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Abstract
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Depression is often associated with dysfunction in the hypothalamic-pituitary-adrenal (HPA) axis
and autonomic nervous system (ANS). Individuals with autism spectrum disorder (ASD) may
experience physiological dysregulation and psychological comorbidities; however, the extent to
which the interactions between these systems predict internalizing symptoms in ASD has not been
investigated. The study examined interactions with the HPA axis and ANS in 10–13-year-old
children with ASD (n=41) and typical development (TD; n=46). The interrelated systems uniquely
contributed to depressive symptoms in ASD above and beyond any system in isolation. A
reciprocal, parasympathetic-dominant ANS was related to fewer affective symptoms in ASD.
Findings highlight the importance of examining arousal across multiple systems to more precisely
identify profiles associated with maladaptive psychiatric outcomes in ASD.
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Depression is one of the most common mental health conditions worldwide, with recent
estimates from the National Institute of Mental Health approximating 7.2% of adults and a
staggering 14.4% of adolescents in the United States reporting a major depressive episode in
the past 12-months (SAMHSA, 2019). Investigations into potential biological mechanisms
of depression have identified physiological arousal systems as possible underlying factors.
Two primary arousal systems, the hypothalamic-pituitary-adrenal (HPA) axis and autonomic
nervous system (ANS), may substantially influence psychological functioning, leading to
significant behavioral consequences. Moreover, though they are independent systems, the
HPA axis and ANS are interrelated with considerable neural overlap, which serves to
maintain an appropriate response to environmental demands and to adaptively regulate
behavior and emotion based upon the current context. Vulnerable populations, including
individuals with autism spectrum disorder (ASD), are at an especially increased risk of being
diagnosed with a depressive disorder in their lifetime, with comorbid rates of depression
recently reported at 20.2% for adolescents with ASD (Greenlee, Mosley, Shui, VeenstraVanderWeele, & Gotham, 2016), with rates increasing to 40% by adulthood (Hudson, Hall,
& Harkness, 2019). Given the implication of the HPA and ANS systems in depression in the
general population, these systems may also contribute to the complex association between
ASD symptomatology and high prevalence of internalizing disorders. However, continued
investigations into the interactions of these systems in ASD are warranted.
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The HPA axis is the primary neuroendocrine stress system that releases the human
glucocorticoid, cortisol, from the adrenal glands (Herman & Cullinan, 1997). The cascade is
initiated by release of corticotropin-releasing hormone (CRH) from the hypothalamus,
followed by adrenocorticotropic hormone (ACTH) secretion from the anterior pituitary to
ultimately signal the release of cortisol. Secretion is modulated by three main functions of
the HPA axis—diurnal regulation, response to stress, and negative feedback to restore basal
levels. Limbic forebrain brain regions, including the prefrontal cortex, amygdala, and
hippocampus, also modulate regulation by initiating or inhibiting the HPA axis cascade
(Herman & Cullinan, 1997).
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The autonomic nervous system (ANS) of the peripheral nervous system is divided into two
branches—the sympathetic (SNS) and parasympathetic (PNS) nervous systems. The two
branches act in a relatively reciprocal fashion, with the PNS defined as the ‘rest and digest’
branch, lowering heart rate, blood pressure, and increasing digestion, among other functions.
In contrast, the SNS mediates the more metabolically demanding ‘fight or flight’ response,
such as increased heart rate, respiration, and blood pressure. The ANS has been proposed as
a primary behavioral regulator, with the balance between the PNS and the SNS being crucial
in mediating that regulation (Berntson, Norman, Hawkley, & Cacioppo, 2008). Similar to
regulation of the HPA axis, centrally mediated brain regions such as the prefrontal cortex
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and amygdala send downstream signals to the ANS brainstem output regions, thereby
providing a top-down influence on autonomic control (Benarroch, 1993; 2004).
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A number of studies have cited atypical levels of salivary cortisol, a reliable measure of HPA
axis function (Kirschbaum & Hellhammer, 1989), in depressed patients relative to healthy
controls (see Stetler & Miller, 2011 for review). For example, in a large cohort of adults,
those with current or remitted major depressive disorder showed evidence of
hypercortisolism, such as elevated evening cortisol or cortisol awakening response
(Vreeburg et al., 2009). Several studies in children and adolescents have also reported
elevated cortisol, especially in the evening, in those with clinically-significant levels of
depressive symptoms or with a depression diagnosis (Dahl et al., 1991; Van den Bergh &
Van Calster, 2009; Van den Bergh, Van Calster, Pinna Puissant, & Van Huffel, 2008).
However, others have reported atypically low cortisol (hypocortisolism) in depressive
disorders, especially in chronic, severe cases (e.g. Badanes, Watamura, & Hankin, 2011;
Bremmer et al., 2007; Heim, Ehlert, & Hellhammer, 2000). Similarly, reduced
parasympathetic tone (e.g. Rottenberg, Clift, Bolden, & Salomon, 2007; Thayer, Smith,
Rossy, Sollers, & Friedman, 1998; Yaptangco, Crowell, Baucom, Bride, & Hansen, 2015)
and/or sympathetic predominance (Schumann, Andrack, & Bär, 2017) may distinguish
depressed individuals from healthy controls. Nonetheless, others report no relation between
autonomic function and mood (Byrne et al., 2010); however, prevailing opinion remains that
a dynamic physiological system capable of reacting and adapting to environmental demands
is critical to psychological health (Friedman, 2007).
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While the HPA axis and ANS are independent systems, they share substantial neural
overlap, especially at the level of frontolimbic regions involved in top-down regulation of
physiological output. As both have individually been implicated in psychiatric conditions,
identifying interactions between the systems and the patterns of multiple physiological
responses likely improves identification of risk factors associated with psychiatric conditions
such as depression (Bauer, Quas, & Boyce, 2002). For example, during periods of rest, the
prefrontal cortex maintains tonic inhibition over sympathoexcitatory circuitry (e.g., HPA
axis, SNS) via inhibition of the amygdala and downstream projections to the nucleus tractus
solitarius (NTS) and paraventricular nucleus (PVN) of the hypothalamus, key regions
involved in ANS and HPA signaling (e.g. Benarroch, 1993; Thayer & Brosschot, 2005;
Ulrich-Lai & Herman, 2009). Ultimately, the PNS is upregulated, promoting a calm visceral
state while inhibiting the excitatory SNS and HPA systems (e.g. Friedman, 2007; Porges,
2007). If the prefrontal cortex is hypoactive, however, such as in depression (e.g. Davidson,
Pizzagalli, Nitschke, & Putnam, 2002; Koenigs & Grafman, 2009), the amygdala is
disinhibited, leading to SNS and HPA activation, as well as PNS suppression (e.g. Thayer &
Lane, 2009). Therefore, if there is dysfunction anywhere within these interrelated systems,
the entire system could be altered, and different patterns of activation between systems will
likely differentially effect behavioral outcomes (Bauer et al., 2002).
In a study of second- and third-grade children with typical development, high baseline
parasympathetic regulation was shown to be protective against internalizing symptoms, even
in the presence of elevated basal cortisol, whereas those with low PNS regulation and high
HPA activity had highest levels of anxiety (El-Sheikh, Arsiwalla, Hinnant, & Erath, 2011).
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Other recent research in typically developing school-aged children has found that
symmetrical hyperarousal of the SNS and HPA axis is correlated with increased
internalizing and externalizing behaviors (El-Sheikh, Erath, Buckhalt, Granger, & Mize,
2008) or perceived stress (Rotenberg & McGrath, 2016), which supports an ‘additive’ model
of arousal (Bauer et al., 2002). Nevertheless, research regarding interactions between the
ANS and HPA axis remains relatively scarce, despite the unique advantages such
investigations may provide in defining more precise at-risk physiological profiles. Therefore,
identifying disruption within these systems could have critical clinical implications,
especially for populations shown to be more susceptible to depression or anxiety.
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Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by
impairments in two core diagnostic domains—social communication and restricted,
repetitive behaviors and interests (American Psychiatric Association, 2013). Of significant
concern, many individuals with ASD are diagnosed with a comorbid internalizing disorder,
with depression rates surpassing those of the global population (Mayes, Calhoun, Murray,
Ahuja, & Smith, 2011). Moreover, individuals with ASD appear more likely to experience
dysfunction within the HPA axis and/or ANS relative to typically developing (TD) peers,
both at rest and during social and non-social stressors (see Benevides & Lane, 2013; Taylor
& Corbett, 2014 for review). For example, youth with ASD have shown greater variability of
the HPA axis (Corbett, Mendoza, Abdullah, Wegelin, & Levine, 2006; Corbett, Mendoza,
Wegelin, Carmean, & Levine, 2008; Corbett, Schupp, Levine, & Mendoza, 2009), as well as
elevated cortisol in the evening (Corbett et al., 2009; Muscatello & Corbett, 2017;
Tomarken, Han, & Corbett, 2015). Parasympathetic regulation is often reduced in
individuals with ASD relative to TD peers (Bal et al., 2010; Ming, Julu, Brimacombe,
Connor, & Daniels, 2005; Vaughan Van Hecke et al., 2009), and this blunting is further
associated with social difficulties (Edmiston, Jones, & Corbett, 2016; Patriquin, Scarpa,
Friedman, & Porges, 2013; Vaughan Van Hecke et al., 2009). However, there is likely
substantial heterogeneity in physiological function and dysfunction, as others have found no
differences between individuals with ASD or TD in resting state autonomic functioning
(Edmiston, Muscatello, & Corbett, 2017; Kushki, Brian, Dupuis, & Anagnostou, 2014; T. P.
Levine et al., 2012; Neuhaus, Bernier, & Beauchaine, 2016; Watson, Roberts, Baranek,
Mandulak, & Dalton, 2012) nor do they tend to differ in basal afternoon cortisol levels (e.g.
Corbett et al., 2006; 2008; Tomarken et al., 2015). A summary of previous research is
provided in Table 1.
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Given the prevalence of physiological dysfunction in ASD, as well as the high rates of
depressive disorders, clearly elucidating the relationship between physiology and
internalizing symptoms in youth with ASD could serve to identify markers for risk of
psychiatric comorbidities and to identify targets for intervention. While there is some
previous evidence for associations between HPA and/or ANS dysfunction and anxiety in
ASD (Corbett, Blain, Ioannou, & Balser, 2016; Hollocks, Howlin, Papadopoulos,
Khondoker, & Simonoff, 2014; Hollocks, Pickles, Howlin, & Simonoff, 2016; Jansen,
Gispen-de Wied, van der Gaag, & van Engeland, 2003; Kushki et al., 2013; Neuhaus,
Bernier, & Beauchaine, 2014; Panju, Brian, Dupuis, Anagnostou, & Kushki, 2015), limited
research exists regarding the correlation between physiological dysfunction and the high
rates of depression in this population. One study of school-aged males with and without
J Autism Dev Disord. Author manuscript; available in PMC 2022 January 01.
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ASD found that across the full sample, lower parasympathetic regulation was associated
with more internalizing symptoms and withdrawn/depressed symptoms (Neuhaus et al.,
2014). Another study in females with ASD found that girls with a lower cortisol awakening
response (opposite to the predicted response) were more likely to self-report symptoms of
major depressive disorder (Sharpley, Bitsika, Andronicos, & Agnew, 2016). Yet others have
cited no associations with internalizing symptoms and physiological response in ASD (Cai,
Richdale, Dissanayake, & Uljarević, 2019; Kushki et al., 2014; Lanni, Schupp, Simon, &
Corbett, 2012; Muscatello & Corbett, 2017; Tomarken et al., 2015).
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The inconsistencies in previous research may be due in part to these relationships between
physiological systems. Thereby, elucidating HPA axis and ANS interactions will convey
greater information regarding internalizing disorder susceptibility compared to examining
either system in isolation. To our knowledge, no study has investigated these interactions in
ASD and their associations with internalizing symptoms. The current study argues that such
an investigation carries substantial significance, as the systems are not entirely independent,
and their interactions may better explain and predict differences in behavior and affect than a
single system in isolation. Based upon previous findings in the ASD literature (e.g.
Benevides & Lane, 2013), it was hypothesized that children with ASD would exhibit a
hyperarousal profile, especially within the ANS, including lower PNS and greater SNS
regulation at rest relative to typically developing (TD) controls. There were no a priori
hypotheses regarding the within-diagnosis interactions and directionality of associations
with depression given the exploratory nature of the study.

Methods
Participants
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Initially, 100 children were enrolled in the study; however, thirteen participants were
excluded due to incomplete physiological data from equipment malfunction or excessive
artifact in the ECG or impedance signal (TD: n=4, ASD: n=9, χ2=2.21, p=0.14). Thus, a
total of 87 children, ages 10–13 years, with ASD (N=41) or typical development (TD;
N=46) were included in the analyses. The two groups had roughly equal ratios of males to
females, with 14 females in the TD group and 11 in the ASD group. Age did not
significantly differ between the two groups (Table 2). Participants were recruited from the
community using university-wide research announcements, other autism-related studies,
research registries, local pediatric and ASD diagnostic clinics, and social media. Participants
were part of a larger, longitudinal study of pubertal development (Corbett, 2017). All
children had to have an intelligence quotient (IQ) ≥ 70, based on the Wechsler Scale of
Abbreviated Intelligence, 2nd edition (WASI-2, Wechsler, 1999) in order to complete selfreport questionnaires as part of the larger study. Diagnosis of ASD was based on DSM-5
criteria (American Psychiatric Association, 2013), and established by (1) previous diagnosis
by psychiatrist, psychologist, or clinician with autism expertise, (2) current clinical
judgement, and (3) corroborated by the Autism Diagnostic Observation Schedule, 2nd
edition (Lord et al., 2012), administered by research reliable personnel.
Inclusion and exclusion criteria were reviewed at phone screening, prior to enrollment.
Typically developing participants were excluded if they had a biological sibling with ASD.
J Autism Dev Disord. Author manuscript; available in PMC 2022 January 01.
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Parents also completed the Social Communication Questionnaire-Lifetime (SCQ-L; Rutter,
Bailey, & Lord, 2003) as a screening measure for the assessment of ASD symptoms. TD
participants were required to have a total score <10 in order to be included in the study. In an
effort to be more representative of the population of youths with ASD, the sample did not
require medication-naïve participants. However, those on medications that may directly
affect the HPA axis (e.g., corticosteroids; Granger, Hibel, Fortunato, & Kapelewski, 2009) or
the ANS (e.g., stimulants; Shibao & Okamoto, 2012) were excluded from the study.
Fourteen participants in the ASD group were on medications, including selective-serotonin
reuptake inhibitors (n=5), melatonin (n=5), and antihistamines (n=10), or others (n=4).
Some participants were on multiple medications. Three participants in the TD group were on
antihistamines for daily allergy prevention. All regression analyses controlled for medication
status.
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The current 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. Informed written consent and verbal assent was obtained
from a parent/guardian and the child, respectively, prior to inclusion in the study.
Procedures
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The current study required two visits to a university laboratory. Visit 1 consisted of
diagnostic and psychological testing to confirm eligibility, while parents completed the
Child Behavior Checklist (CBCL; Achenbach & Rescorla, 2001). During the first visit,
participants also underwent a physical examination to measure height and weight. Body
mass index (BMI) was calculated using the standard formula (lb./in2) x 703 then age- and
sex-adjusted using the CDC growth charts for children and adolescents (2 through 19 years;
https://www.cdc.gov/healthyweight/bmi/calculator.html). Detailed procedures for the
physical exam are described elsewhere (Corbett, Muscatello, Tanguturi, McGinn, &
Ioannou, 2019). At the second visit, participants underwent physiological data collection as
part of a larger study of stress and social functioning. Visits were conducted in the same 10’
by 15’ room with highly trained research personnel.
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Child Behavior Checklist (CBCL; Achenbach & Rescorla, 2001).—The CBCL is a
parent-report questionnaire to assess problem behaviors. Scores are calculated as total raw
scores, which are then converted to T-scores based on established national norms. The
measure includes several DSM-oriented scales, with high scores suggesting diagnoses to be
considered for further evaluation. The Affective Problems subscale includes items consistent
with a diagnosis of dysthymia or major depressive disorder, such as feelings of apathy,
worthlessness and guilt, presence of self-harm, and more, and it was a primary dependent
variable in analyses. The measure has shown excellent sensitivity (0.93) and good specificity
(0.74) for the Affective Problems subscale’s overall diagnostic accuracy in youth with ASD
(Magyar & Pandolfi, 2017). Follow up exploratory analyses included the Anxiety subscale
of the CBCL, which includes items consistent with generalized anxiety, separation anxiety,
and phobias. Raw scores were used in analyses, as recommended in the CBCL manual
(Achenbach & Rescorla, 2001). Internal consistency was good for Affective Problems
(α=0.80) and Anxiety Problems (α=0.79).
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HPA Axis: Salivary Cortisol—HPA axis regulation was measured through the collection
of salivary cortisol. Collecting cortisol through saliva is noninvasive and was collected in the
lab using well-established methods (Corbett et al., 2008). Samples were provided by passive
drool approximately 40 minutes after arrival to the lab to allow for ample acclimation time.
All visits began between 2pm – 3pm to control for the diurnal rhythm of cortisol.
Participants were instructed not to eat and drink anything other than water starting one hour
prior to their study visit.
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Cortisol Assay—Prior to assay, samples were stored at −20°C. Salivary cortisol assay was
performed using a Coat-A-Count® radioimmunoassay (RIA) kit (Siemens Medical
Solutions Diagnostics, Los Angeles, CA) modified to accommodate lower levels of cortisol
in human saliva relative to plasma. Saliva samples were thawed and centrifuged at 3460 rpm
for 15 min to separate the aqueous component from mucins and other suspended particles.
All samples were duplicated. The coated tube from the kit was substituted with a glass tube
into which 100ml of saliva, 100ml of cortisol antibody (courtesy of Wendell Nicholson,
Vanderbilt University, Nashville, TN), and 100ml of 125I-cortisol were mixed. After
incubation at 4°C for 24h, 100ml of normal rat serum in 0.1% PO4/ EDTA buffer (1:50) and
precipitating reagent (PR81) were added. The mixture was centrifuged at 3460 rpm for 30
min, decanted, and counted. Serial dilution of samples indicated a linearity of 0.99.
Interassay coefficient of variation was 1.03%.
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ANS: Respiratory Sinus Arrhythmia (RSA) and Pre-ejection Period (PEP)—
Cardiac autonomic measures were collected using MindWare Mobile Impedance
Cardiograph units (MindWare Technologies LTD, Gahanna, OH) for synchronized
electrocardiography (ECG) and respiration data using a seven-electrode configuration. A
color cartoon was provided to all participants, illustrating where electrodes would be placed,
and all children had the opportunity to place an electrode on their hand prior to placement in
order to increase participant comfort with the protocol. If participants expressed significant
discomfort from the electrode placement, the protocol was discontinued. All participants
successfully completed the physiological collection protocol. Data collection began
following a 35-minute acclimation period to the lab environment, immediately prior to the
saliva sample collection. Baseline collection consisted of a five-minute rest period, with all
participants sitting quietly and not engaging in any other tasks.
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Parasympathetic regulation was indexed using respiratory sinus arrhythmia (RSA), a
measure of high frequency heart rate variability, indicating variation in timing between
successive heart beats in association with respiration. RSA was derived in accordance with
the guidelines by the Society for Psychophysiological Research committee on heart rate
variability (Berntson et al., 1997; Task Force of the European Society of Cardiology and the
North American Society of Pacing and Electrophysiology, 1996) and calculated on a minuteby-minute basis. 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 (0.15 to 0.42 Hz). The respiration signal was processed by impedance
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cardiography and displayed to ensure that the values were within the designated respiratory
frequency band. Of the total analyzed data, 0.4% were excluded due to excessive motion
artifact or arrhythmia.
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Sympathetic arousal was measured using impedance cardiography, a measurement of the
mechanical activation of the heart, and can be quantified via pre-ejection period (PEP),
which represents the interval from electrical stimulation to mechanical opening of the aorta.
PEP was processed using 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 complex to the B point of the impedance waveform,
which corresponds with the time from ventricular depolarization to aortic valve opening
(Sherwood et al., 1990). 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) (Lozano et al., 2007). The QRS complex and dZ/dt signal was confirmed by visual
inspection (RAM).
Statistical Analysis
Statistical analyses were performed using IBM SPSS Statistics 26 (IBM Corp, 2019).
Independent sample t-tests were conducted to test for differences between ASD and TD
groups on demographic and diagnostic variables, including age, IQ, BMI, SCQ, and the
CBCL. If assumption of equal variance was not met, the Welch degree of freedom
transformation was used. Effect sizes were reported as Cohen’s d. For internalizing
symptoms, participants were characterized as reaching clinically significant depressive
symptoms is CBCL T-scores ≥ 70. Differences in number of participants falling in clinically
significant or non-significant categories were examined using chi-square.
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Cortisol values were positively skewed and thus log-10 transformed to achieve normality;
RSA and PEP were normally distributed. Between-group differences in physiological
measures were tested using analysis of covariance, controlling for age and BMI percentile.
Partial η2 was calculated to indicate effect size.

Author Manuscript

Hierarchal regression with bootstrapping for robust estimators (Efron & Tibshirani, 1993)
and bias-corrected and accelerated confidence intervals (to account for the non-normal
distribution of the outcome variable) assessed the contributions of cortisol, RSA, and PEP
interactions in predicting parent-reported affective symptoms. Separate models were
conducted for the ASD and TD groups. Medication use and BMI percentile were controlled
in the first step of the model, and then the main effects of cortisol, RSA, and PEP were
added in the second step. All possible two-way interaction terms between physiological
variables were individually added to the base model in a third step to determine the extent to
which each interaction contributed additional variance to the prediction of affective
symptoms. Significant interactions were further examined using the PROCESS v3.4 macro
(Hayes, 2013) to plot regression lines at high (+1 SD), mean, and low (−1 SD) values of the
interacting variables (Aiken & West, 1991). All control and independent variables were
mean centered prior to analyses (and prior to creating the interaction terms) to avoid
multicollinearity effects.
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Results
Demographic and diagnostic information between groups is presented in Table 2. There
were no differences between the groups in age; however, the TD group did have higher
average IQ than the ASD group. Nonetheless, the mean score for the ASD group fell well
within the average range for IQ. Youth with ASD presented with higher average BMI (ageand gender-adjusted percentiles), as measured by physical examination, relative to the TD
youth, thus all regression models controlled for BMI percentile. Within the ASD group,
there were no significant relations between medication status (taking medication vs. not
taking medication) and the primary outcome variables (i.e., cortisol, RSA, PEP, affective
symptoms; p>0.05); nonetheless, medication status was included as a covariate in the initial
step of all regression models.

Author Manuscript

Regarding depressive symptoms, relative to parents of TD children, parents of children with
ASD reported that their sons/daughters had significantly more affective problems on the
CBCL. Participants were further categorized according to whether or not they met clinical
cutoffs for affective problems (T≥70). More youth with ASD met the clinically significant
cutoff for affective problems relative to TD youth (39% ASD vs. 6.5% TD, p<0.001,
Fisher’s exact test).
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Results of between group comparisons for RSA, PEP, and cortisol are illustrated in Figure 1.
After controlling for BMI percentile, youth with ASD and TD did not differ in baseline
cortisol levels (F(1,83)=0.01, p=0.94, Partial η2<0.01, Figure1a), suggesting no significant
differences in HPA axis regulation during a resting period. Similarly, the groups showed no
statistically significant differences in baseline RSA (F(1,84)=2.55, p=0.11, Partial η2=0.03;
Figure 1b) or PEP (F(1,84)=0.63, p=0.43, Partial η2=0.01; Figure 1c). Therefore, youth with
ASD and TD had comparable parasympathetic and sympathetic regulation during a resting
state.
When modeling predictors of depressive symptoms in the ASD group, after controlling for
medication use and BMI percentile, addition of the main effects for RSA, PEP, and cortisol
did not account for significant additional model variance. Separate models were run for each
two-way interaction in order to test the individual contribution of each interaction (see Table
3). In the ASD group, the RSA*PEP interaction contributed an additional 11% of variance to
the base model, while the cortisol*RSA and cortisol*PEP interactions did not contribute
statistically significant additional variance (p>0.05).
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When further examining the RSA*PEP interaction using simple slopes, it was shown that
only at high levels of PEP (+1 SD) was there a significant negative relationship between
RSA and depressive symptoms (b=−2.60, p=0.02, 95% CI [−4.75, −0.44]; Figure 2).
Further, Johnson-Neyman analysis (Hayes & Matthes, 2009; Johnson & Fay, 1950)
confirmed the threshold of significance at a mean-centered PEP value of 3.13, and the effect
for RSA and depression became stronger and more negative as PEP increased. Therefore,
children with ASD and highest levels of PEP (less sympathetic arousal) had significantly
fewer depressive symptoms with increasing parasympathetic regulation. At low and mean
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values of PEP, there was a nonsignificant relationship between RSA and CBCL affective
symptoms (all p>0.05; see Figure 2).
Regression models in the TD group revealed neither the physiological main effects (RSA,
cortisol, PEP) nor any of the interactions contributed significant additional variance (see
Table 4). However, the main effect of PEP and the RSA*PEP interaction were significant
bootstrapped model coefficients. Johnson-Neyman analysis found no points at which PEP
moderated the relationship between RSA and affective symptoms (p>0.05), nor were the
slopes statistically significant at any level of PEP or RSA (see Figure 3), suggesting a lack of
association between PNS functioning and depression in TD youth at varying levels of SNS
arousal or insufficient power to detect possible relationships within the current sample.
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As depression and anxiety symptoms frequently co-occur (e.g. Kessler, Merikangas, and
Wang, 2007), follow-up exploratory analyses were conducted within the ASD group in order
to determine whether similar interaction effects contributed to anxiety symptoms in youth
with ASD. When controlling for medications and BMI, main effects of cortisol, RSA, and
PEP did not account for additional variance in Anxiety problems as reported on the CBCL
(ΔR2=0.02, ΔF(3,35)=0.23, p=0.87). Contrary to depressive symptoms, there was no
significant effect for the RSA*PEP interaction (ΔR2=0.07, ΔF(1,34)=2.62, p=0.12). Further,
addition of the cortisol*RSA (ΔR2=0.03, ΔF(1,34)=1.19, p=0.28) and cortisol*PEP
(ΔR2<0.001, ΔF(1,34)=0.02, p=0.90) interactions did not contribute significant additional
variance. Results suggest the observed interactions may be specific to depressive
symptomology in ASD.

Discussion
Author Manuscript

The current study aimed to examine HPA axis and ANS regulation in children with and
without ASD, as well as the impact of physiological dysregulation on depressive symptoms
in youth. The investigation uniquely sought to identify patterns of interaction between these
physiological systems, which may especially contribute to elevated rates of depression in
ASD. It was hypothesized that resting states characterized by greater sympathetic and HPA
activation, as well as reduced parasympathetic regulation, would be more prevalent in ASD.
Contrary to hypotheses, no differences were seen between the two groups on any of the
physiological variables; however, as expected, children with ASD demonstrated significantly
elevated depressive symptoms. Additionally, interactions between physiological systems
uniquely predicted depressive symptoms, especially in children with ASD, which provided
preliminary insight into the interrelated nature of these physiological systems and their
potential role in effecting emotional states.

Author Manuscript

Prevalence of depression in youth with ASD has recently been reported to be as high 20.2%
for adolescents with ASD (Greenlee et al., 2016). Our sample of 10–13-year-old youth
similarly displayed elevated levels of depression compared to TD youth, as reported by their
parents. When identifying those reaching clinically significant thresholds on the parentreport measures, children with ASD met the clinical threshold 39% of the time, while only
6.5% of TD children met the clinical significance threshold. This early age of onset for
depression in youth with ASD is notable, as psychiatric symptoms may contribute to future
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maladaptive outcomes, including difficulties with employment and poor adaptive skills (e.g.
Kraper, Kenworthy, Popal, Martin, & Wallace, 2017; Walsh, Lydon, & Healy, 2014).
Moreover, depressive symptoms may exacerbate tendencies toward social withdrawal and
social isolation (M. Ghaziuddin, Ghaziuddin, & Greden, 2002; Greenlee et al., 2016).
Loneliness and social isolation are identified risk factors for suicidal behavior (Hedley,
Uljarević, Foley, Richdale, & Trollor, 2018), with suicidality risk significantly higher in
ASD relative to the general population (Cassidy et al., 2014). Clearly, early diagnosis and
treatment is necessary to help avoid these negative consequences. Future studies with larger
samples might further elucidate the associations between elevated depressive scores in
children and adolescents with ASD and future maladaptive outcomes, as well as to highlight
the impact of earlier diagnosis and intervention in this population.

Author Manuscript
Author Manuscript

One concern regarding the diagnosis of depression in ASD is that individuals with ASD may
exhibit deficits in expressive affective states and challenges with language and social
communication that impede their ability to effectively communicate symptoms (Losh &
Capps, 2006). Physiological functioning, which has gained interest in its utility as a
biological marker for ASD, may also be used in identifying risk or likelihood of being
diagnosed with a depressive disorder in this population. However, as previously mentioned,
the existing literature is unclear regarding the extent to which physiology and psychology
are related in ASD, with several instances of conflicting results. Youth with ASD have been
shown to demonstrate hyperarousal in the HPA axis (e.g. Muscatello & Corbett, 2017;
Tomarken et al., 2015; Tordjman et al., 2014) and ANS (e.g. Kushki et al., 2014; Vaughan
Van Hecke et al., 2009); however, others have cited no differences between youth with ASD
and TD (Bitsika, Sharpley, Andronicos, & Agnew, 2015; Corbett et al., 2006; Watson et al.,
2012). Similarly, some report associations between physiological arousal and internalizing
symptoms (Neuhaus et al., 2014; Sharpley et al., 2016), while others cite no relationships
(e.g. Tomarken et al., 2015). These contrasting findings suggest identifying patterns of
interaction between the HPA axis and ANS may be more informative than examining
individual systems when assessing associations with internalizing profiles.

Author Manuscript

In the current study, the main effects of each individual system revealed little information
regarding the risk for internalizing disorders, as groups did not differ in baseline
physiological response, nor systems singularly associated with depressive symptoms.
However, upon looking at the interactions of the systems within-diagnosis, more distinct
patterns of risk emerged. Autonomic balance, or the relationship between PNS and SNS
regulation, was particularly associated with depressive symptom risk in children with ASD.
Specifically, youth with a predominantly reciprocal parasympathetic response system (i.e.
increased PNS with decreased SNS; Berntson et al., 2008) were noted to have the lowest
levels of depressive symptoms. This tendency towards a lower baseline arousal pattern, with
elevated inhibition from the PNS and removal of excitation of the SNS, may be suggestive of
less chronic stress and/or be protective against the wear and tear (allostatic load; McEwen,
1998) associated with chronic stress exposure. Therefore, regions often implicated in
depression (i.e. prefrontal cortex, amygdala, hippocampus; McEwen, 2003) would be less
likely to experience neuronal damage associated with excitotoxicity. Caution should be
taken in these interpretations, however, as these results are preliminary and only
correlational, not causational. Future longitudinal studies with larger samples sizes may
J Autism Dev Disord. Author manuscript; available in PMC 2022 January 01.
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provide more information regarding the time course of these physiological and behavioral
changes to elucidate the directionality of these relationships. Additionally, studies assessing
stress reactivity may reveal different patterns of adaptive or maladaptive arousal, as
previously symptoms of depression, such as loneliness, have been associated with a blunted
(hypoarousal) cardiovascular and endocrinological stress response (e.g. Brown, Gallagher, &
Creaven, 2018). Nonetheless, the current findings offer initial support for the added benefits
of investigating interactions across the HPA axis and ANS, rather than their singular,
isolated functions, when assessing their role in regulating behavior in ASD.

Author Manuscript
Author Manuscript

Other factors are important to consider when interpreting these findings. The study focused
on a narrow age range of 10–13-year old children, yet incidence of depression is known to
increase with age, with a particular risk during the adolescent period of development
(Gotham, Brunwasser, & Lord, 2015). Yet the current sample already included five children
being actively treated with SSRIs and up to 39% reporting clinically significant depressive
symptoms on behavioral report. Future longitudinal studies (Corbett, 2017) following youth
from childhood through the adolescent period may reveal important changes in symptom
profile through development and the ways in which physiological systems interact and relate
with mental health status. Moreover, while results suggested a possible interaction with RSA
and PEP in the TD group, no significant relationships were seen between physiology and
affect within these youth, despite previous research finding inter-relations across systems
and with internalizing symptoms (e.g. El-Sheikh et al., 2008; 2011). Importantly, the current
TD sample was smaller than previous studies and without psychiatric incidence, with only
6.5% of the sample falling in the clinically significant range for symptoms on the affective
subscale on the CBCL. Therefore, future research with larger samples comparing across
ASD and TD should also consider a more variable TD group, while also including
individuals with a diagnosed depressive disorder as a third comparison group.

Author Manuscript

The investigation is strengthened by the novel examination of the interrelated actions of the
HPA axis and ANS in predicting depressive symptoms in children with ASD, thereby
helping to fill an important gap in our understanding of the connection between
physiological arousal and affect. The study, however, is not without limitations. First, the
sample was relatively limited by the narrow age range and use of a parent-report measure
indexing a number of problem behaviors, not just depression. Future investigations will
benefit from the use of multiple robust measures specific to depression, including clinical
assessment of symptoms. Second, inclusion of only individuals without cognitive
impairment limits interpretations of findings to only a subset of the ASD population.
Similarly, it is important to acknowledge the heterogeneity within ASD and variability in
physiological and psychological responses; therefore, current findings and interpretations
may not apply to every child. Third, the sample size is comparable to many empirical studies
in ASD, but a larger sample with greater power to handle the interaction analyses may have
resulted in stronger findings. This is especially emphasized as there were likely three-way
interactions between HPA axis, ANS, and diagnostic group, as seen by the differential
findings within the ASD vs. TD group; however, we did not have sufficient power to
statistically evaluate these higher-order interactions. Fourth, the current study utilized
methods collected in the lab on a single day in an effort to have all three measures reflect
arousal at approximately the same point in time, which is not uncommon amongst
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physiological studies (e.g., El-Sheikh et al., 2008; 2011). Nevertheless, more comprehensive
methods, such as at-home collection of diurnal cortisol rhythm and 24-hour ambulatory
monitoring of heart rate variability, as done in recent studies (Rotenberg & McGrath, 2016),
may yield different results with a more complete profile of regulation. Fifth, the lab
environment and other daily events may include additional unforeseen stress which we are
unable to control. Lastly, the current study focused on baseline, resting physiological
functioning. Future studies will want to investigate these interactions and associations in
response to a stressor, as previous research suggests critical differences in physiological
reactivity in youth with ASD, such as in response to social stress (see Benevides & Lane,
2013 for review).

Conclusions
Author Manuscript
Author Manuscript

The current study aimed to examine the interactions between the HPA axis and ANS and
their associations with depression. The results extend previous findings on physiological
dysregulation in children with ASD, identifying preliminary evidence for unique multisystem interactions, which may predict parent-reported symptoms of depression. While
children with ASD displayed significantly more depressive symptoms, physiological arousal
did not differ between diagnostic groups; however, distinct interactions, especially within the
opposing branches of the ANS, were evident. As depressive disorders continue to be a
prevalent concern for many youth and young adults with ASD, accurate diagnosis and early
intervention are critical to effective management and improved quality of life. Our findings
underscore the importance and benefits of examining arousal across multiple systems to
more accurately identify these physiological profiles associated with psychological risk and
behavioral outcomes in ASD, which may eventually aid in earlier diagnosis of comorbid
symptom profiles and inform treatment to facilitate more favorable outcomes for those with
these symptoms.
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Figure 1. Mean Baseline Physiological Levels for Children with ASD and TD.

There were no significant differences between children with ASD and TD in (a) baseline log
cortisol, (b) baseline respiratory sinus arrhythmia, or (c) baseline pre-ejection period.
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Figure 2. RSA and PEP Interact to Predict Depressive Symptoms in ASD.

High PEP moderates the negative association between RSA and affective symptoms in youth
with ASD. High and low values for PEP and RSA are equivalent to +/− 1 SD from the mean.
P-values for each slope are provided.
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Figure 3. Illustration of RSA and Depressive Symptom Associations by level of PEP in TD.

The relationship between RSA and affective symptoms in with TD is not significant at any
value of PEP. High and low values for PEP and RSA are equivalent to +/− 1 SD from the
mean. P-values for each slope are provided.

Author Manuscript
Author Manuscript
J Autism Dev Disord. Author manuscript; available in PMC 2022 January 01.

Author Manuscript

Author Manuscript
Salivary Cortisol
Salivary Cortisol
Salivary Cortisol
Salivary and Urinary
Cortisol

Muscatello et al, 2018

Putnam et al., 2015

Tomarken et al., 2015

Tordjman et al., 2014

HRV, HR, respiration
HRV
RSA
PEP
RSA
HR, HF HRV, LF/HF HRV,
Cortisol
HR, RSA
VT, EDA, Cortisol
RSA
HR, PEP, RSA
RSA
RSA
RSA, PEP
HR, RSA

Althaus et al., 1999

Daluwatte et al., 2013

Edmiston et al., 2016

Edmiston et al., 2017

Guy et al., 2014

Hollocks et al., 2014

Kushki et al., 2014

Levine et al., 2012

Neuhaus et al., 2014

Neuhaus et al., 2016

Patriquin et al., 2013

Porges et al., 2013

Schaaf et al., 2015

Sheinkopf et al., 2013

ANS

26ASD + 26TD; 2–5 yrs

Salivary Cortisol and αamylase

Kidd et al., 2012

J Autism Dev Disord. Author manuscript; available in PMC 2022 January 01.
15ASD + 8TD; 2–6 yrs

59ASD + 30TD; 6–9 yrs

78ASD + 68TD; 6–21 yrs

23 ASD; 4–7 yrs

18ASD + 18TD; 8–11 yrs

18ASD+ 18TD; mean 11 yrs

19ASD + 11TD; 8–12 yrs

40ASD + 34TD; 8–18 yrs

20ASD + 32ASDanx + 23TD; 10–16 yrs

14ASD + 22TD; mean 11.5–13 yrs

18ASD + 13TD; 12–17 yrs

21ASD + 13TD; 12–18 yrs

152ASD + 116TD + 36NDD; 5–19 yrs

36PDD-NOS + 18TD; 7–12 yrs

55ASD + 32TD; mean 11 yrs; ASD IQ < 70

36ASD + 27TD; 7–16 yrs

16HFASD + 13LFASD + 14TD; 7–12 yrs

64ASD + 49TD; 7–17 yrs

22ASD + 22TD; 6–12 yrs

22ASD + 22TD; 6–12 yrs

12ASD + 10TD; 6–11 yrs

Salivary Cortisol

Salivary Cortisol

Sample

Corbett et al., 2009

Salivary Cortisol

Corbett et al., 2008

Methods

Corbett et al., 2006

HPA Axis

Study

Author Manuscript

Studies of Baseline HPA axis and ANS regulation in ASD

No differences in HR or RSA at baseline.

No differences in PEP or RSA at baseline.

Lower baseline RSA in ASD.

Low baseline RSA associated with language and cognitive delays.

Lower baseline RSA in ASD; No differences in baseline PEP.

ASD lower resting RSA; Higher RSA and better socialization, fewer social problems, and fewer
internalizing symptoms.

No group differences; Resting PNS, SNS, and HPA function did not differ between groups.

ASD slightly elevated baseline HR; No differences in resting RSA.

ASD without anxiety elevated HR at rest; No differences at rest for HRV parameters or cortisol.

Lower baseline RSA in ASD; Decreased RSA and elevated anxiety, worsening social skills.

Did not differ in baseline PEP.

Lower baseline RSA in ASD.

ASD group higher resting HR compared to TD but lower than NDDs; No differences in HRV
measures.

Did not differ at rest.

ASD higher cortisol across time points; Flatter diurnal slopes; ASD severity associated with
higher cortisol.

Higher evening cortisol; Blunted diurnal slope in ~25% of ASD sample.

ASD with cognitive impairment (LFASD) significantly elevated cortisol at all time points
relative to ASD with average or above average IQ (HFASD) and TD.

Pubertal development and age associated with blunted diurnal slope and higher evening cortisol
in ASD.

No differences in diurnal rhythm/slope of cortisol (HPA axis) or α-amylase; ASD group more
variable.

Elevated evening cortisol associated with increased stress from changes throughout the day in
ASD.

ASD more variable and had elevated evening cortisol.

No differences in cortisol levels; ASD group had more variable circadian rhythm.

Primary Results

Author Manuscript

Table 1.
Muscatello et al.
Page 23

RSA
RSA

Watson et al., 2012

22ASD + 15LC + 14AC; 6 mos. – 3 yrs

19ASD + 14TD; 8–12 yrs

20ASD + 20TD; mean 19–20 yrs

No differences in RSA during nonsocial activity video activity.

Lower baseline RSA in ASD; Lower RSA associated with more social problems.

No differences in RRI or SD of RRI at rest.

Primary Results

Note: HR, Heart Rate; HF HRV, High Frequency Heart Rate Variability; LF/HF, Low Frequency/High Frequency; PDD-NOS, Pervasive Development Disorder, Not Otherwise Specified; NDD,
Neurodevelopmental Disorder; VT, Vagal Tone; EDA, Electrodermal Activity; AC, Age Comparison; LC, Language Comparison; ASDanx, ASD with Anxiety

R-R interval, SD of RRI

Van Hecke et al., 2009

Author Manuscript

Toichi et al., 2003

Author Manuscript
Sample

Author Manuscript

Methods

Author Manuscript

Study

Muscatello et al.
Page 24

J Autism Dev Disord. Author manuscript; available in PMC 2022 January 01.

Author Manuscript
12.68
73.24
5.61

ADOS

BMI Percentile*

CBCL Affective (Raw)**
4.12

21.17

4.62

7.81

17.43

1.05

SD

1.63

50.00

--

2.48

118.85

11.36

M

2.11

33.32

--

2.23

12.95

1.08

SD

−5.57

−3.53

--

−11.73

5.16

−0.57

t

<0.001

0.001

--

<0.001

<0.001

0.54

p

1.21

0.76

--

2.58

1.12

0.12

Cohen’s d

p<0.001

p<0.01

**

*

IQ, Intelligence Quotient; SCQ, Social Communication Questionnaire; ADOS, Autism Diagnostic Observation Schedule; BMI, Body Mass Index; CBCL, Child Behavior Checklist; ASD, Autism Spectrum
Disorder; TD, Typically Developing

17.29

IQ**

SCQ**

11.49
101.68

Age

M

TD

Author Manuscript
ASD

Author Manuscript

Demographics and Dependent Variables

Author Manuscript

Table 2.
Muscatello et al.
Page 25

J Autism Dev Disord. Author manuscript; available in PMC 2022 January 01.

Author Manuscript

Author Manuscript

Author Manuscript

--

--

--

--

--

RSA

PEP

Cortisol*RSA

RSA*PEP

Cortisol*PEP

a

--

--

--

--

--

--

0.51

0.25

p

0.06

1.29(2,38)

ΔR2

ΔF(df)

--

--

--

0.88

0.17

0.24

0.59

0.76

0.86(3,35)

0.06

0.13

a

p

Model 2

--

--

--

0.01

−1.18

−2.18

0.01

−0.67

b

Model 2

--

--

0.13

0.76

0.42

0.86

0.76

0.29

a

p

3.17(1,34)

0.07

0.45

Model 3a

--

--

−6.67

0.02

−0.71

−0.36

0.01

−0.80

b

3a
a

--

0.01*

--

0.70

0.23

0.26

0.40

0.22

p

p-value < 0.05

a
p-values based on bootstrapping with 1000 bootstrap samples

*

0.47

--

--

0.86

0.16

0.28

0.62

0.41

a

p

0.37
0.01
0.46(1,34)

0.11*
4.80(1,34)*

Model 3c

0.22

--

--

−0.01

−1.25

−2.20

0.01

−0.64

b

3c

0.49

Model 3b

--

-0.15*

--

−0.02

−0.90

−2.05

0.02

−0.83

b

3b

Model 3

RSA, Respiratory Sinus Arrhythmia; PEP, Pre-ejection Period; BMI, Body Mass Index

0.06

R2

Model 1

--

0.02

BMI

Cortisol

−0.82

b

Medications

Variable

Model 1

Regression Models Predicting Scores on Affective Subscale of CBCL in ASD

Author Manuscript

Table 3.
Muscatello et al.
Page 26

J Autism Dev Disord. Author manuscript; available in PMC 2022 January 01.

Author Manuscript

Author Manuscript

Author Manuscript

--

--

--

--

--

PEP

Cortisol*RSA

RSA*PEP

Cortisol*PEP

a

--

--

--

--

--

--

0.66

p

0.003

0.14(1,43)

ΔR2

ΔF(df)

a

--

--

2.24(3,40)

0.15

0.15

Model 2

--

--

--

0.04*

0.07*
--

0.76

0.08

0.63

p

0.12

2.11

0.004

b

Model 2

--

--

0.79

0.04*

0.83

0.09

0.66

a

p

0.06(1,39)

0.001

0.15

Model 3a

--

--

−0.45

0.07*

0.09

2.04

0.004

b

3a
a

--

0.05*

--

0.04*

0.86

0.09

0.48

p

2.41(1,39)

0.05

0.20

Model 3b

--

0.09*

--

0.08*

0.05

2.20

0.005

b

3b

Model 3

p-value < 0.05

a
p-values based on bootstrapping with 1000 bootstrap samples

*

RSA, Respiratory Sinus Arrhythmia; PEP, Pre-ejection Period; BMI, Body Mass Index

0.003

R2

Model 1

--

RSA

0.004

b

Cortisol

BMI

Variable

Model 1

0.56

--

--

0.07

0.76

0.09

0.74

a

p

0.28(1,39)

0.01

0.16

Model 3c

−0.08

--

--

0.07

0.11

2.15

0.003

b

3c

Regression Models Predicting Scores on Affective Subscale of CBCL in TD group.

Author Manuscript

Table 4.
Muscatello et al.
Page 27

J Autism Dev Disord. Author manuscript; available in PMC 2022 January 01.

