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Abstract
Background  Autism spectrum disorder (ASD), a neurodevelopmental disorder defined by social communication 
deficits plus repetitive behaviors and restricted interests, currently affects 1/36 children in the general population. 
Recent advances in functional brain imaging show promise to provide useful biomarkers of ASD diagnostic 
likelihood, behavioral trait severity, and even response to therapeutic intervention. However, current gold-standard 
neuroimaging methods (e.g., functional magnetic resonance imaging, fMRI) are limited in naturalistic studies of brain 
function underlying ASD-associated behaviors due to the constrained imaging environment. Compared to fMRI, 
high-density diffuse optical tomography (HD-DOT), a non-invasive and minimally constraining optical neuroimaging 
modality, can overcome these limitations. Herein, we aimed to establish HD-DOT to evaluate brain function in autistic 
and non-autistic school-age children as they performed a biological motion perception task previously shown to yield 
results related to both ASD diagnosis and behavioral traits.

Methods  We used HD-DOT to image brain function in 46 ASD school-age participants and 49 non-autistic 
individuals (NAI) as they viewed dynamic point-light displays of coherent biological and scrambled motion. We 
assessed group-level cortical brain function with statistical parametric mapping. Additionally, we tested for brain-
behavior associations with dimensional metrics of autism traits, as measured with the Social Responsiveness Scale-2, 
with hierarchical regression models.

Results  We found that NAI participants presented stronger brain activity contrast (coherent > scrambled) than ASD 
children in cortical regions related to visual, motor, and social processing. Additionally, regression models revealed 
multiple cortical regions in autistic participants where brain function is significantly associated with dimensional 
measures of ASD traits.
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Introduction
Autism spectrum disorder (ASD), a neurodevelopmen-
tal disorder impacting 1 in 36 children in the United 
States, is characterized by social communication defi-
cits and restricted, repetitive patterns of behavior and 
interests [1, 2]. Autism is observed across all groups, 
regardless of race, ethnicity, and socio-economic status 
[3, 4], with a growing prevalence in recent years [3, 5, 
6]. Although early signs of ASD may begin to appear by 
age six months, reliable individually predictive diagnos-
tic indicators during the first year of life have yet to be 
established, and the median age at diagnosis is 49 months 
in the US [2, 7]. Early autism identification and a deeper 
understanding of the physiological mechanisms contrib-
uting to ASD will inform early interventions that may 
reduce impairments, enhance social skills development, 
increase independence, and improve academic success 
[8–10]. Brain-based biomarkers identified through func-
tional magnetic resonance imaging (fMRI) may point 
to region-specific and network-level mechanisms that 
underlie behavioral variation in autism and may facilitate 
clinical subtyping, early diagnosis, and track response 
to interventions [9, 10]. However, the MRI environment 
can prove intolerable for many children due to noise, 
claustrophobia, and the need to lie supine and still [11]. 
Optical functional neuroimaging methods (e.g., func-
tional near-infrared spectroscopy; fNIRS) are a poten-
tial solution to providing a more naturalistic functional 
neuroimaging environment amenable to studies on 
autistic children [12, 13]. Recent developments in high-
density diffuse optical tomography (HD-DOT) methods 
have dramatically improved reliability and image qual-
ity over traditional fNIRS [14, 15], enabling functional 
neuroimaging with fMRI-comparable image quality in 
an open setting [14, 16, 17]. The utility of HD-DOT has 
been previously established in multiple groups includ-
ing healthy adults [15, 16, 18–20], adults with Parkinson’s 
Disease [15], adults with cochlear implants [21], school-
age children [22, 23], and infants, including within clini-
cal settings [24, 25]. Given the opportunity HD-DOT has 
to advance autism research, herein, we use HD-DOT to 
investigate brain function underlying passive viewing of 

biological motion. This is the first study to establish its 
feasibility in a school-age autism cohort using a passive 
biological motion perception task. We specifically chose 
the biological motion task due to its common use in 
fMRI and eye tracking studies on ASD throughout child-
hood development [26–31].

Biological motion perception (BMP) is an evolution-
arily conserved process [32–35] that plays a crucial role 
in filial attachment, predator detection, and social devel-
opment [36, 37], whose difference has been implicated in 
ASD [9, 26]. While typically developing infants display a 
strong preference for viewing coherent point-light dis-
plays of biological motion over scrambled or inverted 
point-light displays [38, 39]– a preference that emerges 
rapidly over the first two years of life [38] – infants and 
toddlers who later receive an ASD diagnosis often do not 
exhibit this preference [9, 40, 41]. Increasing extant evi-
dence supports the cascading effect of difference in BMP 
throughout childhood development as possible precur-
sors for heterogeneous presentations of social communi-
cation associated with ASD [36, 40, 42]. Direct measures 
of the brain function underlying BMP may provide quan-
titative biomarkers for ASD that support both diagnostic 
and transdiagnostic analyses against quantitative behav-
ioral, neurological, and genomic data, and bridge the gap 
between observable behaviors and underlying neuro-
physiological mechanisms [43–47].

Neuroimaging studies using task-based fMRI have 
demonstrated sensitivity to brain activity patterns that 
may inform ASD diagnosis using BMP stimuli [27, 43, 
48, 49]. For example, Kaiser et al. (2010), a foundational 
study on brain function underlying BMP in children with 
autism, showed that the constellation of activity within 
12 cortical regions was different for autistic children, 
non-autistic individuals (NAI) participants, and pro-
band siblings (PS). This suggested that the brain function 
underlying BMP is related to the genetic background for 
ASD, which has been shown to be highly heritable [26, 
50]. Additionally, a meta-analysis of eight fMRI stud-
ies on BMP summarized 62 foci and identified 6 clusters 
exhibiting stronger brain activity in NAI participants 
compared to the autistic cohort [42]. Conversely, other 

Limitations  Optical imaging methods are limited in depth sensitivity and so cannot measure brain activity within 
deep subcortical regions. However, the field of view of this HD-DOT system includes multiple brain regions previously 
implicated in both task-based and task-free studies on autism.

Conclusions  This study demonstrates that HD-DOT is sensitive to brain function that both differentiates between 
NAI and ASD groups and correlates with dimensional measures of ASD traits. These findings establish HD-DOT as an 
effective tool for investigating brain function in autistic and non-autistic children. Moreover, this study established 
neural correlates related to biological motion perception and its association with dimensional measures of ASD traits.

Keywords  Autism spectrum disorder, Neuroimaging, High-density diffuse optical tomography, Biological motion, 
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fMRI studies using BMP stimuli have reported no sig-
nificant group differences [48, 51]. The observed incon-
sistencies may stem from differences in experimental 
design, cohort (e.g., participant age range, autism symp-
tom severity, cognitive capabilities), or motion artifacts 
[42]. Indeed, fMRI is limited in studies on naturalistic 
brain function in children because of the ergonomic con-
straints of the magnet bore and a sensitivity to motion-
induced artifacts [52]. While optical methods like fNIRS 
and HD-DOT measure relative changes in a blood oxy-
genation level dependent signal akin to that of fMRI [53], 
they overcome the logistical limitations of fMRI and 
present a potential solution to provide a more naturalis-
tic neuroimaging environment amenable to studies with 
autistic children throughout childhood development [12, 
13, 54, 55].

Herein, we aimed to establish: (i) the feasibility of 
HD-DOT for evaluating brain function in children, (ii) 
the neural correlates of BMP, and (iii) the relationships 
between these neural correlates and dimensional behav-
ioral autistic traits. To accomplish these aims, we used 
HD-DOT to evaluate brain responses of ASD, NAI, and 
PS school-age participants (age 7 to 18 years) as they pas-
sively viewed coherent and scrambled point-light displays 
of biological motion [26, 50, 56]. We assessed group-
level cortical brain function with statistical parametric 
mapping. Additionally, we conducted an exploratory 
brain-wide investigation of how brain activity related to 

dimensional autistic traits using hierarchical regression 
analyses with two complementary analyses. We hypoth-
esized that: (i) HD-DOT is feasible for measuring brain 
function in autistic and non-autistic children; (ii) the 
brain contrast in response to coherent vs. scrambled bio-
logical motion will be stronger in the NAI than the ASD 
group; and (iii) the magnitude of this brain contrast will 
be negatively correlated with dimensional metrics of 
autistic traits.

Methods
Participants
Participants were recruited from the Washington Uni-
versity in St. Louis community and surrounding area. 
Written informed consent was obtained for each par-
ticipant or guardian as approved by the Human Research 
Protection Office at Washington University School of 
Medicine. We recruited 112 participants age 7–18 years, 
including 46 individuals with a known diagnosis of ASD, 
49 non-autistic individuals (NAI), and 17 proband sib-
lings (PS) (Table  1). No participants had a documented 
history of neurological injury. The NAI participants had 
neither a suspected ASD diagnosis according to their 
parents/guardians nor any first-/second-degree relatives 
with confirmed or suspected autism. All participants in 
the ASD group had a community-ascertained ASD diag-
nosis based on the DSM-5. To confirm diagnosis and 
to measure autism severity along dimensions of social 

Table 1  Participant demographics and group characteristics
ASD NAI

Full sample
 (n = 46)

Final sample
 (n = 23)

Full sample 
(n = 49)

Final sample
 (n = 21)

Sex, Males: Females 33:13 19:4 30:19 12:9
Mean (SD) n Mean (SD) n Mean (SD) n Mean (SD) n

Age, years 13.1 (2.7) 46 14.6 (10.3) 23 12.2 (3.0) 49 13.1 (3.2) 21
SRS-2 Raw score 90.0 (29.2) 45 84.1 (26.5) 23 16.1 (12.3) 42 11.7 (9.6) 21

T score 73.3 (12.6) 45 70.4 (10.9) 23 43.8 (5.0) 42 42.1 (4.1) 21
KBIT-2 IQ Verbal 94.5 (19.2) 39 100.6 (14.1) 23 105.6 (9.8) 33 106.1 (9.8) 21

Nonverbal 99.2 (17.7) 39 105.0 (10.3) 23 109.8 (13.8) 33 109.8 (13.0) 21
Composite 96.3 (19.0) 40 103.4 (13.0) 23 109.3 (10.9) 33 109.4 (10.0) 21

ADOS Mod2 Overall 11.3 (2.9) 3 11.0 (0.0) 1
Social Com 8.3 (0.5) 3 8.0 (0.0) 1
RRB 3.0 (2.4) 3 3.0 (0.0) 1

ADOS Mod3 Overall 15.4 (6.2) 13 14.2 (6.2) 9
Social Com 11.3 (5.7) 13 8.4 (4.8) 9
RRB 3.5 (2.7) 13 3.8 (2.6) 9

ADOS Mod4 Overall 7.0 (2.9) 3 5.0 (1.0) 2
Social Com 8.4 (3.7) 5 8.0 (4.1) 4
RRB 1.4 (1.7) 5 1.8 (1.8) 4

ADIR Social 18.5 (5.6) 13 16.4 (5.6) 8
Verbal 12.8 (5.5) 13 11.0 (5.8) 8
RRB 4.2 (2.2) 13 3.8 (1.7) 8

Standard deviation (SD), Number of sample (n). KBIT-2 IQ: Kaufmann Brief Intelligence Test, Second Edition, SRS-2: Social Responsiveness Scale, 2nd edition ADOS: 
Autism Diagnostic Observation Schedule, Social Com: Social Communication, RRB: Restricted, Repetitive Behaviors, ADI-R: Autism Diagnostic Interview – Revised
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communication, restricted and repetitive behaviors, and 
adaptive functioning, participants in the ASD group 
were administered the Autism Diagnostic Observation 
Schedule (ADOS) and/or Autism Diagnostic Interview–
Revised (ADI-R). All PS participants had a sibling with 
a community-ascertained autism diagnosis but did not 
have an autism diagnosis themselves.

Behavioral measurements
The Kaufmann Brief Intelligence Test (KBIT-2) provided 
three measures: verbal and nonverbal intelligence quo-
tients (VIQ, NVIQ, respectively) and a composite intel-
ligence quotient (IQ) [57]. The Social Responsiveness 
Scale, 2nd edition (SRS-2), provided a parent-reported 
measure of social reciprocity, with higher scores corre-
spondent to higher levels of autism traits [58]. The SRS 
raw scores were converted to standardized SRS t-scores 
for analyses across a general population to avoid bias for 
age or sex. To control for variability due to significantly 
lower cognitive function, participants with standard-
ized composite KBIT IQ < 70 were removed from analy-
ses (five participants in the ASD group). To control for 
possible unknown variance, we excluded participants 
with missing IQ scores (16 NAI, 16 ASD, and 1 PS), and 

missing SRS scores (2 NAI and 2 PS). Importantly, this 
data loss is attributed specifically to personnel factors 
due to ceasing data collection due to COVID-19 restric-
tions, and is not related to the task performance of the 
participants.

HD-DOT System and data acquisition
We used a previously described custom-built continuous 
wave HD-DOT system (Fig.  1A) [14, 15, 20]. The high-
density array provided sensitivity in a field of view over 
approximately a third of the optically accessible cortex, 
including multiple cortical regions previously implicated 
in processing biological motion [26, 42]. The imaging cap 
supported multiple source-detector distances (i.e., first 
through fourth nearest neighbors defined as 13, 30, 39, 
and 47 mm), providing more than 1,200 spatially overlap-
ping multi-distance measurements per wavelength that 
together deliver fMRI-comparable resolution via tomo-
graphic reconstruction at a frame rate of 10 Hz.

Experimental procedure and stimuli
Participants completed a 35-minute-long imaging ses-
sion seated in an adjustable chair with a lumbar support 
pillow for comfort. The HD-DOT cap fit was guided 

Fig. 1  HD-DOT system and study Design. A. HD-DOT array on a school-age participant. B. The field of view of the HD-DOT system on the cortical surface. 
C. The DOT field of view, broken into parcels based on the Gordon parcellation, included 141 unique parcels and sampled auditory, cingulo-opercular 
(CinguloOperc), default mode, dorsal attention (DorsalAttn), frontal parietal (FrontoParietal), somatosensory hand (SMhand), somatosensory mouth 
(SMmouth), ventral attention (VentralAttn), visual, and no-assignment (None) functional networks. D. The study design of the biological motion percep-
tion experiment, participants passively viewed point-light displays of coherent biological and scrambled motion separately through a 20-inch (diagonal) 
LCD monitor. E. Distribution of the Social Responsiveness Scale-2 t scores for ASD, and NAI, and PS participants
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by real-time readouts of quantitative assessments of 
optode-scalp coupling quality, including the mean light 
level and the coupling coefficient for each optode, and 
coupling variability for each optode. The imaging cap 
was placed comfortably on the head relative to anatomi-
cal landmarks of the left and right tragus and inion. The 
stimulus paradigm run was presented via Psychophysics 
Toolbox 3 (MATLAB, 2010b) using a 20-inch (diagonal) 
LCD screen 90  cm away from the participant’s nation. 
The stimulus movie run consisted of alternating blocks of 
24-second movies of point-light displays of coherent bio-
logical and scrambled motion (six movies of each type) - 
identical stimulus movies as previously used [26, 28]. No 
audio was presented during this task. Participants were 
instructed before each run to maintain attention on the 
stimulus and their attention to the stimulus was moni-
tored throughout the session via web cams. Each stimulus 
run started and ended with a 30-second fixation period, 
for a total of 5  min and 48  s per run. Participants were 
requested to complete the biological motion perception 
task three times. Although some participants only com-
pleted the tasks twice, we obtained sufficient data from 
all participants included in the study for group analysis. 
Notably, there was no significant difference in the num-
ber of completed tasks between the NAI and ASD groups 
(t = 0.0832, p = 0.9339).Participants were additionally pre-
sented with auditory, visual, and moving-viewing tasks; 
however, these data are not included in this report.

Data Processing and image reconstruction
The HD-DOT data were processed using the NeuroDOT 
processing pipeline in MATLAB (https://www.nitrc.org/
projects/neurodot/). Briefly, individual source-detector 
pair light-level measurements were converted into mov-
ies of relative hemodynamic changes at the voxel level 
through five steps: light-level measurement pre-process-
ing, anatomical light modeling, image reconstruction, 
spectroscopy, and spatial normalization. The resultant 
data were movies of blood oxygenation level-dependent 
signals of relative changes in oxygenated hemoglobin 
(HbO) and deoxygenated hemoglobin (HbR). As we did 
not collect participant-specific MRI anatomy, follow-
ing previous HD-DOT studies, we incorporated a stan-
dard MNI atlas-representative head model for image 
reconstruction [15, 19–23, 25], which we have previously 
shown provides mean image errors under 7 mm [14], as 
opposed to mean errors of 5  mm when using a partici-
pant specific head model [16]. As such, we expect errors 
due to using the atlas-based approach to be within inter-
participant variability [59]. Herein, we focus on the HbO 
results due to its superior signal-to-noise ratio in com-
parison to HbR [15, 20, 60]. Details regarding these pro-
cedures have been previously published [14, 15] and are 
described in the supplementary methods.

Data quality assessment
To ensure data reliability, we assessed data quality using 
the following three metrics: (i) the pulse signal-to-noise 
ratio (SNR), (ii) the good measurement percentage, 
and (iii) the global variance of the temporal derivative 
(GVTD). The pulse SNR was calculated as the ratio of 
the integrated band-limited power at the pulse frequency 
(within a window of 0.5–2  Hz) to the median power in 
the same bandwidth immediately next to the pulse band. 
This metric assesses sensitivity of the measurement to 
vascular physiology, and therefore is an excellent mea-
sure of strong optical coupling of the system to the scalp. 
A threshold pulse SNR of 1 dB was employed to filter 
out runs with poor optode-scalp coupling [61]. The good 
measurement (GM) percentage was calculated as the 
percentage of measurements with a temporal standard 
deviation less than 7.5% [62]. To ensure consistent spatial 
coverage of the field of view, runs with less than 80% GM 
were excluded for further analysis. The GVTD metric, 
much like the DVARS (D referring to temporal deriva-
tive of time courses, VARS referring to root mean square 
variance over voxels) measure of fMRI, was calculated as 
the root mean square across the first temporal deriva-
tive of all first nearest neighbor measurements of both 
wavelengths [62]. The GVTD is a data-driven motion 
metric for fNIRS and HD-DOT and has been validated 
to outperform direct accelerometer measures and other 
motion correction methods [62]. Lower GVTD values 
correspond to HD-DOT maps with high spatial similar-
ity against gold standard fMRI maps [62]. Here, we used 
GVTD to quantify the levels of motion and we removed 
data with high levels of motion using an empirical GVTD 
threshold of 0.1% [20, 61].

Biological motion data analysis
A general linear model was used to estimate within-par-
ticipant beta values of coherent biological motion, scram-
bled motion, and their contrast (coherent > scrambled) in 
both HbO and HbR, using an HD-DOT-derived hemody-
namic response function [63]. Mean beta maps for each 
participant were generated by averaging beta values from 
all runs that passed our stringent data quality and motion 
thresholding.

Statistical analysis
We tested for potential differences in age, VIQ, NVIQ, 
SRS, GM, and GVTD between groups with the Wilcoxon 
rank sum test. We used Fisher’s exact test to test for dif-
ferences in the proportion of females. While 12 PS par-
ticipants passed data quality thresholds, the small sample 
size precluded meaningful statistical power. Thus, we 
excluded the PS participants from group level analyses. 
However, we included metrics of data quality and Social 
Responsiveness Scale (SRS) distribution analyses for the 

https://www.nitrc.org/projects/neurodot/
https://www.nitrc.org/projects/neurodot/
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PS group to ensure transparency and completeness and 
exclude from group level analysis. After stringent data 
quality thresholds (SNR > 1 dB, GM > 80%) and match-
ing NAI and ASD groups for mean GVTD, IQ, the pres-
ence of SRS measures, sex, and age, 21 NAI and 23 ASD 
participants were included in the analyses. Cluster-extent 
based thresholding was performed in SPM12 (Wellcome 
Trust Centre for Neuroimaging, London, UK) using the 
mean beta maps for each participant as input, cluster-
extent-based thresholds (k) calculated assuming a Gauss-
ian random field [63], and a voxel-level p-value threshold 
(p < 0.0075). In Kaiser et al., PNAS, 2010, the voxel-level 
p-value threshold was set at an uncorrected value of 
0.0025 as they considered three separate conjunc-
tion analyses (i.e., state: NAI > ASD and PS > ASD, trait: 
NAI > ASD and NAI > PS, and compensatory: PS > NAI 
and PS > ASD). Given that our final analysis did not use 
separate conjunction analysis, we applied a threshold 
for the voxelwise p = 0.0025 × 3 = 0.0075 to ensure robust 
control of multiple statistical comparisons. The residual 
images were used to estimate intrinsic smoothness for 
the contrast effects (i.e., coherent > scrambled). Two-
sample t-tests compared task contrast effects within and 
across the NAI and ASD groups, with p < 0.0125 for each 
tail with a false discovery rate (FDR) correction to con-
trol for multiple comparisons [64]. For the within-group 
statistics, we used paired t-tests. For the between group 
comparisons, we used two-sample t-tests. The selected 
thresholds were chosen to account for the two condi-
tions/groups (coherent vs. scrambled or ASD vs. NAI) 
and two tails, leading to a threshold of 0.05/4 = 0.0125. 
We used the WFU PickAtlas 3.0.5b [65] to identify ana-
tomical reference naming for the given MNI coordinate 
locations for each surviving cluster. Regions of inter-
est (ROI) surviving cluster correction were used for 
correlation analyses with the SRS t-scores. The mean 
contrast (coherent > scrambled) beta values within the 
corresponding clusters for each participant were cor-
related with the SRS t-score using Pearson correlations. 
Clusters with nominally significant correlations (p < 0.05; 
FDR corrected) were further analyzed with hierarchical 
regression models for descriptive analyses.

As a secondary analysis, we used the Gordon corti-
cal parcellation [66] to provide an unbiased spatial sam-
pling for exploratory analyses of the relationship between 
BMP brain responses and SRS t-scores. The function-
ally defined Gordon parcellation provided a framework 
to couch our exploratory brain-wide analyses of brain-
behavior relationships within functionally identified 
regions of interest. The intersection of each Gordon par-
cel with the HD-DOT field of view provided 141 parcels 
associated with nine functional networks (i.e., auditory, 
frontal-parietal, default mode, dorsal-attention, somato-
sensory hand, somatosensory mouth, ventral attention, 

cingulo-opercular, and visual functional networks; 
Fig.  1C). Small parcels of size < 500 mm3 were excluded 
from analyses. We averaged the beta contrast values 
within each parcel and calculated Pearson correlations 
as above. We ran descriptive analyses using hierarchical 
regression models for data in parcels passing a nominal 
significance level (p < 0.025; FDR corrected) to generate 
hypotheses for future studies.

We used hierarchical linear regression analyses to 
test for confounding effects due to age, sex, cognitive 
function, and data quality metrics in the relationships 
between brain contrast and SRS t-score (IBM SPSS Sta-
tistics. Version 29.0). The hierarchical regression analysis 
allowed investigation of the relationships between brain 
contrast and SRS t-scores while accounting for associa-
tions of other variables of both interest (age, sex, cogni-
tive scales) and non-interest (GVTD-assessed motion) 
with SRS scores. Reported relationships between con-
tribution of brain activation differences and the SRS 
entail are thus estimated above and beyond these other 
factors.” In each hierarchical regression analysis, the 
first model included participants’ demographic informa-
tion (i.e., age and sex) as predictor variables. The second 
model included Model 1 predictors and cognitive scores 
(i.e., NVIQ and VIQ). The third model added the motion 
(GVTD) and data quality (GM) variables with Model 2 
predictors. The fourth model included Model 3 predic-
tors and autism traits (i.e., SRS t-score). We checked the 
normality of the regression model residuals and visually 
inspected for violation of randomness and homoscedas-
ticity with residual plots. Additionally, we checked the 
collinearity of variables with the variable inflation fac-
tors (VIF) and found that the VIF in all models was below 
five, the problematic threshold for collinearity.

Results
Behavioral/Demographic data
The final cohorts meeting full inclusion criteria were 
composed of 23 participants in the ASD group (SRS 
t-score = 70.43 ± 10.91, VIQ = 100.61 ± 14.10, and 
NVIQ = 105.04 ± 10.29), 21 participants in the NAI group 
(SRS t-score = 42.10 ± 4.05, VIQ = 106.05 ± 9.83, and 
NVIQ = 109.77 ± 12.92), and 12 participants in the PS 
group (SRS t-score = 47.25 ± 9.09, VIQ = 107.58 ± 12.10, 
and NVIQ = 107.42 ± 9.73). The final NAI and ASD 
cohorts were matched in the proportion of females 
(p = 0.099), age (z = -1.516, p = 0.130), and KBIT-2 ver-
bal (t = 1.082, p = 0.279) and non-verbal scores (t = 1.754, 
p = 0.079). As expected, the SRS t-scores strongly differed 
with significantly higher t-scores for the ASD group than 
for the NAI group (z = 6.412, p < 0.001).
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HD-DOT feasibility and data quality evaluation
Data quality analyses revealed that 98.2% of partici-
pants (N = 110) had at least one experimental run with a 
pulse SNR greater than 1dB (Fig. 2Ai), and 89.2% of par-
ticipants (N = 100) had at least one run with a GM per-
centage exceeding 80% (Fig.  2Bi). Additionally, 88.4% of 
participants (N = 99) had at least one run that satisfied 
both SNR greater than 1 dB and GM greater than 80% 
criteria. Further, 87.5% of participants (N = 98) had a run 
with a median GVTD lower than 0.1% (Fig. 2Ci). Impor-
tantly, there were no significant group differences in GM 
(z = 0.724, p = 0.469; Fig. 2Bii) or motion (GVTD; z = 1.80, 
p = 0.07; Fig. 2Cii) in the final cohorts.

Within- and between- group brain activity
The maps of the t-tests (i.e., t-maps) for the NAI group 
exhibited bilateral patterns of contrast as measured 
by HbO concentration changes (Fig.  3A). Specifically, 
cluster-corrected NAI group results showed implicated 
regions in the left inferior occipital gyrus (IOG), right 
middle occipital gyrus (MOG), bilateral inferior frontal 
gyrus (IFG), right superior temporal gyrus (STG), and 
right postcentral gyrus (PCG) (Fig.  3A and Table  2). In 
contrast, the ASD group (Fig. 3B) exhibited a strong con-
trast only in the right hemisphere, including the middle 
frontal gyrus (MFG), right MOG, middle temporal gyrus 
(MTG), and PCG. Complementary results are presented 

for the HbR contrast in Supplementary Fig. 1 and Supple-
mentary Table 1.

The contrast in brain activity between the NAI and 
ASD groups showed greater contrast in NAI than the 
ASD group in multiple regions (Fig.  3C). The cluster-
corrected results revealed that the NAI group exhib-
ited a significantly greater contrast than the ASD group 
in bilateral IFG, left lingual gyrus, left fusiform gyrus 
(FFG), left PCG, and right IOG (cluster-wise threshold 
p < 0.0125; Fig. 3C). The ASD group did not exhibit signif-
icantly greater contrast activity than NAI in any regions 
(Table 2).

Relationship between brain function and SRS
To evaluate potential brain-behavior relationships, we 
correlated the parent-reported SRS t-scores with mean 
contrast magnitudes in the ten identified clusters within 
each group (those shown in Fig. 3A and B, and Table 2). 
These analyses revealed positive correlations between 
SRS t-score and cortical contrasts in the ASD group in 
five regions: right IFG (r = 0.511, p = 0.013), right STG 
(r = 0.512, p = 0.013), right MFG (r = 0.527, p = 0.010), right 
MOG (r = 0.625, p = 0.001), and right MTG (r = 0.443, 
p = 0.034). There were no significant correlations between 
contrast magnitudes and SRS t-score in the NAI group.

Fig. 2  Data quality assessment. A. Distribution of mean signal-to-noise ratio in the pulse frequency band (i.e., 0.5–2 Hz) from (i) full samples (participant 
number = 112, 321 biological motion runs) and (ii) final samples (i.e., participant number = 44, NAI n = 21, and ASD n = 23). B. Distribution of good mea-
surement percentage of all measurements within 4 cm source-detector separation for (i) full and (ii) final sample. NAI and ASD groups did not signifi-
cantly differ from each other (p = 0.469, z = 0.724). C. Distribution of post-censoring median GVTD (i) of all runs of all participants and (ii) final sample. In 
the final sample, there is no significant difference in median GVTD (p = 0.07, z = 1.8) between NAI and ASD cohorts
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Brain-wide exploratory parcel-based analysis
A brain-wide exploratory correlation analysis in Gordon 
parcels that intersected the HD-DOT field of view (Fig. 4) 
revealed eight significant parcels (p < 0.025; Fig. 5). In the 

NAI sample, contrast magnitudes in the left fusiform 
parcel exhibit a positive correlation (r = 0.568, p = 0.007) 
with SRS t-score. In the ASD group, the left angular 
gyrus was negatively correlated (r = -0.571, p = 0.004) 

Table 2  Anatomical regions of peak contrast activity for HbO
Contrast BA k (mm) T peak, mean x (mm) y (mm) z (mm)
NAI (coherent > scrambled)
Inferior Occipital Gyrus (L) 18 18892 7.41, 3.53 -41 -99 -12
Middle Occipital Gyrus (R) 18 9328 4.76, 3.14 44 -92 -9
Inferior Frontal Gyrus (L) 46 8762 4.36, 3.01 -59 28 12
Inferior Frontal Gyrus (R) 46 6376 4.52, 3.08 56 28 23
Superior Temporal Gyrus (R) 22 3202 3.72, 2.90 73 -45 -1
Postcentral Gyrus (R) 2 2382 3.36, 2.80 64 -22 33
ASD (coherent > scrambled)
Middle Frontal Gyrus (R) 9 4906 3.80, 2.97 43 12 45
Middle Occipital Gyrus (R) 19 4506 5.47, 3.61 44 -92 20
Middle Temporal Gyrus (R) 22 4238 4.61, 3.43 61 -36 2
Postcentral Gyrus (R) 3 2097 3.33, 2.84 59 -17 57
NAI v ASD (NAI > ASD)
Inferior Frontal Gyrus (L) 45 5757 4.14, 2.92 -68 8 21
Lingual Gyrus (L) 18 1870 5.23, 2.80 -41 -100 -12
Fusiform Gyrus (L) 37 1607 3.63, 2.69 -72 -57 -9
Postcentral Gyrus (L) 2 1555 3.17, 2.76 -57 -32 59
Inferior Occipital Gyrus (R) 18 1369 3.87, 2.98 43 -92 -9
Inferior Frontal Gyrus (R) 45 1255 3.33, 2.83 59 24 14
* MNI peak coordinates, corresponding extent cluster sizes (in mm3), and t-values of brain regions exhibiting significant contrast activity (coherent > scrambled). BA: 
Brodmann Area

Fig. 3  Within and between group contrast (coherent > scrambled biological motion) for HbO. A(i). NAI children (n = 21) unthresholded t-map. Red re-
gions indicate a greater response to coherent biological motion, while blue regions indicate a greater response to scrambled motion. Cluster correction 
revealed six regions of significant activity, visualized on the cortical A(ii) surface and within the A(iii) volume. B(i). Autistic children (n = 23) unthresholded 
t-map. Cluster correction results in four significant regions of contrast activity, shown on the B(ii) cortical surface and B(iii) volumetric maps. C(i). Welch-
Satterthwaite corrected t-map showing NAI contrast greater than ASD. Red regions indicate greater NAI contrast activity ASD. Cluster correction revealed 
six significant regions visualized on the C(ii) surface and within the C(iii) volume. Cluster-corrected maps are thresholded at voxel-wise p < 0.0075 and 
FDR-corrected at a cluster significance of p < 0.0125)
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with SRS t-score, while other regions were positively cor-
related with SRS t-score, including the right dorsolat-
eral prefrontal cortex (r = 0.701, p < 0.001, FDR adjusted 
p = 0.008), two parcels in the right STG (r = 0.557, 
p = 0.006, and r = 0.501, p = 0.015), visual association 
(r = 0.493, p = 0.017), left MTG (r = 0.475, p = 0.022), and 
right MTG (r = 0.473, p = 0.023).

Hierarchical regression model analysis
To investigate how brain activity in specific ROI (as 
derived via either SPM clusters or Gordon parcels) 
relates to SRS given potential confounds of other vari-
ables, thirteen hierarchical linear regressions were con-
ducted with four models of variables (i.e., demographic 
characteristics, cognitive scores, data quality and motion, 
and autism traits). The overall explained variance greatly 
improved in Model 4 when the SRS t-score was included 
as a predictor of the brain responses in all selected par-
cels and clusters in the ASD sample. Notably, in Model 
4, the inclusion of the SRS t-score as a predictor led to 
a positive correlation between brain activity in specific 
regions of right STG, right MOG, right MFG, and left 
MTG. Conversely, a negative association was observed 
between the contrast in the left angular gyrus and SRS 
t-score. While Model 4 was improved after adding the 
SRS, age and IQ variables also contributed somewhat 
to the predicted brain activity in the right IFG, right 
MTG, and right dlPFC. Further, age, IQ, and GVTD 
variables showed moderate associations with parcel-
specific brain activity in the right STG, right VAC, and 
left MTG in Models 1–3, although the impact was far less 
pronounced compared to the influence of SRS t-score in 
Model 4. Interestingly, no improvement was observed in 
explaining parcel-specific brain activity across models in 

the NAI group. Detailed results are presented in Supple-
mentary Tables 2–4.

Discussion
We aimed to establish the feasibility of HD-DOT for 
investigating brain function in autistic and non-autistic 
school-aged children and adolescents. Our results sup-
port the hypothesis that HD-DOT is feasible for assess-
ing brain function in children during passive viewing of 
biological motion point-light displays, including autistic 
children. HD-DOT demonstrated robust performance 
across a cohort of 112 participants, each of whom com-
pleted a minimum of two tasks with good data quality 
(Fig.  2). While our final cohort sizes were smaller than 
planned due to data collection disruptions, the final sam-
ple size (ASD N = 21 and NAI N = 23) exceeds the median 
size (ASD N = 17, NAI N = 16) observed in extant fMRI-
based studies on biological motion in ASD [26–28, 48–
51, 56, 67]. Second, our results for NAI implicate several 
regions previously reported to be associated with pro-
cessing biological motion and social stimuli [27, 36, 48, 
49, 67], including right STG, right PCG, right MOG, left 
IOG, and bilateral IFG (Fig. 3). Similarly, previous stud-
ies using fMRI in an NAI group reported correspond-
ing patterns of brain activity in response to a similar task 
paradigm [28, 50, 56]. Third, we observed the ASD group 
exhibited significant contrasts in the right MOG, right 
MFG, right MTG, and right PCG. While the ASD group 
findings in the right hemisphere align with existing lit-
erature [28], we did not observe similar results in the left 
hemisphere where effects have been previously reported 
[28]. The disparity in the ASD activation patterns may be 
due to the heterogeneity of ASD presentation [42, 44].

Regarding group differences in brain contrast 
(NAI > ASD or ASD > NAI) to coherent vs. scrambled 

Fig. 4  Parcel based correlation map between SRS t-score and beta contrast values. The maps depict brain-wide correlations across A 21 NAI and B 23 
ASD participants. Positive correlations are represented in red, while negative correlations are shown in blue. Parcels with nominally significant correlations 
(p < 0.025) are highlighted for both C NAI and D ASD groups
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motion, we identified six distinct brain regions with 
greater contrast in the NAI group compared to the ASD 
group. First, we found that the bilateral IFG had greater 
contrast activity in the NAI group than the ASD group. 
Previous studies have also found less contrast activ-
ity in the IFG and overlapping/nearby regions, e.g., the 
ventrolateral prefrontal cortex, in response to biological 
motion in autistic children [26, 56, 68]. Previous fNIRS 
studies have suggested that autistic children have lower 
IFG activity during imitation tasks when compared to 
NAI [69]. Second, we found that the ASD cohort exhib-
ited less contrast activity in the left lingual gyrus, left 
FFG, and right IOG compared to the NAI group. These 
regions are implicated in visual processing and object 
recognition, and studies of BMP have associated atypi-
cal activation in these regions to differences in process-
ing socially relevant visual stimuli in autistic individuals 
[26–28]. Third, the NAI participants had greater contrast 

than the ASD group in the left PCG. The PCG contains 
parts of the somatosensory system and is considered as 
part of the mirror-neuron system (MNS) [70, 71], which 
is involved in understanding, perceiving, and performing 
actions [70]. These findings indicate that NAI children 
may use the MNS for BMP processing to a larger degree 
than autistic children – a finding consistent with fMRI 
studies indicating that differences in MNS are associated 
with different facial and gesture imitation behaviors in 
autistic children [72–74]. Fourth, we observed that the 
right STG had greater contrast in the NAI group. How-
ever, inconsistent with previous fMRI studies [26, 28], 
we did not observe a statistically significant diminished 
contrast within the superior temporal sulcus in the ASD 
group compared to the NAI group. This inconsistency 
may be due to the heterogeneity in neural responses in 
ASD [42, 44]. Fifth, we did not observe any regions with 
statistically significant greater contrast activity in ASD 

Fig. 5  Parcels exhibiting correlation between SRS t-score and mean parcel beta contrast (coherent > scrambled). A. Left fusiform contrast positively cor-
related with SRS t-score in NAI group. B. Beta contrast in right dorsolateral prefrontal cortex positively correlated with SRS t-score in the ASD group. C. 
Negative correlation between SRS t-score and parcel-based brain activity in the angular gyrus in the ASD group. D-H. Positive correlations between brain 
contrast and SRS t-score in the ASD group
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than in NAI. Indeed, only two out of 11 fMRI studies 
have reported cortical areas exhibiting greater contrast 
activity in an ASD group compared to an NAI group in 
response to a similar task paradigm [42]. To summarize, 
our study identified six distinct brain regions with greater 
contrast in NAI participants compared to the ASD group, 
and no regions with stronger contrast in the ASD group 
than the NAI group. Our findings, implicating specific 
cortical areas (i.e., bilateral IFG, left FFG, left PCG, and 
right IOG), strongly align with previous fMRI studies, 
thereby enhancing our overall understanding of the neu-
ral responses underlying BMP in ASD and NAI children.

Next, to investigate how the variability in brain func-
tion relates to variability in behavioral measures of autism 
traits, we correlated the brain contrast with SRS t-scores. 
Notably, positive correlations were observed in the right 
IFG, STG, MFG, MOG, and MTG across ASD partici-
pants. These results deviate from our hypothesis, as pre-
vious fMRI studies have reported negative correlations 
between SRS and brain contrast activity in regions linked 
to social processing [26, 28]. Intriguingly, an fMRI study 
using the identical experimental paradigm as this study 
also did not find any negative correlations between brain 
contrast and social responsiveness in the NAI group or 
carriers of heightened genetic likelihood for developing 
ASD [50]. In contrast, one fMRI study observed a simi-
lar positive correlation between a measure of autism trait 
severity (i.e., the Autism Quotient) and brain activity in 
ROI associated with BMP employing an identical experi-
mental paradigm as the present study [56]. As demon-
strated in a meta-analysis of BMP studies, variations in 
experimental paradigms, analysis methods, sample size, 
age range, cognitive ability, and heterogeneity in autism 
traits such as adaptive functioning may contribute to 
disparate results regarding neural correlates [42]. As an 
alternative secondary analysis, to provide an unbiased 
spatial sampling, we used the Gordon parcellation [66] 
to support a brain-wide exploratory analysis that impli-
cated eight parcels (Figs. 4 and 5). The left angular gyrus 
parcel exhibited a negative correlation between the con-
trast response and SRS t-scores, aligning with prior stud-
ies [28]. The left angular gyrus plays a role in semantic 
processing, social cognition, and theory of mind [75, 76]. 
This negative correlation suggests that alterations in left 
angular gyrus response may contribute to social interac-
tion and communication challenges observed in some 
autistic individuals. Additionally, our results revealed 
that the parcels located in the dlPFC, STG, VAC, and 
MTG exhibit positive correlations between brain con-
trast and SRS t-scores. These regions are associated with 
higher-order cognitive, visual, and social functioning 
[77–79]. Our results suggest that autistic children exhib-
iting stronger ASD traits display increased brain contrast 
activation in dlPFC, STG, VAC, and MTG. These findings 

align with recent studies showing that while non-autistic 
individuals reply on specialized perceptual mechanisms 
for BMP [80, 81], autistic individuals may lack these 
mechanisms, or if present, they might be atypical devel-
opment [40, 82]. Consequently, autistic individuals may 
employ higher-order cognitive and visual skills during 
perceiving or responding to BMP, possibly in the brain 
regions we identified as having positive correlations with 
autistic traits.

We found with the hierarchical regression analyses 
that the SRS t-scores more strongly related to variability 
in brain function than variables reflecting demographic 
information (e.g., age) and cognitive ability (e.g., VIQ and 
NVIQ), which is consistent with the existing literature 
[42, 83]. Age was a moderate predictor of variability in 
brain contrast in four ROIs in addition to SRS t-scores. 
Similarly, an activation likelihood estimation analysis 
of biological motion studies reported a significant main 
effect of age and determined age to be a moderator of 
the variance between studies [42]. Furthermore, previous 
studies found a relationship between IQ and biological 
motion perception in ASD [49, 83]. Likewise, we found 
that IQ measures were moderately related to region-spe-
cific brain contrasts in multiple regions. Taken together, 
while demographic and cognitive variables contributed 
somewhat to the explained variance in brain contrast, the 
SRS t-scores far more strongly predicted variability in the 
brain contrast in autistic children.

The methods herein combine the brain-specificity 
afforded by functional neuroimaging with the awake 
behavioral assessments that have generated some of 
the strongest predictive markers of likelihood and diag-
nosis of ASD [9, 84]. Quantifying characteristics of 
dimensional ASD traits with HD-DOT-measured brain 
function in early childhood in infants and toddlers will 
potentially inform outcome prediction and allow for 
measurement of changes in traits over time. Addition-
ally, these methods will potentially enable monitoring of 
physiological responses to interventions, thereby advanc-
ing the search for underlying genetic and neurobiological 
mechanisms and aiding public health efforts to identify 
and support affected children to increase lifelong well-
being. Further, given the open scanning environment, 
HD-DOT can be used to investigate direct within-room 
social communication and other differentiating core 
characteristics of autism. These HD-DOT methods are 
readily combined with eye tracking [84–86] and EEG [87, 
88], two modalities usable in open settings and shown to 
be sensitive to behaviors and brain function associated 
with autism. HD-DOT may also be paired with computer 
vision-based approaches for digital phenotyping of body 
movements [89], imitation [89–91], and facial gestures 
[72]. Therefore, combining these methods may enable 
tremendous long-term potential to provide a better 
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understanding of developmental trajectories of the brain 
function underlying natural and differentiating behaviors 
and may thus provide profoundly improved predictive 
utility than current state-of-the-art behavioral assess-
ments alone. Moreover, the expanding commercializa-
tion of emerging wearable HD-DOT systems will enable 
HD-DOT-based imaging throughout childhood develop-
ment for those with a heightened likelihood for ASD and 
would provide a means to conduct brain function assess-
ments (that may prove diagnostic) in natural settings, 
including within the clinic.

Overall, these findings highlight the reliability and 
effectiveness of HD-DOT to capture reliable neurologi-
cal data and affirms its feasibility as a valuable tool for 
investigating brain function in autistic and non-autistic 
children. Given that HD-DOT is sensitive to responses to 
socially relevant stimuli in this age group, future studies 
may take advantage of the minimally-constraining envi-
ronment of HD-DOT for evaluating brain function dur-
ing more naturalistic tasks, such as movie viewing [92, 
93], gesture imitation [73, 94], and direct dyadic social 
interaction [95, 96], even during live dyadic eye-to-eye 
contact [97]. Several fMRI, fNIRS, and HD-DOT studies 
indicate that, in contrast to strictly defined block design 
studies, naturalistic tasks more closely mimic real-life 
scenarios and interactions [98], leading to increased 
engagement, and greater ecological validity [92, 93, 98–
102]. Furthermore, while imaging awake toddlers and 
infants has proven challenging, several fNIRS groups 
have successfully used optical methods throughout this 
young age range [54, 100, 103, 104]. Future work combin-
ing advanced optical imaging techniques, like HD-DOT, 
with naturalistic tasks will provide a unique opportunity 
to investigate neural mechanisms underlying develop-
ment and social processing in ASD, including in infants 
and toddlers with a heightened likelihood for developing 
ASD [27].

Limitations
Some limitations are important to consider. First, unlike 
fMRI, optical methods like fNIRS and HD-DOT are not 
sensitive to brain function in subcortical structures, such 
as those previously implicated in ASD-related differ-
ences, e.g., the amygdala and cerebellum [26, 42, 51, 68]. 
However, optical neuroimaging technology is sensitive 
to cortical brain function in multiple regions previously 
implicated in both task-based and task-free studies on 
ASD [13]. Importantly, HD-DOT allows for brain map-
ping in an open and naturalistic environment not pos-
sible with fMRI. Second, compared to traditional sparse 
fNIRS system, HD-DOT uses more sources and detec-
tors, making it relatively bulkier, heavier, and more ergo-
nomically challenging. However, HD-DOT provides 
better reliability, anatomical specificity, and imaging 

quality than traditional sparse fNIRS systems [15, 22]. 
Importantly, HD-DOT technology is evolving rapidly, 
with multiple emerging research and commercial systems 
offering full-head fields of view with lightweight wearable 
designs that overcome the ergonomic limitations of the 
proof-of-principle HD-DOT system used in this study 
[25, 105, 106]. Third, while the eye gaze patterns were not 
quantitatively assessed in this study, participant gaze was 
consistently monitored, and participants were instructed 
to maintain their attention on the screen. Eye tracking, 
previously used to assess visual patterns and gaze posi-
tions [9, 107], can be naturally combined with optical 
methods for cross-modal investigations of brain function 
and eye gaze. Fourth, while point-light displays of biolog-
ical motion are well-validated stimuli, a more naturalis-
tic and ecologically valid task paradigm that drives social 
and emotional processing and requires direct engage-
ment may provide a more powerful assay of visual-social 
processing. A more naturalistic task that requires behav-
ioral responses would potentially enhance participant 
engagement with the stimulus, such as observing or 
imitating dynamic movements in movie clips [74]. Fifth, 
our study lacks enough female participants to assess sex-
related differences or potential sex-by-diagnosis effects in 
BMP with meaningful statistical power. While the male-
to-female ratio for ASD diagnosis is roughly 4:1 [108], 
recent investigations have suggested a more balanced sex 
ratio of the population having sub-clinical autism traits in 
light of under-diagnosis and exclusion of autistic females 
in research [109–111]. These investigations underscore 
the importance of evaluating and correcting for measure-
ment bias related to sex, as well as identifying patterns of 
symptom presentation specific to each sex [112]. Larger 
studies with matched sex-ratios will be able to investigate 
the nuanced and complex effects of autosomal and sex-
linked variability in brain function underlying behavioral 
autism traits [27, 108, 113]. Finally, our study lacked a 
sufficient sample size to include the proband siblings (PS) 
cohort in our primary analyses. We report the available 
aspects of the PS cohort data to ensure transparency and 
completeness. Additionally, given the previously dem-
onstrated effects of genetic background on variability in 
autism-associated behavior and brain function [50, 84, 
114, 115], future studies should continue to target PS 
participants.

Conclusions
This study demonstrates the feasibility of HD-DOT for 
investigating brain activity in both autistic and non-
autistic school-age children and establishes neural corre-
lates with behavioral measures of social responsiveness. 
Our results show that both NAI and ASD groups toler-
ate HD-DOT scans well, exhibiting no differences in data 
quality or motion. Confirming results in fMRI studies, 
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we found that NAI children exhibit greater brain con-
trasts in regions linked to visual, motor, and social pro-
cessing as compared to autistic children. Additionally, 
we established brain-behavior correlations between the 
brain contrast and SRS t-scores through both cluster-
based and brain-wide parcel-based analyses. Overall, this 
study highlights the effectiveness of HD-DOT as prom-
ising tool for studying brain function in autistic children 
throughout childhood development in a naturalistic set-
ting. Moreover, this research establishes neural correlates 
associated with biological motion processing and reveals 
the underlying relationships between these neural corre-
lates and dimensional behavioral traits related to autism 
severity.
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