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ABSTRACT

Autism spectrum disorder (ASD), a condition defined by deficits in social communication, restricted interests, and
repetitive behaviors, is associated with early impairments in motor imitation that persist through childhood and into
adulthood. Alterations in the mirror neuron system (MNS), crucial for interpreting and imitating actions, may underlie
these ASD-associated differences in motor imitation. High-density diffuse optical tomography (HD-DOT) overcomes
logistical challenges of functional magnetic resonance imaging to enable identification of neural substrates of natu-
ralistic motor imitation. We aim to investigate brain function underlying motor observation and imitation in autistic and
non-autistic adults. We hypothesize that HD-DOT will reveal greater activation in regions associated with the MNS
during motor imitation than during motor observation, and that MNS activity will negatively correlate with autistic traits
and motor fidelity. We imaged brain function using HD-DOT in N = 100 participants (19 ASD and 81 non-autistic indi-
viduals) as they engaged in observing or imitating a sequence of arm movements. Additionally, during imitation, par-
ticipant movements were simultaneously recorded with 3D cameras for computerized assessment of motor imitation
(CAMI). Cortical responses were estimated using general linear models, and multiple regression was used to test for
associations with autistic traits, assessed via the Social Responsiveness Scale-2 (SRS-2), and imitation fidelity,
assessed via CAMI. Both observing and imitating motor movements elicited significant activations in higher-order
visual and MNS regions, including the inferior parietal lobule, superior temporal gyrus, and inferior frontal gyrus. Imi-
tation additionally exhibited greater activation in the superior parietal lobule, primary motor cortex, and supplemen-
tary motor area. Notably, the right temporal-parietal junction exhibited activation during observation but not during
imitation. Higher presence of autistic traits was associated with increased activation during motor observation in the
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right superior parietal lobule. No significant associations between brain activation and CAMI scores were observed.
Our findings provide robust evidence of shared and task-specific cortical responses underlying motor observation
and imitation, emphasizing the differential engagement of MNS regions during motor observation and imitation.

Keywords: autism spectrum disorder (ASD), non-autistic individuals (NAI), high-density diffuse optical tomography
(HD-DOQOT), motor observation (OBS), motor imitation (IM), computer-vision-based assessment of motor imitation

(CAMI)

1. INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental
condition characterized by deficits in social communica-
tion and enhanced presentation of restricted interests
and repetitive behaviors, with heterogeneous traits
across the population (Maenner, 2020; Mottron & Bzdok,
2020). Motor impairment is prevalent, with recent esti-
mates suggesting this occurs in up to 88% of autistic
children (Bhat, 2020; Licari et al., 2020; MacNeil &
Mostofsky, 2012; Miller et al., 2021, 2024; Mostofsky
et al., 2006). Impairments in motor imitation are particu-
larly notable, as imitation is essential for early prosocial
and language development (McAuliffe et al., 2020; Vivanti
& Hamilton, 2014). Imitation across a range of communi-
cative behaviors (e.g., vocalizations, arm gestures, facial
expressions, and other non-verbal cues) is a key compo-
nent of effective social interaction in neurotypical devel-
opment (Taverna et al.,, 2021). Thus, early imitation
deficits can hinder social development, and thereby
social engagement and communication (Pittet et al.,
2022; Yang et al., 2010). Additionally, individuals with
ASD may experience difficulties in visual-motor integra-
tion, which supports the coordination of visual input with
motor execution and is partially mediated by the mirror
neuron system (MNS) (Nebel et al., 2016). Autistic individ-
uals tend to rely more on proprioceptive inputs than
visual cues than non-autistic peers when performing
movements (Hirai et al., 2021; Marko et al., 2015). This
increased reliance on proprioception could lead to differ-
ences in processing within sensory—motor integration
systems, including cortical regions associated with visual
processing, motor execution, visual attention, and asso-
ciation regions (Fuentes et al., 2011; Nebel et al., 2016).
Such differences in processing may contribute to the
observed motor imitation impairments in autistic individ-
uals (Nebel et al., 2016). Therefore, a deeper understand-
ing of the brain function underlying both observation and
imitation of natural motor movements is crucial for devel-
oping targeted interventions to improve social engage-
ment, communication, and outcomes for autistic and
neurotypical individuals.

The current standard in traditional approaches for imi-
tation assessment involves human observation coding
(HOC), which introduces bias and requires extensive

training (Santra et al., 2025; Tuncgenc et al., 2021),
thereby making it impractical for use in clinics and home
settings. Developing an automatic assessment is valu-
able but challenging, as human motion is highly hetero-
geneous and involves spatial and temporal aspects.
Accurately capturing subtle changes in imitation is essen-
tial for assessing imitation deficits related to autism.
Addressing this, Tuncgenc et al. (2021) developed an
automatic, Computerized Assessment of Motor Imitation
(CAMI) that utilizes metric learning and dynamic time
warping for precise measurement of motor imitation
fidelity (Tuncgenc et al., 2021). CAMI quantifies spatio-
temporal differences between the movements of a partic-
ipant and that of a gold standard (Celebi et al., 2013) and
has been validated as a reliable method for assessing
motor imitation in school-age children, with CAMI-
generated scores being strongly correlated with tradi-
tional labor-intensive, subjective HOC-based methods
(Lidstone et al., 2021; Tuncgenc et al., 2021). Crucially,
CAMI methods have proven to be better than HOC at
discriminating autistic from non-autistic children, includ-
ing neurotypical children and those with attention-deficit/
hyperactivity disorder (ADHD) (Santra et al., 2025). Addi-
tionally, CAMI scores have been shown to significantly
correlate with measures of autism trait severity (using the
Social Responsiveness Scale, 2nd Edition [SRS-2]
(Constantino et al., 2003), a well-established clinical met-
ric of autistic traits). Together, these findings demonstrate
that CAMI can detect motor imitation difficulties that are
specific to autism.

While CAMI has shown promise in detecting diagnostic
differences in motor imitation fidelity, the relationships
between variability in brain function and naturalistic motor
imitation fidelity remain unknown (Zhao et al., 2023). Eluci-
dating patterns of brain function underlying motor imita-
tion behaviors may help parse observed heterogeneity in
ASD (Latreche et al., 2024; Pittet et al., 2022), point to neu-
ral mechanisms that lead to deficits in motor imitation, and
guide more individualized treatment planning (Dapretto
et al., 2006; Rogers & Vismara, 2008). The main challenges
are due to the physical constraints and limitations of neu-
roimaging modalities such as functional magnetic reso-
nance imaging (fMRI) (Crone et al., 2010; Scarapicchia
et al., 2017). Specifically, the MRI environment requires
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participants to lay supine in a small bore that inherently
restricts studies to small-scale movements, such as those
of fingers or hands, and it is incompatible with capturing
brain function during more general, naturalistic motor
behaviors (Chaminade et al.,, 2005). In contrast, high-
density diffuse optical tomography (HD-DOT) provides a
naturalistic and open scanning environment that enables
the assessment of brain function across the lifespan
(Chitnis et al., 2016; Eggebrecht et al., 2014; Ferradal
et al., 2016; Habermehl et al., 2012; Zeff et al., 2007), in
school-age autistic children (Eggebrecht et al., 2014;
Fishell et al., 2019; Hassanpour et al., 2017; McMorrow
et al., 2025; Yang et al., 2024), and in bedside clinical set-
tings such as intensive care units (McMorrow et al., 2025).
Importantly, HD-DOT provides signal-to-noise, anatomical
specificity, and spatial resolution approaching that of fMRI
(Eggebrecht et al., 2012; Ferradal et al., 2014; Sherafati
et al., 2020). Additionally, HD-DOT provides higher spatial
resolution (Fan et al., 2025; Markow et al., 2025; White &
Culver, 2010) and improved depth sensitivity over a
broader cortical field of view than traditional functional
near-infrared spectroscopy (fNIRS) methods (Eggebrecht
et al., 2012; Fishell et al., 2020). While previous founda-
tional studies using wearable fNIRS have opened the door
to measuring brain function during natural interactions in
young children who go on to develop autism (Blanco et al.,
20283; Frijia et al., 2021), more recent advancements in
wearable HD-DOT systems (Collins-Jones et al., 2024;
Uchitel et al., 2023) highlight the potential for high-fidelity
optical neuroimaging to be deployed in both clinic and
home settings (Mcmorrow et al., 2025; Uchitel et al., 2022).
Given previous success using HD-DOT to map brain func-
tion during observation of biological motion (Yang et al.,
2024) in children with and without autism, herein, we con-
ducted a proof-of-principle study using HD-DOT to detect
and localize cortical brain function underlying naturalistic
gross motor imitation.

Extant human neuroimaging studies using fMRI sug-
gest motor imitation relies on the MNS, which encom-
passes the ventral premotor cortex (vPMC), supplementary
motor area (SMA), and inferior and superior parietal lob-
ules (IPL and SPL, respectively) (lacoboni & Dapretto,
2006; Williams et al., 2001). These regions, which signifi-
cantly overlap with praxis networks (Michalowski et al.,
2022; Rosenzopf et al., 2022), are crucial for visual-motor
integration, that is, for encoding observed actions and
translating them into motor execution. Additionally, the
superior temporal sulcus (STS) can be considered part of
the MNS, as it plays a role in self-other mapping, facilitat-
ing action recognition and intention understanding
(Buccino et al., 2004; lacoboni et al., 2005; Rizzolatti &
Craighero, 2004; Williams et al., 2001). The MNS activates
not only when individuals perform an action but also when

they observe someone else performing that action
(Cattaneo & Rizzolatti, 2009; Dushanova & Donoghue,
2010; lacoboni & Dapretto, 2006; Kana et al., 2011), high-
lighting the importance of this network in developing abil-
ities to replicate another’s movements and understanding
and interpreting the actions of others (Buccino et al., 2004;
lacoboni & Dapretto, 2006; lacoboni et al., 2005;
Kemmerer, 2021; Rizzolatti & Craighero, 2004; Umilta
et al., 2001; Williams et al., 2001). Autism-associated dif-
ferences in MNS activity have been observed during
motor imitation and action observation (Dapretto et al.,
2006; Datko et al., 2018; Falck-Ytter et al., 2006; lacoboni
et al.,, 2005; Lust et al., 2019; Oberman et al., 2008;
Raymaekers et al., 2009; Tylen et al., 2012; Wadsworth
et al., 2018), with autistic individuals exhibiting reduced
MNS activation, impairments in understanding action
intentions, and deficits in action prediction (Dapretto et al.,
2006; Falck-Ytter et al., 2006; lacoboni et al., 2005). Addi-
tionally, electroencephalogram (EEG) and fMRI studies
found atypical mu suppression, altered neural mirroring,
and reduced engagement during social interactions
(Oberman et al., 2008; Raymaekers et al., 2009; Tylen
et al., 2012). These findings suggest that MNS dysfunc-
tion contributes to the social and motor impairments often
observed in autistic individuals. Further, the variability in
MNS activation has been shown to correlate with autistic
traits, suggesting the MNS may underlie key behavioral
variability associated with ASD (Wymbs et al., 2021).

Accurate motor imitation also relies on one’s ability to
efficiently detect and shift attention to others’ actions,
which relies on a ventral attention network (VAN) com-
prising the temporoparietal junction (TPJ) and ventral
prefrontal cortex (Corbetta et al., 2008; Hsu et al., 2020).
Further, imitation requires proper application of goal-
directed attention and action planning, which relies on a
dorsal attention network (DAN) comprising the middle
temporal V5 area, the intraparietal sulcus (IPS), and fron-
tal eye fields (FEF) regions (Corbetta & Shulman, 2002;
He et al., 2007; Marco et al., 2011; Nardo et al., 2011;
Scassellati, 1999). Difficulties with shifting attention and
with goal-directed planning are often reported features of
ASD (Geurts et al., 2004; Ozonoff et al., 1991); as such,
abnormal activity of MNS with VAN and DAN may help
explain deficits in imitation skills and related behaviors
observed in many autistic individuals.

In this study, we used simultaneous HD-DOT and
CAMI to investigate how variability in brain function
relates to movement observation and imitation fidelity in
a sample of autistic and non-autistic adults. Extant litera-
ture has largely focused on fine-motor task-based fMRI
studies, providing limited insight into the neural activity
underlying gross motor observation and imitation in the
general population, as gross motor skills could contribute



D. Yang, T.G. George, C.M. Sobolewski et al.

Imaging Neuroscience, Volume 3, 2025

to development of gestures and important for social
interaction. Hence, the objective of this study is to
address this gap by using limb/truncal movements to
assess motor imitation fidelity using CAMI while leverag-
ing HD-DOT to capture the neural correlates of observa-
tion and imitation of these movements. Regarding CAMI,
we hypothesize that participants in the ASD group will
have lower imitation fidelity scores than non-autistic par-
ticipants. Regarding HD-DOT, we hypothesize that
observing and imitating will engage MNS regions includ-
ing premotor, parietal, and temporal brain regions, with
primary motor regions additionally engaged during imita-
tion compared with the resting state. We also hypothe-
size that regions within the DAN and VAN will be activated
both when observing and imitating movements, with
stronger brain activation within key regions of the DAN
and MNS during motor imitation. Last, we hypothesize
that brain response strength within the MNS will be neg-
atively correlated with dimensional measures of autistic
traits (i.e., SRS-2 T-scores) during observation and imita-
tion, and positively correlated with imitation fidelity (i.e.,
CAMI scores) during motor imitation.

2. MATERIAL AND METHODS

2.1. Participants

We recruited 100 participants (age 30.15 + 12.97 years, 45
male/55 female, 18 ASD participants, Table 1) from the St.
Louis, Missouri metropolitan community. The final sample
that went into analyses was reduced following exclusions
after data quality checks and missing data, as detailed in
the Statistical Analyses section below. All participants
gave written informed consent to participate in this study,

which was approved and carried out in accordance with
the Human Research Protection Office at Washington
University School of Medicine. All autistic participants had
a prior diagnosis from a physician. In the non-autistic indi-
vidual (NAI) group, the right- to left-handedness ratio was
71:7, while in the ASD cohort, it was 16:3. The population-
wide ratio is 9:1 (Papadatou-Pastou et al., 2020). Addi-
tionally, three NAI participants did not report their
handedness status.

2.2. Observation and imitation tasks

The motor observation and motor imitation tasks each
consisted of 6 different movement sequences separated
by 30-second inter-stimulus intervals (ISls; Fig. 1). Data
collected during these ISIs were treated as resting-state
periods and used to contrast against task-related activa-
tion. The movement sequences lasted 16-21 seconds
and comprised 14-18 individual movement types, which
were unfamiliar, did not have an end goal, and required
moving both arms simultaneously while the participants
were seated in a chair. These movements were selected
based on prior research indicating that autistic partici-
pants experience difficulties performing them (Tuncgenc
et al., 2021). For the observation task, participants were
instructed to passively watch the movement sequences
and to remain as still as possible. For the motor imitation
task, participants were instructed to mirror the actor’s
arm movements as accurately as possible while limiting
their head motion (Fig. 1). In our protocol, each partici-
pant completed at least one observation run and one imi-
tation run (i.e., ~316 seconds per run). If the participant
remained engaged, participants were asked to complete

Table 1. Participant demographics and group characteristic.
Full Sample NAI Full Sample ASD
Measure (n=281) (n=19) Statistic (2) p-value
Sex, Males:Females 33:48 12:7 - 0.12
Handedness, R:L* 71:7 16:3 - 0.41
Race, A:B:M:W:U** 16:0:3:60:1 1:2:1:14:1 -
Ethnicity, H:N:U** 4:76:1 1:17:1 -
Means S.D. n Means S.D. n - -

Age, years, [range] 27.56 9.36 81 31.47 16.73 19 1.37 0.17
SRS-2 Raw score 43.61 24.68 74 82.94 33.72 17 - -

T-score 51.07 8.67 74 65.00 11.89 17 4.44 <0.001
KBIT-2 1Q Verbal 113.38 17.22 67 103.39 20.04 18 - -

Nonverbal 117.61 11.97 67 110.67 16.82 18 - -

Full scale 117.75 13.69 67 107.83 19.77 18 1.52 0.14
CAMI Score 0.52 0.21 74 0.31 0.26 16 3.28 0.001

*Handedness: Right (R), Left (L).

**Racial group: White (W), Asian (A), more than one race (M), Black (B),

and Unknown (U).

**Ethnical group: Not Hispanic/Latino (N), Hispanic/Latino (H), Unknown (U).
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additional imitation and observation runs. Stimuli were
presented via the Psychophysics toolbox 3 for MATLAB
using custom-built scripts. All movements were per-
formed by the same seated female actor and the stimuli
were displayed on a 69 cm monitor placed 110 cm from
the nasion in front of the participant. Participant brain
function was recorded with HD-DOT during all observa-
tion and imitation tasks. Participant imitation fidelity was
measured with CAMI using the participants’ motion data
recorded during the imitation task. Motion data were
recorded using an Xbox Kinect 3D camera located on top
of the stimulus presentation monitor and iPi Recorder
(iPiSoft4, Moscow, Russia).

2.3. HD-DOT system

The continuous-wave HD-DOT system has been previ-
ously described (Tripathy et al., 2024) and comprised 128
dual-wavelength optical sources with wavelengths of 685
and 830 nm, and 125 avalanche-photodiode detectors.
The imaging cap supported multiple source-detector
distances (i.e., 11, 24, 33, and 40 mm), providing over
3,500 measurement pairs per wavelength for image
reconstruction at a 10 Hz frame rate. To compute cortical
sensitivity across the HD-DOT field of view, we used NIR-
FASTer to model fluence in the head. Based on the ana-
tomical registration of the optode array, the sensitivity
profile for each source—detector pair was calculated and
then a flat-field reconstruction was estimated to provide
a system field of view based on a binarized flat-field

threshold of 10% (Fan et al., 2025). While the optode lay-
out (Fig. 1A) includes a physical separation of approxi-
mately 1-2 cm between the temporal and parietal pads,
the sensitivity profiles of source-detector measurement
pairs that span that gap effectively bridge inter-pad dis-
tances, resulting in continuous cortical sensitivity across
the surface, as illustrated in the combined sensitivity map
(Fig. 1B). The HD-DOT field-of-view covered continuous
aspects of temporal, occipital, parietal, and prefrontal
cortical areas (Fig. 1A, B). To optimize HD-DOT cap fit-
ting, we utilized anatomical landmarks (e.g., tragus, inion,
and nasion) for precise cap alignment. For participants
with long hair, the hair on top was parted down the mid-
dle and secured into two tight ponytails positioned at the
back of the head to minimize interference with the
optodes. Participants were then instructed to comb the
optodes through their hair until they made even contact
with the scalp across the sides and back of the cap. We
then secured the cap symmetrically by aligning it with the
tragus and fiducials on the cap. Finally, we adjusted the
optodes to ensure optimal scalp contact, guided by real-
time readouts of data quality metrics such as coupling
coefficients, noise levels, and the mean light level for
each measurement plotted against source—detector sep-
aration distance (Fishell et al., 2020).

2.4. Behavioral assessments

The Social Responsiveness Scale, 2nd Edition (SRS-2),
provided a measure of quantitative autistic traits, with
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higher scores corresponding to higher levels of autism
traits and lower levels of social reciprocity. SRS-2 scores
are continuously distributed throughout the general pop-
ulation. The SRS-2 raw scores were generated based on
adult self-report form, and sex-normed SRS-2 T-scores
were used in analyses. Participant handedness was
determined by the Edinburgh Handedness Inventory
(EHI) (Oldfield, 1971). Measures of verbal and non-verbal
intelligence quotients (IQ) were assessed with the
Kaufman Brief Intelligence Test-2 (KBIT-2) (Pitts & Mervis,
2016). All participants had a composite |IQ or verbal
1Q > 80.

The CAMI algorithm, described previously (Tuncgenc
et al., 2021), was modified for this study to allow for the
imitation task to be used while participants were seated
in our fiber-based HD-DOT system. The seated CAMI
algorithm considered joints from the upper body as there
was no involvement of the lower limbs; all other features
of the CAMI analyses remained the same as the previ-
ously described methods. The spatial coordinates of 20
joints were extracted from the Xbox Kinect 3D motion
sensor depth recordings using iPi Motion Capture Soft-
ware (iPiSoft 4.6.2, Moscow, Russia). Calculation of
CAMI scores consisted of five main steps: (1) prepro-
cessing, (2) automatic joint importance estimation, (3)
calculation of the distance feature, (4) calculation of the
time features, and (5) calculation of the CAMI score. Pre-
processing consisted of (i) defining the hip position as
the origin, mapping the sequence of movements to a
skeleton of fixed size, (ii) correcting the initial orientation
of the participant to match that of the actor (Supplemen-
tary Fig. S1B), and (iii) correcting the average position of
the participants’ joints associated with their spine (hip,
lower spine, middle spine, and neck) to match those of
the average position of the gold standard (Supplemen-
tary Fig. S1C). This alignment step was completed to
avoid penalizing participants for their initial posture or
sitting position in the cap, as this could vary between
participants. The CAMI algorithm yielded an imitation
fidelity score ranging between 0 and 1, with higher scores
indicating higher fidelity.

2.5. Data pre-processing and image reconstruction

HD-DOT data were pre-processed using the NeuroDOT
toolbox in MATLAB (https://www.nitrc.org/projects
/neurodot). Each of the raw source—detector pair light
level measurements was converted to optical density by
calculating the log-ratio of the raw measurement data
relative to its temporal mean. Measurements with
greater than a 7.5% temporal standard deviation in the
least noisy (lowest motion) 60 seconds of each run were
removed from further analyses. Data were bandpass fil-

tered between 0.02 and 1.0 Hz using 9-pole Butterworth
filters. Then, the superficial signal for each wavelength
was estimated as the average across the closest near-
est neighbor measurements (11 mm S-D pair separa-
tion) and regressed from all measurement channels
(Gregg et al., 2010). The optical density time traces were
then low pass filtered with a cutoff frequency of 0.15 Hz
to attenuate high-frequency nuisance signals from
physiological sources such as cardiac pulsation (~1 Hz)
and respiration (~0.2-0.4 Hz). This conservative cutoff
was chosen to preserve the slow task-evoked hemody-
namic responses associated with our block-design par-
adigm (16-21 seconds task periods followed by
30 seconds rest), in which neural responses are
expected to occur primarily below 0.1 Hz. As previously
described (Yang et al., 2024), a wavelength-dependent
sensitivity matrix was computed and inverted to calcu-
late relative changes in absorption at the two wave-
lengths viareconstruction using a Tikhonov regularization
parameter of 0.01 and spatially variant regularization
parameter of 0.1. Relative changes in the concentra-
tions of oxygenated, deoxygenated, and total hemoglo-
bin were obtained from the absorption coefficient
changes by the spectral decomposition of the extinction
coefficients of oxygenated and deoxygenated hemoglo-
bin at the two wavelengths (i.e., 685 and 830 nm). All
data were resampled to a 1 x 1 x 1 mm?3 standard MNI
atlas using a linear affine transformation for statistical
analyses.

2.6. Data quality assessment and motion censoring

Quantitative data quality assessments included the per-
centage of good measurements (GM) retained (Yang
et al., 2024) and the median pulse band signal-to-noise
ratio (SNR) (Fishell et al., 2020; Yang et al., 2024). As
previously described (Yang et al., 2024), runs with
GM < 80% and/or SNR < 1.0 were excluded from fur-
ther analysis to ensure robust data reliability. Global
variance in the temporal derivative (GVTD) was used to
detect and censor time points with motion-driven arti-
fact in the data (Schroeder et al., 2023; Sherafati et al.,
2020; Yang et al., 2024). Briefly, GVTD is calculated as
the RMS of the first temporal derivative across the set
of first nearest-neighbor measurements for each time
point. Higher GVTD values indicate higher global vari-
ance in the optical time course and are exquisitely sen-
sitive to motion-based changes in optode-scalp
coupling. Motion censoring with GVTD excludes the
time points that exceed the GVTD noise threshold. We
used a stringent GVTD threshold of 0.1% based on pre-
vious studies utilizing GVTD-based motion censoring
(Yang et al., 2024).
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2.7. Statistical analyses

2.7.1. Behavioral and demographic measurements

We tested for potential group differences (ASD vs. NAl) in
age, SRS-2, KBIT-2, and CAMI scores using Wilcoxon
Rank-Sum test, as Shapiro-Wilk tests indicated
non-normal distribution. Effect sizes were reported using
Rank-Biserial correlation (r), which measures significance
based on rank for a non-parametric test. Differences in
sex and handedness were tested with Fisher’s exact test.
To test for group differences in SRS-2 and CAMI scores
while controlling for demographic variables, we used
analysis of covariance (ANCOVA) to further conduct
hypothesis tests to investigate for significant differences
including age, sex, and handedness as covariates and
group index as a fixed factor. Type Ill Sum of Squares
was employed to address potential biases due to unbal-
anced data and to ensure that covariates were appropri-
ately controlled. Due to the missed handedness
(ANCOVA-SRS-2 = 1, ANCOVA-CAMI = 3), there were 90
participants (i.e., 17 ASD and 73 NAI) and 87 participants
(i.e., 17 ASD and 73 NAI) used for ANCOVA-SRS and
ANCOVA-CAMI tests, respectively. To test the relation-
ship between autistic traits (SRS-2 scores) and imitation
fidelity (CAMI scores), we conducted multiple regression
analyses for each group. In this study, 83 participants
had both CAMI and SRS-2 scores (i.e., 14 ASD and 69
NAI). Furthermore, we used one-way ANOVA and post-
hoc t-tests to examine the impact of race and ethnicity
on the data quality (i.e., median SNR and GM) for all 100
participants across 5 racial (White n = 75, Asian n = 17,
more than one race n = 4, Black n = 2, and unknown
n = 2) and 3 ethnic groups (not Hispanic/Latino n = 93,
Hispanic/Latino n = 5, unknown n = 2).

2.7.2. Data inclusion criteria

After pre-processing and data quality assessment, 78
participants (i.e., 13 ASD and 65 NAI) were identified as
having high-quality (i.e., GM > 80%, SNR > 1) observa-
tion task data, while 64 participants (i.e., 13 ASD and 51
NAI) had high-quality imitation task data meeting data
quality assessment thresholds described in the previous
section. Additionally, one participant was excluded due
to technical issues with the stimulus presentation. As a
result, the final sample consisted of n = 77 participants
(i.e., 13 ASD and 64 NAI) for motor observation analysis
and n = 63 participants (i.e., 13 ASD and 50 NAI) for
motor imitation analysis. Further, 9 participants were
missing SRS-2 scores and 21 participants were unable to
finalize KBIT-2 testing due to non-native English speaking
and scheduling difficulties. Therefore, in our final brain-
behavior association analyses, n = 71 participants (i.e.,

13 ASD and 58 NAI) had SRS-2 scores and passed data
quality thresholds for the observation task, and n = 55
participants (i.e., 12 ASD and 43 NAI) had SRS-2 scores
and passed data quality threshold for the imitation task.
For the CAMI analyses, out of 100 participants, n = 89
CAMI scores (i.e., 17 ASD, 72 NAC) were valid after
exclusion due to damaged video files (n = 6), no video
recording (n = 2), or preprocessing issues with the CAMI
data (n = 3). Additionally, to avoid possible practice
effects from the first imitation run of the motor imitation
task, we focus brain—-behavior analyses on those 48 par-
ticipants (i.e., 11 ASD and 37 NAC) whose HD-DOT data
passed data quality thresholds in the first imitation run.
Supplementary Table S1 provides a detailed summary of
participant inclusion and retention across each analysis
step, highlighting modality-specific exclusions and final
group-specific sample sizes for brain—behavior analyses.

2.7.3. Brain activation estimation

We used general linear model (GLM) analyses to estimate
the brain response to each task (observation or imitation)
using a canonical hemodynamic responses function
(HRF) based on HD-DOT data (Hassanpour et al., 2014).
We present the relative changes in oxygenated hemoglo-
bin (HbO) results as HbO signals exhibit a higher contrast-
to-noise ratio than deoxygenated hemoglobin (HbR) or
total hemoglobin (HbT) (Eggebrecht et al., 2014;
Schroeder et al., 2023; Yucel et al., 2021). We used the
Gordon cortical parcellation (Gordon et al., 2016) to pro-
vide an unbiased spatial sampling for hypothesis-driven
analyses. The functionally defined Gordon parcellation
provided a framework to couch our analyses within func-
tionally identified parcels of interest. The intersection of
each Gordon parcel with the HD-DOT field of view pro-
vided 192 parcels associated with 9 functional networks
(i.e., auditory, frontal-parietal, default mode, dorsal-
attention, somatosensory hand, somatosensory mouth,
ventral attention, cingulo-opercular, and visual functional
networks; Fig. 1B). Small parcels of size <500 mm?
(approximately equivalent to a 5 mm spherical seed) were
excluded from analyses, providing a final parcel count of
118. Based on the Euclidean mean Montreal Neurological
Institute (MNI) coordinate of each parcel location and its
associated Brodmann area (BA), we a priori selected 58
parcels located in premotor cortex (BAB), inferior parietal
lobule (BA39 and 40), inferior frontal gyrus (BA44 and 45),
pre-supplementary (BA6), and primary motor area (BA4).
This parcel selection was defined prior to data analysis to
ensure an anatomically grounded and literature-informed
representation of the mirror neuron system (MNS)
(lacoboni & Dapretto, 2006; Kemmerer, 2021; Rizzolatti &
Craighero, 2004). For the within-task statistics, we used
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two-tailed paired t-tests to compare the task effect (i.e.,
observation or imitation) with rest (i.e., I1SI), thresholding
with p < 0.05 and a false discovery rate (FDR) correction.
We used two-sample t-tests to compare contrast effects
between motor observation and motor imitation, with
p < 0.05 with an FDR correction. Additionally, Cohen’s D
was used to measure effect size for the contrasts, includ-
ing observation versus rest, imitation versus rest, and
observation versus imitation. In this study, we first per-
formed brain-wide analyses to test for significant activa-
tions during motor observation and imitation. We also
investigated which regions were significantly active more
during observation versus imitation. We then highlighted
how significantly activated regions are represented within
key brain networks previously implicated in observing or
imitating motor movements (i.e., MNS, DAN, VAN). Finally,
we investigated whether cortical activations during obser-
vation were associated with SRS-2 scores and whether
cortical activations during imitation were associated with
either SRS-2 scores or simultaneously measured imita-
tion fidelity (CAMI scores).

2.7.4. Brain-behavioral association analysis

We calculated Pearson correlations between the parcel-
specific brain responses to motor observation and motor
imitation with the SRS-2 T-scores to investigate brain-
behavior correlations relative to autistic traits. We also cal-
culated the Pearson correlation between the motor
imitation responses and the CAMI scores to assess brain—
behavior relationships relative to motor imitation fidelity.
Further, we used multiple regression analysis to examine
how demographic factors (i.e., age, sex, and handedness)
might affect the correlation between above brain and
behavioral associations. More specifically, we assessed
the effects of sex, age, and handedness, along with
behavioral measurements (i.e., SRS-2 or CAMI scores),
using brain activation data that passed the p < 0.05
threshold (with and without FDR correction) as the depen-
dent variables. Overall, Pearson correlation is helpful for
understanding fundamental relationships between brain
and autistic traits (SRS-2 T-scores and CAMI scores),
while multiple regression provides a more comprehensive
perspective, accounting for all potential effects of multiple
demographic predictors (i.e., age, sex, and handedness)
and autistic traits (SRS-2 T-scores and CAMI scores).

3. RESULTS
3.1. Behavioral measures

The participant demographics and group characteristics
are listed in Table 1. In our samples, autistic participants

exhibited significantly higher scores on the SRS-2 than
non-autistic individuals (NAI; Fig. 1D i, ii; NAl n =74, ASD
n=17,z=4.24,r =0.91, p < 0.001). There were no sig-
nificant differences between the NAI and ASD groups in
verbal or non-verbal KBIT-2 scores (Fig. 1D iii; NAln = 67,
ASD n=18,z=1.29, r=3.98, p = 0.20). In line with pre-
vious CAMI studies and our hypothesis, the NAI group
exhibited significantly higher CAMI scores than the ASD
participants (Fig. 1D iv; NAln =74, ASD n = 16, z = 2.59,
r = 5.41, p = 0.009), indicating that the NAI group had
generally higher motor imitation fidelity scores than the
ASD group. Similarly, our ANCOVA results showed that a
significant group difference remained in SRS-2 scores
(F=25.76, p <0.001) and CAMI scores (F =5.53, p = 0.02)
even after controlling for demographic variables includ-
ing age, sex, and handedness. Interestingly, we observed
a significant effect of sex on the CAMI scores across the
entire sample with males scoring higher than females
(F =4.33, p = 0.04). No significant group and sex interac-
tion (F = 0.04, p = 0.85) was found, indicating that the
influence of sex on CAMI scores was consistent across
both groups.

3.2. Neural correlates of motor observation and
imitation

During motor observation, significant activation (Fig. 2;
FDR corrected p < 0.05) was found in occipital, temporal,
and prefrontal cortex compared with the resting state.
Bilateral regions throughout the visual cortex (t > 5.74,
Cohen’s D > 0.66, FDR corrected p < 0.001), including
the occipital lobe, were highly engaged during observa-
tion. In temporal cortex, the superior temporal gyrus
(STG, t = 6.05, Cohen’s D = 0.69, FDR corrected
p =1 x 10°), medial temporal gyrus (MTG, t = 5.53,
Cohen’s D = 0.63, FDR corrected p = 0.006), and fusiform
gyrus (FFG, t = 5.10, Cohen’s D = 0.58, FDR corrected
p = 0.003) were also strongly recruited. Bilateral inferior
frontal gyrus (IFG, t = 4.77, Cohen’s D = 0.58, FDR cor-
rected p = 0.003) and inferior parietal lobe (IPL, t = 4.62,
Cohen’s D = 0.53, FDR corrected p = 0.002) were also
strongly activated during observation compared with the
resting state.

During motor imitation, additional regions of activation
extended beyond above regions (i.e., STG, MTG, FFG,
and IFG) and included key motor-related areas (Fig. 2;
FDR corrected p < 0.05). The primary motor cortex (M1,
t = 3.18, Cohen’s D = 0.40, FDR corrected p = 0.009),
premotor cortex (PMC, t = 3.19, Cohen’s D = 0.40, FDR
corrected p = 0.02), and supplementary motor area (SMA,
t = 2.91, Cohen’s D = 0.37, FDR corrected p = 0.02)
showed significant engagement during motor imitation.
Additionally, the frontal eye field (FEF, t = 2.93, Cohen’s
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D = 0.37, FDR corrected p = 0.01) and superior parietal
lobules (SPL, t = 3.39, Cohen’s D = 0.43, FDR corrected
p = 0.01) exhibited significant activations compared with
the resting state.

Conjunction analyses of overlapping activation for imi-
tation and observation task states revealed activation in
MNS regions, including IPL, STG, and IFG, as well as in
bilateral occipital lobe, FFG, and MTG regions (Fig. 3).
Despite these similarities, consistent with above, direct
contrast of imitation versus observation task states
revealed significant activation (Fig. 2B; FDR corrected
p < 0.05) in motor/premotor regions, including bilateral
M1 (t = 2.91, Cohen’s D = 0.49, FDR corrected p = 0.02),
PMC (t =2.50, Cohen’s D = 0.42, FDR corrected p = 0.03),
and SMA (t = 2.43, Cohen’s D = 0.41, FDR corrected
p = 0.03; Fig. 4, imitation > observation). In contrast,
other regions exhibited significant activation for observa-
tion > imitation (Fig. 2B, FDR corrected p < 0.05), princi-
pally in posterior cortical regions: occipital and temporal
cortex, including bilateral visual cortex (t = 2.48, Cohen’s
D =0.41, FDR corrected p = 0.03), STG (t = 2.73, Cohen’s
D = 0.45, FDR corrected p = 0.02), and MTG (t = 2.48,
Cohen’s D = 0.40, FDR corrected p = 0.03). Additionally,
IFG activation was also observed (t = 2.31, Cohen’s

= 0.38, FDR corrected p = 0.04; Fig. 5, observa-
tion > imitation). These results revealed that motor imita-
tion strongly activated motor-related regions, including

M1, SMA, PMC, and parietal areas (Supplementary
Fig. S2), which were inactive during observation. In con-
trast, observation primarily engaged action understand-
ing and perceptual processing brain regions
(Supplementary Fig. S3), with greater activation in the left
IFG and right temporal parietal junction (TPJ), which
remained inactive during the imitation task. This high-
lights the brain regions for analyzing rather than execut-
ing movement in the context of motor imitation. Notably,
compared with observing, imitating led to significantly
greater activation in extended MNS areas, including M1
and SMA (Supplementary Fig. S4B, C). To further investi-
gate the observed brain activations from a functional net-
work perspective, we quantified the number of cortical
parcels activated within each network for each task (Sup-
plementary Fig. S5). Most brain networks were dynami-
cally engaged during motor observation and imitation
tasks. The dorsal attention network and the somatosen-
sory hand network (t = 2.63, Cohen’s D = 0.45, FDR
corrected p = 0.02) exhibited larger involvement during
imitation than during observation (Supplementary
Figs. S5D and S6). In contrast, the visual (t = 1.86,
Cohen’s D = 0.31, FDR corrected p = 0.04) and ventral
attention network (VAN, t = 2.39, Cohen’s D = 0.39, FDR
corrected p = 0.03) exhibited greater recruitment during
observation than during imitation (Supplementary
Figs. S5D and S6). Overall, these results support our
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Fig. 3. Brain regions exhibiting significant responses to both motor observation and imitation. (A) Brain regions with
overlapping significant activation (FDR corrected p < 0.05) identified through conjunction analysis. (B) Temporal profiles of
the HbO (oxygenated hemoglobin) hemodynamic response for each task, with shaded areas indicating the standard error
of the mean across participants. Time courses include a 5-second pre-stimulus baseline period (-5 to 0 seconds), with

stimulus onset at 0 seconds.

hypothesis that both observation and imitation engage
the MNS, with imitation showing stronger activation in
extended MNS regions, including M1 and SMA. Addition-
ally, as predicted, DAN showed greater activation during
imitation, while VAN was more engaged during observa-
tion, confirming distinct network dynamics between the
two tasks.

To ensure that the primary findings were not dispro-
portionately influenced by the ASD subgroup, we con-

10

ducted a follow-up group-level analysis restricted to
neurotypical (NAI) participants only (N = 64 for motor
observation, N = 50 for motor imitation). The unthresh-
olded t-maps for motor observation, imitation, and the
imitation-versus-observation contrast were consistent
with those obtained in the full sample (N = 77 and N = 63,
respectively; Supplementary Fig. S7A, B). Consistent
bilateral activations were observed in premotor and
parietal regions for both motor tasks, with enhanced
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Fig. 4. Brain regions exhibiting significantly greater responses during motor imitation than during motor observation.
(A) Brain regions exhibit significantly greater activation during motor imitation than during motor observation task.

(B) Temporal profiles of the HbO (oxygenated hemoglobin) hemodynamic response for each task, with shaded areas
representing the standard error of the mean across participants. Time courses include a 5-second pre-stimulus baseline

period (-5 to 0 seconds), with stimulus onset at 0 seconds.

motor—parietal engagement during imitation relative to
observation. Although the NAl-only maps exhibited
slightly reduced spatial extent and lower peak t-values,
as expected from the smaller sample size, the qualitative
spatial patterns were preserved. These results support
our rationale for collapsing across diagnostic groups in
the main analyses: while the ASD subgroup was too small
to support separate statistical testing, it contributed valu-
able behavioral variability without driving group-level
neural activation patterns.

3.3. Associations with SRS-2

During the observation task, analysis revealed a signifi-
cant positive correlation between SRS-2 T-scores and
brain activation in the right SPL (Fig. 6A; r = 0.46,
p = 3.4 x 105, FDR-corrected p = 0.007), such that indi-
viduals with higher autistic traits exhibited greater activa-
tion in the r-SPL during motor observation. Our multiple
regression model, including SRS and demographic vari-
ables (i.e., age, sex, and handedness; Supplementary
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Table S2), predicted the brain region of r-SPL (F(70) = 5.18,
R? = 0.24, adjusted R? = 0.19, p < 0.001). Additionally,
among these predictors, SRS-2 scores significantly pre-
dicted the activation of right SPL (i.e., B = 0.43, t = 3.94,
p < 0.001), while demographic variables did not (i.e., age:
B =-0.10,t = 0.94, p = 0.34; sex: B = 0.15, t = 1.36,
p < 0.18; and handedness: g = -0.03, t = 0.25, p = 0.80;
Supplementary Table S2).

We found additional regional associations that were
sub-threshold for significance and are presenting them
as hypothesis-generating results for future studies that
may be more strongly powered to test these effects. Spe-
cifically, we observed strong (but not passing FDR cor-
rection) positive correlations between SRS-2 T-scores
and brain activation in the left IPL (r = 0.24, p = 0.045) and
bilateral SMA (left SMA: r = 0.25, p = 0.03; right SMA:
r=0.28, p = 0.01) during the observation task. Moreover,
analysis revealed that activation magnitudes in the bilat-
eral occipital lobe (left occipital lobe: r = -0.31, p = 0.009;
right occipital lobe: r = -0.24, p = 0.04) exhibited a nega-
tive correlation with SRS-2 scores (Fig. 6A). The
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Fig. 5. Brain regions exhibiting significantly greater responses during motor observation than during motor imitation.

(A) Brain regions exhibit significantly greater activation during motor observation than during motor imitation. (B) Temporal
profiles of the HbO (oxygenated hemoglobin) hemodynamic response for each task, with shaded areas representing the
standard error of the mean across participants. Time courses include a 5-second pre-stimulus baseline period (-5 to

0 seconds), with stimulus onset at 0 seconds.

regression model significantly predicted the brain activa-
tion in the right IPL (F(70) = 5.18, R? = 0.24, adjusted
R? =0.19, p < 0.001) and right occipital lobe (F(70) = 6.42,
R? = 0.28, adjusted R? = 0.24, p < 0.001). Additionally,
SRS-2 scores were the primary predictor for the brain
activation prediction (right IPL: g = 0.433, t = 3.94,
p < 0.001; right occipital lobe: g = -0.40, t = 3.75,
p < 0.001) while controlling for demographic variables
(i.e., age, sex, and handedness). However, after including
demographic variables, the overall model did not reach
statistical significance in other brain regions, such as the
bilateral SMA (right SMA: F(70) = 1.72, R = 0.09, adjusted
R? = 0.04, p = 0.16; left SMA: F(70) = 2.315, R? = 0.12,
adjusted R? = 0.07, p = 0.07), left IPL (F(70) = 1.06,
R? = 0.06, adjusted R? = 0.003, p = 0.39), and left occipital
lobe (F(70) = 2.09, R? = 0.11, adjusted R? = 0.06, p = 0.09).
Nonetheless, SRS-2 still exhibited significant predictive
power in the right SMA (8 = 0.29, t = 2.40, p = 0.02) and
left occipital lobe (5 =-0.32, t = 2.66, p = 0.01). Addition-
ally, we found a sex effect contribution (8= -0.28, t = 2.60,
p = 0.01) to prediction of brain activation in the right
occipital lobe along with SRS-2 scores.

12

During the imitation task, analysis revealed a negative
correlation between SRS-2 T-scores and brain activation
in the left subcentral gyrus (Fig. 6B; r = -0.30, p =
0.03). Multiple regression results indicated that the model
explained variance in the left subcentral gyrus
(F(53) = 8.33, R? = 0.21, adjusted R2 = 0.15, p = 0.02).
Similarly, the SRS-2 remained the significant predictor
(8=-0.38, t = 2.857, p = 0.006), and sex also exhibited
prediction power (8 = -0.36, t = 2.68, p < 0.01), whereas
age (B = 0.10, t = 0.81, p = 0.43) and handedness
(8=-0.10, t = 0.77, p = 0.45) did not contribute signifi-
cantly to the model. These findings suggest that individ-
uals with higher autistic traits may exhibit diminished
brain responses in the left subcentral gyrus during motor
imitation tasks, though these correlations did not survive
FDR correction.

Our hypothesis-driven analyses focusing on the mirror
neuron system (MNS) revealed negative correlations
between SRS-2 T-scores and activation in MNS-related
regions, though these did not survive FDR correction.
This finding suggests that individuals with elevated autis-
tic traits may exhibit lower activity in MNS areas during
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Fig. 6. Brain—-behavioral association between SRS-2 t-scores and brain activation. (A) (i) Correlation map of brain
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activation during motor imitation with SRS-2 in 55 participants.

brain activation during motor imitation task for 48 participants.

social tasks. No significant correlations were found
between SRS-2 scores and activation in the dorsal or
ventral attention networks (DAN or VAN) during imitation.

3.4. Associations with CAMI

No brain activity correlations with CAMI scores remained
statistically significant after applying FDR correction
(Fig. 6C). We are presenting sub-FDR-threshold results
as hypothesis-generating information for future studies.
First, positive correlations were observed in left FEF
(r = 0.43, p = 0.002; Supplementary Table S3) and right
IPL (r = 0.31, p = 0.03, within MNS). Conversely, negative
correlations were identified in right M1 (r=-0.29, p = 0.04,
within MNS) and left FFG (r = 0.34, p = 0.02). Separate
multiple regression models were conducted per brain
region of interest, with CAMI scores as the predictor and
age, sex, and handedness as the control variables. The
model predicted brain activation in the left FEF
(F(46) = 4.96, R? = 0.32, adjusted R? = 0.26, p = 0.002)
and right IPL (F(46) = 2.83, R? = 0.21, adjusted R? = 0.14,
p = 0.04). Among these predictors, the CAMI scores pre-
dicted the brain variance in left FEF (8 = 0.439, t = 3.30,
p =0.002) and right IPL (8= 0.37,t=2.58, p = 0.01). Sim-
ilarly, the CAMI score independently contributed to pre-
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(C) Brain—behavioral association between CAMI and

dicting activation in right M1 (8=-0.31,t=2.10, p = 0.04)
and left FFG (8 = - 0.31, t = 2.13, p = 0.04). The model
with demographic variables did not explain the brain acti-
vation significantly in right M1 (F(46) = 2.28, R? = 0.18,
adjusted R = 0.10, p = 0.13) and left FFG (F(46) = 1.90,
R2 = 0.21, adjusted R? = 0.14, p = 0.07). Interestingly, we
also found age contributed to explain the variance of
brain activation in the left FEF along with the primary fac-
tor (i.e., CAMI score; B =-0.39, t =2.97, p = 0.005). Addi-
tionally, handedness predicted the correlation of brain
activity in the right IPL with CAMI scores (8 = - 0.32,
t=2.19, p =0.03).

4. DISCUSSION

This study investigated brain activation underlying nat-
uralistic motor observation and imitation under more
naturalistic conditions than possible using fMRI. Our
findings revealed both shared and task-specific brain
activation patterns for observation and imitation. Con-
sistent with our hypothesis, we found that the core MNS
regions, including the superior temporal gyrus (STG),
inferior parietal lobule (IPL), and inferior frontal gyrus
(IFG), were engaged during both tasks, with imitation
evoking significantly greater activation in the primary



D. Yang, T.G. George, C.M. Sobolewski et al.

Imaging Neuroscience, Volume 3, 2025

motor cortex (M1), premotor cortex (PMC), and supple-
mentary motor area (SMA), underscoring their involve-
ment in coordinating and executing motor imitative
actions. Additionally, as we hypothesized, regions
within the DAN and VAN were engaged during both
tasks, with stronger activation in key DAN and MNS
regions during motor imitation. In contrast, the tempo-
roparietal junction (TPJ) was engaged during observa-
tion but remained less active during imitation. Contrary
to our hypothesis, higher autistic traits (SRS-2 scores)
were associated with increased activation in the right
SPL during observation and decreased activation in the
left subcentral gyrus during imitation, and CAMI scores
showed only trend-level associations with brain activity.
These findings provide valuable insights into how brain
activation variability in specific brain regions contrib-
utes to motor imitation deficits and their association
with autistic traits.

4.1. Neural activation patterns during motor
observation

During motor observation (Figs. 2 and 5; Supplementary
Fig. S3), significant activations were observed in the STG,
IPL, IFG, and TPJ—regions closely associated with the
MNS and VAN, and known to facilitate the processing of
observed actions (Cattaneo & Rizzolatti, 2009; Chan &
Han, 2020; lacoboni & Dapretto, 2006). The STG, partic-
ularly the posterior STG, exhibited strong activity, which
aligns with its role in mapping observed actions onto
internal neural spatial-temporal representations, as it is
usually considered as a visual input of MNS (Cattaneo &
Rizzolatti, 2009; lacoboni & Dapretto, 2006; Marsh &
Hamilton, 2011; Su et al., 2020; Tylen et al., 2012). The
right TPJ, part of the VAN, was strongly activated during
motor observation but not during motor imitation. This
aligns with its role in stimulus-driven attention and social
perception, particularly when the participant observes
the actor’s movements without the demands of imitation
(Sowden & Catmur, 2015). Additionally, the right TPJ is
crucial for understanding others’ actions, intentions, and
goals, making it highly relevant for observational learning
(Mizuguchi et al., 2016; Sowden & Catmur, 2015). How-
ever, during imitation, its activity diminishes as the cogni-
tive focus shifts from action interpretation to direct motor
execution. This transition from motor observation to first-
person motor mapping is supported by the involvement
of the IFG and IPL, key regions of the MNS, which facili-
tate action understanding and execution (lacoboni et al.,
2005; Rizzolatti & Fabbri-Destro, 2008). The IFG, particu-
larly, has been shown to play a role in action imitation and
motor planning, while the IPL contributes to sensorimo-
tor integration with spatial-temporal representations of
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motor intention (Kilner et al., 2006). Together, these areas
shift the neural representation from a passive observa-
tional stance to active, embodied execution during imita-
tion (Chan & Han, 2020; lacoboni et al., 2005; Rizzolatti &
Fabbri-Destro, 2008).

4.2. Neural activation patterns during motor
imitation

Motor imitation elicited significantly stronger activations
in primary motor cortex (M1), supplementary motor area
(SMA), dorsal premotor cortex (PMC), and the intrapari-
etal sulcus (IPS) compared with motor observation
(Figs. 2 and 4; Supplementary Fig. S3). The SMA and
PMC play key roles in motor planning and movement
coordination (Nachev et al., 2007; Sadato et al., 1997),
explaining their enhanced activity when participants tran-
sitioned from passively observing movements to actively
reproducing them. Additionally, the posterior parietal cor-
tex, particularly the IPS, plays a crucial role in visual-
motor integration by combining visual and spatial
information necessary to planning and executing goal-
directed movements (lacoboni, 2006). A direct contrast
between imitation and observation revealed additional
recruitment from posterior temporal-parietal regions (i.e.,
STG, IPL) and frontal-motor regions (i.e., M1, SMA, PMC,
IFG). This additional neural recruitment is expected, as
imitation requires additional motor control mechanisms
beyond those used for passive action recognition
(lacoboni et al., 1999). The increased activation of the
SMA and PMC during motor imitation (compared with
observation) supports their well-established role in inter-
nally generating motor sequences based on observed
actions.

4.3. Shared neural patterns between observation
and imitation

Our findings also reveal that there is a large degree of
shared brain activation pattern between motor imitation
and observation, particularly within the MNS (Fig. 3;
Supplementary Fig. S4). Both tasks recruit a shared net-
work of brain regions involved in perception and motor
planning, including the bilateral occipital lobe, STG,
MTG, FFG, IFG, and IPL (Fig. 3). The concurrent activa-
tion of these areas suggests that the brain processes
observed movements in a way that not only supports
action understanding but also primes the motor system
for potential execution. This functional overlap under-
scores the role of these regions in action encoding, rein-
forcing the idea that motor imitation and observation rely
on a common neural substrate that bridges perception
and action.
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4.4. Task-specific neural profiles for observation
and imitation

While our findings align with the literature on the neural
basis of imitation as stated above, they also provide new
insights into the task-specific neural profiles during the
gross motor observation and imitation as well as the evi-
dence of a structured neural progression from posterior
sensory regions to anterior motor areas (Freedman &
Ibos, 2018). This highlights the hierarchical organization
of motor learning, wherein initial sensory-driven process-
ing in temporal-parietal regions is followed by predictive
coding and motor planning in SMA and PMC (Nachev
et al., 2007; Orban et al., 2021). Additionally, the differen-
tial activation of the TPJ during observation versus imita-
tion suggests additional neural recruitment from externally
driven attention toward internally guided motor execution
(Krall et al., 2015; Sowden & Catmur, 2015). These results
suggest that imitation engages a specialized motor plan-
ning mechanism beyond passive observation, emphasiz-
ing the STG, SMA, and PMC as critical hubs for
transforming visual input into executable motor com-
mands (lacoboni et al., 2005; Sadato et al., 1997; Su
et al., 2023).

Beyond the MNS, our findings highlight the differential
engagement of the VAN and DAN across tasks. Our
results reveal that there was greater VAN activation during
observation than imitation (Supplementary Figs. S5 and
S6), supporting its role in detecting and processing
salient external stimuli (Corbetta & Shulman, 2002; He
et al., 2007; Nardo et al., 2011; Vossel et al., 2014). Addi-
tionally, the heightened activation of right TPJ (Supple-
mentary Fig. S3) suggests that passive observation of
human actions relies heavily on stimulus-driven attention
and social cue processing (Mizuguchi et al., 2016;
Sowden & Catmur, 2015). Conversely, the DAN (including
IPS and frontal eye fields, FEF) was more engaged during
imitation than during observation, which aligns with its
function in goal-directed attention and action planning
(Supplementary Fig. S6). The increased IPS activity
during imitation might indicate that spatial and motor
attention play a crucial role in translating visual input into
coordinated movements. This contrast between VAN and
DAN activation aligns with previous findings that obser-
vation primarily involves passive stimulus-driven pro-
cessing, whereas imitation requires active attentional
control and motor planning.

4.5. Brain-behavior association between imitation
fidelity and brain activation

The analysis of brain-behavior correlations between
brain activation and CAMI scores revealed associations
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in MNS regions implicated in motor planning and execu-
tion. Positive correlations were observed in right parietal
and left superior frontal gyrus, suggesting that greater
motor imitation fidelity (i.e., higher CAMI scores) is linked
to enhanced activation in these areas. Interestingly, we
found a negative correlation in the right primary motor
cortex and left middle temporal gyrus, which does not
align with the hypothesis that stronger motor system
engagement supports better imitation performance.
However, the reduced activation in the right M1 could
reflect greater efficiency in motor processing, where less
activation may indicate that the brain is optimizing motor
control without needing additional cortical resources
(Mishra et al., 2024; Picard et al., 2013). An fMRI study
found a positive correlation in the primary motor cortex
with participants’ motor performance (Aridan & Mukamel,
2016). Another study found inferior parietal lobe (IPL; also
implicated as part of the MNS) activity was negatively
correlated with imitation accuracy (Kruger et al., 2014).
Moreover, extant literature states that reduced activation
in the core MNS regions may be associated with difficul-
ties in motor adaptability (lacoboni et al., 2005; Marsh &
Hamilton, 2011; Villalobos et al., 2005). These findings
provide insight into how deficits in neural regions critical
for motor control and imitation may contribute to reduced
imitation fidelity in autistic individuals.

4.6. Brain-behavior association between autistic
trait and brain activation

The relationship between brain activation and social
responsiveness was further investigated for both motor
observation and imitation. Positive correlations between
SRS-2 T-scores and brain activation were observed in
regions such as the right angular gyrus (-AG) and left
secondary visual cortex (I-SVC), particularly during
observation. Although these correlations did not reach
statistical significance during motor imitation, they pro-
vide preliminary evidence that impaired brain function in
regions involved in action understanding and social cog-
nition may underlie the social difficulties observed in
ASD. Interestingly, our results show a positive correlation
between SRS-2 T-scores and brain activation in the right
parietal lobe. This result diverges from our original
hypothesis, which posited that brain response strength
within the MNS during observation and imitation would
be negatively correlated with dimensional measures of
autistic traits. Instead of a reduced brain activation linked
to higher autistic traits, our data indicated an enhanced
reliance on the right parietal lobe in individuals with stron-
ger autistic traits. This finding may indicate that individu-
als with higher autistic traits rely more heavily on this
region to process and understand observed actions or
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social cues, potentially compensating for challenges in
other aspects of social interaction (Kinard et al., 2020).

4.7. Limitations

While this study provides valuable insights into neural
correlates of motor observation and imitation and their
association with autistic traits, several limitations should
be addressed in future research. First, the relatively small
sample size of the ASD group limits the generalizability of
the findings in autistic individuals. Rather, we used a
dimensional approach, incorporating ASD samples to
represent a broad range of behavioral traits and to con-
duct brain-behavior associations during motor observa-
tion and imitation. Future studies with larger and more
diverse populations are needed to confirm and extend
these results. Second, although HD-DOT offers signifi-
cant advantages over traditional neuroimaging methods,
its field of view is less extensive than that of fMRI, which
limits sensitivity to neural activity in deeper regions such
as cerebellum and sub-cortical regions previously impli-
cated in ASD functional neuroimaging studies (Cerliani
et al., 2015; Laidi et al., 2017). Third, we did not use eye
tracking to monitor eye gaze and visual attention through-
out the experiment. Instead, participants were instructed
to focus their attention on the screen, and they were con-
tinuously visually monitored for attention and imitation
performance by the laboratory member conducting the
study. Such simultaneous collection of eye gaze with
neuroimaging and 3D motion tracking will provide a pow-
erful strategy for future studies to more fully investigate
the role of visual attention on motor output. Fourth, in this
study, data loss from the initial 100 participants occurred
due to independent exclusions across different data
types, including HD-DOT quality (i.e., 22%), missing
SRS-2 scores (i.e., 9%), and CAMI recording (i.e., 11%)
issues. These exclusions did not systematically affect the
same participants across modalities or groups. Addition-
ally, to avoid potential practice effects associated with
repeated task, brain-behavior analyses involving CAMI
were further restricted to participants whose HD-DOT
data met quality thresholds during the first imitation run
and CAMI recording video. This resulted in a final subset
of 48 participants (including both ASD and NAI) for the
CAMI-brain association analysis. While this yield may
seem modest, it reflects the combined demands of
motion-sensitive neuroimaging, behavioral motion track-
ing, and our conservative data quality criteria. Finally,
although the current study focused on adults, future stud-
ies that focus on how brain function supports naturalistic
motor imitation throughout childhood development,
including in children with and without autism, will be posi-
tioned to inform brain-region-targeted interventions and
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advance precision medicine. Those investigations will
provide valuable insights into the developmental aspects
of naturalistic motor imitation, shedding light on how
these mechanisms may differ throughout the lifespan and
how they may contribute to the social and motor chal-
lenges observed in children with ASD.

5. CONCLUSION

In this study, we used simultaneous HD-DOT functional
neuroimaging with the CAMI method to investigate how
brain function covaries with naturalistic motor observa-
tion and imitation. Consistent with our hypotheses based
on prior fMRI studies under less naturalistic conditions,
our findings revealed commonality of neural activation
patterns for motor observation and imitation, principally
within MNS regions. We also observed some clear dis-
tinctions in neural activation patterns between passive
action observation and active motor imitation. Observa-
tion relies more on temporal-parietal regions (e.g., STG,
IPL, TPJ) and the VAN, reflecting stimulus-driven pro-
cessing of movement cues. In contrast, imitation engages
prefrontal and motor regions (M1, SMA, PMC, IFG) and
the DAN, highlighting the additional demands of motor
planning and execution. The additional neural recruit-
ment from posterior (sensory-driven) to anterior (motor-
driven) cortical activation during imitation underscores
the neural transformation from perception to action exe-
cution. Moreover, our brain-behavior analyses indicated
that reduced MNS activation may be associated with
higher autism-related traits and lower motor imitation
fidelity. Overall, these findings highlight the neural cor-
relates of action observation and execution, associated
social reciprocity, and motor imitation fidelity. Finally,
these studies lay an essential foundation for future inves-
tigations using simultaneous methods for naturalistic
functional neuroimaging and quantitative CAMI that may
be applied during early childhood screenings for ASD.
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