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Abstract
Background
The Autonomic Nervous System (ANS) regulates ‘automatic’ functions such as heart rate, and alterations may have significant impacts on health outcomes. Cardiovascular measures of autonomic function such as heart rate variability are of interest as biological markers in autism spectrum disorder (ASD). The interplay between the ANS and physical health establishes a need to examine cardiovascular autonomic functioning in youth with and without ASD over development. The current study aimed to identify change in autonomic function and balance across the parasympathetic and sympathetic branches over time as a function of diagnosis, age, pubertal development, and physical health status.

Methods
The study included 244 ASD (N = 140) or neurotypical (NT) (N = 104) youth, ages 10 to 13 years at enrollment and followed over four years. Resting state autonomic functioning was measured using respiratory sinus arrhythmia (RSA; parasympathetic) and pre-ejection period (PEP; sympathetic). Autonomic balance and regulation were also examined as outcomes. Linear mixed models tested between- and within-group differences in the primary autonomic outcomes as well as the influence of pubertal development, body weight, and medication use.

Results
Baseline models showed diagnostic differences, with lower parasympathetic regulation, in youth with ASD, but no differences were observed for the other three outcomes. Adding body mass index (BMI) percentile and medication use removed the statistically significant diagnostic effect, while both variables were significantly related to lower RSA and overall autonomic regulation. Parasympathetic function (RSA) was stable over age and pubertal stage, while a notable decrease in sympathetic control (increased PEP) was found for age and pubertal stage. BMI percentile at enrollment significantly predicted autonomic function, while change in BMI over time did not.

Conclusions
Minimal research to date has explored physical health (e.g., BMI) and autonomic outcomes in ASD. The current study observed few group differences yet demonstrates important effects of physical health on ANS function in both ASD and neurotypical youth. Findings further emphasize a need to focus on individual traits such as BMI and medication use to elucidate the extent to which autonomic differences are related to health status, irrespective of diagnostic category, across the lifespan.
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Background
The Autonomic Nervous System (ANS) regulates visceral organs and ‘automatic’ functions such as heart rate, respiration, or digestion. The ANS is divided into two branches – the parasympathetic (‘rest and relax’) and sympathetic (‘fight or flight’) nervous systems. The branches serve largely differential functions, with the parasympathetic (PNS) acting to conserve energy while the sympathetic (SNS) mobilizes the body to react and respond to environmental stressors. A prime example of these dynamic functions can be observed at the heart, where both the PNS and SNS project onto the sinoatrial node of the heart. The relative contributions of either branch at any given time will influence the beat-to-beat variability of the heart, thereby demonstrating the utility of measuring heart rate variability (HRV) as a marker of cardiovascular autonomic function.

Despite the differential functions of the PNS and SNS, these systems do not act independently and purely reciprocally of the other. The regulation of the ANS and its separate branches fall in a two-dimensional space of reciprocal, co-activation, and co-inhibition response profiles [9, 10]. Cardiovascular autonomic balance (CAB) can be conceptualized as the relative reciprocal balance between the PNS and SNS cardiac control. Cardiovascular autonomic regulation (CAR) represents overall cardiovascular autonomic control, taking into account not only PNS and SNS differences along a one-dimensional continuum, but also accounting for occasions of co-activation and co-inhibition of the two branches [10].
These differences in autonomic control across the whole autonomic space are critical to understanding how changes in autonomic function may influence health and disease (e.g., [10, 65, 81]). In fact, a 2010 review by Thayer and colleagues (2010) showed evidence that decreased HRV was associated with the primary risk factors for heart disease and stroke as defined by the National Heart, Lung, and Blood Institute (2022) [76]. Researchers have suggested that altered HRV may serve as an early predictor of cardiovascular diseases where the process of autonomic imbalance initiates a cascade that ultimately results in increased morbidity and mortality [101]. Indeed, reduced parasympathetic regulation and/or increased sympathetic activation have been reported in patients with history of myocardial infarction (heart attack) and chronic heart failure (e.g., [36, 49, 55, 103]). Therefore, understanding individual differences in ANS function throughout the lifespan could be important to identifying those at risk of significant negative health outcomes as cardiovascular diseases are the leading cause of death globally [112].
It is important to acknowledge that this ANS and physical health relationship is likely bidirectional, as physical health changes can also influence and contribute to future autonomic differences. A prominent example of one proxy for physical health is seen in the impact of body weight and body mass on the ANS [61, 67, 91, 100]. Body mass index (BMI) is a calculation that estimates body fat based on an individual’s height and weight to ascertain weight status (i.e., normal weight, underweight, overweight, or obese) to assess health risks. In youth, BMI percentile can be calculated to represent how a child’s measurements compare to others of the same sex and age. BMI has been correlated with reduced parasympathetic regulation as well as elevated sympathetic activation in adults (e.g., [20, 50, 67, 102]) and in children (e.g., [30, 82]). Notably, these observations are not limited to those with high BMI (overweight or obese), as similar relationships between higher BMI and lower parasympathetic activity have been shown in those with normal BMI [67]. Highlighting this close interplay between BMI and cardiovascular physiology, a study of adult obese and nonobese patients found that those who lost at least 10% of their body weight showed significant elevation in parasympathetic regulation and control as well as decreased sympathetic activation [5]. It has become increasingly clear, therefore, that cardiovascular autonomic function and physical well-being are tightly associated, with ANS function serving as a useful marker of health status and risk [61, 100].
Finally, to fully understand the influence of ANS on health, we must consider its function across the lifespan. A recent large, multi-cohort study of youth and young adults from age 6 months to 20 years was one of the first to comprehensively examine developmental trajectories of both the PNS and SNS from infancy to young adulthood [38]. The study found separate trajectories for the two branches. Specifically, parasympathetic function saw a steep increase from infancy to early childhood, followed by a plateau and then slight decline in late adolescence and early adulthood. Alternatively, the sympathetic branch was characterized by a gradual, linear decline across the developmental range [38]. Others have reported similar findings, including a steep increase in parasympathetic system activity early in development [2, 3, 108], followed by a plateau around middle childhood [24, 27, 39], and a relatively stable, linear decline in sympathetic activation throughout the childhood and adolescent years [2, 63]. Cardiovascular changes during the pubertal years are particularly noteworthy, as many hormones associated with pubertal onset and development may also influence autonomic control [21]. For example, in females, changes in HRV throughout the menstrual cycle have been reported, with a notable interaction between progesterone and HRV [89]. It is further hypothesized that changes in HRV across puberty are related to increased incidence of internalizing disorders [31] and clinical autonomic dysfunction [21], both of which show increased incidence during the adolescent developmental window (e.g., [21, 79, 109]). Thus, enhanced understanding of autonomic changes during pubertal maturation can likely provide insight into the link between cardiovascular physiology and overall health and well-being across the lifespan.
The above noted links between the ANS, physical health, and development highlight the need to study autonomic function and its dysfunction across a broad context of health and developmental factors. Especially as in some clinical populations, ANS differences may be more prevalent, with significant implications for overall health and well-being. In autism spectrum disorder (ASD), a neurodevelopment condition characterized by difficulties in social communication as well as restricted and repetitive behaviors [4], changes in autonomic functioning are frequently reported (see [8, 77]) for review). Several studies have reported reduced cardiovascular parasympathetic regulation in autistic children (e.g., [75, 78, 107]), adolescents (e.g., [25, 35, 70–72]), and adults [62, 93, 96]. Though fewer studies have investigated the sympathetic branch’s function in ASD, there is some evidence of atypical cardiovascular sympathetic activity in autistic individuals [26, 75]. The sum of these findings has led to proposals of a general state of hyperarousal in ASD [53], characterized by either reduced parasympathetic or elevated sympathetic states, which may predispose autistic individuals to a number of comorbidities associated with an unbalanced autonomic state, including but not limited to, cardiovascular disease [47, 101], poor emotional regulation [32], and internalizing disorders (e.g., [47, 51, 99]). However, it should be noted that others have reported no statistically significant differences in the ANS between those with and without ASD [54, 88, 110]. This heterogeneity becomes especially notable when accounting for other potential influencing factors, such as biological sex [14, 71], age [37, 70, 72], or medication use [97]. Further, minimal literature in ASD has addressed the balance or co-regulation of the two autonomic branches, instead focusing on one branch or the other in isolation. The few studies to date that have examined their interrelation have reported mixed results, with some reporting primarily differences in the PNS [75] while others have reported that the interaction of the two branches, rather than in isolation, is essential to understanding symptom profiles in ASD [69]. Clearly, a more in-depth analysis of autonomic functioning in both the PNS and SNS, with consideration of other influencing factors, is warranted to better understand cardiovascular autonomic balance and regulation in ASD.
In terms of physical health, autistic youth have been reported to have elevated BMI relative to neurotypical (NT) youth [12, 16, 29, 45, 64, 73, 87]. A study that examined the prevalence of obesity in adolescents using data from the 2017–2018 National Survey of Children’s Health found that the prevalence rate of obesity was significantly higher in autistic youth (25.1%) compared to NT youth (14.9%; [12]). In one study by Esteban-Figuerola and colleagues (2021), autistic youth with elevated BMI also had a higher waist circumference and waist/height ratio than NT youth. Prior research has shown that the odds of obesity increase with age in autistic youth from ages 10 to 17 [45, 73]. By adulthood, autistic individuals are likely at higher risk of a range of cardiovascular diseases [11, 22, 23, 40], further highlighting the need to understand autonomic dysfunction, and its relation to global health status, in ASD. Additionally, recent research suggests that ANS differences observed in ASD, such as reduced parasympathetic regulation, may be largely driven by elevated BMI [70, 72], raising questions as to whether diagnosis or other related individual factors might be driving reported dysregulation in ASD. Despite these findings, few studies in ASD have fully accounted for physical health status, particularly BMI, when examining diagnostic differences in ANS function, and no study, to our knowledge, has examined these effects over adolescent development.
Given the notable relationships and likely interplay between the ANS, pubertal development, and physical health, the objective of the current study was to examine resting-state cardiovascular autonomic functioning in autism in a large sample of children and adolescents, ranging in age from 10 to 13 years at enrollment and studied across four years for an age range spanning 10 to 17 years of age. The study aimed to identify change in autonomic function, as well as autonomic balance across both branches, over time as a function of diagnosis (ASD or NT), age, pubertal development, and physical health status. Specifically, the first aim was to examine the association of resting-state parasympathetic and sympathetic function with ASD diagnosis, age and pubertal development in youth with and without ASD accounting for the influence of average BMI and medication usage. We hypothesized that youth with ASD would have less parasympathetic regulation, which would remain stable and persist over development. Regarding sympathetic control, we expected the ASD group to show higher sympathetic activation. Further, we predicted that both average BMI and medication use would predict less PNS regulation and more SNS activation, regardless of diagnostic status or developmental stage. The second aim of the study sought to decompose the unique effect of BMI percentile at enrollment (Year 1) and within-participant change in BMI percentile over time on parasympathetic and sympathetic function, and autonomic balance/regulation, across the four-year study period. We expected Year 1 BMI percentile to predict lower PNS and higher SNS. Based on some literature showing changes in ANS profiles following weight loss [5], we hypothesized increase in BMI over time would be related to reduced PNS and elevated SNS activation.

Methods
Participants
Participants were enrolled at 10–13 years of age as part of a four-year longitudinal study of pubertal development in youth with and without ASD [15]. Participants were recruited from the southern United States covering a 200-mile radius that targeted medical and health-related services, clinics, research registries, regional disability organizations, schools, and social media platforms. Due to the task demands of the source study, all participants were required to have an intelligence quotient (IQ) ≥ 70 and spoken verbal fluency. The sample was not required to be medication-naïve. However, as part of the source longitudinal study’s criteria, any youth on medications that may alter endocrine function (e.g., corticosteroids, growth hormone, oral contraceptives) were excluded. Regarding medication status, in the ASD group 65.2% of were taking at least one medication compared to 17.5% in the NT group. Across the sample, medication use included stimulants, selective-serotonin reuptake inhibitors, melatonin, antihistamines, and central alpha-agonists. Those in the ASD group were required to have a clinical diagnosis of ASD, confirmed based on the Diagnostic and Statistical Manual-5 [4], and established by: (1) a diagnosis by a psychologist, psychiatrist, or behavioral pediatrician with autism expertise; (2) current clinical judgment; and (3) corroborated by the Autism Diagnostic Observation Schedule (ADOS-2; [56]), which was administered by research-reliable clinicians.
A total of 244 youth were enrolled, including 140 participants in the ASD group (36 females and 104 males) and 104 participants in the NT group (46 females and 58 males). In Y2 there were 183 participants, in Y3 there were 169 participants, and in Y4 there were 160 participants. The overall attrition rate was 33%, which was comparable to other longitudinal studies after the initial enrollment [74]. As demonstrated in previous reports on the study sample [17, 18], there was more attrition in the ASD group, often occurring after the Year 1 eligibility visit and diagnostic confirmation. Furthermore, the study team previously reported no difference in retained versus non-retained participants on key demographic variables (see [17]), and therefore, data were treated as missing at random. Years 2 and 3 study visits were impacted by the COVID-19 pandemic, when participants were unable to come in person due to stay-at-home restrictions. This resulted in missing data for primary autonomic outcomes for N = 43 youth at Y2 and N = 59 at Y3. Means and standard deviations of demographic and descriptive variables for the sample are provided in Table 1.
Table 1Descriptive and Demographic Statistics Stratified by Diagnosis


	 	NT
	ASD
	p-value

	(N = 104)
	(N = 140)
	 
	Age (Year 1)
	11.71 (1.21)
	11.43 (1.03)
	0.0581

	Age (Year 2)
	12.86 (1.22)
	12.63 (1.07)
	0.1681

	Age (Year 3)
	13.87 (1.21)
	13.59 (1.04)
	0.1151

	Age (Year 4)
	14.74 (1.14)
	14.59 (1.04)
	0.3751

	Sex
	 	 	0.0022

	 Male
	0.56 58/104
	0.74 104/140
	 
	 Female
	0.44 46/104
	0.26 36/140
	 
	Ethnicity
	 	 	0.3412

	 Not Hispanic
	0.95 99/104
	0.92 129/140
	 
	 Hispanic
	0.05 5/104
	0.08 11/140
	 
	Race
	 	 	0.0072

	 Caucasian
	0.86 89/104
	0.81 114/140
	 
	 African American
	0.02 2/104
	0.12 17/140
	 
	 American Indian
	0.00 0/104
	0.00 0/140
	 
	 Asian/Pacific Islander
	0.00 0/104
	0.01 1/140
	 
	 Biracial
	0.12 13/104
	0.06 8/140
	 
	 Full-Scale IQ
	117.22 (13.66)
	101.33 (20.79)
	 < 0.001

	 ADOS-2 Comparison Score
	7.21 (1.92)
	–
	–

	 SCQ-Lifetime (Year 1)
	2.69 (2.49)
	17.53 (8.35)
	 < 0.001

	 Psychotropic Medication (Year 1)
	0.11 12/104
	0.49 69/140
	 < 0.0012

	 BMI (Percentile, Year 1)
	55.67 (31.23)
	65.22 (31.16)
	0.0201

	 Genital/Breast Development (Year 1)
	1.97 (0.964)
	2.05 (1.11)
	0.5591

	 Height (Year 1)
	59.80 (3.92)
	59.36 (4.18)
	0.4151

	 Weight (Year 1)
	102.70 (34.61)
	108.52 (41.06)
	0.2531

	 Systolic BP (Year 1)
	109.79 (11.96)
	109.50 (10.81)
	0.8561

	 Diastolic BP (Year 1)
	63.44 (8.56)
	64.24 (8.29)
	0.5081

	 Heart Rate (Year 1)
	75.33 (16.23)
	76.02 (16.65)
	0.7751

	 RSA (Year 1)
	6.45 (0.80)
	6.24 (0.99)
	0.0941

	 PEP (Year 1)
	95.21 (10.20)
	94.25 (10.86)
	0.5431


1Independent Sample T-Test, 2Pearson Chi-Square; Units: Height, In.; Weight, lb.; RSA, ln msec2; PEP, msec
Mean (Standard Deviation)
BMI Body Mass Index, BP Blood Pressure, RSA Respiratory Sinus Arrhythmia, PEP Pre-ejection Period




Procedures
All study procedures were approved by the Vanderbilt Institutional Review Board and were carried out in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki). Parents/guardians and youth participants provided written consent and written and verbal assent, respectively. Each year required one visit to the laboratory for completion of procedures.
Autism Diagnostic Observation Schedule-Second Edition (ADOS-2; [56]) is a semi-structured interactive play and interview-based instrument used to support the diagnosis of ASD in conjunction with clinical judgement by a clinical psychologist, pediatrician, or psychiatrist with autism expertise. The ADOS-2 Module 3 was administered by research-reliable personnel. ADOS-2 Module 3 has good item reliability across items (88.2%), and good test–retest and interrater reliability (0.87). Furthermore, the ADOS-2 has good structural validity and demonstrates high sensitivity (91%) and specificity (84%).
Social Communication Questionnaire (SCQ; [85]) is a screening tool to ascertain symptoms of ASD. The current study utilized the Lifetime version, which examines a child’s entire developmental history. The SCQ was administered to ASD and NT children, and a score of 15 or higher is suggestive of ASD. For the NT children, a score > 10 was exclusionary, but the threshold was not met by any participants. The SCQ has demonstrated good diagnostic sensitivity (0.71–0.78) and specificity (0.57 – 0.71) [19].
Wechsler Abbreviated Scale of Intelligence, Second Edition (WASI-II, [111]) is a psychological measure of cognitive ability used to obtain an estimate of the participant’s intellectual functioning (IQ ≥ 70 required to participate in the study). Internal consistency in children is good to excellent (0.87 – 0.91) and concurrent validity with original, full-length Wechsler tests is acceptable to excellent (0.71 – 0.92) [111], which included ASD individuals [66].
Physical examination
Pubertal development was measured using physical exam based on Tanner stages at each annual visit according to standardized procedures [59, 60]. The exam obtained two measures with 5 stages from 1 (not begun) to 5 (fully developed) for Male External Genitalia (G1-G5 for males) and Female Breast (B1-B5 for females) (GB stage) and Pubic Hair (P1-P5 for both sexes) (PH stage). Visual inspection and categorization of pubertal and genital stage was completed without palpation of breasts or measurement of testes to be consistent with the original Tanner staging and maximize participation. Exams were conducted by trained, licensed male and female study physicians. At the beginning of each exam, the physicians spent roughly 5-min with the participant to establish rapport, explain the rationale for the exam and address any concerns. Subsequently, height and weight were obtained 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 lb. Children were weighed and measured in light clothing.

Body Mass Index (BMI)
BMI-for-age percentile was used to measure size and growth patterns as a proxy for the percentage of body fat. BMI has been shown to be a predictor of cardiovascular risk. BMI was calculated using the standard formula (lb/in2) × 703 for use with the Centers for Disease Control (CDC) growth charts for children and adolescents (2 through 19 years; https://​www.​cdc.​gov/​healthyweight/​bmi/​calculator.​html). Percentiles and z-scores were calculated according to CDC growth charts based on sex and age. For the current study, BMI was considered as a proxy of physical health.


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), with synchronized measurement of electrocardiography (ECG), impedance cardiography, and respiration. Throughout the tasks, a highly trained research helper, who was either a full-time lab staff member or trained undergraduate research assistant, stayed with the participant to ensure comfort and adherence to protocols. Data collection began following a 35-min acclimation period to the lab environment and included a five-minute collection period in which participants were instructed to sit quietly without engaging in any other tasks. During the acclimation period, procedures for the study were reviewed with the participant, including placement of the electrodes. After reviewing the instructions and ensuring the child did not have any questions, the ECG electrodes were placed in a seven-electrode configuration for simultaneous measurement of ECG, impedance, and respiration. After, the 35-min acclimation period began in which participants were able to converse with the research helper or choose an activity from a collection of toys and games (e.g., coloring, activity book, cards, or board games), which were consistently provided to all participants. As described, the collection period consisted of a five-minute, sitting baseline, in which participants were instructed to sit quietly and were not allowed to engage in other tasks. The research helper was present during the collection to monitor participants. If the child wanted to engage or move around, the helper provided a scripted prompt to remind the child that “now, we are sitting quietly without talking.” Given the brevity of the task (five minutes), participants were consistently able to sit still and quietly for the duration of the baseline collection. Parasympathetic regulation was indexed using respiratory sinus arrhythmia (RSA), which is calculated as the 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 [95] using the Heart Rate Variability Software Suite provided by MindWare Technologies (MindWare Technologies LTD, Gahanna, OH). Data was collected at 500 Hz sampling rate with respiration falling within the high frequency band (0.15 to 0.42 Hz) in one-minute epochs. Sympathetic control was measured as pre-ejection period (PEP), the interval from electrical stimulation to mechanical opening of the aorta 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 [90]. Higher PEP indicates a longer time from depolarization to valve opening, and therefore, less sympathetic control. PEP was ensemble-averaged for each one-minute epoch and B-point calculated at 55% of the R-Z interval (time to dZ/dt peak) [57] in the Impedance Cardiography Software Suite (MindWare Technologies LTD, Gahanna, OH). The software suites include automatic R-peak detection algorithms, which automatically detect and label R-peaks based on waveform slope, peak sharpness, and amplitude of the peak relative to the rest of the waveform [68]. Both the QRS complex and dZ/dt signal were confirmed by visual inspection by the lead author (RAM) or trained research assistants to identify incorrectly labeled R-peaks due to motion or arrhythmia. Research assistants had to reach an inter-rater reliability of kappa = 0.80 before working with experimental data, and any instances of disagreement between the lead author and assistant were discussed and a consensus decision reached. If greater than 5% of the total peaks in a one-minute epoch required manual correction, that minute was excluded from analyses. For RSA, a total 2.8% of data were excluded due to excessive motion artifact, arrhythmia, or equipment error. For impedance cardiography and PEP, which is more sensitive to motion artifact, a total 7.8% of data were excluded.
CAB and CAR were calculated using procedures first described in [10]. In short, RSA and PEP values were normalized as z-scores (zRSA and zPEP), and because lower PEP scores indicate more sympathetic control, these values were multiplied by −1 to create a positive association (-zPEP). CAB, the difference between parasympathetic and sympathetic control, was calculated as zRSA – (-zPEP), with higher values indicating more parasympathetic dominance. CAR, an overall sum of autonomic control, was calculated as zRSA + (-zPEP), where higher scores indicate more overall autonomic regulation [10].

Statistical analysis
Hypotheses were tested within linear mixed effects models with a random intercept for participant to account for correlation within participants using Satterthwaite degrees of freedom. The first aim sought to examine the association of each of the four primary outcomes, RSA, PEP, CAB, and CAR, with development (age or GB stage) and diagnosis using four linear mixed models, controlling for sex. To investigate the impact of controlling for BMI and medication usage on the development and diagnosis associations, we fit all models with BMI percentile and psychotropic medication use, then subsequently fit models to control for known differences in these variables between diagnostic groups. The second aim of the study examined the extent to which BMI percentile at enrollment (Year 1) and the within-participant change in BMI percentile over time influenced an individual’s change in autonomic function across the four-year study period. These models built on those from the first aim and included main effects for diagnosis, biological sex, age (or GB stage), BMI percentile at enrollment (Y1 BMI), ΔBMI, year, and psychotropic medication use. Effect sizes for longitudinal mixed models were calculated as Cohen’s f2, with 0.02, 0.15, and 0.35 representing small, medium, and large effects, respectively. Effect sizes for model estimates (t-tests) were calculated as Cohen’s d (0.2 = small effect, 0.5 = medium effect, 0.8 = large effect) (Supplement of [46, 106]). All analyses were performed using IBM SPSS Statistics 29 [41].


Results
Aim 1: Effects of age and pubertal development
Baseline models
First, diagnostic effects were examined using baseline models with diagnosis, biological sex, and age (or GB stage). ASD diagnosis was significantly associated with lower RSA (less parasympathetic regulation; Table 2). Diagnosis was not statistically significant for PEP, CAR, or CAB (Table 2).
Table 2Type III Sum of Squares ANOVA Table for Age, Diagnosis, and Sex on Autonomic Outcomes


	 	F
	df
	p-value
	f2

	Respiratory Sinus Arrhythmia (RSA)

	 Diagnosis
	5.848
	1
	0.016
	0.023

	 Sex
	0.411
	1
	0.522
	0.000

	 Age
	0.090
	1
	0.764
	0.000

	Pre-ejection Period (PEP)

	 Diagnosis
	0.068
	1
	0.794
	0.000

	 Sex
	0.702
	1
	0.403
	0.000

	 Age
	204.831
	1
	 < 0.001
	0.966

	Cardiac Autonomic Balance (CAB)

	 Diagnosis
	2.422
	1
	0.121
	0.007

	 Sex
	0.253
	1
	0.616
	0.000

	 Age
	2.347
	1
	0.126
	0.006

	Cardiac Autonomic Regulation (CAR)

	 Diagnosis
	1.951
	1
	0.164
	0.004

	 Sex
	1.076
	1
	0.301
	0.000

	 Age
	2.922
	1
	0.088
	0.009


Bold indicates significance at p < 0.05




RSA
Medication use and BMI percentile were added to the baseline model to control for potential differences in these variables between groups. After adding these variables, the main effect for diagnosis was not statistically significant (F(1, 234.344) = 0.245, p = 0.621, f2 = 0.00). Medication use was significantly associated with lower RSA values (F(1, 511.417) = 12.540, p < 0.001, f2 = 0.055), indicating less parasympathetic regulation with use of psychotropic medication (Table 3). Similarly, higher BMI was significantly associated with lower RSA (p < 0.001; Table 3). The main effect for age was not statistically significant (F(1, 551.288) = 0.090, p = 0.765, f2 = 0.00), suggesting that RSA levels were stable over adolescence (Fig. 1). In models with GB stage rather than age, results were similar, and as with age, RSA did not significantly differ over pubertal development stage (p = 0.119; Additional File 1, Tables S1 and S2).
Table 3Aim 1: Model Estimates for Age, Diagnosis, Sex, BMI Percentile, and Medication on Autonomic Outcomes


	Parameter
	Estimate
	rdf
	95% CI
	t
	p-value
	d

	RSA

	 Intercept
	6.757
	566
	6.155, 7.358
	22.069
	 < 0.001
	3.046

	 Diagnosis: ASD
	−0.057
	234.344
	−0.282, 0.169
	−0.495
	0.621
	−0.068

	 Sex: Female
	−0.071
	214.275
	−0.293, 0.150
	−0.635
	0.526
	−0.088

	 Medication Use: Yes
	−0.339
	511.417
	−0.527, −0.151
	−3.541
	 < 0.001
	−0.489

	 Age
	0.007
	551.288
	−0.037, 0.050
	0.3
	0.765
	0.041

	 BMI Percentile
	−0.005
	368.836
	−0.008, −0.002
	−3.386
	 < 0.001
	−0.467

	 σ2Error
	0.507
	 	 	 	 	 
	 σ2Participant
	0.350
	 	 	 	 	 
	PEP

	 Intercept
	58.499
	498.302
	52.352, 64.647
	18.696
	 < 0.001
	2.580

	 Diagnosis: ASD
	0.55
	219.240
	−2.288, 3.388
	0.382
	0.703
	0.053

	 Sex: Female
	0.569
	195.277
	−2.257, 3.394
	0.397
	0.692
	0.055

	 Medication Use: Yes
	−0.158
	511.897
	−2.165, 1.849
	−0.154
	0.877
	−0.021

	 Age
	3.091
	430.411
	2.662, 3.519
	14.181
	 < 0.001
	1.957

	 BMI Percentile
	0.011
	423.644
	−0.024, 0.045
	0.609
	0.543
	0.084

	 σ2Error
	38.131
	 	 	 	 	 
	 σ2Participant
	69.705
	 	 	 	 	 
	CAB

	 Intercept
	−0.427
	510
	−1.340, 0.485
	−0.919
	0.358
	−0.127

	 Diagnosis: ASD
	−0.039
	230.820
	−0.416, 0.337
	−0.206
	0.837
	−0.028

	 Sex: Female
	0.039
	206.248
	−0.332, 0.410
	0.207
	0.837
	0.029

	 Medication Use: Yes
	−0.346
	510
	−0.639, −0.053
	−2.318
	0.021
	−0.320

	 Age
	0.066
	467.840
	0.001, 0.131
	2.01
	0.045
	0.277

	 BMI Percentile
	−0.004
	381.706
	−0.009, 0.00
	−1.801
	0.073
	−0.249

	 σ2Error
	0.934
	 	 	 	 	 
	 σ2Participant
	1.080
	 	 	 	 	 
	CAR

	 Intercept
	1.093
	500.742
	0.266, 1.919
	2.598
	0.01
	0.359

	 Diagnosis: ASD
	−0.021
	216.858
	−0.367, 0.326
	−0.118
	0.906
	−0.016

	 Sex: Female
	−0.115
	193.288
	−0.457, 0.227
	−0.661
	0.509
	−0.091

	 Medication Use: Yes
	−0.365
	500.164
	−0.631, −0.099
	−2.691
	0.007
	−0.371

	 Age
	−0.042
	454.839
	−0.101, 0.017
	−1.406
	0.16
	−0.194

	 BMI Percentile
	−0.006
	371.400
	−0.010, −0.002
	−2.635
	0.009
	−0.364

	 σ2Error
	0.753
	 	 	 	 	 
	 σ2Participant
	0.934
	 	 	 	 	 

Bold indicates significance at p < 0.05. rdf = residual degrees of freedom; CI = Confidence Interval; d = Cohen’s d; σ2Error = Error Variance; σ2Participant = Random Effects Variance


[image: ]
Fig. 1Predicted RSA by Age in ASD and NT Youth. Scatterplot of predicted RSA values over the age trajectory, stratified by diagnosis and controlling for linear model fixed and random effects



PEP
Similarly to RSA, there was no statistically significant effect of diagnosis (F(1, 219.240) = 0.146, p = 0.703, f2 = 0.00). However, PEP increased with age (p < 0.001), suggesting that basal sympathetic control decreases as youth age, regardless of diagnostic status (Table 3; Fig. 2). Neither BMI percentile (F(1, 423.644) = 0.371, p = 0.543, f2 = 0.00) nor medication use (F(1, 511.897) = 0.024, p = 0.877, f2 = 0.00) were significantly associated with PEP. Regarding GB stage, model results mirrored findings from those with age, with pubertal maturation significantly associated with increased PEP (reduced sympathetic control; p < 0.001; Additional File 1, Table S1 and S2).[image: ]
Fig. 2Predicted PEP by Age in ASD and NT Youth. Scatterplot of predicted PEP values over the age trajectory, stratified by diagnosis and controlling for linear model fixed and random effects




Cardiac autonomic balance and reactivity
For CAB, both age (F(1,467.840) = 4.041, p = 0.045, f2 = 0.014) and GB stage (F(1, 485.022) = 6.927, p = 0.009, f2 = 0.028) were statistically significant. However, there was no statistically significant effect for diagnosis in CAB (F(1,230.820) = 0.042, p = 0.837, f2 = 0.000) or CAR (F(1,216.858) = 0.014, p = 0.906, f2 = 0.000). In both cases, increasing age (Fig. 3; Table 3) or physical development (Additional File 1, Table S2) was associated with an increase in CAB, which suggests a transition to greater parasympathetic control (relative to sympathetic) over development. In contrast, for CAR or total autonomic reactivity neither main effects for age (F(1, 454.839) = 1.978, p = 0.160, f2 = 0.005; Fig. 4) nor for GB stage (F(1, 480.580) = 0.720, p = 0.397, f2 = 0.00) were statistically significant.[image: ]
Fig. 3Predicted CAB by Age in ASD and NT Youth. Scatterplot of predicted CAB values over the age trajectory, stratified by diagnosis and controlling for linear model fixed and random effects

[image: ]
Fig. 4Predicted CAR by Age in ASD and NT Youth. Scatterplot of predicted CAR values over the age trajectory, stratified by diagnosis and controlling for linear model fixed and random effects




Aim 2: Effects of baseline BMI and BMI change
RSA
Models separately fitting baseline BMI and change from baseline were used to investigate between- and within-participant associations of BMI with autonomic functioning. Results for non-BMI variables, including diagnosis and age/pubertal stage were consistent with Aim 1 (see Table 4, Table S3, and S4). Y1 BMI was a statistically significant predictor of RSA (F(1, 218.885) = 11.056, p = 0.001, f2 = 0.047). Thus, individuals with higher BMI at Y1 had lower RSA values on average (Table 4). The effect for ΔBMI was not statistically significant (F(1, 552.010) = 2.12, p = 0.146, f2 = 0.005). Results were similar when controlling for GB stage rather than age, although advancing GB stage was significantly associated with a slight increase in RSA (p = 0.010; Additional File 1, Tables S3 and S4).
Table 4Aim 2: Model Estimates for Age, Diagnosis, Sex, Medication, BMI at Y1, and Change in BMI on Autonomic Outcomes


	Parameter
	Estimate
	rdf
	95% CI
	t
	p-value
	d

	RSA

	 Intercept
	6.371
	227.780
	5.368, 7.374
	12.514
	 < 0.001
	1.727

	 Diagnosis: ASD
	−0.048
	231.515
	−0.274, 0.179
	−0.416
	0.678
	−0.057

	 Sex: Female
	−0.074
	214.955
	−0.297, 0.149
	−0.654
	0.514
	−0.090

	 Medication Use: Yes
	−0.334
	516.189
	−0.523, −0.145
	−3.476
	 < 0.001
	−0.480

	 Time
	−0.058
	323.718
	−0.168, 0.053
	−1.029
	0.304
	−0.142

	 Age
	0.049
	221.661
	−0.043, 0.140
	1.042
	0.298
	0.144

	 Y1 BMI Percentile
	−0.006
	218.885
	−0.009, −0.002
	−3.325
	0.001
	−0.459

	 BMI Change
	−0.004
	552.010
	−0.009, 0.001
	−1.456
	0.146
	−0.201

	 σ2Error
	0.506
	 	 	 	 	 
	 σ2Participant
	0.354
	 	 	 	 	 
	PEP

	 Intercept
	70.603
	209.661
	58.163, 83.044
	11.188
	 < 0.001
	1.544

	 Diagnosis: ASD
	0.203
	212.170
	−2.619, 30.25
	0.142
	0.887
	0.020

	 Sex: Female
	0.623
	193.728
	−2.172, 3.417
	0.439
	0.661
	0.061

	 Medication Use: Yes
	−0.267
	509.991
	−2.271, 1.737
	−0.262
	0.794
	−0.036

	 Time
	1.52
	263.965
	0.208, 2.832
	2.281
	0.023
	0.315

	 Age
	1.86
	207.229
	0.717, 3.003
	3.207
	0.002
	0.443

	 Y1 BMI Percentile
	0.019
	196.264
	−0.023, 0.062
	0.906
	0.366
	0.125

	 BMI Change
	−0.003
	419.181
	−0.054, 0.048
	−0.116
	0.908
	−0.016

	 σ2Error
	38.335
	 	 	 	 	 
	 σ2Participant
	67.341
	 	 	 	 	 
	CAB

	 Intercept
	−1.576
	219.689
	−3.235, 0.083
	−1.872
	0.063
	−0.258

	 Diagnosis: ASD
	−0.02
	226.471
	−0.397, 0.357
	−0.103
	0.918
	−0.014

	 Sex: Female
	0.026
	206.319
	−0.344, 0.397
	0.14
	0.888
	0.019

	 Medication Use: Yes
	−0.333
	508
	−0.626, −0.039
	−2.227
	0.026
	−0.307

	 Time
	−0.147
	293.334
	−0.326, 0.032
	−1.617
	0.107
	−0.223

	 Age
	0.18
	215.275
	0.027, 0.332
	2.325
	0.021
	0.321

	 Y1 BMI Percentile
	−0.004
	209.444
	−0.010, 0.001
	−1.488
	0.138
	−0.205

	 BMI Change
	−0.005
	459.063
	−0.013, 0.003
	−1.243
	0.215
	−0.172

	 σ2Error
	0.936
	 	 	 	 	 
	 σ2Participant
	1.069
	 	 	 	 	 
	CAR

	 Intercept
	1.989
	203.626
	0.464, 3.514
	2.572
	0.011
	0.355

	 Diagnosis: ASD
	−0.018
	209.618
	−0.365, 0.328
	−0.103
	0.918
	−0.014

	 Sex: Female
	−0.094
	190.720
	−0.435, 0.247
	−0.543
	0.588
	−0.075

	 Medication Use: Yes
	−0.374
	497.238
	−0.641, −0.108
	−2.762
	0.006
	−0.381

	 Time
	0.099
	270.722
	−0.013, −0.003
	1.196
	0.233
	0.165

	 Age
	−0.12
	199.751
	−0.260, 0.20
	−1.691
	0.092
	−0.233

	 Y1 BMI Percentile
	−0.008
	193.561
	−0.013, −0.003
	−3.079
	0.002
	−0.425

	 BMI Change
	−0.002
	443.460
	−0.009, 0.005
	−0.505
	0.614
	−0.070

	 σ2Error
	0.753
	 	 	 	 	 
	 σ2Participant
	0.921
	 	 	 	 	 

Bold indicates significance at p < 0.05. rdf = residual degrees of freedom; CI = Confidence Interval; d = Cohen’s d; σ2Error = Error Variance; σ2Participant = Random Effects Variance





PEP
There was evidence of a statistically significant increase in PEP (decrease in sympathetic control) over the four-year period (F(1, 263.965) = 5.202, p = 0.023, f2 = 0.020). However, main effects of Y1 BMI (F(1, 196.264) = 0.821, p = 0.366, f2 = 0.00) and ΔBMI (F(1, 419.181) = 0.014, p = 0.908, f2 = 0.00) were not statistically significant. When controlling for GB Stage instead of age, statistically significant model results did not differ (see Additional File 1, Tables S3 and S4).
Cardiac autonomic balance and reactivity
In models with CAB as the outcome, neither Y1 BMI (F(1, 209.444) = 2.215, p = 0.138, f2 = 0.006) nor ΔBMI (F(1, 459.063) = 1.545, p = 0.215, f2 = 0.003) were statistically significant. For CAR, larger Y1 BMI percentile was associated with lower CAR in models with age (p = 0.002; Table 4) or GB stage (p = 0.004; Additional File 1, Table S4).


Discussion
The role of the ANS in ASD continues to be of great interest to researchers in the field. With a theorized link between autonomic function, particularly within the parasympathetic system, and social behavior (e.g., [80]), a growing number of studies have explored whether markers of the ANS, such as heart rate variability, may also serve as a diagnostic marker for ASD. Indeed, many studies report differences in the ANS in ASD (see [8, 14, 28] for review),however, the extent to which these differences are unique to ASD remains under investigated. Furthermore, little is known about the trajectory of ANS function (or dysfunction) over time in this population, including during the adolescent period, a time of considerable physical, psychological, and physiological change. The current study is one of the first to our knowledge to explicitly examine the longitudinal progression of heart rate markers of parasympathetic and sympathetic function in school-age and adolescent youth with and without ASD. It was predicted that youth with ASD would have less PNS regulation and more SNS activation over development, which would be significantly related to medication usage, BMI, and change in BMI over time. Study of this large, well-characterized sample found that while there were diagnostic differences in the PNS in ASD when other confounds were not considered, these differences may more likely be the result of co-occurring symptoms in ASD, rather than specific to an ASD diagnosis itself.
The first aim was to examine ANS function without accounting for BMI and medication usage. In these baseline models, we found the expected diagnostic effect where individuals with ASD demonstrated lower RSA. However, groups did not differ in the sympathetic branch (PEP), nor did they differ in terms of balance (CAB) or reactivity (CAR). These findings are largely consistent with the extant literature, with several previous studies reporting lower basal RSA in youth with ASD [25, 35, 62, 70–72, 75, 78, 93, 96, 107]. Although fewer studies have investigated basal sympathetic function or autonomic balance, most that have done so have not identified statistically significant diagnostic effects at rest [26, 69, 88].
Additionally, despite the growing interest in studying the ANS in ASD, very little research has investigated these measures longitudinally. However, it is important to identify whether there are diagnostic differences in autonomic function during key developmental windows, such as adolescence and puberty. It is not clear whether differences in autonomic function worsen, remain stable, or improve as autistic individuals age. Further, the ANS has been linked to many physical (e.g., [101]) and mental health (e.g., [7, 51]) conditions, some of which are first diagnosed or increase in prevalence during adolescence (e.g., [21, 79]). The rates of these conditions are even higher in ASD [22, 34, 92, 104]. Therefore, understanding the relationship between ASD and the ANS during pubertal development will likely expand insight into how autonomic health may be associated with, predict, or even worsen co-occurring conditions often observed in ASD during developmental progression. While it was hypothesized that the ASD youth would show a different developmental trajectory over age and pubertal development, this was not supported. Instead, both groups demonstrated relatively stable RSA over the adolescent window and across developmental stages, which is consistent with literature in non-autistic populations [24, 27, 39]. Meanwhile, both groups showed an increase in PEP over age and puberty, which marked a decrease in sympathetic control over time, again consistent with research in non-autistic youth [2, 38, 63]. Finally, autonomic balance (CAB) increased over time, while overall regulation (CAR) remained stable. In considering these findings together, it is apparent that as youth in both diagnostic groups age and develop, a more parasympathetic-dominant profile emerges. These findings are encouraging, particularly in autistic youth, as this shift towards parasympathetic dominance and less sympathetic control is considered highly adaptive and a key marker of overall health and well-being [100, 101], including for both improved cardiovascular health [101] and psychological well-being and emotion regulation [32, 98].
Several studies have highlighted relationships between individual characteristics and the ANS. For example, there is evidence that traits such as emotion regulation [6], attention [33], executive function [58], biological sex [38, 52], and internalizing characteristics (e.g., [13, 51]) are all influenced by or influence autonomic physiology. This diverse array of individual traits emphasizes the limitations of studying the ANS under a categorical lens, leading many to advocate for a more dimensional, trait-based approach [7]. Similarly, results from the current study found that inclusion of two notable health variables – psychotropic medication use and BMI percentile – resulted in a lack of significance for the observed diagnostic effect in the baseline models. The finding that inclusion of confounding variables known to independently influence ANS function negates any observed diagnostic effects mirrors previous findings by our group, where we reported that youth with ASD vs NT did not differ in RSA during a stressor after inclusion of BMI percentile [70, 72] and provides additional evidence to the value of a dimensional approach.
Regarding medication use, a recent study reported that approximately half of all autistic children on Medicaid were prescribed at least one psychotropic in a given year [83] while a review of studies published from 1976 to 2012 identified prevalence ranges of anywhere from 2.7% to 80% [44]. Further, reviews of the extant literature have found that these psychotropic medications can influence autonomic function (e.g., [47, 48]). For example, antidepressants, and particularly tricyclic antidepressants (e.g., [105]), have been shown to reduce HRV through anticholinergic properties [43], though the impact of selective serotonin reuptake inhibitors (SSRIs) on HRV is less clear and may be more benign (e.g., [48, 86]). Similarly, a meta-analytic review of stimulant and non-stimulant medications in individuals with attention-deficit/hyperactivity disorder showed significant reduction in HRV with medication usage [42]. Findings from the current study were similar, with medication usage being associated with significantly less parasympathetic regulation and reduced overall cardiac autonomic regulation. However, we did not find a statistically significant effect for medications specifically for the SNS or CAB. One reason for this discrepancy may be that medications that are known to affect sympathetic function direction through beta-adrenergic blockade (e.g., propranolol, atenolol) [94] are not as commonly prescribed in ASD, with no participants on a beta-blocker in this study. Additionally, participants were on a broad range of psychotropics, and many were on more than one (see Additional File 2). The mechanisms of action for typical stimulants (e.g., methylphenidate) versus serotonin reuptake inhibitors (e.g., fluoxetine) versus alpha-agonists (e.g., guanfacine) all differ, and as a result, influence cardiovascular function differently and in some cases, in opposite directions. Clearly, a more in-depth, detailed examination of types and combinations of medications used will be necessary to more completely elucidate the extent to which pharmacological mechanisms may explain differences in autonomic function in ASD.
As with medication use, BMI percentile was highly correlated with reduced parasympathetic regulation and less overall autonomic regulation. Prior research has shown that autistic youth often evidence elevated BMI compared to NT youth [12, 16, 29, 45, 64, 73, 87]. Similarly, a significantly higher prevalence of obesity in autistic compared to NT adolescents has been found [12] with significant increases between 10 to 17 years [45, 73] which parallels the age range of the current study.
Interestingly, in Aim 2, when separating BMI percentile into two variables – BMI percentile at enrollment and change in BMI across the four-year study period – only BMI at enrollment was statistically significant. This is in contrast with clinical studies in adult populations that reported immediate, notable changes in HRV following change in weight (e.g., weight loss) [5]. It will be necessary to further examine this relationship in future research, especially considering the associations between BMI, HRV, and overall heart health. In depth, large scale longitudinal studies across a broad age range will be informative in identifying the extent to which body weight and body mass directly contribute to changes in autonomic health, as well as the potential to reverse such changes with lifestyle modifications.
However, it is valid to note that BMI is not a perfect index of physical health or even body fat [84]. Recently, other measures that may be more accurate in clearly defining an individual’s amount of body fat (e.g., waist-circumference-to-height ratio), have gained more influence within the medical community as an improved alternative to BMI [1]. In has been shown that autistic youth with elevated BMI also had a higher waist circumference and waist/height ratio than NT youth [29]. Nevertheless, previous reports of elevated BMI in autistic individuals both by the study team [16] and others [12, 29, 45, 64, 73, 87] emphasize the need to better understand how changes in weight or overall health status might be driving some of the reported differences in autonomic function in this population. At a minimum, findings highlight the need to control for these confounding variables in studies seeking to identify whether the ANS or HRV metrics can be used as biological markers of ASD or autistic traits.

Limitations and future directions
The current study has several notable strengths. First, the study examined a relatively large sample of youth with and without ASD that were well-characterized clinically as part of the source longitudinal study [15]. The examination of both branches of the ANS – parasympathetic and sympathetic – was a strength, as little research in ASD has examined them simultaneously, nor have studies looked at these measures longitudinally across several years in an autistic population. Despite these strengths, there are several key limitations to mention. Firstly, the later years of the study were conducted during the COVID-19 pandemic, and therefore, there was missing autonomic data for some participants, primarily in Y2 and Y3, due to having to implement virtual study visits. Due to the cognitive demands of the parent study [15], participants were required to have an IQ of at least 70, limiting the generalizability of the findings to the broader autism spectrum. The sample was primarily White, and future research should focus on including a more cognitively, racially, and ethnically diverse sample. Additionally, autistic females were underrepresented in the sample, likely hindering our ability to detect possible sex-based differences. Efforts are currently underway to recruit and follow a large sample of autistic and neurotypical females to allow for the necessary elucidation of sex-based association with HRV, physical development, and psychological well-being. The study was limited in its use of physical indicators of health, relying primarily upon medication usage and BMI percentile. As acknowledged, BMI is an imperfect measure and not a complete proxy of physical health, and future research will need to more completely examine not only body composition, but other potentially important variables such as activity level or blood-based markers of physical well-being (e.g., cholesterol). The study was limited to examining a five-minute baseline resting period, which provides merely a snapshot of an individual’s overall autonomic function. There is great need in the field to study and examine ANS function over an extended period of time, such as 24-h measures of cardiovascular variability. We did not quantify clinical comorbidities beyond ASD, nor were other co-occurring characteristics, such as sensory sensitivities, language, emotional regulation, or adaptive behaviors included in analyses. Moving forward, efforts should be made to look at physical and psychological characteristics in relation to ANS function, especially in considering the potential psychological impact of differences in PNS and SNS balance (e.g., [98]). Finally, the study examined medication usage using a broad psychotropic medication category. Future studies in larger samples will allow for sufficient power to assess more specific medication classes (e.g., stimulants, SSRIs, etc.) in relation to ANS control.

Conclusions
While considerable research has been conducted examining the core symptoms and mental health consequences of an ASD diagnosis, less investment has been spent on elucidating the physical health outcomes in ASD. The current study demonstrates the importance of examining this under-researched area, informing our understanding of the relationship between physical and autonomic health in ASD. The findings in Aim 1, with a lack of statistically significant diagnostic effect when accounting for BMI and medication use, suggest future research may benefit from a shift in diagnostic-based comparisons to a trait-based approach. This study is not the first to recommend a focus on traits rather than diagnostic category. Beauchaine and Thayer [7] proposed HRV as a transdiagnostic marker of psychopathology and advocated for a dimensional approach focused on characteristics rather diagnosis. In the current study, very few group differences were observed at the diagnostic level, especially when including important confounding variables. Instead, future research may be more fruitful with a focus on differences at an individual level and an aim towards examining the extent to which autonomic dysfunction or differences are related to specific, unique clinical phenotypes. Specifically, we aim to examine an individual’s expression of characteristics often implicated in or co-occurring in ASD, such as social difficulties, internalizing symptoms, or medication usage as the focal point of comparison, rather than a categorical grouping based upon diagnosis. An enhanced understanding of the ANS in ASD has the potential to offer insights into both mental and physical health status, with critical implications for identifying characteristics that may influence overall well-being throughout the lifespan.
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