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Introduction: Autistic children may have abnormal sensory perception, emotion
dysregulation and behavior problems. The aim of this cross-sectional study was
to explore the relationship between skin-mediated somatosensory signals and
emotion/behavior difficulties in autistic children and adolescents, in comparison
typically developing peers (TDP).

Methods: Thirty-eight autistic children and adolescents and 34 TDP completed a
multidimensional assessment consisting of the measurement of somatosensory
thresholds of touch, pain and temperature, a task on emotion knowledge and
parent-reported questionnaires on sensory reactivity, emotion regulation and
behavior.

Results: Autistic children had higher pain sensitivity, less sensory reactive
behaviors and more behavior problems than their TDP. In contrast to TDP, several
somatosensory thresholds of autistic children correlated with emotion regulation
and behavior problems.

Discussion: Sensory dysfunction may affect the development of emotional
processing and behavior in autistic children and adolescents. This knowledge can
lay the foundation for future studies on co-occurring alterations in corresponding
neural networks and for the implementation of early interventions, including
sensory rehabilitation therapy, for promoting regulated behaviors in autistic
children and adolescents.
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1. Introduction

The interaction between abnormal somatosensory perception,
emotion dysregulation and behavior problems in autistic individuals
is a topic of recent interest (Green et al., 2016; Will et al., 2019;
Fernandez-Prieto et al., 2021). Abnormal reactivity to sensory input
is one of the diagnostic criteria for autism spectrum disorders
(DSM-5) American Psychiatric Association (2013). Sensory features
in autistic individuals may include abnormal sensory perception
thresholds, altered response to affective stimuli and lack of
embodiment for socio-affective interactions (Masson et al., 2019;
Surgent et al., 2022). Atypical sensory behavior, typified as hyper- or
hypo-reactivity to sensory stimuli, has been reported in about 75-90%
of autistic individuals (Green et al., 2016; Balasco et al., 2020; Kirby
etal, 2022). In particular, alterations in somatosensory behaviors may
include abnormal tactile discrimination thresholds, altered pain
sensitivity, atypical sensory seeking behaviors and tactile aversion
(Riquelme et al., 2018; Masson et al., 2019; Buyuktaskin et al., 2021;
Espenhahn et al,, 2021). Disrupted brain processing of somatosensory
stimuli in autistic individuals imply aberrant neural activity in
structures such as the brainstem, insula and the thalamocortical
network (Failla et al., 2017; Woodward et al., 2017; Surgent et al.,
2022). This abnormal brain activity is characterized by general cortical
excitability, deficiency of the inhibitory networks, altered filtering,
altered discrimination of tactile inputs, altered habituation to tactile
inputs and impaired higher-order multisensory integration
(Woodward et al., 2017; Sapey-Triomphe et al., 2019; Zetler et al.,
2019; Tannone and De Marco Garcia, 2021). Atypical responses to
sensory stimuli in autistic individuals have been associated with poor
functional outcomes and social competence, thus impacting on
quality of life and participation (Roley et al., 2015; Failla et al., 2017;
Fabbri-Destro et al., 2022; Surgent et al., 2022).

Autistic children are prone to emotion dysregulation (Rosello
et al, 2022). Imaging studies have shown that atypical brain
mechanisms impacting structures such as the amygdala and prefrontal
cortex, may affect the processing of complex, implicit and social
emotional information, such as the recognition of affective faces
(Mazefsky et al., 2013; Black et al., 2020). Autistic children may exhibit
amplified affective responses and poor emotion regulation (Mazefsky
et al., 2013; White et al., 2014) and are at high risk for comorbid
mental health problems, such as depression, anxiety and low self-
esteem (McCauley et al., 2019; Vasa et al., 2020). Also, three quarters
of autistic children show behavior problems (both internalizing and
externalizing behavior, such as self-injury, aggression or withdrawal)
and poor adaptive functioning (Newcomb and Hagopian, 2018; Cai
et al, 2019; Samanta et al, 2022). Behavior problems result in
diminished quality-of-life for the autistic individuals and for their
families (Newcomb and Hagopian, 2018).

Emotion dysregulation has been suggested as a mediator for the
relationship between sensory processing patterns and behavior in
autistic individuals (Sung et al., 2022). Problematic emotional states
and maladaptive behavior (i.e., aggression or fear) have been
associated with a higher odds of having abnormal sensory features
(Kirby et al., 2022): anxiety has been associated with sensory over-
responsivity (Vasa et al., 2020); and infants with greater fear or shyness
presented with higher perceptual sensitivity during childhood
(Narvekar et al., 2022). Moreover, a predictive association of sensory
difficulties explained more than 50% of the variance of behavior
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problems (Fabbri-Destro et al., 2022). As an example, auditory hyper-
reactivity has been suggested to be responsible of interrupting
behavior adaptation in autistic children (Takahashi et al., 2016). Also,
mechanosensory processing defects and sensory hyposensitivity may
contribute to anxiety-like behavior and social interaction deficits in
autistic mouse models (Orefice et al., 2016; Prickard et al., 2020).

Despite the increasing evidence of a relationship between abnormal
sensory perception, emotion dysregulation and behavior problems,
rehabilitation therapy rarely addresses these problems from an integrated
perspective. Examples of rehabilitation treatments addressing a single
aspect of this triade are: robotical interventions used for simulating social
situations and promoting emotion knowledge; virtual reality and digital
applications implemented for training emotion recognition; equine-
assisted therapies and physical exercise shown to be effective for
improving behavioral functioning in autistic children (Petrovska and
Trajkowski, 2019; Tse, 2020; Zhang et al., 2022; Soleiman et al., 2023;
Xiao et al, 2023). Similarly, examples of interventions guiding the
regulation of sensory strategies are: cognitive behavioral therapy,
mindfulness, sensory integration, massage and sensory-adapted
environments. These interventions have obtained encouraging results for
regulating adverse sensory experiences and enhancing participation
(Reis et al., 2021; Yuan et al., 2022; Stein Duker et al., 2023). Nonetheless,
novel treatment strategies that aim at modifying sensory perception in
order to modulate emotion regulation and behavior, are still scant. From
our knowledge, only education on interoception (Mahler et al., 2022)
and sensory garments (Lawson et al., 2022) have shown effectiveness
both in modifying sensory awareness and improving emotion regulation
and participation.

Price and Hooven (2018) defined emotion regulation as «the
ability to accurately detect and evaluate cues related to physiological
reactions to stressful events, accompanied by appropriate regulation
strategies that influence the emotional response». Consequently, the
impaired ability to identify and evaluate bodily signals could lead to a
deficit in the development of emotional strategies. In its initial sense,
interoception was a concept describing how one senses internal
signals from oné’s body. This concept has developed to encompass all
the signals informing from the physiological condition of the body
(Craig, 2002), including skin-mediated perception as assessed with
psychophysical somatosensory thresholds. Skin-mediated signals such
as touch, pain, and temperature are essential for monitoring the body’s
physiological state (Crucianelli and Ehrsson, 2023). Though some
studies have described the relationship between parent- or self-
reported sensory profiles, and emotion and behavior (Sung et al.,
2022), there is little data relating psychophysical measurements
of somatosensation.

The objective of the present study is to investigate the relationship
between skin-mediated somatosensory signals and emotion/behavior
difficulties in autistic children and adolescents, in comparison to
typically developmental peers (TDP). This study is a necessary
preliminary step of laying a solid physiological base for the
development of future rehabilitation therapies that aim at normalizing
somatosensation in this patient population. For this research, a
multidimensional assessment of sensory processing, emotion
regulation and behavior problems was used, including psychophysical
somatosensory thresholds, parent-reported questionnaires and self-
performed tasks. We hypothesize that skin-mediated somatosensation
will play an important role in co-occurring alterations in emotion and
behavior in autistic children.
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2. Materials and methods
2.1. Participants

Participants with a diagnosis of autism level 1 and 2 according to
DMS criteria (DSM5), reported in their medical history by their
neurologist, were recruited from patient associations and early care
centres in Majorca (Spain) during the year 2022. Inclusion criteria for
autism participants were: (Achenbach and Edelbrock, 1983) age
between 4 and 16years and (Allely, 2013) severity levels 1 and 2 of of
the DSM-5 (verbal expression at least of simple sentences, requiring
low-medium support). Age- and sex-matched typically developing
peers, without a diagnosis of autism or other developmental disorders,
were also recruited in educational support centres during the same
time period.

Potential participants were identified by caregivers from 6
institutions (i.e., 2 patient associations, 4 centres for early-care
support) and were sent an advertising letter by the centres’ social
media. Interested families transmitted their contact details through
an on-line platform.! They were then contacted by a member of the
research team by phone or email to provide detailed information
about the study. In case parents and children were interested to
further participate in the study, they provided their e-mail address
to the research team and received in return by e-mail a written
information letter, a written consent form and the parent-reported
questionnaires, along with the necessary instructions for
completion. Furthermore, an appointment was scheduled for the
assessment session. The parents brought along the written
informed consent and the completed questionnaires at the
assessment session. There, the questionnaires were revised face-to-
face with parents to solve doubts and avoid blanks. Next, children
performed the Emotion Matching Task (EMT) and their
somatosensory thresholds were measured by an experienced
researcher. With the parents’ and participants’ consent, clinical
data (level of severity, verbal ability, the Wechsler Intelligence Scale
for Children (WISC) scores, existence of chronic pain, hand
dominance) were extracted from the medical and psychological
health reports. The presence of chronic pain was double-checked
by including a question asking for chronic pain into the
questionnaires given to parents.

Thirty-eight autistic children [14 girls; 10.94 yrs. (4.15)] and 34
typically developing peers [20 girls; 9.68 yrs. (2.75)] (all white
European, middle socioeconomic status) met the inclusion criteria
and agreed to participate in the study. Table 1 displays the clinical
characteristics of autistic paticipants. Parents signed written
informed consents. The objective and activities of the study were
verbally and visually explained to the children and all participants
gave their oral approval to participate. The study protocol was
approved by the Ethics Committee on Research from the University
of the Balearic Islands (ref. 127CER19). Patient associations for
autism were involved in developing the research questions and
appropiate measurements, the study implementation and
dissemination of findings among families. Participants were not
compensated for participation.

1 www.jotform.com
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TABLE 1 Clinical characteristics of autistic participants (n = 38).

Clinical variable
(n, percentage)

Autistic participants

Level of severity

Level 1 21 (55.26%)

Level 2 17 (44.74%)
Chronic pain

Yes 7 (21.05%)

No 31 (78.95%)
Verbal ability

Fluent communicative speech 22 (57.90%)

Speech with communicative

Sentences but frequent echolalia 5(13.15%)

A few communicative sentences 5(13.15%)

A few words 6 (15.80%)

WISC-V scores (mean, SD)

Composite score 91.44 (12.16)

Verbal comprehension 87.75 (11.59)

Visual spatial 94.00 (20.33)

Fluid reasoning 99.14 (14.43)

Working memory 86.29 (17.38)

Processing speed 90.33 (19.23)

n=number of participants.

2.2. Measures

2.2.1. Somatosensory thresholds

Participants were individually assessed by an experienced
investigator (IR). The investigator was unblinded for the diagnosis of
the participant. Tactile, warm and cold detection, and pressure pain
thresholds were determined bilaterally on the thenar eminence of the
hand palms, according to the quantitative sensory testing protocol of
Backonja et al. (2013). For each somatosensory modality threshold,
the average scores of right and left hands were used for further
statistical analyses. To avoid anxiety, at the start of the experimental
session children were familiarized with the assessment procedure by
using different stimuli in body locations other than the hand palm (e.
g. hand dorsum, arm). All children understood and correctly followed
the procedure and none of the participants expressed distress during
the assessment. To avoid any bias due to autistic children not reporting
pain, the child’s mother or father observed the child during the
procedure to report possible signs of distress and stop the assessment.
The total duration of the assessment was twenty minutes.

Tactile thresholds were measured with Von Frey monofilaments
(Keizer et al., 2008), with a diameter ranging from 0.14 to 1.01 mm
and a pressure force ranging from 1.7 to 137.3 g/mm?, according to the
method of limits (Backonja et al, 2013). The assessment was
performed by touching the skin in a perpendicular way, pressing the
monofilament slowly down till it buckled, holding it steady during
1.5s, and removing it in the same way as it was applied. After several
practice trials, children were asked to close their eyes and tell if they
felt any touch sensation by saying “yes” or “no” Null stimuli (no
touch) were applied to check for false positive responses. Responses
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with more than 3s. delay were considered as undetected. Body sides
were stimulated in a pseudorandomized order. The procedure started
with a thick filament and depending on the participants detection,
subsequent monofilaments were applied with increasing or decreasing
diameters. The tactile detection threshold of each body side was
determined as the thinnest filament identified by the participant in
three subsequent assessments. This procedure has previously been
used to assess tactile thresholds in autistic children (Riquelme et al.,
2016, 2018).

Thermal detection thresholds were measured on the thenar palms
with a computer-controlled contact thermal stimulator (Cold/warm
plate AHP-301CPV, Teca, Schubert, IL, United States). Before starting
the measurement of thresholds, baseline skin temperature was
established for each participant, by increasing or decreasing
temperature from 32°C (resting temperature of the skin), as described
in other studies of temperature perception in children with ASD
(Williams et al., 2019). For measuring the warm detection thresholds,
the individual baseline temperature was increased at a mean rate of
1°C/s up to a maximum temperature of 50°C. For the measurement
of cold detection thresholds, the baseline temperature was decreased at
the same rate until a minimum temperature of 0°C. Participants were
instructed to keep the skin in contact with the thermal plate and to
report the first perception of warm and cold, respectively. This
procedure has been used previously to assess thermal thresholds in
autistic children (Williams et al., 2019).

Cold pain thresholds were measured at the same body locations
with the same thermal stimulator. Participants were instructed to keep
the skin in contact with the thermal plate and to retract the hand at
the first sensation of pain. Cold pain thresholds were assessed in two
different ways: (1) temperature was decreased from the non-painful
baseline temperature at a mean rate of 1°C/s to a minimum
temperature of 0°C; the cold pain threshold was considered as the
temperature at which the participant removed the hand; and (2) the
thermal plate was set at a constant temperature of 0°C and participants
were instructed to keep the thenar palm in contact with the thermal
plate base and to retract the hand when the cold sensation first became
painful (maximal testing time: 180s). The first method yielded a
variable in degrees (°C). The second method yielded a variable in time
(s). This procedure has previously been used to assess thermal pain
thresholds in autistic children (Williams et al., 2019).

Pressure pain thresholds (expressed in Newtons) were measured
with a digital dynamometer using a flat rubber tip (surface of the tip:
1cm?). Participants were asked to say “pain” or to raise a hand when
the pressure became painful and this was considered as the pressure
pain threshold. Pressure was released when the pain threshold or
maximally exerted pressure of the dynamometer was reached. Three
pressure stimuli were applied randomly on each thenar palm. The
reliability of this procedure for assessing pressure pain sensitivity has
been demonstrated in previous studies in autistic children (Riquelme
etal, 2016, 2018).

2.2.2. Emotion and behavior assessments

2.2.2.1. Emotion matching task

This task measures the emotion knowledge of happiness, sadness,
anger and fear/surprise in children through four different tasks. In
task EMT1 (expression matching), the child is shown a photograph
with an emotion expression and is asked to choose a face with a
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similar emotion expression among four options. In task EMT2
(emotion situation knowledge), a specific situation is described (for
example, “a child who has just been pushed”) and the child is asked to
select among four facial expressions, the one that better represents that
situation. In task EMT3 (expressive emotion knowledge), a facial
expression is presented and the child is asked to define the emotion
with a word. In task EMT4 (receptive emotion knowledge), an
emotion concept is presented (for example, “tell me who is happy”)
and the child is asked to identify the facial expression that corresponds
to this situation. Each task consists of 12 items. The score of each task
is computed by adding up the number of correct hits. The original
version of the EMT presents high reliability, with a coeflicients for the
total test of 0.81-0.88 and 0.65, 0.54, 0.76 and 0.80, for each of the 4
tasks, respectively (Morgan et al., 2010). The Spanish version of the
scale, with a coeflicients between 0.82 and 0.94, was used in this study
(Alonso-Alberca et al., 2012).

2.2.2.2. Emotion regulation checklist

This questionnaire consists of 24 items, answered by a Likert scale
of 4 points (never/almost never/always/almost always). The
questionnaire provides information on two subscales: emotional
lability/negativity and emotional regulation. This tool has reported a
high reliability (emotional lability «=0.96, emotional regulation
o=0.83, Shields and Cicchetti, 1997).

2.2.2.3. Child behavior checklist

This is a questionnaire aiming at assessing social competence and
behavior problems in children from 6 to 18 years. The present study used
the part assessing behavior problems. It is composed of 118 items
organized into 8 subscales that measure different factors involved in the
development of children at the cognitive, behavioral, emotional and
psychosomatic levels (ie., anxious-depressed, withdrawn-depressed,
somatic complaints, social problems, thought problems, attention
problems, rule-breaking behavior and aggressive behavior). Some of these
subscales can be grouped in two new dimensions: Internalizing problems
(i.e., anxious/depressed, withdrawn/depressed, somatic complaints) and
Externalizing problems (i.e., rule-breaker behavior, aggressive behavior).
A score higher than 60 in the total score indicates psychopathology. This
test has shown good predictive power, as well as providing high sensitivity,
reliability («=0.95), discriminant power and utility at the transcultural
level (Achenbach and Edelbrock, 1983).

2.2.2.4. Short sensory profile

The sSP is a 38-item caregiver questionnaire that assesses sensory
processing dysfunction in children and adolescents (Dunn, 1999;
Beaudry-Bellefeuille and Lane, 2015). The 38 items are divided in 7
domains of sensory processing function (taste, tactile, smell,
movement, visual and auditory sensitivity, and under-responsiveness/
sensation seeking). Each item can be rated on a Likert scale of 5 points
ranging from 1 (always) to 5 (never). Lower scores express more
sensory reactive behaviors. This tool has good psychometric properties
(Intraclass correlation =0.88, r=0.87) (McIntosh et al., 1999).

2.3. Statistical analysis

Data were anonymized and codified when building the
database, to ensure blinding of the statistical process. Statistical
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analyses were performed using the SPSS software. Descriptive
statistics were used to characterize demographic and clinical
variables. Since Kolgomorov-Smirnov normality tests showed a
near normal distribution for all variables (all p>0.055),
chi-square and t-tests were used for comparing variables between
groups (autistic children versus typical developing peers).
Two-way ANOVA with the between-subject factors GROUP
(autistic participants vs. TDP) and SEX (boys vs. girls) were
further performed for exploring gender differences in all
variables. Pearson correlations were performed between
somatosensory thresholds and emotional and behavior measures.
Significance level was set at p <0.05.

3. Results

Autistic children and adolescents were similar to the comparison
group participants in age and sex. Autistic children and adolescents
showed average scores (normative data) for all intellectual abilities,
except for the Verbal Comprehension and Working Memory scales,
where autistic children and adolescents showed lower scores than the
normative data. Although chronic pain was slightly higher in autistic
individuals (18.42%) than in their typically developing peers (TDP)
(5.88%), there were no significant differences in prevalence rates
between the groups (chi square (1,69) =0.82, p=0.151) nor between
genders (chi square (1,69)=0.30, p=0.71). Figure 1 shows the
individual pressure pain thresholds in each group of participants
according to the presence of pain.

3.1. Somatosensory thresholds

Table 2 shows results for the somatosensory thresholds. Threshold
values in TDP were consistent with those of prior research (Sampaio
etal, 2019; Arnstad et al., 2020; Truffyn et al., 2021). Autistic children
and adolescents had lower pressure pain thresholds than their TDP (¢
(1,69)=2.51, p=0.015). No significant differences between groups

10.3389/fnins.2023.1227173

were found for tactile, warm detection, cold detection or cold pain
thresholds. The relatioships between pressure pain thresholds and
chronic pain for each group are displayed in Figure 1.

When analyzing differences between boys and girls, a significant
interaction was found for cold pain thresholds (F (1,67)=4.95,
p=0.030), indicating that autistic boys spent less time at 0°C (more
pain sensitivity) than their TDP (p=0.013). No significant differences
were found between autistic girls and their TDP (p=0.378). No other
significant found for

gender-related  differences  were

somatosensory thresholds.

3.2. Emotion and behavior measures

Table 3 shows results of the emotion and behavior assessments.
No significant differences between groups were found for the emotion
knowledge task, or for the subscales of the Emotion Regulation
Checklist (emotion regulation and emotion lability) (all £<0.193, all
p>0.144). No significant gender-related differences were found for
any of the emotion or behavior measurements.

Autistic children and adolescents had higher scores than their
TDP for the CBCL total score, internalising problems and
externalising problems (all £>2.45, all p<0.017). Moreover, their
scores were higher for all CBCL subscales (withdrawn-depressed,
somatic complaints, social problems, thought problems, attention
problems, rule-breaking behavior and aggressive behavior, all t>2.25,
all p<0.028), except for the anxious-depressed subscale (¢
(1,62)=1.47, p=0.146). None of the results in autistic children were
indicative for psychopathology.

Autistic children and adolescents had higher total scores for the
Short Sensory Profile than their TDP (¢ (1,67)=2.34, p=0.022),
indicating lower responsiveness to sensory stimuli. Autistic children
and adolescents scored higher than their TDP for tactile sensitivity,
movement sensitivity, low energy and visual-auditory sensitivity (all
t>2.11, all p<0.038), whereas no significant differences between
groups were found for taste-smell sensitivity, under-responsiveness
and auditory filtering (all £<1.24, all p>0.070).
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CHILDREN

° o o @ 0 o0

TYPICALLY
DEVELOPING ©
CHILDREN

@ Chronic Pain Q© No Chronic Pain

FIGURE 1

Scatterplot with descriptive data of chronic pain and pain pressure thresholds in autistic children and their typically developing peers. N = Newton.
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TABLE 2 Somatosensory thresholds in autistic children and their typically
developing peers.

Autistic Typically
children developing
peers
Mean Significance
(9)] Mean (SD) level

Tactile detection
threshold (g/mm?) 0.4 (0.79) 1.1 (5.44) 0.415
Warm detection
threshold (°C) 32.5(5.02) 34.2 (5.54) 0.268
Cold detection
threshold (°C) 26.2 (3.82) 28.0 (6.02) 0.205
Cold pain threshold
(°C) 16.6 (23.62) 14.1 (6.00) 0.884
Cold pain threshold
(in seconds at 0°C) 16.0 (35.71) 16.8 (7.77) 0.145
Pressure pain 22.14
threshold (in Newton) (20.07) 32.83(14.89) 0.013

3.3. Correlations between somatosensory
thresholds, emotion and behavior
measures

Correlations were performed separately for each group. In TDP,
tactile thresholds were correlated with EMT1 (r=—0.538, p=0.002),
indicating that children with higher tactile sensitivity performed
better when matching emotional facial expressions. In autistic children
and adolescents several significant correlations were observed between
somatosensory thresholds, emotion and behavior measures. Cold pain
thresholds (measured in seconds) were correlated with emotion
regulation (r=-0.532, all p<0.002), suggesting lower emotion
regulation in children with higher cold pain sensitivity. Tactile
sensitivity and pressure pain thresholds were correlated with
externalizing behavior problems (all r>—0.345, all p<0.045),
suggesting greater behavior problems in children with higher tactile
and pressure pain sensitivity (Figure 2).

4. Discussion

The present study aimed at investigating the relationship between
skin-mediated somatosensory signals and emotion/behavior
difficulties in autistic children and adolescents, in comparison with
typically developing peers (TDP). Results indicated that autistic
children had higher pain sensitivity, less sensory reactive behaviors
and more behavior problems than their TDP. In autistic children, skin-
mediated hyper-sensitivity was correlated with emotion regulation
and behavior problems. These findings confirm the importance of the
relationship between abnormal skin-mediated somatosensation and
emotion and/or behavior problems in autistic children.

The present results confirm the existence of abnormal sensation
and behavior in autistic children, as reported in recent publications
(Kirby et al., 2022; Samanta et al., 2022). The multidimensional
evaluation in the present study revealed an interesting distinction
between psychophysical thresholds (as assessed by quantitative
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TABLE 3 Emotion and behavior questionnaires in autistic children and
their typically developing peers.

Autistic Typically
children  developing
peers
Mean (SD) Mean (SD) Significance

level
Short sensory profile
Sensory reactivity 157.8 (27.918) 141.9 (28.16) 0.022
Tactile sensitivity 31.1(4.37) 28.6 (5.57) 0.038
Taste/smell sensitivity 16.6 (5.12) 14.1 (6.00) 0.070
Movement sensitivity 13.3 (2.73) 11.5 (3.77) 0.026
Under-responsive 28.67 (6.22) 26.8 (6.48) 0.216
Auditory filtering 21.1(6.95) 20.9 (5.71) 0.910
Low energy 26.5 (5.58) 22.5(6.97) 0.011
Visual/auditory 20.6 (4.84) 17.7 (4.83) 0.015
sensitivity
Emotion Regulation Checklist
Emotion regulation 3.2 (0.65) 3.2(0.75) 0.807
Emotion lability 1.7 (0.67) 1.8 (0.60) 0.673
Child Behavior Checklist
Anxious-depressed 5.4 (3.87) 3.9 (4.23) 0.146
Withdrawn- 4.8 (3.04) 1.9 (2.46) 0.001
depressed
Somatic complaints 1.7 (1.69) 0.8 (1.19) 0.026
Social problems 7.1(4.47) 2.8(2.76) 0.001
Thought problems 6.4 (4.56) 1.2 (1.65) 0.001
Attention problems 7.0 (3.31) 2.6 (2.47) 0.001
Rule-breaking 4.5 (3.85) 2.1(1.90) 0.003
behavior
Aggressive behavior 8.9 (6.30) 4.7 (5.71) 0.007
Externalizing 10.7 (7.49) 6.5 (6.68) 0.017
problems
Internalizing 12.7 (9.05) 6.7 (7.04) 0.004
problems

sensory testing) and parental observations of sensitivity-related
behaviors (as assessed by the short Sensory Profile). Through the sSE,
parents reported hyposensitivity for many types of sensory stimuli
(tactile, visual, low energy, movement) in their autistic children
compared to a normal sensitivity in TPD. These results are in line with
previously published data in autistic children and TDP (Dubourdieu
and Guerendiain, 2022). In contrast, psychophysical thresholds
indicated an increased sensitivity for pressure pain, and normal
thresholds for temperature stimuli and non-painful tactile stimuli in
autistic children. This discrepancy between heightened skin-mediated
sensivitiy and diminished behavioral sensory sensitivity has been
described previously in pain research in individuals with autism.
These studies attributed the parent-reported behavioral hyposensitivity
to a misled interpretation of poor pain expression or to poor pain
responsivity due to social communication difficulties (Allely, 2013;
Failla et al., 2020a). Furthermore, and in line with previous research
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Scatterplots of correlations between tactile and pressure pain thresholds and internalising and externalising behavior in autistic children and typically
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(Williams et al., 2019; Fanghella et al., 2022), the findings of the
present study highlight that affective situations of daily life (such as
those assessed in questionnaires) and laboratory assessments (such as
perceptive somatosensory thresholds) explore different functional
aspects of brain networks that process sensory perception and
interaction in autistic children. Further studies should investigate how
factors such as emotion, attention and social communication could
potentially modulate sensory perception in autism.

Quantitative sensory testing is a valuable tool to test the
functional status of specific somatosensory channels by applying
stimuli with predetermined physical characteristics. It is frequently
used in pain research. There is a large interindividual variability of
normative data, especially for pain thresholds (Rolke et al., 2006;
Sobeeh et al., 2023). This compromises the interpretation of test
results at a single time point for a given individual. However,
quantitative sensory testing measurements are of value for group
comparisons in research, such as used in the present study
(Backonja et al., 2013). The results of this study revealed pain
hypersensitivity in autistic children. Also, though statistically
unsignificant, the number of children with chronic pain was higher
in the group of autism than in TDP. Other studies have also
reported aberrant pain processing (Riquelme et al., 2016, 2018; Gu
et al., 2018) and frequent presence of chronic pain in autistic
individuals (Bogdanova et al., 2022). Hypersensitivity has been
related with sensitisation of the central nervous system, which
would make autistic individuals especially prone to central
sensitivity conditions, such as chronic pain (Grant et al., 2022).
Though pain may be an important issue to address in autistic
individuals, research in pain-relieving rehabilitation strategies is
scant. Behavioral-based educational interventions have proven to
be effective in increasing pain communication in autistic children
with intellectual disability (Fitzpatrick et al., 2022). Somatosensory
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training of touch, proprioception, vibration and stereognosis has
shown to reduce pain sensitivity in autistic children (Riquelme
et al., 2018). Further research in this important topic is warranted.

Although autistic children and adolescents generally presented
with somatosensory thresholds similar to those of the comparison
group, these sensitivity measures were relevant, since they revealed
significant relationships with emotional and behavioral aspects. Thus,
our findings seem to indicate that the relationship between sensitivity
to bodily signals and emotional/behavioral regulation is more
relevant in autistic children than in typically developing children. For
example, it has been suggested that somatosensory perception and
higher order processing could be considered unique mechanisms that
contribute to impaired emotional regulation in autistic people
(Mazefsky et al., 2013; Bennett et al., 2017). In addition, it has been
observed that in autistic children there is a close relationship between
the abnormal perception of other bodily signals, such as
interoception, and emotional and behavioral regulation problems,
such as anxiety in social situations (Wood et al., 2022; Ben Hassen
et al., 2023). The present concept of interoception also considers the
skin as a sensory organ that can contribute to monitoring the
physiological state of the body (Crucianelli and Ehrsson, 2023), and
therefore skin-mediated signals such as touch, pain, and temperature
could play an essential role in the construction of body consciousness
(Failla et al., 2020b). It has been shown that the perception of bodily
signals facilitates the use of emotional regulation strategies and the
flexible selection of the appropriate one for a given situation in
neurotypical individuals (Tan et al., 2023). Given that deficits in the
modulation of emotional states have been related to internalizing and
externalizing disruptive behaviors in healthy and psychopathological
populations (Supplee et al., 2009; Cai et al., 2021; Njardvik et al.,
2022), it seems to be plausible that deficits in sensory processing may
be involved in the development of behavioral disorders in autistic
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individuals (Sung et al, 2022). Furthermore, alexithymia (the
difficulty of describing and identifying one’s own emotions) seems to
play a prominent role in the relationship between interoception and
emotion regulation, and appears to be unrelated to co-occurring
autism. Alexithymic traits are associated with a reduced use of
interoceptive cues, reduced interoceptive accuracy and somatoform
disorders both in autistic individuals and TDP (Murphy et al., 2018;
Zdankiewicz-Scigala et al., 2021). The co-occurrence of autism and
alexithymia seems to increase the interdependence of interoception
and emotion regulation. For instance, a study in autistic adults
revealed impaired interoception related to emotional clarity and
alexithymia, while in TDP interoception only was associated with
alexithymia (Bonete et al, 2023), an accurate assessment of
alexithymia could lead to recognizing distinct groups of autistic
children with distinct difficulties. For example, interoceptive
awareness of emotions in facial expressions could be only impaired
in autistic individuals with high levels of alexthymia (Butera et al.,
2023). Further research should clarify the role of alexithymia in
sensory and interoceptive processing, and its assessment should
be incorporated in the rehabilitation process for characterizing
autistic children and tailoring the intervention, in line with a person-
based therapeutic approach.

When assessing the relationship between somatosensation and
emotion/behavior regulation, the present data showed that the
TPD group only exhibited a significant link between tactile
sensitivity and emotional facial expression recognition. This was
the only significant relationship that was evidenced. Thus, unlike
autistic individuals, sensory processing did not appear to be an
important factor affecting emotion regulation and behavior in
typically developing children. Distinct factors may contribute with
different weights to the development of emotion regulation and
social behavior in autistic children compared to their TDP. Body
awareness has been described as a product of perception,
integration, feedforward and feedback processing of sensorimotor
signals combined with prior body knowledge and previous
experience (Holly, 2020; Grechuta et al., 2021). In this context, the
connectivity of neural networks would make it possible to interpret
the meaning of sensory stimuli as physiological changes originated
within a specific global complex environment, which would imply
the integration of both sensory and cognitive signals for a correct
construction of the emotional response (Holly, 2020). Moreover,
cognitive processes would allow integrating emotional responses
into decision-making and behavior (Shah et al., 2016). For
instance, decision-making under uncertainty is associated with
body awareness and emotion regulation in the neurotypical
population. This is less the case in autistic individuals (Shah et al.,
2016). It could be hypothesized that the sensori-cognitive
integration processes differ between autistic children and
adolescents, and typically developing peers.

5. Limitations

This research protocol relied on a multidimensional assessment
combining psychophysical testing, self-performed tasks and parent-
based questionnaires. These assessments documented the sensory,
emotional and behavorial profile of the individual without giving
information on the underlying mechanism or anatomical site of
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dysfunctioning in the neuraxis. Functional neuroimaging could be of
interest to provide complementary information on how neural networks
process sensory integration and emotion regulation in autistic children
versus TDP. Stroking touch was not explored and should be included in
future studies for further investigation of the relationships between
affective touch and social interaction. The emotion knowledge task used
static pictures, which could have been poorly representative of dynamic
interpersonal interactions in natural environments. The co-occurrence
of alexithymia, co-existing diagnoses, medication or the type of chronic
pain were not taken into account in the present study. These factors
could influence interoception and should be included in future
investigations. Children and adolescents with level 3 of autism were
excluded from recruitment; the present findings may only apply to
subpopulations with levels 1 and 2 of autism.

6. Conclusion

In conclusion, sensory dysfunction may affect the development
of emotional processing and behavior in autistic children and
adolescents. Understanding the mechanisms of sensory processing
may provide important clues to understanding co-occurring
alterations in emotion and behavior brain networks in autistic
children. This knowledge can lay the foundation for the
implementation of early interventions with the aim of promoting
regulated and adjusted behaviors in autistic children and adolescents.
Some rehabilitation interventions such the ‘Interoception curriculum’
at school (Mahler et al., 2022), sensory garments (Lawson et al., 2022)
and somatosensory training that includes massage, joint compression,
brushing, etc. (Bodison and Parham, 2018; Riquelme et al., 2018),
have shown effectiveness in modifying interoception awareness and
somatosensory thresholds, and have improved emotion regulation
and participation. Promoting early interventions that include sensory
rehabilitation therapy in autistic children, may lead to a more
adequate development of skin-related signal processing and
interoception and a reduction of abnormalities in emotion and
behavior upon adult life.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and
approved by Ethics Committee on Research from the University of the
Balearic Islands (ref. 127CER19). Written informed consent to
participate in this study was provided by the participants’ legal
guardian/next of kin.

Author contributions

IR and PM contributed to conception and design of the study. IR
organized the database, performed the statistical analysis and wrote

frontiersin.org


https://doi.org/10.3389/fnins.2023.1227173
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Riquelme et al.

the first draft of the manuscript. All authors contributed to the article
and approved the submitted version.

Funding

This research was funded by MCIN/AEI/10.13039/501100011033,
Spain, grant number PID2020-114967GA-100.

Acknowledgments

The authors acknowledge all the associations, care centres,
families and children who participated in the different phases of
the study.

References

Achenbach, T. M., and Edelbrock, C. S. (1983). Manual for the child behavior checklist
and revised child behavior profile. Burlington, V'T: Vermont University.

Allely, C. S. (2013). Pain sensitivity and observer perception of pain in individuals
with autistic spectrum disorder. ScientificWorldJournal 2013:916178. doi:
10.1155/2013/916178

Alonso-Alberca, N., Vergara, A. L, Fernandez-Berrocal, P, Johnson, S. R., and Izard, C. E.
(2012). The adaptation and validation of the emotion matching task for preschool children
in Spain. Int. J. Behav. Dev. 36, 489-494. doi: 10.1177/0165025412462154

American Psychiatric Association (2013). Diagnostic and statistical manual of mental
disorders, 5th (DSM-5). Washington: American Psychiatric Publishing.

Arnstad, E. D,, Iversen, J. M., Uglem, M., Glerup, M., Romundstad, P. R., Sand, T.,
et al. (2020). Pain sensitivity in young adults with juvenile idiopathic arthritis: a
quantitative sensory testing study. Arthritis Res. Ther. 22:262. doi: 10.1186/
513075-020-02345-2

Backonja, M. M., Attal, N., Baron, R., Bouhassira, D., Drangholt, M., Dyck, P. J., et al.
(2013). Value of quantitative sensory testing in neurological and pain disorders:
NeuPSIG consensus. Pain 154, 1807-1819. doi: 10.1016/j.pain.2013.05.047

Balasco, L., Provenzano, G., and Bozzi, Y. (2020). Sensory abnormalities in autism
spectrum disorders: A focus on the tactile domain, from genetic mouse models to the
clinic. Front. Psych. 10:1016. doi: 10.3389/fpsyt.2019.01016

Beaudry-Bellefeuille, I., and Lane, S. J. (2015). Cultural adaptation for Spain of the
Spanish version of the short sensory profile using cognitive interviews. Austin J. Autism
Related Dis. 1:1004. doi: 10.5014/ajot.2017.022707

Ben Hassen, N., Molins, F, Garrote-Petisco, D., and Serrano, M. A. (2023). Emotional
regulation deficits in autism spectrum disorder: the role of alexithymia and
interoception. Res. Dev. Dis. 132:104378. doi: 10.1016/j.ridd.2022.104378

Bennett, R. H., Somandepalli, K., Roy, A. K., and Di Martino, A. (2017). The neural
correlates of emotional lability in children with autism spectrum disorder. Brain
Connect. 7, 281-288. doi: 10.1089/brain.2016.0472

Black, M. H., Chen, N. T., Lipp, O. V., Bélte, S., and Girdler, S. (2020). Complex facial
emotion recognition and atypical gaze patterns in autistic adults. Autism 24, 258-262.
doi: 10.1177/1362361319856969

Bodison, S. C., and Parham, L. D. (2018). Specific sensory techniques and sensory
environmental modifications for children and youth with sensory integration difficulties:
a systematic review. Am. J. Occup. Ther. 72:29413. doi: 10.5014/ajot.2018.029413

Bogdanova, O. V., Bogdanov, V. B, Pizano, A., Bouvard, M., Cazalets, J. R., Mellen, N.,
et al. (2022). The current view on the paradox of pain in autism spectrum disorders.
Front. Psych. 13:910824. doi: 10.3389/fpsyt.2022.910824

Bonete, S., Molinero, C., and Ruisanchez, D. (2023). Emotional dysfunction and
interoceptive challenges in adults with autism spectrum disorders. Behav. Sci. (Basel).
13:312. doi: 10.3390/bs13040312

Butera, C., Kaplan, J., Kilroy, E., Harrison, L., Jayashankar, A., Loureiro, E, et al.
(2023). The relationship between alexithymia, interoception, and neural functional
connectivity during facial expression processing in autism spectrum disorders.
Neuropsychologia 180:108469. doi: 10.1016/j.neuropsychologia.2023.108469

Buyuktaskin, D., Iseri, E., Guney, E., Gunendi, Z., and Cengiz, B. (2021).
Somatosensory temporal discrimination in autism spectrum disorder. Autism Res. 14,
656-667. doi: 10.1002/aur.2479

Cai, R. Y, Hardan, A. Y,, Phillips, J. M., Frazier, T. W., and Uljarevi¢, M. (2021). Brief
report: Emotion regulation influences on internalizing and externalizing symptoms

Frontiers in Neuroscience

10.3389/fnins.2023.1227173

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

across the normative-clinical continuum. Front Psychiatry 12:693570. doi: 10.3389/
fpsyt.2021.693570

Cai, R. Y, Richdale, A. L., Dissanayake, C., Trollor, J., and Uljarevi¢, M. (2019).
Emotion regulation in autism: Reappraisal and suppression interactions. Autism 23,
737-749. doi: 10.1177/1362361318774558

Craig, A. D. (2002). How do you feel? Interoception: the sense of the physiological
condition of the body. Nat. Rev. Neurosci. 3, 655-666. doi: 10.1038/nrn894

Crucianelli, L., and Ehrsson, H. H. (2023). The role of the skin in interoception:
A neglected organ?  Perspect.  Psychol.  Sci. 18, 224-238. doi:
10.1177/17456916221094509

Dubourdieu, P. M., and Guerendiain, M. (2022). Dietary intake, nutritional status and
sensory profile in children with autism spectrum disorder and typical development.
Nutrients 14:2155. doi: 10.3390/nu14102155

Dunn, W. (1999). The short sensory profile. New York, NY: The Psychological Corporation.

Espenhahn, S., Godfrey, K. J., Kaur, S., Ross, M., Nath, N., Dmitrieva, O., et al. (2021).
Tactile cortical responses and association with tactile reactivity in young children on the
autism spectrum. Mol. Autism. 12:26. doi: 10.1186/5s13229-021-00435-9

Fabbri-Destro, M., Maugeri, E, Ianni, C., Corsini, S., Di Stefano, E., Scatigna, S., et al.
(2022). Early sensory profile in autism spectrum disorders predicts emotional and
behavioral issues. J. Pers. Med. 12:1593. doi: 10.3390/jpm12101593

Failla, M. D, Bryant, L. K, Heflin, B. H., Mash, L. E., Schauder, K., Davis, S., et al.
(2020a). Neural correlates of cardiac interoceptive focus across development:
Implications for social symptoms in autism spectrum disorder. Autism Res. 13, 908-920.
doi: 10.1002/aur.2289

Failla, M. D., Gerdes, M. B., Williams, Z. J., Moore, D. J., and Cascio, C. J. (2020b).
Increased pain sensitivity and pain related-anxiety in individuals with autism. Pain Rep.
5:¢861. doi: 10.1097/PR9.0000000000000861

Failla, M. D., Peters, B. R., Karbasforoushan, H., Foss-Feig, J. H., Schauder, K. B.,
Heflin, B. H., et al. (2017). Intrainsular connectivity and somatosensory responsiveness
in young children with ASD. Mol. Autism. 8:25. doi: 10.1186/s13229-017-0143-y

Fanghella, M., Gaigg, S. B., Candidi, M., Forster, B., and Calvo-Merino, B. (2022).
Somatosensory evoked potentials reveal reduced embodiment of emotions in autism. J.
Neurosci. 42, 2298-2312. doi: 10.1523/JNEUROSCI.0706-21.2022

Fernandez-Prieto, M., Moreira, C., Cruz, S., Campos, V., Martinez-Regueiro, R.,
Taboada, M., et al. (2021). Executive functioning: a mediator between sensory
processing and behaviour in autism spectrum disorder. J. Autism Dev. Dis. 51,
2091-2103. doi: 10.1007/s10803-020-04648-4

Fitzpatrick, R., McGuire, B. E., and Lydon, H. K. (2022). Improving pain-related
communication in children with autism spectrum disorder and intellectual disability.
Paediatr. Neonatal Pain 4, 23-33. doi: 10.1002/pne2.12076

Grant, S., Norton, S., Weiland, R. E, Scheeren, A. M., Begeer, S., and Hoekstra, R. A.
(2022). Autism and chronic ill health: an observational study of symptoms and diagnoses
of central sensitivity syndromes in autistic adults. Mol. Autism. 13:7. doi: 10.1186/
513229-022-00486-6

Grechuta, K., De La Torre Costa, J., Ballester, B. R., and Verschure, P. (2021).
Challenging the boundaries of the physical self: Distal cues impact body ownership.
Front. Human Neurosci. 15:704414. doi: 10.3389/fnhum.2021.704414

Green, D., Chandler, S., Charman, T., Simonoff, E., and Baird, G. (2016). Brief report:
DSM-5 sensory behaviours in children with and without an autism spectrum disorder.
J. Autism Dev. Dis. 46, 3597-3606. doi: 10.1007/s10803-016-2881-7

frontiersin.org


https://doi.org/10.3389/fnins.2023.1227173
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1155/2013/916178
https://doi.org/10.1177/0165025412462154
https://doi.org/10.1186/s13075-020-02345-2
https://doi.org/10.1186/s13075-020-02345-2
https://doi.org/10.1016/j.pain.2013.05.047
https://doi.org/10.3389/fpsyt.2019.01016
https://doi.org/10.5014/ajot.2017.022707
https://doi.org/10.1016/j.ridd.2022.104378
https://doi.org/10.1089/brain.2016.0472
https://doi.org/10.1177/1362361319856969
https://doi.org/10.5014/ajot.2018.029413
https://doi.org/10.3389/fpsyt.2022.910824
https://doi.org/10.3390/bs13040312
https://doi.org/10.1016/j.neuropsychologia.2023.108469
https://doi.org/10.1002/aur.2479
https://doi.org/10.3389/fpsyt.2021.693570
https://doi.org/10.3389/fpsyt.2021.693570
https://doi.org/10.1177/1362361318774558
https://doi.org/10.1038/nrn894
https://doi.org/10.1177/17456916221094509
https://doi.org/10.3390/nu14102155
https://doi.org/10.1186/s13229-021-00435-9
https://doi.org/10.3390/jpm12101593
https://doi.org/10.1002/aur.2289
https://doi.org/10.1097/PR9.0000000000000861
https://doi.org/10.1186/s13229-017-0143-y
https://doi.org/10.1523/JNEUROSCI.0706-21.2022
https://doi.org/10.1007/s10803-020-04648-4
https://doi.org/10.1002/pne2.12076
https://doi.org/10.1186/s13229-022-00486-6
https://doi.org/10.1186/s13229-022-00486-6
https://doi.org/10.3389/fnhum.2021.704414
https://doi.org/10.1007/s10803-016-2881-7

Riquelme et al.

Gu, X, Zhou, T. J., Anagnostou, E., Soorya, L., Kolevzon, A., Hof, P. R,, et al. (2018).
Heightened brain response to pain anticipation in high-functioning adults with autism
spectrum disorder. Eur. J. Neurosci. 47, 592-601. doi: 10.1111/ejn.13598

Holly, P. W. (2020). Interoception the foundation for: mind's sensing of 'self,’
physiological responses, cognitive discrimination and dysregulation. Commun. Integrat.
Biol. 13, 198-213. doi: 10.1080/19420889.2020.1846922

Tannone, A. E, and De Marco Garcia, N. V. (2021). The emergence of network activity
patterns in the somatosensory cortex - An early window to autism spectrum disorders.
Neuroscience 466, 298-309. doi: 10.1016/j.neuroscience.2021.04.005

Keizer, D., Fael, D., Wierda, J. M., and van Wijhe, M. (2008). Quantitative sensory
testing with von Frey monofilaments in patients with allodynia: what are we quantifying?
Clin. J. Pain 24, 463-466. doi: 10.1097/AJP.0b013e3181673b80

Kirby, A. V., Bilder, D. A., Wiggins, L. D., Hughes, M. M., Davis, J., Hall-Lande, J. A.,
et al. (2022). Sensory features in autism: Findings from a large population-based
surveillance system. Autism Res. 15, 751-760. doi: 10.1002/aur.2670

Lawson, L. M., Foster, L., Hamner, K., and Wright, L. (2022). Exploring effects of
sensory garments on participation of children on the autism spectrum: a pretest-posttes
repeated measure design. Occup. Ther. Int. 2022:3540271. doi: 10.1155/2022/3540271

Mahler, K., Hample, K., Jones, C., Sensenig, J., Thomasco, P., and Hilton, C. (2022).
Impact of an interoception-based program on emotion regulation in autistic children.
Occup. Ther. Int. 2022:9328967. doi: 10.1155/2022/9328967

Masson, H. L., Pillet, I., Amelynck, S., Van De Plas, S., Hendriks, M., de Beeck, O.,
et al. (2019). Intact neural representations of affective meaning of touch but lack of
embodied resonance in autism: a multi-voxel pattern analysis study. Mol. Autism. 10:39.
doi: 10.1186/s13229-019-0294-0

Mazefsky, C. A., Herrington, J., Siegel, M., Scarpa, A., Maddox, B. B., Scahill, L., et al.
(2013). The role of emotion regulation in autism spectrum disorder. J. Am. Acad. Child
Adolesc. Psychiatry 52, 679-688. doi: 10.1016/j.jaac.2013.05.006

McCauley, J. B., Harris, M. A., Zajic, M. C., Swain-Lerro, L. E., Oswald, T,
Mclntyre, N, et al. (2019). Self-esteem, internalizing symptoms, and theory of mind in
youth with autism spectrum disorder. J. Clin. Child Adolesc. Psychol. 48, 400-411. doi:
10.1080/15374416.2017.1381912

Mclntosh, D. N., Miller, L. J., Shyu, V., and Dunn, W. (1999). Development and
validation of the short sensory profile. Sensory Profile User's Manual. San Antonio, TX:
p- 59-73.

Morgan, J. K., Izard, C. E., and King, K. A. (2010). Construct validity of the emotion
matching task: preliminary evidence for convergent and criterion validity of a new
emotion knowledge measure for young children. Soc. Dev. 19, 52-70. doi:
10.1111/j.1467-9507.2008.00529.x

Murphy, J., Catmur, C., and Bird, G. (2018). Alexithymia is associated with a
multidomain, multidimensional failure of interoception: evidence from novel tests. J.
Exp. Psychol. Gen. 147, 398-408. doi: 10.1037/xge0000366

Narvekar, N., Carter Leno, V., Pasco, G., Johnson, M. H., Jones, E. J., and Charman, T.
(2022). A prospective study of associations between early fearfulness and perceptual
sensitivity and later restricted and repetitive behaviours in infants with typical and
elevated likelihood of autism. Autism 26, 1947-1958. doi: 10.1177/13623613211068932

Newcomb, E. T., and Hagopian, L. P. (2018). Treatment of severe problem behaviour
in children with autism spectrum disorder and intellectual disabilities. Int. Rev.
Psychiatry 30, 96-109. doi: 10.1080/09540261.2018.1435513

Njardvik, U., Smaradottir, H., and Ost, L. G. (2022). The effects of emotion regulation
treatment on disruptive behavior problems in children: A randomized controlled trial.
Res. Child Adolesc. Psychopathol. 50, 895-905. doi: 10.1007/s10802-022-00903-7

Orefice, L. L., Zimmerman, A. L., Chirila, A. M., Sleboda, S. J., Head, J. P, and
Ginty, D. D. (2016). Peripheral mechanosensory neuron dysfunction underlies tactile
and behavioral deficits in mouse models of ASDs. Cells 166, 299-313. doi: 10.1016/j.
cell.2016.05.033

Petrovska, I. V., and Trajkowski, V. (2019). Effects of a computer-based intervention
on emotion understanding in children with autism spectrum disorders. J. Autism Dev.
Disord. 49, 4244-4255. doi: 10.1007/s10803-019-04135-5

Price, C. J., and Hooven, C. (2018). Interoceptive awareness skills for emotion
regulation: Theory and approach of mindful awareness in body-oriented therapy
(MABT). Front. Psychol. 9:798. doi: 10.3389/fpsyg.2018.00798

Prickard, H., Hirsch, C., Simonoff, E., and Happé, E. (2020). Exploring the cognitive,
emotional and sensory correlates of social anxiety in autistic and neurotypical
adolescents. J. Child Psychol. Psychiatry 61, 1317-1327. doi: 10.1111/jcpp.13214

Reis, H., Eusébio, 1., Sousa, M., Ferreira, M., Pereira, R., Dias, S., et al. (2021). Regul-a:
technological application for sensory regulation of children with autism spectrum
disorder in the home context. Int. J. Environ. Res. Public Health 18:10452. doi: 10.3390/
ijerph181910452

Riquelme, I., Hatem, S. M., and Montoya, P. (2016). Abnormal pressure pain, touch
sensitivity, proprioception, and manual dexterity in children with autism spectrum
disorders. Neural Plast. 2016:1723401. doi: 10.1155/2016/1723401

Riquelme, I., Hatem, S. M., and Montoya, P. (2018). Reduction of pain sensitivity after
somatosensory therapy in children with autism spectrum disorders. J. Abnorm. Child
Psychol. 46, 1731-1740. doi: 10.1007/s10802-017-0390-6

Frontiers in Neuroscience

10.3389/fnins.2023.1227173

Roley, S. S., Mailloux, Z., Parham, L. D., Schaaf, R. C,, Lane, C. J., and Cermak, S.
(2015). Sensory integration and praxis patterns in children with autism. Am. J. Occup.
Ther. 69:6901220010. doi: 10.5014/ajot.2015.012476

Rolke, R., Magerl, W.,, Campbell, K. A., Schalber, C., Caspari, S., Birklein, E,
et al (2006). Quantitative sensory testing: a comprehensive protocol for clinical trials.
Eur. J. Pain 10, 77-88. doi:10.1016/j.ejpain.2005.02.003

Rosello, R., Martinez-Raga, J., Tomas, J. M., Rosello, B., Berenguer, C., and Cortese, S.J.
(2022). Exploring developmental trajectories throughout adolescence of children with
autism spectrum disorder without intellectual disability. J. Neural Transm. (Vienna) 130,
299-312. doi: 10.1007/s00702-022-02554-w

Samanta, P, Panigrahi, A., Senapati, L. K., Mishra, D. P,, Ravan, J. R., and Mishra, J.
(2022). Maladaptive behavior and associated factors among young children with autism.
Indian ]. Pediatr. 89, 1134-1136. doi: 10.1007/s12098-022-04286-x

Sampaio, E. A., Sampaio, C. R. A., Cunha, C. O., Costa, Y. M., Alencar, P. N. B,,
Bonjardim, L. R,, et al. (2019). The effect of orthodontic separator and short-term fixed
orthodontic appliance on inflammatory mediators and somatosensory function. J. Oral
Rehabil. 46, 257-267. doi: 10.1111/joor.12742

Sapey-Triomphe, L. A., Lamberton, E, Sonié, S., Mattout, J., and Schmitz, C. (2019).
Tactile hypersensitivity and GABA concentration in the sensorimotor cortex of adults
with autism. Autism Res. 12, 562-575. doi: 10.1002/aur.2073

Shah, P, Catmur, C., and Bird, G. (2016). Emotional decision-making in autism
spectrum disorder: the roles of interoception and alexithymia. Mol. Autism. 7:43. doi:
10.1186/s13229-016-0104-x. eCollection

Shields, A., and Cicchetti, D. (1997). Emotion regulation among schoolage children:
the development and validation of a new criterion Q-sort scale. Dev. Psychol. 33,
906-916. doi: 10.1037/0012-1649.33.6.906

Sobeeh, M. G., Hassan, K. A, da Silva, A. G., Youssef, E. E, Fayaz, N. A,, and
Mohammed, M. M. (2023). Pain mechanisms in complex regional pain syndrome: a
systematic review and meta-analysis of quantitative sensory testing outcomes. J. Orthop.
Surg. Res. 18:2. doi: 10.1186/s13018-022-03461-2

Soleiman, P, Moradi, H., Mehralizadeh, B., Ameri, H., Arriaga, R., Pouretemad, H. R.,
et al. (2023). Fully robotic social environment for teaching and practicing affective
interaction: case of teaching emotion recognition skills to children with autism spectrum
disorders, a pilot study. Front. Robot. AI 10:1088582. doi: 10.3389/frobt.2023.1088582

Stein Duker, L. I., Como, D. H,, Jolette, C., Vigen, C., Gong, C. L., Williams, M. E.,
et al. (2023). Sensory adaptations to improve physiological and behavioral distress
during dental visits in autistic children: a randomized crossover trial. JAMA Netw. Open
6:€2316346. doi: 10.1001/jamanetworkopen.2023.16346

Sung, Y. 8., Lin, C. Y, Chu, S. Y., and Lin, L. Y. (2022). Emotion dysregulation mediates
the relationship between sensory processing and behavior problems in young children
with autism spectrum disorder: a preliminary study. J. Autism Dev. Dis. doi: 10.1007/
510803-022-05839-x

Supplee, L. H., Skuban, E. M., Shaw, D. S., and Prout, J. (2009). Emotion regulation
strategies and later externalizing behavior among European American and African
American  children. Dev. Psychopathol. 21, 393-415. doi: 10.1017/
50954579409000224

Surgent, O., Riaz, A., Ausderau, K. K., Adluru, N, Kirk, G. R., Guerrero-Gonzalez, J.,
et al. (2022). Brainstem white matter microstructure is associated with
hyporesponsiveness and overall sensory features in autistic children. Mol. Autism. 13:48.
doi: 10.1186/s13229-022-00524-3

Takahashi, H., Komatsu, S., Nakahachi, T., Ogino, K., and Kamio, Y. (2016).
Relationship of the acoustic startle response and its modulation to emotional and
behavioral problems in typical development children and those with autism spectrum
disorders. J. Autism Dev. Dis. 46, 534-543. doi: 10.1007/s10803-015-2593-4

Tan, Y., Wang, X, Blain, S. D,, Jia, L., and Qiu, J. (2023). Interoceptive attention
facilitates emotion regulation strategy use. Int. J. Clin. Health Psychol. 23:100336. doi:
10.1016/j.ijchp.2022.100336

Truffyn, E. E., Moayedi, M., Brown, S. C., Ruskin, D., and Duerden, E. G. (2021).
Sensory function and psychological factors in children with complex regional pain
syndrome type 1. J. Child Neurol. 36, 823-830. doi: 10.1177/08830738211007685

Tse, A. C. Y. (2020). Brief report: impact of a physical exercise intervention on emotion
regulation and behavioral functioning in children with autism spectrum disorder. J.
Autism Dev. Disord. 50, 4191-4198. doi: 10.1007/s10803-020-04418-2

Vasa, R. A., Keefer, A., McDonald, R. G., Hunsche, M. C., and Kerns, C. M. (2020). A
scoping review of anxiety in young children with autism spectrum disorder. Autism Res.
13, 2038-2057. doi: 10.1002/aur.2395

White, S. W,, Mazefsky, C. A., Dichter, G. S., Chiu, P. H.,, Richey, J. A., and
Ollendick, T. H. (2014). Social-cognitive, physiological, and neural mechanisms
underlying emotion regulation impairments: understanding anxiety in autism spectrum
disorder. Int. J. Dev. Neurosci. 39, 22-36. doi: 10.1016/j.ijjdevneu.2014.05.012

Will, E. A, Daunhauer, L. A,, Fidler, D. J., Raitano Lee, N., Rosenberg, C. R., and
Hepburn, S. L. (2019). Sensory processing and maladaptive behavior: Profiles within the
Down syndrome phenotype. Phys. Occup. Ther. Pediatr. 39, 461-476. doi:
10.1080/01942638.2019.1575320

Williams, Z. J., Failla, M. D., Davis, S. L., Heflin, B. H., Okitondo, C. D., Moore, D. J.,
etal. (2019). Thermal perceptual thresholds are typical in autism spectrum disorder but

frontiersin.org


https://doi.org/10.3389/fnins.2023.1227173
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1111/ejn.13598
https://doi.org/10.1080/19420889.2020.1846922
https://doi.org/10.1016/j.neuroscience.2021.04.005
https://doi.org/10.1097/AJP.0b013e3181673b80
https://doi.org/10.1002/aur.2670
https://doi.org/10.1155/2022/3540271
https://doi.org/10.1155/2022/9328967
https://doi.org/10.1186/s13229-019-0294-0
https://doi.org/10.1016/j.jaac.2013.05.006
https://doi.org/10.1080/15374416.2017.1381912
https://doi.org/10.1111/j.1467-9507.2008.00529.x
https://doi.org/10.1037/xge0000366
https://doi.org/10.1177/13623613211068932
https://doi.org/10.1080/09540261.2018.1435513
https://doi.org/10.1007/s10802-022-00903-7
https://doi.org/10.1016/j.cell.2016.05.033
https://doi.org/10.1016/j.cell.2016.05.033
https://doi.org/10.1007/s10803-019-04135-5
https://doi.org/10.3389/fpsyg.2018.00798
https://doi.org/10.1111/jcpp.13214
https://doi.org/10.3390/ijerph181910452
https://doi.org/10.3390/ijerph181910452
https://doi.org/10.1155/2016/1723401
https://doi.org/10.1007/s10802-017-0390-6
https://doi.org/10.5014/ajot.2015.012476
https://doi.org/10.1016/j.ejpain.2005.02.003
https://doi.org/10.1007/s00702-022-02554-w
https://doi.org/10.1007/s12098-022-04286-x
https://doi.org/10.1111/joor.12742
https://doi.org/10.1002/aur.2073
https://doi.org/10.1186/s13229-016-0104-x. eCollection
https://doi.org/10.1037/0012-1649.33.6.906
https://doi.org/10.1186/s13018-022-03461-2
https://doi.org/10.3389/frobt.2023.1088582
https://doi.org/10.1001/jamanetworkopen.2023.16346
https://doi.org/10.1007/s10803-022-05839-x
https://doi.org/10.1007/s10803-022-05839-x
https://doi.org/10.1017/S0954579409000224
https://doi.org/10.1017/S0954579409000224
https://doi.org/10.1186/s13229-022-00524-3
https://doi.org/10.1007/s10803-015-2593-4
https://doi.org/10.1016/j.ijchp.2022.100336
https://doi.org/10.1177/08830738211007685
https://doi.org/10.1007/s10803-020-04418-2
https://doi.org/10.1002/aur.2395
https://doi.org/10.1016/j.ijdevneu.2014.05.012
https://doi.org/10.1080/01942638.2019.1575320

Riquelme et al.

strongly related to intra-individual response variability. Sci. Rep. 9:12595. doi: 10.1038/
541598-019-49103-2

Wood, H., Rusbridge, S., Lei, J., Lomax, C., Elliston, J., and Russell, A. (2022).
Exploring the cognitive model of social anxiety in autistic young people-The central role
of bodily symptoms. J. Autism Dev. Dis. 52, 5500-5514. doi: 10.1007/s10803-021-05359-0

Woodward, N. D., Giraldo-Chica, M., Rogers, B., and Cascio, C. J. (2017).
Thalamocortical dysconnectivity in autism spectrum disorder: An analysis of the autism
brain imaging data exchange. Biol. Psychiatry Cogn. Neurosci. Neuroimaging 2, 76-84.
doi: 10.1016/j.bpsc.2016.09.002

Xiao, N., Shinwari, K., Kiselev, S., Huang, X., Li, B., and Qj, J. (2023). Effects of equine-
assisted activities and therapies for individuals with autism spectrum disorder:
systematic review and meta-analysis. Int. J. Environ. Res. Public Health 20:2630. doi:
10.3390/ijerph20032630

Frontiers in Neuroscience

11

10.3389/fnins.2023.1227173

Yuan, H,, Lai, C. Y. Y., Wong, M. N. K,, Kwong, T. C., Choy, Y. S., Mung, S. W. Y,,
et al. (2022). Interventions for sensory over-responsity in individuals with autism
spectrum disorder: a narrative review. Children 9:1584. doi: 10.3390/children9101584

Zdankiewicz-Scigala, E., Scigala, D., Sikora, J., Kwaterniak, W., and Longobardi, C.
(2021). Relationship between interoceptive sensibility and somatoform disorders in
adults with autism spectrum traits. The mediating role of alexithymia and emotional
dysregulation. PLoS One 16:€0255460. doi: 10.1371/journal.pone.0255460

Zetler, N. K., Cermak, S. A., Engel-Yeger, B., and Gal, E. (2019). Somatosensory
discrimination in people with autism spectrum disorder: A scoping review. Am. J.
Occup. Ther. 73:29728. doi: 10.5014/ajot.2019.029728

Zhang, M., Ding, H., Naumceska, M., and Zhang, Y. (2022). Virtual reality technology
as an educational and intervention tool for children with autism spectrum disorders.
Current perspectives and future directions. Behav. Sci. 12:138. doi: 10.3390/bs12050138

frontiersin.org


https://doi.org/10.3389/fnins.2023.1227173
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/s41598-019-49103-2
https://doi.org/10.1038/s41598-019-49103-2
https://doi.org/10.1007/s10803-021-05359-0
https://doi.org/10.1016/j.bpsc.2016.09.002
https://doi.org/10.3390/ijerph20032630
https://doi.org/10.3390/children9101584
https://doi.org/10.1371/journal.pone.0255460
https://doi.org/10.5014/ajot.2019.029728
https://doi.org/10.3390/bs12050138

	A multidimensional investigation of the relationship between skin-mediated somatosensory signals, emotion regulation and behavior problems in autistic children
	1. Introduction
	2. Materials and methods
	2.1. Participants
	2.2. Measures
	2.2.1. Somatosensory thresholds
	2.2.2. Emotion and behavior assessments
	2.2.2.1. Emotion matching task
	2.2.2.2. Emotion regulation checklist
	2.2.2.3. Child behavior checklist
	2.2.2.4. Short sensory profile
	2.3. Statistical analysis

	3. Results
	3.1. Somatosensory thresholds
	3.2. Emotion and behavior measures
	3.3. Correlations between somatosensory thresholds, emotion and behavior measures

	4. Discussion
	5. Limitations
	6. Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

