






9

D. Yang, T.G. George, C.M. Sobolewski et al.	 Imaging Neuroscience, Volume 3, 2025

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 
D  =  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 

Fig. 2.  Neural correlates of observation and imitation. (A) Group-level t-maps for motor observation (n = 77), motor 
imitation (n = 63), and their contrast (imitation vs. observation). (B) FDR-corrected t-maps highlighting statistically 
significant regions with false discovery rate correction (FDR corrected p < 0.05) applied to account for multiple 
comparisons.
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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-

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 

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.
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motor–parietal engagement during imitation relative to 
observation. Although the NAI-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 × 10-5, 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 

Table S2), predicted the brain region of r-SPL (F(70) = 5.18, 
R2 = 0.24, adjusted R2 = 0.19, p < 0.001). Additionally, 
among these predictors, SRS-2 scores significantly pre-
dicted the activation of right SPL (i.e., β = 0.43, t = 3.94, 
p < 0.001), while demographic variables did not (i.e., age: 
β  =  -0.10, t  =  0.94, p  =  0.34; sex: β  =  0.15, t  =  1.36, 
p < 0.18; and handedness: β = -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 

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.
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regression model significantly predicted the brain activa-
tion in the right IPL (F(70)  =  5.18, R2  =  0.24, adjusted 
R2 = 0.19, p < 0.001) and right occipital lobe (F(70) = 6.42, 
R2 = 0.28, adjusted R2 = 0.24, p < 0.001). Additionally, 
SRS-2 scores were the primary predictor for the brain 
activation prediction (right IPL: β  =  0.433, t  =  3.94, 
p  <  0.001; right occipital lobe: β  =  -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, R2 = 0.09, adjusted 
R2 = 0.04, p = 0.16; left SMA: F(70) = 2.315, R2 = 0.12, 
adjusted R2  =  0.07, p  =  0.07), left IPL (F(70)  =  1.06, 
R2 = 0.06, adjusted R2 = 0.003, p = 0.39), and left occipital 
lobe (F(70) = 2.09, R2 = 0.11, adjusted R2 = 0.06, p = 0.09). 
Nonetheless, SRS-2 still exhibited significant predictive 
power in the right SMA (β = 0.29, t = 2.40, p = 0.02) and 
left occipital lobe (β = -0.32, t = 2.66, p = 0.01). Addition-
ally, we found a sex effect contribution (β = -0.28, t = 2.60, 
p  =  0.01) to prediction of brain activation in the right 
occipital lobe along with SRS-2 scores.

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) = 3.33, R² = 0.21, adjusted R² = 0.15, p = 0.02). 
Similarly, the SRS-2 remained the significant predictor 
(β = -0.38, t = 2.857, p = 0.006), and sex also exhibited 
prediction power (β = -0.36, t = 2.68, p < 0.01), whereas 
age (β  =  0.10, t  =  0.81, p  =  0.43) and handedness 
(β = -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 

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.
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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, R2 = 0.32, adjusted R2 = 0.26, p = 0.002) 
and right IPL (F(46) = 2.83, R2 = 0.21, adjusted R2 = 0.14, 
p = 0.04). Among these predictors, the CAMI scores pre-
dicted the brain variance in left FEF (β = 0.439, t = 3.30, 
p = 0.002) and right IPL (β = 0.37, t = 2.58, p = 0.01). Sim-
ilarly, the CAMI score independently contributed to pre-

dicting activation in right M1 (β = - 0.31, t = 2.10, p = 0.04) 
and left FFG (β = - 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, R2 = 0.18, 
adjusted R2 = 0.10, p = 0.13) and left FFG (F(46) = 1.90, 
R2 = 0.21, adjusted R2 = 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; β = - 0.39, t = 2.97, p = 0.005). Addi-
tionally, handedness predicted the correlation of brain 
activity in the right IPL with CAMI scores (β  =  - 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 

Fig. 6.  Brain–behavioral association between SRS-2 t-scores and brain activation. (A) (i) Correlation map of brain 
activation during motor observation with SRS-2 in 71 participants, (ii) the brain regions which correlation p < 0.05, and 
(iii) the correlation passed the FDR correction (r = 0.472, and FDR corrected p = 0.007, and). (B) Correlation map of brain 
activation during motor imitation with SRS-2 in 55 participants. (C) Brain–behavioral association between CAMI and  
brain activation during motor imitation task for 48 participants.
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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; Iacoboni & 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; Iacoboni & 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 (Iacoboni 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 

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; Iacoboni 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 (Iacoboni, 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 
(Iacoboni 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 (Iacoboni 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 

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 (Iacoboni 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 (r-AG) and left 
secondary visual cortex (l-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 

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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