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Abstract

Background: Individuals with autism spectrum disorder (ASD) often experience elevated stress during social interactions
and may have difficulty forming and maintaining peer relationships. The autonomic nervous system (ANS) directs
physiological changes in the body in response to a number of environmental stimuli, including social encounters.
Evidence suggests the flexibility of the ANS response is an important driving factor in shaping social behavior. For youth
with ASD, increased stress response and/or atypical ANS regulation to benign social encounters may therefore influence
social behaviors, and, along with developmental and experiential factors, shape psychological outcomes.

Methods: The current study measured ANS response to a peer-based social interaction paradigm in 50 typically
developing (TD) children and 50 children with ASD (ages 10-13). Respiratory sinus arrhythmia (RSA), a cardiac measure of
parasympathetic influence on the heart, and pre-ejection period (PEP), a sympathetic indicator, were collected.
Participants engaged in a friendly, face-to-face conversation with a novel, same-aged peer, and physiological data were
collected continuously before and during the interaction. Participants also reported on state anxiety following the
interaction, while parents reported on the child’s social functioning and number of social difficulties.

Results: Linear mixed models revealed that, while there were no diagnostic effects for RSA or PEP, older youth with ASD
appeared to demonstrate a blunted parasympathetic (RSA) response. Further, increased severity of parent-reported social
symptoms was associated with lower RSA. Youth with ASD reported more anxiety following the interaction; however,
symptoms were not related to RSA or PEP response based on linear mixed modeling.
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chronic social stress in youth with ASD.

Social, Age, Stress

Conclusions: Physiological regulation, age, and social functioning likely influence stress responses to peer interactions for
youth with ASD. Parasympathetic functioning, as opposed to sympathetic arousal, may be especially important in
behavioral regulation, as older youth with ASD demonstrated atypical regulation and response to the social interaction
paradigm. Future studies should help to further elucidate the developmental factors contributing to stress responses in
ASD, the impact of physiological response on observable social behavior, and potential long-term consequences of

Keywords: Autism spectrum disorder, Autonomic nervous system, Respiratory sinus arrhythmia, Pre-ejection period,

Background

Autism spectrum disorder (ASD) is a neurodevelopmen-
tal disorder now estimated to affect 1 in 54 children in
the USA [1]. Symptoms of ASD are defined across two
core diagnostic domains—impairments in social inter-
action and communication, and restrictive and repetitive
patterns and behaviors [2]. Thus, individuals often have
significant difficulty engaging with others, responding to
novel social situations, and often find peer interactions
to be stressful [3—6]. Nevertheless, humans are inher-
ently social creatures, and despite social challenges, chil-
dren must interact with peers nearly every day—in the
classroom, on the playground, and in the community.

The autonomic nervous system (ANS) is separated
into two branches with primarily opposing functions, the
parasympathetic (PNS) and sympathetic nervous systems
(SNS). The PNS is described as the “rest and digest”
branch by conserving energy as it slows heart rate
(bradycardia), lowers blood pressure, decreases respir-
ation, and increases intestinal activity, among other
regulatory actions [7]. In contrast, the metabolically de-
manding SNS supports “fight or flight” responses for
mobilization to threat, including, but not limited to, in-
creased heart rate and respiration. The sinoatrial (SA)
node, or pacemaker, of the heart is dually innervated by
the PNS and SNS [8]. Non-invasive measures of cardiac
function can identify the individual contributions of each
branch, serving as useful markers of change in PNS and
SNS activity (e.g., )[9, 10]. For example, changes in beat-
to-beat heart rate (heart rate variability; HRV) in con-
junction with high-frequency range respiration, or re-
spiratory sinus arrhythmia (RSA), indexes PNS
influences. Further, the pre-ejection period (PEP), de-
rived by impedance cardiography to detect volumetric
changes, is a metric of time from electrical stimulation
to mechanical opening of the aortic value and is a vali-
dated measure of pure SNS function (e.g. )[10].

The ANS includes a neural network in which efferent
signals originating from medullary brainstem regions
[11, 12] affect functioning of peripheral visceral organs,
including the heart. The dually innervated SA node is
said to be under tonic parasympathetic inhibition via the

myelinated vagal nerve [11, 13]. This “vagal brake” regu-
lates behavior through maintenance and balance of PNS
influence to the heart, thus allowing for changes in heart
rate as parasympathetic regulation changes in response to
changing environmental stimuli [11, 13, 14]. Therefore, in
the presence of a stressor, removal of the “vagal brake”
can allow for increases in heart rate and respiration with-
out engaging the metabolically demanding SNS [15].

Vagal flexibility [16] is believed to play an important
role in determining social behavior. According to the
Polyvagal Theory [11], the parasympathetically-mediated
Social Engagement System [13, 14, 17] is active during
calm visceral states, thus promoting activation of the in-
terconnected craniofacial nerves and their associated
motor behaviors. These somatomotor components of
the system control a number of actions relevant for so-
cial behavior, including but not limited to, eye move-
ment (eye contact), vocalization (language), and head
turning (social orienting) [18]. For example, individuals
who demonstrate more cooperativity and sociability tend
to have higher PNS regulation [19-21]. Additionally,
young adults with higher vagal tone are more socially
engaged than their peers with lower PNS regulation [22].
However, in cases of more severe threat, the SNS will
activate, presumably inhibiting parasympathetic systems
and blocking the Social Engagement System while initi-
ating the fight or flight response to the stressor.

It has been noted that many of the behaviors associ-
ated with the Social Engagement System, including eye
gaze, language and vocalization production, and emo-
tional expression [13, 14, 17], are often impaired in a
number of neurological conditions, most notably, autism
spectrum disorder [18, 23]. The autonomic system may
function atypically in ASD, evidenced by reductions in
resting PNS regulation relative to TD peers [24-26].
Several studies additionally cite atypical PNS and SNS
reactivity in response to stress (e.g.), [27-30]. In a study
of school-aged children, those with ASD demonstrated
lower RSA during interactions with unfamiliar peers;
moreover, the reduction in RSA was associated with
more social problems and problem behaviors [26]. A
similar reduction in parasympathetic regulation, along
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with sympathetic hyperarousal, was seen in ASD chil-
dren, compared to TD controls, when interacting with a
familiar partner [30]. In the context of social play, higher
resting PNS regulation has been associated with more
gestures and sharing behavior in young children with
ASD during play with an adult actor [31]. Therefore, so-
cial difficulties in ASD may be, in part, explained by fail-
ures of the parasympathetically-mediated vagal nerve to
efficiently regulate the Social Engagement System, where
PNS withdrawal and/or SNS hyperarousal inhibits the
facial nerves and associated motor neurons responsible
for many social behaviors [18].

Stress reactivity is dynamic, with physiological respon-
sivity influenced by a number of factors including age or
development (e.g., [32]) and social variables (i.e., peer
support) (e.g.), [33]. During a naturalistic play protocol,
the Peer Interaction Paradigm (PIP) (3), many youth
with ASD demonstrate elevated stress reactivity of a
neuroendocrine system, the hypothalamic-pituitary-
adrenal (HPA) axis, relative to TD peers. Moreover,
these effects are further modified by age. In two studies
of 8 to 12 year olds with ASD or TD, older youth with
ASD showed a greater stress response to the social inter-
action from baseline relative to their typically developing
(TD) peers and younger youth with ASD [3], suggesting
the age effects may be related to other social factors
such as increased insight and more exposure to negative
social experiences in the older youth. Similar develop-
mental patterns have been noted in the autonomic sys-
tem, where school-aged TD children exhibited differing
RSA suppression responses to stress according to their
age [34]. Specifically, younger children (8-11 years) dem-
onstrated greater suppression to a cognitive stressor
compared to older youth (12-15 years). However, no dif-
ferences were noted between age groups in the social
task, involving hearing an argument [34]. Collectively,
these findings provide evidence that age may influence
physiological stress responses, with further research
needed to elucidate these possible relationships between
autonomic stress reactivity, social functioning, and de-
velopment in youth with ASD.

The current study sought to extend previous studies
by examining physiological stress response to a friendly
social encounter (TSST-F) in youth with and without
ASD. Specifically, we measured PNS and SNS responses
over time—from baseline, throughout the interaction,
until recovery—to examine whether youth with ASD
showed a unique pattern of response relative to TD
peers. Given previous research in similar physiological
systems (HPA axis) using peer interaction paradigms
(e.g.), [6], as well as noted developmental effects on ANS
regulation and responsivity (e.g.), [35, 36], we hypothe-
sized youth with ASD, especially older children, would
show heightened stress and arousal to the current social
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interaction paradigm. Additionally, we expected findings
would be consistent with the Polyvagal Theory and So-
cial Engagement System (e.g.), [14], such that social diffi-
culties in ASD would be associated with a dysregulated
physiological state. Specifically, we predicted that chil-
dren with ASD would show: (la) autonomic hyper-
arousal demonstrated by lower PNS and elevated SNS,
representing a chronic mobilization state, (1b) atypical
autonomic flexibility in response to the social interaction
with less change in PNS response and heightened SNS
reactivity; (2) stress response across the interaction
would be modified by age, with older age associated with
elevated physiological arousal; and (3) ANS hyperarousal
would be associated with more severe social symptoms
and state anxiety.

Methods

Participants

Participants included 100 children 10 to 13 years of age,
with ASD (n = 50, mean age = 11.48) or typical develop-
ment (n = 50, mean age = 11.35). Gender was matched
between groups, with 14 females in each group. As part
of a longitudinal study of pubertal development [37],
families were enrolled from the community within a
200-mile radius through research registries, university-
wide announcements, autism- and child-development
clinics, and social media. The sample consisted of 85.0%
Caucasian, 6.0% Black/African American, 1.0% Asian,
and 8.0% Mixed Race. Moreover, 7.0% of the sample was
Hispanic. Parental education served as a proxy for socio-
economic status; 50% of parents had a bachelor’s or
master’s, 30% associate’s or high school, and 20% doctor-
ate or professional. An estimated 42% of children with
ASD have been reported to take at least one psycho-
tropic medication [38]; thus, study criteria did not re-
quire participants to be medication-naive in order to be
more representative of the overall ASD population.
However, participants prescribed medications that may
directly affect the ANS (e.g., stimulants) [39] were not
enrolled. In total, 18 children with ASD were on medica-
tions at the time of the study, including primarily anti-
histamines, melatonin, or selective-serotonin reuptake
inhibitors (SSRIs). Three TD participants were taking
over-the-counter antihistamines at the time of enroll-
ment for management of seasonal allergies.

Diagnostic criteria

All participants were required to have an estimated 1Q >
70, as measured by the Wechsler Scale of Abbreviate
Intelligence (WASI-II), [40] in order to ensure adequate
language to meet the social demands of the interaction
task and to ensure the ability to complete self-report
forms associated with the larger longitudinal study [37].
Parents completed the Social Communication
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Questionnaire-Lifetime (SCQ-L) [41], a screening ques-
tionnaire for identifying symptoms of ASD showing
good sensitivity (0.88) and specificity (0.72) [42]. In
order to be included in the study, TD youth required a
score <10 on the SCQ-L based on parent-report. Add-
itionally, TD participants could not have a biological sib-
ling with ASD. Diagnosis of ASD was based on DSM-5
criteria [2] and established by (1) previous diagnosis by
psychiatrist, psychologist, or clinician with autism expert-
ise; (2) current clinical judgment; and (3) corroborated by
the Autism Diagnostic Observation Schedule, 2™ edition
[43], administered by research-reliable personnel.

Procedures

The study was carried out in accordance with the Code
of Ethics of the World Medical Association (Declaration
of Helsinki). The Vanderbilt Institutional Review Board
approved all study procedures. In compliance with the
Institutional Review Board, informed written consent
and verbal assent was obtained from all parent/guardians
and children, respectively, prior to inclusion in the study.
The study was completed across two visits to a univer-
sity research lab. Diagnostic and cognitive measures
were administered at visit 1. Parents also completed the
Child Behavior Checklist (CBCL) [44] and Social Re-
sponsiveness Scale (SRS-2) [45]. At visit 2, participants
were exposed to the social interaction protocol, the Trier
Social Stress Test-Friendly (TSST-F) [46], and completed
all physiological data collection

Trier Social Stress Test-Friendly

The Trier Social Stress Test-Friendly [46] is an alterna-
tive form of the original TSST [47], which has been
shown to elicit a physiological stress response from so-
cial evaluative threat. The TSST-F, however, consists of
a more “friendly” protocol, in which participants de-
scribe him or herself and/or a favorite book, movie, hob-
bies, or other interest in front of a novel peer of the
same sex who shows encouragement (smiles, nods,
shows interest, maintains eye contact) and asks follow-
up questions. The “friendly” TSST, unlike the original
TSST, produces no physiological stress response in typ-
ically developing individuals [46, 48] and parallels other
peer interaction paradigms [3]. After a 5-min resting
baseline period when participants were asked to sit
quietly, the instructions were read aloud and youth given
the opportunity to prepare what they would like to share
during a 5-min preparation period. During this prepar-
ation period, research personnel are not to engage with
the participant, and if the child asks questions, personnel
simply repeated the instructions, that they are “to pre-
pare what they would like to say to the other child.” Fol-
lowing the prep period was the 10-min social interaction
with the novel peer. Lastly, a recovery period measured
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return to baseline, and participants were again asked to
sit quietly and calmly for 5minutes. Physiological data
was collected continuously throughout the paradigm, in-
cluding at preparation, through the social interaction
(divided into two, 5-min segments—part 1 and part 2),
and recovery (see Fig. 1). The 20-min TSST-F paradigm
requires reciprocal social interaction with a novel
trained peer, conceptualized to be a more potent
stressor for children with ASD. Peers were thoroughly
trained using a manualized protocol, review of video-
taped TSST-F sessions, and practice with senior re-
search personnel prior to working with a participant.
Furthermore, the peers were monitored to maintain
consistent implementation of the protocols. Each ad-
ministration of the TSST-F was recorded for behav-
ioral coding purposes, and videos were routinely
checked to ensure peers maintained social interest
without talking for >50% of the conversation. If devi-
ations in the protocol were noted, booster training
sessions were promptly provided.

Dependent measures

Social symptoms and perceived anxiety

The Child Behavior Checklist (CBCL) [44] is a
parent-report measure of behavioral and emotional
problems in children ages 6—18 years. Scores are rated
on a Likert scale from 0 (“not true”) to 2 (“very often
true”). The CBCL has demonstrated good-to-excellent
reliability in ASD, with individual scale reliabilities
ranging from 0.69 to 0.94, including a reliability of
0.84 for the Social Problems domain [49]. Due to the
a priori hypotheses regarding social symptoms and
physiology, we specifically examined the social prob-
lems subscale. Previously, youth with ASD demon-
strated significantly elevated scores on the social
problems subscale relative to controls [50]. Raw
scores were used in analyses, as recommended in the
CBCL manual [44].

The State-Trait Anxiety Inventory for Children (STAI
C) [51] is a self-report measure of anxiety, completed by
participants, in which an individual describes how he/
she is currently feeling (state) and how he/she usually
feels (trait). Previous studies have found youth with ASD
are able to identify anxiety following stressors [52—54],
including reporting elevated state anxiety following a so-
cial interaction [55].

The Social Responsiveness Scale (SRS-2) [45] is a
parent-report questionnaire developed to identify the se-
verity of ASD symptoms across several domains. Do-
main and total scores are presented as standardized T
scores. The SRS shows high sensitivities (0.74 to 0.80)
and specificities (0.69 to 1.00) for ASD [56]. Analyses in-
cluded SRS total scores in order to examine total range
of ASD-related symptoms.
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Fig. 1 Trier Social Stress Test-Friendly. Timeline schematic for 20-min TSST-F social interaction paradigm

Heart rate variability

Cardiac autonomic measures were collected using Mind-
Ware Mobile Impedance Cardiograph units (MindWare
Technologies LTD, Gahanna, OH) for synchronized
electrocardiography (ECG) and respiration data collec-
tion using a seven-electrode configuration. Participants
were told they would be wearing “stickers” throughout
the protocol, and a color cartoon was provided to illus-
trate the location of the electrodes. Participants were
given the opportunity to place an electrode on their
hand prior to placement, and a five-minute acclimation
period followed electrode placement to allow children
time to become comfortable with the sensory aspects of
the protocol. All 100 participants agreed to complete the
heart rate collection and were able to comfortably toler-
ate the electrode placement.

Resting ANS regulation was acquired using a 5-min
baseline collection period in which participants were
instructed to sit quietly without engaging in other tasks.
During the social interaction, cardiac measures were col-
lected continuously, calculated on a minute-by-minute
basis, and averaged into 5-min epochs for each major
period of the paradigm—baseline, prep, social inter-
action (two, 5-min segments—parts 1 and 2), and recov-
ery (see Fig. 1).

Parasympathetic regulation was indexed using respira-
tory sinus arrhythmia (RSA) and derived in accordance
with the guidelines set forth by the Society for Psycho-
physiological Research committee on heart rate variabil-
ity [9, 57]. ECG signal was sampled at 500 Hz and
analyzed using the Heart Rate Variability Software Suite
provided by MindWare Technologies (MindWare Tech-
nologies LTD, Gahanna, OH). RSA was quantified as the
integral power within the respiratory frequency band
(0.12 to 0.40 Hz), and respiration was monitored by im-
pedance cardiography [58]. The respiration signal was
displayed to ensure that the values were within the des-
ignated frequency band. Respiratory frequency was con-
firmed to lie within the high frequency/RSA band (0.12—
0.40 Hz) for all participants. Of the total collected data,
1.0% were excluded due to excessive motion artifact or
cardiac arrhythmias. RSA was measured in In (ms?).

Pre-ejection period (PEP) was collected using imped-
ance cardiography and represents the interval from elec-
trical stimulation to the mechanical opening of the
aorta. PEP was processed with MindWare Technologies
Impedance Cardiography Analysis Software (MindWare
Technologies, LTD, Gahanna, OH) and calculated as the
distance (in ms) from the ECG Q-point of the QRS com-
plex to the B point of the impedance waveform, which
corresponds  with the time from ventricular
depolarization to aortic valve opening [10]. PEP was
ensemble-averaged for each one-minute epoch by the
MindWare software, and B-point was calculated at 55%
of the R-Z interval (time to dZ/dt peak) [59]. The QRS
complex and dZ/dt signal were confirmed by visual in-
spection (RAM). Due to equipment malfunction or ex-
cessive artifact in the impedance signal, 14 participants
had incomplete PEP data (TD, n = 6, ASD, n = 8,)(2(1) =
0.33, p = 0.56). An additional 2.0% of total data was ex-
cluded due to values less than 70 ms, which falls below
physiological norms [60] and is suggestive of equipment
or measurement error.

Statistical analysis
Demographic, diagnostic, and inclusion variables were
compared between ASD and TD groups using independ-
ent sample ¢ tests. The Welch degree of freedom ap-
proximation was used to correct for violations of
homogeneity of variance. RSA and PEP values were nor-
mally distributed and free of extreme outliers.
Hypotheses were tested using linear mixed models.
Time was modeled continuously with linear and quad-
ratic terms, calculated from five time points—baseline,
prep, social interaction part 1, social interaction part 2,
and recovery—with baseline centered as time zero. To
examine whether ASD diagnosis was associated with
autonomic hyperarousal, we tested the main effect of
diagnosis, followed by the diagnosis*time interaction to
determine if change in RSA or PEP from baseline dif-
fered by diagnosis. Additionally, we tested the main ef-
fect of age to examine the hypothesis that older age
would be associated with increased stress (lower RSA
and PEP). Subsequently, an age*diagnosis interaction
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tested whether diagnostic groups showed differences in
age effects on RSA/PEP. Finally, exploratory models
were investigated with CBCL social problems, SRS total
problems, and STAIC state anxiety as potential covari-
ates or effect modifiers. All statistical analyses were con-
ducted using IBM SPSS Version 26 [61].

Results

Demographics

Age did not differ between ASD and TD groups (see
Table 1). While there was a significant difference based
on IQ, the ASD group was well within the average range
of functioning. As both groups fell within the average
range for IQ, we did not expect significant effects of IQ
on autonomic response. Nevertheless, all models were
also run while controlling for IQ, and the results were
largely unchanged with no differences in the significance
level of the findings (see Supplemental Tables). Children
with ASD were rated by their parents as having signifi-
cantly more social symptoms on the CBCL and SRS.
The ASD group also self-reported greater anxiety after
the TSST-F relative to TD youth. Within the ASD
group, medication status (taking medication vs. no medi-
cations) was not associated with any of the demographic
or outcome variables.

RSA regulation and responsivity

The initial model with diagnosis, time, and nonlinear
age to model RSA was significantly improved relative
to a trivial model with constant RSA level (x*(4) =
46.55, p <0.001). Wald tests using type 3 sum of
squares showed little evidence for a main effect of
diagnosis (F(1,99) = 0.39, p = 0.53). Further, addition
of the diagnosis*time interactions to the model was
not significant (x*(2) = 4.41, p = 0.11; see Table 2 for
parameter estimates), suggesting the rate of change in
RSA with respect to time did not differ in the ASD
group relative to the TDs (Fig. 2).

Table 1 Demographic and dependent variables
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A second model including diagnosis, time, age, and an
interaction term for diagnosis by age showed a main ef-
fect for age (p = 0.04), indicating increased age is associ-
ated with higher RSA in the TD group. Further, there
was a significant diagnosis*age interaction (p = 0.02; see
Table 3 for model parameter estimates); thus, the rate of
change in RSA with respect to age is slower in ASD rela-
tive to TD (Fig. 3). The effect of age on RSA for the
ASD group was equal to a change of — 0.13 ms® per year,
while in the TD group the RSA change equaled 0.22 ms®
per year.

Exploratory models adding the social problems do-
main of the CBCL to the base model with diagnosis,
age, and time significantly improved fit (x*(1) = 8.63,
p = 0.003); however, CBCL social problems*time ef-
fects were not significant predictors of RSA (x*(2) =
3.61, p = 0.16). Thus, mean RSA differed based on
the severity of scores on the social problems domain
(Fig. 4), but the change in RSA over time (slope) did
not. Models for STAIC state anxiety (x*(1) = 0.84, p
= 0.36) or SRS total score (xz(l) = 1.184, p = 0.28)
were not a significant improvement over the base
model with diagnosis, time, and age.

Finally, exploratory ad hoc models investigated pos-
sible three-way interactions between diagnosis, age, and
time. There was not sufficient evidence for a significant
three-way, nonlinear interaction for diagnosis, age, and
time (x*(2) = 4.26, p = 0.12); however, the current sam-
ple may have been underpowered to test these higher-
order interactions. Therefore, an estimate of effect size
was calculated using a recently proposed effect size
index (S [62];). This index is equal to % Cohen’s d. The
effect size for the interaction was S = 0.160, which falls
in Cohen’s small to medium effect range [63].

PEP regulation and responsivity
The hypothesized model of diagnosis, time, and age was
significant relative to a trivial model with constant PEP

ASD D t df p

M SD Range M SD Range
Age 1148 1.06 10.0-13.7 11.35 1.05 10.0-139 - 062 97.99 0.54
1Q** 100.28 17.83 71-129 120.20 1333 88-145 633 90.74 <0.001
ADOS 12.69 473 7-22 - - - - - -

SCQ** 17.70 8.08 7-33 2.24 2.20 0-8 - 1288 56.26 <0.001

CBCL social problems (raw)** 720 4.23 0-18 1.88 247 0-10 - 768 7898 <0.001
STAIC (state)* 31.18 7.5 23-51 2862 473 20-42 - 2.1 85.04 0.04
SRS total (T score)** 6846 1040 47-90 47.08 6.21 37-60 - 1248 80.01 <0.001

1Q intelligence quotient, ADOS Autism Diagnostic Observation Schedule, CBCL Child Behavior Checklist, SCQ Social Communication Questionnaire, STAIC State-Trait
Anxiety Inventory for Children, SRS Social Responsiveness Scale, ASD autism spectrum disorder, TD typically developing

*p <0.05
**p <0.001
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Table 2 Model estimates of physiological variables change with a diagnosis by time interaction
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Variable Estimate SE df t p (95% Cl)
RSA
Intercept 582 0.89 99.61 6.57 <0.001 (4.06, 7.58)
Diagnosis 0.02 0.18 139.96 0.14 0.89 (—0.32,038)
Time 037 0.07 394.14 554 <0.001 (0.24, 0.51)
Time? - 0.08 0.02 394.09 — 489 <0.001 (= - 0.05)
Age 0.04 0.08 98.95 0.56 0.57 (- ,0.20)
Diagnosis*time - 0.08 0.10 394.09 - 087 039 (- 0.27,0.10)
Dia(_ghosis*time2 0.01 0.02 394.06 0.29 0.77 (—0.04, 0.05)
PEP
Intercept 70.06 11.01 90.34 6.36 <0.001 (48.19, 91.93)
Diagnosis 172 2.08 104.69 0383 041 (- , 5.85)
Time 034 0.54 340.01 0.64 0.52 (= , 1.40)
Time? - 0.10 013 33944 - 082 041 (—=0.36,0.15)
Age 1.66 0.96 90.12 1.73 0.09 (= 0.25,357)
Diagnosis*time 0.18 0.77 339.72 0.23 0.81 (- 1.34,1.70)
Diagmosis*ﬂmez - 0.10 0.18 33931 - 055 0.58 (— 046, 0.26)
(x*(4) = 9.501, p = 0.05). The addition of diagnosis*time  Discussion

interaction terms were not significant (x*(2) = 1.345, p =
0.51). A second model including an interaction term for
diagnosis by age was not significant (x*(1) = 0.591, p =
0.44). See Tables 2 and 3 for detailed model results. Fur-
ther models with social symptoms and anxiety were
non-significant in predicting PEP (all p > 0.05).

The primary objective of the current study was to deter-
mine whether youth with ASD showed differential
physiological responses to a naturalistic social inter-
action task. Results revealed a profile of stress and
arousal in youth with ASD in which physiological sys-
tem, age, and social symptoms may all influence peer

Diagnosis
- -TD

7.30 = ASD
o
w2
g
N
<
72}
& 650
=
5]
9
=
=
s
g 6.30
=
>
=

5.80

Baseline Prep Social Social Recovery
Interaction]  Interaction2
Covariates appearing in the model are evaluated at the following values: age = 11.4157
Error bars: 95% CI
Fig. 2 Estimated RSA during TSST-F by diagnosis. ASD and TD youth did not differ in mean RSA (intercept) or RSA responsivity (slope) during the
TSST-F paradigm while controlling for age
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Table 3 Model estimates of physiological variable change including the age by diagnosis interaction

Variable Estimate SE df t p (95% Cl)

RSA
Intercept 3.86 122 99.12 3.16 0.002 (1.44, 6.28)
Diagnosis 392 1.72 98.95 228 0.02 (0,50, 7.35)
Time 0.34 0.05 394.09 6.97 <0.001 (0.24, 043)
Time? - 008 0.01 394.06 - 663 <0.001 (- 0.10, = 0.05)
Age 022 0.11 98.95 2.08 0.04 (0.01,043)
Diagnosis*age - 035 0.15 98.95 - 234 0.02 (=065, — 0.05)

PEP
Intercept 62.26 15.00 89.97 415 <0.001 (3247, 92.06)
Diagnosis 1837 22.02 90.14 0.83 041 (= 25.38,62.13)
Time 043 039 339.78 1.11 027 (- 033,119
Time? -015 0.09 339.36 - 168 0.09 (—0.34,003)
Age 2.36 1.31 89.89 1.79 0.08 (= 0.25,4.97)
Diagnosis*age - 148 192 90.18 -0.77 044 (=5.29,233)

interactions. The PNS appeared to be sensitive to devel-  further emphasizing the important implications for
opmental effects, with older ASD youth evidencing lower  clearly defining ANS functioning in ASD youth.

RSA. In contrast, we did not find evidence that the SNS RSA and PEP stress response across the paradigm did
was sensitive to the TSST-F or differences associated not differ between youth with ASD and TD. In regard to
with ASD symptoms. Youth with ASD may be in a state PEP, the SNS is often considered a second line of
of autonomic hyperarousal from PNS withdrawal, which  defense, only activated during more severe conditions of
may not only influence social behavior, but can also in-  stress [15]. The PNS is more flexible, facilitating auto-
crease risk for stress-related conditions (e.g., [64—68]), nomic responses to dynamic conditions via changes in

mixed model

Predicted RSA Values (ms?)
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11.5 12 12.5 13 13.5 14

Fig. 3 Predicted RSA values by age differ in ASD and TD youth. The figure represents estimated RSA for children ages 10-13 years while
controlling for time. Youth with ASD (solid line) demonstrate a slower rate of change in RSA compared to TD youth (dashed line). Markers
represent average RSA of the entire task, and slopes (lines) represent projected linear change in RSA by age as estimated from linear

Age (years)
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Fig. 4 Predicted RSA by social symptom severity. The figure represents predicted RSA according to a number of reported social problems on the
CBCL while controlling for age and time. Both groups demonstrate a negative association between RSA and social symptoms (solid and dashed
lines), such that the lowest RSA was associated with more severe social problems. Markers represent average RSA of the entire task, and slopes
(lines) represent projected linear change in RSA by social symptom severity as estimated from linear mixed model

vagal tone, or suppression and activation of the “vagal
brake” (e.g.), [14]. Therefore, the PNS as measured by
RSA would be expected to change in response to a wider
variety of stimuli. The lack of diagnostic effects on RSA
regulation and response did not support our hypotheses
and conflict with previous studies of similar-aged youth
with ASD. For example, Van Hecke and colleagues
(2009) reported that 8-12-year-old youth with ASD
demonstrated lower RSA overall, and in particular, a de-
crease in RSA to a video of an unfamiliar adult. Simi-
larly, a relatively small sample of school-aged youth with
ASD was reported to show reduced RSA across baseline,
cognitive, and social tasks [69]. However, others have
found no differences in heart rate variability within a
similar age range, while also noting that age had a sig-
nificant effect on many physiological stress variables
[70]. It may be important to consider age when examining
stress responses, as it has been posited that children of cer-
tain ages may find certain tasks more or less stressful [34].
Previous research in other arousal systems, namely, the
HPA axis, suggests individuals with ASD do experience ele-
vated stress to social engagement with peers [3, 6, 71, 72].
While there were no diagnostic effects for RSA response to
the TSST-F across preparation, social interaction, or recov-
ery contexts, there were notable interactions with age sug-
gesting developmental factors may be contributing to PNS
function. Specifically, the increase in RSA with older age
was blunted for the ASD group relative to the TD group,
despite expected positive developmental trajectories of the
PNS (e.g.), [36, 73]. The lack of change in RSA as function
of age in the ASD group suggests a reduced PNS response

to social engagement in the older ASD youth. Such an
interaction would be consistent with previous studies of
HPA axis responsivity in school-aged children (8-12
years) with ASD, which show that older children with
ASD have significantly elevated stress responses to social
play relative to younger children with ASD and same-aged
TD peers [3, 4]. Figure 5 suggests similar trends are ob-
served in RSA, with older ASD youth demonstrating less
PNS regulation to social interaction compared to younger
children with ASD and same-aged TD peers. While there
was not sufficient evidence for a significant three-way,
nonlinear interaction, effect size fell in the small to
medium range, and follow-up studies with larger samples
are necessary. While it is possible that differences may
arise from an inherent atypicality in the physical develop-
ment of the ANS as individuals with ASD age, there is
more likely an alternative explanation, such as previous
social experiences (e.g., bullying) [74, 75]; or increased
insight into social difficulties [76], which shape future so-
cial anxiety (e.g.), [77] and contribute to these age effects
in ASD.

The TSST-F was designed to be a relatively benign en-
gagement protocol, meant to emulate a naturalistic face-
to-face conversation with another peer. In the context of
the Polyvagal Theory and Social Engagement System
[13, 14, 17], this non-stressful situation should be associ-
ated with calming physiological responses and inhibition
of mobilization behaviors, which in turn would promote
behaviors associated with social engagement. Those who
do not demonstrate the expected increase in vagal tone
may be in a more mobilized state favoring hyperarousal
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Fig. 5 Projected RSA response profiles by age and diagnosis. RSA response distributions over time for diagnosis and age. The interaction
between time, diagnosis, and age was not statistically significant. Age dichotomized based on median split for the purpose of illustrating
possible relationships
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which inhibits social engagement. Regarding the PNS,
the severity of social problems was related to parasympa-
thetic regulation, regardless of diagnostic status. Specif-
ically, increased number of parent-reported social
problems was associated with lower RSA. These findings
are consistent with previous literature, such that RSA
has frequently been associated with impairments in so-
cial functioning (e.g., [78]). In youth with ASD especially,
lower baseline RSA and blunted parasympathetic in-
crease to social interaction have been related to the se-
verity of social symptoms [24, 26, 29, 30, 79].

Variability and flexibility of these arousal systems is
necessary for maintaining dynamic, adaptive relation-
ships with the environment [16, 80, 81]. Therefore, de-
creased variability, which is reflective of limited
adaptability, is often associated with pathological condi-
tions and may represent a state of persistent vigilance or
preparation for threat mobilization [81]. While youth
with ASD reported more anxiety following the inter-
action, self-reported state anxiety did not predict any of
the physiological responses to the task. These findings
are consistent with other recent work investigating per-
ceived anxiety to social interaction [55]. It is important
to note that the lack of an association between physio-
logical arousal and perceived anxiety suggests distinct
systems. Despite the lack of an association, it must be
underscored that anxiety symptoms are prevalent in
ASD, estimated to affect between 20 and 80% [82—84].
Moreover, chronic, atypical physiological arousal has
been frequently cited in a number of anxiety conditions
(e.g.., [64, 85, 86] Therefore, heightened responsivity to
benign stimuli, though maybe not immediately

associated with perceived anxiety, may contribute to per-
sistent anxious tendencies (e.g., trait anxiety) and the de-
velopment of anxiety conditions, especially as youth with
ASD age.

Limitations and future directions

Despite the rigorous approach and compelling findings
across both branches of the ANS, the current study has
limitations. First, although the sample was comparable
to many other studies in ASD, we lacked sufficient
power to examine higher order interactions, such as
three-way interactions with diagnosis, social functioning,
and physiology, which may have further elucidated bio-
behavioral profiles in youth with and without ASD. Sec-
ond, social symptoms were solely measured via parent-
report questionnaire reflecting general functioning
whereas previous studies in other arousal systems (HPA
axis) have examined observable social behavior during
the interaction [3, 4, 6]. Expanded studies should simi-
larly integrate behavioral observation in order to more
precisely identify whether ANS functioning is directly as-
sociated with social engagement behaviors. Additionally,
the age range in the current study was limited to school-
aged, preadolescent, or early-adolescent youth and only
assessed age effects at a single time point. Future studies
across a wider age range, which follow youth longitudin-
ally through developmental transitions, may further
demonstrate the effects of age and related factors (i.e.,
insight, peer experiences) on stress responsivity. Finally,
the PNS and SNS systems do not operate in isolation
but are interconnected. Thus, considering their interac-
tions within individuals will likely increase insight into
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unique physiological responses in ASD and their rela-
tionships with social behavior beyond studying a single
system examined in isolation.

Conclusion

The current study supports a growing literature linking
atypical physiological reactivity in ASD during relatively
benign social situations. The results uniquely demon-
strate evidence for reduced parasympathetic functioning,
especially in older youth with ASD, during a naturalistic
interaction with a same-aged peer. As children are con-
fronted with frequent social encounters with peers, the
implications for atypical physiological arousal to these
daily occurrences are numerous. Chronic stress might
increase susceptibility to a number of conditions, includ-
ing gastrointestinal problems (e.g.), [87] or internalizing
disorders (e.g., [88, 89]), and impaired social engagement
behaviors may increase social isolation and loneliness
[90, 91], thereby increasing the risk for depression or
suicidality (e.g., [92]). Future research should aim to fur-
ther explain the relationships between physiology and
social functioning, especially through the course of de-
velopment, in order to define physiological reactivity as
a potential predictive marker of physical and behavioral
health risk in children and adolescents with ASD.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/511689-020-09354-x.

Additional file 1: Supplemental Table 1. Model Estimates of
Physiological Variables Change with a Diagnosis by Time interaction and
Covarying 1Q. Supplemental Table 2. Model Estimates of Physiological
Variable Change including the Age by Diagnosis interaction and
Covarying 1Q.

Abbreviations

ASD: Autism spectrum disorder; ANS: Autonomic nervous system;
CBCL: Child Behavior Checklist; HPA: Hypothalamic pituitary adrenal;
PNS: Parasympathetic nervous system; PEP: Pre-ejection period;

RSA: Respiratory sinus arrhythmia; SRS: Social Responsiveness Scale; STAI
C: State Trait Anxiety Inventory for Children; SNS: Sympathetic nervous
system; TSST-F: Trier Social Stress Test-Friendly; TD: Typically developing

Acknowledgements

The authors express their gratitude to the children and their families for their
participation in the study. These data were completed as part of RAM's
dissertation.

Authors’ contributions

RM contributed to the design of the study, led data acquisition, analyzed
physiological data, and contributed statistical analysis and interpretation. SV
contributed to conceptualization of the analytical plan and final statistical
analysis and interpretation of the data. BAC designed the study, oversaw
data acquisition, analysis, and interpretation. All authors participated in the
preparation and editing of the manuscript and approved the final
manuscript.

Funding
This study was funded by an Autism Speaks Weatherstone Predoctoral
Fellowship (#10616) awarded to RAM, and a National Institute of Mental

(2021) 13:6

Page 11 of 13

Health ROT (MH111599) awarded to BAC. Additional core support was
provided by the National Center for Advancing Translation Sciences (CTSA
UL1 TR000445).

Availability of data and materials
The datasets used and analyzed during the current study are available from
the corresponding author upon reasonable request.

Ethics approval and consent to participate

The study was carried out in accordance with the Code of Ethics of the
World Medical Association (Declaration of Helsinki). The Vanderbilt
Institutional Review Board approved all study procedures. In compliance with
the Institutional Review Board, informed written consent and verbal assent
was obtained from all parent/guardians and children, respectively, prior to
inclusion in the study.

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Author details

"Neuroscience Graduate Program, Vanderbilt University, Village at Vanderbilt,
Suite 2200, 1500 21st Avenue South, Nashville, TN 37212, USA. “Department
of Psychiatry and Behavioral Sciences, Vanderbilt University Medical Center,
PMB 40, 230 Appleton Place, Nashville, TN 37203, USA. *Department of
Biostatistics, Vanderbilt University Medical Center, 2525 West End, Suite 1130,
Office 1136, Nashville, TN 37203, USA. *Department of Psychology, Vanderbilt
University, PMB 40, 230 Appleton Place, Nashville, TN 37203, USA. Vanderbilt
Kennedy Center, Vanderbilt University Medical Center, PMB 40, 230 Appleton
Place, Nashville, TN 37203, USA.

Received: 9 April 2020 Accepted: 26 December 2020
Published online: 09 January 2021

References

1. Maenner MJ, Shaw KA, Baio J, Al E. Prevalence of autism spectrum disorder
among children aged 8 years — autism and developmental disabilities
monitoring network, 11 sites, United States, 2016. MMWR Surveill Summ.
2020,69(SS-4):1-12.

2. American Psychiatric Association. Diagnostic and statistical manual of
mental disorders (DSM-5). 5th ed. Arlington: Author; 2013.

3. Corbett BA, Schupp CW, Simon D, Ryan N, Mendoza S. Elevated cortisol
during play is associated with age and social engagement in children with
autism. Mol Autism BioMed Central. 2010;1(1):13-2.

4. Schupp CW, Simon D, Corbett BA. Cortisol responsivity differences in
children with autism spectrum disorders during free and cooperative play. J
Autism Dev Disord. 2013;43(10):2405-17.

5. Lopata C, Volker MA, Putnam SK, Thomeer ML, Nida RE. Effect of social
familiarity on salivary cortisol and self-reports of social anxiety and stress in
children with high functioning autism spectrum disorders. J Autism Dev
Disord. 2008,;38(10):1866~77.

6. Corbett BA, Swain DM, Newsom C, Wang L, Song Y, Edgerton D.
Biobehavioral profiles of arousal and social motivation in autism spectrum
disorders. J Child Psychol Psychiatry. 2014;55(8):924-34.

7. Purves D, Augustine GJ, Fitzpatrick D, Hall WC, LaMantia A-S, McNamara JO,
et al. Neuroscience. 4 ed. Sinauer Associates, Inc: Sunderland; 2008.

8. Hamill RW, Shapiro RE, Vizzard MA. Peripheral autonomic nervous system.
In: Robertson D, Biaggioni |, Burnstock G, Low PA, JFR P, editors. Primer on
the autonomic nervous system. 3rd ed: Amsterdam: Academic Press; 2012.
p. 17-26.

9. Task Force of the European Society of Cardiology and The North American
Society of Pacing and Electrophysiology. Heart rate variability: standards of
measurement, physiological interpretation, and clinical use. Eur Heart J.
1996;17:354-81.

10.  Sherwood A, Allen MT, Fahrenberg J, Kelsey RM, Lovallo WR, van Doornen
LJ. Methodological guidelines for impedance cardiography.
Psychophysiology. 1990;,27(1):1-23.


https://doi.org/10.1186/s11689-020-09354-x
https://doi.org/10.1186/s11689-020-09354-x

Muscatello et al. Journal of Neurodevelopmental Disorders

14.
15.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Porges SW. Orienting in a defensive world: mammalian modifications of our
evolutionary heritage. A Polyvagal Theory. Psychophysiology. 1995;32(4):
301-18.

Benarroch EE. Central Autonomic Control. In: Robertson D, Biaggioni |,
Burnstock G, Low PA, JFR P, editors. Primer on the autonomic nervous
system. 3rd ed: Amsterdam: Academic Press; 2012. p. 9-12.

Porges SW. The polyvagal theory: phylogenetic substrates of a social
nervous system. Int J Psychophysiol. 2001;42(2):123-46.

Porges SW. The polyvagal perspective. Biol Psychol. 2007;74(2):116-43.
Wolff BC, Wadsworth ME, Wilhelm FH, Mauss IB. Children’s vagal regulatory
capacity predicts attenuated sympathetic stress reactivity in a socially
supportive context: evidence for a protective effect of the vagal system.
Dev Psychopathol. 2012,24(2):677-89.

Berntson GG, Norman GJ, Hawkley LC, Cacioppo JT. Cardiac autonomic
balance versus cardiac regulatory capacity. Psychophysiology. 2008:45(4):
643-52.

Porges SW. The Polyvagal Theory: phylogenetic contributions to social
behavior. Physiol Behav. 2003;79(3):503-13.

Porges SW. The vagus: A mediator of behavioral and physiologic features
associated with autism. In: Bauman ML, Kemper TL, editors. The
neurobiology of autism. 2005. pp. 65-78.

Kogan A, Oveis C, Carr EW, Gruber J, Mauss IB, Shallcross A, et al. Vagal
activity is quadratically related to prosocial traits, prosocial emotions, and
observer perceptions of prosociality. J Pers Soc Psychol. 2014 Dec;107(6):
1051-63.

Lischke A, Mau-Moeller A, Jacksteit R, Pahnke R, Hamm AO, Weippert M.
Heart rate variability is associated with social value orientation in males but
not females. Sci Rep. Nature Publishing Group. 2018;8(1):7336-9.

Beffara B, Bret AG, Vermeulen N, Mermillod M. Resting high frequency heart
rate variability selectively predicts cooperative behavior. Physiol Behav. 2016;
164(Pt A):417-428.

Geisler FCM, Kubiak T, Siewert K, Weber H. Cardiac vagal tone is associated
with social engagement and self-regulation. Biol Psychol. 2013;93(2):279-86.
Porges SW. Social engagement and attachment: a phylogenetic perspective.
Ann N'Y Acad Sci. 2003;1008(1):31-47.

Bal E, Harden E, Lamb D, Van Hecke AV, Denver JW, Porges SW. Emotion
recognition in children with autism spectrum disorders: relations to eye
gaze and autonomic state. J Autism Dev Disord. 2010;40(3):358-70.

Ming X, Julu POO, Brimacombe M, Connor S, Daniels ML. Reduced cardiac
parasympathetic activity in children with autism. Brain Dev. 2005;27(7):509-16.
Vaughan Van Hecke A, Lebow J, Bal E, Lamb D, Harden E, Kramer A, et al.
Electroencephalogram and heart rate regulation to familiar and unfamiliar
people in children with autism spectrum disorders. Child Dev. 2009,80(4):
1118-33.

Althaus M, Mulder LJ, Mulder G, Aarnoudse CC, Minderaa RB. Cardiac
adaptivity to attention-demanding tasks in children with a pervasive
developmental disorder not otherwise specified (PDD-NOS). Biol Psychiatry.
1999;46(6):799-809.

Toichi M, Kamio Y. Paradoxical autonomic response to mental tasks in
autism. J Autism Dev Disord. 2003;33(4):417-26.

Edmiston EK, Jones RM, Corbett BA. Physiological response to social
evaluative threat in adolescents with autism spectrum disorder. J Autism
Dev Disord. 2016;46(9):2992-3005.

Neuhaus E, Bernier RA, Beauchaine TP. Children with autism show altered
autonomic adaptation to novel and familiar social partners. Autism Res.
2016 May;9(5):579-91.

Patriquin MA, Scarpa A, Friedman BH, Porges SW. Respiratory sinus
arrhythmia: a marker for positive social functioning and receptive language
skills in children with autism spectrum disorders. Dev Psychobiol. 2013;55(2):
101-12.

Gunnar M, Quevedo K. The neurobiology of stress and development. Annu
Rev Psychol. 2007;58(1):145-73.

Hennessy MB, Kaiser S, Sachser N. Social buffering of the stress response:
diversity, mechanisms, and functions. Frontiers in Neuroendocrinology.
2009;30(4):470-82.

El-Sheikh M. Stability of respiratory sinus arrhythmia in children and young
adolescents: a longitudinal examination. Dev Psychobiol. 2005;46(1):66-74.
Gunnar MR, Wewerka S, Frenn K, Long JD, Griggs C. Developmental
changes in hypothalamus-pituitary-adrenal activity over the transition to
adolescence: normative changes and associations with puberty. Dev
Psychopathol. 2009;21(1):69-85.

(2021) 13:6

36.

37.

38.

39.

40.
41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 12 of 13

Beauchaine T. Vagal tone, development, and Gray's motivational theory:
toward an integrated model of autonomic nervous system functioning in
psychopathology. Dev Psychopathol. 2001;13(2):183-214.

Corbett BA. Examining stress and arousal across pubertal development in
ASD. 2017.

Mire SS, Nowell KP, Kubiszyn T, Goin-Kochel RP. Psychotropic medication
use among children with autism spectrum disorders within the Simons
Simplex Collection: are core features of autism spectrum disorder related?
Autism. 2014;18(8):933-42.

Shibao C, Okamoto L. Agents potentiating sympathetic tone. In: Robertson
D, Biaggioni I, Burnstock G, Low PA, Paton JFR, editors. Primer on the
autonomic nervous system. 3rd ed: Academic Press; 2012. p. 627-30.
Wechsler D. Wechsler Abbreviated Scale of Intelligence. San Antonio:
Psychological Corporation; 1999.

Rutter M, Bailey A, Lord C. Social Communication Questionnaire. Los
Angeles: Western Psychological Services; 2003.

Chandler S, Charman T, Baird G, Simonoff E, Loucas T, Meldrum D, et al.
Validation of the social communication questionnaire in a population
cohort of children with autism spectrum disorders. J Am Acad Child
Adolesc Psychiatr. 2007;46(10):1324-32.

Lord C, Rutter M, DiLavore PC, Risi S, Gotham K, Bishop SL. Autism
Diagnostic Observation Schedule, 2nd Edition (ADOS-2). Torrance: Western
Psychological Services; 2012.

Achenbach TM, Rescorla LA. Manual for the ASEBA school-age forms and
profiles. Burlington, VT; 2001.

Constantino JN, Gruber CP. Social Responsiveness Scale- 2nd Edition.
Torrance: Western Psychological Services; 2012.

Wiemers US, Schoofs D, Wolf OT. A friendly version of the trier social stress
test does not activate the HPA axis in healthy men and women. Stress.
2013;16(2):254-60.

Kirschbaum C, Pirke K-M, Hellhammer DH. The “Trier Social Stress Test” — a
tool for investigating psychobiological stress responses in a laboratory
setting. Neuropsychobiology. 1993,;28(1-2):76-81.

Wiemers US, Wolf OT. Cortisol broadens memory of a non-stressful social
interaction. Psychopharmacology (Berl). 2015;232(10):1727-33.

Pandolfi V, Magyar Cl, Dill CA. An initial psychometric evaluation of the
CBCL 6-18 in a sample of youth with autism spectrum disorders. Res Autism
Spectrum Disord. 2012;6(1):96-108.

Mazefsky CA, Anderson R, Conner CM, Minshew N. Child Behavior Checklist
Scores for school-aged children with autism: preliminary evidence of
patterns suggesting the need for referral. J Psychopathol Behav Assess.
2011;33(1):31-7.

Spielberger CD. State-Trait Anxiety Inventor for Children. Palo Alto:
Consulting Psychologists Press; 1973.

Lanni KE, Schupp CW, Simon D, Corbett BA. Verbal ability, social stress, and
anxiety in children with autistic disorder. Autism. 2012;16(2):123-38.

Simon DM, Corbett BA. Examining associations between anxiety and
cortisol in high functioning male children with autism. J Neurodev Disord.
2013;5(1):32-10.

Corbett BA, Blain SD, loannou S, Balser M. Changes in anxiety following a
randomized control trial of a theatre-based intervention for youth with
autism spectrum disorder. Autism. 2017;21(3):333-43.

Corbett BA, Muscatello RA, Baldinger C. Comparing stress and arousal
systems in response to different social contexts in children with ASD. Biol
Psychol. 2019;140:119-30.

Bolte S, Westerwald E, Holtmann M, Freitag C, Poustka F. Autistic traits and
autism spectrum disorders: the clinical validity of two measures presuming
a continuum of social communication skills. J Autism Dev Disord. 2011;
41(1):66-72.

Berntson GG, Bigger JT, Eckberg DL, Grossman P, Kaufmann PG, Malik M,
et al. Heart rate variability: origins, methods, and interpretive caveats.
Psychophysiology. 1997;34(6):623-48.

Ernst JM, Litvack DA, Lozano DL, Cacioppo JT, Berntson GG. Impedance
pneumography: noise as signal in impedance cardiography.
Psychophysiology. 1999;36(3):333-8.

Lozano DL, Norman G, Knox D, Wood BL, Miller BD, Emery CF, et al. Where
to B in dZ/dt. Psychophysiology. 2007;44(1):113-9.

Blascovich JJ, Vanman E, Mendes WB, Dickerson SS. Social psychophysiology
for social and personality psychology: London: Sage Publications Ltd; 2011.
IBM Corp. Released 2019. IBM SPSS Statistics for Macintosh, Version 26.0.
Armonk, NY: IBM Corp.



Muscatello et al. Journal of Neurodevelopmental Disorders

62.
63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Vandekar S, Tao R, Blume J. A Robust Effect Size Index. Psychometrika. 2nd
ed. Springer US; 2020,85(1):232-246.

Cohen J. Statistical power analysis for the behavioral sciences. Erlbaum
Associates; 1988.

Chalmers JA, Quintana DS, Abbot MJ-A, Kemp AH. Anxiety disorders are
associated with reduced heart rate variability: a meta-analysis. Front
Psychiatr. 2014:5.

Thayer JF, Friedman BH, Borkovec TD. Autonomic characteristics of
generalized anxiety disorder and worry. Biol Psychiatry. 1996,39(4):255-66.
Yaptangco M, Crowell SE, Baucom BR, Bride DL, Hansen EJ. Examining the
relation between respiratory sinus arrhythmia and depressive symptoms in
emerging adults: a longitudinal study. Biol Psychol. 2015;110:34-41.
Rottenberg J. Cardiac vagal control in depression: a critical analysis. Biol
Psychol. 2007;74(2):200-11.

Koenig J, Kemp AH, Beauchaine TP, Thayer JF, Kaess M. Depression and
resting state heart rate variability in children and adolescents - a systematic
review and meta-analysis. Clinical Psychology Review. 2016;46:136-50.

Guy L, Souders M, Bradstreet L, DeLussey C, Herrington JD. Brief report:
emotion regulation and respiratory sinus arrhythmia in autism spectrum
disorder. J Autism Dev Disord. 2nd ed. Springer US; 2014; 44(10):2614-2620.
Hollocks MJ, Howlin P, Papadopoulos AS, Khondoker M, Simonoff E.
Differences in HPA-axis and heart rate responsiveness to psychosocial stress
in children with autism spectrum disorders with and without co-morbid
anxiety. Psychoneuroendocrinology. 2014;46:32-45.

Spratt EG, Nicholas JS, Brady KT, Carpenter LA, Hatcher CR, Meekins KA, et al.

Enhanced cortisol response to stress in children in autism. J Autism Dev
Disord. 2012;42(1):75-81.

Bishop-Fitzpatrick L, Mazefsky CA, Minshew NJ, Eack SM. The relationship
between stress and social functioning in adults with autism spectrum
disorder and without intellectual disability. Autism Res. 2015;8(2):164-73.
Shader TM, Gatzke-Kopp LM, Crowell SE, Jamila Reid M, Thayer JF, Vasey
MW, et al. Quantifying respiratory sinus arrhythmia: effects of misspecifying
breathing frequencies across development. Dev Psychopathol. 2018;30(1):
351-66.

Humphrey N, Lewis S. "Make me normal”: the views and experiences of
pupils on the autistic spectrum in mainstream secondary schools. Autism.
2008;12(1):23-46.

Zeedyk SM, Rodriguez G, Tipton LA, Baker BL, Blacher J. Bullying of youth
with autism spectrum disorder, intellectual disability, or typical
development: Victim and parent perspectives. Research in Autism Spectrum
Disorders. 2014;8(9):1173-83.

Knott F, Dunlop A-W, Mackay T. Living with ASD: how do children and their
parents assess their difficulties with social interaction and understanding?
Autism. 2006;10(6):609-17.

Weiss JA, Cappadocia MC, Tint A, Pepler D. Bullying victimization, parenting
stress, and anxiety among adolescents and young adults with autism
spectrum disorder. Autism Res. 2015,8(6):727-37.

Shahrestani S, Stewart EM, Quintana DS, Hickie IB, Guastella AJ. Heart rate
variability during social interactions in children with and without
psychopathology: a meta-analysis. J Child Psychol Psychiatry. 2014;55(9):
981-9.

Neuhaus E, Bernier R, Beauchaine TP. Brief report: social skills, internalizing
and externalizing symptoms, and respiratory sinus arrhythmia in autism. J
Autism Dev Disord. 2014;44(3):730-7.

Friedman BH. An autonomic flexibility-neurovisceral integration model of
anxiety and cardiac vagal tone. Biol Psychol. 2007;74(2):185-99.

Thayer JF, Lane RD. A model of neurovisceral integration in emotion
regulation and dysregulation. J Affect Disord. 2000;61(3):201-16.

Simonoff E, Pickles A, Charman T, Chandler S, Loucas T, Baird G. Psychiatric
disorders in children with autism spectrum disorders: prevalence, comorbidity,
and associated factors in a population-derived sample. Journal of the
American Academy of Child & Adolescent Psychiatry. 2008;47(8):921-9.

van Steensel FJA, Bogels SM, Perrin S. Anxiety disorders in children and
adolescents with autistic spectrum disorders: a meta-analysis. Clin Child Fam
Psychol Rev. 2011;14(3):302-17.

White SW, Oswald D, Ollendick T, Scahill L. Anxiety in children and
adolescents with autism spectrum disorders. Clin Psychol Rev. 2009;29(3):
216-29.

Badanes LS, Watamura SE, Hankin BL. Hypocortisolism as a potential marker
of allostatic load in children: associations with family risk and internalizing
disorders. Dev Psychopathol. 2011;23(3):881-96.

(2021) 13:6

86.

87.

88.

89.

90.

92.

Page 13 of 13

Van den Bergh BRH, Van Calster B, Pinna Puissant S, Van Huffel S. Self-
reported symptoms of depressed mood, trait anxiety and aggressive
behavior in post-pubertal adolescents: Associations with diurnal cortisol
profiles. Hormones and Behavior. 2008;54(2):253-7.

Ferguson BJ, Marler S, Altstein LL, Lee EB, Mazurek MO, McLaughlin A, et al.
Associations between cytokines, endocrine stress response, and
gastrointestinal symptoms in autism spectrum disorder. Brain Behav Immun.
2016;58:57-62.

McEwen BS. Mood disorders and allostatic load. Biol Psychiatry. 2003;54(3):
200-7.

McEwen BS. Protective and damaging effects of stress mediators. Flier JS,
Underhill LH, editors. N Engl J Med. 1998;338(3):171-9.

Ghaziuddin M, Ghaziuddin N, Greden J. Depression in persons with autism:
implications for research and clinical care. J Autism Dev Disord. 2002;32(4):
299-306.

Greenlee JL, Mosley AS, Shui AM, Veenstra-VanderWeele J, Gotham KO.
Medical and behavioral correlates of depression history in children and
adolescents with autism spectrum disorder. Pediatrics. 2016;137(Suppl 2):
S105-14.

Hedley D, Uljarevi¢ M, Foley K-R, Richdale A, Trollor J. Risk and protective
factors underlying depression and suicidal ideation in autism spectrum
disorder. Depress Anxiety. 2018;35(7):648-57.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Participants
	Diagnostic criteria
	Procedures
	Trier Social Stress Test-Friendly
	Dependent measures
	Social symptoms and perceived anxiety
	Heart rate variability

	Statistical analysis

	Results
	Demographics
	RSA regulation and responsivity
	PEP regulation and responsivity

	Discussion
	Limitations and future directions

	Conclusion
	Supplementary Information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

