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Abstract

Individuals with autism spectrum disorder (ASD) may demonstrate atypical autonomic (ANS) responses; however, research
remains inconsistent. This study examined parasympathetic response during social evaluation in 241 youth (10-13 years)
with ASD (n=138) or typical development (TD; n=103). Diagnosis, age, pubertal development, and body mass index (BMI)
were hypothesized to be associated with ANS function. Linear mixed effects models demonstrated lower RSA in ASD rela-
tive to TD in a base model with no covariates. However, when accounting for differences in BMI, there was no evidence of
atypical parasympathetic regulation in youth with ASD. As lower parasympathetic regulation may increase susceptibility

for a number of conditions, it will be important to elucidate the link between BMI and the ANS, especially in ASD.
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Introduction

Autism spectrum disorder (ASD) is a complex and common
neurodevelopmental disorder. Recent estimates suggest that
1 in every 54 children is diagnosed with ASD by the age of
8 years old, increasing public awareness and concern to how
society may best support these individuals and their families
(Maenner et al., 2020). ASD is characterized by deficits in
two primary domains, including impaired social communi-
cation and interaction, as well as restricted and repetitive
behaviors and interests (APA, 2013). For individuals with
ASD, difficulties in social communication often manifest
as decreased social reciprocity and less engagement with
peers (Humphrey & Symes, 2011). The complexities of the
social world require continuous interpretation and response
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to situations appropriate to context, which may be especially
difficult and stressful for older children and adolescents with
ASD because of increased social demands and onset of
puberty (Picci & Scherf, 2015). By examining physiological
stress responses to social stressors, we may be able to eluci-
date how youth with ASD interact with their social world, as
well as the extent to which this changes during adolescence.

The Autonomic Nervous System (ANS) plays an impor-
tant role in physiological regulation and response to stress.
The parasympathetic (PNS) and sympathetic (SNS) branches
of the ANS function primarily in opposition—the PNS acts
to conserve energy (‘rest and digest’), the SNS is responsible
for threat mobilization (‘fight or flight’). The ANS has been
proposed as a behavioral regulator, with the balance and
pattern of responses between the PNS and the SNS criti-
cal to shaping response to changing environmental condi-
tions (Berntson et al., 2008). The dynamic ability of the
autonomic system to flexibly adapt to changing demands
may be important for emotional processing and responding,
while an inflexible, invariable system is often characteristic
of pathological states, such as anxiety disorders (Friedman,
2007; Friedman & Thayer, 1998; Thayer et al., 1996, 2000).

The PNS and SNS both project to the sinoatrial (SA)
node of the heart, influencing beat-to-beat variability in
heart rhythm (heart rate variability; HRV). Parasympathetic
regulation is frequently indexed using respiratory sinus
arrhythmia (RSA), which represents the high frequency
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heartbeat intervals that fluctuate with respiration (Bernt-
son et al., 1993). RSA increases with greater output of the
parasympathetically-mediated vagal nerve, and is sensitive
to cholinergic but not adrenergic blockade, supporting its use
as a sensitive marker of PNS functioning (Berntson et al.,
1993; Cacioppo et al., 1994).

According to the Polyvagal Theory (Porges, 1995, 2001,
2003a, 2007), the default physiological state is one in which
the parasympathetically-mediated vagus nerve maintains a
‘brake’ on the heart, slowing heart rate. In the presence of
a stressor, however, vagal influence on the heart is said to
withdraw, reducing cholinergic input to the SA node (Benar-
roch, 2012) and allowing for an adaptive increase in cardiac
output without engaging the more metabolically demanding
SNS (Porges, 2001, 2007; Wolff et al., 2012). For exam-
ple, in a meta-analysis of 44 studies in children examining
response to a stressor, greater parasympathetic withdrawal
was associated with fewer externalizing and internalizing
symptoms; however, clinical/at-risk groups (e.g., attention
deficit/hyperactivity, social phobia, suicidal, etc.) displayed
less decline in parasympathetic regulation in response to
a stressor (Graziano & Derefinko, 2013). Further, young
children who demonstrate increased vagal flexibility and
changes in response to stressors also show diminished
sympathetic activation to a number of stressful conditions
when provided with social support (Wolff et al., 2012). The
regulatory capacity of the vagal ‘brake’ may therefore have
substantial long-term impacts on physical and psychologi-
cal health, as chronic SNS hyperactivity is associated with a
number of illnesses and psychopathologies, such as inflam-
mation (e.g. Marvar & Harrison, 2012), depression (e.g.
Gold, 2015; Thayer et al., 1998), and anxiety (e.g. Brosschot
et al., 2006; Friedman, 2007; Thayer et al., 1996).

This vagal flexibility (Berntson et al., 2008) is also said
to have an important role in regulating social behavior. The
parasympathetically-mediated ‘social engagement system’
(Porges, 2001, 2003b) includes interconnected brainstem
nuclei that regulate the myelinated vagus as well as cranial
nerves directly involved in controlling muscles of the face
and head. Calm, restful visceral states are said to promote
these pro-social behaviors such as eye contact and language
production; however, dysregulation of the vagal system
and/or mobilization of the fight or flight system will block
this social engagement system and prevent activation of the
facial muscles (Porges, 2003a, b, 2007). Empirical support
for the social engagement system includes evidence that
individuals who demonstrate more social cooperation and
engagement tend to have higher PNS regulation (Beffara
et al., 2016; Kogan et al., 2014; Lischke et al., 2018). Addi-
tionally, young adults with higher vagal tone are found to be
more socially engaged than their peers with lower PNS regu-
lation (Geisler et al., 2013). Dysfunction within the vagal
and social engagement system would therefore presumably
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lead to deficits in a number of socially adaptive behaviors,
which may have significant implications for a number of
clinical populations, including ASD.

Increasing evidence supports atypical autonomic regula-
tion and arousal in individuals with ASD. A number of stud-
ies cite lower baseline parasympathetic regulation in ASD
relative to individuals with typical development (TD) (e.g.,
Bal et al., 2010; Edmiston et al., 2016; Guy et al., 2014;
Ming et al., 2005; Neuhaus et al., 2016; Vaughan Van Hecke
et al., 2009). Young, preschool-aged children with ASD and
higher resting PNS arousal have been reported to gesture
more and engage in more sharing behavior (Patriquin et al.,
2013). In contrast, in youth with ASD, those with lower
baseline parasympathetic values demonstrate increasingly
severe social symptoms (Edmiston et al., 2016; Vaughan Van
Hecke et al., 2009). There is further evidence for differences
in PNS stress reactivity or responsivity to various tasks. Dur-
ing a sensory challenge protocol, young children with ASD
demonstrated significantly less change in RSA from rest to
individual sensory stressors, providing support for reduced
vagal flexibility in the ASD group (Schaaf et al., 2015). In
response to an attention-demanding processing task, there
further appears an atypical lack of vagal withdrawal in chil-
dren ASD, who instead showed an increase in RSA to the
task (Porges et al., 2013). In social contexts, school-aged
youth with ASD have evidenced blunted RSA relative to
TD peers during social interactions (Neuhaus et al., 2016;
Vaughan Van Hecke et al., 2009), when higher RSA would
be expected to promote the parasympathetically-mediated
social engagement system (Porges, 2003b).

Despite the findings above, evidence for atypical auto-
nomic functioning in ASD remains inconsistent and likely
dependent on numerous influential factors, such as context,
developmental influences, symptom severity, and more.
Some studies have not found differences in parasympathetic
(e.g., Kushki et al., 2014; Levine et al., 2012; Muscatello
et al., 2020; Watson et al., 2012) or sympathetic (Edmiston
et al., 2017b; Neuhaus et al., 2016; Schaaf et al., 2015) func-
tioning at rest in youth with ASD. While some studies have
examined parasympathetic regulation during various stress-
ors and reported lower RSA across contexts (e.g. Edmis-
ton et al., 2016; Guy et al., 2014), they have not reported
a significant difference in parasympathetic reactivity to
social evaluative stress between youth with and without
ASD (Corbett et al., 2019a; Edmiston et al., 2016; Hollocks
et al., 2014; Kushki et al., 2014; Sheinkopf et al., 2013). This
suggests an important distinction between overall parasym-
pathetic tone versus acute vagal flexibility and highlights
the need to not only distinguish between the two, but also to
further understand the potential implications of maladaptive
states of each, especially for youth with ASD.

These inconsistencies within the ASD literature empha-
size the need to examine associated factors which may
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influence physiological states and responses to stress.
It is plausible that the type of stressor may contribute to
the reported inconsistencies. Previous research examining
another stress system, the hypothalamic pituitary axis (HPA)
indexed by increases in salivary cortisol, has shown that
situations that rely on social communication and interac-
tion with peers often result in enhanced stress response in
children with ASD (Corbett et al., 2010, 2014; Lopata et al.,
2008; Schupp et al., 2013). Similarly, within the sympathetic
branch of the ANS, there is evidence for increased sympa-
thetic influence during interactions with a familiar partner
in boys with ASD compared to TD (Neuhaus et al., 2016).
However, other contexts such as social evaluation that trig-
ger an adaptive stress response in TD youth, do not consist-
ently promote a cortisol or sympathetic response in youth
with ASD (e.g., Corbett et al., 2019a, 2021; Edmiston et al.,
2017b; Lanni et al., 2012; Levine et al., 2012). These find-
ings suggest that not all social contexts are equally salient
for youth with ASD. Moreover, developmental factors, such
as age and puberty, have contributed to differences between
youth with ASD and with TD in the HPA axis (Corbett et al.,
2010, 2021; Muscatello & Corbett, 2018; Schupp et al.,
2013). Similar developmental effects might be present for
the autonomic system but have not been explored.

It is also necessary to acknowledge the autonomic sys-
tem may be influenced by physical health variables, such
as body weight, height, and body mass index (BMI) (Masi
et al., 2007; Molfino et al., 2009; Shibao, 2012; Thayer &
Sternberg, 2006). Specifically, BMI, which is an index of
the amount of body fat, can alter cardiac functioning and
therefore impact ANS output. Youth with ASD have been
reported to show elevated BMI relative to youth with TD
(e.g., Corbett et al., 2020; Healy et al., 2019; Hill et al.,
2015; McCoy & Morgan, 2020; Must et al., 2017).

Despite the potential influence of these recognized
developmental (age, puberty) and physical (BMI) factors,
research of autonomic functioning in school-age and ado-
lescent youth with ASD has been inconsistent in control-
ling for many of these factors, which may be influencing the
significant variability in findings. Previous research in TD
populations have noted steadily increasing HRV through-
out development (e.g., Eyre et al., 2014) but decreased PNS
activity in obese children and adolescents (e.g., Eyre et al.,
2014; Rabbia et al., 2003). Despite such findings, few stud-
ies in ASD have examined age (Harder et al., 2016; Kushki
et al., 2014; Ming et al., 2005; Muscatello et al., 2021) or
pubertal effects (Edmiston et al., 2016). To our knowledge,
no studies have directly examined the effects of physical
health variables such as BMI on ANS functioning in autism,
and only a limited number of studies explicitly controlled for
or matched diagnostic groups on BMI (Bricout et al., 2018;
Harder et al., 2016; Muscatello et al., 2020).

The primary goal of the study was to examine parasym-
pathetic regulation and response to a social evaluative threat
paradigm in a large, well-characterized sample of youth,
ages 10-13 years, with and without ASD. We sought to
identify expected differences between groups in response
to the Trier Social Stress Test (TSST; Kirschbaum et al.,
1993). Further, in an effort to address inconsistencies in pre-
vious research, we evaluated factors expected to contribute
to ANS response. Based upon the extant literature (e.g. Neu-
haus et al., 2016; Thayer & Sternberg, 2006; Vaughan Van
Hecke et al., 2009), it was hypothesized that: (1) youth with
TD would demonstrate more parasympathetic regulation and
vagal flexibility, with higher RSA on average as well as a
larger decrease in RSA in response to the social evaluation,
compared to youth with ASD who would show a blunted
parasympathetic profile, (2) higher pubertal status and older
age would predict higher resting RSA and greater change in
RSA from baseline, and (3) higher BMI would predict lower
RSA and a blunted slope in response to social evaluation in
ASD and TD youth.

Methods
Participants

Data were collected as part of a longitudinal study on
pubertal development and stress (Corbett, 2017). The cur-
rent study includes data from Year 1 enrollment when the
children were between 10-years-0-months and 13-years-
11-months of age. The total enrolled sample included 241
youth with ASD (n=138) or TD (n=103). The ASD group
comprised 102 males and 36 females, while the TD group
included 57 males and 46 females. Demographic informa-
tion for the full sample is presented in Table 1.

All participants were required to have an intelligence
quotient (IQ) score >70 as estimated by the Wechsler
Abbreviated Scale of Intelligence, Second Edition (WASI-
II, (Wechsler, 2011)). Participants in the ASD group had a
diagnosis of ASD based on the Diagnostic and Statistical
Manual-5 (APA, 2013) and confirmed by: (1) a previous
diagnosis by a psychologist, psychiatrist, or behavioral pedi-
atrician with autism expertise; (2) current clinical judgment,
and (3) corroborated by the Autism Diagnostic Observation
Schedule (ADOS-2; Lord et al., 2012), a semi-structured
interview-based instrument administered by research-reli-
able personnel. Additionally, TD participants were deter-
mined to have no other developmental delay or neurodevel-
opmental diagnosis and were required to score < 10 on the
Social Communication Questionnaire (SCQ; Rutter et al.,
2003), which is a parent-report questionnaire used to screen
for ASD symptoms.
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Table 1 Descriptive statistics

N TD ASD
(n=103) (n=138)
Md IQR Md IQR
Age 241 11.67 10.58, 12.65 11.25 10.50, 12.25
Full scale IQ 240 117.00 107.00, 128.00 103.00 86.92, 118.00
ADOS total 138 - - 12.00 9.00, 15.0
Percentile BMI 236 52.50 30.00, 88.17 71.00 39.42, 96.00
RSA: baseline 205 6.57 6.11, 6.99 6.32 5.63, 6.84
RSA: prep 198 6.76 6.19,7.40 6.60 5.90, 7.28
RSA: TSST speech 198 6.35 5.84,6.91 6.04 5.50, 6.73
RSA: TSST math 196 6.10 5.54,6.59 5.83 5.28, 6.41
RSA: recovery 197 6.62 6.03,7.29 6.49 5.80, 7.07
N Proportion Proportion

Sex: female 241 0.447 46/103 0.261 36/138
Taking medication: yes 241 0.175 18/103 0.652 90/138
Race 241

Caucasian 0.85 88/103 0.81 112/138

African American 0.02 2/103 0.12 17/138

American Indian 0.00 0/103 0.00 0/138

Asian or Pacific Islander 0.00 0/103 0.01 1/138

More than one 0.13 13/103 0.06 8/138
GB development stage 235

Stage 1 0.380 38/100 0.407 55/135

Stage 2 0.350 35/100 0.31142/135

Stage 3 0.180 18/100 0.133 18/135

Stage 4 0.090 9/100 0.126 17/135

Stage 5 0.000 0/100 0.022 3/135
PH development stage 235

Stage 1 0.485 48/99 0.537 73/136

Stage 2 0.202 20/99 0.147 20/136

Stage 3 0.182 18/99 0.169 23/136

Stage 4 0.111 11/99 0.125 17/136

Stage 5 0.020 2/99 0.022 3/136

TD typically developing, ASD autism spectrum disorder, N number, Md median, /QR interquartile range, /Q intelligence quotient, 7SST Trier
Social Stress Test, Prep preparation, PB penis/breast Tanner stage, PH pubic hair Tanner stage

As the larger longitudinal study included examination
of hormonal responses, exclusion criteria for both groups
included current use of medications known to alter the
Hypothalamic—Pituitary—Adrenal (HPA) axis [e.g., cor-
ticosteroids; see (Granger et al., 2009)] or HPG axis
(e.g., growth hormone), or medical conditions known to
impact pubertal development (e.g., Cushing’s Disease).
Also, participants taking oral contraceptives, growth hor-
mones, or nicotine all known to influence the HPA axis,
were excluded (Foley & Kirschbaum, 2010; Kirschbaum
et al., 1995). An estimated 42% of children with ASD have
been reported to take at least one psychotropic medica-
tion (Mire et al., 2014), thus the current study did not
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include a completely medication-naive sample to be more
representative of the overall ASD population. In the ASD
group, 65.2% of youth were taking at least one medication,
while 17.5% of TD participants reported taking a daily
medication.

The Vanderbilt Institutional Review Board (IRB)
approved the study, which was carried out in accordance
with the Code of Ethics of the World Medical Association
(Declaration of Helsinki). All parents/guardians provided
informed written consent and youth participants gave ver-
bal assent prior to inclusion in the study.
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Procedures

Participation included two research visits to the University.
On Visit 1, the diagnostic (ADOS-2) and cognitive meas-
ures (WASI-II) were administered. Parents completed the
Social Responsiveness Scale, 2nd Edition (Constantino &
Gruber, 2012), which covers several areas of social function-
ing symptoms, including social motivation, communication,
awareness, and cognition, as well as repetitive behaviors and
interests. Additionally, participants completed a brief physi-
cal examination, as described below. On Visit 2, partici-
pants were exposed to the stress paradigm, the TSST-Child
Version (Buske-Kirschbaum et al., 1997; Kirschbaum et al.,
1993).

Physical Examination (PE)

Participants completed a physical examination, conducted
by trained, licensed, study physicians to assess pubertal
development, height, and weight. Recent research with the
sample comparing physical exam to parent- and self-report
demonstrated that physical exam is the optimal approach for
more precise pubertal measurement (Corbett et al., 2019b).
Therefore, physical exam scores were used in the current
study.

The PE was completed to reliably identify pubertal devel-
opment and assign Tanner stage (Marshall & Tanner, 1969,
1970). The exam ascertained two measures with five stages
for Genitals (G1-G5 for boys) or Breasts (B1-B5 for girls;
GB stage) and Pubic hair (P1-P5 for both genders; PH stage).
The exam, as described previously by Corbett et al., 2019b,
consisted of visual inspection and categorization of pubertal
and genital maturation. To be consistent with the original
Tanner staging and to maximize participation, palpation of
breasts or measurement of testes was not conducted.

Height and weight were measured once using a calibrated
stand-on Health-o-meter TM Professional 499KL Waist
High Digital Scale with Height Rod (Hogentogler & Co.,
MD, USA). Height was measured to the nearest inch and
weight was measured to the nearest 0.1 1b. Children were
weighed and measured in light clothing. BMI was calculated
using the standard formula (Ib/in%) x 703 for use with the
Center for Disease Control (CDC) growth charts for chil-
dren and adolescents (2 through 19 years; https://www.cdc.
gov/healthyweight/bmi/calculator.html) in order to convert
to percentiles for statistical analyses.

Social Stress Paradigm

The TSST-Child Version (Buske-Kirschbaum et al., 1997,
Kirschbaum et al., 1993) is a well-validated, experimentally
induced psychosocial stressor known to reliably activate a
physiological stress response in TD populations (Kudielka

et al., 2004) including children and adolescents (Seddon
et al., 2020). The TSST is a 20-min task divided into four
subcomponents: (1) Intro/Preparation, (2) Present Speech,
(3) Serial Subtraction, and (4) Debriefing/Recovery. The
protocol involves a scenario in which the participant must
deliver the ending to a short story in front of a panel of
judges (unresponsive judges showing neutral facial expres-
sions) who will, purportedly, be judging the child’s per-
formance against that of other children. For the protocol,
mixed-age (adult and peer), as well as mixed-sex judges
were used since this contributes to a stronger effect than
using female judges only (Seddon et al., 2020). The 5-min
speech task is followed by a 5-min serial subtraction task. Of
the 241 enrolled participants, 212 completed the full TSST
protocol, with 29 participants failing to return for the sec-
ond visit. There was no difference in number of youth with
ASD (n=17) or TD (n=12) who did not return for Visit 2
[x(1)=0.02, p=0.87].

Respiratory Sinus Arrhythmia (RSA)

RSA was collected using MindWare Mobile Impedance
Cardiograph units (MindWare Technologies LTD, Gahanna,
OH) for synchronized electrocardiography (ECG) and res-
piration data collection using a seven-electrode configura-
tion. Participants were told they would be wearing ‘stick-
ers’ throughout the protocol. Following an explanation of
the electrode locations on the torso, participants were given
the opportunity to place an electrode on their hand prior to
placement. After placement, there was a five-minute accli-
mation period before initiating the baseline collection pro-
tocol (explained below). Of the 212 participants that com-
pleted the stress paradigm, four participants with ASD did
not have HRV data due to an inability to tolerate the sensory
aspects of the protocol. An additional three participants were
missing RSA data due to use of anticholinergic medication
(1 ASD), atypically low RSA values (1 ASD), or atypical
heart thythms (1 TD).

Baseline RSA was acquired using a 5-min resting collec-
tion period in which participants were instructed to sit qui-
etly without engaging in other tasks. Following the baseline
period, participants were taken to a separate room for the
TSST protocol, at which point they received instructions for
the task from the two judges. The participants were escorted
back to the first assessment room, where they were given
five minutes to prepare their speech. RSA collection started
immediately prior to the preparation period (Prep) and was
collected continuously throughout the TSST paradigm,
calculated on a minute-by-minute basis and averaged into
five-minute epochs for each major period of the paradigm-
Baseline, Prep, Speech, Math, and Recovery (see Fig. 1).
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Fig. 1 Timeline of TSST
procedure

Arrival Period

RSA was derived in accordance with guidelines set
forth by the Society for Psychophysiological Research
committee on heart rate variability (Electrophysiol-
ogy, 1996). ECG signal was sampled at 500 Hz and
analyzed using the Heart Rate Variability Software
Suite provided by MindWare Technologies (MindWare
Technologies LTD, Gahanna, OH). RSA was quantified
as the integral power within the respiratory frequency
band (0.12-0.40 Hz), and respiration was monitored by
impedance cardiography. The respiration signal was dis-
played to ensure that values were within the designated
frequency band. Respiratory frequency was confirmed to
lie within the high frequency/RSA band (0.12-0.40 Hz)
for all participants. Of the total processed data, 3.5% were
excluded due to excessive motion artifact, equipment

error, or cardiac arrhythmias. RSA was measured in msZ.

Statistical Analysis

All hypotheses were tested using linear mixed effects
models with a random intercept for subject to account
for correlation within subjects. To test the hypothesis that
youth with TD would demonstrate higher RSA levels on
average, we fit a baseline model to predict RSA levels
adjusted for sex, diagnosis and a covariate indicating
timepoint within the TSST protocol. To test whether there
was a larger decrease in RSA in response to the social
evaluation in TD youth, an interaction term between diag-
nosis and timepoint was included. We tested the second
and third hypotheses by adding age, PH stage, BMI, and
their interactions with TSST time point to the model.
To test the second hypothesis that higher pubertal status
and older age would be associated with higher resting
RSA, age, PH stage and their interactions with time were
tested separately. Finally, to test the third hypothesis that
higher BMI would predict lower RSA, we tested BMI
and the interaction between BMI and time. The model
was repeated using GB stage as well. For all models, we
performed Wald F-tests using Type 2 sum of squares in
order to test the main effects prior to including the inter-
action effects. All analyses were performed using R ver-
sion 4.0.3. R packages used are listed in Supplementary
Materials.
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Trier Social Stress Test

5 min 10 min 15 min
20 min
—————————————————————————————— >
Prep TSST TSST Recovery
Period Speech Math Period Departure
Results

Table 1 presents demographic and clinical characteristics
of participants including age, sex, race, medication use, 1Q,
ADOS, BMI, Pubic Hair (PH) stage, Genital/Breast (GB)
stage, and RSA across the TSST. The median age was simi-
lar for both groups—11.67 for TD youth and 11.25 for ASD
youth. Median BMI percentile, which accounts for age and
sex, was much lower in TD youth (52.5) compared to ASD
youth (71). A majority of participants were in Stage 1 or 2 of
PH and GB stages. The distribution of the sample included
7.9% African American, 83.0% Caucasian, 0.4% Asian, and
8.7% Mixed. Results of RSA levels at each stage are pre-
sented in Table 1.

Results from Linear Effects Modeling
Baseline Model

In order to test the first hypothesis, we fit a model includ-
ing sex, diagnosis, timepoint, and the interaction between
diagnosis and timepoint to investigate the effect of diag-
nosis on RSA response to the TSST (Table 2). In this
model, RSA varies significantly across time (p <0.0001)
and is different between groups. Specifically, lower
RSA levels, consistent with decreased PNS regulation,
are associated with ASD diagnosis (p =0.022) (Fig. 2).
However, there was no evidence that the pattern of change
in RSA levels across time (PNS responsivity) are differ-
ent between TD and ASD groups (diagnosis by timepoint

Table2 Type 2 sum of squares ANOVA table to test main effects and
interaction for diagnosis and time (TSST)

Factor F Df P Effect size (S)
Sex 0.18 1, 188.85 0.667  0.00
Diagnosis 5.34 1,189.42 0.022 0.15
TSST 7599 4,769.76  <0.0001 0.61
Diagnosis x TSST 1.18  4,769.23 0.317 0.00

RSA was measured across the five timepoints of the TSST (Baseline,
Prep, Speech, Math, Recovery)

Significant p values in bold
Df Degrees of freedom
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Fig.2 Estimated RSA during 6.75 4
TSST by diagnosis averaged
across age and sex. Youth with
ASD demonstrated significantly < 6.504
lower RSA on average, while g Diagnosis
the pattern of RSA response o
over time appeared similar % 625 -~ 1D
g -e- ASD
& 6.001
5.75 1

T
Baseline

Table 3 Type 2 sum of squares ANOVA table to test main effects and
interactions of Age, BMI, and PH stage with TSST timepoint

Factor F Df )4 Effect size (S)
Sex 0.18 1,184.14  0.673 0.00
Diagnosis 2.57 1,184.34  0.111 0.09
Age 0.07 1,184.88  0.788 0.00
TSST 1.31 4,749.15  0.263 0.00
Percentile BMI 4.29 1,185.24  0.040 0.14
PH stage 0.00 1,186.49  0.998 0.00
Age x TSST 2.15 4,749.98  0.073 0.00
BMI x TSST 0.57 4,750.49  0.682 0.00
PH x TSST 0.80 4,751.31 0524 0.00

Significant p values in bold
Df Degrees of freedom

interaction: p =0.32). Both groups display similar pat-
terns of increased RSA during the Prep and Recovery
stages and decreased RSA in the Speech and Math stages.
See Supplementary Table S1 for parameter estimates.

Prep Speech Math

Recovery
Time

Models with Age, Puberty, and BMI

To test the second hypothesis that there are associations
between development and RSA, we added age and PH stage
and their interaction terms with time. Age and PH stage
did not contribute substantially over the effects of the other
covariates and the effect of diagnosis was reduced (p=0.11).
There were no interaction effects between age and time
(p=0.073) and PH stage and time (p =0.52). Therefore, we
did not find sufficient evidence for an association between
age and PH stage with RSA values (Table 3).

To test the third hypothesis that higher BMI would be
associated with lower RSA overall and would result in less
change in RSA relative to baseline, we included an interac-
tion between BMI and time in the model (Table 3; Supple-
mentary Table S2 for parameter estimates). In contrast to the
lack of associations for age and PH stage, results showed that
higher BMI was strongly associated with lower RSA levels
(p=0.040), but there was no interaction effect between BMI
and time (p =0.68). Figure 3 shows the plot of RSA levels
across stages for various BMI, demonstrating youth with
elevated BMI tended to show lower overall RSA values.

To investigate whether results differed based on type
of Tanner stage, we fit this same model with GB stage
and found similar results (see Supplementary Tables S3

Fig.3 Estimated RSA during
TSST across BMI Percentile. 6.751
Plot depicts model results of
BMI effect on RSA, averaged <
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and S4). There were no interaction effects between age
and time, GB stage and time, and BMI and time, though
BMI was predictive of RSA levels (p=0.029). Similar to
the model fitting PH stage, diagnosis was not predictive
of RSA.

Preliminary Post-Hoc Analysis of Social
Communication Symptoms

The lack of diagnostic group differences suggests a need
to consider individual traits and behaviors and their rela-
tion to autonomic functioning. Exploratory analyses were
conducted to investigate the extent to which social com-
munication symptoms, as measured by the SRS-2 (Con-
stantino & Gruber, 2012), were associated with differences
in RSA, regardless of diagnosis. A linear model includ-
ing the main effects of PH stage, BMI, time, and SRS
Total T score tested the association of individual physical
and behavioral characteristics with RSA response to the
TSST (Table 4). Significant effects were observed with
SRS scores (p=0.025) and with BMI (p =0.049), where
RSA levels decreased with increasing BMI and with more
social symptoms (elevated SRS T score) (Fig. 4). Similar

Table 4 Type 2 sum of squares ANOVA table to test main effects of
BMI, PH stage, and SRS total scores

Factor F Df P Effect size (S)
Sex 0.08 1,183.38 0.773  0.00
Age 0.08 1,183.89 0.777  0.00
Percentile BMI 3.92 1, 184.33  0.049 0.12
SRS total T score 5.07 1, 184.52  0.025 0.15
PH stage 0.002 1,185.50 0.965  0.00
TSST timepoint 73.49 4,758.26 0.000 0.60

Significant p values in bold
Df Degrees of freedom

findings were observed in a model with GB Stage (Sup-
plemental Table S5).

Discussion

The current study sought to examine parasympathetic
response to the TSST in youth with and without ASD, pre-
dicting differences between youth with ASD and with TD
at rest and in response to the TSST. Specifically, we hypoth-
esized that youth with ASD would demonstrate an atypical
parasympathetic response, illustrated by lower resting base-
line RSA and blunted reactivity to social evaluation. Factors
that may influence ANS response were considered, including
age, puberty, and BMI, as we expected them to be associated
with parasympathetic regulation and response.

The first model showed lower RSA in the ASD group
compared to the TD group, supporting the hypothesis that
youth with ASD would demonstrate reduced parasym-
pathetic regulation. However, there was no diagnosis by
timepoint interaction, suggesting groups did not differ in
RSA reactivity and therefore, the first hypothesis was only
partially supported. Both groups demonstrated significant
changes in RSA in response to the TSST, including an initial
increase in PNS regulation during the prep period, followed
by the expected decrease in RSA in response to the TSST
speech and math tasks. Importantly, both groups did not dif-
fer in the change in slopes over time, suggesting the groups
display similar patterns of change and vagal flexibility dur-
ing a social evaluative stress paradigm, though the youth
with ASD experience slightly decreased parasympathetic
regulation on average.

The reduced parasympathetic regulation in ASD youth
suggests they may be in a state of heightened arousal with
less influence from the PNS, which promotes calmer, relaxed
states. The total extent to which elevated arousal may affect
social or psychological functioning in ASD is unknown. Low
vagal tone has been associated with increased incidence of
anxiety (e.g., Beauchaine, 2015; Friedman & Thayer, 1998;

Fig.4 Estimated RSA during
TSST across SRS Total T
Scores. Plot depicts model
results averaged across sex, PH
stage, age, and BMI percentile.
SRS scores have been chosen as
the following: 10th percentile
(43), 25th percentile (47), 50th
percentile (64), 75th percentile
(78) and 90th percentile (86).
More severe social symptoms
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Kushki et al., 2013; Thayer et al., 1996) as well as decreased
social skills (e.g., Patriquin et al., 2019; Porges, 2007). In
the current study, social symptoms often characteristic of
ASD were correlated with lower RSA regulation, regardless
of diagnosis. While we did not evaluate potential comor-
bid symptoms in this sample of youth, identifying physi-
ological differences in a sample as young as 10—13 years of
age suggest an important need to examine the relationship
between autonomic and socioemotional functioning in ASD,
especially as these youth transition through the adolescent
period.

Interestingly, despite apparent differences in the overall
parasympathetic regulation within this sample, no differ-
ences in reactivity were observed. This distinction may be an
important one, whereas baseline vagal activity is suggested
to be linked to temperamental states, but RSA reactivity may
be linked to attention and engagement with the environment,
as well as emotional regulation or mood stability (Beau-
chaine, 2001). As reviewed by Beauchaine (2001), depres-
sion and anxiety, among other emotional fraits, are more
commonly related to baseline parasympathetic tone, while
emotional states, such as panic or anger, are related to atypi-
cal vagal flexibility or withdrawal. Therefore, in the context
of our findings, youth with ASD may be more susceptible to
symptoms of anxiety and depression even though attention
and emotional processes involved in the TSST response do
not significantly differ relative to youth with TD.

It is important to note that the current study stands in
contrast to previous findings in other stress systems, such as
the HPA axis and sympathetic nervous system. It has previ-
ously been shown that youth with ASD actually demonstrate
less cortisol release or sympathetic activation (i.e., lower
stress response) to the TSST relative to peers with TD, sug-
gesting they do not perceive the paradigm to be particularly
stressful (Corbett et al., 2019a, 2021; Lanni et al., 2012).
Indeed, recent research has shown that children with ASD
who demonstrate blunted cortisol response to the TSST also
tend to more frequently mis-identify neutral faces (Corbett
et al., 2019a). Further, more severe social symptoms charac-
teristic of ASD are related to a blunted sympathetic response
(Edmiston et al., 2017b). Impaired ability to recognize facial
affect and other social cues may limit a child’s ability to
identify the situation as threatening and evaluative. Given
this, it was hypothesized that a similar pattern of responses
would be observed in the current sample for parasympathetic
regulation, with a blunted RSA withdrawal response to the
Stressor.

The lack of similar findings within the PNS could be due
to several factors, most notable of which is the distinct roles
these two systems play in regulating the body’s physiologi-
cal stress response. The parasympathetic system and HPA
axis have largely opposing functions within the body, where
the HPA axis is tightly coupled to the sympathoexcitatory

circuits of the ANS. The vagus nerve may also be involved
in HPA axis regulation, exerting inhibitory control over
cortisol release (Thayer & Sternberg, 2006; Thayer et al.,
2006). Similarly, the sympathetic system, much like the
HPA axis, tends to promote more metabolically-demanding
stress responses and is inhibited by the vagal system (e.g.,
Thayer & Brosschot, 2005; Thayer & Lane, 2009; Ulrich-
Lai & Herman, 2009). The sympathetic branch of the ANS
can be described as mediating ‘fight or flight’ physiological
responses, and thus may be more susceptible to real or per-
ceived threats. Indeed, there is some evidence for atypical,
possibly maladaptive sympathetic responses to stress in ASD
(Edmiston et al., 2017b; Neuhaus et al., 2016; Schaaf et al.,
2015). There exists a tight coupling between the branches of
the ANS, though a simple, reciprocal relationship cannot be
assumed (Berntson et al., 2008). Therefore, future research
should investigate stress response across the PNS, SNS, and
HPA axis to elucidate a more thorough and complete picture
of the physiological profile in youth with ASD (Muscatello
et al., 2020, 2021) and the extent to which responses of these
systems relate to observed behaviors and emotional states.

It is further acknowledged that the chosen stress condi-
tion may not have been optimal to measure RSA reactivity.
Differences in social context have revealed dissociations in
stress response in youth with ASD between social evaluation
(TSST) and social interaction (Corbett et al., 2012; Edmiston
et al., 2017a; Lanni et al., 2012), such that social evaluative
threat did not mount a significant stress response, whereas
a friendly, social interaction resulted in elevated stress for
youth with ASD. Similarly, the extent to which the TSST is
an appropriate paradigm to look for possible underlying par-
asympathetic differences must be considered. In other words,
the TSST may not activate the parasympathetically-medi-
ated ‘social engagement system’ (Porges, 2001, 2003b) and
therefore group differences would not be present. There is
limited reciprocal communication in the TSST, as the raters
are instructed not to provide feedback. Therefore, the task
is more a ‘performance’ than a ‘reciprocal conversation.’ It
may be the case that a task that promotes social cooperation
and engagement would be more likely to lead to differences
in PNS regulation and reactivity (Beffara et al., 2016; Kogan
et al., 2014; Lischke et al., 2018; Muscatello et al., 2021).
Additionally, findings of an association between SRS scores
and RSA further suggest social functioning, communica-
tion, and engagement may play a critical role in regulating
parasympathetic responses. The role of context may underlie
the lack of difference in typical or atypical response depend-
ing upon the stressor, and future research should examine
the extent to which different social scenarios activate the
parasympathetic response.

Extending beyond diagnostic differences in parasym-
pathetic response, we examined the hypotheses that age,
puberty, and BMI would be related to RSA regulation and
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response. Concerning the hypothesized developmental
effects, neither age nor pubertal stage (either GB or PH
stage) were significant predictors of RSA. While previous
evidence supports developmental effects on the HPA axis
stress response in youth with ASD (Corbett et al., 2021;
Muscatello & Corbett, 2018; Schupp et al., 2013), the extant
research is more limited for autonomic response and devel-
opment in ASD. Nevertheless, evidence within typically
developing populations suggests age, and to a more limited
extent, puberty, may influence parasympathetic response.
For example, in a study of children ages 8—15 years, younger
children demonstrated significantly larger decreases in RSA
relative to baseline compared to older children during a cog-
nitive tracing task (EI-Sheikh, 2005). Notably, no group dif-
ferences were observed during a social stressor task involv-
ing listening to an argument, which may be more closely
aligned to the social components of the TSST paradigm.
Trends in previous literature suggest resting parasympathetic
regulation tends to increase through childhood (e.g. Gen-
tzler et al., 2012; Hinnant et al., 2011; Michels et al., 2013),
though there may be substantial variability in these trends by
late childhood and early adolescence (Gentzler et al., 2012).
Similarly, some limited relationships between pubertal status
and RSA response have been observed, where higher stages
of biological maturity are associated with lower levels of
RSA suppression during a cognitive stressor (El-Sheikh,
2005). Though empirical evidence of pubertal effects on
the parasympathetic system is minimal, biological maturity
remains an important variable to consider in studies of RSA
regulation and reactivity (Allen & Matthews, 1997; Hinnant
et al., 2018). Notably, the majority of the sample was in Tan-
ner stages 1 and 2 (73% TD and 72% ASD), and therefore it
may be the case that as the youth mature over the course of
the 4-year longitudinal study, pubertal and age effects may
begin to emerge within the increased variability.

In contrast, the hypothesis that BMI would predict para-
sympathetic regulation was supported, as youth with ele-
vated BMI also demonstrated significantly lower RSA on
average. This finding is consistent with previous research
showing a relationship between BMI and autonomic func-
tioning (e.g., Eyre et al., 2014; Landsberg, 1986; Rabbia
et al., 2003), including observations that these relationships
are present not only in high-risk, obese patients, but also in
non-obese, healthy individuals (Molfino et al., 2009), sug-
gesting a close relationship between body mass and physiol-
ogy. Further emphasizing this point, adult patients that lost
at least 10% of their body weight demonstrated significant
gains in parasympathetic control, along with decreases in
the sympathetic system (Arone et al., 1995). Therefore, high
parasympathetic regulation is generally considered to be a
positive marker of health status and reduced risk for a vari-
ety of health conditions (Masi et al., 2007; Thayer & Stern-
berg, 2006). Similarly, decreasing BMI through weight loss
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reduces risk for a variety of health conditions such as type 2
diabetes or high blood pressure (Vidal, 2002).

Childhood obesity remains a significant public health
concern in the United States, and rates of overweight and
obesity are particularly high in ASD, with estimates rang-
ing from 18.0 to 42.0% overweight and 10.0-30.4% obese
(Corbett et al., 2020; Criado et al., 2018; Curtin et al., 2010,
2014; Whiteley et al., 2004; Zuckerman et al., 2014). Preva-
lence of elevated BMI ostensibly rise in youth with ASD
as they enter the adolescent period, where recent studies
have noted increases in BMI as youth with ASD advance
through puberty (Corbett et al., 2020). There may be a vari-
ety of factors which contribute to this prevalence of over-
weight and obesity in ASD, with medication side effects
(e.g., Curtin et al., 2014) or reduced physical activity (such
as from peer isolation) (e.g., Must et al., 2014) being just a
few contributing factors. No matter the reason, the physi-
cal and psychological consequences cannot be overstated,
with an increased risk for several health conditions (e.g.,
type 2 diabetes, hypertension) (e.g., Bray, 2004), as well as
elevated incidence of depression, low self-esteem, and peer
victimization (see Rankin et al., 2016 for review) in those
with overweight/obesity.

Finally, it should be noted that in the larger model includ-
ing BMI, as well as puberty and age, there was no longer
a significant main effect for diagnosis. In a recent report
with the current sample, significant differences in BMI
were observed such that adolescents with ASD showed sig-
nificantly greater BMI on average compared to their peers
with typical development (Corbett et al., 2020). It is likely
these BMI differences also contributed to RSA regula-
tion and response to the TSST, as demonstrated in Fig. 3,
where youth with higher BMI had lower RSA regardless of
diagnosis.

The use of physiological markers like RSA has become
increasingly common, with studies investigating the feasibil-
ity of using RSA and heart rate variability to index emotional
stress (Beauchaine, 2015), anxiety (Thayer et al., 1996),
and depression (Rottenberg, 2007; Rottenberg et al., 2007).
However, this technique is not without its limitations. There
are a number of variables which may impact the quantifica-
tion and interpretation of HRV, including, but not limited to,
respiratory rates, physical activity or movement, and posture
(see Berntson et al., 1997; Grossman & D’Augelli, 2007
for review). For example, ECG abnormalities and abnormal
beats can alter the validity of RSA (Berntson et al., 1997),
and obesity and extremes in BMI have been associated with
these ECG abnormalities (Fraley et al., 2005). The find-
ings from the current study reveal that BMI is a significant
driver of RSA response and regulation. Within a sample
that significantly differs in overweight/obesity status (Cor-
bett et al., 2020), the contributions of BMI may be driving
many of the observed diagnostic effects reported in initial
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models and therefore highlight the need to control for such
covariates in future analyses given the possible effect on
findings. Moreover, additional analyses considering social
functioning, but not diagnosis, showed that those with more
severe social symptoms, which are frequently associated
with ASD, demonstrated significantly lower RSA on aver-
age. Given the notable heterogeneity of the autism diagno-
sis, future research should focus more on unique traits and
characteristics to determine whether individuals with ASD
and certain physical and behavioral profiles are more likely
to experience atypical autonomic functioning.

Clinical implications

The nature of parasympathetic dysfunction and its relation
to stress responses and social functioning in youth with ASD
remains difficult to clearly elucidate. Although several of
the hypotheses in the current study were not confirmed, an
important finding is that BMI was a key predictor in the
current results and potentially previous findings. While sci-
entifically interesting, it is clinically concerning that BMI
plays such a prominent role in physiological regulation
and RSA. Regarding physical health, autonomic imbalance
and reduced parasympathetic regulation increase risk for a
number of cardiovascular diseases (see Thayer et al., 2010
for review). On the flip side, it has been shown that when
individuals lose weight, there is a normalization of RSA
response as well as many other encouraging health out-
comes, providing support for the use of RSA as an index of
poor health status. There is an emerging and alarming litera-
ture showing higher rates of overweight and obesity in youth
with ASD (e.g., Corbett et al., 2020; Criado et al., 2018),
yet there is little-to-no research investigating the extent to
which BMI differences may be contributing to observed
autonomic dysfunction in some with ASD. Due to the link
between BMI and physiological regulation, it is plausible
that normalization of body weight may also normalize RSA
response, and possibly, further lead to improvements in
other physical and mental health symptoms associated with
parasympathetic dysregulation in ASD. Considerably more
research is required in order to examine these hypotheses
and to further understand the link between BMI, physiologi-
cal regulation, and other diagnostic and health status mark-
ers in individuals with ASD.

Limitations and Future Directions

The study was strengthened by the relatively large, well-
characterized sample of youth with and without ASD. Addi-
tionally, the use of physical exam by a medically-licensed
study team member, as opposed to self- or parent-report,
ensured accurate reporting of Tanner stage and body mass
index. Nevertheless, there are study limitations that should

be acknowledged. First, the sample included a relatively nar-
row age range of 10—13-year-olds, with most youth still in
the earlier stages of puberty (Tanner stages 1 and 2). Thus,
there may not have been enough variability in the sample to
detect development effects. The sample is part of a four-year
longitudinal study and follow-up analyses in future years
may reveal the influence of age and puberty on physiological
response. Second, the study did not enroll youth with ASD
with accompanying intellectual impairment, and participants
were predominantly White; thereby, results are not fully rep-
resentative and generalizable to the larger population. Future
research including a more racially and ethnically diverse
sample of youth with and without intellectual impairment
will be important in order to better understand the role of
RSA in the broad spectrum of ASD. Lack of diagnostic
group-based differences suggest a need to examine indi-
vidual characteristics and differences in behaviors. While
preliminary findings suggest social functioning is related to
lower parasympathetic functioning, regardless of diagnosis,
further research is needed to identify traits and behaviors
which may leave one susceptible to atypical autonomic
response. Finally, results of the current study emphasize
the need to consider potential covariates when elucidating
autonomic regulation and response. Consideration of other
confounds such as posture, activity, and respiration, may
more clearly elucidate the utility of RSA as a biomarker of
stress or psychiatric comorbidities in youth with ASD while
controlling for extraneous variables.

Conclusion

The current study demonstrated that when accounting for
BMI differences among youth with and without ASD,
there is no evidence of atypical parasympathetic reactiv-
ity to social evaluation in ASD youth. Physical health, such
as BMI, influences resting autonomic regulation, while
pubertal effects may become more apparent in later ado-
lescence with more advanced physical maturation. Due to
the impact of numerous covariates, diagnostic differences in
autonomic functioning should be considered under multiple
contexts (e.g., social evaluation vs. social interaction) while
accounting for other contributing variables. Considering the
potential implications with social functioning, cognition, or
psychiatric comorbidities, a consistent and rigorous meth-
odological approach is necessary to identifying the utility of
RSA as a biomarker of these symptoms in ASD.
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