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Abstract
Background  Neuroimaging research in autism spectrum condition (ASC) often overlooks brain idiosyncrasy by 
focusing on group averages and frequently excludes individuals with co-occurring intellectual impairment (II).

Methods  We investigated functional MRI correlates of passive biological motion (BM) perception, comparing 
typically developing controls (TDC; n = 33), autistic individuals without II (intellectually able; ASC-IA; n = 28), and 
autistic individuals with II (ASC-II; n = 19; defined by IQ or adaptive function < 85).

Results  While standard group-average analyses revealed the expected BM-sensitive regions (e.g., bilateral posterior 
superior temporal sulci, cuneus) in the TDC and ASC-IA groups, the ASC-II group showed no consistent group-level 
activation pattern and exhibited greater activation in the right intraparietal sulcus compared to the ASC-IA group. 
Using a correlational distance-based metric, we quantified brain idiosyncrasy (“whole-sample brain variability”, 
VariabilityWhole), representing the deviance of an individual's activation pattern from others. Brain activity in the ASC-II 
group was significantly more idiosyncratic than the ASC-IA and TDC groups. Furthermore, VariabilityWhole showed 
significant transdiagnostic correlations with multiple cognitive and behavioural domains relevant to autism, including 
social difficulties, repetitive behaviours, non-verbal IQ, executive function, sensory hyper/hyposensitivity, ADHD 
symptoms, and adaptive function.

Conclusions  Key limitations include the cross-sectional design and the use of a passive viewing task without a 
concurrent behavioral measure to directly link brain findings to task performance. These findings highlight substantial 
brain heterogeneity within the autism spectrum, particularly in the understudied ASC-II subgroup, and suggest that 
individual differences in brain processing patterns, rather than solely group-average differences, are critically linked to 
clinical and cognitive phenotypes.
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Background
Autism spectrum condition (ASC) is characterized by 
profound heterogeneity spanning genetics, etiology, and 
the resulting cognitive and behavioural phenotypes [57]. 
This heterogeneity challenges conventional group-aver-
age neuroimaging approaches [23, 56] and has spurred 
interest in brain idiosyncrasy – individual-specific varia-
tions in brain structure and function [40, 66] – as a criti-
cal dimension for direct investigation [55].

Traditional neuroimaging paradigms in ASC research 
have often prioritized group-average effects [23, 56], 
inadvertently marginalizing the rich information embed-
ded within brain idiosyncrasy [6, 10, 12, 20, 40, 42, 66, 69, 
93]. This focus is compounded by a historical research 
bias towards recruiting intellectually able autistic indi-
viduals (ASC-IA) and excluding those with co-occurring 
intellectual impairment (ASC-II) [48], due to practical 
challenges concerning consent, task compliance, and 
head motion artefacts, alongside potential confounds of 
co-occurring conditions. However, given that approxi-
mately 30–40% of autistic individuals have co-occurring 
II [88], this systemic underrepresentation severely lim-
its the ecological validity and generalizability of findings 
[48].

A relevant domain for probing social brain function 
in ASC is biological motion (BM) perception: the ability 
to visually perceive and interpret human movement and 
infer socially relevant information. BM is often studied 
using point-light displays [52]. These minimalist stim-
uli convey rich social information (e.g., actions, inten-
tions, emotions) purely through movement patterns [39, 
43, 49]. An intriguing puzzle is the interaction between 
BM perception and general intelligence. In neurotypi-
cal individuals, BM perception appears to engage a rela-
tively specialized network (posterior superior temporal 
sulcus, middle temporal gyrus +, etc.) [22, 39, 80] largely 
independent of general cognitive processes [72, 92, 97], 
including intelligence quotient (IQ) [29]. In contrast, 
BM performance often correlates positively with IQ in 
autistic individuals [29], suggesting that they may rely on 
more general cognitive processes [50].

The neural underpinnings of BM perception in ASC-
II remain largely unknown, representing a critical gap 
in our knowledge. ASC-IA individuals often exhibit 
reduced efficiency or accuracy during BM processing 
[91] but may demonstrate the ability to discriminate 
BM point-light displays from scrambled point-light dis-
plays on par with TDCs on some tasks [27], potentially 
via compensatory neural strategies or heightened atten-
tional deployment that can normalize activation pat-
terns [53]. Nonetheless, whether these mechanisms are 
available or effective in ASC-II is unknown. To address 
these gaps, this study used functional MRI during a pas-
sive BM viewing task in TDC, ASC-IA, and ASC-II to 

investigate: 1) Group-average differences across TDC, 
ASC-IA, and ASC-II groups; 2) if idiosyncrasy in whole-
brain BM activation patterns differs across the TDC, 
ASC-IA, and ASC-II groups; and 3) if the degree of brain 
idiosyncrasy during BM perception is associated with 
core autistic traits and related cognitive and behavioural 
characteristics transdiagnostically across all participants. 
We hypothesized our ASC cohort to exhibit hypoactiva-
tion in BM perception-associated regions (e.g. posterior 
superior temporal sulcus, middle temporal gyrus, inferior 
parietal lobule) compared to TDC in accordance with 
previous literature [7, 30, 50, 91, 99, 100], with the effect 
being stronger in ASC-II than ASC-IA due to the nega-
tive association between IQ and BM perception task per-
formance. Given the pronounced heterogeneity in ASC 
and the potential reliance on variable, generalized cog-
nitive resources, we hypothesized that brain responses 
to BM might be particularly idiosyncratic (i.e., variable 
across individuals) in ASC, an effect potentially ampli-
fied in the ASC-II group. If ASC is indeed associated with 
idiosyncratic brain activity, we would also expect idiosyn-
crasy to correlate with the expression of autism-relevant 
cognitive/behavioural traits.

Methods
Participants
Participant recruitment and experimental procedures 
were conducted in accordance with the Declaration 
of Helsinki and were approved by the Research Ethics 
Committee of the National Taiwan University Hospi-
tal, Taiwan (#201512238RINC; Clinical trial number: 
not applicable). Written informed consent was obtained 
from all participants capable of providing consent and 
from parents/legal guardians for all participants under 
18 or who were unable to consent. Assent was obtained 
from participants unable to provide informed consent 
themselves, supplemented by consent from a substitute 
decision-maker.

One hundred twenty-five  participants (aged 
8–30  years) were initially recruited between December 
2016 and August 2019. Three individuals were excluded 
as they did not proceed with MRI scanning. The remain-
ing 122 participants included 83 autistic individuals 
referred from several psychiatric outpatient clinics in 
Taiwan and 39 TDC participants recruited from the 
community and matched for age and socioeconomic 
background. Autism spectrum disorder diagnosis was 
established by experienced child psychiatrists according 
to DSM-5 criteria and confirmed upon enrollment by the 
senior author (a double-board child psychiatrist) using 
the Autism Diagnostic Observation Schedule-Second 
Edition (ADOS-2; appropriate module selected based on 
age/language level) [13, 15, 58] and the Autism Diagnos-
tic Interview-Revised (ADI-R; Diagnostic Algorithm used 
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for confirmation) [45, 59]. ADOS-2 Calibrated Severity 
Scores (CSS) [38, 46] were used in analyses where rele-
vant. Parents of all participants were interviewed by the 
senior author using the Kiddie-Schedule for Affective 
Disorders and Schizophrenia-Epidemiological Version 
(K-SADS-E) for DSM-5 [3, 16, 25] to screen for major 
psychiatric conditions. TDC participants were confirmed 
to have no personal or first-degree-relative history of 
current or past DSM-5 or other major neuropsychiatric 
diagnoses via this interview. Exclusion criteria included 
major medical illness or neuropsychiatric conditions 
(e.g., bipolar, psychotic, or substance use disorders, cur-
rent suicidality ideation), significant head trauma, active 
seizures, known genetic syndromes, or pregnancy. Par-
ticipants with co-occurring ADHD or adjustment dis-
order were included. Participants taking stimulant 
medication withheld it for 24 h prior to scanning. Table 
S1  in Additional File presents details of medication use 
and co-occurring psychiatric conditions in autistic indi-
viduals. All participants underwent standard MRI safety 
screening prior to the scan, including checks for metallic 
implants, pacemakers, and claustrophobia.

Cognitive function was assessed using the age-appro-
priate Wechsler Intelligence Scale—4th Edition [WAIS-
IV [96] or WISC-IV [95]], with full-scale IQ (FIQ) used 
for the primary purpose of grouping participants. Addi-
tionally, given that standard intelligence tests with ver-
bal components can underestimate cognitive capacity 
in individuals with significant language or performance 
impairments [18], all participants were also assessed 
with the Leiter International Performance Scale-Revised 
(Leiter-R) [71] to obtain a standardized measure of non-
verbal IQ (NVIQ). For the subsequent transdiagnostic 
brain-behaviour correlation analyses, the Leiter-R NVIQ 
was selected as the definitive measure of cognitive abil-
ity. This choice was made for two key reasons. First, it 
provided a consistent metric of non-verbal intelligence 
that could be validly obtained from the entire sample, 
including individuals with minimally verbal status or 
severe intellectual disability who were unable to com-
plete all subtests of the Wechsler scales. Previous litera-
ture indicates that Wechsler scales often underestimate 
intelligence in autistic individuals [14, 18]—particularly 
those with language impairments—whereas the Leiter-
R provides a valid assessment that correlates with adap-
tive function [62]. Second, using the Leiter-R allowed for 
a more direct examination of the relationship between 
non-verbal cognitive abilities and the neural processing 
of the non-verbal BM task, thereby minimizing poten-
tial confounds from verbal intelligence. To validate this 
choice, we assessed the correlation between Leiter-R 
NVIQ and Wechsler Full-Scale IQ in the subset of par-
ticipants who were able to complete both assessments 
(n = 89). We found a strong, significant correlation 

(r = 0.79, p < 2*10–16), supporting the validity of Leiter-
R NVIQ as a proxy for general cognitive ability in this 
sample.

The whole ASC group (ASC-Whole) was divided into 
intellectually able (ASC-IA) and intellectually impaired 
(ASC-II) subgroups. Participants who scored < 85 on 
Wechsler FIQ or VABS-ABC were assigned to the 
ASC-II subgroup (n = 46 initially), whereas participants 
with ≥ 85 on both tests were assigned to the ASC-IA sub-
group (n = 37 initially). This inclusive definition—using 
an FIQ cutoff approximately 1 SD below the mean and 
incorporating adaptive function—aimed to capture indi-
viduals with significant functional challenges, as autistic 
children with IQs in the borderline range (i.e., 70–84) 
often have similar developmental outcomes to children 
with co-occurring autism and intellectual disability [67]. 
We chose to use the terminology of “intellectually able/
impaired” instead of “high/low functioning” to avoid 
potentially inaccurate and prejudicial implications of the 
latter terms [2].

Parent-rated assessments
Participants were assessed using parent-rated scales 
including the Social Responsiveness Scales (SRS) [17, 
34] for autistic traits; the Vineland Adaptive Behavior 
Scales—Adaptive Behavior Composite (VABS-ABC) [60, 
82] for adaptive function (Adaptive Behavior Composite 
[ABC] used for analyses herein); Behavior Rating Inven-
tory of Executive Function—Global Executive Composite 
(BRIEF-GEC) [36] for daily life executive function; Swan-
son, Nolan, and Pelham ADHD Rating Scale (SNAP-IV) 
[33, 85] for ADHD symptoms, Short Sensory Profile 
(SSP) [61] for sensory processing difficulties, and Repeti-
tive Behavior Scale-Revised (RBS-R) [9] for repetitive 
behaviours.

MRI acquisition
Imaging data was collected on a Siemens MAGNETOM 
Prisma 3-T MRI with a 64-channel phased-array head/
neck coil. A high-resolution MPRAGE T1-weighted 
sequence was acquired sagittally (repetition time 
[TR] = 2000  ms; echo time [TE] = 2.43  ms; inversion 
time [TI] = 920  ms; flip angle = 9°; matrix = 256 × 256; 
FOV = 230  mm; 192 slices; voxel size = 0.9  mm isotro-
pic). A multiband multi-echo (MBME) gradient-echo 
EPI sequence was used for the BM task fMRI acquisition 
(TR = 1320 ms; TEs = 14.2/35.25/56.3 ms; FOV = 210 mm, 
matrix = 80 × 80; 48 slices acquired in interleaved order 
with MB factor 3; voxel size = 2.6  mm isotropic; flip 
angle = 60°; partial Fourier = 6/8; in-plane accelera-
tion = 2). The broader scanning session for this cohort 
also included resting-state fMRI (rsfMRI) and diffu-
sion MRI (dMRI) sequences, acquired alongside the 
T1-weighted and BM task fMRI. Analyses of the dMRI 



Page 4 of 14Cheng et al. Journal of Neurodevelopmental Disorders           (2026) 18:31 

data from these participants have been published else-
where [101]. Following MRI scanning, participants who 
exhibited an inability to complete the BM fMRI (which 
was scanned after T1-weighted image, resting-state 
fMRI, and diffusion MRI) or exhibited excessive head 
motion during the scan (based on mean framewise dis-
placement [FD] > 2 SD above the iterative sample mean) 
were excluded from the analyses [98].

Task design
Participants performed a passive viewing task involving 
silent point-light display videos during fMRI scanning. 
The stimuli [50] consisted of BM point-light displays 
and scrambled motion control point-light displays. 
BM point-light displays depicted a male actor perform-
ing recognizable actions (e.g., pat-a-cake), derived from 
motion-capture data. Scrambled motion point-light dis-
plays were generated by spatially randomizing the start-
ing position of each dot from the corresponding BM 
point-light display while preserving individual dot trajec-
tories, thus matching local motion properties but lack-
ing coherent biological form. Each video was 24 seconds 
long, with the task consisting of 12 consecutive videos 
presented without an inter-stimulus interval. Six bio-
logical motion clips and six scrambled motion clips were 
presented once each in an alternating-block design (time 
per block, 24s). The experiment began and ended with a 
20-s fixation period (total time, 328 s) [50]. Stimuli were 
displayed using E-Prime 2.0 software (Psychology Soft-
ware Tools, Inc.) and back-projected onto a screen visible 
via a mirror mounted on the head coil. Participants were 
instructed to remain still, keep their eyes open, and atten-
tively watch the videos, but no response was required. 
This passive design was chosen to minimize cognitive 
demands and performance confounds, thereby enhanc-
ing suitability for participants across a range of intellec-
tual abilities. Participants' alertness was verified by their 
prompt responses to questions immediately prior to and 
following the BM fMRI scan.

Data preprocessing
fMRI image preprocessing utilized AFNI (v24.1.8), 
including steps for slice timing, realignment, co-reg-
istration to the T1 image, and normalization through 
nonlinear warping to the MNI space (voxel size 2.6 mm 
isotropic). The normalization utilized a DARTEL (Diffeo-
morphic Anatomical Registration Through Exponenti-
ated Lie Algebra) template [4]. The normalized data were 
then denoised using TE-Dependent Analysis (TEDANA) 
[24] and multi-echo independent component analysis 
(ME-ICA v3.2) [54] to remove non-BOLD components 
from the fMRI data. T1c global signal regression was 
then applied to the data to remove spatially diffuse noise. 
ME-ICA's robust denoising allowed us to skip spatial 

smoothing, aiming to preserve interindividual spatial 
variability (Kundu et al., 2017)  [65]. See Additional File: 
Supplementary Methods for details on multi-echo fMRI 
denoising.

fMRI data analysis
Statistical analyses were performed using Statistical 
Parametric Mapping (SPM12; Wellcome Trust Centre 
for Neuroimaging; ​h​t​t​p​​s​:​/​​/​w​w​w​​.​f​​i​l​.​​i​o​n​​.​u​c​l​​.​a​​c​.​u​​k​/​s​​p​m​/​s​​
o​f​​t​w​a​r​e​/​s​p​m​1​2​/) [79] and Statistical Nonparametric ​M​
a​p​p​i​n​g (SnPM13,​h​t​t​p​​:​/​/​​n​i​s​o​​x​.​​o​r​g​​/​S​o​​f​t​w​a​​r​e​​/​S​n​P​M​1​3​/) 
for permutation-based inference. First-level general lin-
ear models (GLMs) were estimated for each participant. 
These models included boxcar regressors representing 
the timing of BM and scrambled motion (SCR) blocks, 
convolved with the canonical hemodynamic response 
function. Nuisance regressors comprised six motion 
parameters derived from realignment and the mean FD 
for the run. Contrasts were defined to estimate activation 
specifically for BM > SCR and SCR > BM. These first-level 
contrast maps were carried forward to group-level analy-
ses conducted within SnPM using 10,000 permutations. 
One-sample t-tests assessed the mean activation pat-
tern for the BM > SCR contrast within each group (TDC, 
ASC-Whole, ASC-IA, and ASC-II) separately. To identify 
differences between groups, two-sample t-tests directly 
compared the BM > SCR contrast maps (TDC vs. ASC-
Whole, TDC vs. ASC-IA, TDC vs. ASC-II, ASC-IA vs. 
ASC-II). All group-level analyses incorporated assigned 
sex at birth, age, and mean FD as nuisance regressors. To 
correct for multiple comparisons across the whole brain 
volume, resulting group activation maps were generated 
using threshold-free cluster enhancement (TFCE) [79], 
as implemented in SnPM13, with statistical significance 
determined at a cluster-level false discovery rate con-
trolled at 0.05.

Idiosyncrasy
Brain idiosyncrasy was quantified as “variability” [31, 
32, 42] for each participant, reflecting the distinctive-
ness of their individual BM > SCR activation pattern rela-
tive to the entire sample (i.e., “whole-sample variability” 
[VariabilityWhole] across autistic and TDC participants). 
Each participant’s BM > SCR t-statistic map was parcel-
lated into 284 regions of interest (ROIs) by combining 
the Schaefer 200-parcel atlas [74], the Melbourne Sub-
cortex atlas (Scale III, 50 regions) [90], and the SUIT 
Cerebellum atlas (34 regions) [21], generating a 1 × 284 
vector that summarized the whole-brain activation pat-
tern for each participant. R-4.2.0 was used to compile 
these vectors into a participant × ROI matrix, and to 
perform all subsequent statistical analyses (ANCOVA, 
GAM). The correlational distance (defined as 1–Pear-
son’s r) was computed between the activation vectors 

https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://nisox.org/Software/SnPM13/
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of all participant pairs, where lower distances indicate 
greater pattern similarity. An individual’s VariabilityWhole 
was defined as their average correlational distance to all 
other participants in the sample; higher values thus rep-
resent a more idiosyncratic brain pattern. Recognizing 
that the choice of reference group impacts the interpre-
tation of idiosyncrasy, we additionally calculated vari-
ability referenced to an individual’s own diagnostic group 
(i.e., either TDC or ASC; “within-group brain variability,” 
VariabilityWithin) and to the TDC group (mean distance 
to TDC participants; “TDC reference brain variability,” 
VariabilityTDC) in supplementary analyses to provide a 
more nuanced perspective on individual brain differ-
ences. Group differences (TDC vs. ASC-IA vs. ASC-II) 
in the variability metrics (VariabilityWhole as the primary, 
VariabilityWithin and VariabilityTDC as the supplementary) 
were assessed using a One-way ANCOVA with age, sex, 
and mean FD as covariates, followed by post hoc pairwise 
ANCOVA tests with Bonferroni correction for pairwise 
comparisons. Effect sizes were reported using partial eta 
squared (ηp

2) and Cohen’s d. To assess potential effects of 
co-occuring ADHD on brain idiosyncrasy, we performed 
supplementary one-way ANCOVA analyses on the ASC-
Whole, ASC-IA and ASC-II groups divided by presence 
of ADHD. 

Brain behaviour correlations
We examined transdiagnostic relationships between 
VariabilityWhole and the assessed cognitive and behav-
ioural measures across the entire sample using general-
ized additive models (GAMs). The distribution of age, 
mean FD, and each cognitive/behavioural measure 
was first checked for normality using the Kolmogorov–
Smirnov test [63]. Measures approximating a normal dis-
tribution (ADOS-2 CSS, BRIEF-GEC, SNAP-IV Total, 
VABS-ABC), were treated as linear terms, predicting 
VariabilityWhole from the behavioural score while control-
ling for sex, age, and mean FD. The other four measures 
deviating from normality (SRS Total, RBS-R, SSP Total, 
NVIQ) were treated as smooth terms, with the same 
covariates to allow for potentially nonlinear associations. 
Age approximated a normal distribution while mean FD 
did not, and were thus treated as linear and smooth in all 
GAMs respectively. Supplementary analyses were also 
performed for VariabilityWithin and VariabilityTDC. The 
Benjamini–Hochberg False Discovery Rate (FDR) [5] was 
used to correct for multiple tests (across the eight pri-
mary behavioral predictor terms), applying a significance 
threshold of q < 0.05.

Sensitivity analysis
Finally, to rule out potential confounding effects of sex 
given the absence of female participants in the ASC-
II group, we performed a complete sensitivity analysis 

(group differences and transdiagnostic brain-behaviour 
correlations) using male participants only.

Results
Demographics
The final sample included in this study comprised 47 
autistic (28 ASC-IA, 19 ASC-II) and 33 TDC partici-
pants. TDC, ASC-IA, and ASC-II had comparable distri-
butions of age and framewise displacement (all ps > 0.05; 
Table 1). The sex ratio differed significantly between TDC 
and ASC-II (p < 0.05), and the medication and comorbid-
ity ratios differed between TDC and the other two groups 
(p < 0.001). Distribution of cognitive and behavioural 
test scores varied between groups across all eight tested 
dimensions (p = 0.0019 for ADOS-2 CSS, p < 0.001 for 
others). A complete list of our sample’s demographic and 
clinical characteristics in addition to pairwise differences, 
as determined by post-hoc testing, is provided in Table 1.

Group-average activation (BM > SCR contrast)
One-sample t-tests (pFDR < 0.05, cluster-corrected via 
TFCE) revealed significant activation clusters in the 
TDC, ASC-Whole, and ASC-IA groups. Consistent with 
expectations, these clusters included bilateral pSTS and 
cuneus (Fig.  1a-c). In marked contrast, no significant 
clusters for the BM > SCR contrast were observed in the 
ASC-II group at the same statistical threshold, indicat-
ing the absence of a detectable, consistent group-aver-
age BM-specific activation pattern in these individuals 
(Fig. 1d).

Between-group differences in activation (BM > SCR 
contrast)
Two-sample t-tests (pFDR < 0.05, cluster-corrected via 
TFCE), controlling for age, sex, and mean FD, yielded 
only one significant finding: the ASC-II group exhibited 
significantly greater activation in the right intraparietal 
sulcus (rIPS) compared to ASC-IA group (k = 13 voxels, 
peak MNI coordinates = 40, −47, 48; Fig. 2). No other sig-
nificant group differences survived correction.

Brain idiosyncrasy (VariabilityWhole) across groups
We investigated whether brain idiosyncrasy differed 
across the groups using a one-way ANCOVA, control-
ling for age, sex, and mean FD. Using two groups (TDC 
vs ASC-Whole) in the model (Fig. 3a) revealed a signifi-
cant main effect of diagnostic group (F = 8.146, p = 0.0056, 
ηp

2 = 0.050, d = 0.63) on VariabilityWhole. A significant age-
effect (F = 4.962, p = 0.029, ηp

2 = 0.034) on VariabilityWhole 
was also found, suggesting lower variability is associated 
with increasing age. When stratifying the autistic group 
based on IQ in a three-group model (TDC vs ASC-IA vs 
ASC-II; Fig. 3b), group (F = 10.005, p < 0.001, ηp

2 = 0.173) 
and age (F = 7.178, p = 0.009, ηp

2 = 0.055) effects remained 
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significant. Post-hoc testing using pairwise ANCOVA 
tests with Bonferroni correction indicated that Vari-
abilityWhole in the ASC-II group was significantly higher 
than in both the TDC (pFWE < 0.001, d = 1.24) and ASC-
IA (pFWE = 0.010, d = 0.89) groups. No significant differ-
ences in VariabilityWhole were observed between the TDC 
and ASC-IA groups (pFWE = 0.75). Additional File: Fig. 

S1 presents the distribution of VariabilityWithin and Vari-
abilityTDC across our sample.

Brain idiosyncrasy and ADHD
No significant differences in VariabilityWhole (F = 0.078, p 
= 0.78, ηp

2= 3.2*10-4; Fig. S2A), VariabilityWithin (F = 0.23, 
p = 0.64, ηp

2 = 2.2 * 10-4; Fig. S2C), and VariabilityTDC (F 

Table 1  Demographic data and clinical features of participants
Typically developing 
control (TDC) n = 33 

Intellectually able ASC 
(ASC-IA) n = 28 

Intellectually impaired 
ASC
(ASC-II) n = 19

P value Post-hoc test

Mean SD Mean SD Mean SD
Sex (M:F) 25:8 25:3 19:0 0.043a ASC-II ≠ TDC, 

ASC-II = ASC-IA, 
ASC-IA = TDCc

Age (years) 17.5 5.67 16.1 5.48 17.5 6.64 0.59b -

FD 0.0705 0.0311 0.0899 0.0471 0.0942 0.0421 0.067b -

Medication (Y:N) 0:33 16:12 9:10  < 0.001a ASC-II, ASC-IA ≠ TDCc

Comorbidity (Y:N) 0:33 18:10 12:7  < 0.001a ASC-II, ASC-IA ≠ TDCc

Cognition and behaviour

SNAP-IV Total 4.2 5.2 20.2 9.4 24.9 12.4  < 0.001b ASC-II, ASC-IA > TDCd

SRS Total 18.0 10.7 84.7 28.6 99.6 22.5  < 0.001b ASC-II, ASC-IA > TDCd

RBS-R Total 3.3 5.4 26.3 19.6 27.4 20.4  < 0.001b ASC-II, ASC-IA > TDCd

BREIF-GEC 90.2 16.7 149.5 25.9 156.8 25.4  < 0.001b ASC-II, ASC-IA > TDCd

VABS-ABC 113.5 15.6 91.1 14.5 67.0 10.3  < 0.001b ASC-II < ASC-IA < TDCd

SSP Total 185.0 6.0 162.3 22.4 153.8 20.9  < 0.001b ASC-II, ASC-IA < TDCd

ADOS-2 CSS N/A N/A 4.89 2.02 6.89 2.05 0.0019b ASC-II < ASC-IAb

NVIQ 122.3 10.3 117.2 16.2 79.0 23.7  < 0.001b ASC-II < ASC-IA,TDCd

SNAP-IV Swanson, Nolan, and Pelham ADHD Rating Scale, SRS Social Responsiveness Scales, RBS-R Repetitive Behavior Scale–Revised, BRIEF-GEC Behavior Rating 
Inventory of Executive Function—Global Executive Composite, VABS-ABC Vineland Adaptive Behavior Scales—Adaptive Behavior Composite, SSP Short Sensory 
Profile, ADOS-2 CSS Autism Diagnostic Observation Schedule-2 Calibrated Severity Score, NVIQ Nonverbal Full-Scale Intelligence Quotient (Leiter-R)
aChi-square
bANOVA
cPairwise Chi-square tests
dTukey-Kramer Test

Fig. 1  Group-average brain activation for Biological Motion (BM)>Scrambled Motion (SCR) in (A) typically developing controls (TDC), B autism spectrum 
condition (ASC)-Whole, and C ASC-Intellectually Able (IA). No consistent BM-dependent response was observed in the (D) ASC-Intellectual Impairment 
(II) subgroup
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= 0.010 , p = 0.92, ηp
2 =1.9 * 10-3; Fig. S2E), were observed 

between autistic participants (no TDCs had ADHD) with 
(ASC + ADHD) and without ADHD (ASC - ADHD). 
We additionally stratified the ASC + ADHD and ASC - 
ADHD groups based on intellectual capacity [ASC-IA + 
ADHD (n = 11) vs. ASC-IA - ADHD (n = 17) vs. ASC-II 

+ ADHD (n = 8) vs. ASC-II - ADHD (n = 11)] and found 
a significant group effect on VariabilityWhole (F = 3.17, p = 
0.035, ηp

2 = 0.18; Fig. S2B) and VariabilityWithin (F = 3.52, 
p = 0.024, ηp

2 = 0.20; Fig. S2D), but not VariabilityTDC 
(F = 2.61, p = 0.065, ηp

2 = 0.16, Fig. S2F). However, no 
pairwise group differences remained significant following 

Fig. 3  Variability (VAR)Whole across diagnostic groups. Raincloud plots illustrate the distribution of VariabilityWhole across participants. ANCOVA (control-
ling for age, sex, and mean framewise displacement) was used to assess group effects on variability. Autism spectrum condition (ASC)-Whole (n = 47, 
all autistic participants regardless of intelligence) exhibited greater VariabilityWhole than typically developing control (TDC) (n = 33) (A, **pFWE < 0.01). Sig-
nificant group effects were also observed when stratifying the ASC group into ASC-Intellectually Able (IA) and ASC-Intellectual Impairment (II) (B). Post-
hoc pairwise ANCOVA tests with Bonferroni correction showed that ASC-II exhibited greater VariabilityWhole than both ASC-IA (*pFWE < 0.05) and TDC 
(***pFWE < 0.001), but ASC-IA did not differ significantly from TDC (pFWE > 0.05). NS.: Not significant

 

Fig. 2  Group difference in Biological Motion (BM)-evoked activation (BM > Scrambled Motion [SCR]) of the right intraparietal sulcus in Autism Spectrum 
Condition-Intellectual Impairment (ASC-II) compared to ASC-Intellectually Able (IA)
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post-hoc pairwise ANCOVAs with Bonferroni correc-
tion (all pFWE > 0.05). Additional File: Fig. S2 presents the 
distribution of all three Variability metrics across autistic 
participants with and without ADHD.

Transdiagnostic correlations between VariabilityWhole and 
cognitive/behavioural traits
Across the whole sample (Fig. 4; see Additional File: Table 
S2 for full model statistics), after controlling for age, sex, 
and mean FD, higher idiosyncrasy (VariabilityWhole) was 
significantly linearly associated with greater parent-
reported ADHD symptoms (SNAP-IV Total: q = 0.005, 
R2 = 0.242; Fig. 4g), greater executive dysfunction in daily 
life (BRIEF-GEC: q = 0.030, R2 = 0.183; Fig. 4f ), and lower 
adaptive functioning (VABS-ABC: q = 0.030, R2 = 0.189; 
Fig. 4h). No significant linear relationship was identified 
between VariabilityWhole and ADOS-2 CSS (q = 0.113; 
Fig. 4e). Significant nonlinear associations, also control-
ling for covariates, were found (Table S2 in Additional 
File): higher VariabilityWhole was associated with higher 
parent-reported social difficulties (SRS Total: q = 0.047; 
Fig. 4c), repetitive behaviours (RBS-R: q = 0.030; Fig. 4b) 
and sensory processing difficulties (SSP: q = 0.041; 
Fig.  4d). Higher idiosyncrasy was also associated with 
lower NVIQ (Leiter-R: q = 0.0052; Fig. 4a). The relation-
ships between cognitive/behavioural variables and the 
supplementary variability metrics (VariabilityWithin/Vari-
abilityTDC) followed a similar pattern of directionality 
and significance to the primary metric (VariabilityWhole). 
Notably, for the SSP correlation, while VariabilityWithin 
correlations remained statistically significant (q < 0.001), 
the associations with VariabilityTDC were generally 

weaker, only reaching marginal significance (q = 0.060). 
Fig. S3-S4 present the full set of associations between 
VariabilityWithin and VariabilityTDC with these cognitive 
and behavioural metrics, respectively. Additionally, Fig. 
S5-S7 present these correlations for all three variability 
metrics when modelling all brain-behaviour associations 
as linear.

Sensitivity analysis (Male-Only Sample)
To address potential confounds arising from the sex 
imbalance in the ASC-II group, we performed a sensitiv-
ity analysis excluding all female participants (resulting 
sample: 25 TDC, 25 ASC-IA, 19 ASC-II). The pattern of 
group differences in the male-only sample was identical 
to the whole-sample analysis (see Additional File: Table 
S3). The male ASC-II group exhibited significantly higher 
VariabilityWhole compared to male TDCs and male ASC-
IA participants. Consistent with the main analysis, the 
male ASC-IA and male TDC groups did not differ signifi-
cantly regarding whole-sample variability. The transdiag-
nostic associations observed in the whole sample were 
also replicated in the male-only cohort (see Additional 
File: Table S4). Higher VariabilityWhole remained signifi-
cantly associated with lower non-verbal IQ and lower 
adaptive function (VABS-ABC). Furthermore, significant 
positive associations were maintained between idiosyn-
crasy and symptom severity across social (SRS), repeti-
tive behavior (RBS-R), sensory (SSP), executive function 
(BRIEF), and ADHD (SNAP-IV) domains. This confirms 
that the link between brain idiosyncrasy and clinical phe-
notype is robust to sex effects.

Fig. 4  Transdiagnostic associations between brain idiosyncrasy (Variability [VAR]Whole) and cognitive/behavioural measures. Scatterplots depict relation-
ships across all participants, controlling for age, sex, and mean framewise displacement. Significant linear associations (false discovery rate [FDR] q < 0.05) 
were found for Behavior Rating Inventory of Executive Function—Global Executive Composite (BRIEF-GEC) (F), Swanson, Nolan, and Pelham ADHD Rat-
ing Scale (SNAP-IV) Total (G), and Vineland Adaptive Behavior Scales—Adaptive Behavior Composite (VABS-ABC) (H). Significant nonlinear associations 
(generalized additive models, FDR q < 0.05) were found for non-verbal full-scale intelligence quotient (NVIQ) (A), Repetitive Behavior Scale-Revised (RBS-
R) Total (B), Social Responsiveness Scale (SRS) Total (C), and Short Sensory Profile (SSP) Total (D) (lines show model fits). Autism Diagnostic Observation 
Schedule-Second Edition (ADOS-2) Calibrated Severity Score (CSS) (E) was not significantly associated. Shaded areas represent 95% confidence intervals. 
Notably, higher SSP scores represent fewer sensory symptoms

 



Page 9 of 14Cheng et al. Journal of Neurodevelopmental Disorders           (2026) 18:31 

Discussion
Addressing critical gaps in autism neuroimaging, this 
study is among the first to investigate the neural corre-
lates of BM perception in ASC-II and ASC-IA. We report 
three primary findings: 1) the ASC-II group lacked a con-
sistent group-average activation pattern seen in other 
groups; 2) this was explained by significantly elevated 
brain idiosyncrasy in the ASC-II group; and 3) this idio-
syncrasy was robustly associated with transdiagnostic 
cognitive and clinical features. These results challenge 
the sufficiency of group-average approaches and high-
light brain idiosyncrasy as a critical dimension link-
ing brain function to clinical phenotypes across the full 
autism spectrum.

Neural correlates of BM perception: averages mask 
clinically relevant idiosyncrasy
Consistent with extensive prior work [44, 80, 94], the 
TDC, ASC-Whole, and ASC-IA groups showed reliable 
activation in canonical BM processing regions, including 
the pSTS and cuneus, during passive viewing. The strik-
ing absence of any detectable group-average BM > SCR 
activation in the ASC-II group, despite using identi-
cal methods, aligns strongly with our finding of signifi-
cantly elevated brain idiosyncrasy (primarily assessed via 
VariabilityWhole; see Supplementary Material for similar 
trends in other metrics) in this specific subgroup. This 
suggests that the lack of a consistent group map in ASC-
II is not necessarily due to a consistent absence of BM-
related processing in individuals but rather stems from 
high idiosyncrasy in the specific brain patterns elicited, 
which average out at the group level. This interpretation 
supports the hypothesis, prompted by the IQ-depen-
dence of BM performance in ASC [29], that typical spe-
cialized BM circuitry [39, 80] may be disrupted or less 
consistently engaged in ASC-II, leading to the recruit-
ment of more variable brain regions across individuals.

Surprisingly, our conventional group comparisons 
yielded minimal significant differences in mean activa-
tion between the TDC and ASC groups, a finding also 
noted in some prior work [1, 47], though contrasting with 
other studies reporting widespread hypoactivation in 
ASC during BM tasks [7, 30, 50, 99, 100]. The only signifi-
cant group difference in mean activation was greater rIPS 
engagement in ASC-II versus ASC-IA participants. The 
rIPS is implicated in processing visual motion and poten-
tially discerning animacy [77], suggesting its heightened 
engagement in ASC-II might reflect altered attentional 
processing or a compensatory strategy, particularly given 
that task performance tends to decrease with lower IQ in 
ASC [29]. The general absence of significant TDC versus 
ASC group differences in mean activation might partially 
reflect rigorous methodology, including advanced ME-
ICA denoising [19, 26, 35, 54, 84] and sensitive statistical 

thresholding [79], which minimize spurious findings. 
However, the crucial insight emerges from the combi-
nation of these minimal average differences with the 
markedly increased individual idiosyncrasy, especially 
in ASC-II. Consistent with prior work using idiosyn-
crasy [31, 32, 42, 76, 78, 86], our study provides empiri-
cal evidence to argue that group averages provide an 
incomplete, potentially misleading picture of processing 
differences in clinical samples. The most critical neuro-
biological variation appears to lie at the individual level, 
particularly for the ASC-II group.

ASC-II exhibits markedly elevated and uniquely profiled 
brain idiosyncrasy in BM processing
A central finding of this study, which explains the lack 
of a group-average map discussed above, is the signifi-
cantly higher brain idiosyncrasy during BM perception 
observed specifically in the ASC-II group, compared to 
both ASC-IA and TDC groups. While ASC-IA did not 
differ from TDCs on VariabilityWhole or VariabilityTDC, 
they exhibited elevated within-group heterogeneity (Vari-
abilityWithin) compared to TDC (See Fig. S1), suggesting 
subtle differences even in this subgroup. This overall pat-
tern contributes to a growing literature suggesting that 
neurobiological idiosyncrasy is a key characteristic of 
autism [6, 10, 12, 20, 40, 42, 66, 69, 93]. Previous work 
has documented increased idiosyncrasy in autistic indi-
viduals (often primarily ASC-IA samples) across various 
domains, including functional connectivity [83], task-
based brain responses [10, 11, 41, 42, 68, 73, 75], white 
matter microstructure [93], and time-coordinated social 
behaviours [8]. Our results extend this concept of autis-
tic idiosyncrasy to BM perception, intriguingly revealing 
a specific profile where the most pronounced elevation in 
overall idiosyncrasy (VariabilityWhole) is linked to intellec-
tual impairment.

The specificity of elevated idiosyncrasy to the ASC-II 
aligns compellingly with the hypothesis linking intel-
lectual function to BM processing uniquely in ASC. As 
discussed, BM perception in typical development seems 
reliant on specialized mechanisms that are largely inde-
pendent of IQ [72, 92]. If this specialization is altered 
in ASC (perhaps due to disruptions in underlying cir-
cuitry), reliance may shift towards more general cogni-
tive resources, thereby making the process IQ-dependent 
[29]. We propose that individuals with greater cogni-
tive resources (ASC-IA and TDC) may more effectively 
recruit and constrain brain activity towards a relatively 
consistent pattern, reflecting either intact specialization 
or successful compensatory/attentional strategies [53], 
resulting in lower idiosyncrasy. The elevated idiosyncrasy 
specific to ASC-II may arise from an interplay between 
potentially altered network specialization for BM, com-
pensatory reliance on general cognitive functions, and 
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the modulating influence of intellectual capacity, espe-
cially attentional and executive control abilities [28]. The 
significant negative association we observed between 
NVIQ and Variability across the entire sample provides 
strong transdiagnostic support for this interpretation, 
linking lower cognitive ability with more idiosyncratic 
brain patterns during BM perception.

Brain idiosyncrasy transdiagnostically correlates with 
cognitive abilities and clinical features
Beyond group differences, our findings reveal robust 
transdiagnostic associations between the degree of brain 
idiosyncrasy (primarily VariabilityWhole; see Supple-
mentary Material Figs. S3-S7 for similar patterns with 
other metrics) and a wide array of clinically relevant 
characteristics. Higher idiosyncrasy was significantly 
linked to lower non-verbal IQ (NVIQ) and poorer adap-
tive functioning (VABS-ABC), suggesting that more 
atypical individual brain patterns relate to broad diffi-
culties in cognitive abilities and real-world skills. Fur-
thermore, higher idiosyncrasy correlated with greater 
parent-reported difficulties in domains central to autism, 
including social responsiveness (SRS Total), repetitive 
behaviours (RBS-R Total), and sensory processing (SSP 
Total), as well as co-occurring challenges like ADHD 
symptoms (SNAP-IV Total) and executive dysfunction 
(BRIEF-GEC). The dimensional correlation between 
ADHD symptoms and brain idiosyncrasy during a BM 
perception task is particularly notable, despite no sig-
nificant categorical differences among autistic subgroups 
with and without ADHD (Fig. S2). Attention is a criti-
cal modulator of biological motion processing [87]. We 
speculate that the characteristic attentional variability 
or “lapses” associated with ADHD symptoms may lead 
to inconsistent neural engagement with the stimuli. In a 
passive viewing task, fluctuations in sustained attention 
could result in highly variable neural recruitment within 
individuals across the scan duration. This unstable inter-
nal processing likely manifests as a more unique, idiosyn-
cratic activation pattern when averaged over the scan, 
thereby increasing inter-individual variability compared 
to those with more stable attentional focus. This adds to 
a growing body of literature linking co-occurring ADHD 
traits with alterations in social perceptual processing 
[89]. These results suggest that brain idiosyncrasy during 
even a specific task like passive BM viewing may reflect 
broader principles of brain organization or processing 
efficiency that impact multiple functional domains. This 
aligns with previous work linking brain idiosyncrasy to 
cognitive performance, including social comprehension 
[12], generalized and social cognition [78], and execu-
tive function [42]. The widespread associations could 
arise if less constrained, more variable brain activity for 
BM encroaches upon or interferes with other networks, 

or if idiosyncrasy itself is a marker of less efficient or less 
specialized cognitive processing across systems. The lack 
of a significant association with ADOS-2 CSS (q = 0.113), 
despite correlations with other autism-relevant mea-
sures (SRS, RBS-R, SSP), is noteworthy. We attempted 
to address the potential impact of the data distribution 
by modelling ADOS-2 CSS as an ordinal variable; how-
ever, this approach similarly failed to reveal a significant 
relationship with brain idiosyncrasy. This may reflect 
measurement limitations of the ADOS-2 CSS or suggest 
that passive brain idiosyncrasy relates more strongly to 
dimensional questionnaire traits than to observer-rated 
severity in a specific context.

The observed transdiagnostic correlation between 
higher brain idiosyncrasy and greater clinical challenges 
requires careful interpretation. While brain diversity is 
evolutionarily adaptive [64, 70], our findings support a 
continuum model: idiosyncrasy is a fundamental dimen-
sion of brain organization where clinical relevance 
emerges at its extremes [37] rather than reflecting an 
intrinsically pathological trait.

Limitations
Several limitations should be considered. First, the 
cross-sectional correlational nature of our brain-behav-
iour findings precludes causal inferences. Future work 
using brain stimulation methods could probe causal 
links. Second, our passive viewing task did not include 
a behavioural measure of BM perception accuracy or 
reaction time, limiting our ability to directly link brain 
idiosyncrasy to task performance itself. Third, while we 
verified participant alertness pre- and post-scan, we 
lacked concurrent eye-tracking to confirm continuous 
visual attention to the stimuli throughout the task [51, 
81]. Fourth, the sample has a significant sex bias towards 
males, reflecting known challenges in recruiting autis-
tic females. However, our sensitivity analysis exclud-
ing females (Tables S3 & S4) confirmed that both the 
elevated idiosyncrasy in ASC-II and the transdiagnostic 
correlations hold true in a male-only cohort, suggesting 
these effects are not driven by sex differences. Fifth, the 
wide age range of our participants (8–30 years), encom-
passing childhood, adolescence, and young adulthood, is 
a further limitation. While age was included as a linear 
covariate in our analyses, this statistical control may not 
fully capture the complex, potentially nonlinear neurode-
velopmental changes occurring across this broad devel-
opmental window, which could influence BM processing, 
brain idiosyncrasy, and their associations. Sixth, our find-
ings are specific to BM perception; future research should 
investigate whether elevated brain idiosyncrasy in ASC-II 
generalizes across different social and non-social tasks. 
Seventh, although stimulant medications were withheld 
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24 h prior to scanning, we did not account for potential 
chronic effects of medication history.

Conclusion
This study provides novel evidence on the brain pro-
cessing of biological motion in autism, particularly by 
including the often-excluded subgroup of individuals 
with co-occurring intellectual impairment (ASC-II) and 
focusing on individual-level brain idiosyncrasy. We dem-
onstrated that the ASC-II group lacks a consistent group-
average BM activation pattern, exhibits significantly 
elevated brain idiosyncrasy compared to both ASC-IA 
and TDC groups, and shows heightened activation only 
in the rIPS relative to ASC-IA. Crucially, the degree of 
brain idiosyncrasy during this passive social perception 
task was strongly associated with core cognitive abilities 
(nonverbal IQ), adaptive functioning, and multiple clini-
cal domains (autistic traits, executive function, ADHD 
symptoms) transdiagnostically. Our results underscore 
the limitations of relying solely on group-average analy-
ses in heterogeneous conditions like autism and highlight 
brain idiosyncrasy not as mere noise, but as a potentially 
critical, clinically relevant feature of brain function, espe-
cially prominent in ASC-II. These findings compel a shift 
in autism neuroimaging, advocating for research prac-
tices that embrace and quantify idiosyncrasy to achieve 
a more comprehensive, ecologically valid, and nuanced 
understanding of the neurobiological underpinnings 
across the entire autism spectrum. Future work explor-
ing the mechanisms driving idiosyncrasy and its devel-
opmental trajectory holds promise for identifying novel 
markers and potential intervention targets.
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