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Abstract

Purpose—Autonomic dysfunction has been reported in autism spectrum disorder (ASD). Less is 

known about autonomic function during sleep in ASD. The objective of this study is to provide 

insight into the autonomic cardiovascular control during different sleep stages in ASD. We 

hypothesized that patients with ASD have lower vagal and higher sympathetic modulation with 

elevated heart rate (HR), as compared to typical developing children (TD).

Methods—We studied 21 children with ASD and 23 TD children during overnight 

polysomnography. Heart rate and spectral parameters were calculated for each vigilance stage 

during sleep. Data from the first four sleep cycles were used to avoid possible effects of different 

individual sleep lengths and sleep cycle structures. Linear regression models were applied to study 

the effects of age and diagnosis (ASD and TD).

Results—In both groups, HR decreased during non-REM sleep and increased during REM sleep. 

However, HR was significantly higher in stages N2, N3 and REM sleep in the ASD group. 

Children with ASD showed less high frequency (HF) modulation during N3 and REM sleep. 
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LF/HF ratio was higher during REM. Heart rate decreases with age at the same level in ASD and 

in TD. We found an age effect in LF in REM different in ASD and TD.

Conclusion—Our findings suggest possible deficits in vagal influence to the heart during sleep, 

especially during REM sleep. Children with ASD may have higher sympathetic dominance during 

sleep but rather due to decreased vagal influence.
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Background

The autonomic nervous system (ANS) controls the heart rate (HR), blood pressure (BP), and 

other physiological functions. The ANS may also contribute to cognitive, affective, and 

behavioral responses in children [1]. Several models have linked to possible changes in the 

development of ANS function to autism. The polyvagal theory postulates that the myelinated 

vagal branch of the autonomic nervous system affects social behavior [2] and may be 

compromised in individuals with autism spectrum disorder (ASD) given their social deficits 

[3].

Autonomic function is also related to other stress systems such as the hypothalamic–

pituitary–adrenal axis. Dysregulation of the cortisol rhythm, with diminished reduction of 

the expected fall in evening cortisol, has been observed in ASD [4]. Individuals with ASD 

may be in a state of hyperarousal, exacerbated by daytime stressors, which in turn may 

contribute to sleep, anxiety, and gastrointestinal symptoms [5–7]. Understanding how 

sympathetic and vagal systems function in children with ASD may lead to targeted 

treatments for these symptoms.

Heart rate variability (HRV) is a well-established tool to characterize autonomic vagal and 

sympathetic modulation (Electrophysiology 1996). Spectral analysis of HRV is a non-

invasive tool and advantageous method to characterize autonomic modulation in children. 

High frequency (HF) oscillations of HRV reflect vagal modulations while low frequency 

(LF) oscillations result from sympathetic and parasympathetic cardiac modulation [8]. 

Increase in LF/HF and normalized LF power may reflect sympathetic activation under 

certain conditions such as orthostatic stress [9]. It is unknown if this relation between 

spectral parameters and sympathetic activation is maintained during sleep. 

Microneurography, a direct continuous assessment of sympathetic activity, supports that 

sleep-related sympathetic activity parallels HR and BP, with lower values during non-REM 

sleep as compared to wakefulness. During REM sleep, sympathetic nerve activity increases 

above the levels recorded during wakefulness, and the values for BP and HR return to those 

recorded during wakefulness [10–12].

Spectral analysis of HRV during sleep has not been studied to date in the ASD population, 

and has high potential to contribute to our knowledge of the neuro-physiological processes 

associated with ASD. Spectral analysis of HRV has been applied to quantify vagal 

modulation in ASD during resting and during challenging social tasks [13–15]. According to 
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the polyvagal theory, children with ASD have lower vagal influence on body functions, as 

reflected by respiratory sinus arrhythmia (RSA). Some authors found increased HR and 

decreased RSA [16, 17]. However, approximately 50 % of studies did not find group 

differences in resting vagal activity in children with ASD compared with typically 

developing children (TD). There are several reasons for these discrepancies. First, a critical 

obstacle in performing analysis of HRV is the requirement of stationarity in HR data. This is 

difficult to achieve, especially in awake children. The stereotypic behavior and excessive 

movements found in ASD can furthermore skew HR and HRV [18]. Second, baseline 

conditions or tasks present a stressful situation for a child with ASD [15]. Third, 

medications used in ASD can affect HR and HRV. Finally, children with ASD show reduced 

responsiveness of HRV during challenging tasks [1].

Sleep provides an opportunity to study the child during a time of decreased stressful 

psychological inputs and fewer body movements. While data exist regarding fluctuations of 

autonomic nervous system activity during sleep in healthy children [19], little is known 

about HRV and overall sleep in children with autism. For example, to our knowledge, 

changes in autonomic activity changes during different sleep stages in children with ASD 

have not been studied.

The objective of this study is to provide insight into the autonomic cardiovascular control 

during different sleep stages in patients with ASD. We hypothesized that during sleep, 

patients with ASD have lower vagal modulation (HF of heart rate variability) and elevated 

HR, as compared to TD children.

Methods

Subjects and clinical conditions

The Vanderbilt Institutional Review Board and Colorado Multiple Institutional Review 

Board approved this study. Children and parents were informed about the protocol. After 

children agreed to participate verbally (assuming child was developmentally able to provide 

verbal assent), a written informed consent was obtained from the parents. We included data 

from children with ASD, and those who were TD, who had participated in two studies 

examining the relationship between polysomnography and sleep questionnaires [20, 21] and 

a study examining the relationship between polysomnography and home-based measures. 

None of the participants had sleep disorders (e.g., REM sleep without atonia) or 

abnormalities in breathing (e.g., sleep apnea) on polysomnography. A more detailed clinical 

representation has been published previously [20, 21]. Our dataset consisted of 21 children 

with ASD (all boys) between 4 and 10 years (median age: 8.0, lower quartile-upper quartile 

Q1–Q3: 6.2–9.4) years and 23 typically developing children (TD, 18 boys and 5 girls) 

between 4 and 10 years (median age 8.3, Q1–Q2: 6.6–9.3 years). All children underwent 

physical examination and did not have signs of cardiovascular disease or history of other 

illness. They did not use caffeine (for at least 72 h prior to testing) or psychotropic 

medications, including melatonin, or other medications. The median body mass index (BMI) 

of ASD was 16.2 (Q1–Q3: 15.6–18.3) kg/m2. The median BMI of TD was 18.1 (Q1–Q3: 

15.6–19.8) kg/m2. ASD and TD participants did not differ in growth, age adjusted BMI, or 

blood pressure (Table 1).
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Polysomnography

Overnight polysomnography (PSG) with video was performed at the Vanderbilt University 

Sleep Research Core and the University of Colorado affiliated Children's Hospital Colorado 

Sleep Center. Digital PSG diagnostic systems (Neurofax EEG-1100, Polysmith 6.0, Nihon-

Kohden, Irvine, CA) and Sandman Digital 32+ Amplifier (Sandman, Elite Sleep Diagnostic 

Software, Natus Medical Embla, San Carlos, CA) were used to analyze sleep.

The American Academy of Sleep Medicine (AASM) guidelines were followed for the 

collection of PSG data [22]. Neurophysiological channels included two frontal (F3 and F4), 

two central (C3 and C4), and two occipital (O1 and O2) EEGs referenced to common 

electrodes (M2 and M1, respectively), chin electromyography (EMG), and 

electrooculography (EOG) E1 and E2. Limb movements were monitored using EMG 

placement on the anterior tibialis of each leg. Cardiorespiratory data were collected using 

inductive plethysmography with non-calibrated sum signal to monitor respiratory effort of 

both the chest and abdomen. Airflow was measured by both nasal pressure cannula and by 

oral/nasal thermocouple. Pulse oximetry signal (SpO2) was recorded to monitor oxygen 

saturations. A lead II electrocardiogram (ECG) was used to monitor heart rhythm.

PSG data were classified for stages wake (W), non-rapid eye movement sleep N1, N2, N3, 

and rapid eye movement sleep (REM) following standard AASM guidelines [23]. Sleep 

efficiency (SE) was defined as the percentage of total sleep time to total time in bed. A 

single registered polysomnography technologist performed the staging to avoid inter-rater 

reliability concerns. A board-certified sleep specialist reviewed each study to ensure 

accuracy.

Heart rate and heart rate variability

ECG signal was digitized at a sampling rate of 200 or 500 Hz limited by the PSG system. 

Data were processed with software written in MATLAB (Mathworks, Houston, TX). QRS 

detection was performed using a modified Pan-Tompkins algorithm and verified manually 

[24]. For spectral analysis, beat-to-beat values were linear interpolated, low-pass filtered 

(cutoff 0.5 Hz) and re-sampled at 5 Hz. Data segments of 180 s without any artefacts were 

identified for each sleep stage. Linear trends were removed and power spectral density was 

estimated with the Fast Fourier Transformation (FFT) based Welch algorithm using 

segments of 256 data points with 50 % overlapping and Hanning window. The power in the 

frequency range of low frequencies (LF: 0.04–0.15 Hz) and high frequencies (HF: 0.15–0.40 

Hz) was calculated following the HRV Task Force recommendation [9].

Statistical analysis

HR and spectral parameters were calculated for each vigilance stage during sleep. Data from 

the first four sleep cycles were used to avoid possible effects of different individual sleep 

lengths and sleep cycle structures. Mean, standard deviation (SD), median values, and 1st 

quartile (Q1) and 3rd quartile (Q3) are reported. Linear regression models were applied to 

study the effects of age and diagnosis (ASD and TD) using R (http://www.r-project.org/) and 

MATLAB software. First, we assessed whether the slope for age was equal for the two 

diagnosis groups using the model with the sleep parameter as the dependent variable, 
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“diagnosis”, “age” and “age × diagnosis” as independent variables. When the interaction 

term was not significant, we then used the simpler model with diagnosis and age as 

independent variables. P-values of less than 0.05 were considered statistically significant.

Results

Sleep parameters were obtained from all subjects. An example of sleep structure and heart 

rate of one child with ASD and one child who was TD are shown in Fig. 1. Spectral analysis 

was not possible in one ASD child. Figure 2 shows the HR dynamic and its spectral 

components averaged over the first four sleep cycles and sleep stages (wake, N2, N3 and 

REM sleep) for children with TD and ASD. LF component decreased and HF component 

increased during non-REM sleep in all children. Changes were reversed during REM sleep 

(Fig. 2).

Statistical model and age effect

The slope for age was equal for the two diagnosis groups using the model with the sleep and 

spectral parameters as the dependent variable, “diagnosis”, “age” and “age × diagnosis” as 

independent variables (p > 0.05). The interaction term was not significant for all studied 

sleep and spectral parameters. This satisfied the choice of the simpler statistical model with 

diagnosis and age as independent variables. The probability of statistical tests for 

independent age effect (p_age) and effect of group diagnosis (p_diag) are displayed in the 

last two columns of Tables 2, 3, 4, 5. Analysis of logarithmic transformed data revealed 

similar results and were not reported.

In all children, the percentage of N3 decreased with age (p = 0.019). Other sleep parameters 

did not show an age effect (Table 2). The HR decreased significantly with age for WAKE (p 
= 0.000), N2 (p = 0.000), N3 (p = 0.000), and REM (p = 0.000) in both groups (Table 3). No 

significant age effects were found in HF or any normalized spectral parameters (Tables 4, 5). 

The LF in REM sleep decreased with age (p = 0.005) (Table 4).

Group differences

Primary outcome parameters—HR decreased with onset of sleep, with minimal levels 

during N2 sleep, and increased during REM sleep in both groups. Children with ASD had 

higher HR during N2 (p = 0.000), N3 (p = 0.000), and REM sleep (p = 0.001) as compared 

to TD children (Table 3; Fig. 2 left top panel, Fig. 3 top panels).

Absolute HF power increases from wake to N2 and decreases during N3 and REM. Children 

with ASD had significant lower values in N3 (p = 0.031) and REM (p = 0.023) as compared 

to TD (Table 4; Fig. 1, left bottom panel). ASD had lower total power during N3 and REM 

sleep (Table 4; Fig. 2 left bottom panel, Fig. 3 top panels).

Secondary parameters—During non-REM sleep, LF power reached minimal values at 

N3. LF power increased in REM sleep and reaches similar levels of WAKE in TD, but not in 

AD. No group differences in absolute LF power were found during WAKE and N2. Children 

with ASD had significant lower LF values in N3 (p = 0.029), and REM (p = 0.042) as 

compared with TD children. (Table 4; Fig. 2 left middle panel).
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Normalized LF decreased during sleep with minimal values in N3, followed by increases 

during REM sleep. ASD had significant higher values in REM (p = 0.048, Table 2). 

Normalized HF values showed a reversed dynamic with significant lower values during 

REM in ASD (p = 0.048, Table 2). LF to HF ratio decreased during sleep with minimal vales 

during N3 and then increasing values during REM. ASD showed significant higher LF to HF 

ratios in REM (p = 0.041, Table 4; Fig. 2 right top panel).

Furthermore, we found differences in percentage of WAKE and sleep efficiency based on 

diagnosis (TD or ASD). Children with ASD had significantly higher percentage of wake (p 
= 0.026) and lower sleep efficiency (p = 0.047) (Table 2). The respiratory rates for wake, N1, 

N2, and N3, and REM were not different (for more details, see Table 3).

Discussion

Heart rate modulation during sleep

Our primary hypothesis, that children with ASD would have higher HR during sleep, was 

supported with higher values during both non-REM sleep and REM sleep. Our secondary 

hypothesis, that children with ASD would have lower vagal modulation during sleep, was 

also supported by lower absolute HF values in N3 and REM sleep. Furthermore, we found 

that children with ASD have lower absolute LF values in N3 and REM sleep with the LF to 

HF ratio higher in REM sleep. The HR decrease during N2 sleep was associated with 

increasing dominance of vagal modulation. It is unclear if the higher HR during REM sleep 

in ASD is a result of decreased vagal activation, sympathetic activation dominance or both. 

The LF/HF ratio (e.g., sympatho-vagal balance), followed the dynamic of HR with a 

decrease during non-REM sleep and return to initial wake levels during REM sleep. This 

dynamic could indicate higher sympathetic dominance during REM which has been 

described in sleep studies with direct recordings of sympathetic activity during sleep in 

healthy individuals [10].

In summary, the increase of HF and lower LF to HF ratio during non-REM supports the 

model of vagal dominance during non-REM sleep. The reduction of HF during REM sleep 

and increase in LF to HF ratio supports the assumption of sympathetic dominance and but 

due to vagal withdrawal. Our results are in agreement with several authors who 

demonstrated that NREM sleep is associated with vagal dominance reflected in reduced 

sympatho-vagal tone [19, 25–29]. Taken together with our findings of higher HR in ASD, it 

suggests that these children may have higher sympathethic dominance during sleep (e.g., LF 

to HF ratio) but due to decreased vagal influence.

Age dependency of autonomic modulation during sleep

Another important finding of our study is that HR decreases with age at the same level in 

ASD and in TD but was always higher in ASD. This age dependency of HR was found 

through all sleep stages. Our data are consistent with others who described this relation 

between the slowing of HR and the increase in body size associated with maturation [17]. 

Higher HR in ASD children could be explained with a delayed autonomic maturation with 

lack of vagal cardiac slowing (e.g., lower vagal modulation). This is in agreement with the 

Harder et al. Page 6

Clin Auton Res. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



polyvagal theory about reduced vagal influences on behavior in ASD [2, 3, 30]. Porges 

documented an age dependency for HR and decreased RSA which was not correlated to age 

[17]. Others found that HF of HRV increases with age in infants and children [31–33] 

supporting the assumption that ASD might have a delayed developmental trajectory.

Additionally, there are indications that the vagal component of HRV during sleep is reduced 

and that there is less vagal modulation to the heart during REM sleep. This has implications 

for the challenging daytime behaviors seen in ASD as REM sleep has restorative functions, 

such as information processing of memories between the hippocampus and neo cortex [34]. 

Conversely, sleep quality affects the performance and autonomic function the next day [35]. 

We found lower sleep efficiency and higher amount of wakefulness during the sleep period, 

which could affect the autonomic function during the next day.

HR can be affected by many factors including exercise, stress and anxiety, dehydration, and 

neurotransmitter abnormalities. The intrinsic HR can become important especially if the 

vagal modulation is attenuated, such as during REM sleep. It is less known that the intrinsic 

HR shows age dependency with decreases of intrinsic HR with age [36]. Abnormalities in 

adrenergic and cholinergic pathways may be responsible for different HR modulation. 

Increased norepinephrine levels and decreased dopamine-beta-hydroxylase activity has been 

found in ASD [37]. The majority of published studies showed higher concentrations in 

subjects with ASD as compared with controls [38].

Physical activity in healthy children during the day increases HR and reduces 

parasympathetic nervous activity the following night [39]. We did not control for physical 

activity in our population, which could affect our results. The response to anxiety is another 

possible factor that may have affected our results. Kushki et al. [5] found that children with 

ASD have elevated HR during both resting baseline and anxiety. They concluded that ASD 

may be associated with an atypical autonomic response to anxiety that is most consistent 

with sympathetic over-arousal and parasympathetic under-arousal, similar to our findings 

during REM sleep [5]. One of the strengths of our work is that by recording during sleep, we 

were able to minimize the confounding effects of daytime anxiety on autonomic parameters.

In summary, our findings suggest possible deficits in vagal influence to the heart during 

sleep, especially during REM sleep. Future work will be needed to clarify whether 

sympathetic activity is elevated or dominant. Our data also emphasize the importance of 

studying autonomic modulation in children during sleep in addition to wakefulness as 

differences may be revealed during sleep only. Differences in children in HR and HRV 

might be masked during wake but become more obvious during sleep. During the day, 

differences between ASD and TD may be difficult to detect as vagal and sympathetic tone is 

dominated by other factors such as visceral inputs or stress factors. Our data also point out 

the importance of accounting for age in physiological studies in ASD, and raise the 

possibility of a developmental delay seen in ASD may extend to the autonomic nervous 

system. Deriving simple parameters from sleep like heart rate and heart rate variability may 

be useful to monitor therapeutic progress in children with autism, particularly in those 

undergoing treatment with medications that mitigate hyperarousal. Our study is a pilot study 

and further research is needed to evaluate the clinical relevance in this area.
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Fig. 1. 
Sleep structure (hypnogram, top) and heart rate (HR, bottom) in a child with autism 

spectrum disorder (ASD, left) and a typically developing child (TD, right). Hypnogram 

definitions: U undefined; L light, W wake; N1, N2, N3 + N4 non-REM N1, N2 and N3 + 

N4; REM rapid eye movement sleep
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Fig. 2. 
Dynamic of heart rate (HR, top left panel), LF/HF ratio (top right panel), and absolute and 

normalized (LF, middle panels) and high (HF, bottom panels) frequency heart rate variability 

averaged over the first 4 sleep cycles and stages of wake (W), non-REM (N2 and N3) and 

REM sleep in children with ASD (red, mean and standard error, n = 20) and TD (blue, mean 

and standard error, n = 23)
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Fig. 3. 
Individual heart rates (HR, top panels), and high frequency heart rate variability ((HF, 

bottom panels) during wake (W) and REM sleep in children with ASD (red) and TD (blue). 

Median and quartiles (black horizontal lines)
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