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ARTICLE INFO ABSTRACT

Keywords:

Autism spectrum disorders
Social phobia

Face perception

Alterations in the perception of facial emotional expression and their physiological resonance, as well as in
accurately sensing bodily states (i.e., interoception) have been reported in both autism and social anxiety. In the
current study, we aimed to examine the association between physiological responses, their sensation, and facial
emotion perception in individuals on the autism spectrum (N = 40), individuals with social anxiety (N = 27) and

Psychophysiolo : o 3 X . ¢ .
En}:otioiailprocgzsing neurotypical controls (N = 40). Participants first viewed videos of spontaneous facial expressions (anger,
Interoception happiness, sadness, fear and neutral) while facial muscle responses (corrugator supercilii and zygomaticus

major), indicating facial mimicry, and skin conductance, indicating emotional arousal, were recorded. In a
separate task, the same expressions were judged regarding their emotion category, the confidence in the accuracy
of this judgment, and the intensity of the observed emotional experience. Compared to controls, individuals with
social anxiety showed a stronger link between physiological arousal and the perceived intensity of sadness.
Individuals on the autism spectrum showed a relatively weaker link between the mimicry of anger and the in-
tensity at which this expression was perceived. Differences in self-reported interoceptive accuracy also played a
role in the latter link, suggesting alterations in integrating embodied emotions in autism.

The expression “I feel you”, which is commonly used in daily life,
reflects scientific insights in automatic responses to another person’s
emotions. When people perceive emotional experiences of others, they
can re-experience the perceived emotions by mirroring their bodily
signature. This process is proposed to facilitate an understanding of
others’ states (Niedenthal, 2007). Yet, individuals differ in their bodily
responses to others’ emotions (Fawcett et al., 2022) as well as in the
sensation of their internal states (i.e., interoception; Murphy et al.,
2020). This might, in turn, influence how the emotions of others are
processed (Terasawa et al., 2014). Distinct alterations in facial emotion
perception as well as in physiological reactivity to others’ emotions have
been reported in individuals on the autism spectrum and individuals

with social anxiety (Gilboa-Schechtman & Shachar-Lavie, 2013; Hubert
et al., 2009; Uljarevic & Hamilton, 2013; Vrana & Gross, 2004). Broader
difficulties in social communication, including alterations in eye contact
and social reciprocity, are main characteristics of the neuro-
developmental condition Autism Spectrum Disorder (ASD), next to
restricted, repetitive behaviours, such as stereotypic movements or
sensory interests. Social Anxiety Disorder (SAD) is specifically charac-
terized by a disproportionate fear and avoidance of social situations, as
result of fearing others’ evaluations (American Psychiatric Association,
2013). Both altered physiological responses to others’ emotional ex-
pressions and differences in their interpretations assumingly contribute
to the social interaction difficulties described in the two conditions. Yet,
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these processes have mainly been investigated separately. Moreover
little is known about potential alterations in the direct integration of
physiological feedback in processing others’ emotions in autism and
social anxiety.” The current study aims to unveil condition-specific al-
terations in the links between physiological changes in response to facial
emotional expressions and facial emotion perception. Additionally, it
seeks to explore the role of individuals’ differences in interoception
within this context.

1. Facial emotion perception alterations in autism and social
anxiety

Facial emotion perception in autism has been extensively researched,
and most studies show lower accuracies in the recognition of all facial
expressions of basic emotions (Uljarevic & Hamilton, 2013; Yeung,
2022). These results have long been interpreted as evidence for “defi-
cits” in emotion processing in autism. Opposing this interpretation,
recent approaches highlight different paths to emotion recognition that
individuals on the autism spectrum might follow. For example,
compared to neurotypical controls, they might employ learned rules
more strongly when deciphering observed expressions (Rutherford &
MclIntosh, 2007). Moreover, they might rely less on personal mental
representations of emotional expressions (Keating et al., 2023). In
addition, the autism diagnosis describes a highly heterogeneous group,
and novel evidence suggests that only a specific subgroup might present
facial emotion recognition difficulties (Meyer-Lindenberg et al., 2022).
Few studies have investigated the perception of emotional arousal in
others’ facial expressions in autism. Here, individuals on the autism
spectrum reported on lower arousal across the average of 21 different
emotion categories compared to neurotypical controls in one study
(Schneider et al., 2020). Another study, differentiating between eleven
emotion categories, found relatively lower arousal ratings specifically
for anger, fear and sadness displays (Tseng et al., 2014). Whether in-
dividuals on the autism spectrum also show altered confidence in their
facial emotion recognition skills is, to date, unclear. Two studies have
found no differences between individuals on the autism spectrum and
neurotypical controls in how confident they were in their facial emotion
recognition (Sawyer et al., 2014; Wang & Adolphs, 2017). In contrast,
under- and overestimations of facial emotion recognition accuracy have
been associated with higher autistic trait levels in a neurotypical sample
(Folz et al., 2023), in line with a similar pattern concerning social skill
judgments in a clinical sample (DeBrabander et al., 2020). Hence,
modulations in both intensity of perceived facial expressions and con-
fidence in their recognition may also be accounted for by a different path
to emotion recognition compared to neurotypical individuals.

Alterations in facial emotion processing have also been observed in
social anxiety (for reviews, see Gilboa-Schechtman & Shachar-Lavie,
2013; Machado-de-Sousa et al., 2010). Namely, individuals with social
anxiety tend to interpret displays of facial emotions more negatively.
This could, for example, result in a higher sensitivity to negative ex-
pressions (e.g., Gutiérrez-Garcia & Calvo, 2017; Joormann & Gotlib,
2006; however see Bui et al., 2017) and a lower sensitivity to positive
expressions (Lacombe et al., 2023). Moreover, higher misattributions of
negative affect to neutral expressions have been observed in individuals
with social anxiety (Peschard & Philippot, 2017). This misperception of
social threat might explain why emotional facial expressions are re-
ported to be more arousing by those individuals (Kivity & Huppert,

2 In this manuscript, we aim to adhere to the basic principles of inclusive
language by avoiding the term “disorder”, apart from within a diagnostic
context, and by referring to the clinical conditions as “autism” and “social
anxiety”. On an individual level, we employ the most widely accepted termi-
nology in the autism community (Botha et al., 2023), using the person-first term
“individuals on the autism spectrum” and, accordingly, “individuals with social
anxiety”.
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2016). Yet, not all studies report increased threat perception in faces,
including higher intensity of arousal ratings (e.g., Vrana & Gross, 2004).
Recent evidence further suggests that not emotion recognition perfor-
mance itself, but rather confidence in accurately judging emotional
facial expressions is reduced with higher social anxiety trait levels (Folz
et al., 2023). This observation is in line with general negative beliefs
about one’s performance in social situations, which are highlighted in
cognitive models of social anxiety (Clark & Wells, 1995). Importantly,
altered facial emotion perception has been linked to social interaction
difficulties in both social anxiety (Gilboa-Schechtman & Shachar-Lavie,
2013) and autism (Boraston et al., 2007; Trevisan & Birmingham, 2016),
which calls for an identification of potential underlying mechanisms.

2. Physiological resonance of perceived facial emotions

Facial emotional expressions are known to elicit physiological re-
sponses in an observer (Dimberg, 1982), and can form part of an
“embodied simulation” of the corresponding emotional state
(Niedenthal, 2007). Most research to date has focussed on the mirroring
of facial expressions, so-called facial mimicry, and its role in processing
others’ emotions (Wood et al., 2016). Distinct mimicry patterns of
various emotional expressions have been identified in neurotypical in-
dividuals (Wingenbach et al., 2020). Corresponding to the distinct facial
muscle activation patterns in response to others’ emotional facial ex-
pressions, researchers have aimed to identify consistent changes in
autonomic activity that could reflect an embodiment of others’ emo-
tions. A clear physiological signature of perceiving distinct (facial)
emotional expressions could, however, not be identified (Folz et al.,
2022). Indexing sympathetic activity, skin conductance has been high-
lighted as a valid measure of changes in experienced emotional arousal,
independent of valence (Ventura-Bort et al., 2022).

2.1. Alterations in facial mimicry in autism and social anxiety

According to previous research, individuals on the autism spectrum
show less involuntary facial mimicry of emotional expressions (i.e.,
automatic facial muscle responses), compared to neurotypical in-
dividuals (Davies et al., 2016). Importantly, the ability to mimic ex-
pressions voluntarily (i.e., instructed and not automatic responses) has
not been found to be altered in autism (McIntosh et al., 2006). It might,
however, occur with a delay and be less precise compared to controls
(Drimalla et al., 2021). Furthermore, individuals on the autism spectrum
do not seem to be less expressive than neurotypical individuals when
observing others’ emotional expressions, but they show less differences
in their reactions to different emotion categories (Rozga et al., 2013;
Weiss et al., 2019). One recent study even identified a cluster of in-
dividuals on the autism spectrum in their sample, which was both less
differentiated and more expressive in their facial responses to observed
emotional facial expressions. In this study, higher facial expressiveness
has further been found to be associated with poorer emotion recognition
performance within the autism group (Quinde-Zlibut et al., 2022). Un-
differentiated and exaggerated facial responses might be a reflection of
experienced challenges in emotion recognition in autism. Yet, at the
same time, these responses hinder the use of facial muscle activations as
feedback about others’ emotional states. In those lines, automatic sim-
ulations of others’ expressions have recently been suggested to be less
integrated in emotion processing in autism (Folz et al., 2023).

Only few studies have investigated potential alterations of facial
mimicry associated with social anxiety, and yielded inconclusive find-
ings: some have reported no differences in sub-clinical individuals with
higher levels of social anxiety traits (Dijk et al., 2018), but others have
found enhanced mimicry of negative expressions, such as anger
(Dimberg, 1997; Vrana & Gross, 2004) or disgust (Peter-Ruf et al.,
2017). An enhanced mimicry of polite smiles has also been described in
individuals with high social anxiety traits in a real social context (Dijk
etal., 2018). Mimicry of genuine smiles, however, has not been observed
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to be enhanced in this study, and has even been found to be reduced in
computer-based tasks (Dimberg, 1997; Vrana & Gross, 2004). Thus,
individuals with social anxiety might rather mimic smiles more strongly
in interaction with others as social signals and not as an enhanced
simulation.

2.2. Alterations in emotional arousal in autism and social anxiety

Differences in terms of both hyper- and hypoarousal have been
proposed in autism in an emotion processing context, with an in-
dividual’s arousal profile (i.e., hypo- or hyperarousal) supposedly
depending on their attentional deployment tendencies (Cuve et al.,
2018). Reduced arousal in individuals on the autism spectrum compared
to neurotypical individuals has, however, only been reported in one
study (Hubert et al., 2009). The finding was further specific to a con-
dition in which the expressor’s emotional state had to be judged
explicitly. No differences in objective arousal measures have been found
when emotional facial expressions (Mathersul et al., 2013) or videos of
social emotional scenes (Dijkhuis et al., 2019) were solely viewed.
Nevertheless, individuals on the autism spectrum reported to be less
emotionally affected by the videos compared to neurotypical in-
dividuals. Thus, it is yet to be determined how own physiological arousal
influences the processing of other’s emotion in autism.

Paralleling the limited research on facial mimicry, only few studies
have measured autonomic nervous system responses during facial
emotion perception in social anxiety, and the results remain inconclu-
sive. Higher arousal responses to negative and, perhaps, neutral facial
expressions might be expected based on the negativity bias in the
interpretation of facial expressions. Most studies have, however, found
no differences in skin conductance responses during facial emotion
perception between individuals with high and low social anxiety levels
(Dimberg & Thunberg, 2007; Merckelbach et al., 1989). Still, some ev-
idence speaks for relatively lower responses in skin conductance to
positive and higher responses to negative expressions with higher social
anxiety levels (Tsunoda et al., 2008; Vrana & Gross, 2004). So far, it
remains unknown whether potentially altered autonomic responses
have an impact on the judgments of others’ emotions in social anxiety.

3. Integration of physiological resonance in facial emotion
perception in autism and social anxiety

In both social anxiety and autism, a mismatch between objectively
measured and subjectively reported physiological responses has been
observed (Dijkhuis et al., 2019; Nikolic¢ et al., 2015). As interpretations
of others’ facial expressions can be informed by physiological responses,
it is important to not only consider their actual magnitude. Also the
accurate sensation and the attention to bodily signals might contribute
to alterations in facial emotion perception in autism and social anxiety.
Research on interoception, which describes the sensation, integration,
interpretation and regulation of internal signals (Chen et al., 2021), has
revealed that physiological signals are objectively sensed less accurately
by individuals on the autism spectrum compared to neurotypical in-
dividuals (Failla et al., 2020; Garfinkel et al., 2016). While distinct body
sensations are subjectively overperceived (Garfinkel et al., 2016), in-
dividuals on the autism spectrum report difficulties in the integration of
different sensations and their interpretation (Fiene et al., 2018; Hatfield
et al., 2019). Reduced interoceptive accuracy in autism has been linked
to reduced empathy in past research (Mul et al., 2018), yet not consis-
tently (Butera et al., 2023). Emotion recognition can be seen as a more
basic process compared to empathy: it requires the inference of a state
based on an external cue, and it can involve but does not require the
sharing of emotions (i.e., emotional empathy), or a complex under-
standing of another person’s mental state (i.e., cognitive empathy;
Shamay-Tsoory et al., 2009). Investigating the role of altered intero-
ceptive accuracy in this fundamental process might help pinpoint the
parameters under which interoceptive ability becomes relevant for
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social cognition in autism.

Individuals with social anxiety report to be more physiologically
aroused in social situations than controls, despite not showing actual
differences in arousal levels (Edelmann & Baker, 2002; Nikoli¢ et al.,
2015; Shalom et al., 2015). This misperception of bodily arousal might
arise from a heightened attention to internal anxiety cues (Heimberg
et al., 2014), including interoceptive signals. Studies which objectively
assessed the sensation of one’s heartbeat (i.e., cardiac interoception)
have yet described a reduced accuracy in individuals with social anxiety
compared to control participants (Gaebler et al., 2013) or found no
group differences (Antony et al., 1995). The extent to which alterations
in perceiving one’s own physiological signals relate to altered percep-
tion of other’s emotions in social anxiety is still to be determined.

4. Objectives of the current study

The accurate interpretation of others’ facial emotional expressions is
a crucial building block of successful social interactions. As a conse-
quence, researchers in the fields of autism and social anxiety have set out
to identify potential alterations in facial emotion processing, which may
contribute to experienced social interaction difficulties. Embodied per-
spectives on social cognition highlight the automatic embodied simu-
lation of others’ emotions in interpreting observed expressions.
Although previous research has described alterations in both physio-
logical responses to observed emotional facial expressions and their
interpretation, the link between these two levels of description has
received little attention. The goal of the current study was therefore to
investigate putative alterations in the role that physiological feedback
might have in facial emotion processing in autism and social anxiety.
Hence, we first measured automatic changes in facial muscle activity (i.
e., facial mimicry) and in skin conductance while participants were
passively viewing spontaneous and standardized videos of facial
emotional expressions. In a separate task, participants were asked to
label each viewed expression according to five categories, to indicate
their confidence in correctly labelling the expression, and to judge its
emotional intensity. These measures allowed us to test whether senso-
rimotor simulations of some facial expressions and/or changes in
arousal would be differentially predictive of (a) correctly recognizing an
expression; (b) confidence in one’s performance; and (c) judging the
intensity of another person’s emotional experience in individuals on the
autism spectrum or with social anxiety compared to matched control
participants.

We expected that both emotion recognition accuracy and facial
mimicry would be reduced in the autism group compared to the
matched neurotypical control group. In addition, it has been proposed
that individuals on the autism spectrum would have a noisier integration
of physiological signals in higher level cognitive processing (Van de
Cruys et al., 2017). Therefore, we expected to observe a weaker link
between facial mimicry and emotion recognition accuracy in the autism
group compared to the control group. In those lines, we also explored if
the link between emotional intensity judgments and autonomic arousal,
indexed by changes in skin conductance, would be weaker in individuals
on the autism spectrum compared to neurotypical controls.

In contrast, we did not expect to see differences in the magnitude of
physiological responses and in emotion recognition accuracy, and
neither in their link, in individuals with social anxiety compared to the
control group, as we did not provide a real social setting. Yet, as
reflection of negative beliefs about one’s social skills, confidence in
emotion recognition was expected to be overall reduced in individuals
with social anxiety compared to controls. Especially negative and
neutral facial expressions were expected to be judged more emotionally
intense, in line with the negativity bias. Here, we aimed to explore
whether the link between confidence and/or intensity judgments and
physiological responses might be modulated, potentially due to known
misperceptions of physiological arousal.

On top of that, by including self-reported interoception in our study,
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we could test whether individuals on the autism spectrum or with social
anxiety would report differences in accurately sensing their bodily sig-
nals, as well as differences in attention towards them, in daily life. It
further allowed us to explore whether individual differences in self-
reported interoception could account for observed differences in our
emotion processing context.

5. Methods
5.1. Participants

In total, the sample comprised 107 participants (65 women) within
the age of 19-62 years (Mage = 34.82, SD = 12.31) who were divided in
three subgroups: 40 individuals were on the autism spectrum (AS group,
28 women, Myge = 36.90, SD = 12.52), 27 individuals were diagnosed
with Social Anxiety Disorder (SA group, 15 women, Mg = 31.89, SD =
10.43) and the remaining 40 neurotypical individuals had no history of
psychiatric diagnoses (NC group, 22 women, Myge = 34.73, SD = 13.12).
All participants were native German speakers living in Germany. Par-
ticipants were included in the clinical groups if they had an existing
diagnosis of the respective condition, and if this condition could be
confirmed in a diagnostic assessment on the first testing day. In order to
confirm an existing SA diagnosis, the SCID-5-CV (First et al., 2019) was
administered. This diagnostic tool was also used to confirm the absence
of specific psychiatric diagnoses (affective, psychotic and anxiety dis-
orders as well as substance abuse) in the NC group and to assess
comorbidities in the clinical groups. In the AS group, the second edition
of the Autism Diagnostic Observation Schedule (ADOS-2; Lord et al.,
2012) was conducted unless participants provided recent ADOS-2 re-
sults (i.e., conducted within the past two years). Because of the
COVID-19 regulations in Germany, which included masks and physical
distancing, the ADOS-2 could not be performed or coded properly for 15
participants without recent ADOS-2 results. Exclusion criteria for all
groups were history of illegal drug use, alcohol abuse or addiction,
serious head injuries, neurological or other severe internal conditions.
Those criteria were chosen to exclude any medical conditions that might
interfere with cognitive functioning. Control participants with any
first-degree relatives who had a history of mental disorders were
excluded from the study. Thereby, we aimed to reduce the risk of high
clinical trait levels in the NC group. An overview for existing comor-
bidities that did not lead to exclusion can be found in Table S1 in the
Supplemental Material. In addition to being matched for gender and age
on a group level, we also ensured that the groups did not significantly
differ in their level of education, indexed by the years of education (AS
group: M = 17.68, SD = 5.24; SA group: M = 16.48, SD = 2.92; NC
group: M = 16.7, SD = 3.29) and intelligence indexed by the Multiple
Choice Vocabulary Intelligence Test (MWT-B; Lehrl, 2005; see Supple-
mental Material for additional information). Group differences in diag-
nostic and self-reported trait variables are outlined in Table S3 in the
Supplemental Material.

Clinical participants were recruited from different in- and outpatient
units in the LVR-University Hospital in Essen. Moreover, nearby therapy
centres as well as patient groups (e.g. support groups, online forums)
were contacted. Newspaper and online advertisements (e.g., of the Sci-
entific Society Autism Spectrum WGAS) were published. The sample size
was determined based on a power analysis using the simr package in R
(Green & MacLeod, 2016). More specifically, we used an observation
from our previous study in a student sample as basis, namely lower
confidence in general emotion recognition with higher social anxiety trait
levels (B =-0.13, Folz et al., 2023). A sample size of 40 participants was
deemed sufficient to detect a medium effect (—0.5) with 100 % power and
a small effect (—0.26) with 77 % power. Importantly, this power analysis
covered one specific effect and we only managed to recruit 27 individuals
with social anxiety during the study period (September 2021-October
2023, including the COVID-19 pandemic). Therefore, we decided to
additionally employ Bayesian analyses to identify whether our sample
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was large enough to find convincing evidence for the alternative or null
hypothesis in our group comparisons of interest.

Written consent was obtained from all participants prior to partici-
pation. The current study was part of a larger research project including
additional tasks and measurements (see Procedure section), which
encompassed two testing days of 2-2.5 h duration each. After comple-
tion of all tasks on the second testing day, participants were given verbal
and written debriefing about the study and received a fixed reim-
bursement of 50€ for their travel costs and varying bonus payments
depending on outcomes in another task (0-2.5€). The design of the study
was approved by the Medical Ethics Committee Leiden The Hague Delft
(NL67766.058.18) and the Ethics Committee of the Medical Faculty of
the University of Duisburg-Essen (19-8732-BO).

5.2, Stimuli

Eight identities (four women) displaying anger, fear, happiness,
sadness, and neutral facial expressions were chosen as a source of stimuli
from the FEEDTUM database (Wallhoff et al., 2006, pp. 493-496). This
database  includes videotaped non-instructed reactions to
emotion-inducing video-clips, resulting in spontaneous and hence more
naturalistic expressions than acted emotional stimuli. The selected
videos were standardized so that each clip had a duration of 2 s which
included a neutral expression of 0.5s followed by 1.5s of each category’s
expression. Furthermore, the cut dynamic facial expressions were placed
in front of a uniform grey background (for the selection and standardi-
zation procedure, see Folz et al., 2023). In sum, the stimulus set con-
tained 40 2-s videos, depicting five emotion categories by eight
individuals. These stimuli were already employed in previous empirical
studies with student samples (e.g., Folz et al., 2023, 2024) but have not
been separately validated.

5.3. Procedure

The general procedure consisted of two separate days. On the first
testing day, participants completed multiple diagnostic assessments and
various questionnaires, including those of interest (see text and Table S3
in the Supplemental Material for a detailed description). The second
testing day was scheduled within the following seven days. After being
briefed on the procedure, electrodes were attached to the participants’
faces (see Facial Electromyography section) and hands (see Skin
Conductance section). Participants were positioned at a distance of 50
cm from a Philips screen with a resolution of 1920x1080 pixels. Using E-
Prime 3.0 software, the stimuli (720 x 480 pixels) were presented in the
center of the screen. The study consisted of two consecutive subtasks. In
the first task, participants were instructed to observe the stimuli without
engaging in any action while psychophysiological and video data was
recorded. Each trial began with the appearance of a black fixation cross
on a grey background, lasting for 1 s, followed by the presentation of one
of the 40 video stimuli for 2 s. To mitigate potential data inaccuracies
arising from background noise, each participant watched each of the 40
videos twice, resulting in a total of 80 trials. The task had a duration of
approximately 20 min.

Upon completion of the first task, the electrodes were removed from
the participants’ faces, and the second subtask (emotion labelling)
commenced. All 40 video sequences were once again presented, totaling
three viewings per participant. When the video clip disappeared, par-
ticipants were asked to judge the displayed expression. Specifically, we
asked the following questions: (a) "What type of expression was
exhibited by the person in the video?"; (b) "How confident are you in
your judgment?" (ranging from “not confident at all” to “very confi-
dent™); and (c) "How emotionally intense was the expression portrayed
in the video?" (ranging from “not intense at all” to “very intense”).
Participants used horizontal sliders with invisible values to indicate
their responses, ranging from 0 to 100 with increments of 10. The second
subtask lasted approximately 10 min.
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5.4. Measurements

5.4.1. Facial electromyography (fEMG)

Following the guidelines of Fridlund and Cacioppo (Fridlund &
Cacioppo, 1986), we applied reusable 4 mm Ag/AgCl surface electrodes
on the left side of the participants’ faces to measure facial electromy-
ography (fEMG). Two electrodes were placed over the Corrugator
Supercilii region (referred to as “corrugator” hereafter) to measure facial
muscle (de-)activations that form part of mimicry patterns, which have
been described for happy, sad, fearful, and angry expressions (Kiinecke
et al., 2014). As another part of the facial mimicry pattern of happy
expressions, facial muscle activations over the Zygomaticus Major re-
gion (referred to as “zygomaticus” hereafter) were measured using two
additional electrodes. The ground electrode was applied on the top of
the forehead. A Biopac MP160 system combined with a BioNomadix 2
channel wireless EMG amplifier was used to transmit and amplify the
signals, which were recorded in AcqgKnowledge 5.0 (Biopac Systems Inc,
2009) with a sampling rate of 1000 Hz. Initial data inspection and
preprocessing was performed in the PhysioData Toolbox v.0.6.3
(Sjak-Shie, 2022), including rectification, filtering (28 Hz high cut-off
filter, 500 Hz low cut-off filter and 50 Hz notch filter) and smoothing
(Boxcar filter with 0.1s window size). Based on the initial data inspec-
tion and the notes that had been taken during the recordings, corrugator
data of six participants and zygomaticus data of five participants were
entirely excluded due to poor data quality. Furthermore, the time-locked
videos belonging to each datafile were carefully inspected for pertur-
bations simultaneously with the EMG data recordings, and trials with
visible effects on the data during stimulus presentation were noted for
exclusion (corrugator: 277 trials, 3.4 %; zygomaticus: 363 trials, 4.4 %).
After exporting the EMG signals for each trial, which were downsampled
to 10 Hz, a baseline correction was performed. Here, the mean signal of
the first 0.5s of stimulus presentation, when the expression was still
neutral, served as the baseline. This baseline was then subtracted from
each datapoint of the following 1.5s within the same trial, when the
emotional expression developed. The data during the last second of the
stimulus presentation in which the full emotional expression was shown
(ten datapoints) was then averaged for each participant and each muscle
region across the two presentations of each of the 40 distinct stimuli.

5.4.2. Skin Conductance

Two electrodes were attached to the index finger and the ring finger
of the participants’ non-dominant hands to measure changes in skin
conductance (SC). The signal was transmitted using the same Biopac
MP160 system as for the fEMG recordings with an EDA100C module
(settings: 2000 Hz sampling rate, Gain: 10 pV, 1 Hz low-pass filter) and
all physiological recordings were stored in the same AcqKnowledge
datafile. The SC data was also preprocessed in the PhysioData Toolbox
v.0.6.3 (Sjak-Shie, 2022), by applying the same visual inspection pro-
cedure as for the fEMG data. Due to poor data quality, six participants
had to be entirely excluded, as well as a total of 313 trials (3.9 %) of the
remaining participants. Similar to the fEMG data, the downsampled SC
data (10Hz) was then baseline-corrected for each trial. Based on previ-
ous research (Tsunoda et al., 2008), we decided to consider the
maximum positive deflection in the baseline-corrected signal up until 4 s
after emotion onset (i.e., a 5.5s time window) as peak response to the
stimulus, and eventually log-transformed the distribution after adding 1
as a constant to each data point.

5.4.3. Questionnaires

Descriptions of the completed questionnaires which were not
outcome measures in our analyses are summarized in the Supplemental
Material, including descriptive statistics by group and group compari-
sons (see Table S3). In the following, more detailed information about
the questionnaires of interest for the current study is provided.

Interoception measures. Two self-report questionnaires were used
in order to measure subjective perceptions of interoceptive accuracy and
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attention: the German versions (Brand et al., 2023; Tiinte et al., 2023) of
the Interoceptive Accuracy Scale (IAS; Murphy et al., 2020), and the
Interoceptive Attention Scale (IATS; Gabriele et al., 2022). The IAS
evaluates subjective beliefs regarding one’s ability to accurately
perceive interoceptive signals, whereas the IATS assesses subjective
beliefs concerning one’s attention to interoceptive sensations. Partici-
pants judge internal body states of 21 bodily signals (e. g., heartbeat,
pain, need to urinate) rated on a scale from 1 = strongly disagree to 5 =
strongly agree, with scores ranging from 21 to 105. Higher scores
indicate greater self-reported interoceptive accuracy or attention. With
an alpha of 0.88 (95 % CI [0.84, 0.91]) and 0.89 (95 % CI [0.86, 0.92]),
respectively, both the IAS and the IATS showed good internal consis-
tency in our sample.

5.5. Data analysis

The main interest of this study was to examine potential alterations
in the link between physiological measures and facial emotion percep-
tion reports in autism and social anxiety. First, we conducted simple
group comparisons on alterations in physiological responses and facial
emotion perception reports on subject-level averaged data, as well as on
alterations in interoception self-reports. Due to unequal sample sizes and
variances in the three groups, we first ran a Kruskal-Wallis test as
omnibus test, which was followed by Wilcoxon rank sum tests (each
clinical group against NC), using the Benjamini Hochberg correction for
multiple comparisons. Prior to model fitting for the main analysis, self-
reported Confidence in Emotion recognition accuracy and Perceived
emotional intensity were standardized (i.e., centered and scaled) to
facilitate model coefficient interpretation. In all (generalized) linear
mixed models of the main analysis, we defined random intercepts for
participants and stimuli. The effects of each clinical group were con-
trasted to the NC group in all models (reference level) as well as in all
post-hoc comparisons.

As mimicry of different emotional facial expressions involves distinct
muscle regions (see fEMG section), we fitted separate models to inves-
tigate alterations in the association between facial muscle responses and
emotion perception of specific facial expressions. All negative expres-
sions were included in the same models, together with the neutral
expression, as they have all been linked to increased corrugator activity
in past research (Kiinecke et al., 2014; Wingenbach et al., 2020). In the
first generalized linear mixed model, we predicted Emotion recognition
accuracy on a trial-by-trial level by the presented Emotion category,
Corrugator activity and Group membership, including all interactions
between the variables. The same predictors were employed in the sec-
ond model, predicting Confidence in emotion recognition, as well as in the
third model, predicting the Perceived emotional intensity in the observed
expression.

Mimicry of happy expressions has been shown to involve both an
increase in activity over the zygomaticus region and a decrease in ac-
tivity over the corrugator region (Rymarczyk et al., 2011). As happy
facial expressions were recognized at ceiling performance in all three
groups, we decided not to fit a model on recognition accuracy of these
expressions. Hence, in our fourth model, we predicted Confidence in
emotion recognition of happy expressions on a trial-by-trial level by
Corrugator activity, Zygomaticus activity and Group membership,
including interactions between each muscle region and Group mem-
bership. Perceived emotional intensity of happy expressions was predicted
by the same terms in the fifth model.

Changes in skin conductance in response to emotional stimuli have
been shown to reflect emotional arousal in general rather than being
emotion-specific (Ventura-Bort et al., 2022). Therefore, our models with
Skin conductance as predictor were fitted on ratings of all expressions
(anger, fear, happiness, sadness, neutral) on a trial-by trial level. An
exception was the Emotion recognition accuracy model, in which we did
not include happy expressions due to ceiling performance. Thus, in the
final models, Emotion recognition accuracy, Confidence in emotion
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recognition and Perceived emotional intensity were predicted by the pre-
sented Emotion category, Skin conductance and Group membership,
including all interactions between these variables.

We additionally conducted analyses in which we addressed potential
confounds in our study. First, we aimed to control for systematic indi-
vidual differences between groups that are not condition-specific (e.g.,
not autistic trait levels) but could have an influence on facial emotion
processing. Significant differences between groups were observed in
both self-reported depressive symptoms and alexithymia (see Table 52),
which were also linked to altered emotion processing in previous
research (Rutter et al., 2020; Trevisan & Birmingham, 2016). Therefore,
we re-fitted all models with standardized alexithymia and depressive
symptom scores as covariates, which did not change our results in a
meaningful way.

A second limitation of our study was that we did not achieve the
desired sample size in the SA group (see Participants section). As a result
of limited power, we might have not been able to find existing effects
when comparing this group to the control group. To address this issue,
we additionally conducted Bayesian analyses. Evidence of one hypoth-
esis (e.g., about an expected difference) can be compared to another
hypothesis (e.g., no difference) using Bayes factors (BFs). Given
observed data, they express the relative probability of the two
competing hypotheses (i.e., models) on a continuous scale. Importantly,
this probability also depends on the probability distributions that are
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assigned to the two hypotheses by the researchers in the first place, the
so-called prior probabilities. In our case, we defined narrow (normal(0,
1)), medium (normal(0, 2.5)) and wide (normal(0, 5)) prior distribu-
tions to evaluate the dependence of our results on prior specifications.
According to common classifications, we regarded BFs larger than 10 as
strong evidence for the alternative hypothesis, BFs larger than 3 as
moderate evidence and BFs between 1 and 3 as weak/inconclusive ev-
idence. Similarly, evidence for the null hypothesis was regarded as
weak/inconclusive for BFs between 0.3 and 1, moderate for BFs between
0.1 and 0.3 and strong for evidence smaller than 0.1 (Jeffreys, 1961). All
statistical analysis were conducted in R 4.2.2. More technical details
regarding the analyses can be found in the Supplemental Material.

6. Results

6.1. Group differences in physiological resonance, facial emotion
perception, and interoception

In line with previous work, we observed a reduction in automatic
facial mimicry responses to happy facial expressions, as well as a less
accurate and confident emotion recognition, in individuals on the
autism spectrum. More specifically, less relaxation of the corrugator in
response to happy expressions was observed in the AS group compared
to the NC group, p = .001, effect size r = 0.39, 95 % CI [0.19, 0.56].
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Fig. 1. Group Differences in Physiological Measures and Facial Emotion Perception Judgments

Note. Group differences on subject-level averaged data by emotion category in (A) baseline-corrected, z-scored corrugator activity, (B) baseline-corrected, z-scored
zygomaticus activity, (C) baseline-corrected, log-transformed maximum deflection in skin conductance, (D) emotion recognition accuracy, (E) confidence in emotion
recognition, and (F) perceived emotional intensity. Error bars represent values less than or equal to the third quartile +1.5 * the interquartile range (upper) and

values larger than or equal to the first quartile - 1.5 *

the interquartile range (lower). Significant group differences in Wilcoxon rank sum tests are indicated by
asterisks, according to the significance levels: ***p < .001; **p < .01, *p < .05.
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Furthermore, compared to the NC group, individuals on the autism
spectrum were less accurate in the recognition of fearful expressions, p
< .001, effect size r = 0.47, 95 % CI [0.29, 0.64], and of sadness ex-
pressions, p = .001, effect size r = 0.39, 95 % CI [0.20, 0.58]. An
overview of misclassifications to specific emotion categories can be
found in Fig. S1 in the Supplemental Material. The ceiling performance
for happy expressions in both the NC group and the SA group did not
allow for group comparisons (100 % accuracy rates). Individuals on the
autism spectrum also reported reduced confidence in the recognition of
all facial expressions compared to the NC group (pSemotions < 0.001,
range effect size r: 0.45-0.48, range 95 % ClIs: [0.25, 0.62] — [0.31,0.65],
and ppeutral = 0.002, effect size r = 0.36, 95 % CI [0.15, 0.55]). Lastly,
the intensity of both angry and fearful expressions was perceived as less
emotionally intense in the AS group compared to the NC group, p =.021,
effect size r = 0.29, 95 % CI [0.07, 0.48] and p = .002, effect size r =
0.37, 95 % CI [0.17, 0.55] respectively (see Fig. 1 and Table S2 in the
Supplemental Material for an overview of all group differences).

Additionally, both clinical groups reported to be less accurate in the
perception of their interoceptive signals (SA group: p = .002, effect size
r=0.37,95 % CI [0.17, 0.58]; AS group: p < .001, effect size r = 0.42,
95 % CI [0.22, 0.60]) while attending more strongly to them in everyday
life (SA group: p < .001 effect size r = 0.45, 95 % CI [0.24, 0.63]; AS
group: p = .010, effect size r = 0.29, 95 % CI [0.07, 0.48]).

6.2. Facial muscle activity and the perception of negative facial
expressions

Against our expectations, we did neither observe a significant three-
way interaction between Emotion category, Corrugator activity and Group,

nor a significant two-way interaction between Corrugator activity and

Table 1
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Group in the model with Emotion recognition accuracy as outcome (see
Table 1). Thus, there was no evidence for differences in the relation
between activity over the corrugator muscle region (“frowning™) and
recognition of (specific) negative emotional expressions between either
clinical group and the NC group. Bayes factors below 0.3 supported the
null hypothesis, apart from inconclusive evidence regarding the NC-SA
difference for fearful expression (BF = 0.48). Yet, next to main effects of
Emotion category and Group, we observed significant interactions be-
tween Emotion category and Corrugator activity, y2 = 9.62, p = .022, as
well as between Emotion category and Group, y2 = 46.57,p < .001. In line
with the results on the subject-level averaged data, recognition of
sadness and fear displays was significantly less accurate in the AS group
compared to the control group, ORgadness = 0.40, 95 %CI [0.23,0.711, p
< .001 and ORgpear = 0.15, 95 %CI [0.08, 0.30], p = .001. We addi-
tionally observed worse recognition of angry facial expressions in the AS
compared to the NC group, OR = 0.43, 95 %CI [0.22, 0.85], p = .011.
Similarly, we only found group differences in rating both Confidence in
emotion recognition and Perceived emotional intensity, independent of
Corrugator activity, for the different levels of Emotion category F(6,3275)
= 5.32, p < .001 and F(6,3275) = 4.69, p < .001 respectively (see
Table 1 for the model fits). Looking at the Bayes factors, there indeed
seemed to be strong to moderate evidence for no differences in the as-
sociation between Corrugator activity with Confidence in emotion recog-
nition between groups (BF range: 0.08-0.15). The comparison of angry
expressions between the AS group and the NC group, for which the
evidence was inconclusive (BF = 0.58), was an exception. For Perceived
emotional intensity, there was robust evidence for a difference between
the AS and NC group across prior specifications for angry expressions
(strong evidence at a medium prior, BF = 12.76), and less robust evi-
dence for a difference between the SA and NC group (moderate evidence

Generalized linear mixed-effects models including corrugator activity to predict (1) emotion recognition accuracy, (2) confidence in emotion recognition, and (3)

perceived emotional intensity of negative expressions.

Fixed Effects Emotion Recognition Accuracy Confidence in Emotion Recognition Perceived Emotional Intensity

OR 95 % CI z p p 95 % CI t p p 95 % CI t p
Intercept 9.76 6.33-15.06 10.31 <.001 0.27 0.09-0.44 3.03 .003 0.15 —0.04-0.33 1.53 0.128
Anger 1.35 0.71-2.54 0.92 0.356 0.04 —0.12-0.21 0.53 0.599 0.25 0.08-0.43 2.95 .005
Fear 2.05 1.06-3.96 2.13 .033 0.02 —0.14-0.19 0.30 0.768 0.35 0.17-0.52 4.04 <.001
Sadness 0.41 0.22-0.74 —2.92 .004 -0.25 —0.41--0.08 —-3.00 .005 —0.26 —0.44--0.09 —3.08 .004
Corrugator 1.16 0.95-1.42 1.48 0.140 0.02 —0.03-0.07 0.95 0.343 0.02 —0.02-0.07 1.00 0.319
Autism spectrum (AS) 0.40 0.27-0.60 —4.46 <.001 —0.59 —0.81--0.37 —5.41 <.001 —0.28 —0.52-—-0.05 —2.38 .019
Social anxiety (SA) 0.85 0.54-1.35 —0.68 0.496 —0.18 —0.42-0.07 —1.44 0.151 -0.15 —0.41-0.11 -1.12 0.264
Anger * Corrugator 1.20 0.85-1.67 1.04 0.297 0.07 —0.01-0.14 1.69 0.090 0.08 0.00-0.15 2.01 .044
Fear * Corrugator 1.54 1.05-2.26 2.21 .027 0.06 —0.04-0.15 1.18 0.236 —0.03 —0.11-0.06 —0.58 0.564
Sadness * Corrugator 0.92 0.70-1.22 —0.56 0.578 —0.01 —0.09-0.07 —-0.25 0.806 —0.03 —0.11-0.05 -0.70 0.484
Anger * AS 1.08 0.71-1.64 0.36 0.717 —0.06 —0.17-0.05 -1.13 0.259 —-0.06 —0.16-0.05 —1.04 0.297
Fear * AS 0.36 0.23-0.57 —4.46 .001 —0.17 —0.27--0.06 —2.98 .003 —0.13 —0.23--0.02 —2.34 .019
Sadness * AS 1.00 0.70-1.43 0.01 0.994 0.04 —0.07-0.15 0.76 0.444 0.10 —0.01-0.20 1.86 0.063
Anger * SA 1.62 0.95-2.77 1.76 0.079 0.08 —0.04-0.20 1.33 0.185 0.02 —0.10-0.14 0.33 0.738
Fear * SA 1.06 0.61-1.85 0.22 0.829 0.07 —0.05-0.19 1.09 0.275 —0.03 —0.15-0.08 —0.56 0.579
Sadness * SA 0.74 0.49-1.12 —1.43 0.154 —0.08 —0.20-0.04 -1.31 0.190 0.18 0.07-0.30 3.08 .002
Corrugator *AS 0.94 0.73-1.21 —-0.47 0.642 0.01 —0.06-0.08 0.33 0.742 —0.01 —0.07-0.05 -0.29 0.769
Corrugator * SA 0.81 0.58-1.12 -1.26 0.207 —0.06 —0.14-0.02 -1.49 0.136 —-0.05 —0.13-0.02 -1.37 0.171
Anger* Corrugator * AS 0.90 0.59-1.37 —0.48 0.629 —0.09 —0.20-0.01 —1.83 0.067 —0.15 —0.25--0.06 —3.09 .002
Fear *Corrugator * AS 0.80 0.50-1.27 —-0.95 0.341 —0.02 —0.15-0.10 -0.37 0.708 0.11 —0.01-0.23 1.85 0.064
Sadness * Corrugator * AS 0.94 0.65-1.35 -0.35 0.729 0.03 —0.08-0.14 0.60 0.548 0.00 —0.10-0.11 0.06 0.955
Anger* Corrugator * SA 1.16 0.65-2.04 0.50 0.619 —0.09 —0.20-0.03 —1.46 0.144 —0.09 —0.20-0.03 —1.50 0.133
Fear *Corrugator * SA 0.72 0.38-1.37 —1.00 0.317 0.01 —0.14-0.15 0.07 0.943 0.04 —0.10-0.18 0.54 0.587
Sadness * Corrugator * SA 0.98 0.62-1.55 —0.09 0.932 0.02 —0.11-0.16 0.34 0.734 —0.02 —0.15-0.11 -0.23 0.816
Random Effects Emotion Recognition Accuracy Confidence in Emotion Recognition Perceived Emotional Intensity
¢* 3.29 0.66 0.54
T00 I 0.53 0.23 0.24
T00 PicName 0.80 0.06 0.06
ICC 0.29 0.30 0.35
N 107 107 107
N picName 32 32 32
Observations 3397 3411 3411
Marginal R?/Conditional R? 0.134/0.384 0.106/0.375 0.096/0.415

Note. Boldface is used to highlight statistically significant results. Results of post-hoc group comparisons for specific emotions are reported in the text.
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Fig. 2. Group Differences in the Relation Between Corrugator Activity during the Viewing of Negative and Neutral Facial Expressions and their Perceived Emotional

Intensity

Note. This figure visualizes group differences in the relation between baseline-corrected, z-scored corrugator activity during the viewing of negative and neutral facial
expressions and their perceived emotional intensity (rescaled to an ordinal scale of 0-10) by expression category, as observed in the Bayesian analysis. Robust
evidence for group differences is indicated by a bracket, including the corresponding Bayes Factor.

only at a narrow prior, BF = 5.83; see Fig. 2). The Bayes factors for the
slope comparison against zero for each group suggested that slope dif-
ferences between groups mainly seemed to be driven by a positive
relation between Corrugator activity and Perceived emotional intensity in
the NC group. There was, however, only moderate evidence when
specifying a narrow prior (BF = 4.94), and not medium (BF = 2.19) or
wide (BF = 1.24) priors. Bayes factors for the group comparisons of all
other expressions were very low, thus in strong favour of the null hy-
pothesis (BF range: 0.05-0.10).

As already indicated in the preliminary analysis, Confidence in
emotion recognition was significantly reduced for all expressions in the AS
group compared to the NC group (range of estimated marginal mean
difference: —0.77 to —0.41, most p < .001 apart from neutral: 0.002).
Moreover, the AS group rated specifically fearful and angry expressions
as less intense compared to the NC group, estimated marginal mean
difference = —0.39, 95 % CI[-0.67, —0.11], z = —3.13, p = .004 and
estimated marginal mean difference = —0.32, 95 % CI[-0.60, —0.04], 2
—2.60, p = .019. No significant differences in Perceived emotional in-
tensity ratings were observed between the SA and the NC groups.

6.3. Facial muscle activity and the perception of happy facial expressions

Similar to the models on the perception of negative facial expres-
sions, we did not observe alterations in the link between activity in
either facial muscle region and Confidence in emotion recognition of happy
expressions as well as their Perceived emotional intensity (see Table S4 in
the Supplemental Material for the model fits). Bayes factors of group
comparisons ranged between 0.07 and 0.32, indicating strong to

moderate evidence for the null hypothesis. There were only overall
Group differences in the Confidence in emotion recognition, F(2,139) =
9.23, p < .001. Namely, the AS group was less confident in accurately
labelling happy expressions, § = - 0.47, 95 %CI [-0.73, —0.22], t
(108.46) = —3.67, p < .001, compared to the NC group.

6.4. Skin conductance and the perception of facial expressions

The model fits with Emotion recognition accuracy and Confidence in
emotion recognition as outcomes did not show any significant effects
associated with the predictor Skin conductance (see Table 2). Bayesian
analysis confirmed that there was no support for alterations in the as-
sociation between Skin conductance and Emotion recognition accuracy or
Confidence in emotion recognition (BFs <3) for all facial expressions. In
contrast, there was moderate evidence for the null hypotheses regarding
differences between the clinical groups and the NC group in the asso-
ciation between Skin conductance and the recognition of sadness and
neutral expressions (BF range: 0.17-0.29), and additionally of anger
expressions (BF = 0.29) in the AS-NC group comparison. The null hy-
pothesis also received strong to moderate evidence in comparisons be-
tween the clinical groups and the NC group with regard to the
association between Skin conductance and confidence in recognizing
anger, fear, sadness and neutral expressions (BF range: 0.09-0.26). As
already reported in the previous models, Emotion recognition accuracy
itself was found to be reduced for angry, fearful and sad expressions in
the AS group compared to the NS group (see Table 2). Similarly, Con-
fidence in emotion recognition was found to be reduced for all expressions,
including the happy expression in this model, estimated marginal mean
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Table 2
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Generalized linear mixed-effects model including skin conductance to predict (1) emotion recognition accuracy of negative expressions, and (2) confidence in emotion

recognition, and (3) perceived emotional intensity of all expressions.

Fixed Effects Emotion Recognition Accuracy Confidence in Emotion Recognition Perceived Emotional Intensity

OR 95 % CI z p p 95 % CI t p p 95 % CI t p
Intercept 9.56  6.20-14.75 10.21 <.001 0.26  0.11-0.41 3.40 .001 0.15  -0.02-0.32 1.78 0.078
Anger 1.47  0.77-2.78 1.17 0.240 —0.08  —0.25-0.09 —-0.97 0.338 0.05  —0.14-0.24 0.54 0.593
Fear 1.86 0.98-3.55 1.89 0.059 -0.11 —0.28-0.05 -1.36 0.180 0.13 —0.06-0.32 1.35 0.184
Happiness 0.53 0.36-0.70 6.44 <.001 0.82 0.63-1.01 8.70 <.001
Sadness 0.41 0.22-0.75 -2.91 .004 -039 -0.56--0.23 -474 <.001 -0.47  —0.66-—0.28 -4.96  <.001
Skin conductance 1.02  0.81-1.27 0.15 0.883 -0.02  -0.07-0.02 —0.98 0.328 0.03  -0.01-0.08 1.55 0.121
Autism spectrum (AS) 0.39 0.26-0.58 —4.58 <.001 —0.58 —0.77--0.39 —6.07 <.001 —0.30 —0.51--0.09 —2.83 .006
Social anxiety (SA) 0.85  0.52-1.36 —0.69 0.493 —0.18  —0.40-0.04 —-1.66 0.101 -0.17  —0.41-0.07 -1.39 0.167
Anger * SC 1.38  0.89-2.16 1.43 0.154 0.01 —0.08-0.09 0.18 0.857 0.03  —0.05-0.11 0.83 0.405
Fear * SC 0.85 0.60-1.20 —-0.94 0.349 0.02 —0.06-0.09 0.44 0.657 0.00 —0.07-0.07 0.02 0.985
Happiness * Skin conductance 0.02 —0.06-0.10 0.52 0.603 —0.05 —0.12-0.02 -1.37 0.172
Sadness * Skin conductance 1.02  0.75-1.37 0.11 0.913 -0.03  —0.11-0.05 —0.66 0.508 -0.05 —0.12-0.03 -1.27 0.205
Anger * AS 1.00  0.65-1.54 —-0.01 0.989 -0.14  -0.25--0.03  —2.47 .014 -0.06 —0.16-0.04 -1.21 0.227
Fear * AS 0.38 0.24-0.58 —4.44 <.001 -0.24 —0.35--0.13 —4.37 <.001 -0.12 —0.22--0.02 —2.28 .023
Happiness * AS 0.28  0.17-0.39 509 <.001 0.01 —0.09-0.11 0.20 0.840
Sadness * AS 1.01 0.70-1.45 0.04 0.965 —0.03 —0.14-0.08 —0.52 0.606 0.10  0.00-0.20 1.97 .049
Anger * SA 1.59 0.90-2.82 1.60 0.109 0.02 —0.10-0.15 0.36 0.722 —0.03 —0.14-0.09 —0.47 0.635
Fear * SA 1.24  0.71-2.17 0.74 0.458 0.09  —0.03-0.22 1.48 0.138 -0.03  —0.14-0.08 —0.52 0.602
Happiness * SA 0.09  —0.03-0.22 1.45 0.147 —0.06  —0.17-0.06 —0.97 0.333
Sadness * SA 0.62  0.40-0.94 -2.23 026 —0.11 —0.23-0.02 -1.72 0.085 0.18  0.06-0.29 3.00 .003
Skin conductance * AS 1.10  0.82-1.47 0.63 0.530 0.02  —0.04-0.09 0.71 0.481 -0.04  —0.10-0.02 -1.24 0.214
Skin conductance * SA 1.03  0.73-1.44 0.17 0.864 0.05  —0.03-0.12 1.24 0.214 0.00  —0.07-0.07 0.02 0.982
Anger* Skin conductance * AS 0.81 0.47-1.39 -0.76 0.449 -0.04  -0.16-0.07 -0.75 0.453 —0.04  —0.15-0.07 —-0.73 0.465
Fear * Skin conductance * AS 1.66  1.05-2.63 2.18 .029 0.06  —0.04-0.17 1.16 0.247 -0.04  —0.14-0.06 -0.73 0.463
Happiness * Skin conductance * AS —0.00 —0.11-0.10 —0.08 0.933 0.11 0.02-0.21 2.29 .022
Sadness * Skin conductance * AS 0.83  0.56-1.24 —0.90 0.368 —0.01 —0.13-0.11 -0.17 0.863 0.02  -0.08-0.13 0.44 0.661
Anger * Skin conductance * SA 0.93 0.47-1.83 —-0.22 0.826 0.03 —0.10-0.16 0.50 0.619 —0.04 —0.16-0.08 —0.61 0.542
Fear * Skin conductance * SA 0.88  0.52-1.47 —0.50 0.614 —0.06  —0.18-0.06 -1.03 0.304 -0.07  —0.18-0.04 -1.24 0.214
Happiness * Skin conductance * SA —0.07 —0.18-0.05 —1.08 0.282 0.06 —0.05-0.17 1.15 0.251
Sadness * Skin conductance * SA 0.97 0.62-1.50 -0.14 0.886 0.03 —0.09-0.16 0.48 0.633 0.17 0.06-0.29 2.98 .003
Random Effects
¢> 3.29 0.60 0.50
T00 1D 0.53 0.16 0.20
T00 PicName 0.80 0.05 0.08
ICC 0.29 0.27 0.36
N 101 101 101
N picName 32 40 40
Observations 3212 4032 4032
Marginal R%/Conditional R 0.138/0.386 0.209/0.420 0.236/0.509

Note. Boldface is used to highlight statistically significant results. Results of post-hoc group comparisons for specific emotions are reported in the text.

difference = —0.30, 95 %CI [—0.55,-0.05], z = —2.69, p = .014, in the
AS group compared to the NC group (see Table 2). Interestingly, when
including all expressions in one model, Confidence in emotion recognition
of sad expressions was not only reduced in the SA group compared to the
NC group, estimated marginal mean difference = —0.29, 95 %CI
[-0.58,-0.01], z = —2.30, p = .022, but they were also less well
recognized, OR = 0.52, 95 % CI [0.27, 1.00], z = —2.24, p = .025. Next
to main effects of Emotion category and Group (see Table 2), we also
observed a significant three-way interaction between Emotion category,
Skin conductance and Group in the prediction of Perceived emotional in-
tensity, F(8,3883) = 2.20, p = .025.

Stronger increases in skin conductance in response to sad expressions
were significantly associated with higher Perceived emotional intensity in
the SA group compared to the NC group, estimated marginal slope dif-
ference = 0.55, 95 % CI [0.07, 1.03], t(3914) = 2.60, p = .019. Slope
comparisons against zero further revealed that the slope of this relation
in the SA group was significantly different from zero, estimated marginal
slope difference = 0.51, 95 %CI [0.09, 0.93], t(3915) = 3.11, p = .001,
while there was no evidence for the other groups or expressions (see
Fig. 3). The Bayesian analysis supported this observation of a greater
slope than zero across prior specifications (BF range: 4.27-15.16), but
moderate evidence for a slope difference between the SA and NC group
was only found when specifying a narrow prior (BF = 4.15), and not
medium (BF = 2.47) or wide (BF = 1.27) priors. In contrast, for all other

expressions, there was moderate evidence for the null hypothesis in
comparing either clinical group with the control group (BF range:
0.10-0.22), except neutral expressions in the SA-NC group comparison
(BF = 0.55). Thus, apart from sadness expressions, there seemed to be no
group differences in the relation between changes in skin conductance
and the perceived emotional intensity of expressions.

6.5. Exploratory: altered interoception as potential explanation to
alterations in the link between physiological resonance and Perceived
emotional intensity

Our analyses revealed that group differences only existed in links
between physiological measures and Perceived emotional intensity, and
not Emotion recognition accuracy or Confidence in emotion recognition.
More specifically, both the Bayesian and Frequentist approaches indi-
cated that stronger increases in skin conductance were more strongly
(and even exclusively) associated with higher perceived emotional in-
tensity ratings of sad facial expressions in individuals with social anxi-
ety. Findings from past studies suggest a heightened attention to
interoceptive signals in social anxiety, which was confirmed by
increased self-reported attention in the SA group compared to the NS
group in our study. In our exploratory analysis, we were interested to
examine whether accounting for differences in interoceptive attention
would alter the link between Skin conductance and Perceived emotional



'
=
"

pammge 0

'
&
L

J. Folz et al. Behaviour Research and Therapy 193 (2025) 104819
ANGER FEAR HAPPINESS
2 101 F =
2 2 104 2
[0} [0} [0}
£ £ £ 157
‘© 051 T 097 // o
c c c
§e] Re] 2
°© ° 0.04 © 1.0
5 5 \ g
o 0.01 [0 (0]
g — § -0.51 E
8 3 8
o 0°1 o -1.01 o
o o o
0 1 2 0 1 2 0 1 2
Change in skin conductance Change in skin conductance Change in skin conductance
SADNESS NEUTRAL
2 > 11
‘? ‘@
c c
g ] !
€ 1 £
§ : § 0 Group
-2 :* _g — Neurotypical control
g 04 ; g — Autism spectrum
o 1 o — Social anxiety
o ~ o
5} o
= =
[0} [0}
o o
[0} [0}
o o

0 1 2 0
Change in skin conductance

1 2

Change in skin conductance

Fig. 3. Group Differences in the Relation between Change in Skin Conductance during the Viewing of All Facial Expressions and their Perceived Emotional Intensity
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difference in the slope comparison is indicated by an asterisk.

intensity in the SA group. Hence, we re-fitted the model linking Skin
conductance to Perceived emotional intensity and added Interoceptive
attention as predictor, including its interactions with Emotion category
and Skin conductance and Interoceptive attention (see Table S5 in the
Supplemental Material for the model fit). The addition of Interoceptive
attention and its interactions with other predictors did not change the
effect of interest. The association between Perceived emotional intensity of
sad expressions and increases in skin conductance was positive (i.e.,
larger than zero) in the SA group, estimated marginal slope difference =
0.53, 95 %CI [0.10, 0.961, (3836) = 3.19, p = .007, and significantly
stronger compared to the NC group, estimated marginal slope difference
= 0.60, 95 % CI [0.10, 1.11], t(3867) = 2.68, p = .015. These obser-
vations were partially confirmed by Bayes factors, indicating moderate
evidence for the slope comparison against zero (BF = 7.99) but only
weak evidence for the SA-NC group comparison (BF = 2.47) at a medium
prior specification. The effects were similar in size to those of the model
without Interoceptive attention as predictor.

In the current study, we also observed that Perceived emotional in-
tensity in anger displays was more positively linked to Corrugator activity
in the NC group compared to the AS group. This could be the result of
neurotypical individuals accurately sensing changes in facial muscle
configuration and integrating this information in their judgments. In
contrast, both past research and the current study have consistently
found lower interoceptive accuracy in individuals on the autism spec-
trum, potentially resulting in less beneficial facial feedback. To test the
role of Interoceptive accuracy in the link between Corrugator activity and
Perceived emotional intensity of negative expressions, we re-fitted the
respective model from the main analysis and added Interoceptive accu-
racy as predictor, including its interactions with Emotion category and
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Corrugator activity.(see Table S6 in the Supplemental Material for the
model fit). In this model, we observed a significant two-way interaction
between Interoceptive accuracy and Corrugator activity, F(1,3201) = 3.92,
p = .048. The positive link between Corrugator activity and Perceived
emotional intensity was more pronounced with higher Interoceptive ac-
curacy, p = 0.03, 95 %CI [0.00, 0.06]. As we only observed robust evi-
dence for a difference between the NC and the AS groups in the link
between Corrugator activity and Perceived emotional intensity of angry
expressions, we focused on changes in Bayes factors. At a medium prior
specification, the group comparison of the slope dropped to a Bayes
factor of 5.21, indicating moderate evidence (versus 12.76 in the orig-
inal model).There was no conclusive evidence for a positive slope in the
NC group (BF = 0.58). Hence, the addition of Interoceptive accuracy to
the model seemed to have partially accounted for group differences in
how strongly “frowning” related to perceiving an angry expression as
more emotionally intense.

7. Discussion

The current study aimed to examine how physiological responses to
facial emotions relate to their perception in individuals on the autism
spectrum and in individuals with social anxiety. Both clinical groups
were individually compared to a neurotypical control group. Overall, we
identified group differences in the links between physiological measures
and perceived emotional intensity ratings, and not emotion recognition
accuracy or the confidence therein. Most robust evidence was observed
in the association between skin conductance deflections and emotional
intensity ratings of sad expressions. That is, higher physiological arousal
was only predictive of more intense sadness ratings in individuals with
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Perceived emotional
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Fig. 4. Visualization of Significant Alterations in the Links between Measures of Physiological Resonance and Perceived Emotional Intensity
Note. We used video stimuli which are based on the FEEDTUM database (Wallhoff et al., 2006). Permission to use the material under CC-by and to publish example
images in scientific journals, such as in this figure, was granted to the first author of this study by the creators of the database.

social anxiety compared to controls. Moreover, using a Bayesian
approach, we found evidence for a less pronounced positive link be-
tween corrugator activity and emotional intensity ratings in individuals
on the autism spectrum compared to controls. This effect was driven by a
positive relation between “frowning” and perceiving angry expressions
as emotionally intense, for which there was only weak evidence in the
control group. Our exploratory analyses support the idea that self-
reported interoceptive accuracy, but not interoceptive attention, might
account for group differences in the link between physiological reso-
nance of emotional expressions and their perception. In the remainder of
this discussion, we will elaborate on these key findings (see Fig. 4 for a
visualization).

7.1. Alterations in physiological resonance to facial emotions and self-
reported interoception

When exposed to a smile, people automatically mimic it: their
zygomaticus muscle activates and their corrugator muscle correspond-
ingly relaxes (Bourgeois & Hess, 2008). In the current study we observed
that individuals on the autism spectrum showed a diminished relaxation
of their corrugator muscle compared to the control group. Even though
group differences in corrugator activity to happy expressions have rarely
been the focus of previous research on facial mimicry in autism, similar
observations of less relaxation have been made, yet not statistically
tested (Rozga et al., 2013). In contrast to some existing findings on
altered mimicry patterns in autism (Mathersul et al., 2013; Rozga et al.,
2013) and social anxiety (Dimberg, 1997; Peter-Ruf et al., 2017; Vrana
& Gross, 2004), we did not observe group differences in zygomaticus
activity to happy expressions as well as in corrugator activity to negative
expressions. Importantly, this analysis was not the main focus of the
study and we only looked at averaged data. Previous research suggests
that differences between individuals on the autism spectrum and neu-
rotypical controls might mainly become apparent in the latency, dif-
ferentiation, or precision of mimicry responses (Drimalla et al., 2021;
Oberman et al., 2009; Weiss et al., 2019). Furthermore, individuals with
social anxiety might only show altered mimicry in a real social context,
in which the fear of social evaluation influences facial emotion
perception and expression (Dijk et al., 2018).

Examining changes in skin conductance as an index of sympathetic
activation, we did not observe any group differences in the magnitude of
the response to all facial expression categories, replicating some existing
findings in autism research (Mathersul et al., 2013) and social anxiety
research (Dimberg & Thunberg, 2007; Merckelbach et al., 1989). The
two clinical groups did, however, significantly differ from the control
group in the self-reported interoception measures: both described an
increased interoceptive attention combined with a reduced interocep-
tive accuracy. An increased attention to bodily signals in individuals
with social anxiety has mainly been reported in social situations and
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linked to a fear of displaying heightened arousal, such as blushing
(Nikolic et al., 2015). Individuals on the autism spectrum, in contrast,
have been found to report a stronger sensation of distinct body signals
(Garfinkel et al., 2016). This is in line with the sensory hypersensitivity
across different modalities (Tavassoli et al., 2014), and might be
bi-directionally linked to an increased interoceptive attention in autism.

Extending reports of reduced objectively-measured, cardiac intero-
ceptive accuracy in individuals on the autism spectrum (Failla et al.,
2020; Garfinkel et al., 2016; Mul et al., 2018), we also observed a lower
self-reported interoceptive accuracy in autism. Reduced interoceptive
accuracy, including subjective and objective measures, might result
from the previously mentioned stronger sensation of various bodily
signals, independent of current needs and goals. The proposition of
highly inflexible precise prediction errors in autism (Van de Cruys et al.,
2017) provides a computational formalization of these observations.
When aiming to retrieve specific information from their bodies, in-
dividuals on the autism spectrum might not be able to attenuate irrel-
evant signals and amplify the relevant signal against the noise, thus
resulting in inaccurate judgments. Our observation of lower
self-reported interoceptive accuracy in individuals with social anxiety is
partially in line with the existing findings on objectively measured
cardiac interoception: While one study found no differences in cardiac
interoceptive accuracy in individuals with social anxiety compared to
control participants (Antony et al., 1995), another study described a
worse performance in the cardiac interoception task (Gaebler et al.,
2013). A biased perception of physiological signals, namely an over-
perception of arousal, has been reported in previous social anxiety
research (Edelmann & Baker, 2002). Possibly, an awareness of these
biases may be reflected in decreased self-reported interoceptive
accuracy.

7.2. Alterations in facial emotion perception

In line with previous research, we observed lower emotion recog-
nition accuracies in individuals on the autism spectrum compared to the
control participants (Uljarevic & Hamilton, 2013; Yeung, 2022) as well
as lower perceived emotional intensities (Schneider et al., 2020; Tseng
et al., 2014). Contrasting past findings, confidence in the recognition of
all facial expressions (including neutral) was also reduced in individuals
on the autism spectrum compared to neurotypical controls (Sawyer
et al.,, 2014; Wang & Adolphs, 2017). These lower confidence ratings
might reflect the observed difficulties in labeling expressions, which
might also be linked to perceiving less emotionality in them. Against our
expectations, we did not observe reduced confidence in emotion
recognition in individuals with social anxiety. There was only some
evidence for lower confidence in the recognition of sad expressions,
which was in line with their somewhat lower recognition rates.
Although individuals with social anxiety are known to be negatively
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biased in forming beliefs about their social abilities (Koban et al., 2023;
Miiller-Pinzler et al., 2019), these beliefs might not manifest in a
non-social setting such as in our experiment. Similarly, we did not
observe a reflection of the proposed negativity bias in social anxiety
(Chen, Short, et al., 2020; Machado-de-Sousa et al., 2010) in the sub-
jective facial emotion perception measures, such as an improved
recognition of negative expressions, higher misperception of neutral
expressions or increased intensity ratings of expressions. Results from
previous studies in sub-clinical individuals with varying social anxiety
trait levels (Folz et al., 2023; Torro-Alves et al., 2016) as well as in
clinical samples (Bui et al., 2017) suggest that the negativity bias might
not impact the correct labeling of expressions per se. Still, we would
have expected to see an indication of a heightened sensitivity to negative
social signals in the perceived intensity ratings. Importantly, partici-
pants were already exposed to each expression twice prior to rating it,
which might have diminished negatively biased processing (Staugaard,
2010). We did, however, find evidence that the automatic physiological
resonance of some expressions was differentially linked to how intensely
they were perceived in the two clinical groups compared to the control
group.

7.3. Alterations in the link between physiological resonance and facial
emotion perception, and the role of interoception

Next to observing reductions in mimicking happy facial expressions
as well as in facial emotion perception more broadly, we also found
evidence for a weaker link between the mimicry and the perceived
emotional intensity of angry expressions in individuals on the autism
spectrum compared to neurotypical controls. Initially, we expected that
a weaker link between physiological resonance and facial emotion
perception in autism would become apparent in the prediction of
emotion recognition accuracy, rather than perceived emotional in-
tensity (Folz et al., 2023). Nevertheless, the direction of the effect was in
line with our expectations, namely that higher corrugator activity was
more strongly linked to perceiving angry expressions as more
emotionally intense in neurotypical individuals compared to individuals
on the autism spectrum. Although we cannot infer causality from our
analysis, we suggest, based on theoretical frameworks as well as previ-
ous research that the simulation of expression-congruent muscle acti-
vations can boost emotion perception in others (Niedenthal et al., 2010;
however see Holland et al., 2020). This embodied path to emotion
perception might, in contrast, not be as strongly pronounced in in-
dividuals on the autism spectrum as in neurotypical individuals. One
relevant variable in this path might be the ability to accurately sense
signals from the body, reflected in measures of interoceptive accuracy
(Arnold et al., 2019). When accounting for self-reported interoceptive
accuracy in the link between corrugator activity and perceived
emotional intensity of angry expressions, evidence for differences be-
tween individuals on the autism spectrum and neurotypical individuals
was less robust, yet still present. A closer examination of the role of
interoceptive accuracy in integrating signals from one’s own body in
perceiving others’ emotion might thus be promising in gaining further
insights in altered facial emotion perception in autism.

Individuals with social anxiety, in contrast, showed a more pro-
nounced positive link between changes in skin conductance and
perceived emotional intensity of sad expressions than the control par-
ticipants. Specifically for sad expressions, mimicry of autonomic re-
sponses has been shown to influence facial emotion perception
(Critchley, 2009). As bodily arousal is typically overperceived in social
situations by individuals with social anxiety (Shalom et al., 2015),
increased attention to changes in skin conductance in response to sad
expressions might explain the stronger link with intensity ratings.
However, when including self-reported interoceptive attention in the
analysis, there was no indication that it would account for the group
differences. Another explanation for the stronger link between physio-
logical arousal and perceived intensity could be that the social anxiety
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group had more difficulties in identifying sad expressions compared to
the control group. This idea is supported by the decreased confidence in
labeling sad expressions as well as by their lower recognition rates in our
analysis. Similar to claims on the role of facial mimicry in processing
observed emotional expressions (e.g., Wood et al., 2016), autonomic
feedback, such as changes in skin conductance, might specifically inform
facial emotion perception if expressions are ambiguous in the eyes of the
perceiver. Whether the ambiguity of emotional expressions could indeed
explain differences in how physiological signals relate to facial emotion
perception should be investigated in future research.

7.4. Limitations

While the current study provides valuable contributions to existing
research, the interpretation of our findings is restricted by certain lim-
itations. One limitation is that we can only assume that physiological
changes would inform facial emotion perception based on previous
research (e.g., Critchley et al., 2005) but we could not infer causality in
our study. This shortcoming in relating physiology to subjective reports
(Olszanowski et al., 2020) can be addressed by using novel methodo-
logical approaches, such as facial neuromuscular electrical stimulation
(Efthimiou et al., 2023). By directly manipulating facial muscle activity,
alterations in processing and integrating physiological signals can
additionally be disentangled from alterations in physiological reactivity
within the channel of interest. In those lines, the role of interoception in
alterations in emotion perception should be more thoroughly investi-
gated. In our study, we assessed group differences in interoception by
using broad, high-level and belief-based measures whereas most previ-
ous studies assessed interoceptive accuracy objectively instead of or in
addition to self-reports (Gaebler et al., 2013; Garfinkel et al., 2016).
Crucially, in order to fully understand individual differences in inter-
oception, a more comprehensive assessment has been called for, across
different dimensions and bodily axes (Suksasilp & Garfinkel, 2022).

The generalizability of our results is additionally limited by the
heterogeneity within the clinical conditions. Individuals varied in their
comorbidities in both clinical groups (see Table S1 in the Supplemental
Material). We further did not distinguish between different severity
levels of autism, as suggested in the revised diagnostic procedure in the
DSM-5. Thus, we did not account for the variability in characteristics
and needs among individuals with different forms of autism. Never-
theless, taking a broader perspective can be valuable when developing
first insights, which can inform more specific applied research in the
future. Further limitations affecting the entire sample were the unequal
gender distribution, as well as the relatively low ecological validity. For
example, differences in processing social signals in social anxiety might
be further emphasized by alterations in behaviour in real social situa-
tions, such as attentional avoidance of social signals (Konovalova et al.,
2021).

Lastly, due to difficulties in recruiting individuals with social anxi-
ety, we ended up with unequal sample sizes. Given the reduced power in
comparisons to the control group, evidence in this group might be less
conclusive. We addressed this issue with Bayesian analyses, which
indeed indicated inconclusive evidence in some comparisons (e.g., when
comparing the link between changes in skin conductance and the
perceived intensity of neutral expressions) Yet, this was similarly the
case in some other comparisons between individuals on the autism
spectrum and neurotypical controls. For detecting the presence or
absence of significant differences in specific comparisons, larger sample
sizes are thus needed. Moreover, despite finding some evidence for
altered links between physiological signals and facial emotion percep-
tion in the two conditions, these results were highly specific. In most
cases, the Bayesian analyses confirmed the null hypotheses, thus sup-
porting the absence of group differences.
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7.5. Strengths and implications

Our study resumes existing research on facial emotion perception,
physiological resonance of facial expressions and interoception in
autism and social anxiety. As novel element, we investigated modula-
tions in the relations between various physiological responses to facial
emotional expressions and their interpretation in the same task context.
We further explored links to interoception trait measures. Taking this
approach, our study advances a theoretical understanding of the in-
terrelations between these concepts in condition-specific symptomol-
ogy. Alterations in affective processing, psychophysiology and
interoception are commonly observed in psychopathology. An investi-
gation of interrelations in other conditions, inspired by our approach,
might also enhance our understanding of psychopathology more
broadly. In those lines, another strength is the inclusion of two clinical
conditions in one study. It reveals that, even though difficulties in social
interactions are shared, factors promoting altered facial emotion
perception in social anxiety and autism seem to be disparate. Lastly, our
study benefits from using a Bayesian approach in addition to a Fre-
quentist approach. The key findings were evaluated concerning their
robustness as well as evidence for the null hypotheses. Support for the
null hypothesis was found in many comparisons between each clinical
group and the control group, highlighting similarities rather than
exclusively focusing on differences.

Our key findings also allow us to formulate recommendations for
future clinical research and its application to clinical practice. For
example, modulations in interoceptive processes should be specifically
considered when further examining mechanisms in altered emotion
perception in autism. The participation in interoception-based in-
terventions has already shown to reduce anxiety (Quadt et al., 2022) and
to improve emotion regulation (Mahler et al., 2022) in individuals on
the autism spectrum. Our results indicate that training interoception
might additionally serve social cognitive abilities in individuals on the
autism spectrum. Here, interventions might particularly benefit from
incorporating physiological measurements and biofeedback in social
scenarios, emphasizing the embodiment of others’ emotions and its
utility in social cognition. Similarly, biofeedback interventions could aid
individuals with social anxiety to resolve the perception of heightened
physiological responses to social emotional stimuli (Shalom et al.,
2015).

7.6. Conclusion

Altered integration of embodied emotional states has, to date,
received little attention as potential mechanism of altered facial emotion
perception in autism and social anxiety. Our study provides first insights
in differential links between physiological responses to facial emotion
expressions and their perception: Perceived emotional intensity of spe-
cific expressions was more strongly linked to physiological arousal in
individuals with social anxiety compared to control participants,
whereas it was less strongly linked to congruent facial muscle activa-
tions in individuals on the autism spectrum. Whether the interpretation
of others’ facial expressions is indeed more strongly driven by physio-
logical arousal in social anxiety and less influenced by facial feedback in
autism should be further examined in future research.
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