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Abstract

Objective—Sleep and circadian rhythm changes during adolescence contribute to increased risk 

across emotional, behavioral, cognitive, social, and physical health domains. This study examines 

if sleep and dim light melatonin onset (DLMO) are related to greater risk in these five health 

domains.

Method—Participants were 163 (93 female, age=14.7) adolescents with an evening circadian 

preference from an NICHD-funded study. Sleep and circadian measures included weekday total 

sleep time (TST), bedtime, and shuteye time assessed via sleep diary, the Children’s Morningness-

Eveningness Preferences scale, and DLMO. Health domains included self-reported emotional, 

cognitive, behavioral, social, and physical health.

Results—Later DLMO was significantly associated with shorter weekday TST, later weekday 

bedtime, and later weekday shuteye time as well as lower risk in the behavioral domain. At the 

trend level, later DLMO was related to fewer physical health problems. Earlier DLMO combined 

with a later bedtime, later shuteye time, or shorter TST predicted greater risk in the cognitive 

domain. Later DLMO and shorter TST or a later bedtime predicted worse physical health. DLMO 

timing was not related to the emotional or social domain.

Conclusions—There is evidence that a discrepancy between sleep behaviors and the 

endogenous circadian rhythm may be related to risk in the cognitive domain for adolescents with 

an evening circadian preference. Preliminary evidence also indicated that a delayed DLMO and 

shorter TST or a later bedtime may be related to vulnerability to physical health risk.
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Adolescence is a period of significant development and change across important domains of 

life. While there are opportunities to thrive, adolescence is also associated with increased 

risk for mental illness, academic underperformance, behavioral problems, peer conflict, and 

obesity. Given that the trajectory of adolescence can have long-term consequences, there is a 

need to identify mechanisms that increase vulnerability during this important developmental 
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period. One potential contributor is the shift toward an evening circadian preference that 

occurs during adolescence (Carskadon, Vieira, & Acebo, 1993; Crowley, Acebo, & 

Carskadon, 2007; Roenneberg et al., 2004). Those with an evening circadian preference 

experience increased mental and/or physical activity at night, later bedtimes, later sleep 

onset times, and later wake times compared to those with a morning circadian preference. In 

adolescence, an evening circadian preference often combines with early morning school start 

times, which results in sleep deprivation (Gradisar, Gardner, & Dohnt, 2011; Hansen, 

Janssen, Schiff, Zee, & Dubocovich, 2005).

An evening circadian preference may be related to the increase in risk observed across 

health-related domains that occurs during adolescence. In the emotional domain, adolescents 

with an evening circadian preference experience increased symptoms of depression and 

anxiety compared to adolescents with a morning preference (Gau, Soong, & Merikangas, 

2004; Giannotti, Cortesi, Sebastiani, & Ottaviano, 2002; Schlarb, Sopp, Ambiel, & 

Grünwald, 2014). Risk in the cognitive domain is also influenced by circadian preference 

such that those with an evening preference have lower academic achievement and experience 

reduced alertness (Goldstein, Hahn, Hasher, Wiprzycka, & Zelazo, 2007; Preckel, 

Lipnevich, Schneider, & Roberts, 2011; Randler & Frech, 2006, 2009; Short, Gradisar, 

Lack, & Wright, 2013). Evening types also experience risk in the behavioral domain, 

including greater substance use and behavioral problems (Gau et al., 2007; Giannotti et al., 

2002; Goldstein et al., 2007; Schlarb et al., 2014). In the social domain, evening types are 

more likely to experience family conflict and demonstrate antisocial behavior (Díaz-

Morales, Escribano, Jankowski, Vollmer, & Randler, 2014; Susman et al., 2007). An evening 

circadian preference negatively affects physical health, and is linked to higher BMI and 

poorer diet including increased fast-food consumption (Arora & Taheri, 2015; Fleig & 

Randler, 2009; Malone et al., 2016; Randler, Haun, Schaal, & Schaal, 2013). While existing 

research has identified that an evening circadian preference is related to these domains of 

risk, the precise mechanisms of these relationships are not well-defined. An objective 

measure of the circadian rhythm may help to further clarify the relationship between 

circadian preference and risk across these health domains in adolescence.

Melatonin is a hormone produced by the pineal gland that helps to regulate sleep-wake 

patterns. Melatonin has a diurnal pattern such that circulating levels of melatonin begin to 

rise approximately 2 hours before habitual bedtime, peak at night, and decrease in the 

morning around habitual wake-up time. Dim light melatonin onset (DLMO) is a validated 

and reliable measure of the endogenous circadian rhythm (Lewy, 2015), and has also been 

used to understand adolescent circadian rhythms (Crowley et al., 2016; Crowley, Acebo, 

Fallone, & Carskadon, 2006). Melatonin levels are suppressed by bright light (Lewy, 2015; 

Zeitzer, Dijk, Kronauer, Brown, & Czeisler, 2000), which necessitates its measurement in 

dim light conditions. Circulating melatonin levels are more robust and less prone to masking 

from other external influences compared to measures such as core body temperature, 

cortisol, and heart rate (Claustrat, Brun, & Chazot, 2005; Crowley et al., 2016). A later 

DLMO indicates a later circadian rhythm, and is associated with self-reported sleep and 

wake parameters in adolescents during both the school year and the summer (Crowley et al., 

2006). Given that DLMO has been identified as a reliable and objective indicator of the 
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endogenous circadian rhythm, examining DLMO timing in adolescents may help to 

understand the increase in risk across health-related domains that occurs during adolescence.

The current study examines the relationship between DLMO, sleep, and health domains in 

adolescents with an evening circadian preference. The first aim was to assess the relationship 

between DLMO, sleep, and self-reported circadian preference. It was hypothesized that a 

later DLMO would be associated with a greater self-reported evening circadian preference, 

later weekday bedtimes, later weekday shuteye time, and hence, shorter weekday total sleep 

time (TST). The second aim was to examine the relationship between DLMO, sleep, and 

health domains, and included two parts. First, the main effect of DLMO on the health 

domains was tested. It was hypothesized that a later DLMO would be associated with 

increased risk in emotional, cognitive, behavioral, social, and physical health domains. 

Second, the interaction between DLMO and sleep on the five health domains was tested. It 

was hypothesized that later DLMO and shorter weekday TST, later DLMO and later 

weekday bedtime, later DLMO and later weekday shuteye time, and later DLMO and a 

greater self-reported evening circadian preference would be related to higher risk in these 

five health domains.

Methods

Participants

The 163 participants (93 female and 70 male) for the current study were enrolled in an 

NICHD randomized controlled trial. A total of 396 participants were assessed for eligibility, 

and 220 (55.6%) were excluded for not meeting inclusion criteria (n = 154) or refusing to 

participate (n = 66). 176 participants were enrolled and all provided saliva samples for 

melatonin assay. Thirteen (7.4%) participants were not included because a DLMO was not 

observed during the sampling period. Participants were eligible if they scored within the 

lowest quartile of the Children’s Morningness-Eveningness Preferences Scale (27 or lower); 

had a 7-day sleep diary showing a sleep onset time of 10:40 pm or later for 10–13 year olds, 

11:00 pm or later for 14–16 year olds, and 11:20 pm or later for 17–18 year olds at least 3 

nights per week; had this pattern of late bedtimes for the last 3 months; and were ‘at risk’ in 

at least one of five health domains: emotional, behavioral, social, physical, and cognitive. 

These age-group cutoffs were derived from Giannotti and Cortesi (2002) and reflect 

developmental changes in sleep (Maslowsky & Ozer, 2014). Exclusion criteria included an 

active, progressive physical illness or neurological degenerative disease directly related to 

the onset and course of the sleep disturbance; evidence of obstructive sleep apnea, restless 

legs syndrome, or periodic limb movement disorder; intellectual disability, autism spectrum 

disorder, or other pervasive developmental disorder; bipolar disorder, schizophrenia, or other 

current Axis I disorder with significant risk of harm if treatment was delayed; the use of 

medications known to alter sleep (e.g., hypnotics, melatonin) 4 weeks prior to the 

assessment (2 weeks for melatonin); a history of substance dependence in the past six 

months or current suicide risk sufficient to preclude treatment on an outpatient basis. Pre-

treatment demographic, DLMO, sleep, and mood variables are displayed in Table 1 for this 

sample. Informed assent and/or consent was obtained for all participants. Participants were 
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compensated $30 for participating in the study. All study procedures were approved by the 

University of California, Berkeley Institutional Review Board.

Materials and Procedure

Sleep diary—The sleep diary was based on the Expanded Consensus Sleep Diary for 

Morning (Buysse, Ancoli-Israel, Edinger, Lichstein, & Morin, 2006; Carney et al., 2012). 

An a priori decision was made to investigate total sleep time (TST) and bedtime on 

weeknights. Additionally, given increasing evidence that bedtime (i.e., the time at which 

participants got into bed) does not often represent the time at which participants try to sleep 

(Exelmans & Van den Bulck, 2015, 2017), this study will also investigate shuteye time (i.e., 

the time at which participants decided to go to sleep). These variables were selected because 

late bedtimes and shuteye times are behavioral indicators of an evening circadian preference 

(Carskadon, Acebo, Richardson, Tate, & Seifer, 1997; Crowley et al., 2014, 2006; 

Roenneberg et al., 2004), and frequently combine with early morning school start times to 

result in shorter sleep duration (Gradisar, Gardner, et al., 2011; Hansen et al., 2005). Shorter 

TST and later bedtimes have also been linked to increased risk across health domains 

including poorer academic outcomes (Asarnow, McGlinchey, & Harvey, 2014; Roberts, 

Roberts, & Duong, 2009), greater mood difficulties (Asarnow et al., 2014; Fredriksen, 

Rhodes, Reddy, & Way, 2004; Roberts et al., 2009), behavioral problems (Backman et al., 

2015; Kubiszewski, Fontaine, Potard, & Gimenes, 2014; McGlinchey & Harvey, 2015), 

substance use (McGlinchey & Harvey, 2015), and higher risk for obesity (Asarnow, 

McGlinchey, & Harvey, 2015; Wu, Gong, Zou, Li, & Zhang, 2016). Trained research 

assistants called the adolescents to collect the participant’s sleep diary information each 

morning.

Children’s Morningness-Eveningness Preferences Scale (CMEP)—The CMEP is 

a 10-item measure of circadian preference (Carskadon et al., 1993). Scores range from 10 

(Extreme evening preference) to 42 (Extreme morning preference), with lower scores 

indicating greater evening circadian preference.

Dim light melatonin onset (DLMO)—Melatonin was collected by serial saliva sampling 

on a Friday or Saturday night in a lab overnight stay prior to treatment. Dim light (< 50 lux) 

was initiated 1 hour before the earliest estimated melatonin onset calculated from the 

previous week sleep diary (Lewy, 2013; Lewy & Sack, 1989). Saliva (1 ml) was collected in 

30-minute intervals in dim light using untreated Sarsedt Salivettes (Starstedt, Germany). 

Light levels were determined using Fisher Scientific Extech Light Meter 407026 (Pittsburgh, 

PA). Thirteen saliva samples were collected for each participant beginning 5.5 hours before 

average school day bedtime and continued to 30 minutes following average school day 

bedtime from the previous week determined by sleep diary. Participants rinsed their mouths 

and brushed their teeth with water following ingestion of any food or beverages other than 

water. Ingestion of caffeine, fruits, chocolate, non-steroidal anti-inflammatory drugs, and 

alcohol were prohibited. Saliva samples were centrifuged at 3300 g for 5 minutes. If saliva 

yielded less than 1 ml after centrifuging, samples were centrifuged for an additional 5 

minutes at 3500 g. Samples were frozen and stored at −80 °C and later assayed for 

melatonin by SolidPhase (Portland, Maine) using radioimmunoassay test kits (APLCO 
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Diagnostics, Windham, NH). Assay sensitivities were 0.3 pg/ml and the minimum detectable 

dose was 0.05 pg/ml. Mean intra- and inter-assay coefficients of variation (CV) were 7.9 and 

9.4%, respectively. DLMO was defined as the interpolated time at which melatonin 

exceeded 3.0 pg/ml. The selection of this threshold was based upon prior experience with 

melatonin as a marker of the circadian rhythm and the visual inspection of each participant’s 

DLMO record (Wyatt, Stepanski, & Kirkby, 2006). This method of DLMO assessment also 

provides a DLMO estimate for the majority of participants, including participants with low 

melatonin production.

Five domains of health—Emotional health was measured by a composite of the 17-item 

Children’s Depression Rating Scale-Revised (CDRS; range 17-113; higher scores = worse 

depression; (Poznanski, 1984)) and the 39-item Multidimensional Anxiety Scale for 

Children (MASC; range 0-117; higher scores = worse anxiety; (March, Sullivan, & Parker, 

1999)). Cognitive Health was measured by a composite of the 20-item Attentional Control 

Scale (ACS; range 4-80; higher scores = better attentional control; (Derryberry & Reed, 

2002)) and the six school-related items from the Youth Social Adjustment Scale – Self 

Report (YSAS; (Weissman, Orvaschel, & Padian, 1980)). Behavioral Health was measured 

by a composite of the 26-item Sensation Seeking Scale for Children (Russo et al., 1993) and 

the Alcohol and Substance Use Questionnaire (Johnston, O’Malley, Bachman, & 

Schulenberg, 2009) to assess consumption of alcohol and recreational drugs in the past 30 

days (1-7 rating scale; higher scores= more frequent use). Caffeine and energy drink use was 

added to the Alcohol and Substance Use Questionnaire. Social Health was measured by the 

average of three subscales (i.e., friends, family, and romantic relationships) from the Youth 

Social Adjustment Scale – Self Report (higher scores = more impaired adjustment; 

(Weissman et al., 1980)). Physical Health was measured by the composite of the Modifiable 

Activity Questionnaire for Adolescents (MAQ; Calculated as the number of hours per week 

being active/exercising; higher scores = greater numbers of active hours; (Aaron & Kriska, 

1997)) and the Physical Health Questionnaire-15 (PHQ-15; range 0-30; higher scores = 

worse somatic complaints; (Kroenke, Spitzer, & Williams, 2002)). Composites for each 

health domain were derived by first converting raw scores from each measure into z scores 

and then averaging the z scores for each health domain.

Statistical analysis

Linear regression was used to evaluate the aims. The first aim included DLMO as the 

predictor and sleep or circadian variables (weekday TST, weekday bedtime, weekday 

shuteye time, or CMEP scores) as the outcomes. The first part of aim two included DLMO 

as the predictor and the five health domains (emotional, cognitive, behavioral, social, or 

physical health) as the outcomes. The second part of aim two included the interaction 

between DLMO and sleep as predictors and the health domains as the outcome. The 

outcomes for both parts of aim two included the individual measures and the composite for 

each health domain. Simple slopes were used to probe significant interactions (Aiken & 

West, 1991), and were determined by one standard deviation above and below the mean for 

DLMO and sleep variables involved in significant interactions. All analyses included age 

and sex as covariates. All statistical analyses were tested in R (R Development Core Team, 

2016).
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Results

DLMO, sleep, and self-reported circadian preference

The relationship between DLMO, weekday bedtime, weekday shuteye time, weekday TST, 

and CMEP scores were examined first (Table 2). Later DLMO was significantly related to 

shorter weekday TST, later weekday bedtime, and later weekday shuteye time. DLMO was 

not significantly related to self-reported circadian preference as measured by the CMEP.

Five health domains

The relationship between DLMO and the health domains was considered next (Table 2). The 

main effect of DLMO was not significantly related to the emotional, cognitive, or social 

domains. In the behavioral domain, DLMO was negatively associated with the behavioral 

health composite and sensation seeking. In the physical health domain, a trend-level negative 

relationship was observed between DLMO and the physical health questionnaire.

Moderator analyses were conducted to examine if the interaction between DLMO and sleep 

diary outcomes or self-reported circadian preference was associated with the health 

domains. The interaction between DLMO and sleep diary outcomes or self-reported 

circadian preference was not significantly related to the emotional, behavioral, or social 

domains.

In the cognitive domain, the interaction between DLMO and weekday bedtime was 

associated with the school-related subscale of the YSAS, F(1, 143) = 7.69, p = .01, η2 = 0.05 

(Figure 1A). Simple slope analyses were conducted to better describe this interaction. 

Among adolescents with an earlier but not later DLMO, later weekday bedtime was 

associated with higher school-related risk, B = 0.80, t(143) = 2.75, p = .01, d = 0.46. 

Similarly, among adolescents with an earlier but not later weekday bedtime, later DLMO 

was associated with higher school-related risk, B = 17.19, t(143) = 2.39, p = .02, d = 0.40. 

The interaction between DLMO and weekday shuteye time also predicted scores on the 

school-related subscale of the YSAS, F(1, 143) = 5.92, p = .02, η2 = 0.04 (Figure 1B). 

Among adolescents with an earlier but not later DLMO, later weekday shuteye time was 

associated with higher school-related risk, B = 0.98, t(143) = 3.48, p < .01, d = 0.58. For 

adolescents with an earlier but not later weekday shuteye time, later DLMO was associated 

with higher school-related risk at the trend level, B = 12.19, t(143) = 1.82, p = .07, d = 0.30. 

The interaction between DLMO and weekday TST was also associated with the school-

related subscale of the YSAS, F(1, 143) = 4.10, p = .04, η2 = 0.03 (Figure 1C). Among 

adolescents with an earlier but not later DLMO, shorter weekday TST was associated with 

higher school-related risk, B = −.01, t(143) = −2.35, p = .02, d = −0.39. Furthermore, for 

adolescents with longer but not shorter weekday TST, later DLMO was associated with 

higher school-related risk, B = 18.15, t(147) = 2.28, p = .02, d = 0.38.

In the physical health domain, the interaction between DLMO and weekday bedtime was 

related to hours of physical activity per week, F(1, 146) = 4.33, p = .04, η2 = 0.03 (Figure 

2A). Among adolescents with an earlier but not later DLMO, an earlier weekday bedtime 

was associated with fewer hours of physical activity per week, B = 1.39, t(146) = 2.54, p = .

01, d = 0.42. Additionally, for adolescents with a later but not earlier weekday bedtime, a 
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later DLMO was associated with fewer hours of physical activity per week, B = −25.72, 

t(146) = −2.05, p = .04, d = −0.34. The interaction between DLMO and weekday TST was 

also related to hours of physical activity per week, F(1, 146) = 7.82, p = .01, η2 = 0.05 

(Figure 2B). For adolescents with a later DLMO, shorter weekday TST was associated with 

fewer hours of physical activity per week, B = 0.02, t(146) = 1.96, p = .05, d = 0.33, whereas 

shorter weekday TST was associated with more hours of physical activity per week for 

adolescents with an earlier DLMO at the trend level, B = −0.02, t(146) = −1.81, p = .07, d = 

−0.30. Similarly, for adolescents with shorter weekday TST, a later DLMO was associated 

with fewer hours of physical activity per week, B = −24.70, t(146) = −2.06, p = .04, d = 

−0.34, and an earlier DLMO was associated with fewer hours of physical activity per week 

for adolescents with longer TST, B = 26.2, t(146) = 1.78, p = .08, d = 0.30. Furthermore, the 

interaction between DLMO and weekday TST was related to the physical health composite, 

F(1, 147) = 4.54, p = .03, η2 = 0.03 (Figure 2C). For adolescents with a later but not earlier 

DLMO, shorter weekday TST was associated with higher risk on the physical health 

composite at the trend level, B = −0.003, t(147) = −1.88, p = .06, d = −0.31. Additionally, 

for adolescents with longer but not shorter weekday TST, an earlier DLMO was associated 

with higher risk on the physical health composite, B = −4.34, t(148) = −2.13, p = .04, d = 

−0.35.

Discussion

DLMO, sleep, and self-reported circadian preference

The present study examined the relationship between DLMO, sleep, and health domains in 

adolescents with an evening circadian preference. Consistent with evidence that later 

bedtimes and sleep onset times are associated with an evening circadian preference 

(Carskadon et al., 1993; Roenneberg, Wirz-Justice, & Merrow, 2003), later DLMO was 

related to a later weekday bedtime and a later weekday shuteye time. These findings 

corroborate previous research in adolescents that has also found a relationship between later 

DLMO and later bedtimes (Crowley et al., 2006; Saxvig et al., 2013). A later DLMO was 

also related to shorter TST, which also has been previously reported in adolescents 

(Carskadon, Acebo, & Jenni, 2004). We did not find evidence that DLMO timing was 

related to self-reported circadian preference as measured by the CMEP. Although the 

regression coefficient was in the expected direction, it may be that the restricted range of 

CMEP scores resulting from our recruitment of adolescents with a CMEP score of 27 or 

lower made it difficult to detect a relationship. Furthermore, studies in adults suggest that 

DLMO is weakly related to the Horne-Ostberg Morningness-Eveningness Questionnaire 

(Horne & Ostberg, 1976), from which the CMEP is adapted.

Five health domains

In the cognitive domain, adolescents with a later weekday bedtime or later weekday shuteye 

time and earlier DLMO, and conversely, an earlier weekday bedtime or earlier weekday 

shuteye time and later DLMO reported higher school-related risk. Circadian misalignment, 

or a discrepancy between sleep behaviors and the endogenous circadian rhythm, is common 

among adolescents. The majority of research has indicated that a discrepancy between sleep 

timing on school days compared to weekends (i.e., “social jetlag”) is related to worse grades, 

Dolsen et al. Page 7

J Clin Child Adolesc Psychol. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lower overall cognitive ability, and lower exam scores (Díaz-Morales & Escribano, 2015; 

van der Vinne et al., 2015). Findings from this study also suggest that a mismatch between 

DLMO and sleep timing may also negatively influence the cognitive domain for adolescents. 

Findings in the cognitive domain also indicated that an earlier DLMO combined with an 

earlier bedtime or shuteye time was related to lower school-related risk, which may suggest 

that concordance between an earlier bedtime or shuteye time and an earlier circadian rhythm 

is protective in the cognitive domain. Shorter weekday TST and an earlier DLMO as well as 

longer weekday TST and later DLMO were also related to higher school-related risk. These 

findings likely reflect the results observed for DLMO and weekday bedtime and shuteye 

time because while bedtime may vary, many adolescents experience a fixed weekday wake-

up time for school (Gradisar, Gardner, et al., 2011; Hansen et al., 2005). These results are 

consistent with research conducted with high school students reporting symptoms of 

Delayed Sleep Phase Disorder (DSPD) who also experienced school-related cognitive 

difficulties such as lower grades (Saxvig, Pallesen, Wilhelmsen-Langeland, Molde, & 

Bjorvatn, 2012). Further, adolescents with DSPD reported high levels of pre-sleep cognitive 

activity and alertness linked to worries about academic functioning (Gradisar & Crowley, 

2013). Although the present study did not recruit adolescents with DSPD, these findings 

provide further evidence that a lack of synchrony between the endogenous circadian rhythm 

and sleep timing may be related to negative consequences in the cognitive domain. Future 

research should also examine the relation between DLMO and sleep timing in adolescents 

with DSPD to further characterize the association between circadian misalignment and 

cognitive functioning.

Later DLMO was related to lower risk in the behavioral domain and lower scores on the 

sensation seeking scale. This finding was surprising because prior research indicates that an 

evening circadian preference is related to more behavioral problems and sensation seeking 

(Gau et al., 2007; Goldstein et al., 2007; Muro, Gomà-i-Freixanet, & Adan, 2012; Schlarb et 

al., 2014). This study only recruited adolescents with an evening circadian preference, and 

there may have been insufficient variability in circadian preference to replicate prior 

behavioral health findings. Experimental or prospective studies will be needed to further 

consider if the relationship between behavioral health and DLMO may differ from the well-

established relationship between a self-reported evening circadian preference and behavioral 

health.

Regarding the physical health domain, a trend-level relationship was observed between 

DLMO and the patient health questionnaire, indicating that a later DLMO was associated 

with fewer physical health problems. Although this finding contrasts with prior research on 

physical health and circadian preference, other factors such as sleep duration or bedtime may 

help to understand the link between DLMO timing and correlates of the physical health 

domain. Indeed, the interaction between DLMO and weekday bedtime as well as DLMO 

and weekday TST were related to hours of physical activity per week. A later DLMO was 

related to fewer hours of physical activity per week for adolescents with shorter weekday 

TST and a later weekday bedtime. Similarly, the interaction between DLMO and weekday 

TST was associated with the physical health composite such that a later DLMO combined 

with shorter TST was related to higher physical health risk. Prior research supports the 

negative effects of short sleep duration, late bedtimes, and an evening circadian preference 
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on physical activity and exercise in adolescents (Foti, Eaton, Lowry, & McKnight-Ely, 2011; 

Garaulet et al., 2011; Kauderer & Randler, 2013; Schaal, Peter, & Randler, 2010). Physical 

activity is also strongly related to physical health and disease prevention (Pate et al., 1995). 

The current results indicate that a delayed circadian rhythm in combination with shorter 

sleep duration and a later bedtime may be related to less physical activity in adolescents with 

an evening circadian preference. Results also indicated that the combination of an earlier 

DLMO and longer sleep duration was related to higher physical health risk. Although this 

finding was surprising, participants defined as having longer sleep duration obtained 8 hours 

and 40 minutes of sleep, which may still be insufficient given that 8–12 hours of sleep are 

recommended for the age range included in this sample (Paruthi et al., 2016). Given the 

mixed findings observed in the physical health domain, additional research is warranted on 

the precise relationship between DLMO and physical health in adolescents.

This study did not provide evidence that DLMO timing was related to the emotional or 

social health domain. Although there is a substantial literature linking an evening circadian 

preference with risk in the emotional domain, we may not have observed such a relationship 

because our measure of the emotional domain assessed symptoms over a period of weeks or 

months. The potential effect of DLMO timing on the emotional domain may be better 

captured by an assessment of current mood or affect. Analyses in this sample of adolescents 

indicated that negative and positive affect ratings measured on the night of melatonin 

collection were related to later DLMO timing. DLMO was also not significantly related to 

the social health domain. Given that a shift toward an evening circadian preference during 

adolescence is common, some aspects of an evening chronotype may be social rewarding 

(e.g., social media use late at night) whereas other aspects (e.g., sleep deprivation) may lead 

to peer or family conflict. Additional research will be necessary to measure other aspects of 

the adolescent social environment to determine how DLMO may be related to risk in the 

social health domain. Furthermore, the inclusion of a morning chronotype comparison group 

in future studies may also help reveal any potential associations between DLMO and either 

emotional or social health risk.

Although the present study provides promising evidence for the relations between DLMO, 

sleep, and health domains in adolescents, there are several limitations that should be noted. 

First, this study was cross-sectional and not designed for causal inference. Hence, it is not 

possible to determine the directionality of the effects. Second, this study only recruited 

adolescents with an evening circadian preference, which may have made it more difficult to 

detect relationships between DLMO and the five health domains. Future research should 

examine how DLMO is related to sleep behaviors and these five health domains across a 

broader range of circadian preference. Third, DLMO was assessed on Friday and Saturday 

to ensure that the DLMO protocol did not interfere with participant sleep during the school 

week. Although participant bedtime and waketime were set based upon average school day 

bedtime and waketime from the prior week measured via sleep diary, future studies should 

include DLMO assessment on school nights and weekend nights given evidence that 

sleeping in on weekends can delay the circadian rhythm (Taylor, Wright, & Lack, 2008). 

Finally, while a strength of the present study was the use of an objective measure of the 

circadian rhythm, this study utilized self-reported measures of sleep and the five health 

domains. Although these measures are well-validated, including objective measures of sleep 
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or multiple informant reports of the five health domains should be a priority in future 

research.

In sum, the current study provides support for the hypothesis that a measure of the 

endogenous circadian rhythm is linked to sleep behaviors and health in adolescents with an 

evening circadian preference. Specifically, later DLMO was related to a later bedtime, later 

shuteye time, and shorter TST. The interaction between DLMO and bedtime, shuteye time, 

and TST were related to greater risk in the cognitive domain, which may indicate that 

circadian misalignment negatively influences cognitive functioning for adolescents. Later 

DLMO was also associated with lower risk in the behavioral domain and higher risk in the 

social domain. Preliminary evidence also suggested that a later DLMO combined with 

shorter TST or a later bedtime may increase vulnerability for physical health risk. Given that 

adolescence is a critical developmental period, future studies should examine if interventions 

that target adolescent sleep and circadian rhythms can influence these health domains, 

particularly given evidence that bright light, melatonin, and cognitive behavioral therapy can 

improve daytime sleepiness, fatigue, and cognitive performance among individuals with 

DSPD (Gradisar, Dohnt, et al., 2011; Wilhelmsen-Langeland et al., 2013).
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Figure 1. 
School-related risk as measured by the Youth Social Adjustment Scale (YSAS) predicted by 

the interaction between DLMO and weekday bedtime (Figure 1A), DLMO and weekday 

shuteye time (Figure 1B), and DLMO and weekday TST (Figure 1C).
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Figure 2. 
Hours of physical activity per week predicted by the interaction between DLMO and 

weekday bedtime (Figure 2A) and DLMO and weekday TST (Figure 2B). Physical health 

composite predicted by the interaction between DLMO and weekday TST (Figure 2C).
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Table 1

Means, standard deviations, and/or percentages for demographic, DLMO, sleep, and health domains.

M or N % or SD

Age (Years) 14.7 1.8

Female 93 57.1%

Sleep and circadian variables

 DLMO* 21.31 1.08

 CMEP 21.49 3.82

 TST (Minutes; Weekday) 458.66 59.92

 Bedtime* (Weekday) 22.92 1.03

 Shuteye time* (Weekday) 23.43 1.04

Emotional health

 MASC 46.09 16.98

 CDRS 32.98 9.34

 Composite −0.02 0.83

Cognitive health

 ACS 50.75 7.40

 YSAS (School/Cognitive items) 11.72 2.73

 Composite 0.01 0.75

Behavioral health

 Alcohol and Substance Use 5.09 6.64

 SSS 26.61 6.12

 Composite −0.07 0.78

Social health

 YSAS: Friends 18.63 4.84

 YSAS: Family 12.09 3.53

 YSAS: Romantic 7.55 1.81

 Composite 0.00 0.65

Physical health

 PHQ 8.72 4.66

 MAQ (Hours per week) 3.13 4.99

 Composite −0.01 0.70

DLMO: dim light melatonin onset; CMEP: Children’s Morningness-Eveningness Preferences Scale; TST: Total Sleep Time; MASC: 
Multidimensional Anxiety Scale for Children; CDRS: Children’s Depression Rating Scale; ACS: Attention Control Scale; YSAS: Youth Social 
Adjustment Scale; SSS: Sensation Seeking Scale; PHQ: Physical Health Questionnaire; MAQ: Modifiable Activity Questionnaire.

*
Decimal hours
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