, 1972; Gu &
Wu, 2018). A detailed explanation of the CCA method can be found in the Supporting
Information.

To study the relationship between CAP temporal features and SRS T scores and verify the
correlation between iSAR values and SRS T scores, the Pearson correlation coefficient between
each temporal feature and each SRS item was calculated.

RESULTS

Six TNSs Shared by ASD and CON

We defined six TNSs shared by ASD and CON groups; the activation patterns are shown in
Figures 1A and 1B. Based on the identified activation patterns, six TNSs were divided into
three TNS pairs. Each TNS pair represents the activation pattern of one network in the triple
network model. The TNSs that activated a network were labeled p, while the TNSs that deac-
tivated a network were labeled with an n (e.g., DMN-p and DMN-n).

The first pair of TNSs focused on the DMN. The DMN-p had a stable activated dorsal pre-
frontal cortex (dPFC), temporal regions, angular gyrus, precuneus, and posterior cingulate cor-
tex (PCC), which are hub regions of the DMN. The lateral prefrontal cortex (lPFC) was also
coactivated with the DMN. The SN and SM were deactivated in the DMN-p. The DMN-n

Canonical correlation analysis:
A method to evaluate the relationship
between two sets of variables rather
than one-to-one relations (e.g.,
Pearson correlation).
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showed the opposite activation pattern of the DMN-p. The DMN-TNSs represented the “antic-
orrelation” between the DMN and the SM.

The second pair of TNSs focused on the ECN. The ECN-p showed a strong activation in the
ECN and DAN hub region, including the lPFC, inferior parietal lobe (IPL), middle frontal gyrus
(MFG), and superior parietal lobe (SPL). The DMN was deactivated in the ECN-p. The ECN-n

Figure 1. Activation patterns of six TNSs and spatial stability of TNSs. Each row represents one TNS. (A) The normalized spatial maps of the
six TNSs. (B) The normalized spatial maps of the six TNSs with a threshold of 0.4. Regions showing stable activation are labeled with abbre-
viated region names, and hub regions of the dominating network are outlined with a black line. (C) Spatial similarity among relevant TNSs from
all subjects and each site. (D) The group mean distance to the center of each TNS. The error bar represents the standard error. The pink, red,
light blue, and dark blue bars represent the juvenile ASD, the adult ASD, the juvenile CON, and the adult CON groups, respectively. Ang,
angular gyrus; PreC, precentral gyrus; PostC, postcentral gyrus; MTG, middle temporal gyrus; ITG, inferior temporal gyrus; STG, superior tem-
poral gyrus; PCC, posterior cingulate gyrus; dPFC, dorsal prefrontal cortex; MFG, middle frontal gyrus; lPFC, lateral prefrontal cortex; IPL,
inferior parietal lobe; SPL, superior parietal lobe; Ins, insula; Vis, the visual network. * indicates p < 0.05, ** indicates p < 0.01 (FDR corrected).
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had an opposite activation pattern compared with the ECN-p. The ECN and DAN are known
as “task positive” networks. Thus, the ECN-TNSs represented the “anticorrelation” between the
“task positive” networks and the DMN.

The third pair of TNSs focused on the SN. The SN-p showed activation of the insula (hub
region of the SN), dPFC, and temporal regions. The SPL and the Vis were significantly deac-
tivated. The SN-n showed opposite patterns of the SN-p. The SN-TNSs represented the
“anticorrelation” between the SN and Vis.

Spatial Stability of Six TNSs

Two aspects of spatial stability were evaluated for each TNS: the reproducibility among sites
and the distance to the center of each frame. The age-related differences between ASD and
CON groups in spatial stability for each TNS were evaluated with the distance to the center of
each frame and iSAR.

Reproducibility of six TNSs. As shown in Figure 1C, the DMN-TNSs were the most reproduc-
ible, with higher spatial similarities among sites compared with others. The ECN-TNSs showed
the lowest reproducibility. The normalized Z maps of the TNSs obtained from each site are
displayed in Supporting Information Figure S4.

Effects of TNS, group, and age on the distance to the center of each frame. Using a three-way
ANOVA, we found the significant main effect of TNS (F = 33.538, p < 0.001) and group
(F = 6.209, p = 0.013) and significant group × age interaction (F = 6.520, p = 0.011) on
the distance to the center of each frame (Supporting Information Table S1). As shown in
Figure 1D and Supporting Information Figure S5, the DMN-TNSs had significantly shorter
distances to the center, while the ECN-TNSs had significantly longer distances to the center.
This indicates that the DMN-TNSs were the most stable while the ECN-TNSs were the most
unstable. Similar trends of distances to the center of each frame were seen at each site (Sup-
porting Information Figure S6). The DMN-TNSs always showed shorter distances than others.

Adults showed a lower distance to center than juveniles for CON groups in DMN-and SN-TNSs,
especially in the DMN-p (t = −2.720, p = 0.007) and SN-n (t = −2.098, p = 0.037) (Figure 1D), but
the differences did not survive after FDR correction. This indicates that the spatial stability of CAPs
would increase with age in healthy CON. However, this trend was not found in ASD groups.
For adults, a higher distance to the center in the adult ASD group was found compared with
the adult CON group in DMN-p (t = 3.580, p < 0.001, fdrp = 0.005), SN-p (t = 2.906, p =
0.004, fdrp = 0.024), and SN-n (t = 2.695, p = 0.008, fdrp = 0.030). The distance to the
center of DMN-p and SN-p had a significant correlation with SRS T scores in adults (Figure 2),
indicating that the unstable TNSs in adults with ASD was related to their social deficits. There
was no difference on the distance to the center between juvenile ASD and juvenile CON
groups. When comparing the difference between ASD and CON groups within a single site,
there is a significant difference between ASD and CON groups in three adult sites (IU, ONRC,
and BNI) and NYU (Supporting Information Figure S6 and Supporting Information Table S2), but
no difference survived after the FDR correction. Our results suggest an abnormal developmental
trajectory of the spatial stability of transient states in people with ASD, especially on the DMN-p.
The three-way ANOVA was also performed to the distance to the center under different cluster
number k, which also confirmed this; see the pairwise comparisons of group and age on the
distance to the center under different k numbers in Supporting Information Figure S7.

Age-related differences in iSAR between ASD and CON groups. For iSAR, the hub regions of the
dominating network in each TNS showed a high iSAR value in four groups (Supporting

Task positive networks:
Networks that are involved in
processing external oriented
information and will be activated
during tasks, like the ECN and DAN.
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Information Figure S8). There was no difference in iSAR between juvenile ASD and CON
groups. Compared with the adult CON group, the adult ASD group showed lower iSAR on
the SN-TNSs. For the SN-p, the adult ASD group showed lower iSAR on three parcels in
the right insula and nine parcels in the Vis (Figures 3A and 3E); see the details of the coordi-
nates in MNI space and two-sample t tests in Supporting Information Table S3. When calcu-
lating the centroid of SN-p within the adult ASD group and within the adult CON group sev-
erally (Figure 3B), the insula and the Vis showed weaker intensity in the adult ASD group,
which indicates that these regions had more unstable activation/deactivation in the adult
ASD group. Using the CCA method, we found a significant correlation between the SN-p
iSAR of these 12 regions and SRS T scores based on the correlation coefficient of first CV
pair (r = 0.762, corrected p = 0.049), with 27 adult ASD and 28 adult CON subjects
(Figure 3C). The canonical loadings between the original features and the first pair of
CVs are shown in Figure 3D. The iSAR canonical loadings were positive, while the
SRS T canonical loadings were negative, indicating that the iSAR had a negative correlation
with SRS T scores. The top five parcels with the highest canonical loading are located on right
insula (Ins.R1, Ins.R2) and left occipital cortex (Vis.L2, Vis.L6, and Vis.L7), and each item of SRS
T scores showed a high canonical loading (lower than −0.8). This indicates that the correlation
between the iSAR of SN-p and SRS T scores mostly came from the negative correlation between
the iSAR of the right insula and left occipital pole and SRS T scores. These results suggested that
the decrease in spatial consistency of these regions was related to more severe social deficits.
This was also verified through Pearson correlations between the iSAR values and each SRS
T score. Except the Vis.R2, which had the lowest canonical loading, the SN-p iSAR values
of the other 11 parcels showed a significant negative correlation with SRS items (Support-
ing Information Figures S9 and S10).

The adult ASD group also showed a lower SN-n iSAR in one parcel of the left inferior frontal
gyrus (IFG.L), one parcel of the right SPL (SPL.R), and five parcels of the Vis (Figures 3F and 3I);
see the details of the coordinates in MNI space and two-sample t tests in Supporting Informa-
tion Table S4. As similar as in SN-p, in the centroid of SN-n within the adult ASD group, the

Figure 2. Correlation between the SRS T scores and the distance to the center of DMN-p and SN-p in adults. (A) Correlation between the
distance to the center of DMN-p and SRS T scores in adults. (B) Correlation between the distance to the center of SN-p and SRS T scores in
adults. Significant positive correlations implied that the increased distance to the center was related to severer social deficits in autistic adults.
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insula, SPL, and Vis showed lower intensity than in the centroid of SN-n within the adult CON
group. With CCA, no significant correlation was found between SN-n iSAR values and SRS
T scores (Figure 3H). For the SN-n iSAR value of Vis.L7, significant negative correlations with
SRS cognition T score, communication T score, and mannerisms T score were found.

Figure 3. Group differences in iSAR for the SN-TNSs between adult ASD and CON groups. (A) Group difference map of iSAR values for the SN-p.
Parcels of the right insula and the Vis show significantly decreased iSAR in the adult ASD group. (B) Group-specific normalized spatial maps of SN-p
with a threshold of 0.4. (C) The correlation between the first pair of CVs. (D) Canonical loadings of original features and its first CV. (E) Violin plots of SN-p
iSAR values for 12 parcels. (F) Group difference map of iSAR values for the SN-n. Parcels of the left IFC, the right SPL, and the Vis show significantly
decreased iSAR in the adult ASD group. (G) Group-specific normalized spatial maps of SN-n with a threshold of 0.4. (H) The correlation between the
first pair of CVs. (I) Violin plots of SN-n iSAR values for seven parcels. For (E) and (I), the red shape represents the adult ASD group, and the blue shape
represents the adult CON group. The dark, horizontal lines within each shape show the mean value of the group; the white circles show the median of
the group; and the vertical, dark gray bars represent the upper and lower quartile points. (J) Pearson correlations between the SN-n iSAR value of Vis.
L7 and SRS T scores. r is the correlation coefficient, and fdrp is the FDR-corrected p value. * indicates p < 0.05, ** indicates p < 0.01 (FDR corrected).
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Temporal Features of TNSs

Effects of TNS, group, and age on the dwell time of six TNSs. Among the dwell time of three TNS
pairs, we found the significant main effect of TNS (F = 28.444, p < 0.001) and the group × TNS ×
age interaction (F = 4.158, p = 0.016; Supporting Information Table S5). The DMN-TNSs had
the longest dwell time for all four groups (Figure 4A; DMN-TNSs: juvenile ASD = 35.3%, adult
ASD = 35.9%, juvenile CON = 36.9%, adult CON = 38.1%). Therefore, the DMN-TNSs were
major states during resting state, while the ECN-TNSs and the SN-TNSs were minor states. See
details of pairwise comparisons of TNSs for each group in Supporting Information Figure S11,
and details of three-way ANOVA on six TNSs were listed in Supporting Information Table S6.
For juveniles, the juvenile ASD group showed a higher dwell time for the SN-TNSs (t = 2.390,
p = 0.018, fdrp = 0.052), especially SN-n (t = 3.013, p = 0.003, fdrp = 0.034). The dwell time
of SN-TNSs was positively correlated with SRS T scores in juveniles, which indicated the
increased dwell time of SN-TNSs in the juvenile ASD group related to severer social deficits
(Figures 4C and 4D). For adults, the adult ASD group had a larger dwell time for ECN-TNSs (t =

Figure 4. Dwell time of each TNS and correlation with SRS T scores. (A) Group mean dwell time of each TNS pair. The DMN-TNSs have the
largest dwell time for all four groups. (B) Group mean dwell time of each TNS. For (A) and (B), the error bar represents the standard error. The
pink, red, light blue, and dark blue bars represent the juvenile ASD, the adult ASD, the juvenile CON, and the adult CON groups, respectively.
The juvenile ASD group has a larger dwell time for SN-TNSs than the juvenile CON group. The adult ASD group has a larger dwell time for
ECN-TNSs than the adult CON group. (C) Correlations between dwell time of SN-TNS pair and SRS T scores for juveniles. (D) Correlations
between dwell time of SN-n and SRS T scores for juveniles. r is the correlation coefficient, and fdrp is the FDR-corrected p value. * indicates p <
0.05 (FDR corrected).
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2.579, p = 0.010, fdrp = 0.052). Overall, these results indicate that people with ASD spend less
time on major states.

Transition probability among six TNSs. Transition probability was significantly correlated with
spatial similarity among TNSs for all subjects at both the group level and the individual level,

Figure 5. Spatial similarity and transition probability between TNSs. (A) Spatial similarity between any two TNSs. (B) Mean transition prob-
ability between TNSs of all 264 subjects. Transition probabilities between the DMN-TNSs and the SN-TNSs and between the DMN-TNSs and
ECN-TNSs are relatively high, while the transitions probability between the ECN-TNSs and the SN-TNSs is relatively low. (C) Correlation
between spatial similarity and transition probability. The group-level correlation is calculated with the normalized Z maps of the mean tran-
sition probability of all subjects. The individual-level correlation is calculated with the individual normalized Z maps of the transition prob-
ability for each subject. (D) Group differences in transition probability. The group differences are tested between the juvenile ASD and CON
groups and between the adult ASD and CON groups severally. uncp is the uncorrected p value; fdrp is the FDR-corrected p value.
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which is consistent with a previous study (Yang et al., 2021) (Figure 5C). There was almost no
transition between paired TNSs since they show opposite patterns of activation.

Next, we examined internetwork transition probability (95.03% of all transitions). We found
that the transition probability between the DMN-TNSs and SN-TNSs (35.05%) and between
the DMN-TNSs and ECN-TNSs (32.48%) was higher compared with the transition probability
between the SN-TNSs and ECN-TNSs (27.60%) in all subjects (Figure 5B and Supporting Infor-
mation Figure S12). This indicates that the major transitions occurring within the triple network
model during rest is related to the major states, the DMN-TNSs.

With two-sample t tests, we found that the juvenile ASD group had a higher transition prob-
ability from SN-p to ECN-n (t = 2.183, p = 0.015), from SN-p to SN-n (t = 1.812, p = 0.036),
and from SN-n to ECN-p (t = 2.301, p = 0.011), while the group had a lower transition prob-
ability from DMN-p to ECN-n (t = −2.511, p = 0.007) than the juvenile CON group, but no
difference survived after the FDR correction. For adults, the adult ASD group had a signifi-
cantly lower transition probability from DMN-n to SN-n (t = −3.170, p = 0.001, fdrp = 0.030)
and higher transition probability from ECN-p to SN-n (t = 1.933, p = 0.028). No significant
correlation between transition probability and SRS T scores was found.

DISCUSSION

In this work, we used the CAP analysis to study the spatial stability and temporal features of
transient states in people with ASD. Six reliable TNSs were defined and divided into three
pairs. The DMN-TNSs were major states during rest, which had the most stable spatial patterns
and the longest dwell times, while the ECN-TNSs and SN-TNSs were minor states. We found
age effects on the spatial stability; there was a trend of increased spatial stability of DMN-TNSs
and SN-TNSs with age in healthy CON, but not in people with ASD. For the dwell times, autis-
tic people tended to spend less time on major states and more time on minor states; autistic
juveniles had a longer dwell time on the SN-TNSs while autistic adults had a longer dwell time
on the ECN-TNSs. Although these results are obtained from male subjects with normal full IQ,
we provided a new transient aspect for atypical brain functions in people with ASD.

Spatial Stability and Temporal Features of Six TNSs

To our knowledge, this is the first study of spatial stability in functional TNSs on an individual
level. Previous studies mainly focused on the reproducibility of TNSs among different datasets
and preprocessing pipelines (Liu & Duyn, 2013a; Liu et al., 2018; Yang et al., 2021) without
taking the differences in TNS spatial stability into account. Our results provide a transient-level
explanation for the temporal variability of dFC from the view of spatial stability.

We found the DMN dominating major brain states during rest, with the longest dwell time
and the most stable transient-level spatial patterns. These are in line with previous work show-
ing that the DMN is the prominent network during rest (Raichle et al., 2001). In addition, the
auditory and primary sensory regions that showed stable coactivation with the hub regions of
DMN in the DMN-TNSs are known as “domain-specific” regions that perform specialized
functions and are thought to be relatively modular (Fedorenko, Duncan, & Kanwisher,
2013; Power et al., 2011). These might be the reasons for the stable CAPs of the DMN-TNSs.
Stable transient coactivation of these regions might lead to their stable connection on dFC, as
reported to show lower temporal variability in healthy subjects in previous studies using
traditional dFC (Yin et al., 2016; Zhang et al., 2016). Previous dFC studies also reported that
the hub regions of the ECN had a higher temporal variability (Yin et al., 2016; Zhang et al.,
2016). As for the brain function, the core regions of ECN (frontal and parietal regions), known
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as “domain-general” regions, are coactivated during a wide variety of cognitive tasks in a
relatively diverse set of relationships, supporting cognitive flexibility (Crossley et al., 2013;
Fedorenko et al., 2013; Power et al., 2011). Our result that ECN-TNSs showed a higher var-
iance on spatial pattern was consistent with the higher temporal variability of ECN; both
phenomena confirmed the general function of ECN.

Our results suggest that the transition probability might be influenced by the dwell time.
Major internetwork transitions were related to major states, the DMN-TNSs, and minor tran-
sitions that occurred in minor states (between SN and ECN). Further, the transition proportion
was correlated to the spatial similarity between TNSs, which is consistent with a previous
report (Yang et al., 2021).

Age-Related Unstable TNS Spatial Patterns in ASD

The TNSs represent coactivation/deactivation among brain networks, which indicates the
functional integration/segregation among them. Previous connectome gradient studies suggest
a clear functional segregation between the DMN and SM during rest, and the degree of seg-
regation increased with age (Dong, Margulies, Zuo, & Holmes, 2021; Margulies et al., 2016;
Xia et al., 2022). The major states in this work, DMN-TNSs, showed similar spatial patterns
with the first connectome gradient, which indicated the consistency of transient states and
the static connectome of the brain. We found that adults had more stable spatial patterns of
DMN-TNSs in CON groups. This can be explained that as the brain matures, the degree of
functional integration within networks and functional segregation among networks increases,
leading to a more organized and efficient brain.

We observed differences in the spatial stability of TNSs primarily between the adult ASD
and CON groups, rather than between juveniles. There was no trend of increasing spatial
stability in ASD groups; the ASD adults even showed slightly more unstable DMN-TNSs
and SN-TNSs than ASD juveniles. These results suggest lack of sufficient developmental
changes in functional segregation with age among autistic people. The insufficient functional
segregation in people with ASD has been reported before (Hong et al., 2019; Urchs et al.,
2022). Higher temporal variability was also found in ASD based on dFC (Chen et al., 2017;
Zhang et al., 2016). Xie et al. (2022) also reported higher modular variability in people with
ASD. These results are consistent with ours. However, previous studies are based on mixed-age
subjects. Our results are based on single scanning data from a multisite. It is necessary to further
analyze the developmental trends of brain functional stability related to age in people with ASD
based on longitudinal data with sufficient sample size in the future.

We found that the adult ASD group had significantly lower iSAR values of right insula and
Vis for the SN-TNSs. The insula plays an important role in social communication; many studies
find the atypical FC related to insula in ASD (Abbott et al., 2016; Hogeveen et al., 2018). Thus,
the dysfunction of insula would lead to social deficits in people with ASD, as shown as the
significant correlation between SN-p iSAR values of the right insula and SRS T scores in this
study. The large variance of the Vis in adult ASD has also been reported before. Watanabe,
Rees, and Masuda (2019) reported that adults with ASD showed more random activity of the
inferior occipital gyrus during rest. The atypical function of the Vis in ASD might be related to
its visual sensory symptoms (Simmons et al., 2009).

Less Dwell Times of DMN-TNSs Between ASD and CON Groups

We found that the juvenile ASD group had a significantly larger dwell time for SN-TNSs than
the juvenile CON group. While for adults, a larger dwell time for ECN-TNSs was found in the
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adult ASD group than the adult CON group. In the meanwhile, the dwell time of DMN-TNSs
was relatively decreased in juvenile and adult ASD groups. As for transition proportion, the
DMN-related transition was decreased in both juvenile and adult ASD groups, while the SN-
related transition increased in the juvenile ASD group and the ECN-related transition increased
in the adult ASD group, which might be influenced by the imbalanced activation proportion of
TNSs in people with ASD. The ECN-TNSs showed the coactivation of ECN and DAN, which
are thought to be related to external information (Menon & D’Esposito, 2022). The SN can
evaluate the intensity and saliency of external stimuli and integrates this information to coor-
dinate interactions (Menon, 2011; Uddin, 2015). Further, the parietal cortex was one of the
hub regions of both ECN-TNSs and SN-TNSs, which plays important role in “bottom-up” atten-
tion driven by external salient stimuli (Buschman & Miller, 2007). Therefore, the ECN-TNSs
and SN-TNSs may relate to the process of bottom-up attention during resting state. Our results
indicated the abnormal function of bottom-up attention in people with ASD. People with ASD
had an atypical balance characterized by enhanced low-level bottom-up processing and
decreased top-down processing, leading to their increased focus on details and difficulties get-
ting the “global picture” (Sapey-Triomphe et al., 2020). Amso, Haas, Tenenbaum, Markant,
and Sheinkopf (2014) found that children with ASDs were more influenced by bottom-up
visual scene information regardless of whether social stimuli and bottom-up scene properties
were congruent or competing. Coderre et al. (2018) reported that adults with ASD would use a
more bottom-up style of processing. These would explain the longer dwell time on the
ECN-TNSs and SN-TNSs in people with ASD. Furthermore, the increased dwell time of
SN-TNSs in the juvenile ASD group and increased dwell time of ECN-TNSs in the adult
ASD group implied the different manifestations of attentional dysfunction in juveniles and
adults with ASD, which is consistent with a previous FC study (Farrant & Uddin, 2016).
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