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Abstract

Background—Insomnia has been associated in cross-sectional studies with increased beta (15–

35 Hz) EEG power during non-rapid eye movement (NREM) sleep, an index of cortical 

hyperarousal. However, it is unknown whether this cortical hyperarousal is present before 

individuals with insomnia develop the disorder. To fill this gap, we examined the association of 

childhood sleep high-frequency EEG activity with incident insomnia symptoms (i.e., absence of 

insomnia symptoms in childhood but presence in adolescence).

Methods—We studied a case-control subsample of 45 children (6–11y) from the Penn State 

Child Cohort, a population-based random sample of 421 children, who were followed-up after 8 

years as adolescents (13–20y). We examined low-beta (15–25 Hz) and high-beta (25–35 Hz) 

relative power at central EEG derivations during NREM sleep and, in secondary analyses, during 

sleep onset latency, sleep onset, and REM sleep. Incident insomnia symptoms were defined as the 

absence of parent-reported difficulty falling and/or staying asleep during childhood and a self-

report of these insomnia symptoms during adolescence.

Results—Childhood high-beta power during NREM sleep was significantly increased in children 

who developed insomnia symptoms in adolescence (n=25) as compared to normal sleeping 

controls (n=20; p=0.03). Multivariable-adjusted logistic regression models showed that increased 

childhood high-beta EEG power during NREM sleep was associated with a 3-fold odds 

Correspondence: Julio Fernandez-Mendoza, Sleep Research & Treatment Center, Department of Psychiatry, Pennsylvania State 
University College of Medicine, Penn State Health Milton S. Hershey Medical Center, 500 University Dr. H073, Hershey, 
Pennsylvania 17603. jfmendoza@psu.edu.
*Both authors contributed equally to this paper and can be listed as first for academic purposes
DR. JULIO FERNANDEZ-MENDOZA (Orcid ID : 0000-0001-9584-6161)

Conflict of interest statement: See acknowledgements for disclosures.

Supporting information
Additional Supporting Information may be found in the online version of this article:

HHS Public Access
Author manuscript
J Child Psychol Psychiatry. Author manuscript; available in PMC 2020 July 01.

Published in final edited form as:
J Child Psychol Psychiatry. 2019 July ; 60(7): 742–751. doi:10.1111/jcpp.12945.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(95%CI=1.12–7.98) of incident insomnia symptoms in adolescence. No other significant 

relationships were observed for other sleep/wake states or EEG frequency bands.

Conclusions—Increased childhood high-frequency EEG power during NREM sleep is 

associated with incident insomnia symptoms in adolescence. This study indicates that cortical 

hyperarousal during sleep may be a premorbid neurophysiological sign of insomnia, which may 

mediate the increased risk of psychiatry disorders associated with insomnia.
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Introduction

Insomnia symptoms of difficulty falling and/or staying asleep are the most common sleep 

complaints in childhood and adolescence, with prevalence rates of 17% to 40% (Archbold et 

al., 2002; Liu and Zhou, 2002; Ohayon et al., 2000; Roberts et al., 2008; Fricke-Oerkermann 

et al., 2007). Importantly, it has been reported that the incidence of insomnia symptoms in 

the transition to adolescence is as high as 28% (Roberts et al., 2008; Patten et al., 2000; 

Zhang et al., 2011; Roberts et al., 1995). Insomnia has been associated with physical, 

emotional, cognitive and social development, impairing daytime functioning in children and 

adolescents (Siomos et al., 2010). However, the pathophysiological mechanisms of insomnia 

symptoms in these early developmental stages remain unclear.

It is possible that a circadian misalignment as a result of the developmental shift towards 

eveningness in adolescence may play a key role in the incidence of insomnia symptoms in 

this developmental stage (Fernandez-Mendoza et al., 2010a; Hagenauer et al., 2009). Also, 

cognitive-emotional and physiological hyperarousal, a known mechanism for the persistence 

of insomnia in adults, may be a key determinant of the development of insomnia symptoms 

early on in adolescence (Fernandez-Mendoza et al., 2010b; Bonnet and Arand, 2010). 

Cortical hyperarousal has specifically been regarded as a mechanistic pathway in the 

development and maintenance of insomnia and its sleep complaints (Riemann et al., 2010; 

Perlis et al., 1997). Multiple cross-sectional studies have examined electroencephalogram 

(EEG) spectral power as an indicator of cortical hyperarousal during sleep in individuals 

with insomnia and have focused on high-frequency EEG activity in the beta range (15–35 

Hz). Most previous cross-sectional studies in young and middle-aged adults have 

consistently reported that those with insomnia complaints have increased EEG beta power 

while trying to fall asleep [i.e., during sleep onset latency (SOL)] and while asleep [i.e., 

during non-rapid eye movement (NREM) sleep] compared to good sleepers (Merica and 

Gaillard, 1992; Lamarche and Ogilvie, 1997; Cervena et al., 2014; Freedman, 1986; Merica 

et al., 1998; Perlis et al., 2001a,c; Krystal et al., 2002; Buysse et al., 2008; Spiegelhalder et 

al., 2010; Corsi-Cabrera et al., 2010; Israel et al., 2012). These previous studies have 

reported inconsistent associations with other EEG frequency bands (i.e., delta, alpha, sigma 

and theta) or other sleep states (i.e., REM sleep) (Cervena et al., 2014; Freedman, 1986; 

Merica et al., 1998; Perlis et al., 2001a,c; Krystal et al., 2002; Spiegelhalder et al., 2012; 

Israel et al., 2012; Wolynczyk-Gmaj et al., 2011; St-Jean et al., 2013; Wu et al., 2013). The 

most common interpretation of this cortical hyperarousal during NREM sleep is as an 
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underlying pathophysiologic mechanism of the clinical phenomenology of insomnia (Perlis 

et al, 2001; Buysse et al, 2011), including the report of being awake, thinking or worrying 

while asleep, taking longer to fall asleep or sleeping less hours than physiologically obtained 

(i.e., sleep misperception). However, there is the possibility that cortical hyperarousal during 

NREM sleep in individuals with insomnia may precede the onset of these clinical 

phenomena and, thus, may be a potential early sign of the disorder. Given the cross-sectional 

nature of previous studies, it is unknown whether cortical hyperarousal precedes the onset of 

insomnia complaints or whether it is the result of the sleep disorder.

No study has examined the longitudinal association between premorbid sleep EEG activity 

and the development of insomnia. Specifically, no study has taken a developmental approach 

to study the association of childhood EEG beta activity during NREM sleep with incident 

insomnia symptoms in adolescence. This developmental approach is important because 

changes in the sleep EEG occur after the age of 11–12 years (Feinberg and Campbell, 2010; 

Tarokh and Carskadon, 2010) and identifying early EEG signs that can predict future 

development of insomnia symptoms in young children will greatly help with understanding 

the etiology of insomnia, identifying preventive strategies, and developing targeted 

interventions. We hypothesized that increased beta EEG power, (a neurophysiologic marker 

of cortical hyperarousal), during NREM sleep in childhood is a significant predictor of 

incident insomnia symptoms in adolescence. To test this hypothesis, we studied a case-

control subsample of 45 children 6–11 years old, drawn from a large, random general 

population cohort, who were followed-up about 8 years later during adolescence at the age 

of 13–20 years old.

Methods

Sample

The Penn State Child Cohort (PSCC) is a general population sample of 700 children 

between ages 5–12 years, of whom 421 were followed up 8.4 years later as adolescents 

(mean age 17.0 ± 2.2 years, 53.9% male, and 21.9% ethnic minority) (Bixler et al., 2016; 

Rodríguez-Colón et al., 2015). In order to examine whether increased beta power during 

NREM sleep is present in individuals with insomnia before they develop the disorder, we 

studied a case-control subsample of the PSCC to exclude major potential confounders. The 

incident insomnia symptoms group fulfilled the following criteria: 1) absence of insomnia 

symptoms at baseline and presence of insomnia symptoms at follow-up, 2) absence of 

overweight or obesity at follow-up, defined as a body mass index percentile (BMI) < 85% 

(Kuczmarski et al., 2000), to remove significant confounding by sleep disturbances 

associated with overweight 3) absence of sleep-disordered breathing (SDB) at follow-up, 

defined as an apnea-hypopnea index (AHI) < 1.5 events/h of sleep using polysomnography 

(PSG), given that SDB is associated with changes in EEG activity (i.e., arousals), and 4) age 

younger than 21 years at follow-up, to include older adolescents (i.e., 18–20 years old) but 

exclude those few who had reach a psychosocial milestone into young adulthood (e.g., legal 

drinking age, college graduation). The normal sleeping control group met the following 

criteria: 1) absence of insomnia symptoms at both baseline and follow-up, 2) absence of 

overweight or obesity at follow-up, as defined above, 3) absence of SDB at follow-up, as 
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defined above, 4) age younger than 21 years at follow-up, and 5) presence of subjectively 

reported and objectively measured normal sleep at follow-up, defined as a self-reported SOL 

below the median of the entire population, i.e., < 25 minutes, and PSG-measured SOL and 

sleep efficiency (SE) below and above the median, i.e., < 21 minutes and ≥ 85% 

respectively, of the entire population to ensure that the control group without incident 

insomnia symptoms were indeed good sleeping adolescents (Fernandez-Mendoza et al., 

2016). None of the subjects reported a current use of legal or illegal substances/drugs, except 

habitual use of morning caffeine. A total of 32 normal sleeping controls and 32 cases of 

incident insomnia symptoms were selected. However, given that we updated our PSG 

recording system during the baseline period, we had to exclude 18 subjects (11 normal 

sleeping controls and 7 incident insomnia symptoms) who were monitored with different 

PSG system models and recording settings, including sampling rate. Thus, a total of 25 

subjects with incident insomnia symptoms and 20 normal sleeping controls were included in 

this study. Figure 1 depicts the flowchart of subjects’ in the present study. All participants or 

legal guardians provided informed written consent and the study protocol was approved by 

Penn State Hershey Institutional Review Board.

Definition of incident insomnia symptoms

Commensurate with our previous studies (Calhoun et al., 2014; Fernandez-Mendoza et al., 

2016), the presence of insomnia symptoms at baseline (childhood) was defined by a parent-

report of difficulty falling asleep (DFA) and/or difficulty staying asleep (DSA) on the parent-

reported Pediatric Behavior Scale (Calhoun et al., 2014), while the presence of insomnia 

symptoms at follow-up (adolescence) was defined by a self-report of DFA and/or DSA on 

the self-reported Pediatric Sleep Questionnaire (Fernandez-Mendoza et al., 2016). Children 

without parent-reported insomnia symptoms at baseline and without self-reported insomnia 

symptoms at follow-up were classified as “normal sleeping controls” (n = 20), while 

children without parent-reported insomnia symptoms at baseline and with self-reported 

insomnia symptoms at follow-up were classified as “incident insomnia symptoms” (n = 25).

Sleep laboratory

At both baseline and follow-up, all subjects underwent a 9-hour, single-night PSG recording 

in a sound-attenuated, light- and temperature-controlled room. Each subject was 

continuously monitored from 22:00 h until 7:00 h using 14-channel recordings of 

electroencephalogram (EEG), electrooculogram (EOG), and electromyogram (EMG). 

Respiration was monitored with nasal pressure, thermocouple, and thoracic and abdominal 

strain gauges and hemoglobin oxygen saturation (SpO2) was obtained from the finger. All 

data were recorded using Gamma Sleep Recording & Analysis software (Grass-Telefactor; 

West Warwick, RI). The sleep records were subsequently scored independently according to 

standardized criteria by a registered polysomnography technician (RPSGT) (Rechtschaffen 

and Kales, 1968). An apnea was defined as a cessation of airflow with a minimum duration 

of 5 seconds for age younger than 16 years and 10 seconds for age 16 years or older with an 

out-of-phase strain gauge movement. A hypopnea was defined as a reduction of airflow of 

approximately 50% with an associated decrease in SpO2 of at least 3% and/or associated 

arousal. AHI was calculated as the number of apneas and hypopneas summed per hour of 

sleep.
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Spectral analyses

Commensurate with our previous report (Fernandez-Mendoza et al., 2016), we focused our 

spectral analyses on central EEG derivations (C3 and C4), beta frequencies (15–35 Hz), and 

four sleep/wake states [SOL, sleep onset (SO), NREM sleep, and REM sleep]. SOL was 

defined as time from lights out until the first epoch of NREM sleep stage 2. SO was defined 

as the first 5 minutes of NREM sleep after SOL (by definition, any segment with wake was 

not included in the analyses). NREM sleep was defined as any period of at least 15 minutes 

of NREM sleep. REM sleep was defined as at least 5 minutes of REM sleep. We did not 

include the time spent awake in the middle of the night [i.e., wake after sleep onset (WASO)] 

in our primary spectral analyses given that the amount of this wake state was very low in 

childhood and only 18 subjects had available WASO for spectral analyses; these data are 

included together with our secondary analyses. All these sleep/wake states are standard in 

sleep studies and represent measures of sleep continuity, such as time awake before falling 

asleep (SOL) and in the middle of the night (WASO), and sleep architecture (NREM and 

REM sleep). We did examine the association of other frequency bands below the beta range 

as part of our secondary analyses. Overnight EEG was amplified with a band pass between 

0.3 to 30 Hz and digitized at 100 Hz. An all-night spectral analysis was performed following 

Spiegelhalder et al. (2012) procedures with adaptations (Fernandez-Mendoza et al., 2016; 

Vgontzas et al., 2007). We used the fast Fourier transform (FFT) algorithm to calculate 

relative spectral power through SleepFFT software (Biosoft Studio, Hershey, PA) 

(Fernandez-Mendoza et al., 2016; Vgontzas et al., 2007). In each epoch, the spectral 

resolution was 0.39 Hz. A Hanning window was applied before calculating spectral power 

within each FFT window (Vgontzas et al., 2007). In order to minimize the effects of 

artifacts, we visually marked and excluded arousals and periodic leg movements and 

excluded epochs containing movements or arousals as part of the sleep staging 

(Spiegelhalder et al., 2012).Furthermore, an epoch was excluded if the deviation was larger 

than the difference between the median and the first quartile of all median-filtered values 

across the night. Median-filtered values were defined as the median of values in the 5 

minutes preceding and 5 minutes following the epoch (Spiegelhalder et al., 2012). All-night 

spectral power were obtained across all artifact-free epochs of NREM as well as SOL, SO, 

REM, and WASO. The averaged C3-A1 and C4-A2 relative power was calculated as 

[(number of segments at C3 * C3 relative power) + (number of segments at C4 * C4 relative 

power)] / number of segments at C3 + number of segments at C4). Among the 45 subjects 

that were studied, 11 were recorded with non-referenced C3 and C4 derivations; however, 

we linked C3 to A1 as well as C4 to A2 with SleepFFT software (Calhoun et al., 2014; 

Fernandez-Mendoza et al., 2016) before running the spectral analyses. Relative power was 

computed by dividing the absolute power of each frequency band by the total power of all 

frequency bands. The relative power in delta (0.39–3.91 Hz), theta (4.30–7.81 Hz), alpha 

(8.20–11.72 Hz), sigma (12.11–14.84 Hz), low-beta (15.23–25.00 Hz) and high-beta (25.39–

35.16 Hz) and gamma (35.55–49.61 Hz) in the total power (up to 49.6 Hz excluding 0.0 Hz) 

were calculated for each epoch.

Statistical analyses

Based on the previous cross-sectional studies mentioned above, our primary analyses 

focused on childhood EEG relative power in the beta range (15–35Hz) during NREM sleep. 
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Mean differences in relative EEG power between normal sleeping controls and those with 

incident insomnia symptoms in adolescence were analyzed using MANOVA with EEG 

activity in the beta range analyzed as two levels of low-beta and high-beta. Descriptive 

presentation of the data includes mean values and standard deviations. Second, we 

conducted multivariable logistic regression models to examine the independent association 

between childhood EEG relative beta power during NREM sleep and incident insomnia 

symptoms in adolescence while adjusting for childhood age, AHI and sex. These logistic 

regression models included standardized z-scores of EEG relative power in childhood as 

predictors and incident insomnia symptoms in adolescence as a binary outcome, thus, data 

resulting from these regression models are reported as odds ratios (OR) and their 95% 

confidence intervals (95%CI) for one standard deviation increase in childhood EEG relative 

power. Our secondary analyses examined other EEG frequency bands (i.e., delta, theta, 

alpha, and sigma) as well as other sleep/wake states (i.e., SOL, SO, REM sleep and WASO). 

Given that the vast majority of the gamma frequency band was out of range of the recording 

filter setting (0.3–30 HZ) and WASO was only available in 18 subjects, these data could not 

be analyzed reliably in the secondary analyses and findings should be interpreted very 

cautiously. Statistical analyses were performed using SPSS version 21. The level of 

significance was set at P < 0.05.

Results

Demographic, behavioral and sleep characteristics of the sample

Overall, the incident insomnia symptoms and normal sleeping control groups were not 

significantly different in terms of several demographic, behavioral or sleep characteristics at 

either childhood or adolescence (Table 1). We found a significantly lower percentage of 

stage 2 during childhood in the incident insomnia symptoms group as compared to normal 

sleeping controls (p=0.041). As expected, the group with incident insomnia symptoms had 

significantly increased SOL and WASO, shorter total sleep time, and lower sleep efficiency 

in adolescence as compared to normal sleeping controls.

Childhood high-frequency sleep EEG activity and incident insomnia symptoms in 
adolescence

As shown in Table 2, children with incident insomnia symptoms in adolescence had 

significantly increased high-beta (25–35 Hz) relative power during NREM sleep (p=0.033), 

while no significant differences during other sleep/wake states (i.e., SO, SOL, and REM) 

were observed between the incident insomnia symptoms group and normal sleeping controls 

in terms of childhood EEG low-beta or high-beta relative power. Consistently, the 

multivariable logistic regression models in Table 3 showed that increased childhood high-

beta EEG relative power during NREM sleep was associated with a 3-fold odds of incident 

insomnia symptoms in adolescence even after adjusting for childhood age, AHI and sex 

(OR=2.99, 95%CI=1.12–7.98, p=0.029). This association remained similar and in the same 

direction after further adjusting for childhood percentage of stage 2 (OR=2.88, 

95%CI=1.06–7.79, p=0.038); childhood percentage of stage 2 was only marginally 

associated with incident insomnia symptoms in this multivariable-adjusted regression model 
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(p=0.075). Figure 2 depicts individual data as well as mean values of beta EEG activity in 

normal sleeping controls and those with incident insomnia symptoms.

Other childhood sleep EEG frequency bands and sensitivity analyses

In secondary analyses, we examined whether relative power in other frequency bands 

differed between normal sleeping controls and the incident insomnia symptoms group. As 

shown in Table 4, relative childhood theta power during SO was marginally higher in the 

incident insomnia symptoms group as compared to normal sleeping controls (p=0.061); 

however, this association did not remain significant in multivariable-adjusted logistic 

regression models (Table S1). No other significant differences were observed in delta, alpha 

or sigma frequency bands between groups either in terms of mean values (Table 4) or 

multivariable-adjusted associations (Table S1). Secondary analyses in the small group of 

subjects who had available data during WASO (8 normal sleeping controls and 10 subjects 

with incident insomnia symptoms) showed that childhood high-beta power was significantly 

higher in adolescents with incident insomnia symptoms (Table 4), however, these data 

should be interpreted cautiously given the small sample size of children with sufficient 

WASO (n=18) and the filter settings.

In sensitivity analyses, after excluding children in whom non-referenced C3 and C4 EEG 

recording was used, the results remained similar and in the same direction, i.e., childhood 

high-beta EEG relative power during NREM sleep was significantly associated with incident 

insomnia symptoms in adolescence (see Tables S1 and S2).

Discussion

This is the first study to show that children who develop insomnia symptoms in the 

transition to adolescence already had increased beta EEG power during NREM sleep in 

childhood despite the absence of parent-reported insomnia symptoms. Our findings indicate 

that childhood cortical hyperarousal during NREM sleep, as measured by increased EEG 

power in the 25–35 Hz range is a significant, independent predictor of incident insomnia 

symptoms in adolescence. These data suggest that cortical hyperarousal may be a premorbid 

neurophysiologic sign of insomnia. Additional large longitudinal cohorts with a 

developmental design need to be conducted in order to replicate these findings and confirm 

that cortical hyperarousal during NREM can serve as a preclinical marker for the detection 

of those at risk of chronic insomnia phenotypes and associated psychiatric disorders.

Increased beta EEG power during NREM is considered to be a neurophysiologic marker of 

cortical hyperarousal in chronic insomnia (Perlis et al., 2001b). Previous cross-sectional 

studies in adults have shown that cortical hyperarousal during NREM sleep is associated 

with chronic insomnia (Freedman, 1986; Merica et al., 1998; Perlis et al., 2001; Krystal et 

al., 2002; Buysse et al., 2008; Spiegelhalder et al., 2012), a finding replicated in other cross-

sectional studies in adolescents (Fernandez-Mendoza et al.,2016) and young adults (Corsi-

Cabrera et al., 2012; Israel et al., 2012). However, given their cross-sectional design, these 

previous studies could not address the question whether “it is the ongoing cortical 
hyperarousal leading to complaints of difficulty falling or staying asleep, or vice versa?” Our 

study shows that childhood cortical hyperarousal during NREM sleep is present in insomnia 
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subjects prior to the development of the sleep complaints in adolescence. This finding gives 

support to the hypothesis that cortical hyperarousal may be one of the premorbid 

mechanisms leading to and maintaining insomnia over time.

Our findings of increased childhood beta EEG power during NREM sleep potentially 

leading to adolescent insomnia complaints suggests a potential dysregulation of the flip-flop 

switch (i.e., the co-activation of sleep and wake systems) early on and prior to the 

development of insomnia. However, given that in our study overall PSG differences were 

minimal between groups during childhood, it is also possible that the flip-flop switch may be 

preserved and that the cortical hyperarousal observed is related to disrupted cortical 

networks without any involvement of subcortical structures. In line with this hypothesis, 

Buysse and colleagues (2011) have proposed that insomnia results from persistent activity in 

wake-promoting neural structures during NREM sleep and that the simultaneous, regionally-

specific “waking” and “sleeping” neural activity helps explain the clinical phenomenology 

of insomnia, including its core nighttime symptoms. From this perspective, the specific 

finding of increased childhood beta power during NREM sleep herein could be explained by 

a dysregulation in “local” processes (limbic and parietal cortices, thalamus, and 

hypothalamic-brainstem arousal centers) during otherwise “global” (NREM) sleep (Buysse 

et al, 2011). Another potential explanation for the discrepancy between significant EEG 

cortical hyperarousal and minimal PSG sleep disturbance in childhood may be that sleep 

homeostatic mechanisms are stronger at that developmental stage, regardless of the degree 

of abnormal subcortical or cortical activation taking place. Sleep homeostasis refers to the 

aspect of sleep regulation that is dependent on the amount of previous wake so that a steady 

state can be maintained by the organism (Hagenauer et al., 2009). Normally developing 

children require less amount of wake in order to sleep, thus, their sleep drive is greater than 

that of adults, which leads to longer sleep duration, less sleep fragmentation and greater 

sleep depth. This is particularly true before the maturational decline in delta EEG activity 

occurs at the age of 11–12 years and may well explain the lack of PSG differences at 

baseline in the young children (6–11 years) in this study. All the hypotheses outlined herein 

need to be tested in future longitudinal studies combining multiple sources of data from the 

sleeping brain.

Our findings also have important implications from a transdiagnostic standpoint. While it is 

well-known that insomnia is highly comorbid with psychiatric disorders (Siomos et al., 

2010; Buysse, 2010; Fernandez-Mendoza and Vgontzas, 2013), it is also associated with 

increased risk for the development of future psychopathologic morbidity, such as depression 

(Fernandez-Mendoza et al., 2015; Baglioni et al., 2011). Many psychopathologic states have 

been associated with disrupted cortical networks, including indices such as high-frequency 

EEG power (Borbély et al., 1984). Our findings suggest that sleep EEG activity may play a 

role in the increased risk for the development of depression associated with insomnia as 

early as adolescence or even childhood. Cortical hyperarousal was present in these future 

insomnia sufferers years before the development of subjective complaints and objective 

sleep disturbances associated with the disorder. Moreover, this childhood cortical 

hyperarousal was present in the presence of non-significant marginal differences in 

internalizing or externalizing behavioral symptoms, such as anxiety or depression, 

frequently associated with insomnia. These findings suggest that cortical hyperarousal 
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during NREM sleep can serve as an early preclinical marker for the detection of those at risk 

of insomnia and associated psychiatric disorders. Future studies should replicate these 

findings in large cohorts with well-defined developmental stages and insomnia phenotypes 

as well as examine the longitudinal association between sleep EEG activity in childhood and 

psychopathologic outcomes in adolescence and young adulthood.

There are several strengths and limitations of the current study. Strengths of our study 

include the longitudinal design between two key developmental periods (i.e., childhood and 

adolescence), the use of a subsample drawn from a random, representative, general 

population cohort, and the stringent criteria used to exclude other sleep disorders and 

potential clinical confounders (e.g., evening circadian preference). However, the presence of 

some adolescents with a delayed sleep phase cannot be entirely ruled-out. Also, from a 

conceptual standpoint, this is the first study to examine the association of sleep EEG activity 

during childhood rather than the overall sleep architecture with incident insomnia symptoms 

in adolescence. Some limitations should also be noted. First, the relatively small sample size 

may not have had enough power to test certain associations between childhood sleep EEG 

activity and incident insomnia symptoms in adolescence; thus, future studies should examine 

this relationship in the entirety of the PSCC (N=421) as well as the developmental 

trajectories of sleep EEG activity from childhood to adolescence and their relationship to 

other significant clinical outcomes, such as incident psychopathology. Second, we analyzed 

only one night of PSG that might have been affected by the first night effect or may have 

enhanced the differences between groups. Although recent studies have shown that measures 

of sleep duration, such as TST and SE, in fixed-time recordings (Gaines et al., 2015 ) and of 

spectral EEG activity (Israel et al., 2012; Curcio et al., 2004) are relatively stable across 

consecutive nights, other studies have shown systematic changes in some power spectral 

data night-to-night (Merica and Gaillard, 1985) and, therefore, future studies should use a 

multiple-nights design when studying spectral EEG activity in individuals with or at-risk of 

insomnia. Third, we observed a significant difference in the EEG frequency range from 25 

Hz to 35 Hz between the control and incident insomnia symptoms groups. The interpretation 

of this finding needs to be cautious and take into account the hardware settings of our EEG 

recording system in childhood, which had a low pass filter at 30 Hz, therefore, the EEG 

power from the 30Hz to 35Hz is suppressed to some extent in our data. This filter setting, 

however, should not create any bias towards any particular study group since the EEG 

signals from all subjects were recorded in the same manner. Finally, we did not have a self-

reported measure of habitual total sleep time and concomitant time in bed to calculate self-

reported SE, as we do for habitual SOL and, thus, we could not test whether the findings 

would be similar and in the same direction if self-reported exclusion criteria in the normal 

sleeping controls would have paralleled the PSG criteria by also including both self-reported 

SOL and SE.

Conclusion

In summary, increased childhood EEG beta activity during NREM sleep is associated with 

the incidence of insomnia symptoms later on in adolescence, which suggests that cortical 

hyperarousal is present prior to the development of insomnia complaints. Our findings give 

support to the hypothesis that cortical hyperarousal may be an early neurophysiologic sign 
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and potential premorbid mechanism for the development and perpetuation of insomnia over 

time. Novel treatments for the prevention of insomnia and associated psychiatric morbidity 

should target cortical hyperarousal in high-risk children.
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Key points

1. Cross-sectional studies in adults have shown that insomnia is associated with 

increased high-frequency cortical activity during sleep; however, it is 

unknown whether this cortical hyperarousal precedes the onset of insomnia 

complaints or is the result of the sleep disorder itself, given the lack of studies 

examining the longitudinal association between premorbid sleep EEG activity 

and incident insomnia symptoms.

2. This is the first study to take a developmental approach to study the 

association of childhood sleep EEG activity with the development of 

insomnia symptoms in adolescence.

3. Our novel data showed that increased childhood EEG power in the high-beta 

range (25–35 Hz) during NREM sleep is associated with incident insomnia 

symptoms in adolescence.

4. Our novel finding suggest that cortical hyperarousal is an early 

neurophysiologic sign of insomnia that precedes the onset of the disorder and 

may be an early treatment target, particularly among high-risk children.
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Figure 1. 
Subjects’ selection and flowchart in this study.
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Figure 2. 
Individual data and mean values for low-beta and high-beta power during NREM sleep in 

normal sleeping controls and adolescents with incident insomnia symptoms.
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Table 1

Demographic, behavioral and sleep characteristics of the study groups

Normal Sleeping Controls (n=20) Incident Insomnia Symptoms (n=25) P

White race, n (%) 17 (85.0) 22 (88.0) 0.553

Male sex, n (%) 9 (45.0) 6 (24.0) 0.122

Childhood

Age, years 8.55 (1.88) 8.76 (1.79) 0.703

BMI, percentile 49.89 (28.23) 49.63 (19.90) 0.973

Internalizing, T score 48.35 (8.50) 48.00 (8.26) 0.896

Externalizing, T score 42.82 (10.09) 46.30 (10.16) 0.289

AHI, events/h 0.60 (0.49) 0.42 (0.56) 0.285

Time to bed, h:mm 22:00 (0:22) 21:58 (0:31) 0.374

Time out of bed, h:mm 6:45 (0:15) 6:51 (0:25) 0.592

TIB, minutes 528.53 (29.13) 532.56(23.43) 0.609

SOL, minutes 22.08 (13.72) 32.04 (25.59) 0.124

WASO, minutes 43.38 (37.93) 46.23 (37.01) 0.816

TST, minutes 462.03 (47.79) 456.78 (46.81) 0.713

SE, % 87.90 (7.85) 85.89 (9.16) 0.441

N1, % 2.95 (2.16) 3.64 (3.95) 0.487

N2, % 52.90 (7.17) 48.08 (7.98) 0.041*

SWS, % 24.15 (5.35) 27.08 (6.18) 0.101

REM, % 20.10 (4.79) 21.20 (5.61) 0.490

Adolescence

Age, years 16.94 (1.95) 16.57 (1.69) 0.495

Tanner stage, score 4.20 (0.83) 4.00 (1.02) 0.487

BMI, percentile 46.21 (23.73) 47.13 (24.43) 0.898

MEQ, score 26.15 (5.64) 23.76 (4.96) 0.138

Internalizing, T score 48.55 (9.25) 53.36 (10.51) 0.115

Externalizing, T score 46.95 (8.88) 51.40 (12.97) 0.180

AHI, events/h 0.80 (0.42) 0.76 (0.39) 0.832

Time to bed, h:mm 21:58 (0:06) 22:00 (0:19) 0.617

Time out of bed, h:mm 6:57 (0:07) 7:01 (0:19) 0.370

TIB, minutes 539.28 (3.94) 541.12 (4.27) 0.145

SOL, minutes 11.75 (4.75) 32.64 (23.07) <0.001*

WASO, minutes 38.71 (15.51) 64.22 (28.19) <0.001*

TST, minutes 489.95 (15.82) 445.94 (37.61) <0.001*

SE, % 90.88 (3.11) 82.38 (6.70) <0.001*

N1, % 1.06 (1.96) 0.74 (0.75) 0.449

N2, % 51.50 (7.40) 50.10 (7.83) 0.564
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Normal Sleeping Controls (n=20) Incident Insomnia Symptoms (n=25) P

SWS, % 26.86 (8.41) 28.76 (6.79) 0.407

REM, % 20.58 (4.46) 20.39 (4.99) 0.896

DFA-only, n (%) 16 (64) N/A

DSA-only, n (%) 2 (8)

Both, n (%) 7 (28)

Dara are mean (standard deviation), unless otherwise stated. The higher the T scores, the greater the internalizing symptoms or externalizing 
behaviors. The lower the MEQ score, the greater the evening circadian preference (i.e., eveningness). AHI = apnea hypopnea index. BMI = body 
mass index percentile for sex-and-age. DFA= Difficulty falling asleep. DSA= Difficulty staying asleep. MEQ = morningness-eveningness 
questionnaire. N/A = not applicable. N1 = non-rapid eye movement sleep stage 1. N2 = non-rapid eye movement sleep stage 2. REM = rapid eye 
movement sleep. SE = sleep efficiency. SOL = sleep onset latency. SWS = slow wave sleep. TIB = time in bed. TST = total sleep time. WASO = 
wake after sleep onset.

*
P < 0.05
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Table 3

Multivariable-adjusted odds ratios for the association between childhood high-frequency EEG activity during 

sleep and incident insomnia symptoms in adolescence

SOL (n=36) SO (n=35) NREM (n=45) REM (n=45)

Low-β 1.21 (0.57–2.27) 1.02 (0.46–2.28) 1.35 (0.69–2.62) 1.80 (0.56–4.28)

High-β 1.32 (0.62–2.78) 0.91 (0.42–2.01) 2.99 (1.12–7.98)* 1.83 (0.74–4.54)

Data are odds ratios (95% confidence intervals) adjusted for childhood age, apnea/hypopnea index and sex and indicate the odds of incident 
insomnia symptoms in adolescence associated with one standard deviation increase in childhood EEG relative power. SOL = sleep onset latency 
(time between lights off and sleep onset). SO = sleep onset (first 5 minutes of sleep). NREM = non-rapid eye movement sleep (stages 2 and slow 
wave sleep). REM = rapid eye movement sleep.

*
P < 0.05

J Child Psychol Psychiatry. Author manuscript; available in PMC 2020 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Fernandez-Mendoza et al. Page 20

Ta
b

le
 4

Se
co

nd
ar

y 
an

al
ys

es
 o

f 
ch

ild
ho

od
 E

E
G

 r
el

at
iv

e 
po

w
er

 in
 o

th
er

 f
re

qu
en

cy
 b

an
ds

 a
cr

os
s 

gr
ou

ps
 w

ith
 a

nd
 w

ith
ou

t i
nc

id
en

t i
ns

om
ni

a 
sy

m
pt

om
s 

in
 

ad
ol

es
ce

nc
e. N

or
m

al
 S

le
ep

in
g 

C
on

tr
ol

s
In

ci
de

nt
 I

ns
om

ni
a 

Sy
m

pt
om

s

P
n

M
ea

n 
(S

D
)

n
M

ea
n 

(S
D

)

SO
L

 
δ

15
62

.2
8 

(1
0.

43
)

21
62

.4
4 

(1
0.

27
)

0.
96

3

 
θ

15
21

.7
1 

(9
.4

2)
21

23
.6

7 
(1

0.
25

)
0.

56
3

 
α

15
11

.6
4 

(7
.0

5)
21

10
.0

2 
(4

.2
8)

0.
39

6

 
σ

15
1.

79
 (

0.
67

)
21

1.
82

 (
0.

75
)

0.
92

2

 
γ

15
0.

08
 (

0.
05

)
21

0.
09

 (
0.

04
)

0.
67

0

SO  
δ

16
75

.0
5 

(6
.5

1)
19

72
.7

1 
(8

.1
6)

0.
36

2

 
θ

16
17

.0
3 

(5
.2

6)
19

21
.3

1 
(6

.3
8)

0.
06

1

 
α

16
3.

07
 (

1.
13

)
19

3.
27

 (
1.

04
)

0.
60

1

 
σ

16
1.

39
 (

0.
69

)
19

1.
24

 (
0.

48
)

0.
47

7

 
γ

16
0.

02
 (

0.
03

)
19

0.
03

 (
0.

03
)

0.
66

1

N
R

E
M

 s
le

ep

 
δ

20
79

.5
0 

(6
.4

9)
25

80
.9

0 
(4

.4
4)

0.
39

5

 
θ

20
12

.2
1 

(4
.9

1)
25

11
.5

3 
(3

.0
3)

0.
57

3

 
α

20
4.

41
 (

1.
91

)
25

3.
86

 (
1.

39
)

0.
26

9

 
σ

20
2.

93
 (

2.
06

)
25

2.
89

 (
1.

75
)

0.
94

8

 
γ

20
0.

01
 (

0.
01

)
25

0.
02

 (
0.

01
)

0.
11

0

R
E

M
 s

le
ep

 
δ

20
79

.8
6 

(5
.2

2)
25

77
.9

8 
(5

.2
6)

0.
24

6

 
θ

20
15

.4
1 

(4
.6

5)
25

17
.0

6 
(4

.5
5)

0.
24

5

 
α

20
2.

85
 (

1.
44

)
25

2.
91

 (
0.

96
)

0.
85

8

 
σ

20
0.

78
 (

0.
54

)
25

0.
91

 (
0.

70
)

0.
52

1

 
γ

20
0.

02
 (

0.
01

)
25

0.
02

 (
0.

02
)

0.
34

8

W
A

SO

 
δ

8
70

.9
9 

(6
.6

7)
10

68
.3

0 
(1

1.
22

)
0.

55
9

J Child Psychol Psychiatry. Author manuscript; available in PMC 2020 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Fernandez-Mendoza et al. Page 21

N
or

m
al

 S
le

ep
in

g 
C

on
tr

ol
s

In
ci

de
nt

 I
ns

om
ni

a 
Sy

m
pt

om
s

P
n

M
ea

n 
(S

D
)

n
M

ea
n 

(S
D

)

 
θ

8
17

.4
1 

(4
.3

8)
10

18
.0

3 
(7

.5
7)

0.
84

1

 
α

8
6.

96
 (

2.
97

)
10

7.
83

 (
4.

19
)

0.
62

7

 
σ

8
1.

52
 (

0.
94

)
10

1.
80

 (
0.

38
)

0.
39

0

 
L

ow
-β

8
2.

12
 (

0.
92

)
10

3.
07

 (
1.

07
)

0.
06

5

 
H

ig
h-
β

8
0.

44
 (

0.
21

)
10

1.
03

 (
0.

74
)

0.
04

6*

 
γ

8
0.

13
 (

0.
09

)
10

0.
59

 (
0.

94
)

0.
18

7

A
ll 

da
ta

 a
re

 m
ea

ns
 (

st
an

da
rd

 d
ev

ia
tio

n)
. δ

=
0.

39
–3

.9
1 

H
z,

 θ
=

4.
30

–7
.8

1 
H

z,
 α

=
8.

20
–1

1.
72

 H
z,

 σ
=

12
.1

1–
14

.8
4 

H
z,

 N
R

E
M

=
 n

on
-r

ap
id

 e
ye

 m
ov

em
en

t (
st

ag
es

 2
 a

nd
 s

lo
w

 w
av

e 
sl

ee
p)

. R
E

M
=

 r
ap

id
 e

ye
 

m
ov

em
en

t. 
SO

 =
 s

le
ep

 o
ns

et
 (

fi
rs

t 5
 m

in
ut

es
 o

f 
sl

ee
p)

. S
O

L
 =

 s
le

ep
 o

ns
et

 la
te

nc
y 

(t
im

e 
be

tw
ee

n 
lig

ht
s 

of
f 

an
d 

sl
ee

p 
on

se
t)

.

* P 
<

 0
.0

5

J Child Psychol Psychiatry. Author manuscript; available in PMC 2020 July 01.


	Abstract
	Introduction
	Methods
	Sample
	Definition of incident insomnia symptoms
	Sleep laboratory
	Spectral analyses
	Statistical analyses

	Results
	Demographic, behavioral and sleep characteristics of the sample
	Childhood high-frequency sleep EEG activity and incident insomnia symptoms in adolescence
	Other childhood sleep EEG frequency bands and sensitivity analyses

	Discussion
	Conclusion
	References
	Figure 1
	Figure 2
	Table 1
	Table 2
	Table 3
	Table 4

