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Abstract 
Autonomic and Central Nervous Systems Responses 

to the Eyes Open-Eyes Closed Challenge During Childhood 

 

 This dissertation investigates the complex interplay of age, sex, and physiological 

responses to attentional tasks in childhood, employing heart rate and heart rate variability (HRV) 

as measures of the autonomic nervous system (ANS), and periodic electroencephalogram (EEG) 

alpha power and the aperiodic EEG measure of exponent of the spectral slope to assess central 

nervous system (CNS) activity. Through meticulous analysis of neurophysiological data, this 

study unveils developmental trajectories and sex-specific disparities in attentional processes. 

Initial examinations reveal age-related fluctuations in ANS and CNS responses, highlighting the 

dynamic nature of childhood neurodevelopment. Furthermore, sex-stratified analyses unveil 

distinct patterns of response, emphasizing the importance of considering sex as a pivotal factor in 

neurophysiological research. Surprisingly, despite expectations of developmental maturation, 

ANS reactivity to attentional challenges remains stable across childhood, challenging traditional 

developmental paradigms and prompting further exploration into underlying mechanisms. 

Moving forward, leveraging longitudinal mixed-effects modeling, cluster analysis, and 

assessments of neurobehavioral outcomes offers promising avenues for comprehensive 

understanding. This research significantly advances our understanding of childhood 

neurophysiology and lays the groundwork for targeted interventions and public health initiatives 

to optimize developmental outcomes. 
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Introduction 

 

The assessment and understanding of neurodevelopmental trajectories and the underlying 

constructs of attention, memory, and emotional regulation are enhanced by technological 

advances in non-invasive neurophysiological measurement (Bosl et al., 2011; Kraybill & Bell, 

2013; Saby & Marshall, 2012). Longitudinal modeling helps identify when and how 

susceptibility may be altered due to physiological or neurological system development, while 

also accounting for contextual influences like early maternal factors and home settings. Repeat 

measures of autonomic nervous system (ANS) regulation, brain development, and sensory 

function provide markers of neurobehavioral development (Casey & De Haan, 2002; Fifer et al., 

2010; Kraybill & Bell, 2013; Reynolds et al., 2010; Sininger et al., 2009) and can enhance and 

inform behavioral assessments. Serial measurements of autonomic regulation, particularly high-

frequency heart rate variability (HRV), an index of vagal tone, have been associated with 

attention, sensory processing, cognition, motor and social-behavioral development in young 

children (DeGangi & Laurie, 1991; Huffman et al., 1998; Markunas et al., 2014; Richards, 1985; 

Rothbart et al., 1989). However, there are aspects of the developmental trajectories of ANS and 

CNS activity during childhood that have yet to be examined.    

The PASS-ECHO study offers an opportunity to investigate such neurodevelopmental 

trajectories throughout childhood. Heart rate (HR) and EEG represent non-invasive, cost-

effective and reliable measurements of nervous system activity. This longitudinal study assesses 

subjects at multiple timepoints during childhood, collecting ANS and CNS measures of HR and 

EEG, implementing a tested and reliable data collection methodology. The comprehensive 

collection of multiple neurobehavioral phenotypes allows for insight and understanding of 
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developmental trajectories and the possible identification and understanding of individual 

differences to inform intervention and public policy. 

Concurrent measurement of HR and EEG can further inform the characteristics of 

neurophysiologic signals. The Eyes-Open Eyes-Closed (EOEC) attentional task is a time-tested 

methodology in the laboratory setting for studying EEG activity and development. The CNS 

response to EOEC using EEG has been well documented in the literature. However, very little 

research has been reported using EOEC to study the ANS using HR. By studying HR and EEG 

in children during childhood, from 4 to 11 years, this study examines the effects of age on the 

development of the ANS and CNS in response to EOEC using heart rate measures and EEG 

periodic and aperiodic features. Further, this study will explore age-related sex-differences of HR 

and EEG parameters during childhood.  

This dissertation explores ANS and CNS responses during an attentional task of 

transitioning from an eyes-open to an eyes-closed condition. Studying children during childhood 

(4-11 years), I will examine and characterize the effects of age on the response to EOEC on the 

ANS using heart rate features and the CNS measured using electroencephalogram (EEG) as well 

as explore sex differences between males and females. This dissertation aims to systematically 

investigate and characterize the ANS response to an attentional challenge during childhood for 

the first-time and further explore the developmental trajectories of the ANS and CNS. 

This project is the first to study the heart rate responses to eyes-open and eyes-closed 

conditions during childhood. The results presented will fill gaps in the literature, as well as 

complementing established reports on EEG responses for a more comprehensive understanding 

of the developing nervous system during the EOEC attentional task. This project will also 

validate the EEG findings reported by my colleagues (Isler et al. 2022; McSweeney et al., 2023) 
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with this larger sample. Additionally, the research literature on sex differences in HR and HRV 

during childhood is inconsistent. The sex-stratified analyses in this study will contribute results 

to further inform our understanding of male/female differences in HR and EEG activity and 

function. 
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Chapter 1: BACKGROUND 

This dissertation utilizes HR and EEG data collected across various childhood age groups 

during a laboratory task involving both eyes-open and eyes-closed conditions to characterize the 

neurophysiological response to attention. The subsequent sections will present findings related to 

EEG measurements during the EOEC task. Chapter 1 will provide an overview of the literature 

on HR and HRV, elucidating their connection to the ANS. Additionally, a concise review of 

EEG literature, specifically regarding research on the EOEC attentional task, will be discussed. 

The CNS response to EOEC using EEG has been well documented in the literature. In contrast, 

limited research has investigated the use of EOEC to study the ANS through HR features. 

Moreover, there is a notable gap in the literature concerning the exploration of developmental 

trajectories of the ANS during childhood using this attentional task. However, this section will 

introduce the ANS and its relationship to HR and HRV, as well as report on research regarding 

the factors influencing HR and HRV and the functionality of ANS and HR activity in self-

regulation and cognitive processes. 

Autonomic Nervous System 

The ANS is composed of the nerves and nerve cells of an organism which surround the 

internal organs and is responsible for bodily functions not under our voluntary control (Aubert et 

al., 2003). The autonomic nervous system regulates bodily functions such as heart rate, 

respiration, and digestion in response to emotional cues. The main function of the ANS is to 

manage internal and external stressors with the intent to maintain homeostasis in the body 

(Porges, 1995).  The ANS is crucial in an organism’s adaptation to environmental circumstances. 

It is one of the main biological systems that regulates the body’s physiology and allows one to 

efficiently cope with internal and external stressors (Bonaz et al., 2021; Goldstein, 2021). The 
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ANS is vital in maintaining homeostasis and in the modulation of physiological arousal to adapt 

to environmental demands (Porges, 1995; Thayer & Lane, 2000). In this study, the focus will be 

on the critical involvement of the ANS in cardiovascular functioning (Waxenbaum et al., 2019; 

Waxenbaum et al., 2023). 

The autonomic nervous system consists of two main branches; the sympathetic and 

parasympathetic systems. The sympathetic and parasympathetic systems work concurrently and 

continuously to maintain homeostasis in the cardiovascular, cardiorespiratory, gut and immune 

systems. The sympathetic and parasympathetic branches of the autonomic nervous maintain this 

level of homeostasis by exerting opposing forces on one another to modulate constant and 

dynamic shifts in ANS activity (Gordan et al., 2015).  The sympathetic nervous system (SNS) is 

understood as the system which prepares the body for strenuous physical activity. The SNS 

controls the famous “fight-or-flight” response. The SNS innervates multiple structures in the 

body, including the eyes, salivary glands, mucus membranes, lungs and the heart. Activation of 

the SNS elicits the increase and flow of oxygenated and nutrient-rich blood to active tissue and 

working skeletal muscle. The nervous system’s sympathetic component is activated in the 

presence of emotional excitement and stress. The SNS can be described as a fast mobilizing 

system while the parasympathetic nervous system (PNS) can be understood as a dampening 

system (Ernst, 2017). The parasympathetic component allows for the body to return to a rest 

state. The PNS is the counterpart to the sympathetic nervous system, as the PNS is responsible 

for the body’s rest and digestion. As the PNS predominates at rest, its parasympathetic tone and 

vagal activity are generated from the dorsal motor nucleus of the vagus and the nucleus 

ambiguus. A behavioral response or stressor will trigger the limbic system to affect ANS tone 
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which then results in physiologic responses in heart rate, respiratory rate and blood pressure 

(McCorry, 2007). 

Heart Rate and Heart Rate Variability 

In this section, I will introduce the link between ANS and HR and HRV features. I will 

also discuss the measurement of HR and HRV using electrocardiogram (ECG) and methods of 

signal processing methods of ECG for interpretation. Further, associations of age and sex during 

childhood will be addressed. Also, the relationships between HR function and self-regulation and 

research on HR measures and cognitive processes, specifically during sustained attention tasks. 

Heart rate and heart rate variability represent reliable and tested biomarkers that have 

been used consistently in research.  Research has shown that the use of heart rate can act as a 

reliable measure of health for adults and children and has even been used to measure fetal well-

being in utero (Shaffer et al., 2014). In a recent review (Chiera et al., 2020), the authors track the 

literature on heart rate variability research that has emerged over the past 40 years and conclude 

that HR and HRV are invaluable non-invasive measures that can be used to monitor newborns 

and infants.  Heart rate can be used to assess overall wellbeing and neurological development 

and can inform timing of interventions, and thus, reduce mortality. Although the measurement of 

heart rate has been shown to be a non-invasive and reliable measure of health, stress and the 

autonomic nervous system, it has been considered undervalued and overlooked in clinical 

settings. The authors concur and point out that the information available from the patterns of the 

heart are still underused and underutilized to inform health status and physiological functionality 

in clinical settings. 

The electrocardiogram (ECG) records the electrical conductivity of the heart and is a 

non-invasive method used to measure HR and HRV (Shaffer et al., 2014; Thayer et al., 2010). 
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Electrocardiography (ECG) is an interpretation of the electrical activity of the heart over some 

period of time. HR is calculated by measuring the duration of beat-to-beat intervals from an ECG 

(Longin et al., 2008). It is a non-invasive procedure, using electrodes attached to the surface of 

the skin, and is commonly used to measure the heart rate, the regularity of the beats, and 

characterize properties in the heart chamber. An R-to-R interval (RRi) describes the latency 

between two consecutive R peaks in the ECG. RRi time series are used as input for the 

determination of HRV parameters. The interpretation of the fluctuation in length of time between 

each heart beat (R-R interval) represents the heart rate variability (HRV).  

Standard deviation of mean RR intervals (SDRRi) is used to conceptualize global 

variability which offers insight into the aspects of HRV that are sympathetically and 

parasympathetically mediated (Shaffer et al., 2014). High-frequency heart rate variability is 

associated with the parasympathetic control, using features such as high frequency (HF) spectral 

band power and root mean square of successive differences (RMSSD). 

While more global measures of lower frequency variability that is controlled by 

sympathetic and parasympathetic function and baroreflex-induced changes in heart rate (Malliani 

et al., 1994). HR mean is regulated by both the sympathetic and the parasympathetic branches of 

the autonomic nervous system. The HRV measure of SDRRi is a measure of overall HRV that is 

regulated by both the sympathetic and parasympathetic branches of the ANS.  

The beat-to-beat HRV measure of RMSSD has been identified as the primary time 

domain measure to determine changes in HRV influenced by parasympathetic activation alone. 

RMSSD, is vagally mediated, meaning that the parasympathetic nervous system is more 

involved in its regulation. RMSSD is a vagally mediated measure that correlates highly with 

spectral derived measures of vagally mediated HRV. Parasympathetic and sympathetic influence 
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on the heart operate by different signaling transmitters (acetylcholine and norepinephrine, 

respectively) with different latencies of onset (Koenig et al., 2017). The parasympathetic 

influences account for rapid changes in HR and HRV that can be observed during respiration 

(Berntson et al., 1997). Time-domain measures reflecting fast changes in the inter-beat interval 

(IBI) series, such as the root mean square of successive differences, RMSSD) can act as 

measures of vagal activity during resting conditions.  

HRV has been identified as a useful signal for providing valuable information on the 

ANS (Rajendra Acharya et al., 2006; Shaffer & Ginsberg, 2017). The use of HR and HRV 

measures as an index of ANS functionality have been associated with cognitive and behavioral 

outcomes in early childhood (DiPietro et al., 2015; Dipietro et al., 2018; Siddiqui et al., 2015; 

Williams et al., 2012). HRV has been identified as an index to measure both the health and level 

of stress placed on an organism by supplying information regarding the heart-brain connection . 

HRV has been associated with neural function during threat and safety experiences, and emotion 

response (Thayer et al., 2012). Thayer et al. (2012) argue that HRV offers information regarding 

the brain’s systems responsible for adaptive regulation. Therefore, HRV can serve as a non-

invasive and objective measure of the individual’s neural network and their capacity to function 

and adapt in their environment. The association of the PNS with self-regulation also offers a link 

to cognitive processes (McCraty & Shaffer, 2015; Porges, 2007; Thayer et al., 2009). HR and 

HRV have been common measures of interest observed during the performance of cognitive 

tasks in the research setting, specifically sustained attention. 

The conventional minimum recording of HR data is 5 minutes (Shaffer & Ginsberg, 

2017). However, it has been reported that ultra-short-term periods of HR and HRV analysis are 

acceptable. The results were different for each age group: 10 seconds for HR, 20 seconds for 
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high-frequency, 30 seconds for root mean square difference, 60 seconds for proportion of the 

number of interval differences of successive RR intervals greater than 50 miliseconds divided by 

total number of RR intervals, 240 seconds for standard deviation of successive RR interval 

differences (Baek et al., 2015; Berntson et al., 1997; Shaffer & Ginsberg, 2017). HRV can be 

measured through different time domains to allow for informative interpretation. 

These measures of the beat-to-beat change offers an index of sympathetic and 

parasympathetic function. HR and HRV represent a widely used non-invasively physiological 

assessment of the cardiac autonomic nervous system by measuring the changes in the cardiac 

rhythm in time (Shaffer & Ginsberg, 2017). Measurement of the beat-to-beat variability offers a 

demonstration of the cardiovascular control employed by the ANS and is, therefore, a measure of 

the ANS functional maturation. HRV is a marker of the flexibility of the ANS as it controls heart 

function in order to adapt to the perceived challenges of the environment (Appelhans & Luecken, 

2006). Under this view, HR activity can be an index of psychological self-regulation (Thayer et 

al., 2010). Self-regulation and self-control are often used interchangeably (Baumeister et al., 

2007) and for the purposes of this dissertation will be used as such. 

Factors Influencing HR and HRV; Age and Sex Differences 

Developmental changes of HR features during childhood have been well documented. On 

average, HR peaks at one-month postnatal age and decreases throughout adolescence (Fleming et 

al., 2011). HR is the strongest predictor of HRV (Gąsior et al., 2018).  And age has been 

associated with changes in mean and variance of all HR parameters (Harteveld et al., 2021). 

HRV increases early in life, during childhood levels off during late childhood and reaches its 

peak in adolescence (Bornstein & Suess, 2000; Harteveld et al., 2021; Massin & von Bernuth, 

1997). The inverse relationship between HR and HRV early in life has been reliability reported 
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on. The effects of sex on the maturation of HR measures in children, on the other hand, have not 

been consistent across studies.  

Several physiological factors are known to influence HRV. Age and sex are well-

described in adults with decline over age and lower values in women (Umetani et al., 1998). 

However, there are conflicting data in children.  There are reports of no sex differences (Fukuba 

et al., 2009; Goto et al., 1997), an overall sex difference (Faulkner et al., 2003), as well as age 

and measure-dependent sex differences (Galeev et al., 2002; Silvetti et al., 2001). Some 

researchers have observed non-linear maturational patterns. Such as HRV increases until 6 or 9 

year with a decrease or stagnation afterwards (Goto et al. 1997; Finley and Nugent 1995; Silvetti 

et al. 2001; Massin and vonBernuth 1997). In a large sample of 6- to 16-year-old children a 

wave-like age-related year-to-year changes was reported (Galeev et al., 2002). Similarly, in a 

study of 460 children (220 female) between the ages of 5-10 years, overall, girls had higher mean 

HR and lower HRV (Michels et al., 2013). The authors also reported that age-related 

parasympathetic increases and sympathetic decreases were seen with sometimes age-related 

year-to-year wave-like changes in boys. However, similar changes were not found in girls. 

As Harteveld and colleagues (2021) described, there is no consensus in the literature with 

regards to sex differences in cardiac SNS and PNS for boy and girls. Establishment of age- and 

sex-specific reference values is needed to contribute to an essential normative database and fill 

the gaps in the research literature. 

ANS, Self-Regulation and Cognitive Processes 

There is evidence that HRV is associated with processes involved in self-control and their 

associated outcomes, such as addictive behaviors (Ingjaldsson et al., 2003), depression 

(Rottenberg, 2007), emotion regulation (Appelhans & Luecken, 2006), and cognitive 
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performance (Thayer et al., 2009). Experimental studies have found positive associations 

between HRV and self-control in the presence of working memory and executive function 

(Hansen et al., 2003, 2009), information processing of emotional stimuli (Park & Thayer, 2014) 

and response inhibition (Krypotos et al., 2011; Park et al., 2012). 

There is related evidence that cognitive functioning worsens in the presence of autonomic 

and cardiovascular dysregulation (O’Donnell et al., 2012; Thayer et al., 2010; Thayer & Lane, 

2009). Vagal tone has been associated to cognitive and emotional control (Porges, 1995; Hansen 

et al., 2003; Duschek et al., 2009). HRV differences were greater in typical developing children 

than children with developmental coordination disorder (Chen et al., 2015). Borger (1999) 

reported that increases in lower frequency HRV were associated with a decrease in positive test 

performance on cognitive tasks. The use of RMSSD as a physiological measure has been related 

to the underlying autonomic activity and individual differences found in cognitive tasks. For 

example, by manipulating the difficultly of a continuous memory task, Backs and Ryan (Backs 

& Ryan, 1992) reported decreases in RMSSD as attention demands increased from focused to 

divided attention.  

In 1994, Suess, Porges and Plude tested three hypotheses relating to heart rate variability 

and cardiac vagal tone. They believed that high resting levels of cardiac vagal tone are associated 

with a high level of attentional capacity. They also believed that resting cardiac vagal tone is 

related to cardiac reactivity. And finally, they believed that changes in cardiac vagal tone during 

attention-demanding tasks index mental effort or attention. The authors used the derived HR 

measure of respiratory sinus arrhythmia (RSA), which is a measure used as an index of vagal 

tone and parasympathetic activity. They reported that for fourth and fifth grade students that an 

increase in resting level of RSA was associated with an increase in positive test performance. 
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Also, an increase of task time was associated with a decrease in resting level RSA. The authors 

argued that this gave evidence to the relationship between cardiac responses and sustained 

attention during childhood (Suess et al., 1994). 

Sustained attention is the ability of the individual to maintain focus of attention and to 

remain alert to stimuli for a prolonged period of time (Johnsen et al., 2002). The ability to sustain 

attention is a major achievement in human development. Bruner (Bruner, 1974) and Vygotsky 

(Vygotsky, 1962)demonstrated that the ability to maintain reliant engagement and interactions 

with the environment is a critical determinant of a young child’s mental development. The ability 

to attend to environmental demands is critical for successful survival and development. In the 

study of human behavior, assessments of individual differences in the ability to attend have been 

used as diagnostic criteria for the identification of a number of psychological disorders. It is 

believed to be the result of increasing self-regulatory developmental and endogenous control 

over an individuals’ attention and cognitive systems (Colombo, 2001; Richards & Casey, 1992; 

Ruff & Capozzoli, 2003; Ruff & Rothbart, 2001; Wass et al., 2011). Sustained attention during 

infancy is associated future development and because early deficits in sustained attention are 

markers for later diagnoses of attentional disorders (Barkley, 1997). 

Heart rate and heart rate variability responses to conditions of attentional requirement have 

been study at all timepoints of postnatal life. Porges and Raskin (1969) reported a significant 

reduction in adult HRV during sustained attention. The same relationship between attention and 

HRV has been demonstrated in infants (Richards and Casey, 1991) and children (Porges, 1974) 

as well. Richards and Casey (1991) identified that an increase in attention was related to 

decreases in RSA. Further research in infants has shown that increases in HR are related to an 

increase in distraction latencies and casual attention while decreases in HR were related to 
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decreases in distraction latencies (Lansink, et al., 2006). Also, decreases in HR occur in the 

presence of a decrease in peripheral stimulus localization (Richards, et al., 1997). Middleton et 

al. (1999) found that overall HRV was influenced significantly by executive and attentional 

tasks. They found lower values of HRV during attentional tasks that involved small aspects of 

working memory in comparison to tasks involving executive function and planning. Woody 

(2019) found that increased sustained attention was related to increased RSA reactivity. 

Eisenberg and Richman (2011) studied a group of children with identified attentional difficulties 

to determine if HRV acted as a mediator of attention. There were no significant individual 

relationships between attention scores and HRV. However, there was a significant group 

difference on the continuous performance test, showing that higher positive performance on the 

task was associated with higher vagal tone. Utilizing spectral band power of HRV, Griffiths 

(2017) studied changes in low frequency/high frequency (LF/HF) ratio during sustained 

attention. It was found that there was a decrease in positive task performance during the 

attentional task and that LF/HF ratio was higher in ADHD children at rest and in sustained 

attention when compared to non-ADHD children.  

 From this brief review of the previous research, there is clear evidence that HR patterns 

are affected during cognitive demands and attentional tasks. The literature offers credence to the 

view that differences in HR features can be detectable in the laboratory setting during an 

attentional task.  

 

The Eyes Open to Eyes Closed (EOEC) Task  

In this section, I will introduce the EOEC task, identifying strengths of the paradigm, its 

utility in a laboratory setting and the measures and outcomes associated with it. Identifying a 
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baseline comparison of which to compare specific conditions is a central feature within scientific 

experimentation. The establishment of resting state conditions to allow for comparison has been 

a cornerstone in the study of neuroscience. Defining a baseline state in the study of the human 

brain presents a significant challenge due to the complexity of the system. The first experiments 

using electroencephalography (EEG) utilized a methodology that required subjects to transition 

from an eyes-open to an eyes-closed (EOEC) condition to measure changes in brain activity. 

Almost 100 years ago, Adrian and Matthews (Adrian & Matthews, 1934) used the EOEC 

protocol and found that EEG alpha activity was increased when the subject’s eyes were closed 

and visual input was reduced. It is really the prototypical method to measure EEG differences. 

There are thousands of papers reporting on brain function using EOEC to measure changes in 

brain activity, but very few studying children. The EOEC attentional task (see Section 3.1.1.1: 

Protocol and Physiology Collection Procedure) is a tested method used in a controlled setting of 

the laboratory that has been shown as a sensitive measure to changes in the electrophysiologic 

measures of EEG. This useful protocol continues to be used by researchers in the laboratory 

setting. Recently reported on EEG differences between the conditions of eyes open and eyes 

closed while attending to a fixed point (Isler et al., 2023; McSweeney et al., 2023). 

The attentional task of opening or closing the eyes has emerged as a practical, non-

invasive, and sensitive measure of brain function (Barry et al., 2009). EEG has been identified as 

a sensitive measure to record brain activity. EEG variations between eyes-open (EO) and eyes-

closed (EC) resting states have been the primary focus of recent research with respect to the 

measurement of this phenomenon. The first normative studies examining EEG power during eye 

closure only examined the alpha band (Chapman et al., 1970). Most research has focused on the 

alpha frequency band, which ranges from 8 Hz to 12 Hz. EEG variations in alpha power bands 
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have been associated with arousal, sensory inhibition, attention modulation and working memory 

and are positively associated with cognitive performance and brain maturity (Klimesch, 1999). 

The EOEC task is a standardized environmental challenge that has been used in the laboratory 

setting for decades. Much research has examined the differences between eyes-closed and eye-

open conditions in the resting state to determine the appropriate baseline readings for data 

acquisition with EEG.  

Electroencephalogram  

EEG power represents the amount of activity in certain frequency bands of the signal 

(Nunez & Srinivasan, 2005). Analysis of EEG band power requires differentiating between 

functionally distinct frequency bands. This approach involves the decomposition of the EEG 

signal into component frequency bands, each of which has different functional characteristics. In 

adults, typical frequency bands of research interest are delta (1–3 Hz), theta (4–7 Hz), alpha (8–

12 Hz), beta (13–30 Hz), and gamma (30–100 Hz) (Saby & Marshall, 2012).  

In a growing body of research, the alpha rhythm is shown to decrease as the task’s 

attentional demands increase (Bunnell, 1980; Vázquez et al., 2001). In one study, the transition 

from EC to the EO condition was effective in revealing that overall alpha EEG activity was 

significantly reduced in adults (Danko et al. 2006). Later research in adults explored frequency 

bands outside of alpha, such as the beta band (14 to 30 Hz) (Barry et al., 2007; Glass & 

Kwiatkowski, 1970; (Bosl et al., 2011; Kraybill & Bell, 2013; Saby & Marshall, 2012)). Those 

studies found increased beta power in the eyes closed condition when compared to eyes open. 

Barry et al. (2009) studied children aged 8 to 12 and found a similar increase in beta power with 

eye closure. Barry et al. (2007) interpreted the increases in power at lower frequencies with eye 
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closure a reflection of a decrease in global arousal and higher frequency power reflections of 

cortical activation and visual processing. 

The changes seen in EEG during the EOEC attentional task, findings with clinical insight 

have been found. Additional studies have demonstrated associations between increased alpha 

power during the EC condition and increased autism traits in typically developing adults (Carter-

Leno et al., 2018) suggesting a potential relationship between global arousal and behavioral 

rigidity. In a study of adolescents, alpha EEG power during EC was reduced in individuals with 

autism spectrum disorder and attention deficit hyperactivity disorder, as compared to typically 

developing controls (Bellato et al., 2020).  Using the EOEC research paradigm, EEG 

associations were also present in a study of children (Barry, et al., 2007). EEG measures during 

the change in EOEC conditions have been related to developmental outcomes and clinical 

diagnoses. For example, resting state periodic EEG alpha power has been related to cognitive 

(Bell & Fox, 1992) and socioemotional (Dawson, 1994; Diego et al., 2001; Hane et al., 2010; 

Fox, 1991) processes as early as infancy and theta band activity has been longitudinally related 

to intelligence ((Jones et al., 2020).  

The EEG response to EOEC recently reported by Isler and colleagues that EEG power 

measured at 4, 5, 7, 9, and 11 years showed spatial and frequency band differences between EO 

and EC conditions as a function of age (Isler et al., 2022). The results were obtained by 

averaging power over all scalp electrodes. Contrasts between the first epoch in the eyes open 

condition and the subsequent first epoch in the eyes closed condition were computed for 

participants at all ages. Differences (EO–EC) from the spatially averaged EEG power spectral 

density amplitudes were compared using paired t-tests at frequencies between 1Hz to 250 Hz. 

Significant differences were found in EEG power in the EO versus the EC conditions across a 
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substantial portion of low and high frequencies for each measured age. At frequencies below 15 

Hz (alpha, theta and delta frequency bands), there was higher power in the EC condition than in 

the EO condition. For higher frequencies (above 20 Hz, representing high beta frequency bands), 

the opposite was true with lower power measured in the EC condition than in the EO condition. 

From childhood to adulthood, age-related decreases in absolute power tend to occur 

across all frequencies (Rodríguez Martinez et al., 2012). Recently, developmental EEG studies 

have provided evidence of complex relationships between brain maturation and relative slow and 

fast wave activity. In particular, age-related decreases in relative slow-wave/low-frequency 

activity (delta and theta) occurs around 4-years of age and is then followed by developmental 

increases in higher-frequency activity, such as alpha, beta, and gamma bands (Dustman et al., 

1999; Gómez et al., 2017; Hill et al., 2022; Marshall et al., 2002; Schäfer et al., 2014; Whitford 

et al., 2007). A recent study by Cellier and colleagues (Cellier et al., 2021) has shown that, after 

accounting for the peak frequency and power in the 4–12 Hz range increases with age. The 

authors’ reported an inflection/transition point from lower to higher frequency band activity 

occurring at approximately 7-years of age (Cellier et al., 2021).  

Alpha band activity is associated with the inhibition of task-irrelevant stimuli that impede 

attention allocation and working memory (Haegens et al., 2022; Jensen, and Mazaheri, 2010; 

Klimesch, 2012; Iemi et al., 2022; Voytek et al., 2017). Alpha oscillations have also been found 

to show age-related increases in peak frequency during childhood (Marshall et al., 2002) and 

age-related decreases in later adulthood related to a reduction in executive function (Aurlien et 

al., 2004). Therefore, alpha rhythm may act as an important index of cognitive development. 

Maturation of EEG measures of alpha oscillatory activity likely reflect age-related structural and 

functional change associated with perceptual, cognitive, and behavioral abilities across 
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development (Segalowitz et al., 2010). EEG power has been identified as a powerful biomarker 

able to offer information on neurodevelopment.  

Aperiodic Signals 

In addition to research showing the benefit of using the periodic measure of EEG power 

as a developmental biomarker, recently, attention has been brought to the dynamic nature of 

neural communication. This has expanded the investigation of neurophysiological signals 

beyond the periodic components and explored the aperiodic components. 

Aperiodic activity is an arrhythmic component of the EEG signal, which contributes 

power across all frequencies (He, 2014; Freeman and Zhai, 2009). Explicit parameterization of 

the aperiodic signal has challenged prevailing assumptions regarding the physiological 

underpinnings of cognitive and behavioral health and dysfunction by showing how aperiodic 

activity uniquely relates to cognitive, developmental, and clinical measures of interest 

(Gonzalez-Villar et al., 2017; He et al., 2019; Molina et al., 2020; Robertson et al., 2019; Tran et 

al., 2020).  

The aperiodic signal consists of two parameters: a spectral slope, also referred to as the 

aperiodic exponent, and an offset (Donoghue et al., 2020b). The exponent represents the pattern 

of power across frequencies, reflecting the steepness of the decay of the power spectrum 

(Donoghue et al., 2020b), while the offset reflects the broadband shift in power across 

frequencies. The offset is understood to represent the uniform shift of EEG power in response to 

changes in cognitive states and is a correlate of neuronal population spiking (Manning et al., 

2009; Miller et al., 2014). Research has offered evidence that aperiodic exponent may be a 

noninvasive index of the balance of excitation (E) and inhibition (I) in cortical circuits (Gao et 

al., 2017). In practical terms, a smaller exponent reflects a broadband flattening of the PSD, 
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signifying a shift away from cortical inhibition (E > I). Conversely, a larger exponent indicates 

the opposite pattern of activation (E < I).  

The clinical significance of this emerging evidence suggests that the aperiodic exponent 

systematically relates to perceptual and cognitive behaviors, such as working memory 

performance (Donoghue et al., 2020; Podvalny et al., 2015; Waschke et al., 2021). There is also 

evidence which shows aperiodic activity is modulated by task-performance (He et al., 2010), 

levels of arousal (Lendner et al., 2020), and drug-induced states (Colombo, 2001; 

Muthukumaraswamy & Liley, 2018; Waschke et al., 2021). Further, multiple studies have shown 

differences in the aperiodic signal for neurological and psychiatric disease (Molina et al., 2020; 

B. D. Ostlund et al., 2021; Robertson et al., 2019; Wilkinson & Nelson, 2021).  

Even more recently, using the same PASS-ECHO dataset, McSweeney and colleagues 

explored age-related change in aperiodic activity, specifically, the aperiodic exponent, also 

known as the spectral slope. The aperiodic exponent is defined as X in the 1/fx formulation, 

where X reflects proportional decreases in power with increases in frequency (i.e., the slope of 

the linear fit in log-log space), is thought to reflect the integration of synaptic currents in the 

brain, an index of excitatory and inhibitory balance (Gao et al., 2017). Analyses of Spectral 

power typically describe absolute and relative power within predefined frequency bands of 

interest (such as alpha and beta) and ignore aperiodic activity which is present in the power 

spectrum. Aperiodic activity power decreases with increasing frequency. It has been shown that 

this background aperiodic activity, contains important and meaningful physiological information 

that has been shown to dynamically change with age (Cellier et al., 2021; Dave et al., 2018; 

Donoghue et al., 2020; He, 2014; He et al., 2010; Hill et al., 2022; McSweeney et al., 2023; B. 

Ostlund et al., 2022). McSweeney and colleagues reported that they found quadratic age-related 
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effects for aperiodic exponent and that aperiodic measures and periodic alpha power were larger 

in magnitude during eyes closed compared to the eyes open baseline condition.  

These findings show that there are significant differences during the transition from eyes 

open to eyes closed measurable with EEG and those differences change from the ages of 4 to 11. 

These results show the maturational trajectories of brain development during early- to middle-

childhood. Providing evidence that this minimally invasive protocol provides a quantitative 

biomarker of brain maturation and development of the CNS throughout childhood. This offers 

the opportunity and rationale to examine other physiological responses under the same EOEC 

conditions and test if other biomarkers can detect similar developmental change.  

Further, the EEG differences between states marks changes in physiological arousal. A 

number of studies have established that a shift from an EOEC resting state is accompanied by 

changes in physiological arousal and that physiological arousal is, in turn, linked to ANS 

activity. Changes in ANS activity have previously been linked to changes in physiological 

arousal states (Beri & Reddy, 2019). Arousal is defined as “the current energetic level of the 

organism” and is most commonly measured using skin conductance levels (SCL) and alpha 

activity from EEG (Barry et al., 2009). SCLs are considered the primary metric for arousal 

measurement and an increase in electrodermal activity has been known to indicate the presence 

of arousal (Barry et al., 2004). In the measurement of arousal, SCL and alpha activity 

demonstrate an inverse relationship. In a study conducted on children, participants classified as 

“high-arousal” had a higher electrodermal activity which significantly correlated with lower 

levels of alpha power in comparison to the control (Barry et al., 2004). Therefore, these results 

show evidence that increased arousal is marked by an increase in SCL and a decrease in alpha 

band EEG activity. Increases in arousal are associated with reductions in EEG power in the alpha 
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frequency band across the scalp (Barry et al., 2005). Alpha power has been found to be an 

inverse measure of arousal in both children (Barry et al., 2004) and adults (Barry et al., 2007). 

The mean alpha level as a measure of resting-state arousal under eyes-closed and eyes-open 

conditions (Barry et al., 2007). Physiological arousal has been correlated to ANS functioning by 

skin conductance levels and heart rate.  

The two conditions, eyes-open and eyes-closed, have been used as measure for 

comparison in research involving brain activity (Gusnard et al., 2001). However, it appears that 

these two states do not present in the same fashion in regard to both functional magnetic 

resonance imaging (fMRI), which measures changes in blood flow that occur with brain activity 

and EEG appearances. The change in fMRI activity from opening the eyes to closing the eyes 

suggests that the two resting states may represent opposing external and internal perceptions 

(Boytsova & Danko, 2010). Completed in darkness, an eyes-open state resulted in activation of 

the ocular motor and attentional systems while eyes-closed activated visual, somatosensory, 

vestibular, and auditory systems (Marx et al., 2003). Eyes-open was classified as “exteroceptive” 

due to the increased signaling of attentional areas and eyes-closed was classified as 

“interoceptive” because of the increase in sensory system activity. This invites the exploration of 

other biological systems and physiologic measures for comparison during the EOEC protocol. 

There is also clinical and practical significance and benefit to study the HR measures and 

EEG parameters simultaneously, at multiple timepoints throughout childhood. As stated, HR and 

EEG provide complementary information about the functioning of the nervous system.  HRV 

reflects the dynamic interplay between the sympathetic and parasympathetic branches of the 

ANS, while EEG provides insights into cortical activity and neural processing of the CNS. By 

measuring both, researchers can gain a more holistic understanding of nervous system function. 
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Changes in heart rate and EEG can occur in response to various stimuli, stressors, or 

developmental milestones. By monitoring both parameters over time, there is the opportunity to 

track the temporal dynamics of ANS and CNS function. Such measurement allows for the 

potential identification of patterns, trends and developmental trajectories. Further, the 

simultaneous measurement of heart rate and EEG enables researchers to examine correlations 

between autonomic activity and cortical brain activity. This can help elucidate the neural 

mechanisms underlying autonomic regulation and how they relate to cognitive processes, 

emotional states, and behavior. 

Such comprehensive assessment offers potential clinical applications to the tandem 

measurement of HR and EEG. The combined assessment of HR and EEG may offer valuable 

insight in the clinical settings for identifying and monitoring neurological and psychiatric 

conditions. For example, alterations in HRV and EEG patterns are observed in conditions such as 

epilepsy (Harnod et al., 2008), autism spectrum disorder (Bosl et al., 2011; Lory et al., 2020), 

and anxiety disorders (Monk et al., 2001). Simultaneous measurement allows for a more 

comprehensive evaluation of these conditions and their treatment outcomes. Also, in research on 

interventions targeting nervous system function, such as biofeedback training and mindfulness-

based interventions, the concurrent measurement of heart rate and EEG can assess the 

effectiveness of these interventions on both autonomic and central nervous system parameters. 

Therefore, measuring both HR and EEG throughout multiple timepoints during childhood 

provides a richer understanding of nervous system function and development, offering insights 

into physiological processes, neural mechanisms, and their interactions. This integrated approach 

can prove valuable for both research and clinical applications in the fields of neuroscience, 

psychology, and medicine. 
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This brief review of the research literature provides a rationale for leveraging the power 

of the EOEC paradigm in providing a systematic method to compare the change in physiologic 

state in two different conditions (EO and EC). There has been widely reported literature 

regarding EEG, however, unlike the research on central nervous system response to EOEC, the 

literature regarding the HR response to the change in EOEC is limited and the degree to which 

the ANS response to EOEC changes with age has yet to be established. The autonomic arousal in 

response to the EO versus EC condition is a logical next step in the research as it is associated 

with attention. The ANS response has never been tested developmentally under these conditions 

during childhood. The PASS-ECHO study dataset offers an opportunity to further our 

understanding of neurodevelopmental trajectories and the underlying constructs of attention. 

Utilizing the concurrent non-invasive neurophysiological measurement of HR and EEG, these 

measures of ANS and CNS function can act as biomarkers for neurodevelopment. By examining 

and characterizing the response of HR measures and EEG parameters, this dissertation project 

offers an opportunity to add to the existing research literature and report on the characteristics of 

ANS activity during childhood that have yet to be examined. 
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Chapter 2: THEORETICAL FRAMEWORKS AND HYPOTHESES 

Theoretical Frameworks 

Theoretical frameworks will help understand and explain the rationale for the study of 

ANS development and its coordination with CNS function during the EOEC attentional task. The 

models of neurovisceral integration (Thayer et al., 2009; Thayer & Lane, 2000) and polyvagal 

theory (Porges, 1995) are two frameworks will help conceptualize the relationship between 

autonomic and neural function in the regulation of attention and physiological state. The models 

both propose the link of heart rate activity and cognitive performance. 

Polyvagal Theory 

The Polyvagal Theory relates function of the autonomic nervous system to behavior 

(Porges, 1995). It provides a framework for understanding the relation between the brain’s 

regulation of cardiac activity (via the vagus nerve) and adaptive functioning. Cardiac vagal tone 

is the construct the Porges used to describes the functional relationship between the brainstem 

and the heart (Porges, et al., 1996). The theory proposes that the development of appropriate 

social behavior is dependent upon the ability to regulate cardiac vagal tone. According to Porges 

(2011) vagal activity supports adaptive behavior through neural connections with peripheral 

structures involved in executive functions, such as attention. Porges’ biobehavioral model helps 

explain the neurobiological mechanisms through which measures of vagal regulation of the heart 

(such as high frequency variability with RMSSD) are related to self-regulatory and social 

engagement skills. He argues that vagal tone is involved in social engagement Therefore, the 

measures of heart rate may serve as a metric to quantify the ability of an individual to self-

regulate.  
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The Polyvagal Theory would argue that the attentional challenge experienced by the 

subject during the EOEC protocol would activate the neurobiological mechanism of the ANS to 

allow for regulation to help adapt to the cognitive demands. And that these processes would be 

measurable with HR. 

 

Neurovisceral integration model  

The neurovisceral integration model (Thayer and Lane, 2009) will be used as a 

theoretical perspective in order to explain the connection between the heart and brain. The 

neurovisceral integration model proposes a neural relationship between the heart rate activity and 

cognitive performance. Neurovisceral Integration Model (Thayer et al., 2009; Thayer & Lane, 

2000) resting levels of HRV represent an index for an individual’s ability to regulate the ANS 

which regulates behavioral, cognitive, and emotional responses (Thayer et al., 2010). The 

mechanism involved in the process is referred to by Thayer and colleagues as the “central 

autonomic network (CAN). The CAN consists of brain regions involved in inhibition and 

executive functions such as the prefrontal cortex and it is connected to the heart through the 

sympathetic and parasympathetic neural pathways. These connections allow the communication 

and control of the subcortical structures by the prefrontal cortex, which allows for flexibility and 

adaptation in response to environmental and situational demands (Zahn et al., 2016) 

This model assumes that the ANS and CNS are connected such that information flows 

bidirectionally (Smith et al., 2017). As there is evidence that indicates prefrontal cortex activity 

is involved in the modulation of vagal activity to the heart is associated with cognitive flexibility 

in tasks involving attention, working memory and inhibitory control (Thayer et al., 2004; Saus et 

al., 2006; Hansen et al., 2009). The authors argue that individual differences in heart rate 
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variability (HRV) reflect the flexibility of neural network, which allows the individual to 

effectively organize emotional, cognitive, and behavioral responses in the service of goal-

directed behavior and adaptation. Examining the parasympathetic influence on the heart with 

HRV can provide an index of an individual’s capacity to effectively function in a complex and 

challenging environment. Therefore, this model offers a framework for the interpretation of 

individual responses of HR features during the attentional task of EOEC. 

Studies have used neuroimaging and pharmacological manipulation approaches to 

demonstrate that prefrontal cortical activity is associated with vagally mediated HRV (Ahern et 

al., 2001; Lane et al., 2009; Thayer et al., 2012). Pharmacological inactivation of the prefrontal 

cortex increased heart rate and decreased vagally mediated HRV (Ahern et al., 2001). These 

findings establish that the prefrontal cortex inhibits heart rate function and changes in cortical 

activity are reflected in HRV. Neuroimaging studies have linked HRV to activity in a number of 

prefrontal brain regions (Lane et al., 2009); these associations were further supported by a meta-

analysis of neuroimaging studies that included HRV (Thayer et al., 2012). Together, these 

findings provide a conceptual model of individual differences in HRV as a marker of self-

regulatory capacity. 

Both theories claim that HR activity may serve more than just an index of cardiac 

function but could serve as a measurable index of the neural network and provide valuable 

information about one’s capacity to effectively function in the presence of cognitive demands 

and to adapt to environmental complexity (Thayer et al., 2012). These two theoretical models 

assume that higher HRV represents a more developed ANS and, therefore, a better ability to 

inhibit dominant impulses and behaviors. Further, these theories have been supported by 

research. For example, the measurement of heart rate variability reflects cardiac vagal tone and 
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has been shown to be related to attentional control and emotional regulation (Nyklicek et al., 

1997; Porges, 1991, 1992; Thayer et al., 2000). The authors propose that measures of cardiac 

vagal tone represent an index of neural feedback mechanisms. The patterns of heart rate 

represent the continuous sharing of information from the CNS and ANS. These perspectives 

offer further basis for the study of ANS development throughout childhood during the EOEC 

protocol. These theories and the research literature previously reported, inform and offer rational 

for the aims, research questions and hypotheses that will be presented in this dissertation. 

 

Aims, Research Questions and Hypotheses 

 The present study aims to characterize ANS and CNS activity during an EOEC 

attentional task during childhood. Using data collected as a part of the Environmental Childhood 

Health Outcomes (ECHO) Study, this dissertation intends to explore associations of age and sex, 

differences between EO and EC condition in measures of HR and EEG activity from the ages of 

4 to 11 years.  

The first aim of this dissertation will be to determine if HR features are sensitive 

measures of the physiologic change between EO and EC conditions during the EOEC attentional 

task. This aim will formally be stated as:  

Aim 1 Research Question:  

Are HR measures stable across EO and EC epochs? 

The first aim will test the stability of the HR Measures across EO and EC epochs. The 

data collection protocol required participants to be seated ~70 cm in front of a computer monitor 

and asked to fixate on a central crosshair. Individuals completed a protocol consisting of a total 

of 3-minutes of alternating 30-second blocks of eyes open (EO) and eyes closed (EC) condition 



 

 

 

28 

recordings. Therefore, in Aim 1, I will determine if there was an effect of epoch number on the 

HR mean, SDRRi and RMSSD. The statistical testing will offer evidence regarding the stability 

of HR measures across epochs during the protocol. 

The stability of EEG measures during this EOEC protocol has been reported previously 

by multiple members of our research team using this dataset (Isler et al., 2022; McSweeney et 

al., 2023; (Pini et al., 2024). Each group has found that periodic measures of EEG power bands 

are stable over the three epochs in each EO and EC condition. Based on these finds, similar 

analysis will be conducted on the HR features of interest to determine the stability of HR mean, 

SDRRi and RMSSD for each age, over the three epochs, in each condition.   

Aim 2 Research Question:  

Do HR features and EEG parameters measurements during the EOEC attentional task change 

throughout childhood? Does the magnitude of the effect of age differ between males and 

females? 

Next, I will test the effect of age on the baseline of HR and EEG measures. I hypothesize 

that there will be associations between age at assessment and the HR features and the measured 

during the first epoch baseline of the EOEC attentional task. I predict that an effect of age will be 

evident in the HR and HRV features differ significantly from the age 4 reference group. 

Informed by previous research (Harteveld et al., 2021; Shaffer & Ginsberg, 2017), I anticipate 

that HR mean values will decrease with age and that HRV measures will increase with age. 

Further, I anticipate a main effect of sex to be reported. Specifically, mean HR will be higher for 

females than males and HRV will be greater in males in comparison to females, overall, as has 

been reported.  
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Additionally, I hypothesize that EEG measures will exhibit an effect of age. I predict a as 

well as the ANS responses to the change from EO to EC, measured as change difference scores 

from an EO to EC condition will significantly differ at later ages, when compared to the 

reference group (age 4 years). I predict that the ANS response to EOEC challenge will decrease 

as a function of age, as the ANS matures and develops from early to middle childhood, 

representing an improved ability to attend during the EOEC task.  

 

Aim 3 Research Question:  

Do HR features and EEG parameters differ between EO and EC conditions? 

In order to determine if HR features are sensitive to measure the physiologic change 

between EO and EC states, significant differences between epochs of EO and epochs of EC will 

be tested. I hypothesize that there will be significant differences in the HR features responses to 

the change in EO to EC condition. Specifically, I predict that HR in the eyes open condition will 

be higher than the eyes closed condition. Further, I hypothesize that heart rate variability 

measures will follow an inverse relationship in comparison to heart rate and increase in the 

presence of eye closure. These hypotheses are informed by prior work with EEG which showed 

increases in alpha power with eye closure, suggesting a lower state of arousal (Barry et al., 2004; 

Isler et al., 2022). Changes in arousal are regulated by the autonomic nervous system, which is 

predominantly controlled by the balanced activity of the parasympathetic and sympathetic 

systems, commonly indexed by HR and HRV (Wang, et al., 2018). Decreases in HR and 

increases in HRV are associated with lower arousal states, hence, my prediction that eye closure 

would be associated with slowing of HR and increases in HRV measures, a marker of 

parasympathetic tone.  
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This aim will also test if EEG measures differ between epochs of EO and epochs of EC.  

Similar to the previous reports, I hypothesize that periodic EEG alpha power will be greater 

during EC conditions in comparison to EO. Similarly, aperiodic measures will increase from the 

EO epochs to the EC epoch conditions, as was seen in the work reported by my colleagues 

(McSweeney et al., 2023). 

Aim 4 Research Question:  

Do HR and EEG responses to EOEC attentional task change throughout childhood? Does the 

magnitude of the effect of age on the response differ between males and females? 

Aim 4 involves a cross-sectional analysis of the data to identify if HR and EEG responses 

to the EOEC attentional task change as a function of age. Utilizing the computed change 

difference scores from the EO to EC condition for each HR measure and EEG parameter, as a 

metric for response to the change in condition, I will test if the response changes from ages 4 to 

11. I hypothesize that there will be associations between age at assessment and the measured 

response from EO to EC, in HR and EEG measures. I predict that an effect of age will be evident 

in the computed change difference scores from the EO to EC condition will significantly differ at 

later ages, when compared to the reference group (age 4 years). I predict that the ANS response 

to EOEC challenge will decrease as a function of age, as the ANS matures and develops from 

early to middle childhood, representing an improved ability to attend during the EOEC task.  
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Chapter 3: METHODS  

Data and Measures 

Data for this dissertation was drawn from the ongoing PASS-ECHO cohort, a prospective 

follow up study is comprised of subjects that were originally enrolled in the Safe Passage Study 

and subsequently reenrolled in the Environmental Childhood Health Outcomes (ECHO) Study. I 

will describe the sample and research measures for each data source separately in the following 

sections.  

PASS-ECHO Study 

The data used in this dissertation was conducted at the Avera Center for Pediatric and 

Community Research, in Sioux Falls and Rapid City, SD, represents the PASS-ECHO program. 

PASS-ECHO, is a part of The Environmental Influences on Child Health Outcomes Study 

(ECHO), which is a national NIH initiative looking at the effects of environmental exposures on 

child health and development (Blaisdell et al., 2022). The PASS-ECHO program represents an 

extant cohort that builds on the legacy and infrastructure established by the Safe Passage Study 

(PASS). The Safe Passage Study was a comprehensive longitudinal study exploring the 

relationship between prenatal exposures, mainly alcohol and smoking and fetal/infant mortality 

(Dukes et al., 2014). The PASS-ECHO Study has followed these PASS infants through late 

childhood and early adolescence. The primary objective of the PASS-ECHO Program is to 

elucidate and illuminate the relationship between pre- and postnatal environmental exposures on 

neurodevelopmental outcomes in childhood. In total, this PASS-ECHO study assesses multiple 

factors that influence health outcomes in children from fetal, infancy (1-month, 1 year), early 

childhood (2, 3, 4, 5 years) to late childhood (7, 9, and 11 years of age).  
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For the purposes of this dissertation, this report will focus on HR/EEG data collected on 

children at one of five assessments based on their age (4-, 5-, 7-, 9-, and 11-years-of- age). HR 

and EEG data collection were conducted in Sioux Falls and Rapid City (South Dakota) by the 

Avera Center for Pediatric and Community Research (CPCR).  

Analytic sample  

The data were collected as part of the Environmental Influences on Childhood Outcomes 

(ECHO) longitudinal study in South Dakota (PASS-ECHO). The physiology studies were 

conducted at the Avera Center for Pediatric and Community Research (CPCR), in Sioux Falls 

and Rapid City, SD. Recordings were collected from September 2018 through September 2022. 

Informed consents to collecting infant and child brain activity using EEG were procured as part 

of consent for the main study. Written informed consent was obtained from the parents of all 

participants. Institutional Review Board approval was obtained from New York State Psychiatric 

Institute, Columbia University, Avera Health and the Western Institutional Review Board. All 

research was performed in accordance with the relevant guidelines/regulations of those 

institutions.  

In sum, across the ages of 4, 5, 7, 9 and 11 years, 903 children had physiology 

assessments attempted. Exclusion criteria for enrollment in the ECHO study were: parent unable 

to provide informed consent; health care provider advises against participation; major neurologic 

or developmental deficit, diagnosed by a pediatrician according to parental report.  

Protocol and Physiology Collection Procedure 

Prior to data collection, primary caregivers provided informed consent and children 

provided assent. After EEG cap placement and the ECG electrode was attached, the data 
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collection protocol required children to be seated ~70 cm in front of a computer monitor. 

Participants were asked to fixate on a central crosshair on the screen in from of them. Individuals 

completed a protocol consisting of a total of 3-minutes of alternating 30-second blocks of eyes 

open (EO) and eyes closed (EC) recording. EGI software (NetStation Version 5.4; Electrical 

Geodesics, Inc., Eugene, OR) was utilized to record and report the start and stop of the 30 second 

epochs. These epochs were identified and output as event files for reference. Instructions were 

presented in E-Prime 2.0.10 (Psychology Software Tools, Pittsburgh, PA). Families were 

compensated for their participation and children were given a small gift. The Avera Institutional 

Review Board approved all study procedures.  

ECG data collection 

 

The EEG nets (64-channel HydroCel Geodesic Sensor Net) had the four face channels 

(61–64) removed to measure the psychophysiological measures (heart rate and respiration) and 

were not used to collect EEG. A single heart rate electrode was attached to the skin of the 

participant, approximately 1 inch below the left nipple of the child. The respiration belt was 

placed around the abdomen of the participant. After the ECG electrode and respiration belt were 

connected, clinical coordinators (CCs) checked the four channels designated for physiology on 

the NetStation to ensure the respiration and heart rate signals were being visualized and readings 

looked accurate.  

 

EEG data collection 

EEG data was acquired using a 64-channel HydroCel Geodesic Sensor Net (vertex-

reference), sampled at 500 Hz via EGI software (Net Station Version 5.4; Electrical Geodesics, 

Inc., Eugene, OR). The EEG net was placed on the participants head. Prior to data collection, 
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EEG electrode impedance values were checked for all EEG channels and confirmed to be below 

50 kΩ. The equipment used and protocols followed during EEG acquisition were identical across 

both data collection sites.  

Data Processing 

ECG signal processing 

Processing of physiological signals involved several steps. First, electrical line noise was 

filtered using a 60 Hz notch filter. Next, the ECG was subjected to automated peak detection 

algorithms with custom MATLAB scripts (the MathWorks Inc., Natick, Massachusetts, 2022). 

Raw ECG waveforms along with their superimposed peak marks were displayed and marks were 

manually corrected when necessary. Quality of the ECG was generally excellent and took a few 

minutes per file to mark and visually check.  

Multiple steps excluded data contaminated by artifact in the physiology signals. This 

artifact can be caused by electrical interference, muscle contraction, or oftentimes equipment 

issues; such as poor electrode connection to the skin of the participant. Such values occur during 

periods of noisy ECG which are difficult to mark and are generally associated with excessive 

subject movements during data collection. R-wave marking during such segments can produce 

RR-intervals which are not within an age appropriate, physiological range. For RRi analyses, 

values less than 0.3 seconds (200 bpm) or greater than 0.75 seconds (80 bpm) were excluded 

from further computations. Change ratios in RRi greater than 0.3 will be excluded (i.e. 30 bpm 

beat-to-beat change when HR=100 bpm). All RRis that failed to reach the quality criteria were 

excluded from mean values computed within each epoch. For each 30 second epoch, greater than 

90% good data (>27 seconds) was required. If the cumulative bad data exceeded 10% epoch (>3 

seconds) the epoch was excluded from the analysis. Following these procedures, an evaluation 
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for statistical outliers was performed for each 30-second epoch, for each HR feature, at each age, 

independently. Epochs with values that lay 2.5 times the SD, above or below the mean, were 

excluded from the analysis. 

EEG signal processing 

Periodic and aperiodic measures of EEG  

 EEG preprocessing was conducted using the EEGLAB tool-box (Delorme and Makeig, 

2004) with custom MATLAB scripts (the MathWorks, Natick, MA). EEG data were 

preprocessed following the procedures described in the Maryland Analysis of Developmental 

EEG (MADE) pipeline (Debnath et al., 2020, https://github.com/ChildDevLab/MADE-EEG-

preprocessing-pipeline). Continuous EEG data were high-pass filtered offline at 0.3 Hz and low-

pass filtered at 49 Hz. Bad channels in the data were identified and removed. To remove ocular 

artifacts, independent component analysis (ICA) was performed on a copied dataset with a 1 Hz 

high-pass filter to improve ICA decomposition. Prior to ICA, the copied dataset was segmented 

into 1 s epochs. Noisy segments of the data were rejected using a combined voltage threshold of 

+/-1000 𝜇V and spectral threshold (range -100 dB–+30 dB) within the 20–40 Hz frequency band 

to delete activity likely generated by muscle artifacts. If this artifact rejection procedure 

identified an artifact in more than 20% of the epochs for a given channel, that channel was 

removed from both the ICA copied dataset and the original dataset. ICA decomposition was then 

run on the copied dataset and the ICA weights copied back to the original, continuous dataset. 

Artifactual ICs were removed from the original dataset by using the Adjusted-ADJUST 

algorithm (Leach et al., 2020; Mognon et al., 2011).  

Power spectra were estimated from 1 to 49 Hz using Welch’s method with a hamming 

window (50% overlap) as implemented using the spectopo.m function in EEGLAB. Frequency 
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resolution was set to 0.5 Hz. This resulted in a power x channel matrix for each participant. EEG 

power was then averaged across all electrodes to compute a single power spectrum (global 

measure) for each condition (EO and EC). For each participant, estimates of aperiodic activity 

(spectral slope) were extracted in addition to measures of periodic activity for the alpha and beta 

frequency bands.  

Dependent variables 

ECG Derived HR Feature Measures 

After all data had been cleaned, each 30-second epoch accepted of high-quality data, used 

the resulting R-wave to R-wave intervals (RRi) to compute the derived HR features. Mean heart 

rate (HR mean) in beats per minute (bpm) and two measures of HRV: the square root of the 

mean of the squared successive differences in RRis (RMSSD) and the standard deviation of RRis 

(SDRRi). (See section Derived HR Feature Measures) HR mean and RMSSD will represent 

primary outcome measures of interest, while SDRRi will be considered a secondary outcome 

measure of interest, with certain analyses resigned to Supplementary Analysis in Appendix B. 

From the accepted data in 30-second epochs (see Section: Data Processing, ECG signal 

processing), the following average values and change scores1 HR features will be used as 

dependent variables tested in the statistical models:  

 

 
1 Change Score Ratios were initially proposed as an additional metric to measure the transition from EO to EC, in 

order to account for baseline HR values. However, due to the collinearity of the Change Difference Scores and 

Change Ratio Scores, Change Ratio Scores were excluded from the analyses, in favor of the Change Difference 

Scores used by in a previous report (Isler et al., 2023) 
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Mean heart rate (HR mean): in beats per minute (bpm) will be used as a dependent 

variable in multiple iterations. HR mean will be tested across epochs of EO and EC, with a 

primary focus on the first epoch of eyes open (EO1 HR Mean) and the first epoch of eyes closed 

(EC1 HR Mean). 

 

The square root of the mean of the squared successive differences in RRis (RMSSD): this 

primary outcome measure will be used as a dependent variable in multiple iterations. RMSSD 

will be tested across epochs of EO and EC, with a primary focus on the first epoch of eyes open 

(EO1 RMSSD) and the first epoch of eyes closed (EC1 RMSSD). The RMSSD signal 

descriptive statistics will be reported in Table 2 and the RMSSD measure will be tested for the 

assumptions of normality. However, based on the typical methods of dealing with the non-

normal distribution of RMSSD, the physiologic variable is commonly log-transformed for the 

purposes of interpretation (Shaffer & Ginsberg, 2017) and will be used for the analyses in the 

statistical testing. Henceforth, the term “logRMSSD” will be used to identify the log-transformed 

RMSSD signal. 

 

The standard deviations of RRis (SDRRi): this secondary outcome measure will be used 

as a dependent variable in multiple iterations. This HRV measure will be tested in the EO and 

EC conditions across epochs of EO and EC, with a primary focus on the first epoch of eyes open 

using the first epoch of eyes open (EO1 SDRRi) and the first epoch of eyes closed (EC1 SDRRi). 

However, it should be noted that a series of the analyses on the SDRRi HRV measure will be 

resigned to Appendix B. 
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HR Mean Change Difference: a change score between EOEC conditions. This “change 

score” will be calculated by computing the difference from HR Mean during EO to HR Mean 

during EC. The HR Mean Change Difference will be computed for the transition from the first 

epoch of eyes open to the first epoch of eyes closed (EO1EC1 HR Mean Change Difference).  

RMSSD Change Difference: a change score between EOEC conditions. This “change 

score” will be calculated by computing the difference from RMSSD during EO to RMSSD 

during EC. The RMSSD Change Difference will be computed for the transition from the first 

epoch of eyes open to the first epoch of eyes closed (EO1EC1 RMSSD Change Difference).  

SDRRi Change Difference: a change score between EOEC conditions. This “change 

score” will be calculated by computing the difference from SDRRi during EO to SDRRi during 

EC. The SDRRi Change Difference will be computed for the transition from the first epoch of 

eyes open to the first epoch of eyes closed (EO1EC1 SDRRi Change Difference). However, it 

should be noted that a series of the analyses on the SDRRi HRV measure will be resigned to 

Appendix B. 

 

EEG Periodic and Aperiodic Parameters 

Based on previous reports on this EEG dataset (Isler et al., 2023; McSweeney et al., 

2023) have shown strong evidence that periodic and aperiodic measures of EEG offer 

meaningful insight into the development during childhood. Power spectra were estimated from 1 

to 49 Hz using Welch's method with a hamming window (50% overlap) as implemented using 

the spectopo.m function in EEGLAB, using a frequency resolution was set to 0.5 Hz. This 

resulted in a power x channel matrix for each participant. EEG power was then averaged across 
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all electrodes to compute a single power spectrum (global measure) for each condition (eyes 

open, EO and eyes closed, EC). 

The periodic EEG measures of this data have been reported on (Isler et al., 2023). The 

power measures in that analysis reported on the range of low to high frequency power band 

frequencies from 0-250 Hz. The current analysis focuses on averaging over frequencies range to 

isolate two commonly studied frequency bands: alpha (8-12 Hz) and beta (12-25 Hz) band 

power. The primary focus of this dissertation analysis will be on EEG alpha band power. The 

alpha power bands have been associated with arousal, attention modulation and cognitive 

performance. Exploratory analysis of beta band (12-25 Hz) will be included in Appendix B. EEG 

beta band power is of interest because oscillations in the frequency band are associated with 

focused attention. 

Alpha band power: alpha frequency band (8-12 Hz) absolute power measured in μV2 will 

be used as a periodic measure of EEG, representing a primary dependent variable in these 

analyses.  

Alpha band power EEG Difference Scores: a change score between EOEC conditions. 

This “change score” will be calculated by computing the difference from alpha band power 

during EO to alpha band power during EC. The alpha band power Change Difference will be 

computed for the transition from the first epoch of eyes open to the first epoch of eyes closed 

(EO1EC1 alpha Change Difference). 

 

EEG Aperiodic Parameters 

As stated previously, there is evidence which suggests that the aperiodic exponent relates 

to cognitive behaviors, such as working memory performance (Donoghue et al., 2020a; Podvalny 
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et al., 2015; Waschke et al., 2020). There is also evidence which shows aperiodic activity is 

modulated by task-performance (He et al., 2010) and levels of arousal (Lendner et al., 2020). For 

these reasons, these signals will be explored. 

These aperiodic measures were derived from the power spectra computed for each 

participant. Please reference McSweeney et al., 2023 section 2.5 for detailed explanation of EEG 

power spectra parameterization. 

Aperiodic Exponent of the spectral slope: this primary outcome which represents the 1/f 

dynamics of EEG is a measure to differentiate arousal states – such as wakefulness from general 

anesthesia (Colombo et al., 2019; Gao et al., 2017). 

Aperiodic Exponent of the spectral slope Difference Scores: a change score between 

EOEC conditions will be computed to identify CNS responses of aperiodic EEG measures. This 

“change score” will be calculated by computing the difference from spectral slope values during 

EO to spectral slope values during EC.  

Independent variables 

Age: the participants age group at assessment will act as a categorical, independent 

variable to influence the HR/HRV and EEG response to the EOEC conditions.  

 

Covariates 

Covariates included in the analyses include known factors which influence HR features 

and EEG responses during childhood. For covariate data collected at multiple timepoints or at a 

time other than the neurophysiology assessment, data collected at the closest appropriate 

timepoint to the age of physiology collected was used. In order to ensure that subjects with 
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missing data are not excluded from the analysis, unavailable or missing covariate data was 

median imputed or coded using a missing indicator. 

 

All models included the following covariates:  

Sex: the participants' biological sex identified at birth as a categorical variable (male, 

female).  

Race: participants' race was coded as a categorical variable, under the categories of white 

(the reference group), American Indian/Alaska Native, Other/Unwilling to disclose racial 

identity information. In the event of no data available a missing indicator was utilized. 

Maternal education: information regarding the mother’s maximum education level 

completed based on a four-category metric; any primary school, some high school, completed 

high school, beyond high school as a categorical variable, a missing indicator was utilized for 

unavailable data.  

Maternal depression: the Edinburgh Postnatal Depression Scale (EPDS) was used to 

report mothers’ depression scores. Data were collected at multiple postnatal timepoints 

(assessment timepoints: 1-month, 3-months, 2 years, 4 years, 4.5 years, 9 years and 13 years). In 

instances of multiple data collection timepoints, the assessment most closely corresponding with 

the participant age at assessment was used. In instances of no postnatal Edinburgh Depression 

score available, prenatal (between 20- and 38-weeks gestational age) Edinburgh were used. In 

the absence of Edinburgh depression score available, median imputed scores were derived.  

as a continuous variable (Edinburgh Depression Scale), median imputed values were used in the 

event of missing or unavailable data. 

Mother Married or Partnered: marital status was recorded during pregnancy (0 = No, 1 = 

Yes). If the maternal participant reported during pregnancy they identified as married, partnered, 
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living together, or partnered, not living together then Married or Partnered was recorded as 

1=“Yes”, if marital status is separated, divorced, single, widowed, or other then Married or 

Partnered was recorded as 0=“No”, all else Married or Partnered was set to “missing”.  

Income-to-Needs Ratio: an income-to-needs ratio (INR) was computed to account for the 

effects of income on HR and EEG features. The ratio was calculated by dividing the mother-

reported household income (for the year of data collection), by the federal guideline for poverty 

(for the year of data collection) divided by household head count in the year of data collection as 

a continuous variable. Total family income for the corresponding year and the number of people 

supported by the income is obtained.  
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Analytic Strategy 

The analytic strategy planned for this dissertation project will include multiple techniques 

and steps to characterize HR and EEG features during the EOEC attentional task. The aims of 

this project will be outlined as questions to be answered utilizing several methods. I will present 

on the analyses on primary outcome measures in the body of this dissertation in Chapter 4: 

Results. The primary focus of the analysis will include the HR features of HR Mean, SDRRi and 

RMSSD and the EEG parameters alpha power and aperiodic exponent of the spectral slope. 

Multiple steps will be taken to characterize ANS and CNS response during the EOEC 

attentional task throughout childhood. First, I will provide descriptive statistics on the data. The 

sample characteristics and covariates will be described for each age group. Next, the HR features 

of interest (HR Mean, SDRRi and RMSSD) and EEG parameters (alpha power and aperiodic 

exponent of the spectral slope), along with their derived change difference scores from EO to EC 

conditions, will be reported. Following this overview, I will begin reporting on the statistical 

testing conducted on HR and EEG measures to assess the associations of age, sex differences, 

determining differences between EOEC conditions during baseline and the influence of age on 

the change of the response to the EOEC attentional task throughout childhood. I will outline the 

statistical analysis in the following sections. 

Statistical Analyses 

Aim 1 

 Aim 1 will determine the stability of HR features during the EOEC assessment. The 

stability analysis tested if the three epochs in each condition differ significantly or if they are 

characteristic of each other. The results of the stability analysis will determine if each epoch is 

representative of the other. The analysis investigated the distributions of the HR measures (HR 
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mean, SDRRi and RMSSD) across the EO and EC blocks. HR measure estimates in EO, EC 

blocks, and age groups will be analyzed separately given the marked differences of HR measures 

and EEG measures reported in previous work by other research groups. Data were natural log-

transformed. Separate repeated-measures ANOVAs were utilized to verify the stability of the 

EEG power estimates across the blocks of EO and EC (within-subjects terms). Given the 

numerous tests performed, a 10% false discovery rate (FDR) correction was implemented to 

correct for multiple comparisons using the Benjamini-Hochberg procedure. In the instance of a 

significant main effect of either EO or EC blocks, paired comparisons were tested to assess the 

potential differences between EO1 vs EO2, EO1 vs EO3, and EO2 vs EO3, or EC1 vs EC2, EC1 

vs EC3, and EC2 vs EC3. In this case, the Bonferroni correction was used. 

 The first aim of this dissertation will be to test the stability of the HR measures over each 

of the three epochs in the EO and EC conditions. The statistical testing will offer evidence 

regarding the stability of HR measures across epochs during the protocol. Determining if the 

stability of the HR features across epochs requires an investigation of the distributions of the HR 

measures (HR mean, SDRRi and RMSSD) across the EO and EC blocks. Therefore, in Aim 1, I 

will determine if there was an effect of epoch number on the HR mean, SDRRi and RMSSD by 

assessing if there were significant differences between the three epochs in the EO condition and 

the three epochs in the EC condition for HR mean, SDRRi and RMSSD, using a repeated-

measures analysis of variance (ANOVA). Separate repeated-measures ANOVAs for each age 

group were utilized to verify the stability of the HR mean, SDRRi and RMSSD estimates across 

the blocks of EO and EC (within-subjects terms). These tests will compare mean values of the 

three distinct epochs of eyes open and then test the three distinct epochs of closed eyes at each 

age. The testing will be stratified by age because of known differences in HR measures during 
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the timepoints of assessment of the current dataset (Harteveld et al., 2021). The testing will only 

include studies with all three epochs in each condition completed to ensure continuity of data. 

Further, data will exclude outliers – using the identify_outliers function in R [rstatix package]. 

The data will test for normality using the Shapiro-Wilk normality test (shapiro_test() [rstatix]), as 

well as by visual inspection of the QQ plot (using the function ggqqplot() from the [ggpubr 

package]). The data must be normally distributed for repeated measures ANOVAs. In the event 

that the data fails to meet the criteria based on the previously mentioned statistical tests, the 

distribution will be log transformed. 

Aim 2 

Aim 2 of this dissertation will test the effect of age on HR and HRV during the EOEC 

attentional task. Developmental changes of HR features during childhood have been well 

documented (Fleming et al., 2011; Harteveld et al., 2021). However, determining that such 

trajectories are reflected in the present data offers validation of the HR feature data collected 

during the EOEC attentional task. Informed by the results of Aim 1, I will determine if the 30 

second epochs of HR data, collected in EO and EC conditions, reflects the anticipated 

trajectories of HR and HRV from early to middle and late childhood. Ensuring that the data in 

this dataset follows similar developmental patterns during childhood to those reported in 

previous literature will offer greater for the validity of the present data and meaningful 

interpretation of the present data. The effect of age on the three HR features will be tested cross-

sectionally, averaging over the 30-second epochs and isolating specific epochs of EO and EC. 

Further, as described in section 1.3.1, the reported literature regarding sex differences in 

HR time-domain features during these ages has not offered consistent results. This dataset offers 

a unique opportunity to explore the differences of HR features in relation to sex assigned at birth. 
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The effect of age on the three HR features and four EEG parameters will be tested cross-

sectionally, averaging over epochs and isolating specific epochs of EO and EC, when 

appropriate. 

Aim 2 of this dissertation will test the effect of age on HR and EEG features during the 

EOEC attentional task. To examine the relationship between age and HR mean and HRV 

features, as well as aperiodic and periodic EEG activity, I employed a series of linear mixed 

effects models (LMM) using the nlme package in R (Pinheiro et al., version 3.1, 2021). For each 

analysis, Mahalanobis distance was used to investigate the presence of multivariate outliers. If 

outliers were found (χ2 < 0.001), they will be removed before the LMM model is run. In 

addition, Q-Q plots, histograms showing the standardized residuals, and scatter plots showing 

fitted versus standardized residuals will be used to assess model assumptions. The LMM models 

allow a systematic approach to incorporate both fixed-effect and random-effect terms to deal 

with the categorical grouping factor of age at assessment, between-subject baseline differences 

and the correlational structure among the predictor variables. Additionally, LMM allows for 

accommodation of the unbalanced nature of the data. This sample includes participants with 

single and repeated measurements.  LMM testing is statistically flexible in its ability to 

incorporate a dataset structure, as opposed to limiting the analysis to a cross-sectional statistical 

approach. 

For this aim, I will conduct a cross-sectional analysis using LMMs testing the effect of 

age on HR and EEG measures controlling for sex followed by a sex stratified LMM testing the 

effect of age on HR and EEG. The first model will include all subjects, both males and females, 

assigned at birth. The sex stratified analysis will separate subjects by sex and test males and 

females independently to test for associations of age on HR and EEG parameters.  
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The linear regression models included known covariates which influence the ANS and 

CNS development and influence HR function and brain activity. All these covariates were 

included as fixed effects in each model. All models included the following variables as fixed 

effects: participant sex assigned at birth, race, maternal education, maternal Edinburgh 

depression scale, marital status and the INR of the household. The mixed models will also 

include subject identifiers as a random effect (to account for random intercepts). The addition of 

a random effect for subject was included in each model under the assumption that a different 

"baseline" heart rate value for each subject. Therefore, the models assume different random 

intercepts for each subject. Age 4, the first age timepoint for data collection, was used as the 

reference group in all analyses.  

Aim 3 

 The next aim of this dissertation will be to test for differences in HR features between the 

EO and EC conditions. This will offer information regarding the sensitivity of the HR features to 

detect differences between EO and EC epochs. To assess if there are significant differences 

between EO and EC conditions for HR mean, SDRRi and RMSSD, paired t-tests will be used. 

These t-tests will compare mean values during eyes open and eyes closed conditions, stratified at 

each age. Effects of multiple comparisons will be adjusted for, using a Bonferroni correction (a 

stringent correction method in which the p-values are multiplied by the number of comparisons). 

General formula for paired sample t-test to determine differences in HR features between the EO 

and EC condition. 
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Aim 4 

Aim 4 will examine the association between EOEC nervous system response and age. To 

test if the HR features and the response to the change of condition during the EOEC attentional 

task changes as a function of age, I will utilize the mean difference of each HR and EEG feature 

in the different conditions and the change scores between study paradigm conditions (EO - EC) 

at different ages.  

Aim 4 involves a cross-sectional analysis of the data to identify if HR and EEG responses 

to the EOEC attentional task change as a function of age. Utilizing the computed change 

difference scores from the EO to EC condition for each HR measure and EEG parameter, as a 

metric for response to the change in condition, I will test if the response changes from ages 4 to 

11. I hypothesize that there will be associations between age at assessment and the measured 

response from EO to EC, in HR and EEG measures. I predict that an effect of age will be evident 

in the computed change difference scores from the EO to EC condition will significantly differ at 

later ages, when compared to the reference group (age 4 years). I predict that the ANS response 

to EOEC challenge will decrease as a function of age, as the ANS matures and develops from 

early to middle childhood, representing an improved ability to attend during the EOEC task.  

 

To determine statistical significance in the ANS and CNS response to the change from 

EO to EC, this aim, similar to the analytic strategy planned for Aim 2, outlined in section 3.2.1.2, 

I will conduct a cross-sectional analysis using LMMs testing the effect of age on the change 

difference score from EO to EC epochs computed for HR and EEG measures. Each model will 

control for sex followed by a sex stratified LMM testing the effect of age on HR and EEG 

change scores. The linear regression models included known covariates which influence the 
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ANS and CNS development and influence HR function and brain activity. All these covariates 

were included as fixed effects in each model. All models included the following variables as 

fixed effects: participant sex assigned at birth, race, maternal education, maternal Edinburgh 

depression scale, marital status and the INR of the household. The mixed models will also 

include subject identifiers as a random effect (to account for random intercepts). The addition of 

a random effect for subject was included in each model under the assumption that a different 

"baseline" heart rate value for each subject. Therefore, the models assume different random 

intercepts for each subject.  

 

LMM Equation testing HR/HRV Change score as a function of age: 

Y (ANS HR/HRV EO-EC Change Score) 
= 𝛽

0 
+ 𝛽

1(Age group) 
+ 𝛽

2(Sex) 
+ 𝛽

3-5(Race) 
+ 𝛽

6(Maternal Edinburgh score) 
+ 

𝛽
7(Maternal marital status) 

+ 𝛽
8(Income to Needs Ratio) 

+ 𝛽
9-11(Maternal Education) 

+ 𝛾𝑖 + 𝜖𝑖 
 

 

Missing data  

Missing data is addressed on a variable by variable basis (see Section 3.1.1.7 for further 

information). When appropriate, missing data for continuous variables will be median imputed. 

In the case of categorical variables, a missing indicator variable will be included for each 

predictor (Groenwold et al., 2012).  

Multiple Comparison Adjustments 

Aim 1: Given the numerous tests performed, a 10% false discovery rate (FDR) correction 

was implemented to correct for multiple comparisons using the Benjamini-Hochberg procedure. 

Aim 2 and Aim 4: Post hoc pairwise comparison of age group will use Tukey adjustment 

to account for the comparisons between the five ages (4, 5, 7, 9 and 11 years).  
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Aim 3: Effects of multiple comparisons will be adjusted for, using a Bonferroni 

correction (a stringent correction method in which the p-values are multiplied by the number of 

comparisons). 
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Chapter 4: RESULTS 

  

In this fourth section, I will report on the results from all the analyses conducted on this 

project laid out in the previous chapter. Utilizing the neurophysiology data collected during the 

EOEC portion of the neurophysiology assessment of the PASS-ECHO study, introduced in 

Section 3.1.1, and implementing the analytic strategies outlined in Section 3.2, I will 

systematically present the results from the proposed aims of this dissertation. In Aim 1 will 

determine the stability of the HR features across the three epochs of collected data; utilizing 

repeated measures ANOVAs, stratifying by EO and EC condition and stratifying by age. The 

cross-sectional analysis conducted in Aim 2 will provide the results for tests on the effects of age 

and sex on HR features and EEG parameters using linear mixed effects models (LMMs) with 

post hoc pairwise comparisons of age group and I will report on sex stratified analysis - 

testing males and females separately, when appropriate to compare the magnitudes of the main 

effects for males and females. For Aim 3, I will report on differences between epochs of eyes 

open and eyes closed at each age using paired t-tests. Aim 4 is a cross-sectional analysis will 

show the results on testing for associations of age on the change score from eyes open to eyes 

closed throughout childhood using LMM with post hoc pairwise comparisons of age group and 

sex stratified analysis - to compare the magnitudes of the main effects for males and females. A 

supplementary analysis, not included in this Results section, reported in Appendix B, will report 

on the LMM longitudinal testing of HR and EEG features for subjects with repeated measures at 

ages 5 and 7 for Aim 5.  

  I will first introduce the analytic sample used, outlining the inclusion and exclusion of 

participant data. Then, I will summarize the demographic data and covariates used in the 

statistical models known to influence ANS and CNS function. Summaries of the HR and EEG 
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features will follow. Once the independent and dependent variables are summarized, I will report 

on the results from all statistical analysis from each aim presented in sections 3.2.1.1 – 3.2.1.5. 

Analytic Sample Characteristics 

This dissertation project used subjects from the on-going PASS-ECHO cohort. As 

identified in section 3.1.1.1, participants were originally enrolled in the Prenatal Alcohol in SIDS 

and Stillbirth (PASS) study described previously (Dukes et al., 2014). A subset of these subjects 

was then reenrolled as part of the Environmental influences on Child Health Outcomes (ECHO) 

study in South Dakota (Blaisdell et al., 2022). As part of the larger study, children were invited 

to participate in a neurophysiology assessment portion of the study, which included recording of 

concurrent HR and EEG. Participants were studied at one of five assessments based on their age; 

assessments were at 4-, 5-, 7-, 9-, and 11-years-of- age. The neurophysiology collection of HR 

and EEG measurement was conducted in Sioux Falls and Rapid City (South Dakota) by the 

Avera Center for Pediatric and Community Research (CPCR).  

 The original The Safe Passage Study cohort included a total of 11,892 maternal-fetal 

dyads enrolled and eligible with physiology data collected. For the PASS-ECHO Study, all 

participants from the South Africa cohort were excluded (N=6903), leaving a total of 4,314 total 

subjects eligible. 2,805 subjects declined to participate in the PASS-ECHO neurophysiology 

assessment, with data sharing registration level issues comprising the majority of the 

involvement exclusion (N=1926). A total of 904 studies were collected from subjects that 

participated in the neurophysiology portion of the study, which included the attempted collection 

of heart rate signals using ECG and brain activity with EEG. This initial sample of 904 studies 

was reduced further, based on multiple criteria and circumstances requiring their exclusion from 
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the analysis. Figure 1 depicts a flow diagram of the progress of inclusion and exclusion for the 

participants included in the analysis of the dissertation. 

 

Figure 1. Consort diagram of PASS-ECHO EOEC sample 

 

Subjects were invited participate in neurophysiology at multiple timepoints, in an attempt 

to record repeated measures on subjects throughout childhood. The 904 total studies consisted of 

732 subjects. Of those 732 subjects, 590 with data collection attempted at one timepoint, 108 

subjects with data collection attempted at two timepoints and 34 subjects with data collection 
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attempted at three timepoints.2 The final sample included 658 studies with usable HR data and 

795 studies with usable EEG data across all ages.   

Covariates Associated with ANS and CNS 

Demographic data was collected as an aggregate of the chart abstraction for multiple 

sources of data collection and assessments throughout the study assessment timepoints. The 

Avera Data Team compiled these multiple datasets, checked and validated all values. The data 

was summated and organized for my analysis over multiple ranges of time during which 

assessments were done; 6-month, early childhood, middle childhood or adolescence. The 

descriptive statistics for the covariates are presented by age group in Table 1. The mean age at 

assessment in years was skewed close to the participants’ birthday due to PASS-ECHO 

recruitment procedure. Based on recruitment methods and follow-up protocol, no participants 

were studied 6 months after their date of birth. At the first assessment timepoint, age group 4, a 

total of 136 participants had HR/EEG physiology attempted. The mean age at that assessment 

was 4.23 years of age (SD = 0.15). The timepoint with the highest number of participants with 

313 participants (166 female) attempting HR and EEG physiology collection was age 7 (M = 

7.23, SD=0.15), followed by age 5 (N = 205, M = 5.22, SD=0.15)3.  

Subjects were fairly evenly split regarding sex assigned at birth (Males, N = 436 (48%); 

Females: N = 472 (51%)). There were no differences between sex assigned at birth at any age of 

 
2 These numbers represent the total number of subjects with repeated measures attempted. However, these numbers 

do not indicate usable data from the neurophysiology assessment exactly.  
3 It should be noted that ages 5 and 7 included the highest number of subjects because of targeted follow-up 

recruitment practices, which were implemented in 2021. The COVID-19 pandemic required the postponement of in-

person assessments for PASS-ECHO and once in-person assessments were reinstated, the subsequent precautions 

necessary to ensure the safety of study subjects reduced the projected enrollment and follow-up of participants 

HR/EEG data collection. Following the restrictions on in-person visits, study participant follow-up prioritized age 7 

assessments, followed by age 5. 
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assessment. The majority of subjects identified as White (N = 727, 80.2% of the total sample), 

followed by American Indian (N = 126, 13.9%). The majority of subject’s mothers were 

partnered (N = 663; 73.1% of the total sample) and were educated past high school (N = 526, 

57.9%).  

As outlined in the Methods section, factors influencing the physiological dependent 

variables in this project were included as covariates and missing values were imputed when 

necessary. The income-to-needs ratio (INR) was computed using multiple maternal demographic 

measures. Utilizing members living in the home and the annual income for the family in relation 

to the federal poverty level for the year of data collection improves the accuracy of the measure 

used to account for income. Household headcount was used to determine the number of people 

living in participants home, household income for the year in combination with the census data 

regarding federal poverty levels by year. However, there were instances of data missingness for 

those PASS-ECHO participant variables which required imputation. For household income, 48 

participants did not have information regarding household income at any of the four timepoints 

(6-month, early childhood, middle childhood or adolescence). For those subjects, median 

imputed values were used. 

  
Table 1. Descriptive statistics of the demographic information of study participants 

Age 4 years 5 years 7 years 9 years 11 years 

N total 

 

136 205 313 144 107 

Mean Age 

(years) and SD 

 

4.23(0.15) 

 

5.22(0.15) 

 

7.23(0.15) 

 

9.25(0.14) 

 

11.25(0.15) 

 

N Female 64(47.1%) 

 

107(52.2%) 

 

166(53.0%) 

 

76(52.8%) 

 

54(50.5%) 

 

N Ethnicity White: 102(75%) 

American Indian: 

24(17.6%) 
Other/Unknown: 

10(7.4%) 

White: 153(74.6%) 

American Indian: 

36(17.6%) 
Other/Unknown: 

16(7.8%) 

White: 257(81.8%) 

American Indian: 

38(12.1%)  
Other/Unknown: 

18(5.7%) 

Missing: 1(0.003%) 

White: 123(84.2%) 

American Indian: 

79(11.6%) 
Other/Unknown: 

6(4.1%) 

White: 92(86%) 

American Indian: 

11(10.3%) 
Other/Unknown: 

4(3.7%) 

Maternal 

education 

Any Primary School: 

8 (6.0%) 

Any Primary School: 

20(10.0%) 

Any Primary School: 

15(5.0%) 

Any Primary School: 

5(3.0%) 

Any Primary 

School: 6 (6.0% 
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Some High School: 

18(13.0%) 
Completed High 

School:35(26.0%) 

Beyond High School: 

74(54.0%) 

Missing 1(1%) 
 

Some High School: 

18(9.0%) 
Completed High 

School: 56(27.0%) 

Beyond High School: 

109(53.2.7%) 

Missing: 2 (1%) 

Some High School: 

26(8.0%) 
Completed High 

School: 76(24.0%) 

Beyond High School: 

191(61.0%) 

Missing: 5 (2%) 

Some High School: 

13(9.0%) 
Completed High 

School: 29(27.0%) 

Beyond High School: 

87(60.0%) 

Missing: 0 

Some High 

School: 5(5.0%) 
Completed High 

School: 29(27.0%) 

Beyond High 

School: 66(62.0%) 

Missing: 1(1%) 

Marital status Yes: 92 (67.6%) 

No: 40 (29.4%) 

Missing: 4 (2.9)% 

 

Yes: 141 (68.8%) 

No: 62 (30.2%) 

Missing: 2 (1.0)% 

Yes: 231 (73.8%) 

No: 72 (29.4%) 

Missing: 10 (3.2)% 

Yes: 115 (79.9%) 

No: 28 (19.4%) 

Missing: 1 (0.7)% 

Yes: 84 (78.5%) 

No: 21 (19.6%) 

Missing: 2 (1.9)% 

Mean 

Edinburgh 

Depression 

Score (SD) 

 

47.99 (8.12) 45.99 (8.02) 46.92 (7.77) 46.04 (8.44) 45.79 (7.85) 

Mean Income 

to Needs Ratio 

(SD) 

3.59 (2.01)  

Missing: 44 

3.74 (2.15)  

Missing: 45 

3.8 (2.06)  

Missing: 56 

3.4 (1.87)  

Missing: 39 

3.77 (1.7)  

Missing: 31 

Note: SD = Standard Deviation; Percentage of total study population (%) 

 

 

 

HR Features 

 In the following section, I will present the descriptive statistics of the heart rate features, 

both primary outcome measures (HR Mean, SDRRi and RMSSD), that will be included in the 

analysis. First, however, I will outline the studies that were excluded from this dissertation and 

the rationale from their removal. As stated in section 3.1.2.1, the heart rate signal of each subject 

was collected using an ECG electrode. However, there were additional instances and 

circumstances that required exclusion of data from the present analyses. The flowchart outlines 

the subjects that were included and those that failed to meet the criteria suitable for use in this 

project.  

 In total, 904 subjects were eligible for inclusion criteria for the neurophysiology 

assessment of the PASS-ECHO study. However, there were multiple steps to ensure the quality 

of the HR data. As a result, data was excluded as a result of equipment errors; which caused 

interpretation of data impossible, bad signal quality; which made it impossible to measure beat-
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to-beat intervals, beat-to-beat intervals that did not meet the criteria based on age appropriate 

physiological parameters and, finally, outliers based on statistical criteria.  

 The least common issue that required study removal from the present report was a result 

of malfunction of research equipment. Such instances were limited to 20 studies. Studies were 

excluded from the following analysis due to equipment errors in which the identification of the 

start and stop of epochs of eyes open and eyes closed failed to be reported correctly. These 

studies had corrupt event files output by the NetStation software. The inability to reference the 

event marker files which identified the start and stop of epochs of eyes open and eyes closed. 

Without the ability to identify the start of the EO or the EC protocol rendered those studies 

uninterpretable in terms of categorizing the condition they were in while the HR signal was 

being recorded and necessitated their removal from the study.  

 The most common cause of study exclusion was a result of signal quality. Issues with HR 

signal quality could manifest in multiple ways. Electrical interference was attempted to be 

removed utilizing a 60 Hz notch filter to remove signal noise caused by electrical outlets. 

However, this could not salvage all signal noise. As a result, 32 subjects in total were excluded 

because no R-wave peaks were able to be detected in the raw signal. Age 7 reported the highest 

number of studies excluded due to poor signal quality making it impossible to mark HR peaks. 

This could be explained by the fact that the 7-year visit was the longest of all the childhood 

assessments. The physical and psychological strain placed on the participant for such a long 

amount of time could have caused excessive movement and agitation during the study and may 

help explain the increased number of studies excluded.  

 The most common cause for exclusion of HR data from the present study was failure to 

meet the high-quality data criteria for beat-to-beat physiological ranges predetermined by 
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previously published literature regarding age appropriate heart rate measures. As outlined in 

section 3.1.1.3.1., the HR signal processing was set to identify acceptable R-R intervals on both a 

range of minimum and maximum bpm as well as beat-to-beat change in relation to the previous 

beat, in context. R-to-R intervals that fell outside of these ranges were marked as bad data and 

not included in the averages for the epoch. Each epoch required 90% good data. Therefore, if the 

summation of these portions of bad data accumulated to more than 3 seconds, the entire epoch 

was excluded from the analysis. This occurred in 124 totals across all ages. It was least prevalent 

at the oldest age, 11, for which only 13 subjects were excluded. Followed by age 9 that required 

19 to be removed because they did not meet the 90% good data threshold. Ages 4 and 5 had 28 

and 23 subjects removed, respectively. And, again, age 7 had the highest number of subjects 

excluded due to failure to meet the criteria for beat-to-beat intervals for the 30 second epochs.  

 Data was further vetted for data quality using outlier detection. This step identified data 

points by each HR measure and each age independently. This was done to ensure that the known 

differences in HR features at the ages assessed in this study were appropriately identified. HR 

mean values were excluded for 6 subjects; 2 at age 7, 2 at age 9 and 2 at age 11. The HRV 

measures identified more outlying values forcing 37 SDRRi and 37 RMSSD measures to be 

excluded. For SDRRi, values were excluded from each age group measured. At age 4, 3 values 

were excluded, at age 5, 7 were outliers, at age 7, 15 SDRRi values were excluded, and ages 9 

and 11 required 10 and 2 studies to be excluded, respectively. For RMSSD, the outliers were 

identified at only ages 5 (9 excluded), 7 (20 excluded) and 9 years (8 outliers excluded). After all 

exclusions, 265 of the initial 904 subjects had HR data removed, offering a final sample of 659 

studies from 555 participants. The HR data used in these analyses is included in Table 2. The 

descriptive statistics for each HR measure are presented by each age and EO, EC condition, with 
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the mean values, standard deviations (SD) and the 95% Confidence Intervals ([95% C.I.]) 

computed in two methods: averaged over all epochs (EO ALL and EC ALL) and by the first 

epoch of each condition (EO1 and EC1). 

 
Table 2. Descriptive statistics for HR Features; sample size, HR Mean, SDRRi and RMSSD mean and standard 

deviation values averaged over all accepted epochs EO (EO ALL) and EC (EC ALL) epochs and EO1 and EC1. 

 HR Features 

Age (years) 
 HR Mean  SDRRi  RMSSD 

 Mean (SD)  Mean (SD)  Mean (SD) 

  [95% C.I.]  [95% C.I.]  [95% C.I.] 

4 years N  N  N  

EO ALL 94 100.17 (10.09) 94 51.25 (20.6) 94 45.03 (21.73) 

  [98.1, 102.24]  [47.03, 55.47]  [40.58, 49.48] 

EO1 87 101.41 (9.95) 87 49.03 (21.95) 87 41.96 (21.05) 

  [99.29, 103.53]  [44.35, 53.71]  [37.47, 46.45] 

EC ALL 90 101.65 (9.53) 90 49.25 (19.14) 90 43.36 (19.86) 

  [99.65, 103.65]  [45.24, 53.26]  [39.2, 47.52] 

EC1 83 103.8 (9.59) 83 44.48 (20.99) 83 39.35 (20.96) 

  
[101.71, 

105.89] 
 [39.9, 49.06]  [34.77, 43.93] 

5 years       

EO ALL 157 94.8 (8.72) 157 57.7 (18.69) 157 51.06 (21.62) 

  [93.42, 96.18]  [54.75, 60.65]  [47.65, 54.47] 

EO1 140 96.34 (9.23) 140 54.98 (20.35) 140 47.84 (21.76) 

  [94.8, 97.88]  [51.58, 58.38]  [44.2, 51.48] 

EC ALL 161 95.84 (9.53) 161 55.46 (19.35) 161 50.34 (22.87) 

  [94.36, 97.32]  [52.45, 58.47]  [46.78, 53.9] 

EC1 148 96.73 (10.38) 148 51.96 (23.89) 147 49.1 (26.44) 

  [95.04, 98.42]  [48.08, 55.84]  [44.79, 53.41] 

7 years       

EO ALL 257 87.71 (8.93) 257 62.68 (20.88) 257 59.26 (24.54) 

  [86.61, 88.81]  [60.11, 65.25]  [56.25, 62.27] 

EO1 238 87.71 (8.93) 238 62.68 (20.88) 238 59.26 (24.54) 

  [86.61, 88.81]  [60.11, 65.25]  [56.25, 62.27] 

EC ALL 255 89.14 (8.97) 255 60.49 (21.75) 255 56.92 (24.24) 

  [88.03, 90.25]  [57.81, 63.17]  [53.93, 59.91] 

EC1 235 90.67 (9.34) 235 57.72 (27.13) 231 53.27 (26) 

  [89.47, 91.87]  [54.23, 61.21]  [49.9, 56.64] 

9 years       

EO ALL 117 81.51 (9.27) 117 62.83 (21.73) 117 61.02 (25.87) 

  [79.81, 83.21]  [58.85, 66.81]  [56.28, 65.76] 

EO1 112 82.81 (9.06) 112 63.35 (23.35) 112 57.87 (25.53) 
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  [81.11, 84.51]  [58.98, 67.72]  [53.09, 62.65] 

EC ALL 117 82.79 (9.27) 117 60.62 (22.37) 117 58.59 (25.9) 

  [81.09, 84.49]  [56.52, 64.72]  [53.85, 63.33] 

EC1 114 83.95 (9.65) 114 60.11 (26.98) 113 56.51 (27.25) 

  [82.16, 85.74]  [55.1, 65.12]  [51.43, 61.59] 

11 years       

EO ALL 90 81.61 (10.29) 90 56.78 (22.66) 90 57.28 (28.2) 

  [79.45, 83.77]  [52.03, 61.53]  [51.37, 63.19] 

EO1 85 82.16 (9.96) 85 56.84 (24.53) 85 54.59 (28.14) 

  [80.01, 84.31]  [51.55, 62.13]  [48.52, 60.66] 

EC ALL 88 81.9 (10.05) 88 54.98 (24.13) 88 56.53 (29.51) 

  [79.77, 84.03]  [49.87, 60.09]  [50.28, 62.78] 

EC1 85 83.58 (10.33) 85 52.77 (27.37) 85 54.18 (32.45) 

    [81.35, 85.81]   [46.87, 58.67]   [47.18, 61.18] 

 

 
 

Mean HR values were computed for all acceptable, high quality HR epochs, at all age timepoints. 

Descriptive statistics for HR mean, SDRRi and logRMSSD will be presented for each age group, 

averaging over all available epochs, averaging over all epochs of EO, averaging over all epochs of EC, 

the first epoch of EO and the first epoch of EC. 

 

HR Mean All epochs of EOEC 

Mean HR was also computed for all accepted epochs in both EO and EC conditions for 

each subject, at each age. From the results presented in Table # (All EOEC HR Mean Descriptive 

Statistics) mean HR was highest at the first timepoint recording at age 4 (M = 105.07, SD=8.48) 

decreased at each age timepoint and reached the lowest mean HR at age 11 (M = 81.83, 

SD=10.49).  

 
 

HR Mean Eyes Open 1 

Averaging over the first epoch of Eyes Open (EO1), we see similar results than those 

mean HR values when averaging over all epochs of EO and EC. At EO1, mean values are 
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slightly higher at each age but appear to follow similar trajectories, as HR decreased between 

each age. The highest values are reported at age 4 (M = 105.76, SD = 8.99). The lowest HR 

mean bpm recordings occur at age 11 (M = 82.16, SD=9.96).It should also be mentioned that the 

beats per minute of HR mean decrease until age 9 (M = 82.21, SD=9.06) and appear to plateau 

until the final timepoint assessment at age 11 (M = 82.16, SD=9.96) (see Table 3).  

 
Table 3. Mean HR (bpm) values during EO1 by age 

      95% C.I. 

Age N HR Feature Mean SD SE Lower Upper 

4 87 EO1 HR Mean 101.41 9.95 1.07 99.28 103.53 

5 140 EO1 HR Mean 96.34 9.23 0.78 94.79 97.88 

7 238 EO1 HR Mean 89.29 8.92 0.58 88.15 90.43 

9 112 EO1 HR Mean 82.81 9.06 0.86 81.11 84.51 

11 85 EO1 HR Mean 82.16 9.96 1.08 80.02 84.31 

 

 

SDRRi 

In these analyses, SDRRi is a measure of the standard deviation of heart rate, which was 

computed using the R-R intervals for each 30 second epoch. This measure of HRV represents a 

measure of overall HRV and is regulated by the interaction of the parasympathetic and 

sympathetic nervous systems. The descriptive statistics for SDRRi are reported for each age, for 

the first epoch of EO (Table 4) and the first epoch of EC (Table 5). 

The SDRRi averaged over all accepted epochs of EO and EC increases from age 4 (M = 

50.09, SD=19.41) and reaches a maximum at age 9 (M = 61.99, SD=21.43). From age 9 to 11, 

the SDRRi then decreases to a mean value of 56.03 (SD=22.82). 

 
Table 4. SDRRi (ms) values during EO1 by age  

      95% C.I. 
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Age N HR Feature Mean Std. Dev. 

Std. Error 

Mean 
Lower Upper 

4 87 EO1 SDRRi 49.03 21.95 2.35 44.35 53.71 

5 140 EO1 SDRRi 54.98 20.35 1.72 51.58 58.38 

7 238 EO1 SDRRi 61.04 22.69 1.47 58.15 63.94 

9 112 EO1 SDRRi 63.35 23.35 2.21 58.98 67.72 

11 85 EO1 SDRRi 56.84 24.53 2.66 51.55 62.13 

        

 

 The first epoch of EO at age 4 was the lowest reported value for SDRRi (M = 49.03, 

SD=21.95) and increased to age 9 (M = 63.35, SD=23.35) when it recorded the highest global 

HRV measure. The first epoch of EC, reported in Table 5, followed a similar developmental 

pattern, but reported a lower SDRRi than EO1 for each age group.  

 
Table 5. SDRRi (ms) values during EC1 by age 

      95% C.I. 

Age N HR Feature Mean SD SE Lower Upper 

4 83 EC1 SDRRi 44.48 20.99 2.30 39.90 49.07 

5 148 EC1 SDRRi 51.96 23.89 1.96 48.08 55.84 

7 235 EC1 SDRRi 57.72 27.13 1.77 54.23 61.20 

9 114 EC1 SDRRi 60.11 26.98 2.53 55.10 65.11 

11 85 EC1 SDRRi 52.77 27.37 2.97 46.86 58.67 

        

 

 

 The second measure of HRV, logRMSSD, followed similar patterns of minimums and 

maximum values at each age group as was reported in SDRRi. Looking at mean values of EO1 

(Table 6) and EC1 (Table 7), EO1 was reported mean values as being higher than EC1 at ages 4 

and 5, roughly similar at age 7, and during ages 9 and 11, EO1 (M = 3.95, SD=0.50; 3.87, 

SD=0.52) was measured as higher than EC1 (M = 3.81, SD=0.62; M = 3.51, SD=0.59). This is 

of note, in that, HRV values were anticipated to followed similar paths. Although the two HRV 

measures are being regulated by somewhat different systems, logRMSSD is a measure that is 
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regulated by the parasympathetic nervous system and SDRRi is regulated by a combination of 

both the sympathetic and parasympathetic nervous systems, the variability of HR would be 

expected to function in a somewhat linear manner throughout childhood. 

 

 
Table 6. logRMSSD (ms) values during EO1 by age 

      95% C.I. 

Age N HR Feature Mean SD SE Lower SD 

4 87 EO1 logRMSSD 3.58 0.59 0.06 3.46 3.71 

5 140 EO1 logRMSSD 3.75 0.53 0.04 3.66 3.84 

7 238 EO1 logRMSSD 3.90 0.48 0.03 3.84 3.96 

9 112 EO1 logRMSSD 3.95 0.50 0.05 3.85 4.04 

11 85 EO1 logRMSSD 3.87 0.52 0.06 3.76 3.98 

        

        
 
Table 7. logRMSSD (ms) values during EC1 by age 

      95% C.I. 

Age N HR Feature Mean SD SE Lower Upper 

4 147 EC1 logRMSSD 3.73 0.60 0.05 3.64 3.83 

5 231 EC1 logRMSSD 3.84 0.57 0.04 3.76 3.91 

7 113 EC1 logRMSSD 3.90 0.56 0.05 3.80 4.00 

9 85 EC1 logRMSSD 3.81 0.62 0.07 3.68 3.95 

11 83 EC1 logRMSSD 3.51 0.59 0.07 3.39 3.64 

        

 From the investigation of the  HR features averaged over epochs and conditions at each 

age group, measures were interpreted by visual inspection. General trends reported in this section 

represent the observed results from visual inspection of the descriptive statistics presented. These 

observations are not representative of any necessarily meaningful interpretation. Statistically 

significant testing between the ages and conditions will be needed to inform meaningful 

interpretation. 
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EEG Features 

 As stated earlier, the periodic measures of EEG power will be reported for the first epoch 

of EO and EC for alpha and beta frequency bands. The rationale for limiting the reporting to 

these single epochs, as opposed to averaging over all epochs of EO and all epochs of EC, based 

on the test-retest consistence of the EEG power patterns.  

 Similar to the data cleaning processes of the HR features, periodic and aperiodic 

measures were excluded based on signal quality criteria and protocol deviations. Figure 1, 

outlines the exclusion criteria for EEG data collected. A total of 109 studies were excluded from 

this project. Insufficient quality of EEG data represented the most common offender, leading to 

the omission of 76 subjects from these analyses. For example, EPRC-00246-A was excluded due 

to limited EEG signal quality in the first epoch of EO and the first epoch of EC necessary for the 

computation of periodic power measures and the data was omitted for computation of aperiodic 

EEG measures as well.   

  In the following section, all primary and secondary EEG parameter outcomes will be 

described and presented. The first EEG measure to be presented is the periodic measure of alpha 

power.  

 

 
Table 8. EO1 periodic EEG alpha power (μV2) by age 

 

Age 4 years 5 years 7 years 9 years 11 years 

N total 116 179 292 131 102 

Mean (μV2
) and SD 0.89 (0.56) 0.86 (0.53) 0.89 (0.76) 0.8 (0.7) 0.65 (0.52) 

95% C.I. [0.79, 0.99] [0.78, 0.94] [0.8, 0.98] [0.68, 0.92] [0.55, 0.75] 

      

 
Table 9. EC1 periodic EEG alpha power (μV2) by age 
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Age 4 years 5 years 7 years 9 years 11 years 

N total 113 177 292 131 102 

Mean (μV2
) and SD 1.44 (0.89) 1.42 (0.93) 1.71 (1.38) 1.78 (1.41) 1.69 (1.36) 

95% C.I. [1.27, 1.61] [1.29, 1.56] [1.55, 1.87] [1.54, 2.02] [1.42, 1.95] 

      

 

 Alpha band power during EO1 (Table 8) increases to age 7 (M = 0.89, SD=0.76) and 

decreases until age 11 (M = 0.65, SD=0.52). EC1 alpha band power (Table 9) was higher than 

the values reported in the EO condition at each age. Unlike EO1, EC1 reaches its highest 

measure of alpha band power at age 9 (M = 1.69, SD=1.36).  

 

EOEC beta power  

 
Table 10. EO1 EEG beta power (μV2) by age 

Age 4 years 5 years 7 years 9 years 11 years 

N total 116 179 292 131 102 

Mean (μV2
) and SD 0.2 (0.11) 0.16 (0.08) 0.18 (0.1) 0.19 (0.13) 0.16 (0.11) 

95% C.I. [0.18, 0.22] [0.15, 0.17] [0.17, 0.19] [0.17, 0.21] [0.14, 0.18] 

      

 

 
Table 11. EC1 EEG beta power (μV2) by age 

Age 4 years 5 years 7 years 9 years 11 years 

N total 113 177 292 131 102 

Mean (μV2
) and SD 0.18 (0.08) 0.15 (0.07) 0.18 (0.1) 0.21 (0.15) 0.19 (0.12) 

95% C.I. [0.17, 0.19] [0.14, 0.16] [0.17, 0.19] [0.18, 0.24] [0.17, 0.21] 

      

 

The patterns of beta power measures during EO1 and EC1 did not follow similar 

trajectories during the childhood timepoints as those observed in alpha band power. Beta power 

during EO1 (Table 10) was reported highest at the first time point, age 4 (M = 0.20, SD=0.11) 

and lowest at the last timepoint, age 11 (M = 0.16, SD=0.11). For EC1 (Table 11), beta power 

was lowest at age 5 (M = 0.15, SD=0.07) and highest at age 9 (M = 0.21, SD=0.15). 
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Aperiodic measures of EEG were also examined4.  

 
Table 12. EO EEG Exponent averaged over all epochs of EO and EC by age 

Age 4 years 5 years 7 years 9 years 11 years 

N total 111 172 290 131 102 

Mean (SD) 1.27 (0.36) 1.35 (0.41) 1.47 (0.39) 1.43 (0.37) 1.38 (0.38) 

[95% C.I.] [1.2, 1.34] [1.29, 1.41] [1.43, 1.51] [1.37, 1.49] [1.3, 1.46] 

 

 EO spectral slope is recorded as producing a quadratic trajectory over the five timepoints. 

EO spectral slope is lowest at age 4 (M = 1.49, SD=0.47) and increases until age 7, at which age 

it reports being largest (M = 1.74, SD=0.33). It then decreases at age 9 (M = 1.67, SD=0.33) and 

again at age 11 (M = 1.57, SD=0.34). 

 
Table 13. EC EEG Exponent averaged over all epochs of EO and EC by age 

Age 4 years 5 years 7 years 9 years 11 years 

N total 108 168 287 131 102 

Mean (SD) 1.50 (0.47) 1.64 (0.38) 1.74 (0.33) 1.67 (0.33) 1.57 (0.34) 

[95% C.I.] [1.41, 1.59] [1.58, 1.7] [1.7, 1.78] [1.61, 1.73] [1.5, 1.64] 

      

 

The EC spectral slope was greater than EO spectral slope at every age. EC spectral slope 

does follow a similar trajectory than EO spectral slope over the childhood ages. The lowest slope 

is at age 4 (M = 1.49, SD=0.47) increases to age 7 (M = 1.74, SD=0.33) and then decreases until 

age 11 (M = 1.57, SD=0.34). 

 

EOEC exponent of the spectral slope change Difference 

 
Table 14. EOEC spec slope Ch Diff between all epochs of EO and EC by age 

Age 4 years 5 years 7 years 9 years 11 years 

N total 105 168 285 131 102 

 
4 Initially, when presenting my project to my Dissertation Core Committee, I had proposed to calculate a theta/beta 

ratio using fixed frequency bands. Aperiodic measures were decided to be sufficient and preferable because it has 

been reported that observed differences may be confounded by power spectrum features, including shifts in peak 

oscillation frequency and altered slope or offset of the aperiodic 1/f-like component of the power spectrum 

(Robertson et al., 2019). 



 

 

 

67 

Mean (SD) -0.23 (0.38) -0.28 (0.36) -0.27 (0.3) -0.24 (0.22) -0.19 (0.27) 

95% C.I. [-0.3, -0.16] [-0.34, -0.22] [-0.3, -0.24] [-0.28, -0.2] [-0.24, -0.14] 

      

 

 Examining the change score between the EO and EC spectral slopes we see that 

Difference is negative at every age. The greatest difference is reported at age 5 and decreases 

consistently until the smallest EOEC spectral slope change difference score at age 11 (M = -0.19, 

SD = 0.27). Age 4 has the largest standard error in comparison to other groups. This represent a 

decrease in the quality measured at that age and could explain and affect the inconsistency of 

linear decrease with age.  
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Aim 1 Results 

 

Stability of the HR Measures across EO and EC Epochs 

The data collection protocol required participants to be seated ~70 cm in front of a 

computer monitor and asked to fixate on a central crosshair. Individuals completed a protocol 

consisting of a total of 3-minutes of alternating 30-s blocks of eyes open (EO) and eyes closed 

(EC) baseline (resting) recording. Therefore, in Aim 1, I will determine if there was an effect of 

epoch number on the HR mean, SDRRi and RMSSD. The statistical testing will offer evidence 

regarding the stability of HR measures across epochs during the protocol. It should be noted that 

this aim attempts to characterize the HR response throughout the epochs of the EOEC protocol 

and therefore methodological in nature. By identifying the stability of HR activity across epochs 

interpretability across conditions and of individual epochs will be elucidated. 

The stability of EEG measures during this EOEC protocol has been reported previously 

by multiple members of our research team using this dataset (Isler et al. 2022; McSweeny et al., 

2023). Each group has found that periodic measures of EEG power bands are stable over the 

three epochs in each EO and EC condition. Based on these finds, the repeated measures ANOVA 

testing of the stability of the EEG power for alpha band and beta band frequencies will not be 

conducted and the following analyses of EEG will be isolated to EO1 and EC1. However, the 

stability of HR features across epochs in each condition has yet to be established in this dataset. 

Therefore, repeated measures ANOVA tests was conducted on the three epochs of HR mean, 

SDRRi and RMSSD in each condition.  

The analysis presented here investigates the distributions of the HR measures (HR mean, 

SDRRi and RMSSD) across the EO and EC blocks. The three HR measure estimates in EO, EC 

blocks, and age groups were analyzed separately given the marked differences of HR and EEG 
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measures reported in previous work by other research groups (McSweeny et al., 2023). Data was 

natural log-transformed. Separate repeated-measures ANOVAs were utilized to verify the 

stability of the EEG power estimates across the blocks of EO and EC (within-subjects terms). 

Given the numerous tests performed, a 10% false discovery rate (FDR) correction was 

implemented to correct for multiple comparisons using the Benjamini-Hochberg procedure. In 

the instance of a significant main effect of either EO or EC blocks, paired comparisons were 

tested to assess the potential differences between EO1 vs EO2, EO1 vs EO3, and EO2 vs EO3, or 

EC1 vs EC2, EC1 vs EC3, and EC2 vs EC3.  

 The results are presented in Table 15 (EO blocks) and Table 16 (EC blocks) from the 

overall ANOVA tests, that offer evidence if at least one pair of means differ significantly, and 

the post hoc pairwise comparisons between age groups when a significant main effect of either 

EO and EC (significant results are identified in bold). The results from the repeated measures 

ANOVA offered strong evidence of main effects of both EO and EC blocks in HR mean, SDRRi 

and RMSSD, for each of the five age groups. There was a statistically significant association of 

EO and EC blocks on HR measures in 20 (66.6%) out of the 30 combinations of ages and the 

three HR features tested; with a predominance of significant associations found in EC (13 

(86.6%) out of 15) compared to EO (10 (66.6%) out of 15). More than two-thirds (41 (68.3%) 

out of 60) of the pairwise comparisons (EO1 vs EO2, EO1 vs EO3, and EO2 vs EO3, or EC1 vs 

EC2, EC1 vs EC3, and EC2 vs EC3) were significant.  
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Figure 2. Eyes Open HR Mean Repeated Measures ANOVA F-test 
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Figure 3. Repeated Measures ANOVA of EO logRMSSD at Age 9 

 

Investigating the contrasts of epochs in more detail, a larger proportion of such pairwise 

differences were significant when comparing epoch 1 versus epoch 3 (21 (51.2%)); epoch 2 

versus epoch 3 (14 (34.1%)) and epoch 2 versus epoch 3 (6 (14.6%)). Participants in the 7- and 

9-years-of-age groups accounted for the majority of these differences. Furthermore, EC epochs 

showed more significant differences than EO epochs. 

Table 15. F-statistics of repeated measures ANOVAs on EO epochs. Estimates (marginal means (CI) and p-values) of the 

pairwise comparisons are reported for significant models only 

Age HR Feature Overall EO1 vs EO2 EO1 vs EO3 EO2 vs EO3 

4Y HR Mean F(2, 140) = 6.45; 

p=0.008 

0.003 (-0.01, 0.02); 

p=1 

0.021 (0.01, 0.03); 

p=0.003 

0.02 (0.005, 0.03); 

p=0.025 

SDRRi F(2, 140) = 0.25; 

p=0.779  

NA NA NA 
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RMSSD F(2, 140) = 2.028; 

p=0.033  

-0.01(-0.08, 0.07); 

p=1 

-0.07(-0.14, 0); 

p=0.18 

-0.06 (-0.14, 0.02); 

p=0.36 

5Y HR Mean F(1.87, 227.6) = 24.48; 

p<0.001  

0.01 (0, 0.02); 

p=0.2 

0.03 (0.02, 0.04); 

p<0.001 

0.02 (0.01, 0.03); 

p<0.001 

SDRRi F(2, 234) = 1.609; 

p=0.202  

NA NA NA 

RMSSD F(1.86, 219.81) = 4.88; 

p=0.01  

-0.02 (-0.07, 0.03); 

p=1 

-0.08 (-0.14, -0.02); 

p=0.03 

-0.06 (-0.12, -0.01); 

p=0.06 

7Y HR Mean F(2, 446) = 60.63; 

p<0.001  

0.01 (0, 0.01); 

p=0.13 

0.03 (0.03, 0.04); 

p<0.001 

0.03 (0.02, 0.03); 

p<0.001 

SDRRi F(2, 436) = 2.643; 

p=0.072  

NA NA NA 

RMSSD F(2, 434) = 14.48; 

p<0.001  

-0.04 (-0.07, 0); 

p=0.15 

-0.1 (-0.14, -0.06); 

p<0.001 

-0.07 (-0.1, -0.03); 

p<0.001 

9Y HR Mean F(2, 210) = 35.04; 

p<0.001  

0.02 (0.01, 0.02); 

p=0.01 

0.04 (0.03, 0.05); 

p<0.001 

0.03 (0.02, 0.04); 

p<0.001 

SDRRi F(2, 200) = 0.91; 

p=0.406  

NA NA NA 

RMSSD F(2, 204) = 10.72; 

p<0.001  

-0.04 (-0.09, 0); 

p=0.21 

-0.11 (-0.17, -0.06); 

p<0.001 

-0.07 (-0.12, -0.02); 

p=0.01 

11Y HR Mean F(2, 156) = 20.03; 

p=0.013  

0.004 (-0.01, 0.01); 

p=1 

0.03 (0.02, 0.04); 

p<0.001 

0.03 (0.02, 0.04); 

p<0.001 

SDRRi F(2, 158) = 0.038; 

p=0.963  

NA NA NA 

RMSSD F(1.7, 134.01) = 4.631; 

p=0.016  

-0.03(-0.08, 0.02); 

p=0.71 

-0.09(-0.17, -0.02); 

p=0.04 

-0.06(-0.13, 0); 

p=0.15 

 

Table 16. F-statistics of repeated measures ANOVAs on EC epochs. Estimates (marginal means (CI) and p-values) of the 

pairwise comparisons are reported for significant models only 

Age HR Measure Overall EC1 vs EC2 EC1 vs EC3 EC2 vs EC3 

4Y HR Mean F(1.78, 126.61) = 14.53; 

p<.001 

0.02 (0.01, 0.03); 

p=0.01 

0.03 (0.02, 0.04); 

p<0.001 

0.01 (0.002, 0.02); 

p=0.07 

SDRRi F(1.64, 111.63) = 10.21; 

p<0.001 

-0.19 (-0.29, -0.1); 

p<0.001 

-0.14 (-0.24, -0.04); 

p=0.02 

0.05 (-0.01, 0.12); 

p=0.37 

RMSSD F(1.69, 120.16) = 5.737; 

p=0.006 

-0.11 (-0.21, -0.01); 

p=0.1 

-0.15 (-0.24, -0.05); 

p=0.01 

-0.04 (-0.1, 0.03); 

p=0.87 

5Y HR Mean F(1.76, 216.52) = 14.5; 

p<0.001 

0.01 (0.0, 0.02); 

p=0.21 

0.03 (0.02, 0.04); 

p<0.001 

0.02 (0.01, 0.03); 

p<0.001 

SDRRi F(1.66, 200.98) = 16.28; 

p<0.001 

-0.16 (-0.23, -0.08); 

p<0.001 

-0.17 (-0.24, -0.1); 

p<0.001 

-0.01 (-0.06, 0.04); 

p=1 

RMSSD F(1.66, 194.15) = 10.611; 

p<0.001 

-0.1 (-0.19, -0.02); 

p=0.04 

-0.16 (-0.23, -0.09); 

p<0.001 

-0.05 (-0.11, 0); 

p=0.18 

7Y 

HR Mean 

F(1.91, 412.73) = 27.945; 

p<0.001 

0.01 (0, 0.01); 

p=0.21 

0.03 (0.02, 0.03); 

p<0.001 

0.02 (0.01, 0.03); 

p<0.001 

SDRRi 

F(1.74, 359.1) = 2.595; 

p=0.084 

NA NA NA 
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RMSSD 

F(1.76, 360.3) = 11.697; 

p<0.001 

-0.03 (-0.08, 0.01); 

p=0.44 

-0.1 (-0.15, -0.06); 

p<0.001 

-0.07 (-0.1, -0.03); 

p<0.001 

9Y 

HR Mean 

F(1.86, 199.13) = 35.22; 

p=0.018 

0.01 (0, 0.02); 

p=0.02 

0.04 (0.03, 0.05); 

p<0.001 

0.02 (0.02, 0.03); 

p<0.001 

SDRRi 

F(1.76, 181.17) = 0.72; 

p=0.471 

NA NA NA 

RMSSD 

F(1.72, 180.21) = 7.053; 

p=0.002 

-0.04 (-0.1, 0.02); 

p=0.69 

-0.11 (-0.17, -0.04); 

p<0.001 

-0.07 (-0.11, -0.02); 

p=0.01 

11Y 

HR Mean 

F(1.53, 116.6) = 21.82; 

p=0.022 

0.02 (0, 0.03); 

p=0.054 

0.04 (0.02, 0.05); 

p<0.001 

0.02 (0.01, 0.03); 

p<0.001 

SDRRi 

F(1.7, 134.68) = 3.59; 

p=0.037 

-0.09 (-0.18, 0); 

p=0.14 

-0.09 (-0.18, -0.01); 

p=0.09 

0.0 (-0.07, 0.06); 

p=1 

RMSSD 

F(1.65, 131.9) = 5.38; 

p<0.01 

-0.04 (-0.11, 0.03); 

p=0.83 

-0.11 (-0.18, -0.3); 

p=0.02 

-0.07 (-0.12, -0.02); 

p=0.02 

 

These results of the repeated measures ANOVA tests offer evidence against the stability 

of HR measures across epochs in the EO, as well as in the EC condition. Based on the significant 

overall main effects of condition and the post hoc significant differences between the three 

epochs for all HR measures, at every age group, it can be concluded that HR mean, SDRRi and 

RMSSD do not display stability across measured epochs. The significant differences seen in HR 

rate (HR mean) and HR variability (SDRRi and RMSSD) measures change from the first epoch 

to the last epoch at each age.  

The results of Aim 1 offer evidence that each epoch must be considered and interpreted 

on a distinct level and that epoch in each condition is unique. For this reason, the following 

analyses will be conducted on only the first EO epoch (EO1), which will act as the baseline for 

the assessment and the subsequent epoch EC1, which will act as the challenge.  

Additionally, the visual inspection of the RMSSD QQ-plots and the Shapiro-Wilk tests of 

normality rejecting the null hypothesis for multiple epochs at all ages, except age 11. These 

results can be seen in Appendix A (Assumptions Testing of HR measures). These results offered 

strong rationale for log-transforming the HRV measure. Log-transforming RMSSD is a common 

practice to address issues of normality with the physiology RMSSD signal for appropriate 
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interpretation (Shaffer & Ginsberg, 2017). Therefore, for the following analyses, the RMSSD 

signal will be log-transformed will be used to meet the assumptions of normality. Going forward, 

the HRV measure of RMSSD will be analyzed and presented as the log-transformed version of 

the derived variable and identified as “logRMSSD”. 

Aim 2 Results 

 

In this section, I will report on the Aim 2 results of this dissertation testing the effect of 

age on HR and EEG features during the EOEC attentional task. This aim contains two different 

sets of analyses for each dependent variable. To examine the relationship between age and HR 

mean and HRV features, as well as aperiodic and periodic activity, I employed a series of linear 

mixed effects models (details of the fixed effects and random effects included in the models have 

been outlined in section Statistical Analyses). I will present the LMM testing the effect of age on 

all subjects controlling for sex followed by a sex stratified LMM analysis testing the effect of age 

on males and females separately. This aim offers import as a test of data validation to ensure that 

neurophysiology features follow patterns previously seen in past reports as well as adding 

information regarding descriptive information to the current literature, particularly regarding the 

sex-specific neurophysiologic trends and tendencies. 

As stated in Section 3.1.2, the linear regression models include known covariates which 

influence the ANS and CNS development and influence HR function and brain activity. All these 

covariates were included as fixed effects in each model. The addition of a random effect for 

subject was included in each model under the assumption that a different "baseline" heart rate 

value for each subject. Therefore, the models assume different random intercepts for each 

subject.  
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Linear mixed effects models (LMM) were run testing the effect of age on HR features 

and EEG periodic and aperiodic parameters. Models were performed separately for each 

outcome of interest: HR mean, SDRRi, logRMSSD, alpha power and aperiodic exponent 

(secondary outcomes of, beta power and aperiodic offset are presented in Appendix B). All 

models included the following covariates; participant sex assigned at birth, race, maternal 

education, maternal Edinburgh depression scale, marital status and the income to needs ratio of 

the household as fixed effects and subject as a random effect. All predictor variables were 

entered as fixed effects, and participant ID was included as a random effect (random intercepts). 

Age 4, the first age timepoint for data collection was used as the reference group in all analyses. 

For each analysis, Mahalanobis distance was used to investigate the presence of multivariate 

outliers. If outliers were found (χ2 < 0.001), these were removed before the LME model was run. 

In addition, Q-Q plots, histograms showing the standardized residuals, and scatter plots showing 

fitted versus standardized residuals were used to assess model assumptions (Appendix A). 

Associations of Age on Physiology During Eyes Open  

HR Mean 

In this section, I will report the results from the LMM assessing associations of age on 

HR mean during baseline. The results for the first test were conducted to identify significant 

differences between age groups was also performed on HR mean (bpm) during the first epoch of 

eyes open (EO1), which is the identified baseline (determined by the repeated measures ANOVA 

testing conducted in Aim 1). Baseline heart rate and associated 95% C.I. for each measured 

timepoint are visualized in Figure 4. 



 

 

 

76 

 

Figure 4. EO1 HR Mean (bpm) by age at assessment. 

Based on the data shown in Table 17, the results of the statistical testing for associations 

of age on mean HR during baseline show a main effect of age. The LMM, which reported on 658 

observations from 555 subjects, showed significant differences between all age groups (age 5, 7, 

9 and 11 years), in comparison to the reference group, age 4 and reported an AIC = 4725.6. 

Overall, the effect of age was associated with a systematic decrease in HR mean from age 4 with 

the highest heart rate (M = 101.4 bpm, SE = 1.23; Table 18) and age 11 with the lowest reported 

HR on average. In this table, the estimate associated with each fixed effect is the slope for the 

categorical effect of age on HR mean. As a result, we can intuit that the estimated effect of age 

increasing one year from age 4 to age 5 causes a decrease in mean HR by 5.2 beats, on average 
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(t(98)=-4.84, p < 0.001). The greatest estimated effect of age, on the age 4 reference group, was 

reported in comparison to age 11, decreasing an estimated 19.3 bpm (t(98)=-14.84, p < 0.001).  

Further, there was a significant main effect of sex on the HR mean during baseline. 

Males, representing the reference group for sex assigned at birth, offered evidence that there 

were significant differences in HR mean during baseline of EO1 in comparison to females, 

overall. Based on the results, females are reporting a higher estimated mean than males, of 1.87 

bpm overall (t(544)=-2.43, p = 0.015). No other covariates, included as fixed effects in this 

analysis, reported any significant main effects. 

These significant differences between age 4 and the four other age groups offer strong 

evidence of the effect of age on HR mean. These results give evidence that there is an effect of 

age on HR mean during baseline. Specifically, there is a significant decrease in bpm from age 4 

to age 11. Also, these data show that there is a significant difference between males and females 

HR mean during this baseline period when measured at ages 4, 5, 7, 9 and 11 years; with females 

measuring a slightly higher average HR of 1.86 bpm (SE = 0.77). Therefore, these results 

showing that HR mean changes as a function of age, in comparison to the reference group at age 

4, offer rationale to conduct pairwise comparisons between the age groups to determine further 

evidence of significant differences. The pairwise comparison of the different combinations 

testing for differences at each age in more detail will offer a better understanding of the 

associations between age and HR mean. 

 The results of the pairwise comparisons between the age groups were averaged over the 

levels of sex, race, maternal education and marital status (Table 19). The pairwise comparisons 

for each age group gave evidence of significant differences between all subsequent age group 

timepoints, except for age 9 to 11 (t(657)=0.482, p = 0.99). The greatest estimated difference 



 

 

 

78 

was reported between the first age group (4 years) and the last age group (11 years), reported as 

19.2 bpm (SE = 1.34) higher at age 4 than age 11 (t(98)=14.36, p < 0.0001). The contrast with 

the smallest significant estimated difference was between age 4 and age 5 (5.17 bpm, SE = 1.08; 

t(98)=4.8, p = 0.0001). The one-year difference between the age groups data collection timepoint 

is also the smallest subsequent difference in age at assessment.  

 
Table 17. Associations of age on HR Mean during EO1 

Fixed Effects  b estimate 95% CI t-statistic df p.value 

Intercept  99.05 [92.61, 105.49] 30.22 544 <0.001 

Age 5 -5.2 [-7.33, -3.07] -4.84 98 <0.001 

 7 -11.98 [-13.92, -10.05] -12.27 98 <0.001 

 9 -18.57 [-21.00, -16.13] -15.16 98 <0.001 

 11 -19.27 [-21.92, -16.61] -14.41 98 <0.001 

Sex Female 1.87 [0.36, 3.37] 2.43 544 0.015 

Race American Indian 0.51 [-2.02, 3.04] 0.4 544 0.691 

 Other 1.25 [-2.15, 4.65] 0.72 544 0.47 

Maternal Education Some High School -1.53 [-5.72, 2.65] -0.72 544 0.472 

 Completed High School 1.98 [-1.64, 5.60] 1.07 544 0.284 

 Beyond High School 0.59 [-3.07, 4.26] 0.32 544 0.75 

 Missing -1.14 [-10.71, 8.44] -0.23 544 0.816 

Edinburgh Depression Score  0 [-0.10, 0.09] -0.05 544 0.963 

Marital Status Unpartnered -0.96 [-3.07, 1.15] -0.89 544 0.373 

 Missing 0.38 [-5.80, 6.57] 0.12 544 0.903 

Income to Needs Ratio  0.29 [-0.13, 0.72] 1.36 98 0.176 

 

 
Table 18. Estimated Means of HR Mean During EO1 from Pairwise Comparisons 

    95% CI  

Age Estimated Mean SE df Lower Upper 95% CI 

4 101.4 1.23 98 98.9 103.8 [98.9, 103.8] 

5 96.2 1.13 98 93.9 98.4 [93.9, 98.4] 

7 89.4 1.06 98 87.3 91.5 [87.3, 91.5] 
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9 82.8 1.27 98 80.3 85.3 [80.3, 85.3] 

11 82.1 1.35 98 79.4 84.8 [79.4, 84.8] 

 

 
Table 19. Pairwise comparisons of age group on HR Mean during EO1 

Contrast 

Estimated 

Difference SE df t.ratio p.value 

Age4 - Age5 5.202 1.074 98 4.845 <.0001 

Age4 - Age7 11.984 0.977 98 12.266 <.0001 

Age4 - Age9 18.565 1.225 98 15.158 <.0001 

Age4 - Age11 19.268 1.337 98 14.406 <.0001 

Age5 - Age7 6.782 0.849 98 7.99 <.0001 

Age5 - Age9 13.363 1.092 98 12.237 <.0001 

Age5 - Age11 14.066 1.228 98 11.457 <.0001 

Age7 - Age9 6.581 0.995 98 6.617 <.0001 

Age7 - Age11 7.284 1.14 98 6.39 <.0001 

Age9 - Age11 0.703 1.264 98 0.556 0.981 

 

Sex Stratified Analysis for Associations of Age on HR Mean During EO1 Baseline 

 

 The sex stratified analysis offered insight into the differences in associations of age on 

HR mean between males and females, reported in Table 20. The negative main effect of age was 

significant for all age groups, as the estimates of decreased in comparison to age 4. At age 5, the 

magnitude of age on HR mean was approximately twice as large for females (b=-6.9 bpm, 95% 

CI [-9.91, -3.88], p < 0.001) than males (b=3.74, 95% CI [-6.90, 0.57], p = 0.022). Females 

reported higher change in HR mean at age 7 (b=-12.51 bpm, 95% CI [-15.24, -9.77], p < 0.001) 

when compared to males (b=-11.51, 95% CI [-14.38, -8.64], p < 0.001). At age 9, the magnitude 

of the association of age on HR mean switches and is slightly higher in males (b=-19.54, 95% CI 

[-23.19, -15.89], p < 0.001) in comparison to females (b=-18.18, 95% CI [-21.53, -14.84], p < 

0.001). At the last timepoint, age 11, females, again, report higher change in HR mean (b=-
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20.38, 95% CI [-24.07, -16.69], p < 0.001) than males (b=-17.62, 95% CI [-21.55, -13.69], p < 

0.001).5 

 
Table 20. Sex Stratified Associations of Age on HR Mean 

 Males EO HR Mean 1 Female EO HR Mean 1 

Predictors Estimates CI p Estimates CI p 

(Intercept) 101.69 [91.18 – 112.21] <0.001 100.72 [92.66 – 108.79] <0.001 

Age [5] -3.74 [-6.90 – -0.57] 0.022 -6.9 [-9.91 – -3.88] <0.001 

Age [7] -11.51 [-14.38 – -8.64] <0.001 -12.51 [-15.24 – -9.77] <0.001 

Age [9] -19.54 [-23.19 – -15.89] <0.001 -18.18 [-21.53 – -14.84] <0.001 

Age [11] -17.62 [-21.55 – -13.69] <0.001 -20.38 [-24.07 – -16.69] <0.001 

American Indian 0.14 [-3.55 – 3.82] 0.942 0.23 [-3.32 – 3.78] 0.897 

Other Race 6.49 [0.78 – 12.20] 0.026 -1.94 [-6.16 – 2.27] 0.365 

MATEDUC4 [2] -9.93 [-17.64 – -2.23] 0.012 2.3 [-2.80 – 7.40] 0.375 

MATEDUC4 [3] -4.47 [-11.47 – 2.53] 0.209 4.71 [0.43 – 8.99] 0.031 

MATEDUC4 [4] -5.55 [-12.74 – 1.63] 0.129 2.91 [-1.33 – 7.15] 0.177 

MAT. EDUC. MISSING -5.2 [-20.04 – 9.63] 0.49 3.94 [-10.94 – 18.82] 0.603 

EPDS imp 0.02 [-0.13 – 0.16] 0.819 0.02 [-0.10 – 0.15] 0.719 

MARStatus [1] 0.04 [-3.00 – 3.07] 0.982 -2.33 [-5.27 – 0.62] 0.121 

MARStatus999 -2.34 [-13.25 – 8.57] 0.673 0.14 [-7.47 – 7.75] 0.97 

INR imp 0.65 [0.08 – 1.23] 0.027 -0.08 [-0.73 – 0.56] 0.794 

Random Effects       

σ2 45.43   31.54   

τ00 38.21 eid   46.80 eid   

N 261 eid   294 eid   

Observations 314   344   

Marginal R2 / Conditional 

R2 

0.539 / 

NA   

0.564 / 

NA   

 

 
5 As well as finding significant associations of age in the sex stratified analysis, there were main effects of the 

covariates in the sex stratified analyses that were not present when the testing for associations was conducted on all 

subjects, controlling for sex. Males reported main effects for race, maternal education and INR on HR mean during 

baseline, which were not present for females. Male participants identifying as “other” (not self-classifying as 

“American Indian” nor “White”) had estimates of 6.49 bpm higher HR mean during baseline than white participants, 

who acted as the reference group. Thus, highlighting potential sex differences. 
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Figure 5. Sex stratified estimated means of EO1 HR Mean (bpm) for males and females 

SDRRi 

 The next HR feature that will be tested to determine the influence of age is the global 

measure of HRV, SDRRi, a measure of the standard deviation of the heart beats, measured in 

milliseconds. This analysis was conducted utilizing the same covariates for the model as was 

performed for HR mean. This analysis, testing the effect of age on SDRRi (Table 21), found the 

reference group estimates at age 4 significantly differ to those at all other age groups (Neid=537, 

obs=635). The LMM model fit by REML reported an AIC of 5674.2. This AIC value is higher 

than the model reported for HR mean. Table 21 shows the estimate associated with each fixed 

effect, specifically the categorical effect of age on SDRRi. Looking at the estimates for the 

different age groups, in Table 22, we see that SDRRi increases significantly with age from age 4 
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to age 5 (t(93)=2.49, p = 0.015) by an estimated 7.1 ms. The greatest estimated difference as an 

effect of age, on the, was reported in comparison to age 9 and age 4, the reference group. 

Between those age groups, there was, on average, an estimated 15.5 ms increase in SDRRi 

(t(93)=4.93 p < 0.001). 

 Unlike HR mean, there was no main effect of sex on SDRRi (t(526)=-0.05, p = 0.96). 

Furthermore, there were no other main effects of covariates included in the model. However, 

based on the significant differences found between all age groups to the reference group, post 

hoc pairwise comparisons were conducted and interpreted to determine which ages were 

significantly different, after accounting for multiple testing.  

 

Table 21. Associations of Age Group on SDRRi during EO1 

  b estimate 95% CI t-statistic df p.value 

Intercept  47.9 [32.18, 63.62] 5.99 526 <0.001 

Age 5 7.04 [1.38, 12.69] 2.47 93 0.015 

 7 12.46 [7.32, 17.60] 4.82 93 <0.001 

 9 15.39 [9.14, 21.64] 4.89 93 <0.001 

 11 7.75 [1.09, 14.41] 2.31 93 0.023 

Sex Female -0.1 [-3.78, 3.58] -0.05 526 0.958 

Race American Indian 0.97 [-5.17, 7.11] 0.31 526 0.757 

 Other -1.53 [-9.93, 6.86] -0.36 526 0.72 

Maternal Education Some High School -0.14 [-10.26, 9.98] -0.03 526 0.978 

 Completed High School -0.16 [-8.97, 8.65] -0.04 526 0.971 

 Beyond High School 2.67 [-6.23, 11.57] 0.59 526 0.556 

 Missing -0.39 [-24.55, 23.76] -0.03 526 0.974 

Edinburgh Depression Score  -0.01 [-0.24, 0.21] -0.11 526 0.914 

Marital Status Unpartnered 1.19 [-3.99, 6.37] 0.45 526 0.652 

 Missing 8.34 [-6.56, 23.24] 1.1 526 0.272 

Income to Needs Ratio  -0.02 [-1.09, 1.05] -0.04 93 0.967 
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Table 22. Estimated Means of SDRRi During EO1 from Pairwise Comparisons 

    95% CI  

Age Estimated Mean SE df Lower Upper 95% CI 

4 50.6 3.16 93 44.3 56.8 [44.3, 56.8] 

5 57.6 2.92 93 51.8 63.4 [51.8, 63.4] 

7 63.0 2.74 93 57.6 68.5 [57.6, 68.5] 

9 66.0 3.25 93 59.5 72.4 [59.5, 72.4] 

11 58.3 3.38 93 51.6 65 [51.6, 65] 

 

 

 The results from the pairwise comparisons of age on SDRRi (Table 23) did provide 

further evidence about the age groups that differed in measures at different ages throughout 

childhood. The difference between age 4 and age 5 in the initial LMM was found to be 

significant (t(93)=2.49, p = 0.015). However, the pairwise comparison testing, which averages 

over the levels of sex and race of the subject, as well as maternal education and marital status, 

and after the adjustment using the Tukey method for comparing a family of 5 estimates, the 

difference between the two ages was no longer significantly different (t(93)=-2.47, p = 0.11). 

Similarly, the pairwise comparison of age 4 and 11 was significantly different in the initial 

testing (t(93)=2.31, p = 0.023), but, the post hoc testing, with adjustments did not reach 

significance t(93)=-2.31, p = 0.15). The estimated difference between age 5 and 9 was the only 

other combination that was found to report a p-value less than 0.05 (t(93)=-2.97, p = 0.03).  

 

Table 23. Pairwise comparisons of age on SDRRi during EO1 

 

Contrast 

Estimate of the 

Difference SE df t.ratio p.value 

Age4 - Age5 -7.036 2.85 93 -2.472 0.1061 

Age4 - Age7 -12.461 2.59 93 -4.817 0.0001 

Age4 - Age9 -15.391 3.15 93 -4.891 <.0001 

Age4 - Age11 -7.748 3.35 93 -2.31 0.1508 
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Age5 - Age7 -5.425 2.26 93 -2.404 0.1234 

Age5 - Age9 -8.355 2.81 93 -2.971 0.0302 

Age5 - Age11 -0.712 3.06 93 -0.233 0.9993 

Age7 - Age9 -2.93 2.54 93 -1.151 0.7786 

Age7 - Age11 4.713 2.81 93 1.676 0.4534 

Age9 - Age11 7.643 3.17 93 2.41 0.1217 

Sex Stratified Analysis  

 

 The results from the sex stratified analysis of the associations of age on SDRRi during 

childhood (Table 24) showed evidence of an effect of age on both males and females, however, 

differences in age groups that were significant and the magnitude of those effects was apparent. 

A main effect of age was found in females (b=10.18, 95% CI [2.02, 18.34], p = 0.016), but not 

males (b=4.92, 95% CI [-3.2, 13.04], p = 0.23) at age 5. At age 7 and 9, both males and females 

had an effect of age. At both time points, on average, males reported a greater positive 

association of age on SDRRi (b=15.18, 95% CI [8.36, 22.98], p < 0.001; b=17.11, 95% CI 

[7.98, 26.23], p < 0.001) than females (b=10.11, 95% CI [2.71, 17.52], p = 0.009; b=14.65, 95% 

CI [5.79, 23.51], p = 0.002). For the last measured group, age 11, males were significantly 

different in comparison to the reference group, with an estimated 12.35 ms greater SDRRi 

measure (95% CI [2.55, 22.16], p = 0.015). Females reported an estimated 4.46 ms greater 

SDRRi at age 11 than age 4, however, it was not significant (95% CI [-4.97, 13.88], p = 0.35).  

Table 24. Sex Stratified Associations of Age on SDRRi 

     

 Males EO SDRRi 1 Female EO SDRRi 1 

Predictors Estimates CI p Estimates CI p 

(Intercept) 46.22 [20.34 – 72.09] 0.001 51.5 [31.57 – 71.43] <0.001 

Age [5] 4.92 [-3.20 – 13.04] 0.229 10.18 [2.02 – 18.34] 0.016 

Age [7] 15.67 [8.36 – 22.98] <0.001 10.11 [2.71 – 17.52] 0.009 

Age [9] 17.11 [7.98 – 26.23] <0.001 14.65 [5.79 – 23.51] 0.002 
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Age [11] 12.35 [2.55 – 22.16] 0.015 4.46 [-4.97 – 13.88] 0.346 

American Indian -2.19 [-11.23 – 6.86] 0.634 3.82 [-4.95 – 12.60] 0.392 

Other Race -6.97 [-21.41 – 7.47] 0.343 1.86 [-8.61 – 12.34] 0.726 

MATEDUC4 [2] 6.55 [-12.30 – 25.40] 0.494 -5.22 [-17.64 – 7.19] 0.408 

MATEDUC4 [3] 5.55 [-11.56 – 22.66] 0.524 -4.22 [-14.75 – 6.32] 0.432 

MATEDUC4 [4] 8.86 [-8.70 – 26.41] 0.321 -1.29 [-11.69 – 9.11] 0.807 

MATEDUC4999 22.21 [-14.05 – 58.46] 0.229 -12.75 [-60.43 – 34.93] 0.599 

EPDS imp 0.04 [-0.31 – 0.39] 0.835 -0.16 [-0.46 – 0.14] 0.286 

MARStatus [1] -2.67 [-10.10 – 4.77] 0.48 4.76 [-2.65 – 12.17] 0.207 

MARStatus999 -12.07 [-38.72 – 14.58] 0.373 19.96 [1.46 – 38.46] 0.035 

INR imp -1.19 [-2.71 – 0.33] 0.122 1.11 [-0.46 – 2.68] 0.161 

Random Effects       

σ2 309.68   261.94   

τ00 189.05 eid   206.40 eid   

N 252 eid   285 eid   

Observations 302   333   

Marginal R2 / Conditional R2 0.144 / NA   0.120 / NA   

 

logRMSSD 

 

The other variability HR feature tested was the log-transformed measure of RMSSD, the 

beat-to-beat measure that offers us the best metric to parasympathetic nervous system activity in 

this analysis. The LMM run aimed to determine the influence of age logRMSSD, measured in 

milliseconds, which is visualized in Figure 6. Based on the results from the LMM test in Table 

25, reporting on 646 observations (Neid=546), we see that there is an effect of age on logRMSSD 

in comparison to age 4. The significant estimates at age 5, 7, 9 and 11 offer evidence that there is 

a change in logRMSSD throughout childhood. Overall, the LMM model fit by REML reported 

an AIC of 5863.3, which is higher than the AIC reported for the other HRV measure, SDRRi 

(AIC=5680.5). There was a significant difference between the reference group and age 5 

(t(95)=3.4 , p < 0.001), with a beta coefficient of 0.21, which can be interpreted as an increase of 
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0.21 ms, on average, in the one year increase in age from 4 to 5 years. The largest estimated beta 

coefficient in comparison to age 4 was 0.39, reported at age 9 and a t-statistic equal to 5.75 and 

p-value less than 0.001. The estimated difference at age 11 decreased slightly lower, in 

comparison to age 9, and was highly significant (b= 0.28 ms, 95% CI: [0.14, 0.43], t(95)=3.91, p 

< 0.001). These results offer strong statistical evidence of an effect of age on logRMSSD during 

childhood. 

 

Figure 6. EO1 logRMSSD (ms) by age at assessment 

In terms of the other independent variables, there were no other reported significant main 

effects. But, there was a near significant effect of sex (t(535)=-1.66, p = 0.12. Based on the 

coefficient, males reported higher estimates of logRMSSD in comparison to females, although it 

did not reach a significant threshold. 
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Evaluating the estimated means of logRMSSD across ages 4 to 11 (Table 26), the HRV 

feature is displaying measurements as expected during childhood. Estimated means for 

logRMSSD are lowest at the first assessment time point, when the subjects are 4 years old (M = 

3.58 ms, SE = 0.07) and increase with age. The average estimate of logRMSSD reaches its 

greatest estimate of 3.97 ms (SE = 0.07) at 9 years old and decreases by 0.11 ms when measured 

at age 11 (M = 3.86 ms, SE = 0.07).  

For logRMSSD, all the older ages groups differed significantly from age 4 at age 5 

(t(95)=3.4 , p < 0.001), age 7 (t(95)=6.25 , p < 0.001) age 9 (t(95)=5.75 , p < 0.001) and age 11 

(t(95)=3.91 , p < 0.001). There was no significant effect of sex on the log transformed RMSSD. 

 

Table 25. Associations of Age Group on logRMSSD during EO1.  

  b estimate 95% CI t-statistic df p-value 

Intercept  3.64 [3.29, 3.98] 20.65 535 <0.001 

Age 5 0.21 [0.09, 0.33] 3.4 95 0.001 

 7 0.35 [0.24, 0.45] 6.25 95 <0.001 

 9 0.39 [0.25, 0.52] 5.75 95 <0.001 

 11 0.28 [0.14, 0.43] 3.91 95 <0.001 

Sex Female -0.06 [-0.14, 0.02] -1.56 535 0.119 

Race American Indian 0.03 [-0.10, 0.17] 0.48 535 0.635 

 Other -0.02 [-0.20, 0.16] -0.21 535 0.834 

Maternal Education Some High School 0.05 [-0.17, 0.27] 0.44 535 0.662 

 

Completed High 

School -0.05 [-0.24, 0.15] -0.48 535 0.632 

 Beyond High School 0.03 [-0.17, 0.22] 0.28 535 0.78 

 Missing 0.06 [-0.45, 0.57] 0.22 535 0.829 

Edinburgh Depression 

Score  0 [-0.01, 0.00] -0.24 535 0.812 

Marital Status Unpartnered 0.03 [-0.08, 0.15] 0.57 535 0.569 

 Missing -0.04 [-0.37, 0.29] -0.24 535 0.812 

Income to Needs Ratio  0 [-0.03, 0.02] -0.36 95 0.717 
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Table 26. Estimated Means of logRMSSD During EO1 

    95% CI  

Age Estimated Mean SE df Lower Upper 95% CI 

4 3.58 0.0669 95 3.45 3.71 [3.45, 3.71] 

5 3.79 0.0618 95 3.66 3.91 [3.66, 3.91] 

7 3.92 0.0573 95 3.81 4.04 [3.81, 4.04] 

9 3.97 0.0687 95 3.83 4.1 [3.83, 4.10] 

11 3.86 0.0722 95 3.72 4.01 [3.72, 4.01] 

 

 
Table 27. Pairwise comparisons by age of logRMSSD estimates 

Contrast 

Estimate of the 

Difference SE df t.ratio p.value 

Age4 - Age5 -0.2073 0.0611 95 -3.395 0.0087 

Age4 - Age7 -0.3453 0.0553 95 -6.249 <.0001 

Age4 - Age9 -0.3889 0.0676 95 -5.75 <.0001 

Age4 - Age11 -0.2835 0.0725 95 -3.909 0.0016 

Age5 - Age7 -0.1379 0.0484 95 -2.847 0.042 

Age5 - Age9 -0.1816 0.0606 95 -2.997 0.0281 

Age5 - Age11 -0.0761 0.0664 95 -1.146 0.7816 

Age7 - Age9 -0.0436 0.0548 95 -0.795 0.9314 

Age7 - Age11 0.0618 0.0612 95 1.01 0.8503 

Age9 - Age11 0.1054 0.0684 95 1.54 0.5391 

 

Sex Stratified Analysis on Associations of Age on logRMSSD  

 

 The sex stratified analyses offered insight into the differences between logRMSSD for 

males and females (Table 28). There were positive main effects of age for both males and 

females at each older age group, with logRMSSD greater than the estimated average when 

compared to 4 year olds. Looking at the estimated means of the two models, the magnitude of 

the effect of age on males (0.22 ms, 95% CI: [0.05, 0.4], p = 0.014; 0.42 ms, 95% CI: [0.26, 

0.58], p < 0.001; 0.32 ms, 95% CI [0.27, 0.67], p < 0.001) was greater than females at ages 5, 7 
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and 9 (0.2 ms, 95% CI [0.02, 0.37], p = 0.027; 0.27 ms, 95% CI [0.11, 0.42], p = 0.001; 0.32 ms, 

95% CI [0.13, 0.51], p = 0.001). At age 11, however, females reported a slightly greater 

estimated logRMSSD compared to males (0.28 ms, 95% CI [0.08, 0.49], p = 0.007 and 0.27 ms, 

95% CI [0.06, 0.48], p = 0.013). 

 

Figure 7. Sex stratified EO1 logRMSSD (ms) for males (red) and females (green) 

   

 
Table 28. Sex Stratified Associations of Age on logRMSSD. 

 Males EO1 logRMSSD Female EO1 logRMSSD 

Predictors Estimates CI p Estimates CI p 

(Intercept) 3.48 [2.91 – 4.05] <0.001 3.66 [3.23 – 4.10] <0.001 

Age [5] 0.22 [0.05 – 0.40] 0.014 0.2 [0.02 – 0.37] 0.027 

Age [7] 0.42 [0.26 – 0.58] <0.001 0.27 [0.11 – 0.42] 0.001 
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Age [9] 0.47 [0.27 – 0.67] <0.001 0.32 [0.13 – 0.51] 0.001 

Age [11] 0.27 [0.06 – 0.48] 0.013 0.28 [0.08 – 0.49] 0.007 

American Indian 0 [-0.20 – 0.20] 0.987 0.08 [-0.11 – 0.27] 0.408 

Other Race -0.15 [-0.47 – 0.16] 0.339 0.05 [-0.18 – 0.28] 0.655 

MATEDUC4 [2] 0.33 [-0.09 – 0.74] 0.119 -0.12 [-0.39 – 0.16] 0.4 

MATEDUC4 [3] 0.21 [-0.17 – 0.58] 0.278 -0.19 [-0.42 – 0.05] 0.117 

MATEDUC4 [4] 0.29 [-0.09 – 0.67] 0.136 -0.09 [-0.32 – 0.14] 0.421 

MATEDUC4999 0.62 [-0.17 – 1.41] 0.125 -0.36 [-1.17 – 0.44] 0.376 

EPDS imp 0 [-0.01 – 0.01] 0.937 0 [-0.01 – 0.00] 0.378 

MARStatus [1] -0.1 [-0.26 – 0.07] 0.245 0.16 [0.00 – 0.33] 0.047 

MARStatus999 -0.37 [-0.95 – 0.21] 0.213 0.19 [-0.23 – 0.60] 0.374 

INR imp -0.02 [-0.06 – 0.01] 0.151 0.01 [-0.02 – 0.05] 0.461 

Random Effects       

σ2 0.14   0.12   

τ00 0.10 eid   0.12 eid   

ICC 0.41   0.5   

N 253 eid   293 eid   

Observations 303   343   

Marginal R2 / Conditional 

R2 

0.121 / 

0.481   0.072 / 0.535   

 
 

Periodic EEG Alpha Power 

 

The LMM testing (Table 29) on periodic EEG alpha power indicated several factors 

influencing measured activity in the 8-12 Hz band. The results were reported on 819 

observations from 672 subjects, indicating that roughly 10% of the observations included were 

from subjects with repeated measures. There was a significant main effect of age, sex and INR 

on EEG power in the alpha band. No significant differences between the reference group and 

ages 5, 7 and 9 were present. The influence of age was found to be significant at the last 

measured timepoint, this can be seen for participants in age group 11 years, whom had decreased 
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alpha power (-0.22 µV2; 95% CI [-0.38, -0.06]; p = .006) compared to subjects measured at age 

4.  

The main effect of sex on this periodic EEG parameter offered evidence that females 

reported lower periodic EEG alpha power than males (b=-0.25 µV2, t(142)=-5.06, 95% CI [-

0.35, -0.16]; p < .001). The effect of sex on periodic EEG alpha power was the last magnitude 

reported of any fixed effects included in the model. Lastly, there was also a significant main 

effect of INR on alpha power. Overall, it can be understood as a single unit increase of the 

income to needs ratio is associated with a 0.03 µV2 increase in alpha power (95% CI [0.0, 0.06]; 

p = .045). 

   

 
Table 29. Associations of Age Group on Periodic EEG Alpha Power (µV2) during EO1 

 

  b estimate 95% CI t-statistic df p.value 

Intercept  1 [0.59, 1.42] 4.75 661 <0.001 

Age 5 0.01 [-0.10, 0.12] 0.17 142 0.864 

 7 0.03 [-0.08, 0.13] 0.53 142 0.595 

 9 -0.1 [-0.24, 0.04] -1.42 142 0.157 

 11 -0.22 [-0.38, -0.06] -2.77 142 0.006 

Sex Female -0.25 [-0.35, -0.16] -5.06 661 <0.001 

Race American Indian 0.03 [-0.14, 0.20] 0.33 661 0.745 

 Other -0.09 [-0.31, 0.14] -0.76 661 0.45 

Maternal Education Some High School -0.05 [-0.32, 0.22] -0.36 661 0.722 

 

Completed High 

School -0.04 [-0.27, 0.19] -0.32 661 0.745 

 Beyond High School -0.05 [-0.28, 0.19] -0.4 661 0.693 

 Missing -0.02 [-0.66, 0.62] -0.05 661 0.957 

Edinburgh Depression 

Score  0 [-0.01, 0.00] -0.8 661 0.425 

Marital Status Unpartnered 0.07 [-0.07, 0.20] 0.95 661 0.341 

 Missing 0.29 [-0.15, 0.73] 1.29 661 0.199 
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Income to Needs Ratio  0.03 [0.00, 0.06] 2.02 142 0.045 

 

 
Figure 8. EO1 Alpha Power (µV2) by age at assessment. 

 

 

 

 

 

 
Table 30. Estimated Means of periodic EEG alpha power During EO1 from Pairwise Comparisons 

  

    95% CI  

Age Estimated Mean SE df Lower Upper 95% CI 

4 0.933 0.0752 142 0.784 1.081 [0.784, 1.081] 

5 0.943 0.0714 142 0.801 1.084 [0.801, 1.084] 

7 0.96 0.0669 142 0.828 1.093 [0.828, 1.093] 

9 0.83 0.0814 142 0.67 0.991 [0.67, 0.991] 

11 0.71 0.0868 142 0.538 0.881 [0.538, 0.881] 
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Investigating the estimated means for each group (Figure 8 and Table 30), ages 4 (M = 

0.93 µV2, SE = 0.075), 5(M = 0.94 µV2, SE = 0.074), and 7 (M = 0.96 µV2, SE = 0.067), 

average measures of alpha power greater than 0.9 µV2. For these measured ages, alpha power 

reaches a maximum value at age 7 and begins to decrease at age 9 (M = 0.83 µV2, SE = 0.081), 

and finally the lowest estimated average measurement was reported at age 11(M = 0.71 µV2, SE 

= 0.087). These estimates inform our interpretation and understanding of the pairwise 

comparisons. 

 
Table 31. Pairwise comparisons of age group on periodic EEG alpha power during EO1 

Contrast 

Estimate of the 

Difference SE df t.ratio p.value 

Age4 - Age5 -0.00993 0.058 142 -0.171 0.9998 

Age4 - Age7 -0.02777 0.0521 142 -0.533 0.9838 

Age4 - Age9 0.10224 0.0719 142 1.422 0.6144 

Age4 - Age11 0.22272 0.0803 142 2.775 0.0485 

Age5 - Age7 -0.01783 0.0466 142 -0.382 0.9954 

Age5 - Age9 0.11218 0.0664 142 1.689 0.4439 

Age5 - Age11 0.23266 0.0757 142 3.075 0.021 

Age7 - Age9 0.13001 0.0602 142 2.159 0.2016 

Age7 - Age11 0.25049 0.0711 142 3.523 0.0051 

Age9 - Age11 0.12048 0.0784 142 1.538 0.5399 

 

 Post hoc pairwise comparisons are reported in Table 31. Three pairwise comparisons 

were found to be significant in the post hoc testing, after Tukey adjustment. All these significant 

differences between age groups include age group 11. Age group 11 reported the lowest 

estimated mean, and all significant comparisons were positive estimated differences when tested 

against the first three timepoints of 4 years, 5 years and 7 years. The smallest significant 

difference of 0.22 µV2 (SE = 0.08) was between age 4 and age 11 (t(142)=2.775, p = 0.049), 
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followed by age 5 and age 11 (M = 0.23 µV2, SE = 0.08, t(142)=2.775, p = 0.049) and the 

greatest difference between age groups was between age 7 and 11 years estimated at 0.25 µV2 

(SE = 0.08) and a t-statistics of t(142)=3.523, p = 0.005. 

 

Sex Stratified Analysis on Associations of Age on Periodic EEG Alpha Power  

Table 32. Sex Stratified Associations of Age on Periodic EEG Alpha Power 

 

    

 Males EO 1 alpha Female EO 1 alpha 

Predictors Estimates CI p Estimates CI p 

(Intercept) 1 [0.26 – 1.73] 0.008 0.79 [0.34 – 1.23] 0.001 

Age [5] 0.04 [-0.13 – 0.22] 0.611 -0.02 [-0.17 – 0.14] 0.834 

Age [7] 0.06 [-0.09 – 0.22] 0.409 -0.01 [-0.15 – 0.12] 0.838 

Age [9] -0.05 [-0.28 – 0.18] 0.645 -0.14 [-0.31 – 0.04] 0.126 

Age [11] -0.17 [-0.43 – 0.09] 0.204 -0.28 [-0.47 – -0.09] 0.005 

American Indian 0.17 [-0.12 – 0.45] 0.249 -0.12 [-0.32 – 0.08] 0.246 

Other Race -0.13 [-0.54 – 0.28] 0.527 -0.04 [-0.28 – 0.21] 0.766 

MATEDUC4 [2] -0.24 [-0.77 – 0.29] 0.372 0.09 [-0.20 – 0.37] 0.548 

MATEDUC4 [3] -0.1 [-0.58 – 0.37] 0.674 0.03 [-0.21 – 0.27] 0.793 

MATEDUC4 [4] -0.12 [-0.61 – 0.38] 0.647 0.01 [-0.22 – 0.25] 0.923 

MATEDUC4999 -0.01 [-1.15 – 1.13] 0.99 -0.08 [-0.97 – 0.81] 0.859 

EPDS imp -0.01 [-0.02 – 0.01] 0.342 0 [-0.01 – 0.01] 0.9 

MARStatus [1] 0.13 [-0.10 – 0.36] 0.278 0 [-0.16 – 0.17] 0.964 

MARStatus999 0.32 [-0.58 – 1.21] 0.488 0.15 [-0.31 – 0.60] 0.523 

INR imp 0.06 [0.02 – 0.10] 0.009 -0.01 [-0.04 – 0.03] 0.623 

Random Effects       

σ2 0.13   0.11   

τ00 0.45 eid   0.18 eid   

ICC 0.77   0.62   

N 325 eid   348 eid   

Observations 399   421   

Marginal R2 / Conditional 

R2 0.054 / 0.786   

0.041 / 

0.633   
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In sex-stratified analyses (Table 32), the main effect of age in the alpha band was only 

found in females. Further, a main effect of INR was only reported in males. Female participants 

at age 11 had less EEG power in the alpha band (-0.28 µV2; 95% CI [-0.47, -0.09]; p = .005) 

compared to female participants measured at age 4. The sex stratified analysis revealed that the 

main effect of INR on alpha band power increased twofold for male participants (0.06 µV2; 95% 

CI [0.02, 0.10], p = 0.009) when tested alone, in comparison to the LMM that included both 

males and females (0.03 µV2; 95% CI [0.0, 0.06], p = 0.045).  

The results from the LMM analysis of periodic EEG alpha power during the EO baseline 

offered evidence of a negative main effect of age. The negative association was found to be 

significant when comparing the first assessment, age 4 (the reference group), to the last 

assessment age, 11 years (-0.22 µV2; 95% CI [-0.38, -0.06]; p = 0.006). Age 11 reported the 

lowest estimates of alpha power during EO1 in comparison to all other age groups measured (M 

= 0.71 µV2, SE = 0.087). Age 11 was also involved in all significant age group contrasts in the 

post hoc pairwise comparison testing. 

Furthermore, the LMM identified a main effect of INR on alpha power. The overall 

positive association between family SES and alpha power has been reported previously. In this 

study, the association between periodic EEG alpha power and INR offer strong evidence of the 

influence of an income measure that incorporates contextual factors to better measure the 

economic hardships experienced by a member of a household.  

The main effect of sex found in the LMM of all subjects was further explored by the sex 

stratified analysis testing associations of alpha power and the explanatory variables included in 

the model. The main effect of age, found at age 11, when males and females were separated, was 

only significant for females (-0.28 µV2; 95% CI [-0.47, -0.09]; p = 0.005). Also, in comparison 
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to the original LMM performed on all subjects, the analysis gave evidence that association of age 

on periodic EEG alpha power was of a greater magnitude when isolating females in the testing.  

 
Figure 9. Sex-Stratified Effect of Age on Periodic EEG Alpha Power(µV2) by age at assessment 

  

Aperiodic EEG Exponent Spectral Slope 

 

 The final measure tested during the baseline of EO1 was the EEG exponent. The analysis 

testing associations of age on aperiodic EEG included 806 observations (Neid=662). Visualized in 

Figure 10, there was strong statistical evidence of a main effect of age on spectral slope (Table 

33). The regression testing of the spectral slope exponent aperiodic EEG measure offered 

evidence that there was a significant positive association of age. The magnitude increases for 

each later age group in comparison to age 4. Ages 5, 7 and 9 were found to be significantly 

greater than the slope at age 4 (b=0.1; 95% CI [0.01, 0.18]; p = 0.024; 0.18, 95% CI [0.11, 0.26], 
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p < .001; b=0.14; 95% CI [0.04, 0.23]; p = 0.004). The age 11 timepoint reported the smallest 

beta estimate of 0.09 (95% CI [-0.01, 0.20]) and while it was trending in the same direction as 

the previous age groups, it was only near significant and did not reach the 0.05 threshold 

(t(139)=1.84, p = 0.067). 

 

Figure 10. EO Exponent of the Spectral Slope by age at assessment. 

 There were no significant main effects for any other variables included in the model. 

There was a near significant association of sex on EEG offset, as females estimated an overall 

exponent greater than males (b=0.05, 95% CI [-0.01, 0.11], t(139)=1.71, p = 0.067). However, 

no other main effects on EEG exponent of covariates included in the model were observed.    

 

 

 

 



 

 

 

98 

Table 33. Associations of age group on the Exponent of the Spectral Slope during EO 

  b estimate 95% CI 

t-

statistic df p.value 

Intercept  1.13 [0.89, 1.38] 9.08 651 <0.001 

Age 5 0.1 [0.01, 0.18] 2.28 139 0.024 

 7 0.18 [0.11, 0.26] 4.85 139 <0.001 

 9 0.14 [0.04, 0.23] 2.9 139 0.004 

 11 0.09 [-0.01, 0.20] 1.84 139 0.067 

Sex Female 0.05 [-0.01, 0.11] 1.71 651 0.088 

Race American Indian -0.09 [-0.18, 0.01] -1.71 651 0.088 

 Other -0.02 [-0.15, 0.11] -0.3 651 0.768 

Maternal Education Some High School 0.1 [-0.06, 0.26] 1.24 651 0.214 

 Completed High School 0.11 [-0.03, 0.25] 1.59 651 0.112 

 Beyond High School 0.1 [-0.04, 0.23] 1.36 651 0.175 

 Missing 0.17 [-0.22, 0.55] 0.86 651 0.389 

Edinburgh Depression 

Score  0 [0.00, 0.00] -0.41 651 0.682 

Marital Status Unpartnered 0.01 [-0.07, 0.09] 0.32 651 0.746 

 Missing 0.05 [-0.21, 0.31] 0.38 651 0.707 

Income to Needs 

Ratio  0.02 [0.00, 0.03] 1.92 139 0.057 

 

 
Table 34. Estimated Means of EEG Exponent During EO from Pairwise Comparisons 

  

    95% CI  

Age Estimated Mean SE df Lower Upper 95% CI 

4 1.26 0.0478 139 1.17 1.36 [1.17, 1.36] 

5 1.36 0.0448 139 1.27 1.45 [1.27, 1.45] 

7 1.45 0.0407 139 1.36 1.53 [1.36, 1.53] 

9 1.4 0.0498 139 1.3 1.5 [1.3, 1.5] 

11 1.36 0.0521 139 1.25 1.46 [1.25, 1.46] 

 

  

Table 35. Pairwise comparisons of age group on EEG Exponent during EO1 
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Contrast 

Estimate of 

the Difference SE df t.ratio p.value 

Age4 - Age5 -0.0955 0.042 139 -2.275 0.1592 

Age4 - Age7 -0.1842 0.038 139 -4.847 <.0001 

Age4 - Age9 -0.1376 0.0475 139 -2.897 0.0349 

Age4 - Age11 -0.0942 0.0511 139 -1.844 0.3526 

Age5 - Age7 -0.0886 0.0332 139 -2.667 0.0641 

Age5 - Age9 -0.0421 0.043 139 -0.979 0.8645 

Age5 - Age11 0.0013 0.047 139 0.028 1 

Age7 - Age9 0.0465 0.0387 139 1.202 0.7501 

Age7 - Age11 0.0899 0.0435 139 2.068 0.2397 

Age9 - Age11 0.0434 0.0491 139 0.884 0.9024 

 

 The estimated means (Table 34) show that spectral slope is lowest at the first time point 

measured at 4 years and reaches its acme at age 7 (M = 1.45, SE = 0.041) and decreases after 

until age 11 (M = 1.36, SE = 0.052). These differences were explored in the pairwise 

comparisons (Table 35). The post hoc contrasts performed show that the estimated differences 

between age 4 and 7 reported the greatest difference between two time points, with a difference 

of -0.18 (t(139)=-4.847, p < 0.001). The pairwise comparison of age 4 and age 9 was also 

significantly different mean of -0.14 (SD=0.048; t(139)=-2.897, p = 0.035). The significant main 

effect of age at 5 years found in the original LMM did not maintain the 0.05 p-value threshold 

after Tukey adjustment. 

Sex Stratified Analysis on Associations of Age on EO EEG Exponent of the Spectral Slope  

The LMM performed on all subjects, reported in Table 33, offered evidence of a near 

significant difference between males and females. Based on the LMM testing which included 

participant sex in the model, females reported an averaging an estimated 0.05 greater magnitude 

than males (95% CI [-0.01, 0.11], t(651)=-1.71, p = 0.088). Investigating the EEG exponent 
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response to age for males and females independently (visualized in Figure 11. Sex stratified EO 

EEG Exponent of the Spectral Slope) was further explored with sex stratified LMM analysis. 

 

Figure 11. Sex stratified EO EEG Exponent of the Spectral Slope 

 

The sex stratified analysis testing associations on EEG exponent during the baseline 

offered greater information regarding the differences between males and females (Table 36). 
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Table 36. Sex Stratified Associations of Age on EO Exponent of Spectral Slope 

 

Testing the males and females independently offered some evidence that the influence of age on 

EEG exponent was experienced, overall, at an early onset and with greater magnitude in females, 

when compared to males. The main effect of age at five years was significant for females 

(b=0.14, 95% CI [0.03, 0.26], p = 0.017). A significant difference between ages 4 and 5, showed 

an increase in the magnitude of age on the spectral slope of the exponent for females and not 

    

 Males EO Exponent Female EO Exponent 

Predictors Estimates CI p Estimates CI p 

(Intercept) 1.11 [0.72 – 1.50] <0.001 1.21 [0.90 – 1.52] <0.001 

Age [5] 0.06 [-0.07 – 0.18] 0.357 0.14 [0.03 – 0.26] 0.017 

Age [7] 0.18 [0.07 – 0.29] 0.001 0.19 [0.09 – 0.30] 0.001 

Age [9] 0.15 [0.01 – 0.29] 0.037 0.16 [0.03 – 0.29] 0.016 

Age [11] 0.13 [-0.02 – 0.28] 0.086 0.07 [-0.07 – 0.21] 0.292 

American Indian -0.01 [-0.15 – 0.14] 0.908 -0.17 [-0.31 – -0.03] 0.017 

Other Race 0.14 [-0.07 – 0.35] 0.196 -0.07 [-0.24 – 0.10] 0.393 

MATEDUC4 [2] -0.22 [-0.50 – 0.06] 0.116 0.26 [0.06 – 0.45] 0.01 

MATEDUC4 [3] -0.11 [-0.36 – 0.15] 0.408 0.19 [0.03 – 0.35] 0.023 

MATEDUC4 [4] -0.09 [-0.35 – 0.17] 0.488 0.15 [-0.02 – 0.31] 0.075 

MATEDUC4999 -0.22 [-0.81 – 0.38] 0.475 -0.18 [-0.80 – 0.43] 0.562 

EPDS imp 0 [-0.00 – 0.01] 0.354 0 [-0.01 – 0.00] 0.405 

MARStatus [1] 0.04 [-0.08 – 0.15] 0.547 -0.02 [-0.13 – 0.10] 0.787 

MARStatus999 0.38 [-0.08 – 0.84] 0.104 -0.11 [-0.42 – 0.21] 0.506 

INR imp 0.02 [-0.00 – 0.05] 0.05 0.01 [-0.01 – 0.04] 0.273 

Random Effects       

σ2 0.08   0.08   

τ00 0.07 eid   0.06 eid   

ICC 0.44   0.43   

N 317 eid   345 eid   

Observations 388   418   

Marginal R2 / Conditional R2 

0.071 / 

0.483   

0.090 / 

0.482   
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significant for males. The magnitude of age on EEG exponent was slightly greater for females in 

comparison to males at ages 7 (females: b=0.19, 95% CI [0.09, 0.30], p = 0.001; males: b=0.18, 

95% CI [0.07, 0.29], p = 0.001) and 9 (females: b=0.16, 95% CI [0.03, 0.29], p = 0.016; males: 

b=0.15, 95% CI [0.01, 0.29], p = 0.037).   
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Aim 2 Summary of Results 

Aim 2 included the testing for the associations of age on HR and EEG measures during 

the baseline epoch of EO1 offered strong statistical evidence of a main effect of age on HR 

mean, SDRRi, logRMSSD, periodic EEG alpha power and aperiodic EEG exponent measures. 

Furthermore, male and female differences were found in the sex stratified analyses to further 

understand the magnitude of these sex differences and the timing of the main effects during 

childhood. 

In summary, I ran LMMs to test the effect of age on HR and EEG features during the 

EO1 baseline. Age 4 acted as the reference group in the analysis. For all HR measures, there was 

a significant main effect of age for years 5, 7, 9 and 11 when compared to age 4. There was at 

least one significant difference between age group 4 and all other age groups for all EEG 

measures and the four older timepoints also. 

 For all three HR measures, all age groups reported significant differences in comparison 

to age 4. There was a significant main of age on HR mean. This negative relationship saw the 

average bpm decrease from the reference group at all the four older age groups. Conversely, 

there was a significant positive relationship between age and SDRRi and logRMSSD. The main 

effect of age was significant at ages 5-, 7-, 9- and 11-years, in comparison to the first assessment 

at age 4. This offered strong evidence of the development of ANS as a function of age. This 

encouraged and justified post hoc pairwise comparisons to explore the change in HR and HRV 

during childhood in greater detail with contrasts of age groups. 

 HR mean, for all combinations of age group comparisons were significant except for age 

group 9 and 11 (t(98)=0.56, p = 0.98). This plateau in HR mean around age 10 has been reported 

on before in previous literature (Harteveld et al., 2021). 
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 The HRV measures of SDRRi and logRMSSD were not as differentiated, nor as linear 

and systematic as those of HR mean. For example, there was a main effect of age on SDRRi and 

a significant difference between age 4 and age 5 in the LMM. However, following the Tukey 

adjustment during pairwise comparisons, the difference between the two groups was no longer 

significant (t(93)=-2.47, p = 0.11). The same result occurred for logRMSSD LMM and post hoc 

pairwise comparisons. For ages 4 and 5, there was a significant main effect of age, as beta 

coefficient should be a significant increase in logRMSSD from age 4 to 5 (t(93)=2.47, p = 

0.015). But, in the post hoc testing, the contrast, which reported an estimated mean change in 

logRMSSD of -7.4 ms (SE = 2.85) failed to reach significance (t(93)=2.47, p = 0.11). This was 

also the case for the first and last age measured age groups; 4 years and 11 years. The LMM for 

SDRRi reported a t-statistics (93) = 2.31 and a p-value = 0.023. However, the post hoc testing 

did not reach the significance (t(93)=-2.31, p = 0.15).  

For both SDRRi and logRMSSD, the age group that had the highest estimated mean was 

age 9. Therefore, the comparison between age 9 and decreases, on average, at age 11. This 

maximum at age 9 and the subsequent decrease in HRV at age 11 reduces the possibility of 

significant differentiation between the older age groups. Hence, there were no significant 

differences found between Age 5 – Age 7, Age 5 – Age 11, Age 7 – Age 9, Age 7 – Age 11 and 

age 9 and 11. 

 Furthermore, sex differences were observed in both HR and EEG models. There was a 

significant main effect of sex assigned at birth on HR mean (t(544)=-2.43, p = 0.015) and near 

significant effects of sex on SDRRi and logRMSSD. Interestingly, for the EEG measures, the 

periodic measures of EEG alpha and beta found a significant main effect of sex. For the 
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aperiodic measures of EEG, offset was significant while the exponent of the spectral slope was 

not.  

Comparisons of the magnitudes of the beta estimates of the male and female LMM tests 

offered insight into sex differences in the relationship of age to ANS and CNS parameters and 

differences in the onset of when the effect of age becomes apparent. The effect of sex on these 

associations will be further discussed and explored during the Discussion section. 
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Aim 3 Results: EO and EC Paired t-tests  

Paired t-tests between EO and EC Conditions 

 

In this section, I will present the Aim 3 results of statistical testing of the within-subject 

differences in the EO and EC conditions. The comparison of mean differences will be performed 

on the ANS features (mean HR, SDRRi and RMSSD) and CNS parameters (periodic: alpha and 

beta power and aperiodic: offset and exponent) at the five assessment timepoints. The results will 

inform the average response to the attentional challenge of transitioning from the EO baseline to 

the EC condition at multiple points during childhood. To determine if HR and EEG features are 

sensitive to measure the physiologic change between EO and EC states, epochs of EO and EC 

will be tested. Testing for the three HR features and two periodic EEG parameters will be 

isolated to the EO1 and EC1. To assess if there were significant differences in HR features, 

which include HR in bpm, as computed from R-R intervals (RRi), the standard deviation of R-R 

intervals (SDRRi), a global measure of heart rate variability and the root mean squared of 

successive differences (logRMSSD), a high frequency variability measure, between the EO 

condition and the EC condition, mean values of HR features for each 30-second epoch will be 

compared. To assess whether the differences in HR and EEG features between the EO and EC 

state are significant, HR and EEG parameters were tested using paired t-tests comparing mean 

values during eyes open and eyes closed conditions. Effects of multiple comparisons were 

adjusted for, using a Bonferroni correction.  

For HR mean, SDRRi, logRMSSD, alpha and beta power, aperiodic offset and exponent, 

the measures were tested between conditions of EO and EC, independently, at each age. To 

establish associations of HR and EEG features are sensitive to measure the physiologic change 

between EO and EC states, the measures were processed for EO and EC in two different ways. 
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First, I tested for significant differences between all accepted epochs of EO and all accepted 

epochs of EC to offer an overall measure in each condition. Paired t-tests were conducted on the 

1st epoch of EO in comparison to the first epoch of EC, mean values of HR features for each 30-

second epoch will be compared. To assess whether HR features differences are significant 

between the EO and EC state, HR features will be tested using paired t-tests comparing mean 

values during eyes open and eyes closed conditions at each age. 

Testing for differences in HR Mean between EO and EC 

The first paired t-test was conducted on the HR mean between the first EO epoch, acting 

as the baseline for the study paradigm, and the subsequent epoch of EC. The table below (Table 

37) shows the mean difference and standard deviations between the EO1 epoch of HR mean 

minus the EC1 epochs of HR mean, as well as the 95% C.I. values of the differential, the 

associated t-value, degrees of freedom and the Bonferroni adjusted p-value significance for each 

paired t-test. In contrast to my hypotheses, the transition from EO to EC resulted in an increase 

in mean HR. This estimated change in HR reported significant t-tests at each age.  

Investigating the paired t-test table in detail, at age 4, on average, the mean HR increased 

from the baseline EO epoch to the subsequent EC epoch. The mean HR during EO1 (M = 101.4, 

SD = 9.95) was less than EC (M = 103.8, SD=9.59). The change of 2.74 bpm (SD = 5.22, SE = 

0.59) was the largest measured average estimate in HR mean for all assessment ages, which 

resulted in a statistically significant difference with a t-statistic of t(79.6)= -4.67 (p < 0.0001). 

The next timepoint, age 5, estimated a difference of -1.38 bpm from EO1 to EC1 had the largest 

estimated SD=6.84. However, the paired t-test still reported the baseline EO epoch of HR mean 

as significantly lower than the following EC1 epoch of HR mean (t(136)=2.32, p = 0.022)). For 

the older ages, the differences between EO1 and EC1 were also significant at ages 7, 9 and 11 



 

 

 

108 

((t(221)=-4.19, p < 0.0001); ((t(110)=-3.02, p = 0.003)); ((t(78.9)=3.24, p = 0.002), 

respectively). Following the largest change in HR measured at age 4, the averaged estimated 

difference from EO to EC decreased at each timepoint (age 5: M = -1.38 bpm; age 7: M = -1.32 

bpm; age 9: M = -1.29 bpm), until the final time point assessment. At age 11, the last assessment 

age, reported the second largest difference between EO and EC, with mean HR increasing by 

1.74 bpm during the transition from EO to EC. 

 

Table 37. Paired t-tests on HR mean between EO1 and EC1 

      

95% CI of the 

Differential     

Age N 

Paired 

Constructs 

(EO1-EC1) 

Mean 

Difference SD SE Lower Upper t-value df Adj. p-value 

4 79 HR Mean -2.74 5.22 0.59 -3.91 -1.57 -4.67 79.6 <0.001 **** 

5 132 HR Mean -1.38 6.84 0.6 -2.56 -0.205 -2.32 136 0.022 * 

7 218 HR Mean -1.32 4.66 0.32 -1.94 -0.699 -4.19 221 <0.001 **** 

9 110 HR Mean -1.29 4.47 0.43 -2.13 -0.444 -3.02 110 0.003 ** 

11 79 HR Mean -1.74 4.78 0.54 -2.81 -0.672 -3.24 78.9 0.002 ** 

Note: Degrees of freedom computed with Kenward-Roger 
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Figure 12. HR Mean (bpm) during EO1and EC1 by Age. 

Testing for differences in SDRRi between EO and EC  

Paired t-tests were performed to determine if the measure of global HRV (SDRRi) was 

sensitive to the change from EO to EC. Testing the difference between SDRRi in the EO and EC 

conditions was performed comparing the average of the first epoch of EO and the following 

epoch of EC. Testing was performed for each age group. 

On average, the transition from baseline to EC1 results in a decrease in SDRRi. The 

paired t-test comparing EO1 to EC1 showed that SDRRi was significantly higher in the EO 

condition than in the EC1 at ages 4, 5 and 7 (Table 38). The mean difference was greatest at age 4 

(M = 6.05, SD=17.81), with a t-statistic of t(79.8)=2.98 (p = 0.004). The following age group of 

5 years reported the second largest estimated difference between EO and EC (t(136)=2.44 (p = 

0.016)), decreasing 4.74ms (SD=21.85). At age 9 and 11, the difference between EO and EC was 
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trending in a similar fashion as the decrease in SDRRi seen at younger ages (age 9: M = 2.18, 

SD=11.71; age 11: M = 2.18, SD=11.71). However, neither age reached statistical significance 

(age 9: t(104)=1.76, p = 0.081; age 11: t(80.4)=1.52, p = 0.132). 

 

 
Table 38. Paired t-tests on SDRRi between EO1 and EC1 

      

95% CI of the 

Differential     

Age N 

Paired 

Constructs 

(EO1-EC1) 

Mean 

Difference SD SE Lower Upper t-value df Adj. p-value 

4 77 SDRRi 6.05 17.81 2.03 2 10.1 2.98 79.8 0.004 ** 

5 127 SDRRi 4.74 21.85 1.94 0.898 8.57 2.44 136 0.016 * 

7 208 SDRRi 3.04 20.38 1.41 0.25 5.82 2.15 219 0.033 * 

9 103 SDRRi 3.9 22.45 2.21 -0.491 8.28 1.76 104 0.081 ns 

11 78 SDRRi 4.07 23.51 2.64 -1.26 9.41 1.52 80.4 0.132 ns 

Note: Degrees of freedom computed with Kenward-Roger 

 

 

Testing for differences between EO1 and EC1 at each age, overall, at each age, EO 

SDRRi was higher than EC SDRRi. There were statistically significant differences at ages 4, 5 

and 7. For the older ages, the difference between EO1 and EC1 was near significant at age 9 

(t(219)=-1.93, p = 0.057) and did not reach statistical significance at age 11 (t(80.4)=-1.63, p = 

0.11). 

 

Testing for differences in logRMSSD between EO and EC  

The final HR feature to be tested for differences between the EO and EC conditions was 

logRMSSD. For this analysis, the signal was log transformed to uphold the assumption of normal 
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distribution in order to utilize the paired sample t-test. The differences between logRMSSD in 

the EO and EC conditions for all ages was also assessed and reported in Table 39.  

 

Table 39. Paired t-tests on logRMSSD between EO1 and EC1 

      

95% CI of the 

Differential     

Age N 

Paired 

Constructs 

(EO1-EC1) 

Mean 

Difference SD SE Lower Upper t-value df p-value 

4 79 logRMSSD 0.0988 0.35 0.04 0.0193 0.178 2.47 80 0.016 

5 127 logRMSSD 0.0898 0.43 0.04 0.0146 0.165 2.36 133 0.02 

7 207 logRMSSD 0.0542 0.33 0.02 0.00858 0.0999 2.34 215 0.02 

9 107 logRMSSD 0.0552 0.31 0.03 -0.00508 0.115 1.82 107 0.072 

11 81 logRMSSD 0.06 0.34 0.04 -0.0159 0.136 1.57 81.3 0.12 

Note: Degrees of freedom computed with Kenward-Roger 

 

The logRMSSD measure, which acts a proxy for the parasympathetic nervous system did 

show significant differences between the EO and EC conditions. The baseline epoch, EO1, on 

average, was higher than the subsequent EC epoch. This response to the change from EO to EC 

was similar to SDRRi; the other HRV measure. Also similar to SDRRi, the paired sample t-tests 

assessing the change in logRMSSD in the transition from EO to EC, reported statistically 

significant differences in the first three of the five measured ages. The largest difference between 

the two epochs was reported at age 4 with an increase of 0.099 ms (t(80)=2.47, p = 0.016). The 

estimated difference from EO1 to EC1 diminished slightly at age 5 (M = 0.09, SD=0.43) but was 

still significant after Bonferroni adjustment (t(133)=2.36, p = 0.02). Age 7 reported the smallest 

significant estimated difference, increasing 0.05 ms during the transition from EO to EC 

(t(215)=2.34, p = 0.02). Ages 9 and 11 also showed estimates increasing from EO baseline to 
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EC1, however, either age group reached the 0.05 p-value significance threshold (age 9: 

t(107)=1.82, p = 0.072; age 11: t(81.3)=1.57, p = 0.12).  

 Based on the observations from these descriptive statistics and these paired t-tests, there 

was evidence that at younger ages, there is a significant difference in the transition from EO to 

EC. The earliest age of 4 years was the most reactive to the change in condition. These patterns 

of logRMSSD are similar to those of SDRRi across ages. It was hypothesized that the HRV 

measures during the EOEC attentional task would be similar. However, the expectation was that 

the HRV measures would increase during the transition from EO to EC. In the results presented, 

there is a significant decrease from baseline at ages 4, 5 and 7. Further, although older ages did 

not reach significance, similar patterns of higher EO logRMSSD measures in comparison to EC 

epochs were observed. 

 

Figure 13. logRMSSD (ms) during EO1and EC1 by Age. 
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Testing for differences in periodic EEG alpha between EO and EC  

 

Testing the differences between the EO and EC condition throughout childhood has been 

tested on this dataset and reported on previously by my colleagues (Isler et al., 2022). There 

findings offered evidence of significant differences between the EO and EC conditions in both 

periodic and aperiodic measures (McSweeney et al., 2023).  

Table 40 details the paired t-tests between EO1 and EC1 for each age. The testing shows 

significant differences at each age between periodic EEG alpha power during EO and EC. The 

transition from EO to EC is associated with a decrease in alpha power at all ages. The change in 

the periodic measure of periodic EEG alpha power systematically increases with age from 4 to 

11 years. The estimated difference is smallest at age 4 (M = -0.54 µV2, SE = 0.07, (t(113)=-7.85, 

p < 0.001) and the mean difference doubles in magnitude by the time of last assessment with the 

largest estimated difference of 1.04 µV2 from EO1 to EC1 (t(101)=-10.8, p < 0.001). 

 
Table 40. Paired t-tests on periodic EEG alpha power between EO1 and EC1 

      

95% CI of the 

Differential     

Age N 

Paired Constructs 

(EO1-EC1) 

Mean 

Difference SD SE Lower Upper t-value df Adj. p-value 

4 113 EEG alpha -0.54 0.73 0.07 -0.676 -0.403 -7.85 113 <0.001 **** 

5 176 EEG alpha -0.574 0.64 0.05 -0.669 -0.479 -11.9 176 <0.001 **** 

7 292 EEG alpha -0.814 0.8 0.05 -0.906 -0.721 -17.3 291 <0.001 **** 

9 131 EEG alpha -0.981 0.93 0.08 -1.14 -0.819 -12.0 130 <0.001 **** 

11 102 EEG alpha -1.04 0.97 0.1 -1.23 -0.85 -10.8 101 <0.001 **** 

Note: Degrees of freedom computed with Kenward-Roger 

 

https://www.zotero.org/google-docs/?PW5Ajk
https://www.zotero.org/google-docs/?tnXBNj
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Figure 14. periodic EEG alpha power during EO1 and EC1 by Age. 

 

Testing for differences in EEG exponent between EO and EC  

 The paired samples t-test was performed to compare EEG exponent in EO and EC 

conditions, stratified by age.  

 
Table 41. Paired t-tests on EEG exponent between EO and EC 

 

      

95% CI of the 

Differential     

Age N 

Paired 

Constructs 

(EO-EC) 

Mean 

Difference SD SE Lower Upper t-value df Adj. p-value 

4 105 EEG exponent -0.233 0.38 0.04 -0.306 -0.16 -6.34 107 <0.001 **** 

5 168 EEG exponent -0.276 0.36 0.03 -0.332 -0.221 -9.87 168 <0.001 **** 

7 285 EEG exponent -0.272 0.3 0.02 -0.306 -0.237 -15.4 286 <0.001 **** 
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9 131 EEG exponent -0.24 0.22 0.02 -0.278 -0.202 -12.5 130 <0.001 **** 

11 102 EEG exponent -0.193 0.27 0.03 -0.247 -0.139 -7.12 101 <0.001 **** 

Note: Degrees of freedom computed with Kenward-Roger 

 

 The results of the testing on the other aperiodic measure, the exponent of the spectral 

slope, is reported in Table 41. There was strong evidence for the EEG exponent increasing from 

EO to EC at all ages throughout childhood. The largest difference reported was seen at age 5, 

with EO measuring 0.28 lower than the EC condition (t(168)= -9.87, p < 0.001). And, again, as 

was seen in EEG offset, the smallest mean difference was found at age 11 (M = 0.19, SE = 0.03) 

was still highly significant (t(101)=-7.12, p < 0.001). Similar to the results seen testing 

differences between EO and EC in EEG offset, there was a significant difference between EO 

and EC at every age. The mean difference was negative in every test, meaning that the EEG 

exponent measure was greater in EC, in comparison to EO and, therefore, increased from EO to 

EC. 
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Figure 15. EEG Exponent of the Spectral Slope during EO1and EC1 by Age. 

Summary of results of paired t-tests comparing HR and EEG features in EO and EC conditions 

 Aim 3 of this dissertation set out to determine characteristics of neurophysiology during 

childhood when eyes are open and eyes are closed. Specifically, I assessed differences between 

HR and EEG features in EO and EC conditions. Testing was stratified by age for the HR features 

of HR mean, SDRRi and logRMSSD to determine if significant differences were measurable 

between the baseline epoch of EO1 and the subsequent EC1 epoch. The testing of EEG measures 

of EEG alpha and beta power, as well as EEG aperiodic EEG offset and spectral slope of the 

exponent were performed to determine if the significant differences found between EO and EC, 

previously by our group’s reports, held consistent with a larger sample size.  

The t-tests performed on the HR measures compared the estimated means between the 

EO1 and EC1 conditions. Overall, based on the results reported in offered statistical evidence of 
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physiological differences between the EO and EC conditions. These findings offer evidence that 

the HR features are sensitive measures to differentiate between EO and EC. Based on the test 

presented, these results show that there is evidence of differences between the EO and EC 

conditions. HR means were shown to have differences between EO and EC at each age (Table 37). 

EO1 and EC1 were significantly different, with mean HR higher in the EC condition than the 

EO. This was counter to the hypothesis that HR mean would decrease in the transition from EO 

to EC.  

The results for HRV measures were not as robust as those of HR mean, however, there 

was evidence that SDRRi and logRMSSD measures differ between EO1 and EC1 at earlier ages 

during childhood. For both SDRRi and logRMSSD, ages 4, 5 and 7 showed significant 

differences between EO1 and EC1. At those measured timepoints, SDRRi and logRMSSD mean 

differences estimates were positive values, indicating a decrease from EO1 to EC1 in HRV. The 

older ages of 9 and 11, although the HRV features did not reach statistical significance, the 

estimate of the mean difference between EO1 and EC1 was in the same direction as the earlier 

significant ages. Furthermore, for both SDRRi and logRMSSD, age 9 was near significant, 

although it did not meet the p-value <0.05 criteria.  

 In summary, the results shown from the paired samples t-tests offer strong evidence for 

the associations of EOEC condition on HR features and ANS function at multiple timepoints 

throughout childhood. The significant differences were found to be most pronounced in HR 

mean at each age. HRV measures of SDRRi and RMSSD were less robust in detecting 

differences between EO and EC.  

 Further, the testing reinforced corroborated the findings by my colleagues regarding the 

differences in EEG periodic and aperiodic measures. The paired t-tests on EEG alpha and beta 
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power showed significant differences between the two conditions. Alpha power was significantly 

different at each age. The periodic EEG alpha band power measurement increased from baseline 

when eyes were open to higher averages when the participants eyes were closed. These negative 

mean difference estimates increased with age, representing a greater change in EEG alpha band 

power from EO to EC throughout childhood. These results are in agreement with the assessment 

of power differences between the two conditions EO-EC by age, reported previously (Isler et al., 

2023). 

 Testing the aperiodic EEG offset and EEG exponent between the EO and EC condition 

offered strong evidence of significant differences. At each age, the aperiodic EEG exponent 

measures reported higher values in EC in comparison to EO epochs. These findings are in 

agreement with differences tested by our group previous (McSweeney et al., 2023). Looking 

across the five timepoints, exponent measures reported the greatest estimated mean difference 

between EO and EC at age 5 (M = -0.276, SE = 0.03; Table 41).  

 The results reported from the testing conducted in Aim 3 provide evidence of significant 

differences between the EO and EC conditions for all tested measures throughout childhood. The 

response from the EO to EC conditions These findings give justification and rationale to test the 

effect of age on these differences; that is, do the ANS and CNS mean differences between EO 

and EC conditions significant differ throughout childhood. Therefore, in the next section, using 

computed change difference scores between the EO and EC conditions, I will test for the effects 

of age during childhood on the difference between EO and EC. 
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Aim 4 Results: Associations of age and sex on EOEC Change Difference Scores 

Thus far, I have presented results offering evidence of an association of age on HR 

features and EEG parameters throughout childhood; utilizing LMMs, a main effect of age was 

found, while controlling for factors known to influence ANS and CNS function during 

childhood. I have also presented new findings showing significant differences between the EO 

and EC conditions in mean HR and HRV at multiple ages throughout childhood. Also, I 

confirmed previous findings on the differences between EOEC condition on EEG periodic means 

of alpha and beta power, and aperiodic measures of EEG offset and exponent, by providing 

further evidence of differences in EEG activity (power, offset and exponent) on a larger sample 

size. 

In the current section, I will report on the developmental change of HR and EEG 

responses from ages 4-11. Using cross-sectional LMM regressions, associations of age and sex 

were explored on EOEC Change Difference Scores of HR measures and EEG parameters. I will 

present the findings on the neurophysiologic response to the EOEC attentional task by measuring 

change scores from the baseline EO condition to the subsequent epoch of EC at multiple 

timepoints throughout childhood. The EO1EC1 change difference score use the mean values 

from the baseline EO1 epoch and subtracts the mean value from the following EC1 epoch, which 

will act as a metric for the response to the transition from EO to EC conditions. The fourth aim 

of this report includes analyses on the development of ANS and CNS function during the EOEC 

attentional challenge. Two main analyses were conducted, a cross-sectional analysis of the main 

sample and a longitudinal analysis of a subsection of the cohort which had repeated measures of 

conduct at multiple assessment timepoints during childhood. To examine the association between 
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EOEC ANS response and age LMMs were used. The same statistical methodology followed in 

Section 2.1 was used for the current analysis.  

 

HR Mean EO1EC1 Change Difference Score Associations of Age and Sex 

 

Figure 16. EO1EC1 HR Mean (bpm) Change Difference Score by Age. 

The first test of Aim 4 looked at associations between age at assessment and change score 

from EO to EC. Using LMM, as was outlined in section 2.1, statistical testing for main effects 

were performed on the HR mean response to the EOEC attentional challenge. Based on the 

results (Table 42), there was evidence of a main effect of age. The number of observations 

included in the LMM was 618 and the number of subjects equal to 522. The LMM testing 

showed significant associations of age at 7 years, in comparison to the reference age 4 (b = 1.46; 

95% CI [0.08 – 2.85]; p = 0.039). The results gave evidence of a significant main effect of age 

on the difference in HR mean between the baseline at EO1 to the eyes-closed condition of EC1. 
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The positive association estimated a 1.46 bpm increase at age 7 years in the change difference 

score from the first assessment timepoint. At age 4, the estimated mean of the change difference 

score was b = -2.399 (SE = 0.765), the negative change difference score can be interpreted as an 

increase in mean HR from EO to EC. The positive beta estimate of 1.46 bpm represents a 

reduction in the HR mean reactivity to the EOEC attentional challenge from age 4 to 7. Although 

not meeting the 0.05 p-value threshold, ages 5, 9 and 11 showed a positive relationship with HR 

mean change difference, representing a decrease in the response between EO1 and EC1. There 

was a near main effect of age at 5 years with an estimated increase of 1.29 bpm (SE = 1.7, 

(t(91)=1.7, p = 0.092) and age 9 (t(91)=1.89, p = 0.062) with an estimated increase of 1.48 bpm 

(SE = 1.89). No significant associations were found in any fixed effects included in the LMM. 

 

Table 42. Associations of age group on HR Mean EO1EC1 Change Difference Score 

  b estimate 95% CI t-statistic df p.value 

Intercept  1.14 [-2.60, 4.88] 0.6 511 0.549 

Age 5 1.29 [-0.21, 2.79] 1.7 91 0.092 

 7 1.46 [0.08, 2.85] 2.1 91 0.039 

 9 1.48 [-0.08, 3.04] 1.89 91 0.062 

 11 1 [-0.68, 2.69] 1.19 91 0.239 

Sex Female -0.12 [-0.97, 0.73] -0.27 511 0.784 

Race American Indian -0.14 [-1.59, 1.30] -0.2 511 0.845 

 Other -0.47 [-2.43, 1.50] -0.47 511 0.641 

Maternal Education Some High School -1.15 [-3.61, 1.31] -0.92 511 0.36 

 Completed High School -1.74 [-3.91, 0.42] -1.58 511 0.114 

 Beyond High School -1.45 [-3.64, 0.74] -1.3 511 0.193 

 Missing -3.84 [-9.33, 1.66] -1.37 511 0.171 
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Edinburgh Depression Score  -0.04 [-0.09, 0.01] -1.43 511 0.154 

Marital Status Unpartnered -0.59 [-1.78, 0.61] -0.96 511 0.336 

 Missing 1.39 [-2.08, 4.87] 0.79 511 0.432 

Income to Needs Ratio  -0.04 [-0.28, 0.20] -0.34 91 0.736 

 

 The estimated means for the EO1EC1 change difference score (Table 43) was greatest at 

age 4 (M = -2.399, SE = 0.765). The difference in HR mean decreased at age 5 (M = -1.11, SE = 

0.685), age 7 (M = -0.937, SE = 0.631) and 9 (M = -0.918, SE = 0.748). At the last time point, 

age 11, the difference score became slightly more negative (M = -1.395, SE = 0.8) indicating 

that the EC1 became slightly greater in relation to EO1. 

Table 43. Estimated Means of HR Mean EO1EC1 Change Difference 

  

    95% CI  

Age 

Estimated 

Mean SE df Lower Upper 95% CI 

4 -2.399 0.765 91 -3.92 -0.88 [-3.92, -0.88] 

5 -1.11 0.685 91 -2.47 0.25 [-2.47, 0.25] 

7 -0.937 0.631 91 -2.19 0.317 [-2.19, 0.317] 

9 -0.918 0.748 91 -2.4 0.567 [-2.4, 0.567] 

11 -1.395 0.8 91 -2.98 0.195 [-2.98, 0.195] 

 

 

 

 
Table 44. Table of pairwise comparisons of HR mean EO1EC1 Change Difference for each age 

 

Contrast Estimate SE df t.ratio p.value 

Age4 - Age5 -1.289 0.756 91 -1.704 0.4366 

Age4 - Age7 -1.4626 0.697 91 -2.099 0.2295 

Age4 - Age9 -1.4817 0.784 91 -1.889 0.3306 

Age4 - Age11 -1.0047 0.847 91 -1.186 0.7593 
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Age5 - Age7 -0.1737 0.588 91 -0.295 0.9983 

Age5 - Age9 -0.1927 0.686 91 -0.281 0.9986 

Age5 - Age11 0.2843 0.757 91 0.376 0.9957 

Age7 - Age9 -0.0191 0.619 91 -0.031 1 

Age7 - Age11 0.458 0.696 91 0.658 0.9647 

Age9 - Age11 0.477 0.78 91 0.611 0.9729 

 

 

However, the post hoc pairwise comparisons were conducted to test for significant 

differences between all combinations of age groups, accounting for multiple testing with Tukey 

adjustments. Although main effects of age were seen in the LMM, the post hoc contrasts did not 

find significant differences of HR mean EO1EC1 change differences between any combination 

of age groups.  

 

Table 45. Sex Stratified Associations of Age on EO1EC1 HR Mean Change Difference  

 

 Males EO1EC1 HR Mean Ch Diff Female EO1EC1 HR Mean Ch Diff 

Predictors Estimates CI p Estimates CI p 

(Intercept) 0.78 [-5.44 – 6.99] 0.806 0.48 [-4.43 – 5.38] 0.848 

Age [5] 2.18 [0.02 – 4.33] 0.048 0.59 [-1.64 – 2.82] 0.597 

Age [7] 2.2 [0.25 – 4.15] 0.028 0.89 [-1.18 – 2.95] 0.392 

Age [9] 1.65 [-0.59 – 3.90] 0.145 1.32 [-0.97 – 3.61] 0.252 

Age [11] 1.2 [-1.21 – 3.61] 0.322 0.8 [-1.68 – 3.29] 0.517 

American Indian 0.7 [-1.39 – 2.79] 0.509 -0.96 [-3.13 – 1.21] 0.385 

Other Race -0.53 [-3.76 – 2.70] 0.747 -0.99 [-3.60 – 1.61] 0.452 

MATEDUC4 [2] -1.05 [-5.62 – 3.52] 0.651 -0.71 [-3.82 – 2.41] 0.655 

MATEDUC4 [3] -1.36 [-5.55 – 2.84] 0.524 -1.25 [-3.93 – 1.42] 0.357 

MATEDUC4 [4] -0.58 [-4.85 – 3.69] 0.79 -1.42 [-4.08 – 1.24] 0.293 

MATEDUC4999 -3.69 [-12.23 – 4.85] 0.395 -0.68 [-9.66 – 8.30] 0.881 
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EPDS imp -0.06 [-0.14 – 0.02] 0.156 -0.02 [-0.09 – 0.06] 0.664 

MARStatus [1] 0.08 [-1.61 – 1.76] 0.927 -1.53 [-3.34 – 0.28] 0.097 

MARStatus999 0.69 [-5.51 – 6.89] 0.827 1.3 [-3.16 – 5.76] 0.567 

INR imp -0.16 [-0.48 – 0.16] 0.318 0.12 [-0.26 – 0.50] 0.536 

Random Effects       

σ2 26.22   28.95   

τ00 0.83 eid   0.00 eid   

ICC 0.03   0   

N 242 eid   280 eid   

Observations 291   327   

Marginal R2 / 

Conditional R2 0.041 / 0.070   0.023 / 0.023   

AIC 1804.001   2047.182   

 

The sex stratified analysis offered evidence of a significant main effect of age on the HR 

mean change score for males only. The positive association between age and the HR mean 

change score between EO and EC, significantly increased from the change score computed for 

subjects at age 4. This increase in estimated EO1EC1 HR mean change score can be interpreted 

as a smaller change in HR mean from EO to EC. The beta estimate for EO at age 4 for males was 

101.3 (SE = 1.92) and 103.1 (SE = 2.07) during EC1. This change may explain that the main 

effect of age at age 7, in the LMM analysis of all subjects, was driven by the males tested. The 

main effect of age in the sex stratified analysis at age 7 was significant for males (b = 2.2; 95% 

CI [0.25 – 4.15]; p = 0.028) but not for females (b = 0.89; 95% CI [-1.18 – 2.95]; p = 0.39). Also, 

the sex stratified analysis also gave evidence of a main effect of age at 5 for males (b = 2.18; 

95% CI [0.02 – 4.33]; p = 0.048). These analyses show differences in the male and female 

response to the attentional task of opening and closing one’s eyes. 
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SDRRi EO1EC1 Change Difference Score Associations of Age Group on  

 
Table 46. Associations of Age Group on SDRRi EO1EC1 Change Difference Score 

  b estimate 95% CI t-statistic df p.value 

Intercept  -15.16 [-30.39, 0.07] -1.96 494 0.051 

Age 5 -0.44 [-6.55, 5.67] -0.14 84 0.887 

 7 -3.11 [-8.75, 2.52] -1.1 84 0.275 

 9 -1.77 [-8.15, 4.60] -0.55 84 0.581 

 11 -1.73 [-8.52, 5.06] -0.51 84 0.614 

Sex Female 3.24 [-0.23, 6.70] 1.83 494 0.067 

Race American Indian 3.53 [-2.35, 9.40] 1.18 494 0.239 

 Other 5.87 [-2.09, 13.83] 1.45 494 0.148 

Maternal Education Some High School 5.25 [-4.74, 15.24] 1.03 494 0.303 

 Completed High School 9.68 [0.86, 18.49] 2.16 494 0.032 

 Beyond High School 12 [3.11, 20.90] 2.65 494 0.008 

 Missing -1.57 [-24.57, 21.43] -0.13 494 0.893 

Edinburgh 

Depression Score  0.14 [-0.07, 0.35] 1.31 494 0.19 

Marital Status Unpartnered 0.82 [-4.09, 5.74] 0.33 494 0.742 

 Missing 10.5 [-3.43, 24.43] 1.48 494 0.139 

Income to Needs 

Ratio  0.25 [-0.76, 1.26] 0.49 84 0.628 

 

 

The LMM testing of SDRRi for associations of age found no main effects for any age 

group. The LMM testing on SDRRI (Nobs = 594; Neid = 505) produced no evidence of a mean 

effect age at any age throughout childhood assessed. There was a negative association with age 

in comparison to age 4 however, no beta estimates were significantly reported. The largest beta 

estimate equal to -3.11, (95% CI [-8.75, 2.52], t(84) = -1.1, p = 0.275) was the largest estimate in 

comparison to the reference group, but who is most likely did not reach the statistically 
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significant threshold because of the error reported in the measure. The variability of the change 

score for SDRRI was large at each age, and as a result offered no evidence of a significant 

defective age. The estimated means for the change score between EO1EC1 for SDRRi was 

reported greatest at age 4 (M = 5.88, SE = 3.16). However, the standard error was equal to 3.16 

with a confidence interval the 95th % CI, ranging from -0.41 to 12.6 ms. As a result of no main 

effect or near significant effect of age or sex on the change score measure of SDRRi.  

Post hoc, testing of pairwise comparison between age group and E01EC1 SDRRi change 

score was performed but yields no meaningful interpretation. However, of note, the post hoc 

pairwise comparisons contrast between ages 5 and 7 reported a b = 2.67 ms (SE = 2.4, t(84) = 

1.114 , p = 0.7987). Although the test did not offer evidence of a significant difference, the 

positive beta estimate represents a decrease in SDRRi EO1EC1 change difference score. This 

can be interpreted as a potential diminished response to the change in EOEC condition.  

 
Table 47. Estimated Means of SDRRi EO1EC1 Change Difference 

    95% CI  

Age Estimated Mean SE df Lower Upper 95% CI 

4 5.88 3.16 84 -0.407 12.16 [-0.407, 12.16] 

5 5.44 2.85 84 -0.223 11.1 [-0.223, 11.1] 

7 2.76 2.67 84 -2.545 8.07 [-2.545, 8.07] 

9 4.1 3.13 84 -2.124 10.33 [-2.124, 10.33] 

11 4.15 3.29 84 -2.392 10.68 [-2.392, 10.68] 

 

 

 
Table 48. Table of pairwise comparisons of SDRRi EO1EC1 Change Difference for each age 

Contrast Estimate SE df t.ratio p.value 

Age4 - Age5 0.4383 3.07 84 0.143 0.9999 

Age4 - Age7 3.1118 2.83 84 1.098 0.8069 
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Age4 - Age9 1.7744 3.21 84 0.554 0.9812 

Age4 - Age11 1.7299 3.41 84 0.507 0.9865 

Age5 - Age7 2.6735 2.4 84 1.114 0.7987 

Age5 - Age9 1.3361 2.82 84 0.473 0.9895 

Age5 - Age11 1.2916 3.05 84 0.424 0.9931 

Age7 - Age9 -1.3374 2.55 84 -0.524 0.9847 

Age7 - Age11 -1.3819 2.8 84 -0.493 0.9878 

Age9 - Age11 -0.0445 3.17 84 -0.014 1 

 

 

 
Table 49. Table Sex Stratified Associations of Age on EO1EC1 SDRRi Change Difference 

 Males EO1EC 1 SDRRi Ch Diff Female EO1EC1 SDRRi Ch Diff 

Predictors Estimates CI p Estimates CI p 

(Intercept) -18.27 [-45.51 – 8.97] 0.188 -13.97 [-32.61 – 4.67] 0.141 

Age [5] -4.58 [-13.64 – 4.48] 0.313 4.93 [-3.60 – 13.45] 0.25 

Age [7] -4.5 [-12.67 – 3.68] 0.273 0.54 [-7.35 – 8.43] 0.89 

Age [9] -2.59 [-12.27 – 7.09] 0.591 0.4 [-8.47 – 9.27] 0.927 

Age [11] -4.88 [-15.34 – 5.57] 0.351 3.26 [-6.11 – 12.63] 0.486 

American Indian -0.78 [-10.10 – 8.54] 0.869 8.13 [-0.11 – 16.38] 0.053 

Other Race 5.28 [-9.14 – 19.71] 0.471 5.49 [-4.38 – 15.36] 0.275 

MATEDUC4 [2] 8.86 [-11.14 – 28.87] 0.384 6.28 [-5.50 – 18.06] 0.295 

MATEDUC4 [3] 14.87 [-3.35 – 33.09] 0.109 6.81 [-3.40 – 17.01] 0.19 

MATEDUC4 [4] 14.8 [-3.78 – 33.39] 0.118 11.43 [1.32 – 21.55] 0.027 

MATEDUC4999 7.79 [-29.20 – 44.77] 0.679 -5.93 [-50.00 – 38.14] 0.791 

EPDS imp 0.16 [-0.20 – 0.52] 0.376 0.11 [-0.16 – 0.39] 0.408 

MARStatus [1] 3.24 [-4.41 – 10.88] 0.405 -1.52 [-8.50 – 5.46] 0.668 

MARStatus999 7.63 [-19.30 – 34.56] 0.577 11.25 [-5.39 – 27.88] 0.184 

INR imp 0.04 [-1.53 – 1.60] 0.963 0.74 [-0.71 – 2.18] 0.308 

Random Effects       

σ2 380.18   399.85   

τ00 126.03 eid   0.00 eid   
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ICC    0   

N 234 eid   271 eid   

Observations 279   315   

Marginal R2 / 

Conditional R2 0.044 / NA   0.050 / 0.050   

AIC 2544.506   2799.755   

 

The testing of males and females together gave reported a near significant main effect of 

sex, indicating that females measured more positive change difference scores for SDRRi (b= 

3.24; 95% CI [-0.23, 6.70]; t(494) = 1.83; p = 0.067). Investigating the sex stratified analysis 

(Table 49) further shows that the relationship between age and EO1EC1 SDRRi Change 

Difference Score for males was, on average negative, while for females, the relationship, on 

average, was positive. Although not significant, there appears to be a trend that males EO1EC1 

SDRRi Change Difference Score decreases from age 4, which can be interpreted as having a 

greater increase in SDRRi from EO1 to EC1. For females, it appears that EO1EC1 SDRRi 

Change Difference Score, on average, increases at later ages, from age 4. However, the failure of 

the statistical testing to produce significant p-values limits any meaningful interpretation of these 

results.  

logRMSSD EO1EC1 Change Difference Score Associations of Age and Sex  

The testing for associations of age group and sex on logRMSSD EO1EC1 change score 

offered no evidence of a main effect of age or sex (Table 50) from Nobs = 601 from Neid = 505 

individual subjects. Investigating the 95% C.I.s associated with the beta estimates (Figure 17), 

logRMSSD change scores had substantial range in values reported at each age, this was similar 

to the other heart rate variability measure, SDRRI.  



 

 

 

129 

 

Figure 17. EO1EC1 logRMSSD (ms) Change Difference Score by Age. 

The differences in estimated means between the ages offers some evidence that there is a 

change in the response from eyes open to eyes closed in this heart rate variability measure of 

logRMSSD. The estimated means of logRMSSD change difference was greatest at age 4 (M = 

0.66, SE = 0.05) and lowest at age 9 (M = 0.66, SE = 0.05), and increased slightly at age 11 

years. The decrease in the change score could be interpreted as a maturation effect related to 

autonomic nervous system functionality. As the autonomic nervous system matures and develops 

throughout childhood, the change score of logRMSSD would be recorded as less reactive for an 

older individual with a mature, autonomic nervous system a smaller change difference score. 

And for a less mature, autonomic nervous system at younger ages would be reflected with a large 

change difference score from eyes open one to eyes closed, one change difference score. 

However, because of the variability in this change difference score measure for logRMSSD, 

there was no statistical significance to support a main effect of age throughout childhood. 
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Furthermore, there was also no main effect of sex on logRMSSD change difference score for my 

eyes open the eyes closed the better estimate reported 0.01 ms greater for females than males. 

However, that was not significant in a new line. 

 

Table 50. Associations of Age Group on logRMSSD EO1EC1 Change Difference Score 

  

  b estimate 95% CI t-statistic df p.value 

Intercept  -0.05 [-0.31, 0.20] -0.41 499 0.681 

Age 5 -0.01 [-0.11, 0.10] -0.1 86 0.922 

 7 -0.04 [-0.14, 0.05] -0.94 86 0.352 

 9 -0.05 [-0.15, 0.06] -0.85 86 0.4 

 11 -0.04 [-0.15, 0.07] -0.69 86 0.493 

Sex Female 0.01 [-0.05, 0.07] 0.33 499 0.741 

Race American Indian 0.1 [0.00, 0.20] 2.02 499 0.044 

 Other 0.03 [-0.10, 0.17] 0.48 499 0.631 

Maternal 

Education 

Some High 

School 0.06 [-0.11, 0.22] 0.68 499 0.497 

 

Completed High 

School 0.09 [-0.05, 0.24] 1.24 499 0.215 

 

Beyond High 

School 0.11 [-0.03, 0.26] 1.52 499 0.13 

 Missing -0.07 [-0.46, 0.32] -0.34 499 0.735 

Edinburgh 

Depression 

Score  0 [0.00, 0.00] -0.09 499 0.926 

Marital Status Unpartnered 0.03 [-0.05, 0.12] 0.78 499 0.433 

 Missing 0.03 [-0.21, 0.27] 0.25 499 0.802 

Income to 

Needs Ratio  0 [-0.01, 0.02] 0.51 86 0.613 
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Table 51. Estimated Means of logRMSSD EO1EC1 Change Difference 

    95% CI  

Age Estimated Mean SE df Lower Upper 95% CI 

4 0.0658 0.0533 86 -0.0401 0.172 [-0.0401, 0.172] 

5 0.0607 0.0483 86 -0.0352 0.157 [-0.0352, 0.157] 

7 0.0213 0.0453 86 -0.0687 0.111 [-0.0687, 0.111] 

9 0.0206 0.0526 86 -0.084 0.125 [-0.084, 0.125] 

11 0.0265 0.0553 86 -0.0835 0.137 [-0.0835, 0.137] 

 

 

Table 52. Table of pairwise comparisons of logRMSSD EO1EC1 Change Difference for each age 

Contrast Estimate SE df t.ratio p.value 

Age4 - Age5 0.005099 0.0516 86 0.099 1 

Age4 - Age7 0.044587 0.0476 86 0.937 0.8818 

Age4 - Age9 0.045274 0.0535 86 0.846 0.9152 

Age4 - Age11 0.039318 0.0571 86 0.689 0.9584 

Age5 - Age7 0.039488 0.0407 86 0.969 0.8681 

Age5 - Age9 0.040176 0.0473 86 0.849 0.9142 

Age5 - Age11 0.034219 0.0513 86 0.667 0.9628 

Age7 - Age9 0.000688 0.0427 86 0.016 1 

Age7 - Age11 -0.005269 0.0471 86 -0.112 1 

Age9 - Age11 -0.005956 0.0528 86 -0.113 1 

 

 

 

Table 53. Sex Stratified Associations of Age on EO1EC1 logRMSSD Change Difference 

  

 

Males EO1EC1 logRMSSD Ch 

Diff 

Female EO1EC1 logRMSSD Ch 

Diff 

Predictors Estimates CI p Estimates CI p 
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(Intercept) -0.01 [-0.47 – 0.45] 0.972 -0.06 [-0.36 – 0.25] 0.716 

Age [5] -0.06 [-0.22 – 0.10] 0.479 0.05 [-0.09 – 0.19] 0.492 

Age [7] -0.09 [-0.23 – 0.06] 0.222 0.01 [-0.12 – 0.14] 0.923 

Age [9] -0.05 [-0.22 – 0.11] 0.528 -0.04 [-0.18 – 0.11] 0.624 

Age [11] -0.11 [-0.29 – 0.07] 0.214 0.03 [-0.12 – 0.19] 0.656 

American Indian -0.01 [-0.17 – 0.14] 0.87 0.22 [0.09 – 0.36] 0.002 

Other Race 0.01 [-0.23 – 0.25] 0.94 0.06 [-0.10 – 0.23] 0.467 

MATEDUC4 [2] 0.02 [-0.31 – 0.36] 0.889 0.07 [-0.13 – 0.26] 0.481 

MATEDUC4 [3] 0.04 [-0.27 – 0.35] 0.792 0.09 [-0.08 – 0.26] 0.287 

MATEDUC4 [4] 0.05 [-0.26 – 0.37] 0.742 0.12 [-0.05 – 0.29] 0.152 

MATEDUC4999 0.05 [-0.58 – 0.68] 0.869 -0.38 [-1.12 – 0.36] 0.314 

EPDS imp 0 [-0.00 – 0.01] 0.607 0 [-0.01 – 0.00] 0.402 

MARStatus [1] 0.01 [-0.12 – 0.14] 0.864 0.06 [-0.05 – 0.18] 0.297 

MARStatus999 -0.06 [-0.52 – 0.40] 0.792 0.08 [-0.20 – 0.36] 0.589 

INR imp 0 [-0.02 – 0.03] 0.741 0.01 [-0.02 – 0.03] 0.551 

Random Effects       

σ2 0.14   0.11   

τ00 0.01 eid   0.00 eid   

ICC 0.04   0   

N 234 eid   276 eid   

Observations 279   322   

Marginal R2 / 

Conditional R2 0.012 / 0.048   

0.051 / 

0.051   

AIC 274.012   231.593   

 

The sex stratified LMM analysis of associations of age logRMSSD EO1EC1 change 

difference score (Table 49) gave no evidence of a main effect of age for males or females. 

Therefore, there was no evidence of a sex effect, being masked by the pooling of age when males 

and females were tested together. Although the LMM was not significant for males, beta 

estimates had a negative association in comparison to age 4 at all ages. Females only reported a 
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negative association of age in relation to the reference group at age 11 (b = -0.04, 95% CI [-0.18, 

0.11], p = 0.656). Although beta estimates in males were trending in the direction as I had 

hypothesized, the AIC of 274.01 for males was greater than the AIC reported for females 

(AIC=231.59). 

EEG Alpha EO1EC1 Change Difference Score Associations of Age Group  

 

 The first EEG parameter tested for associations of age was run on EO1EC1 change scores 

of the alpha band power. Previous findings have shown that the difference between EO1 and 

EC1 developed as a function of age. The current study will test to determine if these findings 

hold with this larger sample. Moreover, this analysis will investigate sex differences by utilizing 

sex stratified analysis methods.  

 An investigation of the estimated means of EEG alpha band change difference score from 

EO1 to EC1 (Table 55) reports negative mean difference values at each age. This can be 

interpreted as alpha band power measuring lower in EO and higher during EC. This increase in 

alpha power creates a negative change difference value. This is the expected response. Also, 

upon visual inspection, the negative association appears to increase with age. At age 4, the mean 

alpha power change score was equal to -0.57 µV2 (SE = 0.1). At age 11, the mean alpha power 

change score increased twofold to -1.01 µV2 (SE = 0.1). These measurements suggest that the 

differences change throughout childhood. Thus, suggesting that there is an effect of age on alpha 

band power in response to the transition from EO1 to EC1. However, this will be verified with 

an LMM test, controlling for the appropriate covariates. 

The LMM analysis included 814 observations, from 669 subjects (Table 54) and the 

testing showed evidence of a main effect of age on periodic EEG alpha power EO1EC1 change 
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difference. In comparison to the reference group of age 4, there was a significant negative 

association of age on alpha band power at age 7 with an estimate -0.27 µV2 lower than the first 

time point (t(140)=-3.61; 95% CI [-0.41, -0.12], p < 0.001). The magnitude of this negative 

association increased at age 9 (b=-0.4 µV2; 95% CI [-0.59, -0.21]; p < 0.001) and reached its 

greatest magnitude at age 11, with an estimate of -0.44 less than it was reported at age 4 years. 

 

Figure 18. EO1EC1 Periodic EEG Alpha Power (µV2) Change Difference Score by Age. 

Looking at the other independent variables in the analysis, there is evidence of main 

effects of sex and race on the EO1EC1 change difference score for periodic EEG alpha power. 

The LMM testing also offered strong evidence that females differed significantly from males. 

Females estimates were higher than males (b=0.34 µV2, t(658)=5.56, p < 0.001), showing that 

females, on average, displayed a less pronounced difference between EO and EC during the 

assessment. The main effect of race gave some evidence that American Indian participants' 
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estimates were -0.22 µV2 less than the subjects identifying as White. Although the statistical 

evidence was not overwhelming, this means that, overall, American Indian participants reported 

greater changes in response from EO to EC in comparison to the reference group (White). 

 

Table 54. Associations of Age Group on Periodic EEG Alpha Power EO1EC1 Change Difference Score  

  b estimate 95% CI t-statistic df p.value 

Intercept  -0.6 [-1.11, -0.08] -2.28 658 0.023 

Age 5 -0.01 [-0.17, 0.16] -0.06 140 0.95 

 7 -0.27 [-0.41, -0.12] -3.61 140 <0.001 

 9 -0.4 [-0.59, -0.21] -4.19 140 <0.001 

 11 -0.44 [-0.65, -0.23] -4.24 140 <0.001 

Sex Female 0.34 [0.22, 0.46] 5.56 658 <0.001 

Race American Indian -0.22 [-0.43, -0.01] -2.1 658 0.036 

 Other -0.1 [-0.37, 0.18] -0.7 658 0.487 

Maternal Education Some High School -0.03 [-0.36, 0.30] -0.17 658 0.864 

 

Completed High 

School -0.19 [-0.48, 0.10] -1.31 658 0.19 

 Beyond High School -0.23 [-0.52, 0.07] -1.52 658 0.129 

 Missing 0.22 [-0.57, 1.00] 0.54 658 0.589 

Edinburgh 

Depression Score  0.01 [0.00, 0.01] 1.37 658 0.173 

Marital Status Unpartnered -0.1 [-0.27, 0.07] -1.13 658 0.259 

 Missing -0.3 [-0.84, 0.23] -1.11 658 0.268 

Income to Needs 

Ratio  -0.03 [-0.06, 0.01] -1.57 140 0.118 

 

Table 55. Estimated Means of periodic EEG alpha power EO1EC1 Change Difference  

    95% CI  

Age Estimated Mean SE df Lower Upper 95% CI 

4 -0.569 0.0963 140 -0.759 -0.378 [-0.759, -0.378] 
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5 -0.574 0.09 140 -0.752 -0.396 [-0.752, -0.396] 

7 -0.834 0.0831 140 -0.998 -0.67 [-0.998, -0.67] 

9 -0.968 0.102 140 -1.17 -0.767 [-1.17, -0.767] 

11 -1.009 0.1075 140 -1.222 -0.796 [-1.222, -0.796] 

 

 

Table 56. Pairwise comparisons of periodic EEG alpha power EO1EC1 Change Difference for each age 

Contrast Estimate SE df t.ratio p.value 

Age4 - Age5 0.00515 0.0813 140 0.063 1 

Age4 - Age7 0.26533 0.0735 140 3.608 0.0039 

Age4 - Age9 0.39952 0.0954 140 4.188 0.0005 

Age4 - Age11 0.44009 0.1038 140 4.238 0.0004 

Age5 - Age7 0.26018 0.0645 140 4.031 0.0009 

Age5 - Age9 0.39437 0.0869 140 4.537 0.0001 

Age5 - Age11 0.43494 0.0964 140 4.511 0.0001 

Age7 - Age9 0.13419 0.0785 140 1.709 0.432 

Age7 - Age11 0.17476 0.0898 140 1.947 0.2979 

Age9 - Age11 0.04057 0.1006 140 0.403 0.9944 

 

 Post hoc testing was performed in order to further explore the differences in EO1EC1 

EEG alpha change scores between age groups. The pairwise comparisons found 6 of 10 contrasts 

of age to be significantly different (Table 56). The initial LMM testing found a main effect with 

age 7 significantly lower than age 4 (b=0.27 µV2, t(140)= -3.61, p < 0.001). Testing this 

difference between age 4 and 7, post hoc, with Tukey adjustment for multiple testing found this 

difference was still significantly different with an estimated mean difference of 0.27 µV2. The 

greatest estimated difference was calculated between the first and last timepoints. The contrast 

for ages 4 and 11 was highly significant (t(140)=4.24, p = 0.0004) with an estimate difference of 

0.44 µV2 (SE = 0.1).   
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Table 57. Sex Stratified Associations of Age on EO1EC1 Alpha Change Difference 

  

 Males EO1EC 1 alpha Ch Diff Female EO1EC 1 alpha Ch Diff 

Predictors Estimates CI p Estimates CI p 

(Intercept) -0.5 [-1.43 – 0.42] 0.282 -0.35 [-0.91 – 0.21] 0.215 

Age [5] 0.04 [-0.24 – 0.31] 0.793 -0.02 [-0.20 – 0.15] 0.796 

Age [7] -0.21 [-0.46 – 0.03] 0.084 -0.31 [-0.47 – -0.14] <0.001 

Age [9] -0.38 [-0.70 – -0.06] 0.021 -0.42 [-0.63 – -0.21] <0.001 

Age [11] -0.64 [-0.99 – -0.30] <0.001 -0.21 [-0.45 – 0.02] 0.073 

American Indian -0.3 [-0.64 – 0.05] 0.092 -0.2 [-0.45 – 0.05] 0.123 

Other Race -0.14 [-0.63 – 0.36] 0.591 -0.13 [-0.44 – 0.17] 0.392 

MATEDUC4 [2] 0.03 [-0.63 – 0.68] 0.94 -0.06 [-0.42 – 0.29] 0.719 

MATEDUC4 [3] -0.22 [-0.82 – 0.38] 0.469 -0.18 [-0.47 – 0.12] 0.246 

MATEDUC4 [4] -0.31 [-0.93 – 0.31] 0.323 -0.13 [-0.42 – 0.17] 0.399 

MATEDUC4999 0.91 [-0.47 – 2.30] 0.196 -0.56 [-1.68 – 0.55] 0.319 

EPDS imp 0.01 [-0.01 – 0.02] 0.403 0 [-0.00 – 0.01] 0.296 

MARStatus [1] -0.06 [-0.34 – 0.21] 0.659 -0.14 [-0.35 – 0.06] 0.159 

MARStatus999 -0.91 [-2.00 – 0.18] 0.102 0.13 [-0.44 – 0.69] 0.663 

INR imp -0.05 [-0.10 – 0.01] 0.1 0 [-0.05 – 0.04] 0.86 

Random Effects       

σ2 0.4   0.14   

τ00 0.45 eid   0.31 eid   

ICC 0.53   0.69   

N 322 eid   347 eid   

Observations 395   419   

Marginal R2 / 

Conditional R2 0.093 / 0.570   0.071 / 0.716   

AIC 1051.348   817.534   
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 The sex stratified testing, in Table 57, showed differences between the male and female 

response to the main effect of age on EEG alpha band power change score. Separating males and 

females revealed a difference in the main effect of age on alpha EO1EC1 change difference 

estimates. Females gave evidence of an earlier main effect of age than males. At age 7, females 

differed significantly from the age 4 reference group by -0.31 µV2 (95% CI [-0.47, -0.14], p < 

0.001). Males, at the same age, displayed the same negative relationship (b=-0.21 µV2, 95% CI 

[-0.46, 0.03]) but did not reach significance (p = 0.084). At age 9, both males and females had a 

significant main effect of age on alpha EO1EC1 change score, with the magnitude in females just 

slightly more greatly negative (b=-0.42 µV2, 95% CI [-0.63, -0.21], p < 0.001) than males (b=-

0.38 µV2, 95% CI [-0.70, -0.06], p = 0.021). At age 11, however, males are significantly 

different from the age 4 reference group with the largest magnitude reported of -0.64 µV2 (95% 

CI [-0.99, -0.30], p < 0.001), while the females were not significantly different from their 

reference group. 

 These findings offer evidence that the female portion of the initial LMM testing of all 

subjects was driven by females at age 7 and driven by males at age 11. Further, these findings 

may suggest that the effect of age may be influenced by pubertal shifts. Timing of hormonal 

changes for males and females may be informative to explain the appearance of an effect of age 

measuring earlier in females than males (at age 7) and measuring later for males (at age 11) 

when no main effect of age was found for females. 

EEG Exponent EO1EC1 Change Difference Score Associations of Age Group  

The final LMM analysis conducted was on change score parameters testing associations 

of age was on the change between EEG exponent during eyes open and EEG exponent during 
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eyes closed. Based on the results, reported in Table 58, there were no significant mean effects of 

age or sex for this a periodic change score. Number of Observations: 791 

Number of Groups: 655 There was a negative trend in the relationship of age until age 9, 

reaching its largest need estimate of -0.04, (95% CI [-0.11, 0.03], t(131) = -1.05, p = 0.0295). 

But there was no statistical significance of the beta estimate to make any meaningful 

interpretation of the relationship between age or sex and for a periodic EEG exponent response 

from eyes open to eyes closed. 

The estimated means reported in Table 59 identify an averaged EOEC change score that 

reaches its largest negative value of -0.279 (SE = 0.037) at age 5 and the smallest change score at 

age 11 (M = -0.202, SE = 0.042). This shows that throughout childhood in the EEG exponent the 

change score does not change to a large extent. There was no main effect of sex on the EEG 

Exponent EOEC Change Difference Score.  

 

 
Table 58. Associations of age group on EEG Exponent EOEC Change Difference Score 

  b estimate 95% CI t-statistic df p.value 

Intercept  -0.3 [-0.49, -0.10] -3.02 644 0.003 

Age 5 -0.04 [-0.11, 0.04] -0.97 131 0.332 

 7 -0.04 [-0.11, 0.03] -1.05 131 0.295 

 9 -0.01 [-0.09, 0.07] -0.24 131 0.813 

 11 0.04 [-0.05, 0.13] 0.93 131 0.356 

Sex Female -0.03 [-0.08, 0.01] -1.39 644 0.164 

Race American Indian -0.01 [-0.09, 0.07] -0.31 644 0.753 

 Other -0.09 [-0.20, 0.02] -1.66 644 0.096 

Maternal Education Some High School -0.05 [-0.17, 0.08] -0.72 644 0.474 

 

Completed High 

School -0.02 [-0.13, 0.09] -0.36 644 0.72 

 Beyond High School -0.11 [-0.22, 0.00] -1.94 644 0.053 
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 Missing -0.2 [-0.50, 0.11] -1.27 644 0.206 

Edinburgh Depression 

Score  0 [0.00, 0.01] 1.61 644 0.109 

Marital Status Unpartnered 0.05 [-0.01, 0.12] 1.61 644 0.107 

 Missing 0.13 [-0.07, 0.34] 1.29 644 0.197 

Income to Needs 

Ratio  0 [-0.01, 0.02] 0.43 131 0.667 

 

 

 
Table 59. Estimated Means of EEG Spectral Slope EOEC Change Difference 

 

    95% CI  

Age Estimated Mean SE df Lower Upper 95% CI 

4 -0.242 0.0402 131 -0.321 -0.162 [-0.321, -0.162] 

5 -0.279 0.0371 131 -0.352 -0.206 [-0.352, -0.206] 

7 -0.278 0.0331 131 -0.344 -0.213 [-0.344, -0.213] 

9 -0.251 0.0405 131 -0.332 -0.171 [-0.332, -0.171] 

11 -0.202 0.042 131 -0.285 -0.119 [-0.285, -0.119] 

 

 

 
Table 60. Table of pairwise comparisons of exponent spectral slope EOEC Change Difference for each age 

Contrast Estimate SE df t.ratio p.value 

Age4 - Age5 0.037227 0.0382 131 0.973 0.8667 

Age4 - Age7 0.036712 0.0349 131 1.051 0.831 

Age4 - Age9 0.009649 0.0407 131 0.237 0.9993 

Age4 - Age11 -0.039978 0.0432 131 -0.926 0.8865 

Age5 - Age7 -0.000515 0.0299 131 -0.017 1 

Age5 - Age9 -0.027579 0.0362 131 -0.762 0.9411 

Age5 - Age11 -0.077206 0.039 131 -1.981 0.2811 

Age7 - Age9 -0.027063 0.0326 131 -0.829 0.9211 

Age7 - Age11 -0.07669 0.0357 131 -2.146 0.2071 

Age9 - Age11 -0.049627 0.0408 131 -1.217 0.7413 
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Table 61. Sex Stratified Associations of Age on EOEC EEG Exponent Change Difference 

  

 Males EOEC Exponent Ch Diff Female EOEC Exponent Ch Diff 

Predictors Estimates CI p Estimates CI p 

(Intercept) -0.57 [-0.89 – -0.25] <0.001 -0.12 [-0.36 – 0.12] 0.341 

Age [5] -0.05 [-0.16 – 0.07] 0.438 -0.02 [-0.12 – 0.09] 0.761 

Age [7] -0.04 [-0.15 – 0.06] 0.399 -0.03 [-0.13 – 0.07] 0.537 

Age [9] -0.01 [-0.13 – 0.11] 0.863 0.01 [-0.10 – 0.12] 0.84 

Age [11] 0.04 [-0.09 – 0.17] 0.555 0.04 [-0.08 – 0.15] 0.538 

American Indian 0.06 [-0.06 – 0.18] 0.317 -0.08 [-0.19 – 0.03] 0.132 

Other Race -0.03 [-0.21 – 0.14] 0.708 -0.09 [-0.22 – 0.05] 0.199 

MATEDUC4 [2] -0.06 [-0.29 – 0.16] 0.578 -0.04 [-0.19 – 0.11] 0.58 

MATEDUC4 [3] -0.02 [-0.22 – 0.19] 0.867 -0.03 [-0.16 – 0.10] 0.657 

MATEDUC4 [4] -0.1 [-0.32 – 0.11] 0.337 -0.11 [-0.24 – 0.01] 0.078 

MATEDUC4999 -0.35 [-0.84 – 0.14] 0.163 -0.35 [-0.84 – 0.14] 0.157 

EPDS imp 0.01 [0.00 – 0.01] 0.003 0 [-0.01 – 0.00] 0.468 

MARStatus [1] 0.09 [-0.00 – 0.18] 0.059 0.02 [-0.07 – 0.10] 0.714 

MARStatus999 0.35 [-0.03 – 0.73] 0.071 0.08 [-0.16 – 0.32] 0.49 

INR imp 0.01 [-0.01 – 0.03] 0.413 0 [-0.02 – 0.02] 0.99 

Random Effects       

σ2 0.09   0.09   

τ00 0.01 eid   0.00 eid   

ICC 0.13   0   

N 313 eid   342 eid   

Observations 377   414   

Marginal R2 / 

Conditional R2 0.058 / 0.182   0.032 / 0.032   

AIC 233.571   185.596   
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Summary of Testing Associations of Age Group on Change Difference Score  

 

The fourth aim of this report included analyses testing associations of age on the change 

in HR and EEG measures from the EO to EC conditions. These change difference scores 

represent a response of ANS and CNS function during the EOEC attentional challenge and these 

LMM tests intended to evaluate any changes in the response from EO to EC throughout 

childhood. Two main LMM analyses were conducted, a cross-sectional analysis of the entire 

sample and a sex stratified analysis, comparing male and female LMM results. 

Testing the associations of age on the change difference scores of HR features did not 

offer strong evidence of a main effect of age at assessment, as I had hypothesized. All HR mean 

change difference scores increased at later ages, when compared to the first measured timepoint 

at age 4. HR mean change difference score did significantly differ from age 4 to 7, in the initial 

LMM testing. However, the post hoc pairwise comparison between age groups 4 and 7 was no 

longer significant after Tukey adjustment.  

There was no significant main effect of age reported for SDRRi or logRMSSD at any 

age. The HRV features did show evidence of a negative relationship between age and change 

difference score. The beta estimates of ages 5-, 7-, 9- and 11-years were negative in comparison 

to the reference group, although they did not reach significance.  

Moreover, there was no main effect of sex found for HR mean, SDRRi nor logRMMSD. 

Yet, the sex stratified analysis of HR mean provided evidence of a main effect of age for males 

only, at years 5 and 7 (Table 45). There was a positive relationship between age and the HR mean 

change score between EO1 and EC1 (Age 5: b = 2.18; 95% CI [0.02 – 4.33]; p = 0.048; Age 7: b 

= 2.2; 95% CI [0.25 – 4.15]; p = 0.028). This increase from age 4 represents a reduction in the 
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negative difference in HR from EO1 to EC1, that is to say, a smaller response from the transition 

from EO to EC conditions. 

 The EEG parameters also showed a main effect of age on the change score from EO to 

EC during childhood. Both alpha and beta power showed evidence of a negative relationship 

between age and the difference between the power measures in both conditions. In the cases of 

alpha and beta power, the smallest significant magnitude was reported at age 7 and increased at 

age 9 and reached the largest negative magnitude at 11-years. This represents an increase in the 

difference between the measures of EO to EC EEG power measures for the alpha band.  

 The EEG periodic measure for alpha, but not beta, band power identified a main effect of 

sex. On average, females measured a more positive EO1EC1 alpha power change difference 

score, in comparison to males. This result was reinforced by the sex stratified analysis, showing 

that the effect of age on males lead to greater negative beta estimates than female participants at 

the same age timepoint. For beta power, there was no indication that males and females differed. 

 The change difference score for the aperiodic measures of EEG exponent of the spectral 

slope offered no evidence of an effect of age. At no age was there a significant difference 

between the change difference score and the reference group, at age 4. Further, there was no 

main effect of sex on the aperiodic measure.  

 The results from Aim 4 did not offer the robust effects of age on HR and EEG change 

scores in response to the EOEC attentional task. The analyses were performed cross-sectionally. 

Testing the effects of age on the available longitudinal data, for the subjects with repeated 

measures offers an opportunity to investigate the intrasubject stability of the effect of age on 

change scores.  



 

 

 

145 

Discussion: 

In this Discussion section, I will provide a succinct review of the reported results and 

offer interpretations. For each aim, I will delineate the major findings and concurrently interpret 

significant observations. Furthermore, I will address unexpected results, which diverged from my 

initial hypotheses. Additionally, I will discuss the study's limitations and suggest avenues for 

future research and potential statistical analyses. 

This dissertation aimed to systematically investigate the ANS and CNS responses to an 

attentional challenge during childhood, involving opening and closing the eyes. These analyses 

scrutinized the developmental trajectories of both ANS and CNS from ages 4 to 11, with a 

specific focus on sex differences. Leveraging neurophysiological data from the PASS-ECHO 

study, I sought to characterize HR and EEG measures at multiple time points during childhood, 

aiming to bridge gaps in the existing literature regarding HR response to the EOEC task and 

contribute to the growing literature on EEG response during early development. Furthermore, 

this project investigated sex differences in ANS and CNS features during baseline, as well as 

differences in reactivity between males and females during the transition from EO to EC 

attentional task to add to the sparse and inconsistent sex-specific literature on ANS during 

childhood. 

In summary, Aim 1 tested the stability of HR features across epochs in both EO and EC 

conditions. This was examined to determine if significant differences were present throughout 

the EOEC attentional task. The significant differences found between epochs of EO and EC 

provided a rationale for focusing on only the first EO and the first EC. Aim 2 tested the 

associations of age and sex on three HR features and two EEG parameters, which demonstrated a 

significant effect of age and sex on baseline measurements across all ANS and CNS measures. 

Subsequently, significant differences between EO and EC conditions in HR and EEG measures 
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were analyzed in Aim 3 to assess the sensitivity of neurophysiological features to the EOEC task. 

The results from the Aim 3 analysis revealed significant within-subject differences between EO 

and EC conditions across multiple ages in all ANS and CNS measures, setting the stage for 

assessing the impact of age on the transition from EO to EC throughout childhood. Finally, an 

analysis was conducted to evaluate if age influenced the response to the EOEC attentional task. 

The results from Aim 4, were unexpected and suggest that the ANS response remains relatively 

stable from ages 4 to 11 years. 

Aim 1 Interpretation of Results 

The first analysis of this study, was methodological in nature, tested the stability of the 

HR features across the epochs in the EO condition and the EC condition. Aim 1 sought to 

determine if there were significant differences throughout the 1st, 2nd and 3rd epochs in the EOEC 

attentional task. Repeated measures ANOVAs were run to identify potential statistical 

differences between the three epochs of EO and EC, testing each HR feature independently at all 

five ages. The hypothesized stability across epochs in each condition was contradicted by the 

results, which showed significant main effects of both EO and EC blocks in HR mean, SDRRi 

and RMSSD across all age groups.  

The results from Aim 1 offered strong evidence that the measures of HR mean and HRV 

significantly differed between epochs in both EO and EC conditions. The hypothesis for Aim 1 

was informed by the findings my colleagues had reported with the EEG data from the same 

PASS-ECHO dataset, under the same EOEC conditions. Results on EEG power analyses found 

that there were minimal significant differences in the distributions of the EEG power measures 

(theta, alpha, beta, and gamma) across the EO and EC blocks (Pini et al., 2024). However, the 

results from the analysis of HR parameters did not indicate similar stability between epochs and 
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this at all ages. These results indicate that the ANS and CNS responses to the EOEC attentional 

task differ across epochs.  

 Investigating these results (Table 15 and Table 16) show that, on average, the individual 

responses to the series of EOEC epochs changes from the beginning to the end of the study, at 

each age and for each HR feature. This informed my analysis approach to focus on the first 

epoch of EO and the subsequent first epoch of EC. Looking at the change over the epochs in 

each condition, there is strong statistical evidence that, on average, the HR mean values 

decreased from the first to last epoch.  

Also, the HRV measures showed evidence of an inverse effect, with values increasing 

from the first to last epoch of the EOEC attentional task. Based on the repeated measures results, 

the HRV measure of logRMSSD displayed more sensitivity to the change across epochs than 

SDRRi. Interestingly, SDRRi was the most stable of the three HR features across the EO and EC 

blocks6. In comparison, there were statistically significant main effects of EO and EC blocks in 

HR Mean and RMSSD at each age. 

The pairwise comparison testing showed that the most significant differences existed 

between the first and last epoch for both EO and EC conditions. Based on the decrease in HR 

mean and increases in HRV, from the beginning of the study to the end, this could be interpreted 

as a habituation effect during the protocol that was not present in the testing of EEG measures. 

 
6 Of the three HR measures, the results showed that SDRRi was the feature that showed the least significant overall 

tests between epochs. SDRRi produced no significant F-statistics at any age in the EO epochs. SDRRi had the least 

number of statistically significant main effects and none were found at any age in EO and three EC epochs at ages 4, 

5 and 11. This could be interpreted as the measure with most stability across epochs because of the limited number 

of overall ANOVA tests offering evidence of significant differences between the means. However, based on the 

recommendations of epoch length for appropriate interpretation of RRi data (Shaffer & Ginsberg, 2017), 30-second 

epoch length may not offer enough evidence necessary to make any informed comment on the data. Any alternative 

interpretation, and perhaps more appropriate, could be that the failure to report significant differences between the 

epochs was a result of the variability present in the SDRRi data for each 30-second epoch. This measure had been 

selected because of its characteristic components acting as metrics for both the sympathetic and parasympathetic 

branches of the ANS. 
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As the paradigm was repeated and subjects were prompted by the clinical coordinator to open 

and close their eyes and focus on the plus sign in front of them, the ANS response indicates 

adaptation to the surroundings and experience. This habituation-like response manifested itself as 

a decrease in heart rate and an increase in HRV, as was seen from the first epoch of EO1 to the 

final epoch of the study, EC3. Heart rate responses such as these are representative of ANS 

activity that represents decreases in sympathetic activation and increases in parasympathetic 

activity (Graziano & Derefinko, 2013; Zahn et al., 2016).  

It is also possible that the different patterns of HR and HRV measures between epochs 

are informative. These results offer insight to the general trends that changes are most 

identifiable by comparing the measures at the start to the end of the study. This could offer 

furtive ground for future testing and analysis. As stated earlier, ANS functioning and vagal 

regulation promote adaptive functioning in the context of changing environmental demands. A 

subject that does not display the progressive increases and decreases identified as the general 

trends for subjects at each age could indicate problematic ANS functionality. Looking at 

individual differences measuring the response from the beginning of the study to the end of the 

study could provide a biomarker for the identification of vulnerable or at-risk individuals. The 

measurement of HR features in the EOEC attentional task could serve as a non-invasive screener 

to allow for early intervention. By computing the differences between the first and last epochs of 

ANS measurement and linking those changes to neurobehavioral assessments and other medical 

information. It is plausible that the hyper- or hypo-response to the epochs could be a marker for 

the ANS ability of the to adapt to the stimulation protocols. Future analyses could investigate 

epochs other than the change from EO1 to EC1 and exploit the multiple opportunities for change 

in the EOEC attentional task. This will be further discussed in the Future Analysis section below.  
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Despite the alternative computational possibilities and potential utility of interpreting all 

epochs in the EOEC paradigm for future analyses, for the present study, these results from Aim 1 

offered rationale to isolate the analysis to the 1st epoch of EO and the subsequent epoch of EC. 

From the significant differences between epochs found by statistical testing, it was appropriate 

for EO1 to be identified as the baseline and EC1 as the attentional challenge to be used for 

comparison. Despite the dissimilar responses of ANS and CNS features across epochs during the 

EOEC task, focusing on EO1 and EC1 was justified as a measure of ANS and CNS function and 

reactivity in the present study. 

 

Aim 2 Interpretation of Results 

In Aim 2, I tested the associations of age and sex on the three HR features and the two 

EEG parameters. Testing for the associations of age on HR and EEG measures during the 

baseline epoch of EO1 offered strong statistical evidence of a main effect of age on HR mean, 

SDRRi, logRMSSD, periodic EEG alpha power and aperiodic EEG exponent measures. 

Furthermore, male and female differences were examined in sex stratified analyses to further 

understand the magnitude of these sex differences and the timing of the main effects during 

childhood. 

The results showed significant associations of age on all outcome measures. The LMM 

testing offered evidence that all ANS and CNS measures changed significantly from the first 

recording of neurophysiology at age 4 to age 11. These results were anticipated and similar ANS 

activity during childhood have been reported previously (Harteveld et al., 2021). However, the 

use of a 30 second baseline epoch during the EOEC paradigm has not yet been reported on. The 

results from these analyses offers validation of the study design being capable of characterizing 
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ANS function, despite the short epoch length. This offers new evidence that the 30-second epoch 

HR and HRV measures during the EOEC paradigm have utility for interpretation of ANS 

activity. Current recommendations of appropriate epoch length for interpretation of time domain 

methods of HR and HRV measurement (“Heart Rate Variability,” 1996; Shaffer & Ginsberg, 

2017) may deserve some reevaluation. 

Findings in Aim 2 yielded the most notable and insightful results through sex-stratified 

analyses, which were conducted along with pooled analyses of both males and females. Research 

on male and female differences in ANS and CNS functionality is generally sparse. The utility of 

sex-stratified analysis has been underscored by Galea et al, who suggest that separate testing of 

data from males and females can unveil significant main effects for each group that might 

otherwise remain obscured when sex is only considered as a covariate (Galea et al., 2020). 

Recently, a report on novel deep learning models revealed sex differences in brain organization 

and neurobiology (Ryali et al., 2024). In terms of ANS research, inconsistencies in the literature 

(Harteveld et al., 2021; Koenig et al., 2017) have made the story regarding male and female 

differences in ANS functionality less clear. Inclusion of sex-stratified LMM testing allowed for a 

deeper exploration of sex-related influences beyond merely incorporating sex as a covariate 

across all ages. 

 The male and female stratified results indicate that the sex differences exist in both ANS 

and CNS measures throughout multiple timepoints during childhood. Significant differences in 

the LMM analyses presented themselves at difference ages in comparison to the reference group, 

and the magnitude of those estimated effects differed by sex assigned at birth. Most interestingly, 

based on the results seen in this dissertation project, many of these differences are most 

pronounced during the ages of 9 and 11. 
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During sex stratified analysis of HR Mean, on average, females measured higher HR than 

males. Figure 5 and Table 20 indicate the greatest difference between HR means at any timepoint 

was at age 9. The effect of age was greater for females, in comparison to males, at each age, 

except for age 9. Age 9 is the only timepoint when the magnitude of the association of age on 

HR mean is higher in males when compared to the age 4 reference group. Also, of interest, at age 

11, the magnitude of the negative effect of age at 11 years is again more pronounced for females 

than males by almost 3 bpm. 

Sex differences in HRV were also observed. For logRMSSD, the estimated means from 

the LMM testing show a decrease from age 9 to 11 when testing males and females together. The 

results from the sex stratified testing shows that males decrease by 0.2 ms from age 9 to 11. 

However, female logRMSSD values only decrease by roughly 0.04 ms. This offers some 

evidence that male changes in HRV from age 9 to 11 were driving the overall trends seen in the 

initial LMM.  

These sex-specific differences seen occurring in both mean HR values and beat-to-beat 

HRV could be better understood by the pubertal changes and the hormonal differences that begin 

to present themselves at different ages for males and females. A recent review of childhood ANS 

development identified the peak in parasympathetic activity is reached earlier in girls compared 

with boys. This indicates a difference in maturation, which is likely a result of the difference in 

hormonal changes and their downstream biological effects. There is evidence of an association 

between HRV and reproductive life stages (von Holzen et al., 2016) and females are known to 

enter puberty earlier compared with males (Brix et al., 2019). The results from the sex stratified 

analyses offer greater insight into the unique trajectories and magnitudes of effects during 

https://www.zotero.org/google-docs/?nphl0F
https://www.zotero.org/google-docs/?mi99Nv
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childhood. Additional information regarding pubertal onset may offer greater insight into sex-

specific and individual differences.  

Unfortunately, the sex stratified analysis did not allow for the direct statistical 

comparison between the two sexes at the different ages. It would be inappropriate to report age 

differences in these sex stratified LMM analyses across male and female specific tests. The 

statistical analysis utilized precluded examination of the effect of sex at each age. However, the 

differences that are seen, based on the interpretation of age and magnitudes of the beta 

coefficient estimates in the sex stratified analysis are intriguing. This form of sex specific 

investigation will require additional and further study and analyses that can offer evidence for the 

effect of sex at multiple timepoints7. 

 

Aim 3 Interpretation of Results 

 

Aim 3 of this dissertation aimed to elucidate the characteristics of neurophysiology 

during childhood under conditions of EO and EC. Specifically, the analysis examined differences 

in HR and EEG features between EO and EC conditions, stratified by age. The findings shed 

light on the sensitivity of HR and EEG measures in delineating between these two states across 

different developmental stages. 

The paired t-tests conducted on both HR and EEG measures revealed statistically 

significant differences between EO1 and EC1 conditions, indicating distinct physiological 

responses. The hypotheses concerning EEG features were supported, with significant differences 

observed in alpha and the aperiodic EEG exponent of the spectral slope between the two 

 
7 Alternative statistical methods will be discussed in further details below in the Strengths and Limitations section of 

this Discussion. 
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conditions at each age. Alpha power has been found to be an inverse measure of arousal in 

children (Barry et al., 2009). The results in Aim 3 reported that alpha power increased during 

EC, suggest a decrease in arousal, consistent with previous findings (Isler et al., 2023). Similarly, 

testing differences in aperiodic EEG measures between EO and EC conditions provided 

additional evidence of distinct neurophysiological states. At each age, the aperiodic measure 

reported higher values in EC in comparison to EO epochs. These findings are in agreement with 

differences tested by our group previously (McSweeney et al., 2023).  

Surprisingly, while it was hypothesized that HR would decrease during the transition 

from EO to EC, the results showed higher mean HR in the EC condition across all ages, contrary 

to expectations. Additionally, although the differences in HRV measures were not as robust as 

HR mean, significant variations were observed between EO1 and EC1, particularly at younger 

ages. 

The unexpected HR and HRV responses to the transition from EO to EC conditions raise 

questions about the underlying mechanisms driving these physiological changes. One possible 

explanation is the mental effort required by participants during the EC condition, which may 

induce heightened sympathetic activity rather than the anticipated parasympathetic dominance. 

When children engage in attentional tasks, there are typically changes in HR and HRV. It has 

been shown that the complexity and cognitive demands of attentional tasks influence HR and 

HRV responses in children (Porges & Raskin, 1969; Richards & Casey, 1991). Tasks requiring 

higher levels of attentional control, such as tasks involving inhibition or working memory, tend 

to elicit greater changes in HR and HRV compared to tasks with lower cognitive demands 

(Middleton et al., 1999). During tasks requiring sustained attention or concentration, HR tends to 

increase, reflecting heightened arousal and effort. Conversely, HRV may decrease during such 
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tasks, indicating a shift toward sympathetic dominance and reduced parasympathetic activity. 

Interpreting the transition to closing the eyes, in the EOEC paradigm, as an attentional task that 

requires higher levels of cognitive control and inhibition than the eyes open condition, may offer 

one explanation for these unexpected results.  

Also, the unanticipated HR and HRV responses elicited by the change in conditions may 

be better understood as a result of the design of the task. The prompt by the Clinical Coordinator 

(CC) could have been anxiety provoking for participants, eliciting an increase in sympathetic 

activation resulting in increases in HR mean and decreases in HRV measures. During the task, 

the CC directed the child when to open and close their eyes. Instead of parasympathetic 

functioning increasing due to decreased arousal and visual input when they closed their eyes, the 

novelty of the challenge for the children, especially in that first eyes-open and eye-closed epoch, 

could have led to increased sympathetic activity. The anticipation of further instructions could 

have heightened their attentional systems, resulting in the dominance of sympathetic activity. 

While there is evidence that HR and HRV show associations with cognitive processes 

and sustained attention, other studies, examining cardiac responses during cognitive processes 

have failed to produce such meaningful results. There was evidence that HR measures were not 

related to emotional regulation (Frazier, Strauss, & Steinhauer, 2004). It has been reported that 

studies on executive functions and selective attention found no relationship between HRV and 

self-control (Duschek et al., 2009; Ohira et al., 2013), while another study revealed negative 

associations (Cellini et al., 2013). Further, some studies show that the association between HRV 

and self-control differs depending on differences in metodology (Krypotos et al., 2011; Luft, 

Takas, & Darby, 2009).  
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Research on the link between HR and attention and self-control are mixed and the magnitude of 

the effect is further complicated given the wide range of different cognitive and affective 

processes involved in self-control processes. As a result, the characteristics of the task and 

several other variables may moderate the association between HR features and self-control 

involved in an attentional task. Such considerations could be important in future analysis of this 

paradigm and the investigation of mechanisms involved in the ANS response to the EOEC 

attentional task. 

In summary, the results of Aim 3 provide valuable insights into the neurophysiological 

differences between EO and EC conditions during childhood. While some hypotheses were not 

supported by the findings, the results offer opportunities for deeper exploration into the 

underlying mechanisms and potential moderators of ANS responses to attentional tasks. Future 

research incorporating more nuanced analyses and refined methodologies will contribute to a 

better understanding of the intricate interplay between cognitive processes and autonomic 

regulation during childhood development. 

Aim 4 Interpretation of Results 

The primary objective of this dissertation's final aim was to examine the ANS and CNS 

responses to the EOEC attentional task across the developmental span from 4 to 11 years of age. 

Preceding analyses in Aims 1 through 3 laid the groundwork for this investigation, 

demonstrating a significant age-related effect on both ANS and CNS activity during the EOEC 

task. Additionally, Aim 3 revealed substantial differences between the EO and EC conditions 

across childhood. Measuring these levels of HR and EEG reactivity represent the organism’s 

ability to engage with and disengage from the environment to meet changing situational demands 
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(Andersen & Teicher, 2008; Kleiger et al., 2005). Consequently, the central question guiding this 

aim was whether the ANS and CNS responses to the EOEC task change throughout childhood. 

The hypotheses for Aim 4 were guided by observations of age-related differences in 

periodic EEG alpha power and aperiodic EEG exponent. Previous findings indicated an 

increasing distinction between the EO and EC conditions as children age, suggesting 

developmental maturation (Isler et al., 2023; McSweeney et al., 2023). Although there are few 

studies of ANS reactivity over time (Stephens et al., 2021) and those that do exist offer evidence 

of both stability and development over childhood (Alkon et al., 2003, 2011; Gatzke-Kopp & 

Ram, 2018; Matthews et al., 2002; Stephens et al., 2021), it was hypothesized that similar to 

EEG, developmental changes in ANS reactivity would be observed as the autonomic system 

matured.  

However, contrary to expectations, developmental changes in response to the EOEC task 

were not evident in ANS reactivity to closing one's eyes. Notably, the response to the EOEC task 

remained relatively stable throughout childhood. Therefore, the incongruent findings between 

ANS and CNS responses to changing conditions may be better understood not as a synchronous 

developmental narrative, but rather as the different trajectory of ANS reactivity across childhood 

to the EOEC attentional task. 

This stability of response, rather than developmental progression, suggests a nuanced 

understanding of autonomic functioning during childhood. The limited significant findings 

regarding the association between age and change difference scores of HR measure may also be 

attributed to the considerable error observed in the estimates at each age (Table 42,Table 46, 

Table 50), reflecting the inherent heterogeneity among subjects. 
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Considerations and Future Directions 

The results obtained from the analyses conducted in this study provide valuable insights 

into the relationships between age, sex, and condition on ANS and CNS responses. The 

comprehensive statistical testing employed in this study offers compelling evidence that these 

results may serve as a foundation for guiding future research directions. This dissertation project 

stands out as exploratory and distinctive in several aspects. Therefore, there are important 

considerations regarding both present and future analyses that warrant assessment. Additionally, 

it is crucial to acknowledge both the strengths and limitations of the analyses conducted in this 

study.  

Potential Artifact in ECG and EEG Signals  

It is important to recognize that there may be contamination in the neurophysiology 

signals. It is well reported that EEG signals are highly sensitive to movement artifact (Croft & 

Barry, 2000; Isler et al., 2022; Somsen & van Beek, 1998). Artifact rejection in EEG was 

incorporated in the data presented. HR data was marked using an in-house peak detection 

algorithm, which required visual inspection followed by additional processing to confirm 

accuracy of beat-to-beat changes. This methodology is a considerably demanding process to 

offer quality assurance of data. Still, analyzing EEG data in the presence of heart rate artifacts 

poses significant challenges for signal processing. Techniques such as filtering and artifact 

rejection are commonly employed to mitigate the influence of cardiac activity on EEG 

recordings. Despite the EEG signal processing, outlined in Methods section (EEG signal 

processing), these methods may not always be entirely effective at eliminating the spectral 

decomposition of ECG in periodic EEG, especially if the heart rate signal overlaps with the 

frequency range of interest in the periodic EEG data. In the present dataset, HR data may still 
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influence and contaminate the periodic EEG data in two frequency bands, delta and the gamma 

band ranges. Based on the HR mean rages for the subjects in this dataset, across all ages, the 

delta band would be susceptible to the low frequency oscillations in the R-R intervals in the 1.2-

1.8 Hz range (HR mean: 72-108 bpm). The gamma band, which measures a higher frequency 

band range, could potentially be influenced by the QRS complex of the HR signal. There is a 

chance that the spectral decomposition of HR into high beta band range may occur, but this is 

less likely. Future analyses which include low and high frequency periodic EEG power must 

address this issue by including additional more validated checks of HR on EEG. Nonetheless, the 

present analysis primarily focused on the alpha frequency band (8 – 12 Hz range) which is not as 

vulnerable to the potential contamination of electrocardiography observed in the low and higher 

frequency bands of periodic EEG. 

Additional artifact in periodic EEG may be caused by anatomical features and biological 

factors. There is evidence of periodic EEG alpha power can be influenced by skull thickness 

(Hagemann et al., 2008; Myslobodsky et al., 1991). Also, sex differences in brain maturation 

have been found in childhood (Koolschijn & Crone, 2013). It is possible that the sex-differences 

observed in the male/female differences observed in the LMM and sex-stratified analyses of 

periodic EEG power may have been driven by these anatomic and biological features. Such 

factors were not accounted for in the analyses because such information was not accessible. 

However, data availability of such measures will be available by October 1st, 2024 and deserve 

consideration for further investigation.   

  ECG signals marked for HR features underwent multiple steps excluded data 

contaminated by artifact. Such values occur during periods of noisy ECG which are difficult to 

mark and are generally associated with excessive movements. R-wave marking during such 
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segments can produce RR-intervals which are not within a normal physiological range. 

Unfortunately, these ranges may not identify physical movement that could exaggerated HR 

values during the epochs. One major limitation to the sample data was a lack of insight and 

understanding of assessment conditions during each neurophysiology assessment. CCs were able 

to (but not required to) take notes during the assessment, however, most notes focused only on 

the quality of the EEG net impedance. There were instances in which the behavior of the subject 

was described. This offered insight into the physical environment and the behavioral actions of 

the participant. Such information offers a window into the experimental setting. However, only a 

fraction of the studies included notes regarding the study environment and subject behavior and 

even fewer offered information that could identify behavior that could cause exaggerated HR 

measures. Therefore, it must be acknowledged that there could be contaminated HR values due 

to subject activity.   

There could also be the individual behavioral differences in their actions during the EC 

condition. A small portion of subjects were excluded because of information retrieved from CC 

notes which identified participant responses to the prompt before the EC condition as more 

exaggerated and “performative”. Such instances were identified by manifesting itself as over-

responsive acts of closing ones’ eyes and performatively pretending to try to envision and focus 

on the plus sign, now with eyes closed. Despite the CC’s request to “stay still like a statue”, one 

could imagine after the prompt to focus on the plus sign with eyes closed that a possible response 

from a subject in middle childhood might involve the clenching of fits, contractions of muscles 

and the squinting of eyes, in an attempt to manifest the effort offered to complete the task. Such a 

response would not be anticipated to report lower measures of HR and higher measures of HRV. 
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Linking EOEC Neurophysiology 

One of the greatest strengths of this dissertation project is access to the rich and unique 

data collected in the PASS-ECHO study. The high-quality neurophysiology data used in this 

project will be publicly available for future analyses. The primary objective of the PASS-ECHO 

Program is to elucidate the relationships between pre- and postnatal environmental exposures on 

neurodevelopmental outcomes in childhood and provide extensive demographic data on NIH 

data archive platforms  

This study offers the opportunity to include measures of fetal, infant, and child autonomic 

development and neurophysiologic function as proximal outcomes, mediators, and predictors of 

later outcomes. The PASS-ECHO study offers a wealth of prenatal and infant data and examines 

in-depth data concurrent to individual-, family-, and social-level factors. The inclusion of this 

information will expand and improve the capability of interpreting neurophysiology data. By 

accounting for these data and linking neurodevelopment information, future analyses better 

understand the complex influences on childhood development and reduce the risk of 

confounding factors obfuscating results. This gives researchers a platform for underlying 

mechanisms and biomarkers for designing preventative prenatal and postnatal interventions. 

What sets the PASS-ECHO study apart is its distinctive inclusion of prenatal experiences 

and exposures, accomplished by leveraging the pre-existing PASS study cohort. This 

characteristic offers researchers to investigate long-term neurodevelopment outcomes from rural 

and high-risk populations within the ECHO study. The PASS Study collected detailed 

information regarding about quantity and timing of prenatal alcohol exposure (PAE) and prenatal 

tobacco exposure (PTE) (Dukes et al., 2017). To identify the different patterns of PAE and PTE 

during pregnancy on newborn brain activity, we implemented cluster analysis to characterize 

multiple patterns of maternal drinking and smoking behaviors (Pini et al., 2019). These exposure 
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groups have great opportunity to inform future analyses with these data. For example, our group 

recently published a report on long-term associations of PAE and PTE on brain activity in early 

and middle childhood using this EEG data. The findings suggest that even low levels of PAE and 

PTE were associated with long-term alterations of brain activity, of particular importance to this 

dissertation, absolute alpha power increased with a dose-like response to exposure to alcohol 

during pregnancy (Pini et al., 2024). It would be important for future analyses to incorporate this 

rich and unique information into the long-term effects of PAE and PTE on ANS function. 

Alternative Analytic Methods 

 The analytic methods used in this project offered great utility in order to interpret the data 

structure used. The LMM the linear mixed effects models were able to deal with the unbalanced 

nature of the data accounting for both the single and repeated measurements of participants. 

However, there are alternative statistical methods and the incorporation of additional data that 

beneficial. For example, the covariates used may be improved upon in future work when the 

final ‘cleaning’ of the PASS data is uploaded to the NIAAA archive. Alternative statistical 

approaches and methods of deriving data can only facilitate improved computational and 

statistical approaches. The statistical methods conducted and presented in this project were 

intended to examine the ANS and CNS response to the EOEC challenge throughout childhood in 

a pragmatic and systematic fashion. Leveraging mixed-effects modeling with multiple 

interactions is one approach to enhance the uniformity and efficiency of statistical analyses 

involves employing a statistical test that includes multiple interactions. This would synthesize 

the various tests conducted across different aims into a cohesive framework, allowing for a more 

systematic exploration of the associations between age, sex, and EOEC condition for ANS and 

CNS responses to the EOEC attentional task throughout childhood. 
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Additional clustering methods should be considered. The autonomic nervous system 

(ANS) and the central nervous system (CNS) are strictly interconnected through anatomical and 

functional links which influence each other continuously. However, the coordination of ANS and 

CNS during the EOEC attentional task has not been examined throughout early and middle 

childhood. Clustering HR features and EEG measures offers a necessary first step in the 

disentanglement of the physiologic features coordinated during EOEC and will inform future 

analyses to further enlighten the mechanisms involved. Also, using data reduction techniques to 

interpret the complex patterns that are present within the EOEC protocol time series data could 

be informative. Clustering methods such as ‘k-means’ for joint longitudinal data will allow for 

grouping on multiple features beyond the age at assessment and sex of the subject.  

Conclusion 

The culmination of this dissertation project has shed light on the intricate interplay 

between age, sex, and condition on ANS and CNS responses to the EOEC attentional task across 

childhood. Through a systematic and rigorous examination of neurophysiological data, this study 

has contributed valuable insights into developmental trajectories and sex differences in 

attentional processes. 

The initial aims of the study focused on delineating the nuances of ANS and CNS 

responses during the EOEC task. Analysis revealed significant age-related changes in ANS and 

CNS measures, underscoring the dynamic nature of neurodevelopment during childhood. 

Moreover, sex-stratified analyses uncovered distinct patterns of response, highlighting the 

importance of considering sex as a critical factor in neurophysiological research. 

Building upon these findings utilizing encourage the importance to continue to delve 

deeper into the associations between age, sex, and the reactivity in ANS and CNS during an 
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attentional challenge. Despite the initial hypothesis of developmental maturation in response to 

the EOEC task, results revealed a surprising stability in ANS reactivity across childhood. This 

unexpected finding challenges conventional notions of developmental trajectories and 

underscores the need for further exploration into the underlying mechanisms governing ANS 

responses. 

The main findings of this dissertation represent important and novel findings with 

potentially broad implications. In terms of the gaps in the research literature, this is the first 

investigation regarding the ANS response to the EOEC attentional task during childhood. The 

results of this project identify the sensitivity of HR and HRV features in response to the change 

in EOEC conditions. The significant differences reported in Aim 3, offer evidence that the 

transition from EO to EC was measurably changed from one state to the other. Also, of note, that 

these findings were significant for both HR mean and HRV (SDRRi and logRMSSD) in the 

comparison of 30 second epochs offer evidence of the practical utility of the protocol to measure 

response to the change from the EO to EC condition. Therefore, future analyses that link these 

ANS and CNS EOEC changes to neurobehavioral assessment data offer the potential for linkage 

of hypo- and hyper-responses to individuals at risk. Such analyses may lead to clinical utility of 

the EOEC attentional task with concurrent HR and EEG measurement to identify possible 

alterations or abnormalities in nervous system function throughout childhood.  

Furthermore, these findings reinforce the need and importance of further investigation 

and exploration of these data. The sex-stratified analyses add to the needed literature regarding 

male/female differences during childhood in both ANS and CNS activity and function. 

Simultaneously, these results elucidate the importance of further exploration of sex-specific 

characteristics of the developing nervous system. The limitations of this project offer insight into 
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the appropriate analytic methods necessary to further inform future investigation. The finding 

that the HR features, measuring ANS reactivity, offered contradictory results to those responses 

hypothesized. The results represent necessary testing to discern the mechanism driving this ANS 

response and identify if moderators may influence the reactivity to attentional tasks. Future 

research incorporating more nuanced analyses and refined methodologies will contribute to a 

better understanding of the intricate interplay between cognitive processes and autonomic 

regulation during childhood development. Additionally, the concurrent measurement of ANS and 

CNS measures offers great potential to elucidate a more complete understanding of the nervous 

system, as a whole. There has been much reporting on the EEG response to the EOEC response 

(Barry et al., 2009; Isler et al., 2022; Mason et al., 2022; McSweeney et al., 2023) but none that 

incorporate HR features to further inform the differences seen. The findings from this study 

regarding ANS response to the attentional change of transitioning from EO to EC may be 

informative in tandem with EEG activity. The simultaneous measurement of heart rate and EEG 

allows for the future examination of associations between autonomic activity and cortical brain 

activity. This can help elucidate the neural mechanisms underlying autonomic regulation and 

how they relate to cognitive processes, emotional states, and behavior. Mapping the periodic 

EEG alpha power on to the HR measure responses may offer further insight into the 

measurement of attentional responses.  

Looking ahead, inclusion of longitudinal mixed-effects modeling with multiple 

interactions, cluster analysis, and investigations into neurobehavioral outcomes offer avenues for 

comprehensive exploration and nuanced insights. By embracing these approaches, researchers 

can elucidate the complex interplay between physiological systems and cognitive processes, 

paving the way for targeted interventions and preventative strategies. 
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In conclusion, this dissertation project represents a significant contribution to the field of 

neurodevelopmental research. By investigating the intricacies of ANS and CNS responses to 

attentional challenges, this study advances our understanding of childhood neurophysiology and 

lays the groundwork for future investigations into developmental trajectories and sex differences 

in cognitive functioning. Ultimately, the insights gained from this research hold the potential to 

inform clinical practice, educational interventions, and public health initiatives aimed at 

optimizing neurodevelopmental outcomes for children. 
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Appendix A: 

Assumptions Testing of HR measures 

Testing Normality 

HR Mean 

QQ-plot of Age 4 EO HR Mean 

 
Figure 19. QQ-plot of Age 4 EO HR Mean 

 

 

QQ-plot of Age 5 EO HR Mean 
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Figure 20. QQ-plot of Age 5 EO HR Mean 

QQ-plot of Age 7 EO HR Mean 

 
Figure 21. QQ-plot of Age 7 EO HR Mean 

 

 

QQ-plot of Age 9 EO HR Mean 



 

 

 

177 

 
Figure 22. QQ-plot of Age 9 EO HR Mean 

 

 

QQ-plot of Age 11 EO HR Mean 

 
Figure 23. QQ-plot of Age 11 EO HR Mean 

 

QQ-plot of Age 4 EC HR Mean 
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Figure 24. QQ-plot of Age 4 EC HR Mean 

 

 

QQ-plot of Age 5 EC HR Mean 

 
Figure 25. QQ-plot of Age 5 EC HR Mean 

 

 

QQ-plot of Age 7 EC HR Mean 
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Figure 26. QQ-plot of Age 7 EC HR Mean 

 

 

QQ-plot of Age 9 EC HR Mean 

 
Figure 27. QQ-plot of Age 9 EC HR Mean 
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QQ-plot of Age 11 EC HR Mean 

 
Figure 28. QQ-plot of Age 11 EC HR Mean 

 

 

SDRRi 

QQ-plot of Age 4 EO SDRRi 
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Figure 29. QQ-plot of Age 4 EO SDRRi 

 

QQ-plot of Age 5 EO SDRRi 

 
Figure 30. QQ-plot of Age 5 EO SDRRi 
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QQ-plot of Age 7 EO SDRRi 

 
Figure 31. QQ-plot of Age 7 EO SDRRi 

 

QQ-plot of Age 9 EO SDRRi 

 
Figure 32. QQ-plot of Age 9 EO SDRRi 
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QQ-plot of Age 11 EO SDRRi 

 
Figure 33. QQ-plot of Age 11 EO SDRRi 

QQ-plot of Age 4 EC SDRRi 

 
Figure 34. QQ-plot of Age 4 EC SDRRi 

 

QQ-plot of Age 5 EC SDRRi 
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Figure 35. QQ-plot of Age 5 EC SDRRi 

 

QQ-plot of Age 7 EC SDRRi 

 
Figure 36. QQ-plot of Age EC SDRRi 
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QQ-plot of Age 9 EC SDRRi 

 
Figure 37. QQ-plot of Age 9 EC SDRRi 

 

 

QQ-plot of Age 11 EC SDRRi 
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Figure 38. QQ-plot of Age 11 EC SDRRi 

 

 

QQ-plot of Age 4 EO RMSSD 

 
Figure 39. QQ-plot of Age 4 EO RMSSD 



 

 

 

187 

 
 
shapiro_test(RM) 
  rep_EO     variable statistic        p 
EO_RMSSD_1 RM           0.921 0.000269 
EO_RMSSD_2 RM           0.945 0.00387  
EO_RMSSD_3 RM           0.938 0.00165  
 

 

 

QQ-plot of Age 5 EO RMSSD 

  
Figure 40. QQ-plot of Age 5 EO RMSSD 

 

QQ-plot of Age 7 EO RMSSD 
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Figure 41. QQ-plot of Age 7 EO RMSSD 

 

 

QQ-plot of Age 9 EO RMSSD 

 
Figure 42.QQ-plot of Age 9 EO RMSSD 

 

 

QQ-plot of Age 11 EO RMSSD 
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Figure 43. QQ-plot of Age 11 EO RMSSD 

 

QQ-plot of Age 4 EC RMSSD 

 
Figure 44. QQ-plot of Age 4 EC RMSSD 

 

 

QQ-plot of Age 5 EC RMSSD 
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Figure 45. QQ-plot of Age 5 EC RMSSD 

shapiro_test(RM) 
  rep_EC     variable statistic       p 
1 EC_RMSSD_1 RM           0.967 0.00572 
2 EC_RMSSD_2 RM           0.969 0.00785 
3 EC_RMSSD_3 RM           0.973 0.0195 
 

QQ-plot of Age 7 EC RMSSD 

 
Figure 46. QQ-plot of Age 7 EC RMSSD 

shapiro_test(RM) 
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# A tibble: 3 x 4 
  rep_EC     variable statistic      p 
  <fct>      <chr>        <dbl>  <dbl> 
1 EC_RMSSD_1 RM           0.991 0.237  
2 EC_RMSSD_2 RM           0.987 0.0659 
3 EC_RMSSD_3 RM           0.983 0.0142 

 

 

QQ-plot of Age 9 EC RMSSD 

 
Figure 47. QQ-plot of Age 9 EC RMSSD 

shapiro_test(RM) 
  rep_EC     variable statistic      p 
1 EC_RMSSD_1 RM           0.975 0.0455 
2 EC_RMSSD_2 RM           0.971 0.0195 
3 EC_RMSSD_3 RM           0.976 0.0542 
 

 

 

QQ-plot of Age 11 EC RMSSD 
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Figure 48. QQ-plot of Age 11 EC RMSSD 

shapiro_test(RM) 
  variable   statistic      p 
1 EC_RMSSD_1 RM          0.988 0.669  
2 EC_RMSSD_2 RM           0.971 0.0656 
3 EC_RMSSD_3 RM           0.979 0.199 
 

 

 

Residual density plots of LMM HR features 
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Figure 49. Residual density plots of LMM EO1 HR Mean 

 
Figure 50. HR Mean Normal Q-Q Plot 
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Figure 51. Residual density plots of LMM EO1 SDRRi 

 
Figure 52. SDRRi Normal Q-Q Plot 
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Figure 53. Residual density plots of LMM EO1 logRMSSD 

 

 
Figure 54. logRMSSD Normal QQ Plot 

EEG Parameters 
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Figure 55. Residual density plots of LMM EO1 EEG Alpha 
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Figure 56. EEG Alpha Normal QQ Plot 
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Figure 57. Residual density plots of LMM EEG Exponent 
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Figure 58. EEG Exponent Normal QQ Plot 
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