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Dynamic functional adaptations il

during touch observation in autism:
connectivity strength is linked to attitudes
towards social touch and social responsiveness
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Abstract

Background Autistic adults experience differences in social interactions involving physical contact. Brain imaging
studies suggest that these differences may be related to atypical brain responses to social-affective cues, affecting
both the experience of receiving touch and observing it in others. However, it remains unclear whether these atypical
responses are limited to specific brain regions or represent broader alterations in brain connectivity. The current study
investigated how the functional network architecture is modulated during touch observation associated with autism
and explored the extent to which changes in this architecture are associated with individual differences in social
touch preferences and social responsiveness.

Methods By integrating generalized psychophysiological interaction (gPPI) analysis with independent component
analysis (ICA), the current study analyzed existing fMRI datasets, in which 21 autistic and 21 non-autistic male adults
viewed videos of social and nonsocial touch while undergoing MRI scans.

Results A gPPlanalysis of regions of interest revealed that autistic adults exhibited increased connectivity

between sensory and social brain regions. The strength of some of these connections was positively associated

with a higher preference for social touch and greater social responsiveness, suggesting neural compensatory mecha-
nisms that may help autistic adults better understand the meaning of touch. At the level of large-scale brain networks
extracted using ICA, atypical connectivity was predominantly observed between the sensorimotor network and other
networks involved in social-emotional processing. Increased connectivity was observed in the sensorimotor network
during nonsocial touch, suggesting that embodied simulation, the process by which individuals internally simu-

late touch experience of others in this context, may be more engaged when observing human-object interactions
than during human-to-human touch.

Limitations This study focused on a specific subgroup of 21 autistic male adults with minimal support needs. Future
research would benefit from including a more diverse autistic sample.

Conclusions This study reveals atypical context-dependent modulation of functional brain architecture associated
with autism during touch observation. Neural compensatory mechanisms in autistic individuals who enjoy social
touch and show higher social responsiveness may function as adaptive social responses. However, these compensa-
tions may be limited to specific brain regions, rather than occurring at the level of large-scale brain networks.
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Background

Touch plays a crucial role in social interaction [39],
effectively conveying social and emotional cues [51-53,
86] and fostering social bonds [33, 94, 120]. Even when
merely observing others’ social touch interactions,
most of us accurately and rapidly grasp their meaning
with high inter-observer reliability [68]. This process
occurs in the brain within a few hundred milliseconds
[67, 105, 115] and involves a complex interplay of neu-
ral and cognitive processes [12, 34, 67, 71, 72, 93, 100,
115]. A recent study using Electroencephalography
(EEG) and functional Magnetic Resonance Imaging
(fMRI) revealed that the brain processes social-affec-
tive features of observed touch within 200 ms through
visual, social perceptual and somatosensory pathways
[67]. Both meta-analysis study and literature review
have provided solid evidence that observing social
touch extensively involves the sensory cortex, the
social-cognitive brain network, and the limbic system
[103, 114].

Autism is a neurodevelopmental condition char-
acterized by a wide range of cognitive, sensory, and
behavioral differences [3]. While social touch in autism
remains relatively underexplored, touch is a significant
aspect of daily life for autistic individuals and is often
influenced by their sensory differences [98, 122]. This
can include distinctive patterns of touch sensitivity,
such as heightened or reduced responsiveness to tac-
tile stimuli, as well as particular behaviors related to
touch, including social touch avoidance [5, 6, 18, 19, 69,
70, 80, 82, 89, 90]. While much of the previous research
has centered on tactile reactivity and its possible influ-
ence on social touch avoidance, a recent study explored
cases where autistic children resist social touch from
their parents and highlighted that the touch avoidance
might be attributed not to tactile reactivity, but to the
social nature of the touch interfering with the child’s
ongoing activities [50]. Research on touch observation
has also documented atypical processing of visually
presented touch associated with autism. Adults with
high autistic traits rate visually presented gentle strok-
ing touch as less pleasant than those with low autistic
traits [47]. Autistic adults (AUT) exert more cogni-
tive effort, as indicated by larger pupil dilation, when
observing social touch compared to non-autistic adults
(NON-AUT) [65]. These behavioral and physiological
differences are also reflected in the brain. AUT exhibit
atypical neural responses to images of social touch

interactions, as evidenced by increased activity in both
early sensory (P1) and later high-order cognitive (Late
Positive Potential) neural components [102] and atypi-
cal somatosensory neural response patterns [70]. The
above evidence suggests that differences may arise not
in a single cognitive or neural domain but in multiple
systems and their interactions.

Atypical neural connectivity has been suggested as
a core neural marker of autism [57, 58, 74, 75]. Numer-
ous studies, including those cited above, have reported
widespread underconnectivity, particularly in long-range
connections. This includes interhemispheric connectiv-
ity, connections between the anterior and posterior com-
ponents of the default mode network (DMN), the insula,
and the frontal areas with other cortical regions [1, 23,
84, 99]. Remarkably, reduced network efficiencies in the
white matter structures associated with low-level sen-
sory processing has even been observed in six-month-
old infants who were later diagnosed with autism [75].
Reduced fractional anisotropy and increased radial dif-
fusivity have also been reported, suggesting smaller axon
diameters and poor myelination, potentially leanding to
inefficient communication between brain regions [128].
However, more recent studies testing the underconnec-
tivity hypothesis of autism present mixed results [48, 78,
85, 104], with evidence of overconnectivity between the
DMN and the executive control network [1]. However,
most of the studies above have adopted a task-free resting
state or structural connectivity approach to gain insight
into the intrinsic (baseline) brain connectivity of autism.

Task-based functional connectivity (FC) is crucial for
understanding how extensive brain networks coordi-
nate to support complex cognitive functions [27, 45].
This approach is particularly relevant for social touch
research, as observing social touch leads to the increased
functional communication of multiple neural systems,
from early sensory processing to high-level social cogni-
tive systems [71]. However, in autism, it remains unclear
how observing social versus nonsocial touch affects the
communication between these networks and how atti-
tudes towards social touch and autistic social traits are
linked to functional connectivity.

The present study investigates how brain regions and
networks involved in various perceptual and cognitive
functions coordinate to support task demands during
the observation of social and nonsocial touch in autis-
tic adults. Additionally, it examines whether attitudes
towards social touch and autistic social traits are linked
to the functional coordination of brain networks. This
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study reanalyzed the dataset from the previous work [70]
to investigate the functional modulation of brain con-
nectivity during touch observation. This research ques-
tion was not addressed in the original publication. The
study aim was operationalized by applying gPPI and
ICA to fMRI data from participants who viewed social
and nonsocial videos. gPPI examines how connectivity
among brain regions and networks changes in response
to different psychological contexts [88]. ICA decomposes
complex fMRI data into independent spatial and tempo-
ral components, allowing for the identification of distinct
brain networks during touch observation [87]. This com-
bined approach illuminates how different types of touch
(social versus nonsocial) modulates brain connectivity
in autism, an area that has not been previously explored.
Based on prior findings of differences in sensory cortical
responses and high-level cognitive neural responses dur-
ing social touch observation, as discussed above, func-
tional communication between brain areas and networks
involved in various perceptual and cognitive functions
may differ in autism. Given the mixed findings regarding
under- and over-connectivity discussed earlier, this study
refrained from hypothesizing whether the connectivity
would be reduced or enhanced.

Methods

To address current research questions using a gPPI analy-
sis approach, existing fMRI data was re-analyzed [70].
While the original study investigated how neural patterns
of individual brain regions reflect the social-affective
dimension of observed touch through representational
similarity analysis (RSA), the current study examines the

Page 3 of 17

changes in connectivity strength during the observation
of social versus nonsocial touch. The FC methods offer
unique insights that may not correspond with the find-
ings from RSA [106].

Participants

The sample size of the current study is identical to the
original study [70]. The original study includes functional
and anatomical MRI scans and behavioral measures from
42 male participants, 21 of whom were NON-AUT and
21 of whom had previously received an autism diagnosis
via a multidisciplinary team at the Expertise Center for
Autism at the University Hospitals Leuven, following
Diagnostic and Statistical Manual of Mental Disorders
(DSM)-IV or DSM-5 criteria. Both groups were matched
on sex (all male), age (mean age: 25 for AUT and 23.9 for
NON-AUT), and intelligence quotient (IQ) (111.3 for
AUT and 111.5 for NON-AUT). All inclusion and exclu-
sion criteria were established in the original study. All
participants provided written informed consent, and the
Medical Ethical Committee of KU Leuven approved the
original study (S53768 and S59577).

Experiment

Forty-two male participants watched 39 three-second-
long social (e.g., hugging a person) and 36 nonsocial
video clips (e.g., carrying a box) during fMRI scans in
the original study. Figure 1 shows examples of social and
nonsocial touch. The complete set of video stimuli can be
found in the prior work [68]. Notably, visual features such
as luminance, motion energy, and biological motion are
matched between social and nonsocial touch videos.

Social
video clips

Non-social
video clips

Fig. 1 Example frames from video clips. The images in the yellow box show frames from social touch videos, which feature both pleasant

and unpleasant touch interactions such as hugging, caressing, handholding, and slapping. Meanwhile, the images in the blue box are

from nonsocial touch videos, displaying matched human-object interactions. This figure is published under a CC-BY-NC-ND license (https://creat
ivecommons.org/licenses/by-nc-nd/4.0/) and is reused from Fig. 1 in the original study [72]. The complete set of original video materials is available

at https://osf.io/8j74m/
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All participants completed two self-report assess-
ments of social touch and social responsiveness. The
Social Touch Questionnaire (STQ) measures an indi-
vidual’s attitude toward social touch using a 5-point
Likert scale (1 — strongly disagree, 5 — strongly agree),
with lower scores reflecting a greater tendency to avoid
social touch [124]. The STQ consists of 20 items, with an
example item being, “I generally like when people express
their affection towards me in a physical way” The Social
Responsiveness Scale (SRS) is a standardized instru-
ment designed to measure social differences in individu-
als using a 4-point Likert scale (1 — not true, 4 — always
almost true), with higher scores reflecting greater social
differences [29]. The SRS comprises 65 items that assess
social awareness, social cognition, social communication,
social motivation, and autistic mannerisms. An example
item is: “I feel much more uncomfortable in social situa-
tions than when I am alone”

MRI acquisition, preprocessing, and head motion

Whole-brain images (37 slices, a voxel size of 2.7x2.7x 3
mm3) were obtained on a 3 T Philips scanner with a
32-channel coil and an echo-planar (EPI) T2 x-weighted
sequence. The acquisition parameters were as follows:
repetition time (TR)=2000 ms, echo time (TE)=30 ms,
flip angle (FA)=90°, and field of view (FOV)=216x216
mm? The source study involved an average of seven
functional runs with each run comprising of 239 vol-
umes, resulting in a total acquisition of 1673 volumes
for the main experiment per participant. Structural MR
images were collected using a T1-weighted sagittal high-
resolution magnetization-prepared rapid gradient echo
sequence. The acquisition parameters were as follows:
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TR=9.6 ms, TE=4.6 ms, FA=8°, FOV =250X 250 mm?,
voxel size=0.98x0.98 X 1.2 mm, 182 axial slices. The cur-
rent study used preprocessed fMRI data from the source
study and the details can be found in the Supplemen-
tary Materials. Both groups demonstrated similar levels
of head motion. There were no significant differences in
maximum head motion (AUT: average 1.38 mm, NON-
AUT: 1.36 mm, #(40)=0.04, p=0.97) or in mean frame-
wise head motion displacement (AUT: average 0.13 mm,
NON-AUT: 0.13 mm, #(40) =0.04, p=0.96).

Identifying brain regions processing observed touch

Most regions of interest (ROIs) are predefined in the
source study based on their roles in touch observa-
tion. Brodmann Area (BA) 17, 18, 19, 37, and V5 were
selected as they process visual information [119, 121,
125]. Middle temporal gyrus (MTG), superior tempo-
ral gyrus (STG), precuneus (Precu), and temporopari-
etal Junction (TPJ) were included as they are implicated
in social processing [54]. These ROIs were functionally
selected from the main fMRI runs with the contrast of
touch observation >fixation cross. Lastly, BA1, 2, 3 in
the somatosensory cortex were included as they process
tactile information [59]. These areas were extracted from
the localizer run where participants received actual affec-
tive touch (pleasant and unpleasant > rest). All functional
ROIs were defined based on activation within each ana-
tomical template, using the second-level group results
(N=42, encompassing both groups). ROIs are shown in
Fig. 2. The same set of ROIs was applied to both groups,
as the source study found no group differences in brain
activation. For more details, refer to the source study
[70].

BA3

BA1

Fig. 2 Visualization of the selected ROIs. The red markings on the brain images indicate the regions corresponding to each ROI. Visual areas are
denoted by the color green, social brain regions are indicated by the color purple, and somatosensory areas are represented by the color red
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Identifying brain networks processing observed touch
ICA is a data-driven multivariate approach that does
not rely on prior assumptions about the brain regions
involved in touch observation. ICA method combined
with connectivity analysis was used to comprehen-
sively measure brain network communication, comple-
menting ROI-based analysis. Specifically, spatial ICA,
implemented in the Group ICA Toolbox (GIFT ver-
sion 4.0.4.11), decomposes whole-brain fMRI data and
extracts spatially independent components (ICs) [108].
For this analysis, the preprocessed fMRI data from the
source study was entered into GIFT to identify groups
of brain regions that have temporally coherent blood
oxygenation level dependent (BOLD) signal fluctuations
during touch observation.

Similar to prior studies that employed ICA [26, 56,
69, 71], the optimal number of ICs that could accurately
account for the total variance of the fMRI data was deter-
mined using the minimum description length criterion
[77]. The optimal number of ICs was determined to be
28. The dimensionality of the fMRI data was reduced
using standard principal components analysis at the
individual and group level before ICA was performed.
To ensure stability, the Infomax algorithm was used and
repeated ten times with the ICASSO toolbox imple-
mented in GIFT. This repetition enabled the extraction
of the 28 most reliable and stable ICs at the group level
[8]. For the subject-level ICs, GICA back-reconstruction
was performed on the group ICs [15]. The spatial images
and time-courses were transformed into standardized
z-scores. The z-score of each voxel represents its con-
tribution to the time course of each IC. As a final step,
subject-level ICs were used to create a group mean spa-
tial map and a group mean time course for each IC.

Task-relevant ICs were selected from 28 with spatial
and temporal sorting implemented in GIFT, using meth-
ods identical to the prior work [71]. Nine out of the 28
ICs were related to artifacts: six were located outside of
the grey matter (GM), two were in the cerebrospinal fluid
(CSF), and one was identified as the cerebellum, which
was not fully scanned in the source study. The remain-
ing 19 ICs were labeled based on the spatial correlation
between each IC and the brain template included in
GIFT [117]. The label was selected based on the template
that has the highest correlation with the IC (Table 1).
These ICs will be referred to as network based on the
above results (e.g., higher visual network instead of IC1).
Some network labels were named according to the brain
regions they include. Lastly, the temporal sorting method
was used to measure the degree of synchronization (task-
relatedness) between the time course of the network and
stimulus events for social, non-social, and baseline con-
ditions [16]. Networks that showed statistically different
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Table 1 Labels for each component
Component Component description r
number
IC1 Higher Visual Network (*) 0.21
12 Noise
IC3 Precuneus Network 037
IC4 Sensorimotor Network (¥) 0.16
IC5 Primary Visual Network 0.27
IC6 Noise
IC7 Noise
IC8 Noise
IC9 Ventral Default Mode Network 045
IC10 Noise
IC11 Posterior Salience Network (*) 0.16
IC12 Auditory Network 0.29
IC13 Noise
IC14 Sensorimotor Network 033
IC15 Noise
IC16 Right Executive Control Network 0.30
IC17 Ventral Default Mode Network 0.18
IC18 Dorsal Default Mode Network (¥)/Limbic System 0.10
IC19 Dorsal Default Mode Network/DMNT (¥) 033
IC20 CSF
IC21 Cerebellum
1C22 CSF
IC23 Visuospatial Network 0.14
1C24 Anterior Salience Network (*) 0.27
IC25 Left Executive Control Network (¥) 0.20
IC26 Dorsal Default Mode Network (¥)/Reward System  0.14
1C27 Dorsal Default Mode Network/ DMN2 (¥) 0.49
1C28 Language Network (*)/Social Perceptual Network  0.20

degrees of synchronization based on stimuli conditions
were selected for further investigation.

The final set of brain networks included in the main
connectivity analysis consisted of the higher visual net-
work, the left executive control network, the senso-
rimotor network, the social perceptual network, the
posterior and anterior salience networks, the limbic
system, the reward system, and two default mode net-
works (networks marked with an asterisk (*) in Table 1).
Using SPM12 (Wellcome Department of Imaging Neu-
roscience, UCL, London, United Kingdom) in MATLAB
R2020a (The MathWorks Inc., Natick, MA, United King-
dom), the binary map of each selected network was gen-
erated by conducting a one-sample t-test with a threshold
of family-wise error (FWE) corrected P-value less than
0.001 (Fig. 3). Supplementary Table S1 provides the peak
X, ¥, z coordinates, the names of the brain areas, and the
number of voxels included in each network (See Supple-
mentary Table S1). Notably, the two-sample t-test yielded
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Default Mode Network 2  Social Perceptual Network

Fig. 3 Ten task-relevant brain networks, identified by ICA. The red markings on the brain images indicate the regions included in each network

no significant group difference in the degree of contribu-
tion of each voxel on the network (p py£<0.05), indicat-
ing that the NON-AUT and AUT group did not differ in
how the functional brain networks formed during touch
observation.

Labels are determined by the spatial correlation (r)
between the selected template providing the label and the
group averaged spatial map of each component. When
a component is situated outside of gray matter, it is cat-
egorized as noise. When a component is task-relevant
according to the temporal sorting methods, it is indicated
with an asterisk (*).

FC between ROIs and networks

Additional preprocessing and FC analysis were per-
formed with CONN toolbox (version 22.a) [95, 123].
Prior to gPPI analysis, the artifact detection and repair
toolbox implemented in CONN was used to remove
outlying volumes with framewise displacement above
0.9 mm or global BOLD signal changes above 5 standard
deviations. A standard denoising pipeline was applied to
the functional data, which did not include smoothing [2].
This involved regressing out white matter (WM) and CSF
timeseries, motion parameters, artifact-related covari-
ates, outlying volumes, session and task effects, and lin-
ear trends within each functional run. A high-pass filter
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Reward System

was applied to eliminate slowly fluctuating signals, such
as scanner drift, at 0.008 Hz.

gPPI method was used to measure the changes in FC
across social and nonsocial touch conditions. ROI-
ROI connectivity analysis includes 12 ROIs implicated
in touch observation — 5 visual, 4 social, and 3 soma-
tosensory areas. Network-network connectivity analysis
includes 10 large scale brain networks identified with
ICA. The analysis of ROIs and network FC was con-
ducted separately. In the subject-level analysis conducted
in the CONN toolbox, a gPPI model was created for
each pair of seed and target ROIs/networks. This model
included seed BOLD signals as physiological factors, box-
car signals representing each touch condition (convolved
with an SPM canonical hemodynamic response function)
as psychological factors, and their interaction as psycho-
physiological interaction terms. Changes in connectivity
strength across touch conditions were evaluated by the
regression coefficient of the psychophysiological interac-
tion terms. This coefficient measured how well the inter-
action terms explained variations in the target BOLD
signals as the dependent variable [88].

Group-level analyses were performed using general-
ized linear mixed-effects models (GLM) implemented in
R [107] with the lme4 package [7]. In the GLM analysis,
connectivity measures for each touch condition from the
subject-level analysis became the dependent variable.
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The model included touch condition (social vs. nonso-
cial touch), group (AUT vs. NON-AUT), STQ and SRS
scores, and all possible interactions among these vari-
ables as independent variables. Random effects were also
accounted for across subjects. Subsequently, with the car
package [41], a mixed-model repeated-measures analy-
sis of variance (ANOVA) was conducted to evaluate the
significance of the effects of the independent variables on
the GLM fit outcome. To address multiple comparisons
involving tests on 66 ROI pairs and 45 network pairs,
the p-values were adjusted using false discovery rate
(FDR) correction. When the ANOVA results indicated
a significant effect of the group or an interaction involv-
ing the group and other independent variables, a post
hoc Tukey’s honest significant difference test was con-
ducted using the emmeans package [73] and reported
in the results section. Since this study employed mixed
models, the Kenward-Roger method was applied to pre-
cisely estimate the degrees of freedom by accounting for
both the fixed and random effects in the model. Effect
size (Cohen’s d) and confidence interval (CI) were cal-
culated with the emmeans package using eff size func-
tion. Spearman’s rank correlation followed by the FDR
correction was used to evaluate the relationship between
FC strength and both STQ and SRS scores, when inter-
action effects were found. The main effect of touch con-
dition — viewing videos showing social versus nonsocial
touch events — is not reported in the current study, as its
impact on FC changes was documented in a prior study
with a larger sample size of NON-AUT participants [71].

Results

The effect of group, touch type, social touch avoidance,
and social responsiveness on the connectivity strength
between brain regions

Out of the 66 ROI pairs, four showed a significant group
effect or an interaction effect involving the group and
other independent variables on FC strength. These effects
were observed in the FC between BA18 and BA2, BA19
and Precu, V5 and BA1l, and BA17 and STG. Specifi-
cally, ANOVA results revealed that the group factor sig-
nificantly affects the FC strength between the early visual
area (BA18) and the early somatosensory area (BA2) (y2(1,
42)=7.53, p ppr=0.045). Post hoc tests revealed that the
AUT group showed significantly higher FC strength com-
pared to the NON-AUT group across two touch types
(overall: £(34)=2.76, p=0.009, Cohen’s d=3.37, CI=[0.82
— 5.92]; nonsocial: #37.79)=2.72, p=0.0097, Cohen’s
d=3.42, CI=[0.81 — 6.03]; social: £37.79)=2.65, p=0.01,
Cohens d=3.33, CI=[0.72 — 5.93]). Both groups show
stronger FC during social touch compared to nonsocial
touch (AUT: #(34)=—2.49, p=0.02, Cohens d=—0.90,
CI=[-1.64 ——0.15]; NON-AUT: #(34)=—2.18, p=0.04,
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Cohen’s d=—0.99, CI=[-1.92 ——0.05]). Figure 4A illus-
trates the FC strength across groups and touch types.

Likewise, a significant interaction effect was found
between group, touch type, and SRS scores on the FC
strength between the visual area (BA19) and the social
brain region (Precu) (y2(1, 42)=8.97, p rpr=0.02). The
AUT group showed a significant difference in FC strength
between social and nonsocial touch, with social touch
resulting in higher FC strength (¢(34)= —4.09, p=0.0002,
Cohen’s d=—1.47, CI=[-2.25 ——0.70]). The NON-AUT
group did not show a significant difference between the
two touch types (Fig. 4B). Interestingly, Spearman correla-
tion analysis revealed that in the AUT group, there was a
significant negative relationship between FC strength and
SRS scores for both social (p=—0.68, p 5, =0.0006) and
nonsocial touch (p=—-049, p ;5,=0.02), with a stronger
effect observed in social touch (Fig. 5A). AUT with greater
social responsiveness (lower SRS scores) exhibited stronger
FC between BA19 and Precu during social touch observa-
tion. In contrast, the correlations in the NON-AUT group
were not significant, suggesting that social responsiveness
was not linked to the connectivity strength between BA19
and Precu in these individuals.

A significant interaction effect was found between group
and STQ scores on the FC strength between the visual
motion area (V5) and the early somatosensory region
(BA1) (x2(1, 42)=9.47, p pr=0.03). FC strength did not
differ across groups and touch types. Yet, Spearman corre-
lation analysis revealed that, in the AUT group, there was a
positive correlation between STQ scores and FC strength
during social touch observation (p=0.53, p pp=0.01) and
a marginal trend of positive correlation during nonsocial
touch (p=041, p pr=0.07). AUT with a positive atti-
tude towards social touch (higher STQ scores) exhibited
stronger FC between V5 and BA1. In contrast, in the NON-
AUT group, the correlation was not significant, suggesting
that the attitude towards social touch was not linked to FC
strength in these individuals (Fig. 5B).

Lastly, A significant interaction effect was found between
group, STQ, and SRS scores on the FC strength between
the early visual area (BA17) and the social brain region
(STQ) (x2(1, 42)=9.05, p pr=0.04). However, FC strength
did not differ across groups and touch types. Likewise,
correlation analysis showed no relationship between FC
strength and the questionnaire scores.

The effect of group, touch type, social touch avoidance,
and social responsiveness on the connectivity strength
between the large-scale brain networks

Out of the 45 network pairs, four demonstrated a sig-
nificant group effect or an interaction effect involving the
group and other independent variables on FC strength.
These effects were observed in the FC between the
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Fig. 4 Connectivity strength across groups and touch types. A. FC strength between BA18 and BA2. B. FC strength between BA19 and Precu.

The Y-axis shows FC strength between a selected ROI/network pair. The boxplots illustrate the median (a central line), interquartile range (the

box representing the first to third quartiles), overall data spread, and outliers (points outside the whiskers). Individual data points are plotted

on the boxplots. The half-eye plots adjacent to each boxplot illustrate the distribution shape of connectivity strength, highlighting where data
points are concentrated (peaks). AUT data are colored in shades of blue (nonsocial in blue, social in sky blue), while NON-AUT data are colored

in shades of orange (nonsocial in orange, social in yellow). Asterisks (¥) are used to indicate levels of statistical significance: *: p <0.05, **: p < 0.01, ***:

p<0.001

sensorimotor network and posterior salience network,
the sensorimotor network and DMN?2, the executive con-
trol network and social perceptual network, and the lim-
bic system and social perceptual network. Specifically, the
EC strength between the sensorimotor network and pos-
terior salience network varied significantly by touch type
between the AUT and NON-AUT groups, as revealed
by the significant interaction effect (y2(1, 42)=9.73, p
epr=0.03). In the AUT group, FC strength between these
networks was significantly higher during nonsocial touch
compared to social touch (#(34)=2.16, p=0.04, Cohen’s
d=0.78, CI=[0.034—1.52]). In contrast, the NON-AUT
group showed significantly lower FC strength during
nonsocial touch compared to social touch (#(34)= —2.26,
p=0.03, Cohen’s d=—-1.02, CI=[-1.96——0.09]). The
effect of touch type on FC strength was modulated by
group, with AUT individuals showing stronger con-
nectivity in nonsocial touch and NON-AUT individuals
showing stronger connectivity in social touch (Fig. 6).
Two groups showed differences in how STQ scores
affected FC between the sensorimotor network and
DMN2. The ANOVA revealed a significant interaction

effect between group, touch type, and STQ scores on
FC strength (y2(1, 42)=18.27, p gpr=0.0002). This
effect was mainly driven by a significant positive corre-
lation between STQ scores and FC strength (p=0.50, p
ror=0.02) in the NON-AUT group during social touch
observation (Fig. 7A). Meanwhile, in the AUT group,
the correlations are not significant during either nonso-
cial or social touch observation, suggesting no relation-
ship between social touch preferences and FC strength.
FC strength between these networks did not differ across
groups and touch types.

The combined effect of STQ and SRS scores on FC
strength between the executive control network and
the social perceptual network varied across groups
and touch types. ANOVA results showed a significant
interaction between group, touch type, and STQ and
SRS scores affecting FC strength (y2(1, 42)=9.08, p
rpr = 0.04). This effect was primarily driven by the AUT
group, which showed a significant negative correla-
tion between STQ scores and FC strength in nonsocial
touch (p=—0.59, p ;pr=0.004), indicating that greater
preference for social touch was associated with lower
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Fig. 5 The relationship between connectivity strength and questionnaire scores. A. Relationship between FC strength of BA19—Precu pair

and SRS scores. B. Relationship between FC strength of V5—BAT1 pair and STQ scores. A higher SRS score indicates poorer social responsiveness,
while a higher STQ score reflects a more positive attitude towards social touch. The plots illustrate the relationship between questionnaire scores
(x-axis) and connectivity strength (y-axis) across different groups and touch types. Individual data points are displayed, with linear regression

lines illustrating the direction and strength of the relationship. AUT data are shown in shades of blue (nonsocial in blue, social in sky blue),

while NON-AUT data are shown in shades of orange (nonsocial in orange, social in yellow). Social touch is shown with a solid line, while nonsocial

touch is shown with a dotted line. Asterisks (*) next to the right end of the regression lines denote the levels of statistical significance: *: p < 0.05, **:
p<0.01,** p<0.001
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Fig. 6 Connectivity strength between sensorimotor network
and posterior salience network across groups and touch types. The
plotting conventions are identical to those used in Fig. 4

FC strength during nonsocial touch observation. A
similar trend was observed in social touch (p= —0.41, p
rpr=0.06). This relationship was absent in non-autistic
individuals (Fig. 7B). FC strength between these two
networks did not differ across groups and touch types.

Lastly, two groups showed differences in how STQ
scores affected FC between the limbic system and
social perceptual network. ANOVA results showed a
significant interaction between group, touch type, and
STQ scores affecting FC strength (y2(1, 42)=11.66, p
ror=0.009). However, FC strength did not differ across
groups and touch types. Correlation analysis showed
only a marginal trend of positive correlation between
STQ scores and FC strength in the AUT group during
nonsocial touch observation (p=0.42, p ppr=0.06).
This relationship was absent during social touch in the
AUT group and during both conditions in the NON-
AUT group.
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Fig. 7 The relationship between connectivity strength and STQ scores. A. Relationship between FC strength of sensorimotor network—DMN2 pair
and STQ scores. B. Relationship between FC strength of executive control network—social perceptual network pair and STQ scores. The plotting

conventions are identical to those used in Fig. 5

Discussion

The current study investigated how brain connectivity
architecture is functionally modulated during the obser-
vation of social (human-to-human) versus non-social
(human-to-object) touch in AUT compared to NON-AUT.
It also explored how these neural functional properties are
associated with individual differences in social responsive-
ness and an attitude towards social touch. By applying both
hypothesis- and data-driven approaches, the study found
that, at the level of specific brain regions, AUT showed
the increased FC between areas involved in visual, social,
and somatosensory processing (Fig. 4), with some of these
connections being modulated by the extent to which AUT
prefer social touch in their daily lives and their level of
social responsiveness (Fig. 5). At the large-scale brain net-
work level, atypical connectivity was primarily observed in
the sensorimotor network, where the AUT group showed
either reversed context-based modulation (Fig. 6) or lacked
the association between FC and an attitude towards social
touch, unlike the NON-AUT group (Fig. 7).

Increased connectivity between brain areas in autism

and its link with the social responsiveness and an attitude
towards social touch

Twelve brain areas functionally relevant to touch obser-
vation were extracted, and connectivity was measured for

each ROI pair across two groups and touch conditions.
The early visual and early somatosensory areas exhib-
ited increased FC strength in AUT compared to NON-
AUT under both social and nonsocial touch conditions,
with observing social touch resulting in a stronger FC
in both groups (Fig. 4A). Consistent with previous fMRI
and EEG findings [67, 71], the increased FC in response
to observed social touch in both groups highlights the
importance of neural communication between these
early sensory areas in processing the social aspects of
human touch behavior. The current finding further elu-
cidates the role of the visuo-tactile mirroring mechanism
during social touch observation [11, 14, 36, 116], with
the novel insight that this mechanism may be particu-
larly heightened in autism. Additionally, within the AUT
group, the strength of FC between the visual motion area
and early somatosensory area was associated with indi-
vidual differences in the attitude towards social touch
(Fig. 5B). Specifically, individuals with a more positive
attitude toward social touch demonstrated increased FC
during social touch observation, a relationship that was
not observed in NON-AUT.

While the underconnectivity theory has been predomi-
nant in autism research, overconnectivity has also been
observed across various brain regions and networks [1,
21, 22, 25, 32, 40, 61]. Of these studies, those relevant
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to the current work examined resting FC in autistic tod-
dlers [22]. Increased resting FC between the visual and
sensorimotor networks during sleep was observed in
these toddlers, and this overconnectivity was linked to
more severe autism. The authors suggested that such
overconnectivity in sensory brain circuits may nega-
tively impact early development, leading to the atypical
behaviors observed in autism. However, as the study was
not longitudinal, the specific effects of these altered con-
nections on social information processing later in life
remain unknown. In contrast to the view that overcon-
nectivity has a negative impact on behavioral outcome,
the observation that both groups showed increased FC in
early sensory networks during social touch observation,
along with similar results found in previous research with
the NON-AUT group [71], raises the possibility that the
heightened FC between visual and somatosensory areas
in AUT could serve as a compensatory neural mecha-
nism to support social processing. The current correla-
tional finding also raises the possibility that this neural
strategy may be more prevalent in individuals who have
a more positive attitude towards social touch within the
AUT group.

Similarly, the visual and social brain regions displayed
increased FC in response to social touch, compared to
nonsocial touch in AUT - a difference not observed in
NON-AUT (Fig. 4B). This effect in AUT was linked to
individual differences in social responsiveness; those
with greater social responsiveness showed increased FC
during both types of touch, with a more pronounced
increase for social touch (Fig. 5A). These findings further
suggest that the neural compensatory mechanism may
be more engaged when AUT process social touch events.
This mechanism may be more prevalent in those who
show higher levels of social responsiveness.

Emerging research has observed neural compensa-
tory mechanisms in autism that are often accompanied
by typical behavioral performance. These mechanisms
involve enhanced brain responses [63, 92], the activation
of additional brain areas [118], and increased connectiv-
ity [24, 55]. Specifically, increased FC between the infe-
rior frontal cortex and social communication regions (i.e.,
middle and anterior superior temporal sulcus (STS)) was
observed during spontaneous conversations [55]. This
increase in FC was associated with more typical language
behavior in AUT. Similarly, a recent study using the same
touch video stimuli suggested that greater cognitive
effort, as reflected in larger pupil dilation in response to
social touch videos, may act as a compensatory mecha-
nism [65]. These findings highlight that, despite the
common negative interpretation of overconnectivity
[85], it may, in some cases, support rather than impede
social behavior in autism. Although eye movements were
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not measured in the current study, previous work indi-
cates an atypical eye gaze during social processing and
its link with neuroimaging measures in autism, includ-
ing reduced connectivity of DMN among autistic tod-
dlers with atypical eye movements [10, 79, 97]. Future
research may integrate eye-tracking methods to examine
visual exploration patterns in relation to cognitive effort
during touch observation and investigate how these pat-
terns relate to connectivity. Moreover, compensatory
mechanisms are not always beneficial, and some may be
linked to camouflaging, which can negatively affect men-
tal health [38]. Further research is needed to determine
the extent to which hyperconnectivity functions as a neu-
ral compensation and explore the complex relationship
between neural compensation, cognitive effort, camou-
flaging, and mental health outcomes, particularly in rela-
tion to social touch.

Atypical connectivity of the sensorimotor network

with other brain networks implicated in social-emotional
processing

To gain a comprehensive understanding of how large-
scale brain networks coordinate functional communi-
cation in response to both social and nonsocial touch
events across groups, and to complement the findings
from the ROI-based analysis, 10 large-scale brain net-
works formed during touch observation were extracted
using a data-driven ICA method. These networks
included one visual, one executive control, one sensori-
motor, one social perceptual, two salience, one limbic,
one reward, and two default mode networks. Examina-
tion of FC between large-scale brain networks primarily
revealed atypicality in the sensorimotor network.

In the AUT group, the sensorimotor network showed
stronger connectivity with the posterior salience net-
work during nonsocial touch. Conversely, the NON-AUT
group showed stronger connectivity during social touch
(Fig. 6). These findings suggest that for nonsocial touch —
typically perceived as having less emotional significance
(i.e., more neutral and less arousing [68])—the AUT
group exhibits heightened coordination between the
systems implicated in embodied simulation and affec-
tive interoception. This finding extends prior research
by revealing the (absent) involvement of embodied
simulation in social versus nonsocial touch observation
and aligns with the systemic literature showing atypi-
cal embodied simulation for emotional stimuli, while
remaining intact for non-emotional stimuli [49].

Prior research has identified similar patterns in AUT
with respect to receiving touch [60]. Autistic children
and adolescents show reduced activity in brain areas
implicated in social-emotional processing, including the
insula, MTG, and STG - parts of the posterior salience
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network identified in this study (Fig. 3 and Table S1) —
when receiving affective touch. In contrast, they show
increased activity in the primary somatosensory cor-
tex and the insula when receiving non-affective touch.
The current findings may be partially attributed to sen-
sory reactivity differences associated with autism. Some
nonsocial video clips used in this study feature a person
exploring clothing with various textures, which may have
triggered hyper-reactivity and sensory-seeking in autism
[81]. Further research is needed to explore the relation-
ship between sensory-seeking and heightened network
communication during the observation of human-object
interactions, with objects that individuals find particu-
larly engaging.

The sensorimotor network identified in this study pri-
marily comprises the precentral and postcentral gyri,
while the posterior salience network includes the insula,
middle and anterior regions of the MTG, STS, and STG
(Fig. 3, Table S1). Although temporal regions are less
commonly associated with the posterior salience net-
work, they may work in conjunction with the insula
because of their role in processing a wide variety of social
stimuli [31, 66, 111, 126]. The insula, in turn, is essential
for detecting the emotional significance of stimuli and for
interoceptive awareness triggered by those stimuli [4, 17,
20, 127]. This complementary relationship between the
temporal regions and the insula may result in their inte-
gration into a unified network essential for processing
the emotional significance of observed touch and related
bodily sensations. Furthermore, both regions are often
involved in processing affective touch, whether it is expe-
rienced or observed, with their neural activity influenced
by the perceived pleasantness [30, 46, 62, 93]. The current
finding is consistent with earlier research that identifies
atypical insula activity and connectivity in autism [35,
42, 96]. The current findings further contribute to our
understanding by demonstrating how the connectivity of
the posterior salience network — primarily involving the
insula — is differently modulated based on touch type in
autism.

Extensive neuroimaging research has demonstrated
somatosensory activation in response to observed social
touch, highlighting the vital role of embodied simula-
tion in understanding another person’s touch experiences
[11, 43, 44, 72, 105, 114, 115]. The degree of this activa-
tion has been associated with autism and other individual
differences, including social touch preference and the
empathy [13, 70, 72, 101, 113]. Reduced embodied sim-
ulation has also been observed in other social cognitive
domains in relation to autism. Research has shown that
AUT use a visuo-spatial strategy for perspective-taking
tasks, while NON-AUT rely more on embodied simula-
tion [28]. Reduced somatosensory responses have been
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also found in autism during facial expression discrimina-
tion tasks [37]. The vital role of embodied simulation in
understanding another person’s touch experiences is fur-
ther emphasized by the current finding, which shows that
during social touch observation, NON-AUT with a posi-
tive attitude towards social touch exhibit greater func-
tional coordination between the sensorimotor system
and the DMN - a network implicated in social cognition
[76, 83] (Fig. 7A). In contrast, in autism, this functional
coordination between the two networks associated with
embodied simulation and social cognition does not cor-
relate with social touch preference.

Other factors might explain the differences in network
connectivity. AUT experience social touch differently,
including which body parts they find pleasant or appro-
priate [89]. Since the social video clips used in the cur-
rent study feature social touch between NON-AUT, the
atypical connectivity in the embodied simulation system
may be partially explained by this difference. When peo-
ple with differing experiences interact, they may struggle
to empathize [91] and rely more on cognitive strategies
rather than embodied simulation, a phenomenon also
observed in the source study with multivoxel pattern
analysis [70]. However, the current study does not include
an experimental condition in which NON-AUT observe
social touch interactions involving AUT. Similarly, fac-
tors other than autism, such as alexithymia and anxiety,
might also partially explain the atypical connectivity.
These co-occurring conditions associated with autism are
reported to impact embodied simulation, emotion recog-
nition, and the ability to empathize with others [64, 109].
Further research is needed to address these questions.

Converging evidence from both ROI-based and ICA-based
analyses of connectivity in autism

These two approaches complement each other by pro-
viding insights into neural mechanisms that one alone
cannot reveal. The ROI approach sheds light on con-
nectivity between specific brain regions, while the ICA-
based FC approach, using data-driven methods, offers
additional evidence at the network level that the ROI
method might overlook. Some discrepancies emerged
between the results obtained from the two method-
ologies. Findings from brain region analyses reveal
hyper-connectivity between the early visual areas, early
somatosensory regions, and social brain areas, poten-
tially linked to neural compensatory mechanisms. In
contrast, large-scale brain network analyses reveal atypi-
cal connectivity between networks involved in embodied
simulation, affective interoception, and social cognition,
potentially linked to sensory reactivity and qualitative
variations in social touch experiences between AUT and
NON-AUT. Atypical functional integration, segregation,
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and idiosyncrasy of brain communication observed in
autism might differently affect the strength of connectiv-
ity within local brain regions and within large-scale brain
networks [9, 48, 110, 112]. Importantly, none of the cur-
rent findings can be attributed to head motion, as both
groups exhibited similar magnitudes of head motion.
Moreover, outlying volumes with higher framewise dis-
placement were removed, and motion parameters were
included as covariates in the analysis. Further research is
required to understand how the scale of networks influ-
ences the directionality of functional connectivity and its
association with functional integration, segregation, and
idiosyncrasy.

Limitations

This study focused on a specific subgroup of autistic
male adults with average to above-average intelligence,
no language or learning difficulties, and minimal sup-
port needs. While the homogeneity of this sample helps
control for variables such as age, IQ, and gender, future
research would benefit from including a more diverse
autistic sample. This may include females and indi-
viduals with greater support needs, such as those with
below-average 1Q, who may struggle to utilize compen-
satory cognitive strategies, potentially leading to different
connectivity patterns. In particular, including a female
sample is crucial, as autistic females experience touch dif-
ferently compared to both autistic males and non-autistic
females [89]. Lastly, the current study includes only small
number of participants (N =42). However, the effect sizes
observed in this study are generally considered medium
to large (e.g., p=—0.68), though the wide confidence
intervals suggest some variability in these estimates.

Conclusions

The current study presents distinct FC patterns in
autism during the observation of social touch inter-
actions and nonsocial human-object manipulation.
Heightened connectivity in the sensory and social brain
areas suggests a compensatory neural mechanism that
may support social processing, particularly in AUT
with greater social responsiveness and a more positive
attitude toward social touch. These findings question
the common negative view of hyper-connectivity in
autism, proposing that such connectivity might some-
times serve as an adaptive strategy. At the network
level, connectivity differences between the sensori-
motor, salience, and default mode networks points to
altered information flow, suggesting that the engage-
ment of embodied simulation, affective interoception,
and social cognition during touch observation may dif-
fer in autism. The increased connectivity of the sensori-
motor network during nonsocial touch highlights that
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the extent of embodied simulation varies with the type
of touch and is not always absent in autism. In terms
of methodology, this study highlights the advantages of
using a task-based connectivity approach to examine
context-sensitive changes in neural functional archi-
tecture in autism, providing evidence that a task-free
resting state approach may not offer. Finally, this study
links neural measures to behaviors, offering insights
into how brain connectivity in response to observed
touch relates to autistic social behavior and preferences
for social touch.
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